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FOREWORD 

A D V A N C E S IN C H E M I S T R Y SERIES was f o u n d e d i n 1949 b y the 

A m e r i c a n C h e m i c a l Society as a n outlet for symposia a n d co l 
lections of data i n spec ia l areas of t op i ca l interest that c o u l d 
not be accommodated i n the Society's journals. I t provides a 
m e d i u m for symposia that w o u l d otherwise be fragmented , 
the ir papers d i s t r ibuted a m o n g several journals or not p u b 
l i s h e d at a l l . Papers are refereed c r i t i ca l l y accord ing to A C S 
ed i tor ia l standards a n d receive the care fu l attention a n d proc 
essing characterist ic of A C S publ i cat ions . Papers p u b l i s h e d 
i n A D V A N C E S IN C H E M I S T R Y SERIES are o r i g i n a l contr ibutions 

not p u b l i s h e d elsewhere i n who le or major part a n d i n c l u d e 
reports of research as w e l l as reviews since sympos ia m a y e m 
brace bo th types of presentation. 
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PREFACE 

t the first meet ing of the D i v i s i o n of O r g a n i c Coat ings a n d Plastics 
C h e m i s t r y ( then k n o w n as the D i v i s i o n of Pa int a n d V a r n i s h C h e m 

is try ) of the A m e r i c a n C h e m i c a l Society i n 1923, W . D . H a r k i n s arranged 
a S y m p o s i u m on the W e t t i n g P o w e r of Pa in t a n d V a r n i s h L i q u i d s . Papers 
b y H a r k i n s a n d associates dealt w i t h such subjects as the flocculation of 
pigments as a result of the l o w heat of w e t t i n g of h y d r o p h i l i c oxides i n 
non-polar l iqu ids . T h e y demonstrated that the add i t i on of a po lar mole 
cule to the l i q u i d marked ly increased the heat of we t t ing i n w h i c h case 
pigments remained dispersed. F . E . B a r t e l l descr ibed the use of the 
contact angle between l iqu ids a n d solids to measure the preferent ial 
absorpt ion of l i qu ids b y solids a n d the displacement of one l i q u i d b y 
another w h e n bo th are i n contact w i t h a so l id . These were the first of 
a series of contr ibutions w h i c h have resulted i n m a r k e d improvement i n 
dispers ion stabi l i ty result ing f r om a better understanding of the surface 
properties of solids a n d their react ion w i t h l i qu ids w i t h w h i c h they come 
i n contact. 

T h r o u g h the years other symposia arranged b y cooperating divis ions 
of A C S have featured subsequent developments concerned w i t h wet t ing . 
It is not surpr is ing that m a n y of these have been co-sponsored w i t h the 
D i v i s i o n of C o l l o i d a n d Surface Chemis t ry . I n 1927 a n d 1928 papers b y 
F . E . B a r t e l l a n d H . S. Osterhof descr ibed the use of the adhesion tension 
ce l l a n d i n 1930-31 papers b y H a r k i n s a n d D a h l s t r o m descr ibed further 
the wet t ing a n d absorpt ion of pigments a n d their effect on f locculation, 
d ispers ion, a n d sett l ing i n paints. Subsequently , B a r t e l l w i t h C . W . W a l 
ton descr ibed the wet t ing characteristics of ant imony sulfide i n w h i c h i t 
was shown that these characteristics c o u l d be changed f r om organophi l i c 
to h y d r o p h i l i c i n accordance w i t h the chemistry of the surface layer. 

I n A p r i l 1955 Z i sman , F o x , a n d H a r e descr ibed the wet t ing properties 
of organic l i qu ids on high-energy surfaces w h i c h in troduced n e w concepts 
about the mechanism of the reactions occurr ing between solids a n d 
l iqu ids . It is interest ing to note further that Z i s m a n s team received the 
first C a r b i d e A w a r d for this work . A s the result of this a n d his m a n y 
subsequent contributions concerning the contact angle, wet t ing , a n d 
adhesion, it is fitting, indeed , therefore, that i n the present sympos ium 
the introductory paper has been contr ibuted b y Z i sman. 

I n the present instance, interest i n the interactions at interfaces 
between l iqu ids a n d so l id substrates has greatly expanded b e y o n d those 
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areas a n d concepts i n w h i c h earlier workers were interested. A greater 
understanding of the w e t t i n g of fibers b y polymers i n the f ormat ion of 
composites has opened u p n e w vistas result ing i n major industries. P e r i 
od ic symposia devoted ent ire ly to this subject are scheduled regular ly . 
Recent ly , the development of b l ood pumps a n d art i f i c ia l implants i n 
m e d i c a l appl icat ions have raised entirely new problems i n the b l o o d / 
mater ia l interface. I n recognit ion of the c r i t i ca l importance of m a n y 
problems i n this area s t i l l unsolved , several papers are i n c l u d e d for w h i c h 
a more deta i led in troduct ion is made separately. 

T h e ava i lab i l i ty of n e w h i g h l y sophist icated instrumentat ion has 
made i t possible to study more inte l l igent ly the character of the surfaces 
of solids w i t h w h i c h l i qu ids m a y react i n a var iety of c ircumstances. 
E q u a l progress has been made b y po lymer chemists i n the preparat ion of 
pure monomers, polymers , i n c l u d i n g solids, of k n o w n surface const i tut ion 
a n d crystal structure. T h u s , i t has become possible to carry on h i g h l y 
effective research w i t h adequate surface-chemical contro l of gas a n d 
l i q u i d adsorpt ion, wet t ing , adhesion, emulsi f ication, foaming, boundary 
f r i c t i on , i n h i b i t i o n a n d a var iety of other areas of interest to the coatings 
a n d plastics industry . 

I n the present sympos ium most recent w o r k i n a n u m b e r of these 
areas is descr ibed. T h i s sympos ium, therefore, m a y be considered another 
i n a series over a per i od i n excess of 40 years i n w h i c h progress i n the 
field of wet t ing , adhesion, absorpt ion, a n d other phenomena c r i t i ca l to 
the coatings a n d plastics industry has been offered b y the D i v i s i o n of 
O r g a n i c Coat ings a n d Plastics Chemis t ry . 

Annandale, Va . A . L . A L E X A N D E R 
November 1968 
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1 

The Solid/Liquid Interface— 
An Essential and Active Frontier of Science 

W. A. ZISMAN 

Naval Research Laboratory, Washington, D. C. 

In this introductory review to the symposium, attention is 
given to the causes of the serious disagreements in the data 
reported in the literature on solid/liquid interfaces. The 
demanding and often-ignored experimental requirements 
stem principally from the overriding influence on numerous 
properties of solid/liquid interfaces of the outermost molecu
lar composition of the solid surface and the properties of 
the first adsorbed monolayer. Available methods for puri-
fying chemicals and new and highly specific surface chemi
cal techniques are doing much to assist investigators. Many 
promising subjects of current research interest about solid/ 
liquid interfaces are briefly discussed along with relevant 
literature. Finally, a brief background is given concerning 
the timeliness and need for each paper being offered in the 
symposium. 

" C a c h paper presented at this sympos ium reported progress i n an i m -
portant area of research on molecu lar processes at s o l i d / l i q u i d inter 

faces. Desp i te the obvious importance of such interfaces i n bo th f u n d a 
menta l a n d a p p l i e d science, it is no exaggeration to say that progress 
was p a i n f u l l y s low u n t i l about 20 years ago. H o w e v e r , since then b o t h 
exper imental a n d theoretical research on the subject has become increas
i n g l y active, exc it ing, a n d product ive . T h a t this sympos ium should be 
h e l d under the auspices of the A . C . S . D i v i s i o n of Organ i c Coat ings a n d 
Plastics C h e m i s t r y is especial ly appropriate , for the results of these re 
search activities have become h i g h l y relevant to m a n y of the important 
unso lved problems encountered i n the science a n d technology of b o t h 
organic coatings a n d plastics chemistry. 
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2 INTERACTION OF LIQUIDS AT SOLID SUBSTRATES 

Some General Problems and Concepts 

S o l i d surface const itut ion a n d surface-structure sensitive properties 
have long defied the attack of chemists, physicists , metal lurgists , engi 
neers, a n d biologists; the difficulties have been especial ly vex ing to those 
w h o have t r i ed to understand i n fundamenta l terms the great var iety of 
phenomena occurr ing at s o l i d / l i q u i d interfaces. M u c h of the confusion 
a n d complex i ty encountered arose f r o m (a ) lack of adequate def init ion 
a n d contro l of each so l id surface i n v o l v e d a n d ( b ) lack of apprec iat ion 
of the necessity for the often laborious a n d expensive efforts r e q u i r e d to 
ob ta in l iqu id -phase materials h a v i n g adequate p u r i t y to guarantee re 
produc ib le surface behavior . 

W h y must such we l l - contro l l ed materials a n d the associated special 
research techniques be used i n surface-chemical research? T h e answer 
is that extreme chemica l p u r i t y a n d care i n m a n i p u l a t i n g materials w h i c h 
are i n the interface, or are able to migrate to i t , are necessary to a v o i d 
obta in ing incorrect , unreproduc ib le , or confusing exper imental data. 
Inadequate attention to these requirements are responsible, I bel ieve, 
for the a l ready large mass of data w h i c h burdens so m u c h of the older 
l i terature w i t h confusing or mis lead ing data a n d conclusions. T h e f u n d a 
menta l cause of these special requirements arises f rom the fact first po inted 
out b y L a n g m u i r (40) that the properties of the first adsorbed monolayer 
have a n overr id ing influence on m a n y surface-chemical a n d surface-
p h y s i c a l properties. H i g h l y ind icat ive examples of the t ru th of the above 
statement have appeared i n numerous publ i cat ions on the influence of 
adsorbed monolayers on the surface a n d inter fac ia l tensions of l i qu ids , 
s o l i d / s o l i d f r i c t ion , adhesion, l i q u i d spreading , w e t t i n g a n d the contact 
angle, gas adsorpt ion on solids, surface viscosities, evaporat ion-barrier 
films, surface electrostatic properties of metals, electrode potentials of 
metals i n electrolytes, passivation effects, hydrogen overvoltage, a n d o n a 
host of c o l l o ida l phenomena. W h e n several surface-active species of c om
pounds are present, their compet i t ive adsorpt ion behavior can be c om
plex ; f requently , the d o m i n a t i n g influence arises f r om a c o m p o u n d pres
ent i n trace concentrations. E x p e r i m e n t a l reproduc ib i l i ty , identi f icat ion 
of the important variables , a n d an understanding of the dominant mecha 
n i sm have resulted only after investigators learned to contro l a n d ident i fy 
their surface-chemical system. F o r these reasons i t is essential i n research 
o n the s o l i d / l i q u i d interface that there be good contro l of the composi t ion 
of the l i q u i d a n d so l id as w e l l as the rea l area of the s o l i d / l i q u i d interface; 
i n add i t i on , there is usual ly need for contro l l ing the composi t ion , p a c k i n g , 
a n d orientation of the first adsorbed monolayer f o rmed at that interface. 

H e l p i n cop ing w i t h these problems came after W o r l d W a r I I as the 
result of: ( a ) the increased commerc ia l ava i lab i l i ty of organic compounds 
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1. ZISMAN Solid/Liquid Interface 3 

of h i g h pur i ty , ( b ) i m p r o v e d d is t i l la t ion a n d selective adsorpt ion methods 
for smal l vo lume l i q u i d samples, a n d ( c ) the evo lut ion a n d increasing 
ava i lab i l i t y of p o w e r f u l p h y s i c a l tools for s tudy ing so l id surfaces. I n 
connect ion w i t h items (a ) a n d ( b ) , the r a p i d evo lut ion a n d commerc ia l 
ava i lab i l i ty of sophist icated g a s / l i q u i d chromatographic equipment for 
the analysis (or preparat ion) of extraordinar i ly pure l i qu ids a n d gases 
has been a great boon to a l l chemists. E s p e c i a l l y important is the fact 
that such methods are h i g h l y effective a n d adaptable even w h e n a p p l i e d 
to very s m a l l quantit ies of mater ia l . I n recent years i t has become pos
sible to obta in commerc ia l ly numerous chemicals a lready pur i f i ed b y 
chromatographic methods. A s regards i t em ( c ) , a list of the especial ly 
h e l p f u l phys i ca l tools for observing so l id surfaces shou ld i n c l u d e : the 
electron microscope, the electron-scan microscope, the electron dif frac
t i on apparatus, the m u l t i p l e attenuated in f rared reflection ( M A I R ) spec
troscope, the opt i ca l el l ipsometer, a n d a var iety of extraordinar i ly sensi
t ive radioact ive tracer methods a n d the necessary associated equipment . 

N o t e w o r t h y progress has been made b y po lymer chemists i n pre 
p a r i n g pure monomers a n d polymers , as w e l l as so l id po lymers , of k n o w n 
surface const i tut ion a n d crystal structure. T h e cont inued efforts for more 
t h a n a decade b y so l id state physicists a n d metal lurgists have resulted i n 
methods a n d equipment for prepar ing an impressive var iety of extra
o r d i n a r i l y pure so l id materials for research o n the properties of metals, 
semiconductors, a n d single crystals. 

Because of the ava i lab i l i ty of these n e w methods, devices, a n d purer 
materials , i t has become more feasible to carry o n effective research w i t h 
adequate surface-chemical contro l of gas a n d l i q u i d adsorpt ion, wet t ing , 
adhesion, emulsi f ication, f oaming , boundary f r i c t ion , corrosion i n h i b i t i o n , 
heterogeneous catalysis, electrophoresis, electrode surface potentials , a n d 
a var iety of other subjects of interest i n the surface-chemical a n d a l l i ed 
fields of research. I n v i e w of the present s i tuation, serious investigators 
should n o w be able to report results i n the scientific l i terature w h i c h w i l l 
have m u c h more value than ever before. There is no excuse for any 
invest igators tak ing such inadequate care i n contro l l ing surface compos i 
t ion or surface-active contaminants as was c o m m o n i n over 5 0 % of the 
research publ icat ions i n surface a n d co l l o id science i n the past. 

O u r o w n investigations have concerned: ( a ) l i q u i d spreading on 
solids a n d the laws re lat ing the e q u i l i b r i u m contact angle a n d the c r i t i c a l 
surface tension of w e t t i n g to so l id a n d l i q u i d const i tut ion (26, 27, 28, 53, 
54,62), ( b ) l i q u i d / l i q u i d displacement f rom so l id surfaces (1,5), ( c ) the 
properties of adsorbed monolayers on solids a n d their re lat ion to the 
monolayer retract ion method (28, 54, 62), (d) the surface electrostatic 
potentials of adsorbed organic monolayers o n metals (9, 10, 11, 58, 59), 
(e ) the effects of surface const i tut ion o n adhesion a n d abhesion (60), 
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4 INTERACTION OF LIQUIDS AT SOLID SUBSTRATES 

( f ) the effect of an adsorbed monolayer on b o u n d a r y f r i c t i on a n d wear i n 
r u b b i n g solids (13,15, 45, 46), a n d ( g ) the surface chemistry of silicones 
(24, 25) a n d fluorochemicals (3, 4, 21, 22, 23, 34, 35, 36, 37, 51, 52). I 
bel ieve these studies have a l l taught re l iab ly a n d w e l l about the d o m i 
nat ing influence i n surface phenomena of the need for contro l l ing the 
composi t ion of bo th solids a n d l iqu ids . T h e y have also resolved m a n y 
fundamenta l a n d a p p l i e d problems, revealed new a n d unsuspected sur
face properties a n d materials , a n d he lped st imulate more interest i n sur
face chemistry. 

A l t h o u g h m u c h has been p u b l i s h e d about the role of w e t t i n g a n d 
spreading of the l i q u i d adhesive i n f o rming an adhesive joint (17, 18, 61, 
62, 63), m a n y investigators a n d users of adhesives are st i l l not aware of 
w h y i t is so important , despite the difficulties of p r e p a r i n g joints free 
f r om inter fac ia l voids (2,48). O u r o w n recent research has shown c lear ly 
w h y a n d to w h a t extent such voids cause a significant loss of strength i n 
composite materials a n d water resistance (2, 48, 63). O n e of the most 
promis ing c h e m i c a l measures is the use of " c o u p l i n g agents," w h i c h are a 
class of adhes ion-promot ing agents n o w finding increasing appl icat ions 
(33, 47, 56). There is m u c h yet to be learned a n d pract i ced about the 
proper w a y to use these materials (63), a n d I bel ieve the result of current 
efforts w i l l be i l l u m i n a t i n g a n d also of m u c h a p p l i e d value ; w e are w i t 
nessing the evo lut ion of a n e w a n d important chapter i n the subject of 
the surface chemistry of the s o l i d / l i q u i d interface. 

M a j o r effects of extremely t h i n films of adsorbed water o n surface 
phenomena on h y d r o p h i l i c so l id surfaces, for example the great effect on 
surface potentials of metals, have been recognized for m a n y years (9, 10, 
11,58,59); our o w n recent investigations have demonstrated that the first 
adsorbed monolayer of water exercises a pro found influence on the wet 
t i n g a n d surface energy properties of high-energy h y d r o p h i l i c so l id sur
faces i n c l u d i n g glasses a n d minerals (6, 55) a n d metals (7). Desp i te the 
large amount of past research on the surface ox idat ion of metals ( 3 9 ) , 
an important gap s t i l l exists. I bel ieve w e need to learn m u c h about the 
effect of each type of meta l oxide on the wet t ing a n d adhesive properties 
of metals. W h e n a stress-induced fa i lure occurs i n a n adhesive joint 
i n v o l v i n g a meta l l i c so l id , the observed results m a y have arisen f rom a 
cohesive fa i lure either w i t h i n the surface oxide or w i t h i n the metal . 
E i t h e r adsorbed water or water i n c l u d e d i n the oxide structure m a y p l a y 
an important role i n determin ing the cohesive fa i lure of the oxide. 
A n o t h e r poss ib i l i ty is that an adhesive fa i lure m a y have occurred between 
the oxide layer a n d the u n d e r l y i n g metal . S imi lar problems exist w h e n 
sulfides, sulfates, nitr ides , phosphates, phosphides, or other inorganic 
compounds are present at the joint interface. 
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1. ZISMAN Solid/Liquid Interface 5 

On the Papers Presented at This Symposium 

T h e first three of the f o l l o w i n g papers i n this sympos ium arc con
cerned w i t h c oup l ing agents. These investigations were s t imulated b y 
the react ion of a n N R L team of surface chemists to the pub l i shed indus 
t r i a l research of the past decade o n glass-reinforced plastics a n d other 
composite materials . Present commerc ia l practices s t i l l appear to invo lve 
more art than science (63), a n d these papers give adequate evidence that 
there are opportunit ies for b o t h basic a n d a p p l i e d research on the subject. 

C r a v e r a n d T a y l o r s (16) c ontr ibut ion is important to the subject of 
solvent interactions w i t h po lymer i c sol ids; i t is especial ly thought pro 
v o k i n g that this w o r k may have opened a n e w avenue of approach o n 
the subject of the mechanism of p last ic izat ion . 

Schick a n d H a r v e y (49) summarize a n interest ing invest igat ion of 
the effect of the choice of solvent on the conformation of a po lymer a d 
sorbed at the solut ion interface w i t h Spheron 6 carbon black. A note
w o r t h y conclus ion concerns the occurrence of extended a n d looped con
figurations of the adsorbed po lymer molecules f o rmed f r o m good or poor 
solvents, respectively. 

M a n y important industr ia l processes for plast ic products n o w depend 
on some f o rm of surface ox idat ion to change the surface-chemical c o m 
posi t ion of organic plastics designed for use as coatings or t h i n foils. 
M o r e definit ive p u b l i s h e d in format ion has been needed about the surface-
c h e m i c a l processes invo lved , the effective methods for m o d i f y i n g or con 
t r o l l i n g the surface properties of the organic po lymer , a n d the extent to 
w h i c h surface ox idat ion causes the deteriorat ion of useful properties. 
T h e w o r k of F o x , Pr i ce , a n d C a i n (29) is a va luab le contr ibut ion to 
answer ing a l l three questions. T h e i r paper reports a n effective surface-
chemica l invest igation of the photochemica l changes i n the surface of a 
wel l -def ined organic po lymer . It m a y surprise m a n y chemists to real ize 
that, despite the sustained a n d often large research effort i n photochemis
try d u r i n g the past 30 years, l i t t le has been done o n the photochemistry 
of the so l id /gas interface; obviously , m u c h more attention needs to be 
d i rec ted to this important subject. T h e simultaneous use b y these authors 
of po lymer chemistry, the re lat ion of the contact angle to surface const i 
tut ion , a n d m u l t i p l e attenuated interna l reflection ( M A I R ) spectroscopy 
i n the in frared is an impressive demonstrat ion of the power of in terd i sc i 
p l i n a r y research. 

L e e (41, 42) offers a va luab le contr ibut ion o n the mechanism of 
reinforcement a n d especial ly on the role of adhesion a n d w e t t i n g i n 
elastomeric adhesives, pressure-sensitive tapes, nonpigmented organic 
coatings, a n d composites such as resin-reinforced rubbers or thermo
plastics. I a m sure i t w i l l generate m u c h discussion. L e e (43) presents a 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
8 

| d
oi

: 1
0.

10
21

/b
a-

19
68

-0
08

7.
ch

00
1

In Interaction of Liquids at Solid Substrates; Alexander, A.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1968. 



6 INTERACTION OF LIQUIDS AT SOLID SUBSTRATES 

semiquantitat ive treatment of the re lat ionship between the cohesive 
energy density, the so l id surface tension, the c r i t i ca l surface tension of 
wet t ing , a n d the glass temperature of a h i g h po lymer . T h i s paper is 
b y no means rigorous or quant i tat ive , but it is nevertheless interest ing 
a n d imaginat ive . 

Ber to lucc i , Jantzef, a n d C h a m b e r l a i n (8) report brief ly o n their 
w o r k us ing single-reflection, attenuated, total-reflection, in frared spec
troscopy to study the mechanism of adsorpt ion on hydroxy-apat i te crystals 
of c i t r i c ac id , tartaric a c id , s od ium citrate, oxytetracycl ine hydroch lor ide , 
a n d g lyc ine . T h i s w o r k has been of interest to m a n y chemists, but i t also 
has part i cu lar pert inency to current research on denta l adhesives a n d 
the effect of pretreatment of the tooth cav i ty w a l l . 

A l t h o u g h early surface chemists gave m u c h attention to the spread
i n g a n d adsorpt ion of monolayers on l i q u i d mercury , except for the bear
i n g the results h a d on later research concerning po larography, re lat ive ly 
l i t t le attention has been g iven to the subject on the past 30 years. T h i s 
is surpr is ing i n v i e w of the s t imulat ing a n d important investigations ear ly 
i n this century b y H e n r i D e x a u x (19, 20). A l s o , let me reca l l the early 
w o r k of W . D . H a r k i n s a n d co-workers (30, 31, 32) w h o measured the 
spreading coefficient a n d w o r k of adhesion of the large var iety of c o m 
pounds able to spread spontaneously o n the surface of c lean l i q u i d 
mercury to f o rm monomolecular films. T h e report b y Schwartz , E l l i s o n , 
K l e m m , a n d O t t o (57) on the water wet tab i l i ty of condensed adsorbed 
films of fatty acids on mercury is an interest ing a n d va luab le contr ibut ion . 

Schonhorn a n d R y a n (50) discuss the results of recent w o r k w h i c h 
is a l og i ca l extension of their earl ier invest igat ion on the effect of the 
morphology of the surface region of a plast ic on its adhesive joint 
strength. I n effect, they po int out h o w increasing po lymer erystal l in i ty 
i n the v i c i n i t y of the free surface can increase its a b i l i t y to f o rm stronger 
joints b y increasing its l oca l cohesive strength. T h e i r results are of m u c h 
interest, a l though they are not surpr is ing . O v e r ten years ago Bowers , 
C l i n t o n , a n d I i n an invest igation on the f r i c t iona l properties of p o l y 
ethylene a n d its halogenated derivatives (14) f ound that the surface 
regions of such plastics, as normal ly produced , were so amorphous as to 
exhibi t greater boundary f r i c t ion a n d therefore greater tendency to f a i l 
cohesively than the regions just beneath. Since f r i c t i on research has 
proved that a good joint usual ly fails b y a cohesive fa i lure i n the weaker 
mater ia l (13), an amorphous surface structure gives a plast ic a l ower 
adhesive joint strength. 

B i k e r m a n (12) gives a der ivat ion of an equat ion w h i c h the author 
considers theoret ical ly more sound than the w e l l - k n o w n equat ion of 
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1. ZISMAN Solid/Liquid Interface 7 

Thomas Y o u n g for the contact angle of a l i q u i d w i t h a sol id . T h e d e r i v a 
t i on a n d re l iab i l i ty of the Y o u n g equat ion has been especial ly w e l l d is 
cussed i n recent years (38, 44). A l t h o u g h I do not bel ieve Bikerman 's 
n e w treatment is sound, i t is an interesting approach nevertheless. 

Y o u n g a n d R o u c h (60) report on progress i n invest igat ing the poten
tial it ies of a t i t a n i u m organic c o m p o u n d designed to react w i t h E-glass 
a n d s i l i ca b y a che lat ing mechanism a n d so f o rm a n e w type of coup l ing 
agent. T h e i r w o r k is or ig ina l a n d promis ing , a n d i t w i l l attract m u c h 
attention. 

Conclusion 

I n c losing, I bel ieve i t deserves emphasis that any n e w contr ibut ion 
concerning new surface phenomena or any n e w mechanism operat ing at 
the s o l i d / l i q u i d interface has a h i g h probab i l i t y of evoking a w i d e r range 
of interest than even the author m a y real ize . A surface-chemical m e c h a 
n i sm occurr ing at one type of s o l i d / l i q u i d interface m a y reappear again 
a n d aga in i n unobvious but nevertheless re lated phenomena or processes 
of interest to m a n k i n d . F o r example, a more deta i led mechanist ic under 
standing of the role of coup l ing agent i n glass /res in-re inforced plastics 
can contr ibute guidance to he lp make a major advance i n another field. 
Examples are possible uses i n denta l adhesive restorative materials , i n 
i m p r o v i n g rubber tires, i n increasing the water resistance a n d adhesion 
of paints , i n b io log i ca l adhesives, a n d i n i m p r o v i n g the properties of 
plast ic foils a n d laminates for packag ing or other uses. 
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Chlorophenylalkyl-substituted Carboxylic 
Acids and Silanes Designed as 
Adhesion Promoters 

J. G. O'REAR and P. J . SNIEGOSKI 
Naval Research Laboratory, Washington, D. C. 20390 

F. L . JAMES 
Miami University, Oxford, Ohio 45056 

Eight new surface active molecules having a terminal p
-chlorophenyl substituent, a polymethylene spacer, and reac
tive carboxyl or alkoxysilane groups have been prepared. 
Such structures form monolayers which promote adhesion 
between a solid substrate and an organic resin because they 
expose a relatively high energy chlorophenyl outer surface 
which is easily wet by the resin. Preparative methods are 
outlined for the monocarboxylic acids p - C l C 6 H 4 ( C H 2 ) n - 1 -
CO2H, (where n is 12, 14, 18, and 20), for the dicarboxylic 
acids p - C l C 6 H 4 ( C H 2 ) 1 2 C H ( C O 2 H ) C H 2 C O 2 H and p-ClC 6 H4-
(CH2)12CH(CO2H)CH2CH2CO2H, and for the substituted 
silanes p - C l C 6 H 4 C H 2 C H 2 S i ( O M e ) 3 and p-ClC6H4CH2CH2-
Si(OEt)3. The compounds are characterized by conventional 
criteria. NMR spectra establish the para position of the 
chloro substituent. GLC shows that the purities of the acids 
generally exceed 97.5%. Principal impurities are the un-
chlorinated analogs and lower homologs. 

" \ T o s t commerc ia l finishes for glass fiber f o rm surfaces w h i c h are not 
read i ly wet b y the resins used for glass fiber impregnat ion . T o 

correct this deficiency i n adhension, redesign of existing " c o u p l i n g agents" 
or "adhesion promoters" has been proposed (16). T h e n e w concept 
uti l izes monolayers of appropr iate design for promot ing adhesion be
tween an organic resin a n d a so l id substrate (see F i g u r e 1 ) . T h e n e w 
structures reported here feature a t e r m i n a l ch loropheny l substituent 

10 
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2. O'REAR E T A L . Adhesion Promoters 11 

exposing an outer surface w h i c h is read i ly wet b y resins, a po lymethylene 
spacer a l l o w i n g o u t w a r d or ientat ion of the exposed group , a n d at the 
opposite e n d a reactive group capable of chemica l ly b o n d i n g to the so l id 
substrate. M o r e than one reactive group i n the molecule m a y be desir
able ; for example, w e have investigated the use of one or more carboxy l 
groups. I n the case of two t e rmina l carboxy l groups, they should be 
separated b y more than one carbon atom to a v o i d sensit ivity to decar
boxylat ion . A l ternat ive ly , the single carboxy l group m a y be rep laced 
w i t h - S i C l 3 , - S i ( O E t ) 3 or other groups. 

QCX> -High surface energy 
group 

Strongly adsorbed 
group 

C I C I 

0 
or 

C 0 2 H Si(OEt) 3 

Figure 1. Structural concept for adhesion promoters 

T h e present s tudy outlines methods for p repar ing four n e w mono-
carboxyl i c acids, two n e w d i carboxy l i c acids, together w i t h one k n o w n 
a n d t w o n e w subst i tuted silanes. A l l c o m p l y w i t h the above structural 
concepts. Structures of the six acids are g iven be low. 

Monocarboxylic acids Dicarboxylic acids 

CI 

(Ç H 2)n - l 
C 0 2 H 

η = 12, 14, 18 and 20 

CI 

(Ç H 2)n 
HC-CO«H 

I 2 

(ÇH,). 
I 2'x 

C 0 2 H 

η = 12 

χ = 1 and 2 
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12 INTERACTION OF LIQUIDS A T SOLID SUBSTRATES 

A l l six of the chlorophenyl -subst i tuted carboxyl i c acids are der ived 
f rom a c i d chlorides of long-chain a l iphat i c hal f esters. T o prepare these 
u n c o m m o n intermediates i n sufficient amounts, pract i cable preparat ive 
methods h a d to be developed. M e t h o d s are g iven for convert ing appro 
pr iate α,ω-dicarboxylic acids to the corresponding a c i d ch lor ide ha l f esters. 

C e r t a i n of the p-chlorophenyl -subst i tuted carboxyl i c acids are re 
lated products i n a mult is tep synthesis. A schematic out l ine of synthetic 
procedures is presented to c lar i fy these relationships. Properties of seven 
n e w p-chlorophenyl -subst i tuted intermediates a n d six new p-chloro
phenyl -subst i tuted carboxyl i c acids are reported. A l l of the 13 n e w 
compounds have been character ized b y convent ional cr i ter ia . B o t h gas-
l i q u i d chromatography a n d nuclear magnet ic resonance are used to 
assess the p u r i t y of the carboxyl i c acids a n d their intermediates. 

Synthetic Methods 

α,ω-Dicarboxylic A c i d s . D O D E C A N E D I O C A N D O C T A D E C A N E D I O C ACID. 
T h e dodecanedioc a c id , m.p. 125°-127 ° C , was purchased f r o m A l d r i c h 
C h e m i c a l C o . , M i l w a u k e e , W i s c o n s i n . H u n i g s 1.6 g r a m preparat ive pro 
cedure for octadecanedioc a c i d (6 ) was scaled u p for 90 gram batches 
i n accordance w i t h his large scale method for docosanedioc a c i d ( 7 ) . 
Recrysta l l i zat ion f rom m e t h y l e thy l ketone, gives octadecanedioc a c id 
(m.p . 1 2 1 ° - 1 2 4 ° C ; 5 7 % y i e l d ; 9 6 % p u r i t y ) . T h e p r i n c i p a l i m p u r i t y is 
tr idecanedioc ac id . 

Diesters . D I E T H Y L D O D E C A N E D I O A T E A N D D I E T H Y L O C T A D E C A N E D I O A T E . 

T h e respective diesters were prepared i n 99 .4% a n d 9 9 . 0 % purit ies b y 
the method reported for d i e t h y l adipate ( 9 ) . P h y s i c a l properties ob 
served for the respective diesters agree w i t h reported values ( I , 2, 15). 

H a l f Esters . E T H Y L H Y D R O G E N D O D E C A N E D I O A T E A N D E T H Y L H Y D R O 
G E N O C T A D E C A N E D I O A T E . Pract i cab le methods h a d to be deve loped for 
convert ing the d i e t h y l esters to the respective ha l f esters i n batches as 
large as 100 grams. T h e i m p r o v e d process gives a re lat ive ly h i g h con 
version of the reacted diester to the hal f ester a n d al lows a quant i tat ive 
recovery of the unreacted diester w h i c h can be submit ted to another 
ba t ch operation. 

A l c o h o l i c sod ium hydrox ide solut ion (26 m l . of I N ) is a d d e d drop -
wise d u r i n g 30 m i n . to a st irred mixture of d i e t h y l dodecanedioate ( 15.0 
grams; 0.0524 mole ) a n d e thy l a l coho l (30 m l . ) . W a t e r (60 m l . ) is a d d e d 
a n d s t i rr ing is cont inued (ca. 15 m i n . ) u n t i l the p H reaches 8.0. E x t r a c 
t i on of the aqueous mixture w i t h petro leum ether (30° -60°C . b o i l i n g 
range; 2 X 120 m l . ) removes unreacted d i e t h y l dodecanedioate (8.60 
grams; 0.0300 m o l e ) . Ac id i f i ca t i on of the aqueous layer w i t h 600 m l . of 
0 . 1 N hydroch lor i c a c i d precipitates e thy l hydrogen dodecanedioate a n d 
dodecanedioc ac id . B o t h acids are extracted w i t h ether (2 X 150 m l . ) . 
A f t e r d r y i n g a n d concentrat ing the extract, the residue is me l ted b y w a r m 
i n g to 6 0 ° C , p o u r e d into 250 m l . of petro leum ether a n d a l l owed to stand 
for 1 hour at 25 ° C . for equ i l ibrat i on . Prec ip i ta ted dodecanedioc a c i d is 
removed b y filtration (1.80 grams; 0.0078 m o l e ) . T h e filtrate is cooled 
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2. O'REAR E T A L . Adhesion Promoters 13 

to —10 °C . a n d filtered to col lect the e thy l hydrogen dodecanedioate, 
3.72 grams; 0.0144 mole ; m.p. 49° -50°C. i n agreement w i t h the ^reported 
value ( 8 ) . T h e yie lds based u p o n the amount of diester consumed are 
6 4 . 3 % hal f ester a n d 3 4 . 8 % d i a c i d , a total of 9 9 . 1 % . Y ie lds based u p o n 
the diester used are 2 7 . 5 % hal f ester, 14 .9% d i a c i d , a n d 5 7 . 3 % recovered 
diester, a total of 9 9 . 7 % . 

D i e t h y l octadecanedioate can be prepared b y the same stoichiometry 
p r o v i d e d that the diester is dissolved i n four t imes as m u c h a lcohol (4 X 
30 m l . ) , that the saponif ication step is per formed at 6 0 ° C , a n d that the 
final mixture of d i a c i d a n d hal f ester is resolved i n hexane. T h e modi f ied 
procedure yields e thy l hydrogen octadecanedioate me l t ing at 71.5° to 
72.5°C. i n agreement w i t h the l i terature va lue ( I ) . Y ie lds based u p o n 
the amount of diester consumed are 9 0 . 0 % hal f ester a n d 3 .3% d i a c i d . 
Based u p o n the amount of diester used, they are 44 .4% hal f ester, 1.6% 
d i a c i d a n d 5 1 . 0 % recovered diester. 

Acid Chlorides of Hal f Esters. T h e ha l f esters are converted to the 
corresponding ha l f ester a c id chlor ide b y a l l o w i n g each to stand overnight 
w i t h two equivalents of t h i o n y l chlor ide . U n r e a c t e d t h i o n y l ch lor ide is 
removed at reduced pressure. T h e res idual a c i d chlorides are used for 
the preparat ion of the keto esters. 

Keto Esters. ω - ( P - C H L O R O B E N Z O Y L ) A L K A N O I C A C I D E S T E R S . T h e i n 
termediate keto esters, p - C l C 6 H 4 C O ( C H 2 ) i 0 C O 2 E t a n d p - C l C 6 H 4 C O -
( C H 2 ) i 7 C 0 2 E t , were synthesized f r om α,ω-dicarboxylic acids via the 
major steps shown i n Scheme I. 

SCHEME I 

CI CI 

C 0 2 H 

(ÇH 2 ) n -2 >(Ç H 2)n-2 H Ç H 2 ) n _ 2 -< > ( C H 2 ) n - 1 

C 0 2 H C 0 2 E t C 0 2 E t C 0 2 H 

η = 12; η = 18 acid chloride co-(chlorobenzoyl) ω-(chlorophenyl) 

dicarboxylic acid of half ester alkanoic acid ester alkanoic acid 

A c i d chlorides of the respective hal f esters are converted to the 
desired keto esters b y Fr i ede l -Cra f t s reactions resembl ing those deve loped 
b y Fieser for p r e p a r i n g the <i>-(p-chlorobenzoyl)nonanoic a c i d ester ( 5 ) . 
T h e keto esters are converted to the respective keto acids through saponi 
fication w i t h 1 0 % alcohol ic potassium hydrox ide , ac idi f i cat ion a n d re -
crysta l l izat ion f rom toluene. Y ie lds of the keto acids based u p o n the 
respective a c i d chlorides are 75 a n d 7 9 % . Properties of the keto acids 
a n d their derivatives are g iven i n Tables I a n d II. 

Monocarboxylic Acids, ω- ( P - C H L O R O P H E N Y L ) A L K A N O I C ACIDS . T h e 
saturated acids p - C l C 6 H 4 ( C H 2 ) 1 1 C 0 2 H a n d p - C l C 6 H 4 ( C H 2 ) i 7 C 0 2 H of 
Scheme I result f r o m the W o l f f - K i s h n e r reduct ion (4) of the correspond
i n g ω-(p-chlorobenzoyl) a lkanoic acids. Respect ive yie lds of the acids 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
8 

| d
oi

: 1
0.

10
21

/b
a-

19
68

-0
08

7.
ch

00
2

In Interaction of Liquids at Solid Substrates; Alexander, A.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1968. 



14 INTERACTION OF LIQUIDS AT SOLID SUBSTRATES 

Table I. Analysis and Properties of Intermediates 

B.P. 
(°C./mm. 

Hg) 

324.9 
409.0 

No. Compound 

1. p - C l C 6 H 4 C O ( C H 2 ) 1 0 C O 2 H 
2. p - C l C 6 H 4 C O ( C H 2 ) 1 6 C 0 2 H 
3. p - C l C 6 H 4 ( C H 2 ) 1 2 O H 
4. p - C l C 6 H 4 ( C H 2 ) 1 8 O H 
5. p - C l C 6 H 4 ( C H 2 ) 1 2 B r 
6. p-ClC 6 H 4 (CrL>) 1 8 Br — 44-46 — 
7. p - C l C 6 H 4 ( C H 2 ) 1 2 C H ( C 0 2 E t ) C 0 2 E t 245/1.5 — — 

Analyses (%) 

199/1.0 

210/1.0 

M.P. 
CC.) 

105-107 
110-112 
32-34 
58-60 

N.E. 
Calcd. Found 

324.0 
409.9 

H Cl 

No . Formula Calcd. Found Cahd. Found Calcd. Found 

1. CigHosClOa 66.55 66.56 7.66 7.66 10.91 10.86 
2. C 2 4 H 3 7 C 1 0 3 70.48 70.53 9.12 9.21 8.67 8.83 
3. C i 8 H 2 9 C 1 0 72.82 72.83 9.85 10.02 11.94 11.95 
4. C 2 4 H 4 1 C 1 0 75.65 76.05 10.86 10.98 9.31 8.90 
5. C 1 8 H 2 8 B r C l 60.09 59.55 7.85 7.80 9.85 9.85 C 1 8 H 2 8 B r C l 

22.21° 21.17° 
6. C 2 4 H 4 oBrCl 64.93 64.50 9.08 9.02 7.99 8.46 C 2 4 H 4 oBrCl 

18.00a 18.85° 
7. 0 2 5 Η 3 9 0 0 4 68.39 68.49 8.95 8.90 8.08 8.00 

a Bromine assays. 

Table II. Analysis and Properties of Carboxylic Acids 

No. 

8. 
9. 

10. 
11. 
12. 
13. 

Compound 

p - C l C 6 H 4 ( C H 2 ) n C 0 2 H 
p - C l C 6 H 4 ( C H 2 ) 1 3 C 0 9 H 
P - C 1 C 6 H 4 ( C H 2 ) 1 7 C 0 2 H 
p - C l C 6 H 4 ( C H 2 ) 1 9 C O o H 
p - C l C 6 H 4 ( C H 2 ) 1 2 C H ( COoH ) CH 9 CO>H 
p - C l C 6 H 4 ( C H 2 ) 1 2 C H ( C 0 2 H ) CHoCH<>C02H 

Analyses (%) 

Η 

No. Formula 

8. CigH 2 7 C10 2 

9. C*>QH3JC10O 
10. C 2 4H 3 9C10Ô 
11. C 2 6 H 4 3 C 1 0 2 

12. C 2 2 H 3 3 C 1 0 4 

13. C 2 3 H 3 5 C 1 0 4 

Calcd. Found Calcd. Found 

69.55 
70.88 
72.97 
73.81 
66.57 
67.22 

69.68 
70.65 
73.26 
73.83 
66.60 
67.52 

8.75 
9.22 
9.95 

10.24 
8.38 
8.58 

8.80 
9.31 

10.26 
10.31 
8.40 
8.63 

M.P. 
N.E. 

(°C.) Calcd. Found 

67-68 310.9 313.0 
70-70.5 337.4 338.9 
74-75 395.0 396.0 
78-79 423.1 424.0 
87-88 198.5 198.9 
85-86 205.5 206.7 

CI 

Calcd. Found 

11.41 
10.46 
8.98 
8.38 
8.93 
8.63 

11.65 
10.37 
8.61 
8.31 
8.88 
8.56 
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2. O'REAR E T A L . Adhesion Promoters 15 

after w o r k - u p a n d recrystal l izat ion f r om heptane (—10 ° C . ) amount to 
80 a n d 9 5 % . T h e other homologous acids, p - C l C e H 4 ( C H 2 ) i 3 C 0 2 H a n d 
p - C l C e H 4 ( C H 2 ) i 9 C 0 2 H are der ived f r om appropriate monoa lky lated 
malonic esters shown i n Scheme I I through saponif ication, acidi f icat ion, 
a n d decarboxylat ion. 

