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

THE PRODUCTION AND REPRODUCTION OF GRAPHIC MATERIAL has Occu
pied the attention of mankind since human evolution. Indeed, this desire 
to create, store, and communicate information sets us apart from lesser 
animals. Colloids and surfaces have always played a major role in the 
development of this technology—some of our earliest inventions being 
polymer stabilized suspensions (inks) and porous substrates (paper)
The discovery of photo
nology as it is known today. 

Beginning a new decade, the reprographics industry awaits the next 
major revolution—the arrival of electronic information and the certain 
revolution that will occur in electronic printing. One of the most exciting 
developments will be the advent of ink jet printing. The desire to translate 
directly from an electronic signal to a mark on paper brings its own set 
of marking technologies and problems. 

The scope of this volume is broad, with topics ranging from surface 
physics and chemistry to aqueous and nonaqueous colloid science. The 
subject matter chosen illustrates both the breadth and depth of scientific 
knowledge needed to advance these important technologies, and empha
sizes the common scientific threads which run through these apparently 
differing subjects. 

In assembling this collection of papers, covering such a wide area of 
science, we recognize an apparent lack of coherence due to the nonappear
ance of one over-riding discipline. That, however, is the message. The 
nature of the technologies orients both theoretical and practical questions 
toward surface science in the broadest aspects of the definition. In putting 
these particular remarks on this particular piece of paper, much of the 
information discussed in these contributions wil l have been utilized. From 
the illegible pen and ink scribble most of us use to document our first 
drafts, through the mechanical typewriting, to the xerographic printer and 
the final photographic reproduction, we will mirror several thousand years 
of human development. As we become more automated and move into 
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the electronic world of the next decade more printing problems will arise. 
Many will involve surface science in all its forms, and this book represents 
a contribution towards this progress and understanding. 

M I C H A E L HAIR 

M E L V I N D. CROUCHER 

Xerox Research Centre of Canada 
Mississauga, Ontario, Canada 

May 1982 
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1 
Surface Effects in Silver Halide Photography 

GEORGE R. BIRD 

Rutgers University, Department of Chemistry, New Brunswick, NJ 08903 

Model systems of photographi  sensitizing dye d silver 
halide c r y s t a l s lend themselve
ordering on surfaces. On  goal  pape
av a i l a b l e to surface scientists at large the techniques for deter
mining the size and structure of surface aggregates. These meth
ods include the direct optical observation of monolayers of dyes 
on silver halide crystals, the diagnostic c a l c u l a t i o n of the large 
s p e c t r a l shifts which occur when large dye aggregates form, the 
examination of polarized light absorption by dyes on o r i e n t i n g 
faces or facets, and the determination of surface concentration 
from conservation of integrated absorption. 

The structure and electrochemistry of surface aggregates of 
silver atoms on silver halides are also topics open for basic 
surface studies. Here the surface scientist will seek simple model 
systems and avoid the plethora of surface additives so essential 
in forming the photographic latent image. Examples will be given. 

The most remarkable feature of the silver halide photographic 
process is its extreme light sensitivity. This sensitivity 
reaches a level at which some 10 absorbed photons create one 3 
atom silver c l u s t e r at a favorable site on the individual micro-
crystal, and t h i s c l u s t e r acts as a ca t a l y s t for the reduction 
(development) of an entire crystal containing some 3·1010 silver 
atoms. The mere fact that one takes a film to the local drug 
store to have it developed effectively conceals the astonishing 
performance of the multitude of microscopic a m p l i f i e r s i n s i d e the 
film. 

Not only is the "grain" of AgBr a remarkable a m p l i f i e r , it 
has to function as a coincidence counter. I f grains responded to 
the generation of single thermal conduction electrons, f a l s e 
development of unexposed grains would quickly follow (1). The 
action of a single photon (or a thermal event) produces one elec-
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4 REPROGRAPHIC TECHNOLOGY 

tron and one hole, and these both trap and de-trap repeatedly over 
a period on the order of one second before one of the two meets 
the other at a trap, and recombination ( a n n i h i l a t i o n ) occurs. 
This i s the process which closes the gate unless a d d i t i o n a l pho
tons a r r i v e during the "open" period and produce a d d i t i o n a l e l e c 
trons to f a c i l i t a t e the nucleation of a s i l v e r c l u s t e r , usually on 
the surface of the grain. Once t h i s c l u s t e r i s formed, i t must be 
protected against attack by holes (bromine atoms) and atmospheric 
oxygen for a storage period of months i n the camera. This protec
t i o n process i s as s i s t e d by the s e n s i t i z i n g dyes and by a v a r i e t y 
of other s p e c i a l a d d i t i v e s . This paper w i l l not stress the f i e l d 
of surface a d d i t i v e s , since t h i s f i e l d i s so s p e c i a l i z e d , p r o p r i 
etary, and dependent on access to experimental f i l m coatings. 
Residence i n a large photographic laboratory i s a l l but e s s e n t i a l 
to pursue the f i e l d of additives. By contrast, the f i e l d of sen
s i t i z i n g dyes and t h e i
ing outside the " s i l v e
basic experiments to be done on the properties of small s i l v e r 
c l u s t e r s , and many h e l p f u l experiments have already been done f a r 
from any coating a l l e y . Some of these w i l l be described, and 
some avenues for new work w i l l be indicated. 

This w i l l not be a review paper. Herz has given a thorough 
discussion of dye adsorption phenomena (2), and the chapters which 
bracket h i s work i n "The Theory of the Photographic Process" give 
a broad overview of the i n t e r a c t i o n s of s e n s i t i z i n g dyes with 
s i l v e r halide microcrystals i n photographic films (3,4). S i m i l a r 
l y , Hamilton has treated the formation of the latent image i n 
great d e t a i l (5). Here we s h a l l concentrate on the a v a i l a b i l i t y 
of new tools for surface studies, and on the need for new surface 
studies to remove the l a s t shortcomings i n the s i l v e r halide pho
tographic process. 

The Materials 
S i l v e r bromide, s i l v e r c h l o r i d e , and the mixed halide com

pounds (AgBr-I and AgCl«Br are used i n preference to the pure 
halides i n photography) are an accessible and v e r s a t i l e experi
mental system. Both AgCl and AgBr can be grown as large s i n g l e 
c r y s t a l s ( f . c . c ) , and are obtainable commercially. The materials 
are very s o f t (Moh hardness of 1, the bottom of the s c a l e ) , and 
must be s l i c e d and oriented with care, cleavage being impossible. 
Orientation can be done v i s u a l l y by depositing v i s i b l y ordered 
microcrystals of NaCl on the s i l v e r halide boule by growth from a 
saturated s a l t s o l u t i o n . The s i l v e r halides must not be allowed 
to come i n contact with metals other than s i l v e r , gold, and the 
platinum metals. C r y s t a l surfaces can be cleaned by a very b r i e f 
s t r i p p i n g etch i n water solutions of ordinary photographic hypo. 

Two aspects of AgBr behavior must be emphasized (Figure 1). 
the production of p r a c t i c a l photographic "emulsions" or f i l m coat-
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1. BIRD Silver Halide Photography 5 

ings the material usually c r y s t a l l i z e s i n the (111) f a c i a l form 
(6), giving the f a m i l i a r tabular c r y s t a l which i s the emblem of 
the Society of Photographic S c i e n t i s t s and Engineers. Madelung 
ca l c u l a t i o n s suggest that t h i s face ought to be unstable with 
respect to the (100) and (110) faces, but of course these calcu
l a t i o n s take the face i n vacuum as the reference point of energy. 
The formal (111) face i s a sheet of l i k e ions, e i t h e r a l l A g + or 
a l l Br~, an e l e c t r o s t a t i c monstrosity. Berry has commented that 
the face should be considered as a f u l l sheet of one ion (Br~) 
o v e r l a i d with a random h a l f sheet of the other (Ag+). This view 
suggests that the random h a l f layer might be reorganized to accom
modate ordered arrays of adsorbing molecules (7). Neglect of t h i s 
p o s s i b i l i t y of reorganization has produced arguments that c e r t a i n 
dye structures cannot possibly form on tabular AgBr (8). 

Very c l o s e l y relate  (111)
the occurrence of a s t r u c t u r a
host and the organic guest adsorbate (9). Insofar as one does 
consider the planar face at a l l , the p a r a l l e l l i n e s of atoms 
([110] intercepts) are separated by 3.5358 on AgBr and 3.399X on 
AgCl. Both of these are w i t h i n acceptable coincidence with the 
gr a p h i t i c distance 1 1 of 3. the normal separation of p a r a l l e l 

aromatic planes i n graphite and i n c r y s t a l s of large aromatic or 
hete r o c y c l i c compounds. I t i s hardly s u r p r i s i n g that the cubic 
s i l v e r halides have an a f f i n i t y f or planar aromatic and hetero
c y c l i c compounds, and one can a n t i c i p a t e that ordered, close-
packed monolayers of adsorbed molecules w i l l frequently form. 
This i s the case with the cyanine s e n s i t i z i n g dyes. 

The surface s i l v e r ions of AgBr also represent an opportunity 
for chemical i n t e r a c t i o n s . When a clean c r y s t a l i s exposed to a 
p o t e n t i a l reactant such as a mercaptan i n s o l u t i o n , the c r y s t a l 
quickly acquires a surface layer of the s i l v e r mercaptide. The 
photographic development "restrainer"', l - p h enyl-l-H-tetrazole - 5 -
t h i o l ( a l i a s phenylmercaptotetrazole or PMT) (10) i s a good exam
ple of t h i s behavior, giving multilayers of Ag+PMT" thi c k enough 
to y i e l d a cle a r i n f r a r e d spectrum on observation of a plate of 
AgBr or AgCl so dipped. With small molecules of t h i s s o r t , charac
t e r i z e d by insoluble s i l v e r s a l t s , adsorption passes e a s i l y i n t o 
actual metathetical reaction, with formation of AgPMT, for exam
ple, as a separate s o l i d phase. We do w e l l to remember that both 
AgCl and AgBr have been used as i n f r a r e d o p t i c a l materials f o r 
windows and even prisms. THus, with e i t h e r scale expansion on a 
good q u a l i t y conventional IR spectrometer or high s e n s i t i v i t y 
observation on a Fourier transform (FTIR) instrument, one can 
observe even monolayers of adsorbed material on two sides of a 
di s c , which may be e i t h e r s i n g l e c r y s t a l or p o l y c r y s t a l l i n e mate
r i a l . This provides an unusual and much-neglected opportunity to 
surface chemists. Short of outright reaction by mercaptans, het
e r o c y c l i c compounds carrying exposed, c y c l i z e d nitrogen or s u l f u r 
functions can form multiple ligand bonds to adjacent s i l v e r ions. 

In Colloids and Surfaces in Reprographic Technology; Hair, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



6 REPROGRAPHIC TECHNOLOGY 

This appears to be the case with the tetraazaindene " s t a b i l i z e r s " 
(11) and also with some of the thiacarbocyanine s e n s i t i z e r s . 
Strong adsorption can occur without any such ligand bonding, but 
one ought not to neglect t h i s a d d i t i o n a l force, e s p e c i a l l y as an 
o r i g i n of ordering i n the attached layer, since i t i s a short 
range force of appreciable strength. 

The cyanine dyes are among the strongest l i g h t absorbers 
known to man (12). Some representative structures and spectra are 
shown i n Figure (2). Oddly, although these dyes have a c a t i o n i c 
aromatic structure, they function with high quantum e f f i c i e n c y as 
i n j e c t o r s of electrons from the excited states of the dyes to the 
s i l v e r halide host. Further, the dyes can also accept holes from 
the host, so the f i n a l transient state which follows e i t h e r d i r e c t 
absorption by the host (blue or UV l i g h t ) or dye absorption (green, 
red, or IR l i g h t ) i s a conductio  electro  i  th  host c r y s t a l d 
a trapped hole i n the dy
era of debate on "THE" mechanis  s p e c t r a  (dye) , 
and i t i s now apparent that the dominant mechanism i s one of elec
tron i n j e c t i o n (4). However, c a r e f u l experiments by Kuhn and 
Mobius with insulated monolayers have shown that d i r e c t energy 
transfer from dye to host i s a possible minority mechanism (13). 
The predominance of the e l e c t r o n i c mechanism i s underscored by the 
extensive correlations between redox pote n t i a l s of i s o l a t e d dye 
molecules i n s o l u t i o n and the crossover p o t e n t i a l s for t r a n s i t i o n s 
from s e n s i t i z a t i o n to non-sensitization and on to image destruc
t i o n by hole i n j e c t i o n . Gilman and coworkers have c a l i b r a t e d the 
s o l u t i o n electrochemical scale against the s o l i d state (vacuum = 
0.0) scale (14), and so f i x e d the electrochemical thresholds for 
a number of processes. Since t h i s i s p r i m a r i l y an electrochemical 
problem, and a problem w e l l i n hand, we pass on to the c r i t i c a l 
surface phenomena involved i n the i n t e r a c t i o n s between AgBr and 
dyes. 

Tools for Surface Science 
In p r i n c i p l e , one ought to be able to use the modern surface 

techniques such as low energy electron d i f f r a c t i o n (LEED) to 
determine the structures of dye layers on s i n g l e c r y s t a l s of the 
s i l v e r h alides. Results to date have been a disappointment (15). 
Instead of absolute structure determinations being made, a series 
of techniques has been developed to gain some p a r t i a l information 
on the packing of ordered, monolayer dye structures on the s i l v e r 
h alides. These techniques are p r i m a r i l y o p t i c a l i n nature, and 
rely on the simple fact that a s i n g l e monolayer of a cyanine dye 
has s u f f i c i e n t o p t i c a l absorption to be e a s i l y observed by a 
modern spectrophotometer. This i s hardly s u r p r i s i n g , as Kuhn and 
Mobius have long measured the absorption of surfactant cyanine 
dyes l i f t e d from close-packed state on a water surface onto a pre
pared glass s l i d e (16). A s i n g l e monolayer of a cyanine dye may 
give from 4% to 40% peak absorption of l i g h t , depending on the 
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BIRD Silver Halide Photography 

Regular crystal Single twinning Double twinning 

Figure 1. Complexity of silver bromide crystal growth without imperfections, with 
a single twin plane, and with a pair of twin planes. 

The doubly twinned form,
photographic films, has a recessed
probably an active area for collection of the latent image for the action of special photo-
tographic additives. (Reproduced, with permission, from Ref. 6. Copyright J 963, 

Photographische korrespondenz.) 

DIPOLE STRENGTHS OF CYANINES 

WAVELENGTH nm (LOG -SPACING) 

Figure 2. Absorption spectra of three cyanine sensitizing dyes: thiacyanine* (CH), 
thiacarbocyanine* (CH)3, and thiadicarbocyanine* (CH)S, and illustrates the pro
gression of cyanine absorption bands by ~ lOOnm for each addition of (CH)2, a 

carbo group. 

This figure has been constructed with logarithmic spacing of the wavelength scale, so 
that the relative dipole strengths of the absorption bands of the dyes are represented by 
the areas under the absorption curves. Dipole strength rises with the addition of carbo 
groups. (Reproduced, with permission, from Ref. 12. Copyright 1980, Society of 

Photographic Scientists and Engineers.) 
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8 REPROGRAPHIC TECHNOLOGY 

sharpness of the absorption band(s) of the dye on the c r y s t a l . 
Consequently we have a monolayer system which presents i t s e l f f o r 
convenient observation. We s h a l l see that the absorption spectrum 
of a monolayer i s quite d i f f e r e n t from the spectrum of a true s o l 
ution of the same dye. This was once considered a paradox: Sen
s i t i z i n g dyes (on AgBr) produce action at wavelengths where the 
dyes(in solution) are not absorbing. Yesterday's paradox becomes 
today's advantage, as much can be determined about the packing 
structure of a monolayer from the wavelength s h i f t and shape of 
the monolayer absorption band. 

The reader w i l l begin to sense a c e r t a i n preoccupation with 
close-packed monolayers of dye. This has at least three o r i g i n s . 
Most important, the quantum e f f i c i e n c y of the s e n s i t i z a t i o n pro
cess declines as dye coverage reaches and exceeds one close-
packed monolayer (17)  Th  mechanism(s) underlyin  t h i  f a i l u r
of photographic and photoconductiv
understood. This monolaye  l i m i t a t i o  stands as the largest per
formance gap of the s i l v e r h a l i d e s , and removal of the l i m i t a t i o n 
would open a route to new films of greatly enhanced r e s o l u t i o n and 
increased s e n s i t i v i t y (12). Some l i m i t e d progress has been re
corded i n t h i s d i r e c t i o n (18). 

A second o r i g i n of the preoccupation with monolayers l i e s i n 
the mordanting power of g e l a t i n for s e n s i t i z i n g dyes. The s i l v e r 
halide surface r e a d i l y picks up the f i r s t monolayer, but selected 
s i t e s of opposite charge i n the g e l a t i n of a photographic emul
sion have a f f i n i t i e s * f o r the cyanine dyes which might otherwise 
bind weakly as a second monolayer. I t i s generally observed that 
the concentration of " f r e e " monomeric dye r i s e s abruptly i n the 
water-gelatin medium j u s t as soon as monolayer coverage i s reached. 

*Gelatin can bind even aggregates of s u b s t a n t i a l s i z e . Some years 
ago, Mr. Hector A. Rodriguez and the w r i t e r thermally cycled a 
cyanine dye i n water between monomer and dimer at high tempera
tures and the high polymeric J-aggregate at low temperatures. 
This c y c l i n g i s reproducible, and there i s a highest temperature 
for the existence of the J-aggregate for each p a r t i c u l a r dye con
centration. On the down-cycle there was a delay of variable 
length before the J-aggregate nucleated. With 0.1% to 1% of g e l 
a t i n added to the water, the c e i l i n g temperature of the J-aggre
gate rose considerably, and i t was obvious from small blue s h i f t s 
that the g e l a t i n was s t a b i l i z i n g aggregates of small s i z e (N~10). 
It i s d i f f i c u l t to explain t h i s sort of s t a b i l i z a t i o n at high 
g e l a t i n d i l u t i o n without invoking s p e c i f i c s i t e s (charged amino 
acid sequences) i n the g e l a t i n . Regrettably, we did not charac
t e r i z e the net charge on the g e l a t i n i n these experiments, and 
thus are unable to give a completely s a t i s f y i n g answer to a ques
t i o n asked by Dr. A.H. Herz. However, we do have to note that 
a l l of the appropriate s i t e s do not disappear as soon as the 
average charge of the g e l a t i n begins to match the charge on the 
dye near the i s o e l e c t r i c point. 
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1. BIRD Silver Halide Photography 9 

Third and f i n a l l y , few cyanines have a molecular structure 
s u i t a b l e for the formation of stable m u l t i l a y e r s . The dyes adsorb 
with one molecular long edge i n contact with the s i l v e r halide 
surface, and t h i s long edge must be free from bulky groups which 
might i n t e r f e r e with adsorption. The opposite long edge can bear 
a wide v a r i e t y of proj e c t i n g groups, such as Nf^Nj-diethyl-, N,NT-
d i s u l f o b u t y l , or N,N'-dimethyl-, without any s i g n i f i c a n t change 
i n e i t h e r the surface coverage or the s h i f t of absorption wave
length. One comes n a t u r a l l y to a mental picture of the extended 
N,N'- substituents as projecting upward and away from the s i l v e r 
halide surface and presenting a disordered contact at the outside 
surface of the dye monolayer. 

A close-packed monolayer of long, planar molecules must nec
e s s a r i l y contain at least " i s l a n d s " of l o c a l order i n which mol
ecules are packed plane-to-plane  One notices that c r y s t a l s of 
these dyes tend to pac
have t h e i r long axes p a r a l l e
plane of the sheet. The molecular short axes are nearly perpen
d i c u l a r to the plane of the sheet, and the intermolecular contacts 
w i t h i n the sheet tend to occur at the g r a p h i t i c distance, except 
for molecules which are bent or twisted out of p l a n a r i t y . Twisted 
molecules ("overcrowded" i n Brooker's c l a s s i f i c a t i o n ) generally 
make poor s e n s i t i z e r s , probably because they have a fast route of 
deexcitation d i r e c t l y from the excited s i n g l e t state to the ground 
state opened by the existence of the twisted, stressed structure. 

Given a l l t h i s ordering i n a monolayer sheet, one has to ask 
whether an e p i t a x i a l contact - a kind of lock and key f i t t i n g -
may not occur between the sheet of dye and the s i l v e r halide sur
face (9). Apparently t h i s happens frequently, and seems to be a 
c h a r a c t e r i s t i c of the best s e n s i t i z i n g dyes. I f one can be rea
sonably c e r t a i n that e p i t a x i a l contact i s occurring, the problem 
of analyzing surface structures i s s i m p l i f i e d to the consideration 
of a very small number of alternate p o s s i b i l i t i e s . Much of the 
behavior of state-of-the-art s e n s i t i z e r s can be explained by the 
hypothesis of e p i t a x i a l attachment. However, e f f i c i e n t s e n s i t i z a 
t i o n can occur without e p i t a x i a l contact. In p a r t i c u l a r , the sur
factant dyes (N^N'-dioctadecyl substituted cyanines) of Kuhn and 
Mobius (16) tend not to form e p i t a x i a l contacts on AgBr. There i s 
one w e l l documented case of such a dye which attaches e p i t a x i a l l y 
on s i n g l e c r y s t a l AgBr but not on evaporated, p o l y c r y s t a l l i n e 
AgBr (19); and there are numerous examples of non-epitaxial con
tac t . The forces of stacking the p a r a l l e l octadecyl chains appar
ently override the ordering forces at the surface, except f o r mol
ecules having s t r u c t u r a l backbones e s p e c i a l l y favorable to e p i 
t a x i a l contact. We s h a l l s h o r t l y examine some of the evidence for 
e p i t a x i a l contacts. 

Now l e t us consider the kinds of o p t i c a l observations which 
can be made on various systems of dye and s i l v e r h a l i d e : 
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1. As a c l a s s i c a l method for observation of isotherms, the 
s i l v e r halide c r y s t a l s i n a suspension (a melted g e l a t i n 
"emulsion") can be centrifuged out, leaving the c l e a r 
supernatant l i q u i d a v a i l a b l e f o r quantitative spectros
copic a n a l y s i s . 

2. The t o t a l reflectance of an o p t i c a l l y t h i c k layer of dyed 
p a r t i c l e s of AgBr can be measured with a spectrophotometer 
equipped with an i n t e g r a t i n g sphere. One then i n t e r p r e t s 
the reflectance spectrum with the aid of Kubelka-Munk 
functions (20), as i s commonly done with paints and p i g 
ments. 

3. Using a spectrometer with i n t e g r a t i n g sphere, the t o t a l 
reflectance and t o t a l transmittance spectra may be obtained 
from a simple emulsion coating (21) (A photographic emul
sion ) . This typ
t i v e which has n
antihalo coating. On many fil m s t h i s coating l i e s on the 
opposite side of the f i l m base from the s i l v e r h a l i d e , and 
can be removed by l o c a l swabbing with hypo or s u l f i t e s o l 
ution. Once the spectra %R(X) and %T(X) have been obtain
ed, baseline corrections are made, and the absorption of 
the layer i s calculated as %A = 100% -%R - %T. This tech
nique i s e s s e n t i a l for studying the photochemical e f f i c 
iency and quantum y i e l d s of s i l v e r halide f i l m s , but i s 
less successful than (2.) above i n determining the proper
t i e s of a surface layer of dye. 

4. The transmission and r e f l e c t i o n spectra of a dyed s i n g l e 
c r y s t a l can be determined (22). Unless monolayer coverage 
i s s u b s t a n t i a l l y exceeded, there i s very l i t t l e change i n 
the r e f l e c t i o n spectrum on a p p l i c a t i o n of the dye. There 
i s a c e r t a i n antagonism between creating a freshly etched 
surface for adsorption of the dye and maintaining a qual
i t y of o p t i c a l p o l i s h on the surface for ordinary trans
mission measurements. We f i n d i t best to concentrate on 
the dye-surface contact, and to measure the somewhat d i f 
fusing surface of the c r y s t a l with an i n t e g r a t i n g sphere 
as i n (3.), obtaining both transmission and r e f l e c t i o n 
(23). I t i s most h e l p f u l to have a computerized spectrom
eter to manipulate and correct the data, and e s p e c i a l l y to 
expand the r e l a t i v e l y small absorption obtained with j u s t 
two monolayers. 

5. The s i n g l e c r y s t a l method of (4.) can be repeated with 
other host c r y s t a l s which are transparent i n the v i s i b l e 
or i n f r a r e d . Since NaCl i s isomorphous with AgBr and AgCl 
and has a l a t t i c e parameter intermediate between the two 
s i l v e r h a l i d e s , i t i s a model host of choice for studies 
on the (100) face (22). I t must, of course, be dyed out 
of nonaqueous media. Gypsum (CaSO^*2H2O) has also been 
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used f o r s p e c i a l purposes (24), and many other i o n i c com
pounds could presumably be t r i e d . CdS has also been used 
as a model for photoconductivity s e n s i t i z a t i o n (25) by 
cyanines, and could presumably be used f o r surface stud
i e s . Like AgBr, i t i s yellow (blue absorbing) and an 
in f r a r e d window material. 

6. Following Kuhn and Mobius (16), e i t h e r prepared micros
cope s l i d e s or cleaved s i n g l e c r y s t a l s can be used to 
l i f t compressed monolayers of surfactant-dyes o f f a water 
surface. The spectrometer developed at Marburg and 
Gottingen i s of s p e c i a l i n t e r e s t for t h i s work. In i t , a 
half-dyed s l i d e i s o s c i l l a t e d across a s i n g l e beam of 
monochromatic l i g h t . The phase-detected s i g n a l carrying 
the information (undyed area - dyed area) i s ratioed 
against the absolut  i n t e n s i t f th  bea  transmitted 
through the undye
has the s p e c i a  c a p a b i l i t y g
the dye i s heavily d i l u t e d with non-absorbing f i l m -
formers such as arachi d i c acid. 

7. In cases (4.), (5.), and (6.), the c r y s t a l face may be 
selected to be anisotropic and to have a c a p a b i l i t y of 
al i g n i n g the long axes of dye molecules i n a sin g l e 
d i r e c t i o n i n the plane (24). A l t e r n a t e l y , anon-directing 
face (111) or (100) can be cut o f f - a x i s so that etching 
produces long, narrow terraces. The terrace edges can 
then serve as l i n e s of nucleation for aligned aggregates 
(25). In e i t h e r case, p o l a r i z a t i o n spectra can be obtain
ed and analyzed. One caveat here i s that grating spec
trometers have an i n t e r n a l p o l a r i z a t i o n (mostly from the 
d i f f r a c t i o n grating) which i s both strong and highly var
i a b l e with wavelength. This puts a premium on having a 
very good p o l a r i z e r and a l i g n i n g i t p a r a l l e l to the pre
ferred p o l a r i z a t i o n of the monochromator. The only proper 
o p t i c a l sequence i s monochromator-polarizer-sample. 

Examples of a l l of the above modes of observation w i l l be pre
sented i n the discussion below. 

Spectroscopic observations on adsorbed dyes would be quite 
incomplete without a set of s t r u c t u r a l models and equations to 
process and in t e r p r e t the data. C l a s s i c a l adsorption isotherms 
(1.) are of value, but t e l l nothing about the de t a i l e d structure 
of the adsorbed dye. Figure (3.) shows the adsorption of a v a r i 
ety of cyanine (+) and merocyanine (uncharged) dyes (26). Although 
the s i l v e r halide surface area i s not given for t h i s f i g u r e , dyes 
1,2, and 4 are f a m i l i a r s e n s i t i z i n g materials, and can be seen to 
be occupying s i m i l a r areas on the a v a i l a b l e surface. Dye 4 def
i n i t e l y does not give a Langmuir isotherm, as i t shows a c l e a r 
i n f l e c t i o n point. I f we i n f e r that the s i l v e r iodobromide d i s 
persion used here had predominately the octahedral (111) habit 

In Colloids and Surfaces in Reprographic Technology; Hair, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



12 REPROGRAPHIC TECHNOLOGY 

In Colloids and Surfaces in Reprographic Technology; Hair, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



1. BIRD Silver Halide Photography 13 

and a halide concentration close to pure AgBr, then the three 
dyes c i t e d (1,2,4) can be presumed to be adsorbed long edge-on 
with g r a p h i t i c packing. Herz et a l . a r r i v e d at a coverage of 
57A 2/molecule for dye / / l i n the edge-on configuration (20), and 
thi s compares remarkably with four l a t t i c e repeats on the (111) 
surface g i v i n g an area of 4x4.083x3.535&2 or 57.73&2 . I f t h e i r 
c a l i b r a t i o n area of 57&2 holds, then the surface area of t h i s 
p a r t i c u l a r iodobromide dispersion i s determined from the satura
t i o n coverage of 1.38mg. dye/gm. AgBr* I to be 1.04'loVmJ/gm. 
Unfortunately, area estimates of t h i s sort are often omitted i n 
surface studies published from photographic l a b o r a t o r i e s . Dye #2 
i s expected to occupy 5x4.083x3.535&2 = 72.2%2 per molecule (9), 
and from i t one would ca l c u l a t e an emulsion area of 1.41*10^cm?/ 
gm. I f one has to choose between these estimates, i t should be 
noted that dye 2 i s a planar molecule, while dye 1 has recently 
been determined to be a
quinoline rings i n c l i n e
Thus i t i s expected to f a i l to f i t i n t o the simple g r a p h i t i c 
packing scheme, and the i d e a l i z e d figure of 57.1% /molecule i s 
rendered somewhat doubtful. 

Dyes 2 and 4 have c l o s e l y s i m i l a r s tructures, and would be 
expected to occupy the same areas on the (111) face. In f a c t , 
the surface coverage of dye 2 i s only 1.6% higher i n moles/ (wt. 
of substrate) than the coverage of dye 4. One can note that the 
rap i d l y r i s i n g portions of the plots i n d i c a t e that dye 2 i s much 
more strongly adsorbed than dye 4, a change which might w e l l be 
att r i b u t e d to the extra adsorption forces generated by formation 
of a p a i r of S«««Ag+ ligand bonds when dye 2 i s adsorbed edge-on. 
The upward curvature corresponding to the t r a n s i t i o n from f l a t - o n 
monomeric dye to edge-on dye i s v i s i b l e f or the oxacarbocyanine 
(4) but i s obscured against the y-axis for the thiacarbocyanine 
as seen i n Figure (3.). 

Dye #3 i s a pathological case of a r e a l l y severely twisted 
molecule. I t cannot make a favorable monomeric contact with AgBr 
nor a favorable intermolecular aggregate contact. This gives us 
a clear view of the i n i t i a l r i s e of adsorption corresponding to 
the binding of i s o l a t e d molecules on the surface. Even a f t e r the 
sharp break i n t o some kind of aggregate structure, the approach 
to s aturation coverage i n the aggregated structure i s very slow. 
One might expect the weight-saturation coverage of dye 3 to l i e 
s l i g h t l y above that for dye 1. 

Dye //5 i s an e s p e c i a l l y i n t e r e s t i n g case. I t d i f f e r s only 
t r i v i a l l y from dye 4 i n molecular length and weight, and both 
dyes are planar or nearly so. One wishes that we had a better 
understanding of the cl e a r formation of a double sheet of close-
packed molecules by dye 5. I t would be a r e a l l y s t r i k i n g improve
ment i n the whole art of dye s e n s i t i z a t i o n i f we could even get 
e f f i c i e n t s e n s i t i z a t i o n from a close-packed b i l a y e r . But here we 
confront the d e f i c i e n c i e s of c l a s s i c a l surface measurements. We 
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are l i t e r a l l y working i n the dark, and do not know the structures 
of the obviously close-packed aggregates of dyes 1-5. I f , for 
example, the b i l a y e r of dye 5 has such a structure that i t s o p t i 
c a l absorption i s blue-shifted so far that i t f a l l s under the 
e x i s t i n g blue absorption and s e n s i t i v i t y of AgBr, then t h i s re
markable structure i s of no immediate use at a l l . But before we 
move to the examination of o p t i c a l r e s u l t s from methods 2-7, i t 
w i l l be necessary to develop the conceptual models for evaluating 
the data. 

Conceptual Models: 
The strength of absorption of a monomeric dye, measured as 
dipole strength, i s conserved to a good approximation upon 
going in t o an aggregated monolayer structure. The shape 
and the peak e x t i n c t i o f  absorptio  band f  dy
w i l l change completel
strength w i l l not  i n t e g r a
iant of Beer's Law(22): 

j ^ > f - f ( 1> 

Here A(A) i s the measured absorbance of a f i l m of dye on 
a surface, A i s the wavelength i n any convenient dimen
s i o n a l u n i t , C s i s the concentration of dye on the sur
face given i n millimoles/cm? (This i s the correct unit 
of surface concentration to use with the ordinary s o l u t i o n 
e x t i n c t i o n c o e f f i c i e n t with units of (moles/liter)" 1cm} 
or (millimoles/cm?)" 1cm." 1). e(A) i s , of course, the 
measured s o l u t i o n e x t i n c t i o n c o e f f i c i e n t . The factor p 
i s an o r i e n t a t i o n factor, taking account of the s e l e c t i v e 
arrangement of molecules on the surface. For a f i l m hav
ing complete p a r a l l e l o r i e n t a t i o n of a l l molecular long 
axes, p = 3 f o r one sense of polarized l i g h t and p = 0 for 
the other. For piano-orientation, the arrangement most 
commonly found, i n which there are islands of aggregates 
oriented i n several d i r e c t i o n s i n the surface plane, p = 
3/2. The dipole strength does not appear i n t h i s equation, 

but the r i g h t hand (solution) i n t e g r a l I = J e-y- need only 
be m u l t i p l i e d by the constant 9.185*10" 3 9 to give the 
dipole strength i n esu 2cm. 2 As may be seen i n figure (2) 
i t i s often convenient to give the value of the simple 
s o l u t i o n i n t e g r a l I i n units of molar e x t i n c t i o n c o e f f i c 
ient . This permits convenient comparisons between the 
peak e x t i n c t i o n c o e f f i c i e n t s of dyes and t h e i r integrated 
e x t i n c t i o n s . This s o l u t i o n i n t e g r a l can be approximated 
s a t i s f a c t o r i l y by a sum 

I = AA Z e (2) 
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done with a computerized spectrophotometer or simply by 
hand c a l c u l a t o r from an e x i s t i n g spectrum. 

2. An aggregate structure does not have A si n g l e spectrum, 
but rather a size-dependent array of spectra. For simple 
l i n e a r column aggregates, an approximate equation f or the 
large s p e c t r a l s h i f t s i s Av N = A v^N - D/N where N = 
number of molecules (28). For the two-dimensional aggre
gates more commonly seen, the observed s p e c t r a l s h i f t de
pends on both the length and the width of the aggregate. 
The general method of c a l c u l a t i n g size-dependent s p e c t r a l 
s h i f t s w i l l be given below. Even so, one routinely 
observes s p e c t r a l s h i f t i n g with s i z e , and the equation 
j u s t given i s a q u a l i t a t i v e conceptual a i d . This i s cer
t a i n l y a simpler and more d i r e c t method for analyzing the 
sizes of aggregat
f r a c t i o n methods

3. The d i r e c t i o n of the absorption dipoles of i n d i v i d u a l 
molecules i s also conserved as the molecules become incor
porated i n t o an aggregate (9). The aggregate has a two-
dimensional unit c e l l , and the number and arrangement of 
molecules i n t h i s c e l l determine the number of e l e c t r o n i c 
t r a n s i t i o n s which w i l l be seen. When there i s only a 
si n g l e molecule i n the c e l l , we observe the s i n g l e sharp 
absorption of an H- (hypsochroraic or blue-shifted) aggre
gate or a J-aggregate (red s h i f t e d ) . When two or more 
molecules l i e i n the c e l l with t h e i r long axes p a r a l l e l , 
multiple absorption bands w i l l be seen, a l l having the 
same sense of l i n e a r p o l a r i z a t i o n on a d i r e c t i n g substrate. 
When the multiple molecules i n the c e l l are non-parallel 
(herringbone, V- or X-packing), the multiple absorption 
bands w i l l have two perpendicular senses of p o l a r i z a t i o n 
(29). In the simplest case of herringbone packing of two 
molecules i n the unit c e l l , the r a t i o of i n t e n s i t i e s of 
the two perpendicularly p o l a r i z e d absorption bands w i l l be 
given simply by I|/*w = tan 26 , where 0 i s the angle 
between the l i n e of advance of the herringbone and the 
i n d i v i d u a l molecular long axes. The spectrum of a her
ringbone structure and the corresponding hypothetical 
structure are shown i n Figures (8a,c). Note, however, 
the above simple i n t e n s i t y equation refers ONLY to the 
integrated band i n t e n s i t i e s and not to the peaks. Since 
the two bands usually overlap, i t may require a b i t of 
imagination to extract an accurate value of 0 . This i s 
c e r t a i n l y the simplest possible route to a s t r u c t u r a l 
parameter that one can imagine. 

4. There i s a r e l i a b l e method of c a l c u l a t i n g the s p e c t r a l 
s h i f t s of aggregates of known structure. The oversimpli
f i e d point-dipole approach to t h i s problem f a i l s quanti-
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t a t i v e l y (9), but the point-dipole expression for a s i n 
gle column of aggregated molecules i s i n s t r u c t i v e : 

AE(N) = — . (1 - 3cos 2a)(N- 1)/N (3 ) 

Here D i s the dipole strength, h i s Planck's constant, 
r i s the separation between centers of adjacent molecules, 
a i s the angle between the l i n e of centers of molecules 
and the long axis of any molecule, and N i s the s i z e of 
the aggregate. Figure (4.) represents the p r e d i c t i o n of 
(3.) for a dimer aggregate. We see from t h i s simple 
equation that the s p e c t r a l s h i f t w i l l be to the blue for 
a perpendicular stack of molecules (deck-of-cards i n the 
box) but to the red i f the molecules rotate s u f f i c i e n t l y 
about the l i n e of centers (slipped deck-of-cards). This 
can explain th
t i o n monomer pea
must be substituted for the point-dipole theory i s a gen
e r a l quantum mechanical perturbation theory of s p e c t r a l 
s h i f t i n g i n ordered c l u s t e r s of molecules. This t r e a t 
ment has been given by Norland, Ames, and Taylor (30), 
and has been elaborated by Reich (29,31). To c a l c u l a t e 
the s p e c t r a l s h i f t i n g of an aggregate, one must f i r s t 
produce the ground state and f i r s t excited s i n g l e t state 
wavefunctions of an i s o l a t e d cyanine dye molecule. This 
can be done with increasing l e v e l s of s o p h i s t i c a t i o n by 
Hiickel LCA0-M0, Pariser-Parr-Pople, or CNDO methods. The 
t r a n s i t i o n dipole for the SQ S\ absorption i s calcu
l a t e d and compared with the observed dipole strength. 
The discrepancy i s usually only a few percent when work
ing with cyanine chromophores, and i s used to r e f i n e the 
r e s u l t of the next step. Using the calculated wave-
functions, the t o t a l t r a n s i t i o n dipole i s divided i n t o 
t r a n s i t i o n densities l o c a l i z e d on the atoms of the molec
ule. P h y s i c a l l y , these t r a n s i t i o n d ensities represent 
the f r a c t i o n a l e l e c t r o n i c charges which flow to and then 
away from p a r t i c u l a r atoms during successive h a l f cycles 
of the r a d i a t i o n f i e l d which drives the absorption pro
cess. The i n t e r a c t i n g molecules are now arranged i n the 
aggregate geometry, and an instantaneous Coulombic i n t e r 
a ction energy i s calculated. Figure (5) shows the two 
possible excited state i n t e r a c t i o n s between a p a i r of 
stick-molecules, and Figure (6) shows the t r a n s i t i o n den
s i t i e s calculated for a model thiacarbocyanine. The c a l 
c u l a t i o n of i n t e r a c t i o n energies i s accomplished by 
t r e a t i n g the t r a n s i t i o n d e n s i t i e s as though they were 
s t a t i c Coulombic charges and allowing a l l possible atom-
to-atom i n t e r a c t i o n s to occur between molecules according 
to the Coulombic i n t e r a c t i o n between point charges. The 
matrix of i n t e r a c t i o n energies i s diagonalized, g i v i n g 
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ALIGNMENT OF TRANSITION DlPOLES 
(OR MOLECULAR LONG AXES) 

RELATIVE TO LINE - OF-CENTERS 

Figure 4. Qualitative predictions from the point-dipole expression (Equation 3) 
for spectral shifting of dimers. Dimer formation splits the excited state into two 
levels, one which allows transition to the ground state, and one which is silent for 
the case of parallel molecules in the dimer. The spectral shift depends on the 
stacking angle of the pair of molecules. The slipped structure is the precursor of 
the red shifted J-aggregate, a desirable structure for photographic sensitization. 
(Reproduced, with permission, from Ref. 9. Copyright 1968, Society of Photo

graphic Scientists and Engineers.) 
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IN PHASE OUT OF PHASE 
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Figure 5. "Stick" molecules in the possible modes of interaction during an optical 
transition, with transition density represented by vertical displacement from the 
horizontal sticks. Right, the transition densities cancel each other and are silent, 
and left, the transition densities add so that the dimer becomes a supermolecule with 
a single allowed optical transition having the combined dipole strength of the two 
participating molecules. (Reproduced, with permission, from Ref. 30. Copyright 

1973, Society of Photographic Scientists and Engineers.) 

Y 

BTCC 

Figure 6. Transition density values calculated for a thiacarbocyanine sensitizer by 
the Hiickel LCAO MO method. Transition densities are localized on the conjugated 
atoms of the chromophore. The numbers represent the values in units of electron 
charge. The transition densities on the opposite side of the molecule differ only by 
a change of sign, and have not been reproduced. The transition densities alternate 
small, large, small, large, etc. along the chromophore; one of the values is actually 
being negative and cancelling some of the overall dipole strength of the transition. 
(Reproduced, with permission, from Ref. 30. Copyright 1973, Society of Photo

graphic Scientists and Engineers.) 
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the set of N excited s i n g l e t energies f o r an aggregate of 
N molecules. As shown by Norland et a l . t h i s diagonal-
ized matrix also supplies the c o e f f i c i e n t s which give the 
contributions (+ or -) of the i n d i v i d u a l molecules to the 
t r a n s i t i o n dipole of the whole array. Thus the c a l c u l a 
t i o n gives the energy s h i f t s (wavelength s h i f t s ) and the 
i n d i v i d u a l dipole strengths of the array of N possible 
S 0 -** S\ t r a n s i t i o n s belonging to the N-molecule aggre
gate. 
The t r a n s i t i o n density of a large aggregate w i l l often 
concentrate i n one or a few of the N t r a n s i t i o n s . When 
thi s happens, the aggregate i s behaving as a kind of 
super-molecule. We note, for example, that the r a d i a t i v e 
l i f e t i m e for such an aggregate t r a n s i t i o n may be shorter 
by a factor nearl
s i n g l e molecul
c u l a t i o n of energy s h i f t s and i n t e n s i t i e s gives s u r p r i s
i n g l y good r e s u l t s , r e l a t i v e l y independent of the d e t a i l s 
of the molecular o r b i t a l s used to generate the wave-
functions. This seems to be a kind of t h e o r e t i c a l reward 
for concentrating on t r u l y allowed t r a n s i t i o n s of simple, 
non-degenerate molecules- the precise s i t u a t i o n i n which 
perturbation c a l c u l a t i o n s ought to work w e l l . A program 
for executing t h i s kind of aggregate c a l c u l a t i o n may be 
found i n the appendix of Reich's thesis (32). This work 
requires a large d i g i t a l computer, but the cost of compu
t a t i o n need not be high unless one i n s i s t s on doing large 
aggregates. 

5. The e p i t a x i a l hypothesis becomes interlocked with trans
i t i o n density c a l c u l a t i o n s when one considers the cost 
and the p r a c t i c a l d i f f i c u l t i e s of " f i s h i n g 1 1 for an unknown 
aggregate structure by doing an extended series of calcu
l a t i o n s on d i f f e r e n t structures. I f e p i t a x i a l attachment 
of a dye has occurred, there w i l l be only a handful of 
possible structures (just 3 for a p r i m i t i v e unit c e l l 
aligned along [110] intercepts on the (111) face of AgBr, 
where the gr a p h i t i c coincidence favors a p a r t i c u l a r o r i 
entation of molecular axes). In t h i s s i t u a t i o n , one does 
a l i m i t e d number of t r a n s i t i o n density c a l c u l a t i o n s for 
the alternate p o s s i b i l i t i e s . However, t h i s i s no guaran
tee that e p i t a x i a l attachment a c t u a l l y has occurred. I t 
does seem to be a common occurrence, and some of the con
firmatory i n d i c a t i o n s of e p i t a x i a l attachment are: 

a. The dye spectrum s h i f t s or s p l i t s when dye i s 
adsorbed on a new face of a f a m i l i a r host. (AgBr 
(100)) (29,31). 
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b. The dye spectrum s h i f t s i n a predictable way when 
the host l a t t i c e parameter i s changed, as i n com
parison spectra on the (100) faces of AgCl and 
AgBr (33). 

c. The dye tends to be attached more f i r m l y i n the 
e p i t a x i a l mode, and i t becomes more d i f f i c u l t to 
reorganize small islands i n t o large sheet aggre
gates. Consequently, small s p e c t r a l s h i f t s are 
observed when steps such as incubation at s l i g h t l y 
elevated temperature are taken (21). 

d. Phase t r a n s i t i o n s are sometimes observed, corres
ponding to g l i d i n g movements of the close-packed 
molecules (21). These movements produce s t r i k i n g 
changes i n the absorption spectrum, but give no 
change a
i n the
t r a n s i t i o n s do occur on well-characterized faces, 
the s p e c t r a l s h i f t observed i n the phase trans
i t i o n i s predicted by the t r a n s i t i o n density c a l 
culations and the e p i t a x i a l hypothesis (31). 

e. Once one begins to understand the nature of these 
g l i d i n g phase t r a n s i t i o n s , i t becomes possible to 
understand the c r i t i c a l role of "indexing 1' groups. 
These are minor chemical substituents which pro
trude out of the molecular plane and so prevent 
the formation of one or more of the e p i t a x i a l 
structures. 

In the discussions below, we s h a l l see numerous examples 
of the r e s u l t s of e p i t a x i a l attachment. 

Figure (7) shows the r e f l e c t i o n spectra of t h i c k , nontrans-
m i t t i n g layers of AgBr-gelatin dispersions containing the same 
amounts of AgBr and increasing amounts of dye (2,20). The r e f l e c 
tance spectra (here given as -Log^R^) may be converted back to 
R̂ , and processed according to the Kubelka-Munk equation (4) . 

K _ (1-Rco)2 e n . 
s" -251 - ° s ( 4 ) 

Here Ro, i s the reflectance (at wavelength A) from an o p t i c a l l y 
t h i c k layer of a pigment coated with the s e n s i t i z i n g dye, c i s a 
volume concentration of dye i n the suspension, K and S are the 
absorption and s c a t t e r c o e f f i c i e n t s of the suspension (as deter
mined by observation of R** . Thus, at a given wavelength, Roo i s 
measured, givi n g K./S, and S may be determined f or the same emul
sion by adding a non-adsorbing dye of known e . A study of t h i s 
equation shows that i t does lead to determination of reasonable 
values of £agg. f° r aggregate species. Certain absorption bands 
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Figure 7a. Optical data of microcrystalline suspensions with added dye. 

AgBr is dispersed in gelatin at constant concentration, and the dyes are added as shown. 
Reflectance is measured from a dispersion layer so thick that no radiation emerges from 
the far side giving Rx. The red-shifted aggregate is the dominant species until a satura
tion coverage is approached. Beyond this saturated and close-packed monolayer, addi
tional dye simply dissolves in the suspending medium. (Reproduced, with permission, 

from Ref. 2. Copyright 1977, MacMillan Publishing Co., Inc.) 
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Figure 7b. Optical data of microcrystalline suspensions with added dye. 

AgBr is dispersed in gelatin at constant concentration, and the dyes are added as shown. 
Reflectance is measured from a dispersion layer so thick that no radiation emerges from 
the far side, giving Rx. This dye, with six methyl groups projecting out of the chromo
phobe plane, absorbs first as isolated monomer molecules (M„), and then forms an 
aggregate with red- and blue-shifted bands at higher total dye concentrations. (Repro
duced, with permission, from Ref. 2. Copyright 1977, MacMillan Publishing Co., Inc.) 
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( e s p e c i a l l y the red-shifted " J " band) do l e v e l o f f or saturate i n 
i n t e n s i t y at some r a t i o of millimoles of dye per mole of sub
s t r a t e . In t h i s way o p t i c a l adsorption isotherms can be deter
mined, and used to show the saturation coverage and the surface 
area per molecule, as for the red s h i f t e d " J " aggregate of 1,1'-
diethy1-2,2'cyanine +iodide~ i n figure 7a. 

The pseudoindole carbocyanine of figure (7b) i s a good exam
ple of a dye having too many non-planar groups to be able to pack 
w e l l i n a g r a p h i t i c aggregate. I t thus shows a surface monomer 
band ( f l a t - o n adsorbed dye on AgBr, with a modest red s h i f t from 
the s o l u t i o n monomer. This red s h i f t i s caused by i n t e r a c t i o n of 
the i s o l a t e d molecules with the o p t i c a l d i e l e c t r i c constant (34) 
of the s i l v e r bromide adsorbent). At much higher concentrations 
i t then shows a multiple banded aggregate which i s not a simple 
H- or J - structure. 

Figure (8) shows absorptio
obtained from measuring the r e f l e c t i o n and transmission of actual 
photographic coatings (method 3). The most s t r i k i n g difference 
between the adsorption of t h i s dye on cubic and on octahedral 
faces i s that the r a t i o of i n t e n s i t i e s of the two absorption bands 
i s constant on the cubic face but varies markedly on the octa
hedral face (35). This suggests that a si n g l e aggregate i s form
ing on the cube face, whereas the f a m i l i a r " J " aggregate with red-
s h i f t e d absorption i s forming on the octahedral face at higher dye 
concentrations. Simpson has confirmed by d e t a i l e d luminescence 
measurements that the cubic absorption peaks at 590nm and 525nm 
match a pair of e x c i t a t i o n peaks which give a common output spec
trum and i d e n t i c a l luminescence decay curves. T r a n s i t i o n density 
c a l c u l a t i o n s by Reich have shown that these double absorption 
bands can be described i n d e t a i l by assuming V-packed "herringbone" 
structures for e p i t a x i a l l y attached aggregates (29). His r e s u l t s 
for a related dye, 3,3'-dicarboxyethyl- 5,5'-dichlorothiacarbo-
cyanine, are shown i n Table I. The fact that a class of t h i a c a r -
bocyanine dyes shows t h i s common s e n s i t i v i t y to the p a r t i c u l a r 
c r y s t a l face of the AgBr substrate has always seemed to us to be a 
proof of e p i t a x i a l attachment. Reich's f i n d i n g of a p a r t i c u l a r 
dye which gives double-banded absorption spectra on both cubic and 
octahedral faces, but with a large s h i f t i n absorption maxima 
(Table I) strengthens t h i s conclusion. 

The probable presence of more than one aggregate structure i n 
e p i t a x i a l attachment on the (111) face of AgBr lays open the pos
s i b i l i t y that monolayer phase t r a n s i t i o n s might occur. The three 
most obvious structures a v a i l a b l e to a 5,5'-disubstituted dye on 
th i s face are shown i n Figure (9). These are characterized by 
s l i p angles of 60°, 30°, and 19°06' and by predicted absorption 
maxima of 477nm, 643nm, and 653nm as calculated by the t r a n s i t i o n 
density method (31) r e l a t i v e to a monomer absorption peak at 579nm 
( i n a hypothetical medium of o p t i c a l d i e l e c t r i c constant matching 
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Figure 8. Wavelength vs. absorptance for a normal photographic coating of a 
thiacarbocyanine dye on cubic crystals (a), and on octahedral crystals of AgBr • / 
(2.5% I) (b). The rising absorption to the left of each plot is the intrinsic absorp
tion of the silver halide. (Reproduced, with permission, from Ref. 35. Copyright 

1974, Society of Photographic Scientists and Engineers.) 
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AgBr (100) 
Figure 8c. A cubic herringbone
in the 5,6,5',6' positions. (Reproduced, with permission, from Ref. 29. Copyright 

1974, Society of Photographic Scientists and Engineers.) 

Table I 
Calculated and Observed Spectra of Herringbone Aggregates 

on Various Faces of AgBr 

Cr y s t a l S l i p 
Face 

(111) 

(111) 

Angle 

30° 

30° 

Molecular Rel. 
Length i n *max Int. 
L a t t i c e Repeats (calc) (calc) 

582 3.09 
669 1 

593 2.9 
6 649 1 

r(obs) 

600 
645 

Rel. 
Int. 

( I l l ) 

(111) 

60° 

60° 

433 
485 

441 
473 

1 
3.04 

1 
3 

(100) 

(100) 

35°50f 

35°50f 

550(avg.) 
598 

560(avg.) 
592 

2.15 
1 

2.05 
1 

525 
590 

Table I i s computed from the re s u l t s of references 29,32, and 35. 
The term "(avg.) 1 1 indicates that the o r i g i n a l c a l c u l a t i o n pro
duced a c l u s t e r of closed spaced absorptions. Since t h i s c l u s t e r 
i s an a r t i f a c t of the p a r t i c u l a r aggregate geometry calculated 
(2 columns of herringbones of s i z e 2x10 molecules on the (100) 
face), a weighted average wavelength i s given. 
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Figure 9. The octahedral (111) face of AgBr covered with three possible ordered, 
epitaxial monolayers of adsorbed dye. 

The dots represent Ag' ions in lattice positions, with nearest neighbors being separated 
by 4.083A. The lines of Ag* ions are separated by 3.535A, a distance very close to the 
normal packing distance of 3.4A between aromatic planes in crystals, including graphite. 
Thus, planar molecules can form any of these structures while preserving their optimal 
packing dimension. The top structure is predicted to give a blue shift of absorption, the 
middle structure to give a red shift, and the bottom structure a larger red shift. The 
molecular length shown is appropriate to a 5,6-unsubstituted thiacarbocyanine dye, which 
covers 5 X 4.083 X 3.535A2 — 72.2A2. These structures can explain many of the 
observations on thiacarbocyanine red sensitizers on octahedral surfaces, including the 
observation of gliding phase transitions among the structures. (Reproduced, with per
mission, from Ref. 8. Copyright 1974, Society of Photographic Scientists and Engineers.) 
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the i n t e r i o r of an aggregate). Rosenoff et a l . have described a 
set of observations on a p a i r of dyes which d i f f e r from Reich's 
herringbone-forming dye only by the addition of 9-ethyl or 9-
methyl groups (21). As observed by combined reflectance and 
transmittance measurements on photographic coatings, the 9-ethyl 
dye was seen to be a w e l l behaved red s e n s i t i z e r , always g i v i n g 
the red-shifted J-aggregate at 648-650nm, as seen i n F i g . (10). 
In t o t a l contrast, the 9-methyl dye had gained a c e r t a i n notoriety 
by giv i n g irreproducible r e s u l t s which came to be known as "the 
day of the week e f f e c t " . This peculiar behavior was shown to be 
due to a g l i d i n g phase t r a n s i t i o n from small b l u e - s h i f t e d 60° 
aggregates to red-shifted aggregates, now assigned to the more 
strongly s h i f t e d 19° structure. I t was also shown that the growth 
of the 19° aggregates followed a u t o c a t a l y t i c k i n e t i c s , g i v i n g 
i n i t i a l growth curves which were concave upward. Since the i n t e r -
molecular contacts betwee
aggregate form only a fragmentar
molecules, one might expect that the small aggregates would be 
unstable with respect to both the 60° aggregate and the large, 
nested multicolumn 19° J-aggregate. 

It ' s i n t e r e s t i n g to note that t h i s sort of g l i d i n g phase 
t r a n s i t i o n occurs with no change i n the surface area occupied by 
the dye. Thus l i t t l e or no change would be seen on an isotherm 
as i n Fig. (3). The 5,5'-dichloro substituted dyes have molec
ular lengths of 21.lX (including the 1.8& van der Waals r a d i i of 
the terminal chlorines) and so must occupy 6_ x 4.083& along the 
[110] edge on the (111) face of AgBr (7). Given an edge separa
t i o n of 3.5358, the predicted surface coverage on (111) AgBr i s 
86 .60R 2 for any of the structures shown. Reich et a l . have sur
veyed the a v a i l a b l e structures on the (111) and (100) faces of 
AgBr and have assigned the octahedral absorptions at 620nm and 
648nm as the 30° and 19°06' structures for 6 unit dyes respec
t i v e l y (31). The longest observed absorption wavelength (660nm) 
i s assigned to the cube face. Here i t i s amusing to note that 
two hypothetical aggregate structures on the cube face predict 
almost exactly the same aggregate absorption wavelength and the 
same surface coverage. One of these i s a structure propagating 
along the [310] edge proposed by Smith (36), the other i s propa
gating along the [110] edge as proposed by the w r i t e r (37). One 
ought not to be too dogmatic as to which e p i t a x i a l structure may 
be occurring, even though the facts strongly support e p i t a x i a l 
attachment i n a p a r t i c u l a r case. The two cube structures are 
predicted to occupy exactly the same area of 3a£ = 95.4A*2 per 
molecule. Both structures may one day be established as occurring 
for p a r t i c u l a r dyes. At the moment we have no means for d i f f e r 
e n t i a t i n g between them. 

The molecular d e t a i l s of the surface contacts between AgBr 
and these same carbocyanine dyes have been explored through the 
use of a c r y s t a l structure determination by Potenza and Mastro-
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Figure 10a. Results of coating matching octahedral AgBr 1(1% I) emulsions 
on clear acetate film base and measuring %R, %T. On incubation at 38°C, the 
red-shifted aggregates are simply ordered increasingly with time, and a modest red 
shift occurs. The central ethyl group prevents formation of the 60° structure. (Re
produced, with permission, from Ref. 21. Copyright 1970, Society of Photographic 

Scientists and Engineers.) 
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Figure 10b. Results of coating matching octahedral AgBr 1(1% I) emulsions 
on clear acetate film base and measuring %R, %T, which undergoes a gliding phase 
transition presumed to be from the 60° structure to the 19° structure. Figure 
10b differs from Figure 10a by the central 9-ethyl group found on the structure of 
Figure 10a. (Reproduced, with permission, from Ref. 21. Copyright 1970, Society 

of Photographic Scientists and Engineers.) 
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paolo (38). Given the p a r t i a l l y random atomic configuration of 
t h i s surface, contact structures can be proposed which accommodate 
a va r i e t y of d i f f e r e n t l y charged dyes and restore the e l e c t r i c a l 
n e u t r a l i t y of the combined AgBr-dye surface (7), as shown i n 
Fig. (11). 

The use of the hypothesis of e p i t a x i a l attachment has been 
c r i t i c i z e d on the grounds that seemingly continuous absorption 
s h i f t s occur as the host or the dye i s changed (2). This i s par
t i c u l a r l y l i k e l y to occur when a host i s taken through a domain 
of f a c i a l i n s t a b i l i t y (62). One can, indeed, observe continuous 
s p e c t r a l s h i f t s under these circumstances, but the continuous 
s h i f t s can be explained i n terms of a confusing superposition of 
s i z e s h i f t s (N-l)/N and of the actual f a c i a l transformation 
s h i f t . In a poorly characterized f a c i a l system i t i s e s s e n t i a l l y 
impossible to prove or disprove e p i t a x i a l attachment  It i s also 
incorrect to argue for
vations of thiacarbocyanine
are of such molecular length that d i f f e r e n t members of the set 
occupy d i f f e r e n t numbers of l a t t i c e p o s i t i o n s . In general, the 
e p i t a x i a l hypothesis i s a very economical explanation of a large 
set of phenomena. However, these are very r e a l exceptions to the 
action of the hypothesis and many of these are discussed i n t h i s 
paper. 

The use of si n g l e c r y s t a l s of the s i l v e r halides as model 
systems for the study of adsorption and surface ordering has a l 
ready been suggested. With c r y s t a l s which have been c a r e f u l l y 
prepared to maximize the displacement of conduction electrons 
(schubweg), the dye-sensitized photoconductivity of the c r y s t a l s 
can be measured, and r e l a t i v e quantum y i e l d s for charge c a r r i e r 
generation can be determined (39). The y i e l d s are r e l a t i v e i n 
the sense that absolute quantum y i e l d s can be determined for 
d i r e c t absorption of blue and UV l i g h t i n the body of the c r y s t a l , 
and then the dye absorption spectrum and c a r r i e r generation can 
be compared to the i n t r i n s i c y i e l d s . Figure (12) shows the re
s u l t s of Piechowski on two dyeings at quite d i f f e r e n t coverages 
with a w e l l known dye, 1,1',3,3 ,-tetraethyl-5,5 l,6,6'-tetra-
chlorobenzimidazolocarbocyanine" ,~ iodide" (40). The f i r s t of these 
i s dyed to a coverage of a si n g l e close-packed monolayer, and 
shows s u b s t a n t i a l l y perfect p a r a l l e l i s m between the absorption 
spectrum and the current y i e l d ( a c t u a l l y measured as a charge-
displacement s i g n a l i n a capacitor). This i s c l e a r l y an e p i t a x i a l 
monolayer, as t h i s dye tends to form a J-aggregate with somewhat 
d i f f e r e n t absorption maximum (594nm) on less d i r e c t i n g surfaces. 

The second dyeing i s equivalent to about four monolayers, 
and the s h i f t of absorption maximum toward 594nm can be noted. 
Gardner and Herz have noted that m u l t i l a y e r formation with t h i s 
dye i s strongly favored by the presence of I" (40b). The mech
anism of assistance of m u l t i l a y e r i n g i s not c l e a r . I t could be a 
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Figure 11. Hypothetical packing arrangement for a thiacarbocyanine dye on a 
[110] edge on the (111) face of AgBr from a crystal structure determination. 

The circles represent surface positions for Ag* ions. In the absence of the dye, half of 
the Ag* positions are filled randomly. When an attractive ligand interaction is established 
between the heterocyclic sulfurs of the dye and two Ag" ions, position, A,A' are filled, 
and B,B' must be emptied to remove a repulsive interaction between the 7,7' protons of 
the dye and the Ag" ions. Positions C,C will be emptied to maintain local electrical 
near-neutrality if the dye is a cationic carbocyanine. If a charge-compensated betaine 
dye (e.g. monosulfopropyl) is added, one of the C%C positions may he filled, or if an 
anionic dye (NtW-disulfopropyl) is added, both may be filled. (Reproduced, with per
mission, from Ref. 1. Copyright 1974, Society of Photographic Scientists and Engineers.) 
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Figure 12. Absorption and photoconductance of a nominal (110) AgCl crystal 
dyed on both sides with the benzimidazolocarbocyanine dye shown (top), and the 

same dye on a (111) AgBr crystal (bottom). 

The PCn values are photoconductivities corrected to equal photon flux at each wave-
length of observation. The ratio PC,,(\)/ A(\) is the relative quantum yield of photo-
electrons. Note the change in the absorption scales. (Reproduced, with permission, from 

Ref. 40. Copyright 1978, Society of Photographic Scientists and Engineers.) 
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p i t t i n g of the AgBr surface or an actual Agl overgrowth. How
ever, we should note that m u l t i l a y e r formation soon requires the 
incorporation of counterions to avoid huge e l e c t r o s t a t i c e f f e c t s . 
Thus a mu l t i l a y e r , l i k e an actual c r y s t a l l i n e phase, i s expected 
to be s p e c i f i c to the incorporated counterion. Monolayers and 
small aggregates are demonstrably independent of the i d e n t i t y of 
the counterions. 

Multilayer coverage has degraded the response of the dye, but 
not completely destroyed s e n s i t i z a t i o n at the aggregate absorp
t i o n peak. As mul t i l a y e r dyeings go, t h i s i s an unusually good 
photoconductive response. The quantum y i e l d i s s t i l l high at 
shorter wavelengths, corresponding to small islands of aggregated 
molecules, i f one assumes that the surface i s not uniformly 
covered with multilayers of dye. The long wavelength r e s u l t s 
make a very simple i l l u s t r a t i o  that t a l l f th  troubl  with 
m u l t i l a y e r s e n s i t i z a t i o
Instead of an onset o  imag y ,
have here a breakdown of the e f f i c i e n c y of formation and i n j e c 
t i o n of photoelectrons i n t o the AgBr phase. The experimental 
r e s u l t s are simple to present, but t h i s s i m p l i c i t y conceals a 
need for painstaking conditioning of the AgBr c r y s t a l p r i o r to 
dyeing and the measurement of photoconductivity. As indicated, 
the o p t i c a l measurement of dye absorption i s greatly f a c i l i t a t e d 
by use of an in t e g r a t i n g sphere attachment with the spectropho
tometer (A Cary model 17 i n our case). 

The use of NaCl as a mock-silver halide substrate has pro
duced some of the most precise and s t r i k i n g surface determina
tions ever made, and has done so with a set of procedures remark
ably free from c r i t i c a l i t y or d i f f i c u l t y (22). H i s t o r i c a l l y , the 
use of NaCl was taken up i n the hope of obtaining i n t e r p r e t a b l e 
LEED patterns from dyed NaCl surfaces as an a l t e r n a t i v e to unsuc
c e s s f u l experiments on AgBr, where i t appeared that the dye was 
decomposed by the combination of ele c t r o n impact and the presence 
of a p o t e n t i a l l y o x i d i z i n g substrate (15). A c l e a r d i f f r a c t i o n 
pattern was obtained from the dyed NaCl; however, since e p i t a x i a l 
dye islands were oriented i n a l l possible d i r e c t i o n s on the crys
t a l surface, the d i f f r a c t i o n pattern of the host c r y s t a l was sim
ply duplicated - though with an i n t e n s i t y much superior to undyed 
NaCl. In other words, the LEED experiment indicated only that an 
e p i t a x i a l attachment of dye had occurred. This we already f e l t 
we knew. 

NaCl i s one of the easiest of s i n g l e c r y s t a l materials to 
obtain and handle. We purchased a 1" x 6" c y l i n d r i c a l rod of the 
stock commonly sold for making IR sample plates . The rod was 
stored over a dessicant, and fresh discs were cleaved with hammer 
and single-edge razor blade as needed. A good cleavage produces 
a (100) face with a minimum number of terrace steps and an o p t i c a l 
q u a l i t y good enough for d i r e c t transmission measurements without 
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an i n t e g r a t i n g sphere. Another advantage of NaCl i s that i t 
binds cyanine dyes only weakly, so that highly ordered dye layers 
can be obtained. In general, the J-aggregate absorption bands on 
NaCl were considerably sharper than the comparison bands on (100) 
AgCl. Aside from band width considerations, there was no s i g n i f 
icant difference between the absorption spectra on the two hosts. 

Figure (13) shows one of the most remarkable r e s u l t s on 
NaCl, a systematic s p e c t r a l s h i f t with increasing surface cover
age of dye. As coverage was increased from 22% to 45% to 88% to 
100% the absorption peak of the aggregates s h i f t e d from 643nm to 
648nm to 653nm to 657nm. I f we i n t e r p r e t t h i s s h i f t on the basis 
of the o v e r s i m p l i f i e d point-dipole expression for s i n g l e column 
aggregates, the average aggregate lengths are 7, 11, 22, and 0 0 

molecules per column. But of course the formula i s oversimpli
f i e d , and the aggregate  two-dimensional island  rathe  tha
columns. One must e i t h e
an independent determinatio  shape  aggregat , 
before t r a n s i t i o n density c a l c u l a t i o n s for the actual s i z e s and 
shapes of islands can be done. S t i l l , the w r i t e r knows of no 
simpler physical i n d i c a t i o n of the s i z e s and shapes of aggregates 
on a fresh surface of a s i n g l e c r y s t a l . This i s a remarkably 
simple determination, and ought to be of use i n basic studies of 
adsorption e f f e c t s . 

The determination of the adsorption isotherm of the red sen
s i t i z i n g dye 3,3 l-sulfopropyl-5,5 t-dichloro-9-ethylthiacarbo-
cyanine +gave highly reproducible r e s u l t s . Unlike most of the 
"isotherms" obtained with dyes strongly bound to s i l v e r h a l i d e s , 
t h i s weakly bound system was t r u l y r e v e r s i b l e , as shown by rapid 
approach to equilibrium with c r y s t a l s e i t h e r overdyed or under-
dyed before i n s e r t i o n i n the f i n a l dye bath. The puzzling r e s u l t 
i s that the isotherms f i t the Langmuir equation w i t h i n experi
mental err o r . We do not understand t h i s r e s u l t at a l l , since the 
Langmuir expression i s derived for the case of completely inde
pendent adsorption s i t e s , whereas t h i s dye i s adsorbing i n highly 
ordered, close-packed i s l a n d s . The f i t to the Langmuir expression 
can only be described as accidental i n the sense that some can
c e l l a t i o n of forces i s occurring. On AgCl a much more sensible 
cooperative isotherm i s obtained, as shown i n Figure (14). This 
r e s u l t i s consistent with the isotherms derived by H i l l or by 
Ross, both containing terms to describe the cooperative i n t e r a c 
t i o n between adjacent f i l l e d s i t e s (60,61). 

Whatever the form of the isotherm, t h i s dye gives a plateau 
at close-packed monolayer coverage over a wide range of concen
t r a t i o n s . The surface occupancy determined from t h i s plateau i s 
91.7 + .9R2 per molecule. As already indicated, t h i s dye should 
occupy three unit c e l l cube surfaces, or 95.4&2, a disagreement 
of 3.9%. The difference i s explainable i n terms of the excess dye 
bound at the terrace steps (excess dye = lower apparent area 
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60 

Figure 13. Absorption spectra of a cleaved single crystal of NaCl dyed on both 
(100) faces with increasing coverages of the dye 3,3'-sulfopropyl-5,5f-dimethyl-9-
ethylthiacarbocyanine out of 40% CH2Cl2 (dye solvent) and 60% CClh (non-
solvent). Wavelengths, coverages, and approximate aggregate sizes are given in 
the text. (Reproduced, with permission, from Ref. 22. Copyright 1974, Society of 

Photographic Scientists and Engineers.) 

C(mmotes/mlx IO6) 

Figure 14. Plots of the isotherms at 35c on (100) AgCl. 

Key: , 40% CH,Cl,:60% CClk dyeing solution or , 30% CHzCl,:70% CC7, 
solution. The two solvent systems give different isotherms, but the 50% coverage mid
point occurs at the same dye activity, 25% ± 2% of saturation in the two solvents. No 
significant adsorption of monomeric dye has been detected in this system. (Reproduced, 
with permission, from Ref. 22. Copyright 1974, Society of Photographic Scientists and 

Engineers.) 
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occupancy). This i s about as precise a determination as one can 
expect i n surface chemistry. 

These determinations were made by dyeing d i s c s , cleaving o f f 
a l l of the edges to produce a c r y s t a l dyed only on two opposing 
faces, measuring the absorption spectrum, then s t r i p p i n g o f f a l l 
of the dye with a strong solvent f o r spectroscopic measurement of 
the dye concentration i n a known volume of s t r i p p i n g s o l u t i o n . 
Since the cyanine dyes are subject to slow (dark) oxidation reac
tions i n s o l u t i o n , i t i s important to deaerate the solvents 
immediately before use for the best quantitative work. Elegant 
deoxygenation techniques are not required. 

These measurements of dyed c r y s t a l s and stripped dye also 
allowed the test of conservation of dipole strength as molecules 
are transported from the s o l u t i o n monomer to the close-packed J -
aggregate. Dipole strengt
the s h i f t i s i n the d i r e c t i o
strength i n the aggregate. There i s no hypochromism i n the 
aggregate, though t h i s had been suggested on the basis of UV 
hypochromism i n the spectrum of DNA i n the c o i l e d form. This 
approximate conservation of dipole strength allows the use of the 
i n t e g r a l form of Beers' Law given i n equation (1), and one can do 
rapid, convenient surface studies through the use of t h i s equa
t i o n , as applied to s i n g l e c r y s t a l s . I t should be noted that i f 
a dye system i s ever found to adsorb end-on to one of the s i l v e r 
halides on a p a r t i c u l a r face, the o p t i c a l absorption of t h i s sys
tem w i l l vanish for measurements made with rays propagating per
pendicular to that face. One would l i k e to f i n d systems of t h i s 
sort for other useful purposes, but none have been found. 

The surface coverage of t h i s same red s e n s i t i z e r i s found to 
be about 15% lower on AgCl than on NaCl. This difference can 
best be a t t r i b u t e d to the much stronger adsorption on AgCl, lead
ing to the "parking l o t e f f e c t " . When growing aggregates meet i n 
t h i s s i t u a t i o n , there are apt to be numerous s i t e s p a r t i a l l y 
covered by molecules. Extended time of dyeing and increased tem
perature can u l t i m a t e l y reduce the deviation of the parking l o t 
e f f e c t , but the surface ordering process i s l i k e l y to be slow 
indeed. 

An extension of the studies of packing and l i g h t absorption 
on s i n g l e c r y s t a l s i s the observation of polarized v i s i b l e and 
i n f r a r e d absorption on selected c r y s t a l faces (41,25,42). This 
gives d i r e c t information about the alignment of molecular long 
axes. I d e a l l y , there should be no p o l a r i z a t i o n when dye i s 
adsorbed to a face of high symmetry such as the octahedral face 
of AgBr with t h r e e - f o l d symmetry or the cube face with f o u r - f o l d 
symmetry. However, when a s o f t c r y s t a l of AgBr i s necessarily 
cut rather than cleaved, the misalignment i s usually s u f f i c i e n t 
to bring on appreciable p o l a r i z a t i o n . I t can be i n f e r r e d that a 
f a i l u r e of alignment of ca. 1° can hardly produce some ex o t i c 
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f a c i a l structure - rather, i t w i l l tend to produce a non-face 
which w i l l be immediately attacked by the s t r i p p i n g solvent to 
produce long, narrow terraces of a stable face. On t h i s b asis, 
Gray et a l . prepared a test c r y s t a l which was very close to (111) 
on one side and wedge-finished to be 5° out of (111) on the other 
side. This one c r y s t a l was then s i n g l e - s i d e dyed successively on 
the two faces and measured for i n f r a r e d and v i s i b l e dichroism. 
The r e s u l t s are shown i n figures (15) and (16). With the c r y s t a l 
dyed with a mul t i l a y e r coating of the highly symmetric benzimida-
zolocarbocyanine already discussed, i t was possible to observe 
the polarized i n f r a r e d spectrum using only xlO scale expansion on 
a modern grating spectrometer. The i n f r a r e d r e s u l t s were a b i t 
less spectacular than hoped, i n that a l l of the observed IR bands 
were long axis polarized i n the dye molecule and showed the same 
sense of p o l a r i z a t i o n . The out-of-plane v i b r a t i o n s would be 
expected to occur at lon
the IR absorption of AgBr
1475 cm."1 which disappeared i n the change from KBr powder p e l l e t 
to AgBr face, and t h i s t r a n s i t i o n was assigned to a short axis 
polarized band. 

The production of di c h r o i c r a t i o s as high as 10 i n t h i s 
experiment was no accident. The o f f - a x i s cut was aligned to 
leave one of the three [110] intercepts (one of the l i n e s of Ag + 

ions i n the (111) face) i n t a c t . Some of these l i n e s are then 
expected to become the edges of long, narrow (111) terraces as 
the face i s etched with hypo (25). From the work of Rosenoff 
et a l . the need to nucleate the red-shifted J-aggregates was 
clea r (21), and t h i s lead us to the hypothesis that nucleation 
would occur, producing polarized absorption i n the d i r e c t i o n of 
the preserved [110] edge. This occurred, and the high d i c h r o i c 
r a t i o was predictable on the basis of the 30° or 19° (111) s t r u c 
tures. Spectroscopic observations on a monolayer of a thiacarbo
cyanine dye would i n d i c a t e that i t was i n the 19° structure. 

There i s a second type of adsorption which produces polar
i z a t i o n ; t h i s i s assignable to adsorption on a host face of two
f o l d or lower symmetry. The (110) face of AgCl i s such an a l i g n 
ing face, having a l t e r n a t i n g p a r a l l e l l i n e s of Ag + and C l ~ ions. 
Unfortunately, t h i s face i s not one of the stable faces of the 
c r y s t a l ; one has to assume that etching w i l l produce a corrugated 
texture of exposed (100) faces, not fundamentally d i f f e r e n t from 
the terraces produced by o f f - a x i s c u t t i n g from the (111) face of 
AgBr. Pandolfe has explored the alternate p o s s i b i l i t i e s of (100) 
terraces i n the form of troughs i n the [100] d i r e c t i o n or of act
ual (110) f a c i a l exposure with molecular o r i e n t a t i o n along the 
[100] d i r e c t i o n i n t h i s face (15a). The one fact which became 
p a i n f u l l y c l e a r from Pandolfe's study was that many alternate 
e p i t a x i a l structures could be conceived to s a t i s f y the conditions 
of ligand bonding and g r a p h i t i c stacking of nearest neighbor 
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Figure 15. Results of dyeing one side of a single crystal of AgBr with the dye 
benzimidazolocarbocyanine shown in Figure 12. 

The face giving the visible and infrared absorption data was polished as close to (111) 
as possible, and then etched with thiosulfate. The residual dichroism is a consequence of 
failing to obtain perfect (111) alignment. The opposite side of the crystal was finished 
5° off (111) alignment, deliberately inclined to preserve one of the three [110] edges 
along the line of intersection of the cut with the (111) plane. On etching in hypo, this 
face is expected to develop long, narrow (111) facets. The high visible and infrared 
dichroism is consistent with the direction of the preserved [110] intercept. (Reproduced, 
with permission, from Ref. 25. Copyright 1970, Society of Photographic Scientists and 

Engineers.) 

Z 

100 

500 550 600 650 1600 1400 1200 1000 

WAVELENGTH (nm) FREQUENCY (cm M 

Figure 16. Results of dyeing one side of a single crystal of AgBr with the dye 
benzimidazolocarbocyanine shown in Figure 12. (Reproduced, with permission, 
from Ref. 25. Copyright 1970, Society of Photographic Scientists and Engineers.) 
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organic chromophores. I t i s c l e a r that the simple set of three 
(111) and two i n d i s t i n g u i s h a b l e (100) J-aggregate structures does 
not s a t i s f y h i s observations of the p o l a r i z a t i o n and s p e c t r a l 
s h i f t i n g on the nominal (110) face of AgCl. For example, the 
p r e f e r e n t i a l l y herringbone-forming dye, 3,3'-carboxyethyl-5,5'-
dichlorothiacarbocyanine (29), was forced i n t o a simple J -
aggregate with high d i c h r o i c r a t i o on t h i s surface, and the 
observed absorption peak at 638nm was not appropriate f o r the 
(100) face, at l e a s t not for a face of large s i z e and high order. 
The aggregate absorption peak of t h i s dye was broad, suggesting 
that the aggregates were small and thus less than maximally red-
s h i f t e d . 

The most recent c o n t r i b u t i o n to t h i s i n c reasingly compli
cated f i e l d of polarized aggregate spectra i s a p a i r of papers by 
Saunders and L o v e l l (42)  Th  f i r s t  deal  e x c l u s i v e l  with 
the o l d f a i t h f u l exampl
h e l i c a l structure of i n d i v i d u a  dy  preclude
i t from taking up e p i t a x i a l g r a p h i t i c packing on a host. Saunders 
and L o v e l l have noted that the sheet aggregate on a c r y s t a l sur
face must consist of d , l , d , l , etc. enantiomers - a contrast to 
the h e l i c a l and o p t i c a l l y a c t i v e s o l u t i o n aggregate. These 
authors concluded that the p o l a r i z a t i o n of t h i s dye was being 
governed by the l o c a t i o n of terrace steps on t h e i r Mitchell-grown 
c r y s t a l s (43) with rather a r b i t r a r y f a c i a l o r i e n t a t i o n s . Their 
conclusion i s supported by the fact that very large aggregates of 
the dye give the same absorption maximum, 578nm, independent of 
the approach of the underlying face to (100) or (111). This con
stancy of absorption wavelength suggests an absence of e p i t a x i a l 
contact for t h i s dye, and p o t e n t i a l l y sets i t apart from the 
class of modern, state-of-the-art s e n s i t i z e r s . 

In the second paper, Saunders and L o v e l l examine a series of 
more modern red- and green-sensitizing dyes, and present a wide 
var i e t y of p o l a r i z a t i o n r e s u l t s . Some dyes do a l i g n p a r a l l e l to 
the [110] i n t e r c e p t , but others a l i g n perpendicular to i t . Most 
puzzling, these authors examined the two dyes oriented by Gray 
et a l . and produced the opposite sense of p o l a r i z a t i o n to that 
found i n the e a r l i e r study. How i s t h i s to be explained? 

We might do w e l l to begin with the assumption that a l l of 
the observations are, i n themselves, correct. There i s no funda
mental reason why the two studies should agree, since the c r y s t a l 
faces received t o t a l l y d i f f e r e n t chemical treatments. Saunders 
and L o v e l l took t h e i r c r y s t a l s d i r e c t l y from the growth out of 
the melt i n contact with mica, treated the faces with bromine 
water to remove Ag 20 and other i m p u r i t i e s , but did not reorganize 
the face with solvents or complexants for Ag+, and used only dyes 
having i n a c t i v e counterions such as Br"", C l ~ , or Tosylate". By 
contrast, Gray et a l . had to remove the damaged layer of surface 
p o l i s h by a b r i e f d i s s o l u t i o n i n photographic hypo (S203 =). Their 
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surface i s thoroughly reorganized, and i s l e f t with adsorbed 
t h i o s u l f a t e ions, most of which must be displaced by the adsorb
ing dye. The symmetrical benzimidazolocarbocyanine dye was added 
as the iodide, so that extensive surface exchange of I " for Br~ 
must have occurred. However, a s i m i l a r sense of p o l a r i z a t i o n 
occurred with a Br~ s a l t of a thiacarbocyanine. We might charac
t e r i z e the two kinds of c r y s t a l surfaces as "inorganic, as melted" 
and "etched and d i r t y " . I t i s a matter of taste which of these 
i s preferred for a p a r t i c u l a r i n v e s t i g a t i o n , but hereafter the 
choice should be c a r e f u l l y considered. The schemes of i n t e r p r e 
t a t i o n put forward by the two sets of authors are consistent with 
t h e i r regimens of treatment for the c r y s t a l s . I t seems possible 
that Gray et a l . are examining (111) facets, while (100) facets 
occur i n the more recent work. 

There are two point
personal disagreement wit
and L o v e l l . One i s with the notion, already discussed, that a 
s i l v e r halide surface i s i n v i o l a t e i n time, and consists only of 
f l a t planes and steps. A l l of the s i l v e r halides have a small 
but f i n i t e s o l u b i l i t y i n water, and t h i s s o l u b i l i t y opens the 
p o s s i b i l i t y that the i n d i v i d u a l Ag + and X" ions can reorganize to 
accommodate organic dyes while preserving charge n e u t r a l i t y or 
near-neutrality for the o v e r a l l surface, as envisioned by 
Mastropaolo et a l . (7). Neglect of t h i s p o s s i b i l i t y tends to 
trap one i n t o the dogma that s i l v e r - s u l f u r ligand attachments 
cannot occur i n s p e c i f i c cases. The added a t t r a c t i v e force of 
t h i s sort of attachment can be documented from many sources other 
than arguments from p o l a r i z a t i o n spectra. 

The second disagreement concerns the argument surrounding 
the double-banded absorption of t h e i r dye 6: 3,3 1-diethy1-9-
methy1-thiacarbocyanine* Br~. Saunders and L o v e l l obtained on an 
(014) face (approaching (001)) a double-banded absorption spec
t r a with peaks at 513nm and 580nm and a p o l a r i z a t i o n spectrum 
which changed angular d i r e c t i o n by 60-70° i n the center of the 
band as shown i n Figure (17). Noting that the dichroism passed 
to a minimum value of 0.2 rather than zero i n the center of the 
t r a n s i t i o n , the authors concluded that the "experimental findings 
do not agree with the p r e d i c t i o n of the herringbone model...". 
Here we are on very s l i p p e r y o p t i c a l ground. The Beckman DU 
spectrometer used i n t h e i r i n v e s t i g a t i o n has less p o l a r i z a t i o n 
than a grating spectrometer, but more absolute p o l a r i z a t i o n than 
i s contributed by the weakly absorbing dye layer. The p o l a r i z e r , 
rather than the sample i s being rotated, and the admittedly 
strained and b i r e f r i n g e n t c r y s t a l i s dyed on both sides. This 
p a r t i c u l a r piece of data seems to the w r i t e r to be a candidate 
for the f i r s t c l e a r observation of the predicted perpendicular 
p o l a r i z a t i o n of the two Davydov (exciton) bands of the herringbone 
structure. Many cases of herringbone aggregates have been seen, 
in c l u d i n g some on hosts such as NaCl, which have very l i t t l e 
a f f i n i t y for monomeric dye or small aggregates. 
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Quibbles aside, the i n v e s t i g a t i o n of Saunders and L o v e l l i s 
a landmark i n the f i e l d of polarized aggregate spectra, and the 
point of departure for any future work. C l e a r l y , we need more 
independent, supportive evidence from other sources. As an exam
pl e , Pandolfe and Reich i n c o l l a b o r a t i o n with Dr. Stephan Platzer 
attempted to obtain actual electron micrographic evidence for the 
existence and form of the terrace steps which a l l of the workers 
i n t h i s f i e l d have invoked. Their attempt was not successful, 
but i t ought to be repeated with higher r e s o l u t i o n and more 
sophisticated methods of measurement i n future in v e s t i g a t i o n s of 
polarized aggregate spectra. I t might also be worthwhile to seek 
for some independent confirmation of some of Pandolfe 1s hypothet
i c a l (100) and (110) structures of J-aggregated systems, a l l of 
which give p o l a r i z a t i o n perpendicular to the [110] edge, and may 
be a factor i n the mos  observations

To close the discussio
examine a case i n which the boundary between e p i t a x i a l and non-
e p i t a x i a l attachment of dyes to a substrate i s c l e a r l y exposed. 
This case arose during a 1975 i n v e s t i g a t i o n of the ordered attach
ment of surfactant (N^N'-dioctadecyl) dyes to gypsum with Frau G. 
Debuch and Prof. D. Mobius at the Max Planck I n s t i t u t e for Bio
physical Chemistry at Gottingen (24). The goal of t h i s i n v e s t i 
gation was to f i n d a method for producing a completely ordered 
and p o l a r i z i n g dye monolayer i n the process of l i f t i n g a com
pressed dye monolayer o f f the water surface of a Pockels-Blodgett-
Langmuir balance (16). Freshly cleaved gypsum was chosen as the 
l i f t i n g material because the cleavage separates the c r y s t a l along 
a set of hydrogen-bonded water contacts, leaving a surface which 
has p a r a l l e l l i n e s of Ca** and S0= l i n e s along the c r y s t a l l o -
graphic "a" a x i s . While gypsum has a highly d i r e c t i n g face, i t 
completely lacks any s t r u c t u r a l coincidence with the g r a p h i t i c 
packing of planar dye molecules. Further, one notices that the 
p a r a l l e l C 1 8 chains tend to impose t h e i r own packing order on a 
t y p i c a l dye f i l m (19), and thus diminish the p o s s i b i l i t y of any 
ordered contact with the surface. Figure (18a) shows three dyes 
which form reproducible monolayers on the water surface, but give 
no p o l a r i z a t i o n and very l i t t l e s p e c t r a l s h i f t on gypsum r e l a t i v e 
to films l i f t e d onto glass or glass coated with layers of arach-
i d i c acid. When an elongated dye molecule i s attached to a highly 
anisotropic substrate without p o l a r i z a t i o n of absorption, non-
e p i t a x i a l attachment i s a l l but proved. Figure (18b) shows the 
very highly polarized spectrum of the l a s t dye t r i e d i n t h i s 
s e r i e s . This dye has the exact same framework as one of the dyes 
which gave no p o l a r i z a t i o n , but i t also has a c e n t r a l e t h y l group 
which "indexes" the l a t e r a l placement of nearest neighbor dye 
molecules i n the monolayer. Further, t h i s dye i s probably unique 
i n having a nonplanar structure enforced by the s t e r i c repulsion 
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between the c e n t r a l methylene hydrogens and the he t e r o c y c l i c 
s u l f u r atoms, much l i k e the c r y s t a l structure of Potenza and 
Mastropaolo. A hypothetical e p i t a x i a l structure has been pro
posed for t h i s dye on gypsum, but we do not r e a l l y understand why 
t h i s dye orders so w e l l on gypsum. The fact of e p i t a x i a l order
ing i s made e s p e c i a l l y c l e a r when n-octadecane i s added to s t i f f e n 
the f i l m . This produces no difference at a l l i n the spectrum on 
gypsum, u n t i l the molar r a t i o of octadecane to dye exceeds 2:1. 
It would be hard to f i n d a clearer proof of e p i t a x i a l attachment. 
In the end of these considerations of e p i t a x i a l attachment, one 
i s l e f t with a c e r t a i n appreciation for the comic figure of a 
befuddled man standing i n the r a i n with a large r i n g of keys and 
t r y i n g to open h i s front door. When the r i g h t key (molecule) i s 
found for the p a r t i c u l a r door (substrate), the r e s u l t i s most 
g r a t i f y i n g . 

We turn now to a b r i e
"latent image", that e n t i t y which i s produced by the action of 
l i g h t on the i n d i v i d u a l grains of s i l v e r halide i n a photographic 
f i l m . There i s no reasonable doubt that the various la t e n t images 
consist of c l u s t e r s of s i l v e r atoms (5,44), d i f f e r i n g i n s i z e (N 
atoms) and i n l o c a t i o n . The work of producing a modern high speed 
commercial emulsion i s l a r g e l y dedicated to optimizing the lo c a 
t i o n of the late n t images, t h e i r s t a b i l i t y , and the l e v e l of 
atomic c l u s t e r s i z e at which c a t a l y s i s of development occurs. 
One problem i n t r y i n g to examine the various la t e n t images i s 
that most of the operations for studying them also e f f e c t i v e l y 
destroy them - as witness photographic development, which estab
l i s h e s the presence of a successful latent image by destroying 
(reducing) both the image and the grain of s i l v e r h a l i d e . 

A second problem i n examining lat e n t images i s that a f u l l y 
optimized photographic f i l m , as sold , contains so many additives 
at the l e v e l of ca. lOppm. that i t i n h i b i t s a r a t i o n a l i n v e s t i g a 
t i o n . Yet t h i s i s a f i e l d i n which non-establishment s c i e n t i s t s 
have been making meaningful contributions and are l i k e l y to make 
more. What one needs i s a simple model system derived from the 
complete commercial negative: t h i s may be ei t h e r a completely 
non-photographic experimental system, or i t may be a f i l m which 
has been s i m p l i f i e d by the omission of some of the normal p r o p r i 
etary additives such as s u l f u r , gold, tetraazaindene s t a b i l i z e r s , 
mercaptan r e s t r a i n e r s , and deliberate overgrowth of extra s i l v e r 
halide (which converts a surface latent image i n t o a s e n s i t i z e d 
i n t e r n a l image). The most s e n s i t i v e operations of photography 
are done with surface images, or with the buried images which 
form on d e l i b e r a t e l y constructed i n t e r n a l surfaces (45). For 
some of the inv e s t i g a t i o n s to be discussed below, one must make 
at l e a s t a quasi-equilibrium contact with the la t e n t images 
through the use of electrochemical reagents. Since t h i s neces
s i t y i s precluded by the i n t e r n a l images, the surface images are 
the in v e s t i g a t o r ' s target of choice. 
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To give some examples of non-photographic i n v e s t i g a t i o n s , we 
note two areas i n which the properties of i s o l a t e d s i l v e r c l u s 
ters have been determined. In the mass spectrometry of negative 
ions (Ag N~), Hortig and Mueller (46) and also Joyes (47) have 
established a systematic a l t e r n a t i o n i n the magnitude of ion cur
rents, favoring those negative ions which have an odd number of 
s i l v e r atoms. This should be no surprise to a chemist, since the 
odd anions carry an even number of electrons, whereas the even 
anions are simply free r a d i c a l s . One can predict q u a l i t a t i v e l y 
that the i o n i z a t i o n step from an odd-atom c l u s t e r to the anion 
w i l l proceed e a s i l y and without the loss of an atom. 

On a more sophisticated plane, Schumacher has i n i t i a t e d a 
series of invest i g a t i o n s i n which a tunable l a s e r s e l e c t i v e l y im
parts momentum and thus ejects those c l u s t e r s i n an undifferen
t i a t e d molecular beam whic
wavelength. The beam emergin
i s then sampled with a simple mass spectrometer, so that the 
ejected c l u s t e r s i z e s can be i d e n t i f i e d as to mass (M). Working 
with t h i s apparatus, Schumacher and his colleagues at Bern have 
measured excited states and i o n i z a t i o n thresholds (48) for d i s 
crete small c l u s t e r s of Na N, K N, and Ag N. Prof. Schumacher i s 
a former d i r e c t o r of research of the Ciba Photochemical D i v i s i o n , 
and has done h i s share of worrying about s i l v e r c l u s t e r s . S t i l l , 
h i s work stands as an i n v e s t i g a t i o n which i n i t s e l f required no 
sp e c i a l i n s i g h t s or proprietary information from any photographic 
manufacturer. 

Unfortunately, i n v e s t i g a t i o n s of disconnected c l u s t e r s are 
not going to inform us as to what happens on a face of AgBr-I. 
The chemical fact i s that the c l u s t e r of s i l v e r atoms i s i n i n t i 
mate contact with several s i l v e r ions, and i t s properties must be 
modified by consideration of electron exchange among these neigh
bors. The a r t of quantum mechanical computations has now pro
gressed to a l e v e l at which problems of t h i s complexity can be 
attacked with a large d i g i t a l computer. Baetzold has i n i t i a t e d 
t h i s attack, c a l c u l a t i n g the properties of a var i e t y of sizes and 
shapes of cl u s t e r s on f l a t , terraced, or terrace-kink s i t e s on a 
model AgBr surface (49). The reader i s directed to Baetzold's 
most recent report i n t h i s volume, but we should note two major 
conclusions for the continuity of t h i s discussion. Baetzold finds 
that the p o s i t i v e kink s i t e , which has figured strongly i n the 
discussion of late n t image formation since the early works of 
M i t c h e l l (50), i s indeed the most stable s i t e f o r formation of 
small s i l v e r c l u s t e r s . The cycle of trapping an electron at t h i s 
s i t e (going from +^e~ formal charge at the s i t e to -h) and then 
r e a c t i v a t i n g the s i t e for further e l e c t r o n capture by a t t r a c t i n g 
a mobile i n t e r s t i t i a l Agt ion i s indeed the easiest way to form 
latent images. 
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Most important i s the f i n d i n g from these c a l c u l a t i o n s that 
there i s an a l t e r n a t i o n of properties from odd-sized to even-
sized latent images. The l a t e n t images representing the c o l l e c 
t i o n of 2,4,6, etc. photoelectrons are stable with respect to the 
odd-electron images. This i s to say that the p o s i t i v e ion images 
have s p e c i a l s t a b i l i t i e s at Agj", Ag*, and Ag* as indicated by 
large i o n i z a t i o n energies and r e l a t i v e l y small electron a f f i n 
i t i e s . I t i s d i f f i c u l t to add an electron (small a f f i n i t y ) and 
d i f f i c u l t to remove an electron. The consequences of these s t a 
b i l i t i e s for photographic development with ordinary developers 
have not been widely appreciated. This may w e l l be one of the 
areas where a l a s t state-of-the-art improvement of a fundamental 
nature can be made i n photographic technology. 

The best a v a i l a b l e d e s c r i p t i o n of latent image formation i s 
a s o l i d state k i n e t i c model (51) developed b  Hamilto d Baye
and subjected to p a r a l l e
Atwell and Brady. Thi , ,
for surface latent images. The model makes no d i r e c t statement 
about the threshold for photographic development, but the conse
quences of any p a r t i c u l a r threshold are e a s i l y tested by assign
ing d evelopability to any model grain which has one or more 
latent images at or above the threshold value. The f i r s t model 
dealt only with s u l f u r s e n s i t i z a t i o n (formation of e p i t a x i a l sur
face Ag 2S over only part of the grain surface) and gave the best 
comparison with the experimental emulsions when the development 
threshold was set at N=5, producing the c a t i o n i c image Ag 6. Seen 
now from the perspective of Baetzold 1s c a l c u l a t i o n s , t h i s has a 
r i n g of t r u t h , as one would expect a r e l a t i v e l y easy i n i t i a t i o n 
of reduction at a center bearing an odd number of electrons. 

This o r i g i n a l model was extended by Harbison and Hamilton 
to include gold s e n s i t i z a t i o n , the great advance i n photographic 
s e n s i t i v i t y which occurred ca. 1940. Harbison and Hamilton (44) 
concluded that the presence of gold at the l e v e l of 5ppm. allowed 
the incorporation of gold atoms int o the l a t e n t image. This s t a 
b i l i z e d the small latent images considerably, and also seemed to 
lower the threshold for development. The actual l e v e l of s e n s i 
t i v i t y obtained with gold i s a f u l l f actor of 10 higher than with 
s u l f u r alone, and would be appropriate for a threshold of N=3 or 
possibly N=2. 

One of the most i n t r i g u i n g e n t i t i e s to be formed on a photo
graphic negative i s the "sub-developable latent image" or "la t e n t 
sub-image" (LSI). This has some very r e a l consequences. One can 
bring the LSI up to d e v e l o p a b i l i t y by t r e a t i n g a weakly exposed 
f i l m with a d i l u t e gold s o l u t i o n (gold l a t e n s i f i c a t i o n ) , or one 
can resort to o p t i c a l l a t e n s i f i c a t i o n . This l a t t e r i s a method 
of bathing a weakly exposed f i l m with a uniform secondary expo
sure, necessarily delivered over a long time at very low intens
i t y (1). The t r i c k behind o p t i c a l l a t e n s i f i c a t i o n i s that grains 
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which do not o r i g i n a l l y bear a late n t image are never nucleated 
to the l e v e l of the f i r s t LSI, presumably Ag*. Grains which do 
bear one or more LSI 1s are able to c o l l e c t a d d i t i o n a l photoelec-
trons so that the LSI(s) grow to developable s i z e . 

The best point of attack for a determination of the surface 
electrochemical properties of late n t images i s at the l e v e l of 
latent sub-images. There can hardly be more than three s i z e s (2, 
3,4) without gold s e n s i t i z a t i o n , and only one s i z e (N=2) with 
gold. Indeed, the continued presence of o p t i c a l l a t e n s i f i c a t i o n 
e f f e c t s a f t e r the a p p l i c a t i o n of optimal gold s e n s i t i z a t i o n 
established the development threshold at N=3, not 2, i n the pres
ence of gold atoms. 

There has been a continuing e f f o r t to e s t a b l i s h the e l e c t r o 
chemical properties of surface latent images through the use of 
redox buffers as preliminar
(53), and Berg and F r e
able l a t e n t images can be oxidized (destroyed) by solutions which 
are reducing with respect to bulk s i l v e r . This i s i n general 
accord with the r e l a t i v e i n s t a b i l i t y of c o l l o i d a l p a r t i c l e s . I t 
has the odd consequence that buffers as much as lOOmv more reduc
ing than the bulk s i l v e r p o t e n t i a l may destroy the l a t e n t images 
on a f i l m and then, on long standing, fog or reduce the e n t i r e 
f i l m . The early work with buffers has also been troubled by the 
use of pH-dependent buffers, p a r t i c u l a r l y the Fe" H7Fe +~ H~- c i t r a t e 
system. F r e i has shown that when t h i s redox buffer system pene
trates and swells a photographic g e l a t i n coating, the p o t e n t i a l 
measurement at an electrode located at the base of the g e l a t i n 
layer records a serious excursion from the e q u i l i b r i u m value of 
the redox p o t e n t i a l (55). 

Dr. Stephan P l a t z e r and the w r i t e r have attempted to produce 
d e f i n i t i v e measurements on the redox properties of images at 
threshold or i n the LSI domain (56). To avoid the complications 
of pH dependence, redox buffers were chosen which had at lea s t a 
range of independence to pH excursions, and to avoid s e l e c t i v e l y 
rapid d i f f u s i o n of the reducing or o x i d i z i n g components, buffers 
were selected having 1:1 Fe:Ligand i n both the oxidized and 
reduced forms. This leads us to the iron-EDTA buffer (57), and 
to a more reducing system, iron-DTPA (diethylenetriaminepenta-
a c e t i c a c i d ) . The pr i c e to be paid for increased r e l i a b i l i t y of 
the buffer i s the natural l i m i t a t i o n to a p o t e n t i a l range of 120 
m i l l i v o l t s , since redox b u f f e r i n g action i s l o s t as the buffer 
r a t i o goes outside the l i m i t s of 1:10 and 10:1. Thus one requires 
a set of related buffers to span the p o t e n t i a l range of i n t e r e s t . 
This set i s not yet complete, but the p a r t i a l r e s u l t s using the 
buffers on hand do reveal some of the c r i t i c a l redox l e v e l s i n 
latent image growth and decay. 

To gain access to the LSI domain, a new kind of measurement 
cycle was devised (56). The old cycle was: 
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Expose, treat with buffer, develop. 
This now becomes the control cycle for the new experimental cycle: 

Expose, treat with buffer, o p t i c a l l y l a t e n s i f y , develop. 
Any major change which comes about as a r e s u l t of the 
o p t i c a l l a t e n s i f i c a t i o n must r e l a t e to the LSI which was stable 
(for a reasonable time) to the buffer, but did not grow to 
developable s i z e through the action of the buffer. According to 
the c l a s s i c a l theory of la t e n t image s t a b i l i t y , the Gibbs-
Thompson equation applied to supposedly-round la t e n t image par
t i c l e s (58), there should be no such residue of stable L S l ' s . 
Baetzold fs c a l c u l a t i o n s encouraged us to seek out the opposite 
r e s u l t of stable LSIs. 

This kind of i n v e s t i g a t i o n can hardly be done without access 
to research-grade emulsion coatings. This work was performed on 
a ser i e s of s p e c i a l emulsio
Prof. Wolf Berg at th
Prof. E r i c Moisar of the Research Department of the Agfa-Gevaert 
AG, Leverkusen. The successful redox experiments were done on a 
l i g h t l y s u l f u r - s e n s i t i z e d monodisperse cubic emulsion of s i z e 
0.50pm on edge. The emulsion was t h i n l y coated on a f i l m base 
having a removable antihalo coating on the back side. The prop
e r t i e s of s i n g l e grain s i z e and t h i n coating are a great help i n 
the i n v e s t i g a t i o n , since i t i s desirable to obtain a maximal 
f r a c t i o n of grains bearing LSI(s) but not ordinary developable 
images. 

Figure (19) shows the D/Log E plots f o r a s i n g l e buffer 
treatment at -105.4 mv r e l a t i v e to bulk Ag/AgBr i n the same solu 
t i o n . This i s a p l o t of the white l i g h t transmission density as 
a function of the exposure (here calculated i n photons/grain from 
the known grain density, f i l m absorption for 420nm r a d i a t i o n , and 
the known f l u x from the xenon f l a s h lamp making the exposure). 
The exposure i s p l o t t e d on the customary log scale. The blocks 
along the x-axis ind i c a t e that the buffer alone produced no per
ce p t i b l e gross reduction of the images on the f i l m . The lower 
curve i s the control sequence of Expose, redox, develop, while the 
upper curve i s the r e s u l t of the f u l l experiment: Expose, redox, 
l a t e n s i f y , develop. Here i t i s c l e a r that the buffer treatment 
leaves undisturbed some LSI(s) which require subsequent growth to 
enter the developable s i z e range. A s i m i l a r p l o t at -160mv shows 
that at that p o t e n t i a l s u b s t a n t i a l l y no change r e s u l t s from the 
l a t e n s i f i c a t i o n , but as the l i m i t of strongly reducing p o t e n t i a l s 
i s entered i n the DTPA buffer from -170mv to -210mv, a new l a t e n 
s i f i c a t i o n e f f e c t appears. The p o t e n t i a l dependence i s best seen 
by p l o t t i n g curves connecting points of equal exposure on a p l o t 
of D vs. Buffer p o t e n t i a l . These are the isoexposure curves, 
shown i n Figure (20). On t h i s curve the x's mark the rather 
abrupt change of slope as the image attack increases from -160mv 
to -lOOmv and the + signs mark the mid-density of t h i s trans
i t i o n range. Here i t can also be seen that the highest density 
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Figure 19. Three photographic characteristic curves for a monodispersed AgBr 
cubic emulsion (0.5 m cube edges) bearing a low level of surface sulfur sensitiza
tion. In all cases the film was given a 10'3 s flash exposure through a photographic 
step tablet with a step interval of 0.15 density units. The film was then immersed 
for 15 min in a redox buffer of ferrous/ferric EDTA with a potential of —105.4 mv 
relative to bulk Ag/AgBr at the same Br' concentration. It is concluded that the 
small silver clusters of the subdevelopable image are unexpectedly stable (56C). 
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T r 

-210 -170 -130 -90 
R e d o x p o t e n t i a l (mv ) 

vs . A g | A g B r | K B r ( I0~ 3 M) 

Figure 20. Results of a family of experiments with ferrous/ferric DTPA buffers. 
Each vertical line of dots corresponds to an experiment like the middle (triangles) 
plot of D/Log E of Figure 19. There is a region of increasing latent image degrada
tion from —160mvto —lOOmv and beyond. None of the films going into this data 

plot were treated by optical latensification (56C). 
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l e v e l s , having been produced by large l o c a l exposures, represent 
very large l a t e n t images which are r e l a t i v e l y invulnerable to the 
o x i d i z i n g action of the buffer. No l a t e n s i f i c a t i o n has been 
applied to the films of Figure (20). 

The density increase (AD) produced by l a t e n s i f i c a t i o n i s 
shown i n Figure (21). The l o c a t i o n of the r i g h t hand density 
growth curve matches the decay curve of Figure (20), and i n f a c t , 
the growth equals the e a r l i e r decay for the lower density curves. 
In other words, few of the small latent images which are c a r r i e d 
down into the LSI range by bleaching at -160 to -lOOmv are act
u a l l y destroyed. They p e r s i s t as more stable L S l ' s , and can be 
f u l l y restored by o p t i c a l l a t e n s i f i c a t i o n . This i s completely 
i n accord with Baetzold fs c a l c u l a t i o n s and completely contrary to 
the Logic of the Gibbs-Thompson equation. While we have no f i r s t 
hand knowledge as to th  s i z  image(s  undergoin
ing i n the range from -160m
offered that the t r a n s i t i o n from N=5 to N=4 occurs i n t h i s poten
t i a l range. The process follows a Nernst equation or pseudo-
Nernst equation with a c e n t r a l p o t e n t i a l of -130mv r e l a t i v e to 
bulk s i l v e r . 

The return of o p t i c a l l a t e n s i f i c a t i o n i n the range from -170 
to -210mv indicates that there i s a less stable LSI which i s being 
destroyed completely at potenti a l s less negative than -170mv. 
This must be the species N=3, and possibly N=2. The character
i s t i c point of maximum curvature occurs at about -195mv (x's i n 
Figure 21), and i t i s not possible to f i x a r e l i a b l e mid-point 
because of the nearness of the other oxidation process. Since 
N=3 images are predicted to be less stable than N=2, we o f f e r the 
hypothesis for future work that t h i s t r a n s i t i o n goes at le a s t 
from N=3 to N=2, and possibly on to complete destruction. We 
have neither a r e l i a b l e t h i r d buffer selected at t h i s moment, nor 
any experimental coatings to allow us to proceed far t h e r . 

These r e s u l t s have some f a r reaching implications for the 
current practices of photographic development. As implied, the 
LSI i s unused i n ordinary development. The consequence i s a ser
ious loss of f i l m "speed 1 1 or s e n s i t i v i t y . Hamilton and Bayer 
(51) concluded that i t took about 30 absorbed photons to bring 
h a l f of t h e i r more heavily s u l f u r - s e n s i t i z e d grains to threshold 
at N=5. The remaining 25 photons were wasted i n e~ + h + recombi
nation and i n the formation of si n g l e or multiple LSl's on s i n 
gle grains. I t i s a basic feature of the k i n e t i c s of nucleation 
that the r e l a t i v e losses decline as the threshold i s reduced, and 
examination of the model for an imaginary threshold of N=3 pre
d i c t s a gain of s e n s i t i v i t y of 2x| rather than 5/3. In other 
words, i t would take only 9 absorbed photons to render h a l f of 
the grains developable at N=3. This, roughly, i s what happens 
with gold s e n s i t i z a t i o n . 
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-210 -170 -130 -90 
R e d o x p o t e n t i a l (mv) 

vs. A g | A g B r | KBr ( I0~ 3 M) 

Figure 21. A famliy of experiments, of the silver density difference produced by 
treating film samples paralleling Figure 20 with optical latensification after latent 

image degradation by one of several buffer solutions. 

This figure presents a partial analysis of the electrochemical properties of surface silver 
clusters of discrete sizes, and it established the preferential stability of the small clusters 

which contain an even number of electrons (as does Ags*). 
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The unfinished business on s i l v e r c l u s t e r s has to do with 
the properties of Ag* and AuAg*, the smallest possible LSI c l u s 
t e r s . The consequences predicted from the Hamilton-Bayer model 
for threshold at N=2 c o l l e c t e d photoelectrons are development at 
approximately 3.5 average absorbed photons per g r a i n , and a t o t a l 
e l i m i n a t i o n of the loss of s e n s i t i v i t y (High Intensity Reciprocity 
Failure) suffered i n the recording of very short duration expos
ures. Thus we are considering a p o t e n t i a l speed gain of nearly 
3 times. Why hasn't t h i s been exploited sometime between 1940 
and 1981? I t has, of course, but only by those few i n d i v i d u a l s 
who practiced o p t i c a l l a t e n s i f i c a t i o n . An increase of comparable 
magnitude has also been obtained by those astronomers who employ 
hydrogen s e n s i t i z a t i o n to eliminate e~ + h + recombination and 
thus obtain d e v e l o p a b i l i t y at N=3 absorbed photons (59). There 
remains a need for a comparable increase i n s e n s i t i v i t y for the 
great majority of photographi
s i f i c a t i o n and hydroge
At present, we do not know enough about the properties of these 
smallest c l u s t e r s to devise a new method of photographic develop
ment. 

The d i f f i c u l t y i n developing the N=2 clu s t e r s i s an i n d i r e c t 
problem of s e l e c t i v i t y . One can increase the reduction p o t e n t i a l 
of a developer system i n d e f i n i t e l y , but at some point the i n d i s 
criminate development (fog) of the e n t i r e f i l m outruns any suc
cess i n developing the N=2 species. The best modern developers 
appear to work close to t h i s l i m i t . We do get a t a n t a l i z i n g h i n t 
from the buffers, which operate at very mild reducing p o t e n t i a l s . 
In p a r t i c u l a r , the most reducing DTPA buffer at -210mv might even 
be i n the s t a b i l i t y range of the N=2 and N=3 images, p a r t i c u l a r l y 
i f these contain an atom of gold. The f i n a l developer used i n 
our i n v e s t i g a t i o n had a reduction p o t e n t i a l of about -400mv; how
ever, as a 2e~ organic exchange system, i t did not seem to muster 
t h i s p o t e n t i a l e f f e c t i v e l y to reduce the smallest c l u s t e r s before 
the onset of fog generation by prolonged development. Question 
for future research: W i l l i t be possible to f i n d a l e ~ buf
fe r system to be used as a pre-developer to grow the presently + 

sub-developable 2e~ c l u s t e r AuAg 2 to the developable s i z e AuAg3? 
At that point the gross development process could be accomplished 
by a conventional developer. This would seem to be a worthy 
problem i n surface electrochemistry. 

Conclusions 
In t h i s paper we have attempted to explore u s e f u l tools and 

unfinished business i n the surface science of s i l v e r halide pho
tographic systems. The s e n s i t i z i n g dye/AgBr system has been 
explored as a compliant model system f o r persons who might wish 
to carry out fundamental in v e s t i g a t i o n s i n modes of adsorption 
and surface phase t r a n s i t i o n s . Many of the experimental and con
ceptual tools developed w i t h i n the photographic industry are 
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ava i l ab l e to f a c i l i t a t e new inves t iga t ions having l i t t l e to do 
wi th the p rac t i ce of photographic technology. Please be our 
guest. 

There i s one l a s t speed gain to be sought i n the s i l v e r h a l 
ide photographic system. This i s the lowering of the current 
development threshold from the surface c lus t e r AuAg* to the next 
smaller c l u s t e r AuAg*, representing the successful c o l l e c t i o n of 
j u s t two photoelectrons. This may be an a t t r a c t i v e problem for 
chemists in te res ted i n the e lectrochemistry of surfaces and sur
face c l u s t e r s . I t i s a good bas ic problem and a good appl ied 
problem. 
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Properties of Silver Particles 

R. C. BAETZOLD 

Eastman Kodak Company, Research Laboratories, Rochester, NY 14650 

Small silver
center in conventiona
Although these particles play an important r o l e in 
technology, the understanding of t h e i r microscopic 
phys ica l and chemical proper t ies is in a rather r u d i 
mentary stage. This paper will focus on the proper
ties of these particles as probed by molecular 
orbital c a l c u l a t i o n s and photoemission spectroscopy. 

Ca lcu la t ions have shed light on the mechanism of 
formation of silver particles by the ac t ion of light 
on silver h a l i d e . We find that surface defect s i t e s 
present a particularly favorable trapping level for 
e lec t rons . Af te r t h i s trapping s tep, silver ions 
d i f fuse to the e l ec t ron , forming a deeper trap for 
a d d i t i o n a l e l ec t rons . 

Ultraviolet photoemission spectroscopy (UPS) has been used to 
measure the energy l e v e l s of small silver particles in a model 
system. We f ind that small p a r t i c l e s have proper t ies qui te d i f 
ferent from those of the bulk and that t h e i r e lectron-donat ing 
a b i l i t y increases wi th s i z e . The UPS dif ference spectrum of 
halogen chemisorbed to s i l v e r p a r t i c l e s changes up to a s i ze of 
~40 s i l v e r atoms, i n d i c a t i n g the s i ze range over which chemical 
proper t ies are s i z e dependent. 

I w i l l i l l u s t r a t e the a p p l i c a t i o n of two techniques to the 
study of problems invo lv ing latent-image s i l v e r . These techniques 
are molecular o r b i t a l c a l cu l a t i ons and u l t r a v i o l e t photoemission 
spectroscopy (UPS). The c a l c u l a t i o n s are used to model the proc
esses of formation of s i l v e r p a r t i c l e s through p h o t o l y s i s . The 
spectroscopic measurements are used to determine proper t ies of the 
s i l v e r p a r t i c l e as a funct ion of i t s s i z e . 

0097-6156/82/0200-0059$06.00/0 
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Results 

We begin by considering the photolysis of AgBr i n Figure 1. 
Here bandgap e x c i t a t i o n produces an electron and a hole. We 
consider that the hole i s removed at a s p e c i a l s i t e or impurity 
(T). The electron i s trapped at another s p e c i a l s i t e (S) i n the 
c r y s t a l . At t h i s time an i n t e r s t i t i a l s i l v e r ion (Agt) d i f f u s e s 
to the trapped e l e c t r o n , forming a s i l v e r atom. Now i f the trap
ping l e v e l of the s i l v e r atom i s s u f f i c i e n t , another electron w i l l 
be trapped at the o r i g i n a l s i t e and the whole process w i l l be 
repeated many times. This process follows the mechanism of 
Gurney-Mott Q ) . 

Now l e t us consider the nature of the s p e c i a l s i t e s . We have 
performed CNDO c a l c u l a t i o n s (2,3) for s i l v e r c l u s t e r species 
adsorbed at various defects i n the AgBr model to learn how the 
defect might influence
models are shown i n Figur
planar array with a p a r t i a l overlayer of ions as shown i n Figure 
2. The sing l e kink can be p o s i t i v e or negative, depending upon 
ion placement, and should bear a p a r t i a l charge as determined by 
the missing ions. The double kink i s neutral. 

Let us ca l c u l a t e the electron a f f i n i t y (EA) and i o n i z a t i o n 
p o t e n t i a l (IP) of c l u s t e r s of s i l v e r species adsorbed to v i r t u a l 
s i t e s near the defect. These l e v e l s are shown for the p o s i t i v e 
kink i n Figure 3 r e l a t i v e to t h e i r positions i n the valence and 
conduction bands of the model. The EA has a sawtooth behavior but 
i s larger than the AgBr EA for neutral c l u s t e r s of a l l sizes up to 
8 atoms. Thus, electron trapping w i l l occur at c l u s t e r s on the 
p o s i t i v e kink. Corresponding data for the negative and double 
kink are shown i n Figure 4. 

The Ag£ and Ag^ species on the negative kink cannot trap 
conduction-band electrons, based upon the energetics i n Figure 4. 
In a d d i t i o n , Ag^ cannot trap electrons at the double kink, as 
i l l u s t r a t e d by t h i s f i g u r e . These r e s u l t s show that the most 
favorable s i t e f or electron trapping i s at the p o s i t i v e kink and 
that l a t e n t image would not grow at the negative or double kink. 
These r e s u l t s are i n accord with expectations based purely upon 
coulombic considerations and thus seem very reasonable. 

Let us consider the energetics of Ag+ a t t r a c t i o n at the 
c l u s t e r s . We have calculated the binding energy of Ag + at a bare 
negative kink and various c l u s t e r s to make t h i s a n a l y s i s . I f the 
c l u s t e r has a net negative charge i t i s always e n e r g e t i c a l l y 
favorable for the Ag* to be attracted to the c l u s t e r as compared 
to binding at a negative kink. However, t h i s i s not the case i f 
the c l u s t e r net charge i s zero, as the data of Table I show. An 
i n t e r s t i t i a l s i l v e r ion i s more favorably bound to the bare nega
t i v e kink than the c l u s t e r s on the p o s i t i v e kink, except for Ag . 
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AgBr » e~ • h + 

h + + T • Th+ 

S + e ' — • Se" 
/ Special Site\ 
lor Impurity J 

SAg + e" * SAge" 

SAge" • A g ; + — S A g 2 

Process Repeats 

Figure 1. Mechanism of latent-image growth in silver halide. Key: e", electrons; 
Ag\ interstitial silver ion; h\ holes; T, traps; and S, special sites. 

Single Kink 

5x3 

Double Kink 
H 1 h 

4x4 

Figure 2. Models of AgBr involving 22 ions containing a plane with additional 
ions above. 
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POSITIVE KINK 
~l 1 1 1 1 1 1 1 

Conduction Band 

Valence Band 

J I L J L L 
I 2 3 4 5 6 7 

Cluster size (atoms) 

Figure 3. Electron affinity (- • -) and ionization potential ( ) for silver clus
ters on positive-kink model vs. the conduction- and valence-band edges. 

Double 
Kink Conduction Band 

Negative 
Kink 

Valence Band 

J L 
Cluster size (atoms) 

Figure 4. Electron affinity (- • -) and ionization potential ( ) for silver clus
ters on double- and negative-kink models vs. the conduction- and valence-band 

edges. 
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Table I 

Binding Energy of Ag + at Various Sit e s 

Binding Energy of Ag~*~ (eV) at Negative Kink = 1.68 eV 

Number of On On On 
Ag Atoms P o s i t i v e Negative Neutral 

i n Cluster Kink Kink Kink 

1 0.22 2.15 1.26 
2 1.06 1.97 2.31 
3 1.05 2.34 1.40 
4 1.19 — 0.97 
5 1.71 
6 0.9

This i s true for most of the species on the neutral kink, but not 
true on the negative kink. Adsorption of an Ag species at the 
negative kink would convert i t to a p o s i t i v e kink, so t h i s would 
provide a path for latent-image growth. 

This work shows that a p o s i t i v e l y charged s i t e provides an 
ene r g e t i c a l l y favorable s i t e for s i l v e r c l u s t e r growth on AgBr. 
Cer t a i n l y the s i t e need not be r e s t r i c t e d to the p o s i t i v e kink 
s i t e as we considered i n t h i s work. Any s i t e with p a r t i a l p o s i 
t i v e charge w i l l s u f f i c e . The important point i s that the s i t e 
determines the path of growth and i n p a r t i c u l a r i t s charge plays a 
dominant r o l e . 

Let us consider s i l v e r p a r t i c l e s prepared on a model system 
for our experimental studies. The c l u s t e r s were prepared inside 
the spectrometer by evaporation from thermally heated tungsten 
sources using high-purity wires. The substrate used was carbon 
prepared by p r i o r evaporation onto mica with the technique and 
equipment described by Hamilton et a l . (4). Upon introduction 
into the spectrometer, the carbon f i l m was ion-etched with Xe, to 
remove traces of 0^ or S. These samples remained clean for a few 
days before use as substrates for the evaporated metal. 

The metal coverage was monitored by Auger spectroscopy (AES) 
and with a quartz c r y s t a l o s c i l l a t o r . These data were c a l i b r a t e d 
by neutron a c t i v a t i o n analysis to ensure proper determination of 
the amount of material deposited. The change i n frequency of the 
quartz o s c i l l a t o r was proportional to the f i l m thickness. 

Gaseous CHCl^ was obtained from the vapor phase i n e q u i l i b 
rium with l i q u i d . Several freeze-pump-thaw cycles were used 
before vapor was admitted to the chamber. Vapor was admitted with 
a l l electron guns turned o f f and the ion pump i s o l a t e d from the 
chamber. Exposure l e v e l s were monitored with an i o n i z a t i o n gauge. 

A l l photoemission spectra were recorded using He(I) emission. 
The photons were incident upon the sample at ~70° from the sample 
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normal, which was aligned with the analyzer a x i s . The double-
pass CMA was operated at a r e s o l u t i o n of 0.16 eV for photoemis
sion. T y p i c a l l y 50-100 scans were signal-averaged over a time 
span of 30 min to reduce noise l e v e l s . These spectra were stored 
on tape for data manipulation. 

Auger spectra were taken to ensure cleanness of the metal 
deposits. These were not recorded u n t i l a f t e r photoemission was 
completed. Using AES, we found that exposure of Cu sin g l e 
c r y s t a l s to CHCl^ or CH^I produced a halogen layer with no detect
able C fragments on the surface (5). Of course, i t i s possible 
that some l e v e l of C below AES detection l i m i t s could be deposited 
on the surface of the metal. For Ag s i n g l e c r y s t a l s the s i t u a t i o n 
i s more ambiguous because of the coincidence of a minor Ag peak 
with the C peak i n the AES spectrum. We are sure that p r i n c i p a l l y 
halogen i s deposited on the Ag surface, but we cannot eliminate 
the p o s s i b i l i t y that smal
Evidence for halogen depositio
observation that the Ag/C s i g n a l r a t i o measured by AES decreases 
~10% a f t e r chemisorption. 

The He(I) photoemission spectra of clean s i l v e r c l u s t e r s 
evaporated onto carbon are shown i n Figure 5. Here we observe 
coverage-dependent e f f e c t s (7_) - The d threshold i s p a r t i c u l a r l y 
s e n s i t i v e to c l u s t e r s i z e . I t i s much sharper and s h i f t e d to 
lower binding energy for larger c l u s t e r s i z e . From measurements 
at the half-maximum we estimate a s h i f t of 1.0 eV from the lowest 
to the highest coverage i n Figure 5. This region occurs at the 
top of the d band of s i l v e r and shows up only at higher coverages 
because the s i l v e r d band threshold has s h i f t e d 1.0 eV towards 
smaller binding energies. We conclude that 150 atoms are re
quired to give a b u l k l i k e photoemission spectrum of s i l v e r , which 
provides one measure of the convergence of c l u s t e r properties to 
bulk. For t h i s r e s u l t , we used the nucleation data of Hamilton 
et a l . (4) to associate a mean s i z e with each coverage i n Figure 5. 

Exposure of clean s i l v e r c l u s t e r s to CHC1- produces a layer 
of CI on the c l u s t e r surface. We have measured the photoemission 
He(I) spectrum before and a f t e r chemisorption of CHC1~ and show 
these difference spectra for several metal coverages i n Figure 6. 
We note that there are two peaks i n the halogen spectrum which 
change i n i n t e n s i t y as the s i l v e r coverage changes. The low-
binding-energy peak gains i n i n t e n s i t y as the coverage increases, 
j u s t as was observed for I ^ chemisorption (_7). In addition there 
i s a s h i f t i n halogen peak p o s i t i o n with s i z e . The low-binding-
energy peak s h i f t s from 4.4 eV at the lowest coverage to 3.9 eV at 
the highest s i l v e r coverage. The s p e c t r a l shape becomes constant 
i n the region 8 x l O 1 ^ to 1.0 x 10 1* atoms/cm2, which corresponds 
to hemispherical p a r t i c l e s containing on the mean average 30-40 
atoms. A l l of these spectra correspond to halogen saturation 
coverage ( i . e . , 1000 L exposure by CHCl^), which i s monitored by 
Auger spectroscopy. The Cl/Ag s i g n a l r a t i o measured by t h i s 
technique has the value 0.65 below 1 x 1 0 1 5 atoms/cm2 of s i l v e r 
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Figure 5. Difference spectra for A g clusters evaporated on carbon as measured 
by He(I) photoemission for various silver coverages (Reproduced from Réf. 12J 

Figure 6. Difference spectra for CI chemisorbed to A g clusters of different cov
erage obtained through CHCl.{ exposure and He(I) photoemission. (Reproduced 

fromRef. 12 J 
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coverage and showed a small decrease with increasing s i l v e r 
coverage. 

Experiments were also done with C l ^ as the gaseous reactant 
i n place of CHCl^. The same behavior was found i n both cases. 
This r e s u l t shows that i f any C i s deposited along with CI during 
exposure of Ag to CHCl^, i t has minor influence on the difference 
spectra. 

We note that the work function increases upon CHC1~ chemi
sorption for s i l v e r and copper c l u s t e r s . The work-function change 
i s monitored by the change i n width of the photoelectron energy 
d i s t r i b u t i o n curve (Table I I ) . We f i n d an increase i n work 

Table I I 

P o s i t i o n of d Edge (d), P o s i t i o n of the CI Adsorbate Peak 
d C(p ), and Chang

Chemisorption on Ag Clusters 

A4>C1, p d, 
eV eV 

0.0 4.4 
0.1 4.4 
0.2 4.2 
0.3 4.0 
0.9 3.9 
0.9 3.9 

Coverage, 
atoms/cm2 

d, Coverage, 
atoms/cm2 eV 

2 x 1 0 1 4 5.8 
5 x 1 0 1 4 5.6 
1 x 1 0 1 5 5.5 
2 x 1 0 1 5 5.3 
5 x 1 0 1 5 5.2 
1 x 1 0 1 6 5.1 

function increase i n work function for CI chemisorption which 
becomes greater as the metal coverage increases. These data 
i n d i c a t e that as the f r a c t i o n of surface covered by metal i n 
creases, the electron-withdrawing properties of CI become more 
apparent. We have also shown i n Table I I the p o s i t i o n of the 
leading edge of the d band (at half-maximum) and the peak p o s i t i o n 
of the low-binding-energy Cl-induced peak as a function of metal 
coverage. These data show a decrease i n binding energy of both 
qu a n t i t i e s but they do not seem to scale with the work-function 
change. 

Discussion 

Chemisorptive properties of small metal p a r t i c l e s depend upon 
the s i z e of the p a r t i c l e . We f i n d that the o r b i t a l spectrum of 
halogen (CI) i s dependent upon the s i z e of the s i l v e r p a r t i c l e to 
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which i t i s chemisorbed. A p a r t i c l e s i z e of ~30-40 atoms i s 
required for t h i s spectrum to reach a l i m i t i n g shape. This r e s u l t 
suggests that rather large c l u s t e r s are required to model chemi
sorption involving the strong in t e r a c t i o n s present i n the halogen-
s i l v e r system. 

The i n t e r a c t i o n s between d i f f e r e n t halogen atoms and metal 
c l u s t e r s may be understood on the basis of Figure 7, which shows 
the i n t e r a c t i o n of a halogen p o r b i t a l with a s i l v e r d o r b i t a l . 
As the l e v e l s are separated i n energy, the mixing decreases and 
the s i t u a t i o n corresponds more to that on small p a r t i c l e s . Of 
course, i n a l l cases there i s an i n t e r a c t i o n between halogen p 
o r b i t a l s and s o r b i t a l s of the metal. This i n t e r a c t i o n i s less 
apparent i n our experiments because i n the UPS technique s o r b i 
t a l s have a r e l a t i v e l y small cross-section. Nevertheless, the 
po s i t i v e region i n the halogen difference curves on the low-
binding-energy side of
in t e r a c t i o n . 

The understanding of the basic mechanism of photolysis of 
s i l v e r halide i s incomplete yet v i t a l for the planning and i n t e r 
pretation of experiments. This fact i s i l l u s t r a t e d by the r a m i f i 
cations inherent i n the contemporary discussions of the latent 
image i n s i l v e r halide. There are the conventional Gurney-Mott 
mechanism (1) and the thermodynamic model (8,9) . We have de
scribed the Gurney-Mott model. The thermodynamic view envisages 
nucleation of a supersaturated concentration of s i l v e r atoms i n 
s i l v e r halide as induced by l i g h t . Obviously the e f f e c t of exter
nal variables i s quite d i f f e r e n t i n the two mechanisms. 

Our c a l c u l a t i o n s and experiments have shown that at the 
c r i t i c a l development s i z e (10,11) the s i l v e r c l u s t e r i s not 
me t a l l i c . Computationally the IP and EA values have not converged 
and are quite s e n s i t i v e to l o c a t i o n of the c l u s t e r on the i o n i c 
l a t i c e . Experimentally we see photoemission properties of the 
cl u s t e r that deviate markedly from the bulk up to 150 atoms. For 
CI chemisorption a c l u s t e r of ~40 atoms i s necessary to give a 
" b u l k l i k e " adsorbate spectrum. 

The i n t e r a c t i o n of a chlorine atom (hole) with a s i l v e r 
c l u s t e r depends markedly upon c l u s t e r s i z e . This e f f e c t can be 
inferred from the general decrease i n IP as c l u s t e r s i z e increases 
(Figure 3) as manifested i n the CI difference spectra (Figure 6). 
The CI difference spectra show a s h i f t of 0.5 eV towards Ep 
(Table II) with increasing c l u s t e r s i z e . Of course only the 
d i r e c t i o n of s h i f t i s important i n c o r r e l a t i o n s with the IP change 
since the p a r t i a l l y covalent bonding with CI complicates the 
s i t u a t i o n . 
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Figure 7. Orbital interaction scheme for Ag s and d orbitals with halogen p 
orbitals. 
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Light-induced Electron Spin Resonance Signals 
of Dyes on the Surface of Silver Bromide 
Microcrystals: Photographic Effects 

T A D A A K I TANI 

Fuji Photo Film Company, Research Laboratories, Ashigara, 
Minami-ashigara, Kanagawa, Japan 

Analysis of light-induced ESR signals of sensi
tizing dyes on the surface of AgBr microcrystals in 
photographic emulsions revealed that p o s i t i v e holes 
trapped by the dyes were responsible for the ESR 
signals and de s e n s i t i z a t i o n caused by the dyes. I t 
was demonstrated from the ESR and sensitometric 
measurements that p o s i t i v e holes trapped by the dyes 
could react in several minutes with latent images on 
the surface of the microcrystals. 

I t was found that photographic sensitizing dyes exhibited 
light-induced ESR s i g n a l when adsorbed to the surface of large 
crystal of silver bromide ( 1,2 ) or s i l v e r bromide microcrystals 
( grains ) i n photographic emulsions ( 3, 4, 5, 6 )• s i n c e the 
light-induced ESR si g n a l was caused by the i n t e r a c t i o n between 
s e n s i t i z i n g dyes and s i l v e r halide under i l l u m i n a t i o n , i t i s of 
great importance to analyze the ESR signals of various photogra
phic s e n s i t i z i n g dyes adsorbed on the surface of s i l v e r halide 
grains i n photographic emulsions i n order to understand the mecha
nisms of photographic e f f e c t s caused by the dyes. 

Experimental 

Photographic emulsions composed of octahedral s i l v e r bromide 
grains were used i n these experiments. The average grain s i z e was 
0.7 um, or 0.2 urn. Methanolic solutions of various dyes were 
added to the emulsions, which were then coated at about 40 mg 
s i l v e r bromide/dm^ and at about 30 mg gelatin/dm^ on c e l l u l o s e 
t r i a c e t a t e f i l m base. The coated film s were subjected to both ESR 
and sensitometric measurements at room temperature. 

The measurements of ESR spectra were made by use of Electron 
Spin Resonance Spectrometer Model JES-ME-3X made by Japan Electron 
Optics Laboratory Co. Ltd. with X band and magnetic f i e l d 
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modulation of 100 KHz. Several s t r i p s of the coated f i l m were put 
into a quartz sample tube and subjected to measurements of ESR 
signals with a Xenon lamp ( 500 W ) made by Ushio E l e c t r i c Co. as 
a l i g h t source. 