S C H E M E II 

CI 

> 

( Ç H 2 ) n - l 
C 0 2 H 

( Ç H 2 ) n 

B r 

( Ç H 2 ) n 

H C - C 0 2 E t 

C 0 2 E t 

Side reaction 

( Ç H 2 ) n + l 

C 0 2 H 

η = 12; η = 18 

( Ç H 2 ) N 

H C - C 0 2 H 

( Ç H 2 ) X 

C 0 2 H 

η = 12 

χ = 1; χ = 2 

Alcohols. O> - (P -CHLOROPHENYL)DODECYL A L C O H O L A N D «>-(p-CHLORO-
P H E N Y L ) ocTADECYL A L C O H O L . These alcohols are obta ined i n greater than 
9 5 % yields f rom L i A l H 4 reductions of the appropriate monocarboxyl i c 
acids. 

Bromides, ω- ( P - C H L O R O P H E N Y L ) DODECYL B R O M I D E A N D ω- ( P - C H L O R O -
P H E N Y L ) O C T A D E C Y L B R O M I D E . Convers ion of the a lcohol to the corre
sponding bromide is accompl ished b y C o l l i n s ' method ( 3 ) . T h e respec
t ive bromides are pur i f ied b y d is t i l la t ion i n 8 4 % y i e l d , a n d b y recrystal 
l i za t i on f rom a lcohol i n 7 8 % y i e l d . 

Monoalkylated Malonic Acid Esters. D I E T H Y L ω-( P - C H L O R O P H E N Y L ) -
D O D E C Y L M A L O N A T E A N D D I E T H Y L ω- ( p - C H L O R O P H E N Y L ) O C T A D E C Y L M A L O -
N A T E . These intermediate diesters of Scheme I I are prepared b y reaction 
of sodio d i e t h y l malonate (0.30 mo le ) a n d the appropriate <o-(p-chloro-
p h e n y l ) a l k y l b romide (0.28 m o l e ) , us ing modif ications of the method 
b y R a m a r t - L u c a s Papadakis (12). T h i s leads to the crude d i e t h y l ω - ( ρ -
ch lorophenyl )dodecy lmalonate (b .p. 245°C. /1 .5 m m . ; 5 9 % y i e l d ) . T h e 
higher b o i l i n g d i e t h y l w - ( p - ch l o ropheny l ) o c tadecy lma lonate is prepared 
b y a s imi lar procedure w h i c h omits the d is t i l la t ion step. 

Dicarboxylic Acids. ω - ( p - C H L O R O P H E N Y L ) D O D E C Y L S U C C I N I C A C I D A N D 
2-[ω-( P - C H L O R O P H E N Y L ) D O D E C Y L ] G L U T A R I C ACID . Scheme I I I outlines 
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16 INTERACTION OF LIQUIDS AT SOLID SUBSTRATES 

major steps i n the synthesis of the two d i carboxy l i c acids. T h e final step 
requires a lky la t i on of the d i e t h y l w - ( p - c h l o r o p h e n y l ) d o d e c y l m a l o n a t e b y 
modif ications of the m e t h o d b y R a m a r t - L u c a s a n d Papadakis (12). 
Brief ly , the monoa lky lated malon i c ester (0.11 mo le ) is converted to the 
sodio der ivat ive a n d then condensed w i t h 0.11 mole of either B r C H 2 C 0 2 E t 
or B r C H 2 C H 2 C 0 2 E t to y i e l d triesters w h i c h after saponif ication, ac id i f i ca
t ion , a n d decarboxylat ion lead to residues conta in ing the respective 
d i carboxy l i c acids. P r i n c i p a l components of these residues are the desired 
d i carboxy l i c acids—e.g. , either p - C l C 6 H 4 ( C H 2 ) 1 2 C H ( C 0 2 H ) C H 2 C 0 2 H 
or p - C l C 6 H 4 ( C r I 2 ) 1 2 C H ( C 0 2 H ) C H 2 C H 2 C 0 2 H , a n d the monocarboxyl i c 
a c id , p - C l C 4 H 6 ( C H 2 ) i 3 C 0 2 H , ar is ing f rom the saponif ication a n d de
carboxylat ion of unreacted d i e t h y l ω - (p -chlorophenyl )dodecylmalonate . 
T h e decarboxylated residue is dissolved i n a mixture of ether (400 m l . ) 
a n d benzene (400 m l ) , a n d the mono a n d d i carboxy l i c acids are co-
prec ip i tated as a m m o n i u m salts b y b u b b l i n g an excess of a m m o n i a 
through the solution. T h e two a m m o n i u m salts are col lected b y filtration. 
T h e mono a n d d i carboxy l i c acids are regenerated b y acidi f icat ion of the 
a m m o n i u m salts, f o l l owed b y ether extraction a n d concentrat ion of the 
ether extract. A f t e r b e i n g carr ied through their a m m o n i u m salts three 
times, the regenerated m i x e d acids are resolved b y dispersing the mixture 
i n b o i l i n g hexane (1000 m l . ) a n d a l l o w i n g it to equi l ibrate at room 
temperature. T h e prec ip i tated d i carboxy l i c a c i d is co l lected a n d re-
crysta l l i zed again f rom hexane to y i e l d the analyt i ca l ly pure d i carboxy l i c 
a c i d ( 3 0 - 3 5 % y i e l d s ) . T h e monocarboxyl i c a c id is prec ip i tated b y cool 
i n g the filtrate to —10 ° C . A recrysta l l izat ion of this precipitate f rom 
toluene leads to the analyt i ca l ly pure w - ( p - ch l o ropheny l ) t e t radecano i c 
a c i d ( 2 5 - 3 0 % y i e l d s ) , reported i n T a b l e I I . 

Substituted Silanes. 2- ( p - C H L O R O P H E N Y L ) ETHYLTRICHLOROSILANE, 
2 - ( P - C H L O R O P H E N Y L ) E T H Y L T R I M E T H O X Y S I L A N E , A N D 2 - ( P - C H L O R O P H E N Y L ) -
E T H Y L T R I E T H O X Y S I L A N E . Steps i n the synthesis of p - C l C 6 H 4 ( C H 2 ) 2 S i C l 3 

a n d p - C l C 6 H 4 ( C H 2 ) 2 S i ( O E t ) 3 are shown i n Scheme I I I . 

S C H E M E III 

CI 

( Ç H 2 ) 2 

Si(OEt) 3 

T h e chlorophenylethyltr ichloros i lane is prepared b y condensing 
v inyl tr i ch loros i lane a n d chlorobenzene, employ ing Wagner ' s var ia t ion of 
the Fr i ede l -Cra f t s react ion (14). Ethano lys is of the product y ie lds the 
tr iethoxy compound . T h e tr imethoxy c o m p o u n d is prepared b y react ion of 
1 mole of the chlorophenylethyltr ichloros i lane a n d 3 moles of methano l 
i n ether us ing p y r i d i n e as a hydrogen chlor ide acceptor. Properties of 
the substituted silanes are g iven i n T a b l e I I I . 
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2. O R E A R E T A L . Adhesion Promoters 17 

Table III. Analysis and Properties of Substituted Silanes 

No. Compound 

14. p - C l C 6 H 4 ( C H o ) 2 S i C l 3
a 

15. p - Q C 6 H 4 ( C H 2 ) 2 S i ( O M e ) 3 

16. p - C l C 6 H 4 ( C H 2 ) 2 S i ( O E t ) 3 

No. Formula 

B.P. 
(°C./mm. Hg) nD

20 df° 

95/0.5 1.5313 1.3442 
107/0.5 1.4883 1.1315 
114/0.5 1.4757 1.0574 

Analyses {%) 

C H Si Hydrolyzable CI 
Calcd. Found Calcd. Found Calcd. Found Calcd. Found 

14. C 8 H 8 C l 4 S i — — — — 10.25 10.02 38.8 39.6 
15. C n H 1 7 - 50.66 50.44 6.67 6.52 10.77 10.93 0.00 <0.006ft 

ClOgSi 
16. C 1 4 H 2 3 - 55.52 54.86 7.65 7.50 9.27 9.51 0.00 <0.10c 

C 1 0 3 S i 
a Ref. 11 reports n D

2 0 1.5310 and d42<> 1.3450. 
6 Total chlorine assay: calcd., 13.60; found, 13.71. 
"Total chlorine assay: calcd., 11.28; found, 11.26. 

Results and Discussion 

Convent i ona l cr i ter ia such as me l t ing points, e lemental assays, etc. 
general ly indicate that the reported compounds are of h i g h p u r i t y but 
furnish no in format ion concerning the nature of the impurit ies . I n the 
case of compounds of such h i g h molecular weights , these cr i ter ia m a y 
not detect significant amounts of homologs or other compounds conta in 
i n g s imi lar funct iona l groups. I n the present study gas - l i qu id chroma
tography proved to be an indispensable tool i n determin ing the amounts 
of such impuri t ies a n d i n assisting i n their identi f ication. 

Contaminants m a y arise f rom i m p u r e start ing materials , incomplete 
reactions a n d secondary react ion products . A knowledge of these factors 
serves to l i m i t the l ist of probable contaminants to a smal l number . 
Tentat ive identif ications of some of the contaminants shown as m i n o r 
peaks i n the chromatograms were assigned b y m a t c h i n g their retention 
times (or retention temperatures) w i t h those of probable contaminants. 
I n the case of the six carboxyl i c acids of T a b l e I I , the contaminants are 
k n o w n to be carboxyl i c acids, since the method of puri f i cat ion involves 
repeated precipitat ions as the a m m o n i u m salts. T h e tr idecanedioc a c i d 
observed i n the octadecanedioc a c i d ( c o m p o u n d 10 of T a b l e I V ) is con
sidered the source of the lower homolog i m p u r i t y <o-(p-chlorophenyl)-
octadecyl bromide ( c o m p o u n d 6 of T a b l e I V ). 

Intermediates, carboxyl i c acids, a n d silanes bear ing the t e rmina l 
p -cho lorophenyl substituent are character ized b y conventional cr i ter ia i n 
Tables I, I I , a n d I I I . F o r further assessment of pur i ty the intermediates 
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18 INTERACTION OF LIQUIDS AT SOLID SUBSTRATES 

a n d carboxyl i c acids were ana lyzed b y gas - l iqu id chromatography. F o r 
this analysis m e t h y l esters of the a c i d compounds were prepared b y 
perchlor i c a c i d cata lyzed esterification. A l l analyses were per formed on 
a B e c k m a n G C 4 equ ipped w i t h a thermal conduct iv i ty detector a n d a 
temperature programmer. T h e stainless steel columns, 1/8 i n c h o.d. a n d 
6 feet i n length, were packed w i t h 3 % S E - 3 0 on 6 0 / 8 0 mesh Chromosorb 
W . Samples were chromatographed under a variety of temperature con
dit ions i n order to obta in a good resolution of the contaminants. T a b l e 
I V gives the retention temperatures of the various compounds f rom a 
single temperature program, i n w h i c h the temperature was raised 5.7° 
per minute f rom an i n i t i a l 200°C. a n d h e l i u m flow was 21 m l . per minute . 
Semiquant i tat ive in format ion concerning the impuri t ies shown i n T a b l e 
I V was obta ined f rom the chromatograms b y the area normal i zat ion 
method . C a l c u l a t e d purit ies of the six final a c id products ranged f rom 
95 to better than 9 9 % . 

Table IV. Results of Gas-Liquid Chromatography of Intermediates 
and Carboxylic Acids α 

Probable Impurities and their 

Retention 
Amounts (%) 

Compound Temperature Purity Onchlorinated 
Number °C. % Analog 

1 248 98.9 0 
2 289 96.6 0 
3 235 96.6 1.4 
4 279 97.0 0.8 
5 243 96.4 1.2 
6 286 90.0 1.3 
7 252 83.0 2.0 
8 236 99.6 0.4 
9 249 99.1 0.9 

10 278 96.0 0 
11 290 98.7 0.5 
12 276 97.4 2.6 
13 282 94.7 1.8 

Others 

2.9 \ 3.5 c 

4.0 d 

α Gas-liquid chromatography conditions given in text. 
6 Compound number 4, p - C l C 6 H 4 ( C H 2 ) i 8 O H . 
c p - C l C e H 4 ( C H 2 ) i 3 B r . 
* p - C l C e H 4 ( C H 2 ), 2 C O O H . 

T h e t y p i c a l monocarboxyl i c a c i d p - C l C 6 H 4 ( C H 2 ) i 3 C 0 2 H has been 
ana lyzed b y proton nuclear magnet ic resonance. T h e nuclear magnet ic 
resonance spectra show that the chlor ine subst i tut ion is more t h a n 9 5 % 
para , a n d that 1 to 2 % of the aromatic rings carry no chlor ine substituent 
(10). 

B o t h mono- a n d d i carboxy l i c acids of T a b l e I I have l o w me l t ing 
points rang ing f rom 67° to 88 ° C . B o t h types of acids are soluble i n com-
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2. O'REAR E T A L . Adhesion Promoters 19 

m o n solvents such as ethy l a lcohol , benzene, chloroform, a n d hexane 
( 6 0 ° C ) . T h e l o w so lub i l i ty of the d i carboxy l i c acids i n hexane at 25 ° C . 
provides a method for separating mixtures containing bo th types of acids. 
T h e three substituted silanes of T a b l e I I I are h i g h b o i l i n g l iqu ids r equ i r 
i n g storage i n evacuated sealed ampoules to prevent hydrolys is . 

N u c l e a r magnet ic resonance studies support the hypothesis that 
compounds whose syntheses invo lve bo th the W o l f f - K i s h n e r reduct ion 
a n d the L i A l H 4 r educt ion conta in smal l amounts of the unchlor inated 
analogs. Chromatography of these compounds a n d their derivatives 
shows an i m p u r i t y whose retention value is approximately equivalent to 
that of a homolog of two carbon numbers less than the m a i n compound . 
It seems reasonble to suppose that this i m p u r i t y is the suspected u n 
chlor inated analog w h i c h w o u l d have about the same molecular we ight 
as such a homolog. It is also significant that no such i m p u r i t y is seen i n 
keto a c i d precursors w h i c h have not been subjected to reduct ive 
procedures. 

P r i n c i p a l impuri t ies f ound i n the six p-chlorophenyl -subst i tuted 
carboxyl i c acids of this study are homologs a n d unchlor inated analogs. 
Such impuri t ies i n the amounts f o u n d should not interfere i n appl icat ions 
for w h i c h the compounds were made. W e t t a b i l i t y studies on the c om
pounds are reported i n the present sympos ium (13). 
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Preparation and Wettability of Terminally 
Chlorophenyl-substituted Carboxylic 
Acid Films 

ELAINE G. SHAFRIN and W. A. ZISMAN 

Naval Research Laboratory, Washington, D. C. 20390 

A new class of surface-active compounds was designed to 
adsorb on solids to improve the adhesion of liquids, resins, 
and protective coatings without necessitating chemical inter
action with both the adherend and adhesive. Terminally 
para-chlorophenyl-substituted dodecanoic, dodecylsuccinic, 
and dodecylglutaric acids were designed as potential cou
pling agents (or adhesion promoters). Their adsorbed mono
layers were prepared by melt or solvent retraction. The 
wettability and high critical surface tensions (γc around 40 
dynes/cm.) obtained are consistent with other chlorine-rich 
surfaces. Structural changes among acids containing the 
w-(p-chlorophenyl)dodecyl moiety affect monolayer wetta
bility little, but can increase adsorption strength. Shortening 
the aliphatic chain from chlorophenyldodecanoic to chloro-
phenylacetic acid influences the wettability properties, but 
permits the use of solvents such as water to accommodate 
many practical applications. 

Τ η the past decade, increasing attention has been g iven to i m p r o v i n g 
•*· adhesion i n so l id joints b y des igning " coup l ing agents" or "adhesion 
promoters." Some types are al leged to interact chemica l ly w i t h bo th the 
so l id adherend surface a n d the po lymer i c adhesive. C o u p l i n g agents, 
such as the silanes (15) a n d certain coordinat ion complexes of c h r o m i u m 
( 8 ) , were introduced i n the past decade to prevent loss of strength of 
glass fiber-reinforced plastics d u r i n g pro longed water immersion—i.e. , to 
improve or promote wet strength. S u c h compounds have been al leged 
to funct ion as coup l ing agents b y c o m p o u n d format ion w i t h b o t h a d 
herend a n d adhesive, but there is m u c h uncertainty yet as to the extent 

20 
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3. SHAFRIN AND ZISMAN Carboxylic Acid Films 21 

of c o m p o u n d format ion as w e l l as the precise mechanism. U n t i l recently, 
there was m u c h debate about their va lue i n i m p r o v i n g wet strength (15) 
i n composite materials . 

O u r understanding of the mechanism of adhesion a n d of the sources 
of weakness a n d fa i lure i n adhesive joints has increased greatly i n the past 
decade, a n d increasing importance is be ing assigned to the wet t ing a n d 
spreading of the l i q u i d adhesive for o p t i m i z i n g joint strength ( 19, 20, 21 ). 
A n unanswered quest ion i s—to w h a t extent is a chemica l react ion at the 
joint interface necessary to promote formation of a strong joint? A re lated 
a n d important quest ion i s — m u s t the c oup l ing agent react chemica l ly 
w i t h bo th adhesive a n d adherend? M a n y physicists have l ong contended 
that int imate molecular contact of adhesive a n d adherend, w i thout sur
face-chemical interact ion, is sufficient to develop adequately h i g h strength 
i n adhesive joints. 

B u t w e must recognize that i f the joint is subsequently to be exposed 
to occasional or long-term immers ion i n water , w h i c h m a y cause hydrolys is 
or corrosive attack, etc., surface-chemical react ion m a y be essential to 
prevent early joint fa i lure . Therefore , chemisorbed coup l ing agents m a y 
be necessary for long joint l i fe under water - immers ion condit ions. T h e 
question then arises—are the avai lable agents the most suitable for a l l 
systems a n d uses? W e th ink they are not. Several new classes of surface-
active materials have therefore been designed a n d synthesized at N R L 
(9 ) as candidate adhesion promoters. W e w i l l present here progress of 
our current invest igat ion of carboxyl i c a c i d derivatives conta in ing t e r m i 
n a l p - ch lorophenyl substituents as suggested several years ago (21). T h e 
molecules of these materials were designed to be sufficiently surface active 
to chemisorb on the so l id adherend surface; the adsorbed monolayer of 
c oup l ing agent was to present an outermost surface on w h i c h the l i q u i d 
adhesive c ou ld spread spontaneously w i thout chemica l ly react ing w i t h 
that film surface. 

Since m a n y organic adhesives a n d paints are a p p l i e d as solutions or 
dispersions h a v i n g l o w surface tension, it might be supposed that they 
w o u l d invar iab ly spread spontaneously on those adherends h a v i n g h i g h -
energy surfaces, a n d so the use of an adhesion promoter to improve 
wet t ing w o u l d be unnecessary. S u c h is usual ly not the case, however , 
because innumerab le materials , as commonly app l i ed , do not spread 
spontaneously on the m a n y high-energy so l id surfaces w h i c h q u i c k l y 
adsorb either water or undesirable organic contaminants. A n important 
a n d unrecognized funct ion of the adsorbed film of adhesion promoter is 
to prevent such contaminat ion ; hence, it can serve as a ' p r i m i n g " or 
p re l iminary protect ive coating for the high-energy so l id surface d u r i n g 
the per i od pr ior to app l i ca t i on of the l i q u i d adhesive or coating. A 
second a n d related funct ion is to prevent the adsorpt ion of undesirable 
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22 INTERACTION OF LIQUIDS AT SOLID SUBSTRATES 

contaminant materials that migrate t o w a r d the high-energy adherend 
surface f rom the l i q u i d adhesive after i t has been app l i ed . I n either case, 
a firmly b o u n d adsorbed monolayer of the adhesion promoter w i l l prevent 
or repress such contaminat ion of the adherend surface b y organic sub
stances, or b y water , w h i c h c o u l d : (a ) interfere w i t h spontaneous spread
i n g b y the l i q u i d adhesive, ( b ) interpose a w e a k l y b o u n d layer at the 
interface, or ( c ) introduce a plane of easy par t ing after sol idi f ication of 
the adhesive (19, 20). 

H o w e v e r , i f the adsorbed film of c o u p l i n g agent is to serve w e l l as a 
th in - f i lm protect ive coat ing pr ior to app l i ca t i on of the adhesive, the agent 
molecule should be designed to coat the adherend w i t h an external sur
face h a v i n g the f o l l owing characterist ics : (a ) it should be sufficiently 
inert chemica l ly ; ( b ) i t should have a l o w surface energy; a n d ( c ) it 
should f orm a hydrophob i c barr ier film i n order to a v o i d the accumulat i on 
of an outermost adsorbed layer of water for the reasons just c i ted . I n 
add i t i on , the film of c oup l ing agent should have a c r i t i ca l surface tension 
for spreading ( y c ) w h i c h is more than, equa l to, or on ly s l ight ly be low, 
the surface tension ( y L v ) of the l i q u i d adhesive as it is app l i ed . F o r 
example, a value of yc of 32 d y n e s / c m . w o u l d permit the organic l i qu ids 
used i n most c ommon paint composit ions to spread read i ly over the sur
face w i thout v o i d format ion or excessive t rapp ing of a ir bubbles . I f a 
par t ia l l y cured po lymer i c adhesive is to be a p p l i e d , however , the nor
m a l l y l ow solvent content w o u l d require yc to be a round 36 -40 d y n e s / c m . 
I n either case, the result w o u l d then be to m i n i m i z e the format ion at 
the adhesive-adherend interface of regions where h i g h stress concentra
t i on or a p lane of easy cleavage or p a r t i n g c o u l d develop (21). 

F i g u r e 1 presents schematical ly the role of a surface-active adhesion 
promoter i n an adhesive joint. T h e desired wet t ing properties are ob
ta ined b y incorporat ing an appropr iate ly chosen atomic grouping at the 
outer end of the or iented adsorbed molecule . T h e opposite e n d of the 
molecule can comprise one or more po lar groups each of w h i c h is able 
to adsorb, as independent ly as possible, on the adherend surface either 
b y strong phys i ca l or chemica l adsorpt ion. T h e c o u p l i n g agent w o u l d 
thus be h i g h l y resistant to displacement b y solvents or b y surface-active 
components i n the l i q u i d adhesive. Since the smal l size of the water vapor 
molecule makes moisture permeat ion of organic coatings a constant threat 
to the integr i ty a n d longevity of adhesive joints, the c oup l ing agent 
should be more hydrophob i c i n const i tut ion than h y d r o p h i l i c . F i n a l l y , 
where there is a chemica l react ion between c o u p l i n g agent a n d adherend, 
the product should have o p t i m u m water - immers ion resistance b y not 
be ing soluble i n water a n d b y be ing as resistant as possible to hydrolys is . 

C o u p l i n g agents presently used i n glass fiber-reinforced plastics 
were designed to have an outermost exposed atomic group ing w h i c h is 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
8 

| d
oi

: 1
0.

10
21

/b
a-

19
68

-0
08

7.
ch

00
3

In Interaction of Liquids at Solid Substrates; Alexander, A.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1968. 



3. SHAFRIN AND ZISMAN Carboxylic Acid Films 23 

supposed to react chemica l ly w i t h molecules of the l i q u i d adhesive, for 
example b y v i n y l po lymer izat ion . O n e c o m m o n prob l em is that yc of an 
adsorbed monolayer of such a coup l ing agent is too l o w relat ive to the 
surface tension (y L v) of the l i q u i d adhesive as i t is be ing a p p l i e d ; hence, 
spontaneous spreading cannot take place. Another p r o b l e m is that the 
adherend surface can become contaminated before the coup l ing agent 
has been app l i ed . I f the c o u p l i n g agent is a p p l i e d i n advance as a pro 
tective film, i t must be designed proper ly to prevent the chemica l re 
act iv i ty of the outermost por t i on of that film f r o m causing serious p r o b 
lems such as: ( a ) l ower ox idat ion or thermal stabi l i ty , ( b ) ab i l i t y to 
adsorb moisture, w h e n i n contact w i t h either the atmosphere or the 
l i q u i d adhesive, or ( c ) generation of react ion products w h i c h m a y be 
toxic, corrosive, or otherwise detr imenta l to joint strength. I tem (a ) can 
be a prob l em w i t h the vinyls i lanes. I tem ( b ) can be a prob l em w i t h a 
c o u p l i n g agent h a v i n g a h y d r o p h i l i c substituent on the omega carbon. 
I tem ( c ) is also important , since any h a r m f u l react ion products are con
centrated w i t h i n a f ew angstrom units of the joint interface. 

SURFACE-
ACTIVE 
ADHESION 
PROMOTER 

— LIQUID _ 
(ADHESIVE ."PAiNTTefcl -

-WETTABILITY-CONTROLLING GROUP 

-HYDROPHOBIC SPACER 

-POLAR ADSORBING GROUP 

Figure 1. Schematic representation of a surface-active coupling 
agent 

A n outermost chemica l group h a v i n g a n especial ly suitable structure 
for a cou p l i n g agent is the p - ch loropheny l group (21). A n adsorbed 
c lose-packed monolayer conta in ing such a group w i l l present a surface 
w h i c h is r i c h i n outermost covalent ly b o n d e d chlor ine atoms. Based o n 
m u c h previous research at N R L ( 6 ) , ch lor ine -conta in ing materials , such 
as high-energy surfaces coated w i t h certain adsorbed monolayers or m a n y 
ch lor inated v i n y l po lymer i c solids, are k n o w n to have outermost surface 
compositions w h i c h are very hydrophob i c , are resistant to chlor ine h y 
drolysis , a n d yet have c r i t i ca l surface tensions of w e t t i n g of 40 d y n e s / c m . 
or more at 20 ° C . B y attaching to a ch loropheny l group a sufficiently l ong 
a l iphat i c c h a i n i n the para pos i t ion, the c h a i n can serve as a flexible 
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24 INTERACTION OF LIQUIDS A T SOLID SUBSTRATES 

Table I. Formulas and Melting Points of 

Identifying 
Symbol Name 

A 
Β 

Monocarboxylic acids 
ω- ( p-chlorophenyl ) acetic acid 
ω- ( p-chlorophenyl ) dodecanoic acid 

C 
D 

Dicarboxylic acids 
ω- ( p-chlorophenyl ) dodecylsuccinic acid 
2-ω- (p-chlorophenyl) dodecylglutaric acid 

h y d r o p h o b i c spacer between the two extremes of the coup l ing molecule ; 
hence, that molecule can adsorb i n the desired monolayer configuration 
w i t h ch loropheny l group outermost a n d the carboxyl i c a c i d group (or 
groups) innermost. These considerations l e d us to prepare a n d invest i 
gate (9 ) the use of adsorbed monomolecular layers of ω- (p-chlorophenyl ) -
a lkyl -subst i tuted mono- a n d po lycarboxy l i c acids as c o u p l i n g agents. T h e 
use of two or more a c i d groups per molecule is advantageous because of 
the resul t ing decrease i n the tendency of heat or solvents to desorb the 
film. Moreover , carboxyl i c a c i d groups should be par t i cu lar ly effective i n 
promot ing adsorpt ion a n d adhesion to "basic surfaces" such as the h y -
droxyapati te constituent of teeth, m a n y common oxide-coated metals, 
a n d various k inds of glasses a n d ceramics. 

T o ascertain whether these materials are effective as adhesion pro 
moters a n d rea l ly do operate b y the mechanisms proposed above, i t was 
necessary to develop methods suitable for a p p l y i n g the compounds to the 
so l id adherend surface as c lose-packed adsorbed monomolecular layers 
a n d prove that the resul t ing adsorbed monolayers rea l ly h a d the mo lecu 
lar or ientat ion needed to opt imize spreading a n d wettab i l i ty . These two 
topics are the subject of the present paper. Research is i n progress on 
( a ) deve lop ing the most appropr iate techniques for a p p l y i n g these mate
rials i n adhesive a n d coat ing investigations, ( b ) invest igat ing the strength 
a n d water resistance of the result ing joints a n d protect ive coatings, a n d 
( c ) c ompar ing the results obta ined w i t h these a n d presently used cou
p l i n g agents. 

Experimental Materials and Techniques 

T h e ω-( p - ch loropheny l ) a l k y l derivatives w h i c h were invest igated 
are l i s ted i n T a b l e I b y name, s tructural f o rmula , a n d m e l t i n g point . A l l 
four acids were w h i t e crystal l ine solids. T h e s imple letter designation 
g iven i n the first c o l u m n w i l l be used hereafter to ident i fy each c o m 
p o u n d . C o m p o u n d s B , C , a n d D are a l l n e w compounds , synthesized, 
pur i f ied , a n d character ized at N R L b y our associates, J. G . O 'Rear , P . J . 
Sniegoski , a n d F . L . James ( 9 ) . C o m p o u n d A is a commerc ia l product 
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3. SHAFRIN AND ZISMAN Carboxylic Acid Films 25 

ω-(^-Chlorophenyl) alkyl-Substituted Carboxylic Acids 

Melting Point 
Formula (°C.) 

C l C e H 4 ( C H 2 ) n C O O H 
C l C e H 4 C H 2 C O O H 103-104 
C l C e H 4 ( C H 2 ) n C O O H 64-66 

C 1 C 6 H 4 ( C H 2 ) W C H ( C O O H ) ( C H 2 ) x . ^ O O H 
C 1 C 6 H 4 ( C H 2 ) 1 2 C H ( C O O H ) C H 2 C O O H 
C l C e H 4 ( C H 2 ) 1 2 C H ( C O O H ) ( C H 2 ) 2 C O O H 

87-88 
85-86 

obta ined f rom Κ a n d Κ Laborator ies , Inc . Its p u r i t y was 9 9 . 0 % as deter
m i n e d b y P . J . Sniegoski f rom a gas - l iqu id chromatographic analysis of 
its m e t h y l ester s imi lar to that employed to characterize C o m p o u n d s B , 
C , a n d D ( 9 ) . T h u s , each preparat ion was pure enough to be used b y us 
as received. W h e n i t was necessary to a p p l y the a c i d f r o m organic so lu
t i on , solvents were used w h i c h h a d been careful ly pur i f i ed b y d is t i l la t i on 
a n d chromatographic adsorption. Aqueous solutions were made us ing 
grease-free, s ingly d i s t i l l ed water . 

A d s o r p t i o n experiments were conducted o n c h r o m i u m , p l a t i n u m , c a d 
m i u m , a n d z inc ; the sources a n d preparat ion of these meta l specimens 
have been reported previously ( 16 ) . I n prepar ing adsorbed, mono 
molecular layers b y adsorpt ion d i rec t ly f r om the mol ten pure a c i d ( 5 ) , 
the c lean adsorbing substrate was first heated to a temperature just above 
the me l t ing po int of the a c i d (see T a b l e I ) , a f ew crystals of the a c i d were 
spr ink led on the surface, a n d the resul t ing p o o l of mol ten a c i d was teased 
over the who le surface w i t h a prev ious ly freshly flamed p l a t i n u m w i r e . 
I f spontaneous retract ion of the l i q u i d a c i d d i d not occur, the spec imen 
was a l l owed to cool a n d a l l of the sol idi f ied mater ia l adher ing o n top of 
the adsorbed monolayer was removed b y appropr iate solvent treatments 
as discussed be low. 

T h e wet tab i l i ty properties of the a c i d film r e m a i n i n g o n the m e t a l 
were determined b y measurements (at 2 0 ° C . ) of the angle of contact 
exhib i ted b y sessile drops of a series of pur i f i ed organic l i qu ids whose 
source a n d methods of pur i f i cat ion have been descr ibed b y us elsewhere 
( 7 ) . Measurements w i t h a d irect reading goniometer telescope (4, 7) 
were made b y the drop profile method on the s lowly advanc ing contact 
angle (Θ) obta ined b y a d d i n g successive s m a l l increments of l i q u i d to the 
sessile drop (19, 20). 

Wetting Properties of Monolayers of ω- (p-Cbloropbenyl) dodecyl
glutaric Acid on Chromium 

T h e n e w compound , ω-(p-chlorophenyl)dodecylglutaric a c i d ( D i n 
T a b l e I ) , is of part i cu lar interest as a c o u p l i n g agent because it has t w o 
potent ia l ly active a c i d adsorbing groups at one end of the molecule . 
These carboxyl i c a c i d groups are separated b y a hydrocarbon c h a i n of 
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26 INTERACTION OF LIQUIDS AT SOLID SUBSTRATES 

sufficient flexibility to permit bo th groups to adsorb s imultaneously on 
the adherend ; therefore, the coup l ing agent should have an increased 
adsorpt iv i ty , as w e l l as a decreased tendency to desorb w h e n hot or 
exposed to solvents. 

E m p h a s i s was first p laced on the adsorptive behavior of C o m p o u n d 
D on the surface of c h r o m i u m because that meta l has the f o l l ow ing 
desirable propert ies : ( a ) i t is an excellent adsorbent for carboxyl i c a c i d 
groups ( 5 ) ; ( b ) a large body of data is avai lable on the properties of 
adsorbed, monomolecular films of a l iphat i c (16), par t ia l l y fluorinated 
(13), f u l l y fluorinated ( 2 ) , a n d chloro-f luoro carboxyl i c acids (2); ( c ) the 
meta l surface can be readi ly a n d reproduc ib ly c leaned b y standard meta l -
lographic po l i sh ing techniques ; a n d ( d ) there is a hard , coherent, t h i n -
film oxide on the surface (18). 

T h e "melt m e t h o d " of a p p l y i n g the adsorbed monolayer was at
tempted first because the absence of solvent molecules prevents the 
compet i t ion for adsorpt ion sites a n d the poss ib i l i ty of m i x e d film format ion 
(3). I n the past, w h e n the melt method was used for the preparat ion of 
films of a l iphat i c or fluorinated acids, the mol ten a c i d spontaneously 
retracted because the surface tension ( y L v ) of the melt was sufficiently 
larger than the value of yc of the monolayer-coated surface (12, 19, 20). 
I n the case of the chlorophenyl -subst i tuted carboxyl i c acids, however , 
the difference between y L V a n d yc was not sufficient to promote l i q u i d 
retract ion; hence, the adsorb ing surface always remained covered w i t h 
the b u l k a c i d w h i c h coated it w i t h a sol idi f ied layer as the spec imen 
cooled. Therefore , to prove the existence of an u n d e r l y i n g , adsorbed, 
condensed, a n d adherent monomolecular layer of the c o u p l i n g agent, i t 
was necessary, first, to remove the surplus a c id f rom the surface and , 
second, to measure various l i q u i d contact angles on the coated surface 
after successive solvent treatments designed to remove any res idual a c i d 
not firmly b o u n d to the c h r o m i u m surface. 

T a b l e I I presents the results of some wet tab i l i ty measurements o n 
adsorbed monolayers prepared f rom mol ten C o m p o u n d D on pure , p o l 
ished, c lean, c h r o m i u m surfaces after solvent treatment h a d been used 
to remove a l l surplus sol idi f ied ac id . A series of successive solvent treat
ments was a p p l i e d to each coated spec imen (see first four co lumns of 
T a b l e I I ) us ing l iqu ids w h i c h have been shown to be good solvents for 
C o m p o u n d i n the b u l k ( 9 ) . These l i qu ids were either absolute e thy l 
a l coho l or benzene at or above 2 0 ° C , or n-hexane at or above 6 0 °C . I n 
the r emain ing columns are l isted the average values of the s l owly a d 
v a n c i n g contact angles measured b y the d r o p - b u i l d u p method on f r om 
three to five different drops. Measurements were made on sessile drops 
of water , th iod ig lyco l , a n d methylene iodide . These three "d iagnost ic " 
l i qu ids were chosen because of their h i g h surface tensions (72.8, 54.0, 
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a n d 50.8 d y n e s / c m . at 2 0 ° C , respect ively) a n d because they dif fered 
greatly i n molecular diameter (17) a n d hydrogen-bonding ab i l i ty . T h e 
contact angles of T a b l e I I reveal unequivoca l ly that the solvent treatment 
removed a l l of the v is ib le coat ing of D a n d left b e h i n d a surface of the 
same reproduc ib le wet tab i l i ty w i t h respect to the three diagnostic l iqu ids . 
T h e result was the same regardless of the choice of the solvent. A s the 
res idual adsorbed film was then f o u n d solvent-resistant—i.e., there were 
no further changes i n w e t t a b i l i t y — i t c ou ld be conc luded that the res idual 
film was only a monolayer thick . 

Table II. Solvent Resistance of GJ-(^-Chlorophenyl)dodecyl
glutaric Acid Monolayers on Chromium 

(Monolayer Prepared by the Melt Method 0) 

Successive Treatments on a Advancing Contact Angles 
Single Specimen (in degrees) at 20°C. 

Treatment Water Thiodi- Methylene 
Solvent Temp. Treatment Period 82 glycol Iodide 

Specimen #1 
Ethyl alcohol 20°C. Rinse 5 min. 

(10 cc.) 
82 49 35 

Specimen #2 
Ethyl alcohol 20°C. Rinse 1 min. 81% 49 36% 
Ethyl alcohol 20°C. Rinse 1 min. 82 
Ethyl alcohol 20°C. Immersion 15 min. 82 
Ethyl alcohol 78.5°C. Immersion 

(boiling) 
15 min. 81 48% 36% 

Ethyl alcohol — Soxhlet 
extraction 

15 min. 81% 48% 36 

Benzene — Soxhlet 
extraction 

15 min. 82 35 

Specimen #3 
Benzene 20°C. Rinse 5 min. 82 34% 
Benzene 20°C. Rinse 5 min. 82 35 
Benzene 20°C. Soxhlet 

extraction 
15 min. 83 34% 

Specimen #4 
n-Hexane — Soxhlet 

extraction 
15 min. 80 49 33% 

n-Hexane — Soxhlet 15 min. 79 
extraction 

α Each specimen was prepared by contact for 60 to 90 minutes with the molten acid 
at from 90° to 96°C. 

I n add i t i on to the observations on the three diagnostic l i qu ids re 
q u i r e d to establish the reproduc ib i l i t y of films formed f rom the melt , 
contact angle (Θ) measurements ( T a b l e I I I , last c o l u m n ) were made on 
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28 INTERACTION OF LIQUIDS A T SOLID SUBSTRATES 

several other l i qu ids h a v i n g surface tensions ( y L v ) rang ing at 20 ° C . 
f r om 27.6 d y n e s / c m . for n-hexadeeane to 63.4 d y n e s / c m . for g lycero l . 
F i g u r e 2 is a plot of cos θ vs. y L V for the three diagnost ic l i qu ids as w e l l 
as ten add i t i ona l hquids . T h e major i ty of the data points f a l l w i t h i n a 
narrow rect i l inear b a n d of approximate ly the same spread or w i d t h a n d 
locat ion as were reported b y E l l i s o n a n d Z i s m a n (6 ) for the ch lor ine - r i ch 
surface of smooth, c lean, b u l k po ly ( v i n y l c h l o r i d e ) . B y analogy w i t h 
their treatment of the data for that so l id surface, w e have used the 
intercept of the lower l i m b of the narrow b a n d i n F i g u r e 2 to assign the 
va lue y c = 39 d y n e s / c m . for the adsorbed monolayer of C o m p o u n d D . 
C o m p l e t e spreading was observed w i t h three hydrocarbon l i qu ids (hexa-
decane, d i cyc lohexy l , a n d 1-methylnaphthalene ) whose surface tensions 
at 20 °C . were less than 39 d y n e s / c m . T h e one exception to data points 
f a l l i n g w i t h i n the narrow b a n d was ethylene g lyco l , whose contact angle 
was h igher than w o u l d have been pred i c ted on the basis of its surface 
tension; one possible explanat ion was that excessive moisture p i c k u p 
f rom the a ir occurred d u r i n g contact of the l i q u i d w i t h the monolayer -
coated surface. N o contact angle measurements have been reported pre 
v ious ly for ethylene g ly co l on any other ch lor ine - r i ch surfaces to indicate 
whether this l i q u i d also behaved abnormal ly o n them. 

Table III. Effect of Acid Structure on Wettability of Films from Melt e 

Contact Angles on 

Chloro- Chloro-
Chloro- Chloro phenyl- phenyl-

yLv phenyl- phenyl- dodecyl- dodecyl-
At 20°C. acetic dodecanoic succinic glutaric 

Wetting Liquids (dyne/cm.) Acid Acid Acid Acid 

Water 72.8 74° 81° 82° 82° 
Glycerol 63.4 69° 
Formamide 58.2 63° 70° 70° 67° 
Thiodiglycol 54.0 42° 50° 51° 49° 
Methylene iodide 50.8 33° 33° 32° 34° 
Ethylene glycol 47.7 57° 
st/ra-Tetrabromoethane 47.5 26° 25° 25° 25° 
a-Bromonaphthalene 44.6 16° 18° 18° 17° 
o-Dibromobenzene 42.0 12° 
Tricresyl phosphate 40.9 21° 
a-Methylnaphthalene 36.4 6° 
Dicyclohexyl 32.8 spread spread spread 
Hexadecane 27.6 spread spread spread 
a Films adsorbed on chromium during 1-hour contact with molten acid; solidified 
surplus acid removed with ethanol at 20°C. 
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3. SHAFRIN AND ZISMAN Carboxylic Acid Films 29 

SURFACE TENSION (20 °C) DYNES/ 

Figure 2. Wettability of (a-(x>-chlorophenyl)dodecylglutanc acid monolayers 
adsorbed on chromium by the melt method 

Because of the potent ia l app l i ca t i on of C o m p o u n d D as a c o u p l i n g 
agent for protective coatings or for dental restorative systems, methods of 
prepar ing the monolayer were sought w h i c h w o u l d not require heat ing 
the adherend as m u c h as requ i red i n the melt method , but w h i c h w o u l d 
nevertheless result i n reproduc ib le adsorbed monolayers h a v i n g the same 
desired molecular or ientat ion a n d the closest possible molecular pack ing . 
T h e h i g h yc of the monolayer f ormed b y the melt method showed that i t 
w o u l d be necessary to use solvents of h i g h surface tension i f spontaneous 
retract ion was to be obta ined for films f ormed b y adsorpt ion f rom so lu
t ion . T h e theoret ical ly a n d pract i ca l ly most obvious solvent to use was 
water. Unfor tunate ly , C o m p o u n d D is not soluble i n water ; even the use 
of a d d e d a l k a l i i n the water was of l i t t le he lp . T h u s far, attempts to 
isolate the monolayer hydrophob i ca l l y f rom aqueous solut ion have fa i led . 
A n alternate approach be ing investigated is to convert the water- insoluble 
a c i d into a more soluble f o rm, such as a salt, a n d form the desired a d 
sorbed monolayer f rom app l i ca t i on of an aqueous solut ion of the salt at 
the most suitable p H for that so l id substrate (11). 

Greater success was achieved w i t h aqueous solutions of a nonaqueous 
component w h i c h is misc ib le w i t h water a n d is also a good solvent for 
C o m p o u n d D . Solutions conta in ing we ight concentrations of D f rom 
4 X 10~5 to 2 Χ 10" 4 were t r i ed us ing weight ratios of f r om 1:7 to 11:1 
of ethanol to water . T h e meta l spec imen was always immersed i n each 
solut ion for one hour at 20°C. P a r t i a l or incomplete retract ion on chro 
m i u m was observed for a l l solutions except those w i t h very h i g h water 
contents ( a n d consequently, h i g h surface tensions) . C o m p l e t e retract ion 
was observed for the 1:7 rat io ; the surface tension corresponding to such 
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30 INTERACTION OF LIQUIDS AT SOLID SUBSTRATES 

an aqueous e thy l a lcohol solut ion is 43.8 d y n e s / c m . ( I ) . Desp i te i n c o m 
pleteness of retract ion f rom solutions conta in ing l ower proport ions of 
water , contact angle measurements w i t h d i s t i l l ed water on the retracted 
areas were a l l f rom 60° to 75° . These values are to be compared w i t h the 
hy droph ob i c contact angle of 82° characterist ic of monolayers obta ined 
b y the melt method ; they, therefore, indicate hy drophob i c contact angles 
of f rom 73 to 9 2 % of the value characterist ic of the most condensed 
monolayers. S u c h h i g h surface coverages b y the adsorbed film m a y prove 
adequate for m a n y appl icat ions of c oup l ing agents since usual ly it w i l l 
rare ly be pract icable to use the melt method , a n d treatment w i t h an 
appropriate aqueous solution of C o m p o u n d D w i l l often be more con
venient a n d safer. 

Attempts to increase the contact angles of the diagnostic l i qu ids b y 
changing meta l immers ion condit ions were not effective w i t h the e t h y l 
a l c o h o l - w a t e r solutions. These attempts i n c l u d e d : ( a ) increasing the 
concentration of D b y a factor of as m u c h as four, ( b ) pro long ing the 
immers ion per i od f rom 1 to 64 hours, or ( c ) ra is ing the temperature 
of immers ion f r om 20°C . to 50 °C . 

W h e n pure e thy l a lcohol was used as the solvent for C o m p o u n d D , 
no retract ion of the solut ion was observed f rom a c h r o m i u m surface 
immersed for 1 hour at 20 °C . A f ter evaporat ion of the solvent, the 
coated c h r o m i u m surface exhib i ted hydrophob i c contact angles rang ing 
f r om 60° to 70° . H o w e v e r , contact angles of 80° were obta ined after 
the c h r o m i u m surface h a d been immersed i n the same solution for 19 
hours at 50°C . 

Ni t robenzene is a fa ir solvent for C o m p o u n d D a n d has a surface 
tension (43.3 d y n e s / c m . ) w h i c h is comparable to the yc of films of C o m 
p o u n d D formed b y the melt method. D i l u t e solutions of D i n n i t ro 
benzene i n we ight concentrations of f rom 9 Χ 10" δ to 6 Χ 10~4 showed 
more l i m i t e d retract ion a n d lower contact angles than were obta ined 
us ing films prepared b y the melt method . Greater success i n approx i 
mat ing the h i g h contact angles of films formed f rom the melt resulted 
on subjecting the monolayer-coated c h r o m i u m surface, after r emova l 
f rom the nitrobenzene solutions, to various surface treatments (to be 
descr ibed b e l o w ) after a l l molecules of D surplus to the monolayer h a d 
been removed. 

A most significant result was that the adsorbed films f o rmed on 
c h r o m i u m from the molten pure a c id at elevated temperatures exhib i ted 
the same contact angle, regardless of the app l i cat ion of a var iety of 
postadsorption treatments. These treatments i n c l u d e d : (a ) immers ion 
i n d i s t i l l ed water at 20°C . f rom 1 to 16 hours, ( b ) immers ion i n d i s t i l l ed 
water at 100°C. for 1 hour , a n d ( c ) exposure to steam i n a closed system 
at 125 ° C . for 1 hour. S u c h i m m u n i t y to postadsorptive treatment was 
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3. SHAFRIN AND ZISMAN Carboxylic Acid Films 31 

not observed, however , w i t h films of C o m p o u n d D formed at 20 ° C . b y 
adsorpt ion f rom organic or aqueous e thy l a l coho l solution. A s previously 
stated, such films, w h e n i n i t i a l l y prepared , exhib i ted un i f o rmly lower 
contact angles than those prepared b y the melt method. A f ter the f o l l ow
i n g postadsorptive treatments, these coatings invar iab ly showed increased 
contact angles. T h e treatments effective i n increasing the contact angles 
i n c l u d e d : ( a ) immers ion i n d i s t i l l ed water at 2 0 ° C , ( b ) pro longed 
r ins ing w i t h steaming d is t i l l ed water , a n d ( c ) heat ing for 5 minutes i n 
a ir at 70°C . a n d 5 0 % R H . I n every instance the contact angle of the 
diagnostic l i q u i d increased; about hal f of the postadsorptive treatments 
increased the contact angles to the values obta ined b y the melt method . 
I n no case d i d the contact angle exceed the values observed for the same 
Hquids on films f rom the melt . 

It is conc luded that postadsorption exposure to moisture or heat, 
either s ingly or i n combinat ion , is very effective i n increasing the contact 
angles exhib i ted b y adsorbed monolayers of C o m p o u n d D on c h r o m i u m ; 
hence i t should also increase the ab i l i ty of the film to serve as a c oup l ing 
agent. T h e effectiveness of heat treatment subsequent to adsorpt ion i n 
increasing the contact angle is consistent w i t h the above observation that 
the contact angles for a film adsorbed f r om solution at elevated tempera
tures are h i g h a n d approach those for a film adsorbed f rom the melt . 

Effect of Changing the Solid Adherend 

T h e effects of changes i n the so l id adherend o n the wet tab i l i ty of 
films of a c i d D adsorbed f rom the melt are shown i n T a b l e I V . T h e four 
metals reported here are arranged i n order of increasing atomic r a d i i 
( last c o l u m n ) . E x p e r i m e n t a l values of the contact angles for each of the 
three diagnostic l iqu ids were closely the same for a l l four meta l adherends. 
Desp i te the considerable var ia t ion i n chemica l react iv ity a n d atomic r a d i i 
of the unox id i zed metal l i c substrates, this finding is reasonable because 
this d i carboxy l i c a c i d molecule can not adlineate w e l l o n the surface i n 
close pack ing , a n d the flexibility i n the a l iphat ic g lutar ic a c i d cha in al lows 
the molecule to adsorb about as readi ly on metals h a v i n g different m e t a l 
latt ice parameters. Several differences w i l l be observed i n the methylene 
i od ide contact angles of T a b l e I V . A value of 36° , w h i c h is not s ignif i 
cant ly different f rom the va lue g iven here for c h r o m i u m , was observed 
w i t h z inc , but there was a m a r k e d w h i t e n i n g of the u n d e r l y i n g z inc a n d 
a decrease i n the hydrophob i c contact angle f rom 80° to 50° i n the surface 
area attacked. A signif icantly lower value of 29° was exhib i ted b y m e t h 
ylene iod ide on c a d m i u m ; however , there was no evidence of chemica l 
attack of this meta l surface. 
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32 INTERACTION OF LIQUIDS AT SOLID SUBSTRATES 

Table IV. Effect of Metal Adherend on Wettability of 
ω-(/^-Chlorophenyl)dodecylglutaric Acid Films from the Melt° 

a , , Contact Angles (in degrees) A±0™? 
Solvent for Radix 

Cleaning Removal of Thiodi- Methylene of 
Substrate Procedure Surplus Acid Water glycol Iodide Metals0 

Chromium Polished (11) Benzene 82 50+ 34 1.27 
E t h y l alcohol 82 49 35 
n-Hexane 80 49 33 
(hot) 

Zinc Polished (11) Benzene 80 50 36* 1.38 
E t h y l alcohol 81 3 5 b 

Platinum Flamed foil E t h y l alcohol 80 48 32 1.39 
Polished bulk E t h y l alcohol 82 50 35 
material (IJ) 

Cadmium Polished (11) Benzene 82 51 29 1.54 
a Films prepared on metal by contact for 60 to 90 minutes with molten acid at tem
peratures from 90° to 96°C. 
6 Produced discoloration on surface which could not be removed by ethanol but could 
be eliminated by metallographic polishing. Discolored area showed a decrease in water 
contact angle to 50°. 
E SEE Reference 10. Radii given in angstrom units. 

I n add i t i on to film preparat ion b y adsorpt ion f rom the melt , C o m 
p o u n d D was also adsorbed on pure p l a t i n u m surfaces b y adsorpt ion 
f rom solution i n nitrobenzene, e thy l a lcohol , a n d e thy l a lcohol -water 
solutions. A s was true of films adsorbed o n c h r o m i u m , adsorpt ion on 
p l a t i n u m f rom solution resulted i n surface coatings exh ib i t ing lower 
contact angles than those f o rmed f rom the mol ten ac id . T h e same post-
adsorpt ion treatments were also effective i n increasing the contact angles 
of films of C o m p o u n d D on p l a t i n u m . 

Effect of Structure and Homology of Coupling Agents 

Research is s t i l l i n progress on the effects of changes i n the structures 
of these new types of a c i d c oup l ing agents. Some interesting comparisons 
can be made between the mono- a n d d i carboxy l i c acids conta in ing the 
same ω-(p-chlorophenyl) substituent attached through a l ong a l iphat i c 
cha in . 

T h e insensit iv i ty of wet tab i l i ty to changes i n the d i carboxy l i c a c i d 
port ion of the molecule is revealed b y comparison of the data i n T a b l e I I I 
for the sustituted succ inic a c i d ( c o l u m n five) a n d the subst ituted g lutar i c 
a c i d ( c o l u m n s ix ) . 

S imi lar ly , no significant change i n wet tab i l i ty is observed w h e n the 
d i carboxy l i c segment of the molecule is rep laced b y a single carboxy l 
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3. SHAFRIN AND ZISMAN Carboxylic Acid Films 33 

group as i n the case of the ω- (p-chlorophenyl)dodecanoic a c id ( c o l u m n 
f o u r ) , w h e n prepared b y the melt method . Mono layers of this same a c i d 
( C o m p o u n d B ) adsorbed on c h r o m i u m f rom e thy l a lcohol solution at 
20 °C . exhib i ted lower hydrophob i c contact angles (71° to 7 5 ° ) . Subse
quent app l i cat ion of moist heat to the surface films, however , resulted i n 
wet tab i l i ty comparable to that for films f ormed f rom the melt—i.e., c on 
tact angles of 82° , 53° , a n d 37° for water , th iod ig lyco l , a n d methylene 
iod ide , respectively. 

T h e above data indicate that the p a c k i n g of the t e rmina l substituents 
i n the close-packed monolayer is the same for bo th the mono- a n d 
d i carboxy l i c acids. T h i s becomes understandable f rom consideration of 
the molecular models. I n F i g u r e 3 the silhouettes of Stuart -Br ieg leb 
molecular models f rom C o m p o u n d s Β a n d D are shown. B o t h three-
d imens iona l models were arranged to be as coplanar as possible so that 
differences i n molecular cross-sectional areas c o u l d be judged f rom di f 
ferences i n their silhouettes i n the plane conta in ing the m a x i m u m n u m b e r 
of carbon atoms. F o r bo th compounds this arrangement invo lved h a v i n g 
the ch loropheny l substituent t i l t ed w i t h respect to the long axis of the 
extended a l iphat i c c h a i n so that a l l p h e n y l carbon atoms c o u l d be i n the 
same plane as the z igzag arrangement of a l iphat i c carbon atoms. A sl ight 
rotat ion t oward the lower end of the a l k y l c h a i n w o u l d be sufficient i n 
C o m p o u n d D to b r i n g the p lane of the extended-chain g lutar ic a c i d 
moiety into coplanar i ty w i t h most of the carbon atoms of the substituent 
i n the 2-position. S u c h a rotat ion w o u l d increase the m a x i m u m dimens ion 
of the molecule perpendicu lar to the silhouette shown since the overa l l 
thickness of the ch loropheny la lky l substituent is determined b y the a l k y l 
cha in . T h i s increase might be easily accommodated, however , i n the 
re lat ive ly open space around the a l k y l chain . 

F i g u r e 3 makes it apparent that the size of the ch loropheny l group 
l imits the closeness of p a c k i n g of the C o m p o u n d Β molecules i f they 
adsorb i n the configuration shown. I n the case of C o m p o u n d D , however , 
the l imi tat ion to c lose-packing i n the plane of the project ion is due to the 
g lutar ic a c id moiety w h e n i n extended configuration. Closer p a c k i n g 
might be attainable i f the flexibility of the hydrocarbon cha in between the 
two carboxyl ic a c i d groups facilitates their closer approach. F i g u r e 3 
also reveals that the differences i n cross-sectional area between the chloro 
p h e n y l group a n d the g lutaric a c i d moiety are not large; therefore, i t is 
u n l i k e l y that the configuration of the latter can be deduced solely b y 
contact angle considerations. 

A n interesting effect of v a r y i n g the structure of the acids can be 
seen on compar ing the behavior of films of two d i carboxy l i c acids differ
i n g i n the length of cha in between the a c i d groups. Studies i n progress 
have f o u n d that films of the substituted succinic a c i d ( C o m p o u n d C ) , 
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adsorbed on c h r o m i u m after pro longed contact w i t h d i lute nitrobenzene 
solut ion, exhib i ted contact angles of 80° , 50° , a n d 32° for water , t h i o d i -
g lyco l , a n d methylene iod ide , respectively. T h e closeness of these results 
to those reported above for C o m p o u n d D is evident. A s pred i c ted , the 
wet tab i l i ty of a l l these new a c i d c oup l ing agents is determined b y the 
chemica l const i tut ion of the exposed ch lorophenyl group, w i t h l i t t le or 
no effect on wet t ing properties ar is ing f rom minor variations i n p a c k i n g 
density o w i n g to the nature of the po lar adsorbing groups. T h e latter, 
however , m a y have a pro found effect on the ease a n d strength of at tach
ment of the adsorbed adhesion promoters on adherends of different 
phys i ca l a n d chemica l properties. 

Methods of Applying Coupling Agents 

T h e melt method of prepar ing adsorbed monolayers of these c oup l ing 
agents is w e l l suited to establ ishing that monolayer adsorpt ion occurs 
w i t h the pred i c ted molecular orientation, but it has several obvious d is 
advantages for app l i cat ion of these materials under prac t i ca l conditions. 
These disadvantages inc lude the requirement for elevated temperatures 
( into lerable for m a n y b io log i ca l a n d denta l app l i ca t i ons ) , the inefficient 
use of the coup l ing agent, a n d the necessity for solvent or mechan i ca l 
r emova l of excess agent mater ia l . Therefore, appropr iate investigations 
are requ i red to determine the most suitable w a y to a p p l y the film of 
c o u p l i n g agent for each contemplated use. 

Figure 3. Silhouettes of molecular models of Com
pounds Β and Ό in their extended configurations 
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3. SHAFRIN AND ZISMAN Carboxylic Acid Films 35 

Results of studies of monolayers adsorbed f rom organic solut ion re
ported above indicate the feas ib i l i ty of incorporat ing the agent molecule 
d i rec t ly i n a l i q u i d pa int or adhesive formulat ion . B y appropr iate changes 
i n the length of the a l iphat i c c h a i n i n the molecule , i t is possible to alter 
the so lubi l i ty of the c oup l ing agent to suit its app l i ca t i on i n m a n y organic 
solvents. Ideal ly , the so lub i l i ty of the c o u p l i n g agent i n the protective 
coat ing or adhesive should be large enough to a l l ow there to be a reason
able w o r k i n g concentration i n the l i q u i d phase but i t should not be so 
large that the molecule w i l l have a short average l i fet ime of adsorpt ion 
at the a d h e r e n d / l i q u i d interface. 

F o r app l i ca t i on of the c o u p l i n g agent as a pr imer coat ing, i t is desir
able to have a method of app l i cat ion that : ( a ) can be used at r oom 
temperature, ( b ) w i l l g ive spontaneous retract ion of the generating so lu
t ion , a n d ( c ) w i l l invo lve the use of solvents w h i c h are inexpensive, n o n 
toxic, a n d nonf lammable . Unfor tunate ly , the del iberate b u i l d i n g i n of a 
h i g h yc i n the monolayer of c oup l ing agent restricts the choice of solvents 
to l i qu ids w h i c h have h i g h surface tensions as w e l l as appropr iate solvency 
at room temperatures. 

T h e most desirable l i q u i d to use as a solvent w o u l d be water , f r o m 
the standpoints of surface tension, cost, toxic i ty , a n d freedom f rom fire 
hazards. H o w e v e r , C o m p o u n d s B , C , a n d D are not sufficiently water 
soluble to permit their isolat ion as hydrophob i c monolayers f rom aqueous 
solut ion ( I I ) . Nevertheless, homologous acids h a v i n g lower proportions 
of hydrophob i c to h y d r o p h i l i c substituents are avai lable w h i c h do have 
appropr iate water solubi l i t ies . 

A s an example, hydrophob i c monolayers of chlorophenylacet ic a c i d 
( C o m p o u n d A ) can be prepared f rom aqueous solution. T h e var ia t ion 
i n their h y droph ob i c behavior w i t h changes i n p H ( o w i n g to added a c i d 
or a l k a l i ) a n d w i t h solut ion concentrat ion proved ident i ca l w i t h that 
reported previously b y us for other carboxyl ic acids ( I I ) . T h u s , sessile 
drops of water exhib i ted their highest or "peak" contact angle (0 P ) on 
films prepared over a comparat ive ly l i m i t e d p H range a n d one that was 
closely associated w i t h the " n a t u r a l " p H of the solution. A t any g iven 
solut ion concentration, decreasing the p H f rom the peak range resulted 
i n an abrupt decrease i n hydrophob i c contact angle or even fa i lure of 
the aqueous solut ion to show retract ion. Increasing the p H above the 
peak range also resulted i n a decrease i n hydr ophob i c contact angle, but 
it was more gradual , l eading to a "p la teau" region occurr ing u n s y m -
metr i ca l ly on the a lkal ine side of the peak i n the θ-vs-pH curve. A s before 
( I I ) , increases i n solut ion concentrat ion shi fted the peak p H region to a 
more ac id i c range, increased the p H range over w h i c h hydrophob i c be
havior c o u l d be obta ined , a n d increased the value of 0 P. E v e n t u a l l y , 
however , a so lut ion concentration was reached above w h i c h further 
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36 INTERACTION OF LIQUIDS AT SOLID SUBSTRATES 

increases i n concentration d i d not affect 0 P. T h e l i m i t i n g va lue of 0 P = 
64° was obta ined for d i s t i l l ed water on films of C o m p o u n d A adsorbed 
f rom concentrations of 7.5 Χ 10" 4 a n d 3.9 Χ 10" 3 mo les / l i t e r . T h i s is to 
be compared w i t h the water contact angle of 74° reported for films of 
this same a c i d f o rmed b y the melt -retract ion method ( t h i r d c o l u m n of 
T a b l e I I I ) . It should be noted that there was no difference i n the contact 
angle of methylene iod ide on films of A f r om the melt ( 3 3 ° ) a n d f rom 
aqueous solutions of the concentration a n d p H range corresponding to 
peak hydrophob i c behavior ( 3 3 ° ) . N o t unexpectedly, s ignif icantly lower 
values of the methylene i od ide contact angle were observed on films 
w h i c h d i d not exhibi t m a x i m u m hy dro pho b i c behavior . 

F i n a l l y , the contact angles for organic l i qu ids w i t h surface tensions 
be low 50 d y n e s / c m . were not greatly different on mel t - formed monolayers 
of A than on comparab ly f o rmed monolayers of B , C , a n d D—cf. T a b l e 
I I I . T h u s , the value of y c for C o m p o u n d A also is i n the desirable range 
for i m p r o v i n g adhesion. U l t i m a t e condit ions of usage of the adhesive 
joint—i.e., i n the presence or absence of moisture, b u l k water , e tc .—should 
therefore determine whether water- insoluble c oup l ing compounds w i t h 
their protective, long, a l iphat i c spacers should be employed or whether 
the convenient ly a p p l i e d water-soluble acids should be preferred. 

Conclusion 

T h e results presented here prove that these n e w carboxyl i c a c i d 
c o up l ing agents do adsorb strongly on a var iety of high-energy surfaces 
i n the specific or ientat ion ( ch lor ine atoms outermost) w h i c h h a d been 
pred i c ted (2) to be most useful for i m p r o v i n g adhesion. I n so d o i n g 
they present an outermost surface specif ically des igned to have good 
wet t ing b y most l i q u i d adhesives, h i g h resistance to oxidative or h y d r o -
ly t i c attack, a n d l i m i t e d tendency to adsorb aqueous or organic contami 
nat ion . T h e lack of retract ion observed for the generating m e d i u m f rom 
the monolayer-coated surface is evidence of h o w w e l l the adsorbed mono
layer fulfi l ls the requirement for good wet t ing b y organic l i qu ids . M o r e 
over, the resistance of the monolayer to solvent extraction a n d wash ing 
treatments, w h i c h are far more rigorous than those r equ i red to remove 
b u l k ac id , provides evidence of h o w strongly adsorbed a n d resistant to 
removal these agent films are. 

Research is cont inu ing on new a n d more convenient methods of 
a p p l y i n g the a c id agents a n d on the behavior of the agents o n metals 
other than those reported here. W o r k also is i n progress on certain n o n -
metal l i c surfaces w h i c h might be expected to interact w i t h carboxyl i c 
a c i d coup l ing agents, such as certain types of glass, α-alumina, hydroxy -
apatite, certain ceramics, a n d some minerals . 
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The Wettability of Ethyl- and 
Vinyltriethoxysilane Films Formed at 
Organic Liquid Silica Interfaces 

W I L L A R D D. BASCOM 

Naval Research Laboratory, Washington, D. C. 20390 

Adsorbed films of ethyltriethoxysilane and vinyltriethoxy
silane were formed on silica and alumina by retraction 
from hydrocarbon solution and their wettabilities and water
-stabilities determined. The vinyltriethoxysilane films were 
generally more oleophobic, more hydrophobic and more 
resistant to contact with water than the films formed by the 
ethyl analog. Neither adsorbate formed stable films on 
α-alumina. The addition of low molecular weight organic 
acids or bases to the adsorbate solution resulted in both 
the ethyl and vinyl compound forming hydrophobic and 
water-stable films on silica and α-alumina. Films of p-chloro-
phenyl-β-ethyltrichloro, -trimethoxy, and -triethoxysilane 
were also studied and found to be water-stable and to have 
wettabilities characteristic of a surface comprised of closely
-spaced p-chlorophenyl groups. 

anous trialkoxysilanes have been f o u n d to improve the adhesion of 
* organic polymers to glass a n d other inorganic solids, especial ly w h e n 

the b o n d is to be exposed to h i g h relat ive humidi t ies . F o r example, glass 
filament-resin composite materials are seriously degraded b y water ( 5 ) , 
the attack presumably o c curr ing at the g lass / res in interface. H o w e v e r , 
this water sensit iv i ty can be reduced b y a p p l y i n g certain tr ialkoxysi lanes 
as finishing agents to the glass fiber. L i t t l e is k n o w n about the mechanism 
b y w h i c h the trialkoxysi lanes improve the wet strength of adhesive 
bonds. It is general ly assumed that the mechanism involves the adsorp
t ion of the tr ialkoxysi lane at the res in /substrate interface to f o rm a 
" b r i d g e " between adhesive a n d adherend (17 ) . It w o u l d appear f r o m 
avai lable evidence that alkoxysilanes can be specif ical ly adsorbed at 

38 
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4. BASCOM Organic Liquid Silica Interfaces 39 

l i q u i d / g l a s s interfaces (18) a n d that this adsorpt ion involves an inter 
act ion w i t h the s i lano l groups, / — S i — O H , on the substrate surface (2,8). 

T h e present paper describes the adsorpt ion of ethyltr iethoxysi lane 
( E T E S ) a n d v inyltr iethoxysi lane ( V T E S ) at various o r g a n i c - l i q u i d / s i l i c a 
interfaces. F i l m s f o rmed b y these compounds on s i l i ca a n d glass f r o m 
solution i n nonpolar organic l i qu ids were f o u n d to be o leophobic a n d so 
c o u l d be isolated b y retract ion; that is, the substrate on w h i c h the films 
h a d been f o rmed emerged d r y f rom the solution, thus a l l o w i n g direct 
examinat ion of the adsorbed layer. 

T h i s paper also deals w i t h the adsorpt ion of β-( p - ch lorophenyl )eth-
y l tr iethoxy- a n d trimethoxysilanes w h i c h , because of the t e rmina l p -chlo 
r o p h e n y l group, should f o rm resin-wettable films. I n the manufacture 
of glass-resin-composites i t is c r i t i ca l ly important that the impregnat ing 
res in l i q u i d spontaneously spread over the finish coat ing on the glass. 
Z i sman (21) has suggested finishing agent molecules h a v i n g t e rmina l 
p - ch lorophenyl groups since adsorbed films of these molecules w i l l expose 
a c lose-packed array of p - ch lorophenyl groups at the a i r / f i l m interface 
and , as a result, w i l l have c r i t i ca l surface tensions greater than 40 
d y n e s / c m . T h e major i ty of resin l i qu ids w i l l spread spontaneously on 
surfaces h a v i n g c r i t i ca l surface tensions greater than 40 d y n e s / c m . Shafr in 
a n d Z i s m a n have shown that monolayers of p -chlorophenyl - terminated 
a l k y l carboxyl i c acids on metals do have c r i t i ca l surface tensions of 40-45 
d y n e s / c m . (14). 

Experimental Procedures 

Materials. T h e ethyltriethoxysi lane (b .p . 159°-161°C. at 760 m m . 
H g , n D

2 0 — 1.3912) a n d v inyl tr iethoxysi lane (b .p . 160°C. at 760 m m . H g , 
n D

2 0 = 1.4257), were obta ined f rom U n i o n C a r b i d e C o r p . , Sil icones 
D i v i s i o n . T h e y were d i s t i l l ed a n d stored i n desiccators. T h e β-( p -chloro
p h e n y l )ethyltr ichlorosi lane (b .p . 95 °C . at 0.5 m m . H g , n D

2 0 — 1.5313), 
-tr iethoxysi lane (b .p . 114°C. at 0.5 m m . H g , n D

2 0 — 1.4757) a n d - t r i -
methoxysi lane (b .p . 105°C. at 0.3 m m . H g , n D

2 0 = 1.4883) were prepared 
b y J . G . O 'Rear at this laboratory ( 9 ) . T h e solvents f rom w h i c h these 
materials were adsorbed, α-chloronaphthalene and mono isopropy lb i cy -
c lohexyl , a n d the organic l i qu ids used for contact angle measurements, 
were reagent grade chemicals f rom w h i c h po lar contaminants h a d been 
removed b y perco lat ion through act ivated adsorbents. T h e organic acids 
a n d bases l is ted i n Tables I , I I , a n d I I I were obtained as reagent grade 
chemicals a n d were used w i thout further puri f i cat ion. 

A solut ion conta in ing bo th the ethyltr iethoxysi lane monomer a n d its 
p o l y m e r i c hydrolys is products was prepared b y shaking a 1 % ( b y wt . ) 
solution of the d i s t i l l ed monomer i n a-chloronaphthalene w i t h aqueous 
0 .01N H C 1 . T h e two phases were shaken intermittent ly for about four 
weeks u n t i l a finely d i v i d e d prec ip i ta te—presumably po lymer i c mater ia l 
— a p p e a r e d i n the aqueous phase. T h e two phases were then separated. 
T h e organic phase was washed first w i t h 0 . 1 N N a H C 0 3 , then w i t h d is -
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40 INTERACTION OF LIQUIDS A T SOLID SUBSTRATES 

t i l l e d water u n t i l the washings were neutra l , a n d finally centr i fuged to 
remove dispersed water. 

Table I. The Wettability of Films Produced by Ethyltriethoxysilane 
with Organic Acids and Bases 

Film Wettability 

after 1 hr. water 

ETES/ 
initial "desorption" test 

Catalyst * ÛH20 
Added mole dynes/ deg. dynes/ 0ff2O 

Catalyst ratio Substrate cm. cm. deg. 

None _ silica, air-dried 33 63 — 41 
None — silica, flamed 34 70 — 50 
propionic acid 20 silica, air-dried 24 71 — 70 
propionic acid 4 silica, air-dried 26 73 26 62 
bromopropionic 

acid 4 silica, air-dried 26 73 '25 63 
acetic acid 10 silica, air-dried 30 81 — 70 
acetic acid 10 silica, flamed 32 96 — 104 
n-propylamine 10 silica, air-dried 30 97 32 90 
n-propylamine 4 silica, air-dried 36 104 36 105 
n-propylamine 4 silica, flamed 38 105 38 105 
n-propylamine 4 α-alumina, air-dried 35 101 35 101 
piperidine 4 silica, air-dried 30 89 31 91 
pyridine 4 silica, air-dried 27 76 30 63 

Table II. The Wettability of Films Produced by Vinyltriethoxysilane 
with Organic Acids and Bases 

Film Wettability 

VTES/ 
Catalyst 

mole 
ratio 

initial 

Added 
Catalyst 

VTES/ 
Catalyst 

mole 
ratio Substrate 

dynes/ θΗ2ο 
cm. deg. 

none — silica, air-dried 30 80 
none — silica, flamed 24 80 
acetic acid 10 silica, air-dried 30 78 
acetic acid 10 silica, flamed 36 90 
n-propylamine 4 silica, air-dried no retraction 

after 1 hr. water 
desorption' test 

dynes/ 
cm. 

34 
35 

ÛH20 
deg. 

44 
72 
63 
80 

103 

T h e s i l i ca surfaces used were fused s i l i ca microscope slides (1 X 
2 χ 1/16 inches, A . H . Thomas a n d C o . ) a n d the a l u m i n a surfaces were 
3 / 4 i n c h diameter , 1 /8 i n c h th ick , synthetic , α-alumina discs (synthet ic 
sapphire , L i n d e D i v i s i o n , U n i o n C a r b i d e C o r p . ) . T h e specimens were 
c leaned b y heat ing i n a mixture of equa l parts of sul fur ic a n d n i t r i c a c id , 
g iven a p r e l i m i n a r y rinse i n hot tap water a n d then soaked i n three sue-
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4. BASCOM Organic Liquid Silica Interfaces 41 

cessive baths of hot d i s t i l l ed water . T h e specimens were then d r i e d 
i n a c lean glass oven at about 100 °C . for 15-30 m i n . Surfaces prepared 
i n this fashion are referred to i n this report as " a i r - d r i e d . " F l a m e d sur
faces were prepared b y p l a y i n g the flame of an oxyhydrogen torch over 
the surface of an a i r -d r i ed specimen, h o l d i n g the name at each pos i t ion 
u n t i l the area showed w h i t e heat. A f ter these c leaning a n d d r y i n g pro 
cedures the specimens were complete ly wet b y water , ind i ca t ing that 
the surfaces were not contaminated b y organic mater ia l . 

Table III. The Wettability of p-Chlorophenylethylsilane Films on Silica α 

Wettability 

initial 
after water 

"desorption" 

Adsorbate 

p - O C 6 H 4 C H 2 C H 2 -
S i C l 3 

p - O C e H 4 C H 2 C H 2 -
S i ( O C H 3 ) 3 

p - C l C 6 H 4 C H 2 C H 2 -
S i ( O C 2 H 5 ) 3 

p - C l C e H 4 C H 2 C H 2 -
S i ( O C H 3 ) 3 

p - C l C e H 4 C H 2 C H 2 -
S i ( O C H 3 ) 3 

p - C l C 6 H 4 C H 2 C H 2 -
S i ( O C 2 H 5 ) 3 

a Air-dried. 

dynes/ θΗ2ο 
cm. deg. 

y 
dynes/ 

cm. 

Θη2ο 
deg. 

42 83 42 85 

43 81 43 81 

no retraction 43 86 

— 30 — <20° 

39 71 40 60 

no retraction 43 56 

Method of Forming Film 

Vapor deposition at 25°C. 
for 10 min. 
Vapor deposition at 70° C . 
for 10 min. 
1% adsorbate + 0 .1% n-
propylamine in a-chloro
naphthalene for 20 hours 
Vapor deposition at 25°C. 
for 30 min. 

1% adsorbate in a-chloro-

Methods. T h e adsorpt ion studies were carr ied out b y immers ing 
the c lean substrate specimen i n the adsorbate so lut ion for a specified 
length of t ime, w i t h d r a w i n g i t s lowly , a n d a l l o w i n g the solution to re 
tract f rom the film-coated surface. T h e solvents were selected to have 
h i g h enough surface tensions (JLY) to retract f rom the major i ty of the 
adsorbed films encountered i n the experiments. A l l so lut ion preparations 
a n d adsorpt ion experiments were conducted i n glove bags mainta ined 
at 25 °C . and at 400-800 p .p .m. of water vapor b y a posit ive pressure of 
air that h a d been passed over D r i e r i t e a n d molecular sieves. 

T h e adsorbed films were character ized b y de termin ing the c r i t i ca l 
surface tension (yc) of each b y the method of Z i sman (20) w h i c h con
sists of determining the advanc ing contact angle exh ib i ted on the a d 
sorbed film b y each member of a series of test l iqu ids . T h e cosines of 
the contact angles (cos Θ) are p lo t ted against the surface tensions of the 
test l iqu ids . A straight l ine is obta ined a n d the intercept of this l ine w i t h 
cos θ = 1 is the c r i t i ca l surface tension value for the adsorbed film. 
Because of the somewhat unusua l nature of the films invest igated i n this 
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42 INTERACTION OF LIQUIDS AT SOLID SUBSTRATES 

study, the c r i t i ca l surface tension is designated as y c * rather than the 
convent ional symbo l , yc. T h e reason for this choice is that there are 
l imitat ions to the significance of the c r i t i c a l surface tension values ob
ta ined here. These l imitat ions are p a r t l y because of the w i d e range i n 
po lar i ty of the test l i qu ids used. T h e choice of these l i qu ids was neces
sary to cover w i t h a single set of l i qu ids the range of c r i t i ca l surface 
tensions presented b y the adsorbed films studied . T h e preferred test 
l iqu ids w o u l d be the n-alkanes since m a n y of the l i terature values of yQ 

were determined us ing this homologous series but , unfortunately , the 
n-alkanes do not cover the range of surface tensions needed. I n one 
instance, where a comparison between the n-alkanes a n d the misce l la 
neous hquids was possible ( F i g u r e 1 ) , i t was f o u n d that the miscellaneous 
group gave an estimate of 21 d y n e s / c m . compared w i t h a value of 26 
d y n e s / c m . f rom the n-alkanes. F o r surfaces of h igher yc* the d iscrepancy 
between the two series is p robab ly smaller because the extrapolation to 
cos θ = 1 is shorter. 

1.00 

0.90 

0.80 

0.70 

0.60 

Q5 
CO 

O Q 5 0 

0.40 
0.30 

0.20 

0.10 

0.000 
0 10 20 30 40 50 60 70 80 

SURFACE TENSION, y L V (DYNES/CM) 

Figure 1. CompaHson of cos θ vs. yLr plots for 
the n-alkanes (—Δ—) and the test liquids of this 
study (—Ο—) on a tnethoxysilane film. (VTES on 
flamed silica after 20 hrs. from a 5% solution in 

a-chloronaphthalene ) 

T h e test l i qu ids used to determine y c * were hexadecane ( y L v = 27.6 
d y n e s / c m . ) , b i cyc l ohexy l ( y L V = 33.0 d y n e s / c m . ) , a -methylnaphthalene 
( 7LV = 38.6 d y n e s / c m . ), a -chloronaphthalene ( y L V = 42.9 d y n e s / c m . ), 
methylene i od ide ( y L V = 50.8 d y n e s / c m . ) a n d water ( y L v — 72.8 
d y n e s / c m . ). A l l contact angle measurements were made at about 4 5 % 
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R H a n d at 25 ° C . us ing the sessile drop method . Surface tensions were 
measured at 25 ° C . us ing the d u N o u y r i n g method . Unless otherwise 
noted i n the text, the contact angles were reproduc ib le to ± 2 ° a n d the 
c r i t i ca l surface tensions to ± 0 . 5 d y n e s / c m . 

T h e effect on the films of pro longed contact w i t h water was deter
m i n e d b y a l l o w i n g water to f a l l dropwise onto the film-covered sub
strates for a specif ied length of t ime. T h e effect of this treatment was 
judged b y de termin ing the water contact angle and c r i t i c a l surface ten
sion for the area of the test surface struck b y the water drops a n d com
p a r i n g this value w i t h that of the o r ig ina l film. T h e drops f e l l f r om a 
height of 30 cm. at a rate of 2 drops / second . T h e test plates were h e l d 
i n a B i i c h n e r f u n n e l at an angle of about 20° to the hor izonta l . U n d e r 
these conditions the drops flash-spread over about one-half the area of 
the spec imen surface a n d each drop ran off the plate into the funne l 
before the next drop struck. F o r s impl i c i ty , this test is referred to as the 
"water desorption test" even though changes other than phys i ca l desorp
t ion are invo lved . 

Results 

Ethyltriethoxysilane ( E T E S ) . T h e c r i t i c a l surface tensions of the 
E T E S films obta ined on s i l i ca b y retract ion f rom 1 % solutions i n a-chloro
naphthalene are p lo t ted i n F i g u r e 2A . T h e adsorpt ion time—i.e., the 
abscissa—is the t ime the s i l i ca substrate was a l l o w e d to r emain i n con
tact w i t h the adsorbate solution. A d s o r p t i o n times longer than 20 hours 
d i d not produce any further decrease i n yc* a n d solutions conta in ing 
0 . 1 % a n d 5 % E T E S gave values w i t h i n 1 d y n e / c m . of those i n F i g u r e 
2 A . Attempts to obta in E T E S films f rom solut ion i n i sopropy lb i cyc lohexy l 
were unsuccessful—the solutions d i d not retract f rom the test surfaces 
even after 20 hours adsorpt ion t ime. I sopropy lb i cyc lohexy l has a surface 
tension of 34.4 d y n e s / c m . so i f the E T E S adsorbed to f o r m films h a v i n g 
y c * values of 33-35 d y n e s / c m . , as i t h a d f r om a-chloronaphthalene, then 
the b i cyc l ohexy l so lut ion w o u l d not be expected to retract. 

T h e contact angles exhib i ted b y water on the E T E S films were 
anomalous i n that i n plots of cos θ vs. y L v they frequent ly d i d not fit the 
straight l ine re lat ionship exhib i ted b y the data for the organic l i qu ids . 
A n example of the fa i lure of the water contact angle to correlate w i t h 
the o r g a n i c - l i q u i d data is g iven i n F i g u r e 3. F o r l ong adsorpt ion t imes, 
10-20 hours, the dev iat ion of the water data points f rom the straight 
l ine decreased but the anomaly d i d not d isappear even after 170 hours. 
I n add i t i on , the water contact angles were difficult to reproduce. T h e 
values changed measurably after only a f ew seconds on the surface a n d 
i t was rare ly possible for a water drop to s l ide freely over the surface 
w h e n the test p late was t i l ted . T h i s behavior was i n d ist inct contrast to 
that of the organic l i qu ids for w h i c h the contact angles were general ly 
reproduc ib le a n d stable, w i t h the drops easily mob i l e over the surfaces. 
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44 INTERACTION OF LIQUIDS AT SOLID SUBSTRATES 

Figure 2. The change in apparent critical surface ten
sion (A) and water contact angle (B) with adsorption 
time for ETES films on air-dried silica (—·—) and on 
flamed silica (—Ο—). (1% ETES in a-chloronaph

thalene) 

I n v i e w of the s ingular behavior of water on these E T E S films, i t was 
the general pract ice i n this invest igat ion to determine the value of y c * 
us ing only the organic l i qu ids a n d to p lot the water contact angles 
separately as a funct ion of adsorption t ime. I n F i g u r e 2 B the water 
contact angle data are presented for the films f o rmed on s i l i ca b y E T E S 
f rom a 1% solution i n α-chloronaphthalene. T h e angles for the films on 
flamed s i l i ca were consistently higher than the corresponding angles for 
films on a i r - d r i e d s i l i ca a l though after 20 hours adsorpt ion t ime they 
approached the same value. 

E T E S films cou ld not be obta ined on a l u m i n a substrates b y retrac
t ion . Retract ion d i d not occur f rom solutions of the triethoxysilane even 
u p to concentrations of 5 % , a n d adsorpt ion times of m a n y days. T h i s 
was the case us ing both a i r - d r i e d a n d flamed a l u m i n a a n d for a-chloro
naphthalene or i sopropy lb i cyc lohexy l as the solvent. 

T h e water desorption test of the E T E S films on s i l i ca showed a con
tinuous decrease i n the water contact angle, 0 H 2 o , for desorption times 
u p to 60 m i n . ( F i g u r e 4 ) . There was a simultaneous decrease i n the 
organic l i q u i d contact ang les—and thus an increase i n y c * — b u t these 
changes were less pronounced than the changes i n 0 H 2 o . 
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4. BASCOM Organic Liquid Silica Interfaces 45 

10 2 0 30 4 0 5 0 6 0 70 
SURFACE TENSION, yLy (DYNES/C M) 

Figure 4. The change in βΗ9θ in the water "desorp
tion* test for ETES films on silica. (1% ETES in 

a-chloronaphthalene ) 
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Figure 3. The failure of θΗ.2θ to correlate with the 
organic liquid wetting data in yLT-cos θ plots. (ETES 
on air-dried silica after 2 hrs. from 1% solution in 

a-chloronaphthalene) 

Vinyltriethoxysilane ( V T E S ) . T h e v inyl tr iethoxys i lane films ob
ta ined on s i l i ca were more o leophobic ( l ower y c * values) a n d more 
h y d r o p h o b i c (h igher 0H 2o va lues) than the films f o rmed f rom corre-
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46 INTERACTION OF LIQUIDS AT SOLID SUBSTRATES 

sponding E T E S solutions. I n F i g u r e 5 the wet t ing data are presented 
as a funct ion of adsorpt ion t ime for the V T E S films f r om a-chloro
naphthalene solutions on flamed s i l i ca . T h e most interest ing feature of 
these data was the pronounced concentration effect. F o r each concen
trat ion there was a different l i m i t i n g value of y c * a n d 0 H 2 o ; the h igher 
concentrat ion solutions h a d lower y c * a n d higher 0 H 2 o l imits than the 
d i lute solution. I n add i t i on the rate of film format ion ind i ca ted b y the 
decrease i n y c * was greater the higher the concentration. 

100 

pt 80 

60 

40 h 

20 

3 4 
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5 % - — — * 

2 3 4 
ADSORPTION TIME 

5 6 
(HOURS) 

20 

Figure 5. Effect of adsorbate concentration on the 
change in apparent critical surface tension (A) and 
water contact angle (B) with adsorption time for 

VTES films on flamed silica 

T h e results obta ined for V T E S on a i r -d r i ed s i l i ca are presented i n 
F i g u r e 6. T h e y indicate a concentration effect a l though the behavior is 
more complex than that of the films on flamed s i l i ca . F o r the more 
concentrated solutions yc* passes through a m i n i m u m w i t h increasing 
contact t ime. T h e m i n i m u m was reached most q u i c k l y i n the most con
centrated solutions. Subsequent to the m i n i m u m the increase i n y c * was 
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4. BASCOM Organic Liquid Silica Interfaces 47 

complete w i t h i n 20 hours adsorpt ion t ime a l though the final y c * attained 
was se ldom the same f rom one experiment to the next. F o r instance, y c * 
values f r om 28 to 32 d y n e s / c m . were observed after 20 hours adsorpt ion 
t ime for the 1% solution. 