The sensitometric measurements were made as follows : The 
coated films were exposed for 10 sec to a tungsten lamp ( color 
temperature : 2854 K ) or for 10"** sec to a Xenon f l a s h lamp i n an 
EG & G sensitometer through a f i l t e r and a continuous wedge. The 
exposed films were subjected to surface development at 20°C for 
10 minutes. The surface developer used was MAA-1 described by 
James et a l . ( 1_ ) . 

Dyes Studied and Their E l e c t r o n i c Energy Levels 

The molecular structures of the dyes studied i n t h i s paper 
are shown i n Table 1. Accordin
the lowest vacant and th
l e v e l s of dyes, e^ v and e^o* r e s p e c t i v e l y , were estimated on the 
basis of the following c o r r e l a t i o n s . 

l v Red 
e, = - E„ , - E + C ho Red t r 

where E R e c j and E t r are polarographic half-wave reduction p o t e n t i a l 
and t r a n s i t i o n energy of a dye re s p e c t i v e l y , and C i s electrochemi
c a l constant. The estimated e l e c t r o n i c energy l e v e l s of the dyes 
studied are shown i n Figure 1, where h o r i z o n t a l l i n e s marked by 
C.B. and V.B. are the estimated positions of the bottom of the 
conduction band and of the top of the valence band of s i l v e r 
bromide. 

Analysis of Light-induced ESR Signals of Dyes 

The coated emulsions gave no ESR s i g n a l i n the dark regard
le s s of the presence of any s e n s i t i z i n g dye. The coated emulsions 
without any dye added gave no ESR s i g n a l even when they were ex
posed to l i g h t . The emulsions to which p a r t i c u l a r s e n s i t i z i n g 
dyes were added gave ESR signals under i l l u m i n a t i o n , and l i g h t ab
sorption by the s e n s i t i z i n g dyes as w e l l as by s i l v e r halides i n 
emulsions resulted i n the appearance of the ESR s i g n a l s . The 
light-induced ESR s i g n a l of Dye 1 i n emulsions i s shown i n 
Figure 2. 

The appearance of the light-induced ESR s i g n a l of dyes were 
dependent neither upon molecular structures nor upon the height of 
the lowest vacant e l e c t r o n i c energy l e v e l of the dyes, whereas i t 
depended upon the height of the highest occupied l e v e l of the 
dyes. As shown i n F i g . 1, the highest occupied l e v e l s of the dyes 
which gave the ESR signals were higher than those of the dyes 
which did not give any ESR s i g n a l s , and by more than 0.3 eV higher 
than the top of the valence band of s i l v e r bromide. 

In Colloids and Surfaces in Reprographic Technology; Hair, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



3. ΤΑΝΙ 5/7ver Bromide Microcrystals 73 

/ Λ -η 

χ 

X M M rH CJ 
co 

rH x: 

CM 

X 

CJ 

I 

II M 

X X CJ Pu 

m i n m 
X X X 

X CM CM CM 

rH 

; 

α 
 CM Γ Ο 

—i ^ ^ Q 

tu
di
ed
 i
n 
Th
is
 

V 

ib
le
 1
. 

Dy
es
 S
 

-c
o.

 
R 

X 

Ν 

U) ι ι ι ι 

>-! 4-> I V-I J-l V-I V-I 
PQ α CQ CO CQ CQ 

m m 
c o χ χ 

Χ CM CM χ χ χ χ υ υ υ υ υ υ υ υ υ υ 
X 

S s 
CO 

! ·« βί 

rH rH 
Χ CJ CJ χ χ χ χ 

I CO 
0 

m m to i/o i n m m Τ* νΟ ·Τ* *ΤΓ> *ττ· 

H> 
X 
CJ 

II 
X 

c 

0J 
>» 

Ο rH 

0 0 o> 

cj 7* 
co + z -

5 
c 

φ 

Q 

«Χι «Λ-· VU JL. -Ι- JLi Ui 
CM ( N X CM CM CM CM 

CJ CJ C O CJ CJ CJ CJ 
CJ 

rH rH rH Ο rH CM C O 

rH CM c o m vD r»» 

In Colloids and Surfaces in Reprographic Technology; Hair, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



74 REPROGRAPHIC TECHNOLOGY 

Figure 1. The lowest vacant electronic energy level (t,r) and the highest occupied 
one (€,,„) of dyes as correlated with the appearance of the light-induced ESR signal, 

desensitization, and latent image fading by the corresponding dyes. 

Figure 2. Light-induced ESR signal appeared at g = 2.005 of 0.7 μ*η AgBr emul
sion to which 7 X 70 5 mol Dye I/mol AgBr was added. 
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Figure 3 shows decay curves of the light-induced ESR signals 
of various dyes i n emulsions. As shown i n Figure 4, the decay 
time was i n the order of several minutes, depending upon the kind 
of dyes, and increased with the increase of the height of the 
highest occupied l e v e l of dyes. 

In general, the higher the highest occupied l e v e l of a dye 
i s , the longer i s the residence time of a p o s i t i v e hole trapped by 
the dye, and thus the higher i s the concentration of dye p o s i t i v e 
holes on the grain surface under i l l u m i n a t i o n . Therefore, the 
above-stated r e s u l t s indicated that the light-induced ESR signals 
were caused by the formation of dye p o s i t i v e holes Dye® through 
the following processes. 

AgBr + hv — • e" (AgBr) + h + (AgBr) 

Dye + h (AgBr

Dye + hv 1 * Dye* 
© — 

Dye* — > Dye + e (AgBr) 
where e (AgBr) and h + (AgBr) are an electron and a p o s i t i v e hole 
i n AgBr grains. 

I t should be noted that the observed light-induced ESR s i g n a l 
of dyes was sharp and lacked any hyperfine structure. The 
s i g n a l , which was broad and Gaussian i n shape at l i q u i d nitrogen 
temperature, became sharper as the temperature of the ESR measure
ment was increased, and was Lorentzian i n shape at room tempera
ture. 

Y. Sano ( L5 ) examined the dependence of the i n t e n s i t y of 
the ESR si g n a l of Dye 3 upon microwave power, and observed the 
appearance of saturation phenomenon of the s i g n a l i n t e n s i t y at the 
microwave power which was much larger than that f o r the ESR meas
urement i n t h i s paper. The microwave power at which the satura
t i o n phenomenon appeared increased with the increase of the amount 
of the dye adsorbed on the emulsion grains. I t i s considered that 
the increase i n the amount of the adsorbed dye resulted i n the 
increase i n the s i z e of dye aggregates and thus i n the accelera
t i o n of the interconversional i n t e r a c t i o n through each dye aggre
gate. 

The above-stated r e s u l t s could i n d i c a t e that some kind of 
interconversional i n t e r a c t i o n such as rapid spin exchange or 
intermolecular electron transfer was taking place through each dye 
aggregate during the ESR measurement. 

Correlation between ESR Signals and Photographic Phenomena 

Several s t r i p s of coated f i l m were exposed to l i g h t i n the 
sample tube of the ESR spectrometer and developed. Figure 5 shows 
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Figure 3. Decay curves of light-induced ESR signals of various dyes in 0.7 n/n 
AgBr emulsion. The numbers in this figure denote the dyes listed in Table 1. The 

amount of the dye added to the emulsion was 7 X 10 5 mol/mol AgBr. 
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Figure 4. Decay time of light-induced ESR signal of dyes in 0.1 ^m AgBr emul
sion as a function of the height of the highest occupied electronic enery level </,„ of 

the corresponding dyes with reference to the top of the valence band of AgBr. 

The numbers refer to the dyes listed in Table I. The amount of the dyes added to the 
emulsion was 7 X 10 5 mol/mol AgBr. 
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the r e l a t i o n between o p t i c a l density of the developed s t r i p s and 
the amount of the exposure. As shown i n t h i s f i g u r e , the exposure 
amount used for the ESR measurement was not so overwhelmingly 
large as compared with the exposure amount required for latent 
image formation. Therefore, i t was considered that the ESR meas
urement could be used for the analysis of photographic processes. 

Figures 6 and 7 show the dependence of the i n t e n s i t y of the 
light-induced ESR signals of Dye 3 i n emulsions upon reduction 
s e n s i t i z a t i o n by use of stannous shloride and upon addition of 
Rh ( I I I ) to the emulsions. In accord with the view that small 
s i l v e r specks formed during reduction s e n s i t i z a t i o n capture pos
i t i v e holes ( JLO, 11 ), the above-stated reduction s e n s i t i z a t i o n 
decreased the i n t e n s i t y of the ESR s i g n a l , which were related to 
dye p o s i t i v e holes. In accord with the view that Rh ( I I I ) 
captures photoelectrons i n AgBr ( JL2 ), thus accelerating the sep
arat i o n between photoelectron
Rh ( I I I ) to emulsion

S e n s i t i z i n g dyes often brought about the decrease i n blue 
( i n t r i n s i c ) s e n s i t i v i t y of emulsions, which was c a l l e d desensi-
t i z a t i o n . As shown i n Figure 8, both degree of d e s e n s i t i z a t i o n 
and ESR si g n a l i n t e n s i t y increased with the increase of the height 
of the highest occupied l e v e l . The above-stated r e s u l t indicated 
that the ESR s i g n a l r e f l e c t e d the behavior of dye p o s i t i v e holes. 

In accord with the fact that the ESR si g n a l of dyes, which 
correlated w e l l with degree of t h e i r d e s e n s i t i z a t i o n , decayed i n 
several minutes as shown i n Figures 3 and 4, latent images also 
faded i n several minutes i n the presence of various dyes. Figure 
9 shows the latent image fading i n the emulsions containing Dye 3. 
As summarized i n Figure 1, only the dyes which gave the l i g h t -
induced ESR si g n a l and strong d e s e n s i t i z a t i o n caused the latent 
image fading. 

The above-stated r e s u l t s indicate that the d e s e n s i t i z a t i o n 
which was observed i n t h i s paper was mainly caused by the reaction 
of dye p o s i t i v e holes with latent images, being s i m i l a r to that 
observed i n c o r e / s h e l l emulsions ( 13,14. ). In ad d i t i o n , the 
present i n v e s t i g a t i o n indicated that, being correlated w e l l with 
the behaviors of light-induced ESR s i g n a l of dyes i n emulsions, 
the above-stated d e s e n s i t i z a t i o n occurred i n several minutes a f t e r 
exposure to l i g h t i n the presence of the dyes whose highest occu
pied l e v e l s were higher than the top of the valence band of s i l v e r 
bromide by 0.3 eV or more. 
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Figure 5. D-log E curves of strips of film coated with 0.2 fxm AgBr emulsion con
taining 5.5 X 10 4 mol Dye 3/mol AgBr, which was exposed to light with exposure 
amount E in a sample tube in an ESR spectrometer and developed. The exposure 

amount for the ESR measurement is shown by the arrow. 

SnC l 2 (p mol/mol AgBr) 

Figure 6. ESR signal intensity for Dye 3 
in 0.2 fi/n AgBr emulsion under illumina
tion to blue (a) and minus-blue light (b) 
as a function of the amount of SnCl> used 
for reduction sensitization of the emul
sion. The amount of Dye 3 was 5.5 X 

10* mol/mol AgBr. 

(NH 4) 3RhCl 6(umol/mol AgBr) 

Figure 7. ESR signal intensity for Dye 3 
in 0.2 fxm AgBr emulsion under illumina
tion to blue (a) and minus-blue light (b) 
as a function of (NH^RhClg added to 
the emulsion. The amount of Dye 3 was 

5.5 X 10* mol/mol AgBr. 
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0.4 0.6 
e h Q (eV above V.B. of AgBr) 

Figure 8. Intensity of light-induced ESR 
signal and degree of desensitization (Sn°/ 
Sit) by dyes in 0.7 pm AgBr emulsion as 
a function of the height of the highest 
occupied electronic energy level th„ of the 
corresponding dyes with reference to the 
top of the valence band of AgBr, where 
S,t ° and Sn are blue (intrinsic) sensitivi
ties of the emulsion without and with 
dyes. The numbers refer to the dyes 

listed in Table 1. 
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Figure 9. D-log Ε curves showing latent jading in 0.2 μηι AgBr emulsion to which 
Dye 3 was added. Coated film was exposed for 10 Λ s to blue (a) and minus-blue 
light (b), kept for t (s), and developed. The amount of Dye 3 was 5.5 X 10'4 mol/ 

mol AgBr. 
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Silver Halide Precipitation and Colloid Formation 

INGO H. LEUBNER 

Eastman Kodak Company, Research Laboratories, Rochester, NY 14650 

Formation of colloidal silver
emulsions) is one of th
conventional photographic materials. At the same time it presents 
scientific challenges, some of which are common to general 
colloid formation, such as control of crystal s i z e , s i z e distri
bution, and morphology. In precipitation, two processes are of 
spe c i a l i n t e r e s t , i.e., formation of stable c r y s t a l n u c l e i 
(nucleation) and subsequent growth. This sequential process is 
specifically involved i n the double-jet precipitation of silver 
bromide. For this case, a theoretical model of nucleation was 
derived which is based on a dynamic mass balance and a growth 
mechanism which includes bulk diffusion and the Gibbs-Thomson 
effect. In qualitative agreement with t h i s theory, experiments 
showed that the number of stable n u c l e i increased with increasing 
reactant addition rate and decreased with increasing solubility 
and temperature. Subsequent growth of the c r y s t a l s can be 
described by a simple mass-balance equation, as long as the 
growth rate is below a limiting maximum growth rate above which 
renucleation occurs. The growth rate was related to a growth 
model based on bulk d i f f u s i o n and crystal number density. For 
AgBr, the morphology is dependent on the pAg of the crystal 
suspension. 

In the formation of c o l l o i d s , the control of p a r t i c l e s i z e , 
s i z e d i s t r i b u t i o n , and p a r t i c l e morphology i s a great s c i e n t i f i c 
and technical challenge. C o l l o i d a l s i l v e r halide dispersions i n 
gelatine (photographic "emulsions") can be considered as model 
systems for c o l l o i d s which are formed by p r e c i p i t a t i o n of spar
ing l y soluble s a l t s . The formatiOn of s i l v e r halide emulsions 
has been studied i n great d e t a i l and i t i s l i k e l y that the 
res u l t s of these studies can be applied to other c o l l o i d a l 
systems. 

Three basic methods have generally been employed i n the 
p r e c i p i t a t i o n of silver,, halides: s i n g l e - j e t , double-jet, and 
continuous (Figure 1). * * In the s i n g l e - j e t method, the s i l v e r 
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s o l u t i o n (usually s i l v e r n i t r a t e ) i s introduced into an agitated 
s o l u t i o n of excess halide and g e l a t i n . In the double-jet method, 
s i l v e r n i t r a t e and halide solutions are introduced simultaneously 
into a s t i r r e d g e l a t i n s o l u t i o n . In the continuous process, 
s i l v e r n i t r a t e , h a l i d e , and g e l a t i n solutions are combined 
simultaneously and product i s removed continuously to achieve 
steady-state conditions. 

Of these methods, the double-jet method leads generally to 
a r e l a t i v e uniform ("monodisperse") c r y s t a l population with 
uniform morphology when material addition^ r^ates, temperature, 
and pAg are c l o s e l y c o n t r o l l e d (Figure 2). * For such systems, 
nucleation and subsequent growth have been studied i n d e t a i l . 
The present review w i l l concentrate on some recent developments 
i n these areas. 

The course of p r e c i p i t a t i o n of most sparingly soluble s a l t s 
i n double-jet p r e c i p i t a t i o n
p l o t of the supersaturatio
defined as the r a t i o of the bulk solute concentration C to the 
equilibrium s o l u b i l i t y C . As soon as the reactants are i n t r o 
duced, S increases very r a p i d l y and exceeds the c r i t i c a l value 
S c for spontaneous nucleation at t = t ^ . S w i l l now increase at 
a lower rate owing to solid-phase nucleation and subsequent 
growth u n t i l a maximum i s reached. Thereafter, S w i l l decrease 
and drop below S c at t = t ^ ; observable nucleation w i l l then 
stop. The region between t- and t ~ i s usually referred to as 
the "nucleation region." Between and t ~ i s a "transient 
region" where S continues to decrease r a p i d l y . In t h i s region 
the number of n u c l e i may a c t u a l l y decrease owing to d i s s o l u t i o n 
of some of the smaller c r y s t a l s . At t > a quasi-steady state 
i s obtained where further decrease i s not appreciable and the 
t o t a l number of c r y s t a l s remains p r a c t i c a l l y constant. This 
quasi-steady state region i s also characterized as the "growth 
region" of p r e c i p i t a t i o n . 

In k i n e t i c studies of the formation of s i l v e r bromide, 
Meehan and M i l l e r found that formation of c o l l o i d a l material 
was complete w i t h i n 6 msec or l e s s . They further concluded that 
f a s t f l o c c u l a t i o n , i n which every c o l l i s i o n of p a r t i c l e s r e s u l t s 
i n an agglomeration, occurs during the mixing process and for^a 
few seconds thereafter. Berry and Skillman and Berriman 
determined that the t o t a l number of s i l v e r halide c r y s t a l s 
remained e s s e n t i a l l y unchanged a f t e r the f i r s t minute of double-
j e t p r e c i p i t a t i o n . 

The Nucleation Stage 

For the nucleation i n double-jet p r e c i p i t a t i o n of s i l v e r 
h a l i d e s , a dynamic model was derived which relates the £inal 
number of stable n u c l e i to various p r e c i p i t a t i o n v a r i a b l e s : 

Z = 
R R T 

S _ 
87ivDV C ( r / r * - l ) m s 

( i ) 
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83 

Figure 1. Schematic of basic AgX precipitation methods. Key: single-jet, left; 
double-jet, middle; and continuous, right. (Reproduced, with permission, from 

Ref. 6. Copyright 1981, Marcel Dekker, Inc.) 

Figure 2. Electron micrographs of AgBr crystals produced by the basic precipita
tion methods. Key: single-jet, upper left; double-jet, upper right; and continuous, 
lower. (Reproduced, with permission, from Ref. 6. Copyright 1981, Marcel 

Dekker, Inc.) 
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where 

00 oo 

r = f nrdr/ f ndr (2) 

Here, Z i s the f i n a l number of stable n u c l e i , R represents the 
reactant addition rate, R i s the gas constant, T i s the absolute 
temperature, Y i s the surface energy, D i s the d i f f u s i o n c o e f f i 
c i e n t , V i s the molar volume, and C i s the s o l u b i l i t y of the m — s p r e c i p i t a t e , r represents a number average c r y s t a l radius and 
i s greater than the c r i t i c a l radius r*. The c r i t i c a l s i z e r * i s 
defined as the s i z e at which a c r y s t a l has an equal p r o b a b i l i t y 
of d i s s o l u t i o n by Ostwald ripening vs. growth to stable s i z e s . 
Equation (1) i s based on a model where c r y s t a l growth i s dominated 
by bulk d i f f u s i o n and th
AgBr systems). JThis equatio
by the factor ( r / r * - 1) which re s u l t s from considerations of 
the dynamic mass balance and the influence of supersaturation. 
It s importance w i l l become apparent during the discussion of 
experimental r e s u l t s . The v a l i d i t y of eq (1) was experimentally 
tested by double-jet p r e c i p i t a t i o n of AgBr where reactant addition 
rate R, pAg and s o l u b i l i t y , and temperature were c l o s e l y c o n t r o l l e d . 
In these experiments, i n i t i a l reactor volume and g e l a t i n concen
t r a t i o n (2-8% ,range) did not s i g n i f i c a n t l y a f f e c t the number of 
stable n u c l e i . 

E f f e c t of Reactant Addition Rate - According to eq (1), the 
number of stable n u c l e i should increase with increasing addition 
rate. For the slope of the c o r r e l a t i o n of In Z vs. In R, the 
following expression i s obtained: 

d In R / i dR ^ r / r " - 1 

The f i r s t term jof the product on the r i g h t side of eq (3) i s 
p o s i t i v e since r / r * > 1.0. I t can be shown that the second term 
(d(r/r*)/dR) i s also p o s i t i v e . Therefore, a p l o t of In Z vs. In 
R (or log Z vs. log R) should have a slope less than one. This 
i s consistent with experimental r e s u l t s for AgBr shown i n Figure 4. 
The slopes for the ascending P ^ t of the data by K l e i n and 
Moisar and Loginov and Deniso^a are 0.8 and 0.5, respectively. 
Leubner, Jagannathan, and Wey did not observe the bend-over 
observed by the other authors, and the slope of t h e i r c o r r e l a t i o n 
was 0.84. D i f f e r e n t experimental techniques by these authors 
may account for the observed differences i n the experimental 
r e s u l t s . 
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Time 

Figure 3. Supersaturation ratio, S, vs. precipitation time, t. (Reproduced, with 
permission, from Ref. 2. Copyright J980, J. Photogr. Sci. Eng.) 
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Figure 4. Number of stable AgBr crystals, Z, as a function of reactant addition 
rate, R. (Reproduced, with permission, from Ref. 2. Copyright 1980, J. Photogr. 

Sci. Eng.) 
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E f f e c t of pAg and S o l u b i l i t y . S o l u b i l i t y and pAg are 
i n t r i c a t e l y ^ related for a given temperature as shown i n 
Figure 5. ' ' I t was expected from eq (1) that the number of 
stable n u c l e i would be inversely related to the s o l u b i l i t y . The 
c o r r e l a t i o n of log Z vs. pAg for AgBr i s indeed inverse to that 
of the log s o l u b i l i t y / pAg c o r r e l a t i o n (Figure 6). From eq (1), 
the slope of the c o r r e l a t i o n of In Z vs. In C can be derived 
as: 

d In Z 
s L r / r - - 1 

(A) 

The f i r s t term of th  produc  th  ri g h  sid  i  p o s i t i v
since r / r * > 1.0. I
negative and that therefor  slop  p l o
C £or log Z vs. log C ) should be greater (more p o s i t i v e ) than 

This i s consistent with a p l o t of log Z vs. log C where 
slopes of -0.76 and -0.40 were obtained for cubic and octahedral 
c r y s t a l s , respectively (Figure 7). 

For the AgBr system, the c r y s t a l morphology i s determined 
by the pAg and temperature of the c r y s t a l suspension. As 
indicated i n F i g . 6, at 70°C the octahedral morphology i s stable 
at pAg's greater than about 8, whereas the cubic morphology i s 
stable at lower pAg's. There i s a continuous t r a n s i t i o n from 
cubic to octahedral morphology v i a cuboctahedral shapes. At 
pAg's higher than about 9.5, c r y s t a l morphologies based on 
twinned c r y s t a l structures are also obtained. 

E f f e c t of Temperature. The e f f e c t of temperature was 
studied for constant addition rate R and constant s o l u b i l i t y C g 

(1.6 x 10 mole/L). At each temperature, two pAg's were chosen 
which correspond to t h i s s o l u b i l i t y value (see F i g . 5). The 
higher and lower pAg's usually lead to octahedral and cubic 
c r y s t a l habits, respectively. From eq (1), the slope of the l n 
Z/ln T (or log Z/log T) c o r r e l a t i o n can be given as: 

<* In Z _ d l n D , T , , d ( r / r * ) , , , 
d l n T v

 1 d l n T l- . . , ^ dT ; K D ) 

* r / r ~ - 1 

14 
I t can be shown from the Stokes-Einstein equation ^ that 

d In D/d l n T i s equal to unity. I t can be established that 
(d(r/r*)/dT > 0 and that therefore 

d In Z r M 

n n < 0 ( 6 ) 
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Figure 6. Number of stable AgBr crystals as a function of pAg. Conditions: tem
perature, 70 C; and R, 3.56 X 10 7 mol/s mL. Key: • , cubes; and O, octahedra. 
(Reproduced, with permission, from Ref. 2. Copyright 1980, J. Photogr. Sci. Eng.) 
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A plot of log Z vs. log T (Figure 8) indeed has a negative 
slope, which agrees with the t h e o r e t i c a l p r e d i c t i o n . 

The experimental r e s u l t s obtained from balanced double-jet 
p r e c i p i t a t i o n s of AgBr c r y s t a l s can thus be q u a l i t a t i v e l y 
explained reasonably well by the dynamic model of nucleation 
which includes both d i f f u s i o n and the Gibbs-Thomson e f f e c t . 

The Growth Stage 

Once the number of stable nuclei has been established i n 
the nucleation stage, t h e i r growth rate ^ for constant addition 
rate can be given by a simple mass-balance 

dr V R 
o m ,  >

4/lZr 
o 

i f 
g < g c ( c r i t i c a l growth rate) (8) 

Here, V , R, and Z have the same meaning as i n the previous 
discussion, t i s time and r i s the c r y s t a l diameter at time t . 
Here, spherical morphology i s assumed for s i m p l i c i t y . The 
c o r r e l a t i o n i s e s s e n t i a l l y the same for cubic and octahedral 
c r y s t a l s except for d i f f e r e n t p r o p o r t i o n a l i t y constants, g i s 
the c r i t i c a l growth rate above which renucleation occurs, ft i s 
equal to the maximum growth rate that a system can sustain 
without going into renucleation. I t s value i s dependent on the 
temperature, pAg, average^cr^ys^ta^size, and p a r t i c l e density of 
the s i l v e r halide system. * * ' Fox^ a dispersion of AgCl i n 
g e l a t i n , a pH e f f e c t was also observed. 

Another approach for determining the growth rate g i s based 
on considerations of supersaturation, growth k i n e t i c s , and 
c r y s t a l number density. For d i f f u s i o n - c o n t r o l l e d growth systems, 
l i k e AgBr, eq (9) was derived, which relates the growth r a t ^ to 
the supersaturation r a t i o , S, and c r y s t a l number density, p. 

g = = n g„ (9) 

where 

DC (S -s 
pr 

1) 
(1 + 1/6) (10) 
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Figure 7. Number of stable AgBr crystals as a junction of solubility. Conditions: 
temperature, 70 C; and R, 3.56 χ 10 7 mol/s mL. Key: Φ, cubes; and O, octa-
hedra. (Reproduced, with permission, from Ref. 2. Copyright 1980, J. Photogr. 

Sci. Eng.) 

Figure 8. Number of stable AgBr crystals as a function of temperature. Condi
tions: Cs, 1.6 χ 10 K mol/L; and R, 3.56 X 10 7 mol/'s mL. Key: Φ, cubes; and 
O, octahedra. (Reproduced, with permission, from Ref. 2. Copyright 1980, J. 

Photogr. Sci. Eng.) 
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0 
zg>2C*i - i ) 

(11) 
( r a - 0 ) ( 2 r 1 V - 'tx - 0) (1 + 1/6) 

r 1 (12) 

6 (13) 

0 i s defined as follows: 

0 = 1 for r 1 < 1 + 6 

0 = r - ( l + 6) for r. > 1 + 5 

(14) 

(15) 

Here, g i s the growt
crowding f a c t o r , and g
system. A crowded system i s obtained when the p a r t i c l e suspension 
density i s so high that the d i f f u s i o n layers of adjacent p a r t i c l e s 
overlap, i . e . , ̂  < r + 6 as sketched i n Figure 9. Here, r Q 

i s the p a r t i c l e radius, r^ i s the i n t e r p a r t i c l e distance, and 6 
i s the d i f f u s i o n layer thickness. The other symbols i n eqs (9-15) 
are the same as defined previously. The numerical evaluation of 
t h i s growth model (eqs 9-15) i s generally d i f f i c u l t for sparingly 
soluble p r e c i p i t a t e s since the determination of the supersaturation 
r a t i o S presents s i g n i f i c a n t experimental d i f f i c u l t i e s . However, 
when g i s equal to the c r i t i c a l growth rate g , the supersaturation 
becomes constant and equal to the c r i t i c a l supersaturation 
(Fi g . 1). Determination of the c r i t i c a l growth rate of a system 
thus allows v e r i f i c a t i o n of the proposed growth model and determin
ation of S and 6. 

Q 
The v a l i d i t y of t h i s model was tested by the ^ c r i t i c a l 

growth rate method on the AgBr system (Figure 10). 6 was 
a r b i t r a r i l y chosen as 10 for a l l c r y s t a l s i z e s . The data co r r e l a t e 
reasonably with a s t r a i g h t l i n e ; however, the l i n e does not 
intercept the o r i g i n . P o s s i b l y , a more de t a i l e d knowledge of 
the value of the d i f f u s i o n layer thickness 6 w i l l improve t h i s 
c o r r e l a t i o n . The i n c l u s i o n of the crowding factor r| s i g n i f i c a n t l y 
improved the c o r r e l a t i o n vs. a previous model where t h i s factor 
had not been included. 

The formation of c o l l o i d a l s i l v e r halide dispersions 
(photographic emulsions) was reviewed as a model system of 
c o l l o i d s which are formed by p r e c i p i t a t i o n of sparingly soluble 
s a l t s . For such systems, models f or c r y s t a l nucleation and 
growth were derived which were v e r i f i e d for the AgBr system. 
These models can probably be extended to the study of nucleation 
and growth of other highly insoluble c o l l o i d a l systems. 

Summary 
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Figure 9. Schematic of a two-particle  system. Key: r„, particle radius; 
8, diffusion layer thickness; and 2t±, interparticle distance. 

( M / 8 ) T ? A O (/^m-1) 

Figure 10. AgBr growth rates vs. (1 -f 1 /$)r)/r„. (Reproduced, with permission, 
from Ref. 3. Copyright 1981, North-Holland Publishing Company.) 
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5 

Transfer o f Photons, Electrons, and Information 

in Monolayer Organizates 

DIETMAR MÖBIUS 

Max Planck Institut für Biophysikalische Chemie (Karl-Friedrich-Bonhoeffer-Institut) 
Abt. Molekularer Systemaufbau, D-3400 Göttingen, Federal Republic of Germany 

The methods o f assembling and m a n i p u 

lating m o n o l a y e r

arrange different  c o o p e

ration i n model s y s t e m s . I n s u c h mono

layer organizates the combination o f 

photoinduced electron transfer o r re

versible photoisomerization with e n e r 

gy transfer results i n signal amplifi

cation and signal transduction. The 

short r a n g e interlayer interactions 

are used f o r information transfer f rom 

one m o n o l a y e r to a n o t h e r . A non - r andom 

pattern o f ch romophore orientions in a 

template m o n o l a y e r is copied by contac

ting and separating a s econd m o n o l a y e r . 

The organization o f molecules a t interfaces and 
the formation o f c o m p l e x assemblies o f molecules a r e 
t he b a s i c p r o c e d u r e s f o r the c o n s t r u c t i o n o f d e v i c e s i n 
m o l e c u l a r d i m e n s i o n s . The a p p r o p r i a t e components must 
be a d e q u a t e l y a r r a n g e d i n space and e n e r g y to a c h i e v e 
the i n t e n d e d f u n c t i o n ( 1 ) . A v a r i e t y o f d i f f e r e n t t y p e s 
o f m o l e c u l a r a s s e m b l i e s have been s t u d i e d l i k e i o n - p o -
l y e l e c t r o l y t e a s s o c i a t e s ( 2 ) , m o n o l a y e r s a t i n t e r f a c e s 
( 3 ) , l i p i d m o n o l a y e r (4) and b i l a y e r (5) membranes , m i 
c e l l e s ( 6 , 7 ) , v e s i c l e s (8) and m o n o l a y e r a s s e m b l i e s (9) 
p a r t i c u l a r l y w i t h r e g a r d to t h e i r s u i t a b i l i t y as systems 
f o r s o l a r e n e r g y c o n v e r s i o n . 

The e s s e n t i a l r e q u i r e m e n t f o r m o l e c u l a r o r g a n i z a 
t i o n i s the a m p h i p h i l i c s t r u c t u r e o f the mo 1 e c u l e s , i . e . 
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the m o l e c u l e s a r e composed of a h y d r o p h i l i c group and 
a h y d r o p h o b i c p a r t . The long, c h a i n f a t t y a c i d s l i k e s t e 
a r i c a c i d a r e t y p i c a l f o r t h i s s t r u c t u r e . I n s o l u t i o n 
the f o r m a t i o n o f the m o l e c u l a r a g g r e g a t e s o c c u r s spon
t a n e o u s l y and s i z e and c o m p o s i t i o n of complex a g g r e g a 
t e s a r e d e t e r m i n e d by thermodynamics and by the k i n e 
t i c s o f f o r m a t i o n and d i s i n t e g r a t i o n . At the a i r - w a t e r 
i n t e r f a c e , however, the o r g a n i z a t i o n o f m o n o l a y e r s con
s i s t i n g of d i f f e r e n t m o l e c u l a r components can r e a d i l y 
be c o n t r o l l e d and m o d i f i e d by v a r i a t i o n of the r e l e 
v a n t p a r a m e t e r s l i k e the molar f r a c t i o n s of the compo
n e n t s , the a p p l i e d e x t e r n a l s u r f a c e p r e s s u r e , the com
p o s i t i o n o f the aqueous subphase, e t c . The m o b i l i t y of 
m o l e c u l e s i n m o n o l a y e r s can be made so s m a l l t h a t r o 
t a t i o n a l o r l a t e r a l d i f f u s i o n i s i n h i b i t e d . C onsequent
l y , the p o s i t i o n an
c h r o m o p h o r i c p a r t s a r
s p e c t r o s c o p i c measurements w i t h l i n e a r l y p o l a r i z e d 
l i g h t ( 9 ) . T h i s i s e s s e n t i a l f o r the s t e p w i s e a s s e m b l y 
of d i f f e r e n t complex m o n o l a y e r s to monolayer o r g a n i z a 
t e s of p l a n n e d s t r u c t u r e and f u n c t i o n . 

The complex m o n o l a y e r s may be composed of an i n e r t 
m a t r i x and a c t i v e components l i k e dye m o l e c u l e s (10) or 
e l e c t r o n donors and e l e c t r o n a c c e p t o r s ( 1 1 ) . The m a t r i x 
i s t h e n used to s e p a r a t e the chromophores l a t e r a l l y , to 
i n h i b i t d i f f u s i o n and to p r o v i d e o p t i m a l c o n d i t i o n s f o r 
monolayer t r a n s f e r . 

I n monolayer o r g a n i z a t e s i n f o r m a t i o n can be ca r r i e d 
by photons or e l e c t r o n s and may be s t o r e d i n the p o s i 
t i o n and o r i e n t a t i o n o f m o l e c u l e s . The t r a n s f e r of a 
s i g n a l from one monolayer to a n o t h e r and s i g n a l a m p l i 
f i c a t i o n can be a c h i e v e d by the c o o p e r a t i o n o f d i f f e 
r e n t m o l e c u l a r components. T h i s has been d e m o n s t r a t e d 
i n systems c o m b i n i n g energy t r a n s f e r w i t h p h o t o c h e m i c a l 
p r o c e s s e s . The i n f o r m a t i o n i n the o r i e n t a t i o n of dye 
chromophores may be c o p i e d by u s i n g dimer f o r m a t i o n as 
a means to o r g a n i z e the chromophores of the copy mono
l a y e r on the t e m p l a t e m o n o l a y e r . Methods of monolayer 
m a n i p u l a t i o n have been d e v e l o p e d f o r the s e p a r a t i o n of 
m o n o l a y e r s w i t h m o l e c u l a r p r e c i s i o n ( 1 2 ) . A p r o c e d u r e 
a l o n g t h i s l i n e s c l e a r l y p r o v e d the f e a s i b i l i t y of i n 
f o r m a t i o n t r a n s f e r between m o n o l a y e r s a l t h o u g h the 
t r a n s f e r was not c o m p l e t e . 
C o n s t r u c t i o n of M o n o l a y e r O r g a n i z a t e s 
M o n o l a y e r s at the a i r - w a t e r i n t e r f a c e a r e u s u a l l y formed 
by s p r e a d i n g a s o l u t i o n o f the m o l e c u l e s i n a v o l a t i l e 
s o l v e n t on the water s u r f a c e ( 3 ) . The s o l v e n t evapo
r a t e s and the r e m a i n i n g s u r f a c e a c t i v e m o l e c u l e s a r e 
packed by a p p l i c a t i o n of an a p p r o p r i a t e e x t e r n a l s u r 
f a c e p r e s s u r e . In the case of complex m o n o l a y e r s , e.g. 
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of a s u r f a c e a c t i v e c y a n i n e dye and a r a c h i d i c a c i d as 
m a t r i x , a mixed m o n o l a y e r may r e s u l t , i n wh i c h the dye 
m o l e c u l e s a r e homogeneously d i s t r i b u t e d o r a s e p a r a t i o n 
o c c u r s y i e l d i n g a dye phase i n an a r a c h i d i c a c i d mono
l a y e r phase (13) o r dye phase i n a mixed m o n o l a y e r o f 
dye and f a t t y a c i d . The phase s e p a r a t i o n may be caused 
by the k i n e t i c s o f mo n o l a y e r f o r m a t i o n d u r i n g s o l v e n t 
e v a p o r a t i o n , and then t h e a d d i t i o n o f hexadecane as a 
v e r y s l o w l y e v a p o r a t i n g s o l v e n t can l e a d to f o r m a t i o n 
o f homogeneous m o n o l a y e r s ( t r a n s i e n t m o d i f i c a t i o n o f 
the e n v i r o n m e n t ) , ( 1 4 ) . 

Dye m o l e c u l e s i n mixed m o n o l a y e r s form d i m e r s (9) 
and h i g h e r a g g r e g a t e s d e p e n d i n g on the dye mol a r f r a c 
t i o n i n the m o n o l a y e r s , subphase c o m p o s i t i o n and ma
t r i x c o m p o s i t i o n . The i n e r t m a t r i x may c o n s i s t n o r m a l l y 
of a f a t t y a c i d , t y p i c a l l
o f m onolayer t r a n s f e
a c i d m o n o l a y e r s can e a s i l y be b u i l t up by the L a n g m u i r -
B l o d g e t t method ( 1 5 ) . I t can be a d v a n t a g e o u s , however, 
to r e p l a c e p a r t o f the f a t t y a c i d m o l e c u l e s by o t h e r 
a m p h i p h i l i c m o l e c u l e s l i k e l o n g c h a i n f a t t y a c i d m e t h y l -
e s t e r s o r l o n g c h a i n a l c o h o l s . Such a m o d i f i c a t i o n o f 
the m onolayer m a t r i x i n f l u e n c e s t he dye a s s o c i a t i o n and 
m o b i l i t y . We w i l l see the i m p o r t a n c e of m o b i l i t y control 
i n the p r o c e d u r e f o r i n f o r m a t i o n t r a n s f e r from a t e m p l a 
te to a copy m o n o l a y e r . 

A monolayer k e p t under c o n s t a n t s u r f a c e p r e s s u r e 
i s t r a n s f e r r e d from the w a t e r s u r f a c e to a h y d r o p h o b i c 
s o l i d s u b s t r a t e , e.g. a g l a s s p l a t e c o a t e d w i t h a f a t t y 
a c i d m o n o l a y e r , by im m e r s i o n o f the p l a t e i n t o the 
wat e r ( 1 5 ) . The h y d r o p h o b i c o u t e r s u r f a c e of the mono
l a y e r adheres t o the h y d r o p h o b i c s u r f a c e of the p l a t e , 
the the h y d r o p h i l i c groups of the a t t a c h e d m o n o l a y e r 
are exposed to the w a t e r . The r e m a i n i n g m o nolayer on 
the w a t e r s u r f a c e may be removed and be r e p l a c e d by an
o t h e r m o n o l a y e r . On w i t h d r a w a l o f the p l a t e the h y d r o 
p h i l i c groups of the monolayer a t the w a t e r s u r f a c e 
adhere to the h y d r o p h i l i c s u r f a c e of the d e p o s i t e d mo
n o l a y e r and the second m o n o l a y e r i s th e n t r a n s f e r r e d to 
the p l a t e . The l a y e r e d s t r u c t u r e r e s u l t i n g f 10m a trans
f e r of s e v e r a l m o n o l a y e r s i n t h i s way has i n t e r f a c e s o f 
h y d r o p h i l i c groups and i n t e r f a c e s c o n s t i t u t e d by the 
me t h y l end groups of the a m p h i p h i l i c m o l e c u l e s (see 
F i gure l a ) . 

Many dye chromphores o r r e a c t i v e groups of e l e c 
t r o n donors and e l e c t r o n a c c e p t o r s a r e h y d r o p h i l i c and 
are t h e r e f o r e l o c a t e d a t the h y d r o p h i l i c i n t e r f a c e s o f 
the mixed m o n o l a y e r s . A c c o r d i n g t o the normal s t r u c 
t u r e t h e y a r e a t the same i n t e r f a c e o r s e p a r a t e d by at 
l e a s t two h y d r o c a r b o n c h a i n s y i e l d i n g a d i s t a n c e of the 
o r d e r of 50 8 between the i n t e r f a c e s . T h i s i s an a p p r o 
p r i a t e s p a c i n g between an e x c i t e d energy donor l a y e r 
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and an energy a c c e p t o r l a y e r , s i n c e energy t r a n s f e r i s 
p o s s i b l e o v e r d i s t a n c e s of the o r d e r of 50 X . For e l e c 
t r o n t r a n s f e r from e x c i t e d dyes t o e l e c t r o n a c c e p t o r s 
a s e p a r a t i o n o f the o r d e r of 20 X i s d e s i r a b l e , c o r r e s 
p o n d i n g to the t h i c k n e s s of one f a t t y a c i d s p a c e r l a y e r . 
A s t r u c t u r e o f such a type as shown s c h e m a t i c a l l y i n 
F i g u r e l b r e q u i r e s the c o n t a c t o f h y d r o p h i l i c groups of 
one monolayer w i t h the h y d r o p h o b i c s u r f a c e of the p r e 
c e d i n g m o n o l a y e r . 

The d e p o s i t i o n o f a mixed c y a n i n e dye a r a c h i d a t e 
m o n o layer on top of a h y d r o p h o b i c s u r f a c e of a mono
l a y e r assembly on a g l a s s p l a t e might be done by immer
s i o n o f the p l a t e t h r o u g h the c l e a n w a t e r s u r f a c e , sub
sequent f o r m a t i o n of the mixed c y a n i n e dye monolayer on 
the water and w i t h d r a w a l of the g l a s s p l a t e a c r o s s t h i s 
m o n o l a y e r . The amoun
s t r o n g l y on the c o m p o s i t i o
p h i l i c i n t e r f a c e . In F i g u r e 2, t o p , the r e s u l t i n g s t r u c 
t u r e a f t e r d e p o s i t i o n of the mixed d y e - a r a c h i d a t e mono
l a y e r ( l a y e r 6) i s shown s c h e m a t i c a l l y . The c o m p o s i t i o n 
of l a y e r 4 was v a r i e d by c h a n g i n g the m o l a r r a t i o o f 
a r a c h i d i c a c i d and me t h y l a r a c h i d a t e . The t r a n s f e r r a t i o 
of l a y e r 6, i . e . the r a t i o of d e c r e a s e o f monolayer 
a r e a on the water s u r f a c e and of the c o a t e d g e o m e t r i 
c a l a r e a , i s p l o t t e d a g a i n s t the molar f r a c t i o n o f 
e s t e r i n l a y e r 4 ( F i g u r e 2 ) . When l a y e r 4 c o n t a i n s no 
m e t h y l a r a c h i d a t e the mixed d y e - a r a c h i d a t e monolayer 6 
i s not d e p o s i t e d on top of the h y d r o p h o b i c s u r f a c e . 
A f t e r r e p l a c e m e n t of 1/20 to about 1/5 of the arachidate 
m o l e c u l e s i n l a y e r 4 by me t h y l a r a c h i d a t e , the t r a n s f e r 
of monolayer 6 i s co m p l e t e w i t h i n the e x p e r i m e n t a l 
e r r o r of 5 %. F u r t h e r i n c r e a s e of the e s t e r molar f r a c 
t i o n up to 0.6 causes i n c o m p l e t e i r r e p r o d u c i b l e mono
l a y e r t r a n s f e r . Complete t r a n s f e r i s a g a i n o b s e r v e d at 
e s t e r molar f r a c t i o n s of 0.66 and 0.83. 

A s m a l l change i n the m o l e c u l a r s t r u c t u r e a t the 
i n t e r f a c e between l a y e r s 4 and 5 causes a m a c r o s c o p i -
c a l l y o b s e r v a b l e change, s i n c e the p r e s e n c e or absence 
of the l a y e r 6 can e a s i l y be d e t e c t e d by i n s p e c t i o n o f 
the f l u o r e s c e n c e of the c y a n i n e dye i n c o r p o r a t e d i n 
l a y e r 6 as i n d i c a t o r . The d r a s t i c change i n a d h e s i o n of 
l a y e r 6 i n the system of F i g u r e 2 en c o u r a g e s the s e a r c h 
f o r a sy s t e m w i t h p h o t o c h e m i c a l m o d i f i c a t i o n of the 
l a y e r 4 wh i c h might cause imagewise change of a d h e s i o n 
f o r an a p p r o p r i a t e " d e v e l o p i n g " m o n o l a y e r . 

S i g n a l A m p l i f i c a t i o n by C o m b i n a t i o n o f Energy T r a n s f e r 
and P h o t o i n d u c e d E l e c t r o n T r a n s f e r 
A m o l e c u l e i n the e l e c t r o n i c a l l y e x c i t e d s t a t e can a c t 
as e l e c t r o n donor s i n c e i t has an e l e c t r o n i n the ex
c i t e d s t a t e o r b i t a l , and a l s o as e l e c t r o n a c c e p t o r since 
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a b 
Figure 1. Amphiphilic molecules
and N,W-dioctadecyloxacarbocyanine.
usual technique with monolayer contacts at the hydrophilic interfaces and hydro
phobic interfaces (left) and with the unusual contact of one hydrophilic interface 
with a hydrophobic interface (right). Key: O, hydrophilic groups; and • , hydro

carbon chain. 

Figure 2. Control of monolayer adhesion to a hydrophobic surface by interface 
modification. Transfer ratio of monolayer 6 vs. the molar fraction of methyl 
arachidate (ester) in monolayer 4. Complete monolayer transfer in the ranges of 
0.05 to 0.2 and 0.66 to 0.83 of the molar fraction of ester. No deposition of mono-
leyer 6 when no ester in monolayer 4. Representation of the monolayer assembly 

on a glass plate after transfer of monolayer 6 with unusual contact (top). 
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i t has a vacancy i n the ground state o r b i t a l . Consequently, the 
fluorescence of an excited dye i s quenched i n the presence of an 
a p p r o p r i a t e e l e c t r o n a c c e p t o r ( p h o t o o x i d a t i o n ) or e l e c 
t r o n donor ( p h o t o r e d u c t i o n ) . In m o n olayer o r g a n i z a t e s 
w i t h e x c i t e d c y a n i n e dyes and a c c e p t o r o r donor m o l e c u 
l e s , r e s p e c t i v e l y , at the same h y d r o p h i l i c i n t e r f a c e 
b o t h p r o c e s s e s have been o b s e r v e d ( 1 1 ) . A s i t u a t i o n of 
t h i s t y pe i s shown s c h e m a t i c a l l y i n F i g u r e 3. The b l u e 
f l u o r e s c e n c e of the N ^ N f - d i o c t a d e c y l o x a c y a n i n e on ex
c i t a t i o n w i t h UV r a d i a t i o n i s quenched due to the p r e 
sence of the e l e c t r o n a c c e p t o r N_»N.1 -d i o c t adecy 1 -4 , 4 1 -
b i p y r i d i n i u m (PQ). The m a t r i x m o l e c u l e s i n the mixed 
m o n o l a y e r s of the dye and the a c c e p t o r have been o m i t 
t e d i n F i g u r e 3 f o r c l a r i t y . The e x t e n d of f l u o r e s 
cence q u e n c h i n g depends on the a c c e p t o r m o l a r f r a c t i o n 
i n the mixed a c c e p t o
the e x c i t e d e l e c t r o
t o i n d u c e d e l e c t r o n t r a n s f e r i n systems as shown i n F i 
gure 3 w i t h d i f f e r e n t c y a n i n e dyes has been c o r r e l a t e d 
w i t h the e n e r g e t i c p o s i t i o n of the e x c i t e d s t a t e dye 
o r b i t a l ( 1 6 ) . 

The t r a n s f e r r e d e l e c t r o n r e t u r n s i n a dark p r o c e s s 
from the r e d u c e d a c c e p t o r m o l e c u l e i n t o t h e ground s t a 
t e o r b i t a l o f the o x i d i z e d donor. I f , however, the o x i 
d i z e d donor i s r e g e n e r a t e d by g e t t i n g an e l e c t r o n from 
a d i f f e r e n t donor, the v a c a n c y i s d e l o c a l i z e d from the 
o r i g i n a l r e a c t i o n s i t e , and the dark r e c o m b i n a t i o n r e 
a c t i o n of the e l e c t r o n p r i m a r i l y t r a n s f e r r e d to the 
a c c e p t o r m o l e c u l e w i t h the v a c a n c y i s i n h i b i t e d . Con
s e q u e n t l y , the v i o l e n r a d i c a l formed by a o n e - e l e c t r o n 
r e d u c t i o n of the e l e c t r o n a c c e p t o r PQ i s a c c u m u l a t e d 
on i r r a d i a t i o n . T h i s r a d i c a l has been d e t e c t e d by mea
s u r i n g the o p t i c a l a b s o r p t i o n (17) o r the EPR s i g n a l 
(18) of the r a d i c a l . In F i g u r e 3, the s p e c t r u m of the 
r a d i c a l a b s o r p t i o n b u i l t up under n i t r o g e n atmosphere 
on i r r a d i a t i o n o f a m o n olayer s y s t e m w i t h 5 u n i t s o f 
the s c h e m a t i c s t r u c t u r e i s shown. T h i s s p e c t r u m a g r e e s 
v e r y w e l l w i t h the r a d i c a l a b s o r p t i o n s p e c t r u m measured 
i n s o l u t i o n ( 1 9 ) . Only the a b s o r p t i o n bands i n the l o n g 
w a v e l e n g t h range of the v i s i b l e s p e c t r u m a r e shown,but 
the main a b s o r p t i o n band of the v i o l e n r a d i c a l w i t h 
maximum around 400 nm has a l s o been o b s e r v e d i n mono
l a y e r o r g a n i z a t e s w i t h d i f f e r e n t c y a n i n e dyes ( 2 0 ) . 

The r a d i c a l formed by p h o t o i n d u c e d e l e c t r o n t r a n s 
f e r i s s t a b l e i n h i g h vacuum but i s o x i d i z e d to PQ i n 
room a i r by oxygen. The maximal v a l u e of the r a d i c a l 
a b s o r p t i o n under i r r a d i a t i o n o f the l a y e r s y s t e m i n 
a i r i s t h e r e f o r e s m a l l e r than under i n e r t atmosphere o r 
i n t h e vacuum and v a n i s h e s i n the d a r k . Thus, the r a 
d i c a l a b s o r p t i o n can be " t u r n e d on" by i r r a d i a t i o n o f 
the m o n olayer system w i t h UV r a d i a t i o n and " t u r n e d o f f " 
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Figure 3. Monolayer assembly on a hydrophobic support for the investigation of 
photoinduced electron transfer. The N,N'-dioctadecyloxacyanine dye is excited 
with UV radiation and transfers an electron to the electron acceptor, N,N'-d/oc/tf-

decyl-4,4'-bipyridinium, in the adjacent monolayer. 

The matrix molecules of the mixed dye and acceptor monolayers have been omitted for 
clarity. Absorption spectrum of the viologen radical formed by the photoinduced electron 
transfer under nitrogen atmosphere, measured with an assembly of 5 dye-acceptor units 

with molar ratios of dye : arachidate = 1 : 20 and acceptor to arachidate = 1:10. 
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by t u r n i n g o f f the r a d i a t i o n . T h i s t r a n s i e n t a b s o r p t i o n 
can be used to quench the f l u o r e s c e n c e of an energy 
donor w i t h an e m i s s i o n i n the s p e c t r a l range of the r a 
d i c a l a b s o r p t i o n around 600 nm i n the case of F i g u r e 3. 
F o r t h i s p u r p o s e , a monolayer of N,N * - d i o c t a d e c y 1 - i n -
d o c a r b o c y a n i n e i n a m a t r i x of a r a c h i d a t e and m e t h y l -
a r a c h i d a t e can be used w i t h a b s o r p t i o n maximum a t 565 
nm and f l u o r e s c e n c e maximum at 590 nm. S i n c e t h e r e i s 
c o n s i d e r a b l e o v e r l a p of t h i s e m i s s i o n w i t h the t r a n s i 
ent r a d i c a l a b s o r p t i o n , F o r s t e r energy t r a n s f e r i s ex
p e c t e d . In o r d e r to e x c l u d e f l u o r e s c e n c e q u e n c h i n g of 
t h i s dye by e l e c t r o n t r a n s f e r t o the PQ monolayer i n 
c o n t a c t w i t h the o x a c y a n i n e dye m o n o l a y e r , the e l e c t r o n 
t r a n s f e r system i s s e p a r a t e d from the r e d f l u o r e s c i n g 
monolayer by 54 8 . The geometry of the monolayer o r g a -
n i z a t e i s shown i n F i g u r
i n t e n s i t y of the i n d o c a r b o c y a n i n
e x c i t e d a t 545 nm, i s p l o t t e d a g a i n s t t i m e . When the 
UV r a d i a t i o n (366 nm) i s t u r n e d on the p h o t o i n d u c e d 
e l e c t r o n t r a n s f e r c a u s e s the f o r m a t i o n of the r a d i c a l 
w h i c h a c t s as energy a c c e p t o r , and a c c o r d i n g l y the f l u 
o r e s c e n c e i n t e n s i t y 1(590) drops to about 0.9 of the 
unquenched v a l u e . When the 366 nm r a d i a t i o n i s t u r n e d 
o f f the r a d i c a l d i s a p p e a r s and the i n d o c a r b o c y a n i n e 
f l u o r e s c e n c e r e c o v e r s to the unquenched i n t e n s i t y . T h i s 
p r o c e s s can be done r e p e a t e d l y ( 1 1 ) . 

The o p t i c a l d e n s i t y of the t r a n s i e n t a b s o r p t i o n i n 
the maximum at 610 nm i s 0.0004 i n room a i r , i . e . about 
0.1 % of the i n c i d e n t l i g h t i s a b s o r b e d . In the complex 
monolayer o r g a n i z a t e t h i s s m a l l o p t i c a l change i s am
p l i f i e d to an i n t e n s i t y change of about 10 % or by a 
f a c t o r of 100. The a m p l i f i c a t i o n of the s i g n a l ( t r a n s i 
ent a b s o r p t i o n ) would not be p o s s i b l e at l a r g e r s e p a 
r a t i o n of energy donor and p h o t o r e a c t i o n system or w i t h 
a d i f f e r e n t donor t h a t e m i t s i n a d i f f e r e n t s p e c t r a l 
r a n g e . T h i s s i g n a l a m p l i f i c a t i o n i s a consequence of 
the c o o p e r a t i o n of the d i f f e r e n t components a p p r o p r i a t e 
l y s e l e c t e d and a r r a n g e d i n s p a c e . 

S i g n a l T r a n s d u c t i o n by C o m b i n a t i o n of Energy T r a n s f e r 
w i t h a B i s t a b l e P h o t o c h r o m i c System 
P h o t o c h e m i c a l r e a c t i o n s w h i c h i n v o l v e a change i n che
m i c a l s t r u c t u r e l i k e p h o t o d i m e r i z a t i o n , photo i s o m e r i -
z a t i c n or photod i s s o c i a t i o n r e a c t i o n s are v e r y o f t e n 
s e n s i t i v e to the f l e x i b i l i t y o f the e n v i r o n m e n t . Some 
r e a c t i o n s o c c u r i n g i n homogeneous s o l u t i o n have a l s o 
been i n v e s t i g a t e d i n o r g a n i z e d systems l i k e m i c e l l e s , 
m o nolayer v e s i c l e s , monolayer o r g a n i z a t e s and i n the 
o r g a n i c s o l i d s t a t e ( 2 1 ) . L a r g e d i f f e r e n c e s i n r e a c t i 
v i t y have been o b s e r v e d i n t h e s e d i f f e r e n t e n v i r o n m e n t s . 
In p a r t i c u l a r , p h o t o i s o m e r i z a t i o n r e a c t i o n s l i k e the 
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Figure 4. Combination of energy transfer and photoinitiated electron transfer for 
signal amplification. The transient radical absorption (see Figure 3) generated by 
excitation of the oxacyanine dye with UV radiation (366 nm) acts as energy 
acceptor and quenches partly the red emission at 590 nm of the monolayer of 
N,N'-dioctadecylindocarhocyanine excited simultaneously at 545 nm. The periodi
cal irradiation of the complex system with the UV radiation causes a modulation 

of the indocarbocyanine fluorescence. 
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c i s - t r a n s p h o t o i s o m e r i z a t i o n of t h i o i n d i g o d e r i v a t i v e s 
w h i c h a re e n t i r e l y r e v e r s i b l e i n s o l u t i o n can be i r r e 
v e r s i b l e i n monolayer o r g a n i z a t e s . T h i s i s r e a s o n a b l e , 
i f one m o l e c u l a r form i s more b u l k y o r i f the f o r m a t i o n 
of one form r e q u i r e s c o n s i d e r a b l e m o t i o n o f a m o l e c u l a r 
f r a g m e n t . T h e r e f o r e , p h o t o i s o m e r i z a t i o n s w h ich i n v o l v e 
c l e a v a g e o f a c h e m i c a l bond and r o t a t i o n o f one p a r t 
of the m o l e c u l e e.g. as i n the case o f a p h o t o c h r o m i c 
s y s t e m , r e v e r s i b i l i t y of the r e a c t i o n can be o b s e r v e d 
when the sy s t e m i s o r g a n i z e d i n t o an a p p r o p r i a t e mono
l a y e r a t the a i r - w a t e r i n t e r f a c e ( 2 2 ) . When b u i l t i n t o 
a monolayer o r g a n i z a t e the m o b i l i t y n o r m a l l y i s so 
s t r o n g l y r e d u c e d t h a t r e a c t i o n s p r o c e e d o n l y i n one way 
w i t h o u t dark back r e a c t i o n to the o r i g i n a l form. 

In the case of a s u r f a c e a c t i v e s p i r o p y r a n - m e r o -
c y a n i n e system (se
a d j u s t the f l e x i b i l i t
e n a b l e the p h o t o c h r o m i c system t o r e e s t a b l i s h the e q u i 
l i b r i u m i n the dark a f t e r h a v i n g r e a c h e d a d i f f e r e n t 
e q u i l i b r i u m under i r r a d i a t i o n ( 2 3 ) . The s p i r o p y r a n form 
of the system a b s o r b s i n the n e a r UV w i t h maximum a t 
360 nm. On i r r a d i a t i o n w i t h UV r a d i a t i o n the merocya-
n i n e i s formed w i t h a b s o r p t i o n maximum a t 580 nm. The 
mer o c y a n i n e has an e m i s s i o n i n the r e d p a r t of the v i 
s i b l e s p e c t r u m w i t h maximum at 675 nm. The m e r o c y a n i n e , 
a c c o r d i n g t o the a b s o r p t i o n between 500 and 650 nm can 
a c t as energy a c c e p t o r f o r the e x c i t e d N,N ' - d i s t e a r y l -
t h i a c y a n i n e dye (see F i g u r e 5) i n c o r p o r a t e d i n a mixed 
monolayer e i t h e r a t the same i n t e r f a c e as the p h o t o 
c h r o m i c system or spaced away by f a t t y a c i d i n t e r l a y e r s , 
d i s t a n c e of c h r o m o p h o r i c p l a n e s about 54 8 . In the pre
sence of the me r o c y a n i n e under i r r a d i a t i o n w i t h 366 nm 
r a d i a t i o n the t h i a c y a n i n e f l u o r e s c e n c e i s p a r t l y quenched. 
When the UV r a d i a t i o n i s t u r n e d o f f the m e r o c y a n i n e 
d i s a p p e a r s t o a l a r g e e x t e n d due t o i s o m e r i z a t i o n to 
the s p i o p y r a n and c o n s e q u e n t l y the t h i a c y a n i n e f l u o r e s 
cence i n t e n s i t y i n c r e a s e s to the unquenched v a l u e ( 2 3 ) . 

In the energy t r a n s f e r s y s t e m of F i g u r e 5 the 
s m a l l a b s o r p t i o n of the me r o c y a n i n e can e a s i l y be trans
duced i n t o an e m i s s i o n of e i t h e r the energy donor ( f l u 
o r e s c e n c e q u e n c h i n g ) o r the s e n s i t i z e d e m i s s i o n of the 
m e r o c y a n i n e . The o r i g i n a l s i g n a l can t h e r e f o r e be 
t r a n s d u c e d i n t o a s m a l l e r w a v e l e n g t h s i g n a l or i n t o 
a l o n g e r w a v e l e n g t h s i g n a l . The m o l e c u l a r e n v i r o n m e n t 
of the p h o t o c h r o m i c s y s t e m can be c o n t r o l l e d i n o r d e r 
to o b t a i n a b i s t a b l e s i t u a t i o n . Then, b o t h the r i n g -
o p e n i n g of the s p i r o p y r a n and the r i n g - c l o s u r e of the 
mer o c y a n i n e r e q u i r e a c t i v a t i o n by a b s o r p t i o n of l i g h t . 
The m e r o c y a n i n e r e a c t s back t o the s p i r o p y r a n on i l l u 
m i n a t i o n w i t h a p u l s e o f green l i g h t (545 nm) as i n d i 
c a t e d i n F i g u r e 5. Now the e n t i r e system of t h i a c y a n i n e 
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monolayer and s p i r o p y r a n - m e r o c y a n i n e monolayer e x h i b i t s 
a b i s t a b l e b e h a v i o r : The t h i a c y a n i n e e m i s s i o n drops r a 
p i d l y to a c o n s t a n t v a l u e on i r r a d i a t i o n w i t h a p u l s e 
of UV r a d i a t i o n ( f o r m a t i o n of the m e r o c y a n i n e ) and r e 
c o v e r s o n l y a f t e r i r r a d i a t i o n w i t h green l i g h t ( b l e a 
c h i n g of the m e r o c y a n i n e ) . C o n s e q u e n t l y , the s e n s i t i z e d 
e m i s s i o n of the merocyanine s t e p s up when the merocy
a n i n e i s formed and drops o f f on r a p i d b l e a c h i n g of the 
m e r o c y a n i n e . T h i s e f f e c t i s shown i n F i g u r e 5, where 
the i n t e n s i t y 1(675) of the e m i s s i o n of the complex 
system at 675 nm i s p l o t t e d a g a i n s t the t i m e . The 
change i n f l u o r e s c e n c e i n t e n s i t y c o r r e l a t e d w i t h the 
p r e s e n c e of the m e r ocyanine i s c l e a r l y seen. T h i s s i g n a l 
i s the r e s u l t of the c o o p e r a t i o n of d i f f e r e n t compo
n e n t s of the complex s y s t e m a r r a n g e d to f u n c t i o n as a 
m o l e c u l a r b i s t a b l e s y s t e m

I n f o r m a t i o n T r a n s f e r by M o n o l a y e r M a n i p u l a t i o n 
In b i o l o g i c a l systems the g e n e t i c i n f o r m a t i o n i s s t o r e d 
i n a l i n e a r s ystem of m o l e c u l a r d i m e n s i o n , the DNA o r 
RNA m o l e c u l e s . A complex a p p a r a t u s has e v o l v e d f o r du
p l i c a t i n g the i n f o r m a t i o n and t r a n s l a t i n g i t i n t o s t r u c 
t u r e s of b i o m o l e c u l e s and o r g a n i s m s . I t i s c h a l l e n g i n g 
to a t t e m p t the o r g a n i z a t i o n and m a n i p u l a t i o n of mole-
c u l a r l y o r g a n i z e d t w o - d i m e n s i o n a l systems i n o r d e r to 
c r e a t e an a n a l o g o f the n a t u r a l l i n e a r a r r a y s . 

A p r i n c i p l e of m o l e c u l a r o r g a n i z a t i o n f o r d u p l i 
c a t i o n s i m i l a r to the b a s e - p a i r i n g i n b i o l o g i c a l s y s 
tems c o u l d be the f o r m a t i o n o f s p e c t r o s c o p i c dimers of 
m o l e c u l e s l i k e c y a n i n e dyes. The i n f o r m a t i o n can be 
l a i d down i n the d i s t r i b u t i o n and o r i e n t a t i o n of c h r o 
mophores i n an a p p r o p r i a t e m a t r i x . In m onolayer o r g a 
n i z a t e s w i t h c y a n i n e dyes i n a r a c h i d a t e m a t r i x the f o r 
m a t i o n of i n t e r l a y e r d i m e r s has been o b s e r v e d and ana
l y z e d ( 2 4 ) . A p r o c e d u r e f o r c o p y i n g a g i v e n two-dimen
s i o n a l p a t t e r n of chromophores goes t h r o u g h the f o l l o w 
i n g s t e p s : (1) A mixed monolayer of a c y a n i n e dye i n 
a m a t r i x (copy m o n o l a y e r ) i s b r o u g h t w i t h i t s h y d r o p h i 
l i c groups i n c o n t a c t w i t h the h y d r o p h i l i c groups of 
the o r i g i n a l m o n o l a y e r . The chromophores of the copy 
monolayer d i f f u s e l a t e r a l l y and form s p e c t r o s c o p i c 
d i m e r s w i t h the chromophores i n the o r i g i n a l m o n o l a y e r , 
t h e r e b y f o r m i n g the m i r r o r image p a t t e r n of the temp
l a t e . (2) The copy monolayer i s r i g i d i f i e d i n o r d e r to 
i n h i b i t d i f f u s i o n a f t e r the r e o r g a n i z a t i o n i s f i n i s h e d . 
(3) The copy monolayer i s s e p a r a t e d from the o r i g i n a l 
mono1 aye r . 

The m o b i l i t y of c y a n i n e dye m o l e c u l e s i n c o r p o r a 
t e d i n a m a t r i x of l o n g c h a i n f a t t y a c i d and m e t h y l -
e s t e r of a l o n g c h a i n f a t t y a c i d can be c o n t r o l l e d i n 
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d i f f e r e n t ways. The r i g i d i t y of the m a t r i x monolayer 
depends on the r a t i o of a c i d to e s t e r , on the c h a i n 
l e n g t h of the m a t r i x m o l e c u l e s and on the i n t e r a c t i o n 
w i t h the subphase. An aqueous s o l u t i o n o f 2x10 M c a d 
mium c h l o r i d e a t pH = 6.2 i s w i d e l y used f o r f o r m a t i o n 
and t r a n s f e r of l o n g c h a i n f a t t y a c i d m o n o l a y e r s at 
room t e m p e r a t u r e . The d i v a l e n t i o n s have a s t r o n g r i g i -
d i f y i n g e f f e c t on the s e m o n o l a y e r s and f a c i l i t a t e a s 
s e m b l i n g m u l t i l a y e r s y s t e m s . T h i s e f f e c t and i t s c o n s e 
quence on i n t e r l a y e r dimer f o r m a t i o n of the o x a c a r b o c y -
a n i n e dye chromophores a n c h o r e d i n the monolayer m a t r i x 
by two o c t a d e c y l s u b s t i t u e n t s (see F i g u r e 1) has r e 
c e n t l y been d e m o n s t r a t e d ( 2 5 ) . F o r a monolayer of the 
dye i n a m a t r i x of m e t h y l s t e a r a t e and b e h e n i c a c i d , 
m o lar r a t i o s dye : e s t e r : a c i d = 1 : 20 : 5, the ab
sorption s p e c t r u m show
w i t h maximum at 49
c o m p o s i t i o n i s d e p o s i t e d w i t h c o n t a c t a t the h y d r o p h i
l i c groups the a b s o r p t i o n band of the dimer w i t h m a x i 
mum a t 450 nm d o m i n a t e s . T r a n s f e r of the second mono
l a y e r from cadmium c h l o r i d e s o l u t i o n i n s t e a d of b i d i s -
t i l l e d w a t e r y i e l d s a sy s t e m whose a b s o r p t i o n s p e c t r u m 
shows o n l y a s m a l l amount o f dimer f o r m a t i o n , and the 
monomer band d o m i n a t e s . 

O b v i o u s l y , t h e r e are p o s s i b i l i t i e s t o overcome the 
d i f f i c u l t i e s e n c o u n t e r e d w i t h s t e p s 1 and 2 of the copy
i n g p r o c e d u r e o u t l i n e d above. The most d i f f i c u l t s t e p 
c e r t a i n l y i s the s e p a r a t i o n of the copy from the o r i 
g i n a l w i t h o u t m o l e c u l a r r e a r r a n g e m e n t . T e c h n i q u e s f o r 
m a n i p u l a t i o n of mo n o l a y e r s and monolayer o r g a n i z a t e s 
have been worked out and t e s t e d s e v e r a l y e a r s ago, i n 
v o l v i n g the s e p a r a t i o n and the c o n t a c t i n g a t the h y d r o 
p h o b i c i n t e r f a c e s w i t h the a i d of t h i n p o l y m e r f i l m s 
( 1 2 ) . The h y d r o p h i l i c i n t e r f a c e was not a c c e s s i b l e i n 
those e x p e r i m e n t s . In f i r s t attempts of i n f o r m a t i o n 
t r a n s f e r a s e p a r a t i o n of c y a n i n e dye c o n t a i n i n g mono
l a y e r s a t the h y d r o p h i l i c i n t e r f a c e was a c h i e v e d , a g a i n 
w i t h the a i d of a polymer f i l m . S e p a r a t i o n of a dye 
monolayer from an a n i s o t r o p i c s o l i d s u r f a c e p r o v i d e d 
e v i d e n c e f o r the p e r s i s t e n c e of the i n d u c e d p r e f e r e n 
t i a l chromophore o r i e n t a t i o n d u r i n g s e p a r a t i o n and 
t r a n s f e r of t he dye monolayer to a d i f f e r e n t s o l i d sub
s t r a t e ( 2 6 ) . 

Compared w i t h the e a r l y a t t e m p t s the sequence of 
m a n i p u l a t i o n s has been c o n s i d e r a b l y i m p r o v e d . S i n c e the 
c y a n i n e dye chromophores i n the mixed m o n o l a y e r s n o r 
m a l l y a r e homogeneously d i s t r i b u t e d i n the l a y e r p l a n e 
a non-random p a t t e r n o f chromophore o r i e n t a t i o n was 
i n t r o d u c e d as i n f o r m a t i o n . T h i s can be done by d e p o s i 
t i o n of the mixed monolayer on a f r e s h l y c l e a v e d gypsum 
c r y s t a l s u r f a c e . In the case of mo n o l a y e r s f o r m i n g large 
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t w o - d i m e n s i o n a l a r r a y s of o r d e r e d dye a g g r e g a t e s the 
c o o p e r a t i v e e f f e c t enhances the r e o r g a n i z a t i o n on the 
gypsum c r y s t a l s u r f a c e to p r e f e r e n t i a l l y o r i e n t e d c h r o 
mophores ( 2 7 ) . However, the f o r m a t i o n of l a r g e a g g r e 
g a t e s has to be a v o i d e d , when i n f o r m a t i o n t r a n s f e r i n 
m o l e c u l a r d i m e n s i o n s i s a t t e m p t e d . 

The p r e f e r e n t i a l o r i e n t a t i o n of s i n g l e chromopho
r e s i s o b t a i n e d when a m o nolayer o f N , N ' - d i o c t a d e c y l -
2 , 2 f - c y a n i n e (dye A, F i g u r e 6) i n a mixed monolayer 
w i t h a r a c h i d i c a c i d and me t h y l a r a c h i d a t e , m o l a r r a t i o 
dye A : a c i d : e s t e r = 1 : 1 : 9, i s s l o w l y t r a n s f e r r e d 
to a f r e s h l y c l e a v e d gypsum c r y s t a l a t 18 C. The mono
l a y e r i s s u b s e q u e n t l y removed from the c r y s t a l by im
m e r s i o n of the c r y s t a l i n t o the w a t e r i n a n e a r l y h o r i -
z e n t a l o r i e n t a t i o n w i t h the m o n olayer on t o p . The s u r 
f a c e o f the w a t e r i
n i c a c i d under a s u r f a c
m o n o layer p r e v e n t s d i s i n t e g r a t i o n of the dye m o n olayer 
w h i c h f l o a t s o f f the c r y s t a l . The p i e c e of mixed dye 
m o n o layer e n c l o s e d by the b e h e n i c a c i d monolayer i s 
a t t a c h e d to a g l a s s p l a t e w i t h h y d r o p h o b i c s u r f a c e by 
l o w e r i n g the p l a t e i n a n e a r l y h o r i z o n t a l o r i e n t a t i o n . 
T h i s d i f f e r s from the u s u a l L a n g m u i r - B l o d g e t t type of 
t r a n s f e r , where the p l a t e i s p a s s i n g t h r o u g h the mono
l a y e r i n a v e r t i c a l o r i e n t a t i o n . The h o r i z o n t a l c o n t a c 
t i n g method (28) a v o i d s m e c h a n i c a l s t r e s s , and the 
p r e f e r e n t i a l o r i e n t a t i o n of the chromophores i n the 
mixed monolayer i s not a f f e c t e d . The g l a s s p l a t e c o a t e d 
w i t h the " o r i g i n a l m o n o l a y e r " i s t h e n c o m p l e t e l y immer
s e d , the monolayer of b e h e n i c a c i d i s removed from the 
w a t e r s u r f a c e and the "copy m o n o l a y e r " i s s p r e a d on the 
w a t e r . The chromophores of t h i s m o n o layer of N , N'-di-
o c t a d e c y 1 - o x a c y a n i n e (dye B, see F i g u r e 6 ) s h o u l d r e o r 
g a n i z e a c c o r d i n g to the chromophore p a t t e r n of the 
mixed m o n o l a y e r of dye A. The g l a s s p l a t e i s w i t h d r a w n 
from the t r o u g h and the dye B m onolayer i s d e p o s i t e d on 
top of the dye A m o n o l a y e r . 

F i g u r e 6, t o p , shows the a b s o r p t i o n s p e c t r u m of 
the r e s u l t i n g m o n o layer o r g a n i z a t e measured w i t h l i n e 
a r l y p o l a r i z e d l i g h t . The e l e c t r i c v e c t o r i s o s c i l l a 
t i n g i n the l a y e r p l a n e p a r a l l e l (||) to the d i r e c t i o n 
t h a t c o i n c i d e d o r i g i n a l l y w i t h the a - a x i s of the gyp
sum c r y s t a l and p e r p e n d i c u l a r (|) to t h a t d i r e c t i o n . 
The m o n o l a y e r o f dye A w h i c h has been r e o r g a n i z e d on 
the gypsum c r y s t a l shows a s t r o n g a n i s o t r o p y ( a b s o r p 
t i o n s band between 400 nm and 600 nm). The m onolayer 
of dye B e x h i b i t s the e x p e c t e d a n i s o t r o p i c a b s o r p t i o n 
between 300 nm and 400 nm. However, the a n i s o t r o p y i s 
somewhat s m a l l e r than i n the o r i g i n a l m o n o l a y e r . T h i s 
i n d i c a t e s t h a t under the c o n d i t i o n s of the e x p e r i m e n t s 
the r e o r g a n i z a t i o n o f the dye B m onolayer to a m i r r o r 
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Figure 6. Information transfer in monolayer organizates. Absorption spectra 
before separation of the dye B copy monolayer from the original dye A monolayer 
(top), and of the two plates after separation of the monolayers (bottom). Composi
tion of the mixed monolayers (molar ratios) is dye A :methylarachidate:arachidic 
acid = 1:9:1 and dye B.behenic acid = 1:10. (Reproduced, with permission, from 

Ref. 25. Copyright 1981, Pergamon Press, Ltd.) 
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image of the chromophore p a t t e r n of the dye A monolayer 
has not e n t i r e l y been a c h i e v e d . 

The p r o c e d u r e of s e p a r a t i o n of the copy monolayer 
from the o r i g i n a l i s s i m i l a r to t h a t of s e p a r a t i o n of 
the dye A monolayer from the a n i s o t r o p i c gypsum c r y s t a l 
s u r f a c e . The g l a s s p l a t e w i t h the monolayer o r g a n i z a t e 
shown s c h e m a t i c a l l y i n F i g u r e 6, t o p , i s b r o u g h t i n 
c o n t a c t w i t h an aqueous s o l u t i o n i n a n e a r l y h o r i z o n 
t a l o r i e n t a t i o n and s l o w l y immersed. In o r d e r t o reduce 
the i n t e r l a y e r i n t e r a c t i o n s at the h y d r o p h i l i c i n t e r 
f a c e , now a s o l u t i o n of 0.1 M HC1 and 0.1 M NaCl at 
10 C i s used as s u b s t r a t e , whose s u r f a c e i s c o v e r e d 
w i t h a m onolayer of b e h e n i c a c i d . The dye B m onolayer 
s l o w l y f l o a t s o f f and i s t r a n s f e r r e d to a h y d r o p h o b i c 
g l a s s p l a t e by the h o r i z o n t a l c o n t a c t i n g method  Both 
g l a s s p l a t e s , one c a r r y i n
one c a r r y i n g the cop
to a n o t h e r monolayer t r o u g h c o n t a i n i n g an aqueous so
l u t i o n of 2x10 M cadmium c h l o r i d e at pH = 6.2 and are 
c o v e r e d w i t h an a r a c h i d a t e monolayer f o r s t a b i l i z a t i o n . 
The a b s o r p t i o n s p e c t r a of the two p l a t e s are shown i n 
F i g u r e 6, b o ttom. A g a i n the a b s o r p t i o n was measured 
w i t h l i n e a r l y p o l a r i z e d l i g h t as i n the case of F i g u r e 
6, top . 

O b v i o u s l y , the o r i g i n a l m onolayer (dye A) i s un
changed a f t e r the s e p a r a t i o n p r o c e d u r e . The a n i s o t r o p y 
i s the same as i n F i g u r e 6, t o p , no l o s s of dye o r of 
p r e f e r e n t i a l o r i e n t a t i o n i s o b s e r v e d . From the a b s o r p 
t i o n s p e c t r a o f the copy monolayer (dye B) i t must 
be c o n c l u d e d , t h a t i n f o r m a t i o n t r a n s f e r from the o r i 
g i n a l m o n o layer has been o b t a i n e d and p r e s e r v e d through 
the e n t i r e p r o c e d u r e , a l t h o u g h some l o s s of dye and 
of a n i s o t r o p y has o c c u r e d . Through the d e s c r i b e d s e 
quence of m a n i p u l a t i o n s i n f o r m a t i o n can be t r a n s f e r r e d 
i n m o l e c u l a r d i m e n s i o n s . 
C o n c l u s i o n s 
These examples of p r o c e s s e s i n complex monolayer o r g a 
n i z a t e s i n d i c a t e the p o t e n t i a l use of d e s i g n e d m olecu
l a r machines as model systems i n i n f o r m a t i o n p r o c e s s i n g . 
By u s i n g the r e s t r i c t e d range of F o r s t e r energy t r a n s 
f e r , s u b m i c r o s c o p i c p a t t e r n r e p l i c a t i o n has been 
a c h i e v e d w i t h v i s i b l e l i g h t ( 2 9 ) . The m o l e c u l a r i n t e r 
a c t i o n s a c c o r d i n g to the e n e r g e t i c and s p a t i a l c o o r d i 
n a t i o n are the b a s i s of d i f f e r e n t f u n c t i o n s a n a l o g o u s 
to those used i n m a c r o s c o p i c i n f o r m a t i o n h a n d l i n g . 
More and more e l a b o r a t e systems have been assembled 
m a i n l y f o r the purpose of s t u d y i n g the v a r i o u s p a r a 
meters i n f l u e n c i n g a p a r t i c u l a r phenomenon ( 3 0 - 3 2 ) . 
F u r t h e r a p p r o a c h to the g o a l of c r e a t i n g a two-dimen
s i o n a l a n a l o g of the l i n e a r b i o l o g i c a l s y s tem f o r i n -
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f o r m a t i o n s t o r a g e and h a n d l i n g w i l l l e a d to more and 
more s o p h i s t i c a t e d c o n t r o l o f m o l e c u l a r d y n a m i c s and 
o r g a n i z a t i o n . 
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Supersensitization of Photoinduced Electron 
Transfer in Monolayer Assemblies 

THOMAS L. PENNER 1 and DIETMAR MÖBIUS 

Max Planck Institut für Biophysikalische Chemie, Abteilung Molekularer 
Systemaufbau, D-3400 Göttingen-Nikolausberg, Germany 

Electron transfer from a photoexcited cyanine dye to 
an e lectron accepto
layer assembly syste
acceptor. We report here the first observation i n a 
monolayer system of the supersensi t izat ion or enhance
ment of the yield of such an e lectron transfer by the 
incorporation of a reducing agent (electron donor). 
For supersensi t izat ion to occur, the dye molecules 
must be organized into J aggregates, which implies 
that charge migration must be possible for the effect 
to occur. 

Photoinduced redox processes involving organic compounds are 
of much current in teres t , ranging from the fundamental and theo
r e t i c a l (_l-4) to p r a c t i c a l appl icat ions where charge separation 
i s sought (5, 6_y 7). An organic molecule i n an e l e c t r o n i c a l l y 
excited state i s generally both a better reducing agent and a 
better ox id iz ing agent than i n i t s ground state so that thermo-
dynamically unfavorable redox reactions can be l i g h t - d r i v e n (8). 
This process usual ly resul ts i n react ive ground-state products, 
often i o n i c a l l y charged. It i s common for these products to 
recombine, resu l t ing i n no net change except for wasting photon 
energy. For many purposes maximization of the e lectron-transfer 
y i e l d and minimization of recombination i s des irable . Techniques 
to do so include phys ica l ly separating the products (9) or remov
ing one of them by further react ion e i ther unimolecularly or i n a 
bimolecular react ion with added substances (10, 11). Examples of 
the former include photoredox reactions i n mice l lar suspensions 
(6, _12, 13) as wel l as the spectra l s ens i t i za t ion of e lectron 
transfer at a semiconductor surface (14, 15, 16) (where an e lec 
t r i c f i e l d , e i ther external ly applied or resu l t ing from i n t e r -
f a c i a l space-charge, can ass i s t charge separation) . 

1 Current address: Research Laboratories, Eastman Kodak Company, Rochester, NY 14650. 
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A number of recent systems incorporate both physical charge 
separation and added substances to enhance electron-transfer 
y i e l d s 07-20). 

Such an enhancement by added compounds i s c a l l e d supersensi
t i z a t i o n , and the addi t i v e a supersensitizer. These terms were 
o r i g i n a l l y used i n the photographic industry to describe the 
enhancement of the s p e c t r a l s e n s i t i z a t i o n of s i l v e r halide by 
adding to the s e n s i t i z i n g dyes compounds which did not themselves 
show sp e c t r a l s e n s i t i z a t i o n a c t i v i t y . The enhancement i s now 
known to proceed v i a the same sort of mechanisms by which we 
understand supe r s e n s i t i z a t i o n to occur i n more well-defined photo-
redox systems (21, 22). These mechanisms are outlined below. As 
an example of a photoinduced redox reaction, i n electron transfer 
from an excited s e n s i t i z e r C* to an acceptor A [reaction (1)] 
additives that enhance the y i e l d of t h i s reaction are usually 
good reducing agents, i . e .
mechanism for t h i s s u p e r s e n s i t i z a t i o
donor and oxidized photosensitizer, i n h i b i t i n g the recombination 
reaction (2). 

C* + A • C + + A~ (1) 

C + + A" • C + A (2) 

D + C + • D + + C (3) 

If D can photoreduce C* d i r e c t l y , an a l t e r n a t i v e mechanism of 
sup e r s e n s i t i z a t i o n i s possible: 

D + C* • D + + C" (4) 

C" + A • C + A" (5) 

Photoinduced electron-transfer reactions have also been 
observed i n monolayer assemblies (23, 24). Such systems can be 
made e s s e n t i a l l y free of molecular d i f f u s i o n and thus most c l o s e l y 
resemble the s o l i d s t a t e . They can be fabricated with precise 
geometry and therefore provide well-defined structures often 
lacking i n amorphous s o l i d s or adsorbed laye r s . However, u n t i l 
now no evidence for enhancement of the y i e l d of reaction (1) by 
added supersensitizers had been obtained, although the concept had 
been discussed (25). 

This work explored whether supersensitization of electron 
transfer could be demonstrated i n a monolayer assembly. We also 
studied the properties of excited cyanine dyes, the class of 
compound used almost e x c l u s i v e l y as photographic s p e c t r a l s e n s i 
t i z e r s (26). Kuhn, Mttbius, and co-workers have demonstrated the 
detai l e d information that can be gained on energy and charge-
transfer properties through the use of monolayer assemblies of 
such dyes (2JB, 27). We emphasized i n v e s t i g a t i o n s of cyanine dye 
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as photosensitizer incorporated in t o the system i n the so-called 
J-aggregate form described below (28). In s i l v e r halide photo
graphic systems supe r s e n s i t i z a t i o n i s generally most pronounced 
when the cyanine s p e c t r a l s e n s i t i z e r i s present as i t s J aggregate 
(26, 29). I f t h i s i s also true i n the monolayer assembly, i t 
would be of in t e r e s t to consider the monolayer system as a model 
for the photographic one. 

Sensitizer-Acceptor System: Electron Transfer 

To investigate s u p e r s e n s i t i z a t i o n , we had to characterize 
the electron-transfer reaction i n the two-component s e n s i t i z e r -
acceptor system. Figure 1 shows the structure of the cyanine dye 
used as s e n s i t i z e r (C) and the absorption and emission spectra of 
a single monolayer of dye. The spectra e x h i b i t the cha r a c t e r i s 
t i c s of J aggregates: a
emission with the absorptio
monomer band peak (not shown). To obtain a monolayer of the dye 
i n aggregate form, we mixed i t i n a 1:1 molar r a t i o with methyl 
stearate. The electron acceptor (A) used was N, N'-dioctadecyl-
4,4'-bipyridinium di-p-chlorobenzenesulfonate (viologen). The 
arrangement of the layers i s shown i n Figure 2. The viologen was 
coated i n a layer d i l u t e d with arachidic (eicosanoic) acid i n 
head-to-head contact with the cyanine dye i n the adjacent layer. 
D e t a i l s of the f a b r i c a t i o n of the monolayer assemblies and the 
techniques of performing experiments on them are given elsewhere 
(27, 30). A l l experiments were done at room temperature, ca. 20°C. 

Figure 3 shows the quenching action of the viologen on 
cyanine dye fluorescence, obtained by varying the r a t i o of arach
i d i c acid to acceptor i n the contact layer. This allows the 
average distance between viologen molecules to be calculated. 
When the data are plotted t h i s way, the long-range nature of the 
quenching i s c l e a r l y seen. When the dye was present i n i t s 
aggregate Qform, 50% quenching occurred when viologen molecules 
were 60 A apart. When the dye was incorporated i n monomeric 
plus dimeric form, with no J aggregate present, as was confirmed 
from i t s absorption spectrum (not shown), the quenching influence 
of Jhe viologen was r e l a t i v e l y short-range, with 50% quenching at 
15 A separation. The quencher i s c o l o r l e s s and cannot act v i a 
energy tr a n s f e r . Evidence reported below demonstrates that i t 
accepts electrons from the excited dye as would be expected from 
i t s redox p o t e n t i a l (6). The long-range influence of the quencher 
presumably r e f l e c t s e x c i t o n i c energy migration w i t h i n the dye 
aggregate. The fluorescence data can also be plotted as the 
re c i p r o c a l of r e s i d u a l fluorescence versus quencher concentration 
(Figure 4). The l i n e a r r e l a t i o n s h i p demonstrates that the rate 
of the quenching by acceptor i s d i r e c t l y proportional to the 
concentration of quencher, i n competition with a constant rate of 
unimolecular deactivation of excited dye (fluorescence, r a d i a t i o n -
less deactivation, e t c . ) . The slope of the quenching equation i s 
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Figure 1. Absorption and normalized fluorescence (545-nm excitation) spectra of 
a single monolayer of cyanine dye in J-aggregated form. 

Symbols used in Figures 
= arachidic acid 
= cyanine dye (C) 

= electron acceptor (A) 

Q = ! = electron donor (D) 

Figure 2. Arrangement of layers in monolayer assembly of cyanine sensitizer (C) 
and viologen electron acceptor (A) on glass coated with an arachidic acid spacer 

layer. 
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Figure 3. Dependence of cyanine J aggregate (X7) or monomer fluorescence 
on the spacing between viologen molecules in adjacent layer. Measurement was 
made on systems in which J-aggregate formation was respectively maximized or 

excluded. 

15.0 

10.0 

Figure 4. Reciprocal plot of residual cyanine J-aggregate fluorescence vs. two-
dimensional viologen concentration in adjacent layer. 
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1.6 x 1 0 1 1 cnr/mol. I f the excited-state l i f e t i m e for cyanine J 
aggregate i s assumed to be 10"^-^ s, which i s i n fact a measured 
upper l i m i t (31), an electron-transfer rate constant of 3 x 10"^ 
cm^ molecule~^~~s~l i s calculated. A recent rough estimate of a^ 
di£fusion-conJrolJ.ed rate constant i n a monolayer i s 2.5 x 10 
cm molecule s (32). This c a l c u l a t i o n used a d i f f u s i o n 
c o e f f i c i e n t obtained for f l u i d b i l a y e r s , and the actual d i f f u s i o n 
rate i n a r i g i d monolayer i s probably lower than that calculated. 
C l e a r l y the large rate i n the present case rules out appreciable 
involvement of molecular d i f f u s i o n . The process i s dominated by 
s t a t i c quenching, and the high rate constant i s the r e s u l t of 
rapid migration of the excitons generated i n the dye aggregate, 
allowing contact with the widely spaced quencher molecules, as 
MtJbius and Kuhn concluded (33, 34). (Note that i f t h i s reaction 
occujred^in s o l u t i o n with a d i f f u s i o n a l rate constant of 10 L 
mol s , a concentratio
50% quenching.) 

Although the fluorescence quenching by viologen electron 
acceptor measures the extent of the primary electron transfer 
from excited dye [reaction ( 1 ) ] , i t cannot be used to determine 
the supersensitizing influence of an added t h i r d component that 
may act by a mechanism such as reaction (3) that does not i n f l u 
ence the quenching reaction. I t i s thus necessary to measure A 
d i r e c t l y . This i s r e l a t i v e l y easy i n so l u t i o n but, because of 
the low concentrations involved, rather d i f f i c u l t i n monolayers. 
However, the electron-adduct r a d i c a l i s r e l a t i v e l y stable and i n 
fact has been detected o p t i c a l l y i n a monolayer assembly (33, 
35). We have detected i t i n the present system by i r r a d i a t i o n of 
the monolayer assembly under nitrogen at 545 nm, where the cyanine 
dye i s the only absorbing species. The viologen s i n g l e - e l e c t r o n 
adduct spectrum was detected i n the 400 nm region. Comparison of 
the absorption spectrum with that i n the l i t e r a t u r e (36) confirmed 
the species i d e n t i t y (Figure 5). Figure 6 i l l u s t r a t e s the growth 
i n y i e l d of t h i s r a d i c a l with i l l u m i n a t i o n time. Note that r a d i 
c a l growth occurs i n seconds or minutes, whereas the primary 
electron transfer must occur i n less than a nanosecond, since 
with the r a t i o of viologen to arachidic acid used (5 mol % v i o l o 
gen) , dye fluorescence quenching i s >90% e f f i c i e n t . The r a d i c a l 
growth that we detect i n t h i s steady-state experiment i s c l e a r l y 
the r e s u l t of a secondary process of r a d i c a l s t a b i l i z a t i o n . The 
r a d i c a l i s i n fact not completely stable under our conditions, 
decaying slowly (over many minutes) when the l i g h t i s turned o f f . 
This i s consistent with the fact that an invariant incomplete 
conversion i s reached on prolonged i r r a d i a t i o n . This conversion 
i s a constant f r a c t i o n of i n i t i a l viologen concentration i f a l l 
other conditions are kept constant. 

We have no d i r e c t information concerning the nature of the 
slow reaction leading to s t a b i l i z a t i o n of the r a d i c a l . Reasonable 
mechanisms for a slow process leading to s t a b i l i z a t i o n , such as 
po s i t i v e charge d i f f u s i o n away from the electron-transfer center 
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Figure 5. Observed photosensitized absorption in dye aggregate-viologen 
monolayer system compared with literature spectrum of the radical produced from 

one-electron reduction of dimethylviologen (36). 
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Figure 6. Time-dependent growth and steady-state yield of radical absorption at 
400 nm on illumination at 545 nm of the two-component dye aggregate—viologen 
system (\^) and the three-component donor—dye aggregate—viologen system (O). 
Donor and acceptor concentrations are each 5 mol % diluted with arachidic acid. 
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or r e o r i e n t a t i o n of the acceptor-electron adduct, can be envi
sioned, but are only speculative. 

Donor-Sensitizer-Acceptor System: Supersensitization 

We now have an a n a l y t i c a l means to measure the y i e l d of the 
electron-transfer product r a d i c a l that escapes recombination. We 
can therefore study factors that influence t h i s y i e l d . As men
tioned, our present i n t e r e s t i s i n the p o s s i b i l i t y of enhancing 
t h i s y i e l d with added supersensitizers. The compounds we chose 
to study are c o l o r l e s s reducing agents. The reducing agent or 
donor was usually placed i n the same layer as the electron accep
tor i n contact with the cyanine dye layer. Figure 6 shows the 
y i e l d of r a d i c a l obtained with such a three-component system, 
containing 5 mol % of N,N'-dioctadecyl-p-phenylenediamine as 
donor along with an equa
son with that obtained i
best-case r e s u l t , showing a 3.5-fold enhancement i n steady-state 
y i e l d . In f a c t , the i n i t i a l rate of r a d i c a l growth shows a 
s i m i l a r enhancement, demonstrating that the e f f e c t i s k i n e t i c i n 
o r i g i n . 

Figure 7 compares the enhancement obtained with four donors 
under the same conditions. Also shown i s the e f f e c t of these 
donors on cyanine dye aggregate fluorescence i n the absence of 
acceptor i n the monolayer assembly. Several of the donors quench 
t h i s fluorescence, presumably because they can photoreduce the 
excited dye [reaction ( 4 ) ] . Q u a l i t a t i v e l y the extent of r a d i c a l 
y i e l d enhancement or supe r s e n s i t i z a t i o n correlates with the 
extent of cyanine fluorescence quenching by the donors. This 
raises the p o s s i b i l i t y that reactions (4) and (5) are involved i n 
the s u p e r s e n s i t i z a t i o n . However, even the donor which causes 
v i r t u a l l y no fluorescence quenching s t i l l r e s u l t s i n some super
s e n s i t i z a t i o n . Thus, some other mechanism such as reaction (3) 
i s probably also involved. 

Whatever the sequence of the events, the o v e r a l l net e f f e c t 
of coupling e i t h e r reactions (1) and (2) or (3) and (4) i s a net 
electron transfer from donor to acceptor: 

D + C* + A • D + + C + A~ (6) 

By d i l u t i n g the amounts of donor and acceptor i n the contact 
l a y e r , we have demonstrated that s u p e r s e n s i t i z a t i o n occurs down 
to l e v e l s where the average donor-acceptor separation i s >40 A. 
Molecular d i f f u s i o n i s not possible, and the arachidic acid 
spacer molecules are nonconductive w i t h i n the layer. The electron 
transport from donor to acceptor s i t e must occur through the dye 
aggregate. The distances involved require the p a r t i c i p a t i o n of 
up to f i v e dye molecules, assuming a l i n e a r electron movement. 

S i g n i f i c a n t l y , i f the cyanine dye i s incorporated into the 
system i n monomeric-dimeric form, although r a d i c a l formation can 
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Figure 7. Comparison of the ability of different donors to supersensitize the yield 
of radical and to quench the cyanine dye aggregate fluorescence. 
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be photosensi t ized ( i n much reduced y i e l d ) , t h i s y i e l d cannot be 
enhanced by added donor. In such a case, where the i n d i v i d u a l or 
pa i r s of dye molecules are surrounded by a rach id ic a c i d , there i s 
apparently no path for the e lec t ron t ransfer between donor and 
acceptor. The p o s s i b i l i t y that preassoc ia t ion between donor and 
acceptor i s responsible for our observations i s u n l i k e l y i n view 
of the fo l lowing r e s u l t s : (a) The fluorescence quenching by 
acceptor and those donors which induce i t i s add i t i ve when the 
two are present together. (b) Donor incorporated in to the dye 
layer enhances r a d i c a l y i e l d to the same extent as when incorpor 
ated in to the acceptor l a y e r . In t h i s case, premixing of donor 
and acceptor does not occur . 

Summary 

We have constructe
t ransfer occurs from exc i te
gen e lec t ron acceptor. This process i s manifested by e f f i c i e n t , 
rap id quenching of the dye fluorescence accompanied by slow, 
i n e f f i c i e n t growth of r e l a t i v e l y s table r a d i c a l s , detected by 
absorpt ion . I f e l ec t ron donors are added to e i the r acceptor or 
dye l a y e r , t h i s r a d i c a l y i e l d can be enhanced. This enhancement 
or supe r sens i t i za t ion can be as large as a factor of 3 .5 , depend
ing on donor and cond i t i ons . The supe r sens i t i za t ion i s due to 
e lec t ron t ransfer from donor to e i the r exc i ted dye or the dye 
r a d i c a l c a t i o n . The net ef fec t i s photocatalyzed e lec t ron t rans
fer from donor to acceptor. E lec t ron transport through the dye 
aggregate appears to be necessary for s u p e r s e n s i t i z a t i o n . 
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Monolayer Particle Arrays Formed by Vapor 

Deposition 

DAVID ROBERTSON1 and ARNOLD L. PUNDSACK 

Xerox Research Centre of Canada, Mississauga, Ontario, Canada L5L1J9 

The process
mate r ia l forms two-dimensiona
spher ica l p a r t i c l e s jus t beneath the substrate 
surface has been studied i n detail. A model has 
been proposed in which the numbers and s izes of 
particles are determined by the coupled 
processes of particle growth (by capture of 
diffusing molecules) together with particle 
coalescence. Expressions have been derived for 
particle s i z e and number density as functions of 
deposi t ion parameters. Experimental evidence i s 
presented i n support of the model for the case 
of selenium p h y s i c a l l y vapor-deposited onto a 
heated thermoplastic substra te . F i n a l l y , the 
technologica l a p p l i c a t i o n of the deposit 
morphology as dry mic ro f i lm i s reviewed. 

In conventional phys ica l vapor depos i t ion , the mater ia l 
to be deposited i s emitted i n atomic or molecular form from a 
heated source and i s allowed to impinge on a s o l i d 
subs t ra te . The process i s ca r r i ed out i n a vacuum chamber i n 
order to avoid contamination of the deposit and also to avoid 
the p o s s i b i l i t y that the emitted vapor may condense i n the 
gas phase. The rate of evaporation from the source i s 
c o n t r o l l e d v i a the source temperature which i s normally much 
higher than the substrate temperature. Atoms or molecules 
impinging on the substrate may be more or less e l a s t i c a l l y 
r e f l ec ted back in to the gas phase o r , more commonly, they 
s t i c k to the substrate where they are held by a t t r a c t i v e 
forces . I f the energy of a t t r a c t i o n i s very high r e l a t i v e to 
the thermal energy of the substra te , the deposited molecule 
i s e f f e c t i v e l y bonded or chemisorbed to the subst ra te . 
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For less strong binding, we have a state of physical 
adsorption i n which the adsorbed species i s mobile — able to 
migrate p a r a l l e l to the surface by means of thermally-
activated hops. Adatoms (or adsorbed molecules as the case 
may be) may also receive enough thermal energy from the 
substrate to desorb and return to the vapor phase. The 
p r o b a b i l i t y of desorption per unit time depends on the 
temperature and binding energy to the substrate through an 
Arrhenius-type rate expression 

a = v exp (-AGdes/kT) (1) 

where V i s a frequency the same order of magnitude as the 
substrate's Debye frequency, that i s , t y p i c a l l y 10 to 
10 Hz, k i s Boltzmann's constant and AG^es *-s t n e 

a c t i v a t i o n free energ
in t e r e s t to us, takes value

While adatoms are migrating over the substrate and 
occasionally re-evaporating, they continue to impinge at a 
rate B. For high substrate temperatures, when desorption 
i s frequent, or for low rates of impingement, i t i s possible 
that an equilibrium adpopulation n w i l l be established so 
that the rate of impingement 3 i s balanced by the rate of 
desorption Otn. This equilibrium w i l l be stable provided 
that the adpopulation 3/Ct i s s u f f i c i e n t l y small so that 
encounters between migrating adatoms are infrequent compared 
to the rate of d i s s o c i a t i o n of the clusters which form when 
adatoms meet and bind with each other. Under those 
conditions of high temperature and low rate of impingement, 
no macroscopic deposit w i l l be formed. On the other hand, i f 
the adpopulation becomes large enough, c l u s t e r formation and 
growth i s favored. Once a c l u s t e r grows i n excess of a 
c r i t i c a l s i z e (depending on temperature and deposition r a t e ) , 
the p r o b a b i l i t y of capture of an adatom exceeds the 
p r o b a b i l i t y of decay and the c l u s t e r then grows 
spontaneously. Eventually, growing c l u s t e r s merge to form a 
continuous f i l m . 

It i s c l e a r that whether we deposit a f i l m or not depends 
on the impingement rate and substrate temperature for a given 
combination of materials. We can, i n f a c t , map out the 
conditions for f i l m deposition, usually on a plot of log 
(impingement rate) versus r e c i p r o c a l temperature as shown i n 
Figure 1. At high temperatures and low rates of impingement, 
there i s no deposit aside from the equilibrium adpopulation 
while for low temperatures (when binding to the substrate i s 
i n f l u e n t i a l ) and rapid deposition rates, we observe f i l m 
formation. 

This i s a highly s i m p l i f i e d picture of f i l m deposition i n 
the conventional sense. In the present work, we w i l l relax 
the unstated assumption that the substrate i s impermeable to 
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RECIPROCAL TEMPERATURE 

Figure 1. Schematic plot of impingement rate vs. reciprocal absolute temperature 
showing conditions for film growth in conventional physical vapor deposition. 
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the deposited material and observe contrasts and s i m i l a r i t i e s 
to conventional vapor deposition. F i r s t , however, i t i s 
appropriate to present some background on the discovery of 
subsurface p a r t i c u l a t e deposits. 

Normally, substrates are impermeable and deposits are 
held out on the surface. However, some years ago, workers 
Q ) at Xerox observed, while depositing selenium onto 
f l e x i b l e p l a s t i c substrates, that "good", continuous films 
were grown except under c e r t a i n circumstances when the 
deposit took the form of p a r t i c l e s . Examination of these 
deposits revealed that the p a r t i c l e s were s p h e r i c a l , f a i r l y 
uniform i n s i z e and, most remarkable, were organized into a 
monolayer array just beneath the surface of the substrate. 
Figure 2 shows a top view of a t y p i c a l deposit as observed 
using the transmission electron microscope. There are 
usually the order of 10
These measure 100 to 20
of a few tens of nm. The sizes and numbers of p a r t i c l e s 
depend on deposition conditions as w i l l be shown i n the next 
sectio n . 

Figure 3 i l l u s t r a t e s the r e s t r i c t e d range of conditions 
i n which p a r t i c u l a t e deposits were observed for a p a r t i c u l a r 
thermoplastic substrate. As i n Figure 1, we observe no 
deposit for s u f f i c i e n t l y low rates of impingement and/or high 
substrate temperatures. Under those conditions, frequent 
desorption insures that s u p e r c r i t i c a l aggregates do not 
form. The " a c t i v a t i o n energy" associated with the slope of 
that boundary corresponds to the desorption process. For 
rapid impingement and/or low temperatures, macroscopic 
deposits form but there i s a t r a n s i t i o n between continuous 
films and subsurface p a r t i c l e s . The slope of the l i n e 
forming the p a r t i c l e / f i l m boundary corresponds to the 
a c t i v a t i o n energy for the f l u i d i t y of the substrate as a 
function of temperature. This suggests that at low 
temperatures, the substrate behaves as a s o l i d , impermeable 
to the deposited material which i s held out on the surface i n 
the form of a f i l m . For high temperatures, the substrate 
behaves l i k e a viscous f l u i d which i s capable of wetting and 
engulfing p a r t i c l e s by c a p i l l a r i t y forces and into which 
material can d i f f u s e . I f the rate of impingement i s very 
high, p a r t i c l e s formed on the surface grow very rapidly and 
coalesce into a stable f i l m before they are able to migrate 
below the surface. 

With t h i s semi-quantitative explanation as a s t a r t i n g 
point, w e ' l l now proceed to develop a quantitative model of 
p a r t i c l e growth and coalescence i n terms of deposition 
conditions which can be used i n a process control strategy. 

In Colloids and Surfaces in Reprographic Technology; Hair, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



ROBERTSON AND PUNDSACK Vapor Deposition 1 

Figure 2. Plan view transmission electron micrograph of spherical selenium parti
cles grown in a thermoplastic substrate. (Reproduced, with permission, from Ref. 2. 

Copyright 1981, American Institute of Physics.) 
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Figure 3. Plot of deposit morphology as a function of deposition rate and sub
strate temperature showing region of no deposit, continuous surface films, and 
subsurface particles for a given substrate material. (Reproduced, with permission, 

from Ref. 2. Copyright 1981, American Institute of Physics.) 
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Model of Subsurface Growth and Coalescence 

Our contention i s that the ultimate morphology of the 
f i l m — that i s , the numbers and sizes of p a r t i c l e s — i s 
governed prim a r i l y by the processes by which those subsurface 
p a r t i c l e s grow and coalesce. 

F i r s t , consider growth. In the absence of any near 
neighbors, a p a r t i c l e grows by capture of atoms or molecules 
which d i f f u s e through the substrate following deposition on 
i t s surface. The s i t u a t i o n i s i l l u s t r a t e d in Figure 4. We 
assume that Fick's Law of d i f f u s i o n applies to transport of 
molecules through the substrate and that a quasi-steady state 
i s achieved. This means that the concentration f of 
d i f f u s i n g species s a t i s f i e s Laplace's Equation with 
quasi-constant boundary conditions: f=0 at the (absorbing) 
surface of the p a r t i c l
substrate. We are no
concentration f i e l d i t s e l f but only i n the i n t e g r a l of the 
d i f f u s i o n flux (proportional to the concentration gradient) 
over the p a r t i c l e surface. This i s obviously proportional to 
the rate of addition of molecules to the p a r t i c l e and thence 
to the rate of increase of i t s radius. The i n t e g r a l we seek 
can be e a s i l y determined through the use of an e l e c t r o s t a t i c 
analogy as described previously (2). It turns out that 

SfT. dS = 4TTRDfs (2) 

d / 4 IT R 3AA 
d t \ 3 / 

(3) 

where ^ i s the increase i n the p a r t i c l e ' s volume due to the 
addition of one d i f f u s i n g species (atom or molecule). 
Sim p l i f y i n g , 

dR = ftDfs/R (4) 
dt 

i s the rate of growth due to capture of d i f f u s i n g species. 
The surface concentration f s must s a t i s f y a quasi-

steady state mass balance i n which the difference between the 
rates of impingement B and desorption <*bfs i s equal to 
the rate at which the N growing p a r t i c l e s per unit area 
capture d i f f u s i n g species or 

3 - Otbfs = 4TTRDfsN (5) 

whence 

f s = B / (ab + 4TTRDN) (6) 

In Colloids and Surfaces in Reprographic Technology; Hair, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



7. ROBERTSON AND PUNDSACK Vapor Deposition 129 

Figure 4. Mass transport configuration for an isolated spherical particle growing 
in the proximity of a surface where impingement/desorption is occurring. 
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Combining equations (4) and (6), we a r r i v e at an expression 
for d i f f u s i o n - c o n t r o l l e d growth rate i n terms of p a r t i c l e 
s i z e and number density (competition between p a r t i c l e s for 
molecules i s i m p l i c i t ) , deposition rate, desorption frequency 
and d i f f u s i v i t y i n the substrate. The parameter b represents 
the thickness of the adlayer and i s of molecular dimensions. 

The growth process i t s e l f i s not s u f f i c i e n t to explain 
deposit morphologies: coalescence must also be considered. 
In r e a l i t y , the p a r t i c l e s are not i s o l a t e d ; i n a t y p i c a l 
deposit (Figure 2), they are almost close-packed. This means 
that whether by motion of the p a r t i c l e s or by t h e i r growth, 
they occasionally come into contact. When they do, 
coalescence occurs. That i s , the p a i r of p a r t i c l e s "fuses" 
into a single larger p a r t i c l e so as to reduce the t o t a l 
surface free energy. Consideration of various mechanisms for 
the coalescence proces
takes much less than on
us. Therefore, we w i l l treat that process as i f i t were 
instantaneous. 

Whereas growth alone leads to an increase i n the s i z e of 
p a r t i c l e s but no change i n t h e i r numbers, coalescence reduces 
t h e i r numbers and increases t h e i r average s i z e . The 
processes are coupled, however, since the rate of coalescence 
or, more properly, the rate at which p a r t i c l e s disappear as a 
r e s u l t of coalescence i s given by: 

-dN/dt = 4 U R (dR/dt) N 2 (7) 

In deriving Equation (7), we have neglected the p o s s i b i l i t y 
that the p a r t i c l e s may themselves be mobile and have 
calculated the rate at which randomly-distributed p a r t i c l e s 
of radius R and number density N grow into contact, given 
that each p a r t i c l e ' s radius increases at a rate (dR/dt) 
before encounter. The factor £ accounts for the fact that 
the p a r t i c l e s are not randomly d i s t r i b u t e d i n space but must 
be more or less ordered due to t h e i r close-packing. 
Experimentally, a value of 2 i s found for £• 

The numbers and sizes of p a r t i c l e s are also coupled 
through a mass balance since the t o t a l amount of material 
deposited i n some i n t e r v a l of time must equal the difference 
between the amount impinged and the amount re-evaporated i n 
that same i n t e r v a l . Furthermore, we are safe i n assuming 
that the t o t a l amount of material desposited i s accounted for 
by the mass of the p a r t i c l e s ; that i s , we neglect the small 
amount of material present as atoms or molecules i n 
comparison with the amount incorporated i n p a r t i c l e s . Thus, 
for conditions such that re-evaporation i s slow compared to 
impingement, we have 

4 7T R 3N = Vt 
3 (B> 
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where V = Bft i s the rate of deposition expressed as the 
rate of thickening of a uniform f i l m of equivalent volume. 
It i s possible to derive the mass balance analogous to (8) 
for the general case when re-evaporation i s s i g n i f i c a n t but 
the s p e c i a l case above, c a l l e d "complete condensation" i s 
very common and technologically very important. 

If we now combine our expressions (4) and (6) for the 
i s o l a t e d p a r t i c l e growth rate, (7) for the coalescence rate 
and (8), the mass balance and integrate from some i n i t i a l 
time t Q when N Q p a r t i c l e s are present, we a r r i v e at the 
a n a l y t i c a l r e s u l t s : 

Comparison with Experiment 

In a vacuum chamber held at about 2 x 10 Torr, 
selenium was evaporated from a source at 250°C and allowed 
to impinge, through an adjustable s l i t , onto a t r a v e l l i n g web 
of thermoplastic-coated polyester f i l m maintained at 
105°C. The time of exposure of the substrate to the vapor 
source i s simply the s l i t width divided by the web speed. 
Deposits were made for a series of s l i t widths ( i . e . exposure 
times) and the r e s u l t i n g samples were examined i n the 
transmission electron microscope. From image analyser 
studies of the micrographs, average p a r t i c l e s i z e and number 
density were determined. These data appear i n Table I 
together with some quantities derived from the date. I f the 
model i s correct and Equations (9) and (10) apply, we would 
expect the quotients 

Q. = [ N - l / 3 . N - l / 3 ] / [ t2/3_ t2/3] ( u ) 

= ||4 ir V 2 | l / 3 ( 1 2 ) 

and 

Q" = NR 3/t <13> 

= 3V/4TT (1*) 

to be constant. These have been calculated from the data and 
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appear i n Table I. They appear to be reasonably constant 
with the possible exception of data for the longest exposure 
time. The model also predicts that the "coverage" or 
6=TTR N should tend to a constant value of 3/2C This 
i s observed. A l l these data are consistent with values: 
C=2 and V=4.72xl0~ 6 cm s" 1 or 2.8 Pm min" 1. The 
l a t t e r agrees with what i s expected under the experimental 
conditions employed. P a r t i c l e sizes and numbers are shown i n 
Figure 5 plotted as experimental data and from Equations (9) 
and (10). Error bars are estimated from the s t a t i s t i c s of 
measurements from the TEM frames. Agreement i s very good. 

Another pre d i c t i o n of the model i s that the si z e and 
number of p a r t i c l e s are uniquely determined by the t o t a l 
amount of material deposited, i r r e s p e c t i v e of conditions, 
provided complete condensation i s operative. This can be 
re a d i l y appreciated by
(10), time appears onl
(the quantity deposited) i s the e f f e c t i v e independent 
v a r i a b l e . This prediction has been v e r i f i e d through 
experiments i n which rate and temperature were varied for a 
given specimen. The deposit morphology depended only on how 
much material was deposited and was i n s e n s i t i v e to the way i n 
which i t was done. 

These, and other, observations confirm the v a l i d i t y of 
the model at least under conditions of complete condensation. 

Table I. Experimental data for number density of subsurface 
p a r t i c l e s and t h e i r average radius at d i f f e r e n t deposition 
times. Q', Q" and 8 are defined i n text. 

t ( s ) N(cm"2) R(cm) Q' Qn 0 

1.50 3.05xl0 9 0.080x10" 4 1.041xl0~ 6 0.613 

1.67 2.69 0.085 3.033xl0" 4 0.989 0.610 

1.88 2.13 0.095 4.118 0.921 0.604 

2.14 1.78 0.110 3.871 1.107 0.677 

2.50 1.43 0.125 3.725 1.117 0.802 

3.00 1.02 0.160 3.950 1.393 0.820 

3.75 0.64 0.195 4.268 1.265 0.765 

5.00 0.29 0.305 5.089 1.646 0.848 
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Imaging Technology based on Monolayer P a r t i c l e Array 

The geometry of the deposit has led to the development of 
a novel imaging system. As described by Goffe (I) and 
Pundsack (4), images are formed due to electrophoretic 
migration of l i g h t - s t r u c k p a r t i c l e s . The materials package 
i s sketched i n Figure 6. The f i l m consists of an aluminized 
polyester base overcoated with a 1.5 Pm layer of 
thermoplastic. A monolayer of selenium p a r t i c l e s i s formed 
just beneath the upper surface of the thermoplastic layer by 
vapor deposition as described above. 

Images are formed by: f i r s t , s e n s i t i z i n g the f i l m with a 
p o s i t i v e or negative corona charge; second, imagewise 
exposure and f i n a l l y , development i n which the thermoplastic 
layer i s softened e i t h e r by heat or exposure to a swelling 
solvent, allowing l i g h t - s t r u c
a charge i n the exposur
surface of the layer under the influence of electrophoretic 
forces. Contrast i s achieved by removing un-migrated 
p a r t i c l e s by flushing them away with solvent, for example. 

The film's mid-exposure s e n s i t i v i t y i s about 1 erg cm 
at 400 nm. The image shows a maximum o p t i c a l density of 
about 2 and a background density of 0.2. Gamma l i e s i n the 
range 1 to 3 and r e s o l u t i o n i s better than 250 l i n e s per mm. 
Pundsack (4) showed that the film's imaging c h a r a c t e r i s t i c s 
depend on the p a r t i c l e s i z e d i s t r i b u t i o n : o p t i c a l density i s 
found to be proportional to the t o t a l volume of selenium 
migrated per unit area and that i s equal to the cumulative 
volume of a l l p a r t i c l e s which have received more than some 
minimum exposure. But since the minimum exposure varies 
inversely as the square of the p a r t i c l e s i z e , i t follows that 
a plot of cumulative volume of oversize p a r t i c l e s versus the 
inverse square of p a r t i c l e s i z e has the same form as the plot 
of o p t i c a l density versus exposure. This r e l a t i o n s h i p 
between imaging properties and deposit morphology, together 
with the a b i l i t y of the model to predict p a r t i c l e sizes and 
numbers as functions of deposition time and conditions, makes 
i t possible to prepare films with predetermined functional 
c h a r a c t e r i s t i c s . 
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Selenium Spheres, 0.3//m 

Thermoplastic Layer, 1.5//m 
Semitransparent Conductive 
Layer, 10-30 nm 

Transparent Base, 75//m 

Figure 6. Cross-sectional view of particle migration film structure. (Reproduced, 
with permission, from Ref. 2. Copyright J981, American Institute of Physics.) 
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Interfaces in Electrophotography 

JOHN W. WEIGL 

Xerox Corporation, Joseph C. Wilson Center for Technology, Webster, NY 14580 

Practically
electrophotograph
between d i f f e r e n t m a t e r i a l s . Examples will 
illustrate a v a r i e t y of i n t e r f a c e s and t h e i r 
functions. 

For ins tance , the photoconductive 
dielectric used i n xerography must be provided 
with surface and base contacts which block the 
injection of charge under high electric field 
c o n d i t i o n s . Contiguous layers of photosensi
tive and charge t r a n s p o r t i n g mater ia l s may be 
used to separate two e s s e n t i a l funct ions 
required of xerographic photoreceptors - - the 
photo-generat ion of mobile charge carriers, 
and the a m p l i f i c a t i o n of contras t p o t e n t i a l . 
The "toner" powder used to develop the la tent 
charge pat tern must itself be charged p r i o r to 
use, by a process which requ ires c lose c o n t r o l 
of its interaction with s evera l other mater ia l s 
in the development system. Nonaqueous col
loids, used as " l i q u i d developers" for 
xerography or as imaging f l u i d for photo-
electrophoresis depend on t h e i r surfaces for 
electrostatic and entropic stabilization. The 
adhesion of toner particles to photoreceptors , 
their removal in the t r a n s f e r and c lean ing 
s tep, and the processes by which they may be 
permanently a f f i x e d to the surface of the paper 
all invo lve the formation and breaking of 
interfacial bonds. F i n a l l y , the e f f ec t of 
electrostatic f i e l d s upon surface energy has 
been u t i l i z e d for a s e l e c t i v e wetting 
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development process , as we l l as for d i s p l a y 
devices and p h o t o p l a s t i c microf i lms in which 
the surface of the polymer layer deforms in 
response to l o c a l e l e c t r o s t a t i c f i e l d 
p a t t e r n s . 

Electrophotography i s l a r g e l y a surface process , and 
most i n t e r e s t i n g steps involve i n t e r f a c e s between 
m a t e r i a l s . In t h i s b r i e f survey we s h a l l attempt to 
provide a rough o u t l i n e of these, and to descr ibe some of 
the main i s s u e s . No attempt can be made to be d e t a i l e d or 
comprehensive. 

In the for ty -odd years s ince Chester C a r l s o n ' s 
i n i t i a l i n v e n t i o n s
pre t ty much in the d i r e c t i o
convent ional xerography, the image i s formed by the 
depos i t ion of a black thermoplast ic powder on the surface 
of a photoconductive d i e l e c t r i c surface bearing an 
e l e c t r o s t a t i c charge p a t t e r n . The powder i s t r a n s f e r r e d 
to p l a i n paper and fused to i t to form the f i n a l image. 
This i s the process used in the ubiqui tous xerographic 
o f f i c e copier (2 ) . 

S i g n i f i c a n t v a r i a n t s e x i s t : e l e c t r o s t a t i c charge 
patterns may be t r a n s f e r r e d instead of powders, charged 
c o l l o i d s dispersed in d i e l e c t r i c l i q u i d s may be used as 
developers , images may be formed d i r e c t l y on photo-
conductive coated paper; or even by the depos i t ion of 
e l e c t r i c a l l y photosens i t ive p a r t i c l e s (3) • We s h a l l 
re turn to some of these a l t e r n a t i v e s l a t e r — a f t e r 
d e s c r i b i n g the r o l e s of i n t e r f a c e s i n convent ional dry 
t r a n s f e r xerography. 

Xerography from the Viewpoint of the Photoreceptor 

The key process steps may be i l l u s t r a t e d by a 
schematic c r o s s - s e c t i o n of a t y p i c a l xerographic cop ier 
(Figure 1) . The photoconductor drum i s rotated past a 
s e r i e s of process s t a t i o n s , where i t i s , in t u r n , 
charged, exposed to a projec ted image p a t t e r n , developed 
by an oppos i t e ly charged "toner" powder, then pressed 
l i g h t l y against an e l e c t r i c a l l y biased sheet of paper to 
t r a n s f e r the image. Any remaining charge on the photo
receptor may be n e u t r a l i z e d by an eras ing lamp or an AC 
charging dev ice , a f t e r which the l a s t res idue of the 
powder i s brushed o f f and the photoreceptor i s ready for 
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Figure 1. Schematic of typical xerographic copier. Process elements are clustered 
about the photoconductor-coated drum. 
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another c y c l e . In a modern c o p i e r , the whole s e r i e s of 
steps may take only f i ve seconds. The powder pat tern on 
the paper i s melted into the f i b e r s to form a permanent 
image. 

Some of the i n t e r f a c e s meeting the photoreceptor are 
obvious: i t s surface encounters ion ized gas which serves 
to deposi t or remove corona charge, the developer mass, 
the t rans fer sheet, and c leaning dev ices . Other 
i n t e r f a c e s with e s s e n t i a l funct ions are found in the 
i n t e r n a l s t r u c t u r e of the photoreceptor i t s e l f . Let us 
now look at these in some d e t a i l . 

Charging of the Photoreceptor 

The xerographi
demands upon the re -usabl  photoconductiv
which i s the a c t i v e element of the photoreceptor (4, 5 ) . 
It must be capable of r e t a i n i n g the appl i ed surface 
charge without s i g n i f i c a n t dark p o t e n t i a l loss between 
the charging and developing s teps . To produce adequate 
image c o n t r a s t , i n t e r n a l f i e l d s of the order of 20 to 50 
V/yun are r e q u i r e d . I f i n e r t d i e l e c t r i c s could be used, 
t h i s would present no p a r t i c u l a r problem: one could r e l y 
on a high densi ty of deep traps throughout the bulk of the 
d i e l e c t r i c to r e t a i n charge in the face of the d r i v i n g 
f i e l d . 

Not so in the xerographic photoreceptor . R e c a l l that 
major i ty c a r r i e r s generated near the surface in the 
exposure step must be free to migrate from the top to the 
bottom of the d i e l e c t r i c layer to enable imagewise 
photodischarge in the f r a c t i o n of a second, a v a i l a b l e 
between exposure and development. While the time sca le 
of the process does not requ ire high m o b i l i t y , deep traps 
for the major i ty c a r r i e r must be excluded from the bulk; 
otherwise , r e s i d u a l p o t e n t i a l and background w i l l b u i l d 
up as the photoreceptor c y c l e s . 

There fore , the photoconduc tor must not only be free 
of thermal c a r r i e r s but i t must be protected against the 
dark i n j e c t i o n of ex terna l charge, as w e l l . I n j e c t i o n 
from the base e lec trode may be avoided by a th in b lock ing 
d i e l e c t r i c — t y p i c a l l y 50 A . U . of a dense oxide or 
po lymer - - th in enough to al low any accumulated r e s i d u a l 
charge to leak o f f between c y c l e s . 

The i n j e c t i o n b a r r i e r at the top surface i s more 
d i f f i c u l t to understand. Although attempts have been 
made to deposit surface charge by induct ion or surface 
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contac t , these have been g e n e r a l l y much less succes s fu l 
than the u n i p o l a r ion stream from a corona dev i ce . 
Indeed, C a r l s o n ' s invent ion of corona charging was one of 
h i s most va luable innovat ions (6 ) (F igure 2 ) . E v i d e n t l y 
the corona ions can be made to deposi t on the surface in 
such away as to forma b lock ing l a y e r . The mechanism for 
t h i s may wel l d i f f e r from photoconduc tor to photo-
conductor. In the case of z inc ox ide-b inder layers there 
i s extensive evidence that negative corona charge 
cons i s t s of s tab ly adsorbed oxygen anions (Figure 3) i 
which can be discharged upon i l l u m i n a t i o n (5, 7-11) . For 
selenium i t has been found that corona ions i n j e c t charge 
into the photoconductor, forming trapped charge s i t e s 
jus t below the surface (J.2  j_3)

M u l t i - L a y e r Photoconductors 

The xerographic photoreceptor converts the 
projected image in to a charge pat tern r e s i d i n g at the 
surface of the d i e l e c t r i c . To be developable t h i s 
e l e c t r o s t a t i c image must present contras t p o t e n t i a l s of 
the order of 400-600V. S ing le layer photoconductors 
therefore serve two func t ions : photogeneration of a 
mobile charge c a r r i e r c lose to the surface of i l l u m i n a t e d 
areas , fol lowed by t h e i r f i e l d - a s s i s t e d separat ion (JJO 
and transport across s u f f i c i e n t d i e l e c t r i c thickness to 
develop the des ired contras t p o t e n t i a l ( 15-j_§) . I f a 
s i n g l e m a t e r i a l i s used i t must combine high photo
s e n s i t i v i t y with exce l l en t t ransport p r o p e r t i e s and 
e x c e p t i o n a l l y high d i e l e c t r i c s trength (J_9) . 

Can one separate these funct ions? Yes! It i s 
poss ib le to use a layer of one mater ia l as photo-sensor 
and another as vol tage a m p l i f i e r . For example (Figure 
4) , a sub-micron f i l m of amorphous selenium s u f f i c e s to 
absorb v i s i b l e l i g h t and to generate mobile ho l e s . I f 
such a layer i s coated over a 15.* m layer of an aromatic 
polymer which has l i t t l e p h o t o s e n s i t i v i t y but e x c e l l e n t 
d i e l e c t r i c and transport p r o p e r t i e s , one der ives an 
exce l l en t photoreceptor (20-22). The composite has 
e s s e n t i a l l y the f u l l p h o t o s e n s i t i v i t y of se len ium--
s p e c t a c u l a r l y greater than that of the polymer a lone . 
But i t a l so has much bet ter d i e l e c t r i c p r o p e r t i e s and a 
high* degree of mechanical f l e x i b i l i t y . It can be 
f a b r i c a t e d into b e l t s which run around small r o l l e r s and 
o f f er cons iderable advantage to the system des igner . 
S i m i l a r r e s u l t s have been reported for inverted 
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Figure 2. Photoreceptor and corona charging process. 
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Figure 3. Schematic representation of the charge deposited on two photoconductor 
materials: ZnO-binder dispersion (top) and amorphous selenium (bottom). 
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Figure 4. Double layer photoreceptor-schematic structure, with selenium gen
erator overlying a poly(N~vinyl carbazole) (PVK) transport layer (left). Perform
ance of such a composite (O — O), compared to selenium (O O) and to 
PVK without generator layer (+ • - • -f j (right). (Reproduced, with permission, 

from Ref. 20. Copyright 1968, Pergamon Press, Ltd.) 
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s t ruc tures (Figure 5) , for a v a r i e t y of organic pigment 
generators , and for transport layers in which monomeric 
ho le - or e l e c t r o n - t r a n s p o r t molecules are used in 
c r y s t a l l i n e form or in polymer s o l u t i o n (23-26) . 

M a t e r i a l s f l e x i b i l i t y has thus been a c h i e v e d - -
a l b e i t at the cost of i n t r o d u c i n g an i n t e r n a l i n t e r f a c e 
wi th in the photoreceptor s t r u c t u r e - - a n i n t e r f a c e which 
must be c a r e f u l l y c o n t r o l l e d in the coat ing process to 
prevent undes irable in termix ing of l a y e r s , de lami-
n a t i o n , and the formation of b a r r i e r s impeding charge 
c a r r i e r i n j e c t i o n . 

Pigment-Binder Composites 

A very d i f f e r e n
behavior of an importan  xerographi
photoconductors c o n s i s t i n g of photoconductive pigment 
d i spers ions in d i e l e c t r i c b i n d e r s . F a m i l i a r examples 
inc lude z inc oxide (7-10, 27) , and other inorganic 
pigments (28-31 ) , as we l l as organic m i c r o c r y s t a l s 
dispersed in d i e l e c t r i c binders (32-36). In these 
systems, charge must t r a v e l through a loose ly connected 
chain of pigment p a r t i c l e s ; the concentrat ion required 
for e f f e c t i v e contact depends on p a r t i c l e shape, and 
v a r i e s from about 25 volume percent for i s o t r o p i c chunks 
of z inc oxide and cadmium s u l f i d e (7 , 9) to a mere 5 volume 
percent for needle shaped c r y s t a l s of phthalocyanine 
(32) or f i laments of a th iapyry l ium-po lycarbonate 
complex (36) (Figure 6) . 

The binder serves , not only to provide mechanical 
i n t e g r i t y and moisture proo f ing ; i t a l so adds i n t e r f a c e s 
which s trong ly a f f e c t e l e c t r i c a l performance. The 
matrix m a t e r i a l i s c a r e f u l l y (and rather e m p i r i c a l l y ! ) 
se lected to enable r e l i a b l e charg ing , e f f i c i e n t 
photodischarge (minimal t r a p p i n g ) , and s tab le r e p e t i 
t i ve c y c l i n g . A q u a s i - c r y s t a l l i n e complex of t h i a -
pyryl ium s a l t with polycarbonate , d ispersed in a "doped" 
outer r e s i n phase, appears to be a p a r t i c u l a r l y elegant 
s o l u t i o n (34-36) . Photoinduced discharge curves of most 
pigment-binder composites tend to be S-shaped rather 
than c a p a c i t i v e , as are those for selenium and other 
homogeneous photoconductors. This has been t e n t a t i v e l y 
a t t r i b u t e d to trapping at i n t e r - p a r t i c l e contac t s , 
followed by a f i e l d - i n d u c e d trap emptying, which r e 
stores the i n t e r f a c e to i t s i n i t i a l s tate (28, 32, 36). 

In Colloids and Surfaces in Reprographic Technology; Hair, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



146 REPROGRAPHIC TECHNOLOGY 

TRANSPORT LAYER 
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Figure 5. Double layer photoreceptor—inverted structure. The photo-generator 
is protected against environmental damage by the active dielectric transport layer. 

Figure 6. Cross-section (left) and schematic diagram illustrating charge transport 
through a chain of photoconductive pigment particles (A, B, C) dispersed in dielec
tric binder (right). Contact impedance and trapping at interfaces are critical to 
performance. (Reproduced, with permission, from Ref. 28. Copyright 1972, 

Walter de Gruyter & Co.) 
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Zinc oxide a l so i l l u s t r a t e s one fur ther i n t e r a c t i o n . 
Since t h i s photoconductor i n t r i n s i c a l l y only responds to 
u l t r a v i o l e t r a d i a t i o n , i t i s commonly s e n s i t i z e d to 
v i s i b l e l i g h t by the adsorpt ion of a monolayer of one or 
more dyes (Figure 7 ) . This adds yet another e s s e n t i a l 
i n t e r f a c e to an a lready complex system ( 37-40) . 

Xerographic Process Steps 

Black "toner", which i s genera l ly used to develop the 
e l e c t r o s t a t i c la tent image, i s a d i s p e r s i o n of 10$ 
carbon pigment in a thermoplas t i c . The powder i s u s u a l l y 
produced by shear m i l l i n g and high-impact f r a c t u r e . 
Carbon, as wel l as p l a s t i c  i s exposed at the sur face  and 
both mater ia l s may therefor
e l e c t r i c a l p r o p e r t i e 41-44
serves to transform the e l e c t r o s t a t i c l a t en t image on the 
photoreceptor into i n v i s i b l e image; t h e r e f o r e , p a r t i c l e 
s i ze and charge/mass r a t i o must be c l o s e l y c o n t r o l l e d : 
t y p i c a l values are 12yum and 20<*c/g, r e s p e c t i v e l y ; the 
l a t t e r corresponds to a densi ty of some 300 ,000 
e l e c t r o n i c un i t charges per p a r t i c l e . 

F igure 8 shows the xerographic process from the 
viewpoint of the toner . The mater ia l i s fed into the 
development chamber, charged (usua l ly by t r i b o e l e c t r i -
f i c a t i o n ) , and appl i ed to the photoconductor sur face . 
Powder which adheres to charged areas of the l a tent image 
i s then t r a n s f e r r e d and fused to a sheet of paper or f i l m ; 
the res idue i s cleaned o f f . Let us now consider these 
steps in greater d e t a i l . 