)l Λ JV 
0 I 2 3 4 5 6 V V 2 0 

ADSORPTION TIME (HOURS) 

Figure 6. Effect of adsorbate concentration on the 
change in apparent critical surface tension (A) and 
water contact angle (B) with adsorption time for 

VTES films on air-dried silica 

T h e water contact angle data for V T E S on a i r -dr i ed s i l i ca ( F i g u r e 
6 B ) indicate a g radua l increase i n 0 H 2 o w i t h t ime. T h e rate of increase 
a n d the u l t imate value of 0 H 2 o after 20 hours adsorpt ion t ime were bo th 
greater at the h igher concentrations. 

T h e 0 H 2 o values for the V T E S films were anomalously l o w on a i r -
d r i e d s i l i ca , as h a d been f ound for the E T E S films. T h e anomaly per 
sisted even w h e n the adsorption t ime was extended to m a n y days. O n 
flamed s i l i ca , however , the anomaly was smal l or d i d not appear at a l l for 
films obta ined f rom the 1% a n d 5 % solutions after 2 hours or more 
adsorpt ion t ime. 
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48 INTERACTION O F LIQUIDS AT SOLID SUBSTRATES 

I n the water desorption test the V T E S films on flamed s i l i ca p r o v e d 
to be more resistant to change than the V T E S films on a i r - d r i e d s i l i ca . 
T h i s difference is i l lustrated b y the data i n F i g u r e 7. O n a i r - d r i e d sur
faces after one hour adsorpt ion t ime the V T E S produced a film that 
i n i t i a l l y h a d a l o w water contact angle a n d was not signif icantly altered 
i n the desorption experiment. B y a l l o w i n g 20 hours contact w i t h the 
solut ion a more hydrophob i c film was obtained but it was q u i c k l y "de-
sorbed" to a condi t ion equivalent to that for only an hour adsorpt ion 
t ime. O n flamed s i l i ca , i n contrast, the film adsorbed after 20 hours a d 
sorption t ime showed on ly a sl ight tendency to lose its hydrophob i c 
character. 

a loo r 

UJ 

< 
O 2 0 -
Ë FLAMED SILICA O 
b ι AIR-DRIED SILICA ι ι 
^ 0 ' 1 1 ι — I — — — ™ 1 1 
* 0 10 20 30 40 50 60 

DESORPTION TIME (MINUTES) 
Figure 7. The change in βΗ9θ in the water "desorp
tion' test for VTES films on silica (1% VTES in 

a-chloronaphthalene ) 

V T E S films c o u l d be obta ined on α-alumina b y retract ion f rom V T E S -
(a ) - ch loronaphthalene solutions. T h i s contrasts w i t h the fa i lure of E T E S 
solutions to retract f rom α-alumina. H o w e v e r , neither the organic l i q u i d 
or water w o u l d give stable contact angles on the films f o rmed b y V T E S . 

Acid-Base Catalyzed Adsorption. It was f ound that the add i t i on of 
l o w molecular we ight organic acids a n d bases to the adsorbate solutions 
p r o d u c e d E T E S a n d V T E S films that were m u c h more h y d r o p h o b i c a n d 
resistant to the water desorption test than the films f ormed b y the t r i -
ethoxysilanes alone. Tables I a n d I I l ist the values of y c * a n d 0 H 2 o for 
the films produced i n t h e presence of various acids a n d bases. A l s o i n 
c l u d e d are the data for the films formed b y E T E S a n d V T E S alone. I n 
a l l cases the adsorpt ion t ime was 20-24 hours, the solvent was a-chloro
naphthalene a n d the triethoxysi lane concentration was 1% b y weight . 
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4. BASCOM Organic Liquid Silica Interfaces 49 

T h e adsorption process was apparent ly complete w i t h i n 20 hours since 
the same y c * a n d 0 H 2 o values were obta ined at 48 hours a n d 72 hours. 
Note that w i thout E T E S or V T E S present, solutions of these acids a n d 
bases i n α-chloronaphthalene d i d not retract f rom the s i l i ca test plates. 

Before reaching the values l i s ted i n Tables I a n d I I , y c * usua l ly 
went through a m i n i m u m w i t h i n 1-3 hours adsorpt ion t ime. T w o ex
amples of this m i n i m u m are shown i n F i g u r e 8A . F o r these same films 
0 H 2 o increased cont inuously as ind i ca ted i n F i g u r e 8 B . T h e water contact 
angle, 0 H 2 o, increased r a p i d l y d u r i n g the first three hours of adsorpt ion 
a n d then more s lowly to the final value at 20 hours. These changes i n 
y c * a n d 0 H 2 o w i t h adsorpt ion t ime are t y p i c a l of a l l the films f ormed b y 
the trialkoxysi lanes i n the presence of an a c i d or base. 

Figure 8. Adsorption of ETES in the presence of 
acetic acid. The change in apparent critical surface 
tension (A) and water contact angle (B) with adsorp
tion time for films on flamed silica (—Ο—) and air-
dried silica (—·—). (1% ETES and 0.03% acid in 

a-chloronaphthalene ) 

T h e resistance of these films to alteration i n the water desorption test 
is also ind i ca ted i n Tables I a n d I I a n d further i l lustrated b y the data i n 
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50 INTERACTION OF LIQUIDS AT SOLID SUBSTRATES 

F i g u r e 9. F o r the most part , the films produced i n the presence of acids 
a n d bases were h i g h l y resistant to change i n the water desorption test— 
even the film formed on a l u m i n a ( T a b l e I ) . Some exceptions to this 
water stabi l i ty were the E T E S a n d V T E S films f o rmed o n a i r -d r i ed s i l i ca 
us ing the organic acids (Tables I a n d I I ) a n d the E T E S film produced 
us ing p y r i d i n e as the catalyst. 

DESORPTION TIME (MINUTES) 

Figure 9. The change in βΉ2θ in the water "de
sorption' test for ETES films formed on silica 
using acetic acid catalyst. — Ο — flamed silica, 
— Ο — air-dried silica (20 hrs. adsorption time, 
1% ETES, and 0.03% acetic acid in a-chloro

naphthalene) 

Retract ion of the solutions conta in ing n -propy lamine w i t h E T E S or 
V T E S was often incomplete or fa i l ed to occur at a l l . W h e n one of these 
solutions d i d retract i t d i d so very s lowly , t a k i n g u p to 10 minutes to 
c lear the surface; normal ly retract ion takes only a few seconds. It was 
not iced that fa i lure to retract or to retract complete ly was almost always 
associated w i t h the appearance of a finely d i v i d e d precipitate i n the 
adsorbate solution. N o difficult retract ion or prec ipitate format ion was 
encountered i n us ing the other a c id or base catalysts. I n fact, difficult 
retract ion was observed only for the n -propy lamine-conta in ing solutions 
w h e n the E T E S (or V T E S ) - a m i n e mole ratio was 4 to 1. N o r m a l retrac
t i on occurred for the solut ion of E T E S a n d n -propy lamine at a mole 
rat io of 10. 

If retract ion was incomplete , the s i l i ca or a l u m i n a plates were sub
jected to the "water desorption test," a n d i t was consistently f o u n d that 
the water d isp laced the t h i n v is ib le layer of adsorbate solution. T h i s 
water treatment left the surface dry a n d free of v is ib le film: y c * a n d 
# H 2 O determinations were made on these "washed" surfaces ( T a b l e I I ) . 

T o determine the effect of polysi loxane molecules i n the adsorbate 
solut ion on film properties, a solut ion was prepared conta in ing po lymer 
i z e d E T E S as w e l l as the E T E S monomer. T h i s solut ion was used to 
generate films on a i r -dr i ed s i l i ca . T h e changes i n y c * a n d 0 H 2 o w i t h 
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4. B A S C O M Organic Liquid Silica Interfaces 51 

adsorpt ion t ime are ind i ca ted i n F igures 10A a n d 10B. T h e yc* values 
were l ow even after 20 hours adsorpt ion t ime a n d the l i m i t i n g values of 
#H 2 O was approached r a p i d l y . I n the water desorption test these films 
proved to be very stable ( F i g u r e 10C ). Retrac t ion was quite r a p i d f r o m 
these solutions a n d no precipitate appeared i n the so lut ion d u r i n g the 
adsorpt ion experiments, a l though one d i d appear after the solut ion h a d 
stood for m a n y days. 

30 H 
l l -
£ to 2 

« a i 
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H 100 r-
<I UJ 

b £ 80 

8 | e o H 
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: ζ 6 0 
10 2 0 30 4 0 5 0 60 

DESORPTION TIME (MINUTES) 

Figure 10. The properties of films generated by an 
ETES polymer-monomer solution on air-dried silica. 
The change in γ,.* (A) and ΘΗ^Ο (&) with adsorption 
time and the change in θΗ9θ (C) in the water desorp

tion test (20 hrs. adsorption time) 

The β-( ^-chlorophenyl )ethylsilane Derivatives. D a t a on the wet ta 
b i l i t y of the β-( ch loropheny l )ethylsi lane films are g iven i n T a b l e I I I . 
These films were f o rmed b y vapor deposit ion as w e l l as b y adsorpt ion 
f rom solution. C r i t i c a l surface tensions of 40-45 d y n e s / c m . a n d 0 H 2 O of 
80° -86°C. were obta ined b y vapor deposit ion of the tr i ch loro der ivat ive 
at 2 5 ° C , the tr imethoxy der ivat ive at 70°C . a n d f rom a solution of the 
tr iethoxy c o m p o u n d w i t h n -propy lamine . These films were a l l water 
stable. T h e other films f ormed b y the tr iethoxy a n d tr imethoxy com-
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52 I N T E R A C T I O N O F LIQUIDS A T SOLID SUBSTRATES 

pounds f r om solut ion w i t h o u t catalyst, a n d b y the tr imethoxy vapor at 
room temperature, h a d 0 H 2 o values less than 80° a n d were not water -
stable. V a p o r deposi t ion was carr ied out b y suspending a c lean s i l i ca 
surface over the l i q u i d i n a closed container. 

Discussion 

Some insight into the chemica l const i tut ion of the adsorbed t r ia lkoxy -
silane films can be der ived f r om their wet tab i l i ty characteristics. H o w 
ever, caut ion must be exercised i n m a k i n g these interpretations. Because 
of the complex i ty of the adsorpt ion process there can be a n u m b e r of 
possible configurations for the adsorbed molecules i n these films. Some 
of these configurations m a y not be d ist inguishable f rom wet tab i l i t y data 
alone. I n the discussion that fo l lows a general m o d e l is proposed for the 
structure of a l l the films reported a n d postulates are offered as to h o w 
various factors might inf luence the deta i led conf iguration of the mode l . 
U s i n g the proposed m o d e l a n d these postulates a n attempt is made to 
exp la in at least some of the observed w e t t a b i l i t y data . 

Some of the exper imental results suggest that one or more chemica l 
reactions are invo lved i n the adsorpt ion of E T E S a n d V T E S . F o r ex
ample , the times r e q u i r e d for film format ion to become complete are 
longer than is usual ly associated w i t h phys i ca l adsorpt ion. A l s o , the 
differences i n the films f ormed on a l u m i n a compared w i t h s i l i ca suggest a 
specif icity t o w a r d the s i l i ca substrate—at least i n the absence of added ' 
a c i d or base. F i n a l l y , the results obta ined b y a d d i n g acids a n d bases to 
the adsorbate so lut ion suggest a catalyt ic effect o n film formation. 

There are two reactions of the adsorbate molecules that are p r o b a b l y 
invo lved i n the adsorpt ion process on s i l i ca . T h e first is between the 
adsorbate molecules a n d the surface silanols ( ^ ~ S i — O H ) ; 

O C 2 H 5 O C 2 H 5 

/ / 
S i - O H + C 2 H 5 O S i - C H = C H 2 ^ S i - O - S i - C H = C H 2 (1) 

\ \ O C 2 H 5 O C 2 H 5 

+ C 2 H 5 O H 

V a r i o u s studies indicate that certain alkoxysilanes react w i t h surface 
s i lano l groups (2 , 8), but noth ing appears to have been reported for 
E T E S a n d V T E S specif ically. T h e second type react ion is between t w o 
adsorbate molecules to f o rm a siloxane po lymer l inkage . 
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C g H g O ^ H + ( O H " ) C y E ^ O ^ 

C H 2 = C H - S i - O C 2 H 5 + H O H c * C H 2 = C H - S i - O H (2a) 

C ^ O ^ C 2 H 5 0 ^ 

+ C 2 H 5 O H 

C 2 H 5 0 ^ ^ O C 2 H 5 

C H 2 = C H - S i - O H + C 2 H 5 G - S i - C H = C H 2
 K ^ (2b) 

CJiioS ^ Ο 0 2 Η 5 

C 2 H 5 0 ^ YOC2U5 

C H 2 = C H - S i - O - S i - C H = C H 2 + C 2 H 5 O H . 

C 2 H 5 Q ^ ^ O C ^ 

There is a substantial b o d y of l i terature on the hydrolys is of a lkoxy-
silanes ( 16) i n c l u d i n g a study of E T E S (15 ) . N o t e that a l l three reactions, 
(1 , 2a, a n d 2 b ) , are p robab ly subject to acid-base catalysis, but only for 
reactions of type 2a has catalysis been demonstrated ( 15,16). 

T h e films generated i n these experiments are best v i sua l i zed as p o l y -
siloxane networks h a v i n g at least an occasional chemica l attachment to 
the surface. ( T h e surface attachments to s i l i ca are very l ike ly siloxane 
l inkages as i n Reac t i on 1. T h e quest ion of the attachments to a l u m i n a is 
discussed below. ) T h i s network m o d e l impl ies that Reactions 1, 2a, a n d 
2b a l l contr ibute to the adsorpt ion process. H o w e v e r , there w i l l be 
differences i n the extent of po lymer format ion a n d the extent of surface 
attachments depend ing u p o n w h i c h triethoxysi lane is invo lved a n d the 
condit ions under w h i c h it is adsorbed. T h e water r equ i red for the p o l y 
mer izat ion react ion was probab ly avai lable on a l l the surfaces studied . 
T h i s w o u l d be true even for the flamed s i l i ca since those surfaces were 
cooled i n air conta in ing 400 p .p .m. of water . T h i s water content is be 
l i eved sufficient to promote the re forming of most surface s i lanol groups 
lost b y flaming a n d to a l l ow the adsorpt ion of at least a p a r t i a l monolayer 
of molecular water . 

I n order to exp la in the wet tab i l i ty results for the tr ia lkoxysi lane 
films, i t is necessary to postulate that the f o l l o w i n g five factors are i m p o r 
tant i n the adsorpt ion process o n s i l i c a : 

( 1 ) T h e n u m b e r of specific siloxane attachments made to the surface 
w i l l depend i n part o n the react iv i ty of the alkoxysi lane a n d i n part o n 
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54 I N T E R A C T I O N O F LIQUIDS A T SOLID SUBSTRATES 

the ac id i ty of the i n d i v i d u a l surface s i lano l groups. It is assumed that 
there is a h i g h b u t undetermined density of s i lanol groups on b o t h a i r -
d r i e d a n d flamed surfaces. I n general , the sites on any g iven surface w i l l 
v a r y w i d e l y i n c h e m i c a l act iv i ty . T h i s dependence of the extent of surface 
attachments on adsorbate a n d adsorbent react iv i ty reflects the fact that 
w h e n an alkoxysi lane molecule approaches a surface s i lanol the react ion 
rate must be fast enough for b o n d format ion d u r i n g the t ime the a d 
sorbate molecule is phys i ca l ly h e l d at the surface site. 

(2 ) F e w of the i n d i v i d u a l tr ia lkoxysi lane molecules w i l l make m u l 
t ip le attachments to the surface. T h i s l imi ta t i on exists because there is 
l i t t le p robab i l i t y that an adsorbing alkoxysi lane molecule w i l l make an 
i n i t i a l , s ingle attachment a n d then rotate about this b o n d u n t i l one or 
b o t h of the remain ing ethoxy groups are proper ly pos i t ioned for react ion 
w i t h surface silanols. Consequent ly , the format ion of m u l t i p l e attach
ments is a s low process. It is l ike ly to be outrun b y the react ion of the 
remain ing ethoxy groups w i t h other tr iethoxysi lane molecules to f o rm 
siloxane l inkages. A l s o , w h e n the adsorbate solut ion is concentrated the 
number of tr ia lkoxysi lane molecules avai lab le at the surface is large, so 
that most silanols on the s i l i ca w i l l have reacted w i t h separate molecules 
before m a n y m u l t i p l e attachments can be made. O n l y for d i lute adsorbate 
solutions is there l i k e l y to be an apprec iable n u m b e r of mul t ip ly -a t tached 
tr iethoxysi lane molecules. 

(3 ) T h e number of surface attachments w i l l be l i m i t e d i f the 
molecules are prevented access to the surface silanols b y adsorbed water 
or any other adsorbate that can Η - b o n d to the s i lano l group. 

(4 ) T h e surface silanols can s t i l l catalyze the po lymer i za t i on of 
tr iethoxysi lane molecules even i f there is one or more adsorbed layers of 
water on the surface. Presumably the triethoxysi lane molecule H - b o n d s 
to the surface via water molecules after w h i c h i t requires o n l y an electron 
shift to make a s i lanol proton avai lable to the alkoxysi lane molecule . T h i s 
sequence is i l lustrated b y the f o l l owing structures: 

C H , 

C H , 

CHo 

C H 

C H H 

CH., 

H 

ν 

CHo 

CHo 

O' 

H + 

CHo 

C H 

, S i , 
I 
I 

C H , 

CHo 

H 

b-
I 

' Si 

A Β 
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4. B A S C O M Organic Liquid Silica Interfaces 55 

T h e Η - b o n d s are ind i cated b y dotted lines a n d the b o n d f rom the s i l i con 
to the t h i r d ethoxy group b e h i n d the plane of the paper b y a dashed l ine . 
Since one molecule of water disappears for each siloxane l inkage f o rmed 
( R e a c t i o n 2 a ) , some of the surface molecular water is removed as the 
react ion proceeds. A s this occurs, the — S i — O H sites on the surface w i l l 
become exposed a n d accessible for d irect reaction. 

(5 ) Differences i n adsorpt ion behavior on a i r - d r i e d a n d flamed s i l i ca 
are at tr ibuted to differences i n the rate at w h i c h water w i t h i n the s i l i ca 
can diffuse to the surface—the rate be ing m u c h less for the flamed sur
faces. Therefore , any adsorbed molceular water that is removed f r om the 
a i r -d r i ed surfaces as a result of po lymer format ion (Postulate 4 ) w i l l be 
q u i c k l y rep laced b y molecular water h e l d i n the s i l i ca immediate ly be l ow 
the surface. O n the other h a n d , for flamed s i l i ca the rate of replacement is 
be l ieved to be m u c h slower. I n general the presence of molecular water 
i n glass a n d i n fused s i l i ca surfaces is w e l l establ ished (6 ) a n d p r e l i m i n a r y 
studies us ing in frared spectroscopy conf irm its presence i n the s i l i ca plates 
used here. F l a m i n g w o u l d remove a large por t i on of this inter ior water 
f rom the first one or two microns be low the surface. 

P laus ib le explanations can be g iven for the various wet tab i l i ty results 
i n terms of the proposed mode l . I n do ing so certain interpretations are 
made of the wet tab i l i ty parameters, y c * a n d 0 Η 2 ο· T h e apparent c r i t i c a l 
surface tension, y c * , reflects the density of m e t h y l a n d methylene ( a n d 
sometimes v i n y l ) groups i n the surface of the adsorbed film, i n c l u d i n g 
the e thy l of u n h y d r o l y z e d ethoxy groups. T h e water contact angle, 0 H 2 o , 
w i l l be more sensitive than the organic wet t ing l iqu ids to any po lar groups 
w i t h w h i c h water can Η - b o n d . T h e contact angle of water w i l l also be 
affected i f the water hydrolyses ethoxy groups to make the film surface 
more polar . 

I n the "desorpt ion" experiments changes i n film characteristics are 
assumed to inc lude the displacement of phys i ca l l y adsorbed or entangled 
molecules, the hydrolys is of ethoxy groups a n d possibly the hydrolys is of 
some ==Si—Ο—Si== l inkages. 

Ethyltriethoxysilane-Silica. T h e properties of the E T E S films on 
s i l i ca indicate that this tr iethoxysi lane does not react extensively w i t h the 
surface silanols, p r o b a b l y because of the l o w hydro ly t i c react iv i ty of this 
part i cu lar alkoxysi lane. There is obv ious ly some adsorpt ion of E T E S 
since retract ion does occur f rom the α-chloronaphthalene solutions. H o w 
ever, the poor water stabi l i ty of the resul t ing films shows that the a d 
sorbate is not strongly h e l d to the surface—e.g. , the d ispar i ty between 
# H 2 O a n d the o rgan i c - l i qu id w e t t i n g data a n d the m a r k e d decrease i n 
0 H 2 O d u r i n g the water desorption tests. E v i d e n t l y , the E T E S is too 
poor ly reactive to interact w i t h the surface silanols either to f o rm exten
sive surface attachments or an adsorbed polysi loxane network ( see Pos tu 
lates 1 a n d 4 ) . Consistent w i t h this interpretat ion is the fact that i n 
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l ow-po lar i ty solvents the hydrolys is of E T E S requires catalysis b y strong 
acids or bases ( 1 5 ) . 

Vinyltriethoxysilane-Silica. T h e V T E S appears to be more reactive 
than E T E S a n d therefore able to interact more extensively w i t h the 
surface silanols. O n flamed s i l i ca the coverage b y V T E S gives a h i g h 
density of hydrocarbon groups ( l o w y c * , F i g u r e 5 A ) at least at the h i g h 
concentrations. These films are stable t o w a r d water since the 0 H 2 o values 
are consistent w i t h the organic l i q u i d wet t ing data a n d the films resist 
water desorpt ion ( F i g u r e 7 ) . 

I n a p r e l i m i n a r y study here the V T E S was f o u n d to be s l ight ly more 
h y d r o l y t i c a l l y reactive than the e thy l c ompound . A l s o , a h igher hydro ly t i c 
sensit ivity for V T E S than for E T E S can be justif ied on theoret ical 
grounds. I f p - d - b o n d i n g can occur between the s i l i con atom a n d the 

+ 

v i n y l group (3,4), then structures such as C H 2 — C H = S i ( O C 2 H 5 ) 3 m a y 
be important i n the hydro lys is react ion mechanism. T h e increased elec
t ron density on the s i l i ca w o u l d serve to weaken the = S i — Ο — b o n d . 
S i m i l a r i on ic structures cannot be w r i t t e n for E T E S . 

T w o different configurations are proposed for the adsorbed mole 
cules i n the V T E S films on flamed s i l i ca . B o t h models attempt to account 
for the surpr is ing ly l o w cr i t i ca l surface tensions exhib i ted b y the films 
f rom 1 % a n d 5 % solutions. A n apparent c r i t i c a l surface tension of 
20 d y n e s / c m . — o r 26 d y n e s / c m . as determined us ing n-alkanes ( F i g u r e 1) 
— i s usua l ly associated w i t h closely-spaced hydrocarbon groups. E x a m i n a 
t i o n of molecu lar models indicates that to obta in such close spac ing there 
must be a n average of at least one unreacted ethoxy group r e m a i n i n g on 
each absorbed triethoxysi lane. O n e configuration that satisfies this re 
quirement has each adsorbed molecule s ingly attached to the surface; 
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Alternate ly , the film c o u l d consist of short v inyls i loxane po lymer segments 
b r i d g i n g f r om one po int of surface attachments to another—i.e., 
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A s suggested earlier, the water necessary for po lymer i za t i on was p r o b a b l y 
avai lab le even on the flamed s i l i ca . T h e molecular models suggest that 
to obta in a close spacing of hydrocarbon groups i n a film of p o l y v i n y l -
silane the po lymer segments must be h e l d against the surface as i n 
structure D . I f the po lymer units were attached to the surface b u t 
a l l o w e d to extend i n a r a n d o m fashion into the adsorbate so lut ion, a 
larger propor t ion of po lar groups w o u l d be accessible to a contact ing 
l i q u i d . 

T h e contention that p o l y m e r adsorpt ion can result i n o leophobic 
( l o w y c * ) a n d water stable films is g iven support b y the results us ing 
the E T E S po lymer-monomer solut ion ( F i g u r e 10) . I n this case pre 
f o rmed po lymer was present i n the solut ion a long w i t h the monomer 
E T E S , a n d the result ing films h a d a wet tab i l i ty not u n l i k e those f ormed 
b y the 1 % a n d 5 % V T E S solutions on flamed s i l i ca . T h e water s tabi l i ty 
of these films can be expla ined b y a film structure that is predominate ly 
po lymer units . Desorpt i on then requires the simultaneous break ing of 
m a n y bonds w h i c h is a statistically u n l i k e l y event. 

There are at least three possible explanations for the re lat ive ly h i g h 
y c * values of the films f rom the 0 . 1 % V T E S solutions, ( a ) A s suggested 
b y Postulate 2, the V T E S molecules m a y f o rm m u l t i p l e attachments to 
the surface. If so, the n u m b e r of unreacted ethoxy groups i n the a d 
sorbed film w i l l be less than i n the films f ormed at the h igher concentra
t i on where on ly s ingly attached molecules (Structure C ) or po lymer 
molecules (Structure D ) are expected, ( b ) T h e h i g h y c * values m a y 
mere ly indicate sparse coverage of the surface. If a significant part of 
the adsorbate at the higher concentrations is phys i ca l ly h e l d then at the 
lower concentrat ion the surface density of these w e a k l y h e l d molecules 
w i l l be lower, ( c ) A t the l o w solut ion concentrations the rate of Reactions 
1, 2a, a n d 2b m a y be too s low to give f u l l surface coverage even w i t h i n 
the m a x i m u m adsorpt ion t ime a l l owed , w h i c h was about three days. 
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There is not enough in format ion to differentiate between these h i g h l y 
speculative explanations. 

V T E S films on a i r -d r i ed s i l i ca differ i n bo th wet tab i l i t y a n d water sta
b i l i t y f rom the V T E S films on flamed s i l i ca ( F i g u r e s 5, 6, a n d 7 ) . These 
differences are at tr ibuted to a greater rate of water di f fusion to the surface 
f r om the b u l k of the a i r -d r i ed s i l i ca d u r i n g the course of the adsorpt ion 
process than occurs i n the case of flamed s i l i ca (see Postulate 3 ) . O n 
a i r - d r i e d s i l i ca the cont inued supp ly of water to the surface is be l i eved 
signif icantly to reduce the formation of surface attachments. T h i s w o u l d 
expla in the poor water resistance of these films. 

T h e m i n i m u m i n y c * observed after a few hours adsorpt ion t ime for 
V T E S on a i r -dr i ed s i l i ca ( F i g u r e 6 A ) probab ly corresponds to an i n i t i a l 
surface coverage b y smal l po lymer fragments a n d unreacted V T E S mole 
cules Η - b o n d e d to the surface. A t these early stages of adsorpt ion the 
0H 2 O values were h i g h l y unstable i n d i c a t i n g easy d i s rupt i on of the film. 
Subsequent react ion of the adsorbate molecules to f o r m further po lymer 
l inkages a n d possibly surface attachments w o u l d exp la in the increase i n 
water stabi l i ty after 20 hours. A g radua l loss of ethoxy groups f r om the 
film w i l l accompany these processes a n d w o u l d contr ibute to the increase 
i n y c * at the later adsorpt ion times ( F i g u r e 6 A ) . 

T h e Effect o f A c i d a n d Base C a t a l y s t s . T h e a dd i t i on of organic acids 
a n d bases to the adsorbate so lut ion is be l i eved to promote cons iderably 
more po lymer format ion a n d possibly more surface attachments i n the 
films f o rmed b y E T E S a n d V T E S t h a n w h e n either tr iethoxysi lane is 
adsorbed w i thout a d d e d catalyst. I n fact, f r om the triethoxysi lane-catalyst 
solutions, the adsorpt ion process is l i k e l y to continue b e y o n d the i n i t i a l 
surface coverage b y "monolayer" films such as Structure C or D . A n y 
unreacted ethoxy groups i n the in i t i a l l y adsorbed film are h i g h l y suscep
t ib le to hydrolys is because of the ready ava i lab i l i ty of catalyst i n the over
l y i n g solution. T h e water necessary for hydrolys is is avai lable f rom the 
s i l i ca substrate or f rom the adsorbate so lut ion into w h i c h trace amounts 
m a y have been in t roduced inadvertent ly d u r i n g preparat ion . Therefore , 
po lymer b u i l d u p on the surface w i l l cont inue u n t i l one of the reactants 
becomes depleted or u n t i l steric factors l i m i t further po lymer izat ion . T h e 
net effect of these processes is reflected i n the observed change i n y c * 
w i t h adsorpt ion t ime ( F i g u r e 8 ) . T h e m i n i m u m i n y c * at 1 to 3 hours 
adsorpt ion t ime reflects the h i g h density of unreacted ethoxy groups i n 
the i n i t i a l film. T h e subsequent increase i n y c * corresponds to the loss 
of the ethoxy groups as this i n i t i a l film becomes more cross- l inked a n d 
there is a g radua l b u i l d u p of randomly or iented po lymer segments. 

T h e films generated b y the tr iethoxysi lane-( η p r o p y l a m i n e solutions 
(at adsorbate /amine mole ratios of 4 or greater) di f fered i n a n u m b e r 
of ways f rom the films f o rmed b y any of the other adsorbate solutions: 
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(a ) the films were strongly hydrophobic—i .e . , h i g h 0 H 2 o — b u t at the same 
t ime surpr is ing ly o leophi l i c ( h i g h y c * ) ; ( b ) retract ion f r om these so lu
tions was slow a n d oftentimes incomplete ; a n d ( c ) a finely d i v i d e d pre 
c ip i tate was observed i n these adsorbate solutions. I n connect ion w t i h 
the y c * ' s of these films it should be noted that i n the cos 0-t>$-y L V plots 
the wet t ing data d i d not give as exact a l inear re lat ionship as was obta ined 
for the other films of this study. Instead, the wet t ing data showed a 
m a r k e d scatter through w h i c h a best fit straight l ine was d r a w n . Because 
of this scatter, there is an uncertainty of ± 5 d y n e s / c m . i n the y c * values 
for the n -propy lamine cata lyzed films i n Tables I a n d I I . 

It is be l ieved that the above phenomena result because adsorpt ion 
i n this case leads to the r a p i d format ion of re lat ively th ick po lymer films. 
It w o u l d also appear that these films can be penetrated a n d perhaps 
swel led b y the organic test l i qu ids . T h e v is ib le precipitates observed i n 
the tr iethoxysi lane-( n )propy lamine solutions are presumed to be particles 
of h i g h molecular -weight polysi loxane. T h i s suggests that the rate of 
po lymer formation is greater i n these amine cata lyzed solutions than i n 
the other adsorbate-catalyst solutions. U n d o u b t e d l y , m u c h smaller p o l y 
siloxane units were present i n the adsorbate solut ion before the part i c le 
became vis ib le . T h u s , the b u i l d u p of the adsorbed film m a y inc lude 
smal l pre formed po lymer aggregates as w e l l as the triethoxysi lane mono
mer. I n fact, i f adsorpt ion proceeds r a p i d l y enough molecules of solvent, 
catalyst, unreacted triethoxysi lane monomer, a n d po lymer are l i k e l y to 
be t rapped i n the adsorbed network w i thout actual ly be ing chemica l ly 
h n k e d to i t . 

T h e s low a n d incomplete retract ion of the solutions conta in ing 
n -propy lamine is a t tr ibuted i n part to the presence of w e a k l y - h e l d po ly 
siloxane mater ia l on an under ly ing , more coherent film. T h e fact that the 
solut ion retracts at a l ow contact angle (about 20° to 3 0 ° ) cannot c om
plete ly exp la in the inordinate ly s low retract ion. It is more l ike ly that a 
loose, gel - l ike po lymer i c structure impedes a n d i n some instances prevents 
the w i t h d r a w a l of the retract ing l i q u i d . W h e n retract ion fa i l ed to occur, 
the res idual so lut ion was easily d i sp laced b y water. U n d o u b t e d l y , this 
"d isp lacement" is a complex process of desorption, l i q u i d - l i q u i d d isplace
ment a n d hydrolys is of the po lymer film. 

T h e wet tab i l i ty of these films is adequately expla ined w h e n they are 
v i e w e d as more-or-less thick po lymer networks into w h i c h solvent a n d 
other molecules are entangled. T h e h i g h y c * values obta ined reflect bo th 
the r a n d o m or iented po lymer segments a n d the inc lus ion i n the film of the 
re lat ive ly h i g h surface tension solvent—i.e., α-chloronaphthalene ( y L v = 
42.9 d y n e s / c m . ) . H o w e v e r , the 0 H 2 o values for these films are m u c h 
higher than was to be expected f rom their y c * values. T h i s d iscrepancy 
is best i l lustrated b y reference to the w o r k of Shafr in a n d Z i sman (13) 
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w h o have s tudied the re lat ion between 0 H 2 o a n d y e * for over 60 organic 
polymers a n d adsorbed organic films. T h e y f ound that for a g iven va lue 
of y c * there is a corresponding upper l i m i t for 0 Η 2 ο· O n this basis those 
films i n Tables I a n d I I h a v i n g a y c * va lue of 38 d y n e s / c m . , for example, 
shou ld have a 0 H 2 o va lue of not over 85° w h i c h is 20° lower than the 
105° observed. O t h e r examples of such unusual ly h i g h water contact 
angles are u n d e r l i n e d i n Tables I a n d I I . Note that i n a l l cases these 
polysi loxane films h a d been deposited f rom solutions conta in ing n - p r o p y l 
amine as the catalyst. T h i s apparent d iscrepancy between observed a n d 
pred i c ted water contact angles i n no w a y inval idates the generalizations 
made b y Shafr in a n d Z isman. T h e comparison is made to emphasize the 
unusua l o l eoph i l i c -hydrophob i c character of these films. T h e explanat ion 
for the discrepancy is p r o b a b l y that molecules of the organic test l i qu ids 
penetrate a n d perhaps s w e l l these polysi loxane layers, thus ra is ing their 
apparent c r i t i ca l surface tension. T h e unusua l ly large dev iat ion of the 
w e t t i n g data f r om a straight l ine re lat ionship also suggests specific inter 
actions between the i n d i v i d u a l test l i qu ids a n d these polysi loxane films. 
Sha f r in a n d Z i sman , of course, purposely exc luded f rom their data any 
systems i n w h i c h there were strong, specific interactions between surface 
a n d w e t t i n g l i q u i d . 

β- ( ̂ -Chlorophenyl ) ethlytrialkoxy ( trichloro- ) silanes—Silica. T h e β-
( p - c h l o r o p h e n y l ) e t h y l compounds f o rme d films h a v i n g the wet tab i l i t y 
expected for closely-spaced p - ch loropheny l groups—i.e., y c * = 40-45 
d y n e s / c m . a n d 0 H 2 o — 80°-90° ( T a b l e I I I ) . These are the same values 
f o u n d b y Shafr in a n d Z i sman for films of p - ch lorophenyldodecy lg lutar i c 
a c i d on c h r o m i u m (14). T h e easily h y d r o l y z e d tr i ch loro c o m p o u n d 
formed water-stable films spontaneously at 25 °C. h a v i n g the expected 
wet tab i l i ty . T h e less h y d r o l y t i c a l l y reactive t r ia lkoxy compounds re 
q u i r e d elevated temperatures—e.g., the vapor deposit ion of the t r imeth 
oxy c o m p o u n d at 7 0 ° C , or requ i red a catalyst—e.g., the tr iethoxy c o m 
p o u n d f rom a solut ion conta in ing n -propy lamine . There were no 
demonstrable differences i n the ab i l i t y of the two tr ia lkoxy compounds 
to f o rm water-stable films even though the trimethoxysi lanes are usual ly 
more h y d r o l y t i c a l l y reactive than the corresponding triethoxysilanes ( 7 ) . 

Adsorption of E T E S and V T E S on Alumina. I n the absence of a c i d 
or base catalysts i t was not possible to obta in E T E S films o n α-alumina b y 
retract ion a n d the V T E S films were unstable t o w a r d the organic test 
l i q u i d s as w e l l as water. T h i s fa i lure of b o t h the E T E S a n d V T E S to 
f o rm strongly h e l d films can be at tr ibuted to the w e a k l y basic character 
of a l u m i n a surfaces. T h e isoelectric po int of a l u m i n a is usual ly at a p H 
of 7.5 to 9.0 (11) w h i c h is a r o u g h measure of the base strength of the 
— A l — O H surface groups. S i l i ca , on the other h a n d , has an isoelectric 
po int at a p H of 2, s ign i fy ing a moderately strong a c i d character for the 
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^ S i — O H group. I n terms of acid-base strength, the a l u m i n a presents a 
m u c h less chemica l ly act ive surface for tr ia lkoxysi lane hydrolys is t h a n 
does s i l i ca . 

T h e h y d r o l y t i c s tabi l i ty of = A 1 — Ο — S i = = surface attachments is 
questionable i f such bonds are formed. Exper i ence w i t h organic a l u m i n o -
siloxane polymers has shown that the =A1—Ο—Sb== l inkage does not 
have the stabi l i ty usual ly associated w i t h the E = S i — Ο — S i = group espe
c ia l l y t o w a r d water ( 19 ) . 

W h e n n -propy lamine was in t roduced into the E T E S adsorbate so lu
t i on the resul t ing films on a l u m i n a h a d the same wet tab i l i ty a n d water 
s tabi l i ty as the films obta ined o n s i l i ca f r om a s imi lar solut ion. I t c a n be 
reasonably assumed that the amine cata lyzed the format ion of a n a d 
sorbed polyxi loxane network o n the a l u m i n a . H o w e v e r , i t is again ques
t ionable whether the water s tabi l i ty of these films can be at t r ibuted to 
the format ion of = A 1 — Ο — S i = surface attachments. T h e water s tabi l i ty 
is more l i k e l y o w i n g to the h i g h l y po lymer i c structure of the film. 

Implications for the Use of Trialkoxysilanes as Finishing Agents. 
T h e water stabi l i ty of the adhesive b o n d between organic resins a n d 
inorganic adherends is s ignif icantly i m p r o v e d b y precoat ing the inorganic 
surface w i t h certa in tr ialkoxysi lane finishing agents. These compounds 
have proved useful for such adherends as glass ( 1 7 ) , a l u m i n u m ( I ) , 
porce la in ( 1 0 ) , a n d natura l tooth surfaces (12). T h e finishing agent 
coat ing m a y be a p p l i e d f rom aqueous or nonaqueous so lut ion or as a n 
add i t ive i n the adhesive res in l i q u i d . 

T h e r e are three important impl icat ions of this invest igat ion for the 
use of tr ialkoxysi lanes as finishing agents w h e n a p p l i e d f r om nonaqueous 
solutions or w h e n used as* res in addit ives , ( a ) T h e tr ia lkoxysi lane can 
serve to chemica l ly scavenge water adsorbed on the adherend surface a n d 
trace amounts of water i n the l i q u i d resin, ( b ) T h e adsorbed polysi loxane 
network can serve as a hydrophob i c barr ier to the entry of b u l k water 
into the inter fac ia l region. It m a y also h inder readsorpt ion of water , at 
least i n the case of glass, b y chemica l ly c o m b i n i n g w i t h h y d r o p h i l i c sur
face groups, ( c ) T h e extent to w h i c h the tr ia lkoxysi lane w i l l serve to 
scavenge water a n d f o rm a n adsorbed, hydrophob i c barr ier w i l l d e p e n d 
o n its hydro ly t i c react iv i ty a n d the condit ions under w h i c h i t is a p p l i e d — 
i.e., the amount a n d type of a c i d or base present, the amount of water 
present, the acid-base character of the substrate, etc. 

T h e tr ia lkoxysi lane compounds thus satisfy two requirements i n d i 
cated b y Z i sman (21) for useful finishing agents. T h e y are able to d i s 
place water f rom the substrate surface a n d to prevent its readsorption. 
H o w e v e r , i t was po in ted out (21) that the a p p l i e d film of finishing agent 
must be resin-wettable—i.e., y c * > 40 d y n e s / c m . , to a l l ow good contact 
between adhesive a n d adherend. T h e results w i t h the p - ch loropheny l -
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terminated compounds demonstrate that, b y the proper chemica l design, 
the trialkoxysi lanes can be made to meet this wet tab i l i ty requirement . 
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Solvent Effects on Adsorption at the 
Polymer/Solid Interface 

M . J . SCHICK and Ε. N. HARVEY, JR. 

Central Research Laboratories, Interchemical Corporation, Clifton, N . J. 

The adsorption of polystyrene-14C (PS-14C, Mw = 292,000) 
on Graphon carbon black was studied from six solvents 
covering a range of solvent power. The results indicate in
creased adsorption of PS-14C on Graphon with decreasing 
solvent power. Similarly, correlation between the adsorption 
of PS-14C on Graphon and the hydrodynamic dimensions of 
PS-14C in solution is good; i.e., A8 increases with decreasing 
end-to-end root-mean-square length of the polymer in solu
tion (<r2>)1/2. It is postulated that under conditions of 
weak segment-surface interaction a uniformly adsorbing 
polymer like polystyrene attaches itself to the Graphon sur
face from good solvents as a flat oriented monolayer; from 
a poor solvent the polymer assumes a loop or coil structure 
in which only part of the polymer segments are attached 
directly to the Graphon surface. 

/ C o m p r e h e n s i v e reviews dea l ing w i t h the adsorpt ion of polymers at 
^ s o l i d - l i q u i d interfaces have recently been p u b l i s h e d b y Hughes a n d 
F r a n k e n b e r g (13), Patat , K i l l m a n , a n d Schl iebener (18, 19), R o w l a n d , 
Bu las , Rothste in , a n d E i r i c h (21), K i p l i n g (14), a n d Stromberg (9,27). 
T h e factor of p r i m a r y interest i n the p r o b l e m at h a n d , the effect of 
solvent on po lymer adsorpt ion i n nonaqueous systems, has been the 
subject of several investigations (2, 6, 8, 11, 12, 15, 16, 20, 22, 25, 28). 
I n general , a m a r k e d dependence of p o l y m e r adsorpt ion on solvent used 
was observed. Several of these data support the contention that po lymers 
are strongly adsorbed f rom poor solvents a n d that the reverse holds true 
for good solvents ( I I , 12, 15, 16, 22, 25, 28). H o w e v e r , this strict de 
pendence of adsorpt ion on solvent power is overshadowed i n m a n y cases 
b y the interact ion between po lymer a n d adsorbent ( 8 ) , strong compet i 
t i on between solvent a n d po lymer for the surface of the adsorbent (2,17, 

63 
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20), or molecular we ight effects ( 16 ) . Therefore , i t appeared desirable 
to establish a rigorous corre lat ion between solut ion a n d surface properties 
as a funct ion of solvent power i n a wel l - character ized system u n d e r 
condit ions i n w h i c h the adsorbent surface was at a l l t ime i n contact w i t h 
the e q u i l i b r i u m solut ion of the adsorbate. 

T h e system descr ibed i n this invest igation is p o l y s t y r e n e - 1 4 C a d 
sorbed on G r a p h o n carbon b lack ( g raph i t i zed Spheron 6 ) f r om six 
solvents compr i s ing a w i d e spectrum f rom good to poor solvent power . 
We l l - charac te r i zed materials were selected to e lucidate the conformation 
of po lymer molecules at the s o l i d / l i q u i d interface. So far two models 
have been postulated to describe the conformation of the adsorbed po ly 
mer molecules at the s o l i d / l i q u i d interface ( 9 , 1 3 , 14, 18,19, 21, 27). I n 
the first m o d e l the po lymer assumes a loop or c o i l structure i n w h i c h on ly 
a f ract ion of the po lymer segments are attached d irec t ly at the interface, 
a n d i n the second m o d e l the po lymer forms a re lat ive ly flat a n d c o m 
pressed inter fac ia l layer w i t h m a n y segments attached to the so l id 
substrate. 

Experimental 

G r a p h o n b lack , k i n d l y furn ished b y the C a b o t C o r p o r a t i o n , was the 
adsorbent; a n d its p h y s i c a l properties are l i s ted i n T a b l e I . T h e t e r m 
" G r a p h o n " refers to Spheron 6 w h i c h h a d been heated to 2 ,700°-3 ,200°C. 
T h i s g raph i t i zed nonporous carbon b lack is a u n i q u e f o rm of carbon 
w i t h u n i f o r m surface a n d h i g h surface area. T h e G r a p h o n samples w e r e 
d r i e d for 12 hrs. at 140°C. a n d stored in vacuo before use i n the adsorp
t i on experiments. 

L a b e l l e d p o l y s t y r e n e - 1 4 C ( P S - 1 4 C ) was the adsorbate. T w o batches 
were prepared b y a n ident i ca l procedure w i t h on ly one of them conta in 
i n g radioact ive 1 4 C . T h e labe l l ed po lymer was used for the adsorpt ion 
measurements, whereas the un labe l l ed po lymer was used for the deter
m i n a t i o n of the solut ion properties. T h e polystyrene was prepared b y 
emuls ion po lymer iza t i on of red is t i l l ed styrene. I n order to remove u n 
reacted monomer the polystyrene was freeze-dried f r o m benzene solution. 

Table I. Properties of Graphon Carbon Black 

Manufacturer Cabot 

Code number S6-D4 

Nitrogen surface area (sq. meter/gram) 89.70 

Electron microscope surface area (sq. meter/gram) 117.00 

Electron microscope particle diameter dn (ηΐμ) 23.50 

Electron microscope particle diameter dA (m^) 27.60 

Nitrogen particle diameter dA (m/x) 36.00 
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T h e viscosity-average molecu lar we ight of the polystyrene sample, 
Μγ = 251,000, was ca lculated f r om intr ins ic viscosity measurements i n 
toluene a n d butanone-2 solutions (see T a b l e I I ) b y the M a r k - H o u w i n k 
equat ion [η] = K ' M a . T h e constants were K' = 1.7 X 1 0 - 4 a n d a — 0.69 
for the toluene solutions at 25.0°C. a n d K ' — 3.9 Χ 10" 4 a n d a — 0.58 
for the butanone-2 solutions at 25.0 ° C . (29, 30). F o r compar ison the 
weight-average molecular we ight M w = 292,000 was determined f r o m 
l ight scattering measurements i n toluene solutions. T h e specific ac t iv i ty 
of the labe l l ed polystyrene sample was 0.0055 m c . / g r a m . 

T h e solvents were of ana ly t i ca l grade a n d were used w i t h o u t further 
puri f i cat ion w i t h the exception of benzene, w h i c h was red is t i l l ed a n d 
stored over sod ium pellets. 

T h e adsorpt ion experiments were r u n i n 50-ml . glass-stoppered 
E r l e n m e y e r flasks filled w i t h 25 m l . adsorbate solut ion a n d 0.125 gram 
adsorbent. T h e flasks were agitated b y a mechan i ca l shaker enclosed 
i n a n a ir thermostat at 25.0 ° C . A f t e r 40-hr. agi tat ion periods, the suspen
sions were centr i fuged ; then the concentrat ion of the unadsorbed po lymer 
was determined b y radioact ive assay ( 1 4 C ) of al iquots of the supernatant 
l i q u i d o n planchets i n a G e i g e r - M u l l e r C o u n t e r w i t h a decade scaler a n d 
a p r i n t i n g t imer. A l l counts were r u n i n dupl i cate or tr ip l icate . T h e 
reproduc ib i l i t y of the adsorpt ion experiments was w i t h i n ±2.5%. Rate 
studies have conf irmed that there is no measurable increase i n amount 
of polystyrene adsorbed o n G r a p h o n f rom benzene solutions after 36 hrs. 

Table II. Effect of Solvent on the Adsorption of 
Polystyrene- 1 4 C on Graphon at 25.0°C. 

Solution Properties Surface 
Properties 

A8, 
mg./grame Solvent α w . 

dl/gramh ac A* 

Surface 
Properties 

A8, 
mg./grame 

Benzene 0.430 0.95 0.74 509 55 
Toluene 0.434 0.90 0.69 500 40 
Dioxane 0.472 0.85 — 491 129 
Butanone-2 0.485 0.51 0.58 414 160 
E t h y l acetate 0.485 0.49 — 409 160 
Cyclohexane 0.499 0.25 0.50 326 175 

(^-solvent) 

α Thermodynamic compatibility constant. It has recently also been denoted to the 
symbol χι. 
b Intrinsic viscosity: = 0.025 signifies a rigid sphere. 
"Exponent in Mark-Houwink equation [rç] = K'M&: a = 0.5 signifies a rigid sphere 
or compact coil and a = 1.4 a rodlike or highly extended molecule. 
d ( < r 2 > ) 1 / 2 : end-to-end, root-mean-square length derived from the Flory-Fox equa-

( < î 2 > ) 3 / 2 

tion [>] = Φ where Φ = 2.1 Χ 10 2 1 is the universal constant. Data cal-Aï 
culated on the basis of M w = 292,000. 
e A , : extrapolated saturation concentration from adsorption isotherm plots of A in mg. 
polystyrene- 1 4C adsorbed per gram of Graphon vs. concentration of supernatant liquid 
in mg./ml. 
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Results and Discussion 

It is a w e l l k n o w n fact that the configuration of po lymer molecules 
i n so lut ion changes m a r k e d l y w i t h solvent power (1, 29, 30). T h i s phe 
nomenon has been u t i l i z e d i n this study to advance our exper imental 
knowledge of the conformation of po lymer molecules at the s o l i d / l i q u i d 
interface f r om a correlat ion of so lut ion w i t h adsorpt ion properties of a 
specific polymer-solvent system. S u c h a correlat ion is g iven i n T a b l e I I 
for the molecular dimensions of a polystyrene sample i n six solvents, 
compr is ing a w i d e spectrum f rom good to poor solvent power , w i t h the 
corresponding adsorpt ion data at the G r a p h o n / s o l u t i o n interface. 

T h e F l o r y - H u g g i n s theory is general ly a p p l i e d to define the thermo
d y n a m i c properties of a po lymer so lut ion (1). It gives an expression 
for exper imental ly obtainable quantit ies such as the p a r t i a l mo lar free 
energy of m i x i n g . 

where χ is the degree of po lymer izat ion . AF1 m a y be exper imental ly 
determined f rom col l igat ive property measurements. T h u s , the compat i 
b i l i t y constant μ is a useful e m p i r i c a l parameter f r om w h i c h the solvent 
power of a po lymer solut ion m a y be determined. Its value increases w i t h 
decreasing solvent power u p to 0.55, w h e n phase separation occurs. T h e 
μ values l isted i n the first c o l u m n of T a b l e I I are taken f rom an osmotic 
pressure study of Schick (23,24) on polystyrene ( M n = 540,000 or M v — 
890,000), w i t h the exception of the va lue for benzene, w h i c h is taken 
f r om Bre i tenbach a n d F r a n k ( 5 ) . T h e results i n T a b l e I I are l i s ted i n 
increasing order of μ values, or i n other words , decreasing solvent power . 
T h e two extremes i n this correlat ion are benzene a n d the ̂ -solvent cyc lo -
hexane. T h e intr ins ic viscosities l isted i n the second c o l u m n decrease 
w i t h decreasing solvent power , w h i c h is a direct consequence of the con
tract ion of the swol len po lymer co i l w i t h decreasing solvent p o w e r (1, 
29, 30). T h e same holds true for the exponent "d9 i n the M a r k - H o u w i n k 
equat ion shown i n the t h i r d c o lumn, w h i c h decreases w i t h decreasing 
solvent power (1, 29, 30). T h e dimensions of the flexible polystyrene 
molecules ca lcu lated b y the F l o r y - F o x equat ion (7) are l isted i n the 
four th co lumn. It is evident that the dimensions of the polystyrene coils 
decrease w i t h decreasing solvent power , w h i c h , as w i l l be shown be low, 
influences m a r k e d l y the adsorpt ion of polystyrene at the s o l i d / l i q u i d 
interface. T h e quant i ty ( < F 2 > ) 1 / 2 reaches a m i n i m u m for the ^-solvent 
w h e n the po lymer forms a compact co i l . 

T h e adsorpt ion isotherms of p o l y s t y r e n e - 1 4 C on G r a p h o n f r o m these 
six solvents are p lot ted i n F i g u r e 1 i n terms of mg . P S - 1 4 C adsorbed per 
gram G r a p h o n vs. concentration of supernatant l i q u i d i n mg . P S - 1 4 C per 
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m l . solution. T h e so lub i l i ty l i m i t p rec luded the study i n cyclohexane 
solutions (^-solvent) at e q u i l i b r i u m concentrations exceeding 1 m g . / m l . 
T h e adsorpt ion isotherms of these systems w i t h the exception of dioxane 
rise r a p i d l y to a p lateau at an e q u i l i b r i u m concentrat ion of approximate ly 
1 m g . / m l . , as noted general ly w i t h polymers . M a r k e d differences i n 
p lateau level , however , have been observed. These indicate increased 
adsorpt ion of p o l y s t y r e n e - 1 4 C onto G r a p h o n w i t h decreasing solvent 
power . T h e former is expressed i n the fifth c o l u m n of T a b l e I I b y A s — 
i.e., the extrapolated saturation concentrat ion of the adsorpt ion isotherms 
— a n d the latter b y the μ value. A s imi lar correlat ion has been establ ished 
between the degree of adsorpt ion a n d the h y d r o d y n a m i c properties. T h e 
adsorption—i.e., A 8 —increases w i t h decreasing end-to-end, root -mean-
square length—i.e., {<f2y)1/2. T h u s , the observed differences i n A s 

m a y be at tr ibuted to greater area r e q u i r e d for adsorpt ion of the better 
solvated, swol len po lymer molecule , as w e l l as to changes i n the solvent-
surface interact ion. T h e latter represents essentially compet i t ion for the 
surface between the solvent a n d the po lymer segment (20 ) . 

Figure 1. Adsorption isotherms of polystyrene-14C on Graphon at 25.0°C. 

T h e data of T a b l e I I have been reexamined i n terms of the two m o d 
els proposed for the structure of flexible polymers at the s o l i d / l i q u i d inter
face, a n d the pert inent data are l is ted i n T a b l e I I I . I n the first c o l u m n are 
g iven the areas per monomer un i t of the complete ly unco i l ed polystyrene 
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Table III. Adsorption of Polystyrene 

Area per Monomer Amount of 
Polystyrène 
Adsorbed on 

Graphon, 
gram/cm.9 a Solvent 

Unit, A.2, of Unfolded Cross-Sectional Area 
Polystyrene Molecules of Polystyrene Coils 

at the Graphon in Solution, 
Solution Interfacea cm.*/Moleculeb 

Benzene 
Toluene 
Dioxane 

28.2 
38.7 
12.0 
9.7 
9.7 
8.9 

20.3 Χ 10" 1 2 

19.7 Χ 10" 1 2 

18.9 Χ 10" 1 2 

13.4 Χ 10" 1 2 

13.1 Χ 10" 1 2 

8.34 Χ 10" 1 2 

6.13 Χ ΙΟ" 8 

4.47 Χ 10" 8 

14.4 X 10" 8 

17.9 Χ ΙΟ" 8 

17.9 Χ ΙΟ" 8 

19.5 Χ ΙΟ" 8 

Butanone-2 
E t h y l acetate 
Cyclohexane 
α See Table I for surface area of Graphon by No adsorption. 
Calculated from (<f 2 >) 1 / 2 ; see Table II. 

molecules w i t h every segment attached to the surface sites of the n o n -
porous G r a p h o n . I n this flat or ientat ion the areas per monomer un i t 
decrease w i t h decreasing solvent power . O n l y for the good so lvents— 
i.e., benzene a n d to luene—was the observed area comparable to that of 
the monomer ic styrene. T h u s , i n good solvents i t m a y be assumed that 
the po lymer forms a re lat ive ly flat a n d compressed inter fac ia l layer w i t h 
m a n y segments attached to the so l id surface. A s ev idenced f r om the large 
cross-sectional areas i n c o l u m n two , the swol len coils i n these good solvents 
are prone to u n c o i l to assume the conformation suggested. H o w e v e r , 
this m o d e l is r u l e d out b y the re lat ive ly m u c h smaller areas per monomer 
un i t for the m e d i u m a n d poor solvents i n w h i c h the po lymer forms t ighter 
coils, viz., first c o lumn. T h e alternate m o d e l is suggested for the m e d i u m 
a n d poor solvent systems i n w h i c h the po lymer assumes a loop or co i l 
structure w i t h only a fract ion of the po lymer segments be ing attached to 
the surface sites of the nonporous G r a p h o n (26). These conclusions are 
corroborated b y the data l is ted i n the t h i r d co lumn. F r o m the better sol 
vents less than 6 χ 10" 8 grams p o l y s t y r e n e / c m . 2 G r a p h o n was adsorbed; 
whereas f rom m e d i u m a n d poor solvents, f rom 14.4 Χ 10" 8 to 19.5 Χ 1 0 - 8 

g r a m s / c m . 2 was adsorbed. F r i s c h , H e l l m a n , a n d L u n d b e r g (10) made 
s imi lar observations for polystyrene adsorbing f rom toluene onto carbon 
(3 X 10" 8 g r a m / c m . 2 ) . A s imple flat monolayer requires on ly 5 Χ 1 0 - 8 

g r a m / c m . 2 (5 A . layer i f po lymer has density of 1) (9, 27). T h u s , the 
amount adsorbed i n a m e d i u m or poor solvent must be more than a s imple 
monolayer . A s c i ted above for these systems a monolayer of coils w h i c h 
are attached to the surface w i thout any apprec iable change i n shape a n d 
b o n d e d to the surface b y only a few per iphera l monomer units is a 
p laus ib le m o d e l (14, 21 ). Ste inberg (25) has proposed a m o d e l i n w h i c h 
the segment density i n the inter fac ia l layer of adsorbed po lymer molecules 
progressively decreases as the distance f r om the surface increases. 
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Results reported i n T a b l e I I f o l l ow the pattern that adsorpt ion of 
p o l y s t y r e n e - 1 4 C on G r a p h o n is favored f r om a poorer solvent. E x p e r i 
ments are reported here a n d i n the f o l l ow ing paragraph w h i c h have been 
per formed to test the revers ib i l i ty of this adsorption. W i t h this a i m i n 
m i n d , (1 ) the displacement of p o l y s t y r e n e - 1 4 C f rom G r a p h o n b y the 
or ig ina l solvent a n d (2 ) the stepwise adsorpt ion f r om different solvents 
were studied. T h e data of T a b l e I V i m p l y that no apprec iab le desorpt ion 
i n the or ig ina l solvent was observed w i t h a l l six solvent systems. O n c e 
adsorbed f rom a part i cu lar solvent, accord ing to Ste inberg ( 2 5 ) , po lymers 
do not desorb apprec iab ly i n that solvent because the m u l t i p l i c i t y of 
adsorb ing sites energetical ly favors adsorpt ion, resul t ing i n very smal l 
desorpt ion rate constants. 

Results for the stepwise adsorpt ion of p o l y s t y r e n e - 1 4 C on G r a p h o n 
f rom different solvents are shown i n T a b l e V . I n the first two sets of 
experiments, data are g iven for a n or ig ina l concentrat ion of 0.4 m g . po ly -
s t y r e n e - 1 4 C / m l . or 0.2 m g . / m l , respectively, i n a l l three adsorpt ion steps. 
I n the second set the o r ig ina l concentrations i n step two or three corre
spond to the supernatant l i q u i d concentrat ion i n the preced ing step. 

O n changing the environment f rom toluene to butanone-2 ( the 
poorer solvent) add i t i ona l po lymer was adsorbed. H o w e v e r , on rever t ing 
the environment back to toluene most of the add i t i ona l po lymer was 
desorbed. It is w o r t h not ing that i n the second set of experiments the 
final a n d or ig ina l systems were almost a l ike . These results m a y aga in be 
qua l i ta t ive ly expla ined i n terms of changes i n area requ i red b y the 
po lymer molecule to attach itself at the s o l i d / l i q u i d interface. T h e area 

Table IV. Effect of Solvent on the Desorption 
of Polystyrene- 1 4C from Graphon 

Equil. Cone. % wt. PS-**C 
Solvent41 mg. PS-^C/ml. Desorbed 

Benzene 0.27 0 
Benzene 0.18 2 
Toluene 0.19 0 
Toluene 0.13 0 
Dioxane 0.183 0 
Dioxane 0.136 0 
Butanone-2 0.31 0 
Butanone-2 0.20 0 
E t h y l acetate 0.31 0 
E t h y l acetate 0.21 0 
Cyclohexane 0.51 0 
Cyclohexane 0.32 0 

"Experimental procedure: (1) 40-hr. agitation cycle, (2) replacement of 10 ml. of 
supernatant solution in dispersion by 10 ml. of fresh solvent, and ( 3 ) 40-hr. agitation 
cycle. 
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Table V . Stepwise Adsorption of Polystyrene- 1 4C 
on Graphon from Different Solvents 

Orig. Cone. Amount Adsorbed Total P S - ^ C 
of P S - ^ C , (mg./gram) or Adsorbed 

Step mg./ml. Solventa Desorbed in Step (mg./gram) 

1 0.4 Toluene 39 ads. 39 
2 0.4 Butanone-2 56 ads. 95 
3 0.4 Toluene 40 des. 55 
1 0.2 Toluene 26 ads. 26 
2 0.2 Butanone-2 40 ads. 66 
3 0.2 Toluene 22 des. 44 
1 0.4 Toluene 38 ads. 38 
2 0.22 Butanone-2 36 ads. 74 
3 0.08 Toluene 27 des. 47 
1 0.2 Toluene 28 ads. 28 
2 0.07 Butanone-2 14 ads. 42 
3 0 Toluene 10 des. 32 

"Experimental procedure: (1) 40-hr. agitation cycle, (2) replacement of supernatant 
solution, (3) 40-hr. agitation cycle, etc. 

per segment decreases as the polystyrene is desolvated on changing the 
environment f r om good to poor solvent, thus creating add i t i ona l avai lable 
surface. Increased adsorpt ion m a y take place on these add i t i ona l free 
surface sites. T h e reverse holds true for changes of environment f r om 
poor to good solvent. 

I n summary , i t is postulated that under condit ions of weak segment-
surface interact ion a u n i f o r m l y adsorb ing po lymer l ike polystyrene at
taches itself, i n the concentration regions represented b y the plateaux 
i n the adsorpt ion isotherms, to the G r a p h o n surface f rom good solvents 
approach ing a flat or iented monolayer . I n contrast, f r om a poor solvent 
the po lymer assumes a loop or co i l structure i n w h i c h only part of the 
po lymer segments are attached d irect ly to the G r a p h o n surface. T h u s , 
b o t h models postulated are useful to describe the conformation of the 
adsorbed po lymer molecules at the so l id interface w i t h each be ing 
app l i cab le for different solvent med ia . 
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Wettability and Constitution of 
Photooxidized Polystyrene and 
other Amorphous Polymers 

ROBERT B. FOX, THOMAS R. PRICE, and D. SANDRA C A I N 

Naval Research Laboratory, Washington, D. C. 20390 

The effect of ultraviolet irradiation in air on the wettability 
of thin films of amorphous polymers has been studied. With 
poly(vinyl chloride), poly(methyl methacrylate), poly(n
-butyl methacrylate), poly(ethylene terephthalate), and poly
styrene the changes in contact angles for various liquids 
with irradiation time are a function of the nature of the 
polymer. A detailed study of polystyrene by this technique 
and attenuated total reflectance spectra, both of which are 
sensitive to changes in the surface layers, indicates that the 
contact angle method is one of the most sensitive tools for 
the study of polymer photooxidation in its early stages. The 
method is useful in following specific processes and in indi
cating solvents to be used in the separation and isolation of 
photooxidation products. 

" p o l y m e r s , under n o r m a l conditions, are i n contact w i t h atmospheric 
A oxygen a n d are subjected to v a r y i n g temperatures, humid i t i es , and 
exposures to l ight . A p o l y m e r is most l i k e l y to undergo photochemica l 
change at or near its surface, where the m a x i m u m absorpt ion of highest 
energy rad ia t i on w i l l occur a n d where the highest concentration of 
oxygen w i l l be found. I f the change is sufficiently s low, the po lymer 
surface should be i n a state of d y n a m i c e q u i l i b r i u m w i t h its env i ron 
ment, a n d i t should be amenable to study b y the methods of surface 
chemistry. 

T h e wet tab i l i t y of a surface b y l i qu ids of k n o w n surface tension 
is a wel l -establ ished parameter reflecting the constitution of that surface. 

72 
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Contac t angles for a var iety of l i qu ids on pure amorphous po lymer sur
faces have been reported b y Z i s m a n a n d co-workers ( 12,13). T h e y have 
also shown (8) that the dif fusion of l ow-molecu lar we ight compounds 
f r om w i t h i n a so l id po lymer film to its surface results i n adsorpt ion a n d 
a subsequent change i n the wet tab i l i ty of that surface b y specific l i qu ids . 
I n a f ew instances (9, 10), contact angle measurements have been used 
to show that surface changes i n polymers are i n d u c e d b y i o n i z i n g 
rad ia t i on . 

W e have invest igated the effect of u l travio let rad ia t i on on a n u m b e r 
of amorphous p o l y m e r surfaces i n air . Polystyrene was selected for de 
ta i l ed study. T h e photooxidat ion of this po lymer has rece ived consider
able attention i n the past (6). Some confusion has deve loped , at least i n 
par t because of the h i g h stabi l i ty of the mater ia l . Impur i t ies a n d sec
ondary reactions must l oom large under such condit ions, since heavy 
doses of rad iat ion are r e q u i r e d to b u i l d u p sufficient produc t concentra
tions for observation. U s u a l l y , transmission spectra have been u t i l i z e d 
to determine the changes t a k i n g place , a n d these necessarily invo lve the 
unchanged b u l k of any strongly-absorbing mater ia l such as polystyrene. 

T o avo id interference b y products f o rmed i n secondary reactions 
d u r i n g photooxidat ion, i t is necessary to observe the changes as near the 
beg inn ing of the process as possible. I n this report , w e w i l l show that 
contact angle measurements a n d other ana ly t i ca l methods w h i c h are 
restr icted i n app l i ca t i on to the surface layers are we l l - su i ted to the ear ly 
detection a n d study of the photooxidat ion of po lymer surfaces. 

Experimental 

M a t e r i a l s . Spectroscopic-grade solvents were used ; where fluores
cence or contact angle measurements were to be made , appropr iate 
pur i f i cat ion steps were taken. T h e tetrahydrofuran was d i s t i l l ed f r om 
l i t h i u m a l u m i n u m hydr ide . F o r contact angle measurements, the f o l l ow
i n g l i qu ids a n d their surface tensions ( d y n e s J c m . ) at 20° were used : 
water , 72.6; f o rmamide , 58.2; ethylene g lyco l , 47.7; methylene i od ide , 
50.8; 1-bromonaphthalene, 44.6; a n d n-hexadecane, 27.6. 

T w o of the polystyrene samples were benzoy l perox ide - in i t iated 
commerc ia l materials ; one of these h a d been on the shelf for over twenty 
years. T h e po ly (η-butyl methacry late ) a n d the po ly ( v i n y l ch lor ide ) were 
also c ommerc ia l materials . T h e p o l y ( m e t h y l methacrylate ) a n d the 
t h i r d polystyrene sample were prepared under ni trogen f r om freshly 
d i s t i l l ed monomers b y b u l k in i t ia t i on w i t h azobis isobutyronitr i le ( A I B N ). 
E a c h of the above samples was pur i f i ed b y two reprec ipitat ions f r om 
tetrahydrofuran solut ion w i t h methano l a n d d r i e d i n v a c u u m at 6 5 ° C . 
for at least 24 hours. T h e p o l y (ethylene terephthalate ) was a sample 
of 5 -mi l M y l a r T y p e A sheet w h i c h h a d been c leaned b y detergent w a s h 
i n g a n d water r ins ing , f o l l owed b y v a c u u m - d r y i n g at r oom temperature 
for 16 hours. 
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A p p a r a t u s . Contac t angle measurements were made on a M o d e l 
A -100 Ramé-Hart version of the N R L Contac t A n g l e Goniometer . E x 
posures were carr i ed out i n a forced-draft hood w i t h the unfi ltered r a d i a 
t ion f rom a G e n e r a l E l e c t r i c U A - 3 medium-pressure mercury l a m p . 
Spectra were recorded on a P e r k i n - E l m e r M o d e l 350 ultravio let spectro
photometer, a B e c k m a n IR-12 in f rared spectrophotometer w i t h a W i l k s 
M o d e l 7 internal reflectance attachment, a n d an A m i n c o - B o w m a n Spec-
trofluorometer w i t h a 1P28 photocel l . 

Procedure . W i t h the exception of p o l y (ethylene terephthalate ) , 20 μ 
films of each po lymer were prepared b y the evaporat ion or approx imate ly 
4 % solutions i n quartz or glass dishes of 50 c m . 2 area for extraction 
experiments. F o r contact angle measurements, films were evaporated on 
ac id-c leaned microscope slides b y a d i p p i n g technique. Te t rahydro furan 
was used w i t h po ly ( v i n y l c h l o r i d e ) , methylene ch lor ide w i t h the other 
po lymers . 

O n c e l a i d , the polystyrene films were further pur i f i ed b y exhaustive 
extraction w i t h methano l or η-heptane; the progress of extraction was 
f o l l owed b y the ultravio let spectra of the extracts. These pre i r rad iat i on 
extractions showed considerable var ia t i on i n p u r i t y among the three 
polystyrenes i n spite of reprec ip i tat ion measures. T h e degree to w h i c h 
solvents can r e m a i n w i t h a 20μ film is suggested b y the need of seven 
days of continuous methano l or η-heptane extraction to remove a l l of the 
extractable benzene f rom a film l a i d f rom that solvent a n d d r i e d i n 
v a c u u m at 65 °C . for 24 hours. F o r film l a i d f rom methylene ch lor ide , 
an opt i ca l ly c lean η-heptane extract was obtained f r om the A I B N - i n i -
t iated sample w i t h i n a f ew hours, b u t u p to 48 hours were r e q u i r e d for 
the benzoy l perox ide - in i t iated samples. T h e extracted 20ft polystyrene 
films were essentially non-absorbing above 285 τημ, no absorpt ion at
tr ibutable to mater ia l other than polystyrene c o u l d be observed, a n d 
on ly one peak (337 πΐμ) was seen i n the fluorescence spectrum i n 
methylene chlor ide . O n c e the films were pur i f i ed b y extraction, the 
products a n d wet tab i l i ty changes resul t ing f rom i r rad ia t i on were the 
same for a l l polystyrene samples a n d were independent of the solvent 
f rom w h i c h the films were l a i d . 

F i l m s were i r rad ia ted at 30 ° C . at a r ight angle to the d i rec t ion of 
a ir flow; the distance f rom the l a m p was 9 inches. Exposures i n v a c u u m 
were carr i ed out i n a quartz ce l l descr ibed elsewhere ( I I ) . F o l l o w i n g 
exposure, the films were extracted as ind i ca ted i n the discussion. C o n 
tact angles were measured b y the advanc ing contact angle technique 
(5 ) on bo th unextracted a n d extracted films on the sl ides; values g iven 
are an average of four or more contact angles f a l l i n g w i t h i n a range of 
less than four degrees. Separate films were used for each exposure /ex -
tract ion a n d contact angle measurement except where ind icated , a n d no 
film was reexposed after such determinat ion . 

L i t e r a t u r e values of the contact angles for various l i qu ids on four 
of the five polymers used i n this w o r k are g iven i n T a b l e I. These values 
m a y be compared w i t h those for our un i r rad ia ted polymers . I n the case 
of polystyrene, exhaustive methano l or η-heptane extraction f o l l o w e d b y 
d r y i n g d i d not result i n a change i n contact angles, a n d res idua l extractant 
c o u l d not be observed b y means of frustrated m u l t i p l e interna l reflectance 
( F M I R ) spectra of the films. 
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6. F O X E T A L . Photooxidized Polystyrene 75 

Table I. Literature Values of Contact Angles of Liquids on Polymers 0 

ΘΕ> degrees 

Poly (vinyl Poly(methyl Poly(ethylene Poly-
Liquid yLV° chloride)b methacrylate)c terephihalate)* styrenee 

Water 72.8 87 (87) 76 (70) 81 (78) 91 (91) 
Formamide 58.2 66 (63) 63 (56) 61 (54) 74 (71) 
Methylene iodide 50.8 36 (24) 42 (39) 38 (32) 35 ( - ) 
a-Bromonaphthalene 44.6 11 (9) 18 (16) 15 (16) 15 (17) 

° 7lv°, liquid surface tension; 0E, equilibrium contact angle; values in parentheses 
taken from Figures 1, 2, 4, and 5. 
6 Ref. 3 and 14. 
cRef. 8. 
d Ref. 3 and 4. 
e Ref. 3 and 4. 

Results and Discussion 

T h e general a p p l i c a b i l i t y of the contact angle method to the e m 
p i r i c a l observation of photooxidat ive changes i n p o l y m e r films is i n d i 
cated b y the results shown i n F igures 1, 2, 3, 4, a n d 5 a n d i n the more 
deta i led results for polystyrene descr ibed be low. W h i l e these are fa i r l y 
h igh-energy surfaces ( c r i t i c a l surface tensions of 33-43 d y n e s / c m . at 
20 °C . (12) p r i o r to i r rad iat ion , they are t y p i c a l of surfaces to be ex
pected i n the coatings field. It is evident that the changes i n wet tab i l i ty , 
reflected b y the contact angles, d u r i n g i r rad ia t i on are a funct ion of the 
chemica l nature of the po lymer a n d its surface. O n a t ime basis, part 
of the var ia t ion is a consequence of differences i n the absorpt ion spectra 
of the po lymers ; comparison shou ld perhaps be made on an energy ab 
sorbed basis a n d an intensity basis as w e l l . C e r t a i n l y , the greatest photo 
oxidat ive change must occur i n the surface where the contact angle is 
b e i n g measured, but i t must also be borne i n m i n d that p a r t i a l attenuation 
of the inc ident energy, as i n the case of po ly ( m e t h y l methacrylate ) w i t h 
254 τημ rad ia t i on , shou ld l ead to degradat ion throughout the film. 

T h a t photooxidat ion is indeed responsible for the observed changes 
is ind i ca ted b y a comparison w i t h the results obta ined w i t h films i r r a d i 
ated i n v a c u u m . B o t h polystyrene a n d p o l y ( n - b u t y l methacry late ) i r 
rad ia ted i n v a c u u m showed no changes i n contact angles after exposures 
u p to 120 m i n . ; w i t h po ly (ethylene terephthalate ) , contact angles for 
a l l of the l i qu ids tended to increase s l ight ly . 

P o l a r a n d non-polar wet t ing l i qu ids were used, a n d these were 
chosen to give a w i d e range of surface tensions. C o m p a r e d w i t h the 
o r ig ina l po lymers , oxygenated moieties i n the surfaces w o u l d be expected 
to interact more strongly w i t h hydrogen -bond ing l i qu ids , but m i g h t very 
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Ι Ο Ο Γ 

I N T E R A C T I O N O F LIQUIDS A T SOLID SUBSTRATES 

POLY (VINYL CHLORIDE) 

60 90 120 150 180 210 240 270 300 
IRRADIATION TIME (MINUTES) 

Figure 1. Contact angle changes with various liquids on a 
film of poly (vinyl chlonde) irradiated in air 

POLY (METHYL METHACRYLATE) 

30 60 90 120 150 
IRRADIATION TIME (MINUTES) 

180 

Figure 2. Contact angle changes with various liquids on a 
film of poly (methyl methacrylate) irradiated in air 

w e l l be less r ead i l y wet b y the non-polar l i qu ids . T h a t such is the case 
can be seen i n the general ly decreasing contact angles for water , f o rma-
mide , a n d ethylene g lyco l as exposure increased. M e t h y l e n e iod ide , 
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6. F O X E T A L . Photooxidized Polystyrene 77 

Figure 4. Contact angle changes with various liquids on a 
film of poly(ethylene terephthalate) irradiated in air 

1-bromonaphthalene, a n d n-hexadecane, on the other h a n d , i n i t i a l l y 
spread or gave l o w contact angles; as i r rad ia t i on progressed, these angles 
either remained constant or tended to increase. 
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78 I N T E R A C T I O N O F LIQUIDS A T SOLID SUBSTRATES 

T o relate the wet tab i l i ty changes more firmly to the photooxidat ion 
processes a n d products , a detai led study was carr ied out w i t h po ly 
styrene. T h i s po lymer was selected because the format ion of ox idat ion 
products i n the hydrocarbon surface gave rise to large changes i n wet ta 
b i l i t y a n d because these products w o u l d be read i ly accessible to opt i ca l 
methods of analysis. T h e ultravio let absorpt ion spectrum of polystyrene 
shows a sharp cut-off, a n d the ext inct ion coefficients for the rad ia t i on 
absorbed are sufficiently h i g h that almost a l l of the photochemica l reac
t ion should be confined to the surface layers. 

IRRADIATION TIME (MINUTES) 

Figure 5. Contact angle changes with various liquids on a 
film of polystyrene irradiated in air 

A s a first approach , the changes i n the c r i t i ca l surface tension for 
wet t ing , yc, w i t h t ime of i r rad ia t i on were determined . Unextrac ted ex
posed films were used. F o r high-energy surfaces of this k i n d , a h o m o l 
ogous series of wet t ing l iqu ids h a v i n g the requisite surface tensions was 
not avai lable , a n d therefore a series of water -e thy l a lcohol mixtures ( 1 ) 
was u t i l i z e d . Plots of the surface tensions of these mixtures against cos θ 
exhib i ted considerable curvature . S u c h behavior w o u l d be expected 
where the composit ion of a mixture of two hydrogen-bond ing l i qu ids 
is b e i n g var ied . Ext rapo la t i on of these plots to cos θ — 1 gave yc values 
w h i c h were l o w compared w i t h the reported value {3,4) of 33 d y n e s / c m . 
for polystyrene, a result also encountered w i t h these mixtures on po ly 
ethylene ( I ) . A plot of yc against exposure t ime, shown i n F i g u r e 6, is 
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6. F O X E T A L . Photooxidized Polystyrene 79 

rough ly l inear , w h i c h suggests that the rat io of products affecting the 
contact angles is constant. T h e plot also indicates that yc changes can 
be an early indicator of photooxidat ion product format ion ; exposures of 
about 100 times those used here were necessary to give reasonable changes 
i n the transmission in frared spectra of 20/x films. 

U l t rav i o l e t transmission spectra of i r rad iated films showed absorb-
ance changes s imi lar i n sensit ivity to those of yQ. T h e spectrum itself on ly 
showed a general absorbance increase i n the 220-400 τημ region, w i t h 
a s l ight ind i cat ion of b a n d format ion near 315 χημ. Plots of absorbance 
increases against exposure t ime were l inear for 285 πΐμ ( ketonic carbony l 
format ion) a n d 315 πΐμ, w i t h the absorbance increase amount ing to 0.32 
a n d 0.25, respectively, for 20μ films exposed 300 m i n . 

O t h e r than as a demonstrat ion of sensit ivity to photooxidat ive change, 
these results are somewhat deceptive. A mixture of photooxidat ion p r o d 
ucts, p r i m a r i l y acids ( 7 ) , has been f ormed i n the surface layers of the 
film. T h e absorption m a x i m u m for the carboxy l group is general ly i n 
the v i c i n i t y of 210m/A. E a c h of the compounds present i n the surface 
w o u l d be expected to exert its o w n effect, a funct ion of its nature a n d 
concentration, on the contact angle of the wet t ing l i q u i d . A n examinat ion 
of the specific effect of each product is therefore warranted . 

I R R A D I A T I O N T I M E , M I N . 

Figure 6. Critical surface tension for wetting (yc) 
of polystyrene as a function of irradiation time 

Some product remova l b y so lub i l i zat ion i n the wet t ing l i q u i d oc
curred d u r i n g the contact angle measurement. T h i s was read i ly shown 
b y changes i n the ultravio let absorption spectra of extracts of the surface 
w i t h the same solvent. T h e products soluble i n water , at least, were not 
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80 I N T E R A C T I O N O F LIQUIDS A T SOLID SUBSTRATES 

surface-active, since a water extract of an i r rad ia ted polystyrene surface 
exhib i ted the same contact angle as pure water on an un i r rad ia ted po ly 
styrene surface. 

So lub i l i za t i on of products i n wet t ing l i qu ids m a y be the key to the 
rea l u t i l i t y of the contact angle method of assessing photooxidat ion 
changes i n po lymer surfaces. L i q u i d s w h i c h wet but do not dissolve the 
po lymer itself can be used to extract specific products f rom the surface. 
T h e extent to w h i c h products are removed can be f o l l owed b y contact 
angle measurements on the res idual mater ia l . T h e contact angle thus 
provides a guide to the separation of products a n d can give an ind i ca t i on 
of the ir rates of format ion . 

0 100 200 300 
EXPOSURE TIME, MIN. 

Figure 7. Effect of photooxidation product re
moval on water contact angles with polystyrene 

T h i s can be demonstrated w i t h polystyrene. D u r i n g photooxidat ion, 
three types of products w i l l f o r m : (a ) mater ia l w h i c h volat i l izes d u r i n g 
the i r rad iat ion a n d therefore does not affect the contact angle; ( b ) ex-
tractable products ; a n d ( c ) res idual non-extractable products , most ly 
po lymer i c . I n F igures 7 a n d 8 are shown plots of the contact angles for 
water a n d for ethylene g lyco l , respectively, on i rrad iated polystyrene 
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6. F O X E T A L . Photooxidized Polystyrene 81 

films just after exposure a n d after exposure a n d extraction w i t h water 
or methanol . Contac t angles for f o rmamide are s imi lar to those i n F i g u r e 
8. E a c h po int represents a separate sample of film. T h e curves for u n -
extracted mater ia l indicate at least two overa l l processes tak ing p lace ; 
plots of I/O against exposure result i n two straight l ines, the significance 
of w h i c h cannot be ascertained at the present t ime. E v i d e n t l y , bo th water 
a n d methano l remove the more r a p i d l y f o rm ing group of products , but 
to different extents since contact angles on the res idual films differ. A 
comparison of the water a n d ethylene g ly co l contact angle curves sug
gests a more r a p i d so lub i l i zat ion of products i n water than i n ethylene 
g ly co l a n d this i n itself constitutes a l ead to product separation. A de
ta i l ed descr ipt ion of the separation a n d identi f icat ion of the products of 
polystyrene photooxidat ion w i l l be the subject of a separate c o m m u n i 
cat ion. 

Figure 8. Effect of photooxidation product re
moval on ethylene glycol contact angles with 

polystyrene 

P a r t i a l pictures of the i r rad ia ted polystyrene surfaces before a n d 
after each extraction were obta ined b y means of F M I R spectra of a film 
pressed on a K R S - 5 pr i sm. T h e spectra for a film exposed 5 hours are 
shown i n F i g u r e 9. T h e only significant change was a b r o a d complex 
b a n d i n the carbonyl -stretching region near 1725 cm. " 1 ; other bands are 
shown for reference, since reproduc ib le opt i ca l contact of the film w i t h 
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82 I N T E R A C T I O N O F LIQUIDS A T SOLID SUBSTRATES 

the p r i s m was not always possible. I n the present case, the F M I R spectra 
are more sensitive to product changes than are transmission spectra. 

A f ter each stage of extraction of this single film, a n e w l y constituted 
surface remained . T h e changes i n the concentration of products , most ly 
carboxy l i c acids ( 7 ) , are ind i ca ted b y the relat ive intensities of the 
carbony l bands. A r o u g h re lat ion between these a n d the contact angles 
for water is shown i n F i g u r e 10. T h e relat ive sensitivities of the two 
methods are emphas ized b y the fact that a 5 hour exposure was needed 
to g ive significant changes i n the F M I R spectra, w h i l e a m u c h shorter 
exposure, 2 hours, was qui te sufficient to produce large changes i n the 
contact angles. A s shown i n F i g u r e 7, a surface nearly saturated w i t h 
products was attained at an exposure m u c h earl ier than 5 hours. 

I 1 ι ι U 
1900 1800 1700 1600 
WAVE NUMBER, CM'1 

Figure 9. Carbonyl-stretching region in 
polystyrene irradiated 5 hours in air at 

30°C; FMIR spectra 

Attempts to reconstitute a photoox id ized surface b y reevaporat ion 
of various extracts on bo th un i r rad ia ted a n d i r rad ia ted polystyrene sur
faces were on ly par t ia l l y successful. Depos i t i on of the mater ia l f r om a 
methano l extract on un i r rad ia ted polystyrene, a film i r rad ia ted 2.5 hours 
a n d extracted w i t h water , a n d on a film i r rad ia ted 2.5 hours a n d ex
tracted w i t h methano l reduced the water contact angle b y 55° , 50° , a n d 
51° , respectively. T h e same experiments w i t h a water extract, either 
as such or evaporated to dryness a n d redissolved i n methanol , p roduced 
errat ic results both f rom film to film a n d on the same film. T h e latter 
result m a y be due to the format ion of islands of mater ia l . Such incon
sistencies m a y be the result of differences i n the w a y various photooxi 
dat ion products reorient on redeposit ion or to changes i n the orientation 
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6. F O X E T A L . Photooxidized Polystyrene 83 

of desorbable molecules i n the substrate d u r i n g the extraction or the 
redeposit ion process. 