Development 

We s h a l l i l l u s t r a t e the mater ia l s i n t e r f a c e s 
involved in development for a s p e c i f i c system in common 
use: the "two-component magnetic brush" (45-47 ) (Figure 
9 a ) . In such a dev ice , 1-2 weight percent of toner i s 
i n t i m a t e l y mixed with r e l a t i v e l y massive " c a r r i e r " beads 
having magnetic cores and (usua l ly ) t h i n d i e l e c t r i c 
c o a t i n g s . A c y l i n d r i c a l s h e l l or sleeve rota tes above 
the developer r e s e r v o i r . Bar magnets mounted wi th in the 
s h e l l a t t r a c t the mixture of toner and magnetic beads and 
form them in to a loose " b r u s h - l i k e " s t r u c t u r e , whose 
" b r i s t l e s " are r e a l l y chains of c a r r i e r p a r t i c l e s , 
l oose ly l inked by the magnetic f i e l d l i n e s (Figure 9 b ) . 
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Figure 7. Photoresponse of zinc oxide-binder layer with (- • -X-) 5 X 10'4 g 
fluorescein dye and without ( ) sensitizing dye. (Reproduced, with permission, 

from Ref. 40. Copyright 1970, American Institute of Physics.) 
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Figure 8. Toner interactions in xerography. 
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Figure 9. Magnetic brush (top) and magnetic brush "bristle" consisting of chain 
of large carrier beads covered with toner powder (bottom). Key: A, pickup magnet; 
and B, magnet. (Reproduced, with permission, from Ref. 50. Copyright 1974, 

Society of Photographic Scientists and Engineers.) 
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As the r o l l r o t a t e s , i t ag i ta t e s the developer mass 
by continuous tumbl ing, c o l l a p s e , and re - format ion of 
these bead c h a i n s . Toner and c a r r i e r undergo repeated 
bouncing contacts and separat ions , prov id ing ample 
o p p o r t u n i t i e s for charge exchange (55) . As the t i p of the 
brush sweeps across the photoconductor sur face , a 
combination of mechanical impulses and the e l e c t r i c 
f i e l d from the la tent image detaches toner from the 
c a r r i e r and a t t r a c t s i t to the charge pat tern on the 
photoconductor surface (48, 49). The r o l l i s u s u a l l y 
e l e c t r i c a l l y biased to augment the detachment threshold 
provided by the c a r r i e r charge, and to compensate for 
r e s i d u a l charge in exposed areas of photoconductor. Even 
a f t e r i n i t i a l d e p o s i t i o n  toner p a r t i c l e s are l i k e l y to 
be scavenged by the
the l a t en t image. 

I t i s beyond our scope to review the d e t a i l e d models 
for magnetic brush development which have been publ ished 
(47 , 50-53) . C l e a r l y , the process i s dynamic, and must be 
optimized to the s p e c i f i c m a t e r i a l s , c o n f i g u r a t i o n , and 
development speed to be used. S u f f i c i e n t current must 
flow from the development e lec trode through the 
developer mass to charge the toner layer c l o s e s t to the 
l a tent image and to compensate for a s i g n i f i c a n t f r a c t i o n 
of the charge on the photoconduc t o r . A current of about 
1 ma would be required to n e u t r a l i z e a f u l l y charged 
la tent image passing through a 30 cm wide development nip 
at 20 cm/second. As Hays (.54) has shown, the e l e c t r i c a l 
i n t e r f a c e s involved in the charge transport through the 
developer bed are qui te complex. Conduction through the 
magnetic " b r i s t l e s " i s l i m i t e d by the d i e l e c t r i c coat ing 
on the beads as we l l as by the th ickness of i n t e r v e n i n g 
toner . Charge transport by the forward motion of charged 
toner p a r t i c l e s through the developer mass i s impeded by 
p a r t i c l e crowding, which in turn depends upon f i e l d 
s t rength , and geometr ica l fac tors such as bead shape 
(50-52). 

Schmidl in (56) has pointed out that the commonly 
observed broad range of van der Waals forces between 
toner and c a r r i e r p a r t i c l e s causes xerographic develop
ment to requ ire much higher e l e c t r i c f i e l d s for toner 
re lease than those required to e s t a b l i s h a sharp 
t h r e s h o l d . In f a c t , he argues that i f the adhesive forces 
between these surfaces could be made s u f f i c i e n t l y small 
and uniform ("noise - free") , i t should be poss ib le to 
reduce e l e c t r o s t a t i c charge dens i ty required for a given 
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developed contras t by a fac tor of 5 0 - 1 0 0 . I f t h i s could 
be achieved i n p r a c t i c e , i t would o f f e r an opportuni ty to 
cut o p t i c a l exposure by near ly two orders of magnitude! 

A second adverse e f f e c t of van der Waals adhesion i s a 
tendency of c a r r i e r and photoconductor surfaces to 
become coated with a t h i n f i l m of toner r e s i d u e - - a f i l m 
which p r o g r e s s i v e l y impairs the e f f i c i e n c y of toner 
charging and photoreceptor performance. Salaneck et a l . 
(57) have reported that m a t e r i a l t r a n s f e r amounting to as 
l i t t l e as 1 atom/10^ surface s i t e s i s measurable as a 
s h i f t in " t r i b o e l e c t r i c " charging behavior! 

Charge Exchange Between C a r r i e r and Toner 

We now cons ider
toner , as these components i n t e r a c t in a dynamic 
development system. As we have noted, toner i s commonly 
f a b r i c a t e d by "jet impacting" a b r i t t l e pigmented 
thermoplast ic to form i r r e g u l a r l y shaped p a r t i c l e s of 
about 12/u m c r o s s - s e c t i o n - - p a r t i c l e s whose surface 
comprises r e s i n and carbon black (2 , 43 , j>8) . The c a r r i e r 
cores are magnetic ( f e r r i t e or s t e e l ) , t y p i c a l l y about 
250y*m i n s i z e and therefore r e l a t i v e l y massive. They are 
genera l l y coated with a d i e l e c t r i c oxide or r e s i n , which 
p a r t i c i p a t e s i n the t r i b o - e l e c t r i f i c a t i o n process ( 2 , 
47 , 59) . 

The ac t ion of xerographic developer i s h igh ly 
leveraged: a mere 30 fc of charge causes development 
by a 12 um s i zed toner p a r t i c l e (59.) . While t h i s i s the 
bas i s of image a m p l i f i c a t i o n which gives xerography 
"projec t ion speed" (equivalent to ASA 2-10) ( 2 , 3 , 60) i t 
i s a lso i n e v i t a b l y a source of image noise ( 5 6 , 6 1 ) . 
Sa turat ion charge on d i e l e c t r i c s i s reached at surface 
d e n s i t i e s of 1-10 n c / c m 2 , corresponding to only one 
charge per 103 -10 1* surface atoms. Thus a r e v e r s a l of the 
p o l a r i t y on l ess than one tenth of a percent of the 
surface s i t e s on a toner p a r t i c l e s u f f i c e s to double (or 
n u l l i f y ) the charge per p a r t i c l e ! 

Developer mater ia l s are chosen so as to assure that 
f r i c t i o n a l e l e c t r i f i c a t i o n produces toner of the des i red 
p o l a r i t y (which i s genera l l y opposite that of the charged 
photoreceptor s u r f a c e ) . Because "rea l" development 
systems are complex, and must operate under h igh ly 
v a r i a b l e c o n d i t i o n s , " p r a c t i c a l " mater ia l s choices must 
be made on an e m p i r i c a l b a s i s . Nonetheless , p h y s i c a l 
models have served as use fu l gu ides . I n v e s t i g a t i o n s of 
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"clean" model surfaces suggest that charge exchange 
between metals and i n s u l a t o r s i s dr iven p r i m a r i l y by 
d i f f erences between a c c e s s i b l e e l e c t r o n i c energy 
l e v e l s . In metals these are r e a d i l y de f ined , e . g . , i n 
terms of contact p o t e n t i a l s ; and, indeed, charge 
t r a n s f e r to a common d i e l e c t r i c from a s e r i e s of metals 
having d i f f e r e n t contact p o t e n t i a l s g ives f a i r l y p r e 
d i c t a b l e r e s u l t s (62), provided that e f f ec t s l i k e 
surface ox ida t ion are taken in to account (6̂ 3) . Even 
charge exchange between p a i r s of d i e l e c t r i c s may be 
p r e d i c t e d - - a t l eas t in a semiquant i ta t ive way--by 
reference to t h e i r work f u n c t i o n s , r e l a t i v e to a common 
metal (62, 64) (Figure 10). 

Success fu l attempts have been made to c o r r e l a t e 
" tr ibo" charging t
mater ia l s (Figure 11) ,
workers (65, 66, 67, 154) have found persuasive c o r r e 
l a t i o n between the Hammet "sigma" funct ion (a measure of 
subs t i tuent e l e c t r o n e g a t i v i t y ) of three s e r i e s of r i n g -
subs t i tu ted aromatics with the a b i l i t y of these 
mater ia l s to accept e l e c t r i c charge from common metal 
contact e l e c t r o d e s . In polymers of xerographic 
i n t e r e s t , Duke and Fabish (68) have used spec troscopic 
techniques to i d e n t i f y donor and acceptor s t a t e s , 
capable of forming l o c a l i z e d molecular ions upon charge 
t r a n s f e r . S u r p r i s i n g l y , such s tates are s u f f i c i e n t l y 
sharply defined to c o n t r o l charge exchange, as though 
they were communal energy l e v e l s - - e v e n though they are 
much too l o c a l i z e d to admit charge t r a n p o r t . 

While i t thus seems p l a u s i b l e that charge exchange in 
"dry" model systems i s dr iven by d i f f e r e n c e s in 
e l e c t r o n i c contact p o t e n t i a l , most "rea l world" surfaces 
are covered by moisture f i lms which enable the exchange 
of any so lub le ions which may be present . For example, 
according to the c l a s s i c experiments of Knoblauch (J.44) 
and Rudge ( 145, 146 , 247) , a c i d i c surfaces genera l l y tend 
to charge i n e r t mater ia l s p o s i t i v e l y , while bas ic 
surfaces are a source of negative charge. Harper (149) 
suggests that t h i s may we l l be due to the s e l e c t i v e 
t rans fer of mobile protons and OH" i o n s , r e s p e c t i v e l y . 
More work needs to be done on t h i s i n t e r e s t i n g s u b j e c t , 
which may have important i m p l i c a t i o n s for the use of 
charge c o n t r o l agents in xerographic developer mater ia l s 
(150, 151). Model experiments, using ion exchange r e s i n s 
and z e o l i t e s , might be most i n s t r u c t i v e ! 
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METAL INSULATOR 
-TRAPS 

(Q) 

x 
(b) 

Figure 10. Energy levels at metal/dielectric interface: separated surfaces (a), 
blocking junction (b), and interface allowing efficient injection of electrons into 
insulator (c). (Reproduced, with permission, from Ref. 62. Copyright 1980, Taylor 

& Francis, Ltd.) 

In Colloids and Surfaces in Reprographic Technology; Hair, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



154 REPROGRAPHIC TECHNOLOGY 

Figure 11. Correlation of triboelectric charging with electronegativity, as mea
sured by Hammet sigma function. (Reproduced from Ref. 66. Copyright 1975, 

American Chemical Society.) 
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Observations that contact charge exchange can be 
qui te rap id r e l a t i v e to the d i e l e c t r i c r e l a x a t i o n times 
(63, 69 , 152), and the demonstration that "clean" 
polymers have we l l def ined sets of surface s tates (44, 
58, 70), suggest that these l a t t e r may be more important 
than bulk s tates for charging of d i e l e c t r i c s (62) . On the 
other hand, Wil l iams (TM, 72) has shown that one can make 
bulk s tates a c c e s s i b l e on a ten m i l l i s e c o n d time sca le by 
"doping" d i e l e c t r i c s to induce a bulk c o n d u c t i v i t y of the 
order of 10~1 1 s i e / cm, and t h i s approach has found use fu l 
a p p l i c a t i o n s (73) . 

P r a c t i c a l developer systems a r e , of course , much 
more complex and operate (at best ! ) under steady s tate 
condi t ions c o n t r o l l e
geometry, ambient c o n d i t i o n s
Thermodynamic e q u i l i b r i u m i s ne i ther reached nor 
recogn izab le . Surface s tates are r e a d i l y a l t e r e d by 
a b r a s i o n , f i l m i n g , and ox ida t ion (63). In toners , the 
network of carbon pigment, which i s d i s t r i b u t e d on and 
through the polymer matrix ( £ 3 , 44., 155) , must sure ly 
al low i n t e r n a l s i t e s to p a r t i c i p a t e in both the t r a n s f e r 
and storage of toner charge. F i n a l l y , as we have a lready 
noted, the process requ ires that there be n e g l i g i b l e 
charge t r a n s f e r between a l l components of the developer 
and the la tent image-bearing photoconductor. 

Image Transfer 

After development, the toner pat tern i s t r a n s f e r r e d 
to a sheet of paper placed f a c e - t o - f a c e with the 
photoconductor. To overcome the e l e c t r o s t a t i c and van 
der Waals forces ho ld ing the charged powder to the 
photoconductor s u r f a c e , an e l e c t r i c f i e l d i s app l i ed 
through the paper, e .g . by means of a corona spray or a 
b iased , conformable semiconductive r o l l e r (Figure 12). 
The paper must present an e l e c t r i c a l l y b lock ing i n t e r 
face to the toner . 

Paper p r o p e r t i e s are c r i t i c a l at t h i s stage (74) . 
Wrinkles and a s p e r i t i e s , in excess of the toner p i l e 
height (about 20-30*m) must be avo ided . Paper conduc
t i v i t y must be kept wi th in bounds: excessive mois ture , 
absorbed in the f i b e r s under high humidity c o n d i t i o n s , 
can not only co l l apse the t r a n s f e r f i e l d , but a l so 
generate ions whose own t r a n s f e r across the gap competes 
with that of the charged powder. On the other hand, the 
paper must not remain so h igh ly charged that i t c l i n g s 
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to the photoreceptor , or to t ransport be l t s and r o l l e r s 
which are used to remove the f i n a l copy from the 
processor . Res idual charge may be reduced by n e u t r a l 
i z i n g the back of the paper by means of an AC plasma (75) . 
S t r i p p i n g may be a s s i s t ed by mechanical means: 
i n t e r m i t t e n t a i r j e t s or guid ing f ingers may be a p p l i e d 
to the lead edge of the paper, narrow t r a c k i n g b e l t s can 
be used to l i f t the edges of the sheet . P l a s t i c - b a s e d 
photoconductor be l t s can be made s u f f i c i e n t l y f l e x i b l e 
to be tracked around a small diameter s t r i p p i n g r o l l ; 
here the s t i f f n e s s of the sheet i t s e l f ensures r e l i a b l e 
separat ion (76) (Figure 13). 

As charged toner i s removed from the drum in the e x i t 
n i p , the p o t e n t i a l betwee  th  photoconducto d powde
surfaces r i s e s past
Paschen discharge across the a i r gap. Reverse charge 
t r a n s f e r , and l a t e r a l f i e l d s between toner and substrate 
at t h i s point can degrade both the dens i ty and the 
r e s o l u t i o n of the t r a n s f e r r e d image (62, 77) . Toner 
t r a n s f e r , as we l l as c l e a n i n g , may be f a c i l i t a t e d by 
i n c l u d i n g sub-micron flow a ids and l u b r i c a n t s (78-81) . 
Although no d e t a i l e d model for t h e i r mode of a c t i o n 
appears to have been pub l i shed , we speculate that the 
powder layer can be s p l i t , so as to leave a monolayer of 
c o l o r l e s s s i l i c a on the photoreceptor while the toner i s 
l i f t e d o f f to the paper (Figure 14). The forces adhering 
the innermost p a r t i c l e layer to the photoconductor have 
been ex tens ive ly discussed by Krupp (77 , 82) . It would be 
i n t e r e s t i n g to extend S c h m i d l i n ' s model for adhesion 
c o n t r o l l e d xerographic development (4, 56) to the 
t rans fer process . 

Cleaning 

Transfer i s never qui te complete; toner r e s i d u e s , as 
wel l as paper f i b e r s and s tray beads, must be removed from 
the photoconductor before the l a t t e r can be r e c y c l e d . 
Krupp et a l . have c l a s s i f i e d the forces which adhere 
powders to surfaces in general (77) and to xerographic 
photoreceptors in p a r t i c u l a r (8^) in order of t h e i r 
decreasing range of a c t i o n : 

1) E l e c t r o s t a t i c forces (ac t ing on a scale of many 
micrometers) , 

2) van der Waals forces (4-8 A . U . ) , and 
3) S i n t e r i n g or i n t e r d i f f u s ion ( less than 4 A . U . ) . 
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T y p i c a l forces are of the order of 50 m i l l i d y n e s / p a r t i c l e 
(84) . 

Amongst these, the e l e c t r o s t a t i c forces are the only 
ones which can be d e l i b e r a t e l y reduced p r i o r to 
xerographic c l e a n i n g : i t i s common p r a c t i c e to e l iminate 
r e s i d u a l charge on the photoreceptor by uniform 
i l l u m i n a t i o n , and to n e u t r a l i z e toner charge by 
atmospheric ions suppl ied by an AC c o r o t r o n . Neither of 
these "erasure" steps i s f u l l y e f f e c t i v e . For example, 
Nebenzahl et a l . (840 , who used Krupp's centr i fuge 
technique to quant i fy adhesion f o r c e s , found an e l e c t r i c 
f i e l d dependence for adhesion which was, s u r p r i s i n g l y , 
an order of magnitude smal ler than that pred ic ted from a 
simple d ipo le model
e f f e c t i v e , the blanke
used for n e u t r a l i z a t i o n must be kept wi th in we l l -de f ined 
operat ing l i m i t s — i . e . , a range in which the r e s i d u a l 
toner r e t a i n s as l i t t l e of i t s o r i g i n a l charge as 
p o s s i b l e , without a c q u i r i n g undes irable charge of 
reversed p o l a r i t y (Figure 15). A complete model would 
therefore have to inc lude l o c a l charge exchange between 
toner and photoconductor under the c o r o t r o n - - a n e f f ec t 
whose q u a n t i f i c a t i o n w i l l be e x t r a o r d i n a r i l y d i f f i c u l t , 
because the very act of removing toner i n the course of 
the measurement would be expected to a l t e r the charge 
d i s t r i b u t i o n across the i n t e r f a c e . 

Mechanical force and surface chemical f inesse must 
be used to overcome van der Waals f orce s , which may 
account for as much as 75$ of the t o t a l adhesion (8^, 84) 
(Figure 16) . A r a p i d l y r o t a t i n g f i b e r brush i s often used 
to produce a l o c a l cloud of toner , which i s then drawn 
away through a vacuum f i l t e r . The b r i s t l e t i p s may be 
" f l i c k e d " against a bar or edge to free them of dust . 
Tef lon f i b e r brushes (8j>) , s tearate wax dispensers (86) , 
and f luorocarbon powder (87) have been e f f e c t i v e l y used 
to deposit t h i n low-energy f i lms on the photoconductor 
surface to f a c i l i t a t e r e l e a s e . 

Scraper blades are sometimes subs t i tu ted as inexpen
s ive a l t e r n a t i v e s , p a r t i c u l a r l y in simple copiers 
(Figure 17). Here dry l u b r i c a n t s ( l i k e s i l i c a a e r o g e l , 
s t e a r a t e , e t c . ) become ind i spensab le , to avoid blade 
s t i c k i n g , deformation, and s t reak ing (78-81 , 88-93). 
Toner may be recyc l ed into the developer s t a t i o n , but 
care must be taken to al low i t s charge to be e q u i l i b r a t e d 
with the fresh supply before i t re turns to the develop
ment zone. Other c l ean ing systems, which have been 
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PAPER — -
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Figure 13. Self-stripping of paper from sharply curved belt photoconductor. 
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Figure 14. Illustration of hypothesis for  of  facilitating image transfer 
by a layer of fine silica aerogel which prevents intimate contact between toner and 

photoconductor surface. 
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Figure 15. Neutralization of toner and photoreceptor charge prior to cleaning. 
(Reproduced, with permission, from Ref. 84. Copyright 1980, Society of Photo

graphic Scientists and Engineers.) 
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vacuum exhaust 

Figure 16. Typical apparatus for erasure of electrostatic image and vacuum-brush 
cleaning. (Reproduced, with permission, from Ref. 84. Copyright 1980, Society of 

Photographic Scientists and Engineers.) 
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Figure 17. Schematic of typical blade cleaning device. Since the blade must scrape 
residual toner off the surface without leaving dust trails or scratches, lubrica
tion is generally considered essential. (Reproduced, with permission, from Ref. 92. 

Copyright 1976, Institute of Electrical and Electronics Engineers.) 
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descr ibed , inc lude wax impregnated webs (9JO and untoned 
("starved") magnetic brushes (95-97). 

The c loses t -range forces discussed by K r u p p - -
s i n t e r i n g and i n t e r d i f f u s i o n - - a r e best avoided, ra ther 
than c o r r e c t e d . They manifest themselves in the c l ean ing 
process as a gradual f i l m i n g or "scumming" of the 
photoconductor. The i n t e r a c t i o n s here invo lve rheology 
of toner deformation, the energy of wett ing for the 
photoreceptor , and the a b i l i t y of the mater ia l s involved 
to i n t e r d i f f u s e . S i n t e r i n g forces are p r o p o r t i o n a l to 
the area of int imate contact between toner and photo- -
conductor; therefore they, l i k e the longer-range van der 
Waals f o r c e s , may be minimized by the i n t e r p o s i t i o n of 
th in re lease layer
carbon wax p a r t i c l e s

Image F i x i n g 
At the end of the process , the loose toner image i s 

melted to f i x i t to the paper. We s h a l l i l l u s t r a t e the 
i n t e r f a c e s involved for hot r o l l f u s i n g , a process of 
choice for modern high volume d u p l i c a t o r s . Radiant 
heaters , f l a s h lamps, and co ld pressure r o l l systems have 
a l l been incorporated in low volume c o p i e r s , whose 
i n t e r m i t t e n t mode favors ins tant s t a r t - u p and low 
standby power. In continuous use, on the other hand, hot 
r o l l fusers have an approximately three fo ld advantage 
over t h e i r competitors i n terms of power economy ( £ 8 ) . 
The toner comes into contact with more toner , with paper, 
and with the fus ing r o l l . The f i r s t important i n t e r 
ac t ion i s one which must be avoided, and which therefore 
sets a temperature threshold for the mater ia l s and 
process: i t i s a premature s i n t e r i n g ("blocking") of 
toner powder at ambient temperature in storage and under 
impact forces in the development chamber. O ' R e i l l y and 
Erhardt (86) have shown that the temperature at which 
"blocking" begins i s approximately equal to T g , the g lass 
t r a n s i t i o n temperature of the toner p l a s t i c . This 
cons idera t ion sets the minimum safe T g t o ~ 6 0 ° C . A 
p a r t i c u l a t e f l o w - a i d , such as s i l i c a a e r o g e l , i s 
frequent ly added to maintain the separat ion of toner 
p a r t i c l e s and minimize ambient coalescence (88) . 

Figure 18 shows a t y p i c a l r o l l fus ing c o n f i g u r a t i o n 
(100) . A 100A m t h i c k sheet of bond paper, bearing an 
approximately 30.M m th i ck toner pat tern enters the zone 
between a p a i r of r o l l s , one of which i s compress ib le , the 
other r i g i d . The hot r o l l b r i e f l y presses the toner into 
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Figure 18. Fusing apparatus based on internally heated release roll. (Repro
duced, with permission, from Ref. 100. Copyright 1978, Society of Photographic 

Scientists and Engineers.) 
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the paper, t r a n s f e r s s u f f i c i e n t heat to cause the 
thermoplast ic to f low, and forces the l a t t e r in to the 
f i b e r s . The r o l l then re leases the toner surface and 
recyc l e s to accept the next image p o r t i o n . 

There must be no d i r e c t contact between the melted 
toner and the hot metal core of the r o l l . There fore , the 
l a t t e r i s g e n e r a l l y protected by a th in s leeve of f l u o r o -
polymer (101) or s i l i c o n e rubber (102, 103) , having a 
c r i t i c a l surface energy (20-28 dy/cm) we l l below that of 
the toner melt (35-38 dy/cm) (99). Usual ly a very t h i n 
f i l m of s i l i c o n e o i l i s app l i ed as p a r t i n g f l u i d , to 
maintain a weak boundary layer at the i n t e r f a c e , and to 
assure that the e f f e c t i v e work of adhesion of toner to 
r o l l i s always less than the cohesive s trength of the 
toner melt ( 100, 104
f i l m inc lude cover ing or washing o f f any high energy 
spots on the re lease coat ing (such as r e i n f o r c i n g pigment 
exposed by a b r a s i o n , surface ox ida t ion products , or 
r o s i n contaminants l e f t by the paper) . The fact that 
s i l i c o n e rubber s leeves are s l i g h t l y swelled by hot 
s i l i c o n e o i l al lows such elastomers to meter out an u l t r a 
t h i n o i l f i l m , r i g h t under the toner to be r e l e a s e d , while 
avo id ing depos i t i on of excessive o i l on the copies (2, 
102, 103). Wilson (98) and Jachimiak (105) have devised a 
"dry" s i l i c o n e r o l l cover ing which requ ires no ex terna l 
o i l a p p l i c a t o r . From t h e i r d e s c r i p t i o n s , i t appears that 
a c a r e f u l l y c o n t r o l l e d slow thermal degradation of t h e i r 
elastomer furnishes the surface of the r o l l with jus t 
s u f f i c i e n t low-molecular weight s i l i c o n e fragments to 
serve as re lease l a y e r . 

The e l e c t r i c a l power required for hot r o l l fus ing i s 
not t r i v i a l : Wilson (98) est imates i t to be of the order 
of 300 j o u / l e t t e r s ized copy (about 0.5 j o u / c m 2 ) . While 
t h i s i s only o n e - t h i r d the requirement of a t y p i c a l 
rad iant fuser , i t i s power which must be suppl ied 
cont inuous ly , because the r o l l must be kept hot once the 
machine i s turned on. Therefore the re lease coat ings are 
f i l l e d with thermal ly conductive pigments and kept as 
t h i n as pos s ib l e without undue s a c r i f i c e of r e l e a s -
a b i l i t y , c o n f o r m a b i l i t y , coat ing l i f e , and s t a b i l i t y of 
paper t r a c k i n g . A 1-mm th i ck oxide-pigmented s i l i c o n e 
s l eeve , for example, has been reported to requ ire the 
i n t e r i o r temperature of the metal r o l l to be maintained 
about 50°C above the toner fus ing temperature ( £ 8 ) . The 
ul t imate in heat t r a n s f e r e f f i c i e n c y has been achieved by 
an ingenious system descr ibed by Seanor (100) , who 
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reacted t h i o - f u n c t i o n a l s i l i c o n e o i l with a copper r o l l 
surface to form a s t a b l e , impenetrable re lease layer only 
one polymer molecule t h i c k ! 

Let us now b r i e f l y consider the toner-gaper 
i n t e r f a c e . The c r i t i c a l surface tension of c e l l u l o s e has 
been estimated to be 42-45 dy/cm ( 106, 107)--high enough 
to al low r e l i a b l e wett ing and spreading of melted toner 
r e s i n s ( t y p i c a l l y 35-38 dy/cm) ( £ 9 ) . As Lee has shown 
(104) i t i s the rate of c a p i l l a r y penetrat ion of the toner 
melt , rather than the energy of wet t ing , which sets a 
l i m i t on the rate of formation of a permanent adhesive 
bond. At t y p i c a l machine speeds, the e f f e c t i v e res idence 
time of toned paper i n the heated zone i s of the order of 
20-50 ms (98>) ; wi th i
in to the network o
which comprises the paper s u r f a c e . (Lee reports t y p i c a l 
a s p e r i t i e s of about 20>m on commercial xerographic bond 
paper . ) The r o l e of s i n t e r i n g during the fus ing process 
has been discussed by S t r e l l a (160) , and a comprehensive 
model for contact and non-contact fus ing has r e c e n t l y 
been presented by Prime (156) . The fus ing temperature i s 
chosen to y i e l d a v i s c o s i t y (about 5 x 10^ ps) which 
al lows the polymer to coa lesce , penetrate , and wet the 
f i b e r s on t h i s time s c a l e . For t y p i c a l toner r e s i n s , the 
fus ing point i s about 7 0 - 1 0 0 ° C above T g . I f the toner i s 
overheated and becomes too f l u i d , there i s danger that 
i t s cohesive s trength w i l l be i n s u f f i c e n t to ensure 
complete r e l e a s e , and that i t w i l l o f f s e t to the r o l l 
(104). 

F i n a l l y , Wilson (90) has pointed out a subt le but 
s i g n i f i c a n t mechanical i n t e r f a c e between the paper and 
the two r o l l s through which i t must pass . As Figure 19 
shows, paper tends to wrap i t s e l f around a hard fuser r o l l 
backed by a soft back-up r o l l , whereas i t s t r i p s more 
r e l i a b l y from a compliant fuser sleeve opposed by a hard 
backing r o l l . 

In summary, the i n t e r f a c i a l r e l a t i o n s h i p s required 
to form an e f f i c i e n t r o l l fus ing system are h igh ly 
complex. The toner must i n t e r a c t weakly with the hot r o l l 
and s t rong ly with the paper. S i n t e r i n g and flow must be 
avoided r i g h t up to the moment of f u s i n g , and then forced 
to occur in m i l l i s e c o n d s . Heat t r a n s f e r must be 
opt imized , and mechanical dr ives kept s table and 
r e l i a b l e under d i f f i c u l t c o n d i t i o n s . 
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E l e c t r o p h o r e t i c L i q u i d Development 

165 

Let us now turn to a l i q u i d immersion development 
(LID) process of s p e c i a l i n t e r e s t to an audience of 
c o l l o i d chemists . About 25 years ago Metcalfe et a l . i n 
A u s t r a l i a (108) and Mayer in the U . S . (109) independently 
discovered that c o l l o i d a l d i spers ions of charged pigment 
p a r t i c l e s i n i n s u l a t i n g hydrocarbons l i k e decane could 
be used to develop xerographic images. "L iqu id develop
ment" of th i s type requ ires only very simple equipment 
(Figure 20), and has therefore found good use i n simple 
copiers and in e l e c t r o g r a p h i c p r i n t e r s . 

The imaging behavior of such c o l l o i d s has been 
discussed by severa l authors (108-114) and w i l l be 
covered in some d e t a i
symposium. The sensitometry  proces  depend
c r i t i c a l l y upon la tent image charge dens i ty , the 
charge/mass r a t i o for the p a r t i c l e s , and the r a t i o of 
migrat ion rate to process speed. In d i spers ions having 
e x c e p t i o n a l l y low c h a r g e / p a r t i c l e mass r a t i o s , adequate 
image densi ty may be reached without complete n e u t r a l 
i z a t i o n of the la tent image (114). 

The prime advantages of LID are i t s great s i m p l i c i t y , 
and the high image r e s o l u t i o n enabled by the c lose 
approach of smal l p a r t i c l e s to the la tent image. 
Metcalfe (108) and others (115, 116) have descr ibed 
development of 500 lp/mm images on u l t r a - t h i n photo
conductors . The main drawbacks are carryout of hydro
carbon l i q u i d and vapor, and cons iderable d i f f i c u l t y in 
image t r a n s f e r and photoreceptor c l e a n i n g , inherent in 
the small s i ze and strong adhesion of the p a r t i c l e s . 

While many developer compositions have been 
publ ished in the patent l i t e r a t u r e , s u r p r i s i n g l y few 
attempts have been made to r e l a t e these to bas ic 
p r i n c i p l e s . In contras t to dry developers , in LID the 
charge on the p a r t i c l e s i s dominated by i o n s . A t y p i c a l 
developer comprises a carbon pigment coated with a 
monolayer or less of a "charge c o n t r o l " agent, which 
u s u a l l y cons i s t s of a long-cha in a l i p h a t i c s a l t capable 
of p a r t i a l i o n i c d i s s o c i a t i o n in the hydrocarbon medium. 
Metal soaps are commonly used for p o s i t i v e l y charged 
c o l l o i d s (108, 114, 117): the long-cha in f a t t y ac id 
anion i s s u f f i c i e n t l y so luble to al low s l i g h t d i s s o 
c i a t i o n , l eav ing the cat ion adsorbed, to provide net 
p o s i t i v e charge on the carbon p a r t i c l e . Novotny 
estimates that i o n i z a t i o n of only about 1/10,000 part of 
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Figure 19. Paper stripping from fuser is more reliable if the heated roll is deform-
able and the backup roll hard, than vice versa. (Reproduced, with permission, from 

Ref. 98. Copyright, 1979, Society of Photographic Scientists and Engineers.) 

Figure 20. Electrophoretic liquid development apparatus. Key: 1, photoconduc-
tive insulator; 2, liquid toner suspension; 3, toner suspension enroute to develop
ment zone; and 4, developed image. (Reproduced, with permission, from Ref. 2.) 
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a monolayer of adsorbed soap s u f f i c e s to charge the 
c o l l o i d to the r e q u i s i t e degree: a net of only 35-150 
p o s i t i v e ions s u f f i c e s to render a 0.5/* m p a r t i c l e u s e f u l 
for the development of a l a t e n t image (113, 114). 

The counter ions i n s o l u t i o n form a d i f f u s e double 
l a y e r . E f f e c t i v e zeta p o t e n t i a l s of 35-250 mv and 
m o b i l i t i e s from 0.3 to 0.8 x 10~ 5 cm 2 /Vsec have been 
reported for t y p i c a l composi t ions . In f i e l d s of about 
105 v/cm, at spacings of about 1 mm, t h i s s u f f i c e s for 
development times of 50 m i l l i s e c o n d s or l e s s . The 
c o n d u c t i v i t y of the hydrocarbon d i spersant i s kept below 
about 10"1^ s ie /cm to minimize e l e c t r o p h o r e t i c d e p o s i 
t ion of c o l o r l e s s i o n s , whose migrat ion competes against 
that of the charge
p a r t i c l e s i ze of th
0.03/* m or l e s s , aggregates of 0.3-3/* m form in the 
developer , and e l e c t r o s t a t i c r e p u l s i o n must be augmented 
by polymeric s h e l l s to s t a b i l i z e the c o l l o i d . E n t r o p i c 
s t a b i l i z a t i o n i s e s p e c i a l l y use fu l for mater ia l s used in 
e lec trode-addressed e l e c t r o p h o r e t i c d i s p l a y s , where the 
p a r t i c l e s must remain r e l i a b l y d i s p e r s e d , charged, and 
mobile over many thousands of d i s p l a y cyc le s and years of 
s erv i ce (118, 119). 

Neutra l polymers are g e n e r a l l y adsorbed for t h i s 
purpose (118, 119) ; these may a lso serve to adhere the 
f i n a l pigment image to the p l a i n or coated paper on which 
the f i n a l image i s formed. 

In summary, the fo l lowing i n t e r f a c e s are important 
i n e l e c t r o p h o r e t i c l i q u i d development: 

1) the contacts between the c o l l o i d a l d i s p e r s i o n and 
the photoconductor on the one s i d e , and the 
counter e lec trode on the other s ide of the sub-
m i l l i m e t e r gap across which development takes 
p lace : no charge should pass across e i t h e r 
i n t e r f a c e , at l ea s t not before the toner p a r t i c l e 
pat tern has been depos i ted; 

2) the adsorbate-covered carbon sur face : s u f f i 
c i en t d i s s o c i a t i o n i s required to provide the 
r e q u i s i t e charge/mass r a t i o for charge c o n t r o l ; 

3) i n t e r a c t i o n s between charged p a r t i c l e s , modified 
by s t a b i l i z i n g p r o t e c t i v e c o l l o i d s : such i n t e r 
ac t ions should be minimized; 

4) the r e c e i v i n g sheet and the l i q u i d f i l m which 
has coated i t : excess hydrocarbon must be 
s t r i p p e d o f f to prevent i t s carryout in to the 
environment; 
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5) the photoconductor and the pigment image: 
e l e c t r o s t a t i c image forces and van der Waals 
forces must be overcome in those systems i n which 
the image i s to be t r a n s f e r r e d to paper (56) . 

Photo -e l ec t rophores i s 
In convent ional xerography with l i q u i d or dry 

development, l i g h t i s used to modulate the f i e l d , E , 
above the large area photoconductor, and the r e s u l t a n t 
f i e l d pat terns are developed by pigment p a r t i c l e s , each 
having a (constant) charge, Q. The force d r i v i n g image 
development i s dF = QA E . Is i t pos s ib l e to devise imaging 
processes i n which the f i e l d i s kept constant and the 
charge per p a r t i c l e i s changed by image i l l u m i n a t i o n ? 
C e r t a i n l y ! The developmen
Processes of t h i s typ
pigment e lectrography" or "PAPE" (56, 120, 121). 
Although both dry and l i q u i d vers ions are known, only the 
l a t t e r have been c h a r a c t e r i z e d in d e t a i l . 

F igure 21 shows a t y p i c a l imaging c o n f i g u r a t i o n . A 
PAPE imaging ink c o n s i s t s of " e l e c t r i c a l l y photo
s e n s i t i v e " m i c r o c r y s t a l s , d ispersed in a high 
r e s i s t i v i t y f l u i d . The p a r t i c l e s serve both as i n d i 
v i d u a l photosensors and as the co lorant for the image to 
be formed. Charge c o n t r o l agents, or corona dev ices , are 
used to make the p a r t i c l e s u n i p o l a r p r i o r to imaging. A 
f i l m of t h i s ink i s coated on the transparent base 
e lec trode and introduced in to a narrow imaging zone. 
Here a counter e l ec trode approaches to a gap of about 
50 «* m to apply an e l e c t r i c f i e l d of the order of 1 0 ̂  V/cm. 
One of these e l ec trodes must be free to exchange charge 
with the pigment (the " i n j e c t i n g " e l e c t r o d e ) , the other 
must be coated with a t h i n d i e l e c t r i c to block 
d e s t r u c t i v e breakdown currents and prevent pigment 
o s c i l l a t i o n ( 121 , _123) . The image to be recorded i s 
projected in to the h i g h - f i e l d r e g i o n , and the p a r t i c l e s 
migrate to one e lec trode or the o ther , depending on 
whether they have been exposed or kept dark. As the 
e lec trodes separate a few m i l l i s e c o n d s l a t e r , they carry 
complementary p o s i t i v e and negative image p a t t e r n s , 
which may l a t e r be t r a n s f e r r e d or f i x e d . P a r t i c l e s kept 
i n the dark have become attached to the transparent base 
e l e c t r o d e , while i l l u m i n a t e d pigment p a r t i c l e s have 
reversed t h e i r i n i t i a l charge and migrated to the counter 
e l e c t r o d e . A t y p i c a l set of mater ia l s might be: t i n 
oxide coated g lass as transparent i n j e c t i n g e l e c t r o d e , 
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Figure 21. Photo-electrophoretic imaging configuration (2). The light pattern to 
be reproduced must be projected into the imaging nip through a transparent 

electrode. 
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r e a r - m e t a l l i z e d 50 micron po lyes ter f i l m as b lock ing 
e l e c t r o d e , and a 10$ d i s p e r s i o n of negat ive ly charged 
phthalocyanine m i c r o c r y s t a l s in decane as ink ( 121 ) . 

Let us l i s t the i n t e r f a c e s which govern the behavior 
of such a system. The f i r s t one i s that which e x i s t s 
between the pigment and i t s medium: polymeric d i s p e r s -
ants and charge c o n t r o l agents are used to s t a b i l i z e the 
suspension, and to assure that p a r t i c l e s which are not 
i l l u m i n a t e d w i l l fo l low the f i e l d to the p o s i t i v e 
transparent e l e c t r o d e . Exposure i n the strong e l e c t r i c 
f i e l d app l i ed in the imaging zone generates ho l e -
e l e c t r o n p a i r s w i th in the phthalocyanine . The e l ec t rons 
are i n j e c t e d into the f l u i d , captured by i m p u r i t i e s , and 
c a r r i e d o f f towards
i o n s . 

The second i n t e r f a c e i s therefore the e l e c t r i c a l 
boundary between the pigment and the medium. Hartmann 
and h i s coworkers have s tudied t h i s i n t e r f a c e in model 
systems, in which the steps of charge c a r r i e r genera t ion , 
s e p a r a t i o n , and transport wi th in the p a r t i c l e s can be 
separated from the charge i n j e c t i o n step which fo l lows 
(120-125). Figure 22 shows the energy l e v e l s of 
phthalocyanine in r e l a t i o n to those of so lub le charge 
trapping agents , which may be added to the l i q u i d to 
f a c i l i t a t e i n j e c t i o n . Weak e l e c t r o n acceptors enable 
e f f i c i e n t e l e c t r o n t r a n s f e r , so luble e l e c t r o n donors, 
hole i n j e c t i o n (Figure 23) . Redox p o t e n t i a l s provide a 
q u a n t i t a t i v e guide (123-125). The charge acceptors 
must, of course , be f r e e l y mobile i n the hydrocarbon 
v e h i c l e . Cressman (126) has documented an i n t e r e s t i n g 
counter-example: a f i r m l y adsorbed monolayer of the 
e l ec t ro n donor (hole t r a p ) , n i g r o s i n e , suppresses 99.9$ 
of hole i n j e c t i o n from selenium into dodecane! 

The ions q u i c k l y shut t l e t h e i r charge to the nearby 
imaging e l e c t r o d e ; the imaged p a r t i c l e s move somewhat 
more s lowly across the gap and at tach themselves to the 
counter e l e c t r o d e . The whole process i s complete in 2-5 
m i l l i s e c o n d s ( 127) . T y p i c a l m o b i l i t i e s in decane have 
been estimated to be about 2 x 10"2* cm 2 /Vsec for so lub le 
anions (120) ; and 1-5 x 10~ 5 cm 2 /Vsec for pigment 
p a r t i c l e s (119). Under extremely high app l i ed f i e l d 
c o n d i t i o n s , and in h igh ly r e s i s t i v e l i q u i d s , V i n c e t t 
(127) has demonstrated that s u b s t a n t i a l l y the e n t i r e 
current across a model c e l l can be c a r r i e d by PAPE pigment 
p a r t i c l e s , at a rate l i m i t e d by t h e i r own space charge. 
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Figure 22. Energy level relationships at a phthalocyanine/decane interface. 

Key: n, carrier densities in solid phase, and ion densities in liquid; <o, charge capture 
rates; and rt, rate of diffusion of ions across the potential barrier. (Reproduced, with 

permission, from Ref. 122. Copyright 1977, American Institute of Physics.) 
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Figure 23. Effect of electron donors (left) and acceptors (right) on efficiency of 
charge infection from phthalocyanine into decane. (Reproduced, with permission, 

from Ref. 122. Copyright 1977, American Institute of Physics.) 
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A threshold f i e l d of over 2 x 105 V/cm i s required 
to i n i t i a t e imaging. The primary quantum y i e l d i s 
modest: for phthalocyanine at 3.6 x 105 V/cm, only one 
e l ec t ro n i s i n j e c t e d per 500 photons absorbed by a 
micron-s ized p a r t i c l e (120). However, the o v e r a l l 
process e x h i b i t s gain because i t i s leveraged by the 
r e l a t i v e l y large mass of pigment which i s deposited for 
each uni t charge. Assuming an i n i t i a l charge of about 400 
e l e c t r o n s / p a r t i c l e (127) , 2 x 10-* photons are required to 
deposi t the ~ 10^ phthalocyanine molecules contained in a 
1 Mm c r y s t a l l i t e (128). This corresponds to an o v e r a l l 
gain of about 5000 molecules /photon. Observed exposures 
required for PAPE (about 10 13 quanta/cm 2 ) (121) are 
therefore comparabl
raphy. Murray (157
hensive model for t h i s process . 

Tu lag in (129) has descr ibed an ingenious p o s i t i v e -
working "instant" f u l l c o l o r reproduct ion process 
based upon photo -e l ec t rophores i s (Figure 24). The ink 
contains pigments of three primary c o l o r s . Each p a r t i c l e 
s e l e c t i v e l y absorbs r a d i a t i o n to which i t alone i s 
s e n s i t i v e ( i . e . r e d , green, or blue) and depos i ts i t s 
own cyan, magenta, or yel low c o l o r a n t , r e s p e c t i v e l y , on 
the transparent e l e c t r o d e . E x c e l l e n t c o l o r reproduct ion 
has been demonstrated under laboratory c o n d i t i o n s . A 
s i g n i f i c a n t problem with t h i s process i s that three 
a d d i t i o n a l i n t e r f a c e s have been in troduced . L ight 
a b s o r p t i o n , by, say, a cyan p a r t i c l e , can lead to charge 
exchange with i t s magenta neighbor, causing depos i t ion 
of the wrong c o l o r a n t . I n t e r a c t i o n s of t h i s degree of 
complexity cannot be descr ibed by any publ ished model; 
however, they have been addressed with cons iderable 
success by c a r e f u l mater ia l s c o n t r o l (130, 131) . 

Conclus ion 

We could go on: 
o There i s a process c a l l e d TESI in which the 

t r a n s f e r of an e l e c t r o s t a t i c î mage replaces toner 
t r a n s f e r . What matters here i s the motion of ions 
i n the narrow a i r gap betwen the photoconductor 
and a d i e l e c t r i c coated paper (2, 132). 

o The e f f e c t of an e l e c t r i c f i e l d pat tern on the 
surface energy of a photoconductor has been 
exp lo i t ed for "se l ec t ive wetting" development 
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Figure 24. Polychrome photoelectrophoresis. 

A mixture of electrically photosensitive pigment particles of three primary subtractive 
colors (cyan, magenta, yellow) in decane (I) is illuminated by a color image, projected 
through a transparent imaging electrode (2). Particles respond selectively to radiation 
which they absorb (red, blue, green), exchange charge with (2) and move to a counter-
electrode (3) which has a dielectric coating (4). (In white regions everything moves, in 
dark regions, nothing.) A positive full-color image which remains on (2), may be trans
ferred to paper. Key: C, cyan; M, magenta; Y, yellow; R, red; B, blue; and G, green. 

(Reproduced, with permission, from Ref. 2.) 
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( 133-135). (Here the problem i s what to do about 
conductive contaminants l e f t on the surface by 
the water-based i n k . ) 

o In p h o t o - p l a s t i c processes l i k e " f r o s t , " the 
e l e c t r o s t a t i c component of the surface tens ion i s 
modulated image-wise so as to cause a softened 
thermoplast ic f i l m to become wrinkled on a 
microscopic sca le (136, 137). 

o Clever manipulat ion of charge at the i n t e r f a c e 
between photoconductive pigments and a p l a s t i c or 
waxy matrix has been used to produce micro-images 
by p a r t i c l e migrat ion (J38, 39) and by the 
s p l i t t i n g of a layer between donor and r e c e i v i n g 
sheets ( V40 , ±51) . 

There are a l s
e l e c t r o p h o t o g r a p h y - - f o

o S i l i c o n e o i l has a remarkable f a c i l i t y to d i s t i l l 
out of the fuser c a v i t y onto b e l t s , o p t i c s , and 
e l e c t r i c a l components—wherever i t i s l eas t 
welcome. 

o Corotron wires become coated with unwanted 
ox ides , n i t r a t e s , and toner r e s i d u e s . 

o Paper c u r l s and wrinkles as i t s moisture content 
i s changed by ambient humidity and the fus ing 
process . Sheets become charged and s t i c k to 
surfaces where they are not wanted. To the 
engineer , paper i s a source of f i b e r s , c l a y , 
r o s i n , and other forms of aggravat ion (74, J.4J., 
142) . 

This completes our n e c e s s a r i l y cursory overview. 
Other speakers at t h i s symposium w i l l address s evera l 
of these top ic s in d e t a i l — i n c l u d i n g the ancient and 
f a s c i n a t i n g problem of charge exchange between d i 
e l e c t r i c s (143). By way of c o n c l u s i o n , we o u t l i n e some 
problems in surface chemistry and physics whose under
standing w i l l advance the f i e l d of e lec trophotography. 

1) The energy l e v e l s and molecular ion s tates in 
d i e l e c t r i c media which are respons ib le for charge 
acceptance and charge t r a n s f e r requ ire bet ter 
d e f i n i t i o n to provide an understanding of s evera l 
processes important to e lectrophotography: 
o Charge i n j e c t i o n and transport in m u l t i -

component photoreceptors 
o t r i b o - e l e c t r i f i c a t i o n of xerographic d e v e l 

opers , and 
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o the exchange of charge between the photo
receptor surface and every process element 
which i n t e r a c t s with i t . 

2) There i s need to d i s t i n g u i s h more g e n e r a l l y 
between those processes in which charge t ransport 
across i n t e r f a c e s i s dr iven by e l e c t r o n exchange 
and those in which ions and charge-bear ing 
p a r t i c l e s are t r a n s f e r r e d . 

3) Much needs to be learned about the micro-
s t r u c t u r e , microscopic rheology, and e l e c t r o n i c 
p r o p e r t i e s of p a r t i c l e - p o l y m e r composites , such 
as are met in aggregate photoconductors and 
xerographic developer m a t e r i a l s . 

In ter faces betwee
pose many f a s c i n a t i n
chemistry . T h e i r s o l u t i o n i s l i k e l y to br ing s i g n i f i c a n t 
rewards in s c i e n t i f i c i n s i g h t , as we l l as i n improvements 
in the ar t of e lec trophotography. 
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9 
Contact Charging of Polymeric and Composite 
Powders 

G. T. BREWINGTON 

Xerox Corporation, Webster Research Center, Webster, NY 14580 

Contact electrification of insulative 
materials, predominantly in film form, has 
been studied in
pap e r , electric field dependent charging of 
polymeric and polymer-carbon black powders in 
contact w i t h a metallic electrode has been 
studied. Results show the charging b e h a v i o r 
to be strongly dependent on the composition of 
the powder surface. Carbon black loading, 
type of carbon black and degree of dispersion 
a r e methods used to alter the powder surface. 
The field dependent contribution to the charg e 
exchange dominates ov e r the zero field values. 

Contact c h a r g i n g , c o n t a c t electrification or 
t r i b o e l e c t r i f i c a t i o n , the exchange of charge between 
m a t e r i a l s b r o u g h t i n t o c o n t a c t and s u b s e q u e n t l y 
s e p a r a t e d , has been i n v e s t i g a t e d f o r c e n t u r i e s , and i s 
w e l l c o v e r e d i n the r e v i e w l i t e r a t u r e ^i."^) · 
P r e s e n t l y , m e t a l - m e t a l c o n t a c t c h a r g i n g i s w e l l 
u n d e r s t o o d i n terms of charge f l o w d r i v e n by the 
d i f f e r e n c e i n F e r m i l e v e l s d e s c r i p t i v e of the two 
s u r f a c e s ( l^>2) . M e t a l - i n s u l a t o r c o n t a c t c h a r g i n g i s 
not t o t a l l y c h a r a c t e r i z e d , however, because of 
i n c o m p l e t e knowledge of the i n s u l a t o r energy l e v e l s . 
M e t a l - i n s u l a t o r c h a r g i n g i s the f o c u s of the r e v i e w by 
L o w e l l and Rose-Innes ( 2 ) . G a l l o and A h u j a (6 )̂ have 
r e v i e w e d m i c r o s c o p i c models of c h a r g i n g , i n d i c a t i n g 
the m o b i l e s p e c i e s and d r i v i n g f o r c e i n each model. 
Much of what i s p u b l i s h e d on c o n t a c t c h a r g i n g i s based 
on m a c r o s c o p i c observât i o n s w h i c h do not e l u c i d a t e the 
m i c r o s c o p i c mechanisms t h a t would a t t r i b u t e c h a r g i n g 
t o e l e c t r o n f l o w or i o n f l o w . 
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Many commonly e n c o u n t e r e d m a t e r i a l s have been 
p l a c e d i n a t r i b o e l e c t r i c s e r i e s such as shown by 
D a v i e s (5>) or Seanor (3) based on the r e l a t i v e c h a r g i n g 
b e h a v i o r . Any g i v e n m a t e r i a l i s p l a c e d i n the t r i b o 
s e r i e s so t h a t i t c h a r g e s n e g a t i v e l y i n c o n t a c t w i t h 
t h o s e m a t e r i a l s h i g h e r i n the s e r i e s , and p o s i t i v e l y 
i n c o n t a c t w i t h t h o s e m a t e r i a l s l o w e r i n the s e r i e s . 
I n c o n s i s t e n c i e s i n r e s u l t s from d i f f e r e n t l a b o r a 
t o r i e s can u s u a l l y be t r a c e d t o sample p r e p a r a t i o n and 
h a n d l i n g t e c h n i q u e s w h i c h a l t e r the sample s u r f a c e . 

P o l y m e r i c m a t e r i a l s a r e u s u a l l y s t u d i e d i n the 
form of f i l m s i n v a r i o u s e x p e r i m e n t a l s e t u p s ( ^ > ^ » , 8 ~ 
1 3 ) . These s e t u p s i n c l u d e r u b b i n g or s l i d i n g c o n t a c t 
of the f i l m w i t h a n o t h e r s u r f ace (]^ i 5 9 S-±2) , s i m p l e 
t o u c h i n g c o n t a c t (J_3
300u beads on a s l o p e

F o r p r o c e s s e s such as e l e c t r o s t a t i c s p r a y i n g o r 
x e r o g r a p h y , the c h a r g i n g of s m a l l p a r t i c l e s l e s s t h a n 
25y i n d i a m e t e r i s of i n t e r e s t . C o n t a c t c h a r g i n g o f 
powders of v a r i e d c o m p o s i t i o n has been s t u d i e d i n 
i n c l i n e d p l a n e s e t u p s ( 1 4 ) , by e l e c t r i c f i e l d 
i n d u c t i o n of c h a r g e f l o w i n c o n d u c t i v e powders from a 
c o n d u c t i v e c o n t a c t (JJ>) , or by c o n t a c t w i t h a n o t h e r 
i n s u l a t o r , such as the i n n e r s u r f a c e of a t r a n s p o r t 
tube or the c a r r i e r beads used i n two component 
x e r o g r a p h y ( 4 , 1 5 , 1 6 ) . C h a r g i n g i n s u l a t i v e c o m p o s i t e 
powders w i t h b i a s e d c o n d u c t i v e e l e c t r o d e s has been 
d e s c r i b e d i n the p a t e n t l i t e r a t u r e ( 1 7 , 1 _ 8 ) « The 
dependence of charge exchange on the applTed e lec trode 
p o t e n t i a l was not d i s c u s s e d i n t h e s e r e p o r t s . 

Nordhage and B a c k s t r o m ( 1 2 ) found t h e c h a r g i n g of 
p o l y e t h y l e n e f i l m i n r u b b i n g c o n t a c t a g a i n s t 
aluminum, p l a t i n u m o r g o l d e l e c t r o d e s t o h a v e a l i n e a r 
dependence on the a p p l i e d p o t e n t i a l . Hays ( 1 9 ) 
i n v e s t i g a t e d the e f f e c t s of s u r f a c e o x i d a t i o n and 
a p p l i e d e l e c t r i c f i e l d on m e r c u r y - p o l y e t h y l e n e 
c o n t a c t c h a r g i n g and d i s c u s s e d the r e s u l t s i n terms of 
a model based on polymer s u r f a c e s t a t e s . 

The purpose of t h e s e e x p e r i m e n t s i s to s t u d y the 
e f f e c t s of p a r t i c l e c o m p o s i t i o n , p r e p a r a t i o n t e c h 
n i q u e s and a p p l i e d e l e c t r o d e p o t e n t i a l on charge 
exchange w i t h a m e t a l l i c e l e c t r o d e i n a s p e c i f i c 
c o n t a c t c o n f i g u r a t i o n . The c o n t a c t a r e a has not been 
q u a n t i t a t i v e l y d e f i n e d i n t h i s c o n f i g u r a t i o n , but i s 
presumed t o be i n d e p e n d e n t of powder c o m p o s i t i o n and 
f l o w p r o p e r t i e s , and r e m a i n c o n s t a n t i n a l l t h e s e 
measurements. E q u i l i b r i u m c h a r g e exchange i s not 
a t t a i n e d w i t h t h e s e t e c h n i q u e s . The e l e c t r i c f i e l d 
e x p e r i e n c e d by the p a r t i c l e s i s not e a s i l y c a l c u l a t e d 
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because of the complex n a t u r e of s u r f a c e s (I) and the 
dynamics of the c h a r g i n g zone. 

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

The s c h e m a t i c d i a g r a m shown i n F i g u r e 1 r e p r e s e n t s 
a 4 m i l s t a i n l e s s s t e e l c h a r g i n g e l e c t r o d e w i t h a 
ground edge, and a lOu t h i c k donor s u r f a c e of 
p o l y c a r b o n a t e doped w i t h a charge r e l a x a b l e m a t e r i a l . 
A bead of the sample powder was f i r s t a p p l i e d t o the 
donor s u r f a c e , then metered and c h a r g e d by movement of 
the e l e c t r o d e a t 0.3 i n c h / s e c . The e l e c t r o d e i s spaced 
from the donor s u r f a c e by the p a r t i c l e s p a s s i n g under 
the edge. Charge of the powder was measured u s i n g a 
K e i t h l e y 610 BR e l e c t r o m e t e
charge from the dono
a i r j e t b l o w o f f . The donor s u r f a c e was c l e a n e d w i t h a 
s o f t c l o t h f o r subsequent measurements. A l l 
measurements were p e r f o r m e d i n a c o n t r o l l e d 
e n v i r o n m e n t at 70°F and 11% r e l a t i v e h u m i d i t y . 

Powder samples of 10u average d i a m e t e r were 
p r e p a r e d by a i r j e t m i c r o n i z a t i o n of p o l y m e r i c or 
c o m p o s i t e chunks. Composite m a t e r i a l s were p r e p a r e d 
by m e l t m i x i n g o f polymer and c a r b o n b l a c k . Carbon 
b l a c k was added to the s u r f a c e by m i l l i n g the polymer 
powder and c a r b o n b l a c k w i t h g l a s s beads f o r an h o u r , 
and s u b s e q u e n t l y h e a t i n g the p a r t i c l e s t o t a c k the 
c a r b o n b l a c k t o the p a r t i c l e s u r f a c e . S t a t i c 
r e s i s t i v i t y measurements were p e r f o r m e d on packed 
powders i n a p r o c e d u r e s i m i l a r t o ASTM D257. 

R e s u l t s and D i s c u s s i o n 

Charge l e v e l s g i v e n by the charge t o mass r a t i o i n 
m i c r o c o u l o m b s per gram a r e p l o t t e d as a f u n c t i o n of 
a p p l i e d e l e c t r o d e v o l t a g e i n F i g u r e 2 f o r a pure 
p o l y m e r i c powder of a s t y r e n e c o p o l y m e r , and f o r 
c o m p o s i t e s of R e g a l 330 c a r b o n b l a c k w i t h the same 
s t y r e n e c o p o l y m e r . The r e p r o d u c i b i l i t y of t h e s e 
measurements i s about ± 0 . 5 uC/g. There i s no 
s u b s t a n t i a l c h a r g i n g of the pure polymer p a r t i c l e s 
e x c e p t at -400V. A d d i t i o n of 0.1% R e g a l 330 c a r b o n 
b l a c k by w e i g h t to the s u r f a c e of the polymer p a r t i c l e s 
has o n l y a s m a l l e f f e c t on the c h a r g i n g . At t h i s c a r b o n 
b l a c k l o a d i n g l e s s t han 5% of the p a r t i c l e s u r f a c e i s 
e s t i m a t e d to be c a r b o n b l a c k , u s i n g a rough c a l 
c u l a t i o n of the r e s i d u a l c a r b o n b l a c k a g g r e g a t e s i z e 
as 500 A, a c a r b o n b l a c k d e n s i t y of 2.0 g/ml and a 
polymer d e n s i t y of 1.1 g/ml. 
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POWER 
SUPPLY 

Figure 1. Schematic of charging configuration. 
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Figure 2. Charge levels of various polymeric and composite powders as a function 
of applied electrode potential. Key: · , styrene copolymer; 0.1% Regal 330; 

O, 0.5% Regal 330; 0,10% Regal 330, bulk; and Δ, 5% Regal 330. 
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A d d i t i o n of 0.5% R e g a l 330 by w e i g h t to the p o l y m e r 
p a r t i c l e s r e s u l t s i n a s u r f a c e t h a t i s a p p r o x i m a t e l y 
10% c a r b o n b l a c k . S EM p i c t u r e s of the p a r t i c l e s u r f a c e 
at 8kx and 17kx are shown i n F i g u r e 3. The s m a l l 
n o d u l e s a r e p r o b a b l y c a r b o n b l a c k a g g r e g a t e s . T h i s 
c o m p o s i t e m a t e r i a l shows a s i g n i f i c a n t i n c r e a s e i n 
charge l e v e l s o v e r the pure p o l y m e r , and c h a r g i n g t h a t 
i s p r o p o r t i o n a l t o the a p p l i e d e l e c t r o d e v o l t a g e . 
A n o t h e r c ompo s i t e ma t e r i a 1 w i t h 10% R e g a l 330 mixed i n 
the b u l k , e q u i v a l e n t t o a 6% p a r t i c l e s u r f a c e c o v e r a g e 
of c a r b o n b l a c k shows v e r y s i m i l a r b e h a v i o r to the 
p r e c e d i n g m a t e r i a l ( F i g u r e 2 ) . 

The l a s t sample i n F i g u r e 2 has 5% R e g a l 330 on the 
s u r f a c e of the s t y r e n e c o polymer p a r t i c l e s , g i v i n g 
a l m o s t c o m p l e t e s u r f a c
p i c t u r e s i n F i g u r
c o m p o s i t e m a t e r i a l c h a r g e s s i m i l a r l y t o the sample 
w i t h a p p r o x i m a t e l y 10% s u r f a c e c o v e r a g e of c a r b o n 
b l a c k . At +400V, however, t h e r e i s no a d d i t i o n a l 
i n c r e a s e i n ch a r g e l e v e l . A p o s s i b l e e x p l a n a t i o n i s 
back f l o w of charge upon s e p a r a t i o n of the p a r t i c l e 
from the e l e c t r o d e . I n m e t a l - m e t a l c o n t a c t s b a c k f l o w 
of charge d u r i n g s e p a r a t i o n of the s u r f a c e s r e s u l t s i n 
v e r y l i t t l e n e t charge exchange ( 1 , 4 ) . Packed powder 
r e s i s t i v i t y measurements o f the m a t e r i a l w i t h 5% R e g a l 
330 on the p a r t i c l e s u r f a c e showed non-ohmic b e h a v i o r 
w i t h a r e s i s t i v i t y o f 8.6 χ 1 0 1 3 Ω-cm between 100 and 
200V/mm, whi c h dropped t o 4.7 χ l O ^ - c m between 200 and 
400V/mm. Whether the r e g i o n of d e c r e a s e d r e s i s t i v i t y 
i s s i m p l y f o r t u i t o u s or whether i t c o r r e s p o n d s w i t h 
d e c r e a s e d c h a r g i n g under the m e t a l e l e c t r o d e i s not 
t o t a l l y c l e a r because the e l e c t r i c f i e l d the powder 
sample sees i s d i f f i c u l t t o c a l c u l a t e . A dynamic 
r e s i s t i v i t y measurement would g e n e r a l l y show the 
sample t o have a r e s i s t i v i t y s e v e r a l o r d e r s of 
magnitude l o w e r than the s t a t i c measurement used h e r e , 
and would a l s o be more r e p r e s e n t a t i v e of t he dynamics 
of the c h a r g i n g zone. However, the c u r v e shape o f the 
v o 1 t a g e / s p a c i n g v e r s u s c u r r e n t / a r e a p l o t i s s i m i l a r 
f o r e i t h e r s t a t i c or dynamic measurements, w i t h the 
drop o f f i n r e s i s t i v i t y o c c u r r i n g at the same f i e l d . 

T h i s d a t a d e m o n s t r a t e s t h a t the amount of c a r b o n 
b l a c k at the p a r t i c l e s u r f a c e i s an i m p o r t a n t f a c t o r i n 
c h a r g i n g . Pure polymer shows o n l y s l i g h t c h a r g i n g , an 
i n t e r m e d i a t e amount of s m a l l c a r b o n b l a c k p a t c h e s 
r e s u l t s i n r e a s o n a b l e c h a r g i n g , w i t h c h a r g e l e v e l 
p r o p o r t i o n a l t o a p p l i e d v o l t a g e , and a h i g h l o a d i n g of 
s u r f a c e c a r b o n b l a c k r e s u l t s i n a n o n l i n e a r c h a r g i n g 
b e h a v i o r . 
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Figure 3. SEM picture at 8kX (top) and 17kX (bottom) of styrene copolymer 
particles with 0.5 wt % Regal 330 carbon black on the surface. The nodules are 

probably carbon black aggregates. 
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Figure 4. SE M picture at 6k χ (top) and 17kX (bottom) of styrene copolymer 
particles with 5 wt % Regal 330 carbon black on the surface. 
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A t y p i c a l charge l e v e l of 5 m i c r o c o u l o m b s per gram 
c o r r e s p o n d s to an a v e r a g e s u r f a c e c harge d e n s i t y of 
2.5 χ 10~ 6C/m 2 , u s i n g a t y p i c a l v a l u e f o r s u r f a c e a r e a 
of a m i c r o n i z e d p a r t i c l e g i v e n by B.E.T. n i t r o g e n 
a d s o r p t i o n measurement s ( 7 ) . L a r g e r charge d e n s i t i e s 
would be c a l c u l a t e d i f charge were l o c a l i z e d on the 
p a r t i c l e s u r f a c e . T h i s r e s u l t i s s i m i l a r to charge 
d e n s i t i e s o b s e r v e d f o r s l i d i n g or r o l l i n g c o n t a c t of 
p o l y m e r s such as p o l y e t h y l e n e , p o l y t e t r a f l u o r o -
e t h y l e n e , n y l o n and p o l y c a r b o n a t e a g a i n s t m e t a l 
s u r f a c e s (j*-J_2) . 

U s u a l l y , m i x i n g polymer and c a r b o n b l a c k does not 
r e s u l t i n a u n i f o r m m a t e r i a l on the s c a l e of 0.5-1.0% 
of the m i c r o n i z e d p a r t i c l e d i a m e t e r . F o r s p e c i f i c 
p r o c e s s i n g c o n d i t i o n
c a r b o n b l a c k the r e s u l t a n
a g g r e g a t e s i n polymer can v a r y s i g n i f i c a n t l y . A w e l l 
d i s p e r s e d c o m p o s i t e sample w h i c h has been s p r e a d i n t o 
a t h i n t r a n s p a r e n t f i l m u s i n g s o l v e n t v a p o r s ( 2j0 ) i s 
shown i n F i g u r e 5 i n a t r a n s m i s s i o n p i c t u r e at a 
m a g n i f i c a t i o n of 500x. The u n i f o r m dark g r a y 
a p p earance shows f i n e l y d i v i d e d c a r b o n b l a c k , w i t h 
o n l y a few i n d i v i d u a l chunks d i s c e r n a b l e . 

A t r a n s p a r e n t f i l m p r e p a r e d from a p o o r l y 
d i s p e r s e d c o m p o s i t e by the same method i s shown i n 
F i g u r e 6. Chunks of c a r b o n b l a c k , about 2yin d i a m e t e r 
are r e a d i l y v i s i b l e . D u r i n g m i c r o n i z a t i o n , f r a c t u r e 
c o u l d c o n c e i v a b l y o c c u r i n the m i d d l e of a l a r g e c a r b o n 
b l a c k chunk, l e a v i n g the u n c o a t e d s u r f a c e e xposed. I n 
the w e l l d i s p e r s e d m a t e r i a l , f r a c t u r e t h r o u g h the 
s m a l l e r c a r b o n b l a c k a g g r e g a t e s seems l e s s l i k e l y , 
thus the s u r f a c e of t h i s sample powder p r o b a b l y has 
l e s s exposed c a r b o n b l a c k . 

The e f f e c t of d i s p e r s i o n l e v e l on c o n t a c t c h a r g i n g 
i s shown i n F i g u r e 7. The pure s t y r e n e c o polymer 
p a r t i c l e s show v e r y l i t t l e c h a r g i n g . The w e l l 
d i s p e r s e d sample of 10% by w e i g h t DeGussa Sp.4 c a r b o n 
b l a c k i n s t y r e n e c o p o l y m e r c h a r g e s n e g a t i v e l y more 
r e a d i l y t han the polymer p a r t i c l e s . The p o o r l y 
d i s p e r s e d sample o f 10% by w e i g h t Raven 8000 i n s t y r e n e 
c opolymer c h a r g e s s t r o n g l y i n b o t h d i r e c t i o n s w i t h the 
charge to mass r a t i o p r o p o r t i o n a l t o the a p p l i e d 
v o l t a g e . P o o r l y d i s p e r s e d , exposed c a r b o n b l a c k on 
the p a r t i c l e s u r f a c e f a c i l i t a t e s c h a r g i n g from the 
c o n d u c t i v e e l e c t r o d e . 

The changes i n c o n t a c t c h a r g i n g o b s e r v e d w i t h 
d i f f e r e n t c a r b o n b l a c k s at the s u r f a c e of s t y r e n e 
c o p o l y m e r p a r t i c l e s i s shown i n F i g u r e 8. These 
samples a l l have 5% of a c a r b o n b l a c k t a c k e d onto the 
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Figure 5. Transmission picture at 500χ of a 10% DeGussa Sp. 4; 90% styrene-
n-butyl methacrylate blend demonstrating a good dispersion. 

Figure 6. Transmission picture at 500χ of a 10% Raven 8000: 90% styrene-
n-butyl methacrylate blend demonstrating a poor dispersion. 
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Figure 7. Charge levels of polymer-carbon black blends of varying dispersion 
levels as a function of applied electrode potential. Key: O, styrene copolymer; · , 

poor dispersion; and A, good dispersion. 
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Figure 8. Charge levels of particles with 5 wt % carbon black on the surface of 
styrene copolymer particles as a function of applied electrode potential. Key: O, 

Vulcan XC72R; Δ, Regal 330; · , Black Pearls L; and •, Raven 5750. 
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s u r f a c e , enough c a r b o n b l a c k t o a l m o s t c o m p l e t e l y 
c o v e r the p a r t i c l e s u r f a c e ( F i g u r e 4 ) . Data f o r the 
sample w i t h R e g a l 330 i s r e p r o d u c e d from F i g u r e 2. The 
sample w i t h V u l c a n XC72R shows the same b e h a v i o r w i t h a 
l e v e l i n g o f f of charge l e v e l at 400V. In packed powder 
s t a t i c r e s i s t i v i t y measurements, t h e s e p a r t i c l e s a l s o 
showed non-ohmic b e h a v i o r w i t h a r e s i s t i v i t y drop from 
2.7 χ 10 1 5 Q-cm at 50 to 200V/mm down to 4.4 χ 10 1 2ft-cm at 
200 t o 400V/mm. 

The sample w i t h B l a c k P e a r l s L c a r b o n b l a c k shows 
c h a r g i n g p r o p o r t i o n a l to the a p p l i e d v o l t a g e . The 
h i g h e r r e s i s t i v i t y of t h i s sample, 2.1 χ ΙΟ^Ω-cm, was 
s u f f i c i e n t l y i n s u l a t i v e to p r e v e n t charge back f l o w or 
1e akage. 

The sample w i t
d e c r e a s e i n charg
a l t h o u g h not as l a r g e a drop as w i t h the R e g a l 330 or 
V u l c a n samples. The Raven 5750 sample has a c o n s t a n t 
r e s i s t i v i t y of 2.3 χ 10 1 4ft-cm, somewhat l o w e r than the 
r e s i s t i v i t y f o r a t r u e i n s u l a t o r . The c harge l e a k a g e 
phenomenon may be p r e s e n t f o r t h i s sample. 

There i s no a p p a r e n t d i f f e r e n c e i n b e h a v i o r 
between the u n o x i d i z e d b l a c k s , R e g a l 330 and V u l c a n 
XC72R, and the o x i d i z e d b l a c k s , Raven 5750 and B l a c k 
P e a r l s L. The two groups d i f f e r i n e s t i m a t e d work 
f u n c t i o n (4) by about h a l f a v o l t , a v e r y s m a l l 
d i f f e r e n c e compared to the a p p l i e d p o t e n t i a l on the 
c h a r g i n g e l e c t r o d e . 

Summary 

C o n t a c t c h a r g i n g o f p o l y m e r i c and p o l y m e r - c a r b o n 
b l a c k powders a g a i n s t a m e t a l l i c e l e c t r o d e shows a 
s t r o n g dependence on the e l e c t r o d e p o t e n t i a l and the 
p a r t i c l e s u r f a c e . F o r the samples s t u d i e d , o n l y 
s l i g h t c h a r g i n g o c c u r r e d w i t h no a p p l i e d p o t e n t i a l on 
the e l e c t r o d e . S u f f i c i e n t l y i n s u l a t i v e p a r t i c l e s 
show c h a r g i n g p r o p o r t i o n a l t o the a p p l i e d p o t e n t i a l . 
Carbon b l a c k at the p a r t i c l e s u r f a c e f a c i l i t a t e s 
c h a r g i n g from the e l e c t r o d e . T h i s has been 
i n v e s t i g a t e d by c h a n g i n g c a r b o n b l a c k l o a d i n g on the 
s u r f a c e , comparing c a r b o n b l a c k i n the b u l k w i t h t h a t 
added on the s u r f a c e , and e x a m i n i n g d i f f e r e n t c a r b o n 
b l a c k d i s p e r s i o n l e v e l s . Samples w i t h d i f f e r e n t 
c a r b o n b l a c k s on the p a r t i c l e s u r f a c e show changes i n 
c o n t a c t c h a r g i n g t h a t may be c o r r e l a t e d w i t h the 
p a r t i c l e r e s i s t i v i t y . Samples of l o w e r r e s i s t i v i t y 
show c h a r g i n g t h a t d e v i a t e s from a l i n e a r dependence 
on the e l e c t r o d e p o t e n t i a l , w i t h no i n c r e a s e i n 
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10 
Particle Interactions in Binary Mixtures of 
Carbon Black and White Solid Acids 

T. J. FABISH 

Ashland Chemical Company, Columbus, OH 43216 

The i n t e r a c t i o n of carbon black with 
selected s o l i d
particulate systems
surface acid sites on solid white acid parti
cles are manifested in non-aqueous titrations 
employing a s e r i e s of visible i n d i c a t o r s to 
define the strengths of the various surface 
a c i d groups present. Carbon surface acid 
groups are subsequently detected by inference 
through t h e i r effect on the intrinsic acidity 
of the white reference solid. Non-aqueous 
e l e c t r o p h o r e t i c m o b i l i t y measurements define 
the signs of the charge exchanged in the 
interaction, and contact p o t e n t i a l d i f f e r e n c e 
measurements on the carbon blacks serve to 
co r r e l a t e c o l l o i d behavior with p a r t i c l e 
electronic s t r u c t u r e . A key factor i n the 
interpretation i s the recognition of broad 
distributions in those pro p e r t i e s that are 
dependent upon particle charge. Contact 
-induced a l t e r a t i o n s in the acidity of the 
white s o l i d s are indicated to be accompanied 
by charge t r a n s f e r . The r e s u l t s from the 
various experiments can be co r r e l a t e d under 
the viewpoint that Lewis a c i d s i t e s dominate 
the i n t e r a c t i o n between the oxidized carbon 
black and the silica-alumina white a c i d . The 
Lewis sites associated with the carbon black 
surface oxide structure seem to be essential 
for i n t e r a c t i o n with the white s o l i d s since a 
gra p h i t i z e d black lacking significant oxide 
structure i s totally benign in the binary 
mixture experiments in s p i t e of its having a 
work function equal to that of the oxidized 
black. The variability of the i n t e r a c t i o n 
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strengths found for the d i f f e r e n t b inary com
b i n a t i o n s prec ludes d e r i v a t i o n of a unique 
intrinsic a c i d group distribution for the 
carbon black from the behavior of the white 
reference solids. 

The surface chemical s t r u c t u r e of carbon black i s 
an important factor in determining many p h y s i c a l p r o p 
e r t i e s of the carbon black in i t s dry s o l i d s t a t e , in 
aqueous and non-aqueous suspensions, and in carbon 
black-polymer composites , as a c a t a l y s t , as a c o l o r a n t 
and charge c o n t r o l agent in dry and l i q u i d i n k s , and 
as conductance c o n t r o l and r e i n f o r c i n g agents in p o l y 
mers and e las tomers  Th  chemical a c t i v i t f carbo
black der ives from
groups attached l a r g e l y  energet i  edg
the fundamental two dimensional arrangement of h i g h l y 
conjugated p o l y a c e n e - l i k e ( sp 2 h y b r i d i z e d carbon 
bonds) repeat un i t s that comprise the c r y s t a l l i t e 
basa l p l a n e ( 1 , 2 ) . While surface groups of a bas i c 
character are known to e x i s t on carbon b l a c k , a t t e n 
t i o n has been focused almost s o l e l y on the surface 
a c i d groups s ince these exert a c o n t r o l l i n g inf luence 
on the g a s - s o l i d , l i q u i d - s o l i d , and s o l i d - s o l i d i n t e r 
ac t ions of carbon b l a c k . I t i s the r o l e s of the s u r 
face a c i d groups and the basa l plane e l e c t r o n i c s t r u c 
ture in s o l i d - c a r b o n black i n t e r a c t i o n s that are the 
subject of t h i s work. 

Extens ive s tud ies of the surface chemical s t r u c 
ture of carbon black have i d e n t i f i e d aromatic carboxy l 
groups (strong a c i d s ) , phenols and hydroquinone d e r i v 
a t i v e s (weak a c i d s ) , and quinones and normal lactones 
(neutra l groups ) (1 ) , although a more s u i t a b l e s t r u c 
ture for the strong ac ids may be c y c l i c e s t er s (of a 
f l u o r e s c e i n type lactone s t ruc ture ) (3, 4, 5) , while 
the weak a c i d i c respones may be manifes tat ions o f hy-
d r o x y l groups occupying var ious edge p o s i t i o n s r e l a 
t i v e to the c y c l i c e s ter groups (4, 5 ) . Models of the 
carbon black surface chemistry are present ly too im
p r e c i s e to o f f e r much in the way of p r e d i c t i v e cap
a b i l i t i e s . I t may be s a i d however, that the s trength 
of the surface a c i d group depends upon the amount and 
type of oxygen contained i n the oxide s t r u c t u r e . In 
t h i s sense, carbon b lacks exper iencing a v a r i e t y of 
p o s t - p r e p a r a t i v e o x i d a t i v e procedures tend to form a 
homologous s e r i e s of m a t e r i a l s so that the higher the 
t o t a l oxygen content of the b l a c k , the more a c i d i c i s 
the b l a c k ( 6 ) . The prospect of a more-or - l e s s c o n -
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t inuous v a r i a t i o n in s e l ec ted carbon black p r o p e r t i e s 
with the degree of o x i d a t i o n of the black o f f e r s a 
p o t e n t i a l means of i d e n t i f y i n g the systematics of 
s o l i d - c a r b o n black i n t e r a c t i o n s . 

Microscop ic i n t e r a c t i o n s of the carbon black with 
other mater ia l s w i l l occur through the e l e c t r o n i c sy s 
tem of the polyacene c r y s t a l l i t e and the surface chem
i c a l groups. Three d i f f e r e n t experimental techniques 
are u t i l i z e d here in to observe the macroscopic e f f e c t s 
of the e q u i l i b r a t i o n processes : (1) Surface group 
t i t r a t i o n of surface a c i d groups in mixtures of carbon 
b lacks and white reference s o l i d s . (2) Non-aqueous 
e l e c t r o p h o r e t i c m o b i l i t y (EM) measurements of the 
quiescent carbon b lacks and of carbon b lacks that have 
been contacted to the white reference s o l i d s . (3) 
Contact p o t e n t i a l d i f f e r e n c
carbon b l a c k s . Surfac
c i p l e , g ive informat ion about the d i s t r i b u t i o n in 
number dens i ty and s trengths of the carbon surface 
a c i d groups (but nothing about t h e i r f u n c t i o n a l i t y ) . 
The EM measurements can provide informat ion about the 
charge s tate of the carbon black fo l lowing c o n t a c t -
i n t e r a c t i o n with the white reference s o l i d s . The r e l 
a t i v e CPD values for carbon b lacks are s e n s i t i v e to 
surface s t r u c t u r e v a r i a t i o n s and are re levant to the 
c h a r a c t e r i z a t i o n of e l e c t r o n i c charge i n j e c t i o n p r o 
cesses , e s p e c i a l l y in a s e r i e s of homologous 
m a t e r i a l s . 

The t i t r a t i o n of the carbon black surface a c i d 
groups as performed in the present experiments u t i 
l i z e s v i s i b l e i n d i c a t o r s to def ine the t i t r a t i o n end 
p o i n t . The i n c l u s i o n of a white reference s o l i d with 
the carbon black i s thus e s s e n t i a l to the observat ion 
of the i n d i c a t o r c o l o r . While the use of mixtures of 
l i g h t and dark p a r t i c l e s has p r e v i o u s l y been sug
gested (7, 10) and used (11, 12) for the study of the 
surface a c i d i t y of dark c a t a l y s t s , the i m p l i c a t i o n s of 
an i n t e r a c t i o n o c c u r r i n g between the two kinds of 
p a r t i c l e s that might s i g n i f i c a n t l y a l t e r the surface 
a c i d group d i s t r i b u t i o n from i t s i n t r i n s i c p a t t e r n 
were not e x p l i c i t l y pursued. In f a c t , the s o l i d -
carbon black i n t e r a c t i o n s can be the dominant feature 
of the experiment, and represents in the present work 
the primary means for ga in ing i n s i g h t in to the mate
r i a l parameters that govern the contact - induced 
surface chemical m o d i f i c a t i o n s . Because the perce ived 
a c t i v i t y of the carbon black i s dependent upon the 
chemical and p h y s i c a l s t r u c t u r e s of the white r e f 
erence s o l i d , some c o n s i d e r a t i o n must be given the 
choice of white s o l i d s . 
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Two white s o l i d s d i f f e r i n g widely in i n t r i n s i c 
surface a c i d i t y are u t i l i z e d as reference m a t e r i a l s : 
α alumina which possesses a very low i n t r i n s i c 
a c i d i t y , and a s i l i c a - a l u m i n a of a composition r a t i o 
near that which gives maximum c a t a l y t i c a c t i v i t y for 
t h i s family of m a t e r i a l s . 

Some of the surface aluminum atoms of alumina 
lack f u l l c oordination to neighboring aluminum atoms 
thereby providing c a t i o n i c s i t e s whose degree of ex
posure i s dependent upon the degree of hydroxylation. 
At heat treatment temperatures of 550C such as employ
ed in the present work, highly s t r a i n e d oxygen l i n k 
ages begin to be created upon dehydroxylation of the 
more tenacious s i t e s . Complete dehydroxylation must 
ul t i m a t e l y lead to the formation of oxide ion and 
adjacent charged vacanc
the t e t r a h e d r a l aluminu
dehydroxylated alumina surface i s thus expected to 
contain Lewis base and acid s i t e s of varying 
strengths(13, 15). Hydroxylation produces a more 
regular lower energy surface and may convert some 
Lewis s i t e s to weak Bronsted s i t e s (7, 13, 15). The 
d i f f e r e n t forms of alumina w i l l be d i s t i n g u i s h e d by 
t h e i r spectrum of a c i d and base s i t e s . Exactly which 
s i t e s are e n e r g e t i c a l l y and s t r u c t u r a l l y allowed w i l l 
depend upon the s p e c i f i c mixture of low index 
c r y s t a l l o g r a p h i c planes that comprise the alumina sur
face. The p a r t i c u l a r l y low a c i d i t y of α alumina 
r e s u l t s from r e l a t i v e l y more complete coordination of 
the surface aluminum atoms(14). 

A s i l i c a - a l u m i n a i s formed upon isomorphous sub
s t i t u t i o n of a t r i v a l e n t aluminum atom for a t e t r a v a -
l e n t surface s i l i c o n atom in the s i l i c a l a t t i c e . The 
commensurate incomplete coordination of the aluminum 
atom generates charged s t r u c t u r a l s i t e s that, in the 
absence of surface hydroxyl groups, behave as Lewis 
a c i d and base s i t e s ( 7 ) . The presence of a proton as a 
counter ion or a hydroxyl group as occurs upon hydroly
s i s can produce strong Bronsted acid s i t e s ( 7 , 15, 16). 
Removal of the hydroxyl groups may convert Bronsted 
s i t e s to Lewis s i t e s r e v e r s i b l y ( 9 , 15). S i m i l a r com
p l e x i t i e s as alluded to previously with the alumina 
surface a r i s e i n a d e t a i l e d d i s c u s s i o n of the nature 
of the a c t i v e s i t e s on s i l i c a - a l u m i n a so that s e v e r a l 
kinds of s i t e s are usu a l l y invoked in i n t e r p r e t a t i o n s 
of experimental measurements of surface a c i d i t y and 
c a t a l y t i c a c t i v i t y ( 1 4 , 15). 

The surfaces of the carbon blacks and white 
s o l i d s are c l e a r l y too complex to allow meaningful 
p r e d i c t i o n s about the nature of the i n t e r a c t i o n s that 
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can be expected between the m a t e r i a l s . The previous 
d i s c u s s i o n does suggest that the mater ia l s w i l l ex
h i b i t a broad range of e f f e c t i v e P k a values in an i n 
t e r a c t i o n with another medium. Amongst the mater ia l s 
u t i l i z e d h e r e i n , the g r a p h i t i z e d carbon black and the 
α alumina w i l l c e r t a i n l y be much more r e s t r i c t e d i n 
the range of t h e i r e f f e c t i v e P k a than w i l l the h igh ly 
o x i d i z e d black and the s i l i c a - a l u m i n a . The set of 
b inary combinations p o s s i b l e with these four mater ia l s 
can thus be expected to show a large v a r i a b i l i t y in 
t h e i r i n t e r a c t i o n s trengths which w i l l a i d i d e n t i f i c a 
t i o n of systematics present in the s o l i d - c a r b o n black 
i n t e r a c t i o n . 

Surface Group Titration 
Exper imenta l . C h a r a c t e r i z a t i o n

neous surface by means of surface group t i t r a t i o n u t i 
l i z i n g v i s i b l e and u l t r a v i o l e t chemical i n d i c a t o r s to 
def ine the t i t r a t i o n end po in t have frequent ly been 
employed with white s o l i d c a t a l y s t s ( 7 - 1 2 ) , (17-20). 
Aspects of the surface a c i d group d i s t r i b u t i o n have 
of ten c o r r e l a t e d with the c a t a l y t i c a c t i v i t y of the 
s o l i d ( 7 - 9 ) , (21-25). An adaptat ion of the technique 
appears to be s u i t a b l e for studying the i n t e r a c t i o n s 
between the surface a c i d groups in mixtures of carbon 
black and white reference s o l i d s . 

The surface group t i t r a t i o n experiment may be 
descr ibed in two s teps . The f i r s t invo lves adsorbing 
v i s i b l e or u l t r a - v i o l e t chemical i n d i c a t o r s onto the 
surface of the s o l i d p a r t i c l e s of i n t e r e s t in an i n e r t 
s o l v e n t . The a c i d i n d i c a t o r s e x h i b i t a d e f i n i t e c o l o r 
in t h e i r normal bas ic s tate in the benign so lvent and 
a d i f f e r e n t d i s t i n c t c o l o r when adsorbed onto an 
a c i d i c surface s i t e . Hence, simple observat ion of the 
presence or absence of the d i s t i n c t i v e c o l o r change of 
the i n d i c a t o r on the surface of the s o l i d p a r t i c l e i s 
s u f f i c i e n t to s i g n a l the presence of surface a c i d 
groups having "strengths" def ined by the known 
"strength" of the i n d i c a t o r (measured in P k a u n i t s i n 
aqueous s o l u t i o n ) . A l l types of surface groups pos
sess ing strengths greater than that of the i n d i c a t o r 
w i l l e f f e c t the c o l o r change. The second step in the 
experiment i s to measure the magnitude of surface 
group concentra t ion e f f e c t i n g the i n d i c a t o r c o l o r 
change by measuring the amount of a s u i t a b l e strong 
base that i s requ ired to rega in the o r i g i n a l bas i c 
c o l o r of the i n d i c a t o r adsorbed on the s u r f a c e . The 
r e s u l t of the experiment i s the magnitude and d i s t r i 
but ion of s trengths of the s o l i d surface a c i d groups. 
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Because the surface acid groups t y p i c a l l y are 
strongly a f f e c t e d by the presence of water, the mate
r i a l s must be thoroughly dehydrated p r i o r to use and 
the t i t r a t i o n s performed in a non-aqueous medium. 

Advantages and disadvantages of the t i t r a t i o n 
technique are discussed in d e t a i l elsewhere(26). I t 
s u f f i c e s here to state that the surface acid group 
d i s t r i b u t i o n s on the white reference s o l i d s are suf
f i c i e n t l y w e l l defined by the experiment to provide a 
gauge by which to measure the i n t e r a c t i o n of carbon 
black with the white s o l i d s i n binary mixtures. 

The present study includes two carbon blacks 
d i f f e r i n g g r e a t l y in t h e i r surface oxide s t r u c t u r e : 
Black Pearls L (BPL), an oxidized Cabot Corp. black 
containing approximately 4 percent by weight a c i d i c 
oxygen groups of th
ed, and Cabot Graphon
treated to above 2500C. The high heat treatment tem
perature removes almost a l l chemisorbed oxygen and hy
drogen from the carbon p l a t e l e t s and promotes c r y s t a l 
l i t e growth with commensurate g r a p h i t e - l i k e organiza
t i o n but over a much shorter range than found in 
graphite. We may thus a n t i c i p a t e an influence from 
e l e c t r o n i c states associated with l o c a l i z e d surface 
oxide groups in the case of BPL, while the behavior of 
Graphon should be dominated by the π e l e c t r o n s t r u c 
ture of the "pure" carbon p l a t e l e t . The carbon blacks 
were heated in vacuum at 100-120C for three hours 
p r i o r to each experiment to reduce the influence of 
adsorbed water on the measured surface p r o p e r t i e s . 

The white s o l i d s used as reference surfaces by 
which to gauge the c o l o r changes of the i n d i c a t o r s i n 
cluded a Davison 86/13 S1O2/AI2O3 high surface area 
(475 m2/g) c a t a l y s t designated MS13/110, and a Linde3A 
α AI2O3 of low surface area (21 m 2/g). These materials 
were a c t i v a t e d p r i o r to each experiment by heating 
them i n a i r to 550C for three hours. 

The i n d i c a t o r s were obtained from Kodak Labora
tory Chemicals, A l d r i c h Chemical Company, and J.T. 
Baker and were used without further p u r i f i c a t i o n . The 
i n d i c a t o r s employed i n the majority of the t i t r a t i o n s 
were bromocresol green and bromothymol blue each of 
which e x h i b i t s two acid-base t r a n s i t i o n s at Pk a = -
3.7, +4.6, and -1.5, +6.8, r e s p e c t i v e l y ( 2 0 , 22, 26). 
The medium for the t i t r a t i o n and e l e c t r o p h o r e t i c mo
b i l i t y experiments was benzene (Burdick and Jackson 
Laboratories) having a water content of l e s s than 0.03 
percent. The base used as t i t r a n t was n-butylamine, 
Baker analyzed reagent grade. 
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The procedure for the t i t r a t i o n experiment con
s i s t e d of a c t i v a t i n g the white s o l i d , dehydrat ing the 
b l a c k , mixing the two powders to the des i red mass 
r a t i o in 10 ml serum v i a l s , adding benzene to immerse 
the powder, adding about 0.3 ml of nominal ten percent 
i n d i c a t o r s o l u t i o n ( in benzene) and capping with a 
rubber stopper (to exclude contamination by water 
vapor) through which the IN n-butylamine t i t r a n t could 
be i n j e c t e d from a m i c r o s y r i n g e . Once prepared , the 
sample was shaken for one -ha l f hour to promote i n t i 
mate contact between the mater ia l s and then s tored i n 
a d e s i c c a t o r u n t i l t i t r a t e d at room temperature. The 
t i t r a t i o n was performed by i n j e c t i n g t i t r a n t through 
the serum b o t t l e cap dropwise and mixing u n t i l e q u i 
l i b r i u m was achieved whereupon v i s u a l in spec t ion 
through a 7Χ magnif ie
sence of a c o l o r chang
p a r t i c l e s . 

O v e r a l l , i t i s est imated that below monolayer 
coverage a c i d i t y values from d i f f e r e n t s e r i e s of 
samples may be compared with a p r e c i s i o n of 25 
percent (26 ) . The uncer ta in ty e x i s t i n g in the a c i d i t y 
measurements with respect to the quest ion of how w e l l 
they represent the true nature of the surface cannot 
be descr ibed by a percentage f i gure due to incomplete 
understanding of these sur faces . 

R e s u l t s . The smoothed surface a c i d group d i s t r i 
but ions up to monolayer coverages of one a c i d group 
per 20A 2 are g iven for MS13/110 and α AI2O3 in F igure 1. 
Both mass and t o t a l surface area normal i za t ion are 
shown. 

On an area bas i s α AI2O3 e x h i b i t s s i g n i f i c a n t 
i n t r i n s i c surface group d e n s i t i e s at high P k a , but 
d i f f e r s g r e a t l y from MS13/110 in possessing no surface 
a c i d groups of s trength greater than about P k a = 3. 
In t h i s sense MS13/110 i s a "strong" s o l i d a c i d and 
α AI2O3 a "weak" s o l i d a c i d . The heterogeneous nature 
of the surfaces of the white reference s o l i d s i s 
c l e a r l y r e f l e c t e d in the t i t r a t i o n r e s u l t s . 

An example of the behavior of the MS13/110 t i t e r 
at d i f f e r e n t loadings of BPL carbon black and at P k a = 
4.6 i s g iven i n F igure 2. The dashed l i n e in F igure 
2 represents the r e s u l t a n t i c i p a t e d i f contact of the 
two s o l i d s r e s u l t e d in no d is turbance of the white 
s o l i d a c i d groups of any s o r t , i . e . constant white 
s o l i d a c i d i t y . A l a r g e d e v i a t i o n in the mixing curve 
from the zero i n t e r a c t i o n case i s apparent . The white 
s o l i d , in e f f e c t , loses cons iderable a c i d i t y in con
t a c t with BPL. 
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Figure 1. Smoothed intrinsic acid group distribution normalized to total sample 
mass and total B.E.T. sample surface area for a alumina (a), and 86/13 silica-
alumina (b). Monolayer coverage is defined as one (arbitrary) acid group per 

20 A2 of sample surface area. 
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Figure 2. Dependence of the acidity of 86/13 silica-alumina at a pK& of 4.6 
(aqueous) on the fraction of Black Pearls L carbon black in binary mixtures using 
mass normalization. Key: , zero interaction; and Φ , mixtures with BPL and 

refluxed in toluene for 48 hours. 
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Also shown in Figure 2 are data for BPL samples 
that were extracted by r e f l u x i n g in toluene for 48 
hours. L i t t l e e f f e c t of the e x t r a c t i o n i s d i s c e r n i b l e 
at Pk a = 4.6, and none at Pk a = -3.7 (not shown(26)). 

Quite the opposite response i s obtained when BPL 
i s contacted to the weak s o l i d a c i d , α AI2O3 (Figure 3). 
No i n t r i n s i c a c i d i t y was detected for α AI2O3 stronger 
than about Pk a = 3 (Figure la) , and none was found at 
Pk a of -1.5 and -3.7 when in contact with BPL. How
ever, the a c i d i t y of α AI2O3 at Pk a of 4.8 and 6.8 i n 
creases considerably above the i n t r i n s i c values in the 
presence of BPL (Figure 3) . The contact of BPL to 
α AI2O3 i s seen to r e s u l t in an increase i n the 
a c i d i t y of the white s o l i d only at a c i d strengths 
where i n t r i n s i c a c i d i t y e x i s t s on the white s o l i d , as 
was the case with BP

The a l t e r a t i o n
s u l t of contact with BPL are summarized g r a p h i c a l l y i n 
Figure 4. The f r a c t i o n a l l o s s or gain over the i n 
t r i n s i c white s o l i d a c i d i t y i s greatest for the 
weakest surface a c i d groups and monotonically de
creases with decreasing Pk a. The maximum loss i n 
MS13/110 a c i d i t y remains large however ( ~ 40% at r ^ = 
0.5) for the strongest detectable acid groups. 

Similar data (not shown(26)) for the g r a p h i t i z e d 
black, Graphon, e x h i b i t s l i t t l e evidence for s i g n i f i 
cant i n t e r a c t i o n with e i t h e r white reference s o l i d . 

The contact i n t e r a c t i o n of the two white r e f e r 
ence s o l i d s i s i n t e r e s t i n g to study because the t r a n 
s i t i o n of the v i s i b l e i n d i c a t o r can, in p r i n c i p l e , be 
observed on both components of the mixture. In the 
case of α AI2O3-MSI3/IIO mixtures, i t proved p o s s i b l e to 
observe the color changes of both materials only at 
c e r t a i n mass r a t i o s , and then only with considerable 
imprecision (foraAl2Û3) because of the large d i f f e r 
ences in i n t r i n s i c a c i d i t y of these s o l i d s . The mix
ing curve for MS 13/110 contacted with α AI2O3 i s given 
in Figure 5. The e f f e c t of α AI2O3 on the a c i d i t y of 
MS13/110 i s quite s i m i l a r to that of BPL on MS13/110 
at the same Pk a; a large net loss of MS13/110 i n t r i n 
s i c a c i d i t y with a sharp onset occuring at low surface 
area coverages. 

The best independent estimates of the α AI2O3 
t i t e r s obtained in t h i s experiment at Pk a = -1.5 are 
included In Figure 5. The a c i d i t y of α AI2O3 r i s e s as 
that of MS13/110 f a l l s . In the region of the a v a i l 
able α AI2O3 data and within the u n c e r t a i n i t y in the 
measurement, the t o t a l a c i d i t y may be said to be con
served in the contact i n t e r a c t i o n . The extent of the 
data and i t s accuracy are i n s u f f i c i e n t to provide an 
acceptable t e s t of t h i s statement, however. 
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Figure 3. Dependence of the acidity of a alumina at a pKa of 6.8 (O) and at a 
pKa of 4.6 (O) on the fraction of Black Pearls L in binary mixtures using total 

sample mass normalization. 

The characteristic acid colors of the indicators were not achieved at a pK& of —1.5 or 
—3.7 demonstrating zero surface acidity at these strengths for all rM ^ 0. Zero inter-

action between the mixture components is represented by the dashed line. 
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Figure 4. Titration results for Black Pearls L contacting 86/13 silica-alumina 
(top) and a alumina (bottom) at a mixture ratio of r w = 0.5 (equal parts by weight 
of carbon black and white solid). The silica-alumina loses acidity in the contact 
interaction across the spectrum of intrinsic acid strengths (see Figure lb), while a 
alumina gains acidity across its spectrum of intrinsic acid strengths (see Figure la) 

in the contact with BPL. 
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Figure 5. Independently measured white solid acidities in binary mixtures of 
86/13 silica-alumina and a alumina at a pKa of —1.5 (aqueous) using mass 

normalization. 

The intrinsic acidity of alumina is zero at a pKa of —1.5 (see Figure la). Within the 
region of mixture ratios where observation of both mixture components was possible 
and within the uncertainty of these measurements, the acidity lost by the silica-alumina 
is equal to that gained by the a alumina. Key: , zero interaction between the mix
ture components; , observed MS 13/110 phase; and , observed a alumina 

phase. 
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The e f f e c t of the MS13/110 contact on the α AI2O3 
a c i d i t y i s more c l e a r l y shown in Figure 6 for Pk a of 
6.8 and -1.5. The f i n i t e a c i d i t y appearing at Pk a = -
1.5 shows that t h i s i n t e r a c t i o n causes acid groups to 
appear on α AI2O3 at strengths where no i n t r i n s i c 
a c i d i t y e x i t s (Figure la) . (Although q u a n t i t a t i v e l y 
unmeasurable at the s e n s i t i v i t y employed in the pre
sent t i t r a t i o n s , the absence of the c l e a r l y d i s t i n 
guishable yellow base color of the bromothymol blue 
in d i c a t o r on ot AI2O3 p r i o r to the s t a r t of t i t r a t i o n 
demonstrated the presence of acid groups at Pk a = -1.5 
for a l l rM > o) . For the sake of comparison, the i n 
crease in 01AI2O3 a c i d i t y at Pk a = 6.8 i s an order of 
magnitude greater as a r e s u l t of contact with MS13/110 
than with BPL (Figure 4b) , and MS13/110 produces a c i d 
i t y on α AI2O3 at Pk

The extent of
v i s i b l e i n d i c a t o r t i t r a t i o n of mixtures suggests a 
ranking for the four materials included in t h i s study 
in order of increasing i n t r i n s i c s o l i d a c i d i t y : 
α AI2O3 < Graphon < BPL < MS13/110. In a d d i t i o n , the 
a b i l i t y of a material to a l t e r the i n t r i n s i c a c i d i t y 
of another in a contact ( i n t e r a c t i o n strength) l i e s i n 
the order Graphon « BPL<aAl2Û3 < MS13/110. We have 
yet to inquire about the relevance of s o l i d a c i d i t y 
measured in t h i s way to the p h y s i c a l and chemical 
pr o p e r t i e s of the materials and to the nature of the 
contact i n t e r a c t i o n . I t would be revealing to 
discover i f a net charge exchange i s associated with 
the i n t e r a c t i o n , i f the charge i s e l e c t r o n i c or 
protonic in nature, and to gain some i n s i g h t i n t o the 
energetics governing the i n t e r a c t i o n . 

Electrophoretic Mobility 
Experimental. Samples for e l e c t r o p h o r e t i c mobil

i t y (EM) measurements were prepared as previously de
scribed for the t i t r a t i o n experiments except that 
v i o l e n t mixing with d e s t r u c t i o n of carbon agglomerates 
was d e s i r a b l e here and was promoted with a 5-10 minute 
treatment of the capped serum b o t t l e s i n an u l t r a s o n i c 
bath. The i n d i c a t o r was, of course, deleted in the EM 
sample preparation procedure. Following mixing, a few 
drops of the mixture was tra n s f e r r e d to a 25 ml f l a s k 
of benzene and given another u l t r a s o n i c treatment. 
This procedure produced a f a i r l y stable c o l l o i d sus
pension of the carbon black which was used to f i l l the 
g l a s s - T e f l o n commercially a v a i l a b l e EM c e l l manufac
tured by Zeta-Meter, Inc. 
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Figure 6. Contact-induced alteration of the acidity of a alumina by 86/13 silica-
alumina at a pKa of 6.8 (O)and —1.5 O-

The acidity of a alumina in the binary mixture must go to zero at zero mixture ratio. 
The extended dashed line for a pKa of —1.5 is employed to indicate that the acidity 
was indeed greater than zero for all r3i > 0 at this pKa (as demonstrated by the indicator 

color). The intrinsic acidity values of a alumina are achieved at rM = 1.0. 
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Only c o l l o i d suspensions from mixtures of α AI2O3 
and carbon black with MS13/110 were employed because 
the r e l a t i v e l y large (-60ym) and tough MS13/110 par
t i c l e s maintained t h e i r s t r u c t u r a l i n t e g r i t y and sank 
to the bottom of the EM c e l l thus assuring that the 
carbon black or α AI2O3 moiety a c t u a l l y comprised the 
c o l l o i d measured. 

Experimental d e t a i l s of the measurement are de
scribed elsewhere (26) . I t i s noted here that many of 
the d i f f i c u l t i e s described by van der Minne(27, ^8) in 
connection with non-aqueous EM measurements of carbon 
p a r t i c l e s were avoided or minimized in concentrating 
on the low f i e l d motion of c o l l o i d s obtained from the 
quiescent materials ( i . e . materials not experiencing a 
contact i n t e r a c t i o n with the s i l i c a - a l u m i n a ) and from 
the binary mixtures
ized herein c o n s i s t
5 to 30 p a r t i c l e s t r a v e l i n g distances of 40 to 160 y m, 
averaging the v e l o c i t y values and d i v i d i n g by the 
applied e l e c t r i c f i e l d strength. Such measurement 
groups were accumulated for a given c o l l o i d sample at 
s e v e r a l values of applied f i e l d and under f i e l d rever
s a l to v e r i f y s c a l i n g of p a r t i c l e v e l o c i t y with f i e l d 
strength. 

Results. The r e s u l t s of i n d i v i d u a l EM measure
ments on groups of c o l l o i d a l p a r t i c l e s of varying s i z e 
and at d i f f e r e n t applied f i e l d s and f i e l d p o l a r i t i e s 
are presented in Figure 7 in the format of a histogram 
located at the parent mixture mass r a t i o . The bars 
appearing in Figure 7 include the t o t a l range of 3 to 
10 measured EM values for each of one to three 
c o l l o i d samples prepared from each parent mixture. 

It became apparent during the course of the 
measurements that the mixtures d i d not lend themselves 
to c h a r a c t e r i z a t i o n by a s i n g l e well-defined average 
EM value. While each sample in the f i e l d of focus of 
the EM c e l l behaved well with regard to p a r t i c l e 
s t a t i s t i c s f and applied f i e l d strength and p o l a r i t y 
s c a l i n g , these c h a r a c t e r i s t i c s of the observed sample 
could change with mixing of the c e l l and with the 
a d d i t i o n of a fresh c o l l o i d sample obtained from the 
same parent mixture. Some samples contained both 
p o s i t i v e and negative-going p a r t i c l e s that scaled 
reasonably well with the applied f i e l d strength. An 
average EM value could be evaluated for each such 
sample, both with and against the applied f i e l d i f 
c a l l e d f o r f as previously described. The i n t e r p r e t a 
t i o n suggested was to consider each of these i n 
d i v i d u a l EM values as a v a l i d sample of a d i s t r i b u t i o n 
of EM values inherent to the p a r t i c u l a r mixture. 
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Precedents for EM d i s t r i b u t i o n s of s i m i l a r width to 
those depic ted in F igure 7 have been generated for 
other m a t e r i a l systems by a measurement technique that 
i s capable of d i r e c t l y r e s o l v i n g the d i s t r i b u t i o n : 
l a s e r - d o p p l e r spectroscopy(29) . While the present 
measurement technique provides no information about 
the frequency funct ion for the d i s t r i b u t i o n , a phys
i c a l bas i s does e x i s t for the c r e a t i o n of such a d i s 
t r i b u t i o n w i th in a powder comprised of nominally i d e n 
t i c a l p a r t i c l e s as w e l l as w i t h i n the two component 
mixtures . 

An EM value greater than the experimental noise 
can a r i s e as a r e s u l t of adsorpt ion of ions from the 
s o l u t i o n onto the c o l l o i d s u r f a c e , or from excess 
charge generated w i t h i n the mixture of d i s s i m i l a r 
mater ia l s by a contac
EM measurements wer
imize the presence of e x t r i n s i c i o n i c charge that 
could mask the p r o p e r t i e s of the mixture(27) . A l t e r 
n a t i v e l y , s o l v a t i o n of ions from the carbon black 
could occur , but the i n s e n s i t i v i t y of the t i t r a t i o n 
r e s u l t s to prolonged e x t r a c t i o n of the carbon black in 
toluene suggests that at l eas t the i o n i c groups that 
determine the s o l i d a c i d i t y are s table against s o l v a 
t i o n . It i s reasonable , t h e r e f o r e , to inqu ire in to 
the c h a r a c t e r i s t i c s of charge generat ion processes 
a r i s i n g from bas ic thermodynamic c o n s t r a i n t s on the 
e l e c t r o n i c s t r u c t u r e s of the m a t e r i a l s . Such a p r o 
cess would have to account for the observat ion of 
broad EM d i s t r i b u t i o n s for the c o l l o i d s obtained both 
from the b inary mixtures and from the quiescent mate
r i a l . 

The exchange of charge, e l e c t r o n i c or p r o t o n i c , 
dur ing a contact event i s a fundamental microscopic 
process for e q u i l i b r a t i n g the e l e c t r o c h e m i c a l poten
t i a l s of two d i s s i m i l a r mater ia l s such as those com
p r i s i n g the mixtures used in these experiments(30, 
31). Moreover, contact charge exchange i s a l i k e l y 
occurance even among the nominally i d e n t i c a l p a r t i c l e s 
of each component of the mixture because of composi
t i o n a l v a r i a t i o n s and d i f f e r i n g p a r t i c l e charge c a 
p a c i t i e s r e s u l t i n g from f i n i t e p a r t i c l e s i z e d i s t r i b u 
t i o n s . The only quest ion i s one of the magnitude of 
the var ious i n t e r p a r t i c l e charge exchanges. We s h a l l 
examine the EM data under the hypothesis of contact 
charge exchange-generated d i s t r i b u t i o n s in the s p i r i t 
of ga in ing an estimate of the q u a n t i t i e s of charge i n 
v o l v e d . 

The EM r e s u l t s for the quiescent c o l l o i d s of 
Graphon, α AI2O3, and BPL appear at r^ = 1.0 in F igure 
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7. A schematic Gaussian representation of the EM d i s 
t r i b u t i o n that encompasses the quiescent measurements 
i s given on the r i g h t i n Figure 7 to aid in v i s u a l i z 
ing the indicated trends with varying r^- The EM d i s 
t r i b u t i o n s for the three quiescent c o l l o i d s a l l con
t a i n both p o s i t i v e and negative charged p a r t i c l e s but 
appear to be symmetric about EM = 0. This continues 
to be the case for Graphon at a l l r^r but only 
p o s i t i v e α AI2O3 c o l l o i d s were observed for α AI2O3 
contacted by MS13/110, while only negative BPL c o l 
l o i d s were observed for BPL-MS 13/110 mixtures at low 
BPL loadings where observation of contact-charged c o l 
l o i d i s most l i k e l y . The dashed hypothetical d i s t r i 
butions schematically depict the contact-charged c o l 
l o i d s . 

The contact-induce
about 0.2 tym

5ec (Figur
ing the coulomb force to Stokes* drag gives the p a r t i 
c l e charge density that would produce t h i s change i n 
mo b i l i t y ( 2 6 ) . Viewing a c a l i b r a t e d l i n e d microscope 
s l i d e under the conditions of the EM measurement ver
i f i e d that the c o l l o i d s included i n these measurements 
were l a r g e l y in the range of 1-10 μ m. For 1μ m 
diameter p a r t i c l e s , the p a r t i c l e charge density i s : 
α = 4 χ 10~ 6 coul/m 2. The net p a r t i c l e charge i s 13 χ 
10*18 c o u l , or about 80 e l e c t r o n i c charges. C o l l o i d s 
10 μ m in diameter would acquire about 800 e l e c t r o n i c 
charges on the average i n a l t e r i n g t h e i r m o b i l i t y by 
0 e 2 \/ m

Sec * A maximum charge exchange, represented by 
a t r a n s i t i o n of a p a r t i c l e from the postive t a i l of 
the quiescent d i s t r i b u t i o n to the negative t a i l of the 
contact-charged d i s t r i b u t i o n , would involve an ex
change of about 3200 e l e c t r o n i c charges on a 10 μ m 
p a r t i c l e . 

The EM r e s u l t s may thus be summarized in two r e 
l a t i o n s h i p s wherein the lower material charges neg
a t i v e l y in a contact with the higher m a t e r i a l ; BPL <MS 
13/110, and MS 13/110 < α Α ΐ 2 θ 3 · The average charge 
imparted to 1 μ m p a r t i c l e s i s 80 e l e c t r o n i c charges. 
In a d d i t i o n , Graphon i s e s s e n t i a l l y benign i n a con
t a c t with MS 13/110. 

Contact Potential Difference 
Experimental. The carbon blacks were used as r e 

ceived and hand pressed into 3/4-inch diameter recess
ed s t a i n l e s s s t e e l holders u n t i l firm, close-packed 
f i l m s , about 0.050-inch t h i c k , were formed. The 
samples were outgassed at room temperature for several 
hours (10~ 5 Torr) and t h e i r contact p o t e n t i a l s 
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measured r e l a t i v e to a gold reference surface u t i l i z 
ing the Kelvin-Zisman r e c i p r o c a t i n g capacitor tech
nique (32). The p r e c i s i o n of the CPD measurement in 
our c o n f i g u r a t i o n i s ± 50 mV. 

The outgassing at room temperature w i l l remove 
only the most loosely bound water from the carbon sur
face. The blacks were then heated to 100-110C for 
prolonged periods of time beyond the point where the 
contact p o t e n t i a l d i f f e r e n c e (CPD) ceased to change in 
time. The CPD was followed during c o o l i n g back to 
room temperature. The CPD samples prepared in t h i s 
manner should be in approximately the same state with 
respect to water content and other loosely bound v o l a 
t i l e s as the carbon black samples used in the t i t r a 
t i o n and EM experiments. 

The CPD measuremen
the d i f f e r e n c e in e l e c t r o s t a t i
tween two opposing surfaces that are in thermodynamic 
eq u i l i b r i u m . In the event the e l e c t r o n i c structures 
of the bulk materials continue unchanged to t h e i r sur
faces, the measured CPD w i l l equal the negative of the 
d i f f e r e n c e in work functions between the two mate
r i a l s . In the more general case, a space charge layer 
and/or a surface dipole layer i s present which a l t e r s 
the e l e c t r o s t a t i c vacuum p o t e n t i a l outside the surface 
r e l a t i v e to the inner p o t e n t i a l . I n t e r p r e t a t i o n of 
the CPD measurements then requires more d e t a i l e d 
knowledge of the e l e c t r o n i c structure of the near sur
face region. Subject to these q u a l i f i c a t i o n s , the CPD 
value can be converted to an absolute work function 
value for the surface in question i f the work function 
of the reference surface i s known. 

Results. The CPD's of Graphon and BPL r e l a t i v e 
to a gold reference following outgassing as previously 
described are -0.34 ± 0.06 V and -0.39 f 0.06 V, 
r e s p e c t i v e l y . That i s , Graphon and BPL have work 
functions, φ , that are equal and about 0.4 eV greater 
than that of the gold reference surface. 

For metals or semiconductors without dominating 
surface features such as thick oxides or high den
s i t i e s of i n t r i n s i c surface s t a t e s , the magnitude of 
the φ of one material r e l a t i v e to that of another w i l l 
define the d i r e c t i o n of e l e c t r o n i c charge transfer 
occurring in a contact of the two materials (30) . The 
work function of i n s u l a t i n g powders such as the 
MS13/110 and α AI2O3 used in the present experiments 
i s not a well defined material property. But the 
carbon blacks behave as semi-metals, and previous con
tact charging(33, 34) and t r a n s i e n t charge 
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injection(35) experiments on carbon loaded polymer 
fil m s have demonstrated the relevance of φ to the 
d e s c r i p t i o n of charge i n j e c t i o n processes in carbon 
blacks. A r e l a t i o n s h i p between φ of the blacks and 
the charge tr a n s f e r observed in the present EM e x p e r i 
ments as well as to the a c i d i t y ranking of the mate
r i a l s found i n the t i t r a t i o n experiments was, there
fore , a n t i c i p a t e d . 

However, Graphon proved to be almost t o t a l l y 
benign in the t i t r a t i o n and EM experiments, while BPL 
was very a c t i v e i n both experiments though the 
e q u a l i t y of the φ values for Graphon and BPL would i n 
d i c a t e s i m i l a r behavior for the two blacks i f the 
p h y s i c a l and chemical processes involved were governed 
s o l e l y by an e l e c t r o n i c s t r u c t u r e that was well char
a c t e r i z e d by φ . C l e a r l y
s t r u c t u r e s of the carbo
standing t h e i r i n t e r a c t i o n s with other materials. 

Discussion 
The t i t r a t i o n experiments, the EM measurements, 

and the φ measurements provide complementary informa
t i o n about the p r o p e r t i e s of the carbon black as man
i f e s t e d in t h e i r i n t e r a c t i o n s with the white reference 
s o l i d s . I t i s appropriate to ask what these r e s u l t s 
taken together say about the surface properties of 
carbon black. 

We note f i r s t that the r e s u l t s from the t i t r a t i o n 
experiments show that such measurements performed on 
mixtures of white and dark s o l i d s cannot be used to 
obtain a unique i n t r i n s i c a c i d group d i s t r i b u t i o n for 
the dark s o l i d as has been proposed in the l i t e r a 
ture (7-12). Even though conservation of t o t a l a c i d i t y 
of the mixture components i s suggested in one case 
(Figure 5) , the i n t e r a c t i o n strengths and the d i r e c 
t i o n of the a c i d i t y t r a n s f e r depend upon the p a r t i c u 
l a r materials employed in an as yet undetermined way. 
C l e a r l y , an i n t r i n s i c a c i d i t y for BPL deduced from i t s 
i n t e r a c t i o n with MS13/110 would be quite d i f f e r e n t 
from that deduced from i t s i n t e r a c t i o n with α AI2O3 
(Figure 4 ) , and an i n t r i n s i c a c i d i t y for α AI2O3 
c a l c u l a t e d as equivalent to the loss of a c i d i t y from 
MS13/110 in that mixture (Figures 5, 6) would bear no 
r e l a t i o n to the a c t u a l i n t r i n s i c acid group d i s t r i b u 
t i o n (Figure l a ) . 

C o r r e l a t i o n of the r e s u l t s of the present three 
experiments requires knowledge of the nature of the 
carbon black and white acid surfaces with respect to 
t h e i r Bronsted or Lewis character. Few a n a l y t i c a l 
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techniques can d i s t i n g u i s h between Bronsted and Lewis 
s i t e s (7-9), (13-16), (18, 36). Either kind of s i t e 
w i l l be s i m i l a r l y manifested i n the t i t r a t i o n e x p e r i 
ments, and the EM measurement cannot d i s t i n g u i s h a 
proton from an e l e c t r o n i n the charge exchange. 

The white s o l i d s were u t i l i z e d in t h e i r dehydrat
ed state i n the present work. The f u l l y dehydroxylat-
ed surface a c i d s i t e s of alumina and the s i l i c a -
alumina are reported to be Lewis in character(7-9), 
(13-15). However, the degree of hydration i s important 
to determining the nature of the acid s i t e . Alumina 
apparently r e t a i n s some chemisorbed water at heat 
treatment temperatures below 1000C(13, 37), and these 
hydrated s i t e s could impart (weak) Bronsted character 
to the i n t e r a c t i o n s of alumina with the other materi
a l s (14, 38)· S i m i l a r l y
both Bronsted and Lewi
temperatures at l e a s t as high as 500C(7, 39' 40). I t 
may be assumed that dehydration of the oxidized carbon 
black, BPL, at HOC in vacuum w i l l not be t o t a l l y 
e f f e c t i v e i n dehydroxylating the surface acid groups. 
It i s probable, therefore, that both Lewis and 
Bronsted s i t e s were present on a l l our materials 
except Graphon(40) in the present experiments. 

Given the presence of such a wide v a r i e t y of sur
face groups, s e v e r a l kinds of i n t e r a c t i o n mechanisms 
are p o s s i b l e . One we s h a l l consider might involve the 
d i r e c t contact tr a n s f e r of e l e c t r i c a l l y n e u tral a c i d 
groups in response to a thermodynamic d r i v e . A second 
would be the exchange of a proton i f Bronsted 
character predominates, or t h i r d l y , an e l e c t r o n trans
fer between Lewis groups. 

To decide the most l i k e l y mechanism we have the 
observations that the materials gained a c i d i t y i n con
ta c t with the higher member of the s e r i e s i n the 
order, α AI2O3 < BPL <MS13/110, while the lower 
materials gained negative charge from contact with the 
higher material f o r , BPL < MS 13/110, and MS13/110 
< α AI2O3; Graphon was nearly benign i n the contact 
i n t e r a c t i o n s even though i t s work function was nearly 
equivalent to that of BPL. 

The observation that charge transfer accompanies 
a c i d i t y t r a n s f e r immediately rules out the p o s s i b i l i t y 
of an i n t e r a c t i o n mechanism invo l v i n g only e l e c t r i c a l 
l y n e u t r a l surface groups. 

E l e c t r o n i c charge t r a n s f e r v i a Lewis s i t e s occurs 
i n the d i r e c t i o n from lower to higher electrochemical 
p o t e n t i a l , while p o s i t i v e charge trans f e r flows in the 
opposite d i r e c t i o n . We may thus consider that the 
order given above based upon the sign of the contact 
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charge exchange defines the d i r e c t i o n of decreasing 
electrochemical p o t e n t i a l . 

I t i s impossible to unambiguously i d e n t i f y the 
nature of the charge c a r r i e r involved i n the contact 
charge exchange s o l e l y on the basis of the e l e c t r o 
chemical p o t e n t i a l s e r i e s . However, the idea of 
l o c a l i z e d Lewis s i t e s governing the i n t e r a c t i o n for 
BPL in the binary mixtures r e c o n c i l e s the present non
aqueous medium r e s u l t s with previous i n t e r p r e t a t i o n s 
of s o l i d state experiments that emphasize the ro l e of 
Lewis s i t e s i n d e f i n i n g the thermodynamic d r i v e 
governing charge i n j e c t i o n at carbon-polymer i n t e r 
faces (33-35) through t h e i r c o n t r o l of the carbon sur
face dipole layer c h a r a c t e r i s t i c s ( 3 2 ) . Presumably i n 
the BPL - MS13/110 binary mixture, weak acid groups 
occurring at high Pk
( i . e . , e l e c t r o n donor
s i t e s on BPL. 

In contrast, the l o s s of a c i d i t y of MS13/110 to 
α AI2O3 in t h e i r mixtures (Figure 5) i s accompanied by a 
p o s i t i v e charge tr a n s f e r from MS13/110 to α AI2O3. 
Here, the idea of proton transfer dominating the 
α AI2O3 i n t e r a c t i o n with MS13/110 not only s a t i s f i e s 
the p a r t i c l e charge requirement but als o provides a 
basis for the increase i n a c i d i t y of α AI2O3 observed 
to occur i n regions of ac i d strengths where no i n t r i n 
s i c a c i d i t y e xisted (Figure 6) since the extra protons 
on α AI2O3 can be expected to be more l a b i l e than those 
associated with the l o c a l i z e d i n t r i n s i c Bronsted 
s i t e s . The increased strength of the α AI2O3 i n t e r 
a c t i o n with MS13/110 compared to BPL with MS13/110 as 
discussed previously i n the text also suggests that 
Bronsted s i t e s are generally dominant over Lewis s i t e s 
on MS13/110, in agreement with previous f i n d i n g s ( 7 , 
18) . 

The i n a c t i v i t y of Graphon in the contacts with 
the white s o l i d s despite the near equivalence of i t s 
work function with that of BPL demonstrates an absence 
of coupling of the d e l o c a l i z e d π e l e c t r o n system of 
Graphon with the l o c a l i z e d Bronsted and Lewis s i t e s of 
the white s o l i d s . I t i s to be noted that e l e c t r o n 
t r a n s f e r between the π e l e c t r o n systems of d i f f e r e n t 
carbon blacks occurs quite r e a d i l y . The oxide s t r u c 
tures of carbon blacks are seen to play a fundamental 
role i n t h i s viewpoint at the microscopic l e v e l akin, 
for example, to the c r i t i c a l importance of the molecu
l a r s tructures of the adsorbates in chemisorption from 
the gas phase onto metals (41, 42) and metal 
oxides (4_3) . 
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I t i s worth noting that the model for the carbon 
black surface deduced from these observations 
possesses a l i m i t e d p r e d i c t i v e c a p a b i l i t y for other 
materials systems than those studied herein. The 
current viewpoint that polymer i n t e r a c t i o n s may be 
discussed in terms of Lewis a c i d i t y and b a s i c i t y 
associated with p a r t i c u l a r molecular groups comprising 
the polymer(44-46) coincides with the present d e s c r i p 
t i o n of the o r i g i n of carbon black a c t i v i t y . S p e c i f i 
c a l l y BPL, which contains l o c a l i z e d Lewis acid s i t e s , 
can be expected to i n t e r a c t r e a d i l y with polymer s i t e s 
that are capable of acting as a Lewis base towards the 
carbon s i t e s . On the other hand Graphon, which lacks 
these l o c a l i z e d Lewis acid s i t e s , i s predicted to 
i n t e r a c t weakly with the same polymer s i t e s . Contact 
charge i n j e c t i o n experiments(33) provid  p a r t i c u l a r
l y s e n s i t i v e probe
and may supply the  pre
d i c t i o n s . 
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Fourier Transform IR Spectroscopic 
Characterization of the Functional Groups on 
Carbon Black 

W. M. PREST, JR. and R. A. MOSHER 

Xerox Corporation, Webster, NY 14580 

The chemical and
strongly influenced by the presence of surface oxides which are 
formed during the manufacturing process. This paper 
demonstrates that the nature and relative concentrations of 
these species can be determined using the high signal to noise 
and energy throughput capabilities of Fourier transform 
infrared spectroscopy. Spectra associated with the functional 
groups have been derived from transmission measurements of 
dilute dispersions of carbon black in K B r using computer 
assisted techniques. The resultant spectra consist of 
characteristic bands at 1725, 1595 and 1245 cm-1  whose 
intensities are strong functions of the manufacturing conditions. 
The concentration and thickness dependence of the absorbance 
follows Beer's Law indicating that this method can be used to 
quantitatively characterize the concentrations of each species. 
The technique is used to compare the characteristics of 
commercially available carbon blacks and to determine the 
changes that occur as the result of selective heating and titration 
experiments. 

Reprographic technologies rely on the high optical density of carbon 
black to pigment the wet and dry inks called toners. The carbon, present in 
the form of finely divided particles, is manufactured by a variety of methods 
from the partial combustion of fossil fuels [1]. Each process produces 
characteristic changes in the properties of the black as the result of the 
chemistry which occurs during the oxidative step and the impurities 
introduced through the feed stock or condensation procedure. The 
resultant carbon blacks are often futher chemically modified to improve 
such properties as their ability to be dispersed in a given resin and/or the 
subsequent rheology of the composite. In addition to influencing the 
optical and rheological properties of a toner, the surface chemistry of the 
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carbon black has an important effect on the electrical properties. Fabish 
and Hair [2] have shown that chemical modifications which change the 
apparent acidity and oxygen content of a black produce correspounding 
changes in the contact potential (work function). Recently, M i e n [3] has 
illustrated how the triboelectric charging characteristics of a toner are 
related to the contact potential. These examples of the importance of the 
surface characteristics of carbon black have motivated a variety of attempts 
to characterize the functional groups on the surface. However, while there 
is abundant evidence for the presence of different types of functional 
groups from such measurements as the chemical reactivity, the acidity and 
the volatile components of the black [1], there is insufficient data to 
unambiguously identify the species responsible for the desired properties. 
This paper extends previous investigations of the infrared spectra of 
carbonaceous compounds [4-l£] to the characterization of the functional 
species which are present o
high signal to noise and energ
infrared spectroscopy (FTIR) enable the quantitative measurement of the 
spectra of the surface species. This technique is applied to the 
characterization of the distinguishing features of commercial carbon blacks 
and to the analysis of the products of selective heating and neutralization 
experiments. 

B A C K G R O U N D 

Numerous analytical procedures have been developed to characterize 
the chemical species that are present on the surfaces of carbonaceous 
materials [1]. One simple measure is the volatile content, which is defined 
as the weight lost as the result of heating to 900°C in an inert atmosphere. 
Carbon blacks used in reprography typically have volatile contents ranging 
from five to sixteen percent These thermally evolved gases consist 
primarily of carbon monoxide and carbon dioxide in such proportions that 
oxygen constitutes approximately 60% of the volatile products [19-2Q]. The 
nature of the oxygen containing groups have been explored by different 
chemical analysis methods. Selective neutralization experiments using bases 
of increasing strength have been used to argue for the presence of 
carboxylic acids, lactones, phenols, and quinones. The most extensively 
used technique, developed by Boehm [21] and Schubert et al. [22], 
determines the carboxyl, lactone, phenol and qunione concentrations from 
the respective back titrations with NaHC03, Na 2 C03, NaOH and 
NaOC2H 5 . However, as pointed out by Mattson [9] and Rivin [20], this 
technique sets arbitrary limits on the acidity ranges for each group, which in 
fact may be substantially perturbed by the strong electronic interactions 
between groups through the conducting substrate. Thus, for example, there 
is the question of whether the NaHC03 neutralization measures all or only 
the most acidic of the carboxylic acids. 
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Infrared spectroscopy has been used to probe the surface functionality 
of a variety of carbonaceous materials since the early 1940s [4-18], These 
attempts to define and characterize the surface groups have been restricted 
by the relatively low concentrations of the functional species. More 
significantly, the characteristic absorptions are often masked by the high 
optical absorption edge of the carbon substrate. This requires that the 
instrument be able to resolve small signals superimposed on a large 
background absorbance. 

The assignment of the observed bands is particularly complicated 
because the functional groups are present in such a wide variety of 
electronic and chemical environments that the absorption bands are much 
broader than those of the isolated compounds. Futhermore, these carbon 
surfaces are so reactive and absorbent that extreme care must be excercised 
to avoid the artifacts that result from contamination  In spite of these 
difficulties, several infrare
characteristics of different
features with the vibrational modes of an often conflicting variety of 
functional groups. A schematic representation of the oxygen related 
functionalities and band assignments which have been proposed for a 
variety of carbon based compounds is presented in Figure 1. In addition to 
the carboxylic acids (1725 cm 1), quinones (1675 cm 1), phenols (1200, 3600 
cm*1) and lactones (1775, 1250 cm 1) mentioned above these species include 
aldehydes (1700 cnr 1), aryl ethers (1260 cm-1), cyclic anhydrides (1775,1740 
& 1260 cm 1 ) and the skeletal modes of carbon (1600 cnr1) [17]. Attempts 
to resolve these ambiguities by measuring the spectra of chemically or 
thermally modified carbons have often been indecisive because of the 
extremely small resolvable signals and the associated experimental 
difficulties in defining absolute changes in band intensity. Earlier work by 
O'Reilly and Mosher [18] demonstrated that FTIR spectroscopy could be 
used to quantitatively measure the vibrational spectra of carbon black. 
They showed that at low carbon black concentrations Beer's Law was 
followed and that, in principle, the concentration of functional groups could 
be obtained. This paper describes the extention of this FTIR technique to 
the quantitative measurement of the vibrational spectra of different types of 
carbon black and its application to the analysis of the characteristic features 
of these blacks. 

E X P E R I M E N T A L MATERIALS AND TECHNIQUES 

The carbon blacks used in this study were obtained from the Cabot 
Corporation, Billerica, Massachusetts through the courtesy of Dr. John 
Riehl. They were chosen to be representative of a variety of surface 
characteristics ranging from the graphitized Sterling M T and the 
devolatilized Regal 330R to the highly oxidized Carbolac 2. Also 
included is a sample of HTT 5.3, a black prepared by Cabot Corporation 
from the selective oxidation of CSX 99. The nitrogen surface areas and 
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volatile contents of these blacks and the concentrations of functional groups 
defined by the Bohem scheme (from back titrations) are listed in Table I. 

Each black was initially dried at 105°C for one hour to remove moisture 
and adsorbed components. Care was taken to insure that the oven was 
clean and free of contaminants such as silicone grease, oils and other 
samples. A l l subsequent sample manipulations were conducted in a 
nitrogen purged dry box. A master dispersion, consisting of 10 mg of black 
and 1 gram of potassum bromide (KBr, Specta grade, Harshaw Chemical 
Company), was placed in a cleaned and dried 2cc stainless steel canister 
containing a 0.64 cm steel shot and milled for 5 minutes on a Crescent 
Dental Mfg. Co. Wig-L-Bug. The master dispersion was further diluted 
with KBr to produce a sample with a nominal composition of 0.47 mg of 
carbon black per gram of KBr and milled for another 5 minutes. A Perkin-
Elmer KBr vacuum die was used to produce sample disks ~ 12mm in 
diameter and 1 mm thick
FTS 15B Fourier transfor  HgCdT
detector. Typically, 512 scans were run in both the reference and sample 
beams at a resolution of 4 wavenumbers. Critical band positions were 
subsequently defined from spectra obtained at a resolution of one 
wavenumber. Spectra of freshly prepared KBr reference disks were 
interspersed throughout the measurement cycles. Inspite of the above 
drying precautions, moisture related bands at 3390 and 1640 c m 1 were 
always present in the milled KBr dispersions and, as has been previously 
noted [11], are enhanced by the grinding process. The spectra of these 
"false" KBr-H^O species was obtained by subtracting the spectra of 
reference disks which had been milled for different periods of time. The 
spectra of "computer dried" carbon black was obtained by subtracting a 
multiple of this moisture spectra using the elimination of the 3390 cnr 1 

band as the criteria for complete removal. Following this correction, the 
spectra of a KBr disk of the same thickness as the sample was subtracted 
from the experimental data. Complementary experiments in which the 
carbon blacks were milled in Cesium Iodide, dusted or solvent deposited on 
silver chloride plates, or mulled in Nugol demonstrated that the measured 
spectral features are characteristic of the particular type of carbon black and 
are not the result of chemical reactions with the KBr matrix. As 
demonstrated below, these techniques permit absorbances to be defined to 
better than ±0.005. 