50 60 70 80 90 100 
CONTACT ANGLE, DEGREES 

Figure 10. Relation between the relative carbonyl ab-
sorbance for polystyrene irradiated 5 hours and the water 

contact angle on a film irradiated 2 hours 

Conclusions 

A n e m p i r i c a l re lat ionship has been shown between the contact 
angles for wet tab i l i ty of a po lymer film a n d the degree to w h i c h photo 
ox idat ion products have accumulated i n the surface layers of the film. 
Changes i n wet tab i l i t y of po lymer films d u r i n g photooxidat ion are 
m a r k e d l y dependent on the nature of the po lymer . I n the detection a n d 
identi f icat ion of the earliest processes a n d products of surface photo 
oxidat ion, the wet tab i l i ty method is far more sensitive than the in frared 
transmission or attenuated reflectance spectra a n d is about as sensitive 
but more specific than the ul travio let transmission spectrum. Contac t 
angle measurements themselves can be used as leads i n the selection of 
solvents for the separation a n d identi f icat ion of photooxidat ion products 
f o rmed i n the surface layers of a po lymer film a n d are potent ia l ly useful 
i n establishment of rates of specific processes. 

Literature Cited 

(1) Bernett, M. K., Zisman, W. Α., J. Phys. Chem. 63, 1241 (1959). 
(2) Ehrenberg, L., Zimmer, K. G., Acta Chem. Scand., 10, 874 (1956). 
(3) Ellison, A. H., Zisman, W. Α., J. Phys. Chem. 58, 260 (1954). 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
8 

| d
oi

: 1
0.

10
21

/b
a-

19
68

-0
08

7.
ch

00
6

In Interaction of Liquids at Solid Substrates; Alexander, A.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1968. 



84 I N T E R A C T I O N O F LIQUIDS A T SOLID SUBSTRATES 

(4) Ibid., 58, 503 (1954). 
(5) Fox, H. W., Zisman, W. Α., J. Colloid Sci. 5, 514 (1950). 
(6) Fox, R. B., "Progress in Polymer Science," Vol. 1, p. 45, Pergamon Press, 

Oxford, 1967. 
(7) Fox, R. B., Price, T. R., Cain, D . S. (unpublished results). 
(8) Jarvis, N. L., Fox, R. B., Zisman, W. Α., ADVAN. C H E M . SER. 43, 317 

(1964). 
(9) Jech, C., Z. Phys. Chem. 203, 309 (1954). 

(10) Jedlinski, Z., Hippe, Z., Zurakowska-Orszagh, J., Przemysl Chem. 42, 356 
(1963). 

(11) Stokes, S., Fox, R. B., J. Polymer Sci. 56, 507 (1962). 
(12) Zisman, W. Α., ADVAN. C H E M . SER. 43, 1 (1964). 
(13) Zisman, W. Α., Record Chem. Prog. 26, 13 (1965). 

RECEIVED November 1, 1968. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
8 

| d
oi

: 1
0.

10
21

/b
a-

19
68

-0
08

7.
ch

00
6

In Interaction of Liquids at Solid Substrates; Alexander, A.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1968. 



7 

Adhesion of High Polymers III. 
Mechanisms of Adhesion at the Rubber-Resin 

Interface in Hetrophase Systems 

L I E N G - H U A N G LEE1 

The Plastics Laboratory, The Dow Chemical Company, Midland, Mich. 48640 

Rubber-resin heterophase systems are classified as (1) resin 
as the disperse phase, (2) rubber as the disperse phase, (3) 
grafted rubber latex particles as the disperse phase, and 
(4) filled graft rubber as the disperse phase. Adhesion 
mechanisms related to these systems are discussed. Special 
emphasis is made on the last two systems which involve 
grafting. The graft rubber isolated from the fourth system 
is characterized. The graft rubber is shown to function as 
a compatibilizer and as an adhesive or a coupling agent for 
the rubber-resin interface. 

" p a r t i c u l a t e organic composite materials conta in ing b o t h a rubber a n d 
-*· a resin can be so fami l iar as to be unrecognized as such—e.g., elasto-
mer i c adhesives (63, 67), pressure-sensitive tapes (63), non-p igmented 
organic coatings, or c ommonly recognized composites such as res in-
re inforced rubbers (10) or rubber -re in forced thermoplastics (2, 10, 55). 
T h o u g h appearances a n d functions of these materials differ, the f u n d a 
menta l pr inc ip les u n d e r l y i n g the chemistry at the interface a n d m e c h a 
nisms of reinforcement are s imi lar . 

D o b r y a n d B o y e r - K a w e n o k i (14) c onc luded that for polymers , c om
p a t i b i l i t y is the exception a n d incompat ib i l i t y is the rule . F o r a hetero
geneous system, incompat ib i l i t y is a n advantage for reinforcement, p r o 
v i d e d that the adhesion at the interface is strong enough to w i ths tand 
the a p p l i e d stresses. T h e nature of adhesion depends o n the type of 
interface—e.g., l i q u i d - l i q u i d , l i q u i d - s o l i d , or so l id-sol id . I n the case of 
two polymers at the l i q u i d - l i q u i d interface, a rubbery po lymer- to -rubbery 
po lymer adhesion ( R - R adhesion) (35, 36) is l i k e l y to determine the 

1 Present address: Xerox Research Laboratories, Webster, Ν. Y. 14580. 
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86 I N T E R A C T I O N O F LIQUIDS A T SOLID SUBSTRATES 

process, w h i l e at the l i q u i d - s o l i d interface, a rubbery polymer-to-glassy 
po lymer adhesion ( R - G adhesion) should predominate . T h o u g h the latter 
is our major interest i n this study, w e also brief ly discuss the adhesion at 
the l i q u i d - l i q u i d interface of transitory rubber -res in systems. 

W e are specif ically interested i n the system i n w h i c h a l i q u i d - s o l i d 
interface react ion has taken place. A n example of this type of react ion is 
the chemica l graft ing of a rubber w i t h a monomer at the interface. T h e 
funct ion of the grafted rubber as an adhesive has been postulated (11,29, 
46, 64) but has never been proved . Since the grafted rubber is the key 
to b r i d g i n g two incompat ib le po lymers together, w e devoted a major 
por t ion of our exper imental w o r k to the character izat ion of the grafted 
po lymer as an adhesive at the interface. 

Class i f i cat ion o f R u b b e r - R e s i n Systems. Rubber - res in heterophase 
systems can be classified into four types accord ing to the m a i n constituent 
i n the disperse phase: 

( 1 ) R e s i n as the disperse phase 
(2 ) R u b b e r as the disperse phase 
(3 ) G r a f t e d rubber latex partic les as the disperse phase 
(4 ) F i l l e d graft rubber as the disperse phase 

R E S I N A S T H E D I S P E R S E P H A S E . Several k inds of resins ( J O ) have been 
used to reinforce rubbers—e.g., phenol i c or coumarone resins for natura l 
rubber , styrene-butadiene res in for styrene-butadiene rubber , etc. O n e 
other important system, pressure-sensitive adhesive, also belongs to this 
class. These adhesives general ly conta in a l o w molecular we ight res in 
funct ion ing as a tackifier. I n 1957, W e t z e l (68) a n d H o c k (19) f o u n d 
that these adhesives were actual ly two-phase systems ( F i g u r e 1 ) . U n d e r 

Figure 1. Electron-micrograph of two-
phase pressure-sensitive adhesive 

(Magnification, 11,000 X), dark phase = resin, 
3.2 pentalyn H and natural rubber by Hock (17) 

the n o r m a l condi t ion , the dispersed phase is the resin plus l o w molecular 
we ight rubber a n d the continuous phase is the rubber saturated w i t h resin. 
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87 7. L E E Rubber-Resin Interface 

T h e y also reported a phase invers ion t a k i n g place at h i g h resin concen
trations ( F i g u r e 2 ) . A f te r the phase invers ion, the tack value of the 
adhesive d r o p p e d to zero. 

Figure 2. Phase inversion of rubber-resin 
phases in pressure-sensitive adhesives discov

ered by Wetzel and Hock in 1957 

P r i o r to this discovery, i n 1954 S i lberberg a n d K u h n ( 6 2 ) were first 
to study the po lymer - in -po lymer emuls ion conta in ing ethylcel lulose a n d 
polystyrene i n a nonaqueous solvent, benzene. T h e mechanisms of 
po lymer emulsi f ication, demix ing , a n d phase reversal were studied. 
W e t z e l a n d Hock ' s discovery w o u l d then equate the pressure-sensitive 
adhesive to a po lymer -po lymer emuls ion instead of a po lymer -po lymer 
suspension. Since the interface is l i q u i d - l i q u i d , the adhesion then be
comes one type of R - R adhesion (35 , 3 6 ) . A c c o r d i n g to our previous 
discussion, dif fusion is not operative unless bo th resin a n d rubber have 
an ident i ca l so lub i l i ty parameter. T h e major inter fac ia l interact ion is 
phys i ca l adsorpt ion, w h i c h , i n t u r n , determines adhesion. O u r previous 
w o r k on the wet tab i l i ty of elastomers ( 37 , 38) can he lp predic t adhesion 
results. D e t a i l e d studies on the funct ion of tackifiers have been made b y 
W e t z e l a n d Alexander ( 6 9 ) , a n d b y H o c k ( 20 , 21), a n d therefore the 
subject requires no further elaboration. 

R U B B E R AS T H E D I S P E R S E P H A S E . I n p o l y b l e n d systems, a rubber is 
masticated mechanica l ly w i t h a po lymer or dissolved i n a po lymer so lu
t ion. A t the conclusion of b l end ing , a rubber is dispersed i n a res in as 
particles of spher ica l or irregular shape. W e can further subd iv ide this 
system into three classes accord ing to the major intermolecular forces 
governing adhesion: ( a ) b y dispers ion forces—e.g., the p o l y b l e n d of two 
incompat ib le polymers , ( b ) b y d ipo le interaction—e.g., the p o l y b l e n d of 
p o l y v i n y l ch lor ide a n d an acry loni tr i le rubber ( 5 6 ) , a n d ( c ) b y covalent 
bond—e.g., an epoxy resin re inforced w i t h an ac id -conta in ing elastomer 
reported b y M c G a r r y (43). 

I n general , rubber particles i n a l l these classes are non-porous a n d 
compact . A n electron mi c rograph of a polystyrene-rubber b l e n d ( F i g u r e 
3 ) can i l lustrate the general feature of the disperse phase. T h e adhesion 
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88 I N T E R A C T I O N O F LIQUIDS A T SOLID SUBSTRATES 

Figure 3. Electron-micrograph of polysty
rene-rubber blend by the solvent-etch-dou

ble replica method 

(Magnification, 8670 X), dark phase = odd-
shape rubber particles 

between these t w o incompat ib le phases can be increased b y so des igning 
the components i n the rubber copo lymer or b y the a d d i t i o n of a t h i r d 
component to act as an adhesive or a compat ib i l i zer . A recent rev iew i n 
this regard w r i t t e n b y B o h m (8 ) should be consulted for the mechanisms 
of compat ib i l i za t i on . 

G R A F T E D R U B B E R L A T E X P A R T I C L E S A S T H E D I S P E R S E P H A S E . A B S 

polymers or acrylonitr i le -butadiene-styrene polymers , can be general ly 
made b y p iggy-back graft ing of a po lybutadiene latex w i t h styrene a n d 

Figure 4. Electron-micrograph of grafted 
latex ABS polymer by the osmium tetroxide 

technique 
(Magnification, 12,530 X), dark phase = 

grafted latex particles 
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7. L E E Rubber-Resin Interface 89 

acry loni tr i le monomers (4,13). G r a f t i n g predominant ly takes place on the 
surface of these latex partic les. U n d o u b t e d l y a certain fract ion of mono 
mers can diffuse into the latex partic les a n d w i l l po lymer ize a n d / o r graft 
onto rubber w i t h i n the particles. A recent electron mic rograph of a t y p i c a l 
A B S po lymer ( F i g u r e 4 ) made w i t h the o s m i u m tetroxide technique (27) 
shows conv inc ing ly that these partic les are u n i f o r m a n d re lat ive ly n o n -
porous. I n F i g u r e 5* w e i l lustrate the change of the part ic le surface po lar 
i ty b y the p iggy-back graft ing. These outer shells ( 17) were ac tual ly the 
interface responsible for b o n d i n g between the two phases. A s a result of 
graft ing, besides the surface po lar i ty , molecular configuration, intermolec -
u lar forces a n d rheological properties change accordingly . O n the basis of 
these properties, i n 1955, Hayes ( 18 ) patented the use of the graft copo ly 
mer to compat ib i l i ze styrene copolymers a n d po lybutadiene . T h e conf igu
rat ion of the m e t h y l m e t h a c r y l a t e - n a t u r a l rubber graft copo lymer was 
s tudied b y Merre t t (45). H e in t roduced the co l l o id chemistry terminology 
for the graft copolymer—e.g., micel les a n d s tabi l i zat ion w h i c h were not 
c ommonly used i n the po lymer l i terature at that t ime. H o w e v e r , i t w o u l d 
p r o b a b l y be more appropr iate to use the t e rm compat ib i l i za t i on for l i q u i d -
so l id a n d so l id-so l id interfaces. Desp i te the confusion i n terminology the 
graft copolymer can be also considered as a n adhesive ( F i g u r e 6 ) for 
these interfaces i n add i t i on to be ing a compat ib i l i zer . 

F I L L E D G R A F T R U B B E R A S T H E D I S P E R S E P H A S E . Rubber -mod i f i ed 
polystyrene is general ly obta ined b y po lymer i za t i on graf t ing of a r u b b e r 
i n the presence of styrene monomer. T h e po lymer iza t i on is carr ied out 
tota l ly or par t ia l ly i n mass w i t h the a i d of shearing agitat ion, as patented 
b y A m o s et al. (1). T h e study o n the i n i t i a l stage of this type of p o l y m e r i 
zat ion was first p u b l i s h e d b y Bender ( 5 ) , a n d phase invers ion s imi lar to 
that discovered for the two-phase pressure-sensitive adhesives was ob
served. T h e mechanism of part ic le format ion has also been rev iewed (47). 

NON-POLAR SURFACE POLAR SURFACE 

STYRENE S 
ACRYLONITRILE 

GRAFTED WITH 

Figure 5. Polybutadiene latex particles are grafted 
with relatively polar monomers predominantly on the 

surface 
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90 I N T E R A C T I O N O F LIQUIDS A T SOLID SUBSTRATES 

GRAFT 
RUBBER 

Figure 6. Adhesion at the rubber-resin inter
face in the rubber-reinforced thermoplastics, 
type III (assuming that most of the grafting 

takes place on the surface of ht ex particles) 

H o w e v e r , no reports of surface energetics at the interface have yet been 
pub l i shed . 

T h e rubber particles were examined w i t h an electron microscope 
after the sample was treated w i t h o smium tetroxide (27). T h e m i c r o g r a p h 
( F i g u r e 7) c lear ly indicates the porous nature of the rubber phase a n d 
the occ lusion of polystyrene. W e therefore classify this type of rubber 
phase as filled graft rubber . Since graf t ing takes' p lace before a n d after 
the rubber cha in is co i led , therefore, for this case, the monomer is grafted 
onto the rubber bo th w i t h i n a n d wi thout the rubber phase. Po lybutad iene 
is thus made more compat ib le to the po lymer matr ix surround ing the 
r u b b e r phase a n d the po lymer filling the rubber phase. H e r e w e have an 

Figure 7. Electron-micrograph of rubber-
reinforced polystyrene by graft polymeriza

tion 
The sample was prepared by osmium tetroxide 
technique (magnification, 8670 X), dark phase 
= rubber particles, white spots in the particles 

are occluded polystyrene 
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7. L E E Rubber-Resin Interface 91 

interface or two interfaces of res in-rubber-res in , a n d the graft rubber acts 
as a n adhesive for the so l id -so l id interface ( F i g u r e 8 ). 

Α θ Α θ Α β 
I I I I I I 
θ Α θ Α θ A 

IN THE MATRIX 

RUBBER a GRAFT 
RUBBER 
WITHIN THE RUBBER 
PHASE 

Figure 8. Adhesion at the resin-rubber-resin interface in the 
rubber-reinforced thermoplastics type IV, A and Β are co-

monomers 

Since these rubber particles are h i g h l y filled w i t h a homopo lymer or 
a copolymer , the rubber is a lready re inforced w i t h a res in to give a 
higher modulus part i c le than the grafted rubber latex. O n the basis of 
the uniqueness of these rubber partic les , this process is also more appro 
priate i n manufac tur ing high-strength m e d i u m - i m p a c t A B S po lymer (31), 
or rubber -re inforced styrene-methyl methacrylate copolymer (32). T h e 

Figure 9. Electron-micrograph of an ABS 
polymer by graft polymerization 

The sample was prepared by osmium tetroxide 
technique (magnification, 4130 X) 

phys i ca l features of the rubber phase i n an A B S po lymer prepared b y a 
po lymer i za t i on graft ing process are shown i n an electron mic rograph 
( F i g u r e 9) prepared b y the osmium tetroxide technique. 
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92 I N T E R A C T I O N O F LIQUIDS A T SOLID SUBSTRATES 

Mechanisms of Reinforcement. B o t h rubber re inforced w i t h a filler 
(49, 50) a n d thermoplastics re inforced w i t h a rubber (29, 55) have been 
rev iewed especial ly w i t h respect to the mechanism of reinforcement. 
A c c o r d i n g to Nie l sen ( 5 0 ) , Kerner 's equat ion (28) is appropr iate to 
describe the m o d u l i of bo th of these systems p r o v i d e d perfect adhesion 
exists at the interfaces: 

Ε (filled) _ G (filled) _ 
Ε (unfiled) ~~ G (unfilled) ~~ 

G F V F / [ ( 7 - 5 y ) G p + ( 8 - 1 0 y ) G F ] + V p / [ 1 5 ( 1 - , ) ] 
G P V F / [ ( 7 - 5 v ) G p + ( 8 - 1 0 v ) G F ] + V p / [ 1 5 ( l - v ) ] 

W h e r e Gp a n d GF are the shear m o d u l i of the plastic matr ix a n d the filler 
respectively, ν is Poisson's rat io of the matr ix , a n d V is the vo lume frac
t ion . E's are Y o u n g s m o d u l i . Recent ly this re lat ion was veri f ied for the 
rubber -re in forced thermoplastics (29). T h e effect of adhesion at the 
rubber -res in (or rubber- f i l ler ) interface has been studied (49, 57, 58) 
w i t h mathemat i ca l models. 

Theories regard ing functions of rubber i n the rubber -re inforced 
thermoplastics are also der ived on the basis of the same premise of a 
perfect adhesion. I n 1965, N e w m a n a n d Stre l la (48) po in ted out that 
b o t h the or ig ina l micro -crack theory proposed b y M e r z , C l a v e r , a n d Baer 
(46) a n d the myr iad - c rack hypothesis suggested b y Schmitt a n d K e s k -
k u l a (59) f a i l ed to exp la in the reinforcement mechanism. T h e y sug
gested, i n turn , that the co ld -draw of the glassy matr ix is the key to the 
achievement of h i g h elongation. 

A most significant advance i n recent years was made b y B u c k n a l l 
a n d S m i t h (9 ) w h o establ ished the reinforcement mechanism on the 
craze theory (25, 26). A c c o r d i n g to their theory, the differences between 
re inforced a n d un-re inforced polystyrene s imply l ie i n the m a x i m u m size 
a n d concentration of the craze-bands. T h e rubber dispersed i n the matr ix 
serves to increase the numbers of craze-bands. W i t h o u t good adhesion 
achieved b y graft ing, the rubber fails to sustain tensile stresses at some 
stage i n the c raz ing process. A f ter the b r e a k d o w n at the rubber-res in 
interface, large voids are generated to weaken the composite. W e d e m 
onstrate this type of break w i t h the m o d e l shown i n F i g u r e 10. 

B u c k n a l l a n d Smith's theory has been further conf irmed b y recent 
work . M a t s u o (42) p u b l i s h e d electron micrographs of stress-crazed 
rubber -re in forced polymers a n d f o und his results to be i n good agreement 
w i t h those of B u c k n a l l a n d S m i t h . Recent ly , Arends (3) re lated the co ld -
flow of thermoplastics to E y r i n g ' s theory of viscous flow a n d enlarged the 
scope of their theory. 

Grafting and Adhesion. F r o m the discussion i n the preced ing p a r a 
graph , i t can be conc luded that the reinforcement i n rubber -res in systems 
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7. L E E Rubber-Resin Interface 93 

UNSTRETCHED 
MODEL 

ι— 
I STRETCHED ^ 

MODEL 

(No adhesion) ^ C A V I T Y 

STRETCHED 
MODEL * j 

I 
(Perfect adhesion) 

Figure 10. Adhesion and rubber-resin in
terface in rubber-reinforced thermoplastics 

φ Rubber phase 

can only be achieved where a good adhesion is obta ined at the interface. 
T h e adhesion mechanism (24, 51, 52, 53, 54 66) re lated to the first two 
systems descr ibed earlier are better understood a n d need not be d is 
cussed further. H o w e v e r , the adhesion mechanisms re lated to the last 
two systems, w h i c h invo lve graft ing, deserve a deta i led study. 

G r a f t i n g of monomers onto rubber has been rev iewed , (2, 13, 30, 
70). A recent paper reported the cat ionic graft ing of rubber (65 ) . W e 
do not in tend to elaborate further on this subject. T h e general agreement 
is that graft ing takes place r ight after in i t ia t ion . D u r i n g our study of 
the rubber -re inforced polystyrene we f o u n d that graft ing took place 
throughout the process. Dif f icult ies arose w h e n cross l inking intervened, 
render ing the graft rubber insoluble . I n the c o m i n g sections, w e describe 
the separation, the character izat ion a n d the determinat ion of Zisman's 
c r i t i ca l surface tension (71, 72) of the graft rubber phase before i t is 
heav i ly crossl inked. Mechan isms of adhesion are discussed on the basis 
of these findings. 

Experimental 

Preparation of Graft Copolymer. T h e graft copolymers used for 
this study were prepared w i t h agitat ion i n a 2-liter res in flask e q u i p p e d 
w i t h a stainless steel stir-tube. T h e feed mixture for the po lybutad iene 
grafted w i t h styrene contained 200 grams of " D i e n e " r u b b e r (F i res tone ) 
a n d 1,800 grams of styrene monomer , w h i l e the one for the po lybutadiene 
grafted w i t h b o t h styrene a n d acry loni tr i le contained 200 grams of 
" D i e n e " rubber , 500 grams of acry loni tr i le a n d 1,300 grams of styrene. 
T h e prepo lymer izat i on was carr ied out i n the absence of a catalyst at 
105 ° C . for the former a n d at 100 ° C . for the latter, to a so l id content 
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94 I N T E R A C T I O N O F LIQUIDS A T SOLID SUBSTRATES 

between 35 -40% before the rubber phase became h i g h l y cross- l inked a n d 
insoluble . T h e resultant prepo lymer contained the homopo lymer or the 
copolymer, the ungrafted a n d grafted po lybutadiene . 

Separation of Polybutadiene. T h e ungrafted a n d grafted p o l y b u t a 
diene were separated f rom the homopo lymer or the copo lymer b y the 
f o l l ow ing prec ip i tat ion technique : 

Prepo lymer (40 grams) was dispersed i n m e t h y l e thy l ketone (1,000 
m l . ). T h e dispersion was d i v i d e d into several centri fuge tubes a n d centr i 
fugea at 9,500 r .p .m. T h e supernate conta in ing the monomer a n d the 
soluble po lymer was decanted, the precipitate conta in ing the rubber 
phase was re-washed w i t h m e t h y l e thy l ketone. W e used a set of the 
s ingly -prec ip i tated po lybutadiene for the study a n d f o u n d that they 
contained a good port ion of o c c luded polystyrene. W e then used a double 
prec ip i tat ion technique to remove the occ luded polystyrene (or p o l y 
(styrene-co-acrylonitr i le ) ). T h e first prec ipitate was redissolved i n b e n 
zene a n d an equivalent of 0 . 1 % of Iono l was a d d e d to the benzene 
solut ion (106 m l . ) . ( N o t e : Ionol is 2,6-di-tert-butyl-p-cresol . ) T o the 
clear solut ion, m e t h y l e t h y l ketone (900 m l . ) was gradual ly added . T h e 
doub ly -prec ip i ta ted po lybutadiene conta ined bo th the grafted a n d the 
ungrafted portions a n d undoubted ly a remain ing trace of polystyrene. 
W e f ound that the doub le prec ip i tat ion was necessary but the rubber 
was very sensitive to ox idat ion at room temperature, even after a n a d d i 
t i on of Iono l p r i o r to the prec ip i tat ion . 

Determination of the Degree of Grafting. F o r a deta i led quant i ta 
t ive study, w e general ly separated the grafted a n d the ungraf ted p o l y 
butadiene. H o w e v e r , for this study, w e were on ly interested i n the extent 
of graft ing i n the po lybutadiene d u r i n g the i n i t i a l po lymer izat ion . T h e r e 
fore, the two portions of po lybutadiene were not separated, a n d the 
degree of graft ing was determined b y in frared o n the basis of bo th 
t r a n s - p o l y ( l , 3 - b u t a d i e n e ) ( ~ 9 6 4 cm." 1 ) a n d po ly (1 ,2-butadiene) (909 
cm. " 1 ) . T h e amount of styrene grafted was determined on the basis of 
pheny l - r ing mode at 1493 cm. " 1 ( F i g u r e 11) w h i l e the cyano group 
absorpt ion was measured at 2245 cm." 1 . T h e amount of Iono l was not 
enough to affect the pheny l - r ing mode. 

Determination of Critical Surface Tension. T h e method for the de
terminat ion of contact angles was descr ibed i n previous papers (37, 38 ) . 
F o r this study, w e used on ly one goniometer manufac tured b y Râme-Hart, 
Inc. T h e temperature was contro l led at 20 °C. w i t h an environmenta l 
chamber . T h e prec is ion was z±2° for the contact angle measurement. 
T h e l iqu ids used were alcohols, Po lyg lyco ls P-1200, 15-200, a n d E-200, 
ethylene g lyco l , f o rmamide , g lycero l , a n d water . 

T h e styrene-acrylonitr i le copolymers were prepared i n the f o r m of a 
t h i n film. T h e graft po lybutadiene solut ion was coated on a glass sl ide. 
B u t , for the graft po lymer conta in ing acry loni tr i le , i t was undesirable 
to use the glass sl ide because of the i n d u c e d or ientat ion, therefore, w e 
used a M y l a r film to support a th ick smooth film of the graft rubber . 

Preparation of Electron-micrographs. T h e polystyrene-rubber po ly 
b l e n d sample was etched b y solvent accord ing to the technique deve loped 
b y T r a y l o r . A double rep l i ca technique was used to prepare the sample. 
T h e first rep l i ca was methylcel lulose , the second p l a t i n u m a n d carbon, 
800 A . thick. 
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WAVE LENGTH, MICRON 
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1700 1600 1500 1400 1300 1200 1100 1000 900 800 700 
WAVE NUMBER. CM*1 

Figure 11. Infrared spectra of polybutadiene before and after moderately 
grafting with styrene, doubly precipitated 

O t h e r electron-micrographs were prepared according to Kato 's tech
n i q u e (27). O s m i u m tetroxide made the rubber particles dark a n d d is 
t inct . T h e thickness of the u l t ra th in specimen was 1000 A . 

Results and Discussion 

Wettability of Elastomers and Copolymers. T h e wet tab i l i ty of 
elastomers (37, 38) i n terms of c r i t i c a l surface tension was reported p r e v i 
ously. T h e elastomers commonly used for the reinforcement of br i t t le 
polymers are po lybutadiene , styrene-butadiene r a n d o m a n d b lock co
polymers , a n d butadiene-acry loni tr i le rubber . C r i t i c a l surface tensions 
for several t y p i c a l elastomers are 31 d y n e / c m . for " D i e n e " rubber , 33 
d y n e / c m . for bo th GR-S1006 rubber a n d styrene-butadiene b lock co
po lymer (25:75) a n d 37 d y n e / c m . for butadiene-acry loni tr i le rubber , 
( " P a r a c r i l " B J L T n i t r i l e r u b b e r ) . T h e copo lymer izat ion of butadiene w i t h 
a re lat ive ly polar monomer—e.g., styrene or acry lon i t r i l e—genera l ly re
sults i n an increase i n c r i t i ca l surface tension. T h e increase i n po lar i ty is 
also reflected i n the increase i n the so lubi l i ty parameter (34, 39, 40) a n d i n 
the increase of glass temperature (40). W e also noted a s imi lar increase 
i n c r i t i ca l surface tensions of styrene-acrylonitr i le copolymers w i t h the 
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96 I N T E R A C T I O N O F LIQUIDS A T SOLID SUBSTRATES 

increase i n acry loni tr i le content ( F i g u r e 12 ). T h e c r i t i c a l surface tension 
of polystyrene determined b y our method is 36 d y n e / c m . , a n d values for 
these copolymers vary between 37 a n d 43 d y n e / c m . P a r a l l e l increases 
i n bo th the so lubi l i ty parameter a n d glass temperature have also been 
noted for the copolymers. 

-0.1 I 1 1 1 I I I I I I 1 1 
20 25 30 35 40 45 50 55 60 65 70 75 

SURFACE TENSION Dynes/cm. 

Figure 12. Wettability of styrene copolymers 

( Dynes/cm. ) 
Δ Acrylonitrile 32% 43 
A Acrylonitrile 25% 42 
Ο Acrylonitrile (exptl) 16% 40 
• Acrylonitrile (exptl.) 6% 37 

C o m p a t i b i l i t y of po lymers impl ies a semi-quanti tat ive measure can 
be used to predic t whether two or more polymers are compat ib le . T h e 
use of one of the semi-quantitat ive approaches, so lubi l i ty parameter, was 
demonstrated b y Hug he s a n d B r i t t (22). It was conc luded (8) that one 
parameter was insufficient to predic t the compat ib i l i ty . I n this paper , w e 
n o w introduce c r i t i ca l surface tension w h i c h is determined f r om the 
surface properties of a po lymer . T h o u g h bo th of these parameters have 
been related by G a r d o n ( 1 5 ) , w e are i n c l i n e d to use the latter because 
w e can further describe the wet tab i l i ty between two polymers. F o r i n 
stance, b y the use of y c , we can predic t equal ly w e l l that c ompat ib i l i t y 
between polystyrene a n d po lybutadiene can be i m p r o v e d i f butadiene is 
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30 1 1 1 1 1 1 
X BASED ON P0LY(I,2-BUTADIENE) 
• BASED ON TRANS-POLY ( 1,3-BUTADIENE ) 

25 (DETERMINED BY INFRARED y/* 
ANALYSIS) / 

20 - X X 
X -

• 1 DEGREE OF GRAFTING, % | / / 

15 -

10 - χ / χ 

/ / 
— 

5 - /y 
χ x χ 

-

0 I I I I ! I 
0 5 10 15 20 25 30 35 

CONVERSION OF MONOMER , % 

Figure 13. Degree of grafting of polybutadiene vs. conversion of 
styrene monomer, singly precipitated 

4 5 1 1 1 1 l 1 
CRITICAL SURFACE TENSION OF 

GRAFTED POLYBUTADIENE 

4 0 -
Te AT 2 0 e C „ DYNES/CM. | 

35 • ^ _ _ _ _ _ — « - — · " " # *" 

30< 

25 1 1 1 1 
0 5 10 15 20 25 30 35 

CONVERSION OF MONOMER , % 

Figure 14. Effect of monomer conversion on critical surface tension of poly
butadiene grafted with styrene, singly precipitated 

a l l o w e d to f o rm a copo lymer of styrene or i f a styrene-butadiene copoly 
mer can be a d d e d to compat ib i l i ze the two incompat ib le polymers . 
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Thermodynamic Work of Adhesion. O n e other important aspect of 
surface energetics (71, 72) is the use of surface free energy to calculate 
the m a x i m u m reversible w o r k of adhesion, Wad, w h i c h has been correlated 
to the adhesive strength (41, 44) a n d should not be equated to the 
strength of an adhesive joint ( 6 ). Since neither w e t t i n g nor adhesion is 
contro l led p u r e l y b y thermodynamic factors, w e shou ld use the m a x i m u m 
reversible w o r k of adhesion, Wad on the basis of an ideal ist ic approach . 
W h e n a l l other variables are equal , w e can use Wad to compare the effec
tiveness of adhesives for a specific substrate. 

B y def init ion, Wad is the sum of surface free energies of a l i q u i d 
( Fiv ) a n d a so l id i n v a c u u m ( F8 ) minus the inter fac ia l free energy ( FHÏ ) 
accord ing to Dupre ' s equat ion : 

W a d = F 8 + F l v - F s l (1) 

F o r a n amorphous so l id po lymer , F s ^ γ 8 , a n d F 8 l has been theor ized 
to be negl ig ib le (71,72). B y assuming Φ = 1 (62) (Φ is the interact ion 
parameter ) , w e then obta in 

Since this w o r k of adhesion has been correlated (41, 44) w i t h the a d 
hesive strength, w e can presumably use Wad to estimate the theoret ical 
m a x i m u m adhesive strength between a rubber a n d a resin for a l l four 
systems discussed i n this paper. F o r example, the w o r k of adhesion 
between polystyrene a n d po lybutad iene is 67 d y n e / c m . , a n d that between 
polystyrene a n d styrene-butadiene copo lymer is 69 d y n e / c m . 

Wettability of Graft Copolymers. O n e of the difficulties i n s tudy ing 
the graft copo lymer is the separation of the grafted por t i on f r o m the 
occ luded copolymer . W i t h o u t a near ly c lean separation, i t is impossible 
to determine whether the wet tab i l i ty is for the oc c luded copo lymer or 
for the grafted rubber or for both . W e shal l demonstrate this b y us ing 
b o t h the s ingly a n d the d o u b l y prec ip i ta ted rubber obta ined d u r i n g the 
mass po lymer i za t i on of polystyrene. I n F i g u r e 13, w e show the apparent 
degree of graft ing at 2 7 % conversion increased to 2 1 % as determined 
on the basis of v i n y l group absorpt ion a n d 2 5 . 5 % o n the basis of the 
trans isomer absorpt ion. T h e cr i t i ca l surface tensions of these fractions 
also increase w i t h the percent conversion of the monomer ( F i g u r e 14) . 
T h e data f a l l w i t h i n a b a n d instead of a straight l ine . T h i s result is 
expected i n v i e w of the l i m i t e d prec is ion of the contact angle determina
t i on a n d the possible contaminat ion w i t h the oc c luded polystyrene. 

A separate po lymer i za t i on was carr ied out under ident i ca l condit ions 
but , for this experiment, the po lybutad iene f ract ion was separated b y the 
double prec ip i ta t ion descr ibed i n the Experimental section. A s expected, 
the apparent degree of graft ing was i n general 5 0 % lower t h a n that 
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7. L E E Rubber-Resin Interface 99 

obta ined b y the single prec ip i tat ion ( F i g u r e 15) . A p p a r e n t l y a large 
port ion of the occ luded polystyrene c o u l d be removed b y a second pre 
c ip i tat ion . T h e d o u b l y prec ip i tated po lybutadiene fractions were very 
sensitive to ox idat ion , a n d ox idat ion tended to increase yc. Therefore , 
an add i t i ona l amount of Ionol was a d d e d pr ior to the second prec ip i tat ion . 

25 1 1 1 1 I ι 
X BASED ON POLY ( 1,2-BUTADIENE ) 
• BASED ON TRANS-POLY ( 1,3 - BUTADIENE ) 

20 (DETERMINED BY INFRARED ANALYSIS ) 

15 -
1 DEGREE OF GRAFTING , % | 

10 ^ — 

5 

0 

— — " S ^ ^ ^ ^ — ^ x 

- • ^ ^ ^ 

Λ ι ι ι ι 1 1 

-

0 5 10 15 20 25 30 35 

CONVERSION OF MONOMER , % 

Figure 15. Degree of grafting of polybutadiene vs. conversion of styrene 
monomer, doubly precipitated 

T h e cr i t i ca l surface tensions of the doub ly prec ip i tated fractions 
versus conversion are shown i n F i g u r e 16. H e r e we note an abrupt rise 
i n y c a n d then a p lateau b a n d between 34 a n d 35.5 d y n e / c m . These 
increases i n y c , though higher than expected, c ou ld be caused p r e d o m i 
nant ly b y the graft ing of styrene to the rubber as observed i n n o r m a l 
r a n d o m copo lymer izat ion (37, 3 8 ) . 

T h e graft po lybutadiene conta in ing bo th styrene a n d acry loni tr i le 
prepared i n a separate experiment was isolated b y a double prec ip i tat ion . 
T h e exper imental va lue for the degree of graft ing was ca lculated o n the 
basis of the trans isomer of po lybutadiene ( F i g u r e 17) . E x c e p t for two 
fractions, the styrene contents are w i t h i n the shaded b a n d . W e note that 
bo th the styrene a n d the acry loni tr i le contents increase s l ight ly . T h i s 
phenomenon might be caused b y the po lymer i za t i on temperature w h i c h 
was lower than i n the previous two experiments ( 100°C . instead of 
1 1 0 ° C ) . 
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4 5 1 

CRITICAL SURFACE TENSION OF 
GRAFTED POLYBUTADIENE 

4 0 H 

rh AT 2 Q ° C , DYNES/CM. | 

10 15 20 25 
CONVERSION OF MONOMER , % 

Figure 16. Effect of monomer conversion on cntical surface tension of 
polybutadiene grafted with styrene, doubly precipitated 

10 

8 h 

ι 1 1 
X STYRENE MONOMER 
• ACRYLONITRILE MONOMER 

(DETERMINED BY INFRARED ANALYSIS) 
IMONOMER GRAFTED ONTO POLYBUTADIENE , "% ! 

POLYBUTADIENE WAS CALCUL'D 
BASED ON THE TRANS 
ISOMER ONLY 

10 15 20 25 
CONVERSION OF MONOMERS , % 

35 

Figure 17. Styrene and acrylonitrile grafted onto polybutadiene vs. 
monomer converted, doubly precipitated 

Despi te this l o w degree of graft ing, y c s increase w i t h the increase 
i n percent conversion ( F i g u r e 18) . T h e shaded b a n d shows the m a g n i 
tude. H o w e v e r , the rate of increase i n yc is not i n propor t ion to the rate 
of increase i n the degree of graft ing. T h e double prec ip i tat ion c o u l d be 
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7. L E E Rubber-Resin Interface 101 

accompanied b y an undue ox idat ion of po lybutadiene , but the in f rared 
analysis d i d not show any absorpt ion b a n d re lated to the ox id i zed product . 

I n spite of this d iscrepancy, the y c ' s for po lybutadiene after b e i n g 
l i ght ly grafted w i t h styrene a n d acry loni tr i le , show the same t rend as 
those for po lybutadiene after i t has been grafted w i t h styrene. C r i t i c a l 
surface tension of grafted po lybutadiene increases w i t h the extent of 
graft ing, though the rate of increase is somewhat greater than expected. 
W e further noted that the yc of the po lybutadiene , after i t h a d been 
par t ia l l y grafted, lies somewhere between the y c ' s of b o t h the homo-
po lymer (or the copo lymer ) a n d the ungrafted po lybutadiene . 

4 5 1 1 1 1 I ι 

CRITICAL SURFACE TENSION OF 
GRAFTED POLYBUTADIENE 

40 -
FC AT 2 0 e C , DYNES/CM. 1 

35 
• *^~r~*^ * " - ^ ^ ^ ^ ^ 

V. ,|Ym 

30 - — 

25 1 1 1 1 1 1 
0 5 10 15 20 25 30 35 

CONVERSION OF MONOMERS,% 

Figure 18. Effect of monomer conversion on critical surface tension of 
polybutadiene grafted with styrene and acrylonitrile, doubly precipitated 

Functions of Graft Copolymers at the Interfaces. A T T H E L I Q U I D -

L IQU ID I N T E R F A C E . D u r i n g the early stage of po lymer izat ion , the interface 
is rubber - to -rubber or l i q u i d - t o - l i q u i d . T h e subst i tut ion of the graft 
rubber for the ungrafted rubber of the interface tends to lower the 
inter fac ia l tension (jn) a ccord ing to G o o d a n d G i r i f a l c o equat ion ( 1 6 ) : 

y i 2 = y i + 72 - 2 Φ ( γ 1 γ 2 ) 1 / 2 (3) 

W h e r e Φ, the interact ion parameter, is assumed to be uni ty . I f w e neglect 
the presence of the monomer i n b o t h phases, w e can use the f o l l o w i n g 
c r i t i ca l surface tension values to estimate y12: Ji (po lys tyrene ) , 36; y 2 
(ungraf ted p o l y b u t a d i e n e ) , 31 a n d y2 (grafted p o l y b u t a d i e n e ) , 34, 
d y n e / c m . T h e est imated yi2's are 0.2 d y n e / c m . for the ungrafted po ly 
butadiene interface a n d —0.2 d y n e / c m . for the grafted po lybutadiene 
interface. 
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A negative or zero inter fac ia l tension is a necessary cond i t i on for 
the emulsi f ication w h i c h leads to the phase invers ion reported b y Bender 
( 5 ) . T h i s is one of the most important cr i ter ia for the part ic le f ormat ion 
mechanism. Unfor tunate ly this surface energetics aspect has not been 
discussed b y previous workers . 

A zero or negative inter fac ia l tension also impl ies the c o m p a t i b i l i z a -
t ion of two phases (12 ) . A n inter-di f fusion at the mol ten stage can take 
place under this condi t ion . W e c o u l d expect the graft side c h a i n to 
diffuse into the po lymer phase a n d the grafted r u b b e r m a i n c h a i n to 
diffuse into the rubber phase as shown i n F i g u r e 6. O n the who le , w e 
can conc lude that graft ing tends to make rubber more compat ib le w i t h 
the po lymer phase. 

A T T H E L IQU ID-SOL ID I N T E R F A C E . T h e m a x i m u m w o r k of adhesion, 
W a d , for the grafted rubber -po lymer interface is a lways h igher t h a n that 
for the ungrafted rubber -po lymer interface. D u r i n g the course of po ly 
mer izat ion , most of the rubber is grafted a n d l i ght ly cross- l inked. I f the 
rubber is s t i l l r u b b e r y at the e n d of the po lymer izat ion , w e can consider 
the interface to be l i q u i d - s o l i d at room temperature. B y us ing the same 
example as i n the preced ing paragraph , w e can show that Wad is 70 
d y n e / c m . for the grafted rubber-polystyrene interface a n d 67 d y n e / c m . 
for the ungraf ted rubber-polystyrene interface. W e thus conc lude that 
the graft rubber is a better adhesive than the ungrafted rubber . 

Factors Affecting the Interfacial Bond. Besides graft ing, the adhe
sion between a rubber a n d a res in can be achieved b y f o rming hydrogen 
bridges , b y caus ing d ipo le - interact ion or b y creat ing covalent bonds. W e 
shal l not elaborate further on this. T h e factors w h i c h adversely affect 
the inter fac ia l b o n d need to be brief ly discussed o n the basis of the 
adhesive concept. T h e first factor is cross - l inking, as determined b y the 
swe l l ing index of the rubber phase. T h e higher the degree of cross-
l i n k i n g or the lower the swe l l ing index, the less rubbery the rubber phase 
becomes. T h e r i g i d rubber phase, even i f i t is grafted, cannot funct ion as 
an adhesive but introduces unnecessary stress at the interface. Conse 
quent ly the rubbery adhesive is rep laced b y a so l id phase; therefore, the 
final interface is actual ly so l id -so l id instead of l i q u i d - s o l i d . 

T h e second deter imental factor is the t h e r m a l or the thermal ox ida 
t ive degradat ion of the rubber phase at elevated temperatures. A s 
reported previously , the oxidat ive degradat ion (33) is enhanced b y the 
presence of metal l i c impur i t ies . A s a result of these modes of degradat ion , 
the rubber phase loses unsaturat ion u p o n further cross l inking or c y c l i z a -
t i on (61) or both . A l t h o u g h the po lar i ty of rubber m a y be increased; 
the r i g i d i t y is also increased s imultaneously to n u l l i f y the ga in i n po lar i ty . 
A s a consequence, the rubber loses its funct ion as an elastomeric adhesive 
at the interface. A s imi lar detr imenta l effect of degradat ion i n the près-
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7. L E E Rubber-Resin Interface 103 

sure-sensitive adhesives is w e l l k n o w n (20, 21, 69). I n rubber -re inforced 
thermoplastics , the degradat ion of rubber general ly causes de -wett ing of 
the rubber -res in interface. Therefore, u p o n stretching or under tensile 
stress, rubber no longer functions as a re inforc ing m e d i u m , a n d toughness 
a n d impact resistance of the composite drast ical ly decrease. 

Conclusions 

Rubber - res in heterophase systems were classified as ( 1 ) resin as the 
disperse phase, (2 ) rubber as the disperse phase, (3 ) grafted rubber 
latex particles as the disperse phase a n d (4 ) filled graft rubber as the 
disperse phase. A d h e s i o n mechanisms related to these systems were d is 
cussed. Spec ia l emphasis was made for the last two systems w h i c h 
invo lved graft ing. T h e graft rubbers isolated f rom the fourth system were 
character ized. C r i t i c a l surface tensions of po lybutadiene after be ing 
grafted l ight ly w i t h styrene a n d w i t h styrene a n d acrylonitr i le were f o u n d 
to l ie between those of the two phases. Consequent ly , the graft rubber 
was shown to funct ion as a compat ib i l i zer a n d as an adhesive or a coup l ing 
agent for the rubber-res in interface. Degradat i on a n d excessive cross-
l i n k i n g of the rubber phase tended to reduce adhesion at the interface. 
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Adhesion of High Polymers IV. 

Relationships Between Surface Wettability and 

Bulk Properties of High Polymers 

L I E N G - H U A N G LEE1 

The Plastics Laboratory, The Dow Chemical Company, Midland, Mich. 

Critical surface tensions (γc) of a series of functional poly
mers were determined. These results are compared with 
those calculated on the basis of solubility parameter (δ) 
according to the following equation: 

γc0.43 = 0.24 δΦVm0.14 

where Φ is the interaction parameter defined by Good and 
Girifalco and Vm is the molar volume. Another comparison 
is made with parachor ( P ) according to the following 
equation: 

γc = P4Vm-4Φ2 

The analysis of variance and the method of regular regres
sion are used in evaluating the results. Equation improve
ments are discussed. The difficulties in predicting surface 
tensions of polymers on the basis of bulk properties are 
emphasized. 

T n recent years, deve lop ing interests i n surface energetics a n d adhesion 
of l i q u i d - l i k e polymers , or po lymer l i qu ids , have p r o m p t e d bo th theo

re t i ca l a n d experimental w o r k on surface tension. U n l i k e l o w molecular 
we ight l i qu ids , po lymer l i q u i d s have not been extensively studied. B o n d i 
a n d S i m k i n ( I ) ment ioned surface tension i n their study on h i g h m o l e c u 
lar weight l iqu ids . Roe (28) a p p l i e d b o t h the ce l l theory of po lymer 
l i qu ids a n d the hole theory of surface tension of s imple l i qu ids to develop 
an approximate theory of surface tensions of po lymer l iqu ids . H i s ap 
proach has met some degree of success. N o t a b l y , bo th Bondi ' s a n d Roe's 
w o r k are somewhat re lated to the ce l l theory introduced b y Pr igog ine a n d 

1 Present address: Xerox Research Laboratories, Webster, Ν. Y. 14580. 
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co-workers (24). Pr igogine used one of the important parameters, 3c, to 
describe molecular flexibility i n terms of the external degree of freedom. 
T h i s parameter resembles the number , η intu i t ive ly deve loped b y Hayes 
( 8 ) . T h e use of H a y e s ' degree of f reedom together w i t h other parameters 
i n correlat ing surface wet tab i l i ty a n d glass temperatures of po lymers 
(16) was reported previously . 

Besides the theoret ical work , two important experimental approaches 
deserve m e n t i o n : 

1. T h e direct measurement of surface tensions of po lymer melts (10, 
27, 29, 30, 37) general ly y ie lds values somewhat greater than those ob
ta ined ind irec t ly , depend ing o n the method a n d the instrument. U n f o r 
tunately , structure correlat ion studies cannot be undertaken u n t i l more 
direct surface tension data have been obtained. 

2. T h e convenience of a p p l y i n g indirect measurements i n terms of 
c r i t i ca l surface tension has contr ibuted to their extensive use. Z i s m a n 
(39, 40) o r ig ina l ly assumed that bo th inter fac ia l tension a n d the spreading 
pressure are neg l ig ib le for low-surface-energy solids. C o n t r a r y v iews have 
been stated b y Johnson a n d Det t re (11). Me l rose (21) showed that the 
inter fac ia l tension was actual ly measurable , a n d recently N e u m a n n a n d 
Se l l (22) ref ined the measurement b y tak ing into account spreading 
pressure. O n e rather noticeable compl i ca t i on is the i n d u c e d or ientat ion 
reported b y R a y a n d co-workers (26), a n d more recently discussed b y 
C u t h r e l l (3) i n terms of the env ironmenta l effect. Desp i te these l i m i t a 
tions, w e f ou n d that the considerat ion of the c r i t i ca l surface tension was 
technica l ly useful a n d theoret ical ly sound i n c ompar ing the surface ener
getics of polymers on a relat ive scale. F o r instance, w e f ound that the 
wet tab i l i ty of rubbers c ou ld be read i ly character ized b y c r i t i ca l surface 
tensions (15 ) . 

T h e purpose of this paper is to use data already a q u i r e d on c r i t i ca l 
surface tension for a correlat ion w i t h so lub i l i ty parameters a n d parachors 
of polymers . T h e theoret ical background of these parameters is brief ly 
ment ioned. T h e evaluat ion of the ca lculated values is then discussed. 
Because of the complexi ty of the po lymer conformation o n the surface, 
w e do not i m p l y that a straight - forward re lat ionship between the surface 
a n d the b u l k properties is avai lable , even i n the case of a l i q u i d - l i k e 
amorphous po lymer . Another purpose of this paper is, therefore, to po int 
out the compl i ca t ing factors a n d the difficulties i n pred i c t ing the surface 
wet tab i l i ty on the basis of b u l k properties. 

Theoretical Background 

Solubility Parameter and Surface Tension. Cohes ive energy density 
( C E D ) (9 ) is the energy, i n calories per cub i c centimeter, necessary 
for an infinite separation of the molecule i n 1 cub i c centimeter of l i q u i d 
versus the act ion of intermolecular attract ion: 

C E D = δ 2 = ( Δ Η ν - R T ) / V , ( D 
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108 I N T E R A C T I O N O F LIQUIDS A T SOLID SUBSTRATES 

where δ is the so lubi l i ty parameter ( c a l . / c c . ) 1 / 2 , Δ Η ν is the molar heat of 
vapor izat ion ( c a l . / m o l e ) , R is the gas constant ( ea l . /mo le -deg . ) , Γ is the 
temperature ( ° K . ) , a n d Vm is the molar vo lume ( c c . / m o l e ) . 

A n e m p i r i c a l re lat ionship between the so lub i l i ty parameter a n d the 
l i q u i d surface tension of a nonpolar l i q u i d was obta ined b y H i l d e b r a n d 
a n d Scott ( 9 ) 

δ = 4.1 ( y i / V m i / 3 ) o . 4 3 ( 2 ) 

where γι is the l i q u i d surface tension ( d y n e / c m . ) , a n d the un i t for 4.1 
is ( c a l . / c c . ) 1 / 2 ( d y n e / c m . ) " 0 4 3 ( c c . / m o l e ) 0 1 4 . Recent ly w e have re 
examined this re lat ionship (17) a n d f o u n d that it can be a p p l i e d to near ly 
a l l non-oxygenated l iqu ids i n c l u d i n g po lar amines a n d nitr i les . 

Desp i te the approx imat ion , Zisman's c r i t i ca l surface tension (39, 40) 
s t i l l provides the most convenient means of expressing the surface tension 
of a sol id . L a t e r G a r d o n (6) suggested a possible l inear re lat ionship 
between the c r i t i ca l surface tension yc a n d the so lub i l i ty parameter for 
l i q u i d - l i k e polymers. H e also proposed the f o l l owing re lat ion between 
so l id surface tension a n d c r i t i c a l surface tension: 

y 8 = y c / $ 2 ( 3) 

where Φ is the ratio between the reversible w o r k of adhesion ( γ Α + T B — 
ΎΑΎΒ) a n d the geometr ical m e a n of the w o r k of cohesion of the two 
components. F o r l o w energy solids ( 6 ) , Φ is greater than 0.8 but less 
than 1. T h i s parameter, Φ, is the interact ion parameter in t roduced b y 
G o o d a n d G i r i f a l c o ( 7 ) . 

O n the basis of E q u a t i o n s 2 a n d 3, w e then der ived one e m p i r i c a l 
equat ion especial ly for nonpolar polymers (16). 

y c
0 - 4 3 = 0.24 δΦ ° · 8 6 ν ^ 0 1 4 (4) 

or w e can s impl i f y it into E q u a t i o n 5 

γ < ; ο .43 = ο . 2 4 δ Φ ν ^ · 1 4 (5) 

W e later f ou n d (17) that a s l ight modi f i cat ion was needed for polyesters 
a n d polyethers a n d this equat ion d i d not a p p l y to po ly ( v i n y l a lcohol ) 
a n d n y l o n . 

T h e molar vo lume i n these equations is difficult to assign. T h i s was 
f o u n d to be a p r o b l e m i n the case of a po lar l i q u i d . Recent ly R o e (29) 
po inted out that, i n the case of po lymer i c l i qu ids , the thickness of the 
transit ion layer depends not on ly on the size of the repeat u n i t b u t also 
o n the degree of correlat ion between successive s tructural units , or, i n 
other words , on the flexibility of the po lymer cha in . It is , therefore, not 
appropriate to use the cube root of the molar vo lume as a measure of 
the thickness of the monomolecular layer at the v a p o r - l i q u i d interface. 
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Molecular Orientation and Surface Tension. O n e disconcert ing fact 
is the molecular or ientat ion of nonsymmetr i ca l a n d po lar l i qu ids . W i t h 
or ientat ion, the surface of these l i qu ids m a y represent only a part of the 
molecules. F o r this type of l i q u i d , a correlat ion between the surface a n d 
the b u l k properties c o u l d present a prob lem. T h e o r ig ina l assumption 
made b y H i l d e b r a n d a n d Scott (9 ) was that nonpolar l i q u i d molecules 
assume a spherical symmetry. T h e general app l i ca t i on of their equations 
to l i qu ids w i thout a spher ica l symmetry is rea l ly remarkable . H o w e v e r , 
w e noted (17) that deviations were f ound for nearly a l l oxygenated 
l iqu ids . I n the case of polymers , the molecular or ientat ion is expected to 
p l a y a more important role. T h i s c o u l d be one of the reasons that the 
re lat ionship between surface a n d b u l k properties of polymers is rather 
sporadic . I n the Experimental section, w e sha l l expla in the importance of 
the i n d u c e d or ientat ion (3,26) w i t h respect to ob ta in ing a surface tension 
read ing for a po lar po lymer . 

A s a result of molecular or ientat ion, i t w o u l d appear less appropr iate 
to use the cube root of the molar vo lume as a measure of the thickness of 
the monomolecular layer at the v a p o r - l i q u i d interface. A n accurate c a l 
cu lat ion of the monomolecular layer thickness requires a precise theo
ret i ca l m o d e l of the structure of a l i q u i d or a po lymer w h i c h is b e y o n d 
the scope of this paper . A n example of this k i n d of approach is g iven 
b y Roe (28) i n his paper o n po lymer i c l i qu ids . 

Parachor and Surface Tension. K l e e m a n (12) a n d M a c l e o d (18) 
separately f o u n d an empi r i ca l equat ion to correlate density a n d surface 
tension of a l i q u i d 

y = C(D-d)* (6) 

where C is a constant, D a n d d is the density of l i q u i d a n d vapor respec
t ive ly . T h i s s imple re lat ion appears to h o l d over a w i d e range of t e m 
perature a n d forms the foundat ion of Sugden's parachor — Ρ (36): 

M -y l/4 (7) 
D 

where M is the molecu lar we ight i n g r a m / m o l e , a n d Ρ is i n ( d y n e / c m . ) 1 / 4 

( c c . / m o l e ) . T h e d imens ion is [ M ] 1 / 4 [ T ] 1 / 2 [ L ] 3 . 
W h e n the vapor density is negl ig ib le , E q u a t i o n 7 can be w r i t t e n i n 

terms of molar vo lume of a l i q u i d , Vm: 

M 

H e n c e , a comparison of parachors for different compounds , accord ing 
to Sugden , is a compar ison of molar volumes at temperatures at w h i c h 
the l i qu ids have the same surface tension. 
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Table I. Physical Properties of Organic Liquids Used 

Specific 
Molecular Gravity 

Hydroxy-Containing Compounds Source Weight 25/25°C. 

Polyglycol P-1200 D o w 1200 (Aver.) 1.003 
Polyglycol 15-200 D o w 2600 (Aver.) 1.053 
Polyglycol E-200 D o w 200 (Aver.) 1.124 
Ethylene glycol D o w 62.1 1.113 
Formamide Reagent 45 1.134 2 0 

Glycerol ( U . S. P.) D o w 92.1 1.252 
1-Octanol Reagent 130.2 0 .827 4

2 0 

1-Heptanol Reagent 116.2 0 .822 4
2 0 

η-Butyl alcohol Reagent 74.1 0 .810 4
2 0 

I n 1965, Roe ( 2 7 ) , M a r w e d e l ( 2 0 ) , a n d L e e a n d co-workers (13) 
independent ly suggested that parachor c o u l d be used to calculate the 
surface tension of a po lymer . W e , therefore, use the f o l l owing equat ion 
for the ca l cu lat ion : 

yc = R*VM-W (9) 

T h e ca lcu lated results were used to compare w i t h those obta ined b y us 
a n d b y others (34). T h e causes of deviations are discussed i n the later 
section. 

Experimental 

Preparation of Samples. I n obta in ing a re l iable c r i t i ca l surface ten
sion, the sample preparat ion was very important . F o r most polymers , w e 
used a heat-c leaned microscope sl ide to support a film cast f rom a solut ion 
conta in ing 5 % b y weight of po lymer . T h e solvent was first s l owly evapo
rated. T h e semi-dry film was further d r i e d at 50 ° C . under v a c u u m to 
remove the remain ing trace of solvent. A s reported previous ly w e de
tected the effect of or ientation, or the env ironmenta l effect, caused b y 
the po lar si l icate surface w h i c h supported the po lymer i c film (15 ) . 
Therefore, for polar polymers , w e attempted to preserve the or ientat ion 
of po lar groups at the a i r - so l id interface b y us ing a po lar film to m o l d 
the po lymer . T h e polar film was either M y l a r or " K a p t o n " p o l y i m i d e 
H - f i h n . Η-film was used especial ly for polymers of h i g h glass tempera
tures. N o mold-release agent was used, a n d no attempt was made to 
remove the static charges on the surface. 

Determination of Contact Angle. A t the beg inn ing of this work , no 
commerc ia l un i t was avai lab le ; therefore, w e b u i l t a goniometer after 
the m o d e l descr ibed b y F o r t a n d Patterson ( 5 ) . T h i s goniometer was 
made to observe the surface of a drop w h i c h was used to be the center 
of rotat ion, a n d the angle at w h i c h ext inct ion occurred was e q u a l to the 
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for the Determination of Critical Surface Tension 

(n)i5 

Viscosity 
(Centistokes) 

at 25°C. 

Surface Tension 
dyne/cm. 
at 20°C. Water (Percent) 

1.448 160 31.3 0.11 
1.459 360 36.6 0.29 
1.459 40 43.5 0.36 
1.430 15 47.5 0.97 
1.445 2 0 300 58.2 0.11 
1.468 435 64.0 0.37 
1.429 2 0 10.8 2 0 26.7 0.26 
1.424 2 0 8.7 2 0 25.6 0.20 
1.399 2 0 3.5 2 0 24.6 0.27 

contact angle. T h e angles of appearance a n d disappearance, w h i c h 
should be the same w i t h i n one degree, were recorded. Prec is ion was 
good, be ing w i t h i n p lus or minus one degree. W i t h this type of gon i 
ometer, w e on ly read f rom one point of the l i q u i d on a fresh po lymer 
sample at 15, 30, a n d 45 minute intervals. F o r h i g h viscosity Hquids , 
the i n i t i a l reading at 0 minute c o u l d be erroneous, but after 15 minutes , 
the l i q u i d reached e q u i l i b r i u m a n d the read ing changed on ly s l ight ly , i f 
any. T h e phys i ca l properties of these l i qu ids are l isted i n T a b l e I. Since 
the viscosities of these l i qu ids var ied , w e preferred to take readings at 
more than one t ime interval . F o r this goniometer, the w o r k was carr ied 
out i n a dark room between 20° a n d 25°C . w i t h 20 -30% R. H . 

F o r contact angles above 90° , w e later used the N R L - c o n t a c t - a n g l e 
goniometer M o d e l A -100 manufac tured b y Râme-Hart, Inc. accord ing to 
the un i t used b y Z i sman. T h e techniques i n obta in ing contact angles 
were descr ibed b y Z i s m a n a n d co-workers (39, 40). Because of its s i m 
p l i c i t y especial ly w i t h o u t the use of a dark room, most of our later w o r k 
was conducted w i t h N R L goniometer. A c c o r d i n g to F o r t a n d Patterson 
( 5 ) , despite two different pr inc ip les invo lved i n these two types of 
goniometer, the readings were equivalent a n d interchangeable . 

T h e hydroxy compounds used i n this exper imental w o r k generally 
d i d not attack the surface of polymers. A n o t h e r advantage of us ing the 
h y d r o x y compounds was to prov ide l i qu ids w h i c h c o u l d interact w i t h the 
substrate besides dispersion forces. H o w e v e r , t w o of the po lar l i q u i d s — 
e.g., f o rmamide a n d ethylene g ly co l—used were unsatisfactory as ob
served b y others (39, 40). Since no other substitute was f ound at the 
t ime of this study, they were used especial ly for the h i g h surface tension 
region. Therefore , for polar polymers w i t h yc > 40 d y n e / c m . , the deter
m i n e d values were somewhat less accurate than those for po lymers w i t h 
yc < 40 d y n e / c m . A t y p i c a l cos θ — yïy p lo t is i l lustrated i n F i g u r e 1. 
T h e observed results a n d the sources of polymers are l i s ted i n T a b l e I I . 
Since most of these polymers were obta ined commerc ia l ly , w e d i d not 
receive complete in format ion regard ing the detai led character izat ion of 
each polymer—e.g., molecular we ight a n d molecular we ight d i s t r ibut ion . 
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20 25 30 35 40 45 50 55 60 65 70 75 
SURFACE TENSION Dynes/cm. 

Figure I . Wettability of functional polymers (aromatic 
polar) 

Ο—"Phenoxy plastics' (Bakélite) 
Δ—Polycarbonate (G. E. "Lexan") 
φ—"Poly suif one" (Union Carbide) 

(dyne/cm.) 
43 
42 
41 

Results and Discussion 

I n T a b l e I I I , c r i t i ca l surface tensions of th i r ty -n ine polymers are 
reported, ca l cu lated on the basis of E q u a t i o n 5 b y assuming Φ = 1. I n 
other words , these ca lcu lated results are equivalent to the ca lcu lated 
so l id surface tensions ( γ 8 ) . So lub i l i t y parameters of several polymers 
l i s ted i n the table were ca lcu lated on the basis of Small 's constants ( 3 5 ) , 
a n d a l l molar volumes were ca lcu lated on the basis of the molecular 
we ight of the repeat uni t a n d the density of the po lymer . T h e results i n 
T a b l e I I I were used to prepare a g r a p h ( F i g u r e 2) for the compar ison 
between the ca lcu lated a n d the observed c r i t i ca l surface tensions of these 
polymers . T h e data are rather scattered, a n d the ca lcu lated values are 
general ly lower than those observed d irect ly . T h e f o l l o w i n g factors m a y 
be contr ibut ing to the deviat ions : 

1. A s po inted out b y Roe , the ca l cu lat ion of the monolayer thickness 
on the basis of the cube root of the molar vo lume of a po lymer is rather 
inaccurate ( 29 ) . 
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2. T h e o r ig ina l H i l d e b r a n d a n d Seott equat ion was obta ined o n the 
premise that nonpolar l i qu ids possessed a spher ica l symmetry . F o r l i q u i d s 
w i thout symmetry , the molecules t end to orient. T h e result of or ientat ion 
c o u l d contr ibute to the departure of the surface properties f rom the b u l k 
properties of po lar a n d hydrogen-bonded l iqu ids . T h i s departure shou ld 
be enhanced i n the case of a long-chain po lymer . 

3. U n d e r a separate study ( 1 7 ) , w e f o u n d that oxygenated l i qu ids 
general ly do not f o l l ow the H i l d e b r a n d a n d Scott equation. F o r the 
simplest oxygenated liquids—e.g., ethers a n d esters—the proper equat ion 
should be : 

O n the basis of E q u a t i o n 10, w e modi f ied E q u a t i o n 4 into E q u a t i o n 11 
for polyethers a n d polyesters. 

W i t h the modi f i cat ion, w e s t i l l d i d not observe any substantial improve 
ment i n the overa l l correlat ion. 

4. It should be noted that some of the polymers i n T a b l e I I I are 
crystal l ine or semicrystalline—e.g., po ly ( v i n y l a l c o h o l ) , ny l on , a n d 
po ly (ethylene ox ide ) . It is k n o w n that the crystal l ine structure tends to 
alter the l i q u i d - l i k e properties of polymers ( 6 ) . 

5. There are some uncontro l lable factors affecting the determinat ion 
of c r i t i ca l surface tension—e.g., the type of l i qu ids used, the type of in ter 
act ion between a l i q u i d a n d a so l id , the homogeneity of surface, etc. A n 
idea l corre lat ion should be made f rom the d irect surface tension, i f a v a i l 
able, of a po lymer melt . 

T h e c r i t i ca l surface tensions reported i n T a b l e I V were ca lculated 
o n the basis of E q u a t i o n 9 b y assuming Φ = 1. T h e parachor values for 
the repeat uni t were ca lculated on the basis of the recommended values 
p u b l i s h e d b y Q u a y l e (25 ) . F o r hydrogen-bonded polymers , w e attempted 
to correct the parachors b y subtract ing the values a l l o w e d for hydrogen 
bridges f o rmed at m a x i m u m sites f rom the or ig ina l readings. F o r instance, 
two hydrogen bridges were counted per repeat un i t of p o l y ( 6 - a m i n o -
caproic a c i d ) , nylon-6 . E v e n w i t h this correct ion, the ca lcu lated c r i t i c a l 
surface tensions for b o t h nylon-6 a n d nylon-6,6 are s t i l l h igher than the 
observed values. T h e data i n T a b l e I V suggest that this actual ly happens 
to most other polymers besides nylons. 

T h e deviations between observed a n d ca lculated values i n b o t h 
Tables I I I a n d I V were subjected to the analysis of var iance (23) (tested 
at the F . 99 l e v e l ) . T h e computed results indicate that there is a s ig 
nif icant difference between these two methods of ca lculat ion . T h e coeffi
cients of correlat ion for these two proposed relationships were ca lcu lated 

(10) 

«•se = 0.28 8<ï>Vm
0-19 ( H ) 
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Table II. Sources and Observed Critical 

Polymers 

Polyacrylonitrile 
Poly (ethylene oxide) 
"Phenoxy Plastics" 
Polycarbonate 
Poly ( 2-chlorostyrene ) 
"Polyphenylene Oxide" 
Poly (methyl acrylate) 
Poly ( v inyl formal ) 
Poly ( formaldehyde ) 
Poly(methylstyrene), mixed isomers 
Polystyrene 
Poly (ethyl methacrylate) 
Poly (propylene oxide) 
Poly (vinyl methyl ether) 
Poly ( 4-tert-butylstyrene ) ( 96 % p- ) 
Poly ( v inyl butyral ) 
Poly (butyl acrylate) 

Sources 

Expt l . , Dow-Badische 
"Carbowax" 4000 
Bakélite 
"Lexan, " G E 
Expt l . , D o w 
G E "ΡΡΟ" 
Expt l . 
"Formvar," Monsanto 
" D e l r i n " Acetal resin, duPont 
Expt l . , D o w 
Styron 666, D o w 
Expt l . 
Expt l . , D o w 
"Gantrez" M , General Anil ine 
Expt l . , D o w 
"Butvar," Monsanto 
Expt l . 

f r om these data b y the method of regular regression (23). A s imi lar set 
of computat ion was carr ied out after three h i g h l y hydrogen-bonded 
polymers were removed f rom the lists. (These three polymers were 
nylon-6 , nylon-6,6 a n d po ly ( v i n y l a l c o h o l ) ) . B o t h results are tabulated 
as fo l lows : 

Standard Correction 
Mean Variance Deviation Coefficient 

Method ~JÏ) W ~~(ï) W ~~(ϊ) (2)~ IT) W 
Solubility - 5 . 8 8 - 8 . 5 1 158.73 60.65 12.60 7.79 0.731 0.762 

parameter 
Parachor 8.65 8.22 182.14 171.40 13.50 13.09 0.299 0.178 
α Column 1 includes the data for the three hydrogen-bonded polymers; while Column 
2 does not. 

It is important to note that the correlat ion coefficient is s l ight ly i n 
creased i n the case of the so lub i l i ty parameter but decreased i n the case 
of the parachor after the three hydrogen-bonded polymers were removed 
f r om the Tables . 

T h e computed results indicate that compared w i t h the so lub i l i ty 
parameter re lat ionship , the existing parachor re lat ionship has a lower 
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Sur face Tensions of F u n c t i o n a l Po lymers 

Critical 
Solubility Surface 

Density Parameter Tension 
d δ yc 

(gram/cc.) (cal./cc.)1/2 {dyne/cm.) 

1.17 12.5 44 
1.12 8.6 (calc.) 43 

1.17-1.18 10.2 (calc.) 42 
1.20 10.2 (calc.) 42 
1.25 10.5 (calc.) 42 
1.06 10.7 (calc.) 41 
1.22 10.1 41 
1.23 7.3 (calc.) 38 
1.43 9.7 (calc.) 36 
1.04 9.8 (calc.) 35 
1.04 9.1 36 
1.11 8.9 33 
1.00 8.0 (calc.) 32 
1.04 8.0 (calc.) 29 
0.95 8.6 (calc.) 29 
1.05 7.1 (calc.) 28 
1.10 8.7 28 

correlat ion coefficient. T h e problems ment ioned inc lude the lack of accu 
rate density data for polymers a n d the difficult assignment of molar 
vo lume. I n l ight of recent work , an important p rob l em is represented 
b y Mac leod ' s exponent, p, i n E q u a t i o n 6, w h i c h has been assumed to be 
four. W r i g h t (38) f o und that this exponent need not be four. Therefore , 
the Sugden parachor can take a general f o r m : 

M a r w e d e l (19) showed that ρ was less than four a n d actual ly dif fered 
w i t h respect to the po lar i ty of a l i q u i d . 

Recent ly Roe (29) reported that the ρ values for polymers were 
smaller than those for monomers. F o r instance, the f o l l o w i n g ρ values 
were f o u n d : 3.0 for po ly (ethylene ox ide ) , 3.2 for both polyethylene a n d 
po lypropy lene , 3.3 for branched polyethylene, 3.5 for po ly ( d i m e t h y l 
s i loxane) , a n d 4.1 for p o l y ( b u t e n e ) . H e r e the re lat ionship between ρ 
a n d po lar i ty is not w e l l defined. B u t i f the exact value of ρ is k n o w n 
for each homolog of compounds or polymers , w e should be able to obta in 
a h igher correlat ion coefficient a n d a lower standard deviat ion . 
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Table III. Relationships Between Solubility Parameters 

Equation: y c
0 - 4 3 = 0.24 δ Φ ^ 0 1 4 

Solubility 
Parameter0 

Polymers (cal. 
0 

/cc.y/2 

Poly ( tetrafluoroethylene ) 6.2 
Poly ( vinyl butyral ) 7.1 (calc.) 
Poly ( chlorotrifluoroethylene ) 7.2 
Poly(l,2-butadiene) 7.2 (calc.) 
Poly (vinyl formal) 7.3 (calc.) 
Poly (dimethyl siloxane) 7.6 
Poly ( vinylidene fluoride ) 7.8 
Poly ( 2-methylpropene ) 7.9 
Polyethylene, high density, d = 0.95 7.9 

low density, d = 0.91 7.9 
Poly (propylene oxide) 8.0 (calc.) 
Poly (vinyl methyl ether) 8.0 (calc.) 
Poly ( 2-methyl-1,3-butadiene ), trans 8.1 
Poly ( 2-methyl- 1,3-butadiene ), cis 8.1 
Poly ( 1,3-butadiene ), trans 8.4 
Poly ( 1,3-butadiene ), cis 8.4 
Poly ( terf-butylstyrene ) 8.6 (calc.) 
Poly (ethylene oxide) 8.6 (calc.) 
Poly (vinyl fluoride) 8.8 (calc.) 
Poly ( ethyl methacrylate ) 8.9 
Poly ( 2-chloro-1,3-butadiene ) 9.0 
Poly (methyl methacrylate) 9.1 
Polystyrene, atactic 9.1 
Polypropylene 9.2 
Poly ( ethyl acrylate ) 9.4 
Poly (vinyl acetate) 9.4 
Poly (vinyl chloride) 9.5 
Poly ( formaldehyde ) 9.7 (calc.) 
Poly(methylstyrene mixed isomers) 9.8 (calc.) 
"Phenoxy Plastics" 9.9 (calc.) 
Poly ( methyl acrylate ) 10.1 
Polycarbonate 10.2 (calc.) 
Poly ( 2-chlorostyrene ) 10.5 (calc.) 
"Polyphenylene Oxide" 10.7 (calc.) 
Poly (ethylene terephthalate) 10.7 
Poly ( vinylidene chloride ) 12.2 
Polyacrylonitrile 12.5 
Poly ( vinyl alcohol ) 12.6 
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and Critical Surface Tensions of Polymers 

(assuming Φ = 1, then yc = ys) 

Critical 
Surface 

Molar 
Volume 

Vm 

Tension* 
7c 

(dyne/cm.) 
(cc./mole) Calc. Obs. Δ 

45.5 9 18* - 9 
135.0 18 28 - 1 0 

56.2 14 31* - 1 7 
56.4 14 25 - 1 1 
81.5 16 40 - 2 4 
78.8 17 24* - 7 
36.4 14 25* - 1 1 
63.0 18 27 - 9 
29.6 14 31 - 1 7 
31.0 14 31 - 1 7 
58.0 18 32 - 1 4 
55.6 17 29 - 1 2 
72.4 20 30 - 1 0 
75.0 20 31 - 1 1 
58.2 20 31 - 1 1 
60.1 20 32 - 1 2 

169.0 29 29 0 
39.2 17 43 - 2 6 
32.0 20 28* - 8 

103.0 27 33 - 6 
72.0 25 38 - 1 3 
84.8 27 38 - 1 1 

100.0 28 36 - 8 
46.2 23 29 - 6 
91.0 30 37* - 7 
72.2 28 37* - 9 
44.6 25 39 - 1 4 
21.0 22 36 - 1 4 

113.0 36 35 +1 
243.0 45 43 + 2 

70.5 32 41 - 9 
212.0 46 42 +4 
111.0 43 42 +1 
115.0 45 41 +4 
143.0 51 43* +8 

58.0 47 40 + 7 
45.4 46 44 +2 
34.2 45 37* +8 
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Table III. 

Solubility 
Parametera 

δ 
Polymers (cal /ce.)1 /2 

Poly ( 6-aminocaproic acid ) 
(Nylon 6) 13.6 

Poly ( hexamethylene adipamide ) 
(Nylon 6,6) 13.6 

β Most of the solubility parameter values were obtained from data compiled by H. 
Burrell (2). The calculated values were computed on the basis of Small's constants 
(35). 

Table IV. Relationship Between Parachors 

Equation: yc = P4Vm"4<ï>2 

Parachora M.W. 
Ρ (gram/mole) 

Polymers (Repeat Unit) (Repeat Unit) 

Poly ( tetrafluoroethylene ) 122.4 100.0 
Poly(chlorotrifluoroethylene) 151.5 116.5 
Poly(dimethylsiloxane) 154.4 74.1 
Poly (vinylidene fluoride) 101.2 64.0 
Poly(l,2-butadiene) 145.4 54.1 
Poly(2-methylpropene) 152.6 56.1 
Poly (vinyl fluoride) 90.6 46.0 
Poly ( vinyl butyral) 328.6 142.0 
Poly ( terf-butylstyrene ) 342.1 160.1 
P o l y v i n y l methyl ether) 136.1 58.0 
Poly (propylene) 116.3 42.1 
Poly(2-methyl-l,3-butadiene), trans 183.0 68.1 
Poly(2-methyl-l,3-butadiene), cis 183.0 68.1 
Polyethylene, high density 80.0 28.1 

low density 80.0 28.1 
Poly(l,3-butadiene), trans 146.7 54.1 
Poly ( 1,3-butadiene), cis 146.7 54.1 
Poly (propylene oxide) 126.1 58.0 
Poly (ethyl methacrylate) 259.3 114.1 
Poly (ethyl acrylate) 223.8 100.0 
Poly ( methylstyrene ), mixed isomers 287.1 118.1 
Polystyrene, atactic 249.1 104.1 
Poly (formaldehyde) 59.8 30.0 
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Critical 
Surface 

Tensionb 

7c 

(dyne/cm.) 

Calc. Obs. Δ 

100.0 73 42* +31 

182.0 87 46* +41 

& The critical surface tensions marked with asterisk ( * ) were obtained from data 
compiled by E . G. Shafrin (34). Other values were determined by us. 

and Critical Surface Tensions of Polymers 

(assuming Φ = 1, yQ = y s ) 

Critical 
Surface 

Polymer Molar Tension" 
Densityh Volume 7c 

d v m (dyne/cm.) 
(gram/cc.) (cc./mole) Calc. Obs. Δ 

2.20 45.5 53 18* +35 
2.07 56.2 53 31 +22 
0.94 78.8 15 24* - 9 
1.76 36.4 63 25* +38 
0.96 56.4 44 25 +19 
0.91 63.0 33 27 + 6 
1.44 32.0 63 28* +35 
1.05 135.0 36 28 + 8 
0.95 169.0 16 29 - 1 3 
1.04 55.6 33 29 +4 
0.91 46.2 36 29 + 7 
0.94 72.4 40 30 +10 
0.91 75.0 33 31 + 2 
0.95 29.6 53 31 +22 
0.91 31.0 44 31 +13 
0.93 58.2 36 31 + 5 
0.91 60.1 33 32 +1 
1.00 58.0 23 32 - 9 
1.11 103.0 40 33 + 7 
1.10 91.0 36 35* +1 
1.04 113.0 44 35 +9 
1.04 100.0 40 36 +4 
1.43 21.0 69 36 +33 

Continued 

Molar 
Volume 

vm 

(cc./mole) 
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T a b l e I V . 

Parachor0 M . W . 
Ρ (gram/mole) 

Polymers (Repeat Unit) (Repeat Unit) 

Poly (vinyl acetate) 183.8 86.0 
Poly (vinyl alcohol) 94.3 44.1 

79.9 44.1 
Poly ( methyl methacrylate ) 218.3 100.1 
Poly ( 2-chloro-l ,3-butadiene ) 186.4 88.5 
Poly ( vinyl chloride ) 119.7 62.5 
Poly ( v inyl formal ) 208.6 100.0 
Poly ( vinylidene chloride ) 159.4 96.6 
Poly ( methyl acrylate ) 183.8 86.0 
"Polyphenylene Oxide" 268.9 121.0 
Polycarbonate 524.4 254.0 
Poly ( 2-chlorostyrene ) 266.8 138.6 
"Phenoxy Plastics" 624.7 284.0 
Poly (ethylene oxide) 99.8 44.0 
Poly ( ethylene terephthalate ) 376.7 192.2 
Poly ( 6-aminocaproie acid ) 274.0 113.2 

(Nylon 6) 245.2 113.2 
Poly ( acrylonitrile ) 131.6 53.1 
Poly(hexamethylene adipamide) 548.0 226.3 

(Nylon 6,6) 490.4 226.3 
β The parachors were calculated on the basis of the recommended values published 
by O. R. Quayle (25). For the hydrogen-bonded compounds, we attempted to cor
rect the parachors subtracting the value allowed for the hydrogen bridge per possible 
site from the original readings). 
h The densities reported in the literature were determined between 20°-25°C. 

Conclusions 

C r i t i c a l surface tensions of funct iona l po lymers were exper imental ly 
determined. T h i s set of data a n d the data on elastomers obta ined p r e v i 
ously were used to elucidate the proposed so lub i l i ty parameter -sur face 
tension re lat ionship a n d the proposed parachor -sur face tension re lat ion
ship. T h e results show that the former has a higher correlat ion coefficient 
than the latter. T h e correlat ion coefficients, i n c l u d i n g three h i g h l y 
hydrogen-bonded polymers , are 0.731 for the former a n d 0.299 for the 
latter. Otherwise , they are 0.762 for the former a n d 0.178 for the latter. 
F o r the size of samples examined, w e can conc lude that the proposed 
so lub i l i ty parameter - re la t ionsh ip is more effective t h a n the proposed 
parachor - re la t i onsh ip i n ca l cu la t ing c r i t i ca l surface tension of a po lymer . 
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C o n t i n u e d 

Critical 
Surface 

Polymer Molar Tensionc 

Densityb Volume yc 

d Vm (dyne/cm.) 
(gram/cc.) (cc./mole) Calc. Obs. Δ 

1.19 72.4 40 37 + 3 
1.29 34.2 58 37* +21 
1.29 34.2 30 37 - 7 
1.18 84.8 44 38 +6 
1.23 72.0 44 38 +6 
1.40 44.6 53 39 +14 
1.23 81.5 44 40 +4 
1.66 58.0 58 40 +18 
1.22 70.5 44 41 + 3 
1.06 115.0 30 41 - 1 1 
1.20 212.0 36 42 - 6 
1.25 111.0 36 42 - 6 
1.17 243.0 48 43 + 5 
1.12 39.2 44 43 + 1 
1.34 143.0 40 43* - 3 
1.13 100.0 58 43* +15 
1.13 100.0 36 43 - 7 
1.17 45.4 69 44 +25 
1.24 182.0 83 46* +37 
1.24 182.0 53 46 + 7 

e The critical surface tensions marked with asterisk ( * ) were obtained from Table 
(III-113) compiled by E. G. Shafrin (34). Other critical surface tension values were 
determined by us. The differences between the calculated and the observed are listed 
under Δ, 

H o w e v e r , bo th equations need improvements , a n d none of these equa 
tions at this stage can be used for the pred i c t i on of c r i t i ca l surface tension 
or surface tension of a po lymer w i t h sufficient accuracy. T h e problems 
of the diff icult assignment of the thickness of the monolayer at the inter 
face, of the molecular or ientat ion, of c rysta l l in i ty a n d of hydrogen b o n d 
i n g c o u l d contr ibute to the sporadic results regard ing the ca lcu lated c r i t i 
ca l surface tensions. 
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10 20 30 40 50 60 70 
yc (OBSERVED) DYNES/CM 

90 

Figure 2. Comparison of the observed and the calcu
lated critical surface tensions of polymers (on the basis 

of solubility parameter) 
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Chemistry at Organic-Inorganic Interfaces 

M I C H A E L B E R T O L U C C I , F E R N JANTZEF, and 
DAVID L . C H A M B E R L A I N , JR. 

Stanford Research Institute, Menlo Park, Calif. 

The single reflection ATR infrared spectra of a series of 
synthetic and natural calcium phosphates were examined for 
changes resulting from adsorption of organic molecules. 
The asymmetric Ρ—O- stretching frequency (v3) at 1027 
cm.-1 underwent a high frequency shift of up to 9 cm.-1 as 
a result of adsorption of citric acid, tetracycline, and certain 
other polar molecules. Similarly, the Ρ—Ο stretching fre
quency of the Ρ—Ο—C group in trialkyl phosphates was 
shifted to higher frequencies by hydrogen bonding with 
water and phenol. The relationship between the high fre
quency shift and the properties of the solid phase is 
discussed. A tentative explanation is offered for the shift in 
the lattice absorption frequency as a result of surface 
modification. 

T n f r a r e d spectrophotometry has been a p p l i e d very effectively to the 
·** study of adsorbed molecules a n d the changes w h i c h occur i n the 
spectrum of the adsorbate as a result of interact ion w i t h the adsorbent. 
Exce l l ent b ib l iographies on this subject are presented b y Eischens and 
P l i s k i n (4) a n d L i t t l e ( 9 ) . 

I n add i t i on to p r o v i d i n g an insight into changes that occur i n the 
adsorbed phase, in frared spectra of organic - inorganic systems should also 
prov ide some ind i ca t i on of changes occurr ing i n the adsorbent phase. 
F u r t h e r , such changes should also be re lated to adsorpt ion a n d adhesion 
mechanisms. V e r y l i t t le attention has been p a i d to spectral changes in 
adsorbents and , as po inted out b y A m b e r g ( J ) , such changes w h e n they 
occur have usual ly been neglected. C e r t a i n l y , there are undoubted ly 
m a n y cases i n w h i c h spectral changes are obscured because of broad 
intense absorpt ion bands such as S i—Ο a n d Ρ — Ο i n silicates and 
phosphates. 

124 
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T h e object of this w o r k was to study the interact ion of adsorbed 
organic molecules w i t h a tooth-mineral (hydroxyapat i te ) adsorbent. O f 
especial interest was the extent to w h i c h the response of the m i n e r a l 
phase c o u l d be observed b y in frared spectroscopy. 