RESULTS and DISCUSSION 

Carbon Black Spectra 
Typical absorbance spectra of Monarch 1300 carbon black are 

presented in Figure 2. The spectra consist of small signals in the vicinity of 
900-1800 c m 1 and 3200-3600 cnr 1 superimposed upon a broad background 
which is almost a linear function of the wavelength. This intense dispersion 
has been attributed to the intrinsic absorbtion edge of the particular carbon 
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T A B L E I 

Carbon Black N'2 area Volatiles Functional groups in /xeq/g* 

m 2 /g wt% o 2

# Carboxyl* 
2 

Lactone Phenol" 

Carbolac® 2 935 15.6 12.9 569 333 408 
Monarch® 1300 530 10.8 13.9 504 259 288 
HTT5.3 618 5.8 5.3 265 219 303 
CSX-99 520 2.5 94 0 312 
Regal® 330R 91 1.1 2.4 60 
Sterling® M T 70 0.6 0.0 30 

.3 

* Determined from the Boehm Scheme 
1- Carboxyl = NaHCC>3 - ionized acids 
2- Lactone = N a 2 C 0 3 -NaHCO; 
3- Phenol = NaOH : N a 2 C 0 3 " 

# Oxygen content by difference from elemental analysis of H & C (includes 
some sulfur and ash) 

® Carbolac, Monarch, Sterling and Regal are Registered Trademarks of 
Cabot Corporation, Inc. 
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Figure 2. The absorbance of Monarch 1300 dispersed in KBr as a I unction of 
concentration. Key: 1, 7.05 X 10 4 f> CB/f> KBr; 2, 4.70 X 10 1 f> CB/x KBr; and 

3, 2.35 X 10 4 f> CB/x KBr. 
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and/or to interparticle scattering. However, scattering can be expected to 
be minimal for several reasons. First, the size of the scattering elements, 
which are composed of - 50 nm elemental carbon black particles fused into 
-500 nm aggregates, are significantly smaller than the infrared wavelengths 
of interest (ie. 2.5-20 mm). Secondly, the inhomogeneous Rayleigh 
scattering from such small particles would be proportional to the fourth 
power of the frequency instead of the observed linear dependence [22]. 
Finally, there is no evidence for multiple scattering events since the 
absorbance of this dispersion, as characterized by its magnitude at 2800 cnr 
\ is a linear function of both the concentration of the black and the 
thickness of the pellet as shown in Figure 3. In other words, the magnitude 
of this apparent background follows Beer's law and, as shown below, 
directly scales with the absorbances of the functional groups on a particular 
black. These results indicate that this background dispersion is the intrinsic 
absorbance of the particula
conducting materials [14,1£,1£]
surface species has a profound effect on the shape of this absorption edge. 

The data manipulation capabilities of the FTIR spectrometer can be 
used to quantitatively resolve the structural features which are 
superimposed upon the intrinsic absorption. The spectral features which 
exceed a baseline drawn between 1880 and 880 cnr 1 in five independent 
preparation and measurement experiments are shown in Figure 4. The 
superposition of these five spectra illustrate both the reproducibility and the 
quantitative nature of this technique. The "resolved" spectra consist of 
three broad absorptions centered around 1725, 1595 and 1245 cnr 1 and two 
superimposed sharp bands at 1135 and 1340 cm' 1. These latter peaks are 
characteristic of the particular type of carbon black and are presumably 
caused by impurities introduced in the manufacturing process. They may 
reflect the presence of residual sulfur compounds present in the form of 
sulfones or sulfonic esters in which the symmetric and antisymmetric 
stretching modes of the S02 vibrational modes occur in the range of 1140-
1160 c m 1 and 1300-1350 cnr 1 [24]. Note the absence of discernable bands 
above -1730 cnr 1. This implies that these carbon blacks do not contain the 
lactone and cyclic anhydride functionalities observed on other carbon 
surfaces (see Figure 1) [17]. 

The dominant bands in the resolved spectra obey Beer's law in that the 
magnitude of the absorbance (defined in terms of the peak heights relative 
to a linear baseline drawn between 880 and 1880 cm 1 ) is linear in both 
concentration and thickness (Figures 5 A&B). Futhermore, when these 
spectra are divided by the magnitude of the intrinsic absorption at 2800 cnr 
! , the resultant absorbances are independent of sample thickness and 
concentration as shown in Figure 6. This supports the previous conclusion 
that both the broad background absorption and the superimposed spectra 
are directly related to the chemical structure of the black. The data also 
demonstrate that the spectral features of carbon black can be routinely 
measured to within ± 0.005 absorbance units. This capability for the 
quantitative measurement of the effects of various modification procedures 
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on the absolute magnitudes of the absorbances of different bands permits 
tests of proposed band assignments. 

Heat Treated Blacks 
Information about the origin of the spectral features can be obtained 

from selective heating studies [i,ll,H,15,17]- Figure 7 shows the weight 
change and rate of weight loss [dW/dt] of dried Monarch 1300 as it is 
heated at 40K/min. in argon (thermogravimetric analysis - TGA) . Note 
that by 900°C the sample has lost 10.8% of its weight This corresponds to 
the "volatile content" of this material (Table I), a number which is often 
used to define the total oxygen content of the black. However, since there 
is a continuing loss of weight at and above this temperature, the data 
indicate that the black contains substantially more volatile components than 
are assessed in the traditional analysis

Figure 7 indicates tha
a relatively rapid proces y
superimposed upon an approximately constant loss process. Analysis of the 
gases evolved during the heating of similar carbon blacks have shown that 
carbon dioxide is the primary product of this initial process [19,20]. This 
has been associated with the removal of labile carboxylic acid functionalities 
[U]. The infrared spectra of selectively heated Monarch® 1300 carbon 
blacks are shown in Figure 8. Each sample was held at the indicated 
temperature for one hour. Care was taken to maintain the sample in an 
inert atmosphere throughout the heating, milling and measurement steps. 
The 1725 cm"1 band disappears by 400°C in parallel with the T G A loss 
mechanism which has been associated with the production of CO2. This 
further supports the assignment of this band to carboxylic acid. A 
surprising feature of the spectra shown in Figure 8 is that the loss of the 
1725 cm*1 carboxylic acid absorption reveals the presence of a sharp band at 
1700 cm*1. While this band may be attributed to the presence of aldehydes, 
its thermal stability and narrow band width in this carbon black are 
surprising. 

Of particular interest is the persistence of the 1595 and 1245 c n r l bands 
in carbon blacks which have been heated to 1700°C. The presence of these 
bands in these thermally "devolatilized" blacks suggests that they are 
characteristic of the basic carbon substrate rather than a surface group. The 
-1600 cm - 1 band, which has been observed in a variety of carbonaceous 
compounds, has been associated with the aromatic skeletal modes of carbon. 
Futhermore, it has been proposed that the relative intensity of this band is 
enhanced by the presence of surface species [4,17]. In the context of the 
theory of the optical properties of dielectric media containing small 
dispersed conducting islands, these groups can be expected to change in 
dielectric constant of the surface of the conducting carbon particles thus 
modifying the boundary conditions between the black and the matrix [25]. 
This would have the effect of shifting the absorption band edge to higher 
frequencies as has been observed in dispersions of oxidized metal particles. 
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TEMPERATURE °C 

Figure 7. Thermogravimetric analysis of Monarch 1300. Percent weight loss 
and rate of loss (dW/dT) as a function of temperature when heated in argon at 

40 K/min. 

14 

" 22000 1600 1200 800 
WAVENUMBERS 

Figure 8. Resolved spectra of Monarch 1300 carbon blacks which were held at 
the indicated temperature for one hour in a dry nitrogen atmosphere and milled in 

KBr in an inert atmosphere (Ns). 

In Colloids and Surfaces in Reprographic Technology; Hair, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



11. P R E S T A N D M O S H E R Carbon Black Functional Groups 237 

This mechanism provides an explanation for the apparent decrease in the 
magnitude of the 1595 c m 1 absorption which occurs as the volatile species 
are removed at elevated temperatures (Figure 8). It should be noted that 
other vibrational processes can contribute to the intensity of 1595 cm 1 

region in addition to the ring modes of the carbon, as illustrated by the 
selective neutralization experiments described below. 

In contrast to the 1595 c m 1 band, the assignment of the extremely 
broad (>130 c m 1 half width at half height) [18] absorption centered at 1245 
cm-1 is uncertain. The thermal stability of this absorption implies that it 
reflects a characteristic feature of the bulk rather than the surface. The 
intensity of this band is completely synchronized with that of the 1595 c m 1 

ring mode throughout the heating studies (Figure 8). Futhermore, while 
the relative magnitudes of the 1595 and 1245 cm 1 bands differ from black 
to black, the ratio of these bands in a given black is independent of 
subsequent thermal treatments
related to the bulk absorptio
presence of surface species equally enhances the absorptions at 1245 and 
1595 cm - 1. These results are consistent with proposals for aryl ethers [17], 
although the extreme breadth of this band suggests the possibility of other 
underlying absorption processes. 

The heat-treated materials are very reactive and are readily reoxidized in 
the presence of air. For example, the carboxylic acid band at 1725 c m 1 

reappears when the sample heated to 600°C is milled in air instead of 
nitrogen (Figure 9). As expected from the above discusssions, the presence 
of these new surface species also enhances the absorptions at 1595 and 1245 
cm*1. Interestingly, the air and nitrogen milling conditions have different 
effects on the magnitudes of the 1135 an 1340 cm 1 impurity bands of this 
carbon black. 

In summary, in the context of the previous infrared work, the results of 
the selective heating experiments show that the spectra of carbon blacks are 
composed of bands associated with: carboxylic acid, the skeletal modes of 
aromatic carbon and, perhaps, thermally stable aldehydes and aryl ethers. 

Selective Neutralization 
Selective neutralization experiments provide another method for 

evaluating the relationship between the absorption spectra and the identity 
of the surface species [6,16]. Samples of Monarch 1300 carbon black 
which had been back titrated with different strength bases as per the Boehm 
scheme (see Table I) were filtered, washed with neutral water and then 
reacidified with dilute HC1. Spectra were obtained on samples dried after 
each of these steps. In these samples, the reacidification process completely 
reversed the changes in the spectra which had been produced by the 
selective neutralizations. Figure 10 compares the result of the NaHCC>3 
titration with that of the reacidified black. This weak base, which is used to 
measure the carboxylic acid content of the black, reduces the 1725 cnr 1 

band and increases the intensity of the 1595 cm*1 band. Futhermore, there 

In Colloids and Surfaces in Reprographic Technology; Hair, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



14
 

14
 

O
 

o o CD
 cr
 

o CO
 

GO
 < 

2
0

0
0
 

16
00

 
12

00
 

W
A

V
E
N

U
M

B
E
R
S 

8
0

0
 

1 
1 

\—
N

a
H

C
0

3
 

LA
 

R
E
A
C
ID

IF
IE

D
 

R
E
A
C
ID

IF
IE

D
 

\
\ 

/ 
\ 

S
^

J
/ 

N
Q

H
C

0
3
 

*V
 

i 
i 

2
0

0
0
 

16
00

 
12

00
 

W
A

V
E
N

U
M

p
E
R
S 

8
0

0
 

F
ig

ur
e 

9.
 

R
es

ol
ve

d 
sp

ec
tr

a 
of

 M
on

ar
ch

 1
30

0 
ca

rb
on

 
bl

ac
k 

w
h

ic
h

 h
as

 b
ee

n
 h

ea
te

d 
in

 n
it

ro
ge

n
 a

t 
60

0 
°C

 f
or

 
on

e 
h

ou
r 

an
d 

m
il

le
d 

in
 K

B
r 

in
 a

 
n

it
ro

ge
n

 
or

 
ai

r 
at

m
os

ph
er

e.
 

F
ig

ur
e 

10
. 

R
es

ol
ve

d 
sp

ec
tr

a 
of

 M
on

ar
ch

 1
30

0 
ca

r
bo

n 
bl

ac
k 

n
eu

tr
al

iz
ed

 w
it

h
 

N
aH

C
O

s 
an

d 
re

ac
id

if
ie

d.
 

In Colloids and Surfaces in Reprographic Technology; Hair, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



11. P R E S T A N D M O S H E R Carbon Black Functional Groups 239 

is a corresponding appearance of a broad band between 1340 and 1380 cm'1. 
These results are consistent with the formation of sodium salts of the 
carboxyl groups to produce the asymmetric (1590 cm *) and symmetric 
(1380 cm-1) stretch of the carboxylate anion [6,16]. Note that the 1725 c m 1 

carboxyl group is not completely neutralized by this weak base. This 
reinforces the proposals that the titration schemes do not quantitatively 
determine the concentrations of each species because the acidity of each 
group is strongly modified by the local chemical and physical environments 
of the conducting substrate [20]. 

Figure 11 compares the spectra of the Na2C(>3 titrated and the 
subsequently reacidified Monarch 1300 carbon black. This stronger base 
continues the neutralization of the 1725 c n r l carboxyl band and, in so 
doing, reveals the presence of the sharp band at 1700 c n r l seen in the 
heating experiments. In addition to the increase in the 1595 and 1380 cnr l 
bands associated with th
dispersion at 1675 c n r l appears. It is significant to note that these titrations 
do not change the intensity of the broad absorption centered around 1245 
c n r l and that the changes of carboxylic acid (1725 cnr l ) to the carboxylate 
ion (1590 & 1380 cnr l ) are reversable. In the Boehm scheme the Na2CC>3 
titration provides a measure of the lactone functionality. However, the 
absence of dicernable bands above -1740 c n r l in any of the blacks is not 
consistent with the presence of the lactone (or cyclic anhydride) 
functionalities observed on other carbonaceous materials. Instead, the 
Na2CC>3 titration appears to be measuring the less acidic carboxylic acid 
groups and forming (or perhaps enhancing the presence of) a band at 1675 
cm*1. The appearance of this new band is particularly interesting in light of 
the model proposed by Garten, Weiss and Willis [6]. They suggested that 
the acidity of a black might be derived from lactones (1760 cnr1) which, 
when in conjunction with a phenol, could be hydrolyzed to form quinones 
(expected but not observed at 1680 cnr1) and aldehydes or ketones (-1720 
cm-1). However, the 1675 cnr 1 bands shown in Figures 11 & 12 cannot be 
used to support the reaction schemes that yield the quinone functionality 
because these bands are removed by washing with neutral water or dilute 
HC1. An alternative suggestion is that the band at 1675 cm"1 is caused by 
the sulfur impurities in the carbon black such as the C = S frequency of the 
thioketones (1670 cnr 1) or the carbonyl stretch of thiolesters (1680 cnr1) 
[24]. 

The spectra of the titrated Monarch 1300 carbon blacks are compared 
as a function of the strength of the base in Figure 12. This shows that the 
NaOH titration enhances the effects described above with a futher 
development of the structure of the 1300-1400 cm 1 region and the futher 
increase in the 1675 cnr 1 absorption. No other changes in the spectra are 
observed. In the Boehm scheme [21], the NaOH titration measures the 
phenolic content of the black. The phenolic functionality would be 
expected to give rise to bands at -1160 - 1200 cnr 1 (the O H bending mode) 
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and at 3600 cnr 1 (the O H stretch). Not only is the expected phenolic OH 
deformation mode (1160 - 1200 cm-1) not observed in the original black but 
is there are no dicernable changes in this region of the spectra as the result 
of the titration. The phenolic O H stretch should be observable at -3600 
cnr 1 as part of the broad band from -3200 - 3600 c m 1 (Figure 2). This 
region also contains the hydroxyl stretching contributions from absorbed 
water and the false KBr-H20 bands mentioned above [11]. However, as 
shown in Figure 13, the subtraction of the water based spectra derived from 
the bands that develop in milled KBr is sufficient to account for all the 
intensity observed above 3000 cm*1. It therefore appears unlikely that a 
significant number of hydroxyl groups are the result of the phenolic 
functionality. 

In summary, the titration experiments show that the 1235 c m 1 band is 
unaffected by any of the neutralization processes while progressively 
stronger bases increase th
the carboxylic acid functionality (172 )  carboxylat  (159
1380 cm-1). In addition, these (and other related) experiments indicate the 
presence of a very stable compound in these carbon blacks which is 
characterized by an absorption at 1700 cm 1 (aldehyde?). There is no 
evidence from the vibrational spectra for the phenolic and lactone 
functionalities seen on other carbonacous compounds. 

Spectra of Different Blacks 
The characteristics discussed above are not unique to Monarch 1300 

but are in fact typical of a number of commercial carbon blacks. This is 
illustrated in Figure 14 by the spectra of carbon blacks which have the 
different surface characteristics listed in Table I. Each of these samples was 
prepared by dispersing the same (0.047 weight %) concentration of carbon 
black in KBr. The presence of the surface species, as indicated by the 
magnitude of the features in the vicinity of 1600 cm 1 , is seen to have a 
pronounced effect on the intrinsic carbon absorption (band edge). The 
greater the number of surface species, the lower the background absorption. 
This is equivalent to the effects noted in the heating experiments, in which 
the loss of the surface groups had the effect of shifting this absorption edge 
to longer wavelengths, presumably because of the change in the boundary 
conditions between the particles and the KBr dispersion medium [25]. 

The resolved spectra of these carbon blacks are shown in Figure 15. 
The bands at 1725,1595 and 1245 cnr 1 observed in Monarch 1300 are also 
present in the different carbon blacks, but in varying proportions. Note that 
the bands at 1595 and 1245 cnr 1 are even present in the completely 
unoxidized Sterling M T black. This reinforces the proposal that these 
bands are associated with the bulk carbon black structure and are only 
enhanced by the presence of surface species. As mentioned above, the 
sharp bands at 1135 and 1340 cnr 1 appear in some of the carbon blacks but 
not in others as might be expected from sulfur impurities introduced from 
different feed stocks. 
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Figure 13. Resolved spectra of the initial and computer dried Monarch 1300 
carbon black. 
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4000 3200 2400 1600 800 400 
WAVENUMBERS 

Figure 14. Absorbance spectra of 0.047 wt % KBr dispersions of carbon blacks 
with different oxygen contents. Key: 1, Regal 330 R; 2, CSX 99; 3, BP 1300; 

4, Monarch 1300; and 5, Carbolac 2. 
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Interesting speculations can be derived from comparisons between these 
spectra and the analytical data presented in Table I. Note that magnitude 
of the 1725 c m 1 band increases with the volatile content of the black but is 
not strictly a linear function of the total oxygen content nor the weak base 
(ie. NaHC03) measure of the carboxyl concentration. For example, while 
the magnitude of the 1725 c n r l band in Carbolac 2 is -40% greater than 
the corresponding band in Monarch 1300, the NaHC03 defined carboxyl 
concentrations differ by only -10%. Similarly, the magnitude of this same 
band in HTT 5.3 is within 70% of the Monarch 1300 standard, while the 
oxygen and carboxyl concentrations differ by fifty percent These results 
reinforce the hypothesis that the carboxyl groups reside in a variety of 
environments which change their effective acidity [£, 20]. Thus, in the 
special case of conducting carbon substrates, the neutralization experiments 
measure the distribution of acidities of the surface groups rather than the 
quantitative populations o
the results of the Na2C0
be reflecting the presence of weakly acidic carboxyl groups in place of or in 
addition to the proposed lactone, phenolic and quinone functionalities. 

The data in Figure 15 and Table I also imply that the magnitudes of the 
bulk carbon bands below 1700 cnr 1 are enhanced as the result of the 
presence of the oxygen in the less acidic environments and/or 
functionalities. The correlation between the size of the bands in Carbolac 
2 and the nominal lactone and phenolic concentrations is apparent Note 
also that the spectra of the HTT 5.3, is essentially identical to that of 
Monarch- 1300 below 1700 cnr1, even though its oxygen and carboxyl 
content are substantially smaller. Similarly, it can be argued that the 
magnitude of the vibrational bands in CSX 99 is derived from the 
concentration of the weakly acidic groups measured by the NaOH titration. 
Again, the least acidic groups, be they of the same or different chemical 
species, have the effect of enhancing the bulk carbon based absorptions (ie. 
1245 & 1595 cnr1) more than the stronger acids. 

CONCLUSIONS 

This paper has demonstrated that quantitative measurements of the 
vibrational spectra of carbon blacks can be made using the high signal to 
noise and data processing capabilities of Fourier transform infrared 
spectroscopy. This capability was used to analyize the results of selective 
heating and titration experiments in the context of the previous band 
assignments for the spectra of carbonaceous materials and to compare the 
properties of a variety of commercial carbon blacks. The results indicate 
that the spectra of carbon black is dominated by the structural modes the 
bulk carbon enhanced by the presence of carboxyl groups which are present 
in a variety of acidic environments. No evidence has been observed for the 
phenolic, lactone or cyclic anhydride functionalities observed on other 
carbon based materials or implied by selective neutralization experiments. 
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Figure 15. Resolved spectra of carbon blacks with different surface characteristics 
as listed in Table I superimposed on a linear baseline between 1880 and 880 cm'1. 
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12 
Charge Transport Experiments in 
Monocomponent Toners 

W. IMAINO, K. LOEFFLER, and R. BALANSON 

IBM Research Laboratory, San Jose, CA 95193 

Charge transport throug
toners, first observed by Nelson, has been investigated in 
greater detail. Employing a standard monocomponent 
developer, the dc and transient currents through the agitated 
toners have been measured. It is apparent that current flows 
due to some kinetic mechanism; specifically, the experiments 
indicate that charge is injected onto the toner surface and 
current results due to the toner translational motion. 

In the monocomponent development process1,2 for copying onto plain 
paper3, a magnetic and highly insulating toner is employed to render visible 
the latent electrostatic image on the photoconductor. As shown by Nelson3, 
the toner brush is inductively charged and subsequently attracted and 
deposited onto the high charge areas of the photoconductor. He notes that 
the inductive charging is made possible, in these usually highly insulating 
materials, by a kinetically enhanced conductivity, i.e., the conductivity of the 
toner powder increases dramatically with greater agitation. This kinetically 
enhanced conductivity is the subject of the present investigation. 

The topic of electrical or thermal conduction through particulate media 
has been the subject of numerous theoretical and experimental investigations, 
encompassing a wide variety of applications. For example, the electrical 
conductivity of two phase dispersions with results of experiments on fluidized 
beds of spheres has been studied by Connelly and Turner.4 Charge transport 
of individual particles in electrostatic precipitators has been studied by 
McDonald et al. 5 while Vincett6 investigated the high field electrophoresis of 
insulating particles in insulating liquids. These authors as well as others in 
related studies, demonstrate that electrical conduction in a system of 
insulating particles may take place as a result of mass transport 
(electrophoresis, electrostatic precipitators) or by interparticle contact 
(fluidized beds). For charge transport through a magnetically agitated, 
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insulating powder one can envision current flow due to charge injection 
across interfaces and charge migration by both interparticle contact and mass 
transport. 

In Section II a description of the monocomponent developer is 
provided, in Section III the static (bulk) resistivity of the toners is discussed, 
the results of the kinetic conductivity experiments are displayed in Section 
IV, and we close with a few concluding remarks. 

Monocomponent Development 
Figure 1 displays a highly schematized illustration of a monocomponent 

developer station; the multi-poled cylindrical magnet sheathed in a 
non-magnetic (stainless steel) shell serve as a convenient reservoir of toner, 
forming a so-called magnetic brush, which can be rotated and swept across 
the latent charge image renderin
the high charge areas. Fo
must be rotated rapidly, so as to increase the kinetically enhanced 
conductivity which permits the induced charging. Figure 2 shows a more 
detailed schematic view of the nip region indicating the charging of the toner 
brush which may be represented by a simplified equivalent circuit shown in 
Fig. 3. Here, C p c is the capacitance of the layered photoconductor, C p t is 
the capacitance between the photoconductor and toner, and R t is the 
effective resistance of the agitated toner. In a straightfoward procedure, one 
finds 

and 

V/Cpc + VCpt + i Rt - 0 

where q and q t are the charges on C p c and Cp t, respectively, and q Q is the 
initial charge on the photoconductor. Combining these two equations, the 
charge accumulated on the toner brush must satisfy the following relation: 

d q « + _2L + _22_ = o 
dt c { c,,. 

where 

C | = (2) 

The solution to Eq. (2) is 

= ~ C 
q t = Z £ ^ . ( , - e -< / R .C0 (3) 

pc 
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Photoconductor 

Figure 1. Schematic of a monocomponent developer consisting of an array of 
rotating magnets within
less-steel) shell. The magnets
magnets agitate and brush the toner onto the photoconductor, depositing it on the 

high charge areas. The toner particles have been exaggerated for clarity. 

Figure 2. Schematic of the nip region indicating the charging of the toners and 
the magnetic field lines when a pole is in the nip. 
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Thus charge accumulates on the brush with a time constant of R tC^, 
exhibiting the role of the effective toner resistivity in controlling the transient 
toner brush charging. At first blush this simple analysis appears to preclude 
the use of highly resistive toners in monocomponent development, however 
this judgement ignores the kinetic induced conductivity; in the next section, 
the static bulk resistivity of two commercially available Hitachi toners are 
displayed. These toners are representative of a conductive and of a resistive 
type of toner used in monocomponent copiers. 

Static Resistivity 
To facilitate the measurement of the bulk conductivity, the toner 

powders were compressed into thin cylindrical disks under a hydrostatic 
pressure of 100,000 psi. Under these pressures the toner flowed readily and 
formed a uniform pellet i
intimate contact than in a
onto the flat faces and the current as a function of the applied electric field 
measured. This measurement method of the conductivity has certain inherent 
disadvantages, however, this measurement was intended to be used simply to 
contrast the kinetic conductivity values reported in Section IV, not to extract 
absolute values of the material parameters. Nonetheless, several samples of 
various thicknesses were prepared and measured for each type of toner and 
the results were found to be quite reproducible. 

Figure 4 shows the current density as a function of the applied electric 
field for the two Hitachi toners. These toners may be considered as solid 
state colloidal suspensions of iron oxide and carbon black particles in a 
polymer resin. Note the scale of the axes; in these toners, and most toners 
measured, the experimental data was of the form 

i = a exp ( - b / i ) (4) 

where i= current, E, the applied electric field and a and b are constants. This 
behavior is reminiscent of the Poole-Frenkel effect where current flows 
because of a field-enhanced thermal ionization of donors, i.e., 

• - < » • « , ( - * • + « ' ' " ) ( 5 , 

where c is a constant, a is an exponent on the order of 1 or 2, <t>x is the 
ground state of the donor, e is the electronic charge, T, the temperature, and 
k Boltzmanns constant, /}= (e/irk1) where kf is the permittivity of the 
media. Although the Poole-Frenkel effect correctly explains the E-field 
dependence of the data, it is questionable whether hydrogenic donors exist in 
the toner colloidal system; in fact, a fit of the slope of the curves in Fig. 4 
yields unrealistic values for the relative permittivity. It is more likely that the 
donors are strongly bound by non-Coulombic forces where the assumption of 
an effective k is unreasonable. We attribute the difference in resistivity of 
the two toners to a difference in carbon particle loading where the carbon 
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Figure 3. Equivalent circuit of the monocomponent developer. Key: Rt, equiva
lent resistance of the agitated toner; C t, capacitance between the photoconductor 

and toner; and Cpc, capacitance of the layered photoconductor. 

0.011 1 1 1 1 
1.0 4.0 9.0 16.0 

E-Field (kilovolts/cm) 

Figure 4. Bulk resistivity of two commercially available Hitachi toners, HMT-
821-2 and HMT424-1. It is apparent that HMT424-1 is much more resistive, 

especially at lower E fields. 
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particles provide an easy pathway for carriers. A more detailed study and 
treatment of this is underway. 

The dependence of the apparent resistivity of the toner materials with 
inorganic loading (i.e., iron oxide and carbon content) is perhaps most 
appropriately explained in terms of percolation theory,7 where conduction 
arises due to electron tunneling between islands of free-carriers. The 
dramatic increase in conductivity at a certain critical volume concentration 
predicted by the theory has been observed experimentally for metal colloids 
in ionic crystals8 and fine metal powders in insulating polymers.9 In fact, 
Kolosova and Boitsov9 showed that for non-agglomerated 0.1 JU. diameter 
metal powders dispersed within a polymer, the critical volume concentration 
was 10%. 

Kinetic Resistivity 
Figure 5 shows a schemati

the so-called kinetic resistivity or conductivity. It resembles quite closely, the 
magnetic developer illustrated in Fig. 1 so as to replicate the magnetic 
agitation of the toner in an actual measurement. The photoconductor drum 
has simply been replaced by a gold-coated optical flat. A voltage is applied 
to the developer roll, using a Fluke high voltage power supply10 and the 
voltage drop across the load resistor measured with an oscilloscope. In 
certain instances the load resistor was replaced with a Keithly 
piccoammeter11 and the voltage could also be applied to the gold-coated flat 
and the current measured from the developer to ground. It was found that 
reversing the polarity of the applied voltage had the same effect as applying 
the same polarity voltage to the developer or to the gold plate if there were 
no leakage currents through the insulating stand-offs or the rubber drive 
belts. In fact, this procedure was used to check for extraneous current leaks. 
In the following experiments, the magnet core was held stationary with the 
radial magnetic field lines in the nip, while the shell was rotated. Rotating 
the magnetic core caused intermittent contact of the toner layer with the 
gold plate and this further complication was not added in these preliminary 
experiments. The nip width was set at 10 mils and contact length was 10 cm. 

Figure 6 and 7 display the measured currents as a function of the 
applied voltage with various shell rotational speeds for the Hitachi toners 
HMT424-1 and HMT821-2, respectively. Note that the scales of the current 
and voltage axes are linear in contrast to the bulk resistivity measurements, 
i.e., the agitated toner powder is more nearly ohmic, within the experimental 
error, however HMT821-2 shows some nonlinear behavior of current versus 
voltage. This was attributed to the contribution of the bulk conductivity to 
the currents measured in Fig. 7. In the experimental arrangement shown in 
Fig. 5, there are two parallel paths for charge transport; charge may be 
transported through the bulk as mentioned in Section III or by a particle to 
particle or a particle to metal contact mechanism where charge is separated 
across the interfaces due to the applied electric field. One can envision two 
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Developer 

255 

A u Plate 

Figure 5. Schematic of the apparatus used to measure kinetic charge transport of 
toners. The magnetic poles are not shown but their presence is indicated by the 
undulations in the toner layer. All experiments were performed with a stationary 

magnet core and a pole in the nip. 

Applied Voltage 

Figure 6. Measured current vs. applied voltage for HMT424-1 for several values 
of developer shell rotational speed (RPM), obtained using the apparatus in Fig. 5. 
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Figure 7. Measured current vs. applied voltage for HMT821-2 for several values 
of developer shell rotational speed (RPM), obtained using the apparatus in Fig. 5. 
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kinetic mechanisms for charge transport in an insulating powder. If charge 
separation occurs only at the particle-metal interface, we term this convective 
transport in analogy with heat flow. (In this instance one may regard this as 
magnetically driven convective transport.) We term charge transport by 
particle-particle charge separation as contactive charge transport. Thus in 
highly insulating materials, most of the charge transported will be through 
one of the kinetic mechanisms while in less insulating materials charge may 
be transported both through the bulk and by a kinetic mechanism, i.e., 
convective or contactive. Moreover the linear dependence of the current 
versus voltage measured in the kinetic case is very different from the 
characteristic current-voltage dependence for bulk resistivity (Fig. 4) and 
hence suggests that current is not principally transported in the bulk for 
HMT424-1. On the other hand, HMT821-2 exhibits a finite bulk 
conductivity so that curren
kinetic mechanism. Thu
somewhat nonlinear due to a contribution from the bulk resistivity. The 
linearity of the current-voltage curves for constant rotational speed of the 
shell, is related to the linearity of charge injection across interfaces with 
applied voltage. 

Figures 8 and 9 display the current as a function of the developer shell 
rotation speed for various applied voltages; the current is nearly linear with 
rotational speed. This exemplifies the kinetic nature of this type of charge 
transport, where the rotational motion of the shell serves to transport toner 
into and out of the high field area. We believe that charge is injected into 
the toner adjacent to the gold plate and stainless steel shell, while current 
results due to the mass transport of toner out of the nip area. In contact 
electrification experiments, it is typically found that many repeated contacts 
are necessary to saturate the charge separated between two surfaces, due to 
the roughness of the surfaces. In a similar manner, the toner particle 
acquires charge through repeated contacts. Let there be N sites for charge 
exchange on each particle, and let S be the number of sites that have 
contacted the metal, then 

where X is the distance the particle has contacted the metal, Aq is the charge 
transferred per site, p is the probability of transfer, and S'=sp is the number 
of filled sites. So 

(6) 

O 
(7) 

s 

(8) 
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0.0 80.0 160.0 240.0 320.0 400.0 

Rotational Speed in RPM 

Figure 8. Current as a function of the developer shell rotation speed (RPM) for 
HMT424-1, for various applied voltages. Kev: • , 500 V; #, 300 V; A, 100 V; 

and *,0V. 
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HMT 821-1 

80.0 160.0 240.0 320.0 400.0 

Rotational Speed in RPM 

Figure 9. Current as a function of the developer shell rotation speed (RPM) for 
HMT821-2, for various applied voltages. Key is the same as in Figure 8. 
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Using the relation 

s= f * - ^ dx = aX (9) 

ds 
where a= — , Eq. (8) may be written 

dx 
q = Aq . p a ( X - ^ ^ ) x<N/a (10) 

and 

Assuming that 

q « A q p a ( £ - ^ ) x>N/a (11) 
2 / 

where C is the effective capacitance of the contact site, the current due to a 
collection of charge particles will be given by 

i = p jLt = p TO) (13) 

where p is charge density, /i is the velocity, r is the radius of the developer, 
and (o is the shell rotational velocity. Thus in this simple model, the current 
is linearly proportional to both the rotational velocity of the developer and 
the applied voltage. 

Figure 10 displays the apparatus used to measure transient currents 
through the agitated toner powder. A Burleigh ramp generator12 with a 
Hewlett-Packard signal generator1-* was used to impress a square pulse 
voltage on the developer while the current amplified by a fast pre-amp14 was 
sampled by a PAR boxcar integrator.15 The average signal was then output 
to an X-Y recorder. The response of the toner-developer system can be 
better understood by analyzing its equivalent circuit shown in Fig. 11. In the 
figure, V is the applied voltage, C is the developer shell to gold plate 
capacitance, R T the toner equivalent resistance, R L the apparent resistance of 
the current-voltage pre-amp, and V s the output signal voltage. One can show 
that the response of that circuit-to a step voltage applied at t=0 is : circuit-to a step voltage applied 

V s = V A [ l - ^ - ( l - e - ' / R L c ' ) J (14) 

where 

z _ C T R T 

( R L + R T ) 

Figure 12 displays the relevant waveforms; the top trace represents the input 
square wave voltage, the middle trace the output V s or the capacitive current 
if Rj+oo, and the bottom trace, a schematic representation of the actual 
output voltage. Note that if Rj+oo, the output voltage is due solely to the 
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capacitive current and the signal due to the leading edge of the voltage pulse 
would be 

V s = V A e " t / R L c T (15) 

If RT<oo, then the output voltage would be proportional to the sum of the 
resistive current, which would replicate the input voltage in shape, and the 
capacitive current, shown in the second trace in the figure. However, what is 
actually observed is shown schematically in the bottom trace of the figure, 
where there is an apparent time dependence of the effective resistivity of the 
toner. Figure 13 displays the actual signal voltages in the region close to the 
initial capacitive spike showing the apparent risetime of the effective 
resistivity of the toner, for various shell rotational speeds. The large initial 
capacitive spike prevented an accurate measure of the resistive risetime for 
higher shell rotational speeds
for the signal to rise to it
demonstrating the linear relationship between shell and toner rotational 
velocity. 

In our experimental arrangement, both metal contacts are injecting, 
therefore the risetimes shown in Fig. 13 are not an indication of the time for 
charge to transit the nip. Rather, this risetime is related to the time the toner 
spends in the high field region near the pole of the magnet. In this region 
the toner particles are acquiring charge but current does not flow until there 
is a separation beween the charge on the toner and its image charge in the 
gold. Thus current only flows when the toner exits the nip area; the first 
particles that exit the nip have very little charge since x is small as shown in 
Eq. (10), while the particles that traverse the full width of the nip will have a 
greater charge and hence represent a larger current. From this simple 
analysis, the risetime of the current is simply the time it takes for a particle 
to traverse the nip width. Thus, the data presented here suggests that current 
flows by a convective (mass tranport) mechanism, where charge is injected at 
the gold plate. 

Concluding Remarks 
The effectiveness of kinetic motion in allowing charge transport in an 

otherwise insulating powder has been demonstrated. Specifically, we have 
investigated magnetically agitated toners (as in a monocomponent developer) 
where the kinetic motion or agitation is unique in having a large amount of 
rotational motion. Conceptually current flow in such powders may be due 
to charge migration from particle to particle or charge migration due to the 
translational motion of the individual particles. Our experiments indicate that 
charge is injected at the metal contacts and current results due to the mass 
motion of the toner. The rotational motion of the toner permits more 
effective toner translational motion. Studies of the magnetic forces involved 
and their specific role in the agitation of toner are underway and a more 
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Developer 
Au Plate 

Ramp 
Generator 
9 + 

Current I 
Amplifier 

\ 

Signal 
Generator 

Figure 10. Apparatus used to measure the transient current through the agitated 
toner powder. A square pulse provided by a Hewlett-Packard signal generator (\3) 
was amplified by a Burleigh ramp generator (12) and impressed onto the developer. 
The transient current was amplified using a fast pre-amp (\4) and the signals were 
sampled by a PAR boxcar integrator (\5). The averaged signals were output to an 

X-Y recorder. 

? V A 

r 
"T -r-

Figure 11. Equivalent circuit of the 
toner-developer-gold plate shown in Fig. 
10. Key: VA, applied voltage; CT, devel
oper-gold plate capacitance; RL, effective 
resistance represented by the current-
voltage pre-amp; and Vs, output signal. 
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Figure 14. A plot of the shell rotational velocity (RPM) vs. 1/t,., where /,. is the 
time for the current to reach a steady state value, as determined from Fig. 13. 
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complete description of these and other charge transport experiments in 
monocomponent toners will be published later. 
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Measuring Toner Particle Size Distributions 

Using Spatial Frequency Analysis 

O. L. NELSON, T. W. KING, and M . R. V. SAHYUN 

3M Center, Central Research Laboratories, St. Paul, MN 55144 

Experimental data relating the spa t i a l frequency 
dependence of imag
from electrophotographi
toner particle s i ze distributions are presented. 
Models are constructed which suggest that these 
op t i ca l measurements can be used to determine 
the e f f ec t i ve particle s i ze distribution para
meters, mean diameter and sigma. Assumptions 
include m u l t i l a y e r particle depos i t , the l o g 
-normal distribution of the diameters of the 
spherical, opaque particles, and no so r t ing of 
s i ze c lasses during particle depos i t ion . The 
op t i ca l measurement include edge trace ana lys i s 
to derive the contrast t ransfer func t ion , and 
densi ty f l u c t u a t i o n measurements to derive the 
Wiener spectrum. Algorithms to perform these 
der iva t ions are o u t l i n e d . 

The basis of t h i s report i s a cont inuing program to evaluate 
and understand the information and noise content of e l e c t r o -
graphic images created by toning e l e c t r o s t a t i c charge patterns 
with charged p a r t i c l e s . Four parameters or func t ions , borrowed 
from photography, to charac te r ize these toner deposits are 
r eso lv ing power, contras t t ransfer func t ion , g r anu la r i t y and the 
Wiener spectrum. These are a l l s t a t i s t i c a l l y determined func
t i o n s , measured using s t a t i s t i c a l averaging. This ana lys i s of 
data and comparison to model p red ic t ions a lso i s s t a t i s t i c a l l y 
based, using regression a n a l y s i s . The c o r r e l a t i o n c o e f f i c i e n t s 
are then used to judge the a p p l i c a b i l i t y of the models. 

As t h i s work developed i t became a working premise that the 
toner p a r t i c l e s i z e d i s t r i b u t i o n was a major fac tor determining 
the image q u a l i t y c h a r a c t e r i s t i c s (1,1). The p a r t i c l e s i z e 
d i s t r i b u t i o n i n the fo l lowing ana lys i s i s presumed to be of 
lognormal form, 

0097-6156/82/0200-0265$06.00/0 
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266 REPROGRAPHIC TECHNOLOGY 

where d i s p a r t i c l e d i a m e t e r , 3 i s t h e ( g e o m e t r i c ) mean d i a m e t e r 
and ag i s t h e g e o m e t r i c s t a n d a r d d e v i a t i o n . The p a r a m e t e r d may 
r e p r e s e n t a mass ( w e i g h t ) o r a number mean, d e p e n d i n g on w h e t h e r 
4>(1 n d) i s e x p r e s s e d i n t e r m s o f mass o f m a t e r i a l o r number o f 
p a r t i c l e s i n a p a r t i c u l a r s i z e _ c l a s s . _ These w i l l be d e s i g n a t e d 
3 m o r 3 n , and a r e r e l a t e d : l n d n = l n d m - 3 l n 2 a g . 

The t o n e r s u s e d f o r t h i s s t u d y were s i z e - c l a s s i f i e d segments 
o f a s i n g l e - c o m p o n e n t c o n d u c t i v e m a g n e t i c t o n e r {3). The p a r 
t i c l e s i z e d i s t r i b u t i o n (PSD) p a r a m e t e r s o f t h e s a m p l e s u s e d , a l l 
f r a c t i o n s o f one p a r e n t p o p u l a t i o n , were measured u s i n g an a d a p 
t a t i o n o f t h e method o f K i n g , S h o r and P i t t ( 4 ) . These a r e 
l i s t e d on T a b l e I. The p a r e n t t o n e r has a b i m o d a l d i s t r i b u t i o n 
and a r e s u l t i n g a p p a r e n
s e n t a t i v e d i s t r i b u t i o n s . The t o n e r d e p o s i t s were p r e p a r e d by 
l o a d i n g t h e r e s p e c t i v e m a g n e t i c t o n e r sample o n t o a m a g n e t i c 
a p p l i c a t o r r o l l (5} and u s i n g i t t o d e v e l o p a c h a r g e p a t t e r n on 
t h e r e c e p t o r ( 6 ) . The r e s u l t i n g d e p o s i t s were n o t f u s e d o r 
f i x e d . F o r t h e g r a n u l a r i t y and n o i s e s p e c t r u m m e a s u r e m e n t s , t h e 
r e c e p t o r was p o l y e s t e r f i l m ( c a . 25ym t h i c k ) w h i c h was u n i f o r m l y 
c h a r g e d w i t h a c o r o n a d e v i c e t o a p o t e n t i a l s u f f i c i e n t t o d e v e l o p 
t o o p t i c a l d e n s i t y n e a r u n i t y . F o r t h e edge t r a c e m e a s u r e m e n t s , 
s a m p l e s o f an e l e c t r o f a x t y p e p a p e r {7) was l i g h t e x p o s e d i n 
c o n t a c t w i t h a m e t a l e d g e . T h i s e x p o s u r e method y i e l d e d an 
o p t i c a l t r a n s f e r f u n c t i o n o f u n i t y t o g r e a t e r t h a n 20 cycles/mm 
on a h a r d p h o t o g r a p h i c p a p e r . The e x p o s e d e l e c t r o f a x t y p e p a p e r 
was t h e n d e v e l o p e d w i t h t h e t o n e r s a m p l e . The edge t r a c e s 
showed no a p p a r e n t " e d g e - e f f e c t " d e v e l o p m e n t . 

P r e l i m i n a r y C o n s i d e r a t i o n s 

I t i s assumed t h a t t h e t o n e r d e p o s i t s a r e b u i l t up as p a r 
t i a l l y - o r d e r e d l a y e r s o f opaque t o n e r p a r t i c l e s and t h a t t h e 
o p t i c a l systems u s e d f o r m e a s u r i n g t h e r e s u l t i n g t r a n s m i s s i o n 
o p t i c a l d e n s i t y o f t h e s e d e p o s i t s c a n r e s o l v e t h e p a r t i c l e s i z e 
d i m e n s i o n s . A c o n s e q u e n c e o f t h e a s s u m p t i o n s i s an a p r i o r i 
r e l a t i o n between l i m i t i n g r e s o l u t i o n o r r e s o l v i n g _ p o w e r o f t h e 
image and mean p a r t i c l e s i z e , o f t h e f o r m VR « 1/d. E x p e r i 
m e n t a l l y t h e r e s o l v i n g power i s u s u a l l y based on an o b s e r v e r ' s 
a b i l i t y t o v i s u a l l y d i s c e r n t h e image o f a p a t t e r n o f e q u a l 
s i z e d b a r s and s p a c e s , known as a b a r t a r g e t . From i n f o r m a t i o n -
c o n t e n t arguments based on a s e r i e s e x p a n s i o n o f a b a r - p a t t e r n 
(1_), t h e p r o p o r t i o n a l i t y c o n s t a n t can be a s s i g n e d : 

where d m i s t h e g e o m e t r i c ( w e i g h t ) mean p a r t i c l e d i a m e t e r and 3 
r e l a t e s t o t h e o b s e r v e r ' s a b i l i t y t o d i s t i n g u i s h b a r f r o m s p a c e ; 
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TABLE I. PARAMETERS FOR TONER SAMPLES 

Sample a m ,ym 
a g 

Parent 2 1 . 4 1 .96 * 
1 2 2 . 0 1.43 
2 15.0 1.50 
5 13.2 1.34 
6 9 . 5 1.60 
9 7.0 1.44 

12 10.5 1.59 
15 17.4 1.31 
18 1 3 . 6 1.38 

10 20 30 40 
diameter. 

Figure I. Representative toner particle size distributions used in this study. Key: 
, fraction #5 ; and , parent. 

In Colloids and Surfaces in Reprographic Technology; Hair, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



268 REPROGRAPHIC TECHNOLOGY 

8 i s g i v e n a v a l u e o f c a . 1.5 f r o m e x p e r i m e n t a l o b s e r v a t i o n s . 
A n a l y s i s o f d a t a f r o m t h e s e s t u d i e s as w e l l as d a t a f r o m t h e 
l i t e r a t u r e shows good c o r r e l a t i o n between t h i s r e l a t i o n and 
e x p e r i m e n t a l v a l u e s o f VR. 

A n o t h e r c o n s e q u e n c e o f t h e l a y e r e d d e p o s i t a s s u m p t i o n i s 
t h a t g r a n u l a r i t y (a measure o f t h e v a r i a n c e o f t h e t r a n s m i s s i o n 
o p t i c a l d e n s i t y measured w i t h a c i r c u l a r a p e r t u r e ) i s p r o p o r 
t i o n a l t o an e f f e c t i v e p a r t i c l e s i z e c o r r e s p o n d i n g t o t h e g e o 
m e t r i c e f f e c t o f s t a t i s t i c a l l y a d d i n g a n o t h e r p a r t i c l e t o an 
a l r e a d y e x i s t i n g l a y e r . The f o r m o f t h e r e s u l t i n g r e l a t i o n s h i p 
i s ( 1 , 2 ) 

d p f f 
a Dv^?= g = 1.88 d e f f - D = 1 . 8 8 ( - f ^ ) D « d m . D (3) 

where g i s t h e Selwyn g r a n u l a r i t
v a r i a t i o n o f o p t i c a l d e n s i t
and dê r^r i s t h e e f f e c t i v e p a r t i c l e d i a m e t e r ; d e f f i s a f u n c t i o n 
o f d e n s i t y . — — 

a m 
The two image q u a l i t y p a r a m e t e r s i n t r o d u c e d above a r e 

s i n g l e v a l u e s w h i c h a r e d e t e r m i n e d f r o m s i n g l e o b s e r v a t i o n s . 
The a p e r t u r e used t o measure t h e s e v a l u e s i s f i x e d and no 
e x p l i c i t i n f o r m a t i o n i s c o n t a i n e d a b o u t d i f f e r e n t d i m e n s i o n s . 
The c o r r e s p o n d i n g f u n c t i o n s w h i c h do c o n t a i n i n f o r m a t i o n o v e r a 
range o f d i m e n s i o n s a r e t h e c o n t r a s t t r a n s f e r f u n c t i o n , CTF, and 
t h e W i e n e r s p e c t r u m , o r n o i s e c o n t e n t o f t h e d e p o s i t as a 
f u n c t i o n o f s p a t i a l f r e q u e n c y ( 8 ) . These f u n c t i o n s a l s o have 
been f o u n d t o c o n t a i n i n f o r m a t i o n w h i c h c o r r e l a t e s t o t h e p a r 
t i c l e s i z e d i s t r i b u t i o n , as w i l l now be d i s c u s s e d . 

C o n t r a s t T r a n s f e r F u n c t i o n 

The s q u a r e wave c o n t r a s t t r a n s f e r f u n c t i o n , CTF, i s a mea
s u r e o f t h e c o n t r a s t w i t h w h i c h t h e t o n e r d e p o s i t can r e p r o d u c e a 
b a r p a t t e r n e x p o s u r e as a f u n c t i o n o f t h e b a r p a t t e r n d i m e n s i o n s . 
Those d i m e n s i o n s a r e r e p r e s e n t e d as t h e number o f b a r s and s p a c e s 
p e r mm, o r c y c l e s p e r mm, v. As b a r s p a c i n g d e c r e a s e s t o t h e 
d i m e n s i o n s o f t h e t o n e r p a r t i c l e s t h e p a r t i c l e s w i l l no l o n g e r be 
a b l e t o d i s t i n g u i s h b a r f r o m s p a c e , and w i l l s i m p l y " f i l l i n " 
c a u s i n g an a p p a r e n t u n i f o r m l y random d e p o s i t i o n . 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 i n F i g u r e 2 . S i n c e t h e t o n e r c o n t a i n s a 
range o f p a r t i c l e s i z e s , t h e CTF s h o u l d d e c r e a s e a t a s p a t i a l 
f r e q u e n c y v and a t a r a t e r e f l e c t i n g t h e p a r t i c l e s i z e d i s t r i 
b u t i o n . T h i s assumes t h a t o t h e r i m a g e - d e g r a d i n g f a c t o r s such as 
o p t i c a l s p r e a d and c h a r g e p a t t e r n s p r e a d a r e n o t d o m i n a t i n g . 
F o r t h e s p a t i a l f r e q u e n c i e s o f i n t e r e s t h e r e (0 t o 20 cycles/mm) 
t h a t seems j u s t i f i e d (2). 

In Colloids and Surfaces in Reprographic Technology; Hair, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



13. NELSON ET A L . Toner Particle Size Distributions 269 

Figure 2. Schematic of original bar pattern, toner image of bar pattern, and scan
ning slit aperture used to measure edge transition. 
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The e x p e r i m e n t a l s q u a r e wave CTF was c a l c u l a t e d f r o m t o n e d 
images o f a s h a r p edged m e t a l mask, c o n t a c t e x p o s e d on E l e c t r o f a x 
t y p e p a p e r . The c a l c u l a t i o n was made u s i n g an a l g o r i t h m d e s 
c r i b e d by S c o t t ( 9 ) . The edge image was s c a n n e d w i t h a m i c r o -
d e n s i t o m e t e r i n t h e r e f l e c t i o n mode u s i n g a s l i t a p e r t u r e 3.5ym 
w i d e and 280um l o n g , t a k i n g 200 p o i n t s a t 5ym i n t e r v a l s . The 
r e s u l t i n g d a t a were smoothed u s i n g a 9 - p o i n t d i g i t a l f i l t e r ( 1 0 ) 
w h i c h l i m i t e d t h e u s e f u l s p a t i a l f r e q u e n c i e s t o v a l u e s l e s s t h e 
22 c y c l e s / m m . The a l g o r i t h m s y n t h e s i z e d a b a r p a t t e r n r e s p o n s e 
by n o r m a l i z i n g t h e edge t r a c e , i n v e r t i n g and t h e n c o m b i n i n g t h e s e 
w i t h o f f s e t t r a c e s t o s i m u l a t e a b a r o f w i d t h c o r r e s p o n d i n g t o 
t h e o f f s e t d i s t a n c e . The CTF i s t h e n c a l c u l a t e d as 

D (v) - D . (v) CTC/ \ _ max v 7 m m v 1 

C T F ( v ) " D (v) + D . (v) ( 4 ) 

max v 1 m i n v 1 

T h i s p r o c e d u r e i s i l l u s t r a t e
r e q u i r e s l o c a t i o n o f t h e " t r u e e d g e . " Two d e f i n i t i o n s , t h e l o c 
a t i o n o f t h e h a l f - v a l u e p o i n t o r t h e l o c a t i o n o f s t e e p e s t edge 
s l o p e , were u s e d and y i e l d e d i n d i s t i n g u i s h a b l e r e s u l t s . The CTF 
v a l u e s were f i n a l l y c o r r e c t e d f o r h i g h f r e q u e n c y f l u c t u a t i o n s 
w h i c h y i e l d e d a n o n - z e r o b a s e l i n e . F i g u r e 4 shows t h e computed 
e x p e r i m e n t a l r e s u l t s f o r t h e t o n e r f r a c t i o n 1. 

From t h e t o n e r g e o m e t r i c and s a m p l i n g t h e o r y c o n s i d e r a t i o n s 
w h i c h l e a d t o e q u a t i o n ( 2 ) , o n l y t h o s e p a r t i c l e s o f d i a m e t e r 
d*l/3v c o n t r i b u t e t o t h e CTF a t f r e q u e n c y v ( 1 ) . The f r a c t i o n 
w h i c h s a t i s f i e s t h e i n e q u a l i t y i s 

•(l/3v) = / I n ( 1 / 3 v ) * m ( l n d ) d ( l n d ) ( 5 ) 

The r e m a i n i n g l a r g e r p a r t i c l e s s h o u l d n o t be a b l e t o r e v e a l t h e 
m o d u l a t i o n and t h u s s h o u l d c o n t r i b u t e t o t h e b a c k g r o u n d . R e l a 
t i n g t h i s t o o b s e r v e d o p t i c a l d e n s i t y , Dmax<*<j)(oo)» w h i l e 
D .«<f>(co) - <j)(l/3v). T h e r e f o r e t h e model CTF s h o u l d b e : 

C T FM^> = ( 2 * ^ ( l k ) ) ( 6 ) (2 - 4>(l/3v)) 

F i g u r e 4 shows t h e r e s u l t i n g m o d e l - c a l c u l a t e d C T F , CTFJVJ, f o r 
t h e t o n e r f r a c t i o n 1 a l o n g w i t h t h e CTF computed f r o m e x p e r i 
m e n t a l d a t a f o r t h e same t o n e r . The l i m i t i n g r e s o l u t i o n VR 
f r o m e q u a t i o n ( 2 ) i s i n d i c a t e d and a g r e e s q u i t e w e l l ( ± 1 5 % ) w i t h 
t h e v a l u e f r o m o b s e r v a t i o n s o f a d e v e l o p e d USAF r e s o l u t i o n t a r g e t 
(1). 

F i g u r e 5 shows e x p e r i m e n t a l and s i m u l a t e d CTFs f r o m two a d d 
i t i o n a l t o n e r s a m p l e s , t h e p a r e n t and f r a c t i o n 1 8 . The a g r e e 
ments a r e r e a s o n a b l e , and show an i n c r e a s e d s q u a r e n e s s o f t h e CTF 
f o r f r a c t i o n 18 c o r r e s p o n d i n g t o a l o w e r PSD a g v a l u e o f 1.38 
v e r s u s 1.96 f o r t h e p a r e n t . T h i s e f f e c t can be r e l a t e d t o t h e 
i n f o r m a t i o n c o n t e n t o f t h e image (2!). T h i s a n a l y s i s o f CTF t h e n , 

In Colloids and Surfaces in Reprographic Technology; Hair, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 
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D max (v) 

"True Edge" 

Figure 3. Simulation of a periodic image of spatial frequency from the micro-
densitometer trace of the image of a shape edge (a), translated by 1/v (b), and re

versed about the true edge and translated \v (c). 

In Colloids and Surfaces in Reprographic Technology; Hair, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 
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as d e r i v e d f o r an edge o f t h e t o n e r d e p o s i t , shows e x p e r i m e n t a l 
v e r i f i c a t i o n o f t h e s t r o n g r e l a t i o n s h i p s between t h e t o n e r d e p 
o s i t i o n CTF and t h e p a r t i c l e s i z e d i s t r i b u t i o n p a r a m e t e r s . 

N o i s e 

The s t a t i s t i c a l f l u c t u a t i o n o r n o i s e l e v e l o f a t o n e r image 
i s a l s o by t h e s e p o s t u l a t e s d e p e n d e n t on t h e p a r t i c l e s i z e d i s 
t r i b u t i o n . The f u n c t i o n w h i c h r e l a t e s t h e s t a t i s t i c a l f l u c t u 
a t i o n s t o s p a t i a l f r e q u e n c y i s t h e W i e n e r s p e c t r u m , w h i c h i s t h e 
F o u r i e r t r a n s f o r m o f t h e o p t i c a l d e n s i t y a u t o c o r r e l a t i o n f u n c 
t i o n . In terms o f t o n e r i m a g e s , i t i s a measure o f t h e d i m e n 
s i o n a l e x t e n t o v e r w h i c h t h e p r e s e n c e o r a b s e n c e o f a p a r t i c u l a r 
t o n e r p a r t i c l e w i l l c o n t r i b u t e t o d e n s i t y . The d e n s i t y f l u c t u 
a t i o n s can be measured as a f u n c t i o n o f p o s i t i o n , n o r m a l l y w i t h 
a s l i t a p e r t u r e . T h i s i
where t h e l e f t - h a n d s k e t c
r i g h t - h a n d one t o s m a l l p a r t i c l e s . The d e n s i t y d a t a c a n be u s e d 
t o c a l c u l a t e n o i s e power o r W i e n e r s p e c t r u m ( 8 ) . F o r m a l l y , t h e 
W i e n e r s p e c t r u m i s : 

w(v) = lis xTTlvTl / X / 2 (D(x) - D) exp(-27rivx) dx 
X/2 

( 7 ) 

where W(v) i s t h e n o i s e power v a l u e a t f r e q u e n c y v , L i s t h e 
l e n g t h o f t h e s c a n n i n g s l i t , T(v) i s t h e t r a n s f e r f u n c t i o n o f t h e 
m e a s u r i n g s y s t e m , D(x) i s t h e d e n s i t y a t x , D i s t h e mean d e n s i t y 
and X i s t h e d i s t a n c e s c a n n e d . 

Samples were made f o r t h i s s t u d y by u n i f o r m l y c h a r g i n g p o l y 
e s t e r f i l m and t h e n d e v e l o p i n g w i t h t h e v a r i o u s t o n e r s . The raw 
d a t a were c o l l e c t e d u s i n g a s c a n n i n g m i c r o d e n s i t o m e t e r w i t h a 
s l i t a p e r t u r e 3.5ym and 280ym l o n g . D e n s i t y v a l u e s were r e c o r d e d 
e v e r y 2 . 8 y m , t o c o l l e c t 4096 v a l u e s . These d a t a were r e a d by a 
computer program [2) w h i c h f i t t e d b l o c k s o f v a l u e s ( t y p i c a l l y 
512) t o a smooth f u n c t i o n A+Bx, t h e n c a l c u l a t e d t h e f l u c t u a t i o n s . 
S p u r i o u s l y l a r g e v a l u e s were c l i p p e d t o remove " p i n h o l e " e f f e c t s . 
A F a s t F o u r i e r t r a n s f o r m a l g o r i t h m t h e n computed t h e t r a n s f o r m 
v a l u e s w h i c h were s q u a r e d and a v e r a g e d o v e r b l o c k s and o v e r a p 
p r o p r i a t e r a n g e s o f f r e q u e n c y t o p r o v i d e a p p r o x i m a t e l y 25 v a l u e s 
w i t h an e x p e c t e d s t a n d a r d e r r o r o f 12% ( 8 ) . 

The d i m e n s i o n o f W(v) i s ( d i s t a n c e d , e . g . y m 2 . F o r 
c o m p a r i s o n w i t h p a r t i c l e p a r a m e t e r s , t h e s q u a r e r o o t o f t h e 
Wiener s p e c t r u m v a l u e s where u s e d . T h i s g i v e s a f u n c t i o n o f l i n 
e a r d i s t a n c e d i m e n s i o n and i s a n a l o g o u s t o use o f an RMS v a l u e 
such as g r a n u l a r i t y . F i g u r e 7 shows e x a m p l e s o f t h e s e e x p e r i 
mental W i e n e r s p e c t r a , p l o t t e d as t h e s q u a r e r o o t o f W(v) v s . 
l o g ( v ) , f o r t o n e r s f r a c t i o n s 18 and p a r e n t t o n e r . Note t h a t 
t h e b i m o d a l p a r e n t t o n e r y i e l d s a s p e c t r u m w i t h an i n f l e c t i o n 
p o i n t , a n o t h e r s u p p o r t i v e o b s e r v a t i o n f o r t h e c o r r e l a t i o n o f 
image p a r a m e t e r s and t o n e r PSD. 

In Colloids and Surfaces in Reprographic Technology; Hair, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 
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Figure 6. Schematic of toner deposits and optical density traces, obtained using a 
slit aperture, of large particles (left), and small particles (right). 
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Figure 7. Typical experimental Wiener spectra for indicated toner samples. (Re
produced, with permission, from Ref. 2. Copyright 1980, Society of Photographic 

Scientists and Engineers.) 
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A t h e o r e t i c a l model t o r e l a t e t h e W i e n e r s p e c t r u m t o t h e 
t o n e r d e p o s i t p a r a m e t e r s i s d i f f i c u l t t o c o n s t r u c t b e c a u s e t h e 
m a t h e m a t i c a l d i f f i c u l t i e s o f d e a l i n g w i t h p r o j e c t i o n s o f t r a n s 
f o r m s o f p r o b a b i l i t y d i s t r i b u t i o n s q u i c k l y " h i d e " any s i m p l e 
r e l a t i o n s h i p s . M o d e l s have been c o n s t r u c t e d however f o r a crowded 
m o n o l a y e r p h o t o g r a p h i c e m u l s i o n ( 1 1 ) , and f o r m u l t i l a y e r s o f 
e m u l s i o n (_12). A l t h o u g h t h e a n a l y s i s was done f o r o n e - d i m e n s i o n a l 
g e o m e t r y , e x t e n s i o n t o two d i m e n s i o n s was o u t l i n e d . A d i f f e r e n t 
a p p r o a c h w i l l be used h e r e , w h i c h r e l i e s on t h e l i n e a r i t y p r o p 
e r t y o f t h e F o u r i e r t r a n s f o r m , and assumes t h a t t h e l o c a t i o n o f 
t h e t o n e r p a r t i c l e s i s i n d e p e n d e n t o f n e i g h b o r s . 

F o r a f i r s t a p p r o x i m a t i o n t o a model f o r t h e W i e n e r s p e c t r u m 
c o n s t r u c t e d f r o m t h e t o n e r p a r t i c l e d i s t r i b u t i o n d a t a , c o n s i d e r a 
f r a c t i o n o f a d e p o s i t c o n s i s t i n g o f n-j t o n e r p a r t i c l e s o f c i r c u l a r 
p r o j e c t i o n a r e a and d i a m e t e r d-j. The e x p e c t e d c i r c u l a r a p e r t u r e 
W i e n e r s p e c t r u m f o r a d e p o s i t o f t h e s e p a r t i c l e s i s ( 1 0 , 2 ) , 

when t o n e r p a r t i c l e p r e s e n c e o r a b s e n c e i s t h e d o m i n a n t f l u c 
t u a t i o n . J i i s t h e f i r s t o r d e r B e s s e l f u n c t i o n . An e s t i m a t e o f 
t h e W i e n e r s p e c t r u m r e s u l t i n g f r o m a p a r t i c l e d i s t r i b u t i o n <|>n 

( l n d i ) can t h e n be a s s e m b l e d by a d d i n g t h e c o n t r i b u t i o n f r o m e a c h 
s i z e c l a s s i n a c c o r d a n c e w i t h t h e d i s t r i b u t i o n . In i n t e g r a l f o r m 
t h i s w o u l d be 

where n i s t h e a v e r a g e number o f p a r t i c l e s p e r u n i t a r e a , d i s 
p a r t i c l e d i a m e t e r and <j>n i s t h e p a r t i c l e d i s t r i b u t i o n a c c o r d i n g 
t o number. The i n t e g r a t i o n o f t h i s e q u a t i o n was_done n u m e r i c a l l y 
by computer f o r e a c h t o n e r f r a c t i o n f o r n = 1 . 2 / d n . A c c o r d i n g 
t o t h e l a y e r e d d e p o s i t , t h i s s h o u l d c o r r e s p o n d t o 1.5 t o 2 l a y e r s 
and o p t i c a l d e n s i t i e s o f c a . 1 ( 2 ) , b u t more i m p o r t a n t l y s h o u l d 
a l l o w r e l a t i v e c o m p a r i s o n s o f t h e model s p e c t r a f o r d i f f e r e n t 
t o n e r s . An example o f a computer model W i e n e r s p e c t r u m i s shown 
i n F i g u r e 8 , a g a i n p l o t t e d as t h e s q u a r e r o o t o f w(v) v e r s u s 
l o g v . 

Two e s t i m a t e s o f how w e l l t h e p a r t i c l e s i z e d i s t r i b u t i o n 
shows t h r o u g h t h e computed W i e n e r s p e c t r u m were made. F i r s t , t h e 
e x t r a p o l a t e d v a l u e o f /w(0) was d e t e r m i n e d . T h i s s h o u l d be p r o 
p o r t i o n a l t o t h e g r a n u l a r i t y o f t h e d e p o s i t {2,6), and a c c o r d i n g 
t o t h e r e l a t i o n o f e q u a t i o n ( 3 ) , s h o u l d i n t u r n c o r r e l a t e w i t h d m . 
F i g u r e 9 shows t h i s c o m p a r i s o n , y i e l d i n g a c o r r e l a t i o n c o e f f i c i e n t 
o f 0 . 9 8 5 . S e c o n d l y , t h e s p a t i a l f r e q u e n c y a t w h i c h /fi(v) f a l l s 
t o h t h e e x t r a p o l a t e d maximum /w(0) s h o u l d be c o r r e l a t e d w i t h t h e 
a v e r a g e p a r t i c l e s i z e o f t h o s e c o n t r i b u t i n g t o t h e s p e c t r u m . 

W i ( v ) = fii ( ^ J i ( T i v d ) ) 2 (8) 

* ( v ) = fi C * n ( l n d ) J i ( i r v d ) ] 2 d ( l n d ) ( 9 ) 

In Colloids and Surfaces in Reprographic Technology; Hair, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 
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2 0 -

10 20 30 40 60 80 100 

~)) Cycles/mm 

Figure 8. Wiener spectrum for toner Sample #1. Key: , calculated from 
Equation 9; and , experimental. 

Figure 9. Predicted values of granularity as represented by V w(o) plotted versus 
the dm of the toner PSD used in Equation 9. (Reproduced, with permission, from 

Ref. 2. Copyright 1980, Society of Photographic Scientists and Engineers.) 
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S p e c i f i c a l l y d H = 1/vy s h o u l d be p r o p o r t i o n a l t o 3 m . F u r t h e r , 
i f t h e p a r t i c l e d i s t r i b u t i o n d o m i n a t e s t h e n o i s e s p e c t r u m , t h e 
s l o p e o f /w(v) a t i a m p l i t u d e s h o u l d c o r r e l a t e w i t h t h e p a r t i c l e 
d i s t r i b u t i o n s p r e a d as r e p r e s e n t e d by a g . The s l o p e , d e s i g n a t e d 
as In 0^ , o f t h e f o r m 

was c a l c u l a t e d f o r t h e s e v e r a l computed s p e c t r a and t h e r e s u l t i n g 
o\\ was compared w i t h t h e an f o r t h e r e s p e c t i v e t o n e r . F i g u r e 10 
shows t h e c o r r e l a t i o n , y i e l d i n g a c o r r e l a t i o n c o e f f i c i e n t o f 
0 . 9 5 4 . A l s o shown i s t h e c o r r e l a t i o n o f d^ v e r s u s d m , y i e l d i n g 
a c o e f f i c i e n t o f 0 . 9 9 7 . 

These t e s t s and m a n i p u l a t i o n
s p e c t r a s u g g e s t t h a t t h
may be e x t r a c t a b l e f r o m t h e e x p e r i m e n t a l s p e c t r a . S i m i l a r c a l 
c u l a t i o n s were t h u s made f r o m t h e e x p e r i m e n t a l s p e c t r a . F i g u r e 
11 shows t h e v a l u e s o f du = l/v^, computed f r o m /w(v)/w(0), 
p l o t t e d a g a i n s t d m f o r t h e r e s p e c t i v e t o n e r s . The dependence i s 
l i n e a r w i t h a c o r r e l a t i o n c o e f f i c i e n t o f 0 . 8 4 7 . A l s o , v a l u e s o f 
t h e s l o p e o f /w(v)/w(0) a t VH v e r s u s l o g v ( a n a l o g o u s t o e q u a t i o n 
( 1 0 ) ) were computed f r o m t h e e x p e r i m e n t a l d a t a t o c a l c u l a t e 

a H ( e x p ) and compared w i t h t h e g e o m e t r i c s t a n d a r d d e v i a t i o n og 
o f t h e r e s p e c t i v e t o n e r f r a c t i o n . The r e s u l t s , a l s o seen i n 
F i g u r e 1 1 , show a g a i n n e a r l i n e a r i t y b u t w i t h more s c a t t e r , 
g i v i n g a c o r r e l a t i o n c o e f f i c i e n t o f 0 . 5 9 8 . 

I t i s i n t e r e s t i n g t o compare t h e s e c o r r e l a t i o n c o e f f i c i e n t s 
between n o i s e s p e c t r u m a n a l y s i s and t h e m o d i f i e d d i s c c e n t r i f u g e 
method (_4) used f o r a r e f e r e n c e , w i t h t h e c o r r e l a t i o n between 
d i s c c e n t r i f u g e and t h e C o u l t e r c o u n t e r m e t h o d . The c o r r e l a t i o n 
c o e f f i c i e n t s o b t a i n e d i n t h a t c o m p a r i s o n a r e 0 . 9 6 f o r d , and 0 . 5 7 
f o r ag. Thus t h e n o i s e s p e c t r u m a n a l y s i s method c o r r e l a t e s as 
w e l l w i t h t h e d i s c c e n t r i f u g e method as does C o u l t e r c o u n t e r d a t a . 

C o n c l u s i o n s 

The c o r r e l a t i o n a n a l y s e s o f t o n e r p a r t i c l e s i z e and s i z e 
d i s t r i b u t i o n p a r a m e t e r s and image q u a l i t y c h a r a c t e r i s t i c s o f 
t o n e r d e p o s i t s as measured by t h e s p e c t r a l dependence o f c o n t r a s t 
t r a n s f e r f u n c t i o n and n o i s e show h i g h c o e f f i c i e n t s o f c o r r e l a t i o n . 
S p e c i f i c a l l y t h e W i e n e r s p e c t r u m d a t a a p p e a r t o y i e l d t h e w e i g h t 
g e o m e t r i c mean and s t a n d a r d d e v i a t i o n o f t h e t o n e r p o p u l a t i o n i n 
t h i s s t u d y . T h e r e f o r e t h e W i e n e r s p e c t r u m may be a n o t h e r a n a l y 
t i c a l t o o l i n c h a r a c t e r i z i n g p a r t i c l e p o p u l a t i o n s . I t must be 
p o i n t e d o u t t h a t t h e a n a l y s i s r e p o r t e d h e r e i s m a i n l y e m p i r i c a l . 
F u r t h e r work i s needed t o r e f i n e t h e models and t o examine t h e 
l i m i t s o f a p p l i c a b i l i t y o f t h e s e t e s t s . F a c t o r s such as p a r t i c l e 
c l u m p i n g , n o n - u n i f o r m d e p o s i t i o n s and o p t i c a l l i m i t a t i o n s a r e 
s p e c i f i c a r e a s f o r e x a m i n a t i o n . 

( 1 0 ) 
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Figure 10. Two correlations of derived parameters from computed Wiener spectra 
vs. the corresponding toner PSD parameters. 
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Figure 11. Two correlations of derived parameters from experimental Wiener 
spectra vs. the corresponding toner PSD parameters. 
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14 
Physics of Nonaqueous Colloids 

V. J. NOVOTNY 1 

Xerox Research Centre of Canada, Mississauga, Ontario, Canada L5L1J9 

Nonaqueous colloid  diffe  considerabl  fro
ous dispersions becaus
conductivity. This low conductivity leads to non
uniform, time varying electric fields in classi
cal electrophoretic geometries and thus creates 
difficulties in determining colloidal properties. 
Characrerization methods, especially optical and 
electrical techniques, are reviewed and evalua
ted in terms of their utility in the study of 
nonaqueous colloids. Problems in the measure
ments of particle mobility, charge, particle
-substrate forces, ionic concentrations and mo
bilities mainly due to space charge effects and 
electrohydrodynamics are also discussed. Based 
on colloid characterization, two classes of non
aqueous suspensions are distinguished. Colloids 
with intermediate conductivities correspond to 
physically adsorbed charge control agent (cca) 
which is in dynamic equilibrium with cca in so
lution. Low conductivity colloids have cca pre
cipitated or chemically attached to the particle 
surfaces. The latter systems contain a few ex
cess ions in solution and thus represent very non-
classical colloids. Despite low dissociation of 
cca in nonaqueous media, high particle mobilities 
and charges are attainable. Aforementioned col
loidal properties are related to liquid develop
ment of latent images and important characteris
tics of liquid ink are outlined. Also, effect 
of space charge and turbulence are assessed in 
liquid development of electrostatic images. 

1 Current address: Exxon Enterprises, Sunnyvale, CA 94086. 
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T h i s p a p e r i s i n t e n d e d t o r e v i e w c h a r a c t e r i z a t i o n methods 
o f nonaqueous c o l l o i d s , t h e i r p h y s i c a l p r o p e r t i e s and t e c h n o 
l o g i c a l a p p l i c a t i o n s . 

The d e s c r i p t i o n o f a c o l l o i d s h o u l d i n c l u d e p a r t i c l e s i z e , 
m o b i l i t y , c h a r g e and t h e i r d i s t r i b u t i o n s , charge/mass r a t i o , 
e l e c t r i c a l c o n d u c t i v i t y o f t h e m e d i a , c o n c e n t r a t i o n and mo
b i l i t y o f i o n i c s p e c i e s , t h e e x t e n t of a d o u b l e l a y e r , p a r t i 
c l e - p a r t i c l e and p a r t i c l e - s u b s t r a t e i n t e r a c t i o n f o r c e s and 
c o m p l e t e i n t e r f a c i a l a n a l y s i s . The a p p l i c a t i o n o f c l a s s i c a l 
c h a r a c t e r i z a t i o n methods t o nonaqueous c o l l o i d s i s l i m i t e d 
a n d , f o r t h i s r e a s o n , t h e t e c h n i q u e s b e s t s u i t e d t o t h e s e 
systems w i l l be r e v i e w e d . C h a r a c t e r i s t i c r e s u l t s o b t a i n e d 
w i t h nonaqueous d i s p e r s i o n s w i l l be s u m m a r i z e d . P h y s i c a l 
a s p e c t s , such as space c h a r g e e f f e c t s and e l e c t r o h y d r o d y n a m 
i e s , w i l l r e c e i v e s p e c i a l a t t e n t i o n w h i l e t h e r e l a t i o n s h i p s 
between c h e m i c a l and p h y s i c a
s e d . An a p p l i c a t i o n o
p h o r e t i c d e v e l o p m e n t o f l a t e n t i m a g e s , w i l l a l s o be d i s c u s s e d . 

C h a r a c t e r i z a t i o n Methods 

The key p a r a m e t e r s c h a r a c t e r i z i n g t h e c o l l o i d a r e p a r t i c l e 
m o b i l i t i e s and s i z e s . The most p o p u l a r t e c h n i q u e f o r m o b i l i 
t y measurement i s m i c r o e l e c t r o p h o r e s i s ( 1 _ , 2 ) i n w h i c h t h e c o l l o i 
d a l p a r t i c l e s a r e a l l o w e d t o move i n a u n i f o r m e l e c t r i c f i e l d 
and t h e i r v e l o c i t i e s are o b s e r v e d w i t h an o p t i c a l m i c r o s c o p e . 
Measurements a r e l i m i t e d t o c o l l o i d a l p a r t i c l e s o b s e r v a b l e 
m i c r o s c o p i c a l l y , w h i c h i s above~0.1 ym w i t h d a r k f i e l d i l l u 
m i n a t i o n . When t h i s t e c h n i q u e i s combined w i t h l i g h t s c a t 
t e r i n g d e t e c t i o n - q u a s i e l a s t i c ( 3 ^ 4 j o r c r o s s b e a m i n t e r f e r e n c e ^ ) , 
p a r t i c l e v e l o c i t i e s can be measured e a s i l y a n d o t h e minimum d e 
t e c t a b l e s i z e i s s i g n i f i c a n t l y r e d u c e d t o - 20A. A p p l i c a t i o n 
o f t h e s e methods t o aqueous c o l l o i d s i s s t r a i g h t f o r w a r d b e c a u s e 
t h e s u s p e n d i n g m e d i a g e n e r a l l y have h i g h e l e c t r i c a l c o n d u c t i 
v i t y ( a * 1 0 * 2 q - 1 m - 1 ; and t h e e l e c t r i c f i e l d between d i s 
t a n t e l e c t r o d e s i s u n i f o r m . The same i s t r u e f o r h i g h c o n d u c 
t i v i t y nonaqueous c o l l o i d s . 

In r e l a t i v e l y n o n c o n d u c t i n g m e d i a (a <. 10-4ft *^m"^), t h e 
e l e c t r i c f i e l d s a r e n o n u n i f o r m and t i m e v a r y i n g i n t h e s t a n d a r d 
m i c r o e l e c t r o p h o r e t i c g e o m e t r i e s . The movement o f p a r t i c l e s i s 
n o t r e c t i l i n e a r between e l e c t r o d e s , i s not u n i f o r m , and t h e 
v e l o c i t y i s dependent on t h e p o s i t i o n i n t h e e l e c t r i c f i e l d ( 6 ^ 7 ) 
M o b i l i t y e v a l u a t i o n may n o t be p o s s i b l e even when t h e v e l o c i 
t i e s a r e measured b e c a u s e t h e e l e c t r i c f i e l d i n t h e m e a s u r e 
ment r e g i o n may n o t be known. In a d d i t i o n , c h a r g e d o r u n c h a r 
ged p a r t i c l e s w i t h d i e l e c t r i c c o n s t a n t d i f f e r e n t from t h e s u s 
p e n d i n g l i q u i d move a l o n g t h e e l e c t r i c f i e l d g r a d i e n t s ( d i e l e c -
t r o p h o r e s i s o r d i e l e c t r i c p o l a r i z a t i o n ( 6 ^ , 7 ^ ) ) . Wide e l e c t r o d e 
s e p a r a t i o n r e q u i r e s h i g h e r a p p l i e d v o l t a g e s w h i c h may l e a d t o 
t u r b u l e n c e i n t h e c o l l o i d . M o r e o v e r , m i c r o e l e c t r o p h o r e s i s i s 
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u s u a l l y p e r f o r m e d a t low f i e l d s (< 10^ V/m) w h i l e many t e c h 
n o l o g i c a l a p p l i c a t i o n s r e q u i r e i n t e r m e d i a t e ( 1 0 ^ - 10& V/m) 
or h i g h (> 10^ V/m) f i e l d s . The above d e l e t e r i o u s e f f e c t s and 
l i m i t a t i o n s can be p r e c l u d e d or at l e a s t c o n s i d e r a b l y c o r r e c t e d 
f o r when p l a n a r e l e c t r o d e g e o m e t r i e s a r e u s e d . The s e t up d e 
mands p a r a l l e l and c l o s e l y s p a c e d e l e c t r o d e s w i t h l i n e a r d i m e n 
s i o n s w h i c h s i g n i f i c a n t l y e x c e e d t h e e l e c t r o d e s p a c i n g . M o b i l 
i t y measurements were s u c c e s s f u l l y p e r f o r m e d w i t h m i c r o s c o p i c 
d e t e c t i o n i n p l a n a r g e o m e t r i e s ( 8 , ; 9 , 1 0 j f o r l a r g e r p a r t i c l e s (>5 
ym d i a . ) a t i n t e r m e d i a t e f i e l d s . However, i t i s d i f f i c u l t t o 
a p p l y m i c r o e l e c t r o p h o r e t i c methods i n p l a n a r g e o m e t r y t o h i g h 
f i e l d s and s m a l l p a r t i c l e s a n d , t h e r e f o r e , a l t e r n a t i v e m e t h 
ods f o r m o b i l i t y measurements were d e v e l o p e d . 

O p t i c a l t r a n s i e n t t e c h n i q u e s ( l l , 1 2 ) a r e b a s e d on t h e d e t e c 
t i o n o f t i m e dependent c h a n g e s i n Trie i n t e n s i t y o f t h e l i g h t 
s c a t t e r e d f rom p a r t i c l e
The c o l l o i d i s p l a c e d i n t
t r a n s p a r e n t e l e c t r o d e s . M o n o c h r o m a t i c l i g h t i s b r o u g h t o n t o 
t h e c e l l and s c a t t e r e d o r t r a n s m i t t e d l i g h t i s d e t e c t e d . The 
e x p e r i m e n t s can be p e r f o r m e d i n two b a s i c modes - sweepout and 
t r a n s i t . In t h e sweepout mode, t h e s c a t t e r e r s a r e i n i t i a l l y 
u n i f o r m l y d i s t r i b u t e d i n t h e o p t i c a l c e l l and a r e swept t o 
wards t h e e l e c t r o d e w i t h t h e a p p l i c a t i o n o f an e l e c t r i c f i e l d . 
In t h e t r a n s i t e x p e r i m e n t t h e c h a r g e d p a r t i c l e s are i n i t i a l l y 
a t one e l e c t r o d e i n t h e n o n - d i s p e r s e d s t a t e and t h e n a r e d r i v e n 
w i t h t h e f i e l d t o w a r d t h e o p p o s i t e e l e c t r o d e . The removal t i m e 
o f p a r t i c l e s from t h e e l e c t r o d e may be c o m p a r a b l e w i t h t h e 
t r a n s i t t i m e and f o r t h i s r e a s o n t h e sweepout measurements 
w i l l be e m p h a s i z e d h e r e . When t h e s u s p e n d i n g l i q u i d c o n t a i n s 
c o n t r a s t i n g medium w h i c h a b s o r b s t h e m o n i t o r i n g l i g h t , t h e 
c o n c e n t r a t i o n o f s c a t t e r e r s at and n e a r t h e d e t e c t i o n e l e c 
t r o d e can be measured w i t h t h e b a c k s c a t t e r i n g g e o m e t r y . W i t h 
o u t an a b s o r b i n g medium, o p t i c a l t r a n s i e n t s r e l y on s m a l l m u l 
t i p l e l i g h t s c a t t e r i n g d i f f e r e n c e s between t h e d i s p e r s e d and 
n o n - d i s p e r s e d s t a t e s . T h i s second method i s an i n t e g r a l t e c h 
n i q u e i n w h i c h a l l p a r t i c l e s c o n t r i b u t e t o t h e o p t i c a l s i g n a l 
w h i l e t h e f i r s t method i s d i f f e r e n t i a l as o n l y s c a t t e r e r s at 
and n e a r t h e o b s e r v a t i o n e l e c t r o d e a r e d e t e c t e d . D u r i n g sweep-
o u t t h e d e t e c t e d o p t i c a l s i g n a l w i l l i n c r e a s e f o r c o l l o i d c o n 
t a i n i n g s c a t t e r i n g p a r t i c l e s u n t i l a l l p a r t i c l e m o t i o n has 
c e a s e d , a t w h i c h p o i n t t h e s i g n a l w i l l become t i m e i n d e p e n d e n t . 
The t i m e dependence o f t h e o p t i c a l s i g n a l can be a c c o u n t e d f o r 
w i t h s i m p l e m o d e l s ( T J _ J 2 ) a n d p a r t i c l e m o b i l i t y d e t e r m i n e d . 

A n o t h e r o p t i c a l t e c h n i q u e u s e f u l f o r m o b i l i t y measurements 
i n p l a n a r e l e c t r o d e geometry i s c r o s s b e a m v e l o c i m e t r y (5) i n 
w h i c h t h e p a r t i c l e s a r e a l l o w e d t o d r i f t t h r o u g h o p t i c a T f r i n g e s 
c r e a t e d by two i n t e r s e c t i n g beams. The l i g h t s c a t t e r e d f r o m t h e 
moving p a r t i c l e s i s then m o d u l a t e d i n r e l a t i o n t o t h e d i s t a n c e 
between f r i n g e s and t h e p a r t i c l e v e l o c i t y . In a s i m i l a r t e c h 
n i q u e , l i g h t s c a t t e r e d by p a r t i c l e s i s p a s s e d t h r o u g h a g r a t i n g 
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on a r o t a t i n g d i s k ( V 3 ) . The r e s u l t i n g l i g h t i n t e n s i t y m o d u l a 
t i o n s have f r e q u e n c i e s w h i c h a r e p r o p o r t i o n a l t o t h e p a r t i c l e 
v e l o c i t i e s . Q u a s i e l a s t i c l i g h t s c a t t e r i n g v e l o c i m e t r y ( 3 > , 4 ) has 
l i m i t e d a p p l i c a t i o n w i t h t h e p l a n a r geometry b e c a u s e a f o c u s e d 
beam must p a s s t h r o u g h n a r r o w l y s p a c e d e l e c t r o d e s , and t h e 
s c a t t e r i n g wave v e c t o r c a n n o t be p e r p e n d i c u l a r t o t h e v e l o c i t y 
v e c t o r . 

Most c o l l o i d s a r e p o l y d i s p e r s e i n terms o f t h e i r p a r t i c l e 
s i z e and c h a r g e and t h u s a s i n g l e sample e x h i b i t s a d i s t r i b u t i o n 
o f m o b i l i t i e s . In p r i n c i p l e t h e above m e n t i o n e d t e c h n i q u e s , i n 
p a r t i c u l a r o p t i c a l t r a n s i e n t s , q u a s i e l a s t i c v e l o c i m e t r y i n t h e 
f r e q u e n c y r e g i m e , c r o s s b e a m and r o t a t i n g g r a t i n g v e l o c i m e t r i e s , 
can measure t h e m o b i l i t y d i s t r i b u t i o n o f a p o l y d i s p e r s e c o l l o i d . 

E l e c t r i c a l t r a n s i e n t s (12) can a l s o be used t o e v a l u a t e p a r 
t i c l e m o b i l i t i e s i n s p e c i a l c i r c u m s t a n c e s . Charged p a r t i c l e s , 
t h e i r c o u n t e r i o n s and o t h e
i n g f l u i d c o n t r i b u t e t
c e n t r a t i o n o f e x c e s s i o n s i s v e r y low compared t o t h e c o n c e n 
t r a t i o n o f c o u n t e r i o n s , i t i s sometimes p o s s i b l e t o d e t e r m i n e 
t h e c u r r e n t c o n t r i b u t e d by p a r t i c l e s v e r s u s t h a t c o n t r i b u t e d 
by i o n s . I o n i c c o n c e n t r a t i o n s d e f i n e t h e e x t e n t o f d o u b l e 
l a y e r s i n c o l l o i d s . T r a n s i e n t and AC c o n d u c t i v i t i e s can be 
r e l a t e d most d i r e c t l y t o t h e i o n i c c o n c e n t r a t i o n s and m o b i l i 
t i e s . B u t , a g a i n , t h e measurements i n low c o n d u c t i v i t y f l u i d s 
have t o be p e r f o r m e d i n p l a n a r c e l l s w i t h n a r r o w e l e c t r o d e 
s p a c i n g s i n o r d e r t o e n s u r e w e l l d e f i n e d e l e c t r i c f i e l d s . 

C o l l o i d a l p a r t i c l e s i z e and shape can be e v a l u a t e d d i r e c t 
l y by o p t i c a l m i c r o s c o p y and by e l e c t r o n t r a n s m i s s i o n or s c a n 
n i n g m i c r o s c o p y . D u r i n g p r e p a r a t i o n o f samples f o r m i c r o s c o p y , 
a g g l o m e r a t i o n o f p a r t i c l e s o f t e n o c c u r s , and t h u s i t i s i m p o r 
t a n t t o complement m i c r o s c o p y w i t h i n - s i t u m e a s u r e m e n t s . 
T h i s can be done by a w i d e v a r i e t y o f o p t i c a l t e c h n i q u e s w h i c h 
i n c l u d e a n g u l a r ( 1 4 j , l o w a n g l e ( 1 5 ) and q u a s i e l a s t i c l i g h t s c a t 
t e r ing( 1 6 , 1 7 ) . When c o l l o i d a l p a r t i c l e s s e t t l e g r a v i t a t i o n a l l y , 
a number o f o t h e r o p t i c a l methods can be used i n c l u d i n g o p t i 
c a l t r a n s i e n t s , c r o s s b e a m and r o t a t i n g g r a t i n g t e c h n i q u e s . Most 
o f t h e s e methods can g i v e p a r t i c l e d i s t r i b u t i o n f o r s p h e r i c a l 
s c a t t e r e r s o r a v e r a g e s i z e and shape f o r r e l a t i v e l y m o n o d i s -
p e r s e s c a t t e r e r s . P o l y d i s p e r s e , n o n s p h e r i c a l s c a t t e r e r s can 
be t r e a t e d o n l y a p p r o x i m a t e l y . The a d v a n t a g e o f o p t i c a l m e t h 
ods i s t h a t t h e y can be used t o f o l l o w t h e s i z e s t a b i l i t y o f t h e 
c o l l o i d d i r e c t l y . 

In most c a s e s c o l l o i d a l c h a r g e s c a n n o t be measured d i r e c t 
l y , b u t may be c a l c u l a t e d knowing t h e p a r t i c l e s i z e and m o b i l i t y . 
Charge/mass, however, w h i c h i s o f t e c h n o l o g i c a l i n t e r e s t , c a n 
be e x p e r i m e n t a l l y d e t e r m i n e d i n t h e e l e c t r i c a l p ! a t e o u t ( 1 8 , 1 9 ) . 

In Colloids and Surfaces in Reprographic Technology; Hair, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 
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I n i t i a l l y c h a r g e d p a r t i c l e s and i o n s a r e u n i f o r m l y d i s t r i b 
u t e d i n t h e c e l l w h i c h c o n t a i n s a c o l l e c t i o n s h e e t c o v e r i n g one 
e l e c t r o d e . The p a r t i c l e s and i o n s a r e swept o u t t o t h e e l e c 
t r o d e s w i t h t h e a p p l i c a t i o n o f t h e e l e c t r i c f i e l d and t h e r e 
s u l t i n g c u r r e n t i s r e c o r d e d . In t h e p l a t e o u t , p a r t i c l e s r e 
main a t t h e e l e c t r o d e even a f t e r t h e a p p l i e d f i e l d i s removed 
due t o a d h e s i v e ( i n c l u d i n g van der W a a l s ) and image f o r c e s . 
I n t e g r a t e d c u r r e n t g i v e s a t o t a l c o l l e c t e d c h a r g e , and t h e 
mass o f p l a t e d - o u t p a r t i c l e s on t h e c o l l e c t i o n s h e e t i s d e t e r 
mined g r a v i m e t r i c a l l y . When t h e c o n c e n t r a t i o n o f e x c e s s i o n s 
i s r e l a t i v e l y low and t h e c o l l o i d c o n t a i n s m a i n l y t h e c h a r g e d 
p a r t i c l e s and t h e i r c o u n t e r i o n s , a c c u r a t e measurements o f 
charge/mass can be made. 

P a r t i c l e - w a l l and p a r t i c l e - p a r t i c l e i n t e r a c t i o n s i n t h e 
c o l l o i d can be e v a l u a t e d by s e v e r a l t e c h n i q u e s . For c h a r g e d 
p a r t i c l e s , t h e d i s t r i b u t i o
q u i r e d t o remove them f r o
by o p t i c a l methods(11,12)• T h e removal f i e l d s t o g e t h e r w i t h p a r 
t i c l e c h a r g e , t h e n y i e l d t h e p a r t i c l e - w a l l f o r c e s w h i c h i n 
c l u d e e l e c t r o s t a t i c , van d e r Waals and s t e r i c f o r c e s . The 
most d i r e c t way o f f o l l o w i n g p a r t i c l e - p a r t i c l e f o r c e s i s t o 
s t u d y t h e volume changes o f t h e c o l l o i d c a u s e d by a p p l i e d 
p r e s s u r e (,20) i n an arrangement where l i q u i d i s a l l o w e d t o e s 
c a p e f r e e l y . 

The c o l l o i d a l p r o p e r t i e s are c o n t r o l l e d t o a g r e a t e x t e n t 
by t h e s p e c i e s p r e s e n t a t t h e s o l i d - l i q u i d i n t e r f a c e . The v i 
b r a t i o n a l s p e c t r a o f t h e a d s o r b e d o r c h e m i c a l l y a t t a c h e d s p e c i e s 
can be f o l l o w e d by i n f r a r e d ( 2 1 ^ 2 2 ) o r Raman(22) s p e c t r o s c o p y , 
u s u a l l y on t h e c e n t r i f u g a t e . F l u o r e s c e n c e o f t h e h i g h s u r f a c e 
a r e a s u b s t r a t e s o f t e n p r e v e n t s t h e use o f Raman s p e c t r o s c o p y . 
The e l e m e n t a l c o m p o s i t i o n o f t h e s u r f a c e can be o b t a i n e d w i t h 
ESCA ( E l e c t r o n S p e c t r o s c o p y f o r C h e m i c a l A n a l y s i s o r X - r a y 
P h o t o e m i s s i o n ) , Auger (_24) o r X - r a y f l u o r e s c e n c e . In a d d i t i o n , 
t h e i n f o r m a t i o n on t h e c h e m i c a l bonds can be r e c o v e r e d f r o m 
t h e e n e r g y s h i f t s i n ESCA s t u d i e s . 

For c o l l o i d s w i t h a p h y s i c a l l y a d s o r b e d s u r f a c t a n t or c c a , 
t h e a d s o r p t i o n i s o t h e r m i s i m p o r t a n t . The a d s o r b a n t c o n c e n t r a 
t i o n on t h e p a r t i c l e s u r f a c e can be measured by i n f r a r e d s p e c t r o 
s c o p y u s i n g d i f f u s e r e f l e c t a n c e and by ESCA. A b s o l u t e c o n c e n 
t r a t i o n s a r e d i f f i c u l t t o d e t e r m i n e w i t h ESCA on "rough" s u r 
f a c e s , and a c a l i b r a t i o n p o i n t i s r e q u i r e d w i t h o t h e r t e c h 
n i q u e s . The change o f t h e c o n c e n t r a t i o n o f a d s o r b a n t i n s o 
l u t i o n a f t e r a d s o r p t i o n on t h e c o l l o i d s u r f a c e s can be d e t e c 
t e d by e l e m e n t a l a n a l y s i s o f s u p e r n a t a n t w i t h p l a s m a e m i s s i o n 
o r a t o m i c a b s o r p t i o n i f a d s o r b a n t c o n t a i n s s p e c i f i c e l e m e n t ( s ) . 
When c o l l o i d s a r e s t e r i c a l l y s t a b i l i z e d , t h e e f f e c t i v e n e s s o f 
t h e s t a b i l i z a t i o n can be e v a l u a t e d w i t h s o l v e n t - n o n s o l v e n t 
t e c h n i q u e s and w i t h t e m p e r a t u r e s t u d i e s ( 2 5 , 2 6 ) . 

In Colloids and Surfaces in Reprographic Technology; Hair, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 
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Space Charge and E l e c t r o h y d r o d y n a m i c s 

I t i s c o n v e n i e n t t o d i v i d e nonaqueous c o l l i d s i n t o two 
c a t e g o r i e s - low and i n t e r m e d i a t e c o n d u c t i v i t y , w h i c h are s c h e 
m a t i c a l l y r e p r e s e n t e d i n F i g u r e 1. Low c o n d u c t i v i t y (LC) c o l 
l o i d s have v e r y low c o n c e n t r a t i o n s o f e x c e s s i o n s w h i l e i n t e r 
m e d i a t e c o n d u c t i v i t y ( I C ) c o l l o i d s may have c o m p a r a b l e c o n c e n 
t r a t i o n s o f c o u n t e r i o n s and e x c e s s i o n s . Both LC and IC c o l 
l o i d s a r e u n l i k e aqueous systems i n w h i c h t h e c o n c e n t r a t i o n o f 
e x c e s s i o n s e x c e e d s t h e c o n c e n t r a t i o n o f c o u n t e r i o n s s i g n i f i 
c a n t l y . 

The d i f f e r e n t i a t i o n between LC and IC c o l l o i d s can be made 
e x p e r i m e n t a l l y a c c o r d i n g t o b a c k g r o u n d c o n d u c t i v i t y w h i c h i s mea
s u r e d i m m e d i a t e l y a f t e r a l l c h a r g e d p a r t i c l e s and t h e i r c o u n t e r 
i o n s are swept o u t from t h e d i s p e r s i o n a n d , t h e r e f o r e , do not 
c o n t r i b u t e t o t h e c o n d u c t i v i t y
i s c o n t r o l l e d by t h e c o n c e n t r a t i o
by d i s s o c i a t i o n o f n e u t r a l m o l e c u l e s i n t h e b u l k s o l u t i o n . The 
measurements s h o u l d be p e r f o r m e d under c o n d i t i o n s i n w h i c h c h a r g e 
i n j e c t i o n f rom e l e c t r o d e s does not p l a y an i m p o r t a n t r o l e . C o n 
d u c t i v i t i e s r e f l e c t t h e c o n c e n t r a t i o n , n j , c h a r g e s , q j , and mo
b i l i t i e s , y j , o f a l l m o b i l e s p e c i e s ( j = 1, N) i n t h e c o l l o i d 
and i n a one d i m e n s i o n a l c a s e are g i v e n by: 

When t h e e l e c t r i c f i e l d E i n t h e c o l l o i d i s u n i f o r m , t h e c o n 
d u c t i v i t i e s can be s i m p l y d e t e r m i n e d f rom t h e measured c u r r e n t 
d e n s i t i e s I, as a = I/E. The t r a n s i t i o n from LC i n t o t h e IC 
r e g i m e can be somewhat a r b i t r a r i l y s e t at = l O ' l O ^ H m " 1 

LC c o l l o i d s can be p r e p a r e d by c h e m i c a l a t t a c h m e n t t o t h e p a r 
t i c l e s o f c h a r g e c o n t r o l agent ( c c a ) o r o t h e r i o n i z a b l e s p e c i e s 
or by i r r e v e r s i b l e p h y s i c a l a d s o r p t i o n o f c c a o n t o p a r t i c l e s u r 
f a c e s . T y p i c a l p h y s i c a l l y a d s o r b e d c o l l o i d s w i l l have some c c a 
r e m a i n i n g i n s o l u t i o n at dynamic e q u i l i b r i u m a n d , as a r e s u l t , 
w i l l f a l l g e n e r a l l y i n t o t h e c a t e g o r y o f IC c o l l o i d s . 

Two e f f e c t s w h i c h may be e n c o u n t e r e d d u r i n g nonaqueous 
e l e c t r o p h o r e s i s a r e s p a c e c h a r g e c o n d i t i o n s and e l e c t r o h y d r o d y 
n a m i c s (EHD). When an e l e c t r i c f i e l d i s a p p l i e d a c r o s s a u n i 
f o r m l y d i s p e r s e d c o l l o i d t h e m a c r o s c o p i c c h a r g e d e n s i t y i s z e r o 
and t h e f i e l d i s u n i f o r m a t t h e t i m e o f a p p l i c a t i o n . As t h e 
s e p a r a t i o n o f o p p o s i t e p o l a r i t y c h a r g e s o c c u r s , a n e t i n t e r n a l 

N 

(1) 

In Colloids and Surfaces in Reprographic Technology; Hair, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 
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Figure 1. Schematic of low (left) and intermediate (right) conductivity nonaqueous 
colloids. Key: ©, positively charged particles; Q , counterions; -\-, positive excess 

ions; and —, negative excess ions. 

In Colloids and Surfaces in Reprographic Technology; Hair, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 
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c h a r g e d i s t r i b u t i o n i s c r e a t e d , w h i c h may l e a d t o n o n u n i f o r m , 
t i m e v a r y i n g e l e c t r i c f i e l d s i n t h e c o l l o i d . T h i s s i t u a t i o n 
i s r e f e r r e d t o as "space c h a r g e l i m i t e d " and i s s c h e m a t i c a l l y 
r e p r e s e n t e d i n F i g u r e 2 . When i o n i c d i s s o c i a t i o n i n t h e m e d i a 
o r c h a r g e i n j e c t i o n f rom t h e c o n t a c t s i s m i n i m a l , t h e c o n d i 
t i o n can be c h a r a c t e r i z e d by a space c h a r g e p a r a m e t e r , s , d e 
f i n e d a s : 

s = (Q/A)/ee 0 E ( 2 ) 

where e and e 0 a r e t h e p e r m i t i v i t i e s o f t h e m e d i a and a 
vacuum r e s p e c t i v e l y . (Q/A) i s t h e c h a r g e p e r u n i t a r e a c o l 
l e c t e d d u r i n g p l a t e o u t o f c h a r g e d p a r t i c l e s and t h e i r c o u n t e r 
i o n s . Space c h a r g e e f f e c t s a r e n e g l i g i b l e when s « l . For LC 
c o l l o i d s , s p a c e c h a r g e e f f e c t s can be a v o i d e d o n l y a t v e r y low 
c o l l o i d c o n c e n t r a t i o n s an
d i s s o c i a t i o n i n t h e IC c o l l o i d
d i s t r i b u t i o n i s l e s s p e r t u r b e d and s p a c e c h a r g e c o n d i t i o n s a r e 
l e s s p r e v a l e n t . In s p a c e c h a r g e c o n d i t i o n s t h e t r a n s i e n t c o n 
d u c t i v i t y can be e v a l u a t e d a t the moment an e l e c t r i c f i e l d i s 
a p p l i e d , t = 0 , b e f o r e b u l k space c h a r g e d e v e l o p s , and AC c o n 
d u c t i v i t y can be measured a t h i g h f r e q u e n c i e s ( f > y E/r where 
r i s t h e p a r t i c l e r a d i u s ) . 

The second i m p o r t a n t phenomenon w h i c h can be s i g n i f i c a n t d u r 
i n g e l e c t r o p h o r e s i s i s EHD(27), shown in F i g u r e 3 . T h i s o c c u r s when 
i o n s moving i n t h e f l u i d d r a g a l o n g t h e f l u i d m o l e c u l e s and 
s e t up f l u i d m o t i o n , u s u a l l y i n t h e f o r m o f v o r t i c e s . As a 
r e s u l t o f EHD, t h e a p p a r e n t m o b i l i t i e s o f i o n s and c h a r g e d 
p a r t i c l e s can be s u b s t a n t i a l l y h i g h e r t h a n i n t h e s t a t i o n a r y 
f l u i d . In t h e c o l l o i d , EHD can be r e c o g n i z e d e a s i l y b e c a u s e 
p a r t i c l e s l a r g e l y f o l l o w t h e f l u i d f l o w . The m o t i o n o f c h a r g e d 
p a r t i c l e s i s n o t c o l i n e a r and many p a r t i c l e s may move i n d i f 
f e r e n t d i r e c t i o n s t h a n e x p e c t e d f r o m t h e p o l a r i t y o f t h e i r 
c h a r g e and d i r e c t i o n o f t h e f i e l d . When t h e c h a r g e d p a r t i c l e s 
a r e a l l o w e d t o p l a t e - o u t o n t o t h e e l e c t r o d e i n t h e non-EHD 
r e g i m e , t h e d e p o s i t i s u n i f o r m . D u r i n g EHD, t h e p l a t e o u t d e 
p o s i t i s n o n u n i f o r m and u s u a l l y has f e a t u r e s and d i m e n s i o n s 
c o r r e s p o n d i n g t o t h e s i z e o f t h e v o r t i c e s . Charged p a r t i c l e s 
t e n d t o c o l l e c t on t h e e l e c t r o d e s i n r e l a t i v e l y s t a t i o n a r y 
a r e a s where t h e r e i s minimum f l u i d f l o w . At low v o l t a g e s EHD 
i s n o t p r e s e n t ; a t i n t e r m e d i a t e v o l t a g e s ( t y p i c a l l y t e n s o f 
v o l t s ) EHD i s l a m i n a r w i t h v o r t i c e s o f t h e s i z e o f t h e c e l l 
t h i c k n e s s w h i l e a t h i g h e r v o l t a g e s EHD i s t u r b u l e n t and v o r t i 
c e s may be c o n s i d e r a b l y s m a l l e r . The o n s e t o f t u r b u l e n c e i s 
a f f e c t e d by many f a c t o r s i n c l u d i n g t h e c o n d u c t i o n m e c h a n i s m , 
s p a c e c h a r g e e f f e c t s , c h a r g e i n j e c t i o n , t y p e o f t r a n s i e n t , 
c o n d u c t i v i t i e s geometry and p r o p e r t i e s o f t h e m e d i a . For u n i 
p o l a r c o n d u c t i o n t h e t h r e s h o l d v o l t a g e V c f rom l a m i n a r i n t o t h e 
t u r b u l e n t r e g i m e i s r o u g h l y V c = 30 n /(pee 0 J 1 / 2 o r a b o u t 1 0 2 

V o l t s f o r t y p i c a l v a l u e s o f v i s c o s i t y , n , and d e n s i t y , P . 

In Colloids and Surfaces in Reprographic Technology; Hair, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 
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Figure 2. Representation of space charge limited conditions in one dimension 
showing the profile of concentrations of positive (P) and negative (N) species and 
electric field variations at time of the field application (t — 0) and at some later time 

(t > 0). 

In Colloids and Surfaces in Reprographic Technology; Hair, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 
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I t i s p r e f e r a b l e t o p e r f o r m e l e c t r o p h o r e t i c measurements 
w i t h o u t s p a c e c h a r g e and EHD e f f e c t s , w h i c h i s o f t e n d i f f i c u l t 
b e c a u s e h i g h v o l t a g e s ( h u n d r e d s o f v o l t s ) a r e r e q u i r e d t o a v o i d 
s p a c e c h a r g e c o n d i t i o n s w h i l e lower o p e r a t i n g v o l t a g e s ( t e n s o f 
v o l t s ) a r e needed t o p r e v e n t EHD. I t s h o u l d be e m p h a s i z e d t h a t 
i t t a k e s t i m e t o e s t a b l i s h EHD. I t i s a n t i c i p a t e d t h a t t i m e s 
l o n g e r t h a n i o n i c t r a n s i t t i m e s i n t h e c e l l a r e needed t o s e t 
up EHD m o t i o n . Space c h a r g e c o n d i t i o n s can be d e s c r i b e d w i t h 
n u m e r i c a l m o d e l l i n g and a r e more e a s i l y t r e a t e d a n a l y t i c a l l y 
t h a n p r o b l e m s a s s o c i a t e d w i t h t u r b u l e n c e . In some t e c h n o l o g 
i c a l a p p l i c a t i o n s w h i c h are a f f e c t e d by s p a c e c h a r g e and t u r 
b u l e n c e , t h e a p p a r e n t p a r t i c l e m o b i l i t i e s are r e l e v a n t . 

The r e l a t i o n s h i p between p a r t i c l e c h a r g e , q , and m o b i l i t y , 
y , depends on t h e e x t e n t o f t h e e l e c t r i c a l d o u b l e l a y e r w h i c h i s 
g i v e n by 

- 1 / e e n k T 
K ( 3 ) 

e 2 s n , z , 2 

i 

where n-j i s t h e c o n c e n t r a t i o n o f i o n s and z-j t h e i r v a l e n c y , 
e i s t h e e l e c t r o n i c c h a r g e , k i s t h e B o l t z m a n n ' s c o n s t a n t and 
T i s t h e a b s o l u t e t e m p e r a t u r e . The i o n i c c o n c e n t r a t i o n s and 
m o b i l i t i e s can be d e t e r m i n e d f r o m t h e a n a l y s i s o f e l e c t r i c a l 
t r a n s i e n t s . When t h e d o u b l e l a y e r s a r e e x t e n d e d ( x » r ) r e 
l a x a t i o n and r e t a r d a t i o n e f f e c t s (28) can be n e g l e c t e d . A 
p a r t i c l e w i t h c h a r g e q moves w i t h a u n i f o r m v e l o c i t y v w h i c h 
i s d e t e r m i n e d by t h e e q u a l i t y between t h e e l e c t r i c f o r c e qE 
and t h e S t o k e s f r i c t i o n f o r c e f v (where f i s a f r i c t i o n c o 
e f f i c i e n t e q u a l t o 6Trnvr f o r a s p h e r i c a l p a r t i c l e o f r a d i u s , 
r , suspended i n t h e m e d i a w i t h v i s c o s i t y , n ) . T h u s , f o r a 
s p h e r i c a l p a r t i c l e i n t h e LC c o l l o i d 

q= 6 f r n y r ( 4 ) 

The c o r r e s p o n d i n g r e l a t i o n s h i p between t h e z e t a p o t e n t i a l , c , 
and m o b i l i t y i s 

y = 2 e e Q £ / 3 n (5) 

R e s u l t s 

The t y p i c a l r e s u l t s w i l l be i l l u s t r a t e d by one LC and one IC 
c o l l o i d . An example o f an LC system ( 2 9 ) w i t h b a c k g r o u n d c o n 
d u c t i v i t i e s b e l o w 1 0 " 1 1 - 1 n r ' w i l l be c a r b o n b l a c k d i s 
p e r s e d i n a l i p h a t i c h y d r o c a r b o n w i t h p o l y m e r i c m a t e r i a l s and 
c h a r g e d w i t h a m e t a l s a l t o f s t e a r i c a c i d . E l e c t r o n m i c r o 
s c o p y r e v e a l e d t h a t t h e p a r t i c l e s a r e a g g l o m e r a t e s i n t h e 
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r a n g e o f 0 . 1 - 0 . 8 urn, e a c h composed o f c a r b o n b l a c k p i g m e n t 
as s m a l l as 0 . 0 3 ym. Due t o t h e p o s s i b i l i t y o f a g g l o m e r a t i o n 
i n t h e p r e p a r a t i o n o f m i c r o s c o p y s a m p l e s , t h e p a r t i c l e s i z e 
was d e t e r m i n e d by q u a s i e l a s t i c l i g h t s c a t t e r i n g . The a u t o 
c o r r e l a t i o n f u n c t i o n C ( T ) i s shown i n F i g u r e 4 t o g e t h e r w i t h 
an e x p o n e n t i a l f i t g i v i n g t h e a v e r a g e d i a m e t e r o f 0 . 3 ± 0 . 0 6 

ym. The method o f c u m u l a n t s (30) y i e l d e d a s i m i l a r r e s u l t . 
N o n s p h e r i c i t y o f p a r t i c l e s was n e g l e c t e d . Care was t a k e n i n 
t h e s e measurements n o t t o i n d u c e t h e r m o p h o r e s i s . I t demon
s t r a t e s i t s e l f as e x c e s s m o t i o n o f p a r t i c l e s above t h e i r n o r 
mal B r o w n i a n m o t i o n c a u s e d by t h e a b s o r p t i o n o f l i g h t by p a r 
t i c l e s and t h e s u b s e q u e n t h e a t i n g o f p a r t i c l e s and t h e i r s u r 
r o u n d i n g f l u i d . 

E l e c t r i c a l p l a t e o u t gave a charge/mass r a t i o o f 0 . 8 8 ± 
0 . 0 5 C k g - 1 and showed t h a t t h e p a r t i c l e s were u n i p o l a r and 
p o s i t i v e l y c h a r g e d . P a r t i c l
t i c a l sweepout t r a n s i e n t s
p a r a m e t e r d i s t r i b u t i o n p r o v i d e d a b e t t e r f i t o f t r a n s i e n t s t h a n 
G a u s s , Gamma or L o g - N o r m a l d i s t r i b u t i o n s but no p h y s i c a l s i g 
n i f i c a n c e i s a s s i g n e d t o i t . The r e s u l t i n F i g u r e 5 was o b 
t a i n e d a t an e l e c t r i c f i e l d o f 0.8V/ym, a c e l l t h i c k n e s s o f 
125 ym and a p a r t i c l e c o n c e n t r a t i o n o f 15 ppm by v o l u m e . The 
c o r r e s p o n d i n g s p a c e c h a r g e f a c t o r was s = 0 . 1 5 . The a v e r a g e 
p a r t i c l e m o b i l i t y o b t a i n e d f r o m t h e a n a l y s i s was 0 . 3 0 5 x 1 0 - ° 
m 2 v - 1 s ~ l . A l t h o u g h t h e i n v e s t i g a t i o n was l i m i t e d at low 
v o l t a g e s by s p a c e c h a r g e e f f e c t s and by e l e c t r i c a l d i s c h a r g e 
a c r o s s t h e c e l l a t h i g h e r v o l t a g e s , t h e m o b i l i t y was s t u d i e d 
as a f u n c t i o n o f f i e l d s t r e n g t h and was found t o be i n d e p e n 
d e n t o f f i e l d . Most e x p e r i m e n t s at h i g h e r p a r t i c l e c o n c e n t r a 
t i o n s , l o w e r a p p l i e d v o l t a g e s , and t h i c k e r c e l l s t h a n g i v e n 
above were i n s p a c e c h a r g e l i m i t e d c o n d i t i o n s . The d i s t r i b u 
t i o n o f p l a t e d - o u t p a r t i c l e s on t h e e l e c t r o d e was u n i f o r m i n 
t h i n ( - 100 ym) c e l l s , i n d i c a t i n g t h a t t u r b u l e n c e was not i m 
p o r t a n t i n t h e s e e x p e r i m e n t s . 

The p a r t i c l e s i z e was a l s o c a l c u l a t e d f r o m ( 4 ) and c h a r g e / 
mass and was f o u n d t o be 0 . 1 9 + 0 . 0 5 ym. D i f f e r e n c e s between 
t h i s e s t i m a t e and t h e q u a s i e l a s t i c l i g h t s c a t t e r i n g v a l u e were 
p r o b a b l y due t o n o n s p h e r i c i t y o f t h e p a r t i c l e s . U s i n g t h i s s i z e 
and a p p l y i n g ( 4 ) and ( 5 ) t o t h i s LC c o l l o i d g i v e s q = 56 x 
1 0 ' ^ C = 35 p o s i t i v e u n i t c h a r g e s and c = 250mV. I o n i c c h a r 
a c t e r i s t i c s a r e e v a l u a t e d f r o m t h e e l e c t r i c a l sweepout t r a n 
s i e n t i n F i g u r e 6 . The c u r r e n t d e n s i t y c a n be a c c o u n t e d f o r 
a c c o r d i n g t o ( 1 ) by c o n t r i b u t i o n s f rom p a r t i c l e s w i t h t h e a -
bove m o b i l i t i e s and c h a r g e s and w i t h a c o u n t e r i o n m o b i l i t y yj = 
0 . 4 x l 0 " 8 m 2 V"1 s " 1 and c o n c e n t r a t i o n n i = 1 . 3 x l 0 1 7 m " 3 . The 
d o u b l e l a y e r o f LC c o l l o i d c o n t a i n s i o n s o f m o s t l y one p o l a r i t y 
and t h e Debye l e n g t h f r o m ( 3 ) i s i n d e e d e x t e n s i v e A* 5 y m . 
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0.0 100. 200. 
TIME (msec) 

Figure 5. Optical transient from LC colloid and the mobility distribution used to 
provide a fit (solid line) to the experimental data. (Reproduced, with permission, 

from Ref. 29.) 

TIME (msec) 
Figure 6. Electrical transient from LC colloid corresponding to the optical tran
sient in Figure 5. Solid line is based on calculations using an estimate of ionic 
mobility and the particle mobilities determined by optical transients. (Reproduced, 

with permission, from Ref. 29.) 
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I t a p p e a r s t h a t many o f t h e r e s u l t s f rom s i m i l a r LC s y s t e m s 
r e p o r t e d i n t h e l i t e r a t u r e (3T_,32,33) were u n k n o w i n g l y o b t a i n e d 
under s p a c e c h a r g e l i m i t e d c o n d i t i o n s . 

F o r a d i s c u s s i o n o f IC c o l l o i d p r o p e r t i e s a d i s p e r s i o n o f 
i n o r g a n i c o x i d e i n a r o m a t i c h y d r o c a r b o n i s s e l e c t e d . I t i s s t a 
b i l i z e d and c h a r g e d w i t h a c c a , m e t a l s u l f o n a t e , w h i c h i s p h y s 
i c a l l y a d s o r b e d on t h e o x i d e s u r f a c e s and i s i n e q u i l i b r i u m 
w i t h some c c a i n s o l u t i o n . The c o n c e n t r a t i o n o f c c a i n s o l u 
t i o n c o n t r o l s t h e b a c k g r o u n d c o n d u c t i v i t i e s w h i c h a r e around 
5 x 1 0 " ^ Q - l m ~ l . The a d s o r p t i o n i s o t h e r m o f c c a was d e t e r 
mined by f o u r t e c h n i q u e s as shown i n F i g u r e 7 . The " p a r k i n g " 
a r e a o f t h e 0 c c a m o l e c u l e as d e t e r m i n e d f r o m a m o n o l a y e r c o v e r 
age i s - 7 0 A 2 . The a v e r a g e p a r t i c l e s i z e p l o t t e d i n F i g u r e 
8 as a f u n c t i o n o f c c a c o n c e n t r a t i o n d e c r e a s e s i n i t i a l l y w i t h 
i n c r e a s i n g c c a c o n c e n t r a t i o n and s t a b i l i z e s at h i g h c o n c e n 
t r a t i o n s . I n t e r e s t i n g l y
l l e l s t h e a d s o r p t i o n i s o t h e r
s i z e becomes i n d e p e n d e n t o f t h e c c a c o n c e n t r a t i o n at a p p r o x i 
m a t e l y a m o n o l a y e r c o v e r a g e i m p l y i n g t h a t c c a a c t s as s t e r i c 
and/or e l e c t r o s t a t i c s t a b i l i z e r . The changes o f p a r t i c l e mo
b i l i t y w i t h c c a c o n c e n t r a t i o n a r e shown i n F i g u r e 9 f o r t h i s 
system t o g e t h e r w i t h a n o t h e r t y p i c a l nonaqueous s y s t e m . The 
c o n c e n t r a t i o n at w h i c h m o b i l i t y r e a c h e s a maximum or s a t u r a t e s 
g e n e r a l l y c o i n c i d e s w i t h a m o n o l a y e r c o v e r a g e o f c c a . S u r p r i s 
i n g r e s u l t s a r e o b t a i n e d when t h e m o b i l i t y at a g i v e n c c a c o n 
c e n t r a t i o n i s examined as a f u n c t i o n o f t h e e l e c t r i c f i e l d . 
The m o b i l i t y i n c r e a s e s w i t h i n c r e a s i n g f i e l d at l e a s t w i t h i n 
t h e r a n g e o f 0 . 1 t o 4.0V/ym. S i m i l a r r e s u l t s were f o u n d i n 
v e r y d i f f e r e n t IC d i s p e r s i o n s . 

The summary o f c o l l o i d a l p r o p e r t i e s at a m o n o l a y e r c o v e r 
age o f c c a i s as f o l l o w s : At h i g h f i e l d s , (3V/ym), where e q u a 
t i o n s ( 4 ) and ( 5 ) a r e a p p l i c a b l e , t h e c h a r g e i s 4 . 3 x 1 0 " 1 7 c . 
The m o b i l i t y does not v a r y w i t h p a r t i c l e s i z e . E l e c t r i c a l t r a n s 
i e n t s a r e d o m i n a t e d by c c a i n s o l u t i o n e x c e p t at h i g h p a r t i c l e 
c o n c e n t r a t i o n s a n d , t h e r e f o r e , c a n n o t be used t o e s t i m a t e mo
b i l i t i e s and s i z e s o f p a r t i c l e s . The c o n c e n t r a t i o n o f i o n s i s 
2 x l 0 1 8 p a i r s / m 3 , and t h e m o b i l i t y o f t h e p o s i t i v e and n e g a 
t i v e i o n s i s about 0 . 9 and 0 . 7 x 1 0 * 8 m 2 y - 1 s - l r e s p e c t i v e l y , 
and t h e Debye l e n g t h i s x = 1 . 3 ym. The a v e r a g e e l e c t r i c f i e l d 
n e c e s s a r y f o r t h e removal o f a c h a r g e d p a r t i c l e f rom t h e e l e c 
t r o d e i s 0.6V/ym , and t h e c o r r e s p o n d i n g t o t a l p a r t i c l e - w a l l 
i n t e r a c t i o n f o r c e (34) i s 0 . 7 x l 0 " 1 0 N . In IC c o l l o i d s , s p a c e 
c h a r g e c o n d i t i o n s c a n n o t be s i m p l y d e t e r m i n e d f r o m an e x p r e s 
s i o n ( 2 ) and n u m e r i c a l m o d e l l i n g i s r e q u i r e d . M o d e l l i n g i n d i 
c a t e s t h a t t h e p r e s e n c e o f i o n i c d i s s o c i a t i o n i n t h e b u l k s o l u 
t i o n r e l a x e s t h e s p a c e c h a r g e e f f e c t s b u t t h a t t h e y do become 
i m p o r t a n t a t f i e l d s b e l o w 0.1V/ym even at low p a r t i c l e c o n c e n 
t r a t i o n s . The o n s e t o f t u r b u l e n c e i s d i r e c t l y o b s e r v a b l e above 
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Figure 8. Dependence of average particle size on the concentration of charge con
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50V i n d i s p e r s i o n s w i t h h i g h p a r t i c l e c o n c e n t r a t i o n s (above 1% 
by v o l u m e ) . D e t e c t a b i 1 i t y i s more d i f f i c u l t at low p a r t i c l e 
c o n c e n t r a t i o n s (<1000ppm) b u t t h e p a r t i c l e m o b i l i t i e s do n o t 
undergo sudden changes o f m a g n i t u d e or s l o p e i n t h e i n v e s t i 
g a t e d r a n g e o f v o l t a g e s . A l s o , i o n i c m o b i l i t i e s d e t e r m i n e d 
f rom t h e e l e c t r i c a l sweepout t r a n s i e n t s are i n d e p e n d e n t o f 
f i e l d . F i e l d i n d u c e d i o n i z a t i o n o f c c a was n o t o b s e r v e d i n 
s o l u t i o n s a n d , t h u s , i t i s u n l i k e l y t o be r e s p o n s i b l e f o r t h e 
f i e l d - d e p e n d e n t m o b i l i t y o f p a r t i c l e s . I n c r e a s e s o f p a r t i c l e 
m o b i l i t y and c h a r g e w i t h f i e l d can be r e l a t e d t o t h e removal 
o f c o u n t e r i o n s f r o m t h e d o u b l e l a y e r w i t h i n t h e s l i p p a g e 
plane(101,11,12.). T h i s i n t e r p r e t a t i o n w o u l d s u g g e s t t h a t a t v e r y 
h i g h f i e l d s t h e m o b i l i t y s h o u l d s a t u r a t e when a l l c o u n t e r i o n s 
have been removed f r o m t h e volume w i t h i n t h e s l i p p a g e p l a n e . 
P r e s u m a b l y t h e s e c o n d i t i o n s have n o t been r e a c h e d i n t h i s e x 
p e r i m e n t . E l e c t r i c a l breakdown
at h i g h v o l t a g e s above

R e s u l t s r e p o r t e d h e r e a r e c h a r a c t e r i s t i c f o r IC c o 1 1 o i d s ( 3 5 -
3 8 ) . S i m i l a r a d s o r p t i o n i s o t h e r m s were o b t a i n e d f o r m e t a l o c -

T o a t e s on c a r b o n b l a c k and m e t a l s u l f o n a t e s on p h t h a l o c y a n i n e s . 
M o b i l i t i e s o f t e n e x h i b i t e d maxima as a f u n c t i o n o f c c a c o n c e n t r a 
t i o n . In o t h e r c a s e s p a r t i c l e m o b i l i t i e s d e c r e a s i n g w i t h , o r 
i n d e p e n d e n t o f , c c a c o n c e n t r a t i o n were r e p o r t e d , p o s s i b l y due 
t o t h e f a c t t h a t t h e b e h a v i o r a t t h e l o w e s t c c a c o n c e n t r a t i o n s 
was n o t i n v e s t i g a t e d . At low c o n c e n t r a t i o n s , b e l o w a m o n o l a y e r 
o f c c a c o v e r a g e , t h e m o b i l i t y s h o u l d i n c r e a s e as t h e c o n c e n t r a 
t i o n o f c c a m o l e c u l e s on t h e p a r t i c l e s u r f a c e i n c r e a s e s u n t i l 
t h e m o n o l a y e r i s r e a c h e d . At c o n c e n t r a t i o n s above a m o n o l a y e r , 
i n c r e a s e d i o n i c c o n c e n t r a t i o n s i n s o l u t i o n may l e a d t o h i g h e r 
c o n c e n t r a t i o n s o f c o u n t e r i o n s w i t h i n a s l i p p a g e p l a n e o f t h e 
d o u b l e l a y e r and t o d e c r e a s e d c h a r g e and m o b i l i t y . The m a g n i 
t u d e and sometimes even t h e p o l a r i t y o f p a r t i c l e c h a r g e i s d e 
p e n d e n t upon t h e c o n c e n t r a t i o n o f w a t e r or o t h e r p o l a r i m p u r i 
t i e s i n nonaqueous m e d i a ( 3 5 , 3 6 ) . In s e v e r a l s y s t e m s , i n t e r 
m e d i a t e w a t e r c o n c e n t r a t i o n s ( ~ 100 ppm) l e a d t o a maximum 
p a r t i c l e c h a r g e . Water i n c r e a s e s d i s s o c i a t i o n o f i o n i z a b l e 
s p e c i e s i n nonaqueous m e d i a a n d , t h u s , t h e mechanism f o r o p 
timum c h a r g i n g w i t h v a r i o u s w a t e r c o n c e n t r a t i o n s may be s i m i 
l a r t o t h e one o u t l i n e d f o r c c a d e p e n d e n c e . 

For b o t h LC and IC c o l l o i d s , i t was d e m o n s t r a t e d t h a t h i g h 
l y c h a r g e d c o l l o i d s a r e p o s s i b l e even i n nonaqueous m e d i a . When 
t h e f r a c t i o n o f i o n i z e d m o l e c u l e s on t h e p a r t i c l e s u r f a c e i s com
p a r e d w i t h t h e t o t a l number o f a d s o r b e d m o l e c u l e s on t h e s u r f a c e , 
i t i s f o u n d t h a t a p p r o x i m a t e l y 1 o u t o f 10^ a d s o r b e d m o l e c u l e s 
i s i o n i z e d . The low d i e l e c t r i c c o n s t a n t o f t h e s e m e d i a compared 
w i t h w a t e r i s p r i m a r i l y r e s p o n s i b l e f o r a low d i s s o c i a t i o n r a t e 
o f t h e i o n i z a b l e m o l e c u l e s . The f a c t t h a t t h e d i s s o c i a t i o n i n 
t h e s o l u t i o n i s a l s o low e n s u r e s t h a t h i g h c o n c e n t r a t i o n s o f 
i o n s a r e n o t a v a i l a b l e t o e f f e c t i v e l y s c r e e n t h e p a r t i c l e c h a r g e 
and h i g h c h a r g e s o r z e t a p o t e n t i a l s a r e a t t a i n a b l e . 

In Colloids and Surfaces in Reprographic Technology; Hair, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



T
—

I—
I 

1
 I

 |
 

1
 

I 
I 

1
—

I—
I 

I 
I 

|
 

S
W

EE
P

O
U

T 
EX

P.
 o

 
TR

A
N

S
IT

 E
XP

. 
•

 *
 

-i 
T
 

o CO
 1.

0 

3.
 

>
 

CO
 

O
 

LU
 

o < 0
. 

0.
1 

9
>

 

on
y-

"
 

0.
1 

1.
0 

EL
EC

TR
IC

 F
IE

LD
 (V

/j
um

) 

F
ig

ur
e 

1
0

. 
D

ep
en

de
n

ce
 o

f p
ar

ti
cl

e 
m

ob
il

it
y 

on
 th

e 
ap

pl
ie

d 
el

ec
tr

ic
 f

ie
ld

. (
R

ep
ro

du
ce

d,
 w

it
h

 p
er


m

is
si

on
, 

fr
om

 R
ef

. 
1
2
.)

 

In Colloids and Surfaces in Reprographic Technology; Hair, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



300 REPROGRAPHIC TECHNOLOGY 

W i t h h i g h p a r t i c l e c h a r g e s and low i o n i c c o n c e n t r a t i o n s , 
e l e c t r o s t a t i c r e p u l s i o n ( 3 9 , 40) a l o n e s h o u l d be c a p a b l e o f s t a b i l 
i z i n g , t h e c o l l o i d . T h i s T y p i c a l l y o c c u r s when s u r f a c e p o t e n 
t i a l s a r e around lOOmV. S t e r i c s t a b i l i z a t i o n ( 4 1 , 4 2 ) i n n o n a q 
ueous m e d i a i s i m p o r t a n t t o a c h i e v e s t a b i l i t y i n w e a k l y c h a r g e d 
s y s t e m s . D i r e c t e x p e r i m e n t a l measurements o f p a r t i c l e - p a r t i c l e 
f o r c e s o r p o t e n t i a l s i n nonaqueous m e d i a a r e n o t y e t a v a i l a b l e . 

A p p l i c a t i o n s 

Nonaqueous d i s p e r s i o n s have been used i n a number o f i n t e r 
e s t i n g t e c h n o l o g i c a l a p p l i c a t i o n s , s u c h as t h e e l e c t r o p h o r e t i c 
d e v e l o p m e n t o f l a t e n t i m a g e s , e l e c t r o p h o r e t i c d i s p l a y s , t h e 
d e p o s i t i o n o f s p e c i a l c o a t i n g s and p a r t i c l e c o n t a m i n a n t remo
v a l f r o m nonaqueous m e d i a . O n l y l i q u i d development o f l a t e n t 
e l e c t r o s t a t i c images w i l
be formed by a number o
l i g h t o r x - r a y e x p o s u r e o f a c h a r g e d p h o t o c o n d u c t o r and e l e c -
t r o g r a p h i c p r o c e s s e s . In e l e c t r o g r a p h y , breakdown due t o t h e 
a p p l i c a t i o n o f a h i g h v o l t a g e between a s t y l u s and a c o n d u c t o r 
c o v e r e d w i t h a d i e l e c t r i c d e p o s i t s a c h a r g e on t h e d i e l e c t r i c . 

L i q u i d d e v e l o p e r s f i r s t d e m o n s t r a t e d by M e t c a l f e ( 4 3 ) have t o 
s a t i s f y a number o f r e q u i r e m e n t s . The c o n c e n t r a t i o n o f e x c e s s 
i o n s has t o be v e r y l o w , o t h e r w i s e i o n s o f t h e same p o l a r i t y 
as p a r t i c l e s w i l l be e f f e c t i v e l y c o m p e t i n g w i t h p a r t i c l e s f o r 
t h e d e v e l o p m e n t o f t h e e l e c t r o s t a t i c image. T h i s i m p l i e s t h a t 
l i q u i d d e v e l o p e r s s h o u l d be LC c o l l o i d s . For f a s t development 
o f images w i t h h i g h l a t e n t c h a r g e d e n s i t y , t h e c o l l o i d s h o u l d 
have h i g h charge/mass and m o b i l i t y . For development o f low 
c h a r g e d e n s i t i e s ( e . g . , x - r a y g e n e r a t e d ) where s l o w d e v e l o p 
ment i s a c c e p t a b l e , t h e c o l l o i d s s h o u l d have low charge/mass 
and m o b i l i t y . In o r d e r t o a c h i e v e h i g h s p a t i a l r e s o l u t i o n , 
t h e p a r t i c l e s i z e s h o u l d be s u b m i c r o n . The c o l l o i d s h o u l d a d 
h e r e w e l l t o t h e s u b s t r a t e i n b o t h t h e l i q u i d and d r y s t a t e s 
and s h o u l d be s e l f - f i x i n g . S t a b i l i t y o f s i z e and c h a r g e i s 
a l s o v e r y i m p o r t a n t . 

The t y p i c a l c o n f i g u r a t i o n f o r l i q u i d development i s shown i n 
F i g u r e 1 1 . A l i q u i d d e v e l o p e r i s c o n t a i n e d between a c h a r g e d 
d i e l e c t r i c p l a t e and a d e v e l o p m e n t e l e c t r o d e . Normal e l e c t r o 
s t a t i c a t t r a c t i o n between c h a r g e d p a r t i c l e s and t h e image i s 
a i d e d w i t h development f i e l d s d r i v i n g p a r t i c l e s t o w a r d s t h e 
image. I f t h e s p a c e c h a r g e e f f e c t s a r e i g n o r e d and t h e main 
p a r a m e t e r s q i v e n i n t h e r e s u l t s e c t i o n are known, a s i m p l e 
model (_44) can p r e d i c t t h e d i s c h a r g e o r d e v e l o p m e n t o f t h e 
image. The model c o n s i s t s o f t h e e x p r e s s i o n f o r t h e e l e c t r i c 
f i e l d i n t h e d i s p e r s i o n and t h e d i s c h a r g e o f t h e s u r f a c e by 
a c u r r e n t o f c h a r g e d p a r t i c l e s . The s u r f a c e v o l t a g e V ( t ) i s 

V ( t ) = V b + ( V 0 - V b ) e - t / x ( 6 ) 
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where V 0 and V b a r e i n i t i a l and b i a s v o l t a g e s . The t i m e c o n s t a n t 

i s dependent upon d i e l e c t r i c c o n s t a n t s o f t h e s u b s t r a t e , e p 
and t h e d i s p e r s i o n , e L , t h i c k n e s s o f t h e d i e l e c t r i c , L p , 
d i s t a n c e between c h a r g e d s u r f a c e and development e l e c t r o d e , 
L|_, and i n v e r s e l y p r o p o r t i o n a l t o t h e number d e n s i t y , n , 
c h a r g e , q , and m o b i l i t y , y o f t h e i n k p a r t i c l e s . 

The s p a c e c h a r g e f a c t o r s f rom ( 2 ) e x c e e d s 0 . 3 a t normal 
development d e n s i t i e s 0 . 1 - 1 . 0 g/m? and w i d e r a n g e o f c h a r g e / 
m a s s , 0 . 0 1 - 5 C / k g , even at h i g h development f i e l d s p r o v i d e d by 
( v o * v b ) z 200V a c r o s s a gap o f Li = 1mm. Charged p a r t i 
c l e s w i l l m i g r a t e i n a n o n u n i f o r m f i e l d and c o n c e n t r a t i o n g r a 
d i e n t s w i l l be s e t up, c a u s i n
c a l l y d r i v e n m o t i o n w i l
where D i s t h e d i f f u s i o n c o e f f i c i e n t . For t y p i c a l v a l u e s o f 
r and y t h e i n e q u a l i t y i s s a t i s f i e d by s e v e r a l o r d e r s o f mag
n i t u d e even when t h e f i e l d i s s e v e r e l y r e d u c e d due t o s p a c e 
c h a r g e . T h i s shows t h a t d i f f u s i o n can be n e g l e c t e d w h i l e s p a c e 
c h a r g e e f f e c t s have t o be i n c l u d e d i n a m e a n i n g f u l m o d e l . A 
m a t h e m a t i c a l model ( 4 5 ) , c o n s i s t i n g o f e q u a t i o n s o f m o t i o n f o r 
c h a r g e d p a r t i c l e s and c o u n t e r i o n s , P o i s s o n ' s e q u a t i o n and Gauss* 
l a w , has been d e v e l o p e d . The model can p r e d i c t t h e development 
o f t h e image as shown i n F i g u r e 1 2 . The main p a r a m e t e r s i n t h e 
model a r e p a r t i c l e c h a r g e and t h e r a t i o o f p a r t i c l e t o i o n i c 
m o b i l i t i e s . The g r a p h compares t h e z e r o s p a c e c h a r g e p r e d i c 
t i o n w i t h a c o m p l e t e m o d e l . The r e a l i s t i c model p r e d i c t s more 
c o m p l e t e d e v e l o p m e n t f o r s h o r t e r development t i m e s t h a n t h e 
s i m p l i f i e d m o d e l . For l o n g e r development t i m e s , t h e same o c 
c u r s at low d e v e l o p m e n t v o l t a g e s but t h e r e v e r s e i s t r u e at 
h i g h v o l t a g e s . A c o m p l e t e s t u d y o f optimum development c o n 
d i t i o n s can be p e r f o r m e d w i t h t h e r e a l i s t i c model w h i c h c o n 
s i d e r s t h e e f f e c t s o f i n p u t v o l t a g e , i n i t i a l c h a r g e d e n s i t i e s , 
development t i m e , e l e c t r o d e s p a c i n g s and d i s p e r s i o n p a r a m e t e r s . 
I t s h o u l d a l s o be n o t e d t h a t t u r b u l e n c e i s o f t e n p r e s e n t i n 
l i q u i d development and t h a t t h i s may a f f e c t or c o n t r o l d e v e l 
opment c h a r a c t e r i s t i c s . 

The development o f e l e c t r o s t a t i c images can be a c h i e v e d 
w i t h e i t h e r l i q u i d or d r y p r o c e s s e s . L i q u i d d e v e l o p e r u s u a l l y 
p r o v i d e s h i g h e r r e s o l u t i o n due t o i t s s m a l l e r p a r t i c l e s i z e . 
Images w i t h low e l e c t r o s t a t i c d e n s i t i e s can be d e v e l o p e d w i t h 
l i q u i d i n k s w h i c h can have charge/mass much l o w e r t h a n d r y 
p o w d e r s . L i q u i d t o n e r s are o f t e n s e l f - f i x i n g and a l l o w a s i m p 
l e r d e v e l o p m e n t s y s t e m . C o l o r p r i n t i n g w i t h s u c c e s s i v e i m a g i n g 
and d e v e l o p m e n t s i s a l s o f e a s i b l e . D i s a d v a n t a g e s o f l i q u i d 
development compared w i t h d r y development i n c l u d e s o l v e n t 
c a r r y - o v e r , h i g h e r o p t i c a l b a c k g r o u n d and lower imaged o p t i 
c a l d e n s i t i e s . A p p l i c a t i o n t r a d e o f f s u s u a l l y d e t e r m i n e t h e 
d e s i r a b l e method o f image d e v e l o p m e n t . 

T 
(7) 
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Figure 12. Development of electrostatic images as a function of the applied initial 
voltage with development time as a parameter. Key: , space charge included; 
and , space charge not included. (Reproduced, with permission, from Ref. 45 J 
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In liquids of lo
tend not to form
can form ions in adsorbed f i lms on particle sur
faces where acid-base i n te rac t i on s and proton 
t rans fe r occurs between the particle surface and 
the dispersant. P a r t i c l e potent ia l s develop when 
adsorbed dispersant ions desorb i n to the organic 
medium where they become the counter- ions. Zeta 
-potent ia l s wel l over a hundred millivolts r e s u l t 
from the stronger acid-base i n te r ac t i on s . Debye 
lengths i n concentrated dispers ions are typically 
5 to 20 nm, and the DLVO energy ba r r i e r s often 
exceed 25 kT with stability r a t i o s of 108 or more. 

The e l e c t r o s t a t i c charges on suspended p a r t i c l e s or droplets i n 
water which tend to s t a b i l i z e them against f l o c c u l a t i o n or al low 
them to be electrodepos i ted are generated e i t he r by d i s s oc i a t i on 
of i on i c groups on the surface of p a r t i c l e s or by p re fe ren t i a l 
adsorption of ions from so lu t ion onto the p a r t i c l e surface. Both 
of these mechanisms are rather well understood. However when 
the suspending l i q u i d i s an organic l i q u i d of low d i e l e c t r i c 
constant, such as a hydrocarbon, the nature of the charging mech
anism and of the charge-carrying species d i s so lved i n the organic 
l i q u i d i s so l i t t l e known that there i s wide-spread skeptic ism 
concerning the importance of e l e c t r o s t a t i c s in organic media. 
Fortunately, those p a r t i c i p a t i n g i n t h i s symposium are not among 
the skept ics because they are f a m i l i a r with e lec t rodepos i t i on of 
toner p a r t i c l e s from suspensions i n hydrocarbons, but there i s a 
need to know more about how these e l e c t r o s t a t i c charges develop. 

For over t h i r t y years i t has been known that p a r t i c l e s of 
inorganic pigments dispersed i n hydrocarbons develop appreciable 
e l e c t r i c po ten t i a l s . The ea r l y studies of van der Minne and 
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Hermanie (!_) (2) showed how e lec t rophoret i c measurements could be 
made on suspensions of carbon black i n benzene, and demonstrated 
that dispersants s t a b i l i z e d ispers ions only when appreciable z e t a -
potent i a l s re su l ted . Stable suspensions resu l ted with po s i t i v e 
ze ta -po ten t i a l s obtained with a calcium a l k y l s a l i c y l a t e or with 
negative ze ta -po tent i a l s obtained with a t e t r a a l k y l ammonium 
p i c r a t e , but low ze ta -po ten t i a l s and unstable suspensions r e s u l t 
ed when the two dispersants were both present. This mutual antag
onism of the pos i t i ve-charg ing and negative-charging dispersants 
i s very strong evidence that these dispersants funct ion by the 
e l e c t r o s t a t i c mechanism. Although the nature of the o i l - s o l u b l e 
ions was not demonstrated i n these s tud ies , the importance of 
e l e c t r o s t a t i c charging in hydrocarbon so lut ions was es tab l i shed. 

E l e c t r o s t a t i c Charge Generation by Lubr icat ing O i l 
Dispersants (3). Followin
Amsterdam) the author,
R. J . Moore, studied the charging of carbon black suspensions in 
mineral o i l as a funct ion of dispersant s t ruc tu re . Two kinds of 
dispersants were s tud ied; o i l - s o l u b l e mice l le - forming metal a l k y l 
a ry l su l fonates , and o i l - s o l u b l e copolymers of long-chain meth-
acry la tes or a lphao lef ins with a c i d i c or basic co-monomers. 

Mate r i a l s . The mi c e l l a r d i spersants , some of which are r e 
ferred to as heavy-duty d i spersants , included dinonylnaphthalene 
su l fonates, t r i - h e x y l benzene su l fonates , and petroleum sul
fonates. A l l of these form mice l le s at very low concentrat ions, 
on the order of one ppm or l e s s . I t was found, by using the 
Hammett a c i d i t y i nd ica to r s (4) , that the so -ca l l ed "neutra l s u l 
fonates" are a c i d i c , the ac id strength increas ing to rather high 
values i n the order N a \ B a + + , C a + + , Mg + + , Z n * + , Cr++, Al*++(5j. 
Basic mice l le s were obtained with basic sulfonates such as 
Ca(0H)RS03 which give the deep blue v i o l e t co lo r of pH 10 or more 
with Brom Phenol Magenta E (EK 6810). These mice l le s have twenty 
or more sulfonate anions per m i ce l l e with a centra l core of anions 
and ca t i on s , near ly as concentrated as a molten s a l t (6). I t i s 
the centra l cores of these " i nver se " m ice l le s which are the 
strongly a c i d i c or basic regions i n dispersant so lu t ions . 

The polymeric dispersants included random copolymers of long 
chain alpha o l e f i n s or long chain methacrylates with a c i d i c or 
basic co-monomers such as v i ny l acetate, v iny l a l c oho l , v i ny l 
py r i d i ne , v i ny l py ro l l i done , hydroxyethyl methacrylate, e t c . The 
a l pha -o l e f i n v i ny l acetate copolymers had molecular weights i n 
the 1-25,000 range and the methacrylates were i n the 100,000 + 
range. A l l were o i l so luble and reduced the o i l -wa te r i n t e r f a c i a l 
tension appreciably. 

E lect rodepos i t ion Tests. White o i l so lut ions of the above d i s -
persants were tested f o r charging of carbon black p a r t i c l e s 
generated from the soot of a toluene flame. A hundred vo l t s 
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potent ia l was imposed between two electrodes about two c e n t i 
meters apart , and a f t e r s ixteen hours the percentage of deposited 
carbon, on each electrode was estimated. Most experiments were 
done with e lect ron microscope gr ids fo r electrodes and the per
centage deposited was estimated from transmission e lect ron mi 
crographs. Because of inhomogenieties i n the surface chemistry 
of the carbon p a r t i c l e s not a l l p a r t i c l e s are equal ly charged so 
that there i s always a d i s t r i b u t i o n of p a r t i c l e po ten t i a l s . I f 
the centrum of potent ia l d i s t r i b u t i o n l i e s at high negative po
t e n t i a l s a very small percentage of deposited carbon appears on 
the cathode, whi le i f the centrum of potent ia l d i s t r i b u t i o n i s at 
n e u t r a l i t y equal percentages of deposited carbon p a r t i c l e s appear 
on the anode and cathode. 

The re su l t s of e lec t rodepos i t i on tes t s are shown in Table I, 
in which the a c i d i c or basic c h a r a c t e r i s t i c s of dispersants are 
re lated to the l oca t i o
It can be seen that a c i d i
t i a l s and that basic dispersants provided negative po ten t i a l s . 
This i s a lso true f o r the work of van der Minne and Hermanie; the 
calcium a l k y l s a l i c y l a t e i s weakly a c i d i c because of the calcium 
ions and the quaternary ammonium p i c ra te i s weakly basic because 
of the b a s i c i t y of the p i c ra te anions. 

I t should be noted that i n ce r t a i n respects the r e l a t i o n of 
sign of charge to the a c i d i t y or b a s i c i t y of dispersants i s the 
opposite of what i s observed i n aqueous systems i n which a sur
face ac t i ve ac id d i s soc ia tes to give an adsorbable anion that can 
provide negative p a r t i c l e po t en t i a l s , and a surface ac t i ve base 
can become protonated to give an adsorbable cat ion that can pro
vide po s i t i ve p a r t i c l e s po ten t i a l s . 

The explanation fo r the negative potent ia l with basic d i s 
persants and po s i t i ve potent ia l with a c i d i c dispersants in l i q u i d s 
of low d i e l e c t r i c constant i s that the charge separation occurs 
i n i t i a l l y on the p a r t i c l e surface where hydrogen ions are t rans 
ferred from a c i d i c to basic s i t e s i n a region which may wel l have 
a higher d i e l e c t r i c constant than the l i q u i d medium. Thus the 
hydrogens of the a c i d i c s i t e s on carbon black t rans fe r to the 
basic nitrogens of pyr id ine groups i n adsorbed py r i d i ne -con ta in -
ing polymeric d ispersants. The second step required fo r p a r t i c l e 
charging i s desorption of the proton-carry ing polymer o f f in to 
the s o l u t i o n , leav ing a negative charge on the p a r t i c l e . This 
mechanism i s i l l u s t r a t e d i n Figure 1. 

Detai led proof of t h i s mechanism was achieved by using 
carbon-14 tagged copolymers of long chain methacrylates with v iny l 
py r id ine . Carbon black d ispers ions s t a b i l i z e d with the tagged 
polymer were e lectrodepos i ted and then anode and cathode were 
assayed f o r carbon-14 in a s c i n t i l l a t i o n counter. The carbon 
was deposited on the anode, but the clean cathode had the 
higher C-14 count, showing that the cat ions in the o i l phase 
were indeed the dispersant polymer. The adsorpt ion-desorpt ion 
process which allowed dispersants to desorb from p a r t i c l e s and to 
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Table I 

Results of E lect rodepos i t ion Measurements 

Add i t i ve % of Deposited S t a b i l i t y Disper-
P a r t i c l e s on Days sancy 

Pyr id ine-conta in ing 
polya lky lmethacry late 
Ac ry lo id 917 (contains 

pyro l l idone) 
OLOA 1200 (contains amines) 
LOA 565 
Basic Calcium Petroleum 

Sulfonate No. 1 
Basic Calcium Petroleum 

Sulfonate No. 2 
Cetyl a lcohol 
Tween 18 
Dodecylami ne 
Acet i c ac id 
Ac r y l o i d 618 (Po lya lky l 

methacrylate) 
Po ly laury lmethacry late 
O le ic ac id 
Ca dinonylnaphthalene sul fonate 
D i to ly lphosphor ic ac id 
D i l au r y l phosphoric ac id 
Paratone 460 (contains ca rboxy l i c 

acid) 

100 
100 

100 
99.9 

99.9 

99.9 
95 
90 
80 
50 
15 

20 
15 

1 
1 
1 
0.1 

> 50 
> 50 

> 50 

> 50 

> 50 

> 50 

3 
2 
1 

2 
2 
1 
0 
1 

> 50 

Good 

None 

Good 
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Figure 1. Mechanism of electrostatic charging of suspended acidic particles (with 
acidic sites AH) by basic dispersants (with basic sites B) in solvents of low dielectric 

constant (2$). 
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carry protons in to the o i l , where they become counter- ions, was 
a l so studied with the C-14 tagged dispersant and with an i d e n t i 
c a l , but untagged d ispersant. F i r s t the tagged dispersant was 
adsorbed onto carbon black and a f t e r processing by sedimentation 
in a cen t r i f uge , decantation and replacement with o i l to remove 
a l l of the dispersant that would desorb, the carbon black was r e -
dispersed in o i l with untagged d ispersant. The tagged dispersant 
was found in the o i l phase w i th in a few minutes, showing that a l 
though r i n s i ng with solvent d id not d i sp lace an adsorbed polymer, 
adsorption of f resh (untagged) polymer could d i sp lace the f i rm l y 
adsorbed tagged polymer. 

Several simple but i l l um ina t i n g studies were made with the 
e lec t rodepos i t i on c e l l . A f te r a few hours of appl ied potent ia l 
carbon black b u i l t up on the anode, but a c l ea r space b u i l t up 
around the cathode which was f ree of carbon black p a r t i c l e s . 
Switching the leads betwee
region (a space-charge
cathode; t h i s c l ea r region kept i t s shape during t h i s movement. 
Some of the l i q u i d from the space-charge region was pippetted out 
and bo t t l ed . When carbon p a r t i c l e s were added to the o i l i n 
these bot t le s they immediately moved to the outer w a l l , i nd i c a t i n g 
they had adsorbed polymer ions , became p o s i t i v e l y charged and 
were repe l led to the outer wa l l s . Even a f t e r a week much of the 
o r i g i n a l space charge remained in t h i s o i l , showing that charge 
neu t r a l i z a t i on i s slow indeed i n such a poor conductor. 

In another e lec t rodepos i t i on experiment the conduct i v i t y was 
measured, C-14 dispersant t ran s fe r was determined, and a p a r t i c l e 
count was made by TEM on the anode. From these measurements i t 
was found that there was one e l e c t r on i c charge transported f o r 
each dispersant molecule on the cathode, and one e l e c t r on i c 
charge f o r each 1 0 " ' ' cm2 of carbon surface. 

In a l a t e r experiment by members of the same research group, 
Tamarabuchi and Smith (7_) confirmed the C-14 depos it ion on the 
cathode from dispers ions made with the same C-14 tagged-dispersant 
but with a va r i e t y of a c i d i c s o l i d s , and in add i t ion demonstrated 
that the charge resu l ted from proton t rans fe r on the a c i d i c sur
faces. This proof was done by f i r s t e q u i l i b r a t i n g the a c i d i c 
p a r t i c l e s with t r i t i a t e d water vapor, making a d i spers ion i n o i l 
with the C-14 tagged basic polymeric d i spersant, electrodepos-
i t i n g carbon on the anode, and then f i nd ing much of the t r i t i u m 
and C-14 on the clean cathode. 

DLVO Theory and the S t a b i l i t y of E l e c t r o s t a t i c a l l y S t a b i l i z e d 
Dispersions i n Q i H C r i t i c s of e l e c t r o s t a t i c s t a b i l i z a t i o n in non-
aqueous l i q u i d s point out tha t : 1) the low d i e l e c t r i c constant 
leads to much weaker repuls ion between charged p a r t i c l e s than in 
water and 2) the low i on i c concentrat ion in so lu t ion leads to 
enormous Debye lengths, r e s u l t i n g in weaker forces of repuls ion 
than found in aqueous systems. (8) These charges are best an
swered by the f u l l app l i ca t i on of DLVO theory. The energy of 
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e l e c t r o s t a t i c repuls ion between charged spheres of radius a with 
surface potent ia l and separated by distance H in a l i q u i d of 
d i e l e c t r i c constant e having Debye length 1/K i s given by the 
Deryagin equation (9): 

U 1 2 r 2 ^ r e o a 0 o l n ( 1 + e " K H ) ( 1 ) 

where e0 i s the p e r m i t t i v i t y of f ree space. It i s seen that i f 
a î o of 20 mV i s s u f f i c i e n t in water where e r i s 80, a ^ 0 of 127 
mV i s needed fo r s t a b i l i t y in o i l when e i s 2, i f everything 
e l se i s the same. However we do f i nd ze*ta-potentials of 100-200 
mV in o i l , so the low d i e l e c t r i c constant argument i s not v a l i d . 

The argument of low Debye length i s a lso not v a l i d . In 
l u b r i c a t i n g o i l s with m i ce l l a r dispersants such as basic calcium 
petroleum sulfonates the conduct i v i t y r i s e s to 10"° ohm"'cnrl 
from 10~H ohm~l crrH o
charge-carrying mice l le
per m ice l l e has been added or removed to provide the charge 
carry ing species, as demonstrated by Br iant (10). The number of 
ions per un i t volume n i s determined from the conduct i v i t y a and 
the f r i c t i o n a l c o e f f i c i e n t f (equal to the d i f f u s i o n c o e f f i c i e n t 
D d iv ided by kT): 

n=10" 7af/e 2=10" 7akT/De 2 (2) 

For the m i ce l l a r dispersant g iv ing a d i spers ion a conduct i v i t y of 
10"^ohm"lcm~l the f r i c t i o n a l c o e f f i c i e n t i s found to be 10~°dynes 
cm""' sec (21), which corresponds to n=4xl0^ i on i c mice l le s per 
cubic centimeter or 65 micromoles per l i t e r . The Debye length 
1/K i s ca lcu la ted to be 59A, using 

fe e kT O A 
r o I 2 (3) 1/K = o 2~2 2nz e 

This short Debye length re su l t s because the d i e l e c t r i c constant 
r - r i s only about 2.5°/> of the value fo r water. 

The magnitude of the e l e c t r o s t a t i c cont r ibut ion to s t a b i 
l i z a t i o n of the d ispers ion against f l o c c u l a t i o n can be determined 
from the e l e c t r o s t a t i c energy ba r r i e r shown in Figure 2, a p lot 
vs. i n t e r p a r t i c l e distance H of the e l e c t r o s t a t i c repuls ion U^] 
plus the d ispers ion force a t t r a c t i o n term, I L 0 , ( i n un i t s of 
kT at 20°C). 1 2 1 

. - a A 1 9 1 f 
U d = 1 2 1 (4) 
u121 12H w 

i n which A-^-p the Hamaker constant, i s determined from (12) 

A 1 2 1 = 1 . 5 x l 0 " 1 4 c m 2 ( / ^ T - /^d~) 2 (5) 

and in which H i s the separation distance and f the cor rect ion 
fac to r f o r retarded d ispers ion froce i n te rac t i on s (13). 
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In Figure 2 three curves are shown, fo r p a r t i c l e r a d i i of 
500, 1000, and 1500A, and the s t a b i l i t y r a t i o W ca lcu la ted fo r 
each by the Fuchs equation (14) 

"4a exp[(U^ 2 1 +U d

2 1 )/kT]dH (6) 

where W i s the average number of c o l l i s i o n s between p a r t i c l e s per 
c o l l i s i o n energetic enough to burst through the energy ba r r i e r 
and cause s t i c k i n g of the p a r t i c l e s . It i s seen that as the 
p a r t i c l e s i ze i s increased, the e l e c t r o s t a t i c s t a b i l i t y increases 
r ap i d l y . When the radius i s 1500A, only one in 140,000,000 c o l l i 
sions i s energetic enough f o r f l o c c u l a t i o n when i|>0 i s 150 mV and 
1/K i s 59A. 

The f l o c c u l a t i o n rate fo r t h i s system can be ca lcu la ted from 
the s t a b i l i t y r a t i o and the Smolukowski time (1_5) f o r rapid 
f l o c c u l a t i o n (T): 

T=3n/4kTvc (7) 

i n which n i s the v i s c o s i t y and v Q i s the number of p a r t i c l e s per 
un i t volume before f l o c c u l a t i o n : 

v0=3(j)/4ua3 (8) 

where 4> i s the volume f r a c t i o n of the in te rna l phase. I f $=0.1, 
and n=0.3 po i se, and a=1.5xl0" 5 cm (1500A), v o =2 . 5 x l 0 1 3 , T=1.2 
seconds, and WT=1.68x10s seconds, or 5.3 years. This i s very 
stable indeed. 

S im i l a r re su l t s are found with polymeric e l e c t r o s t a t i c d i s 
persants. A basic o i l - s o l u b l e a l k y l methacrylate polymer with 
v iny l pyr id ine basic s i t e s and a molecular weight of 500.000 gave 
an o i l of 0.3 poise a conduct i v i t y of l O ' ^ o h n H c m " 1 , but on 
adding a c i d i c carbon black or sludge the conduct i v i t y rose to 
10"^ohm"^cm"l. The f r i c t i o n a l c o e f f i c i e n t measured by d i f f u s i o n 
was 7.7xl0~6dynes/cm/sec, and the ca lcu la ted n ( fo r one e l e c t r on i c 
charge per molecule) 0was 3 x l 0 1 5 / c m 3 , or 5 x l 0 - 6 m o l e s / l i t e r ; the 
Debye length was 21/A, the same as in an aqueous 1-1 e l e c t r o l y t e 
of 2x10-4 molar at room temperature. This dispersant gave carbon 
black a ze ta -potent ia l of -160 mV, which i s used as an approx
imation of Vo in the energy ba r r i e r c a l c u l a t i o n of Figure 3. 
Wiersema (]6_) has shown that ^ Q values are higher than measured 
ze ta -po ten t i a l s ( r j and has devised methods of est imating p 0 from 
c ; our measured r of-160 mV suggests ^ G i s a c t ua l l y about -250mV. 
Figure 3 i l l u s t r a t e s the e l e c t r o s t a t i c energy ba r r i e r fo r t h i s 
system, using :io=2)50 mV, e =2, l/-r=217A, A 1 2 1 = 2 . 8 x l 0 - 1 3 e r g s , f o r 
r a d i i (a) of 375 A 750 A, and 1500 8. These energy ba r r i e r s 
extend to greater distances than in Figure 2 because i on i c con
centrat ions are lower; the ba r r i e r s extend to about 1000 A in t h i s 
case. 

The re su l t of such extended e l e c t r o s t a t i c energy ba r r i e r s in 
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Figure 2. Electrostatic energy barrier between two carbon particles in oil with 
micellar dispersant. Conditions: xp0, -150 mV; 1/K, 59 A; €r, 2; A,, 900k; T, 300°K; 
and A121, 2.8 X 1013 ergs for all curves. For top curve a = 1500A, W = 1.4 X 
108; for middle curve a = 1000A, W = 9 X 104; and for bottom curve a = 500A, 

W = 200. 

6 0 r 

4 0 

kT 

2 0 

H 2 0 0 A 4 0 0 6 0 0 

Figure 3. Electrostatic energy barrier between two carbon particles in oil with 
polymeric dispersant. Conditions: —160 mV; 1/K, 217A; cn 2; A/, 900A; T, 
300°K; andAJ21, 2.8 X JO13 ergs for all curves. For top curve a = 1500A, W = 
1.6 X 1020; for middle curve a = 750A, W — 1.75 X 109; and for bottom curve 

a = 375A, W = 4X 104. 
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concentrated d ispers ions in o i l i s that the p a r t i c l e s assemble 
in to geometric l a t t i c e s t ructures with uniform i n t e r p a r t i c l e d i s 
tances qu i te s i m i l a r to those observed with the i r r i d e s cen t 
aqueous la tex d ispers ions of low i on i c strength (17). An i l l u s 
t r a t i o n of t h i s point i s shown in a recent paper Fy deHek and 
V r i j (18 )̂ who unknowingly used a popular amine-containing nega
t i v e charge contro l agent f o r l i q u i d toners and e lec t rophore t i c 
d i sp lay devices ( 19h and found that i n d ispers ions of s i l i c a i n 
hydrocarbons the p a r t i c l e s formed a l a t t i c e - l i k e s t ructure with 
i n t e r p a r t i c l e distances of about 500 A, near ly ten times the 
molecular dimensions of the dispersant molecules; we have found 
that t h i s dispersant gives carbon p a r t i c l e s ze ta -po ten t i a l s of 
-140 mV in dodecane (20), and we expect s i m i l a r or l a rge r z e t a -
po tent i a l s with s i l i c a because of i t s pronounced surface a c i d i t y . 

The ro le of basic polymeric dispersants i n e l e c t r o s t a t i c 
s t a b i l i z a t i o n of automotiv
lu s t ra ted with ca l cu l a t i on
from very small p a r t i c l e s which grow as contaminants, mostly 
from p a r t i a l l y burned gases,are con t i nua l l y added. P a r t i c l e s as 
small as 375 A in radius f l o c c u l a t e qu i c k l y , f o r the s t a b i l i t y 
r a t i o W i s only 4x10 , and the ha l f - t ime fo r f l o c c u l a t i o n (WT) 
fo r $=0.1 i s only 13 mins. However i f these p a r t i c l e s grow to a 
radius of 750 A, W i s 1.7xl0 9 and WT i s 8.2 years., 9 Futhermore, 
i f a becomes 1500 A, W i s 1.6X10 2 0 , and WT i s 6 x10^ years. From 
a graph of log WT vs. log a i t i s found that a h a l f - l i f e of one 
day occurs when a i s 500 A, and a h a l f - l i f e of one week occurs 
when a i s 560 A. In such a l u b r i c a t i n g o i l the t yp i c a l radius 
of s t a b i l i z e d p a r t i c l e s i s about 500 ft, i n exce l l en t agreement 
with these DLVO c a l c u l a t i o n s . 

S t e r i c s t a b i l i z i n g mechanisms are a l so qu i te important, and 
most cu r ren t l y used crankcase o i l d ispersants make use of both 
mechanisms. In general the s t e r i c mechanism favors s t a b i l i z i n g 
the smaller p a r t i c l e s best and the e l e c t r o s t a t i c mechanism favors 
s t a b i l i z i n g the la rger p a r t i c l e s best, as explained by Koelmans 
and Overbeek some decades ago (21). In some o i l s one can a c t u a l l y 
see a double-peaked d i s t r i b u t i o n of p a r t i c l e s i z e s , the smaller 
ones presumably s t a b i l i z e d by the s t e r i c mechanism and the l a rge r 
by the e l e c t r o s t a t i c mechanism. 

Zeta -Potent ia l s of Inorganic Pigments in Polymer Solut ions 
of Low D i e l e c t r i c Constant (22). E l e c t r o s t a t i c s t a b i l i z a t i o n of 
d ispers ions of s o l i d p a r t i c l e s i n organic l i q u i d s i s important i n 
many everyday products. In add i t ion to l i q u i d toners or d i s 
persions of sludge in l u b r i c a t i n g o i l s we should a lso consider 
suspensions of pigments ( l a r ge l y inorganic) in polymer so l u t i on s , 
such as pa in t s , i nks , and the d ispers ions used in processing p i g 
mented f i lms such as magnetic tape. Those l a t t e r systems a l l i n 
volve d ispers ions of pigments i n polymer so lut ions which are used 
to coat a surface. A f te r solvent removal the pigment should r e 
main uniformly d i s t r i bu ted and t i g h t l y bound in to the polymer 
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matr ix. I t i s already known that acid-base i n te rac t i on s between 
polymer and pigment promote enhanced pigment-to-polymer adhesion 
and reinforcement of mechanical p roper t ie s , and that strong a c i d -
base i n te rac t i on of the solvent with e i t he r the pigment or the 
polymer competes against and minimizes such enhanced adhesion 
and reinforcement (23, 24). However, the ro le of acid-base i n 
teract ions between pigment and polymer in so lut ions i s a lso very 
important in providing the uniform f i ne d ispers ions required fo r 
these products. These i n te rac t i on s can provide high zeta-poten
t i a l s (over 100 mV) and the d ispers ion s t a b i l i t y needed fo r the 
cast f i lms to be unformly pigmented and for the minimizing 
of p a r t i c l e s clumping, a major f a i l u r e mechanism of cast f i l m s . 

Mater ia l s . The polymers included an a c i d i c polymer, a post-
ch lor inated po l y v i n y l ch l o r i de , CPVC (Geon 603x560 from B. F. 
Goodrich), and two basi
(Luc i te 4F from duPont)
General E l e c t r i c ) . The pigments included two of a basic nature, 
calcium carbonate ( a 6 nf/g pigment from Chas. P f i z e r ) and c a l 
cium oxide ( a 4 nwg reagent from Fisher S c i e n t i f i c ) and two of 
an a c i d i c nature, acid-washed kao l in (a J20 m /g sample from 
American Standard), and bentonite (O00 m /g sample from Fisher 
S c i e n t i f i c ) . Three basic solvents used i n t h i s work were dioxane 
(e =2.2), tetrahydrofuran MTHF" (c r =7.9), and methyl ethyl ketone 
"MEK" (e =18.5). Three a c i d i c solvents were dichloromethane 
(e c=9.1), ace t i c anhydride (e =20), and nitrobenzene (e r=35). A l l 
solvents were Fisher Ana l y t i ca l Grade. 

Instrumentation. A Rank Bros, micro-e lectrophores i s un i t 
was used i n those s tud ies , with a s p e c i a l l y made quartz c e l l 
having a 6 cm. path length of rectangular in s ide c ros s - sect ion 
( l mm t h i c k , 10 mm deep) i n which the Komagata equation (25) 
pred ict s zero mob i l i t y of the l i q u i d phase i n planes located at 
0.612 of the distance b from the center plane of the c e l l to the 
w a l l . In e lectrophores i s experiments 300 to 1200 vo l t s were 
appl ied to the c e l l and m o b i l i t i e s measured in planes a distance 
h from the center plane. The re su l t s were graphed as observed 
v e l o c i t y versus ( h/b r as proposed by van G i l s (26), and i f the 
s t ra i gh t l i ne s c h a r a c t e r i s t i c of perfect parabol ic flow re su l ted , 
the e lec t rophoret i c m o b i l i t i e s (v^) observed at h/b=0.612 were 
considered acceptable f o r c a l c u l a t i o n of z e t a - p o t e n t i a l . Zeta-
potent ia l s were ca lcu la ted by the Huckel equation (27): 

^=3n 0 v e /2e r £ 0 ( 9 ) 

in which n 0 i s the v i s c o s i t y of the solvent medium, f o r in these 
measurements the pigment concentrations were very low and there
fore the concentration of counterions was so low that the Debye 
length i s expected to be much greater than the p a r t i c l e rad ius , 
thereby i nd i ca t i ng that the Huckel equation i s appropr iate. 

In Colloids and Surfaces in Reprographic Technology; Hair, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



318 REPROGRAPHIC TECHNOLOGY 

Experimental Results. The aims of t h i s study were to use 
pigments, polymers, and solvents of known a c i d i t y or b a s i c i t y 
(24) and determine ze ta -po tent i a l s in organic media of low and 
high d i e l e c t r i c constant. I t was expected that a c i d i c polymers 
would give po s i t i ve ze ta -po ten t i a l s to basic pigments dispersed 
in low d i e l e c t r i c so lvents , and t h i s d id indeed occur, as i s 
i l l u s t r a t e d in Figure 4 f o r the ( ac id i c ) ch lo r inated p o l y v i n y l -
ch lo r ide with the basic pigments CaO and CaC03 when dispersed in 
dioxane (e r=2.2). The high ze ta -po ten t i a l s (+137 mV with 1% 
polymer) of the basic p a r t i c l e s might have developed by e l e c t r on -
donation from the basic p a r t i c l e s to the e lect ron accepting s i t e s 
of the a c i d i c polymer, but i t i s a l so poss ib le that the CPVC do
nated hydrogen ions to the basic oxygens of CaO or CaCO^. 

I t was a lso expected that the basic oxygens in the po lycar
bonate would provide negative charges to the a c i d i c pigments 
(acid-washed kao l in an
e l e c t r i c solvent dichloromethan
observed, as i s i l l u s t r a t e d in Figure 5. However the z e t a -
potent i a l s fo r these two c lays i n polymer-free dichloromethane 
(+105 mV with kao l in and -70 mV with bentonite) seem su rp r i s i ng 
and unexplainable. Dichloromethane's d i e l e c t r i c constant of 9.1 
i s appreciably greater than the 5.0 observed fo r chloroform, and 
t h i s strongly suggests that dichloromethane has both a c i d i c and 
basic s i t e s and i s therefore capable of forming acid-base molec
u la r complexes which give r i s e to higher d i e l e c t r i c constants as 
i s observed with water or acetone. Therefore i t i s expected that 
dichloromethane can be a weak e lect ron donor as wel l as a weak 
e lect ron acceptor; t h i s might help expla in why c lay d ispers ions 
in t h i s l i q u i d can be charged p o s i t i v e l y or negat ive ly. 

The measured ze ta -po ten t i a l s are summarized in Tables II-IV. 
Table II l i s t s the observed ze ta -po tent i a l s f o r d ispers ions in 
polycarbonate so lu t i on s , where i t i s seen that increased concen
t r a t i o n of t h i s basic polymer genera l ly makes the p a r t i c l e s more 
negative; however in nitrobenzene (c r=35) the polycarbonate has 
l i t t l e inf luence on ze t a -po ten t i a l s . Table III l i s t s the ob
served ze ta -po tenta i l s f o r d ispers ions in so lut ions of ch lor inated 
po l y v i n y l ch l o r i de , where i t i s seen that the low d i e l e c t r i c con
stant basic l i q u i d s (dioxane and THF) the a c i d i c polymer CPVC 
makes the p a r t i c l e s more p o s i t i v e , but i n methyl ethyl ketone with 
i t s higher d i e l e c t r i c constant (18.5), the CPVC has l i t t l e e f f e c t 
on z e t a - p o t e n t i a l . Table IV l i s t s the observed ze ta -po tent i a l s 
fo r d i spers ions i n so lut ions of polymethylmethacrylate, a l l i n 
a c i d i c l i q u i d s of high d i e l e c t r i c constant (e r=20). The kao l in 
become more p o s i t i v e l y charged with increas ing concentration of 
t h i s basic polymer, which suggests that in these d ispers ions the 
basic PMMA became ionized by proton t rans fe r i n the high d i 
e l e c t r i c a c i d i c so lvent, and then the p o s i t i v e l y charged polymer 
ion adsorbed onto the c lay p a r t i c l e s to make them more po s i t i v e . 
Thus we f i nd that the charging mechanism observed in aqueous 
suspensions a lso appl ies i n organic l i q u i d s of high d i e l e c t r i c 
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-160L 

Figure 5. Zeta-potentials for acidic particles acid-washed kaolin (O) and ben
tonite (A) in dichloromethane (tr = 9.1) in the presence of various concentrations 

of the basic polycarbonate. 
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Ef fec t of Change of PC cone, in Ac id i c and Basis Solvents 
on Zeta Potent ia l with Ac i d i c and Basic Pa r t i c le s -

P a r t i c l e Solvent D i e l e c t r i c Zeta Potent ia l at xg PC/dl Solvent 
Constant, x e 0 . 0 0 O l OTTO 1.00 

CaO THF 
Bentonite THF 

7.88 
7.88 

69 
-10 

+65 
-12 

.8 +48.5 
-79 

+43 

CaO CH 9C1, 9.08 -20 -23 .2 -6.2 +7.9 
CaC0 3 CH|C1| 9.08 +116 +113 +99 +39 

Acid Washed 
Kaol in CH 2 C1 2 9.08 +107 +46 +39 -35 

Bentonite CH 2 C1 2 9.08 -71 -74 -127 

CaC03 Nitrobenzene 35 
Acid "washed Kaol in " 35 

-14 
-59.1 

-22 
-73. 7 

-33 
-79.8 

-34 
-64.8 
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Table III 

E f fec t of Change of Cl-PVC cone, i n Ac i d i c and Basic Solvents 
on Zeta Potent ia l with Ac id i c and Basic P a r t i c l e s 

P a r t i c l e Solvent D i e l e c t r i c Zeta Potent ia l (mV) vs. % CPVC 
Constant 0.00 0.01 0.10 1.00 

CaO Dioxane 2.2 0 +90 

CaC0 3 Dioxane 2.2 0 +84 +137 

CaC0 3 THF 7.88 -42 -45.9 -45 -35.5 

CaO THF 7.8

Bentonite THF 7.88 -61 -64.8 -18.7 +6.8 

CaCO., MEK 18.45 -4.5 -28.5 -20.1 -13.4 

Acid Washed 
Kaol in MEK 18.45 -48.6 -49.6 -51.8 -53 

Table IV 

E f fec t of Change of PMMA cone, in Ac id i c and Basic Solvents 
on Zeta Potent ia l with Ac id i c and Basic P a r t i c l e s 

P a r t i c l e s Solvent Zeta Potent ia l at xg PMMA/100 ml Solvent 

x 0.00 0.01 0.10 1.00 

CaCO 
Washed 
Kaol in 

Acet ic 
Anhydride 
(AA) 

-59 -48 -45 -49 

Acid 
Washed 
Kaol in 

Acet i c 
Anhydride 
15% Acet ic 

-59.2 -60.2 -51.2 -13.7 

Acid 
Washed 
Kai l i n 

85% Acet i c 
Anhydride 
15% Acet ic 
Acid 

+33.4 -22.6 +37.6 +48.4 
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constant when the polymer (or dispersant or charge contro l agent) 
and solvent have appreciable acid-base i n t e r a c t i o n . 

These measurements have demonstrated the p r i n c i pa l that p i g 
ments dispersed in organic polymer so lut ions can develop very 
large z e t a - po t en t i a l s , and the preceding sect ion has shown how 
t h i s s i t u a t i on leads to very stable d i spers ions . Not many inves
t i g a t o r s of pa in t s , i nks , or so lu t ion master-batched rubber d i s 
persions have taken the t rouble to check z e t a - po ten t i a l s , but one 
exception i s well worth mentioning, a study by Frank l in (27) of 
ze ta -po ten t i a l s in pa ints . E lect rodepos i t ion onto an e lectrode 
supported on a balance arm allowed determination of weight ga in, 
from which ze ta -po tent i a l s could be determined. In t h i s study 
i t was found that t i tan ium diox ide p a r t i c l e s with an alumina 
coating (basic) developed appreciably po s i t i ve ze ta -po ten t i a l s 
with paint veh ic les havin  l a rge  ac id numbers  i  l i n  with th
mechanism described in t h i
organic l i q u i d s . 

There are many everyday app l i ca t ions of these p r i n c i p l e s , 
e s pec i a l l y in coat ings. Wherever there i s a need fo r s table 
h ighly loaded dispers ions i n organic media the p r i n c i p l e of a c i d -
base i n t e r ac t i on may be invoked to generate high ze ta -po ten t i a l s . 
To obtain su i tab le systems one must be concerned with the a c i d i t y 
or b a s i c i t y of the p a r t i c l e surface, of the polymer, and of the 
so lvent. It a l so appears important fo r the attainment of high 
ze ta -po ten t i a l s to shun solvents of high d i e l e c t r i c constant. 
Surface modi f i cat ion of p a r t i c l e surfaces i s often the s implest 
route to enhanced acid-base i n te r ac t i on between p a r t i c l e s and 
solutes and empir ica l t e s t i ng of p a r t i c l e surface mod i f i cat ion has 
sometimes lead to the enhanced acid-base i n te r ac t i on and high 
ze ta -po ten t i a l s which can now be atta ined more d i r e c t l y . 

Conclusions 
V. In" organic l i q u i d s of low d i e l e c t r i c constant high ze ta -

potent ia l s are obtained through proton-t ransfer or e l e c t r o n -
t ran s fe r between p a r t i c l e surfaces and d isso lved d ispersants. 

2. In the above systems a c i d i c dispersants give po s i t i ve 
ze ta -po ten t i a l s to basic p a r t i c l e s and basic dispersants give 
negative ze ta -po ten t i a l s to a c i d i c p a r t i c l e s . 

3. The magnitude of the ze ta -po ten t i a l s increases with 
stronger acid-base i n t e r ac t i on and decreases with increase i n 
d i e l e c t r i c constant of the medium. 

4. Dispersants f o r low d i e l e c t r i c constant solvents are 
usua l ly polymers or " i nver se " m i c e l l e s , and these usua l ly carry 
one e lect ron charge each when act ing as counterions 

5. Ionic concentrations in concentrated d i spers ion are in 
the micromolar range, g iv ing r i s e to Debye lengths of 5-50 nm. 

6. E l e c t r o s t a t i c ba r r i e r s range from 20 to 50 kT, g iv ing 
s t a b i l i t y r a t i o s of 10 8 or higher, and p red ic t ing several year 
d i spers ion h a l f - l i v e s f o r concentrated d i spers ions . 
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7. In pigmented coat ing so lu t ions high ze ta -po ten t i a l s and 
outstanding dispers ions can be obtained by maximizing the a c i d -
base i n t e r a c t i o n between p a r t i c l e surfaces and the matrix polymer 

8. In organic solvents of high d i e l e c t r i c constant (e r=20) 
basic polymers accept protons from a c i d i c solvents and adsorb as 
polymeric cat ions to confer p o s i t i v e charges on a c i d i c s o l i d s . 
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Surface Chemistry and the Lithographic Process 

ROBERT W. BASSEMIR 

Sun Chemical Corporation, Carlstadt, NJ 07072 

An overview o
sented wi th particular emphasis on the r o l e that s u r
face and colloid chemistry p l a y s . Recent research has 
shown the importance of these chemis t r i e s i n founta in 
solution, ink and p la te i n t e r a c t i o n s and the e f f e c t of 
these i n t e r a c t i o n s on the dynamic behavior of the lith
ographic ink on p r e s s . Data on the r h e o l o g i c a l behav
ior of preformed founta in solution/ink emulsions i s 
presented along wi th an e v a l u a t i o n of p r i n t s made wi th 
the inks on an a c t u a l press r u n . The importance of 
pre-testing the emulsification behavior o f printing 
inks i n predicting t h e i r printability i s demonstrated. 
A l a b o r a t o r y procedure designed to measure the ra te of 
emulsification of f ounta in solution in to ink r a t h e r 
than merely the amount e m u l s i f i e d i s shown to be pre
dictive of press performance. 

The related technology of water less l i t h o g r a p h i c 
p l a t e s i s descr ibed showing the importance of surface 
energy, p la t e chemistry and ink rheology on perfor
mance. 

L i t h o g r a p h i c printing which was invented by Alois
Senefe lder over 180 years ago, has probably been the 
most widely s t u d i e d of a l l the p r i n t i n g processes . Des
p i t e t h i s , many quest ions remain and a t o t a l unders tan
ding of the l i t h o g r a p h i c process s t i l l e ludes us . T h i s 
i s due l a r g e l y to the complex i n t e r a c t i o n s which occur 
on press between the ink and the dampening s o l u t i o n . 

In i n v e s t i g a t i n g these i n t e r a c t i o n s i t i s evident 
that the chemistry of both the ink and dampening s o l u 
t i o n are d i r e c t l y invo lved as independent v a r i a b l e s 
and that the rheology of the ink which r e s u l t s at the 
i n s t a n t of p r i n t i n g has a s t rong e f f e c t on the r u n -
n a b i l i t y of the ink and the f a i t h f u l r e p r o d u c t i o n of 
the p l a t e and c l a r i t y of image produced. 
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In order f o r a l i t h o g r a p h i c ink to move smoothly 
and uniformly through the press to the substrate, i t 
i s e s s e n t i a l that the ink be able to absorb a reason
able quantity of the fountain s o l u t i o n being used* as 
e m u l s i f i e d d r o p l e t s . Many authors have observed t h i s 
f a c t (Banks, (1), Surland (15, 16), MacPhee (18)) and 
have t r i e d to p r e d i c t how the p h y s i c a l chemistry of 
the inks and fountain s o l u t i o n s could be used to pre
determine i t s performance on a press. 

Some workers have i n t e r p r e t e d the e m u l s i f i c a t i o n 
of fountain s o l u t i o n i n an ink from the point of view 
of surface energetics and c o l l o i d a l behavior. Surface 
measurements i n the form of contact angles, spreading 
c o e f f i c i e n t s , i n t e r f a c i a l tensions and surface ten
sions have been widely used to explain the i n t e r a c t i v e 
behavior of inks an

The r o l e of i n t e r f a c i a
water i n the l i t h o process has been studied by many 
workers. Hansen (6) observed that the e m u l s i f i c a t i o n 
tendencies of the Tnk depend to a great extent on the 
tension of the various components of the ink, because 
the presence of even a small quantity of one component 
with a low i n t e r f a c i a l tension w i l l influence the ten
s i o n of the e n t i r e system. This i s one of the reasons 
that c e r t a i n pigments, notably reds, are more prone to 
cause scumming problems than other pigments even when 
dispersed i n an i d e n t i c a l v e h i c l e . The i n t e r f a c i a l 
tension of these pigments against water i s shown to be 
very much lower than might be a n t i c i p a t e d p r i m a r i l y 
because of i m p u r i t i e s that are not completely removed 
during the manufacturing process. 

Rosted (12) s t a t e s that the amount of fountain 
s o l u t i o n e m u l s i f i e d i n the ink i s r e l a t e d to the p l a s 
t i c v i s c o s i t y and tack and that i n t e r f a c i a l tension 
between ink and fountain s o l u t i o n determines the 
amount of water adhering to the ink surface. The l a t 
t e r observation was confirmed by Karttunen (8), and 
he a l s o observes that high i n t e r f a c i a l tension i s 
accompanied by low bonding e f f i c i e n c y of the water to 
the ink thus r e s u l t i n g i n t h i n surface water f i l m s on 
press ink r o l l e r s . 

Banks (1) i n a paper on l i t h o fountain s o l u t i o n s , 
observed that most abnormal l i t h o behavior such as 
scumming i s accompanied by the spread of an o i l y f i l m 
over the fountain s o l u t i o n . He a l s o claims that i f the 
fountain s o l u t i o n i s adjusted to a surface tension i n 
the range of 36-30 dynes/cm, the spreading of t h i s sen
s i t i z i n g f i l m from the ink w i l l be i n h i b i t e d . He f e e l s 
that the prevention of spreading i s not dependent on 
the p a r t i c u l a r composition of the fountain s o l u t i o n but 
only on i t s surface tension. 
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Hansen (6) has observed that the i n t e r f a c i a l ten
s i o n of an o f f s e t ink with fountain s o l u t i o n should be 
n e i t h e r too high, which would prevent s u f f i c i e n t emul
s i f i c a t i o n , nor too low which would cause scumming. He 
s t a t e s that the normal range f o r a good ink should be 
between 15-25 dynes/cm. 

Padday (11) presented a t h e o r e t i c a l explanation of 
the l i t h o process i n which he used the concept of co
hesive and adhesive forces a c t i n g i n and across sur
faces to e x p l a i n the a c t i o n of the inking of image 
areas on a l i t h o p l a t e . His explanation r e s t s e n t i r e l y 
on the rupture of l a y e r s at the weakest poi n t . 

Kartunnen (9) discusses the p o l a r balance and the 
surface roughness of the various layers i n the l i t h o 
process and concludes that the e m u l s i f i c a t i o n of water 
i n the ink depends no
of these f l u i d s but
s t r u c t u r e of the ink and water f i l m s when they enter 
the various nips i n the press. 

Several workers have also commented on the p o s s i 
b i l i t y of using dynamic surface tension measurements 
on the fountain s o l u t i o n as being more r e a l i s t i c i n 
view of the f a s t p r i n t i n g speeds used. This might al s o 
make measurements of dampening s o l u t i o n s containing 
surface a c t i v e agents c o r r e l a t e b e t t e r with a c t u a l 
press performance due to the rate of d i f f u s i o n of 
materials to the surfaces of these f l u i d s . 

Fred Shubert (13) of our laboratory has made some 
studies using commercial photopolymer p l a t e s and exper-
mental inks which were also studied f o r t h e i r e m u l s i f i -
c a t i o n and r h e o l o g i c a l behavior and are reported on 
l a t e r i n t h i s paper. 

The image and non-image areas of a f r e s h l y exposed 
and developed Kodak LN p l a t e were used to determine 
contact angles of water and methylene iodide i n a con
t r o l l e d atmosphere. The Rame f-Hart contact angle instru
ment was used i n these experiments at r e l a t i v e humid
i t i e s of 100% and 0%. An S.E.M. photo of the v i r g i n 
image area i s shown i n Figure 1, r e v e a l i n g the rough 
texture of the surface. 

Contact angle measurements and S.E.M. photographs 
were also made on the image and non-image areas of the 
same pl a t e a f t e r running i t on the press f o r 1000 im
pressions with ink #C-4. A p o r t i o n of the image area 
was measured with the ink s t i l l adhering to the image 
(see Figure 2). Another p o r t i o n of the p l a t e was 
washed free of ink with solvent (naphtha) and measure
ments taken on both image and non-image areas (see 
Figure 3). Some wear of the image i s seen. 

In Colloids and Surfaces in Reprographic Technology; Hair, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



330 REPROGRAPHIC TECHNOLOGY 

Figure

Figure 2. Ink film on image area (1200 X)-

Figure 3. Used plate after cleaning (1200 X , image area on right side of photo). 
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The contact angle measurements were used i n a 
computer program to obtain values of the surface energy 
of the p l a t e and t h i s value resolved i n t o d i s p e r s i o n 
and polar components. This program was w r i t t e n using 
the equations proposed by Wu (19). Table #1 l i s t s 
these values on the new plate TJefore running on press. 

Table I, Surface Energies of V i r g i n Plate 
Dynes/cm @25°C 

S gdisp s p o l a r 

Image Area 0% Rel.Hum. 44.9 34.7 10.2 
100% Rel.Hum. 44.2 31.3 12.9 

Non-Image Area 0%
100%

In both areas of the p l a t e , i t i s evident that 
adsorption of water vapor from the saturated atmos
phere causes an increase i n the c a l c u l a t e d p o l a r com
ponent. The increase i n the non-image area polar com
ponent i s greater, as might be expected from the chemi
c a l nature of the two areas. 

A f t e r running on the press, the p l a t e was removed 
without cleaning of the image, and measurements of con
t a c t angle made on the inked surface. The surface ener
gies of the v i r g i n ink were also determined by measure
ment of a s e r i e s of d i l u t i o n s i n Bromonaphthalene and 
the contact angles on polyethylene p e l l e t s . The r e 
s u l t s are shown i n Table #11. 

Table II, Surface Energies of Ink Surfaces 
Dynes/cm @25°C 

s s d i s P s P ° l a r 

Inked Image Area of 
Plate Run on Press 
100% R.H. 41.2 29.8 11.4 

V i r g i n Ink, C-4, 100% R.H. 33.5 27.7 5.8 

The ink on the image area of the p l a t e has i n 
creased i n the polar component. This i s l i k e l y due to 
the e m u l s i f i c a t i o n of fountain s o l u t i o n i n the ink as 
w e l l as surface fountain water both of which may leave 
a h y d r o p h i l i c residue upon evaporation. 
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The used p l a t e was then washed free of ink with 
naphtha and contact angles measured i n both image and 
non-image areas. The r e s u l t s are given i n Table I I I . 

Table I I I , Surface Energies of Plate Areas 
Dynes/cm @25°C 

s s d i s p s P ° l a r 

Image Area @100% R.H. 

V i r g i n Plate 
Used Plate 

44.2 
48.8 

31.3 
28.3 

12.9 
20.5 

Non-Image Area @100% R.H. 

V i r g i n Plate 72.
Used Plate 72.6 18.2 54.4 

The data i n d i c a t e that the most s i g n i f i c a n t 
change on running i s an increase i n the p o l a r compon
ent of the image area. It i s p o s s i b l e that some ab
s o r p t i o n of ink emulsion i n the i n t e r s t i c e s of the 
photopolymer image area may have occurred during run
ning. The cleaning process with hydrocarbon solvent 
may have s e l e c t i v e l y removed the more hydrophobic con
s t i t u e n t s of the ink. The non-image area shows the 
expected increase i n p o l a r component due to adsorption 
of fountain s o l u t i o n i n g r e d i e n t s . 

Work i s continuing i n an attempt to r e l a t e sur
face energetics to the p r e c i s i o n of i n k i n g the p l a t e 
and p r i n t a b i l i t y of the inks. 

Ink E m u l s i f i c a t i o n Tests 

Many laboratory t e s t s to f i n d the e m u l s i f i c a t i o n 
behavior of inks have been proposed during the past 
s e v e r a l decades, an e a r l y one being Bowles and Reich 
(3),but only one, Surland (15, 16) suggested that 
measurement of the rate was more important than the 
amount e m u l s i f i e d . Since the ink/water i n t e r a c t i o n on 
the press i s a dynamic one, t h i s approach seems more 
r a t i o n a l than s i n g l e point determinations of the per
cent e m u l s i f i e d , which are widely used i n industry. 

The e s s e n t i a l features of h i s method are a mixer 
with s p e c i a l l y designed blades and bowl, good c o n t r o l 
of speed and temperature and gravimetric determination 
of the percent water e m u l s i f i e d each minute f o r ten 
consecutive minutes. The data obtained i s p l o t t e d as 
shown i n Figure #4. This chart shows a s e r i e s of rate 
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p 
Water 

Balance 
Range 

Damp. 
Sol'n. 

E f f e c t 

Image 
Area: 
Pr i n t 

Ink 
Lay On 
Pri n t 

Rel. 
P r i n t 
Density 

A zero O O 

B narrow f l o t a 
t i o n 

>1 <1 
C wide ~ 1 = 1 
D narrow 

E zero = 0 = 0 

F narrow t i n t <1 /VWl < i 

Figure 4. Emulsification rate curves and effects on printability. 
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curves that have been observed i n measurements of over 
1000 inks. Also shown are the press performance f e a 
tures associated with each type of rate curve. An 
i n t e r e s t i n g feature of Figure IV i s the f a c t that a l l 
of the d i f f e r i n g rate curves can be drawn through a 
common point at f i v e minutes, the t y p i c a l s i n g l e point 
time used i n other t e s t s . Since the performance of 
these f i v e inks i s obviously g r e a t l y d i f f e r e n t , t h i s 
i l l u s t r a t e s very w e l l the f u t i l i t y of s i n g l e point 
t e s t methods. 

Emulsion Rheology 

While i t i s evident that the rheology of l i t h o 
graphic inks has a profound e f f e c t on p r i n t a b i l i t y and 
press performance, mos
the rheology of th

However, the ink as a c t u a l l y p r i n t e d on a l i t h o 
graphic press i s an emulsion which may contain as 
l i t t l e as 20% or as much as 50% of fountain s o l u t i o n 
as a f i n e l y dispersed i n t e r n a l phase. It i s the rheo
logy of t h i s ink emulsion which determines the c o n f i g 
u r a t i o n of the p r i n t e d areas and the f a i t h f u l n e s s of 
the reproduction of the plate image. 

Recent work by the author, Bassemir (2), attempts 
to c o r r e l a t e the rheology of e m u l s i f i e d inks with 
t h e i r press performance under commercial p r i n t i n g con
d i t i o n s . 

In t h i s i n v e s t i g a t i o n , a set of s i x experimental 
heatset l i t h o g r a p h i c inks were subjected to a v a r i e t y 
of r h e o l o g i c a l measurements both as a dry ink, as w e l l 
as a f t e r being e m u l s i f i e d with a commercial fountain 
s o l u t i o n . Determinations of apparent v i s c o s i t y at 2500 
sees"* and y i e l d s t r e s s at 2.5 sees" 1- were made @25°C 
from 5 point shear r a t e / s t r e s s curves, and inkometer 
tacks at 1200 RPM/90°F were also measured. 

The s i x inks, which consisted of one p a i r of each 
of three d i f f e r e n t types of ink chemistry, were then 
lithographed on coated enamel paper, using a 25 M 

Miehle press. The press was equipped with Dahlgren 
dampening and p r i n t e d samples were examined microscop
i c a l l y and rated f o r p r i n t a b i l i t y and dot r e s o l u t i o n 
a f t e r 5000 impressions had been taken. P r i n t a b i l i t y 
r e f e r s to the t o t a l press performance of the ink as 
w e l l as the f i d e l i t y of the p r i n t e d images. Dot reso
l u t i o n was evaluated m i c r o s c o p i c a l l y using the GATF 
Star Target and dot gain guides on an e m p i r i c a l scale 
of 0 to 10. 

The e m u l s i f i c a t i o n rate curves were also deter
mined using the technique described by Surland (16). 
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The r h e o l o g i c a l data and p r i n t a b i l i t y r e s u l t s f o r 
the s i x inks are shown i n Table IV and the e m u l s i f i c a 
t i o n curves i n Figure 5. To f a c i l i t a t e comparisons, 
v i s c o s i t y , y i e l d and shortness r a t i o ( y i e l d s t r e s s 
d i v i d e d by v i s c o s i t y ) are also shown i n bar chart form, 
Figures 6 through 8. 

An examination of the e m u l s i f i c a t i o n rate curves 
i n d i c a t e s that most of the inks had an acceptable curve 
shape with the exception of ink C - l , which shows a "B" 
type shape (no e q u i l i b r i u m reached). A l l s i x inks were 
commercially acceptable i n dot r e s o l u t i o n although 
there were noticeable d i f f e r e n c e s from the best to the 
poorest (Figure 9). Figure 10 shows photomicrographs 
of s t a r targets p r i n t e d with the inks rated at the two 
extremes, A l and C4. A dot r e s o l u t i o n r a t i n g of 7.0 
i s considered of norma
r a t i n g of 9.5 f o r in

The data shows that the second member of each of 
the three p a i r s i s better i n dot r e s o l u t i o n and p r i n t -
a b i l i t y than the f i r s t member. For example, ink A-3 
with a r a t i n g of 8 was improved over ink A - l with a 
r a t i n g of 7. The dry inks were of roughly equal tack 
and shortness r a t i o but the A-3 emulsion was much shor
t e r than the A - l emulsion. This f a c t o r plus the higher 
v i s c o s i t y of A-3 i s the probable reason f o r the improve
ment i n dot r e s o l u t i o n . In s e r i e s MB", a s i m i l a r trend 
was observed with e m u l s i f i e d ink B-5 being shorter than 
B - l and also of better dot r e s o l u t i o n . 

Ink C - l , however, shows some anomalous behavior i n 
that the shortness r a t i o of the e m u l s i f i e d ink i s high
er than C-4 whereas ink C-4 gave somewhat better dot 
r e s o l u t i o n . A p o s s i b l e explanation of t h i s i s the ano
malous e m u l s i f i c a t i o n rate curve of C - l p r e v i o u s l y 
mentioned, which i n d i c a t e s no attainment of e q u i l i b r i u m 
up to the 10 minute l i m i t . The dot r e s o l u t i o n r e s u l t s 
obtained with C-4, on the other hand, are c o n s i s t e n t 
with the i d e a l e m u l s i f i c a t i o n curve shape which i t ex
h i b i t e d . 

It i s i n t e r e s t i n g to note that i n a l l cases the 
inkometer readings of the emulsions e i t h e r remained the 
same or increased s l i g h t l y . Although many l i t e r a t u r e 
references to tackometer readings of e m u l s i f i e d inks 
i n d i c a t e a decrease i n apparent reading, these t e s t s 
were done by adding water to the r o l l e r s of the tacko
meter a f t e r the dry ink had been d i s t r i b u t e d on them. 
Using t h i s technique, i t i s l i k e l y that excessive water 
w i l l remain on the outside of the o i l y phase thus aggra
vating the p o s s i b i l i t y of r o l l e r slippage to which 
tackometers of t h i s type are very prone, Mewis (17). 

The following conclusions were drawn from these 
data: 
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Fig.5 

Time - Minutes 

Figure 5. Emulsification curves of six experimental inks (25°C, 2 oz/gal Rosos, 
and 25% IPOH.) 
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Figure 6. Comparison of apparent viscosities of dry inks and emulsified inks. 
Conditions: T, 25°C; and apparent viscosity at 2500 s-i. Key: , dry ink; and 

, emulsion. 
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Figure 7. Comparison of yield stress (at 2.5 s1) of dry inks and emulsified inks 
(25°C). Key: , dry ink; and , emulsion. 
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Figure 8. Comparison of shortness ratio (-25°C) of dry inks and emulsified inks. 
Key: , dry ink; and , emulsion. 
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Figure 9. Comparison of dot sharpness of six experimental inks. 

Figure 10. GATF Printed Star Targets and Dot Resolution Ratings for Inks A-l 
and C-4 (original plate image in center) 36 X -
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1. Moderate to high shortness r a t i o s of e m u l s i f i e d 
inks tend to improve half-tone dot r e s o l u t i o n 
i n l i t h o g r a p h i c p r i n t i n g . 

2. Higher ink v i s c o s i t i e s may also produce be t t e r 
dot r e s o l u t i o n even though commercially accept
able r e s u l t s can be had over a wide range of 
apparent v i s c o s i t y . 

3. The rheology of ink emulsions i s c l e a r l y of 
prime importance i n t h e p r i n t a b i l i t y and dot 
r e s o l u t i o n of an ink and i s s i g n i f i c a n t l y 
influenced by both ink and fountain s o l u t i o n 
chemistries. 

4. The shape o
r e l a t e d to pres
ink. 

Waterless Lithography 

In view of the complex i n t e r a c t i o n s which occur i n 
lithography due to the presence of the fountain s o l u 
t i o n , i t i s not s u r p r i s i n g that considerable research 
e f f o r t has been exerted to eliminate dampening systems 
from planographic press operations. 

In t h i s paper, the term waterless lithography i s 
used to r e f e r to a planographic p r i n t i n g system which 
uses no dampening or fountain s o l u t i o n whatever. This 
i s i n d i s t i n c t i o n to a process where the dampening s o l 
u t i o n i s pre-emulsified into the ink and broken down 
on the press. The l a t t e r process might be r e f e r r e d to 
as self-dampening l i t h o g r a p h i c ink. 

Over a decade ago, the 3M Company patented a 
s p e c i a l planographic p l a t e , C u r t i n (4), which was pro
duced under the tradename "Driographic P l a t e " . This 
p l a t e had a non-printing area which was surfaced with 
a s i l i c o n e containing rubbery polymer having r e l a t i v e l y 
low surface energy. Thus, i t was able to r e p e l the 
adhesion of inks which were properly formulated f o r the 
process and without any dampening. The p r i n t i n g area 
of t h i s p late was composed of uncoated aluminum. The 
p o s i t i v e working plate was exposed photographically and 
developed i n a s p e c i a l developing machine. 

One major problem with the Driographic p l a t e which 
caused i t s eventual withdrawal from the marketplace was 
high temperature "toning", a term analogous to scum
ming i n conventional lithography, that i s unwanted ink 
reception i n the non-printing areas. While i t was 
po s s i b l e to make inks which would p r i n t s u c c e s s f u l l y at 
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c o o l e r ambient temperatures, when press temperatures 
reached 120-140°F toning eventually r e s u l t e d . Water 
c o o l i n g of the p l a t e c y l i n d e r s was the only e f f e c t i v e 
s o l u t i o n but t h i s proved d i f f i c u l t and expensive to 
r e t r o f i t on many e x i s t i n g presses. 

During the past s e v e r a l years, there has been a 
renewed i n t e r e s t i n t h i s f i e l d . A number of papers on 
the theory of waterless lithography and the production 
of d u p l i c a t o r masters were published by Xerox Corpor
a t i o n researchers, Packansky (10), Gaudioso (5). 

The Toray Corporation of Japan has begun to mar
ket a planographic waterless p l a t e which has apparent
l y met with some success, p a r t i c u l a r l y i n Japan. This 
p l a t e also u t i l i z e s a non-printing area of low surface 
energy which i s surfaced with a polymer containing 
s i l i c o n e moieties,
with a photopolyme

While the Toray p l a t e has apparently overcome 
some of the problems of the Driographic p l a t e , toning 
of ink i n the non-printing areas at high temperatures 
s t i l l remains a concern. There are s e v e r a l c o n t r i b u 
t i n g f a c t o r s to t h i s problem which bear examination. 

A l l inks decrease i n tack as temperature r i s e s , 
and the cohesive force of the ink i s an important 
f a c t o r i n removing r e s i d u a l ink from the non-printing 
area. Attempts to s t a b i l i z e the tack or at l e a s t 
minimize i t s rate of change with temperature by use 
of v i s c o s i t y index improvers have only been p a r t i a l l y 
s u c c e s s f u l . 

Low surface energy a d d i t i v e s such as s i l i c o n e 
o i l s have also been used to reduce toning, presumably 
by a c t i n g as a release l a y e r between the ink and plate, 
since surface energetics alone would not p r e d i c t i t s 
usefulness. 

Gaudioso (5) proposed a theory of ink release 
from t h i s type of p l a t e , suggesting that ink solvent 
d i f f u s i o n from the ink i n t o the p l a t e non-printing 
area i s e s s e n t i a l to the formation of a weak f l u i d 
boundary l a y e r . This allows more complete removal of 
r e s i d u a l ink from these areas. 

C l e a r l y , the long term commercial v i a b i l i t y of 
the current p l a t e s depends on the development of an 
ink of acceptable tack which w i l l perform at normal 
press temperatures without toning. If t h i s cannot be 
done with ink formulation alone, changes i n the sur
face energy of the plate non-printing area may be 
required. 
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Conc lus ion 

The importance of surface and c o l l o i d chemistry i n 
the l i t h o g r a p h i c process has been po inted out . In 
p a r t i c u l a r the in f luence of surface energy on water / ink 
i n t e r a c t i o n and e m u l s i f i c a t i o n i s i l l u s t r a t e d . Work 
on the changes i n surface energy of l i t h o g r a p h i c p l a t e s 
dur ing the p r i n t i n g process was d e s c r i b e d . The s trong 
in f luence of the e m u l s i f i e d phase on ink rheology and 
subsequently on dot r e s o l u t i o n was shown by data ob
t a i n e d wi th a s e r i e s of experimental i n k s . 

A l a b o r a t o r y t e s t f o r the important property of 
e m u l s i f i c a t i o n ra te was d e s c r i b e d , i n c l u d i n g i t s r e l a 
t i o n to a c t u a l press performance. 

A survey of water less l i t h o g r a p h i c technology and 
of the present s ta t
i n t e r e s t i n t h i s area
s t i l l e x i s t . The long term future of t h i s technology 
remains u n c e r t a i n unless an ink that r e s i s t s ton ing at 
moderately high temperatures can be developed. 
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Surface Chemistry Control i n Lithography 

THOMAS A. FADNER 

Rockwell Graphics Systems, Cicero, IL 60650 

Results of recen h int  ink/wate  interaction  i
lithographic printin
predictions from surface chemistry principles. Contrary to 
popular belief, both image and nonimage areas of the printing 
plate act as water reservoirs during printing. And, ink is 
carried in both the image and nonimage areas. Viscous and 
dynamic mechanical forces account for most of the image/non-
image differentiation. A model is proposed that explains the 
advantageous effects of isopropanol and its substitutes as 
additives to the aqueous dampening solution. 

The lithographic printing process has been modelled 
mechanically, phenomenologically and by materials flow, often 
without reconciling the descriptions with principles of surface 
chemistry (1-6). Although the process may at times appear 
complicated, the simple concept of using o i l - l ike inks and 
dilute water solutions to differentiate printing and non
printing areas of an essentially planar printing plate, should 
require only simple explanations and yet remain consistent with 
surface science principles. 

Wetting of Ink by Water 
To account for one aspect of image differentiation by a 

lithographic printing plate, reference has been made to surface 
chemistry principles such as Statement 1. 

Statement 1. High energy liquids wi l l not sponta
neously wet nor spread onto immiscible low energy 
materials. 

Accordingly, high surface energy, aqueous fountain solutions 
do not spread onto low surface energy, inked images on the 
printing plate. This appears to support the practical fact 
that water, sprayed, rolled, or otherwise conveyed as fountain 
solution onto the printing plate in appropriate amounts, does 
not ordinarily get in the way of the inked image with which we 
are printing. 

0097-6156/82/0200-0347$06.00/0 
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Wetting of Water by Ink 
The chemical converse of Statement 1, applied to wetting 

of aqueous fountain solution by the ink, introduces an often-
overlooked dilemma i n attempting to explain lithography. 

Statement 2. Low energy liquids w i l l spontaneously 
wet and spread onto immiscible high energy materials. 

Lithographic inks are low energy materials but generally are 
not found, en masse, i n the high energy, aqueous-fountain-
solution-covered, nonimage areas of the printing plate during 
printing. If they were, d i f f e r e n t i a t i o n of image and nonimage 
areas would not have taken place. This implies either that 
lithography i s wrong or that surface chemistry i s wrong. 
Seldom do treatises on lithography adequately resolve this 
apparent dilemma. 

In lithography we bypass the implied conditions of State
ment 2 by introducin
i s formulated to hav
reconcile theory with lithographic fact by modifying Statement 
2 to read: 

Statement 3. Low energy, high v i s c o s i t y liquids w i l l 
spontaneously but not rapidly wet and spread onto 
immiscible high energy materials. 

Viscous Flow i n Lithography 
These two statements are consistent with popular views of 

lithography, namely: the pri n c i p l e of Statement 1 i s supposed to 
keep water out of the inked image areas; Statement 3 austensibly 
explains keeping ink out of the aqueous, nonimage areas. 

As already noted, however, i n lithography we are not oper
ating at equilibrium; we are not waiting for spontaneous wetting 
action; we are forcing the wetting action. The pressure and 
shearing forces at r o l l e r nips are purposely far i n excess of 
the ink's viscous resistance to flow, to assure that the ink 
w i l l move a small but f i n i t e distance at the ink-to-ink r o l l e r 
couples, within 10"2 to 10"^ second dwell times. 

A low energy, high v i s c o s i t y ink that i s s u f f i c i e n t l y 
forced to flow w i l l of course be spread, i n the surface chemi
cal sense, onto the high energy, aqueous nonimage areas of the 
printing plate. Yet under normal printing conditions, i t ap
pears not to have done so. The image and nonimage areas remain 
differentiated. Further input i s required to resolve this d i 
lemma. 

Ink and Water Mixing 
Analyses have repeatedly shown that 15% or more water i s 

found i n lithographic inks during or after normal printing. 
And, inkmakers routinely formulate to allow water into the ink 
during printing operations (2, _3> 7_9 8). Reportedly, most of 
the water throughput to the substrate being printed i s by way 
of the ink, not by way of the aqueous, non-printing areas of 
the printing plate (1). Also, minute ink p a r t i c l e s are often, 
i f not always, found i n the non-printing areas of plates or 
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blankets during normal printing operations. These observations 
imply that water and ink are not completely differentiated by 
the lithographic process. Apparently, surface chemistry prin
ciples that require exclusive ink/water d i f f e r e n t i a t i o n are not 
controlling this process. 

Isopropanol i n Lithography 
The f i r s t i n a series of continuous-dampener patents by 

Dahlgren disclosed a direct-to-plate device (9). A p r a c t i c a l 
way to bypass printing press manufacturers, who at the time 
were disinterested i n this continuous-dampening innovation, was 
to r e t r o f i t the device onto existing presses i n the f i e l d . 
Existing press configurations required using inked form-rollers. 
Dahlgren found that using inked form-rollers to convey aqueous 
fountain solutions t
amounts, 10 to 50%, o
solution additive, as described in his subsequent patent (10)• 
Isopropanol was cheap, r e l a t i v e l y safe, available, and did not 
adversely affect image d i f f e r e n t i a t i o n . Isopropanol has since 
become a widely-used industry standard. 

The prevalent explanation for isopropanol*s role i n this 
kind of dampening system i s that i t s surface tension, about 
29 dynes/cm, s u f f i c i e n t l y lowers the aqueous fountain solution 
surface tension to allow wetting of the inked form-roller by 
that solution, as i l l u s t r a t e d in Figure 1. That i s , the foun
tain solution wets and spreads onto, and i s carried by the ink 
fi l m on the form-roller to the printing plate, as a r e l a t i v e l y 
thin, uniform film. 

However, the most important fact about isopropanol, in un
derstanding lithography, i s not the advent and success of con
tinuous dampening that ensued. Rather, i t i s the fact that 
pressmen found d i s t i n c t and very important advantages in the 
use of isopropanol; advantages generally lumped together and 
termed "better ink/water balance control". These are seen 
over and over as the following qualitative observations: 

1. Faster acceptable copy. This means faster attain
ment of steady state conditions; the point i n the 
operation where ink and water feed rates no longer 
need c r i t i c a l adjustment to obtain desired quality, 
i l l u s t r a t e d schematically in Figure 2. 

2. Less variation. Quality variations are less ex
treme and less frequent, as depicted i n Figure 2. 
Response to water or ink feed rates changes i s 
faster. 

3. Wider ink/water latitude. Pressmen find less 
variation i n print quality due to form d i f f e r 
ences, and ink or press setting differences. 

4. Less work. With isopropanol, less attention i s 
required. The ink/water balance i s more auto
matic. 

An acceptable model of the lithographic process must ade-
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Figure 1. Surface tensions of propanol solutions. Key: O, n-propanol; and • , iso
propanol. 
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Figure 2. Effects of isopropanol. 
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quately explain these observations. It must also explain an 
additional dilemma. Based on surface science princ i p l e s , we 
can accept that a low surface tension, aqueous solution i n con
tact with a low energy, inked, form-roller surface w i l l rapidly 
wet and spread as a thin f i l m onto the ink, when forced at the 
nip. But, then, we must also admit that this same solution w i l l 
readily wet and spread over any inked surface, including image 
areas of the printing plate. Overall wetting of the printing 
plate by the aqueous fountain solution appears as a necessary 
corollary to the use of isopropanol. How, then, do we explain 
that, during printing, this aqueous fountain solution f i l m does 
not prevent ink-to-ink transfer? Why does isopropanol not 
thwart lithography? 

Role of Isopropanol in Lithography 
In a previous pape

i t i v e , an 84% isopropano
at the vapor/liquid-solution interface. This high surface 
concentration i s maintained at the press by automatic, r e c i r c u 
l a t i n g control systems. Under these conditions, the highly v o l 
a t i l e isopropanol has a continual, preferential surface-energy-
lowering ef f e c t . It i s a surface active material because of a 
c o l l i g a t i v e mechanism, rather than because of more familiar, 
slow-to-form, i n t e r f a c i a l structure mechanisms (11). This bulk-
reinforced, surface a c t i v i t y is important i n understanding l i t h 
ographic printing. 

Since dampening form-rollers cannot d i f f e r e n t i a t e between 
image and nonimage areas of a printing plate, the low-energy, 
isopropanol-containing, aqueous fountain solution spreads 
rapidly at the nip over a l l areas of the plate, independent of 
image and nonimage d e t a i l s . At the nip exit, this mechanical 
spreading force i s released; there are no other s i g n i f i c a n t 
forces acting at the interface; f i l m s p l i t t i n g occurs withrn 
the aqueous phase; and a thin f i l m of aqueous fountain remains 
in the image as well as the inked, nonimage areas. It follows 
that the uppermost surfaces of the inked, image areas on the 
printing plate, l i k e the aqueous, nonimage areas, w i l l be 
primarily isopropanol, not ink! 

Lithography Simplified with Isopropanol 
Within a few resolutions of the press, when isopropanol i s 

used, an isopropanol-rich layer of fountain solution forms and 
i s continuously maintained at a l l ink/air and fountain solution/ 
a i r interfaces. Consequently, form-roller to printing plate 
contact at the nip entrances involves two layers of aqueous is o 
propanol f i r s t coming into contact, not ink films and/or foun
tain solution films! Since the incoming surfaces are v i r t u a l l y 
i d e n t i c a l and the press i s also forcing intimate contact, i n 
stantaneous wetting and spreading into an extensive, thin f i l m 
i s assured, independent of whether the area on the printing 
plate within the nip i s an image or a nonimage area or any 
multiple combination that might exist because of the format 
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being printed. As already noted, these thin, isopropanol-rich, 
aqueous layers readily wet either fountain solution or ink, 
consequently, under nip pressure, they are easily forced to d i f 
fuse back and forth into or across the rapidly changing inter
face, to or from whichever portion of the printing plate or type 
of form-roller happens to be at the nip. That i s , under these 
low-surface-energy, mechanically-forced wetting conditions, a 
rapid, d i f f u s i o n a l displacement may occur i n the film-thickness 
direction. Transport of thin layers i n this direction w i l l be 
much faster than l a t e r a l or circumferential bulk flow away from 
the nip would be. Since areal d i f f e r e n t i a t i o n by the fountain 
solution i s not involved, d i f f u s i o n a l mixing w i l l be largely 
independent of the printing plate format, independent of dimen
sions or location of halftones or lin e s o l i d s . 

The rapid, d i f f u s i o n a l displacement of fountain solution 
into or out of the ink
to-ink contact necessar
areas that was used in the printing process. It also allows 
rapid recovery when ink or water feed rates are changed. There 
i s a place for spurious water to go. 

Lithography i s not thwarted by this omni-present, overall 
thin, aqueous, alcoholic f i l m of fountain solution because i t 
automatically gets out of the way of ink transfer as required, 
by instantly disappearing into whichever layer, ink or fountain 
solution, i s r e l a t i v e l y moisture-starved. 

This view f i t s with the well-known fact that inks formu
lated to not accept water are inoperative in high-speed l i t h o 
graphy. With nowhere to go, fountain solution that i s continu
a l l y forced into intimate contact with the whole printing plate 
w i l l , sooner or later, interfere with normal ink transfer and 
dif f e r e n t i a t i o n . Modern, rotary, lithographic printing requires 
a fountain solution sink to counterbalance the mechanically-
induced ink/water mixing. That sink i s the ink i t s e l f ! And, 
there i s an interesting corollary from this printing-with-
isopropanol model; the printing plate does not need to d i f f e r 
entiate acceptance of fountain solution based on i t s image/ 
nonimage content! 

Lithography without Isopropanol 
Without fountain solution additives, control of image d i f 

ferentiation has been found nearly impossible. Water feed rates 
must be s i g n i f i c a n t l y increased to keep nonimage areas free of 
ink. This may result at times i n too much ink transfer and at 
other times, too l i t t l e . To avoid these extremes, typical 
lithographic fountain solutions contain small amounts of natural 
or synthetic weakly acidic or neutral, water-dispersible gums. 
During operation, these gums concentrate i n nonimage areas of 
the printing plate, acting as thin-film, water-absorptive res
ervoirs. Phosphoric or si m i l a r l y weak acids are added to help 
control gum s o l u b i l i t y . Also, not pertinent to this discussion, 
are fungicides, buffer and colorants. With these minimal ad-
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d i t i v e s , lithographic printing becomes tolerable, but requires 
considerable attention to obtain and maintain consistent qual
i t y . 

Long before the advent of isopropanol, inkmakers found that 
the inks serve as a reservoir or sink for fountain solution. 
This infers that some fountain solution may be forced into the 
ink at the nips, even without isopropanol present, as discussed 
by Bassemir (3). Schaeffer (_5) has pointed out, p a r t i c u l a r l y 
when using high energy fountain solutions, that most of the 
mixing may take place at nip exits where cavitation occurs dur
ing s p l i t t i n g of the ink film; an excellent condition for trap
ping or emulsifying spurious or free fountain solution into the 
ink. Whichever mechanism applies, under these high-energy-
fountain-solution conditions, we are expecting the press system 
to work against surface chemical principles of wetting and 
spreading, rather tha
necessary mixing of
press revolutions to achieve a natural ink/water steady-state 
condition, or requiring higher energy input to reach this steady 
state condition in reasonable time, perhaps both. This i s 
equivalent to the converse of the f i r s t isopropanol advantage 
statement; without isopropanol, approach to steady-state oper
ation i s slower. 

Despite early recognition by inkmakers that lithographic 
inks must accept some water, temporarily excess fountain solu
tion exists at the ink form-roller/plate image area couples, 
more often than not, and must be squeezed out of the way. As 
indicated, the ink cannot rapidly absorb this high-energy foun
tain solution because the system does not s a t i s f y molecular 
wetting prerequisites. The excess fountain solution w i l l have 
to flow l a t e r a l l y or circumferentially out of the way. If this 
bulk flow i s not completed during each revolution of the press, 
i t can lead to printing variances, such as sncwflaking or 
washed-out images. 

Most modern, commercial fountain solutions also contain 1% 
or less of a low-to-moderate surface energy, non-foaming sur
factant or a soluble ink/water coupling agent, such as hydro-
xyethers or polyoxyethylene glycols. These additives cannot 
counteract the ever-present, format-dependent, excess fountain 
solution conditions during printing as e f f e c t i v e l y as a bulk 
reinforced, surface active compound l i k e isopropanol. Using 
these w i l l involve poor-to-incomplete wetting of the ink by the 
fountain solution; a wetting effectiveness that i s dependent 
upon a fountain solution additive with poor a b i l i t y to contin
uously maintain low surface tension under dynamic, high-speed, 
printing conditions. Consequently, printing i s highly dependent 
upon the additive's concentration and chemical nature. The 
extent of aqueous phase f i l m - s p l i t t i n g versus i n t e r f a c i a l f i l m -
s p l i t t i n g at the nip exits, and therefore the completeness of 
retaining a thin, uniform fountain solution on the printing 
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plate after the nips, w i l l therefore also be dependent on addi
tive chemistry, and highly dependent upon the printing plate 
format. As a consequence of this limited-wetting condition, and 
of the 10-50 millisecond time restraints due to press design, 
and depending on the plate format, retractive formation of beads 
or disjointed, r e l a t i v e l y - t h i c k islands of fountain solution 
occurs to varying degrees in the inked areas of the printing 
plate. Thus, we encounter intermittent, sporadic, or retarded 
d i f f u s i o n a l transport of fountain solution across interfaces 
into the ink, instead of smooth, instantaneous d i f f u s i o n . We 
encounter bulk l a t e r a l flow of thicker fountain solution films, 
films of solution that could not r a d i a l l y diffuse into the ink 
rapidly enough. We encounter a behavior that w i l l be more 
strongly dependent upon fountain solution feed rates and pr i n t 
ing plate format, press design and r o l l e r interference settings. 
The p r a c t i c a l results
propanol advantages previousl

When we foster ink/water contact with additives l i k e i so
propanol, we overcome chemical barriers to water-in-ink mixing. 
The mixing process may become as rapid as the printing process; 
i t becomes less dependent on details of ink and fountain solu
tion chemistry, press settings and printing format. The process 
i s easier to operate. We have introduced a measure of chemical 
automation. 

It i s apparent, then, that retraction of fountain solution 
from ink image areas, the formation of beads on ink areas, does 
not need to occur for image d i f f e r e n t i a t i o n . The bulk retrac
tion mechanism appears only as an a r t i f a c t i n a broader concept 
of lithographic printing, i t s r e l a t i v e importance during p r i n t 
ing being dependent upon chemical and image format factors. It 
i s not an essential mechanism i n lithography. 

Similar conclusions can be drawn regarding the f i l m -
s p l i t t i n g mechanism for water uptake by the ink at ink-to-ink 
nip exits. It may occur, but i t i s an a r t i f a c t not a require
ment i n lithographic printing. 

Lithography with Isopropanol Substitutes 
There i s one way, other than evaporation, to ensure high 

surface concentration of a soluble fountain solution additive. 
If we select a low-surface-energy compound having p a r t i a l or 
limited water s o l u b i l i t y , we w i l l expect i t s saturated aqueous 
solution to readily separate into two phases, one r i c h i n the 
additive, the other r i c h i n water. Using the additive at or 
near i t s s o l u b i l i t y l i m i t w i l l assure that some of the additive 
i n concentrated form w i l l always be available at the fountain 
solution interfaces. 

With these c r i t e r i a , and the desire to uncover a low-vapor-
pressure, low-use-rate additive, a number of candidates were 
evaluated (11-14). One clearly repetitive characteristic of 
partially-water-soluble compounds i s that their qualitative 
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water-transport capability as thin films on inked r o l l e r s was 
invariably greatest when the compound was used at or just below 
i t s water s o l u b i l i t y l i m i t ; the condition where a separate 
l i q u i d phase i s l i k e l y to be present. Predictions based on 
these laboratory evaluations led to successful pressroom t r i a l s 
and then to marketing of a fountain solution additive product to 
r i v a l isopropanol, 2-ethyl-1,3-hexanediol (15). 

The compound i s used at 1/2% to 1% of the fountain solution; 
10 to 60-fold less than isoporpanol. It i s not as forgiving of 
mechanical press variables as isopropanol, a not surprising 
result, i n view of the low concentrations that are used. It has 
had general success i n meeting most of the isopropanol advan
tages in the f i e l d , most of the time. This success i s strong 
support for the bulk-reinforced surface a c t i v i t y lithographic 
model and the limited s o l u b i l i t  concept  presented here

Driography i s Lithograph
Valid as the present model may be, the p r a c t i c a l fact i s 

that water i n lithography i s now an h i s t o r i c a l , a l b e i t very use
f u l , a r t i f a c t . A number of printers are operating without water, 
using for instance, polymeric silicones as the non-printing, non-
image areas of so-called driographic plates. In the inking form-
r o l l e r / p l a t e nips, the low surface energy, viscous ink w i l l be 
forced into intimate, wetting, contact with the low surface 
energy, nonimage areas, as always in lithography. Rapid, co
hesive relaxation of this forceably spread ink at the nip exits, 
precludes retention of an ink layer on the s i l i c o n e surfaces by 
comparatively weak, i n t e r f a c i a l forces, even i f the forceably 
spread condition i s thermodynamically favorable. The system i s 
further biased against an ink layer adhering in nonimage areas, 
by the absence of adhesional penetration of the ink into the 
smoother, lower-surface-energy s i l i c o n e . The energetically-
receptive, diffusionally-receptive image areas on the printing 
plate assure ink transfer and image d i f f e r e n t i a t i o n . Image area 
surface energy i s r e l a t i v e l y unimportant since fountain solution 
i s not present, tending to displace the ink. 

In the nonimage areas of a lithographic printing plate, a 
thin, molecularly smooth, incompressible water layer, with i s o 
propanol at i t s surface, i s chemically and physically analogous 
to a thin, molecularly uniform, incompressible, polymeric s i l i 
cone film. Thus, driography i s entirely analogous to l i t h o 
graphy. Water was available long before polymeric s i l i c o n e s ; a 
fact that has confounded attempts to analyze the system. When 
we adequately help water to not interfere with the process, that 
i s , when we foster rapid, on-press mixing of water into the ink 
with an instantaneously responsive, surface-tension-lowering 
additive l i k e isopropanol or 2-ethy1-1,3-hexanediol, we optimize 
image d i f f e r e n t i a t i o n by the printing plate. 

Summary 
Lithographic presses force water to mix with the ink at the 

printing plate, generally working against well-known principles 
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of molecular wetting. The printing press is easiest to control 
when this mixing can occur at press speeds. Overall wetting of 
the printing plate by fountain solution, both image and nonimage 
areas, allows formation of a uniform, thin film of fountain solu
tion on the plate; i t allows rapid, diffusional transport of 
fountain solution into and out of ink or fountain solution areas 
at the printing plate couples. Water in ink mixing at pressure 
nips becomes nearly instantaneous. 

Improved control of and/or improved latitude in ink/water 
balance at the printing plate by this mechanism is accomplished 
best with isopropanol because of its bulk-reinforced surface 
activity. Limited-solubility additives, such as 2-ethy1-1, 
3-hexanediol, function similarly but are slightly less effec
tive. Commercial fountain concentrates using soluble, low-
surf ace- tension additives provide some of this improved control 
but remain more dependen
variables. Commercia
provide none of this enhanced control and with no fountain 
solution additives the system is virtually inoperable. 
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Electrostatically Assisted Ink Transfer in 
Gravure Printing 

HARVEY F. GEORGE 

Gravure Research Institute, Port Washington, NY 11050 

Electrostatically assiste
vure printers since its
the mid sixties. There are more than 3,000 press units equipped with 
electrostatic assist world wide. The primary purpose of electrostatic 
assist is to eliminate skipping or missing of dots in an otherwise tradi
tional gravure ink transfer process characterized by normal or moder
ately reduced impression pressures, the use of presses of traditional de
sign and the use of fluid inks of traditional formulations. This paper 
describes the electrophysical basis of electrostatic assist and discusses 
a number of related aspects of the process including the effects of ink 
and paper properties, electrophoretic density shifts, ink whiskering, 
conductive impression roll coverings, etc. 

This paper gives an outline of one of the most successful applications of electro
static techniques in an existing production process, namely, the electrostatic assist 
process for ink transfer in gravure printing. 

The electrostatic assist process was developed to overcome a specific print de
fect which had plagued printers and paper makers for years, namely, skipped dots. 
In this it has been very successful as can be seen from the side by side photographs 
in Figures 1 and 2. These show portions of a mail order catalog printed at high 
speed on a production press with and without the electrostatic assist turned on — 
all other printing conditions being identical. From the beginning of its development 
in 1961, the aim was to use electrostatic assist as an aid to enhance print quality in 
an otherwise conventional ink transfer process with minimum modifications on 
existing presses and using conventional printing inks, containing flammable vapors. 

The term "electrostatic technique" tends to be usually associated in many 
minds with Leyden jars, high voltages and corona wires. There were indeed attempts 
in the late 1930's and 1940's to transfer paste type inks — mainly letterpress -
across a gap by means of high voltages, air ionization and ion bombardment. The 
objective was to eliminate pressure and to permit the use of light weight presses. 
None of these schemes have found commercial applications. 

The process that we will describe here does not fall into this category. The 
voltages which produce the desired skip suppression are usually below 1,000 V and 
the currents are limited to below 3 ma even for very large, fast press units. 

The rotogravure process is one of the three major printing processes, the others 
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Figure 1. Comparison of a section of a catalog page with electrostatic assist on 
(left), and electrostatic assist off (right). 

Figure 2. Comparison of a section of a catalog page with electrostatic assist on 
(left), and electrostatic assist off (right). 
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being letterpress and offset lithography. In the publication field, rotogravure is used 
to print such high color fidelity, high circulation products as the National Geo
graphic Magazine, The Reader's Digest, Seventeen, Better Homes and Gardens and 
many other magazines. Almost all Sunday Newspaper Supplements and the catalogs 
of the large mail order houses, such as Sears and Penney's are generally gravure 
printed. Some of the newer publication gravure presses print on paper webs up to 
100 inches wide at press speeds in the 2,000 feet per minute range. 

In packaging, gravure is used to print a range of products from cereal and de
tergent boxes to cigarette packs and gum wrappers on substrates ranging from 30 
point (mil) cardboard to unsupported polyethylene film. Specialty gravure is em
ployed in the production of vinyl floor coverings, high pressure laminates such as 
Formica, cigarette tips and postage stamps. 

The image carrier in gravure is a hard, polished layer of copper electroplated 
on the surface of a massive steel cylinder as shown in Figure 3. The image consists 
of small cells of varying sizes and depths that are either etched through a diffusion 
resist or engraved by means o
as shown in Figure 4. The cel
square inch range corresponding to 150 to 200 lines per inch screen rulings. Cell 
depths range from about 7 micron for highlights to a maximum of half the thickness 
of a sheet of newsprint for deep shadows. After an engraving has been approved, it 
is usually protected against mechanical wear by a few micron thick layer of bright 
chrome. 

As the cylinder rotates in the press, the lower part of the cylinder is flooded 
with ink having a viscosity in the low centipoise range. The press ready ink may 
contain 7% pigment, 18% binder, such as modified rosins, nitrocellulose or a syn
thetic resin and 75% solvent. The solvents are usually blends of such materials as 
aliphatic hydrocarbons in the heptane range, toluene, acetates and alcohol. Water 
based systems are used in a number of applications. 

As a spot on the cylinder approaches the printing nip, the ink outside the cells 
is removed by means of a flexible steel doctor blade. Figure 5. In the printing nip, 
the paper web is pressed against the gravure cylinder by means of a rubber covered 
impression roll. On wide presses, a heavy back up cylinder is used to avoid minimize 
roll bending and the consequent uneven impression pressure. Typically 40% to 70% 
of the ink or ink solids are transferred to the web, the rest returns to the ink 
fountain. After each press station the ink is dried by passing the web through a high 
speed air dryer before the next color is layed down. The fact that only a portion of 
the ink is transferred is really of no concern. Shadow densities approaching the 
mass tone of the ink are readily obtained. The ink that remains on the cylinder re
turns to the fountain. With reasonable control over the ink viscosity, the transfer 
percentage and the spreading of the ink on the paper remains constant which ex
plains the remarkable color consistency of gravure. 

A situation that is of greatest concern is when isolated cells in light mid tones 
and highlights fail to print. Although the individual dots in a smooth print are be
low the power of resolution of the human eye, missing dots, or skipped cells, or 
snowflakes or whatever they might be called, distract greatly from the visual appear
ance of the print. Researchers in the 1950's and 60's had clearly established that 
the skipping was the result of mechanical imperfections in the paper surface such as 
protruding fibers and fiber bundles, suction holes or lack of fines and wire patterns 
on the wire side of the paper, which were too hard to be flattened out by impres
sion pressures ranging in the 70 to 200 pounds per linear inch of web width for 
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Figure 3. Polished gravure cylinder before engraving. 

Figure 4. Diamond stylus engraved shadow area. 

In Colloids and Surfaces in Reprographic Technology; Hair, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



GEORGE Ink Transfer in Gravure Printing 

In Colloids and Surfaces in Reprographic Technology; Hair, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



364 REPROGRAPHIC TECHNOLOGY 

paper or board. Coated papers are generally smoother than uncoated papers, but 
the surface hardness is also much higher and the visual effect of a skip is much more 
pronounced. 

Attempts to overcome the problem by higher and higher impression pressures 
resulted in wear on press components and reduced productivity. Ink manipulations 
result in poor shadow ink lay and slower drying. 

To understand the skipping problem, the ink transfer process must be under
stood. As a cell emerges from under the doctor blade, it is only partially filled be
cause some ink adheres to the doctor blade. During the travel from the doctor to 
the impression, some solvent may evaporate, reducing the ink volume further. In 
the meantime, surface tension will form the surface of the ink into a fairly symet-
rical concave meniscus. All this has been shown by high speed micro-photography. 
In the impression, ink transfer is initiated by a few points on the paper contacting 
and being wetted by fluid ink near the edges of the cell. The characteristic dough
nut shaped print out of gravure highlights is evidence of that. Figure 6. After this 
initial contact, the ink transfe
an imperfection in the pape
few micron wide, the cell will skip. 

The central idea behind the ESA process is as follows: Instead of using exces
sive pressures to try to make the paper surface contact wet ink near the cell edges, 
relatively weak electrostatic forces are used to deform the meniscus of the highly 
fluid ink in the cells in such a way as to improve the likelihood of contact between 
wet ink and paper. For this purpose, the gravure cylinder remains grounded. An 
electric charge of either polarity is applied to the impression roll. With conductive 
rubber rolls, this charge tends to concentrate in the printing nip, where the proxim
ity of the grounded gravure cylinder greatly increases the capacity (or ability to hold 
a charge at a given voltage). The field lines emanating from this charge penetrate 
the (dielectric) printing substrate and terminate on charges which are induced on the 
surface of the cylinder and the ink. The field tends to concentrate near the cell 
edges and this concentration of upward pull deforms the meniscus of the ink in the 
cell in a manner that will assure contact between ink and paper. Figure 7. 

Tests conducted under GRI sponsorship at Battelle Memorial Institute in 1962 
and 1963 on a small laboratory test press using corona charging had demonstrated 
that charging did indeed affect gravure ink transfer. Similar effects were obtained 
by GRI by contact charging a layer of metallic paint on the impression roll of a 
production publication press. To arrive at a practical, effective and safe system, a 
scheme involving contact charging of a slightly conductive impression roll was 
adopted. 

A major theoretical study was then undertaken at GRI to establish the major 
process parameters, such as the required voltage and rubber conductivity. The fact 
that surface tension is the major force opposing the formation of a bulge in the ink 
surface near the cell edge was established from a plausible model of the ink surface 
deformation. Figure 8. Viscosity plays a minor part opposing ink bulging and the 
effects of inertial forces are negligible. The relative degree of field concentration 
near the cell edges was estimated by conventional field plotting, i.e., such facts as 
the rule that the field near a conducting surface is perpendicular to that surface. 
Figure 9. The field strength needed to form a bulge in the ink was then calculated 
from the force and pressure balance on an element of the ink surface. Without 
electric field and a concave surface the hoop stresses resulting from surface tension 
are balanced by the negative internal pressure prevailing throughout the ink volume. 
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Figure 7. Charge distribution and ink deformation in a gravure printing nip with 
electrostatic assist. 
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Figure 8. Scale model of ink meniscus used to estimate inertial and viscous forces 
without charging (left), and with charging (right). 

Figure 9. Scale model of ink meniscus and field lines at advanced bulging used 
to estimate radius of curvature and relative field strength. 
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To locally flatten the Ink surface, the electrostatic pull must equal that internal neg
ative pressure. To cause local bulging up, the electrostatic pull must balance the 
downward hoop stresses from surface tension as well as the negative internal pres
sure. The field strength in the air or vapor space on top the cell needed for effectiv-
ness was thus calculated to be about 30 million volt per meter. Taking the dielectric 
constant of typical printing papers into account, this amounts to about 200 volt 
per .001 inch of paper thickness. In practice, the voltage in the nip needed for ef
fectiveness has been found to be in the 100 to 200 volt per .001 inch range. The 
objection has been raised that at field strength above two (2) million volt per meter 
air breakdown would effectively short out the field. The figure of two (2) million 
volt per meter is however only valid for large air spaces. For small gaps, the break
down strength of air is much higher. Figure 10. 

The resistivity of the rubber covering of the impression roll had to be such that 
the assist retained it's effectiveness without permitting any local discharge fast 
enough and powerful enough to ignite flammable vapors. There is little danger in 
the nip itself where air is effectivel
cylinder represents a large an
ignition in larger spaces are concerned, NFPA Bulletin No. 77 indicates that satu
rated hydrocarbon gasses and vapors require about .25 millijoules of stored energy 
for ignition in optimum mixtures with air. A rubber resistivity in the 107 Ohm cm. 
range suitable for effective use of electrostatic assist will limit any local discharge 
below that limit. The charging unit also contains a thyratron crowbar circuit which 
will discharge the whole system within microseconds if the total current exceeds a 
level that can be adjusted in a range up to 3 milliamperes. With over 3,000 electro
static assist units in daily production in this country alone, the safety record has 
been excellent. 

To retain effectiveness at reasonable power supply voltages, the covering re
sistivity should not be too high, otherwise the voltage drop between the charging 
unit and the printing nip proper becomes too high to obtain effective results. 
Current flow from the power supply to the printing nip consists of two components. 
We have leakage through the web and at the ends of the impression where the roll 
may touch the cylinder directly. On fast running presses, these conduction currents 
represent only a small part of the total current. Here the convection currents pre
dominate. Charges are carried away by the web in inked and non inked areas. It is 
not that all charges that accumulate in the nip area are carried away. It has been 
found that the web outside the nip can carry a charge of the same polarity or of 
opposite polarity to that applied at the impression roll. The polarity depends on 
the relative ease of ink transfer between the impression roll and the top side of the 
web or the cylinder and the bottom side of the web. In printing areas, where the 
induced charges are transferred together with the ink, the net charge is always of a 
polarity opposite to that applied to the impression roll. 

A third effect, also related to convection will reduce the voltage in the nip 
below the value that can be calculated from the power supply voltage minus the 
product of the roll resistance and the power supply current. As a point on the im
pression roll approaches the nip, its capacitance to ground will increase drastically. 
Unless current can flow through the rubber into the nip, the voltage will drop in pro
portion. As explained before, the charge transfer in the nip is far from complete. 
As the point moves out of the nip, charges are carried out of the nip area by the 
rubber. For effectiveness and to prevent any Van de Graaff effects, the rubber must 
be conductive enough to let these charges flow back into the nip. Figure 11. 
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Figure J J. Current flow with respect to rotating impression roll covering needed 
to overcome voltage drop due to high nip capacitance. 
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A rubber resistivity of 107 Ohm cm. and at layer thickness of about % inch is suit
able to overcome this charge transport, even at very high press speeds. 

In the early stages of the development, the electrical properties of impression 
roll coverings were rather erratic. In this country, conductivity was imparted by 
means of conductive, structured carbon black fillers. It turned out that the exact 
steps in manufacture, such as milling temperature were as important as formulations. 
The conductivity of compounds made with Buna N was very strain sensitive. In 
Europe, conductivity was imparted by Anti-static additives. The electrical proper
ties were more predictable, but resistance to wear left much to be desired. The 
manufacture of suitable roll coverings has been a real challenge to roll manufac
turers, and suitable coverings have been available in the last five years on a very con
sistent basis. New Material which contain conductive polymers (Hercules Inc.) re
quire some warm up before the desired conductivity level is reached, but have very 
uniform predictable electrical properties and stand up well to the wear and tear of 
press operations. 

Now to side effects. Whe
base or polar organic solvents
the more resistive inks using toluene or aliphatic hydrocarbon solvents and certain 
pigments there were some polarity dependent density shifts, with a positive ap
plied charge tending to repel the pigment. Figures 12 and 13. As this is due to 
particle drift in a field in the ink, it is more pronounced at slow press speeds and 
higher leakage current through the paper. These density shifts have generally not 
been found to be a major detriment to the use of the electrostatic assist process. 

Another side effect, again restricted to inks with non polar solvents is whisk-
ering, that is, the spreading of ink from the edtes of a shadow patch over non 
printed areas. Originally, the effect was thought to originate at the printing nip exit, 
because filamentation had been photographed in the ink split zone. This may in
deed have been the case with non conductive or tld impression rolls which lost their 
conductivity temporarily due to compression in the nip. Low air and paper moisture, 
slow drying ink, overetched shadow patches on the engraving and high press speeds 
all contributed to the problem. The basic reason for the whiskering is the difference 
in charge pick up in inked and non inked areas. Anything that helps to 
increase the charge transfer to the web in non inked areas will help. A major study 
a few years ago has shown that with the newer impression rolls, the whiskering 
occurs after the web has separated from the impression roll flank. The fact that the 
effect occurs at this rather accessible location permits effective remedial action, such 
as the strategic placement of static eliminators or shielding with grounded con
ductors, which will change the direction of the electric fields from a direction paral
lel to the web to a direction more perpendicular to the web. 

The strong point of the gravure process has always been the consistently high 
quality and good productivity of it's press operations on a given paper stock. The 
development of the electrostatic assist process has overcome one of the major print 
defects of gravure and thereby greatly strengthened it's competitive position. Since 
it's introduction a number of leading publications have gone over to gravure, as have 
a number of large jobs in the packaging field. 
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Figure 12. Approximate volume resistivities of different ink types. 
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Figure 13. Printed density of magazine xellow on coated magazine paper at no 
charge (- - +650 V (+ -+), and -550 V (X - X). 
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Image Generation by Peel Development: 
Adhesion Control Through the Use of Photolabile 
Blocking Groups and Surfactants 

J. E. TREND and G. L. EIAN1 

3M Company, Central Research Laboratories, 3M Center, St. Paul, MN 55144 

A peel-apart imagin
(>100 cycles/mm
ability to photochemically control the s p e c i f i c 
adhesion of so lu t ion coated resins for t h i n 
(500-1000Å), yet opaque, vapor deposited metal 
films. The system i s ultraviolet s e n s i t i v e , 
contact speed, and is comprised of four l aye r s : 1) 
cover film, 2) photosensi t ive coa t i ng , 3) metal 
film, 4) transparent support. Small amounts of 
surfactants masked with photo lab i le protec t ing 
groups present i n layer 2 provide the required 
photo-control of the adhesion of the photosensi t ive 
layer for the metal surface. When the cons t ruc t ion 
is imaged through a mask, the adhesion of the 
photosensi t ive l aye r for the metal surface becomes 
vanishingly low in the irradiated areas r e s u l t i n g 
from the photo l ibera t ion and subsequent resin-metal 
interfacial o r i en ta t ion of the sur fac tants . In the 
uni r rad ia ted areas the resin-metal adhesion remains 
h igh . By peeling the layers 1 and 2 from layer 4 
the metal film i s selectively delaminated from the 
support to form complementary images, a reversal 
image on the support and a dupl ica te of the 
o r i g i n a l on layers 1 and 2. De ta i l s of the photo
-and surface chemistr ies are presented. Factors 
governing performance are discussed. 

In the panoply of photoactivated imaging mater ia ls and 
processes, peel-developed systems cons t i tu te an i n t r i g u i n g but 
sparsely populated niche. Common to these systems i s the need to 
photochemically d i f f e r e n t i a t e adhesive forces wi th in a c o l l e c t i o n 
of l a y e r s . In the past t h i s has been accomplished through photo-
polymerizat ion Q ) , apparent photocross l inking (2,3,4), or photo-

1 Current address: 3M Company, Occupational Health and Safety Products Laboratory, 3M 
Center, St. Paul, Minnesota 55144. 
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generation of gas (5,6). The changes in adhesion which accrue 
r e f l e c t photo-induced e f fec t s on the v i s c oe l a s t i c propert ies of 
the layers (po lymer izat ion, c ro s s l i nk ing ) or macroscopic shear 
forces accompanying i n t e r f a c i a l bubble formation. The 
peel-developed system presented here r e l i e s on the 
photo l iberat ion of agents which i n t e r f e r e with the chemical 
components of adhesion at polymer-metal (oxide) i n t e r f a ce s . A 
proper presentation of the chemical de t a i l s of the imaging 
process requires a d iscuss ion of the mechanics of the 
peel-developed system. 

Mechanics of the Peel-Developed Construction 

Figure 1 depicts the four - l ayer composite f o r the 
peel-developed imaging system comprising 1) a transparent
adherent cover f i l m ; 2
t h i n , yet opaque, vapo
the image [also used in previous ly described systems (2,3,4) ] ; 4) 
a transparent base f i l m , usual ly polyethylene terephtha late. In 
the absence of i r r a d i a t i o n , peeling the cover f i l m (1) versus the 
base f i l m (4) causes separation to occur c lean ly at the metal -
base f i l m i n te r face (2/3). The adhesion of the cover f i l m fo r 
the photosensit ive layer i s s u f f i c i e n t to prevent separation of 
the 1/2 i n te r face so that layers 1 and 2 act as one. When 
exposed through a mask and developed by peel ing, the composite 
y i e l d s a meta l l i c reversal (negative) image of the mask on the 
base f i l m (4) and the complement (dupl icate or pos i t i ve ) image on 
combined layers 1 and 2 (Figure 1). 

Since the photochemical d i s s i pa t i on of the adhesion between 
the polymeric coating and the metal layer i s the key to the 
imaging process, a t tent ion must be turned to the cha r ac te r i s t i c s 
of the polymeric coating and the metal l ayer . Useful polymeric 
coatings may be composed of resins drawn from Table 1 or s i m i l a r 
r e s i n s . The coatings are cast from ketone, ketone-aromatic 
hydrocarbon, or chlorocarbon so lut ions (10-20 percent s o l i d s ) 
using conventional coating techniques to give dr ied coat ing 
thicknesses ranging from 5-50y.These resins bear po lar , adhesion-
promoting groups l i k e carboxy l i c ac id s , e s te r s , and a l coho l s : 
the carboxy l ic acid groups i n p a r t i c u l a r promote adhesion to the 
nat ive metal oxide surface of the meta l l i zed base f i l m through 
acid-base in te ract ions (_7). Usable metal layers include copper, 
go ld, n i c k e l , s i l v e r , t i n , z i n c , perferably aluminum or aluminum 
topped with s i l i c o n oxides. These are vapor deposited onto 
unprimed, unsubbed polyethylene terephthalate f i l m base (50-175u) 
to a thickness of 500-1500A. For aluminum, 1000A gives an 
opt i ca l density of ca. 4. 

The Mechanism f o r D i s s ipat ion of Adhesion 

Photo l iberat ion of surfactants ( an i on i c - - i n the ac id form 
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Figure 1. Schematic of the peel apart construction and complementary images 
formed by peel development. 
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Table I 

Su i tab le Coating Resins 

Trade Names Manufacturer Generic Type 

Carboset 525 B.F. Goodrich 

E l vac i t e 2044 DuPon

Vinac ASB516 A i r Products 

V i t e l PE-200 Goodyear 

V i t e l PE-222 Goodyear 

VAGH Union Carbide 

carboxy 
func t i ona l i zed 
a c r y l i c 

weight n-butyl 
methacrylate 

Estane 5715 B.F. Goodrich urethane 

v iny l acetate 

1inear 
saturated 
polyester 

l i n e a r 
saturated 
polyester 

v i ny l ch l o r i de -
v iny l acetate-
maleic ac id 

Tg°C 

23- 36° 

not 

measured 

39-48° 

67° 

47° 

75-82° 

VMCH Union Carbide v i ny l 
c h l o r i de - v i n y l 
acetate-maleic 

74-81° 

VYHH Union Carbide v i ny l 
c h l o r i de - v i n y l 
acetate 

72-79° 
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o r , le s s o f ten , c a t i o n i c — i n the free base form) w i th i n the 
polymeric coating provides the mechanism fo r diminishing the 
coating-metal adhesion: the l i be ra ted surfactant i s f ree to 
acacumulate and or ient at the resin-metal i n te r face and competes 
with the res in f o r acid-base i n te rac t ions at the metal (oxide) 
sur face. The photo l iberat ion of surfactants i s made poss ib le 
through the implementation of photo lab i le protect ing groups. 
Unt i l cleaved by photo l y s i s , the photo lab i le protect ing groups, 
cova lent ly bonded through the polar f u n c t i o n a l i t y of the 
sur fac tant , l a rge ly suppress the surfactant p roper t ie s . 
Photo lab i le protect ing groups have been recent ly reviewed (8,9). 
Because of t h e i r easy auxochromic mod i f i ca t i on , synthes i s , 
i ncorporat ion , and photoef f i c ient removal (8,9), the family of 
2-nitrobenzyl protect ing groups have surfaced as the most u s e f u l . 

Re la t i ve l y small amounts of the 2-n i t robenzy l -protected 
surfactant (1-7 percen
needed to e f fec t the require
coating f o r the metal surface on photo l y s i s . A s p e c i f i c example 
best i l l u s t r a t e s the phenomenon. 

Example. S u f f i c i e n t 4,5-dimethoxy-2-nitrobenzyl-hexadec-
anesulfonate ( xmax, chloroform, 345 nm, log e3.5) i s d isso lved i n 
a 15 percent so lu t ion of V i t e l PE-222 res in in methyl ethyl ketone 
to give 3 percent r e l a t i v e weight of so l id s of the add i t i ve i n 
the r e s i n . The so lu t ion i s kn i fe coated at a 50u o r i f i c e onto 
the metal surface of polyethylene terephthalate f i l m base vapor 
coated with 750A of aluminum. The sample i s allowed to a i r dry 
to a tackfree surface and then h o t - r o l l laminated with a cover 
f i l m of 3M 707 type Laminating F i lm . Half of the sample i s 
covered with an opaque sheet; the other ha l f i s exposed to a 2KW 
mercury lamp at a distance of 70 cm through glass (radiant energy 
at 360 nm 5 .7x l 0 " 2 watts/cm 2) f o r 45 seconds. On peel ing the 
cover f i l m away from the base f i l m , the aluminum layer 
del ami nates from the base f i l m i n the unexposed areas, yet 
remains t i g h t l y adhered to the base f i l m i n exposed areas. When 
exposed through a negative 1951 United States A i r Force Resolving 
Power Test Target, the sample y i e l d s a po s i t i ve aluminum image of 
the target on the base f i l m having a reso lut ion of at leas t 100 
cycles/mm. 

Surfactants tested i n t h i s manner are l i s t e d i n Table II 
along with pert inent physical data. The e f f i c i e n c y of a given 
su r fac tant , in terms of exposure time required to obtain 
photo-diminished adhesion in the above example, depends on two 
fac to r s : the pK/\ of the surfactant and the log ( c r i t i c a l m ice l le 
concent rat ion) , log (CMC). 

pKADependence. For an aluminum image l a ye r , the e f f i c i e n c y 
of photodiss ipat ion of adhesion decreases with decreasing a c i d i t y 
( l a rger pK/\) of the l i be ra ted sur factant . With the photo lab i le 
stearate d e r i v a t i v e , 6-10 times the exposure (or a corresponding 
increase i n stearate concentration) i s required to e f fec t the 
same resu l t as the hexadecanesulfonate; the N-(4,5-dimethoxy-
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Table II 

Surfactant Data 

Act i ve Approximate Log 
Surfactants pK A (CMC) 

C 1 6 H 3 3 S 0 3 H 

hexadecanesulfonic ac id -1-0 -3.5 

C 7 F 1 5 C 0 2 H 

perf luorooctanoic ac id 0-0.5 -2 

0 CH 3 

C 1 7H 3 5?-|!|-CH 2C0 2H 

stearoy l sarcos ine 3 -3 

C 1 7 H 3 5 C 0 2 H 

s t e a r i c ac id 5 -3 

C 1 5 H 3 1 C 0 2 H 

hexadecanoic ac id 5 -2.5 

H 
CH 1 8 H 3 7 N-CH 3 

N-methyloctadecylamine 11 -3.5 
(conjugate ac id) 

Inact ive 
Surfactants 

CH 3 C 6 H 4 S0 3 H 

4- to luensesu l fon ic ac id 0-0.5 >-1.5 

c 5 F n C 0 2 H 

perfluorohexanoic ac id 0-0.5 -1 

C 1 2 H 2 5 C 0 2 H 

tetradecanoic ac id 5 -1.5 
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2-n i t robenzy l ) der ivate of N-methyloctadecylamine i s i nac t i ve 
under these cond i t i ons . If the aluminum surface i s f i r s t over 
coated with a vapor deposited layer of s i l i c o n oxides (using 
s i l i c o n monoxide) the N-methyloctadecylamine de r i va t i ve i s the 
most e f f i c i e n t with the acyl sarcos inate der ivate i nac t i ve and 
the hexadecanesulfonate showing some imaging e f f i c i e n c y . These 
re su l t s can be crudely modeled by a comparision of the 
i s o e l e c t r i c point of s o l i d surfaces (IEPS, pH un i t s ) and the pK^ 
of the l i be ra ted su r factant . A large d i f fe rence between the IEPS 
of the metal surface and the pK^ provides a measure of the i on i c 
i n t e r a c t i on between surfactant and surface. The extent of the 
i n te rac t i on i s described by the AS defined below (_7): 

A ac id su r f ac tan t = I E P S - P KA 
A ba s i  sur factan  P K  " I E P $ 

A large and po s i t i ve A g
imply an e f f i c i e n t photodiss ipat ion of adhesion f o r the 
surface-sur factant p a i r . Figure 2 shows that t h i s expectation i s 
born out fo r n icke l (IEPS = 10), aluminum (9) , t i n (4 ) , and 
s i l i c a t e (2) with the surfactants te s ted . 

Log (CMC) Dependence. A minimum leve l of sur factant 
a c t i v i t y i s required of the surfactant to diminish adhesion on 
pho to l i be ra t i on . In the ser ie s of s t ra i gh t - cha in ca rboxy l i c 
ac id s , photo lab i le de r i va t i ve s of members with fewer than 16 
carbons show e s s e n t i a l l y no photodiss ipat ion of adhesion. 
Der ivtates of perfluorohexanoic acid and 4- to luene-su l fon ic ac id 
are i nac t i ve a l so . Although s t r i c t l y a measure of sur factant 
behavior i n aqueous media, the log (CMC) seems to provide a good 
i nd i ca t i on of performance i n t h i s a p p l i c a t i o n . Photo lab i le 
der ivates of surfactants having a log (CMC) s i g n i f i c a n t l y more 
po s i t i ve than -2 show no a c t i v i t y even under prolonged 
i r r a d i a t i o n (10-20 times normal) and at elevated concentrat ion 
(10-15 percent of the t o t a l coat ing weight). 

Spectroscopic Evidence f o r I n te r f a c i a l Surfactant A c t i v i t y 

Evidence presented thus f a r fo r the putat ive r o l e played by 
the photol iberated sur factants has been somewhat c i r cums tan t i a l . 
Conventional i n f ra red and u l t r a v i o l e t spectroscopy e s tab l i sh that 
the photo lab i le protect ing group i s photolyzed and the surfactant 
released under pho to l y s i s ; acid-base i n d i c a t o r s , when added to 
the photosensit ive coat ing , confirm the release of acid f o r the 
anionic surfactant de r i v a t i v e s . The surface s en s i t i v e 
spectroscopic techniques of ESCA (E lectron Spectroscopy f o r 
Chemical Analys i s ) and RAIR (Ref lect ion-Absorpt ion Infrared) 
spectroscopy e s tab l i s h the involvement of the surfactant more 
unequivocal ly. 

ESCA Ana ly s i s . Samples prepared in a manner s i m i l a r to that 
desecribed in the Example (Carboset 525 was subst i tuted and the 
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Figure 2. Correlation between surfactant-surface acid-base interactions and 
photoresponse of the peel developed imaging system. 

A represents the difference between the isoelectric point of the surface oxide of the 
metal (IEPS) and the acidity of the photoliberated surfactant (pKu). Key to photo-
response (min): 0.5-1.5; if if, 3-5; 6-10; and • , no photoresponse after 

15 min exposure. 
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cover f i l m omitted) were examined by ESCA i n the i r r ad i a ted areas 
at the aluminum surface and coating surfaces (top of layer 3, top 
and bottom of layer 2 i n Figure 1) f o r the presence of photo ly t i c 
fragments of 4,5-dimethoxy-2-nitrobenzylhexadecanesulfonate. The 
C,N,S atom ra t i o s show that 1) only the hexadecanesulfonic i s 
present on the aluminum sur face, 2) there i s an accumulation of 
the hexadecanesulfonic port ion at the expense of the 
2-nitrobenzyl port ion at both top and bottom of i r r ad i a t ed layer 
versus un i r rad iated layer 2 (top surface on l y ) . The data are 
shown i n Table I I I . 

Table III 

ECSA DATA 

Surface C/

Al ( layer 3-top) - 34 -

I r rad iated Coating 139 38 3.7 
( layer 2-bottom) 

I r rad iated Coating 390 68 5.7 
( layer 2-top) 

Unirradiated Coating 230 130 1.7 
( layer 2-top) 

RAIR Results . RAIR spectroscopy provides information about 
the o r i en ta t i on of th in layers of molecules at in te r faces through 
se l ec t i on rules governing in f ra red absorption (H)). Prel iminary 
re su l t s ind icate that on photo l i be ra t i on , the sulfonate group of 
the hexadecanesulfonic fragment undergoes a reor ientat ion at the 
coating-aluminum in te r face suggesting that an i n t e r a c t i on 
develops between the s ing ly bonded sulfonate oxygen (R-SO2-O-H) 
and the aluminum oxide surface. 

Factors Governing Imaging Performance 

The image qua l i t y of the system depends on the f r a n g i b i l i t y 
of the metal layer and the a b i l i t y of the photosensit ive coating 
to impart the necessary peel forces on the metal layer so that 
the metal l ayer separates smoothly from the base f i l m i n the 
unexposed areas. Duct i le metals such as copper and gold do not 
provide the edge acuity afforded by the comparatively more 
b r i t t l e aluminum. Not a l l res in coatings are capable of causing 
the metal layer to delaminate from the base f i l m . Resins which 
are e i t he r too b r i t t l e (such as epoxy r e s i n s , 
methylmethacrylates) or too v i s c o e l a s t i c (2 -ethy lhexy lacry late 
pressure sen s i t i ve adhesives, ethy lene-polyv iny l ch lor ide polymer) 

In Colloids and Surfaces in Reprographic Technology; Hair, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



380 REPROGRAPHIC TECHNOLOGY 

f a i l to concentrate peel forces at the proper f i l m in t e r f ace . 
Usable res ins are selected e m p i r i c a l l y . 

Physical propert ies of the r e s in also govern the apparent 
pho tosens i t i v i t y of the system. Resins which have t h e i r Tg near 
room temperature e x h i b i t higher apparent photosens i t iv ty than 
res ins with t h e i r Tg well above room temperature. Gentle heating 
(40-90°C, 30-90 sec) or the presence of p l a s t i c i z e r s or res idual 
solvents increase the pho tosens i t i v i t y of otherwise i d e n t i c a l 
examples. 

The maximum reso lu t ion obtainable depends on the mode of 
franging of the metal l a y e r . I f an image i s produced i n which 
most of the background i s removed to leave i s lands of metal on 
the base (dots) resoution as high as 144 cycles/mm has been 
obtained; however, i f small i s lands of metal are removed from a 
l a r g e l y contininuous background (screen) much lower r e so lu t ion i s 
p o s s i b l e , ( 60 cycles/mm)
under t e n s i l e s t ress produc  superio  edg y
with Tgs above room temperature. 

This peel-developed system presents an unusual and, at the 
time of i t s somewhat serendipi tous d i scovery , unexpected 
implementation of surface and i n t e r f a c i a l phenomena to create a 
convenient method of graphic reproduct ion. At the same t ime , 
development of the system (which continues) has added to the 
understanding and control of surface ac t ive species and t h e i r 
inf luence on the complicated phenomenon of adhesion. 
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Ink-Paper Interactions in Printing: A Review 

M. B. L Y N E and J. S. ASPLER 

Pulp and Paper Research Institute of Canada, Pointe Claire, Quebec, Canada 

Physical and surface chemical models for 
the application of ink and fountain solution 
to paper under printing conditions are re
viewed. I n i t i a l transfer of ink to paper i s 
primarily by hydraulic impression, and sub
sequently by wetting, adhesion, and f i l m 
splitting. The effects of cavitation and 
filamentation on the uniformity of ink trans
fer and the influence of ink rheology on 
transfer and l i n t i n g and picking are review
ed. Wetting delays for water and fountain 
solution are discussed and the mechanism by 
which sizing and s e l f - s i z i n g of paper in-
creases the wetting delay i s described. The 
implications of fountain solution wetting 
delays for multicolour offset printing are 
described. 

Post-printing nip c a p i l l a r y sorption of 
ink and ink vehicles i s discussed using 
Lucas-Washburn theory and the influence of 
the rate of c a p i l l a r y sorption on ink hold
out, show through and set off are discussed. 
Finally, the long-term migration of oil 
vehicles over fibre surfaces by spreading 
with the attendant loss of paper opacity i s 
described. 
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The commercial printing industry embraces a wide variety of 
processes for putting ink on paper. This review w i l l be concern
ed with letterpress and offset lithography in their conventional 
forms. 

Ink formulations, printing forms, and printing pressures 
d i f f e r considerably in these processes, but the ink is invariably 
transferred from the printing medium to paper in a printing nip. 
At f u l l commercial printing speeds paper passes through this 
printing nip in approximately one millisecond. As depicted in 
Figure 1 for the letterpress case there are several factors i n 
volved in the transfer of ink to paper and subsequent migration 
of ink and ink vehicles in the paper structure. As shown in F i g 
ure 2 an asymmetric pressure pulse is created during the passage 
of the paper through the nip which both compresses the porous 
network structure of th
ink into the compresse
tration rates of between 250 and 525 um/s for the simulated 
letterpress printing of newsprint have been reported. This may 
be compared to 0.1 um/s for penetration 10 seconds after p r i n t 
ing I. 

Inks are thixotropic and pseudo-plastic so the hydraulic im
pression of the ink also depends on the shear history of the ink 
i n the inking system of the printing press and on the shear con
ditions in the printing nip. Paper is a v i s c o e l a s t i c material 
and thus the shape and duration of the pressure pulse affect i t s 
compression in the nip. On the outgoing side of the nip sub-
atmospheric pressures are created which cause cavitation and the 
onset of filamentation in the ink f i l m . The transfer process is 
complete with the fracture of the lengthening ink filaments. 
Since the sub-atmospheric pressure pulse is much smaller than the 
positive pressure pulse ink which has been forced into the c a p i l 
lary structure in the paper on the ingoing side of the nip is not 
withdrawn s i g n i f i c a n t l y on the outgoing side. 

Hydraulic impression of ink into the surface c a p i l l a r i e s of 
paper does not require that the ink wet the surface of the c a p i l 
l a r i e s , but uniform ink f i l m s p l i t t i n g does require the ink to 
wet and adhere to the surface of the paper during the millisecond 
of contact in the printing nip. In fact the uniformity of the 
printed image depends on the ink contacting and wetting the sur
face of the paper in the nip, on the rheological properties of 
the ink during l a t e r a l spreading and f i l m s p l i t t i n g processes, 
and on loc a l variations in the amount and depth of ink impressed 
into the surface c a p i l l a r i e s in the paper. 

A slight redistribution of the ink can occur after the paper 
leaves the printing nip due to aspiration as the network struc-
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Figure 1. A simplified model of ink impression and absorption. 
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Figure 2. Pressure distribution and velocity profiles in the splitting of a film of 
Newtonian fluid. 
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ture of the paper relaxes. I n i t i a l c a p i l l a r y imbibition may also 
cause ink to be drawn into the paper, but the o i l vehicle i s soon 
drawn into progessively finer c a p i l l a r i e s setting the ink by i n 
creasing the pigment concentration-. When o i l vehicles move into 
pores which would otherwise scatter light the opacity of the 
paper decreases. In this way, i t has been demonstrated that the 
vehicle continues to f i l l pores larger than the wavelength of 
li g h t for 5 to 15 minutes after printing. Using radioactive 
tracers i t has also been shown that the o i l continues to migrate 
for two to three weeks after printing, f i n a l l y penetrating to ap
proximately three quarters of the thickness of the newsprint 
paper studied^. Since the surface energy of the o i l vehicle is 
usually lower than that of the paper, i t can be presumed that 
this long-term migration is due to spreading. Thus, paper pr i n t 
ed with non-drying inks must have a high surface area in order to 
separate the o i l phase
ing to the other sid
through of the image due to opacity loss in the paper). On the 
other hand, i f the cap i l l a r y structure of the surface of the 
paper i s too fine the rate of ca p i l l a r y imbibition of the o i l 
vehicle w i l l be too slow causing set off of the fresh ink onto 
the printing press and onto inappropriate paper surfaces. 

Printing with inks which dry by solvent evaporation or by 
polymerization can be done on very smooth papers since rapid 
vehicle absorption i s not required to set the ink. In fact, 
uniform ink holdout is generally a prime requisite for printing 
with drying inks. Coating paper with mineral pigments in a s u i t 
able binder i s a common way in which to provide a smooth and less 
porous surface for printing. The mean pore size in the surface 
of coated paper i s about one order of magnitude smaller than that 
of the uncoated paper-. Ink penetration during impression i s 
thereby decreased. Thus, inks which set by solvent evaporation 
(heat set) or by polymerization must be used on coated papers in 
order to avoid set off and smearing. 

Offset lithography involves a further complication of the 
model depicted in Figure 1. The image is offset from the p r i n t 
ing plate to a corded rubber blanket which then transfers the 
image to paper in the printing nip. More importantly, fountain 
solution, commonly consisting of gum arable in aqueous solution, 
i s applied to the nonimage areas of the plate and finds i t s way 
onto the paper surface along with the ink. Fountain solution is 
also emulsified in the ink which changes i t s rheological and wet
ting properties^ ^. The paper must then absorb both an aqueous 
solution and an oil-based ink with a delay that does not exceed 
the time for the paper to pass from one colour printing unit to 
another. 

In this review, ink-paper interactions during and after the 
printing nip w i l l be examined starting with the least complicated 
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process, letterpress, and then dealing with s p e c i f i c interactions 
peculiar to the offset process. 

LETTERPRESS PRINTING 

Perhaps the simplest form of printing i s the transfer of an 
oil-carbon black ink from an unscreened printing plate to porous 
paper. Walker and Fetsko- were among the f i r s t to mathematical
l y model this process. They considered ink transfer to be i n f l u 
enced by three factors: contact between the ink film on the 
plate and the surface of the paper in the printing nip, immobili
zation of the ink in the surface pores of the paper, and s p l i t 
ting of the remaining portion of the ink film as the plate leaves 
the paper at the exit of the nip. Figure 3 shows a typical ink 
transfer curve for newsprin
ing plate i s varied ove

The i n i t i a l dip in the transfer curve is due to increasing 
contact between ink and paper as the ink fil m thickness is i n 
creased and progressively shallower pores in the surface of the 
paper are bottomed. As the amount of ink on the plate approaches 
commercial levels (about 5 g/m2) a maximum in the fraction of ink 
transferred from plate to paper i s reached. The fra c t i o n a l ink 
transfer exceeds 50 percent at this point due to the ink im
mobilized in surface c a p i l l a r i e s . This is shown graphically in 
Figure 4 where the fraction f of the remaining or 'free' ink film 
which s p l i t s and stays with the paper is calculated. The free 
ink film s p l i t is invariably much less than 50 percent at normal 
printing speeds. Thus as the amount of ink on the printing plate 
reaches a level where the surface pores begin to be s a t i s f i e d the 
free ink film s p l i t predominates and the fraction of ink trans
ferred declines. 

These concepts are modelled in the Walker-Fetsko ink 
transfer equation: 

y = A [bB + f(x - bB)] (1) 
—kx 

where: A • 1 - e * (fraction of contact) 
B = 1 - e " x / b (fraction of immobilized) 
y • amount of ink transferred to paper 
x • amount of ink on printing plate 
k = rate at which contact i s achieved with increasing ink 

on plate 
b • maximum amount of ink that can be immobilized in the 

paper 
f - fraction of free ink fil m that s p l i t s and stays with 

the paper. 
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x-INK WEIGHT ON PLATE (g/m2) 

Figure 3. Typical ink transfer (top) and fractional ink transfer (bottom) curves 
for newsprint printed at 4.6 m/s and 15.4 kN/m in a GFL rotary press ($). 

Figure 4. Splitting of free ink film in printing nip. (F — fraction of free ink film 
split that stays with paper.) 
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The equation is f i t t e d to the fract i o n a l ink transfer curve 
i n order to maintain residual error homogeneous over the whole 
range of ink weights on the printing plate**. The estimates ob
tained for the parameters k, b, and f ref l e c t fundamental pri n t 
ing characteristics of the paper. For example, as shown in F i g 
ure 5 the k parameter is a measure of the smoothness of the paper 
under printing conditions. 

By d i f f e r e n t i a t i n g the Walker-Fetsko equation with respect 
to each of the parameters and multiplying the derivative by one 
standard deviation about the mean value of these parameters for 
29 different printings of newsprint Mangin et a l 8 showed the i n 
fluence paper characteristics can have on ink transfer. As shown 
i n Figure 6 the main influence of the smoothness parameter k is 
at lower ink weights. The influence of the porosity related 
parameter b peaks and
begins to predominate
g/m2 the smoothness an  porosity parameter  equally importan
while the s p l i t parameter (related to the a f f i n i t y of the paper 
to ink and ink rheology) cannot be neglected. 

In 1947, Chapman- developed a instrument to measure the 
o p t i c a l contact between a f l a t glass prism and the surface of 
paper. The idea of measuring the smoothness of paper under pres
sure simulating the compression of paper in a printing nip has 
been explored by several authors s i n c e — " - ^ . Perhaps the most 
s t r i k i n g result of this work is the low fraction of contact that 
i s achieved. Under printing compression optical contact with 
smooth newsprint is about 20 percent and seldom above 50 percent 
for coated papers. 

Clearly, the deformation of the f l u i d ink in the printing 
nip must raise the total contact considerably. One way of c a l 
culating the effective contact between ink and paper is to 
measure the fraction of the paper surface covered with ink when 
printing with a so l i d printing form. Using a black ink i t is 
possible to calculate the fractional coverage from the r e f l e c 
tances of the printed and unprinted paper: 

Contact 

Rp = CRj + (1 - C) R^ (2) 

where: Rp 
Roo 

reflectance from printed paper 
reflectance from unprinted paper 
reflectance of ink 
fracti o n a l ink coverage C 
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X (INK ON PLATE) 

Figure 5. Effect of paper smoothness on contact fraction. 

0.15 • 

x - Ink weight on plate(g nV) 

Figure 6. Change in fractional ink transfer with a shift in parameters k, h, and f 
in the Walker-Fetsko equation equal to one standard deviation about their mean 

fitted values for 29 printings of newsprint ($). 
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Assuming the reflectance of the ink is approximately equal 
to zero ( i . e . neglecting translucence of the pigment and gloss): 

This i s the basis of the Larocque letterpress quality test*^ 
wherein 2 g/m2 of ink is used on the printing plate. At this ink 
lev e l the fr a c t i o n a l coverage varies from 0.3 to 0.6 for rough 
and smooth newsprint, respectively. 

Even at 0.5 fra c t i o n a l coverage the resulting print appears 
v i s u a l l y to be a r e l a t i v e l y uniform gray at reading distance. 
For just-noticeable difference
human eye at this distanc
tact area in a so l i d print i s finer than this resolution limit 
and i s thus integrated to gray by the eye. It should also be 
mentioned that the area covered by ink is overestimated by equa
tion (3) and by the eye due to a reduction in the reflectance 
from the unprinted portions of the printed s o l i d caused by the 
shadow effect of adjacent inked area ( i . e . the light scattered 
back from the unprinted areas is less than that from an unprinted 
sheet of the same paper). This optical spreading phenomenon is 
commonly known as the Yule-Neilsen effect — . 

Lateral spreading of ink in the printing nip is also a 
factor in sol i d coverage and in halftone dot reproduction. In 
fact, O i t t i n e n ^ has calculated the relative effects of physical 
spreading and optical spreading on the modulation transfer func
tion for halftone printing and found the former to be generally 
more s i g n i f i c a n t . 

The equation used to calculate l a t e r a l spread of ink during 
impression was that of Dienes and Klemm— for flow between paral
l e l plates: 

= 0 

then C = 1 - *E (3) 

(*) 
n 

where: d = 
P = 

dot diameter 
printing pressure 
ink f i l m thickness 
dwell time under pressure 
vis c o s i t y 

x = 
t 
n = 

Immobilization 

From the foregoing, i t is clear that the contact between ink 
and paper depends on the dynamic compressibility of the paper. 
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The void volume and the dist r i b u t i o n of pore sizes also change 
with compression of the paper affecting the hydraulic impression 
of ink during impression. 

Colley and P e e l ^ proposed the following master creep equa
tion to describe the compression of paper: 

AL = A (1 - tanh u) 

u = a log P m a x + 3 log t + y M + cx8 + e 

where AL̂  = compression 
L o 

A> a f 3, Y, a and

P m a x = maximum pressure 

t = dwell time at P„„ v max 

M = moisture content of paper 

6 = temperature of paper 

The equivalence for creep compression of alterin g pressure, 
dwell time, moisture, or temperature is ex p l i c i t y expressed in 
the argument u. 

Hsu— made a modification of the Kozeny equation using a 
simpler compression model to describe the hydraulic impression of 
ink into paper under printing compression. Knowing the void 
f r a c t i o n and effective c a p i l l a r y radius for newsprint from mer
cury intrusion measurements, the void fraction and effective 
c a p i l l a r y radius under print compression can be calculated using 
Equation (5) with the empirical parameters derived by Colley and 
Peel. The void fraction and effective c a p i l l a r y radius under 
printing compression can also be measured via a specially con
structed mercury intrusion apparatus.- In either case, these 
values can be used to calculate the volume per unit area of ink 
impressed into paper during i t s passage through the printing nip 
assuming Poi s e u i l l e flow into a structure having a void fraction 
made up of c y l i n d r i c a l c a p i l l a r i e s which are tortuous but not 
interconnected: 
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where: V_ 
^ = mean depth of penetration of ink into paper 

e = void fraction of paper under printing compression 

r = effective c a p i l l a r y radius of paper under printing 
compression 

t » time under pressure 

n = viscosity of ink 

P = printing pressure 

T = tortuosity (actual length of capillary/projected 
length of c a p i l l a r y )

According to equation (5) and using the parameters reported 
by Colley and Peel, the void fraction of newsprint under l e t t e r 
press printing pressures of 2.5 MPa for 1 ms (approximate figures 
based on effective height and width of the nip pressure pulse) 
w i l l be reduced from 0.6 for the uncompressed state to 0.48 (as
suming equilibrium with a standard temperature and humidity 
atmosphere of 23°C and 50% RH). If the effective pore radius for 
newsprint was 2 um before compression, i t w i l l be 1.75 um under 
compression. 

Taking a viscosity of 2 Pa.s and a surface tension of 30 
mN/m for the ink and a tortuosity factor of 5 for newsprint, 
equation (6) predicts a hydraulic impression of 3 um for the 
above printing conditions. This agrees reasonably well with the 
amount of ink transferred to newsprint in commercial letterpress 
printing. Since, as shown in Figure 1, the dynamic contact angle 
i s greater than 90 degrees during impression, c a p i l l a r y imbibi
tion may be neglected as a contributor to ink transfer. 

Under the same printing conditions and taking the effective 
pore radius, void fraction, and tortuosity of a coated paper to 
be about 0.2 um, 0.3 and 5, respectively, the calculated hydrau
l i c impression becomes 0.2 um. Thus, for coated papers the total 
amount of ink impressed i s a small fraction of the amount of ink 
transferred to the paper during printing. In other words, the 
immobilization of ink is predominant in the transfer of ink to 
newsprint, while the free ink fil m s p l i t is predominant in the 
case of coated papers. 

A p r a c t i c a l implication of these calculations i s shown in 
Figure 7. The optical density (blackness) of a sol i d print i s 
plotted as a function of the amount of ink on three types of 
paper and a non-porous p l a s t i c film (mylar). The less porous the 
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Plastic film 

Cast-coated 

Coated 

Newsprint 

/ 
I i i i i i i 

0 1 2 3 4 5 6 

Ink weight on sample (g/m2) 

Figure 7. Optical density (blackness) as a function of the amount of ink on paper 
or mylar film (48j. 
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paper, the less ink is impressed into the paper. Ink holdout 
results in a greater optical density at a given weight of ink on 
the paper. 

Ink rheology affects the ink immobilization, l a t e r a l spread
ing, and ink film s p l i t t i n g components of ink transfer. More 
pseudoplastic inks have lower v i s c o s i t i e s during impression, and 
as predicted by equations (4) and (6) this results in greater 
l a t e r a l coverage and higher immobilization. Ink e l a s t i c i t y 
( r a t i o of storage modulus to dynamic viscosity) has also been 
shown to improve coverage and t r a n s f e r — . F i n a l l y ink shortness 
(r a t i o of apparent yie l d stress to p l a s t i c viscosity) has been 
found to affect t r a n s f e r — ^5 and l a t e r a l coverage (halftone dot 
sharpness)^. Presumably, the filaments of shorter inks fracture 
closer to the nip center leading to a more uniform transfer. 

Free Ink Film S p l i t 

The mechanism of ink immobilization is an important factor 
i n determining the amount that w i l l be free to s p l i t at the exit 
of the printing nip. As shown in Figure 2, the positive pressure 
generated in the nip is much greater than the negative pressure 
pulse which follows i t . Hydraulic impression into i n t e r f i b r e 
c a p i l l a r i e s in paper against the viscous resistance of the ink is 
not s i g n i f i c a n t l y reversed during ink film s p l i t t i n g . Thus, the 
impressed ink can be considered immobilized with respect to the 
ink f i l m s p l i t . Note that the ink does not need to wet the sur
face of the pores for this form of immobilization. However, 
op t i c a l contact measurements show that there i s a si g n i f i c a n t 
portion of the surface of any paper when compressed that l i e s 
p a r a l l e l to the surface of the printing plate. Here wetting and 
adhesion of the ink to the paper must occur for the ink to be 
transferred since ink cannot be immobilized in these regions by 
hydraulic impression. It is also apparent that the smoother the 
surface of the paper the more important wetting and adhesion 
becomes for good transfer. 

DeGrSce and Mangin— have treated the case of ink transfer 
to nonporous model substrates such an mylar. The surface of 
mylar contains pits of about 1 Mm depth. Very l i t t l e void volume 
exists for ink immobilization, thus allowing ink f i l m s p l i t t i n g 
to be examined in i s o l a t i o n . The transfer of two ink vehicle 
o i l s of d i f f e r i n g v i s c o s i t i e s and corresponding inks to mylar is 
shown in Figure 8 as a function of ink weight on the printing 
plate and printing speed in a rotary letterpress unit using a 100 
percent tone plate. The fraction of ink transferred to the mylar 
decreases with ink weight on the plate and as the printing speed 
or viscosity i s increased and can be as low as 0.25 at commercial 
printing speeds. 
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Key: LV oil, low viscosity oil; HV oil, high viscosity oil; LV-12% C ink, LV oil with 
12% by weight of carbon black pigment; and HV-12% C ink, HV oil with 12% by 

weight of carbon black pigment (21). 
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The chemistries of commercial o i l vehicles vary with respect 
to the ratio of aromatic, para f f i n i c and cycloparaffinic carbon 
(generally about 20, 40, and 40 percent, respectively), degree of 
oxidation, and amount and character of impurities. The surface 
energies of the high and low viscosity ink vehicles shown in Fi g 
ure 8 were 31.3, and 26.0 mN/m, respectively (as measured by the 
Du Nolly ring method). 

The v i s c o s i t i e s of the o i l s and the o i l s mixed with 12 per
cent carbon black pigment are shown in Figure 9 as a function of 
the rate of shear in a cone-plate viscometer—. In this range of 
shear rates the o i l s are Newtonian f l u i d s while the corresponding 
inks are markedly pseudoplastic. As the pigment in the inks is 
broken down to progressively finer agglomerates at increasing 
rates of shear the v i s c o s i t i e s of the inks approach those of 
their respective o i l vehicles
encountered in the printin
the corresponding inks  expecte

On a fundamental l e v e l , wetting and adhesion should be 
improved by decreasing viscosity and/or surface tension. Thus, 
the lower visco s i t y , lower surface tension o i l and corresponding 
ink should wet and adhere to the mylar better than the higher 
viscosity o i l and ink. Zisman— has also pointed out that a i r 
bubbles trapped between a l i q u i d and asperities in the surface of 
impervious materials l i k e mylar can seriously i n h i b i t adhesion 
and cause a G r i f f i t h fracture when the adhesive bond is stressed. 
Thus, at the outgoing side of the printing nip, nonuniform 
adhesive f a i l u r e between the ink and the mylar could result in 
less ink transfer. This effect could be expected to become more 
pronounced with greater printing speed, and higher viscosity and 
higher surface tension of the o i l or ink. However, DeGrice and 
Mangin^i observed that the ink t o t a l l y covered the surface of the 
mylar even at the higher press speeds (5.9 m/s), and thus con
cluded that wetting and adhesion occurred uniformly over the 
surface of the mylar. 

Filamentation of the ink film occurs as the result of cavi
tation in response to sub-atmospheric pressures that occur beyond 
the centre of the printing nip (see Figures 1 and 2). DeGr£ce 
and Mangin— have pointed to asymmetric cavitation favouring the 
substrate surface as the cause of ink filaments forming closer to 
the paper surface than the surface of the printing plate. They 
argue that the surfaces of paper and mylar provide more nuclea-
tion sites for cavitation than exist in the bulk of the o i l or 
ink. A i r entrained in the printing nip could also provide sites 
for cavitation near the surface of the substrate. Ink filaments 
thus form closer to the substrate than the plate - an effect 
which becomes more pronounced with thicker ink films. Filament 
flow tends to equalize the asymmetric position of the filament. 
Increasing the printing speed reduces the time for filament flow 
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Figure 9. Viscosity of letterpress ink and oils (described in Figure 8) measured as 
a function of shear rate in a Rheometrics Mechanical Spectrometer with cone and 

plate fixtures and a cone angle of 2°20' (22). 

In Colloids and Surfaces in Reprographic Technology; Hair, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



402 REPROGRAPHIC TECHNOLOGY 

before rupture and thus, increasing printing speed or viscosity 
w i l l result in filament s p l i t t i n g closer to the mylar or paper 
surface and decreased ink transfer. 

Cavitation, filamentation, v i s c o e l a s t i c i t y and tack w i l l be 
discussed further in connection with lithographic printing. 

Post-Transfer Phenomena 

Paper relaxes v i s c o e l a s t i c a l l y following the post-nip decom
pression. This recovery of void volume results in aspiration of 
ink into expanding c a p i l l a r i e s in the paper. This may be the 
las t effective movement of the whole ink - thereafter the vehicle 
migrates increasing the pigment concentration and leaving the 
pigment distributed exponentiall
paper 2. 

Three mechanisms can be considered for the migration of an 
ink vehicle such as o i l : c a p i l l a r y imbibition, spreading, and 
bulk d i f f u s i o n . It takes about 100 ms for a fresh print to 
travel from one nip of the printing press to the next in a com
mercial multicolor printing press. In this time the o i l vehicle 
i s s u f f i c i e n t l y drained from the ink that set off does not occur 
i n the second colour unit. The driving force for ca p i l l a r y 
imbibition i s surface tension: 

p = 2y COS 6 
r (7) 

where: P = c a p i l l a r y pressure 
Y = surface tension of vehicle 
r = effective c a p i l l a r y radius 
6 = contact angle between vehicle and c a p i l l a r y walls. 

Assuming that the advancing contact angle for o i l on the 
c a p i l l a r y walls i s approximately zero equation (7) may be com
bined with equation (6) to y i e l d : 

V = e_ / T Y F (8) 
A T \2n 

If the o i l vehicle has a surface tension of 30 mN/m and a v i s 
cosity of 0.5 Pa.s and i f the paper is uncompressed newsprint the 
void frac t i o n , tortuosity and mean effective c a p i l l a r y radius 
w i l l be approximately 0.6, 5 and 2 um, respectively. Equation 
(8) then predicts that in 100 ms ca p i l l a r y imbibition could with
draw 9 um of vehicle from the surface. 
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This i s more than adequate to set news inks at commercial 
levels of ink application. Capillary imbibition i s thus the 
predominant ink setting mechanism since spreading and bulk d i f 
fusion are much slower processes. However, two complications 
arise in this s i m p l i s t i c model. Implicit in the model i s the 
assumption that the c a p i l l a r i e s are connected to an inexhaustible 
supply of l i q u i d . This i s not the case, and i t would be more 
reasonable to assume that as the larger c a p i l l a r i e s drain the o i l 
from the surface of the paper d i f f e r e n t i a l c a p i l l a r y pressures in 
the interconnected network drain the vehicle into progressively 
smaller c a p i l l a r i e s emptying the larger ones (see Figure 1). 
These d i f f e r e n t i a l pressures can be expressed as: 

AP = 2 y cos 6 ( I - I ) (9) 
r • r 

where r* is the radius

Secondly, the concept of cap i l l a r y imbibition being respon
s i b l e for the setting of an ink by draining the vehicle away from 
the pigment can be disputed. Larsson and Sunnerberg 2 6 used 
radioactive tracers to monitor pigment concentration in news inks 
after the printing nip. The average pigment concentration rose 
from 14.4 percent to 25.5 percent in one hour and reached e q u i l i 
brium after 24 hours. The average pigment concentration did not 
r i s e appreciably in the f i r s t second after printing suggesting 
that whole ink may be imbibed i n i t i a l l y after printing. The 
setting effect may occur at the surface of paper where pigment is 
l e f t behind as the whole ink is imbibed. This kind of chromato
graphic effect i s more reasonable than drainage by ca p i l l a r y 
imbibition because at some point during the concentration of the 
pigment c a p i l l a r i e s w i l l be created in the concentrated ink that 
are finer than those in the paper. Thus, according to equation 
(9) the vehicle w i l l thenceforth be retained by the pigment. 

The dendritic structure portrayed in Figure 1 is not valid 
for the structure of paper coatings. The more regular packing of 
clay platelets, or calcium carbonate particles probably leads to 
a structure consisting of larger voids joined by smaller i n t e r 
s t i c e s . Equation (9) predicts that ink cannot penetrate by 
ca p i l l a r y imbibition beyond the f i r s t i n t e r s t i c i a l void, thus ef
f e c t i v e l y reducing the void volume and rate of penetration. For 
this reason inks which set by solvent evaporation and/or polymer
iz a t i o n are generally used on coated papers instead of pene
trating inks. 

According to equation (8) the rate of penetration of ink 
vehicle into newsprints observed by Lyne and Madsen- 10 to 100 
seconds after printing of 0.1 um/s corresponds to c a p i l l a r i e s 
having a mean effective radius of about 0.2 um. This agrees well 
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with the observation that the opacity of paper continues to de
crease for a few minutes after printing— since pores of 0.2 um 
radius and larger would scatter light u n t i l f i l l e d by the ink 
vehicle. Bulk diffusion of o i l vehicle into the c e l l walls of 
fibres is a very slow mechanism. The half time for diffusion of 
an o i l of about C 3 0 through a single fibre wall of a glassy poly
mer such as cellulose at room temperature would be in the order 
of weeks. This leaves spreading of the low surface energy o i l 
vehicle (circa 30 mN/m) over the surface of the fibres as a 
reasonable long-terra mechanism for o i l migration in paper. The 
surface of mechanically prepared wood fibres is primarily l i g n i n 
while bleached chemically pulped fibre has a c e l l u l o s i c surface. 
Surface energies for various forms of l i g n i n and cellulose are 
l i s t e d in Table I along with their London components. The sur
face energy of paper coatings varies p r i n c i p a l l y with the binder 
used, natural binders bein

Table I. Surface Free Energies of Paper and Related Substrates 

Y Y L 

mN/m Reference 

Crystalline cellulose 
Thermomechanical pulp fibres 
Holocellulose 
Fatty-acid surface 
Mylar poly(ethylene terephthalate) 
Coated Paper 
Regenerated (low c r y s t a l l i n i t y ) 
cellulose 

Lignin 
Water 

48 (27) 
37 (27) 
48 (28,29) 
24 (47) 
40 (45) 

30-45 30 (44) 
68.7 38-42 (28) 

52.5 36-43 (30) 
72 22 

Using values from Table I i t i s possible to calculate 
Young's spreading c o e f f i c i e n t : 

S = Y 2 - Y 2 " Y 1 2 (10) 

= wA - Wc (11) 

W A = 2(y\ybh + 2<T?T1>% (12) 

Wc = 2Y 2 (13) 

where: W^ = work of adhesion 
WQ = work of cohesion 
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Neglecting the polar components for the case of o i l on l i g n i n S 
i s + 10 and for o i l on cellulose is + 16. These values are suf
f i c i e n t l y large that conditions for spreading are highly favour
able. However, i f a l l the o i l transferred to paper spread to a 
monolayer i t would more than cover the tot a l surface area of 
newsprint (circa 1 m2/g). Thus, o i l must also be retained in the 
finer c a p i l l a r i e s in the paper and in the ink pigment. 

F i n a l l y , three important factors in print quality - print 
density, show through, and set off are graphed in Figure 10 as a 
function of the amount of ink on the printed paper. The printer 
generally controls the amount of ink on the printing plate in 
order to arrive at a predetermined print density, or contrast in 
the printed image. Papers of d i f f e r i n g smoothness, porosity, and 
a f f i n i t y to ink w i l l exhibit considerable variation in the r e l a 
tionships among these thre
give a print density o
order to avoid show through and set off problems. 

OFFSET LITHOGRAPHY 

With respect to the ink-paper interactions two major factors 
separate offset lithography from letterpress: fountain solution 
i s transferred to paper in nonimage areas and to paper in image 
areas by emulsification i n the ink, and, since the rubber blanket 
used in offset creates close contact with the paper surface, 
thinner and more highly pigmented ink films can be applied to 
paper, aiding ink holdout. Thus, paper for the offset process 
must wet rapidly with polar fountain solution as well as o i l -
based inks, and must withstand ink f i l m s p l i t t i n g forces without 
l i n t i n g , picking, or delaminating. Excessive absorption of foun
tain solution may result in rupture of in t e r f i b r e hydrogen bonds 
li b e r a t i n g fibres and debris, and i t may soften coating binders 
leading to picking. If the pH of the paper i s too low, acid 
s o l u b i l i z a t i o n by the sorption of fountain solution w i l l cause 
interference with ink drying. The hygro-stability of the paper 
and i t s tensile strength when moistened with fountain solution 
can also pose press runnability problems. Nonabsorption of foun
tain solution transferred to the paper in the nonimage area of 
one colour unit can cause refusal of the ink to transfer to the 
paper in the next colour printing unit. This i s i l l u s t r a t e d in 
Figure 11 for varying times between the application of a water 
fil m to paper and overprinting with oil-based ink. 

Dynamic Wetting of Paper by Fountain Solution 

B r i s t o w ^ has described a device for measuring the sorption 
of various liquids into paper. As shown in Figure 12 a paper 
s t r i p is mounted on a rotating wheel, and is drawn past a minia-
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Figure 10. Print density (%), show through (A) and set off ( • ) as a function of 
the amount of ink on the printed sample (48,). 

Figure 11. The effect of altering time between the application of water to the sur
face of a coated board and overprinting with a lithographic ink. (Reproduced, with 

permission, from Ref. 31. Copyright, Marcel Dekker, Inc.) 
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ture distributor (or open headbox) which is deadweighted so that 
i t rests on the paper s t r i p with a pressure of 0.1 MPa. The 
dist r i b u t o r is f i l l e d with a known amount of li q u i d which has a 
time available for sorption determined by the peripheral speed of 
the wheel V and the width of the s l i c e opening (L = 1 mm) in the 
d i s t r i b u t o r . Since this speed may be varied, the relationship 
between the amount of li q u i d transferred per unit area of paper 
and the time available for sorption may be established as in F i g 
ure 13. 

The amount of li q u i d which transfers to the paper can be 
described by: 

A = K r + K a th (14) 

where K r i s the volumetri
l i q u i d which would theoreticall
of paper at zero time, and K a i s an absorption c o e f f i c i e n t . 
K r i s also the mean depth to which the f l u i d may penetrate 
before c a p i l l a r y forces are i n i t i a t e d . As shown in Figure 13, 
there is a wetting delay before water begins to be sorbed into 
i n t e r f i b r e c a p i l l a r i e s . The wetting delay for mineral o i l is too 
short to be resolved by the Bristow instrument. 

The wetting and spreading of high viscosity f l u i d s on paper 
is affected by surface roughness—. Hoy land et al.-^- found that 
the wetting delay for water was unaffected by the surface rough
ness of bleached kraft paper, but that increasing the viscosity 
of water with starch brought about a roughness effect on the 
wetting delay. 

A porous, pure cotton cellulose paper such as Whatman chrom
atographic paper does not show a wetting delay to water. How
ever, as shown in Figure 14 sizing the Whatman paper in a 2 per
cent isopropanol solution of Dupont Quilon-C causes a wetting 
delay of about 80 ms and a severe reduction i n the rate of 
absorption, K a, despite the fact that the mean pore size 
measured by mercury intrusion does not change as the result of 
the s i z i n g . Quilon-C creates a fatty acid barrier to wetting in 
much the same way as naturally occuring fatty acids in wood 
create barriers to wetting of the kraft l i n e r shown in Figure 13 
and newsprint as shown in Figure 15. 

The resulting wetting delay is exacerbated by aging or heat
i n g ^ •^t. As shown in Figure 15 the newsprint manufactured from 
fresh pulp has a wetting delay of 80 ms (generally the wetting 
delay for fresh newsprint l i e s between 40 and 80 ms) while news
print made from flash dried bale pulp aged for one year exhibits 
a wetting delay of about 0.5 seconds. This progressive spreading 
of the resin and fatty acids with aging is therefore referred to 
as s e l f - s i z i n g . 
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TIME AVAILABLE FOR SORPTION = ^ 

H E A D B O X 

W P A P E R STRIP 

Figure 12. Principle of Bristow's instrument for dynamic wetting and absorption 
studies. (Reproduced, with permission, from Ref. 31. Copyright, Marcel Dekker, 

Inc.) 
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Figure 13. Amount of liquid transferred to paper (kraft liner), on a square-root 
time axis (32). Key: O, oil-A; A , oil-B; and water. 
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Figure 14. Dynamic absorption of water by chromatographic papers (46). Key: 
•» Whatman #4 (coarse); A , Whatman #5 (fine); O , Whatman #/ (medium); 

and Whatman #1 (sized). 
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Figure 15. Wettability of newsprint made from fresh pulp (O) and from a flash 
dried bale pulp aged for one year (%) (33). 
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Lyne Suranyi et al.2-±, and Takeyama and Gray 2̂ . have shown 
that solvent extraction of fatty acids has l i t t l e effect on wet
ting time- On the other hand Suranyi et a l . ^ 1 showed that corona 
discharge could reduce the wetting delay and Takeyama and Gray^-
found that a sodium methoxide extraction was necessary to reduce 
the wetting delay of paper heated in the presence of stearic 
acid. Thus, i t appears that with heating or aging the fatty 
acids in wood may become chemically bound to fibre surfaces in 
paper. 

The question remains as to whether uncontaminated cellulose 
has a wetting delay to water. Hoyland— has reported a wetting 
delay of 21 ms for water penetration into compacted pad of f u l l y 
bleached kraft fibre using a conductance probe technique. Using 
the Bristow apparatus on a pure, clean, regenerated cellulose 
f i l m (cellophane) and o
been repulped, beaten t
to avoid rapid i n t e r f i b r e sorption the authors  have demonstra
ted a wetting delay of about 8 ms on both surfaces. The authors 
have postulated that the wetting delay is the time required 
before l i q u i d - l i k e water is absorbed onto fibre surfaces - a 
process which i s impeded by sizing or self s i z i n g ^ . After 
l i q u i d - l i k e water begins to be absorbed on fibre surfaces, bulk 
water can advance on the walls of i n t e r f i b r e c a p i l l a r i e s i n i t i 
ating rapid c a p i l l a r y sorption. 

The rate of sorption through the porous, unsized Whatman 
papers is so rapid that saturation effects can be seen as a down
ward curvature of the sorption curves shown in Figure 14. On the 
other hand, the sorption curve for fresh newsprint shown in F i g 
ure 15 i s curved upward. Capillary sorption is slow enough in 
the finer pores of newsprint that sorption of water into fibre 
walls and the resulting swelling of the fibres can s i g n i f i c a n t l y 
increase the size of i n t e r f i b r e c a p i l l a r i e s during sorption. 
This increase in the i n t e r f i b r e c a p i l l a r y size can be seen as an 
increase in the rate of sorption with time (or upward curvature) 
for the conventional newsprint in Figure 15. 

Can these results for water sorption be related to the ap
p l i c a t i o n of fountain solution to paper during lithographic 
printing? In Figure 16 the addition of a surfactant is seen to 
have l i t t l e effect on the dynamic surface tension of water at a 
surface age of 3 ms. Thus, on the time scale of the wetting of 
newsprint, fountain solutions which consist p r i n c i p a l l y of an 
aqueous solution of gum arable may behave s i m i l a r l y to the case 
of water alone. Conversely, as shown in Figure 17 fountain solu
tions containing isopropanol exhibit lower dynamic surface ten
sions and should wet paper more readily than water alone. 
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Figure 17. Effect of isopropanol concentration on the static and dynamic surface 
tension of water (31). 
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The Effect of pH on Ink Drying 

The extractive pH of paper depends on manufacturing process
es (e.g. the pulping method used, bleaching, papermachine addi
tives such as alum, sizing agents, and coating). Inks used in 
sheet-fed offset lithography set and dry by the oxidation i n i 
tiated polymerization of linseed o i l or synthetic polymer com
ponents. Metal salts are used in order to accelerate the rate of 
polymerization and thereby avoid set off and smearing of the 
fresh ink. As shown in Figure 18 the action of these catalysts 
i s interfered with i f the extractive pH of the paper i s below 
about 5.5. To some degree the pH of the fountain solution can be 
varied to compensate for too low an extractive pH in the paper. 

Tack Forces and Ink Fil  S p l i t t i n

Offset lithographi  printing
s p l i t between the printing plate and the offset blanket. For 
this reason and because the offset blanket conforms to the paper 
surface the ink f i l m transferred to paper can be thinner than in 
letterpress printing. The pigment content of offset ink has to 
be greater than for letterpress in order to compensate for the 
thinner ink f i l m . Thicker ink films are also not possible 
because halftone dot d e f i n i t i o n would be lost due to ink spread 
on the f l a t lithographic plate. Offset inks also contain more 
polymer resins (e.g. polyindene) than letterpress inks in order 
to improve ink transfer and reduce waterlogging. A major d i s 
advantage of the higher pigment and polymer content of offset 
inks is that much higher tack forces are generated during ink 
f i l m s p l i t t i n g than in the letterpress case. These tack forces 
are responsible for l i n t i n g of weakly bonded fibres from the 
surface of newsprint and picking of fibres and coating from the 
surface of fine papers. 

Two important factors in the generation of tack forces in a 
printing nip are cavitation and ink rheology. 

Cavitation 

At low speed, film s p l i t t i n g may be described by a simple 
hydrodynamic model. However, above a c r i t i c a l speed, the f i l m 
w i l l s p l i t by the formation and rupture of the ink filaments. 

The sub-atmospheric pressure developed in the ink film shown 
in Figure 2 has never been d i r e c t l y measured or precisely located 
with respect to the nip centre. Nor is i t even certain whether 
the minimum occurs just before cavitation, or at the point of 
filament rupture. 
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Cavitation w i l l commence when the cohesion of the ink i s 
overcome l o c a l l y , so that points of nucleation are helpful . 
M i l l e r and Myers— found by high speed photography of films 
s p l i t t i n g in a low pressure chamber that while the film s p l i t t i n g 
pattern was unchanged down to 0.1 atm. pressure, the work of 
separation increased due to the loss of the contribution of a i r 
expansion within the fil m . In general, suspensions w i l l cavitate 
more readily than their vehicle f l u i d s , and large pigment p a r t i 
cles w i l l i n i t i a t e cavitation sooner, thus causing tack forces to 
be smaller. On the other hand, smaller particles which cause 
cavitation later w i l l lead to finer filaments, thereby improving 
print quality by improving the uniformity of ink transfer. 

The cavities thus formed w i l l expand. This would suggest 
that the increase in t o t a l surface energy due to the creation of 
new surface would be a
in an analysis of cavit
Hoffman and Myers— found that surface tension contributed only 7 
percent and the viscosity contributed 93 percent to the work of 
separation of the o i l f i l m . 

The f i n a l stage in the film s p l i t is the formation and sub
sequent breakage and r e c o i l of the ink filaments. Viscosity, 
e l a s t i c response of the ink, and surface tension forces c o n t r i 
bute to the force required to fracture the filaments. 

Ink Rheology and Tack Force 

Letterpress news inks are pseudoplastic but not v i s c o e l a s t i c 
at the shear rates shown in Figure 9. Polymer resins present in 
offset ink formulations render them v i s c o e l a s t i c . This can be 
measured under o s c i l l a t o r y shear in a rheometer such as the Mech
anical Spectrometer: 

T ( t ) = Gf Y Q s i n (a)t) + n ,Y Q cos (wt) (15) 

where: T ( t ) = shear stress 
G' = e l a s t i c storage modulus 
n' • dynamic vi s c o s i t y 
Y = shear strai n o 
Y = shear rate 

Gf is a measure of the storage of e l a s t i c energy and n 1 i s a 
measure of the viscous dissipation of strain energy. These para
meters are shown in Figure 19 as a function of the frequency of 
o s c i l l a t i o n u> of the cone in the cone and plate fixture of the 
Mechanical Spectrometer for an offset news ink. It can be seen 
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Figure 19. Rheological properties of a commercial lithographic offset news ink 
(viscosity -q, dynamic viscosity rf, and elastic storage modulus G') as measured in a 

plate fixtures with a cone angle of 2°20' (22). 
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that the storage of e l a s t i c energy increases and the viscous d i s 
sipation decreases as the frequency of o s c i l l a t i o n i s increased. 
Thus at the shear rates encountered in printing, offset inks 
are l i k e l y to behave p r i n c i p a l l y as e l a s t i c materials. 

An adequate description of the rheology of sheet-fed offset 
i n k s — requires higher order (nonlinear) terms in addition to 
those in equation (15). Measurement of the normal forces may also 
be useful in elucidating ink rheology. 

As mentioned previously, at very slow rates of fi l m s p l i t 
ting a simple hydrodynamic model can be used to describe the 
separation f o r c e 2 5 . The velocity of separation of the two sur
faces multiplied by the viscosity of the f l u i d gives a reasonable 
indication of the separation force in this case. However, i t 
should be borne in min
the polyisobutene used
face strength, or picking resistance, of paper i s non-Newtonian 
at high shear rates. As shown in Figure 20 i t is d i f f i c u l t to 
decide the actual viscosity of polyisobutene during print simula
tion tests. More importantly, the ve l o c i t y - v i s c o s i t y product 
does not predict the separation force at the high rates of 
separation encountered in printing due to cavitation effects and 
complex flow behaviour in the ink filaments. 

E l a s t i c i t y at high shear rates i s also bound to influence 
tack force i n the nip of an offset press. Besides shear rate the 
e l a s t i c i t y i s influenced by the molecular weight and molecular 
structure of the dissolved polymers, and interactions between the 
pigment p a r t i c l e s , the vehicle, and the dissolved polymer mole
cules. Of particular interest i s the effect of the molecular 
mobility of s t i f f - c h a i n polymers such as polyindene on e l a s t i c i t y 
and tack force at the shear rates encountered in an offset p r i n t 
ing nip. 

Unfortunately, laboratory instruments such as the Inkometer 
and Tack-o-Scope do not measure tack force, but rather a complex 
combination of tack force, ink viscos i t y , and the rheological 
p r o p e r t i e s of the elastomeric covering on the measuring 
r o l l e r ^ Investigation of the origins or tack force i s also 
hampered by a lack of knowledge surrounding the shear conditions 
i n the printing nip, and measurements of e l a s t i c i t y and other 
rheological parameters may be misleading for the case of offset 
inks i f the shear rates do not correspond to those in the p r i n t 
ing nip. Kelha* et a l . ^ - ^1 developed a p a r a l l e l plate tackmeter 
i n which the rate of acceleration of the separating plates was 50 
m/s2. While this i s comparable to the rate of ink filament ac
celeration in a commercial press the ink did not undergo shearing 
as i t would in a printing nip. However, they observed tack 
forces of about 5 mPa for linseed oil-carbon black offset inks 
having a fi l m thickness of 5 um. This tack force i s s l i g h t l y 
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Figure 20. Shear stress developed in IGT polyisobutene pick test oil and a silicone 
oil as a function of shear rate in a Ferr anti-Shirley cone and plate viscometer with 

a cone angle of 20'30" (22). 
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lower than the specific bond strength between fibres in paper but 
could well cause fibre removal by bond peeling. 
Summary 

Using a dynamic compression model for paper i t is possible 
to calculate the void fraction and effective capillary radius of 
paper under printing compression. A simple Poiseuille model can 
then be used to make an estimate for the hydraulic impression of 
ink into interfibre capillaries during the passage of paper 
through the printing nip. The role of surface chemistry in the 
wetting of paper and adhesion of ink during the passage of paper 
through the printing nip is not yet clearly understood. 

Calculation of the rate of capillary imbibition after the 
printing nip agrees well with the setting times for news inks and 
observations of opacit
ing. Spreading appear
ink vehicles migrate in paper. 

In the case of offset lithography the wetting of the surface 
of paper and subsequent sorption of fountain solution is im
portant for the avoidance of printing problems such as ink re
fusal in multicolor printing, linting and picking, and inter
ference with ink drying mechanisms when residual acid in paper is 
solubilized. 

Tack forces generated during ink film splitting are not well 
defined or easily measured with existing instrumentation. How
ever, it is suggested that ink tack is related to ink elasticity, 
or more fundamentally, to molecular mobility of s t i f f chain poly
mer additives to lithographic inks. 
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Surface Properties o f Cellulose a n d Wood Fibers 
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Two relatively ne
reviewed. In th
drocarbon vapors on cellulose surfaces is measured by 
means of inverse gas chromatography. Adsorption iso
therms, surface areas and surface free energies may 
be derived from the measurements. More significant
ly, the technique allows measurements at different 
relative humidities, and thus the effect of this im
portant variable on surface areas and other surface 
properties may be investigated. An increase in re
lative humidity leads in general to a decrease in 
surface area and a decrease in the affinity of the 
paper surface for hydrocarbons. The second tech
nique has proved of some value for the chemical ana
lysis of paper surfaces, which may contain wood com
ponents such as lignin and low molecular weight or
ganic extractives in addition to cellulose and rela
ted polysaccharides. The bulk composition of paper 
is readily determined, but analysis of the surface 
requires more effort. By combining ESCA measure
ments of the oxygen-carbon ratio of paper surfaces 
with solvent extraction of the samples, it is possi
ble to estimate the amount of lignin and extractives 
at the paper surface. This information may be rele
vant to the wettability of the paper. Results of 
the ESCA analyses of mechanical and chemical pulp 
surfaces will be reviewed. 

The surface properties of cellulose, wood fibre, and paper 
are of great importance in the production and uti l ization of paper 
and board. Phenomena as diverse as the formation of fibre-fibre 
bonds in papermaking and the ink-paper interaction during printing 
processes are certainly influenced by the surface properties of 
fibres and sheet. With the development of increasingly sophisti-
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cated reprographic techniques, the surface properties of the re
ceptor sheet may become more c r i t i c a l . Paper, s t i l l the most im
portant reprographic substrate, i s an exceedingly complex materi
a l . In addition to c e l l u l o s e , i t s chemical constituents may i n 
clude hemice '.lulose, l i g n i n , and low molecular weight organic ex
tractives. Each of the l a t t e r materials can vary widely i n com
position and abundance. Sheet composition i s further complicated 
by the addition of flocculants, retention aids, and inorganic f i l 
l e r s during the sheetmaking process, and by subsequent s i z i n g and 
coating procedures. The complex morphology of fibres and sheets 
means that the surface composition may be very different from the 
bulk composition. Obviously, a wide range of methods i s required 
to determine the surface composition and properties of paper. In 
t h i s summary, no attempt w i l l be made to review the l i t e r a t u r e on 
the surface properties of paper. Discussion w i l l be limited to 
two techniques, invers
troscopy (ESCA), which
face characterization of fibres and paper. 

Gas Chromatography 

Although best known as an an a l y t i c a l technique, gas chromato
graphy i s also used to make physical measurements (1_). Applica
tions to polymeric substrates where the material under study i s 
the stationary phase i n the GC column have been reviewed (2_, 3_). 
GC methods have been used to measure the adsorption of non-swel
l i n g vapours on the surface of dry (^-8) and moist ( 9 - 1 2 ) c e l l u 
lose. Adsorption isotherms, surface areas, i s o s t e r i c heats and 
entropies of adsorption have been measured for a range of hydro
carbons and organic vapours. Perhaps the most useful aspect of 
the method i s that the effect of r e l a t i v e humidity on surface pro
perties may be investigated. The v a l i d i t y of the method as ap
p l i e d to surface area measurements i s described i n some d e t a i l be
low. Other applications of GC to cellulose surfaces are then sum
marized b r i e f l y . 

Effect of Relative Humidity on the Surface Area of Paper. 
V i r t u a l l y a l l the physical and mechanical properties of fibres and 
paper vary strongly with moisture content, and i t would be expec
ted that surface properties should also be sensitive to r e l a t i v e 
humidity. L i t t l e work has been published on the effect of mois
ture on the surface properties of fibres and paper. As a starting 
point, i t may be noted that the basic property of any surface i s 
i t s surface area. How does the surface area of a f i b r e or paper 
sheet change with re l a t i v e humidity? 

In considering this question, the surface area must be cle a r 
l y defined. We are concerned here not with the simple geometric 
area of a sheet of paper, but rather with the larger area of fibre 
surface and pores which are accessible to a gas-phase adsorbate. 
This i s the area which may be measured by the standard nitrogen 
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sorption technique on dry fibres and sheets. However, measure
ments by nitrogen adsorption are not possible on sheets containing 
moisture (the measurements are made at very low temperatures, 
where water freezes) so an alternative way to measure the change 
in surface area i s required. The method we use i s to measure the 
surface adsorption of hydrocarbons at ambient temperatures by a 
gas chromatographic (GC) method. With care, GC measurements allow 
adsorption measurements to be made, even with l e s s - v o l a t i l e va
pours on r e l a t i v e l y low surface-area substrates. 

We apply the GC method to measurements of the surface proper
t i e s of c e l l u l o s i c fibres and paper as follows:-

1. Fibres are packed d i r e c t l y into a chromatographic column. 
The packing density i s low, to give as permeable a column 
as possible. Paper samples must f i r s t be cut into small 
pieces before packing. 

2 . A c a r r i e r gas suc
portion of wate
t i l the contents are equilibrated at the required r e l a 
tive humidity. 

3. A small sample of a suitable hydrocarbon probe i s i n j e c 
ted into the moist c a r r i e r gas and i t s emergence from the 
column i s measured with a flame ionization detector. The 
time required for the probe to pass through the column 
indicates the interaction between the probe and the co
lumn packing. By changing the size of the probe sample, 
a complete adsorption isotherm may be calculated from the 
GC data. A f u l l description of the apparatus and theory 
i s available (10). 

The adsorption isotherms provide information about the sur
face properties of the fibres or paper in the column. For exam
ple, the surface area i n the column may be deduced from the shape 
of the isotherm according to the Brunauer-Emmett-Teller theory for 
multilayer adsorption (l_3, lh). This theory gives the number of 
molecules, N m, which forms a layer one molecule thick on the sur
face of the adsorbent. I f the area, a^, occupied by each vapour 
molecule adsorbed on the surface i s known, then the t o t a l surface 
area, A, i s simply given by 

Adsorption isotherms for n-alkanes on dry cellulose fibres and 
films obey the BET theory, and readily give values for monolayer 
coverage, N m (_U, _5, (5, 8). However, to estimate the surface areas, 
values for a m are also required. At f i r s t , areas of the hydrocar
bon molecules were estimated from the density of the l i q u i d , assu
ming a spherical shape (̂ i_, 5.). This i s the same way that am i s 
estimated for nitrogen i n the c l a s s i c a l surface area method. Dif
ferent organic adsorbates on a given dry column packing gave rough
l y the same value for the surface area, A (long chain alcohols 
were an exception (5 . ) ) , but the value measured with organic mole-
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cules by GC was 10 - 20% less than the area measured by nitrogen 
adsorption at 77 K (h_9 6). I f the nitrogen adsorption method i s 
assumed to be correct, then the actual area, a^, occupied by the 
organic adsorbate molecule must be greater than that estimated 
th e o r e t i c a l l y assuming a spherical shape. In subsequent papers 
(6̂ , 8_), the area occupied by an adsorbate at monolayer coverage, 

on a dry c e l l u l o s i c surface was taken as a m = A n/N m, where N m 

was given by the BET treatment of the adsorption isotherm and A n 

was the area of the dry surface measured by nitrogen adsorption. 
What happens when water vapour i s introduced into the c a r r i e r 

gas? Water i s of course adsorbed u n t i l the water content of the 
c e l l u l o s i c material i n the column i s i n equilibrium with the r e l a 
t i v e humidity of the c a r r i e r gas. An organic vapour i s then i n 
jected into the c a r r i e r gas stream. The vapour must be v i r t u a l l y 
insoluble in water so that i t interacts only with the external 
surface of the moist c e l l u l o s i
internal pores which ar
the vapour phase, and do not contribute to the interaction.) The 
equilibrium between the organic vapour and the surface i s much 
more rapid than the equilibrium between water vapour and the c e l 
l u l o s i c f i b r e , so the vapour injection should not perturb the wa
te r - c e l l u l o s e equilibrium. The gas chromatographic retention 
times for hydrocarbons were observed to decrease with increasing 
moisture content in the column. This indicates that either the 
surface area or the a f f i n i t y of the surface for hydrocarbons was 
decreasing, or both. To separate these two e f f e c t s , the adsorp
tion isotherms were f i t t e d to the BET theory. With n-decane as 
adsorbate on c e l l u l o s e f i b r e s , preliminary experiments showed a 
marked decrease i n monolayer coverage, N m, between 10$ and Q0% RH 
(£). This indicates that either the surface area, A, decreases or 
the area occupied by a decane molecule, a m , increases with increa
sing r e l a t i v e humidity. For samples which were exposed to moist 
ca r r i e r gas and then redried, the monolayer coverage of the re-
dried samples decreased i r r e v e r s i b l y . Because the measurements 
before and after exposure to moisture were made on dry surfaces, 
a^ was the same for each measurement and so a true decrease i n 
surface area had occurred. This suggested that at least part of 
the change in N m on wet surfaces was due to a real decrease i n 
surface area. However, the large reversible decrease i n surface 
area at higher r e l a t i v e humidities was (prematurely) attributed to 
changes i n a m (9.). 

The GC experiments were subsequently repeated, i n more de
t a i l , on paper rather than on fibres {lO). This circumvented pos
sib l e a r t i f a c t s due to the method of preparation of unbonded f i 
bres. Two different vapours were employed. The changes in sur
face area, assuming a constant value of a^ equal to that of dry 
c e l l u l o s e , are shown in Figure 1. From 0 to ^ 35$ RH (points 1-
5), the surface area decreases very s l i g h t l y . A s i g n i f i c a n t de
crease of 20% occurs around 60% RH (point 6). To check i f the 
change was i r r e v e r s i b l e , a f t e r two days at 60% RH, the paper was 
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% RELATIVE HUMIDITY 

Figure 1. Water uptake and changes in relative surface areas of Whatman #1 
filter paper as a function of relative humidity. The adsorbates are n-decane (O) 
and mesitylene ([J). The numbers beside the points indicate the order of the 
measurements. (Reproduced, with permission, from Ref. 10. Copyright 1981, 

Royal Society of Chemistry.) 
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dried (point 7) and the measured area was l . l U m^g-l, only 5$ less 
than the o r i g i n a l dry sample but 15$ greater than the area at 60$ 
RH. The sample was re-exposed to 65$ RH and the surface area 
(point 8) returned to a value 12$ lower than at 60$ RH. 

The abrupt decrease in the region 50 •+ 65$ RH may r e f l e c t a 
true change in the surface area of the paper or a l t e r n a t i v e l y , a 
change i n the area occupied by each decane molecule in the monola
yer. To test the second p o s s i b i l i t y , we changed the probe to me-
sitylene. This vapour also has a low s o l u b i l i t y in water but pos
sesses a more r i g i d structure than decane, so that the molecular 
area i s less l i k e l y to change d r a s t i c a l l y with humidity. At 65$ 
RH, mesitylene gave excellent repr o d u c i b i l i t y in peak p r o f i l e s . 
Within 2 . 3 $ (points 8 and 9 ) , the same area was obtained with de
cane and mesitylene. Unless the two adsorbates a l t e r their con
formation or packing i n a similar way on humid paper, the drop i n 
surface area appears t
sample was redried and th
twice using both solutes (points 10 and 11). The agreement be
tween the two determinations was again better than 2 $ . The area 
of the dry paper was ^ 7$ higher than at 65$ RH but was 2h% lower 
than the o r i g i n a l dry sample and 20$ lower than the f i r s t drying 
from 60$ RH. The second drying suggests that the almost t o t a l re
v e r s i b i l i t y observed on the f i r s t drying i s lost when the paper i s 
at RH > 60$ or that the relaxation of the humid structure i s time 
dependent. 

Using mesitylene as the probe, the surface area remained a l 
most constant between 65$ and 85$ RH (points 12 and 13), while 
over 85$ RH (points l U and 15) another s i g n i f i c a n t loss of area 
was observed. Another drying (point l 6 ) from 95$ RH showed no 
further decrease i n the surface area of the dry paper. A re-
exposure at 96$ RH (point 17) gave a further drop in area over 
that for 95$ RH (point 1 5 ) . The paper was then exposed to very 
high moisture contents (100 - 250 weight $ water) by i n j e c t i n g l i 
quid water into the column. The wet surface area, measured with 
n-decane as adsorbate ( l l ) dropped to a very low value of about 
0 . 0 3 m2/g. This corresponds to the geometric surface area of the 
paper, and suggests that a l l the i n t e r f i b r e pores and rugosities 
have been f i l l e d by water. 

Further evidence that the changes in surface area of paper 
and fibres with RH are re a l i s provided by some experiments on re
generated cellulose f i l m (l2_). This smooth uniform substrate 
gives a value for the surface area close to the geometric area of 
the f i l m . The monolayer coverage as measured by the GC method re
mains v i r t u a l l y constant as the RH increases. Thus, the decrease 
observed on the paper surfaces i s not due to changes in the area 
occupied by the adsorbate as the water content of the cellulose 
changes, because no such change was observed on the cellulose 
film. We conclude that the surface area of the pulp fibres and 
paper examined to date does in fact decrease with increasing r e l a 
tive humidity. 
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The sharp decrease in surface area at very high water con
tents i s c l e a r l y attributable to the f i l l i n g of pores in the fibre 
and sheet structure by l i q u i d water. The reason for the decrease 
in surface area at lower r e l a t i v e humidities i s less obvious. One 
may speculate that f i b r i l l a t i o n occurs at the f i b r e - f i b r e bond du
ring bond formation, because of the stresses induced by drying un
der tension. On subsequent re-exposure to a moist atmosphere, the 
hydrogen-bonded network may relax, and the f i b r i l l a t e d areas may 
collapse onto the fibre surfaces, causing the observed loss of 
surface area. 

Adsorption Isotherms and Thermodynamics of Adsorption. The 
adsorption isotherms for non-swelling organic adsorbates on the 
surface of dry cellulose fibres 5_), papers (6), and films (8_) 
are characterized as type II BET isotherms (13, lM, but with re
l a t i v e l y small discontinuitie
for vapours with a low
must be emphasized that there i s no hysteresis i n the adsorption 
isotherms on these non-porous low-surface area adsorbents. (in 
fact, the elution GC method used in this work cannot be applied to 
adsorption processes where hysteresis or other kinetic effects are 
operative (l)). The adsorption isotherms thus characterize the 
vapour-adsorbate e q u i l i b r i a for these systems, and the temperature 
dependence of the isotherm gives the (is o s t e r i c ) heat of adsorp
tion (lh) as a function of surface coverage. For hydrocarbon va
pours, the i s o s t e r i c heat of adsorption decreased monotonically 
with coverage, and approached the value for the latent heat of 
condensation to the l i q u i d hydrocarbon at coverages of about two 
monolayers (h_9 5_). However, normal alcohols showed a sharp maxi
mum in the i s o s t e r i c heats at coverages of about one t h i r d of a 
monolayer, indicating a more spe c i f i c interaction with the c e l l u 
lose surface (̂_, 5.). On regenerated cellulose f i l m , isotherm 
shape and i s o s t e r i c heats (8_) indicate that hydrocarbons interact 
even less s p e c i f i c a l l y than on natural cellulose surfaces. 

The adsorption isotherms for hydrocarbons on wet cellulose 
approach BET type III (lh_) i n form as the re l a t i v e humidity i s i n 
creased (£), and the is o s t e r i c heats approach the heat of conden
sation for a l l surface coverages of hydrocarbon (11). Thus, water 
lowers the a f f i n i t y of cellulose for hydrocarbons. This effect i s 
independent of any changes in surface area with r e l a t i v e humidity, 
and i s also observed on regenerated cellulose film (12). However, 
the thermodynamic data indicate that the surface does not behave 
as expected for pure water, even at very high water contents ( l l ) . 
In fact, the GC method has also been used to study adsorption of 
hydrocarbons on l i q u i d water (15., l 6 ) . In this case, the interac
tions are very weak and the adsorption isotherm does not f i t the 
BET theory, so that surface areas cannot be estimated d i r e c t l y 
( 1 6 ) . 

Measurements at 'Zero Coverage 1. In the methods described 
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above, the GC data are used to construct the adsorption isotherm. 
However, the s e n s i t i v i t y of the GC detector may allow measurements 
at very low vapour pressures, where the isotherm approaches l i n e a 
r i t y . In this 'zero coverage' region, the retention time for a 
single small injection may be used to calculate the l i m i t i n g slope 
of the isotherm. This in turn i s related to the free energy of 
adsorption, which characterizes d i r e c t l y the interaction between 
vapour and surface. This forms the basis of a new method (7.) to 
characterize surfaces according to the d i f f e r e n t i a l free energy 
change associated with the adsorption from the vapour phase of a 
suitable 'probe', namely a - C H 2 - segment of the n-alkane chain, at 
ef f e c t i v e l y zero surface coverage. This quantity i s readily r e l a 
ted to measured quantities by: 

where A G ^ ( Q H ) i s the incremental standard free energy of adsorp
tio n per mole^of - C H 2 - group at zero surface coverage, R i s the 
gas constant, T the absolute temperature, and " t ^ n + 1 » t§ a r e the 
corresponding peak net retention times. Measurements are made as 
folows. The f i l m or paper must f i r s t be reduced to a form su i t a 
ble for packing into a gas chromatographic column. It i s cut into 
st r i p s which are then passed through a cleaned paper tape punch. 
The perforated steps are discarded and the discs ("holes") are 
collected, carefully cleaned and dried, and then packed into the 
GC column. A series of hydrocarbons i s injected into the carr i e r , 
gas stream passing through the column, and the times tp and t ^ n ' 
for n-alkanes with n and (n+l) carbon atoms, respectively, are 
measured. The measurements are made on a given column at constant 
temperature and c a r r i e r gas flow rate. 

The quantity A G ^ ^ Q ^ ^ ) i s a direct measure of the interaction 
between the surface and a non-polar probe, and i s thus analogous 
to the c r i t i c a l surface tension, y c» o r the London non-polar com
ponent of the surface energy, Yg (lM» quantities derived from 
contact angle measurements which are often used to characterize 
surfaces. In fact, an empirical method for deriving from GC 
data has been proposed (7_). Reasonable agreement between contact 
angle and GC measurements was observed for paper (7.), cellulose 
f i l m (8_), and poly (ethylene terephthalate) fi l m ( 1 7 ) . The GC me
thod thus may avoid some of the well-known drawbacks of the con
tact angle methods. However, i t can only be applied to surfaces 
such as cellu l o s e where bulk sorption of vapours i s negligible i n 
the time scale of the experiment. 

ESCA of Paper and Fibre Surfaces 

Characterization of paper and fi b r e surfaces by wetting or 
adsorption measurements gives useful information on physical pro
perties averaged i n some manner over the surface. To use t h i s i n -
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formation e f f e c t i v e l y requires that the chemical composition of 
the surface be known. A variety of surface-specific spectroscopic 
techniques has been developed. Here, we consider applications of 
ESCA (Electron Spectroscopy for Chemical Analysis), otherwise 
known as XPS (X-ray Photoelectron Spectroscopy). This technique 
(l8) allows elemental analysis of s o l i d surfaces. The sample i s 
irradiated with monochromatic X-rays, which cause the emission of 
photoelectrons from the inner-shell o r b i t a l s of atoms i n the so
l i d . The energies of the emitted photoelectrons, which are cha
r a c t e r i s t i c of the elements i n the sample, are measured i n an 
electron spectrometer. Areas of the order of a few square m i l l i 
meters and depths of the order of 1 - 10 p , depending on the ele
ment and matrix, are sampled. Chemical s h i f t s i n the measured 
electron binding energies provide information on the chemical bon
ding of the elements close to the surface  The ESCA technique has 
proved very useful i n analysin
r i c materials (19), an
nall y modified surfaces (20). We wondered whether ESCA might give 
useful information about the surface composition of materials as 
complex and heterogeneous as wood pulp and paper. 

ESCA Spectra of Cellulose and Lignin. The ESCA spectra for a 
pure cellulose paper, bleached kraft and sulphite pulps, and for 
some l i g n i n samples gave encouraging results (21). The measured 
oxygen-carbon "atom ratios for the cellulose and l i g n i n samples 
were in good agreement with the bulk elemental analyses; there was 
no time-dependent degradation or surface contamination. Traces of 
chlorine were detected in the chemical pulp surface. The shapes 
of the carbon peaks was rationalized by assigning the carbon atoms 
in wood components to one of four classes: 

C]_; Carbon atoms bonded only to carbon and/or hydrogen 
C 2 ; Carbon atoms bonded to a single oxygen, other than a car-

bo nyl oxygen 
C 3 ; Carbon atoms bonded to two non-carbonyl oxygens, or to a 

single carbonyl oxygen 
C^; Carbon atoms bonded to a carbonyl and a non-carbonyl oxy

gen. 
The electron binding energies associated with each class increase 
from class Cj to C^. The spectra for a f i l t e r paper (pure c e l l u 
lose) and for a fib r e sample containing hemicelluloses, l i g n i n , 
and extractives are shown i n Figure 2 . The major peak for the 
pure cellulose corresponds to the fiv e carbon atoms i n each anhy-
droglucose unit which are bonded to a single oxygen atom, and the 
shoulder at high binding energy corresponds to the single carbon 
atom bonded to two oxygen atoms. The shoulder at low binding en
ergy i s attributed to class C^ carbon atoms present as impurities 
or contaminants on the surface of the cell u l o s e . This peak compo
nent i s very much more pronounced for the sample of wood fibre 
(Figure 2)^, due to the presence of l i g n i n and extractives at the 
fib r e surface. Unlike c e l l u l o s e , these wood components are r i c h 
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Figure 2. ESCA spectra for filter paper and for a handsheet of mechanically re-
fined softwood pulp. The binding energies associated with classes Cu C2, and Cs 

carbon atoms are indicated. Binding energies are not corrected for sample charging 
effects. (Reproduced, with permission, from Ref. 21. Copyright 1978, Cellulose 

Chemistry and Technology.) 
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in carbon atoms which are not bonded to oxygen. A semiquantita
tive method i s available for deconvolution of the carbon ESCA 
peaks into component peaks ( 2 2 ), but i t must be remembered that i n 
a material as complex as wood, the component peaks represent not a 
single chemical bond type, but a mixture of similar but d i s t i n c t 
chemical environments. For a pure f i l t e r paper, the r a t i o of car
bon atoms of each class i n the surface was measured to be C]_:C2:C3 
= 0 . 2 : 0 . 8 1 : 0 . 1 7 compared to a theoretical value of 0 : 0 . 8 3 3 : 0 . 1 6 7 
for cellulose; a t y p i c a l r e f i n e r mechanical pulp gave C]_:C2:C-$ = 
0 . 3 6 : 0 . 5 ^ : 0 . 1 0 ( 2 2 ) . 

Estimation of Surface Lignin Content by ESCA. It i s evident 
that l i g n i n and extractives on the surface cause a marked change 
in the ESCA spectra. Mechanical pulps, containing almost a l l of 
the material i n wood, are finding increasing use in pulp and paper 
products. A quantitativ
and extractives i n the
Our method i s based on the r e l a t i v e size of the oxygen and carbon 
ESCA peaks, from which the r e l a t i v e numbers of oxygen and carbon 
atoms i n the surface, N Q/N C, can be determined. For a pure c e l l u 
lose surface, N Q/N C = 5/6 = 0 . 8 3 , for l i g n i n NQ/NC ^ 0 . 3 6 , and 
pure extractives have even lower values (e.g. NQ/NC = 0 . 1 0 for 
abietic acid) based on the empirical formulae of these wood compo
nents. Experimental ESCA values are i n f a i r agreement; N Q/N C = 
0 . 8 l and 0 . 3 6 for a f i l t e r paper and a dioxane l i g n i n preparation, 
respectively. Wood pulps give intermediate values for NQ/NC. I f 
the surface contains only l i g n i n and cel l u l o s e , then obviously the 
ratio of these components i n the surface of the fibres may be es
timated from NQ/NC. A range of different mechanical pulps was ex
amined by thi s method. The samples were f i r s t extracted with or
ganic solvents to remove low molecular weight components from the 
surface. The extraction caused a marked increase i n NQ/NC, i n d i 
cating that s i g n i f i c a n t quantities of extractives were present. 
The extracted pulps gave values for N Q/N C of from O.56 to O . 6 5 , 
which corresponded to surface compositions of from 30 to h5% by 
weight l i g n i n , depending on the pulping process (,23). Thus, the 
surface l i g n i n composition of these pulps i s only s l i g h t l y higher 
than the bulk l i g n i n . However, thermomechanical pulps prepared 
at an unusually high temperature did give very low values of N 0/N Q 

( 2 3 ). Under such conditions, fibre separation occurs at r e l a t i v e 
l y low energy inputs along the thermally-softened l i g n i n - r i c h mid
dle lamellae between the fib r e s . An extracted sample of one of 
these pulps gave a surface l i g n i n content of 75$ by weight (2k). 

Heating, exposure to the spectrometer environment, surface 
roughness, and variation i n fines content caused no serious v a r i 
ation i n the measured N Q/N C values (23.). However, the values of 
N Q/N C were very sensitive to the extraction procedures. The me
thod of extraction of mechanical pulp samples was, therefore, i n 
vestigated (2k), and acetone extraction, either i n a Soxhlet con
denser or by elution, was found to be satisfactory. 
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The surface composition of some sulphite pulps has also been 
examined ( 2 5 ). Results for the low-yield samples showed small 
amounts of surface l i g n i n and extractives, and a trace of sulphur 
was also detected. However, a high-yield sample showed s u r p r i 
singly low values for NQ/NC, both before and aft e r solvent extrac
ti o n and even after a treatment with sodium methoxide. Assuming 
an appropriate empirical formula for the sulphite l i g n i n , the 
amount of l i g n i n i n the surface, calculated from the ESCA value 
for N Q/N C, was 17% by weight, compared to a bulk l i g n i n content of 
7% by weight. A method to estimate the surface l i g n i n content 
based on the ESCA analysis for sulphur was also described. The 
sulphur signal was small and so the precision of the method was 
low, but a value of l6% by weight for the surface l i g n i n was i n 
good agreement with the value from the oxygen signal. 

Other ESCA Applications
quantitative method to
ted pulps. Extractives also exert a very marked effect on the 
surface properties of fibres and paper, so a direct method for es
timating the amount of extractives on a paper surface i s desire-
able. In an attempt to see i f ESCA might work, we examined a mo
del system composed of stearic acid chemisorbed on f i l t e r paper 
( 2 6). The stearate ester on the paper surface was cl e a r l y evident 
from the ESCA res u l t s . The amount of stearate was estimated by 
treatment with sodium methoxide i n methanol, followed by analysis 
of the liberated stearate by gas chromatography/mass spectrometry. 
Coverage was estimated to be about half a monolayer, but this was 
su f f i c i e n t to render the paper hydrophobic. A simple model was 
developed to describe electron emission from a paper sheet par
t i a l l y coated with a thin hydrocarbon-rich layer. The calculated 
and observed values for N Q/N C were brought into agreement for rea
sonable values of the model parameters, but the crudeness of the 
model and the lack of precision in the ESCA measurements detract 
from the significance of th i s agreement. The ESCA method does, 
however, give a rapid q u a l i t a t i v e indication of the presence of 
extractives on the surface of fibres and paper. 

Other published applications of ESCA include surface charac
t e r i z a t i o n of pulps for press-drying applications (27) and inves
tigat i o n of the chemical effects of corona discharge treatment on 
a pulp surface ( 2 8 ) . The surface concentration of mesyl ester 
groups introduced on the surface of cellulose pulps was determined 
from the ESCA sulphur and carbon spectra ( 2 9 ) . ESCA i s also 
i d e a l l y suited for determining the presence of elements other than 
carbon and oxygen i n the surface of paper samples. For example, 
the elements s i l i c o n , aluminum, and nitrogen, i f present i n sheet 
components such as f i l l e r s , coatings, sizes, retention aids, and 
drainage aids should be readily detected. L i t t l e work on these 
applications has been published. 
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Wetting and Penetration of Paper Surfaces 

J. F. OLIVER 

Xerox Research Centre of Canada, Mississauga, Ontario, Canada L6J-5X6 

High l e v e l imag
non-impact technologie
tography and thermography, pose new requirements in 
the printing substrate which for economic reasons, 
will continue to be predominantly paper-based. Tra
d i t i o n a l s t a t i c methods for evaluating wetting and 
penetration behaviour are severely limited however 
because of the rel a t i v e size of the l i q u i d ink drops 
or dry toner p a r t i c l e s and the inherent physicochemi-
c a l complexity of paper structures. To avoid many 
of the pitfalls associated with s t a t i c measurements 
a dynamic sorption apparatus has been developed to 
study spreading and penetration d i r e c t l y at f i b r e 
- l e v e l resolution. In this article sorption of an 
aqueous ink j e t ink on a wide variety of commercial 
printing papers i s reported. The ramifications of 
these experiments are discussed in the li g h t of 
some existing theoretical models for l i q u i d pene
tration and in terms of some structural aspects of 
paper substrates. 

The porous nature of paper i s of fundamental importance in 
determining i t s physical interaction with l i q u i d s . An extensive 
review and discussion of l i q u i d penetration in paper has recently 
been covered in an excellent series of a r t i c l e s by Hoyland (1,2). 
Experimentally two major d i f f i c u l t i e s emerge which complicate 
interpretation of penetration data for aqueous li q u i d s into paper: 
(i) unambiguous description of the porous structure; and ( i i ) the 
effect of fibre swelling on the pores. Moreover in reprographic 
technologies, where the r e l a t i v e size of paper fibres with respect 
to ink j e t (IJ) drops or toner particles for example, are compar
able, fibre interactions obviously play a more s i g n i f i c a n t role 
on the resultant image quality, and thereby impose special demands 
upon structures with acceptable printing properties(3).Thus use of 
standard s t a t i c test measurements of wetting and penetration of 
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macroscopic drops such as contact angle and size methods which 
are employed i n conventional printing technology, are of limited 
value. To avoid these shortcomings we have developed a dynamic 
sorption apparatus capable of studying spreading and penetration 
of IJ drops d i r e c t l y at microscopic resolutions. 

In this a r t i c l e we report some experimental studies on 
spreading and penetration of an aqueous IJ ink on a variety of 
commercial printing papers. The data are tested against existing 
simple theoretical models for l i q u i d penetration in porous media. 
No attempt has been made to develop or employ more rigorous 
models. 

Capillary and Diffusion Models For Porous Media 

Penetration of a l i q u i d flowing under i t s own c a p i l l a r y 
pressure in a horizonta
can be neglected, i s theoreticall
Washburn equation 

* = ^ W 
where % = penetration distance after time t, r = pore radius, 
Y = surface tension, 6 = contact angle, and n. = l i q u i d v i s c o s i t y . 
Alternatively for the purpose of these experiments i t w i l l be more 
convenient to employ the volume V, of l i q u i d penetrating into the 
porous structure after time t. Thus from [l] i t can be shown (4) 
that for c a p i l l a r i e s so small that the external pressure i s n e g l i 
gible in comparison to the c a p i l l a r y pressure 

where k 1 i s a constant depending on the pore structure of the 
particular system. 

In the following experiments i t i s assumed that throughout 
penetration the unabsorbed l i q u i d drop remaining on the surface 
maintains a c i r c u l a r contact line and spherical cap geometry. On 
this basis V can be calculated from the contact angle G and base 
diameter of the drop a, according to Bikerman's (5) equation 

= 7ra(2 - 3 cos9 + cos 38) 
24 sin 36 

The Lucas-Washburn equation i s the simplest equation to model 
the rate of c a p i l l a r y penetration into a porous material. It i s 
derived from Poiseuille's i a w (4) for laminar flow of a Newtonian 
l i q u i d through c a p i l l a r i e s of c i r c u l a r cross-section by assuming 
that the pressure drop (AP) across the liquid-vapor interface i s 
given by the Laplace-Young (6) equation. In practice, depending 

[3] 
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upon the complexity of the porous system the effective pore radius 
r necessary to give the correct flow rate according to [l] can 
vary considerably from the average cross-section. To overcome 
this shortcoming several supposedly more r e a l i s t i c models have 
been proposed. Cheever (7) for example developed a model to des
cribe flow of polymer liquids in porous substrates which i s given 
by the equation 

2*Y_ __ d cos 6 t 

( R - R Q ) 2 = - ^ M 

where 
R = drop radius at zero time 
R = drop radius at time t 
d = half s l i t width f
Gi l l e s p i e (8) on th

Lucas-Washburn type withou  s p e c i f i  e x p l i c i  por
model on the basis of D'Arcy's law ( 6 ) . Assuming that AP was 
constant G i l l e s p i e derived the following equation for two dimen
sional r a d i a l spreading of a l i q u i d drop 

R (R 

where 
R , R = radius of stain at time zero and after spreading 

time t, 
h = substrate thickness, 

and 3 i s given by 

bK Ycos0 

where 
b = constant for the substrate, 
C = l i q u i d saturation concentration in the substrate, 
K = corresponding substrate permeability at C . 
Gi l l e s p i e demonstrated the approximate v a l i d i t y of [5] for 

spreading of drops of non-polar liquids on f i l t e r paper. More 
recently Kissa ( 9 ) extended i t s application to the sorption of 
various alkanes on natural and synthetic fabrics. Rather than 
using drop r a d i i Kissa measured drop areas which are more accurate 
p a r t i c u l a r l y for spreading on anisotropic structures such as 
tex t i l e s or paper. On this basis [p] can be written in the 
general form 
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where the exponents u, m and n are constant for a given substrate, 
and the c a p i l l a r y sorption c o e f f i c i e n t a, given by 

There have been a number of experimental studies (7,8,10-13) 
reported for porous surfaces in which l i q u i d penetration i s not 
consistent with [l] [2] , [4] or [5] , and values of the exponent 
n, for example in |_7] , are< 0.5. For paper the Lucas-Washburn 
ca p i l l a r y model generally holds for penetration of non-swelling/ 
non-interactive liquids such as oil-based printing inks and 
various organic solvents (1). With water and other polar liquids 
the situation i s compounded by swelling and hence the v a l i d i t y of 
[l] becomes more questionable  Since the inter f i b r e voids are 
idealized as c y l i n d r i c a
equal to r, and 6 i s assume
seems surprising. However Everett et a l (14) based on their ex
perimental studies maintain that although [l] originates from a 
simple model i t i s not s t r i c t l y necessary for the real pore sys
tem to resemble the model in order that Washburn kinetics are 
followed. 

Alternatively an equation of the general form [l] can be 
obtained by treating penetration analogous to a molecular d i f f u s 
ion process (15,16). In this case the properties of the pore 
system and penetrating l i q u i d are incorporated into a diffusion 
c o e f f i c i e n t . However on the basis of experimental data obtained 
for one-dimensional flow i n paper (17) there i s s t i l l a need to 
develop more r e a l i s t i c models for the pore geometry. Despite 
this and primarily because swelling i s a diffusion process, 
Hoyland (2) contends that aqueous liquids penetrate paper more 
by this process than by c a p i l l a r y action. Commencing with Fick's 
second law of d i f f u s i o n which relates the diffusion c o e f f i c i e n t 
D to a function of the concentration change of dif f u s i n g l i q u i d 
in time t at any point x along the direction of d i f f u s i o n : 

Hoyland arrived at the following solution of [9] , to describe 
penetration of an aqueous l i q u i d by diffusion 

277TbK cos6 
a = 8h2C 3 [8] 

[10] 

where 
F = fraction of the amount of penetrant taken up in time t 

relative to the amount taken up at i n f i n i t e time, 
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ra ,m ,m = amount of penetrant present at time zero, t and o t 0 0 

°°, 
h = the i n i t i a l thickness of paper. 

The approximate v a l i d i t y of these two models w i l l be ex
amined where appropriate in the following experiments by analyz
ing the data with respect to [2], [4], [7], and[lO] . 

Experimental Part 

Apparatus. Spreading and penetration experiments of IJ drops 
were performed in a dynamic sorption apparatus (shown schematic
a l l y in Figure 1) consisting of a drop-on-demand IJ printer 
(which t y p i c a l l y ejected drops in the range 120-260ym diam. (18)), 
printing substrate sample holder and video system capable of 
simultaneously recording plan and p r o f i l e viewing of an IJ drop 
from impact through to
contact l i n e and drop p r o f i l
^ 30 fps was achieved by means of: two video cameras equipped 
with macro lenses; a screen s p l i t t e r ; synchronizing pulse 
generator; and video recorder. Interfacing the video recorder 
with an image analyzer enabled s t a t i s t i c a l analysis of the 
sorption of many drops. 

The whole apparatus was mounted on a heavy metal block 
free of extraneous vibration and surrounded by a removable Lexan 
enclosure which permitted constant temperature and humidity 
control. The apparatus was located in a laboratory controlled 
at 23± 1 C and rel a t i v e humidity of 72 ± 2%. Temperature varia
tions in the enclosure never exceeded ± 0.1°C and the rel a t i v e 
humidity never varied more than ± 0.5% during a single experi
ment. 

Procedure. 
(a) Characterization of Paper Samples. A l l the paper samples 

investigated were subjected to CPPA or TAPPI standard test mea
surements. These included caliper, Sheffield roughness, Gurley 
porosity, and Cobb and Hercules siz e . For the Hercules test the 
actual ink j e t ink was used as the reference l i q u i d . In addition 
non-standard test measurements which included profilometry and 
dynamic ink absorption, were conducted on a Rank Taylor Talysurf 
profilometer (Model 5M) and Bristow absorption apparatus (19), 
respectively. 

(b) Drop Formation; Narrow s t r i p s of the paper samples were 
cut from the center of an 8" x 11" sheet so that the machine 
direction was lengthwise and perpendicular to the camera optic 
axes when clamped ( f e l t side toward jet) to the sample holder. 
Individual IJ drops were f i r e d by single pulse activation at a 
pre-focussed area at least three drop diameters from the sample 
edge. Following drop sorption, which varied from near instan
taneous to several minutes depending upon the grade of paper, the 
sample was moved approximately three drop diameters and f i r i n g of 
at least seven more drops repeated on adjacent unprinted areas. 

In Colloids and Surfaces in Reprographic Technology; Hair, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



440 R E P R O G R A P H I C T E C H N O L O G Y 

CAMERA MONITOR 

CAMERA 1 

RECORDER MONITOR 

Figure 1. Schematic of dynamic sorption apparatus and recording system. 
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(c) Data Analysis: Frame by frame playback of video record
ings of the drop contact l i n e and p r o f i l e history (3) were used 
to measure or calculate the following parameters: drying time 
(trf), the time elapsed between the f i r s t video frame ( t Q ̂  0.03 
sec) and complete disappearance of the drop meniscus beneath the 
paper surface; drop radius R Q and R for an approximately c i r c u l a r 
drop after time t Q and t respectively; drop area Ag and A; 
and contact angle 0 O and 0 after time t 0 anc* t. Also assuming 
that throughout penetration the unabsorbed l i q u i d drop remaining 
on the surface maintains a c i r c u l a r contact l i n e and spherical 
cap geometry, the volume V t and Vp after time t and t j was calcu
lated from the contact angle 0 and base diameter of the drop 
p r o f i l e according to [3]. 

Materials. A variety of commercial uncoated and coated 
printing grade papers were selected for this study (see Table I ) . 
These papers were evaluate
surface tension (y) approximatel

Results and Discussion 

Dynamic Sorption of Ink Jet Ink Drops on Commercial Papers. 
Drying times (t^) and various parameters measured or derived from 
contact l i n e spreading, p r o f i l e development and penetration data 
for the various systems studied are summarized in Table I. A 
wide variation occured in the values of t^ among the various 
papers studied. The maximum deviations in t^ based upon an analy
si s of many drops, indicated an appreciable v a r i a b i l i t y for a 
given paper. However the consistency of the calculated penetra
tion volume, Vp, for drops included in detailed contact l i n e and 
pr o f i l e analysis suggest that these deviations result from the 
structural v a r i a b i l i t y in paper rather than drop-to-drop volume 
variations. This was substantiated by the marked variations in 
the f i n a l image shape observed among several drops printed on the 
same paper sample. 

(a) Contact Line Development: Contact l i n e spreading con
tours revealed the complexity of the surface and porous structure 
of uncoated and coated papers. With the exception of samples K 
and P, where rapid spreading occurs prior to the ' i n i t i a l 1 period, 
the i n i t i a l contours for a l l other samples remained near-circular 
and smooth. In part the l a t t e r results from the degree of si z i n g 
and i s reflected by higher 0 O values (see Table I ) . However 
even on these papers considerable deterioration in image quality 
subsequently ensues prior to, or after, t^. In contrast the 
coated papers Y and C produced the highest quality images even 
with a lower surface tension ink. 

The detailed history of contact l i n e development and i t s 
implications with respect to the paper structure are reported 
elsewhere (3)). 
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Table I. Drying times, i n i t i a l apparent contact angles and calculated 
penetration parameters for single drops of an aqueous IJ ink 
on various commercial printing grade papers. 

Ref. PRINTING GRADE t d n ( b ) 0
O V p

( e ) D ( f ) 

m/sec 
sec. deg. cm3 x 10~5 x 10~ 1 0 

K In k j e t 0.02 0.22 40 a a a 
(unsized) 

H newsprint 1.
P wet xerographic 4.0 0.15 32 1.3 2 

J rotogravure 6.4 0.14; 0.55 53 1.2 13 
(coated) 

Y offset 20.0 0.20 49 2.6 a 
(gloss coated) 

V wet xerographic 21.7 0.08 71 1.4 8 

(internally sized) 

A offset 43.7 0.08; 0.47 50 1.5 9 

C offset (coated) 81 0.10 57 1.7 0.4 

F dry xerographic 120 0.09; 0.50 73 1.8 0.8 
bond 150 0.005 77 1.5 1 

(100% rag content) 

(a) Not resolvable. 
(b) Exponent in Equation 7 derived from Figs. 2 and 3t which should equal 

0.5 i f Lucas-Washburn c a p i l l a r y model i s v a l i d . Double values for 
some papers refer to a second or third stage of area development, 
respectively. 

(d) Determined from high-speed cinematographic study (Ref. 18). 
(e) Calculated from (3). 
(f) Diffusion c o e f f i c i e n t derived from Figs. 7 or 8 and calculated 

according to [10]. 
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(b) Contact Area Development: Figures 2 and 3 show the con
tact area data plotted according to Eq. [7] . Apart from systems 
H and F the corresponding slope values (n) are<<0.5. Thus none 
of these systems exhibits penetration rates typical of the Lucas-
Washburn model, but rather they show more prolonged spreading and 
complex behaviour. Systems A, F, and J however, which i n i t i a l l y 
have very small slope values, show a more rapid stage of area 
development commencing close to t^ for which corresponding slope 
values are approximately 0.5. 

Drop r a d i i data determined in the machine (MD) and cross-
machine (CMD) directions for system C were also plotted according 
to [ 4 ] , [5] and [ 7 ] . In contrast to previous studies on porous 
surfaces (8 > 12) the data plotted according to [_5J (which has 
been omitted), only showed linear behaviour approaching t^. This 
obvious difference in sorption behaviour i s more apparent in 
Figure 4, which i s plotte
spreading are apparent (i
n > 0.5, and ( i i ) second region, t > 1 sec, in which n< 0.5. 
Although there i s a discrepancy between the MD and CMD data caused 
by the anisotropic nature of the coating, the derived values of 
n for the same sorption regions agree reasonably. The noticeably 
lower value of n (given in Table 1) which i s derived from Figure 
3 on the basis of [7] i s probably due to a combination of factors. 
F i r s t l y i n s u f f i c i e n t area analysis was completed in the i n i t i a l 
region thus values of n in Table I correspond to the second or 
third spreading regions. Secondly in the l i g h t of Figure 4 and 
drop axis ratio values, [4] must be regarded as approximate even 
for system C. 

(c) P r o f i l e Development: Corresponding changes in drop pro
f i l e s expressed in terms of contact angle, 9, for systems with 
t<j < 22 sec. and t<j > 44 sec. are shown in Figures 5 and 6 res
pectively. For the former systems, with the exception of V which 
i s i nternally sized, a pronounced decrease in 6 occurred within 
the i n i t i a l 0.05 sec. Following this stage, 9 decreased more 
slowly and approximately l i n e a r l y with time. For systems with 
t^ > 44 sec the rate of decrease in 9 remained approximately 
linear and constant throughout. The average rate of change of 
9 i s thus mainly dependent upon 9 Q and t^. With the exception 
of sized papers ( i . e . F and Z), the relationship between 9 Q and 
td i s quite inconsistent and obviously other structural factors 
must be implicated. It should be emphasized that for many papers 
the l i q u i d drop contact l i n e became increasingly anisotropic 
beyond the i n i t i a l period, i.e. t > 0.05. Thus 9 i s increasingly 
dependent upon the direction of observation (20). 

(d) Penetration: Calculated values of the f i n a l penetration 
volume, Vp, which i s assumed equivalent to the i n i t i a l drop volume 
calculated from [3] are also given in Table I. The curvilinear 
behaviour of plots of Vp v th indicated the i n a p p l i c a b i l i t y of 
[2] for both coated and uncoated papers. Alternatively Figures 
7 and 8 show graphs of the same data plotted in terms of V^/Vp 
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) l I I I I I I I 
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log t (seconds) 
Figure 2. Drop area data plotted according to [7] for system with td < 22 s. 

-J I I I I I 1— 
-1.0 -0.5 0 0.5 1.0 1.5 2.0 

log t (seconds) 

Figure 3. Drop area data plotted according to [7] for systems with td > 44 s. 

In Colloids and Surfaces in Reprographic Technology; Hair, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



22. O L I V E R Wetting, Penetration of Paper Surfaces 445 

2.0 -

E 

o 

0.0 

CMD 

-2.0 -1.0 0.0 
log t, sec 

1.0 

Figure 4. Radial spreading on coated paper (C) plotted according to [4]. 
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150 

Figure 6. Apparent contact
44 s. 

t 1 ' 2 (seconds 1 7 2) 

Figure 7. Volume data for systems with td < 22 s plotted according to Hoy-
land's diffusion equation [10]. 
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Figure 8. Volume data for systems with /,, < 44 s plotted according to Hoy-
land's diffusion equation [10]. 
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according to the diffusion equation [lO]. The i n i t i a l non-linear 
behaviour i s partly as a result of the error involved in calcula
ting small values of V, and probably, as suggested by Hoyland (2), 
because the diffusion c o e f f i c i e n t , D for penetration of aqueous 
liq u i d s i s not constant at the commencement of swelling. Values 
of D derived from the remaining linear portions of the graph and 
calculated according to [lti] are also given in Table I. 

It should be emphasised that the assumptions invoked by [3] 
may be reasonable during the ' i n i t i a l ' stages, but in view of the 
anisotropic nature of both uncoated and to a lesser degree coated 
papers (3), i t s v a l i d i t y becomes more questionable as Vp i n 
creases. Also because several systems exhibited show-through 
prior to t^, values of D in these experiments (which are based 
upon the caliper rather than the value of h at t = °°) are subject 
to an additional error. 

In addition to th
observe and estimate transvers
trating l i q u i d front during the incipient stages (3). Preliminary 
observations demonstrate some profound differences in the porous 
nature of uncoated versus coated structures and in the r e l a t i v e 
c a p i l l a r y resistance with l a t e r a l and transverse spreading of inks 
with different surface tensions. One further important aspect 
involved with penetration, was that shortly before disappearance 
of the drop many paper samples became i r r e v e r s i b l y swollen. The 
amount of swelling, expressed as the percentage increase in the 
o r i g i n a l c a l i p e r was quite appreciable and ranged from ^5 to 25% 
for uncoated papers and V) to 10% for coated papers. 

(e) Application of Capillary and Diffusion Models for Drop 
Sorption: Despite wide v a r i a b i l i t y in spreading, penetration and 
image development, a consistent pattern of events emerge among 
the systems studied. Consequently one may employ a generalized 
mechanism of sorption to describe a l l these systems (3). I n i 
t i a l l y , s i g n i f i c a n t l a t e r a l l i q u i d drop spreading i s in evidence 
for systems with low t^ values, but quickly diminishes as bulk 
c a p i l l a r y forces take e f f e c t . This i s substantiated, at least 
for coated paper, by the i n i t i a l value of n > 0.5, derived from 
Figure 4 based on [4] . As was noted by Cheever (7) during this 
stage the drop must be skimming over the surface and substrate 
penetration i s negligible. 

In the subsequent second and, in a few systems, third stage, 
l i q u i d spreading terminates and penetration predominates. Papers 
with values of n (derived from Figures 2 or 3 and given in Table 
1) which are< 0.5 indicate slower penetration than predicted by 
a simple c a p i l l a r y model. Frederick and Bobalek's (13) explana
tion for this deviation from theory i s the i r r e g u l a r i t y of the 
spreading, front as opposed to a discrete l i q u i d edge assumed in 
Cheever's model. Rather, a selective f i l l i n g process occurs in 
the spreading zone, i.e. f i l l i n g of smaller, then larger, c a p i l 
l a r i e s which i s similar to the spreading behaviour described by 
G i l l e s p i e . A good example i l l u s t r a t i n g this type of behaviour i s 
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revealed in studies on microspreading of liq u i d s on grooved 
surfaces (21). Variations in groove dimensions and hence c a p i l 
lary pressure produce intermittent c a p i l l a r y movement in the 
grooves causing l o c a l protrusions in the contact l i n e . Apart 
from the aforementioned, other factors contributing to this 
apparent increased porous resistance (or decreased l i q u i d permea
b i l i t y ) are the eff e c t of : sharp fibre edges, pore tortuosity, 
build-up of a i r pressure p a r t i c u l a r l y in 'dead-end1 pores, break
down in l i q u i d supply to spreading front, and fibre swelling 
which tends to diminish the average pore size. 

F i n a l l y increase in n shown by several systems during post-
drying (3) (see Table I) stems from subterranean absorption 
processes e.g. interconnection of p a r t i a l l y f i l l e d pores and 
locali z e d surface fibre wicking. The values of n which in several 
cases are close to the theoretical value  0.5  for a Lucas-
Washburn type c a p i l l a r
flow through completely
to supply the spreading front, i s ultimately attained. This 
f i n a l stage r e f l e c t s lag in the equilibration of bulk and surface 
c a p i l l a r y forces. 

Deviations between the experimental results and the modified 
Lucas-Washburn c a p i l l a r y models demonstrate the limitations of 
these theories for paper structures. Moreover, as discussed 
above, concentration gradients w i l l l i k e l y exist within the 
penetration zone during ink j e t printing so that AP, the c a p i l l a r y 
pressure, i s no longer constant and hence []l] loses i t s v a l i d i t y . 
The i n a p p l i c a b i l i t y of £l] thus makes derivation of an effe c t i v e 
pore radius, on the basis of [4] and Figure 4, dubious. 

Alternatively on the basis of a diffusion type model, appro
ximate values of the diffusion c o e f f i c i e n t D, have been calculated 
for these systems. Values of D which f a l l in the range of 10~2 

to 10~5mm/sec are of the same order of magnitude as those obtained 
by Hoyland (2) for the penetration of various aqueous liquids in 
bleached softwood paper. Although Hoyland 1s diffusion model takes 
into consideration fibre swelling during penetration i t s t i l l 
overlooks many of the aforementioned structural complications 
unique to paper. 

Relationship Between Paper Structure and Ink Sorption. 
Values of various physical test measurements used to characterise 
the different structures in terms of ink receptivity and image 
quality are given in Table II. The standard as well as non
standard physical test measurements, indicate a poor correlation 
between structural and sorptive properties of paper. At best 
methods such as Cobb size provide only a qualitative guide-line. 
The trend in porosity, roughness, and l i q u i d absorption measure
ments, in terms of t j i s very inconsistent for most papers. 
Similarly Lyne (22) has found that Bendsten or Sheffield roughness 
tests do not correlate with perception of letterpress image 
uniformity, due to the r e l a t i v e l y larger areas monitored by these 
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methods. Parker Print Surf roughness however was found to be 
superior, presumably because i t i s more sensitive in the size 
range of half-tone dots, which can be comparable to IJ drop 
images. For Talysurf roughness i t i s doubtful whether other para
meters i n addition to R a (but not l i s t e d in Table II) such as 
bearing r a t i o , waviness, peak-to-valley height, etc. are of more 
significance. On the other hand the means of generating 3- rather 
than 2-dimensional profilograms with the Talysurf (23) would 
enable derivation of more meaningful di s t r i b u t i o n patterns of the 
actual drop contact area. Furthermore since a l l commercial papers 
are chemically heterogeneous, i.e. they consist of cellulose 
fibres with varying amounts of l i g n i n , hemicellulose, organic and 
inorganic papermaking additives, and papermaker's aids, there i s 
also an obvious need to map and quantify their surface chemical 
d i s t r i b u t i o n . 

The significance o
i f one considers the i n i t i a
such as paper a l i q u i d i s unable to discern differences in pore 
depth u n t i l entering the bulk structure. Prior to penetration, 
following dissipation of mechanical forces, drop wetting and 
spreading of an aqueous ink j e t drop w i l l be primarily determined 
by the combined effects of chemical heterogenity and physical 
roughness. The combination of these effects can be approximated 
(24) in terms of Cassie and Baxter (25) and Shuttleworth and 
Bailey's (26) equations: 

cos6 = f 1 c o s 0 e + f 2 [ l l ] 

where 0 refers to the apparent contact angle and 0 e the e q u i l i 
brium contact angle and f1 and f 2 to the s o l i d - l i q u i d area 
fractions (physical and/or chemical) respectively, and 

where 0 refers to the fibre edge angle. It should be emphasized 
that on a porous surface such as paper, 0 represents the resul 
tant of surface and bulk c a p i l l a r y processes (27). Also the 
contact line and drop shape in the contact zone w i l l be perturbed 
to an extent determined by the ratio of drop size to surface 
roughness (28). 

Bearing these arguments in mind i t i s not surprising that 
values of 0 O for most systems (see Table I) correlate poorly with 
data reported in Table II. U n t i l more meangingful surface physi-
cochemical data are available the interpretation, or application 
of contact angle measurements to develop sorptive models for 
paper, remains highly questionable. 

Conclusion 

0 = 0 + 0 e [12] 

A wide variation in the rate of absorption drying and image 
quality of an aqueous ink j e t ink was apparent among the commer-

In Colloids and Surfaces in Reprographic Technology; Hair, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



452 REPROGRAPHIC TECHNOLOGY 

c ia l printing papers examined. Comparison of some of the sorption 
data with simple capillary and diffusion models reveal the present 
limitations of these theories when applied to paper structures. 
A more rigorous theoretical treatment of ink sorption in relation 
to the printing substrate requires further developments in 
characterizing the physicochemical properties of paper. 

The dynamic sorption apparatus clearly demonstrates the ad
vantages of performing dynamic rather than static measurements of 
spreading and penetration at microscopic resolutions on substrates 
as complex as paper. The abil i ty to observe ink or toner/paper 
interactions in situ should be especially valuable for investi
gating other non-impact technologies. 
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Surface Chemistry of Business Papers: 

Electron Spectroscopy for Chemical Analysis 

Studies 

MICHAEL M. FARROW, ALLEN G. MILLER, and ANNE MARIE WALSH 
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A series of standar
controlled composition have been examined using 
ESCA (Electron Spectroscopy for Chemical Analysis). 
Samples of varying pulp composition, varying filler 
content, and those with and without both bulk and 
surface sizing are discussed. The performance 
differential of the various paper surfaces in the 
adhesion of thermally fused, xerographically toned 
images is addressed. 

The performance of an electrographic copier is ultimately 
judged by the product i t produces--that is , a photographic 
quality reproduction of the original document. In order to do 
this, plain-paper copiers transfer the electrostatically-produced 
toner image from the photoconductor to the paper. The image is 
then bonded to the paper with either pressure or heat or both. In 
those copiers using temperature/pressure fusing, the toner is a 
pigmented polymer chosen so that the polymer's glass transition 
temperature, Tg, can be conveniently achieved by the hot ro l l 
fuser. A series of polymers of this nature are those based on 
styrene and acrylates. 

In some copiers, the residence time in the fuser and the 
temperature and pressure encountered are not sufficient to cause 
flow of the toner, and only sintering occurs. In these cases, the 
toner cannot interlock with the cellulose fibers and must rely on 
more subtle forms of bonding to the paper surface. This bonding 
is probably in the form of polar-polar interactions between the 
cellulose hydroxyl groups and the acrylate ester groups. This 
presents a problem since one of the requisites for a well-sized 
paper is that the internal sizing be of low surface energy to 
offer adequate resistance to water penetration.(1, 2) Although 
the surface sizing applied to seal in the f i l l ers and produce a 
smooth surface texture(3) may provide a degree of rel ief from the 
low surface energy internal sizing, i t often appears that 
complete coverage of the internal sizing does not occur.(4) As a 
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consequence, a lower degree o f f u s i n g o c c u r s , and inadequate 
f u s i n g q u a l i t y r e s u l t s . Compounding t h i s prob lem i s the 
i n c r e a s i n g use by paper m i l l s o f n o n - r o s i n s i z e s o r m o d i f i e d s i z e s 
wh ich , a l though more e f f i c i e n t i n p r e v e n t i n g the p e n e t r a t i o n o f 
water , tend to produce a more u n i f o r m , low energy s u r f a c e by 
c o a t i n g even more o f the h y d r o x y l u n i t s on the c e l l u l o s e . ( 5 ) In 
o rde r to enhance the per formance o f toner w i thou t s a c r i f i c i n g the 
d u r a b i l i t y and water p e n e t r a t i o n r e s i s t a n c e o f paper , i t i s 
nece s s a r y to under s tand t h a t s u r f a c e to which toner i s expec ted to 
bond. 

In a p r e v i o u s s e r i e s o f a r t i c l e s , Gray and h i s coworkers have 
i n v e s t i g a t e d the s u r f a c e o f c e l l u l o s e f i b e r s , g i v i n g p a r t i c u l a r 
a t t e n t i o n to mechan i ca l p u l p s tha t had not been s i z e d e i t h e r 
i n t e r n a l l y or e x t e r n a l l y . (6, 7, 8) In t h i s s e r i e s o f works, Gray 
and h i s coworkers were a b l e " to show the a p p l i c a b i l i t y o f ESCA 
( E l e c t r o n Spec t ro s cop
s u r f a c e and i n t e r p r e t e
s t r u c t u r e o f the c e l l u l o s e . ( 6 ) He demonstrated a remarkable 
v a r i a b i l i t y i n the oxygen t o ~ c a r b o n r a t i o on the s u r f a c e o f a 
s e r i e s o f samples r ang i ng from s tone -g round wood, t h a t i s , mere ly 
abraded wood, to t h e r m o m e c h a n i c a l l y - p r e p a r e d p u l p s i n which the 
c e l l u l o s e f i b e r s a re a g i t a t e d under temperature and p r e s s u r e . ( 7 ) 
He demonstrated t h a t the oxygen to carbon r a t i o v a r i a t i o n s were 
accounted f o r by the p re sence o f the l i g n i n on the s u r f a c e o f some 
o f the c e l l u l o s e f i b e r s . He a l s o showed t h a t the a ccu racy i n 
measur ing s u r f a c e atomic r a t i o s had an expec ted e r r o r o f l e s s than 
±10% on the s e r i e s o f samples. L a s t l y , he i n d i c a t e d t h a t 
d e c o n v o l u t i o n o f the C Is peak f o r c e l l u l o s e and wood f i b e r s gave 
reasonab le a c c o r d w i t h the expec ted s t o i c h i o m e t r y o f the 
c o n s t i t u e n t s . ( 8 ) H i s a n a l y s i s o f the expec ted c h e m i c a l s h i f t s i n 
the C Is s p e c t r a formed the b a s i s f o r the u n d e r s t a n d i n g o f t h i s 
work . (6 , 7) 

ESCA a n a l y s i s by now i s a f a m i l i a r t o o l to those i n t e r e s t e d i n 
the s u r f a c e c h e m i s t r y o f samples. Deve loped i n the 1960 ' s by 
S iegbahn and coworkers i n Sweden,(9, 10) ESCA p r o v i d e s 
i n f o r m a t i o n about the e l e c t r o n i c s t r u c t u r e and bond ing o f atoms 
on the s u r f a c e o f a sample. In o r d e r to o b t a i n the e l e c t r o n 
b i n d i n g energy spectrum o f a sample, the sample i s p l a c e d i n an 
u l t r a h i g h vacuum and i r r a d i a t e d w i t h X - r a y pho tons . Some o f the 
photons cause i o n i z a t i o n o f i n n e r - s h e l l e l e c t r o n s o f the atoms, 
and a f t e r impact o f the photons , the e l e c t r o n s l eave the s u r f a c e 
w i t h the k i n e t i c energy e q u a l to tha t o f a photon minus the energy 
b i n d i n g the e l e c t r o n i n i t s o r b i t . The e l e c t r o n b i n d i n g e n e r g i e s 
d i f f e r f o r every e lement , and thus , i t i s p o s s i b l e to determine 
which e lements are p r e s e n t i n a sample mere ly by measur ing the 
k i n e t i c energy o f the e m i t t e d e l e c t r o n s . 

A l though the X - r a y s may p e n e t r a t e the sample to the ex ten t o f 
s e v e r a l thousand angstroms, o n l y those e l e c t r o n s e m i t t e d from the 
top 50 to 100 angstroms o f the s u r f a c e are ab l e to escape 
i n e l a s t i c c o l l i s i o n s w i t h o the r e l e c t r o n s and r e t a i n t h e i r 
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i n i t i a l energy . Thus, o n l y those c o n s t i t u e n t s t h a t t r u l y a re on 
the s u r f a c e are sampled. The energy o f the e m i t t e d e l e c t r o n s 
c h a r a c t e r i z e s the elements p r e s e n t , and the i n t e n s i t y i s p r o p o r 
t i o n a l to t h e i r abundance. In a d d i t i o n to t h i s i n f o r m a t i o n , 
a d d i t i o n a l da ta may be o b t a i n e d about c h e m i c a l bond ing from the 
s u b t l e s h i f t s i n the c h a r a c t e r i s t i c b i n d i n g energy o f the e l e 
ment. E x t e n s i v e t a b u l a t i o n s f o r a v a r i e t y o f e lements a re 
a v a i l a b l e to e s t a b l i s h the exac t c h e m i c a l s h i f t s i n v a r i o u s 
compounds. (11, 12) One d i f f i c u l t y l i e s i n the f a c t t ha t f r e q u e n t 
l y , the c h e m i c a l s h i f t s ob se rved are s m a l l e r than the l i n e w id th 
o f the s p e c t r o m e t e r . However, w i t h an approximate knowledge o f 
the chemi s t r y i n v o l v e d , i t i s p o s s i b l e to deconvo lu te the peaks 
m a t h e m a t i c a l l y and a r r i v e a t a f i r m c o n c l u s i o n about the c h e m i c a l 
s p e c i e s on the s u r f a c e . 

In a d d i t i o n to p h o t o e l e c t r o n s e m i t t e d from the sample, 
another c l a s s o f e l e c t r o n s
w i t h c h a r a c t e r i s t i c e n e r g i e s
the p r o c e s s which e l i m i n a t e s the v e r y h i g h energy s t a t e o f the 
atom a f t e r p h o t o i o n i z a t i o n . As the h o l e rema in ing i n the co re i s 
d e e n e r g i z e d by an o u t e r - s h e l l e l e c t r o n f i l l i n g the h o l e , another 
ou te r s h e l l e l e c t r o n , the Auger e l e c t r o n , i s e m i t t e d w i t h h i g h 
energy . In the case o f the Auger p r o c e s s , the k i n e t i c energy o f 
the e l e c t r o n i s independent o f the i o n i z a t i o n source and i s 
dependent o n l y upon the b i n d i n g energy to the e lement . Wagner e t 
a l ( 1 3 ) have s t u d i e d the c h e m i c a l s h i f t i n the oxygen Auger l i n e s 
and have shown t h a t i t i s o f t e n g r e a t e r than the c h e m i c a l s h i f t o f 
the p a r e n t l i n e , and t h e r e f o r e , v e r y u s e f u l d i a g n o s t i c a l l y . 

In o rde r to under s t and the s u r f a c e to which toner i n e l e c t r o -
g r a p h i c c o p i e r s i s expec ted to bond and to p r o v i d e i n f o r m a t i o n to 
a s s i s t i n f o r m u l a t i n g optimum t o n e r s , a s e r i e s o f paper samples 
has been i n v e s t i g a t e d . These samples range from raw, unb leached 
papers to f i n i s h e d , b o n d - q u a l i t y p a p e r . The g o a l o f t h i s s tudy 
was to under s t and , s t e p - b y - s t e p , what changes occur on the 
s u r f a c e o f c e l l u l o s e f i b e r s d u r i n g the paper m a n u f a c t u r i n g 
p r o c e s s , and to p r o v i d e a b r o a d , g e n e r a l background i n 
u n d e r s t a n d i n g the s u r f a c e o f f i n i s h e d b u s i n e s s p a p e r s . 

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

Paper specimens were o b t a i n e d from Mead Paper , P r i n t i n g and 
W r i t i n g Paper D i v i s i o n ( C h i l l i c o t h e , Ohio 45601). Samples were 
i d e n t i f i e d as b e i n g f r e e from o the r m a t e r i a l s , i . e . , no p r e s e r v 
a t i v e s , s l i m i c i d e s , defoamers, e t c . I n t e r n a l l y - s i z e d samples 
were s i z e d by c o n v e n t i o n a l a l u m / r o s i n s i z i n g ; s u r f a c e - s i z e d 
m a t e r i a l s were p r e p a r e d by an a p p l i c a t i o n o f s t a r c h at the s i z e 
p r e s s ; and a l l the o t h e r samples were u n s i z e d . Whatman f i l t e r 
paper was e x t r a c t e d w i t h a 68/32 m ix tu re o f c h l o r o f o r m / a c e t o n e to 
remove any o r g a n i c b i n d e r from the f i b e r s u r f a c e . The f i b e r 
compos i t i on o f the Whatman f i l t e r paper was i d e n t i f i e d by o p t i c a l 
m ic roscopy as c o t t o n . The sample i d e n t i f i e d as "No S i z i n g " was 
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a l s o e x t r a c t e d f o r 24 hours i n a S o x h l e t e x t r a c t o r w i t h acetone i n 
o rde r to remove any i n c i d e n t i a l hydrocarbon on the s u r f a c e . A l l 
o the r samples were examined i n an "As R e c e i v e d " c o n d i t i o n . 

A l l fuse grade samples were p r e p a r e d u s i n g IBM S e r i e s I I I , 
Model 40 C o p i e r , runn ing a t a f u s e r temperature o f 170°C, a n i p 
p r e s s u r e o f ~20kg/cm 2 , and r e s i d e n c e t ime o f 18 msec. E v a l u a t i o n 
o f the fuse grade was by an a b r a s i o n method which i s a m o d i f i c a 
t i o n o f ASTM F362-79. The m o d i f i e d p rocedure uses a s t andard t e s t 
p a t t e r n which i s abraded w i t h a Taber A b r a s e r , and the change i n 
r e f l e c t a n c e o f the abraded a rea i s measured u s i n g a Gardner 
r e f l e c t o m e t e r . 

A l l ESCA s p e c t r a were o b t a i n e d u s i n g a P h y s i c a l E l e c t r o n i c s , 
Model 548, e l e c t r o n spec t rometer o p e r a t e d under c o n t r o l o f the 
MACS ( M u l t i p l e Techn iques A n a l y t i c a l C o n t r o l System) computer 
( c o p y r i g h t P h y s i c a l E l e c t r o n i c s I n d u s t r i e s ) . A magnesium x - r a y 
anode was used s u p p l i n
Survey s p e c t r a (1,000-
the pass energy o f 100 eV w i t h 0.5 eV sampl ing . Survey s p e c t r a 
are t y p i c a l l y c o l l e c t e d a t low r e s o l u t i o n f o r a s h o r t p e r i o d o f 
time p r i m a r i l y to e s t a b l i s h the o v e r a l l e l emen ta l compos i t i on o f 
the s u r f a c e . Survey s p e c t r a a r e , i n g e n e r a l , not p r e c i s e enough 
to e s t a b l i s h s e m i - q u a n t i t a t i v e a n a l y s i s o f the s u r f a c e . More 
d e t a i l e d s u r f a c e i n f o r m a t i o n can be o b t a i n e d by " m u l t i p l e x " scans 
a c q u i r e d by r e p e t i t i v e l y s cann ing narrow windows i n the b i n d i n g 
energy range over the e lements o f i n t e r e s t . These m u l t i p l e x scans 
are taken at h i ghe r in s t rument r e s o l u t i o n and f o r a s u f f i c i e n t l y 
l ong p e r i o d o f t ime to generate a h i g h s i g n a l to no i se r a t i o . 
T h i s i s done a u t o m a t i c a l l y by the so f tware program i n a s s o c i a t i o n 
w i t h an i n s t r u m e n t a l i n t e r f a c e . M u l t i p l e x data were c o l l e c t e d at 
a pass energy o f 25 eV w i t h 0.2 eV sampl ing over the a p p r o p r i a t e 
b i n d i n g e n e r g i e s f o r those e lements d e t e c t e d i n the survey 
s p e c t r a . The spec t rometer was c a l i b r a t e d to the Au 4 f 7/2 peak a t 
83.8 eV. At 25 eV pass energy , the Au 4 f 7/2 has a f u l l w id th at 
h a l f maximum (FWHM) o f 1.25 eV. T y p i c a l vacuum chamber p r e s s u r e 
d u r i n g a n a l y s i s was app rox ima te l y 5 x 1 0 " 9 t o r r . A l l samples 
were hand led w i th s t anda rd s u r f a c e a n a l y s i s techn iques to a v o i d 
s u r f a c e c o n t a m i n a t i o n . R e p r e s e n t a t i v e samples o f each type o f 
paper were removed from the c e n t e r o f the sheet to a v o i d any edge 
c o n t a m i n a t i o n due to p r e v i o u s h a n d l i n g . 

The m u l t i p l e x data c o n s i s t e d o f s e v e r a l r e g i o n s w i t h o v e r 
l a p p i n g peaks . The C Is and 0 Is r eg i ons were r e s o l v e d u s i n g 
c u r v e - f i t t i n g r o u t i n e s tha t were s u p p l i e d w i t h the MACS System. 
Be fo re f i t t i n g , a l l data were t r e a t e d w i t h a t h r e e - p o i n t d i g i t a l 
smoothing and c o r r e c t e d f o r i n e l a s t i c b a c k - s c a t t e r i n g . From 
p r e v i o u s work on a p o l y e t h y l e n e sample at s i m i l a r in s t rument 
parameter s , i t has been e s t a b l i s h e d tha t the 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 l i n e w id th and n a t u r a l l i n e w idth o f the carbon and 
oxygen Is l i n e s have FWHM o f 1.6-1.8 eV, and the l i n e shape can be 
f i t t e d w i t h a curve tha t ranges from 90% Gaus s i an , 10% L o r e n t z i a n 
to 100% Gaus s i an . F i t t i n g was i n i t i a l l y c a r r i e d out w i t h o n l y 
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minimum r e s t r a i n t s on b i n d i n g energy and w i thou t c o r r e c t i o n f o r 
s t a t i c charge . A second-pass f i t was c a r r i e d ou t , c o r r e c t i n g f o r 
the s t a t i c c h a r g i n g by s h i f t i n g the low-energy C Is peak 
( s a t u r a t e d hydrocarbon) to 284.6 ± .2 eV. D e t a i l s o f t h i s f i t t i n g 
p rocedure w i l l appear e l sewhere , but i n every c a s e , s a t i s f a c t o r y 
f i t t i n g was o b t a i n e d u s i n g th ree s p e c i e s o f carbon and two s p e c i e s 
o f oxygen. The c r i t e r i a f o r the s a t i s f a c t o r y f i t were: a) a 
minimum number o f s p e c i e s , b) the d i f f e r e n c e between the computed 
curve and the data curve d i d not show u n r e s o l v e d f e a t u r e s above 
the background n o i s e l e v e l , and c) rea sonab le c h e m i c a l 
cor respondence between the sample and the c h e m i c a l s h i f t s o f the 
r e s o l v e d f e a t u r e s . 

R e s u l t s and D i s c u s s i o n 

The ESCA s p e c t r a f o
0 Is l i n e and C Is l i n e s
r e s p e c t i v e l y . F i g u r e 1 i s a survey spectrum f o r paper w i thou t 
s i z i n g . In a d d i t i o n to the 0 Is and C Is l i n e s , o the r f e a t u r e s 
a l s o v i s i b l e are the oxygen Auger and carbon Auger l i n e s l y i n g a t 
about 750 eV and 1000 eV r e s p e c t i v e l y . The 0 2s l i n e a t about 30 
eV i s a l s o e v i d e n t . The f e a t u r e a t app rox ima te l y 200 eV i s the 
c h l o r i n e 2p t r a n s i t i o n ( a r i s i n g from the b l e a c h i n g o p e r a t i o n on 
the p a p e r ) . Some ev idence o f aluminum, presumably a r i s i n g from 
c o n t a m i n a t i o n d u r i n g the f o r m a t i o n o f the s h e e t , i s v i s i b l e a t 
app rox ima te l y 75 eV and a t 120 eV. The i n t e n s i t y r a t i o s a p p e a r i n g 
i n the survey s p e c t r a are not d i r e c t l y p r o p o r t i o n a l to the 
abundance o f v a r i o u s e lements on the s u r f a c e s i n c e the 
p h o t o e l e c t r o n y i e l d from the ESCA p r o c e s s v a r i e s from element t o 
e lement . F i g u r e 2 i s a spectrum o f a f i l l e d paper ( u n s i z e d ) . In 
a d d i t i o n to the p r e v i o u s l y ment ioned f e a t u r e s , t he re now appear 
two l i n e s from s i l i c o n l y i n g a t app rox ima te l y 100 eV and 150 eV. 
Note tha t the r a t i o between carbon and oxygen i s changed between 
the paper w i t h no f i l l e r and the h i g h f i l l e r con ten t p a p e r . 
F i g u r e 3 i s a survey spectrum o f Mead 20 l b . bond paper . In 
compar i son to the p r e v i o u s samples, the carbon to oxygen 
i n t e n s i t y r a t i o has changed and f e a t u r e s from s i l i c o n are no 
l onge r v i s i b l e , presumably as a consequence o f an o v e r l a y i n g o f 
s t a r c h s u r f a c e s i z i n g . 

F i g u r e 4 i s the C Is m u l t i p l e x which has been s h i f t e d 3 eV and 
smoothed w i t h a d i g i t a l smoothing a l g o r i t h m . The 3 eV s h i f t i s to 
accommodate the s u r f a c e s t a t i c c h a r g i n g caused by the 
pho toemi s s i on o f e l e c t r o n s . F i g u r e 5 i s the 0 Is r e g i o n t r e a t e d 
i n the same way. In a d d i t i o n to the smoothing, b a s e l i n e c o r r e c 
t i o n s have been a p p l i e d to remove the background n o i s e l e v e l and 
to c o r r e c t f o r i n e l a s t i c e l e c t r o n s c a t t e r i n g . Examina t i on o f 
F i g u r e 4 shows t h a t the C Is l i n e f o r paper w i thou t s i z i n g i s 
c o n s i d e r a b l y g r e a t e r i n FWHM than the expec ted 1.6 eV. Both 
L i n f o r s ( 1 4 ) and Wagner(15) have i n d i c a t e d tha t the FWHM and l i n e 
shape shou ld be app rox ima te l y cons tan t f o r the Is response o f a 
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Figure 2. ESCA survey spectra of paper with high filler content and no sizing. 
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Figure 3. ESCA survey spectra of Mead 20 lb. bond paper. 
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Figure 4. ESCA carbon Is multiplex spectra for paper without sizing. 
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Figure 5. ESCA oxygen Is multiplex spectra for paper without sizing. 
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g i v e n spec t rometer f o r a l l e lements from l i t h i u m through sodium. 
T h i s i s because the n a t u r a l l i n e w id th i s narrower than the 
in s t rument response f u n c t i o n and i n g e n e r a l the l i n e w id th and 
shape are a consequence o f the c o n v o l u t i o n o f the n a t u r a l l i n e 
w id th and the in s t rument response f u n c t i o n . An examina t ion o f 
F i g u r e 5 shows t h a t the 0 Is l i n e a l s o has a FWHM somewhat g r e a t e r 
than 1.6 eV. 

Once m u l t i p l e x s p e c t r a have been c o l l e c t e d , i t i s p o s s i b l e to 
compute a s e m i - q u a n t i t a t i v e s u r f a c e c o m p o s i t i o n . U s i ng the MACS 
program so f twa re , which accounts f o r v a r y i n g e l e m e n t a l 
s e n s i t i v i t i e s , and u s i n g peak i n t e n s i t y , a l l r e g i on s sampled i n 
the m u l t i p l e x s p e c t r a are r a t i o e d to e s t a b l i s h a s u r f a c e compos i 
t i o n . Of c o u r s e , those reg i on s not sampled i n the m u l t i p l e x 
s p e c t r a are not accounted f o r and the r e s u l t i n g s e m i - q u a n t i t a t i v e 
s u r f a c e compos i t i on w i l l not r e f l e c t t h e i r p r e s e n c e . In t h i s 
s tudy a l l e lements d e t e c t e
m u l t i p l e x s p e c t r a . 

A d i f f i c u l t y a r i s e s from the use o f the MACS program i n t h a t 
the computed r e l a t i v e abundances o f the elements a re based on 
i n t e n s i t i e s o n l y . A l though a p u r e l y Gaus s i an l i n e would have a 
peak h e i g h t p r o p o r t i o n a l to the a r e a , any d e v i a t i o n s from the 
p u r e l y Gaus s i an l i n e would not be accommodated by t h i s program. 
T h i s i s o b v i o u s l y the case o f the C Is r e g i o n i n which m u l t i p l e 
s p e c i e s o c c u r . For t h i s s tudy a l l s e m i - q u a n t i t a t i v e s u r f a c e 
atomic c o n c e n t r a t i o n s were determined by the "Curve F i t t i n g 
Package" ( c o p y r i g h t P h y s i c a l E l e c t r o n i c s I n d u s t r i e s ) which a l l ows 
semi -automat i c computat ion o f s u r f a c e c o n c e n t r a t i o n s based on 
areas not on peak i n t e n s i t i e s . Tab le I l i s t s the o v e r a l l s u r f a c e 
atomic c o n c e n t r a t i o n s o f a l l the e lements d e t e c t e d i n the survey 
s p e c t r a f o r the samples. I t i s i n t e r e s t i n g to note tha t as the 
sample undergoes more and more p r e p a r a t i o n toward p r o d u c i n g the 
f i n i s h e d shee t , r e l a t i v e l y l i t t l e change occur s i n the oxygen to 
carbon r a t i o o v e r a l l , u n t i l f i l l e r and s i z i n g are added. Some 
aluminum c o n t a m i n a t i o n was found on a l l samples, p r o b a b l y 
d e p o s i t e d d u r i n g the paper f i n i s h i n g o p e r a t i o n s . 

Once the m u l t i p l e x s p e c t r a have been c o l l e c t e d and s t o r e d , i t 
i s p o s s i b l e to c o n t i n u e a n a l y s i s u s i n g the curve f i t t i n g package. 
Gray e t a l ( 6 , 7, 8) have shown tha t the s u r f a c e o f the c e l l u l o s e 
f i b e r s s h o u l d be composed p r i m a r i l y o f two carbon peaks : carbon 
bonded to h y d r o x y l ( c a r b i n o l ) and carbon s i n g l y bonded to two 
oxygens ( a c e t a l ) . In a d d i t i o n , most samples show the presence o f 
carbon bonded o n l y to o the r carbons and/or hydrogen. Wagner e t 
a l ( 1 3 ) have shown tha t the oxygen s p e c i e s i n c e l l u l o s e shou ld be a 
s i n g l e l i n e at 532.5 eV. T a b l e II l i s t s the parameters and 
i d e n t i f i c a t i o n o f the carbon and oxygen s p e c i e s used to f i t t h i s 
m u l t i p l e x d a t a . 

The vendor s u p p l i e d curve f i t t i n g package r e q u i r e s tha t the 
number o f s p e c i e s be i d e n t i f i e d and ranges e s t a b l i s h e d f o r t h e i r 
i n t e n s i t y , b i n d i n g energy, FWHM, and shape f a c t o r s , and the 
v a l u e s be i n i t i a l i z e d . U s i n g a m u l t i - d i m e n s i o n a l g r i d s ea r ch 
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TABLE I 

Su r f a ce Atomic C o n c e n t r a t i o n s f o r Paper Specimens 

A l l specimens 50/50 hardwood/softwood except as no ted 

E lements (Atomic C o n c e n t r a t i o n 1 , %) 

Sample C 0 A l S i CI 

Whatman 2 55.3 44.7 - - -

No S i z i n g 

E x t r a c t e d 1 1 

No S i z i n g 
58.8 38.3 - - 0.9 

Unbleached 54.4 44.9 0.7 - -

B leached 56.1 42.9 1.0 - -

B leached Hardwood 5 57.9 40.6 1.5 - -

L i g h t R e f i n i n g 60.3 38.8 1.0 - -

Hard R e f i n i n g 59.3 40.3 - - -

Low F i l l e r 55.9 42.7 0.8 0.5 -

High F i l l e r 43.5 50.9 3.3 2.3 -

I n t e r n a l S i z i n g 78.0 19.5 2.4 - -

I n t e r n a l and 
Su r f ace S i z i n g 

73.6 25.2 1.2 - -

Mead 20# Bond 67.2 25.9 4.4 - 0.5 

1 U s i n g i n t e g r a t e d areas and a rea s e n s i t i v i t y , MACS program. 
2 Co t ton f i b e r s e x t r a c t e d w i t h 68/32 c h l o r o f o r m / a c e t o n e . 
3 No i se l e v e l . 
u E x t r a c t e d 24 h r s . w i t h a ce tone . 
5 100% hardwood. 
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TABLE II 
S p e c i e s A s s i g n e d to Chemica l S h i f t s 

B i n d i n g energy , e v 1 

Cj 284.5 Hydrocarbon, carbon bonded o n l y to o the r ca rbon 
or hydrogen

C 2 286.3 Carbon s i n g l y bonded to oxygen, o the r bonds to 
carbon and/or hydrogen: (-C-OH) 

C 3 287.9 Carbon, doub ly bonded to oxygen or s i n g l y bonded 
to two oxygens, a c e t a l : (C=0 or (-0-C-OR) 

0 a 531.5 I n c i d e n t a l oxygen, i n o r g a n i c oxygen. 

0 2 532.8 Anhydrog lucose oxygen, absorbed H 2 0 (C-O-H, 
C-O-C, H 2 0 ) 

1 Average v a l u e s , 12 samples, ± 0 . 1 ev 
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r o u t i n e , the d e v i a t i o n o f the computed curve from the da ta curve 
i s m i n i m i z e d . A l l parameters a re a l l o w e d to v a r y w i t h i n the 
p r e d e t e r m i n e d l i m i t s and upon convergence o f the e r r o r s i g n a l , 
i t e r a t i o n c e a s e s . F i g u r e 6 i s an example o f the computer f i t o f 
the C Is r e g i o n o f paper w i thou t s i z i n g . F i t t i n g was c a r r i e d out 
on a l l C Is r e g i o n s and 0 Is r e g i o n s s h i f t e d so tha t the Cj 
s p e c i e s hyd roca rbon , ( carbon bonded to hydrogen and o the r carbons 
o n l y ) f e l l w i t h i n 0.2 eV o f 284.6 eV. F a i r l y narrow i n i t i a l 
f i t t i n g parameters were used on the energy to c o r r e s p o n d to C 1 # 

C 2 , and C 3 and the FWHM was r e s t r i c t e d to 1.6-1.8 eV. The l i n e 
shape f a c t o r , which can be v a r i e d from a 0-100% mix o f 
G a u s s i a n / L o r e n t z i a n was r e s t r i c t e d between 80 and 100% Gaus s i an . 
F i g u r e 7 shows the f i t f o r the 0 Is r e g i o n i n paper w i thou t 
s i z i n g . An adequate f i t c o u l d be o b t a i n e d by u s i n g two s p e c i e s 
w i t h the parameters as i n d i c a t e d i n Tab le I I. Once a g a i n , 
e n e r g i e s were r e s t r i c t e d  f a i r l  band c o r r e s p o n d i n
the expec ted c h e m i s t r y
r e s t r a i n e d i n a manne y
r e g i o n and 0 Is r e g i o n s were f i t t e d ; a l l o t h e r r e g i o n s were 
assumed to be s i n g l e s p e c i e s as i d e n t i f i e d by the c h e m i c a l s h i f t . 
For example, the aluminum, c o r r e c t e d f o r s t a t i c c h a r g i n g , was 
s h i f t e d i n a manner to i n d i c a t e aluminum o x i d e , and s i l i c o n when 
d e t e c t e d was found to be i n the form o f s i l i c o n d i o x i d e . 

T a b l e I I I shows the r e s u l t s o f the r e s o l u t i o n o f a l l carbon 
and oxygen s p e c i e s on the 13 samples s t u d i e d . Va lues i n the t a b l e 
are based on the o v e r a l l atomic c o n c e n t r a t i o n o f the two e lements 
i n the sample r a t i o e d to the f r a c t i o n a l a rea c o n t r i b u t i o n o f each 
component to the r e g i o n . The expec ted e r r o r i n the r e s o l u t i o n 
r e s u l t i s a n t i c i p a t e d to be l e s s than 10% o f the v a l u e o f each 
s p e c i e s . Con t i nued f i t t i n g o f the data d i d not y i e l d a 
s i g n i f i c a n t l y b e t t e r r e s u l t . Based on the Auger parameter l i s t e d 
i n Tab le IV f o r a l l the samples, Wagner 's measurement o f the Auger 
parameter f o r c e l l u l o s e , ( 1 3 ) and G r a y ' s work on c e l l u l o s e 
f i b e r s , ( 6 , 7, 8) i t i s p o s s i b l e to a s s i g n the pr ime c o n s t i t u e n t o f 
a l l the samples as b e i n g anhydrog lucose ( c e l l u l o s e or s t a r c h ) . 

C e l l u l o s e i s a polymer c o n s i s t i n g o f anhydrog lucose u n i t s , 
( C 6 H 1 0 O 5 ) . S i nce hydrogen i s not d e t e c t e d i n the ESCA exper iment , 
the on l y s p e c i e s v i s i b l e on a pure c e l l u l o s e s u r f a c e s h o u l d be 
carbon and oxygen. A l l carbons are bonded to a t l e a s t one oxygen, 
e i t h e r i n the form o f c a r b i n o l or i n the form o f carbon s i n g l y 
bonded to two d i f f e r e n t oxygens ( a c e t a l ) . T h e r e f o r e , the 
s t o i c h i o m e t r i c r a t i o o f oxygen to carbon and c a r b i n o l to a c e t a l 
are f i x e d by the anhydrog lucose s t r u c t u r e s . These can be computed 
as O ^ C j + C 2 (oxygen to carbon) and C 2 / C 3 ( c a r b i n o l to a c e t a l ) 
which s t o i c h i o m e t r i c a l l y are 5:6(0.833) and 5:1 r e s p e c t i v e l y f o r 
anhyd rog luco se . 

The r e s u l t s o f the curve f i t t i n g as i t r e l a t e s to the 
anhydrog lucose s t o i c h i o m e t r y i s l i s t e d i n T a b l e V. In o rde r to 
p r o v i d e r e f e r e n c e to G r a y ' s p r e v i o u s work , (6 , 7, 8) we have 
i n c l u d e d a sample o f Whatman f i l t e r p a p e r . A l though t h i s m a t e r i a l 
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TABLE II I 
Re so l ved Carbon and Oxygen Spec ie s 

Spec i e s ( O v e r a l l % S u r f a c e Atomic C o n c e n t r a t i o n ) 

Sample 1 

c 2 c 3 Oi ° 2 

Whatman 6.0 42.0 7.3 2.9 41.8 

No S i z i n g 

E x t r a c t e d 
No S i z i n g 

8.4 39.3 11.2 5.1 35.2 

Unbleached 14.8 32.8 6.8 6.9 38.0 

B l eached 11.2 36.9 8.0 5.2 37.7 

B l . Hardwood 17.0 31.5 9.4 6.1 34.5 

L i g h t R e f i n i n g 19.2 31.7 9.4 4.3 34.5 

Hard R e f i n i n g 13.7 37.9 7.7 9.8 30.5 

Low F i l l e r 12.3 33.3 10.3 9.1 33.6 

High F i l l e r 5.3 32.1 6.1 11.6 39.3 

I n t e r n a l S i z i n g 54.2 16.6 7.2 5.8 13.7 

I n t e r n a l and 
Su r f a ce S i z i n g 

45.0 22.5 6.1 3.6 21.6 

Mead 20# Bond 32.8 26.4 8.9 5.4 19.5 

1 Sample d e s c r i p t i o n as i n T a b l e I. 
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TABLE IV 
Auger P a r a m e t e r 1 and S t a t i c Cha r ge 2 

Sample 3 a , eV S t a t i c Charge, eV 

Whatman 1041.9 3.3 

No S i z i n g 1042.5 3.1 

No S i z i n g , E x t r . 1042.2 3.0 

Unb leached 

B l eached 1042.1 2.7 

B l eached Hardwood 1042.3 3.7 

L i g h t R e f i n i n g 1042.1 3.6 

Hard R e f i n i n g 1041.8 3.8 

Low F i l l 1042.0 3.0 

H igh F i l l 1041.7 3.2 

I n t e r n a l S i z i n g 1042.1 2.5 

I n t e r n a l and Su r f a ce S i z i n g 1041.6 2.6 

Mead 20# Bond 1041.4 2.6 

1 K i n e t i c energy o f the oxygen KLL Auger t r a n s i t i o n p l u s the 
B i n d i n g Energy o f the oxygen Is e l e c t r o n , o. 

2 R e f e r e n c i n g to 284.6 eV f o r carbon bonded to o the r carbon and 
to hydrogen o n l y . A c t u a l v a l u e s were a t g r e a t e r b i n d i n g 
e n e r g i e s than 284.6 eV. 

3 Sample d e s c r i p t i o n as i n Tab le I. 
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TABLE V 
S p e c i e s R a t i o s Based on D e c o n v o l u t i o n R e s u l t s 

Sample 1 

T h e o r e t i c a l Anhydrog lucose 5 0.833 

Whatman 5.8 0.848 

No S i z i n g 

No S i z i n g , E x t r . 3.5 0.657 

Unbleached 4.8 0.960 

B l eached 4.6 0.840 

B leached Hardwood 3.4 0.844 

L i g h t R e f i n i n g 3.4 0.839 

Hard R e f i n i n g 4.9 0.669 

Low F i l l e r 3.2 0.771 

High F i l l e r 5.3 1.03 

I n t e r n a l S i z i n g 2.3 0.576 

I n t e r n a l and Su r f a ce S i z i n g 3.7 0.755 

Mead 20# Bond 2.9 0.569 

1 Sample d e s c r i p t i o n as i n T a b l e I. 
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i s assumed to be s t anda rd c e l l u l o s e , the r a t i o o f C 2 to C 3 i s w e l l 
above the expec ted e r r o r . One p o s s i b l e i n t e r p r e t a t i o n o f t h i s 
v a r i a t i o n , o ther than f i t t i n g e r r o r s , i s tha t d u r i n g the p r e p a r 
a t i o n o f the c o t t o n f i b e r s to produce the f i l t e r paper , the f i b e r s 
are a c i d washed to remove any r e s i d u a l i n o r g a n i c s . Such a c i d 
washing may be s u f f i c i e n t to cause d e p o l y m e r i z a t i o n o f the 
c e l l u l o s e on the s u r f a c e , p r o d u c i n g a s u r f a c e t h a t i s e n r i c h e d i n 
h y d r o x y l u n i t s . Other d e v i a t i o n s from i d e a l s t o i c h i o m e t r y seem 
to be r e l a t e d to the p re sence o f hydrocarbon on the s u r f a c e 
p a r t i a l l y o b s c u r i n g the anhydrog luco se . T h i s same e f f e c t seems 
to be r e s p o n s i b l e f o r the d e p r e s s i o n o f the expec ted oxygen to 
carbon r a t i o (02/Cr + C 2 ) to below normal s t o i c h i o m e t r y . Other 
d e v i a t i o n s from i d e a l i t y , f o r example, the oxygen to carbon r a t i o 
i n h i gh f i l l e r paper , can be accounted f o r by the presence o f 
adsorbed water on the f i l l e r m a t e r i a l . T h i s i s p o s s i b l e s i n c e 
water oxygen has the sam  c h e m i c a l s h i f  anhydrog lucos
and w i l l be i n c l u d e
p r e c a u t i o n s were taken  dehydrat  sample
t i o n by ESCA, i t i s expec ted tha t a t the v e r y h i gh vacuum c o n d i 
t i o n s i n the spec t romete r , most non-bound water would be v o l a 
t i l i z e d immed ia te l y . 

Tab le VI l i s t s the r e l a t i o n s h i p between the sample p r e p a r a 
t i o n and the amount o f hydrocarbon (C1) on the s u r f a c e . Obv ious 
l y , those samples w i t h i n t e r n a l s i z i n g added have an e l e v a t e d 
hydrocarbon c o n t e n t . I t i s t h i s hydrocarbon , i n the form o f r o s i n 
and r o s i n s a l t s , tha t impar t s the low s u r f a c e energy and 
r e s i s t a n c e to water p e n e t r a t i o n to the paper . In o the r c a se s , the 
hydrocarbon i s p r o b a b l y i n the form o f l i g n i n rema in ing from the 
p u l p i n g o p e r a t i o n or a d v e n t i t i o u s carbon s imp ly from the h a n d l i n g 
o f the sample. 

T a b l e VI a l s o shows the r e l a t i o n s h i p between the amount o f 
hydrocarbon i n the form o f p e r c e n t Cj and the r e l a t i v e fuse g rade . 
The number o f samples i n Tab le VI i s reduced from p r e v i o u s t a b l e s 
s i n c e many o f the p a p e r s , because of t h e i r p r o p e r t i e s , were unab le 
to w i t h s t a n d the a b r a s i v e fuse grade t e s t i n g . For example, the 
sample w i t h h i gh l e v e l s o f f i l l e r s e p a r a t e d r a t h e r e a s i l y and 
p u l l e d f i b e r s from the s u r f a c e , i n v a l i d a t i n g the t e s t p r o c e d u r e . 
Even w i thout these samples, however, a c l e a r r e l a t i o n s h i p between 
the amount o f hydrocarbon on the s u r f a c e , e i t h e r i n the form o f 
r o s i n and r o s i n s a l t s o r l i g n i n , i s c l e a r l y r e l a t e d to the 
adhes ion o f the toner po lymers to the paper s u r f a c e . A l e a s t 
square f i t o f these da ta has a ( r e l a t i v e l y low) c o r r e l a t i o n 
c o e f f i c i e n t o f 0 .85, and a s l ope o f - 0 . 8 . A l though the 
r e l a t i o n s h i p may not be a l i n e a r one, i t i s c l e a r l y rea sonab le to 
presume tha t h i ghe r q u a n t i t i e s o f hydrocarbon on the s u r f a c e o f 
paper do p reven t adequate adhes ion o f t o n e r . T h i s r e s u l t 
co r responds w i t h the p r e v i o u s work done by Borch(16) and a l s o w i t h 
r e s u l t s p r e s e n t e d e l sewhere i n t h i s symposium volume. 
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TABLE VI 

R e l a t i v e 
Sample %C X Fuse Grade, % 

No S i z i n g 18.5 100 

I n t e r n a l S i z i n g 54.2 57 

I n t e r n a l and Su r f ace S i z i n g 45.0 77 

L i g h t R e f i n i n g 19.2 76 

Hard R e f i n i n g 13.7 96 

No F i l l e r -14 94 

Mead 20# Bond 32.8 76 
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C o n c l u s i o n 

The s u r f a c e o f paper can be a d e q u a t e l y r e p r e s e n t e d as a 
comb ina t ion o f anhydrog lucose and hydrocarbon from the r o s i n 
s i z i n g and r e s i d u a l l i g n i n . One i n t e n t o f the paper manu fac tu r i n g 
p r o c e s s i s to remove l i g n i n , which from an ESCA p e r s p e c t i v e 
appears p r i m a r i l y as hydrocarbon on the c e l l u l o s e , and prepare a 
c l e a n s u r f a c e . The subsequent a d d i t i o n o f s i z i n g to p r e v e n t water 
p e n e t r a t i o n once a ga in adds hydrocarbon to the s u r f a c e . The 
i n t e r n a l s i z i n g hydrocarbon i s not n e c e s s a r i l y t o t a l l y obscured 
by the s u r f a c e s i z i n g . T h i s l a t t e r r e s u l t may p a r t i a l l y respond 
to the q u e s t i o n r a i s e d by Marten on "whether the s t a r c h f i l m on 
the s a t u r a t e d s u r f a c e i s monomolecular l a y e r or p o l y m o l e c u l a r . 
I t i s most l i k e l y t h a t the s u r f a c e i s c o v e r e d o n l y pa tchwi se by 
aggregates s e v e r a l mo lecu le s t h i c k as sugges ted f o r o t h e r 
p o l y m e r s " . ( 1 7 ) S i nce ESC
c e l l u l o s e and s i n c e th
f a i r l y h i g h i n modern paper manu fac tu r i n g , i t i s p r o b a b l e t h a t the 
anhydrog lucose u n i t s on the s u r f a c e o f f i n i s h e d paper are i n the 
form o f s t a r c h . 

The demonstrated r e l a t i o n s h i p between the presence o f 
hydrocarbon and f u s e a b i l i t y o f toner to the paper i s e q u a l l y 
important to the paper manufac tu re r s and to the t o n e r / c o p i e r 
manu fac tu re r s . I t i s p o s s i b l e t h a t m o d i f i c a t i o n s to the s u r f a c e 
s i z i n g p r o c e s s c o u l d p r o v i d e b e t t e r s u r f a c e s f o r t oner adhe s i on . 

F u r t h e r work i s underway to c h a r a c t e r i z e f i n i s h e d p a p e r s , 
e s p e c i a l l y those s i z e d w i t h the a l k a l i n e s i z i n g p r o c e s s . Such 
papers on i n i t i a l examina t i on do seem to have a g r e a t e r amount o f 
hydrocarbon on the s u r f a c e and these s i z i n g methods are thought to 
be more e f f i c i e n t and e n v i r o n m e n t a l l y c l e a n e r . ( 1 8 ) European and 
some domest ic manu fac tu re r s have been u s i n g the a l k a l i n e s i z i n g 
p r o c e s s and more are c o n s i d e r i n g i t . I f the s u r f a c e o f a l k a l i n e 
s i z e d paper i s l e s s p o l a r , as found by Bo rch , (16 ) then even 
g r e a t e r d i f f i c u l t i e s can be expec ted w i t h the f u s i n g o f 
s t y r e n e / a c r y l a t e based t o n e r s . 
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Effect of Paper Chemistry in Electrophotography 

J. BORCH 

IBM Corporation, General Products Division, Tucson, AZ 85744 

The effect of paper chemistry
graphic printing is reviewed.
of this printing process are that the polymeric 
toner particles spread on and subsequently 
adhere to paper fibers in the sheet surface. 
Therefore, adequate image fix (fusing) is 
affected by paper chemistry through furnish 
composition and surface sizing treatment. 
Physically, the fusing process can be charac
terized as one where wetting and adhesion are 
being promoted by a relatively high surface 
energy of the paper. It is shown that commer
cially produced printing papers vary consider
ably in energetics due to the methods by which 
they are sized, either internally or at the 
size press. The effect of this on fuse fix 
and other important electrophotographic process 
characteristics (e.g. friction) is presented. 
The impact of the present trend in papermaking 
towards alkaline process using cellulose reac
tive sizes is analyzed. 

In e lec trophotographic p r i n t i n g , image f i x is obtained 
by the spreading of the molten polymeric toner on f iber 
surfaces and the subsequent adhesion of the glassy 
polymer to c e l l u l o s e at points where adequate contact 
has been obta ined. In contrast to other p r i n t i n g 
processes using l i q u i d i n k s , no penetrat ion into the 
f iber wal l of the paper f ibers occurs . Most e l e c t r o 
photographic p r i n t e r s and fast-speed copiers employ 
pressure a s s i s t ed fusing where the heat ing process in 
some designs is a s s i s t ed by preheat ing the paper on a 
metal p laten before entrance into the fusing nip ( O . 
The requirements to the paper substrate are then that 

0097-6156/82/0200-0475$06.00/0 
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i t m u s t w i t h s t a n d b o t h h e a t a n d p r e s s u r e a n d p r o v i d e 
an i d e a l s u r f a c e f o r t h e s p r e a d i n g a n d t h e s u b s e q u e n t 
a d h e s i o n o f t h e t o n e r . F u s e q u a l i t y d e p e n d s on h e a t , 
p r e s s u r e a n d t i m e a l l o w e d f o r t h e f u s i n g p r o c e s s t o 
o c c u r ( m a c h i n e s p e e d ) . B o t h o p t i c a l m i c r o s c o p y a n d 
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 s 1 a n d 2) d e m o n 
s t r a t e t h a t t o n e r s p r e a d i n g i s r a r e l y o p t i m i z e d f o r 
a w i d e v a r i e t y o f c o m m e r c i a l l y a v a i l a b l e t o n e r f o r m u 
l a t i o n s . S i n t e r e d p a r t i c l e s a r e w e l l - d e f i n e d w i t h o u t 
t h e f i l m - l i k e a p p e a r a n c e t h a t i s c h a r a c t e r i s t i c o f , 
f o r e x a m p l e , p r i n t i n g i n k s t h a t show g o o d a f f i n i t y f o r 
t h e c e l l u l o s i c f i b e r s ( g o o d s p r e a d i n g a n d p e n e t r a t i o n ) , 
I t h a s b e e n d e m o n s t r a t e d t h a t t h e p h y s i c a l p a p e r 
r o u g h n e s s may a f f e c t f u s e g r a d e i n e l e c t r o p h o t o g r a p h i c 
f u s e r d e s i g n s ( F i g u r e 3) (2). I t was s p e c u l a t e d t h a t 
t h e c o n s i d e r a b l e v a r i a t i o
was d u e t o d i f f e r e n c e
c a u s i n g a v a r i a t i o n i n t o n e r a d h e s i o n . T h e p r e s e n t 
s t u d y i s an e f f o r t t o d e s c r i b e v a r i a t i o n i n f u s i n g 
due t o p a p e r c h e m i s t r y a n d a n a l y z e t h e e f f e c t o f p a p e r 
on t h e s p r e a d i n g a n d s u b s e q u e n t a d h e s i o n o f t o n e r i n 
t h e e l e c t r o p h o t o g r a p h i c p r i n t i n g p r o c e s s . 

P a p e r W e t t a b i l i t y 

P a p e r w e t t a b i l i t y by p o l y s t y r e n e b a s e d t o n e r h a s b e e n 
s t u d i e d by L e e O ) . W a x / p o l y m e r c o a t i n g o f p a p e r a n d 
p a p e r b o a r d h a s b e e n i n v e s t i g a t e d by S w a n s o n a n d B e c h e r 
( 4 ) , G l o s s m a n (_5) , a n d m o r e r e c e n t l y by F r e d h o l m a n d 
W e s t f e l t ( 60 . I n t h e c o a t i n g s t u d i e s i t was b e l i e v e d 
t h a t s u r f a c e e n e r g e t i c s o f t h e p a p e r s t r u c t u r e p l a y e d 
a f u n d a m e n t a l r o l e i n t h e s p r e a d i n g p r o c e s s a n d s u b s e 
q u e n t a d h e s i o n o f p o l y m e r t o t h e p a p e r s u r f a c e . 

W e t t i n g E q u i l i b r i u m L i m i t e d w e t t a b i l i t y o f 
p l a n e , s m o o t h s u r f a c e s by n o n - s w e l l i n g l i q u i d s c a n be 
a n a l y z e d u s i n g t h e Y o u n g - D u p r e E q u a t i o n (7.): 

W = Y(1+COS0 ) 
• oo 

w h e r e W i s t h e t h e r m o d y n a m i c w o r k o f a d h e s i o n , y i s 
t h e l i q u i d - v a p o r s u r f a c e t e n s i o n o f t h e s p r e a d i n g 
l i q u i d , a n d 0^ i s t h e s t e a d y - s t a t e c o n t a c t a n g l e a t t a i 
n e d when a l l o w i n g s u f f i c i e n t t i m e t f o r t h e s p r e a d i n g 
p r o c e s s ( t-*°°) . 

D y n a m i c W e t t a b i l i t y In e l e c t r o p h o t o g r a p h y , t h e 
t o n e r s p r e a d i n g p r o c e s s h a s b e e n c h a r a c t e r i z e d by t h e 
f o l l o w i n g ' s h i f t f a c t o r ' ( 3 ) : 
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Figure 1. Electrophotographic fused image. Optical micrograph (133X)-

Figure 2. Electrophotographic fused image. Scanning electron micrograph (133X 
and 600X at part of framed area). 
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Figure 3. Sheffield smoothness vs. number of Taber abrasion cycles required to 
produce 20% image loss. (Reproduced, with permission, from Ref. 2. Copyright 

1981, TAPPI.) 
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F = (y cosO)/(Rn) 

H e r e , t h e c o s 0 t e r m a s s u m e s d y n a m i c v a l u e s a c c o r d i n g 
t o t h e s p r e a d i n g t i m e a l l o w e d f o r t h e p r o c e s s . R i s 
t h e i n i t i a l d r o p r a d i u s a n d n i s t h e p o l y m e r v i s c o s i t y 
t h a t i s a t t a i n e d t h r o u g h t h e h e a t i n g p r o c e s s . 

I d e a l l y , b o t h e q u i l i b r i u m a n d d y n a m i c w e t t a b i l i t y 
w o u l d a p p e a r c o n t r o l l e d by s u r f a c e e n e r g e t i c s t h r o u g h 
t h e c o n t a c t a n g l e 0. H i g h e n e r g y o f t h e s u b s t r a t e 
w o u l d i n c r e a s e t h e w e t t a b i l i t y by l o w e r i n g 0. C o m p l e t e 
w e t t i n g w o u l d o c c u r when 0^= 0 . T h e g e n e r a l i n t e r 
p r e t a t i o n a n d m e a s u r e m e n t o f ' s u r f a c e e n e r g e t i c s ' h a v e 
b e e n d i s c u s s e d by M i t t a l ( j O . P r o c e d u r e s a n d e x p e r i 
m e n t a l d a t a a p p l i c a b l e t o c e l l u l o s i c f i l m s a n d p a p e r s 
h a v e b e e n p r e s e n t e

P a p e r S u r f a c e E n e r g e t i c s W e t t a b i l i t y o f p a p e r 
by l o w v i s c o s i t y l i q u i d s i s a f f e c t e d by a d d i t i o n a l 
e f f e c t s d u e t o t h e p h y s i c a l s t r u c t u r e ( p o r o s i t y a n d 
r o u g h n e s s ) a n d t h e c h e m i c a l h e t e r o g e n e i t y o f t h e p a p e r 
s u r f a c e ( s w e l l i n g a n d p o s s i b l e c h e m i c a l r e a c t i o n ) . 
D r o p s p r e a d i n g o c c u r s r a p i d l y a n d a s t e a d y - s t a t e c o n 
t a c t a n g l e i s o f t e n n o t o b t a i n a b l e . In c a s e s w h e r e 
c o n t a c t a n g l e p r o c e d u r e was s u c c e s s f u l a n d s u r f a c e 
e n e r g e t i c s w e r e c a l c u l a t e d on b a s i s o f a n g l e m e a s u r e 
m e n t s (8^, 9̂ , 1_0) , e n e r g y v a l u e s f o r p u r e c e l l u l o s e 
w o u l d e x c e e d 3 5 - 4 0 mN/m ( T a b l e I ) . A g a s c h r o m a t o 
g r a p h i c p r o c e d u r e f o r e n e r g y d e t e r m i n a t i o n c o n f i r m e d 
t h e v a l u e s o b t a i n e d u s i n g c o n t a c t a n g l e a n a l y s i s f o r 
c o t t o n c e l l u l o s e . T h e r e f o r e , t h e r e i s r e a s o n t o 
b e l i e v e t h a t t h e c e l l u l o s e s u b s t r a t e e n e r g y f o r b o t h 
e x t r u s i o n c o a t i n g a n d e l e c t r o p h o t o g r a p h i c f u s i n g i s 
h i g h e r t h a n e n e r g y v a l u e s f o r t h e m o l t e n p o l y m e r s 
( p o l y s t y r e n e : y = 2 6 - 3 5 mN/m ( H p ) a n d , g i v e n s u f f i 
c i e n t t i m e , a d e q u a t e w e t t i n g s h o u l d o c c u r d u e t o an 
i n c r e a s e i n t h e s h i f t f a c t o r d e s c r i b e d a b o v e ( 3> ) • 

H o w e v e r , f o r t h e s a m p l e s i n T a b l e I t h a t a r e 
' c e l l u l o s i c ' , t h a t i s , c o n t a i n i n g o r g a n i c a d d i t i v e s 
e i t h e r l a b o r a t o r y a d d e d ( 4 ) o r p r e s e n t a s c o n s t i t u e n t s 
o f c o m m e r c i a l l y made p a p e r s ( 1__5) , i t i s s e e n t h a t 
e n e r g y v a l u e s w e r e f o u n d t o be l o w e r e d i n t o t h e r a n g e 
a p p l i c a b l e t o t h a t o f t h e m o l t e n p o l y s t y r e n e p o l y m e r . 
E f f e c t i v e w e t t i n g i s no l o n g e r c e r t a i n . So f a r , l i t t l e 
a t t e n t i o n h a s b e e n p a i d t o t h e e f f e c t o f p a p e r on t h e 
w e t t a b i l i t y by e l e c t r o p h o t o g r a p h i c t o n e r s . T h i s i s 
p o s s i b l y d u e t o t h e o v e r r i d i n g e f f e c t o f t o n e r v i s c o 
s i t y a n d s p r e a d i n g t i m e on t h e s h i f t f a c t o r . L e e O ) 
a n a l y z e d t h e s p r e a d i n g p r o c e s s on o n l y o n e p a p e r f o r 
w h i c h s u r f a c e e n e r g e t i c s w e r e n o t m e a s u r e d . G i v e n t h e 
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T A B L E I. S U R F A C E E N E R G E T I C S OF 
C E L L U L O S E F I L M S AND PAPERS 

SAMPLE S U R F A C E ENERGY METHOD R E F E R E N C E 
(mN/m) 

R E G E N E R A T E D C E L L U L O S

F I L M 4

R E G E N E R A T E D C E L L U L O S E 
F I L M S 3 5 . 5 - 4 9 . 0 A 12 

B L E A C H E D M I T S C H E R L I C H 
HANDSHEETS AND K R A F T 

MACHINE MADE PAPER 2 5 - 6 0 A 4 

PAPERBOARD 3 1 - 4 8 A 5 

G L A S S I N E PAPER 3 5 - 3 6 A 5 

C E L L O P H A N E 59 B 13 

COTTON C E L L U L O S E 48 C 14 

L I G N I F I E D WOOD F I B E R 37 C 14 

A L K Y L K E T E N E DIMER 
S I Z E D PAPER 2 1 - 3 3 B 15 

M e t h o d A : C r i t i c a l s u r f a c e t e n s i o n t h r o u g h Z i s m a n 
C o n t a c t A n g l e P r o c e d u r e ( 9 ) . 

M e t h o d B: L o n d o n d i s p e r s i o n f o r c e c o n t r i b u t i o n t h r o u g h 
O w e n s - W e n d t C o n t a c t A n g l e P r o c e d u r e ( 1 0 ) . 

M e t h o d C : L o n d o n d i s p e r s i o n f o r c e c o n t r i b u t i o n t h r o u g h 
g a s c h r o m a t o g r a p h i c a n a l y s i s ( 1 4 ) . 
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a b o v e g e n e r a l p r i n c i p l e s f o r w e t t a b i l i t y , i t w o u l d 
a p p e a r r e a l i s t i c t o c o n s i d e r t h e r a n g e o f p a p e r s u s e d 
f o r e l e c t r o p h o t o g r a p h i c p r i n t i n g a n d e x p e c t t h a t v a r i a 
t i o n i n p a p e r n a t u r e w i l l a f f e c t f u s e g r a d e t h r o u g h 
t h e i n f l u e n c e o f s u r f a c e e n e r g e t i c s on t h e s p r e a d i n g 
r a t e o f t h e m o l t e n t o n e r ( c o s 0 a t t i n t h e s h i f t f a c t o r 
e x p r e s s i o n ) . 

P a p e r A d h e s i o n 

In b o t h e x t r u s i o n c o a t i n g a n d i n e l e c t r o p h o t o g r a p h i c 
p r i n t i n g , t h e e n d p r o d u c t i s d e p e n d e n t on how w e l l 
t h e p o l y m e r a d h e r e s t o t h e p a p e r s u r f a c e . S w a n s o n a n d 
B e c h e r ( 4 ) f o u n d t h a t p o l y e t h y l e n e a d h e s i o n was 
s t r o n g l y d e p e n d e n t u p o n t h e s u r f a c e e n e r g e t i c s o f t h e 
p a p e r ( F i g u r e 4 ) . G l o s s m a
" g o o d " a d h e s i o n f o
s u b s t r a t e s o f s u r f a c e e n e r g y i n c r e a s i n g f r o m 31 t o 
48 mN/m ( T a b l e I I I i n R e f e r e n c e 5 ) . 

T o n e r - P a p e r B o n d i n g S i n c e v a r i a t i o n i n 
p o l y e t h y l e n e - p a p e r a d h e s i o n h a d b e e n d o c u m e n t e d i n 
e x t r u s i o n c o a t i n g s t u d i e s ( 4 , 6 0 , i t was d e c i d e d t o 
c o n d u c t s i m i l a r e x p e r i m e n t s f o r p o l y s t y r e n e b a s e d 
t o n e r a n d c o m m e r c i a l l y a v a i l a b l e b o n d t y p e p r i n t i n g 
p a p e r s . P o l y s t y r e n e b a s e d t o n e r was e x t r u d e d i n t o 
0 . 5 mm d i a m e t e r f i l a m e n t . S t r i p s o f p a p e r w e r e s a n d 
w i c h e d t o g e t h e r on a h o t p l a t e a t f i x e d t e m p e r a t u r e 
f o r 1 m i n u t e u s i n g 4 mm l e n g t h f i l a m e n t i n b e t w e e n t h e 
p a p e r p i e c e s . T h e r e a f t e r , t h e s h e a r s t r e n g t h o f t h e 
j o i n t was m e a s u r e d i n an I n s t r o n t e n s i l e t e s t e r by 
s h e a r i n g t h e s a n d w i c h a t 0 . 5 c m / m i n p u l l i n g s p e e d as 
s h o w n i n F i g u r e 5. R e s u l t s d e m o n s t r a t e d t h a t b o t h t h e 
a d h e s i o n f o r c e r a n g e a n d v a r i a b i l i t y d e p e n d e d on p a p e r 
b r a n d f o r s a m p l e s o f p a p e r s o f d i f f e r e n t g r a d e a n d 
m a n u f a c t u r e . E x a m p l e s a r e s h o w n i n F i g u r e 6. 

T h o u g h i t was r e c o g n i z e d t h a t s u c h m e a s u r e m e n t s 
w e r e e a s i l y o b s c u r e d by e f f e c t s u n r e l a t e d t o f a i l u r e 
a t t h e t o n e r - p a p e r i n t e r f a c e , t h e r e s p o n s e t o v a r i a 
t i o n s i n s a m p l e p r e p a r a t i o n t e c h n i q u e i n d i c a t e d t h a t 
v a r i a b i l i t y i n p a p e r n a t u r e o v e r r o d e t h e e r r o r d u e t o 
t e s t i n g p r o c e d u r e . F o r e x a m p l e , an i n c r e a s e i n t h e 
t e m p e r a t u r e a t w h i c h t h e p a p e r s w e r e f u s e d ( s a n d w i c h e d 
t o g e t h e r ) p r o v i d e d a c o n s i s t e n t i n c r e a s e i n a d h e s i v e 
s t r e n g t h f o r b o t h t h e " w o r s t " a n d t h e " b e s t " p a p e r 
b r a n d i n F i g u r e 6 a s s h o w n i n F i g u r e 7. A c o m p a r i s o n 
b e t w e e n F i g u r e 6 a n d F i g u r e 7 s h o w s t h a t t h e s t r e n g t h 
v a r i a t i o n d u e t o p a p e r b r a n d was a s s i g n i f i c a n t a s 
t h a t d u e t o t e m p e r a t u r e . 
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Figure 4. Polyethylene adhesion of machine made papers at different critical sur
face tension levels. (Reproduced, with permission, from Ref. 4. Copyright 1966, 
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Figure 5. Laboratory shear testing. Extruded polymer filament bonded between 
paper strips is sheared in directions of arrows. 
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Figure 6. Adhesive strength comparison of laboratory fused paper brands (A-G). 
Ten measurements for each brand. 
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Figure 7. Adhesive strength comparison of "worst" and "best" paper brand in 
Figure 6 at different bonding temperatures. Ten measurements at each temperature 

for each brand. 
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E f f e c t o f S u r f a c e E n e r g e t i c s D a t a o b t a i n e d 
u s i n g t o n e r p o w d e r a n d a m o r e c o m p l e x l a b o r a t o r y f u s 
i n g m e t h o d (1J>) e n t i r e l y c o r r o b o r a t e d t h e d a t a o b t a i 
n e d by S w a n s o n a n d B e c h e r f o r e x t r u s i o n c o a t e d s h e e t s 
( 4 ) ( F i g u r e 8 ) . H e r e , p r e m e a s u r e d n o n - e x t r u d e d t o n e r 
p o w d e r was e v e n l y d i s t r i b u t e d o v e r a l a r g e r p a p e r a r e a 
t o o b t a i n a t o n e r c o v e r a g e t h a t w o u l d s i m u l a t e e l e c t r o 
p h o t o g r a p h i c i m a g i n g m o r e c l o s e l y . T h e a v e r a g e a d h e 
s i v e s t r e n g t h a t t h e h i g h e s t s i z i n g l e v e l was o n l y 
h a l f o f t h a t a t t h e m i n i m u m s i z i n g l e v e l . F o r a l l 
t h r e e s a m p l e s , t h e s u r f a c e e n e r g e t i c s a s m e a s u r e d by 
t h e O w e n s - W e n d t p r o c e d u r e was i n a r a n g e s i m i l a r t o 
t h a t o f t h e m o l t e n p o l y s t y r e n e b a s e d t o n e r (1J>) . T h e 
d a t a shown i n F i g u r e 8 w e r e o b t a i n e d f o r p a p e r s s i z e d 
w i t h a l k y l k e t e n e d i m e r as d e s c r i b e d b e l o w . N o r m a l l y , 
r o s i n a n d r o s i n - m o d i f i e
f i c a n t l y h i g h e r a d h e s i v
F o r r o s i n s i z e d p a p e r , a s r e c e n t l y d e m o n s t r a t e d by 
F a r r o w , M i l l e r , a n d W a l s h u s i n g E S C A t e c h n i q u e ( 1 7 ) , 
t h e r e i s c o r r e l a t i o n b e t w e e n e l e c t r o p h o t o g r a p h i c f u s e 
g r a d e a n d p a p e r s u r f a c e h y d r o c a r b o n c o n t e n t . 

T A B L E I I . A D H E S I V E STRENGTH OF P R I N 
T I N G PAPERS T R E A T E D WITH D I F F E R E N T 
S I Z I N G AGENTS ( f r o m B o r c h , R e f e r e n c e 15) 

A D H E S I V E 
SOURCE S I Z E S T R E N G T H 

( k P a ) 

A ROS IN 40 
B ROS IN 31 
C M O D I F I E D ROS IN 29 
D A L K Y L K E T E N E DIMER 13 
E A L K Y L K E T E N E DIMER 24 

How f a r t h i s v a r i a b i l i t y i n t o n e r a d h e s i o n on 
d i f f e r e n t p a p e r s i s g u i d e d by s u r f a c e e n e r g e t i c s i s 
n o t k n o w n a t p r e s e n t . B o t h t h e d e g r e e o f f i b e r w e t t 
a b i l i t y a n d t h e n a t u r e o f t o n e r - p a p e r b o n d i n g s h o u l d 
a f f e c t t h e a d h e s i v e s t r e n g t h . I n a r e c e n t s t u d y o f 
p o l y e t h y l e n e b o n d i n g t o d i f f e r e n t s u b s t r a t e s B r e w i s 
a n d B r i g g s (1JO came t o t h e c o n c l u s i o n t h a t s e v e r a l 
e f f e c t s ( w e t t i n g a n d f o r c e s d u e t o b o t h c h e m i c a l i n t e r 
a c t i o n a n d i n t e r m o l e c u l a r d i s p e r s i o n ) d e t e r m i n e d b o n d 
s t r e n g t h . I n a n u m b e r o f s t u d i e s w h e r e c o m p l e t e w e t t 
a b i l i t y was c l a i m e d , max imum a d h e s i v e s t r e n g t h was o b 
t a i n e d a t e q u a l s u r f a c e e n e r g i e s o f t h e two s o l i d 
p h a s e s b o n d e d t o g e t h e r O , 1^, 2 X ) ) ( F i g u r e 9 ) . H e r e , 
s u r f a c e e n e r g e t i c s a p p e a r t o be a u s e f u l b o n d i n g 
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20 30 40 

SURFACE ENERGY (mN/m) 

Figure 8. Toner adhesion of commercially made printing papers at different sur
face energy levels. (Reproduced, with permission, from Ref. 15. Copyright 1982, 

TAPPI.) 

PLASTIC SURFACE ENERGY, ,(mN/m) 

Figure 9. Adhesive strength of plastics bonded together by lacquers and resin. 
Maximum strength was obtained when the surface energy of the adhesive yn matched 
that of the plastic, y,. (Reproduced, with permission, jrom Ref. 19. Copyright 1972.) 
Key: — O , PVC-PVA lacquer; #, polyurethane lacquer; A, alkyd resin 

lacquer; and Q» alkyl phenol resin. 
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c h a r a c t e r i s t i c no m a t t e r w h a t t h e d e t a i l s o f t h e b o n 
d i n g p r o c e s s may b e . 

E l e c t r o p h o t o g r a p h i c P a p e r m a k i n g 

S i z i n g T e c h n i q u e s R e c e n t l y , t h e s i z i n g o f p r i n 
t i n g a n d w r i t i n g p a p e r s h a s b e c o m e m o r e c o m p l e x b o t h 
w i t h r e g a r d t o c h e m i s t r y a n d t h e t e c h n i q u e s u s e d i n 
a d d i n g s i z e s . T h e t r a d i t i o n a l r o s i n - a l u m p r o c e d u r e 
h a s b e e n c h a l l e n g e d by s e v e r a l a l t e r n a t e m e t h o d s u s i n g 
o t h e r c h e m i c a l s d e v e l o p e d d u e t o c o s t s a v i n g i n c e n t i v e s 
a n d a b e t t e r u n d e r s t a n d i n g o f t h e p h y s i c a l a n d c h e m i c a l 
n a t u r e o f t h e s i z i n g p r o c e s s (2_1, 2_2> 2J3) • F o r e x a m 
p l e , c e l l u l o s e r e a c t i v e s i z e s o f t h e a l k y l k e t e n e d i m e r 
t y p e r e a c t c h e m i c a l l y w i t h t h e c e l l u l o s e f i b e r s u r f a c e 
t h e r e b y c r e a t i n g i n c r e a s e
l o w a d d i t i o n l e v e l
may be a d d e d e i t h e r i n t e r n a l l y o r a t t h e s i z e p r e s s . 
U n f o r t u n a t e l y , t h e i m p a c t on e l e c t r o p h o t o g r a p h i c f u s i n g 
i s s u b s t a n t i a l a s shown i n t h e p r e v i o u s s e c t i o n 
( F i g u r e 8 ) w h e r e t h e a d h e s i v e s t r e n g t h was shown t o 
d e c r e a s e d r a s t i c a l l y a t i n c r e a s e d s i z e l e v e l (1_5) . I t 
was f o u n d t h a t a s i g n i f i c a n t f r a c t i o n o f e l e c t r o p h o t o 
g r a p h i c p a p e r s p r o c u r e d f r o m n o n - d o m e s t i c s o u r c e s was 
a l k a l i n e made a n d s y n t h e t i c s i z e d . T h i s w o u l d a d v e r 
s e l y a f f e c t t h e f u s e g r a d e o f e l e c t r o p h o t o g r a p h i c 
p r i n t e r s a n d c o p i e r s t h a t r e l y on t h e a v a i l a b l e p l a i n 
p a p e r s u p p l y . 

F r e d h o l m a n d W e s t f e l t (6) h a v e s h o w n t h a t p o l y 
e t h y l e n e t o p a p e r a d h e s i o n n e e d n o t be c o m p r o m i s e d i f 
a c t i o n i s t a k e n t o c h o o s e t h e p r o p e r s u b s t i t u e n t s i n 
t h e s i z e c h e m i c a l ( T a b l e I I I ) . N o r m a l l y , c o m m e r c i a l l y 
a v a i l a b l e d i m e r s a r e s u p p l i e d w i t h s t r a i g h t c h a i n a l k y l 
s u b s t i t u e n t s . S u b s t i t u t i o n by t h e p h e n y l o r c h l o r o -
p h e n y l g r o u p e n h a n c e s t h e b o n d i n g a b i l i t y o f t h e f i b e r 
s u r f a c e s w i t h o u t a p p r e c i a b l y a f f e c t i n g t h e s i z i n g 
d e g r e e o f t h e p a p e r . S i m i l a r s u b s t i t u t i o n s s h o u l d 
b e n e f i t e l e c t r o p h o t o g r a p h i c f u s i n g . 

T A B L E I I I . P O L Y E T H Y L E N E A D H E S I O N OF 
S Y N T H E T I C S I Z E D P A P E R S ( f r o m F r e d h o l m 
a n d W e s t f e l t , R e f e r e n c e 6) 

S I Z I N G AGENT P E E L I N G WORK COBB V A L U E 
( J / m z ) ( g / m z ) 

A L K Y L 16 25 
PHENYL 79 24 

C H L O R O P H E N Y L 92 25 
NONE 101 120 
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P a p e r F r i c t i o n I n a d d i t i o n t o t h e e f f e c t on 
t o n e r f i x , o r g a n i c c o m p o n e n t s i n p l a i n u n c o a t e d p a p e r s 
i n t e n d e d f o r e l e c t r o p h o t o g r a p h y h a v e o t h e r i m p o r t a n t 
c h a r a c t e r i s t i c s t h a t s h o u l d be e v a l u a t e d f o r p r o p e r 
m a c h i n e p e r f o r m a n c e . F o r e x a m p l e , c h e m i c a l s u r f a c e 
t r e a t m e n t s t e n d t o i m p a c t t h e f r i c t i o n c h a r a c t e r i s t i c s . 
S y n t h e t i c s i z e s , when s u r f a c e a p p l i e d , may s i g n i f i c a n t 
l y d e c r e a s e t h e o v e r a l l p a p e r - p a p e r f r i c t i o n l e v e l 
( F i g u r e 1 1 ) , a n d t h e s t a t i c f r i c t i o n p e a k o r r e s i s t a n c e 
t o w a r d s i n i t i a l m o v e m e n t i s n o t d e v e l o p e d ( F i g u r e 1 2 ) . 

Due t o t h e a d h e s i v e n a t u r e o f t h e f r i c t i o n p r o c e s s 
(2^4), i t i s t o be e x p e c t e d t h a t s i z i n g t r e a t m e n t s w i l l 
i n f l u e n c e f r i c t i o n l e v e l s t h r o u g h c h a n g e s i n s u r f a c e 
e n e r g e t i c s . L e e (2J5) h a s d i s c u s s e d t h e e f f e c t o f 
s u r f a c e e n e r g e t i c s on p o l y m e r f r i c t i o n a n d a l s o h a s 
p r e s e n t e d c o r r e l a t i o
f i c i e n t a n d t h e s u r f a c
C h e r r y (2jS) h a s r e v i e w e d t h e g e n e r a l r o l e o f s u r f a c e 
e n e r g e t i c s i n p r o c e s s e s i n v o l v i n g p o l y m e r c o n t a c t . 

A l k a l i n e P a p e r m a k i n g T h e p r e s e n t t r e n d t o w a r d s 
i n c r e a s e d u s e o f s y n t h e t i c s i z e s i s b r o u g h t a b o u t by 
a l k a l i n e p a p e r m a k i n g . H e r e , c l a y f i l l e r a d d e d t o t h e 
p a p e r f u r n i s h i s s u b s t i t u t e d by c a l c i u m c a r b o n a t e . 
In b o t h c a s e s t h e f i l l e r p a r t i c l e s e n h a n c e t h e q u a l i t y 
o f t h e p a p e r s u r f a c e f o r c o n v e n t i o n a l p r i n t i n g p u r p o 
s e s , b u t t h e c a r b o n a t e i n t e r f e r e s l e s s w i t h f i b e r -
f i b e r b o n d i n g t h e r e b y c r e a t i n g l e s s s h e e t s t r e n g t h 
d e g r a d a t i o n . T h i s a l l o w s t h e s u b s t i t u t i o n o f p u l p 
f i b e r s w i t h a s s o c i a t e d s a v i n g s i n e n e r g y c o s t . O t h e r 
b e n e f i t s a r e : a m o r e p e r m a n e n t a n d b r i g h t e r p a p e r , 
l o w e r c o r r o s i o n a n d c l e a n e r o p e r a t i o n o f m i l l e q u i p 
m e n t , a n d i n c r e a s e d p r o d u c t i o n r a t e ( 2 j O . 

T h o u g h a l k a l i n e p a p e r s o f t e n a r e h e a v i l y f i l l e d 
(C i n T a b l e I V ) , p h y s i c a l s h e e t c h a r a c t e r i s t i c s s u c h 
as s h e e t p o r o s i t y a n d f e l t / w i r e s u r f a c e s m o o t h n e s s 
a p p e a r r e l a t i v e l y u n a f f e c t e d ( C o l u m n s 4 a n d 5 i n 
T a b l e I V ) . T h e s h e e t i s p e r c e i v e d t o be p o r o u s a n d 
u n c o a t e d t h o u g h i n f a c t t h e f i l l e r c o n t e n t on t h e f e l t 
s i d e i s a p p r e c i a b l e ( 4 . 9 f e l t - t o - w i r e w e i g h t r a t i o f o r 
2 0 . 3 % a v e r a g e a s h f o r s a m p l e C ) a n d i s e a s i l y v i s i b l e 
i n t h e 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 e a s shown i n 
F i g u r e 1 3 ) . T h i s p r o n o u n c e d " t w o - s i d e d n e s s " i s c a p a b l e 
o f g e n e r a t i n g s i g n i f i c a n t d i f f i c u l t i e s i n b o t h h a n d l i n g 
a n d i m a g e c h a r a c t e r i s t i c s when t h e p a p e r i s u s e d f o r 
e l e c t r o p h o t o g r a p h i c p r i n t i n g . F o r i m a g e f i x , t h e 
a d d e d a n d u s u a l l y o v e r r i d i n g e f f e c t o f t h e s i z i n g 
t r e a t m e n t m u s t be c o n s i d e r e d , a n d p e r f o r m a n c e l e v e l 
i s o f t e n b e s t d e t e r m i n e d by t r i a l p r i n t i n g . 
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Figure 10. Alkyl ketene dimer size reaction product. 

• FRICTIONAL MOVEMENT 

Figure 11. Examples of paper-paper friction traces for rosin sized (left) and syn
thetic sized (right). 
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- FRICTIONAL MOVEMENT 

Figure 12. Paper-paper friction traces for synthetic sized sheets. Static friction 
peaks were not developed. 

Figure 13. Felt side of carbonate filled paper (C in Table IV). Scanning electron 
micrograph (140X)-
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TABLE IV. EXAMPLES OF CARBONATE FILLED PAPER 
PROPERTIES 

SAMPLE % FILLER RATIO SHEFFIELD SHEFFIELD 
FELT TO WIRE* SMOOTHNESS POROSITY 

A 8.7 2.4 135/137 169 
B 14.2 1.8 188/212 133 
C 20.3 4.9 183/186 154 

* obtained by SEM/EDAX count 

Conelus ions 

Measurement of adhesiv
papers showed v a r i a t i o
paper ana lys i s and analogous s tudies of ex trus ion 
coated papers demonstrated that image f i x in e l e c t r o 
photography i s a f fec ted by paper chemistry and s p e c i 
f i c a l l y by the s i z i n g treatment. W e t t a b i l i t y theory 
and experimental surface energet ics measurements 
ind ica ted that the fus ing process is one where wetting 
and adhesion are being promoted at r e l a t i v e l y high 
surface energy l eve l s of the paper. 

Synthet ic paper s i z i n g mainly assoc iated with 
a l k a l i n e papermaking was found to severely a f fec t e l e c 
trophotographic fus ing and inf luence other paper pro
p e r t i e s important to e lectrophotography ( e . g . paper-
paper f r i c t i o n ) . It is perceived that a greater v a r i a 
b i l i t y in e l ec trophotographic paper performance w i l l 
be experienced due to future v a r i a b i l i t y in papermaking 
procedures ( a l k a l i n e vs . an a c i d i c proces s ) . 
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This paper describe
work on the electrical
reliable method o f measuring bulk conduc t iv i ty of 
paper, where the contact res is tance is reduced to 
negligible values, has been developed. A study of 
the ef fec t of some papermaking va r iab les , such as 
the type of pulp , the degree o f r e f i n ing and the 
f ibe r o r i e n t a t i o n , on the bulk conduct iv i ty of 
paper is reported. F i n a l l y , an inves t iga t ion has 
been made in to the current t rans ien t phenomena 
exhib i ted by paper upon the a p p l i c a t i o n of an 
electric field. These t rans ien t currents were 
interpreted as the transport o f ion ic species 
wi th in a water associated f ib rous network making up 
the paper. 

During recent years a host o f new marking technologies have 
been developed which have put more s t r ingent requirements on the 
propert ies o f paper. Reprographic technologies u t i l i z e the 
e l e c t r i c a l proper t ies o f paper i n the process o f producing an 
image. E l e c t r i c a l processes which take place both p r i o r and 
during image formation include* 1 , 2*: transport of ions through the 
water-containing f ibrous network o f the paper, charge exchange 
between the paper surface and a m e t a l l i c backing e lec t rode , 
charge exchange between toner or charged pigmented p a r t i c l e s and 
the paper surface, as w e l l as other e l e c t r i c a l processes 
i n v o l v i n g chemical reac t ions . These reactions depend on s p e c i f i c 
add i t ives which are used i n paper to modify phys i ca l and o p t i c a l 
p roper t ies . Therefore the e l e c t r i c a l c h a r a c t e r i s t i c s o f a 
s p e c i f i c paper are very important and i n most cases d i r e c t l y 
account for the speed and image q u a l i t y of a reprographic 
process. Producing paper which combines optimal p h y s i c a l , o p t i c a l 
and e l e c t r i c a l propert ies has proven to be a most d i f f i c u l t t a sk . 
This i s p r i m a r i l y due to the extremely complex s t ruc ture of 
paper, which i s composed of a random assembly of c e l l u l o s i c 
f i be r s and chemical add i t ives . A desc r ip t ion of paper s t ruc ture 
i s given i n the next sec t ion . 
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I n t e r e s t i n t h e s t u d y o f t h e e l e c t r i c a l p r o p e r t i e s o f p a p e r 
i s c e r t a i n l y n o t new. M o r e t h a n h a l f a c e n t u r y a g o , K u j i r a i a n d 
A k a h a r i * 3 * s h o w e d t h a t t h e r e s i s t a n c e , t h r o u g h a p a p e r s h e e t , 
f a l l s w i t h i n c r e a s i n g h u m i d i t y . T h e y , a l o n g w i t h o t h e r 
i n v e s t i g a t o r s * 4 , 5 ' 6 ' 7 , 8 ) , f o u n d t h a t t h e l o g a r i t h m o f t h e r e s i s t a n c e 
i s e s s e n t i a l l y a l i n e a r f u n c t i o n o f t h e r e l a t i v e h u m i d i t y i n t h e 
m e a s u r i n g e n v i r o n m e n t . F u r t h e r m o r e , i t was e s t a b l i s h e d t h a t 
c h a r g e t r a n s p o r t w i t h i n p a p e r i s d ue p r i m a r i l y t o i o n m i g r a t i o n . 

I n r e c e n t y e a r s , e m e r g i n g r e p r o g r a p h i c t e c h n o l o g i e s a r e 
f o r c i n g m o r e a t t e n t i o n t o t h e u n d e r s t a n d i n g o f c h a r g e t r a n s p o r t 
phenomena i n p a p e r . An u n d e r s t a n d i n g o f c h a r g e t r a n s p o r t 
phenomena i s v e r y i m p o r t a n t t o t h e c o n t i n u i n g a d v a n c e m e n t o f 
r e p r o g r a p h i c s s i n c e t h e r e i s a n i n c r e a s i n g e m p h a s i s b e i n g p l a c e d 
o n h i g h s p e e d i m a g i n g . S t u d i e s o f c h a r g e t r a n s p o r t m u s t f i r s t 
e n s u r e t h a t t h e e x p e r i m e n t a l m e t h o d s a n d t e s t f i x t u r e s a r e 
a v a i l a b l e t o p r o v i d e r e l i a b l e and r e p r o d u c i b l e d a t a f r o m w h i c h 
c o n c l u s i o n s r e g a r d i n g t h

I n t h i s c h a p t e r , t h
c o m p l e t e d w o r k o n t h e e l e c t r i c a l p r o p e r t i e s o f p a p e r . E m p h a s i s 
h a s been p l a c e d o n two m a i n a r e a s . The f i r s t i s t h e d e v e l o p m e n t 
o f m e t h o d s a n d t o o l s w i t h w h i c h c o n d u c t i v i t y m e a s u r e m e n t s c a n b e 
made r e a d i l y . The s e c o n d i s t h e c o r r e l a t i o n o f s t r u c t u r e a n d 
c h e m i c a l c o n t e n t w i t h c o n d u c t i v i t y m e a s u r e m e n t s o n a v a r i e t y o f 
d i f f e r e n t t y p e s o f p a p e r . The p a p e r s a m p l e s w h i c h we h a v e 
s t u d i e d i n c l u d e t h o s e p r o d u c e d i n o u r l a b o r a t o r y a s w e l l a s t h o s e 
o b t a i n e d f r o m c o m m e r c i a l s o u r c e s . A s p o i n t e d o u t e a r l i e r , p a p e r 
i s a n e x t r e m e l y c o m p l e x s y s t e m f r o m a n e l e c t r i c a l s t a n d p o i n t a n d 
t h e r e f o r e , i t i s a g r e a t a d v a n t a g e , i n t h e i n t e r p r e t a t i o n o f 
e x p e r i m e n t a l r e s u l t s , t o h a v e a k n o w l e d g e o f t h e p r e c i s e m a n n e r 
b y w h i c h a p a p e r i s p r o d u c e d . 

P a p e r S t r u c t u r e a n d C h e m i s t r y 
P a p e r c a n be g e n e r a l l y d e s c r i b e d a s a f e l t e d s h e e t o f f i b e r s 

f o r m e d by i n t r o d u c i n g a w a t e r s u s p e n s i o n o f f i b e r s o n t o a f i n e 
s c r e e n . T h e w a t e r d r a i n s t h r o u g h t h e s c r e e n l e a v i n g b e h i n d a w e t 
s h e e t o f p a p e r w h i c h i s r e m o v e d a n d d r i e d . A d d i t i v e s c a n be 
i n t r o d u c e d i n t o t h e s h e e t w h i c h c o n t r i b u t e d e s i r e d p r o p e r t i e s t o 
p a p e r ( 9 ) . A c c o r d i n g t o t h i s d e f i n i t i o n , t h e f i n a l p r o p e r t i e s o f a 
s h e e t o f p a p e r c a n be s i g n i f i c a n t l y a f f e c t e d b y t h e f o l l o w i n g 
t h r e e f a c t o r s : t h e n a t u r e o f t h e f i b e r s , t h e c o n d i t i o n s b y w h i c h 
t h e s h e e t i s p r o d u c e d a n d t h e t y p e a n d q u a n t i t y o f n o n - f i b r o u s 
c h e m i c a l a d d i t i v e s . A l t h o u g h a d e t a i l e d d e s c r i p t i o n o f t h e 
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 o f p a p e r i s n o t t h e i n t e n t o f t h i s 
w o r k , i t s e e m s a p p r o p r i a t e t o b r i e f l y d i s c u s s t h e s e t h r e e 
v a r i a b l e s i n t h e f o l l o w i n g p a r a g r a p h s b e c a u s e o f t h e i r p o t e n t i a l 
i n f l u e n c e o n e l e c t r i c a l p r o p e r t i e s o f p a p e r . F o r a m o r e c o m p l e t e 
d e s c r i p t i o n o f p a p e r s t u c t u r e a n d c h e m i s t r y , t h e r e a d e r i s 
r e f e r r e d t o B r e t t ( 1 0 ) , a n d C a s e y ( 1 1 ) . 

F i b e r s . The m o r p h o l o g y o f a wood f i b e r i s r e p r e s e n t e d 
s c h e m a t i c a l l y i n F i g u r e 1. I t c o n s i s t s o f s e v e r a l l a y e r s o f c e l l 
w a l l s w h i c h c o n t a i n a g g r e g a t e s o f c e l l u l o s i c c h a i n s c a l l e d 
m i c r o f i b r i l s w h i c h a r e embedded i n a p o l y m e r i c m a t r i x c o m p o s e d o f 
a m o r p h o u s h e m i c e l l u l o s e s , i . e . a l l t y p e s o f p o l y s a c c h a r i d e s o t h e r 
t h a n c e l l u l o s e , a n d o f l i g n i n s ( 1 1 ) w h i c h a r e p h e n o l i c c ompound s 
a c t i n g a s a g l u e b e t w e e n t h e wood c o m p o n e n t s . The p r i m a r y w a l l 
(PW) o f t h e c e l l c o n t a i n s r a n d o m l y o r g a n i z e d c e l l u l o s e 
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Figure 1. Schematic of a wood cell within a piece of wood. 
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m i c r o f i b r i l s , e m b e d d e d i n a m a t r i x o f o t h e r p o l y s a c c h a r i d e s . The 
s e c o n d a r y w a l l i s d i v i d e d i n t o t h r e e l a y e r s : S 1 i s t h e o u t e r 
l a y e r a n d c o n t a i n s a c r o s s - h a t c h p a t t e r n o f m i c r o f i b r i l s , S 2 

c o n t a i n s m i c r o f i b r i l s o r i e n t e d a l m o s t p a r a l l e l t o t h e f i b e r a x i s 
and S 3 s u r r o u n d s t h e lumen w h i c h c o n t a i n s o r g a n i c d e b r i s o f t h e 
dead c e l l n u c l e i . S 2 i s t h e t h i c k e r l a y e r o f t h e wood c e l l w a l l 

and a c c o u n t s f o r t h e m a j o r p a r t o f t h e v o l u m e . 
A n i m p o r t a n t c h a r a c t e r i s t i c o f t h e s e wood c e l l s i s t h e 

h e t e r o g e n e o u s d i s t r i b u t i o n o f c e l l u l o s e , h e m i c e l l u l o s e s a n d 
l i g n i n s o v e r t h e c e l l w a l l s . F o r e x a m p l e , l i g n i n s a r e l o c a t e d 
m a i n l y i n t h e m i d d l e l a m e l l a e (ML ) a n d g l u e t h e i n d i v i d u a l f i b e r s 
t o g e t h e r . A s m a l l e r q u a n t i t y i s a l s o d i s t r i b u t e d t h r o u g h o u t t h e 
s e c o n d a r y w a l l w i t h a h i g h e r c o n c e n t r a t i o n i n t h e S 3 l a y e r . 

M a j o r d i f f e r e n c e s a r e e n c o u n t e r e d b e t w e e n t h e f i b e r s o f t h e 
two m a i n c l a s s e s o f w o o d , i . e . t h e g y m n o s p e r m e s ( s o f t w o o d s ) a n d 
t he a n g i o s p e r m e s ( h a r d w o o d s )  T h e s o f t w o o d f i b e r s a r e u s u a l l y 
l o n g e r t h a n t h e h a r d w o o
c o m p o s i t i o n i n c e l l u l o s
t he n a t u r e o f t h e i r h e m i c e l l u l o s e a r e d i f f e r e n t . X y l a n s a r e 
e n c o u n t e r e d i n r e l a t i v e l y h i g h q u a n t i t y i n h a r d w o o d s , w h e r e a s 
g l u c o m a n n a n s a r e t h e m a j o r h e m i c e l l u l o s e s f o u n d i n s o f t w o o d s . I t 
s h o u l d a l s o be m e n t i o n e d t h a t wood f i b e r s a r e a l s o c h a r a c t e r i z e d 
by a v a r i a b i l i t y i n s t r u c t u r e e n c o u n t e r e d b e t w e e n s p e c i e s o f t h e 
same c l a s s , d i f f e r e n t t r e e s o f a same s p e c i e s a n d e v e n i n 
d i f f e r e n t l o c a t i o n s w i t h i n t h e same t r e e . 

I n a wood f i b e r , t h e c e l l u l o s e p o r t i o n o f t h e m i c r o f i b r i l s 
i s t h e o n l y m a j o r c o m p o n e n t f o u n d i n a c r y s t a l l i n e s t a t e . A 
c e l l u l o s e m i c r o f i b r i l i s a l o n g t h r e a d - l i k e a g g r e g a t e o f 
c e l l u l o s e c h a i n s o f a b o u t 200 A w i d e a n d a f e w m i c r o n s l o n g . 
These c o n s t i t u t e t h e b a s i c e l e m e n t s o f t h e f i b e r s a n d a r e 
r e s p o n s i b l e f o r i t s r i g i d i t y . T h e c e l l u l o s e m i c r o f i b r i l s , 
h o w e v e r , a r e n o t t o t a l l y c r y s t a l l i n e b u t r a t h e r c o n t a i n 
a m o r p h o u s r e g i o n s w h i c h a r e a c c e s s i b l e t o w a t e r m o l e c u l e s . W a t e r 
does n o t p e n e t r a t e t h e c r y s t a l l i n e r e g i o n . T h e t o t a l w a t e r 
c o n t e n t o f a w h o l e f i b e r and i t s d i s t r i b u t i o n w i t h i n t h e f i b e r i s 
a f u n c t i o n o f : t h e r e l a t i v e a m o u n t o f a m o r p h o u s m a t e r i a l , t h e 
p r e s e n c e o f l i g n i n s , w h i c h a r e h y d r o p h o b i c , a n d t h e p r e s e n c e o f 
h e m i c e l l u l o s e s w h i c h a r e h y d r o p h i l i c . The t o t a l w a t e r c o n t e n t o f 
a w h o l e f i b e r w i l l a f f e c t t h e c o n d u c t i v i t y b y a l l o w i n g a n 
i n c r e a s e d e f f e c t i v e i o n i c m o b i l i t y . 

P a p e r m a k i n g P r o c e s s . A wood f i b e r i s s u b j e c t t o t w o 
t r e a t m e n t s p r i o r t o t h e m a k i n g o f t h e s h e e t ; t h e s e a r e p u l p i n g 
and b l e a c h i n g . P u l p i n g c o n s i s t s o f s e p a r a t i n g t h e l a r g e 
a g g r e g a t e s o f f i b e r s i n t o i n d i v i d u a l f i b e r s . T h i s c a n b e 
a c h i e v e d b y m e c h a n i c a l o r c h e m i c a l t r e a t m e n t s o r by a c o m b i n a t i o n 
o f t h e s e . The b l e a c h i n g t r e a t m e n t i s u s u a l l y p e r f o r m e d u s i n g 
c h l o r i n e i n o r d e r t o remove t h e c o l o r e d m a t e r i a l s . T h e s e t w o 
p r o c e s s e s remove a s i g n i f i c a n t q u a n t i t y o f t h e l i g n i n s 
s u r r o u n d i n g t h e i n d i v i d u a l f i b e r s a n d a l s o d i s s o l v e p a r t o f t h e 
a c c e s s i b l e h e m i c e l l u l o s e s . 

A t t h i s p o i n t t h e f i b e r s c o u l d be p r o c e s s e d i n t o a s h e e t o f 
p a p e r , b u t t h e y a r e n o r m a l l y t r e a t e d f u r t h e r i n o r d e r t o i n c r e a s e 
t h e m e c h a n i c a l p r o p e r t i e s o f t h e s h e e t . R e f i n i n g o r " b e a t i n g " , 
c o n s i s t s o f a m e c h a n i c a l t r e a t m e n t c a r r i e d o u t i n p r e s e n c e o f 
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Figure 2. Photomicrographs of wood fibers of softwood pulp (top) and hardwood 
pulp (bottom). 
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w a t e r a n d i n v o l v e s p a s s i n g t h e s u s p e n s i o n o f p u l p f i b e r s t h r o u g h 
a r e l a t i v e l y n a r r o w g a p b e t w e e n a r e v o l v i n g r o t o r a n d a 
s t a t i o n a r y s t a t o r . T h i s t r e a t m e n t r e s u l t s i n a f i b r i l l a t i o n a n d a 
s l i t t i n g o f t h e f i b e r s . C o n s e q u e n t l y t h e s u r f a c e a v a i l a b l e f o r 
b o n d i n g i n c r e a s e s a n d t h e r i g i d i t y o f t h e f i b e r s d e c r e a s e s . The 
f i b e r s a r e t h e n d i s p e r s e d i n w a t e r a n d t h e s u s p e n s i o n i s 
d e p o s i t e d o n a m o v i n g s c r e e n . The n e w l y f o r m e d s h e e t i s t h e n 
d r a i n e d , p r e s s e d , d r i e d , c u t a n d p a c k a g e d . 

A s w a t e r i s r e m o v e d d u r i n g t h e f o r m a t i o n p r o c e s s , s u r f a c e 
t e n s i o n c r e a t e s a l a r g e f o r c e w h i c h c o m p a c t s a n d d r a w s t h e f i b e r s 
t o g e t h e r i n t o m o r e i n t i m a t e c o n t a c t . H y d r o g e n b o n d f o r m a t i o n 
o c c u r s b e t w e e n t h e h y d r o x y l g r o u p s o f t h e c e l l u l o s e c h a i n s o f t h e 
f i b e r s . T h e s e b o n d s a r e r e s p o n s i b l e f o r t h e i n t e r n a l s t r e n g t h o f 
t h e p a p e r . O t h e r p r o c e s s i n g t h a t o c c u r s d u r i n g t h e l a t t e r p a r t o f 
t h e p a p e r m a k i n g p r o c e s s i n c l u d e s p r e s s i n g a n d c a l e n d e r i n g t h e 
s h e e t a n d a d d i t i o n o f s i z i n g a g e n t s . T h e s e s t e p s a r e p e r f o r m e d t o 
i m p r o v e t h e p h y s i c a l o r o p t i c a l p r o p e r t i e s o f p a p e r a n d a l s o 
a f f e c t t h e d e g r e e o f t h

A n i m p o r t a n t c o n s e q u e n c
t h e p a p e r m a k i n g p r o c e s s i s t h e i n t r o d u c t i o n i n t o t h e p a p e r s h e e t 
o f a t h r e e d i m e n s i o n a l a n i s o t r o p y . D u r i n g t h e p a p e r m a k i n g p r o c e s s 
a s t h e f i b e r s a r e much l o n g e r t h a n t h e p a p e r t h i c k n e s s , t h e y 
u n d e r g o a n i n - p l a n e o r i e n t a t i o n . F u t h e r m o r e , t h e d y n a m i c 
c o n d i t i o n s c a u s e t h e f i b e r s t o o r i e n t t h e m s e l v e s , n o t o n l y i n t h e 
p l a n e o f t h e s h e e t , b u t a l s o i n t h e d i r e c t i o n o f t h e m o v i n g w i r e . 
T h i s d i r e c t i o n i s c a l l e d t h e M a c h i n e D i r e c t i o n (MD) a n d t h e 
d i r e c t i o n p e r p e n d i c u l a r t o i t i s t h e C r o s s - D i r e c t i o n ( C D ) . P a p e r 
a n i s o t r o p y i s o n e o f i t s mo re i m p o r t a n t c h a r a c t e r i s t i c s , s i n c e i t 
i n f l u e n c e s a l l i t s m e c h a n i c a l p r o p e r t i e s . A s c h e m a t i c 
i l l u s t r a t i o n o f t h e d i s t r i b u t i o n o f t h e f i b e r s i n a p a p e r s h e e t 
i s s hown i n F i g . 3. I n t h i s a r t i c l e , i t w i l l b e d e m o n s t r a t e d 
t h a t , t h e a n i s o t r o p y a l s o i n f l u e n c e s t h e e l e c t r i c a l c o n d u c t i v i t y 
o f t h e p a p e r . 

A d d i t i v e s . T h e r e a r e many t y p e s o f a d d i t i v e s u s e d b y t h e 
p a p e r m a k e r t o m o d i f y t h e p h y s i c a l a n d o p t i c a l p r o p e r t i e s o f t h e 
s h e e t . The m o s t c o m m o n l y u s e d i n c l u d e k a o l i n a n d t i t a n i u m 
d i o x i d e f o r o p t i c a l p r o p e r t i e s , s t a r c h f o r s t r e n g t h a n d r o s i n 
s i z e s f o r w a t e r r e p e l l e n c y . A l l t h e s e m a t e r i a l s c a n a f f e c t t h e 
e l e c t r i c a l p r o p e r t i e s o f t h e p a p e r s i n c e t h e y c a n e v e n t u a l l y 
m o d i f y t h e n a t u r e o f t h e i n t e r f i b e r c o n t a c t a s w e l l a s t h e f i b e r 
i t s e l f . T h e s e c h a n g e s c a n i n f l u e n c e t h e f l o w o f c h a r g e t h r o u g h 
t h e s h e e t . 

A d d i t i v e s c a n a l s o be u s e d t o i m p a r t h i g h e r e l e c t r i c a l 
c o n d u c t i v i t y t o t h e s h e e t ; ( 1 2 ) f o r e x a m p l e , b e c a u s e o f i t s i o n i c 
n a t u r e , N a C l i s o n e e f f e c t i v e a d d i t i v e . R e c e n t l y , c a t i o n i c 
p o l y m e r s h a v e r e p l a c e d i n o r g a n i c m a t e r i a l s f o r t h e p u r p o s e o f 
i m p a r t i n g h i g h e r c o n d u c t i v i t y t o p a p e r . T h e s e p o l y m e r s h a v e t h e 
a d v a n t a g e o f s t a b i l i z i n g t h e c o n d u c t i v i t y o v e r a w i d e r a n g e o f 
r e l a t i v e h u m i d i t y . T h e s e p o l y m e r s a r e n o t c o n d u c t i v e t h e m s e l v e s , 
b u t r a t h e r a r e e f f e c t i v e b y k e e p i n g a h i g h e r w a t e r c o n t e n t i n s i d e 
t h e p a p e r s t r u c t u r e , h e n c e i n c r e a s i n g t h e m o b i l i t y o f t h e i o n s 
w h i c h a r e r e s p o n s i b l e f o r t h e e l e c t r i c a l c o n d u c t i v i t y . 

The P r e p a r a t i o n o f P a p e r 
The m e t h o d a n d i n g r e d i e n t s u s e d i n p r e p a r i n g a p a p e r a r e o f 

c r i t i c a l i m p o r t a n c e t o a n y s t u d y w h e r e s t r u c t u r e , c h e m i s t r y a n d 
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p r o p e r t i e s a r e b e i n g c o r r e l a t e d . C o m m e r c i a l p a p e r s a r e u s u a l l y 
p r o c e s s e d u s i n g a F o u r d r i n i e r m a c h i n e * 1 0 * u n d e r c o n d i t i o n s t h a t 
c a n n o t be r e p r o d u c e d i n t h e l a b o r a t o r y . T h e r e f o r e , i n o u r s t u d y 
t h e t w o p r o c e d u r e s l i s t e d b e l o w w e r e u s e d f o r t h e p r e p a r a t i o n o f 
p a p e r s a m p l e s . T h e s e p r o c e d u r e s a l l o w f o r some c o n t r o l o f t h e 
v a r i a b l e s s u c h a s s t r u c t u r e a n d c h e m i s t r y d u r i n g t h e p a p e r 
f o r m i n g p r o c e s s . 

B r i t i s h H a n d s h e e t M a c h i a e . P r e p a r a t i o n o f s a m p l e s u s i n g 
t h i s m e t h o d i n v o l v e s f i l t e r i n g a f i b r e s u s p e n s i o n t h r o u g h a f i n e 
s c r e e n . The n e w l y f o r m e d s h e e t i s t h e n p r e s s e d a n d d r i e d . The 
d i s a d v a n t a g e o f t h i s m e t h o d i s t h e l a c k o f p r e f e r e n t i a l 
o r i e n t a t i o n o f t h e f i b e r s i n t h e s h e e t . E x c e p t f o r t h i s d r a w b a c k 
s h e e t s c a n be p r e p a r e d w i t h w e l l d e f i n e d c h a r a c t e r i s t i c s a n d a r e 
s u i t a b l e f o r a n y s t u d y i n w h i c h t h e p r e f e r e n t i a l o r i e n t a t i o n o f 
t h e f i b e r s i s n o t i m p o r t a n t . 

F i v e d i f f e r e n t p u l p s w e r e u s e d i n t h e p r e p a r a t i o n o f p a p e r 
s h e e t s u s i n g t h e B r i t i s
b e l o w : 

i ) Q-90: Made b y D o m t a r , C a n a d a , f r o m b l a c k s p r u c e u s i n g 
t h e K r a f t p u l p i n g p r o c e s s . The p u l p i s h i g h l y 
b l e a c h e d , t o o v e r 90 b r i g h t n e s s , a n d i s u s e d 
m a i n l y i n f i n e p a p e r s . 

i i ) Q-30E: Made a s a b o v e , f r o m b l a c k s p r u c e , b u t l e f t 
u n b l e a c h e d . The p u l p i s s p e c i a l l y w a s h e d t o 
g i v e a h i g h r e s i s t i v i t y f o r u s e i n e l e c t r i c a l 
g r a d e p a p e r s . 

i i i ) Q-30C: Made a s Q-30E e x c e p t f o r t h e s p e c i a l w a s h i n g . 
T h i s p u l p i s u s e d i n r e g u l a r c o m m e r c i a l p a p e r s 
s u c h a s b a g s t o c k . 

i v ) S e a g u l l W: Made b y D o m t a r , C a n a d a f r o m m i x e d h a r d w o o d s 
u s i n g t h e K r a f t p r o c e s s . P u l p i s h i g h l y 
b l e a c h e d a n d i s u s e d m a i n l y i n f i n e p a p e r s . 

v ) 503: Made b y B u c k e y e C o r p o r a t i o n f r o m c o t t o n l i n t e r s . 
H a s a b r i g h t n e s s o f o v e r 90 a n d i s u s e d i n many 
h i g h q u a l i t y r a g p a p e r s . 

80 g / m 2 h a n d s h e e t s made f r o m p u l p s r e f i n e d t o d i f f e r e n t l e v e l s 
w e r e made a c c o r d i n g t o CPPA S t a n d a r d C-4, u s i n g d i s t i l l e d w a t e r 
i n t h e h a n d s h e e t m a c h i n e . 

F o r s t u d i e s r e l a t i n g t o t r a n s i e n t e l e c t r i c a l c o n d u c t i o n i n 
p a p e r , t h e f o l l o w i n g p r o c e d u r e was u s e d t o p r e p a r e t h e p a p e r 
s a m p l e s . H a n d s h e e t s w e r e p r e p a r e d i n a B r i t i s h S t a n d a r d 
H a n d s h e e t M a c h i n e u s i n g s o f t w o o d K r a f t p u l p , r e f i n e d t o H50 
C a n a d i a n S t a n d a r d F r e e n e s s , a n d a t a b a s i s w e i g h t o f 80 g/m 2 . Once 
d r i e d , a s e c t i o n o f t h a t s h e e t was s o a k e d i n a 0.5 % N a C l 
s o l u t i o n , p r e s s e d a n d w e i g h e d . The c o n c e n t r a t i o n o f N a C l i n t h e 
d r y s h e e t was 0.2% b y w e i g h t c a l c u l a t e d k n o w i n g t h e a m o u n t o f t h e 
0.5% s o l u t i o n r e t a i n e d i n t h e s h e e t p r i o r t o d r y i n g . A t h i r d 
s a m p l e i s a c o n d u c t i v e s h e e t p r o d u c e d b y t h e James R i v e r P a p e r 

In Colloids and Surfaces in Reprographic Technology; Hair, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



25. JOSEFOWICZ AND DESLANDES Electrical Conductivity of Paper 501 

C o . I t c o n s i s t s o f a s h e e t o f p a p e r c o a t e d w i t h a n 
e l e c t r o c o n d u c t i v e r e s i n . 

C e n t r i f u g a l F o r m e r . The u s e o f a c e n t r i f u g a l f o r m e r a l l o w s 
f o r t h e p r e p a r a t i o n o f a s h e e t o f p a p e r t h a t p o s s e s e s a f i b e r 
o r i e n t a t i o n s i m i l a r t o t h e o r i e n t a t i o n p r e s e n t i n c o m m e r c i a l 
p a p e r s . W i t h t h i s a p p a r a t u s , t h e f i b e r s u s p e n s i o n i s s p r a y e d o n t o 
a f a s t r o t a t i n g s c r e e n . The d y n a m i c m o t i o n o f t h e s c r e e n m i m i c s 
t h e m o v i n g w i r e o f t h e F o u r d r i n i e r m a c h i n e a n d i n d u c e s f i b e r 
o r i e n t a t i o n . I n a d d i t i o n , b y i n d e p e n d e n t l y v a r y i n g t h e f l o w o f 
t h e f i b e r s u s p e n s i o n a nd t h e s p e e d o f r o t a t i o n o f t h e s c r e e n , 
d i f f e r e n t d e g r e e s o f f i b e r o r i e n t a t i o n c a n be o b t a i n e d . 

P a p e r s a m p l e s w e r e p r e p a r e d , w i t h b a s i s w e i g h t s o f 60, 115 
a n d 190 g / m 2 , a l l w i t h a 1:1 r a t i o b y w e i g h t o f s o f t w o o d t o 
h a r d w o o d p u l p , i n a c e n t r i f u g a l d y n a m i c v e r t i c a l s h e e t f o r m e r 
( f V l l i m a n d 38140 R i v e s , F r a n c e ) . E a c h o f t h e d i f f e r e n t b a s i s w e i g h t 
s a m p l e s was c a l e n d e r e d a t t h r e e d i f f e r e n t c a l e n d e r i n g l e v e l s o f 
250, 500 a n d 750 kN/m r e s p e c t i v e l y  T h e s e p a p e r s a m p l e s w e r e u s e d 
i n a s t u d y a i m e d a t d e t e r m i n i n
m o r p h o l o g y o n m e a s u r e d e l e c t r i c a

E l e c t r i c a l C o n d u c t i v i t y : M e t h o d s a n d E x p e r i m e n t a l T e c h n i q u e s 
R e p r o d u c i b l e a n d a c c u r a t e m e a s u r e m e n t s o f e l e c t r i c a l 

c o n d u c t i v i t y o f p a p e r a r e o f g r e a t i m p o r t a n c e i n a n u m b e r o f 
t e c h n o l o g i e s . Two common ly m e a s u r e d e l e c t r i c a l p a r a m e t e r s o f 
p a p e r a r e i t s s u r f a c e a nd b u l k c o n d u c t i v i t y . A m e t h o d f o r 
m e a s u r i n g s u r f a c e c o n d u c t i v i t y h a s b e e n r e p o r t e d b y G r e i s m e r * 1 3 * , 
a n d h i s r e c o m m e n d a t i o n s w e r e i n c o r p o r a t e d i n D .C . s u r f a c e 
c o n d u c t i v i t y m e a s u r e m e n t s r e p o r t e d b y H o w l e t t a n d L a n d h e e r * 1 4 * . 
B u l k e l e c t r i c a l c o n d u c t i v i t y h a s a l w a y s b e e n c o n t r o v e r s i a l f o r 
p a p e r s i n c e t h e c o n t a c t r e s i s t a n c e a t t h e p a p e r - e l e c t r o d e 
i n t e r f a c e c a n b e much h i g h e r t h a n t h e r e s i s t a n c e o f t h e p a p e r 
i t s e l f . T h i s n e g l e c t o f c o n t a c t r e s i s t a n c e h a s p r o d u c e d many 
e r r o n e o u s r e p o r t s o f b u l k c o n d u c t i v i t y o f p a p e r . 

I n t h e f o l l o w i n g s e c t i o n , a new b u l k c o n d u c t i v i t y c e l l i s 
d e s c r i b e d t h a t s i g n i f i c a n t l y r e d u c e s t h e c o n t a c t r e s i s t a n c e t o a 
l e v e l w h e r e t h e m e a s u r e m e n t s o f p a p e r b u l k c o n d u c t i v i t y c a n b e 
made w i t h a n a c c u r a c y t h a t i s l i m i t e d p r i m a r i l y b y t h e 
a n i s o t r o p i c s t r u c t u r e o f t h e p a p e r i t s e l f . A s m a l l u n c e r t a i n t y 
i n t h e m e a s u r e d c o n d u c t i v i t y a r i s e s f r o m c o m p a c t i o n ( — 10%) o f 
t h e p a p e r s a m p l e i n t h e a p p a r a t u s c a u s e d b y t h e a p p l i c a t i o n o f 
13.8 MPa p r e s s u r e t o t h e s t a i n l e s s s t e e l e l e c t r o d e s y s t e m i n t h e 
c e l l . T h i s p r e s s u r e i s u s e d t o e l i m i n a t e c o n t a c t r e s i s t a n c e . 
D e s p i t e t h i s u n c e r t a i n t y , m e a s u r e m e n t e r r o r s i n t h e new c e l l a r e 
s i g n i f i c a n t l y l e s s t h a n t h e s p r e a d i n t h e c o n d u c t i v i t y v a l u e s 
(~200J) d e t e r m i n e d a t d i f f e r e n t p o i n t s i n a s i n g l e p a p e r s h e e t . 
T h e v a r i a b i l i t y a r i s e s f r o m i n h o m o g e n e i t i e s i n t h e c e l l u l o s e 
f i b e r n e t w o r k w i t h i n t h e s h e e t . 

T o m e a s u r e t h e s u r f a c e r e s i s t i v i t y o f p a p e r , a v a r i a n t o f a 
f o u r - p o i n t p r o b e m e t h o d p r o p o s e d b y C r o n c h * 1 5 ) wa s u s e d . T h i s 
a p p r o a c h h a s p r o v e n t o be r e l i a b l e , a v o i d i n g t h e e f f e c t s o f 
c o n t a c t r e s i s t a n c e b y e m p l o y i n g a n e l e c t r o s t a t i c v o l t m e t e r 
( u t i l i z i n g c o n t a c t l e s s p r o b e s ) t o m e a s u r e t h e s u r f a c e p o t e n t i a l 
o f p a p e r s u b j e c t t o a c o n s t a n t c u r r e n t . 

A s d i s c u s s e d a b o v e , p r o c e s s i n g t h e f i b e r s i n t r o d u c e s a n 
a n i s o t r o p y i n t h e s h e e t e v e n i f o n e u s e s o n l y p u r e c e l l u l o s i c 
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f i b e r s . The e l e m e n t a r y f i b e r s (15-50/xm w i d e a n d 1-7 mm l o n g ) * 1 0 * 
t e n d t o o r i e n t t h e m s e l v e s p a r a l l e l t o t h e XY p l a n e . M o r e o v e r , 
d u r i n g t h e f o r m a t i o n o f t h e p a p e r s h e e t t h e f i b e r s w i l l a l s o 
o r i e n t a l o n g t h e " m a c h i n e d i r e c t i o n " c o r r e s p o n d i n g t o t h e 
d i r e c t i o n o f t h e m o v i n g w i r e s c r e e n . M o s t c o m m e r c i a l p a p e r s a r e 
a n i s o t r o p i c . 

T h e o r i e n t a t i o n o f c e l l u l o s i c f i b e r s h a s some e f f e c t o n t h e 
c o n d u c t i v i t y o f t h e p a p e r . The c o n d u c t i v i t y i n t h e XY p l a n e o f 
t h e s h e e t ( s u r f a c e c o n d u c t i v i t y p a r a l l e l t o m o s t o f t h e f i b e r s ) 
may b e q u i t e d i f f e r e n t f r o m t h e c o n d u c t i v i t y a l o n g t h e Z 
d i r e c t i o n ( b u l k c o n d u c t i v i t y p e r p e n d i c u l a r t o t h e f i b e r s ) . 
C o m p a r i s o n o f s u r f a c e a n d b u l k c o n d u c t i v i t y f o r a g i v e n p a p e r 
s h e e t c a n t h u s y i e l d i n f o r m a t i o n w h i c h r e f l e c t s t h e a n i s o s t r o p y 
i n t h e s t r u c t u r a l m o r p h o l o g y d u e t o f i b e r o r i e n t a t i o n . B u l k 
c o n d u c t i v i t y m e a s u r e m e n t s a r e a l s o i m p o r t a n t s i n c e many p a p e r 
s h e e t s u s e d i n r e p r o g r a p h i c p r o c e s s e s a r e c o m p o s e d o f a 
c o n d u c t i v e b a s e s h e e t c o a t e d w i t h a d i e l e c t r i c m a t e r i a l * 1 6 *  One 
i m p o r t a n t s p e c i f i c a t i o
t h e b u l k c o n d u c t i v i t y o

I n - S i t u P r e s s u r e B u l k C o n d u c t i v i t y C e l l . A c e l l 
s p e c i f i c a l l y d e s i g n e d t o m e a s u r e t h e b u l k c o n d u c t i v i t y o f p a p e r 
was r e c e n t l y d e s c r i b e d * 1 7 * . A c r o s s - s e c t i o n v i e w o f t h e b u l k 
c o n d u c t i v i t y c e l l i s s hown i n F i g . 4 . T h i s c e l l was d e s i g n e d 
w i t h t h e o b j e c t i v e o f s i m u l t a n e o u s l y a p p l y i n g p r e s s u r e t o a s e t 
o f o p t i c a l l y p o l i s h e d s t a i n l e s s s t e e l e l e c t r o d e s w h i c h a r e 
s u b j e c t t o a n a p p l i e d v o l t a g e . The c u r r e n t t h r o u g h t h e s a m p l e i s 
m e a s u r e d a l l o w i n g t h e b u l k c o n d u c t i v i t y t o b e d e t e r m i n e d . A 
s c h e m a t i c d i a g r a m o f t h e m e a s u r i n g c i r c u i t i s shown i n F i g . 5 . 
The p r e s e n c e o f t h e g r o u n d e d g u a r d r i n g e l e c t r o d e s e r v e s t o 
e l i m i n a t e t h e c o n t r i b u t i o n o f a n y s u r f a c e c u r r e n t t o t h e b u l k 
c o n d u c t i v i t y m e a s u r e m e n t . A s t e p f u n c t i o n D .C . v o l t a g e , p o s i t i v e 
o r n e g a t i v e , i s a p p l i e d ( u s i n g a F l u k e h i g h v o l t a g e p o w e r s u p p l y ) 
t o t h e b o t t o m e l e c t r o d e o f t h e c o n d u c t i v i t y c e l l b y way o f a h i g h 
v o l t a g e s w i t c h . T h e c u r r e n t p a s s i n g t h r o u g h t h e p a p e r s a m p l e i s 
d e t e c t e d b y a K e i t h l e y e l e c t r o m e t e r ( M o d e l 6 1 0 C R ) . A r e c o r d o f 
t h e c u r r e n t t r a n s i e n t may be o b t a i n e d u s i n g a s t r i p c h a r t 
r e c o r d e r . T h e b u l k r e s i s t i v i t y i s d e t e r m i n e d u s i n g t h e 
r e l a t i o n s h i p : 

V • A 
P B = ( 1 ) 

i • t 

w h e r e 
V = t h e a p p l i e d v o l t a g e 
A = c r o s s - s e c t i o n a l a r e a o f t h e m e a s u r i n g e l e c t r o d e 
i = c u r r e n t f l o w i n g t h r o u g h t h e s a m p l e 
t = t h i c k n e s s o f t h e s a m p l e m e a s u r e d a f t e r t h e 

e x p e r i m e n t . 
A s t h e e l e c t r i c a l p r o p e r t i e s o f p a p e r a r e e x t r e m e l y 

s e n s i t i v e t o r e l a t i v e h u m i d i t y , a l l m e a s u r e m e n t s d e s c r i b e d i n 
t h i s a r t i c l e w e r e p e r f o r m e d i n a n e n v i r o m e n t a l c h a m b e r w h e r e 
r e l a t i v e h u m i d i t y a n d t e m p e r a t u r e c o u l d be c o n t r o l l e d t o w i t h i n 
\ % a n d 0 . 5 ° C , r e s p e c t i v e l y . 

In Colloids and Surfaces in Reprographic Technology; Hair, M., et al.; 
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Figure 4. A cross-sectional view of the in situ pressure bulk conductivity cell. 

Key: 1, guard ring optically polished stainless steel electrode: 2, slot in the Delrin gasket; 
3, Delrin insulating gasket; 4, bottom optically polished stainless steel electrode; 5, pres
surized coil spring module; 6, aluminum cell housing; 7, roller bearing; 8, lever arm; 
9, rotating asymmetric cam; 10, ball bearing contact for guard ring electrode; 11, ball 
bearing contact for measuring electrode; 12, Delrin block; 13, guard ring portion of top 
electrode; 14, Delrin insulating collar; and 15, measuring portion of top electrode. (Re
produced, with permission, from Ref. 17. Copyright 1981, American Institute of 

Physics.) 

In Colloids and Surfaces in Reprographic Technology; Hair, M., et al.; 
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Figure 5. Schematic of the measuring circuit showing the guard ring stainless 
steel electrodes. 
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Two i m p o r t a n t r e q u i r e m e n t s m u s t b e met b y a t e c h n i q u e 
d e s i g n e d t o p r o v i d e a c c u r a t e m e a s u r e m e n t s o f t h e b u l k 
c o n d u c t i v i t y o f p a p e r . F i r s t , t h e c o n t a c t r e s i s t a n c e b e t w e e n t h e 
e l e c t r o d e a n d t h e p a p e r s h o u l d b e e i t h e r known o r n e g l i g i b l e a n d , 
s e c o n d l y , t h e p a p e r s h o u l d n o t b e s i g n i f i c a n t l y m o d i f i e d b y t h e 
t e c h n i q u e u s e d . T h e in situ p r e s s u r e b u l k c o n d u c t i v i t y c e l l 
s a t i s f i e s t h e s e r e q u i r e m e n t s , a s w i l l b e shown i n t h e f o l l o w i n g 
s e c t i o n s . 

S u r f a c e R e s i s t i v i t y E x p e r i m e n t a l S e t - U p . The s u r f a c e 
r e s i s t i v i t y was d e t e r m i n e d u s i n g a m o d i f i e d v e r s i o n o f t h e 
s t a n d a r d 4 - p o i n t p r o b e m e t h o d a p p l i e d b y C r o n c h ( 1 5 ) . A d i a g r a m a t i c 
r e p r e s e n t a t i o n o f t h e a p p a r a t u s u s e d f o r t h i s m e a s u r e m e n t i s 
shown i n F i g . 6 . A D .C . v o l t a g e i s a p p l i e d , u s i n g a c o n s t a n t 
c u r r e n t p o w e r s u p p l y ( H e w l e t t P a c k a r d 6 2 0 9 B ) , t o a 8 cm l o n g b y 5 
cm w i d e p a p e r s a m p l e . The v o l t a g e d r o p a c r o s s a s e c t i o n o f t h e 
p a p e r s t r i p , b e t w e e n t h e end e l e c t r o d e s , i s d e t e r m i n e d u s i n g 
c o n t a c t l e s s e l e c t r o s t a t i  v o l t m e t e  ( TREK  m o d e l 3 6 0 )  Th
v o l t m e t e r p r o b e s a r e m o u n t e
p r e c i s e p o s i t i o n i n g o f
f l o w i n g t h r o u g h t h e p a p e r s t r i p i s m e a s u r e d u s i n g a n e l e c t r o m e t e r 
( K e i t h l e y , 6 1 0 C R ) . S u r f a c e r e s i s t i v i t y i s d e t e r m i n e d u s i n g t h e 
f o l l o w i n g e x p r e s s i o n : 

AV . W 
P s - (2) 

i . A X 

w h e r e 
AV = d i f f e r e n c e i n v o l t a g e m e a s u r e d b y t h e t w o 

e l e c t r o s t a t i c v o l t m e t e r p r o b e s 
AX = d i s t a n c e b e t w e e n t h e e l e c t r o s t a t i c v o l t m e t e r 

p r o b e s 
W = w i d t h o f t h e p a p e r s t r i p 
i = c u r r e n t f l o w i n g t h r o u g h t h e l e n g t h o f t h e p a p e r 

s t r i p . 

S u r f a c e r e s i s t i v i t y , P s , a n d s u r f a c e c o n d u c t i v i t y , a

B , a r e 

r e l a t e d i n t h e f o l l o w i n g way : 

1 

P s = — ( 3 ) 

I n t h e same way b u l k r e s i s t i v i t y p B , a nd b u l k c o n d u c t i v i t y , 

(Tg , h a v e t h e r e l a t i o n : 

S u r f a c e a n d b u l k r e s i s t i v i t i e s may a l s o be r e l a t e d u s i n g t h e 
f o l l o w i n g e x p r e s s i o n : 

( 5 ) 

In Colloids and Surfaces in Reprographic Technology; Hair, M., et al.; 
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I n a p p l y i n g e q n . 5 t o p a p e r , i t s h o u l d b e p o i n t e d o u t t h a t 
t h e t h i c k n e s s , t , d o e s n o t n e c e s s a r i l y r e p r e s e n t t h e c u r r e n t -
c a r r y i n g r e g i o n . T h e c u r r e n t may be r e s t r i c t e d t o l o c a l i z e d 
r e g i o n s t h r o u g h t h e t h i c k n e s s o f t h e p a p e r a s a r e s u l t o f t h e 
f i b r o u s o r p o r o u s s t r u c t u r e . C o n s e q u e n t l y , t h e r e l a t i o n s h i p 
g i v e n i n e q n . 5 s h o u l d be c o n s i d e r e d o n l y a s a n a p p r o x i m a t i o n 
when a p p l i e d t o p a p e r . 

R e s u l t s a n d D i s c u s s i o n 
I n t h e s e c t i o n w h i c h f o l l o w s , s t u d i e s a r e d e s c r i b e d w h i c h 

f o c u s o n b o t h , t h e d e v e l o p m e n t o f r e l i a b l e m e t h o d s t o e v a l u a t e 
t h e e l e c t r i c a l p r o p e r t i e s o f p a p e r s a n d t h e d e p e n d e n c e o f 
e l e c t r i c a l p r o p e r t i e s o n t h e s p e c i f i c s t r u c t u r a l a n d c h e m i c a l 
p r o p e r t i e s o f t h e p a p e r . T h e s e p r o p e r t i e s i n c l u d e t h e t y p e o f 
p u l p , t h e t y p e a n d d e g r e e o f r e f i n i n g , t h e d e g r e e o f o r i e n t a t i o n 
o f t h e f i b e r s , t h e t h i c k n e s s o f t h e p a p e r a n d i t s d e g r e e o f 
h o m o g e n e i t y , a s w e l l a s t h e t y p e s o f c h e m i c a l a d d i t i v e s  A l l o f 
t h e a b o v e i t e m s h a v e b e e
p r o p e r t i e s o f p a p e r . 

S t e a d y S t a t e E l e c t r i c a l M e a s u r e m e n t s . 
i ) L i q u i d M e t a l E l e c t r o d e s : I n o r d e r t o m e a s u r e t h e b u l k 

c o n d u c t i v i t y o f p a p e r b y D.C. m e t h o d s , t h e c o n t a c t r e s i s t a n c e 
m u s t be e l i m i n a t e d a s f o u r - p o i n t p r o b e m e t h o d s a r e n o t p r a c t i c a l . 
A n i n v e s t i g a t i o n i n t o t h e u s e o f e v a p o r a t e d m e t a l e l e c t r o d e s o n 
b o t h s i d e s o f a p a p e r s a m p l e s h o w e d t h a t t h i s a p p r o a c h was 
u n r e l i a b l e . I t w a s c o n c l u d e d t h a t e v a p o r a t e d m e t a l p e n e t r a t e s 
i n t o t h e b u l k o f t h e p a p e r . R e c e n t l y , o n e o f t h e a u t h o r s 
r e p o r t e d * 1 6 * t h a t G a - I n l i q u i d m e t a l e l e c t r o d e s p a i n t e d o n t o b o t h 
s i d e s o f p a p e r r e d u c e s t h e c o n t a c t r e s i s t a n c e t o a n e g l i g i b l y 
s m a l l v a l u e . A n o t h e r l i q u i d m e t a l , m e r c u r y , was f o u n d t o be 
u n s u i t a b l e b e c a u s e o f i t s p o o r p a p e r w e t t i n g p r o p e r t i e s . The G a 
i n a l l o y , h o w e v e r , was f o u n d t o be i d e a l . A c r o s s - s e c t i o n 
e l e c t r o n m i c r o g r a p h o f a s a m p l e p a i n t e d w i t h G a - I n s h o w e d t h a t 
t h e e u t e c t i c a l l o y w e t t e d t h e p a p e r s u r f a c e w i t h o u t p e n e t r a t i n g 
i n t o t h e c e l l u l o s e s t r u c t u r e . U s e o f G a - I n i s s o m e w h a t u n t i d y 
a n d t i m e c o n s u m i n g b u t i t h a s t h e a d v a n t a g e t h a t p a p e r s a m p l e s 
w i t h G a - I n e l e c t r o d e s c a n be p l a c e d i n a n y c e l l w i t h s u i t a b l y 
f l a t e l e c t r o d e s , s i n c e o n l y l o w e l e c t r o d e p r e s s u r e s a r e r e q u i r e d 
t o make g o o d e l e c t r i c a l c o n t a c t . 

A n o t h e r m e t h o d w h i c h t h e a u t h o r s h a v e d e v e l o p e d u s e s t h e in 
situ p r e s s u r e b u l k c o n d u c t i v i t y c e l l * 1 7 * d e s c r i b e d i n t h i s a r t i c l e . 
A d i r e c t c o m p a r i s o n b e t w e e n t h e s e t w o a p p r o a c h e s i s g i v e n i n t h e 
f o l l o w i n g s e c t i o n s . 

A l l m e a s u r e m e n t s r e p o r t e d i n t h e n e x t s e c t i o n w e r e made 
u s i n g s a m p l e s o f c o n d u c t i n g b a s e p a p e r o b t a i n e d f r o m t h e James 
R i v e r P a p e r C o . T h e y w e r e p e r f o r m e d i n a n e n v i r o m e n t a l c hambe r 
w h o s e r e l a t i v e h u m i d i t y a n d t e m p e r a t u r e w e r e c o n t r o l l e d t o 50.5% 
a n d 73°F ( ~23°C ) , r e s p e c t i v e l y . P a p e r s a m p l e s e q u i l i b r a t e d 
o v e r n i g h t i n t h e c h a m b e r b e f o r e u s e . 

i i ) In Situ P r e s s u r e B u l k C o n d u c t i v i t y : I n v e s t i g a t i o n s w e r e 
made t o d e t e r m i n e t h e a p p l i c a b i l i t y o f t h e in situ p r e s s u r e 
c o n d u c t i v i t y m e t h o d t o b o t h c o n d u c t i v e a n d n o n - c o n d u c t i v e p a p e r s . 
T h e i n i t i a l s t u d y d e s c r i b e d b e l o w was made u s i n g J a m e s R i v e r 
c o n d u c t i v e b a s e p a p e r a s u s e d i n d i e l e c t r i c p a p e r s . F i g u r e 7 
s h o w s a p l o t o f c u r r e n t v s t i m e f o r o n e s a m p l e f o l l o w i n g 
a p p l i c a t i o n o f a p o t e n t i a l o f 10V a n d a p r e s s u r e o f 2 0 0 0 p s i 
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Figure 6. Schematic showing the experimental setup for the determination of the 
surface resistivity of paper. 
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Figure 7. A transient current plot for James River conductive base paper using 
an applied voltage of 10V and a pressure of 2000 psi (13.8 MPa) at 50% RH. 

(Reproduced, with permission, from Ref. 16. Copyright 1981, TAPPI.) 
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( 13 .8 M P a ) . The c u r r e n t was r e l a t i v e l y c o n s t a n t , t h i s was 
t y p i c a l f o r t h e r e s u l t s r e p o r t e d i n t h i s s e c t i o n . C o n d u c t i v i t i e s 
w e r e c a l c u l a t e d f r o m t h e c u r r e n t m e a s u r e d 12 s e c o n d s a f t e r t h e 
a p p l i c a t i o n o f t h e v o l t a g e . 

Shown i n F i g u r e 8 i s a p l o t o f c o n d u c t i v i t y a s a f u n c t i o n o f 
t h e p r e s s u r e a p p l i e d t o t h e p a p e r s a m p l e s . I n t h e l o w - p r e s s u r e 
r a n g e , u p t o a p p r o x i m a t e l y 5 0 0 0 p s i (3^.5 M P a ) , t h e p a p e r 
c o n d u c t i v i t y a p p e a r s t o i n c r e a s e l i n e a r l y . A b o v e 5 0 0 0 p s i (3^.5 
M P a ) , t h e r e i s a d i s t i n c t i n c r e a s e i n t h e b u l k c o n d u c t i v i t y , 
f o l l o w e d by a n o t h e r l i n e a r r e g i o n w h i c h h a s a much s t e e p e r s l o p e 
t h a n t h e d e p e n d e n c e f o u n d i n t h e l o w - p r e s s u r e r e g i o n . A p r e c i s e 
m e a s u r e m e n t o f t h e p a p e r t h i c k n e s s a s a f u n c t i o n o f p r e s s u r e * 1 6 * 
s h o w e d t h a t t h e p a p e r s a m p l e s t a r t s w i t h a t h i c k n e s s o f 70 /xm 
p r i o r t o t h e a p p l i c a t i o n o f p r e s s u r e a n d t h e n d e c r e a s e s i n 
t h i c k n e s s t o 50 /im a t 15 ,000 p s i ( 1 03 MPa) i n a n e s s e n t i a l l y 
l i n e a r m a n n e r . T h e c h a n g e i n c o n d u c t i v i t y s hown i n F i g . 8 i s 
m o s t p r o b a b l y a s s o c i a t e d w i t h t h  c o m p r e s s i o f t h  c e l l u l o s
f i b e r n e t w o r k i n t h e p a p e r

F o r t h e p u r p o s e o
c o n d u t i v i t y i n p a p e r , a p r e s s u r e o f 2 000 p s i ( 1 3 - 8 MPa ) was 
c h o s e n . A t t h a t p r e s s u r e , m o s t p a p e r s a m p l e s t y p i c a l l y c o m p r e s 5 
/mm, f r o m 70 /xm t o 6 5 t t m * 1 6 ) . A s c a n be c o n c l u d e d f r o m t h e 
d i s c u s s i o n b e l o w , t h e r e s u l t s o f m e a s u r e m e n t s a t 2 0 0 0 p s i ( 1 3 * 8 
MPa) a r e i n g o o d a g r e e m e n t w i t h t h e G a - I n l i q u i d a l l o y m e t h o d . 
S a m p l e s w e r e c o n t a c t e d on b o t h s i d e s w i t h G a - I n o v e r a n a r e a o f 
0.8 c m 2 a n d w e r e p l a c e d i n t h e p r e s s u r e c o n d u c t i v i t y c e l l . A 
n o m i n a l p r e s s u r e o f 3.2 p s i (22 k P a ) was a p p l i e d t o t h e 
e l e c t r o d e s . 

F i g u r e 9 c o m p a r e s t h e t w o m e t h o d s f o r m a k i n g b u l k 
c o n d u c t i v i t y m e a s u r e m e n t s o n c o n d u c t i v e b a s e p a p e r : t h e 
p r e s s u r i z e d s t a i n l e s s s t e e l e l e c t r o d e m e t h o d a n d t h e G a - I n 
e u t e c t i c l i q u i d m e t a l m e t h o d . The c o n d u c t i v i t y i s p l o t t e d a s a 
f u n c t i o n o f v o l t a g e a t 50% R H . F o r t h e s t a i n l e s s s t e e l 
e l e c t r o d e s , a t 2 0 0 0 p s i (13.8 M P a ) , t h e m e a s u r e d c u r r e n t i s a 
s u p e r l i n e a r f u n c t i o n o f v o l t a g e a n d a s t r o n g f u n c t i o n o f t i m e * 1 6 ) , 
up t o a v o l t a g e o f a p p r o x i m a t e l y 10V. W i t h t h e G a - I n e l e c t r o d e s 
t h i s e f f e c t i s n o t i c e a b l e o n l y f o r a p p l i e d p o t e n t i a l s u p t o 
a p p r o x i m a t e l y 3V. B e t w e e n 10 a n d 5 0V , t h e b u l k c o n d u c t i v i t y 
m e a s u r e d b y b o t h m e t h o d s i s e s s e n t i a l l y i n d e p e n d e n t o f v o l t a g e , 
a n d t h e c u r r e n t t r a c e s a r e r e p r o d u c i b l e a n d s how n o t i m e 
d e p e n d e n c e . 

M e a s u r e m e n t s t a k e n a t 39% RH w e r e s i m i l a r t o t h o s e s hown a t 
5 0 % , e x c e p t f o r t h e e x p e c t e d l o w e r v a l u e s f o r b u l k c o n d u c t i v i t y . 

I n t h e s t u d y d e s c r i b e d a b o v e , s t r o n g e v i d e n c e wa s s hown t h a t 
f o r t h e c a s e o f J a m e s R i v e r c o n d u c t i v e b a s e p a p e r , a p r e s s u r e o f 
13.8 M]Pa a p p l i e d t o s t a i n l e s s s t e e l e l e c t r o d e s w a s s u f f i c i e n t t o 
e f f e c t i v e l y r e d u c e c o n t a c t r e s i s t a n c e t o n e g l i g i b l y s m a l l 
p r o p o r t i o n s . I n t h e s t u d y d e s c r i b e d b e l o w t h e q u e s t i o n a s t o 
w h e t h e r t h e in situ p r e s s u r e c o n d u c t i v i t y m e t h o d w o u l d a l s o be 
a p p r o p r i a t e f o r d i f f e r e n t t y p e s o f n o n c o n d u c t i v e p a p e r s w h i c h 
e x h i b i t v a r i e d s u r f a c e m o r p h o l o g y i s a d d r e s s e d . C o n s e q u e n t l y , 
p a p e r s a m p l e s w e r e p r e p a r e d , w i t h b a s i s w e i g h t s o f 6 0 , 1 1 5 , a n d 
190 g / m 2 , a l l w i t h a 1:1 r a t i o b y w e i g h t o f s o f t w o o d - h a r d w o o d 
p u l p , i n a c e n t r i f u g a l d y n a m i c v e r t i c a l s h e e t f o r m e r . E a c h o f 
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Figure 8. Bulk conductivity as a function of applied pressure for James River 
conductive paper, using 10V applied to the electrodes at 50% RH. (Reproduced, 

with permission, from Ref. 16. Copyright 1981, TAPPI.) 
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Figure 9. Bulk conductivity as a function of applied voltage for James River 
Paper using an electrode pressure of 2000 psi (13.8 MPa) at 50% RH. Key: 
stainless steel electrodes; and O , Ga-In liquid electrodes. (Reproduced, with per

mission, from Ref. 16. Copyright 1981, TAPPI.) 
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t h e d i f f e r e n t b a s i s w e i g h t s a m p l e s was c a l e n d e r e d a t t h r e e 
d i f f e r e n t l e v e l s : 2 5 0 , 5 0 0 a n d 750 kN/m, r e s p e c t i v e l y . 

The b u l k c o n d u c t i v i t y o f t h e s e s h e e t s was m e a s u r e d u s i n g t h e 
in situ p r e s s u r e c e l l . F i v e m e a s u r e m e n t s w e r e o b t a i n e d f r o m 
d i f f e r e n t a r e a s o n e a c h s h e e t a nd w i d e v a r i a t i o n s w e r e o b s e r v e d 
f o r a g i v e n s h e e t a s i l l u s t r a t e d i n F i g s . 10 , 11, a n d 1 2 , 
c o r r e s p o n d i n g t o s a m p l e s w i t h b a s i s w e i g h t s o f 6 0 , 1 1 5 , a n d 190 
g / m 2 , r e s p e c t i v e l y . A l l t h e v a l u e s o b t a i n e d a r e r e p o r t e d f o r t h e 
t w e l v e d i f f e r e n t s h e e t s . A l m o s t n o d i f f e r e n c e i n c o n d u c t i v i t y i s 
o b s e r v e d f o r a g i v e n b a s i s w e i g h t h a v i n g d i f f e r e n t s u r f a c e 
s m o o t h n e s s . T h e v a l u e s f o r t h e u n c a l e n d e r e d s a m p l e A i n F i g . 10 
a r e l o w e r , b u t n o e x p l a n a t i o n c a n be g i v e n f o r t h i s r e s u l t . The 
c a l e n d e r i n g t r e a t m e n t a n d c o n s e q u e n t l y t h e s u r f a c e s m o o t h n e s s 
d o e s n o t s eem t o a f f e c t t h e c o n d u c t i v i t y o f a g i v e n p a p e r , when 
u s i n g a n a p p l i e d p r e s s u r e o f 13 . 8 M P a . 

S u r f a c e p r o f i l e s o f b o t h s i d e s o f a c a l e n d e r e d a n d a n 
u n c a l e n d e r e d s h e e t w e r  r e c o r d e d w i t h  T a l y s u r f  i n s t r u m e n t 
( R a n k T a y l o r H o b s o n , E n g l a n d )
s u r f a c e i s d i f f e r e n t i
n o t s i g n i f i c a n t l y a l t e r e d . The p r e s s u r e a p p l i e d t o t h e 
e l e c t r o d e s w i t h i n t h e c e l l h a s n o t c h a n g e d t h e s u r f a c e p r o f i l e o f 
t h e s h e e t f o r t h e c a l e n d e r e d s a m p l e . A l t h o u g h a d i f f e r e n c e i s 
o b s e r v e d f o r t h e u n c a l e n d e r e d s a m p l e , t h e s u r f a c e i s n o t a s 
s m o o t h a s t h a t o f t h e c a l e n d e r e d s h e e t a f t e r p r e s s u r e i s a p p l i e d . 

F r o m a l l t h e s e o b s e r v a t i o n s i t i s c o n c l u d e d t h a t t h e c o n t a c t 
r e s i s t a n c e i s n o t a f u n c t i o n o f t h e s u r f a c e r o u g h n e s s when a n 
a p p l i e d p r e s s u r e o f 13.8 MPa i s u s e d . T h i s i n d i c a t e s t h e 
p o s s i b i l i t y t h a t t h e a i r g a p s b e t w e e n t h e f i b e r s a n d t h e 
e l e c t r o d e a r e c o n t r i b u t i n g t o t h e e l e c t r o d e s u r f a c e a r e a a s a 
r e s u l t o f a n e l e c t r i c a l b r e a k d o w n p h e n o m e n o n . T h i s h y p o t h e s i s 
w o u l d l e a d t o a v e r y l o w c o n t a c t r e s i s t a n c e s i n c e a l m o s t a l l t h e 
e l e c t r o d e a r e a w o u l d be e f f e c t i v e w h e t h e r t h e c u r r e n t i s c a r r i e d 
d i r e c t l y f r o m t h e e l e c t r o d e t o t h e p a p e r f i b e r s o r t h r o u g h a 
c o n d u c t i v e a i r g a p . 

A s t u d y , s i m i l a r t o t h a t d e s c r i b e d a b o v e , was made t o 
c o m p a r e t h e r e s u l t s o f u s i n g o p t i c a l l y p o l i s h e d s t a i n l e s s s t e e l 
e l e c t r o d e s u n d e r p r e s s u r e w i t h G a l i u m - I n d i u m e u t e c t i c l i q u i d 
e l e c t r o d e s i n d e t e r m i n i n g b u l k c o n d u c t i v i t y o f p a p e r s . The G a - I n 
a l l o y i s b e l i e v e d t o make i n t i m a t e c o n t a c t w i t h t h e s u r f a c e o f 
t h e p a p e r , t h u s s i g n i f i c a n t l y r e d u c i n g t h e c o n t a c t r e s i s t a n c e . 
I n F i g . 9 , i t w a s shown t h a t o p t i c a l l y p o l i s h e d s t a i n l e s s s t e e l 
e l e c t r o d e s a t 1 3 . 8 MPa p r e s s u r e g a v e t h e same r e s u l t s t h a t t h e 
G a - I n a l l o y w h e n e l e c t r i c f i e l d s b e t w e e n 1.4 x 1 0 3 a n d 1 0 4 V / c m 
a r e u s e d . 

S i m i l a r e x p e r i m e n t s w e r e p e r f o r m e d t o c o m p a r e t h e d e t e r m i n e d 
c o n d u c t i v i t y f o r p a p e r s a m p l e s w i t h d i f f e r e n t s u r f a c e m o r p h o l o g y . 
T h e c o n d u c t i v i t y m e a s u r e d w i t h b o t h t y p e s o f e l e c t r o d e s w e r e 
c o m p a r a b l e . A l s o shown i n F i g s . 1 0 , 11 a n d 12 a r e t h e 
c o n d u c t i v i t y v a l u e s o b t a i n e d w i t h b o t h t h e G a - I n e l e c t r o d e s a s 
w e l l a s t h e s t a i n l e s s s t e e l e l e c t r o d e s . The v a l u e s f o r t h e G a - I n 
e l e c t r o d e s a r e s l i g h t l y h i g h e r t h a n t h o s e o b t a i n e d w i t h t h e 
s t a i n l e s s s t e e l e l e c t r o d e s . The s p r e a d i n t h e c o n d u c t i v i t y 
v a l u e s f o r a g i v e n p a p e r s a m p l e i s a l s o i l l u s t r a t e d i n s a m p l e C 
o f e a c h b a s i s w e i g h t . Two i m p o r t a n t c o n c l u s i o n s may b e d r a w n 
f r o m t h e s e r e s u l t s . F i r s t l y , t h e s p r e a d i n t h e v a l u e s o f t h e 
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Figure 10. Conductivity values obtained for a sheet of paper with a basis weight 
of 60 g/m2. For every weight four different calenderings were examined. Key: A, 
not calendered; B, 250 kN/m; C, 500 kN/m; D, 750 kN/m; • , stainless steel 
electrodes. X, liquid Ga-In electrodes. Measurements were made at 50% relative 
humidity and 23°C. (Reproduced, with permission, from Ref. 17. Copyright 1981, 

American Institute of Physics.) 
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Figure 11. Same as Figure 10, but for paper with a basis weight of 115 g/m2. 
(Reproduced, with permission, from Ref. 17. Copyright 1981, American Institute 

of Physics.) 
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Figure 12. Same as Figure 10, but for paper with a basis weight of 190 g/m2. 
(Reproduced, with permission, from Ref. 16. Copyright 1981, American Institute 

of Physics.) 
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Figure 13. Surface profiles for a paper sheet with and without calendering, and 
before and after pressure. (Reproduced, with permission, from Ref. 16. Copyright 

1981, American Institute of Physics.) 
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c o n d u c t i v i t y a s d e t e r m i n e d b y b o t h e l e c t r o d e s y s t e m s i s 
e f f e c t i v e l y t h e s a m e . E x t r e m e c a r e was t a k e n t o e n s u r e t h a t a l l 
p a p e r s a m p l e s w e r e h a n d l e d i n t h e same w a y . C o n s e q u e n t l y , we 
c o n c l u d e t h a t t h e s p r e a d i n c o n d u c t i v i t y v a l u e s f o r a g i v e n p a p e r 
i s d u e t o t h e a n i s o t r o p y a s s o c i a t e d w i t h t h e c e l l u l o s i c f i b e r 
n e t w o r k a n d t h a t t h e c o n t a c t r e s i s t a n c e f o r a l l o f t h e s e p a p e r 
s a m p l e s i s e s s e n t i a l l y t h e s a m e . A s i m i l a r s p r e a d i n t h e b u l k 
c o n d u c t i v i t y wa s a l s o m e a s u r e d f o r s e v e r a l d i f f e r e n t c o m m e r c i a l 
n o n c o n d u c t i v e p a p e r s . S e c o n d l y , we c o n c l u d e t h a t t h e s l i g h t l y 
h i g h e r c o n d u c t i v i t y v a l u e s o b t a i n e d w i t h t h e G a - I n e l e c t r o d e s t h e 
l i q u i d m e t a l c o n f o r m s t o t h e s u r f a c e m o r p h o l o g y o f t h e p a p e r . 
S i n c e t h e G a - I n f i l l s a l l t h e i n d e n t a t i o n s a n d c r e v a s s e s 
a s s o c i a t e d w i t h t h e c e l l u l o s e f i b e r n e t w o r k a t t h e p a p e r s u r f a c e , 
t h e e f f e c t i v e e l e c t r o d e a r e a i s l a r g e r t h a n t h e a r e a w h i c h i s 
d e f i n e d b y t h e o p t i c a l l y p o l i s h e d s u r f a c e o f t h e s t a i n l e s s s t e e l 
e l e c t r o d e . F o r t h i s r e a s o n , t h e d e t e r m i n e d b u l k c o n d u c t i v i t y i s 
e x p e c t e d t o b e h i g h e r  i  t h f G a - I n  b  f a c t o  w h i c h 
i s p r o p o r t i o n a l t o t h
t h e l i q u i d m e t a l a n d s t a i n l e s

i i i ) B u l k C o n d u c t i v i t y o f P a p e r s W i t h D i f f e r e n t T h i c k n e s s : 
One s t u d y w h i c h c l e a r l y d e t e r m i n e s t h e v a l u e o f t h e c o n t a c t 
r e s i s t a n c e a t t h e e l e c t r o d e - p a p e r i n t e r f a c e i s b a s e d o n t h e 
d e t e r m i n a t i o n o f b u l k c o n d u c t i v i t y f o r a s e r i e s o f s i m i l a r p a p e r 
s a m p l e s t h a t h a v e d i f f e r e n t t h i c k n e s s e s . P a p e r s h e e t s w e r e made 
f r o m t h e s ame f u r n i s h , p r e p a r e d u n d e r t h e same c o n d i t i o n s , b u t 
h a v i n g a d i f f e r e n t b a s i s w e i g h t o r t h i c k n e s s . S u c h p a p e r s a m p l e s 
s h o u l d h a v e t h e same c o n t a c t r e s i s t a n c e R c ; t h e b u l k r e s i s t a n c e 
R B w o u l d h o w e v e r b e p r o p o r t i o n a l t o t h e p a p e r s a m p l e t h i c k n e s s . 
T h e b u l k a n d c o n t a c t r e s i s t a n c e a r e i n s e r i e s d u r i n g a n 
e l e c t r i c a l m e a s u r e m e n t . C o n s e q u e n t l y , t h e t o t a l r e s i s t a n c e , R, 
m e a s u r e d f o r a p a p e r s a m p l e b e t w e e n a p a i r o f e l e c t r o d e s i s 

R = 2 R C + R B 

A 

w h e r e P B i s t h e b u l k r e s i s t i v i t y , A i s t h e e l e c t r o d e a r e a , a n d t 

i s t h e s a m p l e t h i c k n e s s . I t c a n be s e e n f r o m E q . ( 6 ) t h a t t h e 

v a l u e o f t h e c o n t a c t r e s i s t a n c e c a n be d e t e r m i n e d f r o m a p l o t o f 

R v s t , w h e r e t h e s l o p e o f t h e s t r a i g h t l i n e i s P B / A a n d t h e 

i n t e r c e p t c o r r e s p o n d s t o 2 R C . 

P a p e r s a m p l e s w i t h b a s i s w e i g h t s r a n g i n g f r o m 31 t o 315 g / m 2 

w e r e p ' r e p a r e d w i t h a 1:1 r a t i o b y w e i g h t o f s o f t w o o d - h a r d w o o d 
p u l p u s i n g t h e c e n t r i f u g a l m a c h i n e . The s h e e t s w e r e a l l p r e s s e d 
a t t h e same p r e s s u r e a n d d r i e d . T w e l v e m e a s u r e m e n t s w e r e t a k e n 
o n e a c h s h e e t . A s t r i p was c u t a n d m e a s u r e m e n t s w e r e t a k e n e v e r y 
3/4 o f a n i n c h a l o n g t h e w h o l e s t r i p . A l l t h e m e a s u r e m e n t s a r e 
r e p o r t e d i n F i g . 1 4 . The l a r g e s p r e a d i n t h e r e s i s t a n c e i s a g a i n 
o b s e r v e d . S i n c e t h i s s p r e a d i n t h e b u l k r e s i s t a n c e h a s b e e n 
a s c r i b e d t o , t h e a n i s o t r o p y o f t h e c e l l u l o s i c f i b e r n e t w o r k 
m a k i n g up t h e p a p e r s h e e t ( s e e d i s c u s s i o n a b o v e ) , o n l y t h e 
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Figure 14. Resistance vs. thickness for a series of papers with different basis 
weight. The intercept of the minimum values gives the contact resistance and the 
slope is proportional to the resistivity of the paper. (Reproduced, with permission, 

from Ref. 16. Copyright 1981, American Institute of Physics.) 
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min imum v a l u e s a r e c o n s i d e r e d when d e t e r m i n i n g t h e i n t e r c e p t 
w h i c h d e f i n e s t h e c o n t a c t r e s i s t a n c e . A s c a n be s e e n f r o m F i g . 
1 5 , t h e i n t e r c e p t a s s o c i a t e d w i t h a l e a s t s q u a r e s f i t t h r o u g h t h e 
m i n i m u m p o i n t s a s s o c i a t e d w i t h t h e d i f f e r e n t p a p e r s a m p l e s , h a s 
t h e v a l u e 1 .05 X 1 0 8 f l . C o n s e q u e n t l y , i t may be c o n c l u d e d t h a t t h e 
c o n t a c t r e s i s t a n c e i s a n e g l i g i b l y s m a l l v a l u e c o m p a r e d w i t h b o t h 
t h e a b s o l u t e b u l k r e s i s t a n c e o f t h e p a p e r s a m p l e s , a s w e l l a s 
b e i n g n e g l i g i b l e w i t h r e s p e c t t o t h e s p r e a d r e s i s t a n c e v a l u e s 
o b t a i n e d f o r a l l t h e s a m p l e s m e a s u r e d . 

i v ) E f f e c t o f P r e s s u r e o n N o n c o n d u c t i v e P a p e r s I t h a s b e e n 
s hown t h a t i n o r d e r t o e l i m i n a t e c o n t a c t r e s i s t a n c e d u r i n g a 
m e a s u r e m e n t o f p a p e r c o n d u c t i v i t y , i t i s n e c e s s a r y t o a p p l y a 
r e l a t i v e l y h i g h p r e s s u r e t o t h e s t a i n l e s s s t e e l e l e c t r o d e s y s t e m . 
The a p p l i c a t i o n o f p r e s s u r e , h o w e v e r , may c h a n g e t h e p a p e r 
s t r u c t u r e a n d c o n s e q u e n t l y may r e s u l t i n a c h a n g e i n t h e b u l k 
c o n d u c t i v i t y . T o c l a r i f y t h e e f f e c t o f p r e s s u r e o n p a p e r 
c o n d u c t i v i t y , G a - I n wa
c a l e n d e r e d p a p e r ( s e e S e c
( t h e w e i g h t o f t h e l e v e

T a b l e I l i s t s t h e c o n d u c t i v i t i e s o b t a i n e d w i t h t h e s t a i n l e s s 
s t e e l e l e c t r o d e s a n d t h e G a - I n e l e c t r o d e , a t 13 .8 MPa p r e s s u r e , 
a s w e l l a s G a - I n w i t h o u t p r e s s u r e . I t i s c l e a r , f r o m t h e G a - I n 
r e s u l t s , t h a t t h e e f f e c t o f p r e s s u r e a c c o u n t s f o r a 2 0 % i n c r e a s e 
i n c o n d u c t i v i t y . The v a l u e o b t a i n e d f r o m t h e s t a i n l e s s s t e e l 
e l e c t r o d e u n d e r p r e s s u r e i s l o w e r t h a n t h a t o b t a i n e d w i t h G a - I n 
w i t h o u t p r e s s u r e , t h i s b e i n g t h e r e s u l t o f t h e d i f f e r e n c e i n t h e 
e l e c t r o d e a r e a s , a s d i s c u s s e d e a r l i e r . F u r t h e r m o r e , t h e t a b l e o f 
r e s u l t s c l e a r l y s h o w s t h a t t h e e f f e c t o f s u r f a c e s m o o t h n e s s , a s a 
r e s u l t o f t h e d i f f e r e n t c a l e n d e r i n g p r e s s u r e s , h a s n o s i g n i f i c a n t 
e f f e c t o n t h e m e a s u r e d b u l k c o n d u c t i v i t y f o r t h e c a s e o f t h e 
s t a i n l e s s s t e e l e l e c t r o d e s w i t h 13.8 MPa p r e s s u r e . 

v ) E f f e c t o f P u l p T y p e a n d t h e D e g r e e o f R e f i n i n g : P u l p 
t y p e a n d t h e d e g r e e o f r e f i n i n g a r e b o t h b a s i c f a c t o r s w h i c h 
a f f e c t t h e p h y s i c a l p r o p e r t i e s o f p a p e r . A s t u d y w a s made t o 
d e t e r m i n e how s t r o n g l y t h e y a f f e c t t h e e l e c t r i c a l p r o p e r t i e s o f 
p a p e r . S u m m a r i z e d i n T a b l e I I , a r e t h e v a l u e s o f b u l k 
c o n d u c t i v i t i e s , <r B, m e a s u r e d a t 50% r e l a t i v e h u m i d i t y a n d 73°F 
f o r h a n d s h e e t s made f r o m t h e f i v e d i f f e r e n t p u l p s d e s c r i b e d 
e a r l i e r ; Q - 9 0 , S e a g u l l - W , Q - 3 0 E , Q-30C a n d 5 0 3 . I n F i g . 1 5 , t h e 
r e s u l t s o f m e a s u r e m e n t s a r e s hown f o r t h e b u l k c o n d u c t i v i t y o f 
t h e s e p u l p s a s a f u n c t i o n o f t h e d e g r e e o f r e f i n i n g . T h e d e g r e e 
o f r e f i n i n g i s d e f i n e d a s t h e i n v e r s e o f t h e C a n a d i a n S t a n d a r d 
F r e e n e s s v a l u e ( C S F ) . I t i s o b s e r v e d t h a t a l l t h e p u l p s show a n 
i n c r e a s e i n b u l k c o n d u c t i v i t y a s t h e d e g r e e o f r e f i n i n g i s 
i n c r e a s e d . T h e r e a p p e a r s t o b e a s i g n i f i c a n t i n c r e a s e i n 
c o n d u c t i v i t y i n i t i a l l y a s t h e d e g r e e o f r e f i n i n g i s i n c r e a s e d . 
T h i s i s f o l l o w e d b y a r e g i o n w h e r e t h e c o n d u c t i v i t y l e v e l s o f f 
a n d i s o n l y s l i g h t l y a f f e c t e d b y t h e d e g r e e o f r e f i n i n g . 

T h e i n c r e a s e i n c o n d u c t i v i t y c a n b e e x p l a i n e d i n t e r m s o f a n 
i n i t i a l s i g n i f i c a n t i n c r e a s e i n t h e n u m b e r o f c o n t a c t i n g p o i n t s 
b e t w e e n f i b e r s . The r e f i n i n g p r o c e s s , w h i c h c a u s e s s h e a r i n g a n d 
s l i t t i n g o f t h e f i b e r s , i n c r e a s e s t h e s p e c i f i c a r e a o f t h e f i b e r s 
a n d t h e numbe r o f i n t e r f i b e r c o n t a c t s t h a t c a n s e r v e a s 
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Figure 15. Bulk conductivity, 07,, vs. the degree of refining. Because the Canadian 
Standard Freeness (CSF) value decreases as the degree of refining increases, the 
reciprocal of the CSF value was taken to be the quantity representing the degree of 

refining. 
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T a b l e I C o n d u c t i v i t y o f p a p e r w i t h d i f f e r e n t b a s i s w e i g h t s a n d 
c a l e n d e r i n g . 

CONDUCTIVITY 1 0 " 1 1 X ( o h m - c m ) - 1 

B a s i s W e i g h t C a l e n d e r i n g S t a i n l e s s S t e e l G a - I n G a - I n 

( g/m 2 ) ( g a u g e P r e s s u r e

b a r s 

A00 190 0 2 . 0 4 . 3 4 . 2 

A20 190 1.4 1.0 1.9 2 .1 

A40 190 2 . 8 1.4 1.7 2 . 2 

A60 190 4 . 2 1.2 1.7 2 . 2 

BOO 115 0 1.4 2 . 6 1 3.1 

B20 115 1.4 0 .9 1.6 2 . 0 

B40 115 2 . 8 1.1 1.4 1.9 

B60 115 4 . 2 0 . 8 5 2 . 0 2 . 5 

COO 60 0 3.5 9.7 1.2 

C20 60 1.4 1 1 . 1 6 . 1.8 

C40 60 2 . 8 8.4 1 2 . 1.5 

C60 60 4 . 2 4 9.9 1.1 

In Colloids and Surfaces in Reprographic Technology; Hair, M., et al.; 
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T a b l e I I Bulk c o n d u c t i v i t y a t 50% RH as a f u n c t i o n o f the degree 
o f f r e e n e s s f o r handsheets p r e p a r e d w i t h d i f f e r e n t p u l p s , u s i n g 

d i s t i l l e d w a t e r . 

Sample Freeness M o i s t u r e <rb 

(CFS 1 1 0 

Q-90-0 -D 661 5.8 .67 
Q-90-2500-D 547 6.4 1.0 
Q-90-6000-D 415 6.1 1.2 
Q-90-11500-D 261 6.4 1.2 

S e a g u l l - W - O - D 563 6.7 .50 
S e a g u l l - W - 2 0 0 0 - D 1)64 8 .2 .56 
S e a g u l l - W - 6 0 0 0 - D 379 8.6 .67 
Seagull-W-9000-D 324 8.1 .67 

Q-30E-0-D 681 7.0 1.4 
Q-30E-3000-D 586 6.7 1.7 
Q-30E-6000-D 494 6.3 1.5 
Q-30E-12000-D 302 5.6 1.7 

Q - 3 0 C - 0 - D 686 8.0 1.2 
Q-30C-3000-D 600 6.3 1.4 
Q-30C-6000-D 502 5.4 1.7 
Q-30C-12000-D 301 5.3 1.8 

503-0-D 729 5 .8 1.2 
503-3000-D 641 4.6 1.7 
503-6000-D 491 3-8 2 .3 
503-12000-D 245 2.4 2 .7 

In Colloids and Surfaces in Reprographic Technology; Hair, M., et al.; 
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c o n d u c t i o n p a t h w a y s f o r c h a r g e c a r r i e r s . C h a r g e c a r r i e r s , w h i c h 
a r e r e s t r i c t e d t o move a l o n g t h e w a t e r a s s o c i a t e d p a t h w a y s o f t h e 
f i b e r s a n d f i b r i l s , now f i n d many more c o n d u c t i v e p a t h w a y s 
t h r o u g h w h i c h t h e y c a n t r a v e l . T h i s w o u l d r e s u l t i n t h e 
e f f e c t i v e i n c r e a s e o f t h e b u l k c o n d u c t i v i t y . Beyond a c e r t a i n 
d e g r e e o f r e f i n i n g t h e c o n d u c t i v i t y no l o n g e r i n c r e a s e s a t t h e 
i n i t i a l r a t e , w h i c h seems t o i n d i c a t e t h a t b e y o n d a c e r t a i n 
d e g r e e o f r e f i n i n g t h e r e i s n o s i g n i f i c a n t i n c r e a s e i n t h e b o n d e d 
a r e a o f t h e p a p e r . 

I n F i g . 1 5 , i t i s s e e n t h a t t h e s h e e t made o f c o t t o n l i n t e r s 
i s mo re c o n d u c t i v e t h a n t h e o t h e r s h e e t s . T h e s h e e t made w i t h 
" S e a g u l l W" h a r d w o o d p u l p i s t h e l e a s t c o n d u c t i v e w h i l e t h e t h r e e 
o t h e r p u l p s h a v e i n t e r m e d i a t e c o n d u c t i v i t y v a l u e s . T h i s 
b e h a v i o u r s e e m s t o be r e l a t e d t o t h e s i z e o f t h e d i f f e r e n t t y p e s 
o f f i b e r s u s e d t o make t h e s h e e t s . As m e n t i o n e d p r e v i o u s l y , 
h a r d w o o d f i b e r s a r e s h o r t e r t h a n s o f t w o o d f i b e r s , a n d 
c o n s e q u e n t l y , t h e r e a r  i n t e r f i b e  c o n t a c t  i  t h  s h e e t
made o f h a r d w o o d f i b e r
i m p o r t a n t t o t h e c o n d u c t i v i t y
e f f e c t d u e t o s m a l l e r s u r f a c e a t t h e s e c o n t a c t s w h i c h r e s u l t s i n 
a r e s t r i c t e d f l o w o f i o n s t h r o u g h t h e p a p e r , a n d t h e r e f o r e a 
l o w e r c o n d u c t i v i t y . C o t t o n l i n t e r s a r e c h e m i c a l l y d i f f e r e n t a n d 
l o n g e r t h a n wood f i b e r s a n d t h e s h e e t made o f t h e s e f i b e r s i s 
m o r e c o n d u c t i v e . The d i f f e r e n c e b e t w e e n t h e t h r e e s o f t w o o d p u l p s 
i s p r o b a b l y r e l a t e d t o a d i f f e r e n t c h e m i c a l c o m p o s i t i o n o f i t s 
f i b e r s . 

F r o m t h e s e r e s u l t s , i t may be c o n c l u d e d t h a t t h e d e g r e e o f 
r e f i n i n g h a s a r e l a t i v e l y s m a l l e f f e c t o n t h e b u l k c o n d u c t i v i t y 
o f p a p e r . A s m a l l c h a n g e i n t h e e l e c t r i c a l p r o p e r t i e s i s a l s o 
o b s e r v e d f o r d i f f e r e n t p u l p t y p e s i n p a p e r . T h e s e v a r i a t i o n s a r e 
n o t s i g n i f i c a n t when c o m p a r e d w i t h t h e v a r i a t i o n s r e s u l t i n g f r o m 
a c h a n g e i n r e l a t i v e w a t e r c o n t e n t . F o r c e l l u l o s e t h e 
c o n d u c t i v i t y i n c r e a s e s w i t h w a t e r c o n t e n t b y a f a c t o r o f 1 0 1 4 f r o m 
0% t o 20% w a t e r c o n t e n t ( 8 ) . 

T r a n s i e n t C o n d u c t i o n i n F i b r o u s M a t e r i a l s a n d P a p e r . I n t h i s 
s e c t i o n a s t u d y i s p r e s e n t e d w h i c h f o c u s s e s o n t r a n s i e n t i o n i c 
c u r r e n t s i n p a p e r a n d f i b r o u s m a t e r i a l s . T h e phenomenon t h a t we 
o b s e r v e d i n t h e c a s e o f p a p e r s a m p l e s c l o s e l y r e s e m b l e s t h e 
t r a n s i e n t p h e n o m e n a o b s e r v e d a n d r e p o r t e d f o r d i s s o c i a t i n g 
s p e c i e s i n d i e l e c t r i c f l u i d s * 1 8 * . F o r t h e c a s e o f p a p e r , t h e 
c o n d u c t i v e m e d i u m i s t h e w a t e r n e t w o r k a s s o c i a t e d w i t h t h e 
f i b r o u s c e l l u l o s e s t r u c t u r e . T h e i o n i c s p e c i e s c a n b e 
t r a n s p o r t e d t h r o u g h t h i s s t r u c t u r e b y a p p l y i n g a n e l e c t r i c f i e l d . 

T he m e a s u r e m e n t o f c h a r g e t r a n s p o r t phenomena w i t h i n 
c e l l u l o s e f i b e r s t r u c t u r e s w a s p e r f o r m e d a c c o r d i n g t o t h e 
f o l l o w i n g s e q u e n c e . The s a m p l e was i n t r o d u c e d b e t w e e n t h e 
s t a i n l e s s s t e e l e l e c t r o d e s o f t h e in situ p r e s s u r e b u l k c o n d u c t i v i t y 
c e l l a n d a p r e s s u r e o f 11 .6 MPa was a p p l i e d . A s t e p f u n c t i o n 
D .C . v o l t a g e ( r i s e t i m e o f 1 m s e c ) e i t h e r p o s i t i v e o r n e g a t i v e 
wa s i n i t i a l l y a p p l i e d t o t h e s a m p l e f o r a p e r i o d o f 120 s e c o n d s . 
T h i s was f o l l o w e d b y t h e a p p l i c a t i o n o f a D . C . v o l t a g e o f t h e 
same m a g n i t u d e b u t o f o p p o s i t e p o l a r i t y . S u c c e s s i v e t r a n s i e n t 
c u r r e n t e x p e r i m e n t s on t h e s ame s a m p l e s , w h e r e t h e e l e c t r i c f i e l d 
i s m o n o t o n i c a l l y i n c r e a s e d , w e r e p e r f o r m e d b y a l t e r n a t i n g t h e 
v o l t a g e p o l a r i t y b e t w e e n e x p e r i m e n t s . 
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An e x a m p l e o f s u c h a s e r i e s o f t r a n s i e n t e x p e r i m e n t s f o r a 
s a m p l e o f p a p e r w i t h o u t c o n d u c t i v e a d d i t i v e s ( s o f t w o o d K r a f t 
p u l p , 450 C S F , 80 g /m 2 b a s i s w e i g h t , S a m p l e 1 ) , i s s h o w n i n F i g . 
1 6 . T h i s s e r i e s o f t r a n s i e n t c u r r e n t s r e p r e s e n t s t h e e l e c t r i c 
f i e l d d e p e n d e n c e o f c h a r g e t r a n s p o r t a s s o c i a t e d w i t h m o b i l e i o n s 
w i t h i n t h e w a t e r a s s o c i a t e d w i t h t h e f i b r o u s n e t w o r k o f t h e 
p a p o r . T h e i n i t i a l t r a n s i e n t c u r r e n t , l a b e l e d ( a ) , c o r r e s p o n d s 
t o t h e f i r s t a p p l i c a t i o n o f a n e l e c t r i c f i e l d ( E = 2 . 5 x 1 0 3 

V o l t s / c m ) t o t h e new s a m p l e . A f t e r r e v e r s i n g t h e p o l a r i t y o f t h e 
p o w e r s u p p l y a n e l e c t r i c f i e l d o f t h e same m a g n i t u d e i s a p p l i e d 
t o t h e s a m p l e w h i c h l e a d s t o t h e t r a n s i e n t c u r r e n t s hown b y l a b e l 
( b ) i n F i g . 1 6 . ( N . B . t h e s c a l e o f t h e o r d i n a t e i s d i f f e r e n t f o r 
F i g . 16 ( a ) ) . A g a i n r e v e r s i n g t h e p o l a r i t y o f t h e v o l t a g e a n d 
m a i n t a i n i n g t h e same v a l u e o f t h e e l e c t r i c f i e l d l e a d s t o t h e 
t r a n s i e n t c u r r e n t l a b e l e d ( c ) . S u b s e q u e n t e x p e r i m e n t s , w h e r e t h e 
m a g n i t u d e o f t h e e l e c t r i c f i e l d was m o n o t o n i c a l l y i n c r e a s e d b u t 
w h e r e t h e p o l a r i t y o f t h  s u p p l  f i r s t p o s i t i v d 
t h e n n e g a t i v e , r e s u l t s
( e ) , ( f ) a n d ( g ) , a n d ( h

T h e s e r e s u l t s a p p e a r t o be s i m i l a r t o t h e t r a n s i e n t 
c o n d u c t i o n phenomenon o b s e r v e d i n d i e l e c t r i c f l u i d s c o n t a i n i n g 
d i s s o c i a t e d s p e c i e s o r i o n i s a b l e s m a l l m o l e c u l e s * 1 8 * . A s i n t h o s e 
c a s e s , t h e i n i t i a l a p p l i c a t i o n o f a s t e p f u n c t i o n D . C . v o l t a g e t o 
t h e v i r g i n s a m p l e r e s u l t s i n a d i s p e r s i v e t r a n s i e n t c u r r e n t , 
d e p i c t e d b y l a b l e ( a ) i n F i g u r e 1 6 . T h i s seems t o s u g g e s t 
d i s p l a c e m e n t o f t h e p o s i t i v e and n e g a t i v e i o n i c s p e c i e s , w h i c h 
a r e i n i t i a l l y r a n d o m l y d i s t r i b u t e d , t o t h e i r r e s p e c t i v e 
o p p o s i t e l y c h a r g e d e l e c t r o d e s . S u c h a p r o c e s s , r e q u i r e s i o n i c 
t r a n s p o r t t h r o u g h t h e H 2 0 n e t w o r k w i t h i n t h e f i b r o u s s t r u c t u r e o f 
t h e p a p e r . A f t e r a p p r o x i m a t e l y 120 s e c o n d s , t h e t r a n s i e n t 
c u r r e n t r e a c h e s a s t e a d y s t a t e v a l u e w h i c h may b e a s s o c i a t e d w i t h 
c h a r g e i n j e c t i o n a t t h e e l e c t r o d e s . R e v e r s i n g t h e p o l a r i t y o f 
t h e a p p l i e d v o l t a g e , ( m a i n t a i n i n g i t s m a g n i t u d e ) , r e s u l t e d i n t h e 
t r a n s i e n t c u r r e n t , l a b e l ( b ) i n F i g . 1 6 . A t r a n s i e n t c u r r e n t 
w i t h a w e l l d e f i n e d p e a k now a p p e a r s . M a i n t a i n i n g t h e same 
v o l t a g e m a g n i t u d e b u t a g a i n r e v e r s i n g t h e p o l a r i t y , r e s u l t s i n 
t h e t r a n s i e n t c u r r e n t s hown i n ( c ) , w h i c h i s s i m p l y a n i n v e r s i o n 
o f t h e t r a n s i e n t ( b ) i n F i g . 16 . C o n t i n u i n g a l o n g t h e s e same 
l i n e s o f e x p e r i m e n t s , u s i n g p o s i t i v e a n d n e g a t i v e p o l a r i t i e s f o r 
a g i v e n v o l t a g e , p a i r s o f t r a n s i e n t c u r r e n t s a r e o b t a i n e d f o r 
i n c r e a s i n g a p p l i e d e l e c t r i c f i e l d s a s s hown i n l a b e l s ( d ) a n d 
( e ) , ( f ) a n d ( g ) , a n d ( h ) a n d ( i ) , r e s p e c t i v e l y . 

As t h e a p p l i e d e l e c t r i c f i e l d w a s i n c r e a s i n g , t w o 
i n t e r e s t i n g phenomenan w e r e o b s e r v e d i n t h e t r a n s i e n t c u r r e n t . 
F i r s t , t h e t r a n s i e n t c u r r e n t p e a k s h o w s a n e l e c t r i c f i e l d 
d e p e n d e n c e . S e c o n d l y , a t E = 2 x 1 0 4 V o l t s / c m , a n d a b o v e , t w o 
d i s t i n c t l y d i f f e r e n t p e a k s c a n be d i s t i n g u i s h e d i n t h e t r a n s i e n t 
c u r r e n t s w h i c h h a v e a d i f f e r e n t f i e l d d e p e n d e n c e o f b o t h t h e 
c u r r e n t a m p l i t u d e a n d t h e c u r r e n t p e a k t i m e . 

Shown i n F i g . 17 i s a p l o t o f t h e i n v e r s e o f t h e t r a n s i e n t 
c u r r e n t p e a k t i m e , 1 / t t , v e r s u s t h e a p p l i e d v o l t a g e , V , f o r t h e 
t w o p e a k s o f t h e u n d o p e d p u l p s a m p l e c o n t a i n i n g n o a d d i t i v e s 
( S a m p l e 1) a n d t h e p u l p s a m p l e d o p e d w i t h 0 . 2 % N a C l ( K r a f t p u l p , 
N a C l 0 . 2 % b y w e i g h t , S a m p l e 2 ) . A s i m i l a r p l o t f o r t h e 
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Figure 16. Transient currents for an undoped pulp sample for varied, increasing 
applied electric field and alternating polarity. (The scale of the ordinate is different 

for (a)). 
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Figure 17. Plot of the inverse of the transient current peak time vs. the applied 
voltage for the paper sample doped with 0.2% NaCl (Sample 2) and for two peaks 
observed in the undoped paper sample (Sample 1). Key: A, paper doped with 

NaCl; •> plain paper—second peak; and • , plain paper—first peak. 
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c o n d u c t i v e b a s e p a p e r ( J a m e s R i v e r c o n d u c t i v e b a s e p a p e r , S a m p l e 
3 ) i s s h o w n i n F i g . 18 . The t w o p a p e r s ( t h r e e p e a k s ) i n F i g . 17 
e x h i b i t a l i n e a r r e l a t i o n s h i p b e t w e e n 1/rt, a n d t h e a p p l i e d 
v o l t a g e , V. T he r e s u l t s f o r t h e c o n d u c t i v e b a s e s h e e t a r e n o t a s 
s t r a i g h t f o r w a r d . T he p l o t o f 1 / r t v e r s u s V f o r t h i s p a p e r ( s e e 
F i g . 18 ) s hows a n o n l i n e a r d e p e n d e n c e a s o p p o s e d t o t h e o t h e r 
p a p e r s a m p l e s . T h e c o n d u c t i v e b a s e p a p e r s a m p l e w h i c h was a t 50% 
r e l a t i v e h u m i d i t y d u r i n g t h e e x p e r i m e n t h a d a s i g n i f i c a n t l y 
g r e a t e r p e a k t i m e t h a n t h e o t h e r s a m p l e s w h i c h w e r e h e l d a t 8 0 % 
RH. T h i s may b e t h e r e s u l t o f t h e l o w e r v o l u m e c o n t e n t o f w a t e r 
a t l o w e r RH a s w e l l a s t h e p o s s i b l e i n f l u e n c e o f t h e c o n d u c t i v e 
p o l y m e r r e s i n w i t h i n t h e w a t e r n e t w o r k o f t h e f i b r o u s s t r u c t u r e . 

T h e o b s e r v e d t r a n s i e n t c u r r e n t r e s u l t s d e s c r i b e d a b o v e d o 
n o t h a v e a s t r a i g h t f o r w a r d i n t e r p r e t a t i o n . F r o m t h e m a g n i t u d e o f 
t h e t r a n s i e n t c u r r e n t shown i n F i g u r e 1 6 , i t c a n b e d e t e r m i n e d 
t h a t t h e number o f i o n s t r a n s p o r t e d d u r i n g t h e m e a s u r e m e n t 

c o r r e s p o n d t o a p p r o x i m a t e l
c h a r g e i s d i s t r i b u t e d o
c h a r g e f i e l d o f ~ 10 9V/cm, w h i c h i s o r d e r s o f m a g n i t u d e h i g h e r 
t h a n t h e a p p l i e d e l e c t r i c f i e l d u s e d i n t h i s s t u d y . On t h e o t h e r 
h a n d , t h e l i n e a r d e p e n d e n c e o f 1 / r t v e r s u s a p p l i e d v o l t a g e ( f o r 
u n d o p e d p u l p ) , a s w e l l a s t h e r e p r o d u c i b l e a n d r e v e r s i b l e 
f e a t u r e s o f t h e t r a n s i e n t c u r r e n t , seem t o s u g g e s t a c l a s s i c a l 
" t i m e o f f l i g h t " b e h a v i o u r . A n o t h e r p o s s i b i l i t y i s t h a t t h e 
t r a n s i e n t c u r r e n t phenomena o b s e r v e d i s d u e t o t h e e f f e c t o f 
e l e c t r o c h e m i s t r y . H o w e v e r , t h e l a t t e r s eems u n l i k e l y s i n c e t h e 
t r a n s i e n t c u r r e n t s a r e r e v e r s i b l e when v o l t a g e p o l a r i t y i s 
c h a n g e d . T h i s w o u l d r e q u i r e t h e u n l i k e l y o c c u r e n c e o f r e v e r s i b l e 
e l e c t r o c h e m i c a l r e a c t i o n s a t t h e e l e c t r o d e s . 

T h e r e i s p r e s e n t l y n o t e n o u g h i n f o r m a t i o n t o c o n c l u s i v e l y 
i n t e r p r e t t h e e x p e r i m e n t a l o b s e r v a t i o n . N e v e r t h e l e s s , t h e 
a u t h o r s f a v o r a " t i m e o f f l i g h t " a p p r o a c h t o t h e t r a n s i e n t 
c u r r e n t s . C l e a r l y , t h i s i s n o t c o n s i s t e n t w i t h a n a s s u m p t i o n 
t h a t e n o r m o u s s p a c e c h a r g e f i e l d s a r e d e v e l o p e d i n t h e p a p e r 
d u r i n g t h e i o n i c t r a n s p o r t p r o c e s s . H o w e v e r , t h e r e i s t h e 
p o s s i b i l i t y t h a t s p a c e c h a r g e s may be c o m p e n s a t e d f o r b y t h e 
p r e s e n c e o f n u m e r o u s c h a r g e d g r o u p s w h i c h a r e p r e s e n t a l l a l o n g 
t h e b a c k b o n e o f t h e p o l y m e r c h a i n s m a k i n g up t h e wood f i b e r s . 
Two o b s e r v a t i o n s s u p p o r t t h i s . A s a l r e a d y p o i n t e d o u t , t h e 
d e p e n d e n c e o f 1/r t v e r s u s a p p l i e d v o l t a g e i s l i n e a r . S e c o n d l y , 
f o r t h e c a s e o f u n d o p e d p u l p t h e c u r r e n t p e a k v e r s u s a p p l i e d 
v o l t a g e i s a l s o l i n e a r . A c k n o w l e d g i n g t h a t t h i s d a t a i s n o t 
c o n c l u s i v e t h e a u t h o r s h a v e n e v e r t h e l e s s a p p l i e d a " t i m e o f 
f l i g h t " i n t e r p r e t a t i o n t o t h e t r a n s i e n t c u r r e n t . T h e r e s u l t s o f 
t h i s a p p r o a c h w h i c h i s d e s c r i b e d b e l o w a p p e a r t o b e i n g o o d 
a g r e e m e n t w i t h p r e v i o u s r e p o r t s o f O ' S u l l i v a n * 4 " * 7 * . 

I n t a b l e 3 , t h e v o l t a g e d e p e n d e n c e o f t h e t r a n s i e n t c u r r e n t 
p e a k , t h e p e a k c u r r e n t m a g n i t u d e , a n d t h e c a l c u l a t e d m o b i l i t i e s 
a s s o c i a t e d w i t h t h e c u r r e n t p e a k t i m e s f o r a l l t h e p a p e r s a m p l e s 
s t u d i e d . The m o b i l i t y was d e t e r m i n e d u s i n g t h e s t a n d a r d 
e q u a t i o n : 
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Figure 18. Plot of the inverse of the transient current peak time vs. the applied 
voltage for the conductive base sheet. 
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T A B L E I I I E L E C T R I C A L PARAMETERS OF THE D I F FERENT PAPER SAMPLES 

SAMPLE V o l t a g e P e a k T i m e P e a k C u r r e n t M o b i l i t y Qi) 

( V o l t ) ( S e c ) ( 1 0 " 4 amp) ( 1 0 - 8 c m 2 V - V 1 ) 

P l a i n P a p e r 
8 0 % RH 1 s t P e a k 125 22 4 . 7 3-6 

150 1
175 1
200 13 3.9 3.8 
250 10 4 .1 4 . 0 
300 9 4 . 2 3.7 

2 n d P e a k 125 46 2 . 8 1.7 
150 40 2 . 8 1.7 
175 32 4 .6 1.8 
200 30 4 .9 1.7 
250 25 6.5 1.6 
300 2 2 7 . 5 1.5 

P a p e r Doped 
w i t h S a l t 
8 0 * RH 25 48 15 8 . 3 

50 16 19 11.1 
75 12 21 9.5 

100 9 18 11.1 
125 8 2 2 1 0 . 0 

C o n d u c t i v e 
B a s e P a p e r 50 375 0 . 4 0 . 3 0 
50% RH 100 225 1.2 0 . 2 5 

150 250 1.0 0 . 1 5 
2 0 0 175 1.5 0 . 1 6 
2 5 0 175 1.2 0 . 1 3 

In Colloids and Surfaces in Reprographic Technology; Hair, M., et al.; 
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d 2 

/i = ( 7 ) 
V T 

t 
w h e r e d i s t h e s a m p l e t h i c k n e s s , jt 

i s t h e t r a n s i e n t c u r r e n t p e a k t i m e o r t i m e o f f l i g h t . The i o n i c 
m o b i l i t y d e t e r m i n e d u s i n g e q u a t i o n ( 7 ) i s i n a g r e e m e n t w i t h t h e 
i o n i c m o b i l i t y r e p o r t e d b y 0 f S u l l i v a n ( 4 7 ) i n c e l l u l o s i c s h e e t s , 
w h e r e t h e t r a n s p o r t o f i o n i c s p e c i e s wa s d e t e c t e d u s i n g v a r i o u s 
i n d i c a t o r s . He r e p o r t e d t h a t t h e i o n i c m o b i l i t y o f t h e p o t a s s i u m 
i o n i n a s a l t i m p r e g n a t e d c e l l u l o s e s h e e t a t 10% w a t e r c o n t e n t , 
w a s ^ = 1.7 x 1 0 ~ 8 c m 2 v ~ 1 s e c " 1 . 

A s c a n b e s e e n i n t h e t a b l e , t h e m o b i l i t y i s r e a s o n a b l y 
c o n s t a n t a s a f u n c t i o n o f v o l t a g e f o r t h e u n d o p e d p a p e r a n d t h e 
p a p e r d o p e d w i t h N a C l . Some v a r i a b i l i t y c a n be n o t e d i n t h e 
c o n d u c t i v e b a s e s h e e t p a p e r  h o w e v e  t h i  i  l i k e l  t  b
d u e t o s a m p l e v a r i a b i l i t
d e p e n d e n c e o f m o b i l i t y
f i e l d m e a s u r e m e n t i n t h a t c a s e was p e r f o r m e d o n a f r e s h s a m p l e . 
I n t h e c a s e o f p u r e p a p e r d o p e d w i t h 0.2% N a C l , i t may be 

s u g g e s t e d t h a t t h e d o m i n a n t c h a r g e t r a n s p o r t i n g s p e c i e s a r e N a ® 
a n d C I ® a n d t h a t t h e i r r e s p e c t i v e m o b i l i t i e s a r e s i m i l a r s i n c e 
o n l y o n e p e a k i s o b s e r v e d . I n t h e c a s e o f u n d o p e d p l a i n p a p e r 
s i g n i f i c a n t l y d i f f e r e n t m o b i l i t i e s a r e o b s e r v e d f o r a t l e a s t t w o 
d i f f e r e n t i o n i c s p e c i e s t h a t may be o t h e r t h a n N a ® o r C I ® . 
H o w e v e r , t h e p r e s e n c e o f h i g h s a l t c o n t e n t i n t h e p l a i n p a p e r 
s a m p l e d o p e d w i t h 0.2% N a C l may l e a d t o a s i g n i f i c a n t l y h i g h e r 
w a t e r c o n t e n t w h i c h may a c c o u n t f o r t h e h i g h e r m o b i l i t y o f N a ® 
a n d C I ® , a n d c o n s e q u e n t l y d o e s n o t r u l e o u t o n e o r b o t h o f t h e s e 
i o n s b e i n g a s s o c i a t e d w i t h o n e o f t h e t r a n s i e n t c u r r e n t p e a k s i n 
t h e p u r e p l a i n p a p e r s a m p l e . 

A s t u d y wa s made o f how t h e c u r r e n t p e a k m a g n i t u d e v a r i e s a s 
a f u n c t i o n o f t h e a p p l i e d v o l t a g e . T h e r e s u l t s f o r a n u n d o p e d 
p u l p s a m p l e i s s hown i n F i g . 1 9 . T h i s i s t h e s a m p l e w h i c h 
e x h i b i t e d t w o d i s t i n c t t r a n s i e n t c u r r e n t p e a k s . T h e v o l t a g e 
d e p e n d e n c e o f t h e i n i t i a l c u r r e n t p e a k i n c r e a s e s l i n e a r l y w i t h 
t h e a p p l i e d v o l t a g e u p u n t i l 150 v o l t s , a f t e r w h i c h n o f u r t h e r 
i n c r e a s e o c c u r s w i t h a n i n c r e a s e i n t h e v o l t a g e . I n c o n t r a s t t h e 
s e c o n d c u r r e n t p e a k m a g n i t u d e r e m a i n s a l i n e a r f u n c t i o n o f 
v o l t a g e r i g h t u p t o 300 v o l t s . T h i s r e s u l t may b e d u e t o t h e 
i o n i c s p e c i e s a s s o c i a t e d w i t h t h e f i r s t c u r r e n t p e a k i s b e i n g 
d e p l e t e d a t t h e e l e c t r o d e s u r f a c e b e y o n d a p p r o x i m a t e l y 125 v o l t s . 
T h i s d e p l e t i o n phenomena was a l w a y s f o u n d t o be a s s o c i a t e d w i t h 
t h e a n o d e a s s e e n b y a d e t e r i o r a t i o n o f t h e s t a i n l e s s s t e e l 
e l e c t r o d e s u r f a c e . C o n s e q u e n t l y , o n e p o s s i b l e e x p l a n a t i o n may b e 
t h a t t h i s i o n i c s p e c i e s i s a n i o n i c a n d t h a t i t t a k e s p a r t i n a n 
r e d o x r e a c t i o n w i t h t h e e l e c t r o d e s . T h i s a n i o n i s m o s t l i k e l y 
C l ^ o r O H ^ 7 . T h e same phenomenon i s a l s o o b s e r v e d f o r t h e o t h e r 
s a m p l e s a n d t h e same c o n c l u s i o n s may b e d r a w n . 

I o n D i f f u s i o n i n P a p e r . U s i n g t h e " t i m e o f f l i g h t " m o d e l , i t 
h a s b e e n f o u n d t h a t t h e m o b i l i t y o f t h e i o n i c s p e c i e s i s 
a p p r o x i m a t e l y 4 o r d e r s o f m a g n i t u d e l o w e r i n t h e s e s y s t e m s t h a n 
f o r t h e c a s e i n n o r m a l a q u e o u s s y s t e m s . B a s e d o n t h i s r e s u l t , a n 
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Figure 19. The transient current peak plotted against applied voltage for the pure 
paper sample. Key: O , initial current peak; and second current peak. 
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e s t i m a t e w a s made o f t h e d i f f u s i o n c o e f f i c i e n t (D ) o f t h e i o n i c 
s p e c i e s w i t h i n t h e w a t e r c o n t a i n i n g f i b r o u s s t r u c t u r e s . 

The d i f f u s i o n c o e f f i c i e n t i s g i v e n by t h e w e l l known 
E i n s t e i n r e l a t i o n ; 

f 
w h e r e K i s t h e B o l t z m a n c o n s t a n t , T i s t h e t e m p e r a t u r e a n d f t h e 
f r i c t i o n c o e f f i c i e n t o f t h e i o n i c s p e c i e s . I f t h e r e s u l t s o f t h e 
p r e v i o u s s e c t i o n a r e v a l i d , t h e f r i c t i o n c o e f f i c i e n t f may b e 
d e t e r m i n e d a c c o r d i n g t o ; 

e Z 
f ( 9 ) 

/* 

w h e r e e i s t h e c h a r g e o f t h e e l e c t r o n a n d Z i s t a k e n a s 1 

a s s u m i n g u n i v a l e n t i o n s . T a k i n g t h e m o b i l i t y ft = 1.7 x 1 0 ~ 8 c m 2 

V " 1 s e c " 1 f o r t h e 2nd p e a
s a m p l e , o n e f i n d s D 2

The a b o v e v a l u e o f t h e d i f f u s i o n c o e f f i c i e n t i s 
a p p r o x i m a t e l y 5 o r d e r s o f m a g n i t u d e l o w e r t h a n t h e c a s e f o r i o n s 
d i f f u s i n g i n a p u r e a q u e o u s s y s t e m . A l t h o u g h t h e d i f f u s i o n 
c o e f f i c i e n t a p p e a r s t o b e e x t r e m e l y l o w , t h i s i s n o t a s u r p r i s i n g 
r e s u l t i n v i e w o f t h e c o m p l e x s t r u c t u r e a n d l o w w a t e r c o n t e n t 
a s s o c i a t e d w i t h t h e c e l l u l o s e f i b e r n e t w o r k . M o r e s p e c i f i c a l l y , 
t h e s m a l l a m o u n t o f w a t e r p r e s e n t i n t h e f i b r o u s n e t w o r k 
r e s t r i c t s t h e t r a n s p o r t o f t h e i o n s t h r o u g h t h e r a n d o m s p a c i a l 
d i s t r i b u t i o n o f t h e f i b e r s m a k i n g u p t h e p a p e r . T h e r e i s a l s o 
t h e o p p o r t u n i t y f o r t h e i o n s t o be t r a p p e d b y t h e i o n i z e d g r o u p s 
c h e m i c a l l y f i x e d on t h e p o l y s a c c h a r i d e c h a i n s o r l i g n i n 
m o l e c u l e s , b o t h o f t hem b e i n g t h e m a j o r c o n s t i t u e n t s o f wood 
f i b e r s . 

I n s u m m a r y , t h e r e s u l t s w h i c h a r e p r e s e n t e d i n t h i s s e c t i o n 
s u g g e s t t h a t t h e c h a r g e t r a n s p o r t o f i o n s w i t h i n p a p e r a n d p a p e r 
l i k e s t r u c t u r e s i s e s s e n t i a l l y t h e same a s t h a t o f t h e t r a n s p o r t 
p r o p e r t i e s a s s o c i a t e d w i t h a q u e o u s e l e c t r o l y t e s y s t e m s . 
F u r t h e r m o r e , t h e t r a n s i e n t c u r r e n t b e h a v i o u r w h i c h h a s b e e n 
o b s e r v e d i n t h e s e f i b r o u s c e l l u l o s i c s y s t e m s s h o w c h a r a c t e r i s t i c s 
s i m i l a r t o t h e i o n i c t r a n s i e n t c u r r e n t c o n d u c t i o n e x h i b i t e d i n 
b o t h d i e l e c t r i c f l u i d s a n d a q u e o u s i o n i c s y s t e m s . 

Summary 

T h i s a r t i c l e h a s a d d r e s s e d a n u m b e r o f i s s u e s r e l a t i n g t o 
t h e e l e c t r i c a l p r o p e r t i e s o f p a p e r o r f i b r o u s s t r u c t u r e s . I t was 
shown t h a t r e l i a b l e m e a s u r e m e n t m e t h o d s a r e now a v a i l a b l e f o r 
e s t i m a t i n g b o t h t h e b u l k a n d s u r f a c e c o n d u c t i v i t i e s o f p a p e r . I n 
t h e c a s e o f t h e b u l k c o n d u c t i v i t y , a new in situ p r e s s u r e 
c o n d u c t i v i t y c e l l was d e s c r i b e d w h i c h s i g n i f i c a n t l y r e d u c e s 
c o n t a c t r e s i s t a n c e . T h e s u r f a c e c o n d u c t i v i t y c a n be d e t e r m i n e d 
by t h e a p p l i c a t i o n o f a m o d i f i e d f o u r - p o i n t p r o b e m e t h o d f i r s t 
u s e d o n p a p e r b y C r o n c h ( 1 5 ) . I t was s h o w n t h a t t h e d e g r e e o f 
r e f i n i n g h a s a s m a l l e f f e c t on t h e b u l k c o n d u c t i v i t y o f p a p e r . 
The t y p e o f p u l p i n p a p e r a l s o h a s a n e f f e c t o n p a p e r 
c o n d u c t i v i t y . Howeve r b o t h e f f e c t s a r e n e g l i g i b l e when c o m p a r e d 
t o t h e e f f e c t o f t h e r e l a t i v e h u m i d i t y . F u r t h e r m o r e , c h e m i c a l 
a d d i t i v e s c a n c o m p l e t e l y d o m i n a t e o t h e r p a p e r v a r i a b l e s i n 
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c o n t r o l l i n g the e l e c t r i c a l conduc t iv i ty . The o r i en t a t i on o f the 
f ibers w i t h i n the paper s t rongly effects the conduc t iv i t y . For 
t h i s reason, i n a paper where f ibe r s are or iented i n the plane o f 
the sheet, surface conduct iv i ty i s several hundred times higher 
than bulk conduc t iv i t y . I t was concluded that ions are 
transported through paper by means of a water associated f ib rous 
network. The m o b i l i t y and d i f fus ion of ions i n paper i s severe ly 
r e s t r i c t e d , compared to a water s o l u t i o n , due to the l i m i t e d 
degree o f freedom imposed by the f ibrous network. The m o b i l i t y 
and d i f f u s i o n c o e f f i c i e n t for ions appears to be 4 or 5 orders o f 
magnitude lower i n paper at 50% r e l a t i v e humidity when compared 
with ions i n a water s o l u t i o n . 

The above s tudies are only jus t a beginning of a probe o f 
the d e t a i l s important to the e l e c t r i c a l conduc t iv i ty i n paper. 
I t i s hoped that further work i n t h i s area w i l l lead to a be t ter 
understanding of the e l e c t r i c a l propert ies of paper. 
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Color Ink Jet Printing: Materials Parameters 

A. B. JAFFE, E. W. LUTTMAN, and W. CROOKS 

IBM ISD Advanced Technology, San Jose, CA 95125 

High quality color reproduction is now obtainable 
by ink jet printing and wi l l be i l lustrated. Once 
the printing parameters are selected, the quality 
achieved in the colo  reproductio  depend  strongl
on the material
interactions, in ,  pape
preparation all contribute to the quality of the re
sulting print. Archivality of the print is controll
ed by the lightfastness of the dye, the pH of the 
ink, and of the waterfastness achieved. 

Conventional color reproduction involves many forms of printing 
processes which strive to reproduce a color original. These can be 
either photographic or mechanical printing processes, depending on 
the number of copies to be made and the quality desired. Each one of 
the many mechanical processes has a unique set of requirements 
including equipment, inks, paper, and copy preparation that gives 
reproduction of differing quality and cost. For a small number of 
copies, photographic reproduction is the only present practical 
cost effective solution. Mechanical reproduction (e.g. letterpress, 
rotogravure, etc.) requires color separations to be made for each of 
the primary printing colors plus black. Even with the most modern 
technology, this is very time consuming and expensive, and for these 
reasons is only used for multiple copies. 

Ink jst printing has the inherent capablity to displace many of 
tha mecvfcnical processes since it is an electronic technology. Data 
can b' printed from any digitized source such as a scanner or a 
computer such that plates are not necessary for multi-color 
printing. This makes it equally easy for single or multiple copies 
With no variation of quality. 

Since ink jet technology has not yet been used for high quality 
color reproduction, the objectives of this process must be 
considered in terms of the materials limitations of ink jet 
printing. When a color reproduction is made by a mechanical process, 
much time is spent matching different dyes and papers with the 
desired effect wanted. After the materials decision is made, 
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printing then begins. With ink jet printing, many t r i a l s cannot be 
run before the printing begins or any advantage this technology 
holds would be lost. Reasonable quality print must be possible at 
the f i r s t attempt. This paper w i l l discuss the parameters of the dye 
in the ink and the paper on which i t is printed that limits the 
color c a p a b i l i t i e s of ink jet printing. 
Ink 

The basic requirements of an ink for ink-jet printing are 
numerous and sometimes contradictory. In order to be jetted 
properly, the ink must have the correct physical properties of 
v i s c o s i t y , s p e c i f i c gravity, surface tension, conductivity, and pH. 
It should have compatibility with a l l machine parts to which i t 
comes in contact, low corrosion, low particulate contamination, no 
b i o l o g i c a l growth, long shelf l i f e  and no chemical hazards  Once i t 
is on the paper , i t shoul
archival. The ink is compose
a l l these requirements but the only concerns of this report are 
those factors which affect the reproduction of color. Although the 
colorants in conventional inks has t r a d i t i o n a l l y been pigments 
,insoluble particulate matter in the ink is t o t a l l y unacceptable 
for jetted inks due to the p o s s i b i l i t y of clogging of the small 
o r i f i c e s . The nozzles in this study are .75 mil in diameter. The 
inks, in order to f u f i l l the operating parameters of the ink jet 
process, are water based and therefore water soluble dyes are the 
chosen colorants. Unfortunately, this makes the print susceptible 
to problems of water-fastness after i t is printed. 

A recent study by Ohta (1) of dyes used in photography has 
indicated the important parameters of a set of dyes for subtractive 
color reproduction are: 

1) Peak Wavelength 
2) Breadth of the Absorption Peak 
3) Unwanted Secondary Absorptions 

In order to reproduce a large color gamut ( this can be thought as 
the number of colors that can be reproduced by a set of three 
primary inks), these dyes must be chosen in a set that contains 
three peak wavelengths that corresponds to the colors cyan, 
magenta, and yellow. There is a large range of each of these colors 
which are acceptable and the size of the color gamut must be used to 
insure that one set of inks is the best match for most color 
reproduction. This entails the good reproduction of reds, blues, 
and greens, as well as a large color gamut. These properties of a 
set of inks depend only on the absorption wavelength of the dyes 
chosen. 

Once a dye has been chosen, there i s l i t t l e that can be done to 
control i t s spectroscopic properties except those affected by 
concentration. The example in Figure 1 shows the spectroscopic 
changes that can accompany concentration variations of a dye. The 
optical density does not necessarily increase at the wavelength of 
interest as the concentration of the dye is increased. Not only does 
Acid Violet 19 exhibit a large increase in the width of the peak as 
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Figure 1. Spectral changes of Acid Violet 19 when the concentration is varied 
from 1% to 8%. 
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the concentration is increased, but , more importantly, there is a 
s h i f t in the wavelength of the principal absorption. This s h i f t 
affects the hue of the desired color and the broadening of the peak 
affects both the saturation and lightness. The perceived colors at 
higher concentration are darker, have shifted their hues, and are 
' d i r t y 1 . In this case, the s h i f t in principal wavelength can be 
attributed to the formation of a dimeric species (2) which absorbs 
light very strongly. Not a l l dyes behave in this manner, but the use 
of water based systems does increase the p o s s i b i l i t y of this 
happening. Since many water soluble dyes are primarily composed of 
hydrophobic, organic molecules which have a few s p e c i f i c sites for 
water s o l u b i l i z a t i o n , as the concentration of the dye is increased 
to the levels needed for an ink, dimerization can occur. Any dye 
that is being considered for a subtractive set of inks must be 
carefully screened to examine the change in spectroscopic 
parameters in the concentratio

Since many water-solubl
important parameter to consider when formulating an ink. For a 
continuous ink jet system in which the unused ink supply is 
recirculated back to the main ink supply and reconstituted, 
controlling the pH becomes a serious problem. Acid Violet 14 (figure 
2) shows a strong dependence of the peak wavelength of absorption as 
the pH is varied. For a p r a c t i c a l ink, a dye such as that in Figure 3 
is more suitable as i t does not vary greatly over a wide pH range. 
If the pH d r i f t s , s h i f t s in optical density w i l l be noticable to the 
eye in the color reproduction. 

Although lightfastness of any dye does not immediately affect 
the color c a p a b i l i t i e s of an ink, the long range potential of the 
color can be severely restricted. Any dye that would be considered 
for an ink should have s u f f i c i e n t archival properties to sustain an 
image after exposure to l i g h t . Figures 4, 5, and 6 show three dyes 
with varying lightfastness c a p a b i l i t i e s . Patent Blue A would not be 
very useful since i t is t o t a l l y decomposed by exposure to 40 hours 
in a fadeometer. The other dyes are more resistant to fading and 
could be considered p r a c t i c a l in an ink. 

Paper 

Important parameters affecting the quality of any printing 
process involving the deposition of ink onto a surface are the 
properties of the ink and the properties of the surface to which the 
ink is applied. A paper, or a paper modified surface, i s the most 
common surface on which inks are deposited. Most printing papers 
have been formulated to accept ink which are not water-based and to 
r e s i s t the penetration of water. To obtain high quality images from 
water-based inks applied by ink j e t , i t is necessary that the 
printing surface has properties which allow controlled penetration 
of the water based inks. This is complicated by the fact that the 
drying of the ink is accomplished by absorption into the paper. 
Instead of spreading on the paper in a regular fashion, the ink can 
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Figure 2. Variation of the extinction coefficient of Acid Violet 19 at the peak 
wavelength of absorption with pH. 
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Figure 3. Variation of the extinction coefficient of Dye A at the peak wavelength 
of absorption with pH. 
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Figure 4. Lightfastness behavior of Patent Blue A as exposed to an Atlas 
Fadeometer. 
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Figure 5. Lightfastness behavior of Dye A as exposed to an Atlas Fadeometer. 
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travel in a cellulose fiber. This causes a problem in which the drop 
spreads out in an irregular shape which is called feathering. The 
print quality is degraded. If the ink penetration i s controlled, 
then spots of s p e c i f i c dimensions can be printed. The spot diameter 
is related not only to the paper surface characteristics such as i t s 
water absorptivity and surface smoothness, but also to the ink jet 
nozzle diameter, ink pressure and the physical properties of the 
ink. 

To obtain optimum color quality or maximum color gamut, an opaque 
paper with a white, bright surface is required. Bond paper, which 
has a rough surface, absorbs the ink into the bulk. The resulting 
diffuse r e f l e c t i o n form the f i b e r / a i r interface limits the maximum 
optic a l density obtainable ( Figure 7 ). This is due to the fact 
that the eye receives white light from the source that has not been 
through the ink layer. Furthermore, because of the uncontrolled 
absorption of the ink
occurs and resolution
shows the drop shape i r r e g u l a r i t y on bond paper. 

If a coating such as polyvinyl alcohol is applied to the paper, 
the water-based inks remain on the surface after printing. The f i r s t 
surface r e f l e c t i o n becomes specular ( Figure 7 ) and results in 
increased optical density and better saturation. The lig h t going 
through the ink layer also must be reflected from the paper base. 
Very high quality reproduction can be obtained i f a commercially 
manufactured photobase paper is used. (3) The barium sulfate 
coating on this paper is extremely smooth and has high optical 
r e f l e c t i v i t y . A polyvinyl alcohol coating is applied on top to 
ensure that the water-based inks remain on the surface. Figure 9 
shows the excellent drop formation on this type of paper. 

Conclusion 

High quality color printing has been achieved using d i g i t i z e d 
ink jet printing at a resolution up to 189 drops/cm. Materials 
parameters of importance are paper surface preparation and inks. 
Excellent quality has been obtained on poly v i n y l alcohol coated 
photographic base paper with a careful choice of dyes and dye 
concentration. When dyes with appropriate spectral properties have 
been selected, then the dye concentration levels must be chosen in 
which dye aggregation effects are minimized. The necessity of using 
dyes which are r e l a t i v e l y insensitive to pH changes has also been 
discussed. Dyes must also be selected to have maximum fastness to 
light i f archival properties are required. 
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Figure 8. Scanning Electron Micrograph of bond paper with and without a drop 
of ink. 
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Figure 9. Scanning Electron Micrograph of polyvinyl alcohol coated barytes 
photobase paper with and without ink. 
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Magnetic Ink for Magnetic Ink Jet Printing 

ZLATA KOVAC and CARLOS J. SAMBUCETTI 

IBM, T. J. Watson Research Center, Yorktown Heights, NY 10598 

This work wi l l describ
colloidal systems tha
developed for an application in ink jet printing 
technology. This application imposes a certain set of 
requirements such as: particle size 100 ± 50Å, 
magnetic moment of 25 emu/g or 35%w Fe3O4 in colloidal 
dispersion, viscosity of 8-10 cps, non-toxic aqueous 
system, shelf l i f e of a few years, freeze-thaw 
stabil i ty, fast drying (2 msec) and high optical 
density of magnetic ink on various papers. 
Experimental details of Fe3O4 precipitation, choice of 
surfactants and additives used to give above properties 
of colloidal printing inks wi l l be given in detail . 

Colloidal dispersions of ferromagnetic materials such 
as Fe, Co, Ni and their alloys, or ferrites in a liquid 
carrier are fluids with ferromagnetic properties; they are 
often referred to as ferrofluids. Due to their magnetic 
properties, such colloidal dispersions have^been used to 
reveal the structure of magnetic materials, to separate 
materials such as o i l spi l ls from water, or to make ^ 
zero-leak high speed seals and self-lubricating bearings. 
Furthermore, precise magnetic controllability of such fluids 
makes them useful in ink jet printing. The basic concept 
in ink jet printing consists of an ink being supplied under 
pressure through a nozzle or an orifice. The ink jet is 
periodically interrupted to produce droplets, which impinge 
upon a sheet of moving paper. For printing purposes, i t is 
necessary that drops be uniform in size, equally spaced from 
each other, and be formed at a high rate (—10 /sec). The 
drops from the ink jet can be electrostatically charged gnd 
deflected to form a dot on a paper as described by Sweet 
and later reviewed in a paper by Kamphoefner. If a 
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magnetic ink i s used, then printing i s achieved by selection 
and deflegtion of the droplets using a magnetic f i e l d 
gradient. 

The objective of this work was to develop a magnetic 
ink which could be used in magnetic ink jets for printing 
experiments. ^ 

Kaisey^and Miskisczy, using Pappel's grinding 
technique, prepared a sgable c o l l o i d a l suspension of 
magnetic p a r t i c l e s of 100A diameter in kerosene, 
fluorcarbons and water, using o l e i c acid as a s t a b i l i z i n g 
agent. Using this technique, the highest concentration they 
achieved was 13% by volume of F e , ^ in kerosene and —3% by 
volume in water. Reamers and Khalafalla precipitated 
Fe«0^ from an aqueous solution of f e r r i c and ferrous ions 
with NĤ OH and then coated Fe^O^ par t i c l e s in s i t u with 
ammonium oleate. Additio
heating and s t i r r i n g resulte
formation of a stable c o l l o i d a l dispersion of an 
oleate-coated magnetic particles-in-kerosene phase and a 
soluble ammonium salt-in-water phase. The concentration of 
Fê Ô , which they obtained in kerosene was the same as the 
Kaiser obtained by grinding. 

Kerosene-based f e r r o f l u i d i s unsatisfactory when used 
in an ink, due to spreading of ink drops on paper. In 
addition, a high concentration of magnetic p a r t i c l e s in the 
dispersing medium i s desired for magnetic ink jet printing, 
since each drop of an ink i s addressed according to i t s 
magnetic moment. Water-based inks are used in el e c t r o s t a t i c 
ink j et printing due their low vi s c o s i t y , non-toxic and 
non-flammable nature. Due to the above facts, i t becomes 
clear that water-based inks having high magnetic moments are 
desirable for magnetic ink jet printing. 

WATER-BASED INKS FOR INK JET 

Figure 1 i l l u s t r a t e s the principles of printing with a 
Magnetic Ink Jet, showing the sequences of ink drop generation, 
deflection, and placement on paper. In this technology the 
f l u i d i t s e l f possesses an inherent magnetic moment so that 
droplets of the ink can be subjected to magnetic f i e l d gradients 
to deflect and position these droplets on paper according to 
prearranged patterns. (Figure 1) As metals and metal oxides 
are not water soluble and soluble metal compounds which exhibit 
ferromagnetism have very low magnetic s u s c e p t i b i l i t y , the ink 
is made of a dispersion of p a r t i c l e s . Therefore, the magnetic 
jet uses an heterogeneous system: an aqueous magnetic c o l l o i d . 
For this particular kind of c o l l o i d , the essential parameters 
to consider on the par t i c l e s are: magnetic moment, pa r t i c l e 
size, e l e c t r i c a l charge and chemical s t a b i l i t y . The use of 
col l o i d s i n which the nuclei are made of materials of high 
magnetic moment, such as Fe, Co, Ni have been considered. 
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Figure 1. Magnetic Ink Jet System. Drops of ink are steered by non-uniform 
magnetic fields. Deflection in the horizontal plane selects the drops for printing, 
vertical deflection by the deflector magnet controls placement of drops on paper. 
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However, pa r t i c l e s of ferromagnetics, when s u f f i c i e n t l y 
small, are of single domain character and possess an i n t r i n s i c 
permanent magnetic dipole moment /x such that 

2 3 
2 M / a = 18 ( 1 ) 

where /x. magnetic dipole moment, Ms saturation magnetization, 
a p a r t i c l e radius. At a certain p a r t i c l e size the i n - l i n e 
dipole-dipole interaction energy becomes greater than the 
thermal energy and the p a r t i c l e s tend to agglomerate in 
linear chains. For example, for Co, at p a r t i c l e size 
greater than 50A the interaction energy overcomes KT. 
Furthermore, systems containing Fe or Ni as nuclei, present 
problems in chemical s t a b i l i t y due to oxidation and 
hydrolysis in aqueous solutions. The magnetic c o l l o i d s 
considered here have bee
precipitation of magnetit
media. In this type of aqueous c o l l o i d s s t a b i l i z a t i o n i s 
mainly due to formation of e l e c t r o s t a t i c double layer. This 
s t a b i l i t y of these heterogeneous aqueous systems i s governed 
by the overall energy of interaction E between p a r t i c l e s , 
which can generally be expressed as 

E = K.e"^3 - r"K0a?X"3 4- K0X~61 I I l 
e l e c t r o s t a t i c magnetic Van der Waals (2) 
double layer attraction attraction 
repulsion 

where K^, K«, K~ are constants, a i s p a r t i c l e radius, X 
i n t e r p a r t i c l e distance, and ^ the electrokinetic potential 
which i s a function of the charge of the double layer around 
the p a r t i c l e s . The higher the value of K^e ^ , the more 
stable the system i s . The e l e c t r o s t a t i c mechanism was 
established by attaching to the p a r t i c l e s various charged 
surfactants which give the p a r t i c l e s different values of T 
(Zeta potential) and determining suspension s t a b i l i t y by 
ultracentric fugation. 

In addition, referring to Eq 2, the s t a b i l i t y of the 
suspended p a r t i c l e s i s enhanced by forces of repulsion due 
to (a) s t e r i c hindrance or entropic repulsion, and (b) 
hydration or i n general solvation of adsorbed surfactant 
molecules. The l a t t e r two effects (although d i f f i c u l t to 
treat mathematically) are known to combine in some aqueous 
systems creating repulsive forces and an energy barrier 
which s t a b i l i z e s the magnetic co l l o i d s even in the absence 
of large e l e c t r i c repulsive f i e l d s . For example, stable 
inks have been made using only uncharged non-ionic 
surfactants and highly hydrated polyoxyethylenated 
surfactant layers. 
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Figures 2 and 3 show ty p i c a l results of calculations of 
tot a l energy of interaction E, for F e ^ p a r t i c l e s of 100A 
and 20θΧ diameter respectively. The energy i s normalized 
over thermal energy KT. Values of Ε greater than 10KT indicate 
a stable system (1). The abcissa i s the ratio (S = R/r) 
between the i n t e r p a r t i c l e distance R and the radius of the 
part i c l e s r_. The e l e c t r o s t a t i c repulsion force was 
calculated using the exgression of Verwey and Overbeek 15, 
using a constant Κ = 10 X as the constant Huckel parameter 
and varying the zeta potential ψ. The force of a t t r a c t i o n 
by Van der Waals energy was derived using the Hamaker 
expression for s ç^eres of arbitrary dimensions, with a ^ 
constant A = 10 . For the magnetic attraction forces 
for oleate covered Fe^O^ pa r t i c l e s with —12% oleate an 
experimentally obtained value of M = 2430 gauss was used 
rather than the theoretica
surface layer of Fe^O
properties of the p a r t i c l e s , so the saturation magnetization 
of the p a r t i c l e i s less than that of the bulk Fe~0,. Furthermore, 
precipitated Fe^O, contains around 12% Ĥ O, whicn further 
contributes to a lower value of M for pa r t i c l e s than for bulk 
Fe^O^, which i s 4500 gauss. S 

From the above figures, i t can be concluded that i t i s 
possible to obtain a stable dispersion of Fe^O^ pa r t i c l e s in 
water when ψ>60 mV and when r <200A. The pa r t i c l e s should 
be prevented from "touching" each other in order that 
agglomeration does not occur in the presence of a magnetic 
f i e l d . As can be seen from Figure 3, Qa slow coagulation of 
the p a r t i c l e s may start when r £—200A. Thus, according to 
the above calculations, the precipitated magnetite p a r t i c l e s 
with radius less than 200A, with zeta potential equal to or 
greater than 60 mV and with a coating of a thickness of 
"20A, should y i e l d a stable c o l l o i d with or without the 
presence of a magnetic f i e l d . 

EXPERIMENTAL 

As was mentioned in the previous section, the key 
problems making magnetic ink are: 
(i) Formation of small (r = 25-150A) pa r t i c l e s of high 

saturation magnetization. 
( i i ) Formation of a stable c o l l o i d a l dispersion of 

these particles water. 
( i i i ) Modifications of this c o l l o i d a l system to obtain a 

printing ink. 
(i) Formation of F e ^ pa r t i c l e s 

Magnetic par t i c l e s of the above dimensions can be 
prepared by chemical precipitation according to: 

FeCl 0 + 2FeCl Q + 8NH.0H = Fe o0, + 8NH.C1 + 4Ho0 I 3 4 3 4 4 2 
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Figure 2. Energies of interaction
their separation.
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Figure 3. Schematic of the three principal steps in the preparation of magnetic ink 
for ink jet printing. 
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When precipitation i s carried out from a concentrated 
solution, in an ultrasonic bath, at room temperature gr 
below, the diameter of the part i c l e s formed i s 50-250A. 

Ferrous and f e r r i c chloride were separately dissolved 
in deionized water, then mixed-together so that £ljie f i n a l 
solution contained 0.47 M/l Fe and 0.27 M/l Fe ions. 
Precipitation with NĤ OH was carried out in an ultrasonic 
bath and with a mechanical s t i r r e r . The highest magnetic ^ + 

moment of dry ¥e^0^ was obtained when the ratio of Fe /Fe 
ions in solutic-jj was 1.74 and at pH = 9.5, in agreement with 
Reimers et a l . 

In order to prevent the close approach of the part i c l e s 
and thus their agglomeration, after the precipitation was 
completed ( i . e . , after the slurry had completely turned b l a c l ^ , 
the Fe^O^ par t i c l e s were coated in s i t u with ammonium oleate 
solution in an ultrasoni

It should be pointe
not unique for coating F e .  p a r t i c l e s . Other long chain 
organic anions capable of forming insoluble iron s a l t s around 
Fe^O^ p a r t i c l e s , sy^h as sodium l a u r y l sulfate, were also 
successfully used. 

The amount of oleate added was between29 and 15%, based 
on the weight of Fe^O^ formed. Using 20.5$ /oleate ion and 
r = 55A for an average Fe^O^ p a r t i c l e , then the above amounts 
correspond to a coverage of 0.4 to 0.6 fraction of a monolayer. 
A subsequent heating of the slurry to 100 C resulted in an 
increase of the magnetic moment and fast s e t t l i n g of the 
part i c l e s due to formation of water insoluble iron soap around 
them. Magnetite i s then washed from NH^Cl by decantation. 
After rinsing, coated FeJD^ par t i c l e s are separated from 
excess water i n a centrifuge (3000 rpm). 

A typ i c a l size d i s t r i b u t i o n of the part i c l e s (as analyzed 
by TEM and micrographs printed at 200,000 magnification) i s 
given in Table I. 

Table I 
Number of 
pa r t i c l e s : 2 19 39 20 12 3 3 1 1 
Maximum 

dia A 50 75 100 125 150 175 200 225 250 

Mean: 113 + 36% 
The saturation magnetization of the dry powder varied between 
66-76 emu/g depending upon the amount of oleate added, 
( i i ) Formation of c o l l o i d a l dispersion 

Coated magnetite particles have to be wetted i n order 
to disperse them in water. Al k y l a r y l polyether alcohols 
with 10-15 moles of ethylene oxide are adsorbed on oleate 
coated Fe~0^ par t i c l e s and thus make them wettable. Triton 
N-101 (Rohm and Hass), which i s polyoxyethylenated nonylphenol 
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with 9-10 moles ethylene oxide i s a very effective wetting 
agent. It i s interesting to mention that Triton N-101 does 
not adsorb on "bare" F e , ^ , but only on coated p a r t i c l e s . 
This adsorption probably takes place with the hydrocarbon 
end of the Triton molecule toward the oleate, and the ethylene 
oxide groups toward water. The amount of non-ionic surfactant 
adsorbed was 10-2(j)g based on the stoichiometric amount of 
magnetite formed. 

Figure 3 i l l u s t r a t e s the different steps of the process 
for the synthesis of these f l u i d s . The result of Step A i s 
a liophobic system obtained by chemisorption and this system 
i s stable in non polar solvents but incompatible with 
aqueous solutions. To produce the water base ink, Step B i s 
necessary where physical absorption of the secondary 
surfactant occurs on the hydrocarbon side of the chemisorbed 
o l e i c acid molecules creatin
around the p a r t i c l e s . Thi
one proposed by Rosenweigh and Shimoisaka. 

Co l l o i d a l s t a b i l i t y was achieved by adsorption of a 
cationic surfactant such as amines or quaternary ammonium 
compounds on the oleate-coated p a r t i c l e s . Mono or d i a l k y l 
quaternary ammonium compounds with an a l k y l chain of between 
6 and 18C atoms give magnetite p a r t i c l e s a large positive 
zeta potential ( —70 mV). An ethoxylated quaternary 
ammonium compound (such as Ethoquad 0/12 - Armak Chem Div) 
can also be used as a dispersing agent. The amount of 
cationic surfactant was 2-6% based on Fe^O^. It should be 
pointed out that the amount of surfactants used affect the 
ink y i e l d ( i . e . , the amount of Fe^O^ transferred into a 
dispersion) and the v i s c o s i t y . For a given concentration, 
or, more accurately, for a given surface area of Fe^O^ 
par t i c l e s in a system, there i s a minimum in the 
viscosity-concentration of the surfactant curve. When the 
ratio (surfactant/Fe^O^) i s small, the interaction between 
part i c l e s gives r i s e to high v i s c o s i t y or even to gel 
formation. On the other hand, when this ratio i s large, 
i. e . , when the product of surfactant molecules or ions and 
their adsorbing area exceeds available Fe^O, area, then 
micelle formation takes place. This condition gives r i s e to 
an increase i n v i s c o s i t y . 

Mixing of water and wet Fe^O^ with cationic and 
non-ionic surfactants can be carried out in a blender (for 
5-10 minutes) or in a b a l l type m i l l ( a t t r i t o r ) for ~2h. 
After mixing, the dispersion i s heated in a hot water bath 
for 3 hours at 90-95°C. This "digest ion" enhances the ink 
y i e l d and c o l l o i d a l s t a b i l i t y (measured in a centrifuge at 
16000 rpm). Undispersed Fe^O^ and surfactants are separated 
from the magngtic ink in the centrifuge (2h at 3000 rpm). 

Example . The hydrates, 378g F e C l 3 x 6H20 and 160g 
FeCl 9 x 4H~0 were separately dissolved in deionized water 
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stirring and in an ultrasonic bath. When the slurry turned 
black, a solution containing between 16-25g oleic acid and 
15cc-NH^0H in 250cc H20 was slowly added ( -30 minutes). 
The slurry was kept in the ultrasonic bath for another 
20-30 minutes, then heated to the boiling point. The particle 
were allowed to settle and then rinsed with hot deionized 
water a few times. The excess water from the particles was 
removed in a centrifuge. 

Wet magnetic pigment after centrifugation was mixed 
with some 70-100g water, 30g Triton N-101 (Rohm and Hass), 
and 7g Arquad 2HT-75 (75% active; Armak Chem Div) which is 
dimethyl dialkyl quaternary ammonium chloride and the alkyl 
groups are 24% hexadecyl, 75% octadecyl and 1% octadecenyl. 
Arquad 2HT-75 can be replaced with lOg Ethoquad 0/12 (Armak 
Chem Div) which is monoalkyl (octadecenyl) monomethyl 
quaternary chloride wit
thorough mixing of magneti
in an attritor (ball mil l type) for 2 hours, the mixture was 
heated in a water bath at 90-95°C for 3 hours, then allowed 
to cool down. Undispersed particles were separated from the 
magnetic fluid in a centrifuge (2h at 3000 rpm). The 
magnetic fluid thus obtained has a magnetic moment between 
24-28 emu/g (34-40% W F e ^ ) . Brookfield viscosity at 
60 rpm was 11-17 cp, pH, 6-7 and surface tension was 
28-30 dynes/cm. Viscosity of these fluids is non-Newtonian. 
The sedimentation velocity in the centrj^uge (at 16000 rpm) 
was found to be between 0.4 and 2 x 10 sec or calculated 
terminal velocity in a gravitation field between 0.1 and 1 
cm/year. Circulation of an ink through a magnetic ink jet 
printer in the presence of a magnetic field did not show 
agglomeration. 
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Kinetics of Formation, Magnetic Moment, and 
Stability of Colloidal Magnetite 

MARIA RONAY 

IBM, Thomas J. Watson Research Center, Yorktown Heights, NY 10598 

The transformatio f th  jointl  precipitated mixtur
of ferrous and
of 50-100 Å diameter was studied by the continuous 
measurement of the magnetic moment. At large ex
cess of ammonia magnetite forms at a fast rate by 
grain boundary nucleation and the transformation is 
complete. At small excess ammonia transformation is 
slow, diffusion controlled and incomplete. Magnetite 
produced in a magnetic field gradient has a saturation 
moment, 96.5 emu/g, that is larger than when prod
uced without a magnetic field, 92 emu/g. In the 
course of the spontaneous oxidation of magnetite to 

γ-Fe2O3 the magnetic moment of the particles 
changes linearly with the Fe2+/Fe3+ ratio between 
that of pure magnetite and pure γ-Fe2O3. Implica
tions to magnetic inkjet printing are discussed. 

Magnetite belongs to the family of ferrites with a spinel struc
ture, described by the general formula M e F e 2 0 4 , where Me represents 
a divalent metal ion. In the case of magnetite the divalent ion is iron. 
Natural magnetite exhibits a wide variation in composition; ideally it 
contains F e 2 + and F e 3 + in the ratio 0.5. The smallest cell of the spinel 
lattice that has cubic symmetry contains eight "molecules" of 
M e F e 2 0 4 . The relatively large oxygen ions form an f.c.c. lattice. In 
this cubic close-packed structure two kinds of interstitial sites occur, 
the tetrahedral and the octahedral sites. Of the 64 tetrahedral and 32 
octahedral sites only 8 and 16 respectively are occupied by metal ions 
(called A and B sites). In normal spinels the eight divalent ions occupy 
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the eight available tetrahedral sites and the sixteen trivalent ions the 
sixteen octahedral sites. In magnetite, which is an inverse spinel, the 
bivalent iron ions together with half of the trivalent iron ions are dis
tributed at random over the octahedral sites, the other half of the 
trivalent ions occupying the tetrahedral sites giving 
( F e 3 + [ F e 2 + F e 3 + ] 0 4 ) (p . 

Because of the relative magnitudes of the exchange interactions 
one may expect the spins of the A and B ions in ferrites with spinel 
structure to be oppositely oriented, so that when T = 0, there will be 
two saturated and oppositely magnetized sublattices present. The 
resulting magnetization is thus the difference between the magnetiza
tion of the octahedral lattice (B) and that of the tetrahedral lattice (A). 
This was first postulate
moment is that of the ferrou
Bohr magnetons. 

Synthetic magnetite was made by Lefort (3) by wet chemical 
reaction already in 1852. A solution containing ferrous and ferric 
sulphates in a proportion 1:2, poured into a boiling solution of NaOH, 
gives a near colloidal precipitate. Krause and Tulecki (4) in 1931 
precipitated magnetite at 1 8 ° C by adding ammonia to a mixed solution 
of ferrous and ferric chlorides yielding colloidal magnetite. Magnetite 
can also be produced by the partial oxidation of ferrous hydroxide; this 
reaction however leads to magnetite crystals that are larger than colloi
dal (5) 

Owing to the brilliant black color of magnetite a process similar 
to the above one was patented in 1905 for producing printing ink (6), 
but it was not until the seventies with the invention of the magnetic 
inkjet printer that a printing process depended on the magnetic proper
ties of the ink. 

A magnetic inkjet printer (7) uses a continuous high speed 
capillary jet of a magnetic fluid. By direct periodic magnetic excitation 
uniform drops are generated from the jet. To create characters, single 
drops are magnetically selected, deflected in one direction and recircu
lated. The remaining drops are magnetically deflected in a direction 
orthogonal to the first, while the paper moves perpendicular to the 
direction of drop deflection. 

The magnetic fluid to be used in inkjet printing should exhibit a 
fast magnetization in response to an applied magnetic field and a rapid 
decay of the resultant moment upon removal of the field, as well as a 
high saturation magnetization. Also, the magnetic particles ought to be 
very small and monodispersed in order to go through a nozzle of about 
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50 /im diameter. Beyond the magnetic requirements, an ink for inkjet 
printing must fulfill a number of other requirements such as, an aiming 
stability (i.e. the jet direction should not "wander") and the nozzle 
should not become clogged, both of which are related to agglomeration. 
Requirements for inks for an electrostatic inkjet printer are given in 
reference 8, most of which are relevant to magnetic inks as well. 

Pure bulk natural magnetite has a saturation moment of 92 
emu/g and its color is brilliant black. It can be synthesized in colloidal 
size, which makes it the first candidate for the pigment of magnetic 
inkjet ink. The question arises: Are the magnetic properties of the 
synthetic colloid the same as those of natural bulk magnetite? In the 
author's laboratory, magnetic inks were produced by precipitating 
magnetite from a mixtur f ferrou d ferri  chloride  with ammoni
and coating the particles
agglomeration, while colloidal stability was achieved by the adsorption 
of a cationic surfactant such as amines or quaternary ammonium com
pounds on oleate coated particles (9). The question arises whether the 
magnetic moment of the particles develops before it is coated with 
surfactant. If not, will it fully develop after it is coated with surfac
tant? To answer these questions the kinetics of the magnetite forma
tion need to be known. Also the reliable operation of a magnetic inkjet 
printer puts great demands on the magnetic and chemical stability of 
the ink. The aim of the work to be reported here was the study of the 
kinetics of formation and of the magnetic moment and stability of 
colloidal magnetite. The main results of this study have been disclosed 
(10). 

Since magnetite precipitated at or below room temperature with 
ammonia from a solution of a mixture of ferrous and ferric chlorides 
has the smallest particle size, this is the reaction we studied. The 
reaction takes place in two steps: 

F e C l 2 + 2 F e C l 3 

N H 4 O H 

Step I 
Fe (OH) 2 + F e 2 0 3 • x H 2 0 

trigonal amorphous 
non magnetic paramagnetic 

Step II 
inverse spinel 
ferrimagnetic 
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Step I is the joint precipitation of an intimate mixture of Fe(OH) 2 and 
F e 2 0 3 • x H 2 0 by chemical reaction which takes place instantaneous
ly. This product in statu nascendi has practically no magnetic moment. 
(The paramagnetic susceptibility of F e 2 0 3 • x H 2 0 produced as given 
is X g = 60 - 80.10"6 emu/g). The second step is the transformation 
of Fe(OH) 2 and F e 2 0 3 • x H 2 0 to magnetite. Because the transfor
mation product is magnetic, the transformation can be followed by the 
continuous measurement of the magnetic moment. It will be shown 
that the time dependence of this transformation and the extent to which 
it takes place depends on the amount of ammonia added in Step I. 

Experimental conditions 

The chemical reaction. Baker analyzed reagents were dissolved in 
distilled and demineralized water of 0.18 Mfl resistivity. The alkyl 
benzene sulphonate concentration indicative of the surfactant content 
was less than 0.001/10 6. Since ferrous ions oxidize readily to ferric 
ions, to counteract this the quantity of ferric chloride to be used in the 
reaction was less than equivalent. Reimers and Khalafalla (J_p found 
that the saturation magnetization of magnetite prepared by this reaction 
was the highest when the initial ratio of Fe 3 + / F e 2 + was 1.75 instead of 
the stoichiometric 2, and this was the ratio we used. Typically 4 g of 
F e C l 2 • 4 H 2 0 and 9.45 g F e C l 3 • 6 H 2 0 were dissolved in 125 ml 
water and cooled to + 1 0 ° C . Separately 18.66 g N H 4 O H (58%) were 
dissolved in 75 ml water and cooled to + 1 0 ° C . This amount of ammo
nia is four times the equivalent amount, designated 4E, required for the 
amounts of ferrous and ferric salts. Reactions were also made in which 
3E, 2.75E, 2.4E and 2E ammonia was used. In some of the reactions 
the ammonia was added at a slow rate (15 ml/min), in others at a quick 
rate (3 ml/sec) under continuous manual stirring. In one reaction 
together with the ammonia 0.1E oleic acid was added, in another 0.1E 
Ethomeen C-25 was added to the ferrous and ferric solution. Etho-
meen C-25 (Armour Industrial Chemical Co.) is a (15) 
polyoxyethylene-dodecyl (coconut oil) amine and is a cationic surfac
tant. After the desired amount of ammonia was added at the desired 
rate, a sample was taken from the suspension into a preweighted plastic 
vial for the measurement of the magnetic moment. During the meas
urement the vial was closed and its total weight determined after the 
measurement. 
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The measurement of the magnetic moment. A force type measure
ment was used to determine the magnetic moment following the design 
of Bozorth and Williams (\2) in which strain gauges are used to detect 
the displacement. In the instrument the sample is contained in a small 
balancing coil on the end of a phenolic sample rod. The sample holder 
is placed between the poles of an electromagnet. In this instrument the 
horizontal deflection of the sample bends a thin vane to which the 
sample rod is attached. Four strain gauges are mounted on the flexible 
vane in Wheatstone bridge arrangement, two on either side of the vane. 
The measurement procedure involves returning the sample holder to 
zero position by a current in the balancing coil; this nullifies the sample 
moment. The current in this coil is a direct measure of the magnetic 
moment. The unbalanced conditio  i  detected b  amplifier  Th
magnetic moment a of a
0.0349/w emu/g, where i is the balancing current in amperes and w is 
the weight of the sample in grams (total weight - vial weight). The 
constant 0.0349 is determined by calibrating the instrument with nickel. 
When the magnetic moment of the suspension was measured as a 
function of time to follow the transformation to magnetite, the meas
urement was made in a magnetic field of 13K Oe. Since the suspension 
contained magnetite, water, excess ammonia in varying amounts, and a 
side product of the reaction NH 4 C1, the magnetic moment of the sus
pension was multiplied by a factor consisting of the ratio of the total 
weight of reagents over the theoretical F e 3 0 4 yield of the reaction, 
both in grams. The theoretical yield of the reaction is 4.246 g. 

When the magnetic moment of a magnetite powder or suspension 
was measured as a reaction product and the time dependence was not a 
concern, the magnetic moment was measured in the magnetic fields H 
= 2, 4, 6, 8, 10, 12 and 13K Oe and the measured values were plotted 
against 1/H and extrapolated to infinite field (1 /H = 0) to get the 
value for the saturation magnetization denoted a s. 

Chemical reaction in a magnetic field. When ferrous and ferric 
chloride solutions are reacted with ammonia, the side product of this 
reaction is NH 4 C1 in water. It is difficult to separate this from the 
magnetite particles due to their colloidal size. In order to make the 
transformation to magnetite complete as well as to facilitate the remov
al of NH 4 C1, the precipitation from the ferrous and ferric solution with 
ammonia, both the transformation to magnetite as well as the decanta-
tion, was made in a magnetic field gradient. The aim was to make 
magnetite with the highest possible magnetic moment. The magnetic 
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field gradient was produced by putting two wedges made of steel be
tween the poles of a large electromagnet. The opening of the wedges 
was 3 6 ° . The gradient of magnetic field inside the opening was 2K 
Oe/cm. A wedge shaped reaction vessel to fit the opening was made of 
quartz. The ratio and dilution of the ferrous and ferric salts was the 
same as given previously. In every reaction 4E ammonia was added 
also in the dilution given. The ferrous and ferric solutions were cooled 
to + 1 0 ° C and placed in the magnetic field. The ammonia solution was 
added at the slow rate applying careful manual stirring. When the 
stirring stopped, the black precipitate settled to the bottom of the 
wedge. After time was allowed for the transformation to take place, 
determined from the kinetic studies, the clear solution from the top was 
sucked off with a syringe
the wash fluid while the magnetic field was turned off. Subsequently 
the magnetic field was turned on, the precipitate settled, and the wash 
fluid sucked off with a syringe. Washing was repeated three times. 
The magnetic moment and the F e 2 + / F e 3 + ratio of the suspension were 
determined immediately. 

Chemical analysis Chemical analyses on suspension or powder 
samples were performed by a volumetric method (0.05 normal potassi
um dichromate) following dissolution in hydrochloric acid. The ferrous 
( F e 2 + ) content was determined directly. The ferric ( F e 3 + ) content was 
analyzed via the Zimmermann-Reinhardt (SnCl 2 reduction) technique, 
which gives the total iron. Subtraction of the F e 2 + gives the desired 
F e 3 + value. The F e 2 + / F e 3 + ratio was determined with an accuracy of 
± 0 . 0 1 . The accuracy of the determination of the total iron was ± 0 . 5 % 
of the result. Chloride content was determined by Volhard titration 
with an accuracy of ± 5 % of the result. Nitrogen content was analyzed 
with the Nessler method with a relative accuracy of ± 1 5 % . 

Structure analysis. The particles were suspended in alcohol and put 
on a carbon substrate. They were examined in a Philips 301 electron 
microscope. Bright field, dark field and interference image micrographs 
on a high resolution stage were taken as well as transmission electron 
diffraction patterns. The lattice parameter of powders was determined 
by X-ray diffraction using Cu Ka radiation. 
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Results and interpretation 

Kinetics of magnetite formation. After the chemical reaction was 
performed with the amount of ammonia and at the rate indicated, the 
magnetic moment of the suspension was measured continuously in order 
to follow the time dependence of the transformation to magnetite. It 
was found that the rate of transformation and the extent of transforma
tion as indicated by the final moment is greatly influenced by the 
amount of ammonia and the rate it was added in Step I. Examples of 
the transformations are shown in Figure 1. It is to be seen that the 
more ammonia is added in Step I, the faster the transformation takes 
place. Surfactants lower somewhat the rate of transformation. The 
final moments achieved under the various conditions are given in Table 
I. These numbers show
place, since their calculation was based on the assumption that the 
transformation took place to completion. These are not precise, abso
lute values and, since they were measured at only one field strength, 
they do not give the (larger) value of saturation magnetization. Such 
values will be given in the next section. Table I. shows that the mag
netic moment at the end of the transformation is about 90 emu/g when 
the ammonia was between 2.4-4 equivalent and was added slowly. The 
same amount of ammonia added quickly produced a final moment of 
around 82 emu/g. When the ammonia is 2E and is added slowly, the 
final moment is 67 emu/g. The same ammonia added quickly produces 
the lowest final moment of about 60 emu/g. Similar low moment is 
achieved if, with the same rate and same total amount of ammonia, the 
ferrous and ferric hydroxides are precipitated separately and mixed 
together subsequently. While the presence of 0.1E Ethomeen C-25 
does not affect the final moment, 0.1E oleic acid added together with 
3E ammonia at a quick rate results in a final moment of 76 emu/g, 
compared to 82 emu/g resulting from the same reaction without oleic 
acid. It has been reported that the moment of ~ 100A diameter 
N i F e 2 0 4 particles decreases when coated with oleic acid (1_3). Contin
ued investigation has demonstrated that the apparent moment decrease 
is due to strong pinning of the spins of those ferrite cations that are 
bonded to the organic molecules. (14). 

The experimental determination of the magnetic moment as a 
function of time enables us to find the f—t relations, where f = V ^ / V is 
the volume fraction transformed at time t. Avrami (J_5) proposed that 
for a three-dimensional nucleation and growth process we should use 
the general relation 

f = 1- exp( -kt n ) (1) 
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Figure 1. Transformation of the jointly precipitated ferrous and ferric hydroxides 
to magnetite for different amounts of ammonia added at different rates in Step I. 
Also shown is the effect of surfactants and the transformation of separately pre-

capitated and subsequently mixed hydroxides. 
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Table I. 

The magnetic moment of magnetite 
at the end of transformation. 

Sample ammonia 
equivalent 

rate 
added 

a 
emu/g 

M25M 
M26M 4 quick 81.6 

M23M 
M22M 

3 
3 

slow 
quick 

88.3 
81.9 

M29M 

M28M 

quick 
Ethomeen 
quick 
oleic 

82.27 

75.9 

M34M 
M33M 

2.75 
2.75 

slow 
quick 

90.2 
82.4 

M32M 
M35M 

2.4 
2.4 

slow 
quick 

88.96 
81.2 

M20M 
M21M 

2 
2 

slow 
quick 

67.16 
60.52 

M30M 2 quick 
hydroxides 62.5 
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where k is the rate constant and 3 < n < 4. This should cover all cases 
in which VI, the nucleation rate per unit volume, is some decreasing 
function of time up to the limit when VI is constant (n=4). The expo
nential growth law summarized in Eq. (1) is valid for linear growth 
under most circumstances and approximately valid for the early stages 
of diffusion controlled growth. Plotting log log [1/(1 - f)] against log 
t, the slope of the line gives n. The value of n is indicative of the 
kinetic process (16). The existence of a straight line relationship might 
be thought to imply random volume nucleation since the kinetic law of 
a transformation nucleated on grain boundary surfaces, grain edges or 
corners can not be expressed in the simple form of Eq. (1). We will 
see that this is not so. We plotted the results of a few of the kinetic 
investigations in the form
the magnetic moment a
was given in seconds. Figure 2 shows log log [1/(1 — f)] as a function 
of log t for the transformations where 2.75E, or 3E ammonia was 
added at a slow rate as well as for transformations where 3E and 4E 
ammonia were added at a quick rate. In the two former cases the plot 
consists of two straight lines of slopes four and one, with an intermedi
ate region over which the slope decreases. In the 3E Q case a disap
pearing slope 4 is indicated by a single point, and in the case of 4E Q 
slope 4 disappears completely and only slope 1 is recorded. Figure 3 
shows the transformation when 3E ammonia is added at a quick rate, 
but in the presence of 0.1E Ethomeen C-25, or added together with 
0.1E oleic acid. Since surfactants lower the rate of transformation, 
here the plot clearly shows the two straight lines of slope four and one 

Consider that nucleation is on grain boundary surfaces (H>). 
When the kinetic parameter a B = ( B I u 2 ) 1 / 3 t, where B I is nucleation 
rate per unit area of grain boundary and u is the growth velocity, is 
very small, the kinetic law approaches the limiting form 

where V I B is the grain boundary nucleation rate per unit volume. This 
expression is identical with Eq. (1), so that f depends only on the 
nucleation rate per unit volume, irrespective of where the nuclei are 
formed. When a B is very large, the kinetic law has another limiting 
form 

where v O B is the grain boundary area per unit volume. The log log 
[1/(1 — f)] versus log t plot thus consists of two straight lines of slopes 

£ = 1 - exp ( - 7 7 V I B u 3 t 4 /3) (2) 

S = 1 - exp ( - 2 v O B u t) (3) 

In Colloids and Surfaces in Reprographic Technology; Hair, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



RONAY Colloidal Magnetite 5 6 3 

0.5 r 

I 

Q 

Q 
-0.5-

-1.0-

y / y 

CO CO 

2.0 
I 
2.5 
Log t 

3.0 2.5 3.0 

Figure 2. Log Log [1/(1 — £)] as a function of log t for transformations where 
2.75E and 3E ammonia was added at a slow rate (S), and where 3E and 4E 

ammonia was added at a quick rate (Q). 
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Figure 3. Log Log [1/(1 — 0] as a function of log t when 3E ammonia is added 
in the presence of 0.1E Ethomeen C-25 (X), or added together with 0.1 E oleic 

acid (%), both at a quick rate. 
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four and one; such is the plot for all grain boundary nucleated reac
tions. The physical explanation for the change in the slope was termed 
by Cahn "site saturation" 06). We cannot expect that the change in 
slope can always be observed. It is probable that the whole observable 
range of reaction will correspond to one or other of the straight line 
regions even when nucleation is confined to the grain boundaries. Site 
saturation will be observed if it occurs when f ^ 0.5. It was shown 
(H>) that site saturation occurs at half reaction when 

4 
V I B * 6 x l 0 3 u / ( L B ) (4) 

where L B is the mean grain diameter. For values of V I B smaller than 
some value near that given by this equation, saturation of nucleation 
sites will not occur unti
are equivalent to those o  large
of VI^, saturation occurs early in the reaction. Only for a small critical 
range, where the condition in Eq. (4) holds almost exactly, should the 
change be discernible on a log log [1/(1 — f)] versus log t plot. 

Figure 4 shows this plot for the transformation when the ferrous 
and ferric hydroxides were precipitated separately by the quick addition 
of the sum of 2E ammonia and mixed together subsequently. The plot 
consists of two straight lines of slopes 1 and 2.5. When 2E ammonia 
was added to the mixture of ferrous and ferric solutions quickly the 
slopes were 1 followed by 1.85; when added slowly, the slopes were 1 
and 1.82. Slope 1 indicates grain boundary nucleation after saturation. 
Slopes between 1.5 and 2.5 are indicative of diffusion controlled 
growth from small dimensions (16). Note that the curve for 2E Q 
seems to begin with a larger slope. 

When the reaction takes place with a large excess of ammonia, 
2.75E or greater, and the slopes 4 followed by 1 indicate grain bounda
ry nucleation, a possible mechanism for magnetite formation is that the 
boundary surface of the ferric hydroxide reacts with F e 2 + ions in 
solution. There are two arguments supporting this mechanism. It is 
known that Fe(OH) 2 is soluble in excess ammonia in the presence of 
ammonium salts, so there is a supply of F e 2 + in solution. The other 
argument is based on Figure 5 which shows the change in pH of the 
ferrous and ferric solution upon the addition of ammonia at 1 0 ° C . The 
isoelectric point of Fe(OH) 3 is at pH ^ 7.7(Reference 4). The pH at 
2.75E ammonia is 9.2 and at 4E ammonia 9.6. As the charge on the 
Fe(OH) 3 particles becomes more negative with increasing pH, more 
positive F e 2 + ions may be adsorbed. 
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Figure 4. Log Log [1/(1 — 0] as a junction of log t when ferrous and ferric 
hydroxides were precipitated separately and mixed together subsequent ly>also when 
2E ammonia was added to the mixture of ferrous and ferric solutions quickly and 
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Figure 5. Change in pH of the ferrous and ferric solution upon the addition of 
ammonia at 10°C. The isoelectric point (i.e.p.) of Fe(OH)3 is at pH ~ 7.7. 
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When 2 E ammonia was used in the reaction or pre-precipitated 
(with the sum of 2 E ammonia) ferrous and ferric hydroxides were 
mixed, the slopes were 1 followed by 1 . 8 - 2 . 5 indicating grain boundary 
nucleation after saturation followed by diffusion controlled growth. In 
this case magnetite probably nucleates at the boundary between solid 
ferrous and ferric hydroxide particles and grows by the counterdiffusion 
of F e 2 + and F e 3 + cations similarly to its formation in sintering 
(Wagner mechanism 1_7). As shown in Figure 5 at 2 E ammonia, the pH 
is 7 . 5 , about the same as the isoelectric point of Fe(OH) 3 . Few F e 2 + 

ions would adsorb, but the electrostatic repulsion between the primary 
particles is small and the particles can interact. 

Magnetic moment an
and washed in a magnetic field gradient as described in the experimen
tal section. The current proportional to the saturation magnetization of 
the suspension was determined immediately, as well as the F e 2 + / F e 3 + 

ratio. After the measurement of the current the vial containing the 
suspension was placed with its cover open in a vacuum dessicator. 
After the suspension dried to a powder the current proportional to the 
powder's saturation magnetization was measured. This current was less 
than the previous one indicating that the magnetic moment decreased in 
the course of drying. The F e 2 + / F e 3 + ratio of the dry powder was 
determined immediately together with total iron, chloride ion and 
nitrogen content. From these data it was possible to estimate the 
magnetic moment of magnetite when it was freshly formed and in 
suspension form. In the formula for the calculation of the saturation 
moment the current applied for the fresh suspension was used. This, 
however, was divided by the corrected weight of the powder. The 
correction took place as follows: First the weight of the powder was 
reduced by the chloride content (which was on the order of 0 . 3 - 0 . 5 % ) 

and with 0 . 5 % of its weight to account for adsorbed humidity. The 
nitrogen content of the powder was negligible. In the course of drying, 
the F e 2 + / F e 3 + ratio changed dramatically. If for example this ratio 
was 0 . 5 0 in the suspension, it became 0 . 3 1 in the powder. The reason 
for this change was that part of the magnetite oxidized to maghemite, y 
— F e 2 0 3 . Upon such oxidation the molecular weight of F e 3 0 4 , M | = 
2 3 1 . 5 5 , becomes larger by 1 / 2 O, which makes it M 2 = 2 3 9 . 5 5 . De
noting the ratio F e 2 + / F e 3 + in the powder r and in the suspension r s , 
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the factor to correct the weight of the powder is given as 

2r nx231.55 + 2( l -r n )x239.5 f _ p p 
2r s x 231.55 +2(1-r s )x 239.55 

After the corrections for chloride and humidity were made, the weight 
of the powder was multiplied by this factor. 

When magnetite was produced in the magnetic field gradient and 
washed with water three times, the F e 2 + / F e 3 + ratio was 0.50 ± 0.01 
in the suspension, and the saturation moment of magnetite in the 
suspension was 96.5 emu/g. When magnetite was produced without 
the magnetic field gradient, the F e 2 + / F e 3 + ratio was again 0.50 ± 
0.01, but the saturation
the accepted value of 92.
field gradient thus increases the magnetic moment. The value 96.5 
emu/g is the highest ever reported for magnetite. The freshly made 
suspension was frozen and its saturation moment measured at 250K, 
77.2K and 4.2K. The saturation moment was 11% higher at 4.2K and 
9.3% higher at 77.2 K than it was at 250K. Neglecting the moment 
change between R.T. and 250K, the saturation moment of magnetite at 
4.2K is 107.1 emu/g if made in a magnetic field gradient. 

In the following we made magnetite in the magnetic field gra
dient, but varied the F e 2 + / F e 3 + ratio. This ratio could be increased to 
0.52 or 0.55 by using various dilute solutions of F e C l 2 • 4 H 2 0 for 
washing instead of pure water. Magnetite with a ratio < 0.50 was 
made from suspensions with an initial 0.50 ratio by simply letting them 
stand for various lengths of time in suspension form, or drying them to 
powder, or a combination of these. The results are given in Figure 6. 
It shows that the maximum saturation moment is at exactly 0.50 ferrous 
to ferric ratio corresponding to pure magnetite and its value is 96.5 
emu/g. This experiment was repeated four times. The figure shows 
that in the course of oxidation the magnetic moment of the particles 
changes linearly with the ferrous to ferric ratio between that of pure 
magnetite, a = 96.5 emu/g, F e 2 + / F e 3 + = 0.50 and that of pure ma-
ghemite, a = 73.5 emu/g, F e 2 + / F e 3 + = 0. It is interesting to note 
that in seven months the particles did not oxidize completely to ma-
ghemite, and 17% of the magnetite ( F e 2 + / F e 3 + = 0.085) was still 
preserved. 

The ease of oxidation is explainable in view of the fact that 
maghemite has the same spinel lattice as magnetite, but has no divalent 
ions; two thirds of the octahedral B sites vacated by the divalent iron 
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ions are occupied by Fe 3 + ions, the other third remains vacant. The 
oxidation is accompanied by a small volume decrease. Another contrib
uting factor to the ease of oxidation is the large surface area these 
particles exhibit. The lattice parameters of two powders with 
F e 2 + / F e 3 + ratios 0.14 and 0.31 were determined by X-ray diffraction 
and are marked with crosses in Figure 6. The lattice parameters mark
ed with circles are the standard ones for the pure compounds. It seems 
that the lattice parameter also changes linearly with the ferrous to ferric 
ratio. 

Particle size. Particle size was determined using transmission 
electronmicroscopy on samples made in the magnetic field and precipi
tated with 4E ammonia a
bright field and Figure ,  magnificatio
98,000X. The particle size is in the range of 50-100 A Figure 8 
shows an interference image micrograph of the same particles using a 
high resolution stage. The magnification of this picture is 500,000X. 
The picture shows that the particles are rather perfect. The lattice 
planes of the magnetite show little evidence for the presence of imper
fections or inhomogeneous strain. 

The particle size after precipitation in the magnetic field with 3E 
ammonia is the same as when precipitated with 4E ammonia. Figure 9a 
shows particles precipitated with 3E ammonia at a quick rate, Figure 9b 
with 3E ammonia at a slow rate. Figure 9c shows particles precipitated 
with 2E ammonia at a quick rate and Figure 9d with 2E ammonia at a 
slow rate. The particles precipitated with 2E ammonia are somewhat 
larger than those precipitated with 3E and 4E ammonia. The magnetite 
particles produced by adding ammonia at a fast rate are smaller and 
more uniform in size than particles produced by adding ammonia at a 
slow rate. All the pictures shown refer to particles produced in the 
magnetic field gradient. When the particles are produced without a 
magnetic field, the size of particles is the same as when the reaction 
and transformation takes place within the magnetic field gradient. The 
diffraction pattern of the freshly made magnetite particles in which the 
F e 2 + / F e 3 + ratio was 0.50 was identical with F e 3 0 4 . 

Discussion 

The saturation moment of magnetite which was made in a mag
netic field gradient is approximately 107.1 emu/g at 4.2K. The relation 
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Figure 6. The magnetic moment and lattice parameter as a function of Fe''/Fe*' 
ratio. 
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Figure 7. Magnetite particles made with 4E ammonia at a slow rate in the mag
netic field gradient, bright field (left) and dark field (right) (68.600X)-

Figure 8. Interference image micrograph of magnetite particles made as in Figure 
7 (350,000X). 
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Figure 9. Magnetite particles made with 3E ammonia at a quick rate (a), with 3E 
ammonia at a slow rate (h), with 2E ammonia at a quick rate (c), and with 2E 

ammonia at a slow rate (d) (68,600x)> 
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between a at 0 K and the number of Bohr magnetons n B per molecule 
F e 3 0 4 is given by 

n R = a = ^Ul lQ1 A = 4 44 
B N./xb 5585 

where M is the molecular weight of F e 3 0 4 , N is Avogadro number and 
j u B is the magnetic moment of the electron called the Bohr magneton. 
Substituting the relevant quantities, the saturation magnetization of a 
F e 3 0 4 molecule at 0 K is 4.44 Bohr magnetons if it was made in a 
magnetic field gradient. The possible cause for deviation from the 
theoretical value of 4, which takes only the spin moment into account, 
is that when magnetite is not made in a magnetic field the orbital 
moment of the F e 2 + io
presence of a magnetic field,  crysta
orbital degeneracy, and the orbital moment is of the same order of 
magnitude as the spin moment. Similarly to magnetic annealing, the 
effect of a magnetic field applied in statu nascendi is permanent. 

In the following we discuss the implications of our study to 
magnetic inks and magnetic inkjet printing. The study of the kinetics 
of magnetite formation showed that in the case of a large excess of 
ammonia, which is required to make the transformation complete, oleic 
acid indeed has to be added very quickly to the suspension if the parti
cles are to be surrounded with a surfactant before the magnetic moment 
develops. The investigation also showed that the presence of 0.1E oleic 
acid or Ethomeen C-25 does not affect the mechanism of transforma
tion. 

The oxidation of magnetite to maghemite may however have 
profound consequences on the stability and reliability of magnetic inks 
for inkjet printing. Welo and Baudisch (1_8) had already found in 1925 
that synthetic F e 3 0 4 particles as well as their magnetic oxidation 
product y — F e 2 0 3 are very active catalysts of oxidation. Many sub
stances were oxidized by H 2 0 2 only in the presence of these particles. 
This finding can be explained by the y — F e 2 0 3 being a p-type oxide 
and of great surface area. Other p-type oxides ( C u 2 0 , CoO, NiO) are 
known to be the most active catalysts of oxidation. 

Metal soaps, particularly oleates, are used as driers in the paint, 
printing ink and linoleum industries to accelerate the change of a liquid 
oil to an elastic solid by oxidation and polymerization reactions. It has 
been long established that the metal cation of the metallic soap is 
responsible for the catalytic activity, and iron soaps are among the most 
effective. Magnetic inks containing F e 3 0 4 + y — F e 2 0 3 particles 
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partially coated with oleic acid as well as some iron oleate thus contain 
powerful catalysts of oxidation and polymerization. When a few drops 
of dilute H 2 0 2 solution is added to oleate-based magnetic inks, they 
respond with violent and long-lasting gas formation and dry subse
quently to a gum-like tough substance. Even though this is a harsh 
test, the ink in the course of inkjet printing is kept under high pressure 
in the container and is intermittently thoroughly exposed, in the form of 
small drops, to air. The possibility of oxidation and polymerization 
during the repeated recirculation of the ink is there. Even if the degree 
of such reactions is small and takes place mainly at micelles which are 
preferred sites of oxidation and polymerization (19), even small and 
loose agglomerates can cause a wandering of a jet by their radial migra
tion. They can also deposi
the direction of the jet an

To avoid agglomeration, one possibility is to use a saturated fatty 
acid instead of oleic acid. Also, the use of such surface-active agents 
that are both oxidation inhibitors and form micelles only at concentra
tions larger than the ones used is recommended. Examples of such 
surfactants are the polyoxyethylene fatty amines. Since the critical 
concentration for micelle formation increases with decreasing alkyl- and 
increasing ethylene oxide chain length, short alkyl and long polyoxye
thylene chains are favorable, such as Ethomeen C-25. 

An open question remains whether natural magnetite and a 
magnetic fluid made of finely ground natural magnetite is not more 
stable than synthetic colloidal magnetite. Welo and Baudisch (20) 
reported that the complete oxidation of natural magnetite (size not 
known) to y — F e 2 0 3 takes place at a much higher temperature (about 
8 0 0 ° C ) than the oxidation of synthetic magnetite (about 2 2 0 ° C ) . 

Conclusion 

The transformation of the jointly precipitated (Step I) mixture of 
ferrous and ferric hydroxides to magnetite (Step II) was studied by the 
continuous measurement of the magnetic moment. It was found that at 
large excess ammonia, added in Step I, magnetite forms at a fast rate 
and the transformation is complete. At small excess ammonia the 
transformation is slow and incomplete. The application of Avrami's 
theory to the data indicated grain boundary nucleation in the former 
case and grain boundary nucleation after saturation followed by diffu
sion controlled growth in the latter case. Mechanisms are proposed for 
both cases. 
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It was found that magnetite produced in a magnetic field gradient 
has a saturation moment, 96.5 emu/g, that is larger than when prod
uced without a magnetic field, 92 emu/g. The saturation moment of a 
magnetite molecule made in a magnetic field gradient is 4.44 Bohr 
magnetons at 0 K, instead of the theoretically predicted 4. An expla
nation for the increase in moment is offered. 

o 
The magnetite particle size is in the range 50-100 A, and the 

particles are of great perfection. Particle size depends only weakly on 
the variables investigated in this paper. 

In the course of the spontaneous oxidation of magnetite to y — 
F e 2^3' the magnetic moment of the particles changes linearly with the 
F e * + / F e 3 + ratio betwee  that f  magnetit d  Fe C>3

Since magnetite, y
catalysts of oxidation, agglomeration due to oxidation and polymeriza
tion may take place in magnetic inks based on oleate coated magnetite 
particles. This may cause aiming instability or clogging if such inks are 
used in magnetic inkjet printers. 
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INDEX 

A 
Absorbed dye 12/ 

spectroscopic observations 9-12 
surface coverage 13 

Acetic anhydride 317 
Acid-base transitions, bromocresol 

green 20
Acid-base transitions, bromothymo

blue 202 
Acid Violet 14 534 
Acid Violet 19 532 

lightfastness 537/ 
pH effect 535/ 
spectral changes 533/ 

Acidic surfaces 152 
Acidity transfer 219 
Adatoms 124 
Additives in paper formation 498 
Adherants, classification 157 
Adhesion 372 

closest-range forces 161 
photochemical dissipation 372 
thermodynamic work 476 
van der Waals forces 158, 160/ 
viscosity effects 400 

Adhesion dissipation, 
mechanism 372, 375-377 

Adhesive bond, permanent, 
formation rate 164 

Adhesive failure, nonuniform 400 
Adhesive strength 483/, 485/ 

bonding temperature effect 483/ 
sizing agent effect 484/ 

Adsorption entropies, measurement 422 
Adsorption isotherm(s) 285,424,427 

cellulose fibers 427 
measurement 422 

Adsorption thermodynamics 427 
AES—See Auger spectroscopy 
Aggregate 

energy shift calculation 19 
excited-state interaction 18/ 
spectral shifts 15 

Aggregate structure, spectroscopic 
observations 15 

Alkaline papermaking 487 
Alkyl ketene dimer 486 
Alois Sencfclder 327 

«-Alumina 200 
acidity 207/ 
acidity alteration 211/ 
appearance of acid groups 210 
Black Pearls L contact 206 
electrophoretic mobility 214/, 215/ 

Alumina surface, 
dehydroxylated 200 

a-alumina titers 206 
Alumina-silica catalyst 202 

acidity 205/ 
surface group density 203 

Aluminum atoms, heat treatment 200 
Aluminum contamination 459, 463 
Ammonia 553, 556 
Ammonium oleate 555 
Amorphous selenium 143, 144/ 
Angiospermes 496 
Anhydroglucose 471 
Aqueous liquid, penetration 438 
Arachidic acid 95, 121 
Auger electron(s) 457 
Auger electron emission 457 
Auger parameter 469/ 
Auger spectroscopy 63 

B 
Bar pattern 269/ 
Bar spacing 268 
Bar target 266 
Barium sulfate 538 
Basic particles 319/ 
Basic sulfonates 308 
Basic surfaces 152 
Beating 496 
Beer's Law, integral variation 14 
Behenic acid 106, 108 
Bentonite 317,319/ 
Benzene 202, 213 
Bikerman's equation 436 
Binary mixtures, particle 

interactions 197-221 
Binding energy 465/ 
Bipolar conduction 290/ 
Bistable behavior 102, 104 
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Bistable photochromic system, 
energy transfer 100-104 

Black Pearls L 202, 205/, 207/, 220 
a-alumina contact 206 
contact potential difference 217 
electrophoretic mobility 214/, 215/ 
titration 208/ 
toluene extraction 206 

Black toner 147 
Bleaching 496 
Blocking 161 
Boltzmann's constant 252 
Bond paper, electron spectroscopy 

spectra 461/ 
BPL—See Black Pearls L 
Bristow's instrument, dynamic wetting 408/ 
British Handsheet Machine 500 
Bromocresol green, acid-base 

transitions 20
Bromothymol blue, acid-base 

transitions 202 
Bulk conductivity 502,505,509/ 

measurements 
gallium-indium eutectic liquid 

metal method 508 
stainless steel electrode method 508 

of paper 510, 518/ 
paper thickness effect 513-515 
pulp effect 518/ 

refining effect 516/ 
Bulk conductivity cell 501 

in situ pressure 502-505, 503/ 
Bulk diffusion 402 
Bulk electrical conductivity 501 
Bulk resistivity 
Business paper 505 

carbon species 468/ 
electron spectroscopy spectra 459 
high filler, electron spectroscopy 

spectra 460/ 
hydrocarbon content 471 
oxygen species 468/ 
surface atomic concentration 464/ 
surface chemistry 455-473 
unsized 

electron spectroscopy spectra .... 460/ 
fitting 466 

rt-Butylamine 202 

C 

Cadmium sulfide, effective contact .... 145 
Calcium carbonate 317, 319/, 487 
Calcium oxide 317 
Capillary imbibition 402,403 
Capillary sorption 410 
Capillary sorption coefficient 438 

Carbon absorption 244 
surface species effect 241 

Carbon black 185, 197-221, 291 
absorbance spectra 243/ 
acidity 239 
adsorbed polymer ions 312 
air atmosphere 238/ 
back titration 226 
carboxyl group 239 
chemical activity 198 
computer dried 242/ 
desorption mechanism 235 
evolved gases 226 
heat treated 235-237 
inert atmosphere 236/ 
interparticle scattering 231 
IR spectroscopy 227 
mixture with white solid acids— 

resolved spectra ... 232/, 233/, 236/, 238/ 
selective neutralization .237-241, 242/ 
sodium bicarbonate neutralization 238/ 
sodium carbonate neutralization .... 240/ 
sodium carbonate titration 239 
spectral features 231 
sulfur impurities 241 
surface acid groups 199 
surface characteristics 245/ 
surface chemical structure 198 
surface oxides 225 
thermogravimetric analysis 236/ 
vibrational species 237 
volatile content 226 
weight change 235 

Carbon black absorption 230/, 232/ 
potassium bromide disc effects 234/ 

Carbon black functional group(s) 
Fourier transform IR 

characterization 225-245 
oxygen 229/ 
phenolic-OH group 241 

Carbon black suspensions in 
mineral oil 308 

Carbon compounds 227 
Carbon Is multiplex spectra, 

curve fitting 467/ 
Carbonate filled paper 489/ 

properties 490 
Carboxylic acid 235 
Carboxylic acid band 237 
Carboxylic acid groups 372 
Carrier cores 151 
Cavitation 400,412,413 
CCA—See Charge control agent 
Cellulose 404,466,496 

capillary sorption 410 
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Cellulose—Continued 
conductivity 519 
electron spectroscopy 429-431 
energy values 479 
surface properties 421-432 
wetting delay 410 

Cellulose fiber 463 
network 

anisotropy 513 
diffusion coefficient 528 

orientation 502 
structures, charge transport 

phenomena 519 
Cellulose films, surface energetics 480/ 
Cellulose microfibrils 496 
Cellulose paper, wetting delay 407 
Cellulosic material, water absorption 424 
Centrifugal former 501,502 
Cesium iodide 22
Charge carriers 51
Charge control agent 322 
Charge exchange 151-155 
Charge transfer 213, 219, 259 

electronic 219 
kinetic motion 260 

Charge transport 250-251, 367, 369 
contactive 257 
convective 257 
current 258/ 

Charge transport experiments 249-264 
Charge transport phenomena 494 

measurement 519 
Charging 145 
Charging electrode, stainless steel 186/ 
Chemical indicator adsorption 201 
Chemisorbed oxygen, removal 202 
Chlorinated polyvinylchloride, 

zeta potentials 319/, 321/ 
Chromophores, two-dimensional, 

copying 104 
Cleaning 157-161 
Close-packed monolayers 8 
Closest-range forces 161 
Coalescence 130 
Coated magnetite, dispersion in water 549 
Coated paper 389, 396 

drop spreading 445/ 
ink 389 
print density 370/ 
surface hardness 364 

Coating resins 374/ 
Coatings 322 
Cobalt 546 
Color ink jet printing 531-540 
Colloid 

description 282 
extent of double layers 284 

Colloid—Continued 
intermediate conductivity, 

adsorption isotherms 298 
mobility 284 
nonaqueous 281-304 

characterization 282-285 
mobility measurement 283 

properties, intermediate 
conductivity 295-299 

Colloidal charges, measurement 284 
Colloidal magnetite 553-575 
Colloidal particles, characterization . 284 
Colloids with physically 

adsorbed surfactant 285 
Color quality, paper effect 538 
Color reproduction 531 

dye parameters 532 
ink 532 

Commercial paper 
dynamic sorption of ink 441-449 
physical test measurements 450/ 
processing 500 

Colorants 532 
Complete condensation 131 
Composite powders 

charge levels 187/ 
contact charging 183-196 
preparation 185 

Conductive base paper, bulk 
conductivity measurements 508 

Conductive base paper, transient 
current plot 507/ 

Conductive polymer resin 523 
Conductivity cell 503/ 

bulk 501 
Conductivity 

basis weight effect 511/ 
contact surface area 519 
fiber size effect 519 
water content effect 496 

Contact, optical 392 
Contact angle 479 

measurements 329,331 
Contact area 184 
Contact area development 443 
Contact charge exchange 213,220 
Contact charging, carbon black 

effects 189,194/ 
Contact charging, dispersion 

effect 191, 193/ 
Contact electrification—See Contact 

charging 
Contact fraction, paper smoothness 

effect 393/ 
Contact line development 441 
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Contact potential 226 
Contact potential difference 216-218 

Black Pearls L 217 
carbon black preparation 216-217 
Graphon 217-218 

Contact resistance 510, 515 
Contactive charge transport 257 
Continuous process precipitation 82 
Contrast function 268-273 
Contrast transfer function 265, 272/ 

equation 270 
limiting resolution 270 
model 270 

Convective charge transport 257 
Copy, separation 105 
Copy monolayer, separation 108 
Corona charge, negative 143 
Corona charging 143, 144/ 
Cotton fiber, preparation 47
Cotton linters 51
CPD—See Contact potential 

difference 
CPVC—See Post-chlorinated 

polyvinylchloride 
Creep compression 395 
Critical growth rate 88 
Critical size 84 
Cross-direction 498 
Crystal, critical size 84 
CTF—See Contrast transfer function 
Current, charge transport 258/ 
Cyanine dye 6, 12/ 

absorption 9 
epitaxial contact 9 
monolayer, spectra 114/ 
oxidation reactions 36 
spectra 114/ 
structures 7/ 

Cyanine dyc-arachidate matrix 104 
Cyanine dye-arachidate monolayer .. 96 
Cyanine dye-arachidic acid 97/ 
Cyanine sensitizer, monolayer 

assembly 114/ 

Dampening system, isopropanol 349 
Debye length, calculation 313 
Deconvolution, species ratios 470/ 
Density values, measurement 273 
Deposit morphology 132 

deposition rate effect 127/ 
temperature effect 127/ 

Deryagin equation 313 
Desensitization 77 
Desorption 124 

mechanisms 235 
Developer compositions 165 

Developer materials 151 
Diamond stylus, engraved 362/ 
Dichloromethane 317, 318, 319/ 
Dielectric, charge exchange 152, 153/ 
Dielectric polarization 282 
Dielectric properties 143 
Dielectrophoresis 282 
3,3'-Diethyl-9-mcthyl thiacarbocya-

nine bromide, double-banded 
absorption 41/ 

Diffusion coefficient 528 
Dimer aggregate, adsorption dipoles 17/ 
Dimers 95 
Dimethyl dialkyl quaternary 

ammonium chloride 551 
dinonylnaphthalcne sulfonates 308 
A/,A/'-Dioctadecyl-indocarbocyanine 100 
7V,yV'-Dioctadecyl-/?-phenylenedi-

Dispersants, acidity 309 
Dispersants, basicity 309 
DLVO theory 312 
Donor-sensitizcr-acceptor system, 

radical obtained 119 
Donor-sensitizer-acceptor system 

supersensitization 119-121 
Doping 155 
Double kink 60 
Double-jet method 82 
Double-jet precipitation, nucleation 

stage 82-88 
Double-jet precipitation, stable nuclei 82 
Driographic plate 342 
Driography 356 
Drop area 444/ 
Drop formation 439 
Drop penetration 443 
Drop profiles 443 
Drop sorption 448 
Drop spreading 437, 479 
Dry inks 335 
Dry lubricants 158 
Dry model systems, charge exchange 152 
Dry silicone roll 163 
Dry transfer xerography 140-147 
Drying inks 389 
Dye 

energy level(s) 74/ 
effects 75 

light-induced electron spin 
resonance signals 72 

molecular structure 73/ 
pH effect 535/ 
water based systems 532, 534 

Dye aggregate-viologen system 118/ 
Dye chromophores 95 
Dye positive holes, formation 75 
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Dynamic sorption apparatus 440/ 
Dynamic water absorption 409/ 
Dynamic wettability 476 

E 
Elasticity 415 
Electric charging of particles 

acidic dispersants 309 
basic dispersants 309 
mechanism 307-323 

Electrical conductivity 501 
Electrical conductivity of paper .493-529 

steady-state electrical measure
ments 506-519 

Electrical double layer 291 
Electrical plateout 292 
Electrical processes, image formation 493 
Electron-adduct radical 116

stabilization 11
supersensitization 120/ 

Electrodeposition tests 308-312 
results 310/ 

Electrohydrodynamics 286-291,290/ 
Electron graphic copiers, toner bonding 457 
Electron injection 6 
Electron scanning microscopy 284 
Electron spectroscopy 456, 457 

cellulose 429-431 
extractives on paper 432 
lignin 429-431 
mechanical pulps 430/ 
multiplex data 458 
multiplex spectra 463, 462/ 
species assigned to chemical shifts 465/ 
stearate ester on paper 432 
surface lignin content 431 
wood pulps 430/ 

Electron spin resonance, light-
induced, exposure effect 77 

Electron spin resonance of silver 
bromide microcrystals 71-80 

Electron spin resonance signals, 
light-induced, decay curves 76/ 

Electron spin resonance signals, 
light-induced, decay time 76/ 

Electron transfer reactions, photo-
induced 112 

Electron transfer 96 
in monolayer organizates 93-109 
photoinduced 96-100 
sensitizer acceptor system 113, 119 

Electron transfer reactions, 
photoinduced 112 

Electron transmission microscopy 284 
Electron trapping 60 
Electronic charge transfer 219 
Electrophoresis 317 

Electrophoretic displays 300 
Electrophoretic liquid 

development 165-168 
interfaces 167 

Electrophoretic mobility 210-216 
«-alumina 214/ 
Black Pearls L 214/, 215/ 
characterization by single value .... 212 
Graphon 214/, 215/ 
sample preparation 210 

Electrophotographic fusing, cellulose 
substrate energy 479 

Electrophotographic paper-
making 486-490 

paper friction 487 
sizing techniques 486 

Electrophotographic printing, paper 
adhesion effects 481-486 

Electrophotography, paper chemistry 
effect 475-490 

Electrostatic assist 
dot skipping 360/ 
ink meniscus 366/ 
roll coverings 369 
side effects 369 

Electrostatic assist process 359, 364 
Electrostatic assist units, power 

supply voltages 367 
Electrostatic charge generation 308-316 
Electrostatic charging mechanism, 

basic dispersants 311/ 
Electrostatic force 158 
Electrostatic image, 

development 301/, 302, 303/ 
Electrostatic latent image, 

development 147 
Electrostatic stabilizer 295 
Electrostatically assisted ink 

transfer 359-370 
Emulsification rate curves 334, 335, 337/ 
Emulsified inks, shortness ratios 342 
Emulsion grain, dye adsorption effect 75 
Energy transfer 96-100, 101/, 103/ 

bistable photochromic system ... 100-104 
Entropic stabilization 167 
Epitaxial attachment 19,20,42 
Epitaxial hypothesis 30 
ESCA—See Electron spectroscopy 
ESA process—See Electrostatic assist 

process 
2-Ethyl-1,3-hexanediol 356 
9-Ethyl dye aggregate, silver 

bromide 28/, 29/ 
Excitation 98 
Extinction coefficient 535/ 
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Extrusion coating, cellulose substrate 
energy 479 

Extrusion coating, paper adhesion 
effects 481-486 

F 
Fast development 300 
Feathering 538 
Fe.{04—See Magnetite 
Ferranti-Shirley cone 416/ 
Ferric chloride 549 
Ferrofluid, kerosene-based 544 
Ferromagnetic materials, colloidal 

dispersion 543 
Ferromagnetic particles 546 
Ferrous chloride 549 
Fiber(s) 

orientation 499
surface chromatography, invers

gas chromatography 422-42
zero surface coverage 428 

Fiber slitting 515 
Fiber surfaces, electron 

spectroscopy 428-432 
Fibrous materials, transient 

conduction 519-526 
Filled paper 459 
Film deposition 

conditions 125/ 
coverage 132 
experimental 131, 132 
number density 133/ 
process 124 
radium 133/ 
temperature effect 124 

Film growth, impingement rate 125/ 
Film morphology, coalescence 130 
Film morphology, growth .128, 129/, 131 
Film splitting 413 

cavitation 412 
separation force 415 

Final copy, removal 157 
Flocculation, stabilization 307 
Fluid ink, deformation 392 
Fluorescence quenching 98 
Fluorocarbon powder 158 
Fluoropolymer 163 
Fountain solution 353, 389 

dynamic wetting 405-411 
retraction 355 

Fourier transform IR characterization, 
carboxylic acid band 237 

Fraction ink transfer 391 /, 393f 
Franging mode 380 
Free ink film, splitting 391/ 
Free ink film split 398-402 
Friction coefficient 528 

Fusing temperature 164 
FTIR—See Fourier transform IR 

characterization 
Fuse grade, hydrocarbon effect 472/ 
Fuse grade, paper roughness effect 476 
Fuse quality 476 
Fused image 477/ 
Fusing, bond strength 484 
Fusion 475,477/ 

G 

Gallium-Indium liquid metal 
clcctrodc(s) 506,508 

Gas chromatography, inverse 421,422-428 
Gelatin 8 
Gliding phase transition 27 
Glucomannans 496 
Gold latensification 46 

Graphon 202, 220 
alterations 206 
contact potential difference 217-218 
electrophoretic mobility 213,214/, 

215/, 216 
Gravure, image carrier 361 
Gravure cylinder 362/, 364 
Gravure printed midtone 365/ 
Gravure printing, electrostatically 

assisted ink transfer 359-370 
Gravure printing nip, charge 

distribution 365/ 
Gravure printing nip, ink deformation 365/ 
Gravure printing unit 363/ 
Growth, crowding factor 90 
Growth rate 88 
Gymnospermes 496 
Gypsum 10, 42 

H 

Halftone dot reproduction 394 
Handsheet Machine, British 500 
Hardwood 496 
Hardwood pulp 497/ 
Heat of adsorption, isosteric 427 
Hemicellulose 496 
Herringbone aggregates, spectra 25/ 
Heat treated carbon blacks 235-237 
Hole injection 171/ 
Horizontal contacting method 106 
Hot roll fusing 161, 162/ 

electrical power 163 
Hydroxyethers 354 

I 
Image bonding 455 
Image development, particle charge 302 
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Image development, particle/ionic 
mobility effect 302 

Image differentiation 355 
Image fix 475, 486 

See also Fusing 
bond strength 484 
two sidedness 487 

Image fixing 161-164 
interfaces 161 

Image formation 134 
electrical processes 493 

Image generation 371-380 
Image quality 265 
Image quality parameters 268 
Image transfer 140, 155-157 

corona-assisted 156/ 
humidity effects 155 
paper properties 155 
role of silica 159

Imaging performance 379
Imaging technology 13

monolayer particle array 134 
Immobilization, letterpress 

printing . 394-398 
In situ measurements, optical 

technique 284 
In situ pressure bulk 503/ 
In situ pressure bulk conductivity 

cell 502-505 
Inductive charging 249 
Inert matrix 95 
Information storage 94 
Information transfer monolayer 

manipulation 104, 107/ 
Ink 361 

lateral spreading 394 
letterpress 386 
pH effect 534 
press ready 361 
volume resistivities 369/ 
water wetting 348 

Ink absorption, and ink impression 387/ 
Ink bulging 364 

curvature 366/ 
Ink drop, contact angle variations 445/, 446/ 
Ink drying, pH effect 412 
Ink drying, solvent evaporation 389 
Ink cmulsification, rate determination 332 
Ink cmulsification tests 332-334 

single point test methods 334 
Ink emulsion rheology 334-342 
Ink film, filimentation 400 
Ink film, splitting, tack forces 412 
Ink film thickness 390 
Ink holdout 398 
Ink jet ink drop(s) 

contact angle 442/, 451 
contact area development 443 

Ink jet ink drop(s)—Continued 
drying time 442/ 
dynamic sorption 441-449 
penetration 443 
penetration parameters 442/ 
profile development 443 

Ink jet print, magnetic 554 
Ink jet printing 532 

advantage 531 
color 531-540 
ferromagnetic materials 543 
magnetic 543-551 
paper 534, 538 

Ink jet system, magnetic 545/ 
Ink jetting, requirements 532 
Ink-paper contact 392, 394 
Ink-paper interactions 385-417 
Ink properties 532 

y
Ink setting mechanisms 403 
Ink sorption, and paper structure 449 
Ink transfer 353, 391/ 

capillary imbibition 396 
electrostatically assisted 359-370 
fractional 391/, 393/ 
influences 390 
paper smoothness 398 

Ink transfer process 364 
Ink vehicle, migration 402 
Ink vehicle, penetration 403 
Ink water interaction 332 
Ink and water mixing 348, 349 
Ink wetting, by water 347 
Inorganic pigments in polymer 

solutions, zeta potentials 316-322 
Interaction(s) 

ink-paper 385-417 
particle-particle, evaluation 285 
particle-wall, evaluation 285 
particle-wall, force 295 
surfactant and surface 377 

Interaction mechanisms 219 
surface groups 219 

Interfaces 139-174 
carrier and toner 151 

Interfacial surfactant, RAIR 
spectroscopy 379 

Interfacial surfactant activity, 
ESCA analysis 377, 379/ 

Intermediate conductivity colloid, 
adsorption isotherms 298 

Intermediate conductivity colloid 
properties 295-299 

Intermediate conductivity nonaqueous 
colloids 286, 287/ 

Internal sizing 455,471 
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Interparticle scattering 231 
Inverse gas chromatography 422-428 

measurements 421 
Ion diffusion in paper 526, 528 
Ionic characteristics 292 
Ionic concentrations 284 
Ionic mobility 523, 526 

of potassium ion 526 
Ionic species, diffusion coefficient 528 
Iron 546, 553 
Iron hydrogen precipitation, 

rate effect 566/ 
Isoexposurc curves 48, 50/ 
Isopropanol 349 

advantages 349 
effects 351/ 
in lithography 349 

role 352-355 
Isosteric heat, measurement 422 
Isosteric heat of adsorption 42

K 

Kaolin 317,319/ 
Kerosene-based ferrofluid 544 
Kinetic charge transport, apparatus 255/ 
Kinetic resistivity 254-260 

apparatus 254 
developer rotation speed 257 

Kinetically enhanced conductivity 249 
Kink, double- 60 
Kink, single 60 
Kink site, positive 45 
Krupp's centrifuge technique 158 

L 

Lactones 239 
Lascr-doppler spectroscopy 213 
Latensification, density increase 52/ 
Latent image 44, 51 

desensitization effect 77 
electrophoretic development 300 
fast development 300 
liquid development 301/ 
oxidation 47 
surface electrochemical properties . 47 

Latent image fading 79/ 
Latent image formation 46 
Latent sub-image 46 

buffer treatment 49/ 
control cycle 48 
isoexposurc curves 50/ 
latensification effect 52 
redox properties 47 

Lateral spreading of ink 394 
calculation 394 

Letterpress ink 386 
transfer 399/ 
viscosity 401/ 

Letterpress printing 386, 390-405 
fractional coverage calculation 392 
free ink film split" 398-402 
immobilization 394-398 
ink-paper contact 392, 394 
post-transfer phenomena 402-405 
pressure 396 

Light-induced electron spin resonance, 
exposure effect 77 

Light-induced electron spin resonance 
signals, decay 76/ 

Liiiht absorption studies 36 
Lignin 404,421,496 

electron spectroscopy 429-431 
Lignin content, surface, electron 

Liquid development 300, 302 
disadvantages 302 
electrophoretic 165-168 

Liquid immersion development 165 
advantages 165 
counter ions 167 
equipment 166/ 

Liquid metal electrode, eallium-
indium w 506, 508 

Lithographic ink(s) 348 
apparent viscosities 338/ 
dot resolution ratings 341/ 
dot sharpness 341/ 
press performance 342 
printed star targets 341/ 
rheological measurements 334 
shortness ratio 340/ 
viscosity 335 
yield stress 339/ 

Lithographic ink drying, pH effect .... 414/ 
Lithographic fountain solution 353 

dynamic surface tension 
measurements 329 

Lithographic offset news ink, 
rheological properties 414/ 

Lithographic printing 327 
fountain solution application 410 
pH effect on ink drying 412 
tack forces and ink film splitting 412 

Lithographic process 327-344 
emulsification rate curves 337/ 
ink emulsification tests 332-334 
ink emulsion rheology 334-342 
ink film on image area 330/ 
plate image area 330/ 
polar component of image area 332 
used plate surface energies 332 
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Lithographic process— 
Continued 

virgin ink surface energies 331/ 
virgin plate surface energies 331/ 

Lithography 
isopropanol 349, 352-355 
with isopropanol substitutes 355 
simplified 352 
and surface chemistry 327-344 
surface chemistry control 347-357 
viscous flow 348 
without isopropanol 353-355 

Low conductivity 286 
Low conductivity colloid 

electrical transient 294/ 
mobility distribution 294/ 
optical transient 294/ 

Low conductivity nonaqueous 
colloids 287

Low energy electron diffractio
Lubrication oil dispersants, electro

static charge generation 308-316 
Lucas-Washburn equation 436 

M 

Machine Direction 498 
Maghcmitc 568, 573 
Magnetic bristles, conduction 150 
Magnetic brush development 150 
Magnetic colloids 546 
Magnetic field, Brookfield viscosity 551 
Magncitc field, surface tension 551 
Magnetic field lines 251/ 
Magnetic ink 

oleate-bascd 574 
preparation 548/ 
preparation problems 547 
requirements 554,555 

Magnetic ink jet printing 543-551 
printer 554 

Magnetic ink jet system 545/ 
Magnetic jet 544 
Magnetic moment, measurement 557 
Magnetite 546 

agglomeration prevention 574 
Bohr magnetons 573 
chemical analysis 558 
coated, dispersion in water 549 
colloidal 553-575 
colloidal stability 550, 555 
ease of oxidation 569 

Magnetite 
formation 

in excess ammonia 565 
iron effects 570/ 
kinetics 559 

Magnetite—Continued 
in a magnetic field 568, 571/ 
mechanism 565 
nucleation rate 562 
pH effect 566/ 
presence of ammonia, with 

oleic acid 564/ 
interaction energies 548/ 
magnetic attraction forces 547 
magnetic moment 555, 561/ 

measurement 557 
magnetization 554 
mixing with water 550 
oxidation 573 
particle size 569 

ammonia effect 569 
particles 572/ 
precipitated with iron chlorides 555, 557 

saturation magnetization 573 
saturation moment 555, 565 
stable dispersion 547 
structure 553 
structure analysis 558 
surface layer 547 
synthetic 554 
transformation 560/, 563/ 
transformation rate 559 

ammonia effect 559 
surfactants effect 559 

Matrix monolayer, rigidity 105 
Mechanical integrity 145 
Mechanical pulps, electron 

spectroscopy 430/ 
Mechanical pulps, surface lignin 

content 431 
Mercury 506 
Merocyaninc 102 
Merocyaninc dye 12/ 
Mesitylene 426 
Metal soaps 573 
Metal-metal contact charging 189 
Methacrylates 308 
Methyl ethyl ketone 317 
Micellar dispersants 308 

electrostatic energy barrier 315/ 
Microelectrophoresis 282 
Mineral oil, carbon black 

suspensions 308 
Mineral oil, wetting delay 407 
Mobility measurement 282, 283 
Mock substrate, silver bromide 35/ 
Mock substrate, sodium chloride 33, 34 
Moisture proofing 145 
Molecular assemblies 93 
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Molecular organization, 
requirements 93, 94 

Monocomponent developer 251/ 
resistance 253/ 

Monocomponent development 250-252 
shell rotational velocity 263/ 

Monocomponent development process, 
toner 249 

Monocomponent toner(s) 
charge transfer 259 
charge transport 249-264 
kinetic resistivity 254-260 
resistivity differences 252 
staitc resistivity 252-254 
transient current 262/ 

Monolayer manipulation, information 
transfer 104, 107/ 

Monolayer matrix, modification 95 
Monolayer organizates 93-109

air-water interface 9
construction 94-9
electron transfer 99/ 
information 94 
mobility 102 
photoinduced electron transfer 111-121 
solution 94 
transfer 97/ 

Monolayer particle arrays 123-134 
imaging technology 134 

Monolayer transfer 97/, 106 
Monolayers, close-packed 8 
Monolayers, separation 108 
Monomeric dye, absorption strength 14 
Multilayer photoconductors 143, 145 
Mylar 398 

Nonaqueous colloid—Continued 
electrohydrodynamic effects 288 
intermediate conductivity 286, 287/ 
ionic characteristics 292 
low conductivity 287/ 
mobility 291 
mobility measurement 283 
monolayer coverage properties 295 
particle mobility 297/, 298 

electric field effect 299/ 
particle size, charge control 

agent effect 297/ 
unipolar conduction 288 

Nonaqueous dispersions 
electrodeposition tests 309 
flocculation rate 314 

Nonaqueous electrophoresis, effects 286 
Nonaqueous electrophoresis, space 

 particle
Nondrying inks 389 
Nonepitaxial attachment 42 
Nonfoaming surfactant 354 
Nonuniform adhesive failure 400 
Nucleation 82-88, 562 

rcactant addition rate effect 84, 85/ 
silver concentration effect 86, 87/ 
solubility effect 86, 89/ 
temperature effect 86, 89/ 

Nucleation rate, kinetic law 562 
Nucleation region 82 
Nucleation sites 400 

N 
Na-.»CO.{—See Sodium carbonate 
Negative corona charge 143, 144/ 
Negative kink, silver adsorption 63 
Neutral polymers 167 
Neutralization, toner and photo

receptor charge 158, 159/ 
Newsprint, wettability 409/ 
Newtonian fluid, film splitting 388/ 
Nickel 546 
Nip capacitance 368/ 
Nitrobenzene 317 
2-Nitrobenzyl protecting groups 375 
Noise spectrum, particle distribu

tion effect 277 
Nonaqueous colloid 281-304 

applications 300-303 
autocorrelation function 293/ 
characterization 282-285 
charge control adsorption 

isotherm 296/ 
electrical plateout 292 

w-Octadecanc 44 
Offset ink 412, 415 

interfacial tension 329 
pigment content 412 
polymer resins 413 

Offset lithography 389, 405-417 
dynamic wetting by fountain 

solution 405-411 
Oil dispersions, electrostatically 

stabilized 312 
Oil sludges 316 
Oil viscosity 400 
Olcate-based magnetic inks, hydrogen 

peroxide addition 574 
Oleates 573 
Optical contact 392 
Optical density 397/ 
Optical density traces 274/ 
Optical latensification 46 

speed gain 53 
Optical swecpout transients 292 
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Optical technique, 
crossbeam velocimetry 283 

Optical technique, transient 283 
Optical transient technique 283 

sweepout mode 283 
transit mode 283 

Organic media, electrostatic effect .... 307 
Organic pigment generators 146/ 
Oxygens Is multiplex spectra, 

curve fitting 467/ 
Oxygen/carbon ratio, depression 471 

P 

Packing studies 36 
PAPE—See Photoactive pigment 

electrophotography 
Paper 386  422 

adhesion 481-48
Auger parameter 469
bulk conductivity 502,510,518/ 

pulp effect 518/ 
business, surface atomic 

concentration 464/ 
surface chemistry 455-473 

carbonate filled, properties 490 
charge transport 494 
commercial, dynamic sorption 

of ink 441-449 
physical test measurements 450/ 

conductive base, bulk conductivity 
measurements 508 

contact resistance 515 
dynamic compressibility 394 
electrical conductivity 493-529 

steady-state electrical 
measurements 506-519 

electrical parameters 525/ 
electrical properties 

pulp type effect 515-519 
refining effect 515-519 

fatty acids effect 410 
fiber anisotropy 513 
fiber distribution 498 
fiber orientation 502 
final properties 494 
ion diffusion 526, 528 
ionic mobility 523, 526 
liquid sorption measurement 405 
liquid transfer 407, 408/ 
opacity 404 
self stripping 157, 159/ 
shear testing 482/ 
static charge 469/ 
surface 473 
surface area, humidity effects 425/ 
surface characterization, inverse 

gas chromatography 422-428 

Paper—Continued 
surface free parking 404 
surface profiles 512/ 
surface resistivity 501, 505, 507/ 
total resistance 513 
transient conduction 519-526 
transient current 527/ 
water based inks 534, 539/ 
zero surface coverage 428 

Paper adhesion 
polyethylene 486 
surface energetics effect 484 

Paper compression 395 
equation 395 
basis weight effect 517/ 
calendering 517/ 
cellulosic fiber orientation 502 
pressure effects 515 

centrifugal former 501 
Paper friction 487 
Paper sample, characterization 439 
Paper stripping 164, 166/ 
Paper structure 494-501 

fibers 494-496 
and ink sorption 449 

Paper surface(s) 
electron spectroscopy 428-432 
penetration 435 
wetting 435 

Paper surface area 422 
humidity effects 422-427 
increasing relative humidity 424 

Paper surface energetics 479 
Paper wettability 476-481 

dynamic 476 
electrophotography 476 
paper adhesion effects 481-486 
wetting equilibrium 476 

Papermaking process 496, 498 
hydrogen bond formation 498 
surface tension 498 
three-dimensional anisotropy 498 

Paper-paper friction 488/, 489/ 
Particle, suspended, electrostatic 

charges 307 
Particle charge density 216 
Particle contaminant removal 300 
Particle growth, spherical 129/ 
Particle migration 135/ 
Particle mobility, contact-induced 

shift 216 
Particle mobility, determination 292 
Particle-particle interactions 

evaluation 285 
Particle-wall interaction, force 295 
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Particle-wall interactions, evaluation 285 
Patent Blue A 534 

lightfastness 536/ 
Peel-developed construction, 

mechanics 372 
Peel-developed imaging system, 

interactions 378/ 
Peel development 

complementary images 373/ 
peel apart construction 373/ 
photolabile blocking groups 371-380 
surfactant activity 377 
surfactant data 376/ 
surfactant and surface interaction 377 
surfactant testing 375 

Penetration experiments, apparatus 439 
Penetration experiments, method 439, 441 
Percolation theory 254 
Petroleum sulfonates 30
Photoactive pigment electro

photography 168 
Photobase paper 538 

polyvinyl alcohol coated 540/ 
Photochemical dissipation of 

adhesion 372 
Photochromic system, molecular 

environment control 102 
Photoconductive pigment dispersions 145 
Photoconductor, multilayer 143, 145 
Photoconductor, single layer 143 
Photoconductor drum 140 
Photodischarge 145 
Photoelectrophorcsis 168-171 

color reproduction 172 
image initiation 172 
interfaces 170 
polychrome 173/ 

Photoclcctrophoretic imaging 
configuration 169 

Photographic emulsions 81 
Photographic phenomena, electron 

spin resonance correlation 75, 77 
Photoinduced electron transfer 96-100 

reactions 112 
supersensitization 111-121 

Photoinduced redox reaction 112 
Photoinitiated electron transfer 101/ 
Photoisomerization reactions 100, 102 
Photoliberation of surfactants 375 
Photon transfer in monolayer 

organizates 93-109 
Photo-oxidation 98 
Photoreceptor, charging 142 
Photoreceptor, interface 142 
Photoreduction 98 
Photosensitized absorption 117/ 
Phthalocyanine, effective contact 145 
Phthalocyaninc, energy levels 171/ 

Pigment-binder composites 145-147 
mechanical integrity 145 

Pigment concentration 403 
Pigment dispersion, photoconductive 145 
Pigment-to-polymer adhesion, 

enhancement 317 
Pigments in organic polymer solutions, 

applications 322 
Planographic printing system 342, 343 
Plate, used, surface energies 332/ 
Polarization 37 
Polarized aggregate spectra 39-42 
Polycarbonate 317 

basic oxygens 318 
zeta-potcntial 319/, 320/ 

Polychrome photoelectrophorcsis 173/ 
Polyethylene 486 
Polyethylene adhesion, surface 

Polyethylen  terephthalat
Polymer liquid flow, porous media 437 
Polymer resin(s) 413 

conductive 523 
Polymeric coatings 372 
Polymeric dispersants 308 

electrostatic energy barrier 315f 
role 316 

Polymeric powders 
charge levels 187/ 
contact charging 183-196 
preparation 185 

Polymeric silicones 356 
Polymethylmethacrylate 317 

dispersions, zeta potentials 321/ 
Polyoxyethylenated nonylphenol 549 
Polyoxethylene glycols 354 
Polystyrene based toner 476, 481 
Polyvinyl alcohol 538, 540/ 
Porous media 

aqueous liquid penetration 438 
capillary models 436 
capillary sorption coefficient 438 
diffusion coefficient 438 
diffusion models 436 
oil-based printing inks 438 
polymer liquid flow 437 
swelling 438 
water sorption analysis 441 

Post-chlorinated polyvinylchloridc 
(CPVC) 317 

Positive kink site 45 
Post-transfer phenomena 402-405 
Potassium bromide 228 
Potassium ion, ionic mobility 526 
Powder adherants, classification 157-158 
Precipitation, silver halide 81-91 
Press ready ink 361 
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Print density 405, 406/ 
Printing compression, effective 

capillary radius 395 
Printing compression, void 

fraction 395 
Printing nip 386 
Propanol solutions, surface tensions 350/ 
Pseudoindolc carbocyaninc 22/, 23 
Pulp(s) 

mechanical, surface lignin content 431 
sulphite, lignin content 432 
transient current 521/, 522/ 
wood, surface lignin content 431 

Pulping V 496 

Ouasielastic-light scattering 
velocimctry 28

Quenching 11
Ouinone 23

R 

Refining 496 
Refining process effects 515 
Residual charge reduction 157 
Resin 380 
Resistance 

basis weight effect 514/ 
thickness effect 514/ 
total, paper 513 

Resolving power 265 
Reversible photoisomerization 107/ 
Roll coverings 369 
Rotogravure 361 

Saturation magnetization 559 
Scattercrs " 284 
Scumming 161 
Selective neutralization, sodium 

carbonate 239 
Selenium 

amorphous 143, 144/ 
deposition 126 
particles 127/ 

Self stripping paper 157, 159/ 
Selwyn granularity coefficient 268 
Senefelder, Alois 327 
Sensitizer-acceptor system, 

electron transfer 113, 119 
Set off 405, 406/ 
Shear testing, paper 482/ 
Shearing 515 
Sheffield smoothness 478/ 
Shift factor 479 
Shortness ratios, viscosities 342 

Show-through 405, 406/ 
Show-throusih penetration 448 
Signal amplification 96-100, 101/ 
Signal transduction 100-104 
Silica 159/ 
Silica-alumina 200 

formation 200 
Silica-alumina catalyst 202 

acidity 205/ 
surface group density 203 

Silicon oxides 377 
Silicon rubber 163 
Silicone, polymeric 356 
Silver, binding energy 63/ 
Silver bromide 3 

behavior 4-5 
crystal morphology 86 
5,5'-disubstituted dye structure .... 26/ 

See also Sodium chloride 
multilayer coverage 33 
1,1 ',3,3'-tetracthyl-5,5,,6,6'-tctra-

chlorobenzimidazolocarbo-
cyanine iodide dyeing 32/ 

Silver bromide crystal 83/ 
facial form 5 
surface ions 5 

Silver bromide dispersions, absorption 
spectra 23, 24/ 

Silver bromide dispersions, cubic 
adsorption 23 

Silver bromide emulsions 78/ 
light-induced electron spin 

resonance 74/ 
rhodium(III) effect 78/ 
stannous chloride effects 78/ 

Silver bromide growth rates 91/ 
Silver bromide microcrystals, electron 

spin resonance 71-80 
Silver bromide models 61/ 
Silver bromide photography, single 

side dyeing 38/ 
Silver bromide photolysis 61/ 

mechanism 60 
Silver bromide-dye aggregate, electrical 

neutrality 31 
Silver bromide-gelatin dispersions, 

reflection spectra 21/, 22/ 
Silver clustcr(s) 

chlorine exposure 66 
chloroform chemisorption 66/ 
chloroform exposure 64, 65/ 
electron affinity 60, 62/ 
electron trapping 60 
evaporated on carbon 65/ 
halogen deposition 64 
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Silver cluster(s)— 
Continued 

ionization potential 60, 62/ 
Silver cluster growth, charge effects 63 
Silver halide colloid formation 81-91 
Silver halide crowded system 91/ 
Silver halide photography 

light sensitivity 3-58 
optical observations 10 
single crystal method 10 

Silver halide photography, surface 
effects 3-58 

Silver halide precipitation 81-91 
continuous process method 82, 83/ 
double-jet method 82, 83/ 
growth stage 88-90 
nucleation stage 82-88 
single-jet method 81, 82, 83/ 

Silver halide surface, epitaxial 
contact 9 

Silver ions, mass spectrometry
Silver orbital interaction 68 
Silver particles 59-68 
Single chromophores, preferential 

orientation 106 
Single kink 60 
Single layer photoconductor 143 
Single-jet method 81, 82 
Sintering forces 161 
Site saturation 565 
Sizing techniques, alkyl ketene 

dimer 486 
Sizing techniques, rosin-alum 

procedure 486 
Skipped dots 361 
Sludges 316 
Society of Photographic Scientists 

and Engineers; emblem 5,7/ 
Sodium carbonate 239 
Sodium chloride 10, 33, 34, 498, 526 
Sodium lauryl sulfate 549 
Softwood 496 

fibers 496 
Softwood pulp 497/ 
Solar energy conversion 93 
Solid acidities 209/ 
Space charge 286-291 

conditions 288, 291 
factor 302 
fields 523 

Space charge limited 288 
Space charge limited conditions 289/ 
Space charge parameter 288 
Sparking, gap width breakdown 

field 368f 
Spatial frequency 271/ 

analysis 265-278 
Spectroscopic dimers, formation 104 

Spiropyran 102 
Spreading 402 
Spreading experiments, apparatus 439 
Spreading experiments, method 439, 441 
Stabilization, electrostatic contri

bution 313 
Stainless steel 508 

charging electrode 186/ 
electrodes 504/, 510 

Stannous chloride 77 
Static charge 469/ 
Static resistivity 252-254 
Steady-state electrical measurement 

bulk conductivity of papers, paper 
thickness effect 513-515 

in situ pressure bulk 
conductivity 506-513 

liquid metal electrodes 506 

Steric stabilizer 295 
Stripping 157 
Styrene copolymer particles, carbon 

black on surface 189, 189/, 190/ 
Styrcnc-M-butyl methacrylate, 

dispersion with carbon black 192/ 
Subsurface growth, model 128-131 
Subsurface particles 132/ 

average radius 132/ 
number density 132/ 

Subsurface particulate deposit 126, 127/ 
conditions 126, 127/ 
growth 128, 131 

Sulfite pulps, lignin content 432 
Sulfonates 308 
Sulfoncs 231 
Sulfur sensitization 46 
Supersaturation ratio 82, 85/ 

solid-phase nucleation effect 82 
Supersensitization 111,112 

donor sensitizer-acceptor 
system 119-121 

Supersensitizer, mechanism 112 
Surface acid group distributions 203,204/ 

a-alumina catalyst 204/ 
Al-Si catalyst 204/ 

Surface acid groups, strengths 201 
Surface acid groups, water effects 202 
Surface area, paper 422-427 

humidity effects 425/ 
Surface characterization of paper, 

inverse gas chromatography 422-428 
Surface chemistry of business 

papers 455-473 
Surface chemistry and 

lithography 327-344, 347-357 
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Surface chromatography of fibers, 
inverse gas chromatography .422-428 

Surface conductivity 505 
measurement 501 

Surface groups 
chemical indicator adsorption 201 
interaction mechanisms 219 
selective neutralization 237 

Surface group concentration, 
measurement 201 

Surface group titration 201-210 
chemical indicator adsorption 201 
procedure 203 

Surface lignin content, electron 
spectroscopy 431 

Surface profiles 510 
calendering 512/ 

Surface resistivity, equation 505 
Surface resistivity, measuremen
Surface resistivity of paper 501,507
Surface science, tools 6-14 
Surface states, alteration 155 
Surface tension 352, 402 
Surfactant(s), photoliberation 375 
Surfactant activity, interfacial, 

ESCA analysis 377,379 
Surfactant testing 375 
Suspended particles, electrostatic 

charges 307 
Suspended particles, stability 546 
Swelling 438 
Synthetic magnetite 554 
Synthetic sizes 487 
Synthetic sizing 489/ 

T 
Tack force, and ink rheology 413 
Tack force measurement 415 
Teflon fiber brushes 158 
l,l',3,3'-Tetraethyl-5,5',6,6'-tetra-

chlorobenzimidazolocarbocya-
nine iodide dying, silver bromide 32/ 

Tetrahydrofuran (THF) 317 
Thermodynamic work of adhesion 476 
Thermodynamics of adsorption 427 
Thermogravimetric analysis, 

carbon black 236/ 
THF—See Tetrahydrofuran 
Thiacarbocyanine, transition energy 18/ 
Thiapyrylium-polycarbonate complex 146/ 

effective contact 145 
Thio-indigo derivatives 102 
Three-dimensional anisotropy 498 
Titration, surface group 201-210 

chemical indicator adsorption 201 
Toner 252 

bulk resistivity 253/ 

Toner—Continued 
charging 150 
composition 147 
current density 252 
developer shell rotational speed 

effect 256/ 
voltage effects 254 

Toner adhesion, surface energy effect 485/ 
Toner bonding 456 
Toner brush, charge 250 
Toner charging 251/ 
Toner contact site, capacitance 259 
Toner deposit 274/ 

characterization 265 
composition 266 
granularity 268 
preparation 266 

Toner deposition, maximizing 250 

density fluctuations 273 
noise 273-277 

Toner-paper bonding 481 
temperature effect 481 

Toner-paper interface, critical 
surface tension 164 

Toner particle size 
distribution 265, 267/, 278/ 

measurement 265-278 
Toner particles, charge acquisition 257 
Toner particles, optical density 270 
Toner and photoreceptor charge, 

neutralization 158, 159/ 
Toner powder, transient current 

measurement 261/ 
Toner release, electric fields 150 
Toner spreading, shift factor 476, 479 
Toner transfer 157 
Transient absorption 100 

optical density 100 
Transient current 262/, 520 

plot 509/ 
pulp 521/, 522/ 
voltage effects 262/ 

Transition density 16 
Transition dipole 16 
Transition energy, thiacarbocyanine 18/ 
Tribo charging 152, 154/ 
Tribo series 184 
Triboelectric charging 226 
Triboelectrification—See Contact 

charging 
Tri-hexyl benzene sulfonates 308 
Triton N-101 549,550 
Twisted molecules 9 
Two-component magnetic brush 147, 149/ 
Two-dimensional chromophores, 

copying 104 

In Colloids and Surfaces in Reprographic Technology; Hair, M., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



5 9 4 REPROGRAPHIC TECHNOLOGY 

Two-dimensional viologen 
concentration 115/ 

Two-sidedncss 487 

U 

Uncoated paper 389 
surface hardness 364 

Unipolar conduction 290/ 
threshold voltage 288 

Unsized paper 459 
UV photoemission spectroscopy 59 

V 

Vapor deposition 123-134 
conventional 123 

Vapor-adsorbate equilibria 427 
Van der Waals force 15
Viologen 11

quenching action 113
Viologen concentration, 

two-dimensional 115/ 
Viologen molecule, spacing 115/ 
Viologen radical, detection 98 
Virgin ink, surface energies 331/ 
Virgin plate, surface energies 331/ 
Virgin plate, water vapor adsorption 331 
Void fraction 395 
Volatile content 226, 235 

W 

Walker-Fctsko ink transfer equation . 390 
Water adsorption, dynamic 409/ 
Water-based inks 544 

magnetic 544 
Water-dispersible gums 353 
Water and ink mixing 348, 349 
Water soluble dyes 532, 534 
Water surface tension, isopropanol 

concentration effect 411/ 
Water surface tension, surfactant 

concentration effect 411 
Water wetting, by ink 348 
Waterless lithography 342, 343 

definition 342 
silicone oil additive 343 

Weak acids 353 
Wetting, paper surface roughness 

effects 407 
Wetting, viscosity effects 400 
Wetting action 348 
Wetting delay 407 

Wetting equilibrium 476 
Wetting time, solvent extraction of 

fatty acids effects 410 
Whiskering 369 
White solid acidity, alterations 206 
White solid acids 197-221 

mixture with carbon black— 
See Binary mixtures 

White solid activation 202 
White solid catalyst, indicators 201 
White solids 202 
Wiener spectrum 278/ 

equation 273 
model first approximation 275 
toner samples 274/, 276/ 

Wood fiber 497/ 
cellulose portion 496 
characterization 496 

secondary wall 496 
surface properties 421-432 

Wood pulps, electron spectroscopy .... 430/ 
Wood pulps, surface lignin content 431 
Work function, insulating powders 217 

X 

Xerographic copier 141/ 
process steps 140 

Xerographic developer 151 
Xerographic photoreceptor 142 
Xerographic process 147-165 

development 147-151 
toner viewpoint 147, 148/ 

Xerography, dry transfer 140-147 
XPS—See Electron spectroscopy 
X-Ray photoelectron spectroscopy— 

See Electron spectroscopy 

Y 

Yule-Neilsen effect 394 

Z 

Zero coverage, measurements 427 
Zero surface coverage, measurements 428 
Zeta potential 291, 546 

polycarbonate concentration 
effect 310/, 320 

Zinc oxide 145, 147 
adsorption 148/ 
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