Results 

M o d e l C o m p o u n d S t u d y . Homogeneous systems of t r i e thy l phos
phate ( T E P ) w i t h pheno l a n d w i t h water were chosen as models for het
erogeneous systems. Spectra of these systems p r o v i d e d a basis for expect
i n g changes i n the spectrum of so l id adsorbent phases. T a b l e I inc ludes 
the data for a 1 : 1 mixture of T E P a n d water a n d a 5 % T E P - 5 % p h e n o l 
so lut ion i n benzene. T h e Ο — Η stretching frequencies of bo th water a n d 
pheno l were shifted to lower frequencies. L i k e w i s e , the C — Ο stretching 
i n pheno l a n d the P = 0 stretching i n T E P were shifted to lower fre
quencies, as expected (4,9). T w o add i t i ona l shifts were observed i n our 
work. T h e Ρ — Ο a n d C — Ο stretching i n the Ρ — Ο — C 2 H 5 group is re 
ported (2 ) at 973 a n d 1033 cm. " 1 , respectively. E a c h b a n d was shi fted, 
either b y water or pheno l , b y 2 to 3 cm. " 1 . 

O n the basis of the data of H a r d y a n d co-workers (6) a n d of F l e t c h e r 
a n d co-workers ( 5 ) , i t is assumed that the structure of a 1 : 1 complex of 
t r i e thy l phosphate a n d water is one i n w h i c h hydrogen b o n d i n g occurs 
o n the oxygen atom of the phosphory l group ( P = 0 ). T h e Ο — Η stretch
i n g frequency of the proton donor a n d the P = 0 stretching frequency of 
the proton acceptor are shifted to lower frequencies as expected. I n this 
w o r k the effect of hydrogen b o n d i n g was also observed i n the C — Ο — Ρ 
bonds of the phosphate ester groups. T h e C — Ο stretch at 1033 cm. " 1 

was shifted t o w a r d lower frequencies ( 2 ) , w h i l e the Ρ — Ο stretch at 
973 c m . - 1 was shi fted, bo th b y water a n d phenol , to h igher frequencies. 
T h i s h i g h frequency shift is read i ly expla ined o n the basis of po la r i zab i l i t y 
of the ether oxygen atom, w h i c h m a y share its electrons w i t h phosphorus 
as the P = 0 l i n k is po lar i zed b y hydrogen b o n d i n g : 

Ο : - » H + : Ο—Η : Ο—Η 

— Ρ — Ο — C 2 H 5 ±5 — 4 — Ο — C 2 H 5 ±5 — Ρ = 0 + — C 2 H 5 

T h i s explanat ion is s imi lar to that discussed b y B e l l a m y (3) for the 
induct ive a n d mesomeric effects i n acids, a c i d chlorides, esters, a n d 
amides. 

These data confirm B e l l a m y a n d Beechers assignment (2 ) of the 
1033 c m . 1 b a n d to C — Ο a n d the 973 cm. " 1 b a n d to Ρ — Ο i n the 
P — O — C 2 H 5 l inkage. 
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Table I. Infrared Spectra of Hydrogen-Bonded Triethyl 
Phosphate Infrared Absorption Maxima (cm. - 1 ) 

TEP-Phenol TEP-Water 
ΤEP Phenol 1:1 Mixture Water 1:1 Mixture Shift Assignment 

Ο—Η stretch 
in phenol 

3309 3279 30 

P = 0 stretch 
C — 0 stretch 

1271 
1258 

Combined 
doublet at 
1250 & 1205 

Both the P = 0 
and C—Ο 
stretching 
modes were 
shifted 

C — Ο stretch 1033° 1031 Small but 
definite shift 

Ρ—Ο stretch 
in p_o_c 2 H 5 

9 7 3 α 976 Small but 
definite shift 
to a higher 
frequency 

Ο—Η stretch 
in water 

Broad 
about 
3450 

Peak 
broadened & 
shift not 
measurable 

P = 0 stretch 1272 1261 11 

C — Ο stretch 
in P — O — C 2 H 5 

1033 1031 Small but 
definite shift 

Ρ—Ο stretch 
in P — O — C 2 H , 

973 976 3; small but 
definite shift 
to a higher 
frequency 

1 Reference 2. 

C r y s t a l l i n e Phosphate Studies . O n the basis of the results w i t h 
t r i e thy l phosphate, a series of c a l c i u m phosphates was examined b y 
in f rared spectrophotometry. Pert inent properties of these materials are 
summar ized i n T a b l e I I , a n d their spectral characteristics are shown i n 
T a b l e I I I . N o n e of the synthetic hydroxyapatites [ C a i o ( P 0 4 ) 6 ( O H ) 2 ] 
h a d the stoichiometric C a / P ratio of 1.667, a l though they showed the 
apatite latt ice structure. A t y p i c a l in f rared transmission spectrum (be
tween 1500 a n d 700 cm." 1 ) of a d r y powder synthetic hydroxyapat i te is 
shown i n F i g u r e 1. 

T h e intense absorpt ion of the Ρ — Ο structure obscures a l l deta i l i n 
this region. T h e use of single attenuated total reflection technique , 
c oup led w i t h scale expansion, resulted i n the spectrum shown i n F i g u r e 2. 
T h e m a x i m a i n the asymmetr ic Ρ—Ο" stretching b a n d is readi ly measured. 
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Table II. Properties of Calcium Phosphates 

Sample Ca/P 

Hydroxyapatite—synthetic 
Sample No. 1 
Sample No. 2 
Sample No. 3 
Sample No. 4 
Natural (contains 

fluoride)6 

Fluoroapatite—synthetic — 
Hydroxyapatite—commercial 

BiogelHTP 1.530 

Kerr-McGee 1.57 (1.66c) 
Calcium Phosphate 

Baker A.R. (Tricalcium 
Phosphate) 

Synthetic 

Specific Surfacea 

meter2 J gram 
X-ray 

Pattern 

1.62 
1.64 
1.64 

1.6676 

180 
104 
152 
120 

0.8 
50 

62 
27.4 

Hydroxyapatite 
Hydroxyapatite 
Hydroxyapatite 
Amorphous 

Fluoroapatite 

Hydroxyapatite 

1.53 
1.54 

36 Hydroxyapatite 
97 Whitlockite 

O C a 3 ( P 0 4 ) 2 ] 

° Measured by the flow method of nitrogen adsorption. 
h Crystal from Gerlos Zillerthalen, Austrian Alps, courtesy Stanford University Geology 
Department; Ca/P ratio is assumed. 
c Data supplied by the manufacturer. 

Table III. Major Absorption Band of Synthetic and Commercial 
Phosphates from 5000 to 400 cm." 1 

Sodium Chloride 
Region, cm.1 

Potassium Bromide 
Region, cm.'1 Material 

Hydroxyapatite—synthetic 
Sample No. 1 
Sample No. 2 
Sample No. 3 
Sample No. 4 

Apatite—natural 
Fluoroapatite—synthetic 
Hydroxyapatite—commercial 

Biogel HTP 
Kerr-McGee 

Calcium Phosphate 
Baker A.R. (Tricalcium 

Phosphate) 
Synthetic No. 2 

T h e in frared spectra of these materials were taken before and after 
they were exposed to solutions of a variety of adsorbates. It was f o u n d 
that c i t r i c ac id , tetracycl ine (as the H C 1 sa l t ) , a n d certain other organic 

1091 1027 960 625 592 
1096 1026 960 absent 592 
1093 1028 960 
1092 1024 960 
1093 1042 961 
1097 1030 963 

1086 1020 960 621 592 
1092 1027 961 622 591 

1090 1027 960 623 592 
1100 1028 absent 
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molecules cause a shift i n the asymmetr ic Ρ—Ο" stretching frequency at 
1027 to 1028 c m . " 1 . 

T a b l e I V includes the pert inent data for the effect of selected a d -
sorbates u p o n synthetic hydroxyapat i te . T h e adsorbates were chosen for 
their molecular structures or for their importance to denta l problems. 
T h e frequencies reported i n T a b l e I V are accurate a n d reproduc ib le to 
± 2 cm." 1 . Therefore , on ly the values of shifts of 9 cm. " 1 for c i t r i c a c i d 
a n d 5 cm. " 1 for oxytetracycl ine H C 1 are of significance for synthetic 
hydroxyapat i te Sample N o . 1. B y w a y of contrast, tartaric a c id caused no 
shift i n the 1027 peak of Sample N o . 1, w h i c h h a d a specific surface of 
on ly 180 m e t e r 2 / g r a m , a l though it d i d cause a shift for Sample N o . 2 
w h i c h h a d a specific surface of only 104 m e t e r 2 / g r a m . F u r t h e r , Sample 
N o . 3, w i t h a specific surface of 152 m e t e r 2 / g r a m was not affected b y 
either c i t r i c a c i d or tetracycl ine · H C 1 . 

T h e data i n T a b l e I V for the three samples of hydroxyapat i te sum
mar ize the range for shifts i n these samples of hydroxyapat i te . Shifts have 
not been observed i n commerc ia l l y avai lable hydroxyapati tes , one sample 
of natura l apatite, or c a l c i u m phosphates. L i k e w i s e , c a l c i u m phosphates 
prepared b y methods w h i c h y i e l d h i g h specific surface have also not 
responded i n this manner to adsorbates. 

T h e asymmetr ic stretching frequency of the Ρ—Ο" i on is the only 
v ibra t i on of the P 0 4

3 " i on i n the 5000 to 400 cm. " 1 reg ion not iceably 
affected b y adsorbed molecules. 

F*7* 

1 1 
\ ; 

\ I 

1500 1000 500 

Figure 1. Transmission spectrum of syn-
thetic hydroxyapatite 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
8 

| d
oi

: 1
0.

10
21

/b
a-

19
68

-0
08

7.
ch

00
9

In Interaction of Liquids at Solid Substrates; Alexander, A.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1968. 



9. BERTOLUcci E T A L . Organic-Inorganic Interfaces 129 

9 ^ 10 
WAVELENGTH microns 

Figure 2. Single reflection ATR spectra of synthetic hy
droxyapatite 

Absorbed citric acid 
Plain material, pH adjusted with H CI to pH 4.08 

Discussion 

T h e h i g h f requency shift i n the asymmetr ic Ρ—Ο" stretching fre
quency caused b y adsorpt ion on hydroxyapat i te appears to be a per turba 
t i on of lattice bonds as a result of surface changes. T h e m i n i m u m specific 
surface necessary to cause a latt ice shift b y a part i cu lar adsorbate has 
not been ascertained. T h e difference i n sensit ivity between different 
preparations of hydroxyapat i te is shown i n T a b l e I V . These differences 
are best expla ined , at present, b y differences i n surface groups resul t ing 
f rom mi nor differences i n w a s h i n g procedure. Rootare, D e i t z , a n d C a r 
penter (JO) discuss hydrolys is reactions of surface phosphate ions a n d the 
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format ion of complexes on the surface of hydroxyapat i te crystals. T h e 
extent of hydrolys is a n d the concentrat ion of surface complexes should 
have a pronounced effect on the adsorpt ion of organic molecules b y 
hydroxyapat i te crystals. 

Table IV. Effect of Adsorbed Molecules upon the Infrared 
Spectrum of Synthetic Hydroxyapatites 

Adsorbate 

None 
Citric acid 
Tartaric acid 
Sodium citrate 
Oxytetracycline · HC1 
Glycine 

Adsorbate 

None 
Citric acid 
Tartaric acid 
Tetracycline · HC1 
Oxytetracycline * HC1 
Phenol 
Gelatin 

Adsorbate 

None 
Citric acid 
Tetracycline HC1 

Sample No. 1 

Adsorption 
Peak (cm.'1) 

1027 
1036 
1025 
1028 
1032 
1028 

Sample No. 2 

Adsorption 
Peak (cm.'1) 

1026 
1031 
1031 
1032 
1033 
1030 
1031 

Sample No. 3 

Adsorption 
Peak (cm.'1) 

1029 
1032 
1029 

Shift 
(cm.'1) 

0 
9 (high frequency) 
2 
1 
5 (high frequency) 
1 

Shift 
(cm.'1) 

0 

i l 

i l 
Shift 

(cm.'1) 

0 

(high 
frequency 

3 (high frequency) 
0 

T h e observed h i g h frequency shifts i n the 1026-1028 cm. " 1 b a n d of 
high-surface hydroxyapatites m a y be expla ined b y the f o l l o w i n g phys i ca l 
p i c ture of adsorpt ion : an adsorbed molecule , A R , conta in ing an electro-
p h i l i c group, A — e . g . , c i t r i c ac id—coordinates w i t h the oxygen of a 
surface — Ρ : Ο : Η group, g i v i n g the structure 

Ο 

O — P : 0 : A R 
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where the three noncoordinated oxygen atoms are i n the lattice of the 
crystal . T h e decrease i n electron density around the surface oxygen is 
transferred by induct ive effects through the Ρ atom to the adjacent latt ice 
oxygens, result ing i n an increased electron density between the Ρ a n d Ο 
atoms i n the lattice. 

T h i s results i n a shift to a h igher frequency, i n a manner analogous to the 
t r i e thy l phosphate-phenol system. 

T h i s explanat ion of the observed shift is tentative, p e n d i n g further 
c lari f icat ion. 

Experimental 

Synthetic hydroxyapatites were prepared b y the m e t h o d of H a y e k 
a n d co-workers (7 , 8 ) , modi f ied to produce a product of smal l part i c le 
size. T h e products were isolated b y w a s h i n g the ge l s lurry w i t h water 
u n t i l free of nitrate ion . T h e resultant suspensions were then spray-dr ied 
w i t h a M i n o r T y p e 53 N i r o A t o m i z e r (Copenhagen , D e n m a r k ) . T h e 
resultant d r y products were i n the f orm of porous, spher ica l po lycrysta l l ine 
agglomerates of 5 to 8 μ average diameter. T h e specific surfaces of these 
products ranged f rom 104 to 180 m e t e r 2 / g r a m . 

C o m m e r c i a l hydroxyapat i te sample N o . 1 was B i o g e l H T P f r o m 
B i o r a d Laborator ies . C o m m e r c i a l Sample N o . 2 was obta ined f rom the 
K e r r - M c G e e Corpora t i on . 

N a t u r a l hydroxyapat i te f rom Gerlos , Z i l l e r tha len , i n the A u s t r i a n 
A l p s , was supp l i ed b y the Stanford U n i v e r s i t y Depar tment of Geo logy . 
T h e c a l c i u m phosphate used was Baker A . R. G r a d e . 

Infrared spectra were obta ined on a P e r k i n E l m e r 221 spectropho
tometer, us ing a Connec t i cut Instrument C o m p a n y single-reflection at
tenuated total reflectance attachment a n d 5 X scale expansion. T h e sample 
was p laced as a d r y powder on a K R S - 5 pr i sm. T h i s arrangement pro 
v i d e d the very short sample pa th length r e q u i r e d to obta in resolution of 
the broad , intense phosphate b a n d . F i g u r e 1 shows the transmission 
spectrum of a d r y powder sample of hydroxyapat i te . F i g u r e 2 shows the 
single reflection A T R spectra of untreated hydroxyapat i te a n d the m i n e r a l 
conta in ing adsorbed c i tr ic ac id . A wave length marker was used for each 
spectrum to ensure correct a l ignment of the two spectra. T h e shift, though 
smal l , was rea l a n d reproduc ib le . 

: 0 : 

O — P : 0 : A R 

: 0 : 
" .. δ' 

Ο—Ρ : Ο : A R 

Ο Η 
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Wettability of Monolayers of Fatty 
Materials on Mercury 

A N T H O N Y M . SCHWARTZ, A. H . E L L I S O N , and R. B. K L E M M 

Gillette Research Institute, Rockville, Md. 20850 

E. W. OTTO 

NASA Lewis Research Center, Cleveland, Ohio 44135 

Monolayers of normal straight chain fatty alcohols and car-
boxylic acids in the C12 to C20 range were spread on mercury 
in a Langmuir type film balance apparatus. On each of the 
films a droplet of water was placed and the contact angle 
was measured at various values of the film pressure. Thus, 
the mutual relationships among film pressure, molecular 
packing and contact angle were determined for each fatty 
material. The materials fell into two groups depending on 
chain length. Among the shorter chain compounds the con
tact angle changed continuously as the molecular area de
creased during the film's "two dimensional phase change." 
On films of the longer chain compounds the contact angle 
remained essentially constant throughout the phase change. 

>"phis s tudy concerns the wet tab i l i ty of a surface consist ing of a meta l 
substrate covered b y a monomolecular layer of a po lar l ong c h a i n 

fatty compound . M o r e speci f ical ly i t concerns the re lat ionship between 
the contact angle of water on such a surface a n d the p a c k i n g density of 
the molecules w i t h i n the monolayer . T h i s p r o b l e m was s tudied b y B a r t e l l 
a n d R u c h ( J ) us ing p l a t i n u m a n d c h r o m i u m as the meta l l i c substrates, 
a n d n-octadecylamine as the l ong c h a i n po lar compound . Start ing w i t h a 
closely packed monolayer , they progressively attenuated i t b y solvent 
wash ing , measur ing the degree of attenuation or molecular deplet ion b y 
an e l l ipsometr ic method . A t different degrees of dep le t ion measurements 
were made of contact angle a n d contact angle hysteresis, us ing hexadecane 
a n d water as the test l i qu ids . A l t h o u g h the contact angle changed i n a 
reproduc ib le manner , neither the homogeneity nor the un i f o rmi ty of 
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134 I N T E R A C T I O N O F LIQUIDS A T SOLID SUBSTRATES 

coverage of the depleted monolayer c o u l d be c lear ly defined i n these 
systems. 

Techniques for spreading monolayers of po lar l o n g cha in compounds 
o n m e r c u r y i n a L a n g m u i r type film balance , a n d for measuring their 
surface area-pressure properties , have been descr ibed b y one of the 
present authors ( 3 ) . U s i n g these techniques, i t has proved possible to 
measure cont inuously the change i n contact angle of a water droplet 
superposed o n the monolayer , as the film pressure is contro l lab ly var i ed . 
T h i s has n o w been done for monolayers of the n o r m a l C12-C20 fatty acids 
a n d the n o r m a l p r i m a r y C i 4 - C i 8 alcohols on the mercury substrate. 

Experimental 

Apparatus and Materials. T h e L a n g m u i r film balance , modi f ied for 
use w i t h mercury , was essentially ident i ca l w i t h that descr ibed b y E l l i s o n 
( 3 ) . A Plexiglass t rough was fabr i cated to fit the m e t a l frame so that 
on ly 350 cc. of m e r c u r y were requ i red . M y l a r film, 0.001 i n c h th i ck , 
was used i n a single piece to f o rm b o t h the balance float a n d a frame 
for the entire trough. T h e M y l a r was adherent to the c lean m e r c u r y 
surface a n d thus b y us ing M y l a r film for the compression barriers also, 
leakage of the organic monolayers d u r i n g compression was avo ided . T h e 
dimensions of the f ramed surface were 61.8 c m . b y 12.0 cm. , a n d the 
effective length of the balance float was 11.0 c m . 

A goniometer telescope was used to observe the sessile water drops 
a n d to measure their contact angles. T h e water drops were a p p l i e d to 
the surface f r om a microburet w h i c h was firmly m o u n t e d on a m i c r o 
manipulator . Contac t was mainta ined between the water d r o p a n d the 
cap i l l a ry t i p of the microburet , thus a l l o w i n g water to be a d d e d to or 
w i t h d r a w n f rom the drop i n de termin ing hysteresis. T h e c a p i l l a r y was a 
needle of sufficiently s m a l l d imens ion not to distort mater ia l ly the sphe
r i c i t y of the drop's surface. A l l measurements were made at r oom t e m 
perature, w h i c h ranged f rom 2 3 ° - 2 5 ° C . 

Instrument grade ( t r ip l e d i s t i l l ed , ana lyzed ) m e r c u r y a n d reagent 
grade benzene (ana lyzed ) were obta ined f r om F i s h e r Scientif ic C o . 
U l t r a H i g h P u r i t y N i t r o g e n gas was purchased f r o m A i r Products a n d 
C h e m i c a l s , Inc . L o c a l l y purchased bot t l ed d i s t i l l ed water was red is t i l l ed 
f rom a Yoe type glass s t i l l . T h e dist i l late h a d a surface tension of 72 
d y n e s / c m . a n d a resistance of greater t h a n 2 m e g o h m s / c c . 

T h e fatty acids a n d alcohols were purchased research grade materials . 
T h e i r m e l t i n g points are s h o w n i n T a b l e I . 

Procedure. T h e Plexiglas t rough was c leaned pr i o r to use b y w a s h 
i n g w i t h sod ium tr ipo lyphosphate solut ion, f o l l owed b y thorough r i n s i n g 
w i t h hot tap water a n d finally w i t h d i s t i l l ed water . T h e M y l a r film was 
c leaned b y r ins ing thoroughly w i t h reagent grade acetone. I n a t y p i c a l 
experiment, the mercury surface was swept w i t h the compression barriers 
o n b o t h sides of the balance float, a n d the torsion head was adjusted to 
zero scale reading . A solut ion of the po lar fatty c o m p o u n d i n benzene 
was prepared , a n d the concentrat ion determined accurately . C o n c e n t r a -
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10. S C H W A R T Z E T A L . Fatty Materials on Mercury 135 

tions i n the range of 4 Χ 10" 4 mo lar were suited to the size of the t rough 
a n d to the dosages dispensed. A n exact vo lume of this solution, usua l ly 
100 to 200 micro l i ters , was metered onto the surface f rom a microp ipet . 
A f t e r w a i t i n g about five minutes for the deflection of the torsion head to 
become constant, i n d i c a t i n g substantial ly complete evaporat ion of the 
benzene, the t ip of the water syringe was put into place close to the float 
a n d a drop of water was pushed out onto the l i q u i d surface. T h e syringe 
t ip was kept i n contact w i t h the water drop , so that b y advanc ing or 
retract ing the p lunger water c o u l d be a d d e d to or w i t h d r a w n f rom the 
drop . T h u s , bo th advanc ing a n d receding contact angles c o u l d be formed. 
T h e barr ier was advanced care ful ly b y h a n d i n steps of 1 c m . A f t e r each 
advance the n e w film pressure (?rf) was recorded, a n d advanc ing 
a n d reced ing ( 0 R ) contact angles of the water drop were measured. A t 
a l l except the very highest values of 7rf the contact angle hysteresis was 
less than 4 ° , w h i c h is on the border l ine of insignif icance i n v i e w of the 
inherent errors of measurement. O n l y the advanc ing angles are repre
sented i n the diagrams of F i g u r e 1 a n d are s imp ly designated Θ. I n a 
t y p i c a l r u n , the t ime elapsed between each advance of the barr ier was 
less than two minutes . 

Table I. Melting Points of Λ-Paraffinic Acids and Alcohols Used 
in Forming Monolayers on Mercury 

Literature m.p, 
Experimental m.p. °C. 

Acids °C. 

42.5 ± 0.5 43.0 

c14 
54.5 ± 0.5 54.4 
60.0 ± 0.5 62.8 

Ql8 69.0 ± 0.5 69.6 

O20 75.0 ± 0.5 75.4 

Alcohols 
36.5 ± 0.5 37.6 

Oie 49.0 ± 0.5 49.3 

Oi8 56.5 ± 0.5 57.9 

E q u i l i b r i u m film pressures (7r e) of the po lar fatty compounds were 
measured b y a sl ight modi f i cat ion of the method descr ibed prev ious ly 
( 3 ) . T h e mercury surface was swept c lean, a n d the torsion h e a d adjusted 
to zero scale read ing . W i t h the barr ier open, several crystals of the mate 
r i a l to be measured were scattered o n the surface. W i t h i n about three 
minutes the i n i t i a l r a p i d r a n d o m movement of the crystals h a d ceased 
a n d the film pressure read ing h a d become constant. T h i s read ing was 
recorded as ττθ. It was checked b y m o v i n g i n the barr ier , w h i c h tempo
r a r i l y increased the reading . W i t h i n about 15 minutes , however , the 
r ead ing s lowly returned to its i n i t i a l va lue , presumably because of 
recrysta l l i zat ion of the compressed film on the n u c l e i f o rmed b y the 
o r ig ina l floating crystals. 
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Figure 1. Film pressures and contact angles of fatty polar monolayers as 
functions of molecular packing 

Φ—Film pressure vs. area 
X—Cosine θ vs. area 

Results 

F i g u r e 1 shows the data for a l l eight fatty po lar compounds tested. 
C o n s i d e r i n g first the curves of film pressure vs. area-per-molecule, i t is 
evident that a l l the compounds give curves of the same form. A s the area 
is reduced the pressure at first rises: there then fo l lows a region i n w h i c h 
the pressure remains constant as the area is progressively decreased. T h i s 
reg ion has been associated w i t h a change i n or ientat ion of the molecules 
i n the monolayer , the l ong axis of the molecule chang ing f rom a para l l e l 
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10. S C H W A R T Z E T A L . Fatty Materials on Mercury 137 

to a perpendicu lar posit ion w i t h respect to the mercury surface. A t the 
end of the constant pressure region, as the area is reduced s t i l l further 
the pressure again rises u n t i l the region of film collapse is reached. T h i s 
reg ion is off the scale i n the diagrams of F i g u r e 1. T h e pressure a n d area-
per-molecule at w h i c h collapse occurs is not exactly reproduc ib le a l though 
i t is sharp ly defined i n any single r u n . T h e onset of the collapse reg ion is 
ind i ca ted experimental ly b y movement of the water droplet , w h i c h 
keeps its distance f rom the barr ier as the barr ier is advanced. I n the 
constant pressure region the water droplet remains stationary w h e n the 
barr ier is advanced. O n a film w h i c h collapses, for example, at an area of 
26 A . 2 the water droplet w i l l usual ly start to move w h e n the barr ier is 
advanced f rom 32 A . 2 to 30 A . 2 equivalent area. Ne i ther the area-per-
molecule nor the film pressure at w h i c h the constant pressure reg ion 
starts is exactly reproduc ib le f r om r u n to r u n on the same c o m p o u n d ; 
nor is the n u m e r i c a l va lue of the constant pressure itself. T h e film 
pressure-area curve is qui te reproduc ib le , however , i n the h i g h area 
reg ion where the pressure is less t h a n π θ . T h i s confirms previous reports 
of the behavior of those fatty po lar films o n mercury . It also conforms 
w i t h the ideas of C a r y a n d R i d e a l (2 ) o n the stabi l i ty a n d collapse of 
monolayers on aqueous substrates. These ideas have been discussed 
prev ious ly i n connect ion w i t h mercury substrates b y one of the present 
authors ( 3 ) . T h e inherent metastabi l i ty of these films at pressures greater 
than 7Te is responsible for the lack of point - to -point r eproduc ib i l i t y i n the 
7Γ-Α isotherms. There is no evidence of any chemica l interact ion between 
atmospheric constituents a n d either the film or the substrate. 

T h e curves of contact angle ( p lo t ted here as cos θ rather than θ ) vs. 
area-per-molecule f a l l into two dist inct groups. F o r laur i c a c id , m y r i s t y l 
a lcohol , a n d myr is t i c a c i d the contact angle increases steadi ly a l though 
not l inear ly as the film is compressed. There are no apparent correlations 
or correspondences between these curves a n d the corresponding film 
pressure-area curves. F o r the other five compounds , however , the contact 
angle at first increases as the film is compressed, then remains substan
t i a l l y constant over a considerable area range, a n d finally increases aga in 
as the area approches the range of collapse. T h e range of constant con
tact angle coincides exactly w i t h the range of constant film pressure. 

T h e measured values of π Ρ for the eight fatty compounds used i n 
this s tudy are shown i n T a b l e I I . 

T h e values for laur i c a c i d , stearic a c id , a n d stearyl a lcohol are 5 to 7 
d y n e s / c m . h igher than those reported previously . T h i s p robab ly reflects 
a difference i n the p u r i t y of the mercury used rather than the polar fatty 
compounds . V e r y smal l traces of meta l l i c impur i t ies i n mercury have 
been shown to alter its surface properties greatly. 
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Table II. Equilibrium Spreading Pressures (ire) on Mercury at 25°C. 

Material (dynes/cm. 

lauric acid 44.5 
myristyl alcohol 41.5 
myristic acid 42 
cetyl alcohol 39 
palmitic acid 40 
stearyl alcohol 35 
stearic acid 35 
arachidic acid 32 

Hysteresis of the contact angle was very sl ight except for the C i 2 - C i 4 

compounds i n the h i g h pressure region at w h i c h the films col lapsed. A s 
an example a myr is t i c a c i d film s imi lar to that of F i g u r e 1, at 28 A . 2 / m o l e -
cule showed a π ί va lue of 71 d y n e s / c m . a n d no collapse. T h e contact 
angle of water at this va lue showed the same sl ight ( 3 ° - 4 ° ) hysteresis 
encountered at higher areas. I n going f r om 28 to 26 A . 2 / m o l e c u l e , wt 

rose to an i n i t i a l value of 82 d y n e s / c m . but f e l l back rather r a p i d l y , 
i n d i c a t i n g collapse. A t this area 0 A was 100° a n d 0 R was 88° -90° , a n d 
these values d i d not change w i t h i n a substantial p e r i o d of observation. 

Discussion 

T h e difference between the contact angle vs. area curves of the 
Ci2—C14 compounds a n d the C i 6 - C 2 o compounds can be expla ined as 
fo l lows : I n the C i 2 - C i 4 monolayer systems the water drop at a l l t imes 
( w i t h i n the ranges of 7rf a n d area measured) sits o n top of the monolayer 
a n d does not make molecular contact w i t h mercury . Therefore , θ re
sponds to changes i n the molecular p a c k i n g density (def ined as the 
rec iproca l of the area per m o l e c u l e ) , but is essentially unaffected b y 
changes i n film pressure. I n the C i 6 - C 2 o systems the water drop is i n 
molecular contact w i t h the mercury , a n d the fatty po lar monolayer acts 
as a p iston at the per iphery of the water -mercury interface. T h e contact 
angle therefore responds to the film pressure, r emain ing constant w h i l e wt 

remains constant, regardless of the increase i n molecular p a c k i n g density. 
It m a y be somewhat surpr is ing that the shorter fatty po lar c om

pounds effectively make the mercury "water -repel lent" whereas the longer 
ones do not. T h e s ituation can be p i c tured , however , as one i n w h i c h the 
relat ive affinities of b u l k water a n d fatty monolayer for the mercury 
surface determines w h i c h substance d isp laced the other. A m o n g the 
polar fatty compounds ττθ, at any g iven temperature, can be taken as an 
index of affinity between the spread mater ia l a n d the mercury . O n this 
basis the C i 2 - C i 4 compounds i n T a b l e I I have greater affinity for mercury 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
8 

| d
oi

: 1
0.

10
21

/b
a-

19
68

-0
08

7.
ch

01
0

In Interaction of Liquids at Solid Substrates; Alexander, A.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1968. 



10. S C H W A R T Z E T A L . Fatty Materials on Mercury 139 

than the C i e - C 2 o compounds. T h e water -mercury affinity at the oper
at ing temperature ev ident ly has a value such that water can displace the 
C16-C20 films but not the C12-C14. Unfor tunate ly , the most re l iable 
p u b l i s h e d values of π θ for water on mercury (4) were determined b y a 
different exper imental procedure a n d are not str ict ly appl i cab le i n this 
case. T h e y are, however , w e l l w i t h i n the range that w o u l d support the 
above picture . 

T h e nearly l inear form of the cos θ vs. area curves for the C12-C14 

compounds contrasts sharply w i t h the f orm of B a r t e l l a n d Ruch 's curves 
for progressively depleted monolayers of octadecylamine on so l id meta l l i c 
substrates. T h i s is not surpr is ing i n v i e w of the m a n y differences between 
the two systems. T h e comparison of hysteresis effects is interesting. T h e 
B a r t e l l a n d R u c h curves show h i g h hysteresis of the water contact angle 
on the close-packed films, a n d a rather sharp d i m i n u t i o n of hysteresis 
w h e n the film is about 6 0 % depleted. T h i s is qual i tat ive ly s imi lar to the 
effect w e noted that significant hysteresis only occurred at the highest 
p a c k i n g density w e c o u l d obta in on the mercury , w h i c h was considerably 
less than that of a close-packed monolayer on c h r o m i u m or p l a t i n u m . 
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The Effect of Polymer Surface Morphology 
on Adhesion and Adhesive Joint Strengths 

H A R O L D S C H O N H O R N and F R A N K W. RYAN 

Bell Telephone Laboratories, Inc., Murray Hi l l , N. J. 07974 

The morphological character of the surface region of poly-
ethylene has been considered with respect to adhesion and 
adhesive joint strength. By melting polyethylene onto a 
high energy surface—e.g., gold or aluminum—extensive 
nucleation and the formation of a transcrystalline region in 
the polymer occurs. Dissolution of the metal rather than 
peeling the metal from the polymer leaves the surface 
region of the polymer intact. The polymer sheet is now 
amenable to conventional structural adhesive bonding. Ap
parently the weak boundary layer on polyethylene is a 
consequence of the morphology in the surface region and 
is influenced by the method of preparation. 

>"phe quest for surface treatments of polymers w i t h respect to adhesive 
A b o n d i n g has proven f r u i t f u l i n a prac t i ca l sense but , u n t i l recently, 

the u n d e r l y i n g pr inc ip les have been somewhat elusive (5 , 16). A p p a r 
ently, what is of p r ime importance i n prepar ing strong adhesive joints 
w i t h polymers exh ib i t ing weak boundary layer behavior is the nature of 
the surface morphology a n d the effect an a p p l i e d stress has on i t . I n this 
paper w e shal l demonstrate, us ing polyethylene, that the weak b o u n d a r y 
layer behavior normal ly present i n m a n y melt crysta l l i zed polymers is a 
funct ion of the surface reg ion morphology of the po lymer a n d is therefore 
dependent on h o w the po lymer sheet is prepared . Indeed, b y contro l l ing 
the nuc leat ion a n d subsequent crysta l l izat ion , w e w i l l show that a surface 
reg ion m a y be generated, i n crystal l izable po lymers , that is amenable 
to convent ional adhesive bond ing . 

Concomi tant w i t h this change i n the morpho logy of the surface 
region, there is a m a r k e d change i n the wet tab i l i ty even though the 
chemica l const i tut ion is unchanged . T h i s change i n wet tab i l i ty has been 
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11. S C H O N H O R N A N D R Y A N Polymer Surface Morphology 141 

re lated to a change i n the surface crysta l l in i ty , be ing strongly dependent 
u p o n the nature of the substrate used to prepare the po lymer . 

Experimental 

M a t e r i a l s . M a r l e x 5003 polyethylene ( P E ) was supp l i ed b y the 
P h i l l i p s Petro leum C o m p a n y , Bart lesv i l le , O k l a h o m a . 

E p o x y res in D E R 3 3 2 L C ( D o w C h e m i c a l C o . , M i d l a n d , M i c h i g a n ) 
is a d i g l y c i d y l ether of b i spheno l A , h a v i n g a n epoxy equivalent we ight 
of 179 m a x i m u m (the pure mater ia l w o u l d have a n epoxy equivalent 
we ight of 170) , a to ta l ch lor ide content less than 0 . 1 % b y weight , a n d 
a viscosity of 6400 centipoises m a x i m u m at 25 ° C . 

D i e t h y l a m i n o p r o p y l a m i n e ( M i l l e r - S t e p h e n s o n C h e m i c a l C o . , Inc. , 
P h i l a d e l p h i a ) was d i s t i l l ed under ni trogen through a 6- inch V i g r e u x 
c o l u m n a n d the first f ract ion d iscarded . T h e product d i s t i l l i n g at 68 ° C . 
a n d 26-mm. pressure was stored i n the dark i n t ight ly stoppered glass 
containers pr ior to use. 

T h e epoxy adhesive consisted of 100 parts b y we ight of the above 
res in a n d seven parts b y we ight of the d ie thy laminopropy lamine , thor 
oughly m i x e d a n d used immediate ly . 

T h e meta l tensile-shear adherends were of 2024-T3 a l u m i n u m 
( A l u m i n u m C o . of A m e r i c a ) . T h e i r dimensions were 5 b y 1 b y 1/16 
i n c h . T h e surface of the a l u m i n u m was prepared b y first vapor-degreasing 
i n tr ichloroethylene a n d then etching for seven minutes at 65°C . i n the 
f o l l o w i n g so lut ion : 

Sodium dichromate ( N a 2 C r 2 0 7 · 2 H 2 0 ) 1 part by weight 
Water 30 parts by weight 
Sulfuric acid (95% ) 10 parts by weight 

A f t e r etching, the specimens were r insed for five minutes i n r u n n i n g 
tap water a n d for one minute i n r u n n i n g d i s t i l l ed water , a n d then d r i e d 
i n a forced air oven at 60 ° C . Specimens were stored i n desiccators over 
Ascar i te a n d removed just pr ior to use. 

F i l m P r e p a r a t i o n . P o l y m e r films (10 m i l t h i c k ) were prepared b y 
compression m o l d i n g for one ha l f hour at 175 ° C . between evaporated 
g o l d films on glass microscope slides or sheets of 0.7 m i l a l u m i n u m f o i l 
(Reyno lds A l u m i n u m W r a p ) w h i c h h a d been chemica l ly etched as above. 

A f t e r m o l d i n g , to avo id damag ing the surface reg ion of the po lymer 
b y pee l ing f r om the a l u m i n u m , the f o i l was dissolved b y immers ion i n a 
sod ium hydrox ide solut ion ( f r om 1 0 % to concentrated) w h i c h was sur
r o u n d e d b y a n ice b a t h to avo id overheat ing of the specimens. T h e 
res idua l b lack oxide (trace meta l contaminants) was removed b y r i n s i n g 
i n concentrated hydroch lor i c ac id . Ne i ther the hydroch lor i c a c i d nor the 
sod ium hydrox ide treatment affects the surface region of the polyethylene 
w i t h respect to wet tab i l i t y ( y c measured before a n d after exposure is 
unchanged) a n d joint strengths. N o res idua l a l u m i n u m or meta l con 
taminants were detected us ing electron microprobe techniques or atomic 
absorpt ion spectroscopy ( A A S ) . 
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T h e g o l d films were prepared b y vapor deposi t ing about 3000A. of 
go ld on microscope slides (3 b y 1 b y 1/16 i n c h ) . T h e thickness of the 
go ld film is not c ruc ia l p r o v i d e d that a continuous film is generated. 
Sections of po lyethylene film were p laced between gold-coated m i c r o 
scope slides to f o rm sandwiches. These sandwiches were m o l d e d under 
s imi lar condit ions to the a l u m i n u m composites descr ibed earlier. A f t e r 
coo l ing the composites, the go ld was dissolved either b y amalgamat ion 
w i t h mercury or b y exposing the composites to a concentrated aqueous 
solut ion of sod ium cyanide . A f t e r a t y p i c a l cyanide treatment, a final 
rinse i n concentrated hydroch lor i c a c id removed any trace o f surface 
residue—i.e., carbonates. N o residue of go ld on the po lymer was de
tected i n either case us ing electron microprobe techniques. A t o m i c 
absorpt ion spectroscopy ( A A S ) indicates that f r om zero to 1/100 of a n 
equivalent monolayer of g o l d remains after the removal treatments. S m a l l 
flecks of go ld m a y have been encapsulated on coo l ing the polymer . Poor 
r e p r o d u c i b i l i t y o f the A A S results indicates this. I f the r e a l surface area 
were greater than the geometric area, w h i c h is l ike ly , the residue w o u l d 
be far less than the estimated 1/100 of an equivalent monolayer . Ne i ther 
aqueous cyanide solut ion nor mercury affects the wet tab i l i t y of 
polyethylene. 

T w o other substrates, M y l a r a n d polytetrafluoroethylene ( P T F E ) 
separated easily f r o m the polyethylene u p o n cool ing. 

A T R in frared techniques us ing K R S - 5 crystals a n d transmission 
in f rared showed no evidence of ox idat ion after dissolut ion of the a l u m i 
n u m or go ld . N o evidence of a change i n the surface const itut ion of 
po lyethylene was observed us ing s imi lar in f rared techniques. 

Thermal History. T h e polyethylene was m o l d e d at 175°C. for vary 
i n g lengths of t ime, then cooled b y c i r cu la t ing co ld water through the 
press platens. T h e rate of coo l ing h a d no apparent effect on either the 
mechani ca l strength of the surface region or the wet tab i l i ty . 

Density. T h e b u l k density of the po lymer films before a n d after 
m o l d i n g were measured i n a density gradient c o l u m n at 23 ° C . A l l the 
polyethylene samples h a d the same density of 0.955 g r a m / c c . 

Adhesive Joints. F o r the measurement of tensile-shear strengths, 
s tandard composite test pieces consist ing of a luminum-epoxy adhesive-
polyethylene film-epoxy adhes ive -a luminum were prepared for b o n d i n g 
i n a special device designed to m a i n t a i n a h a l f - i n c h overlap. T h e t h i c k 
ness of the epoxy adhesive was mainta ined constant b y insert ion of a 
piece of 0.003-inch-diameter g o l d w i r e i n each gluel ine between the 
a l u m i n u m a n d the polyethylene. C l e a n gloves a n d tweezers were used 
i n a l l spec imen preparations to avo id possible contaminat ion . B o n d i n g 
was accompl ished , at approximate ly 20 p.s.i . pressure, b y p l a c i n g w e i g h t e d 
stacks of composites i n forced a ir ovens at specified temperatures for 16 
hours. T h e b o n d e d specimens were tested i n tensile shear i n accordance 
w i t h A S T M D1002-64, except that the jaw separation rate was 0.1 i n c h 
per minute . 

Wettability. A descr ipt ion of the contact angle goniometer a n d the 
scheme used i n determin ing the c r i t i ca l surface tension of wet t ing ( y c ) 
are descr ibed elsewhere (15, 18). 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

96
8 

| d
oi

: 1
0.

10
21

/b
a-

19
68

-0
08

7.
ch

01
1

In Interaction of Liquids at Solid Substrates; Alexander, A.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1968. 



11. S C H O N H O R N A N D R Y A N Polymer Surface Morphology 143 

Results and Discussion 

T h e tensile shear strengths of joints prepared us ing polyethylene 
w h i c h h a d been m o l d e d at 175 ° C . for v a r y i n g lengths of t ime are shown 
i n F i g u r e 1. Preparat ion of the joints is confined to temperatures be l ow 
the m e l t i n g po int of the polyethylene. It is important to note that i f the 
po lymer is peeled or removed f rom the meta l other than b y dissolut ion 
of the meta l , the resultant joint strengths are comparable to those ob
ta ined for films generated against bo th P T F E a n d M y l a r (bot tom l ine , 
F i g u r e 1 ) . 

3500 - — — — • 

3000 

CO 
2500 

ι i-

2 2000 
QC 
(/> 
< 1500 
χ to 
UJ 
t 1 0 0 0 

ζ 
I-

500 

0 
0 10 20 30 40 50 60 

MOLDING TIME IN MINUTES 
Figure 1. The tensile shear strength of the composite 
aluminum-epoxy adhesive-polyethylene plm-epoxy adhe
sive-aluminum cured at 82°C. plotted as a function of 

molding time at 175°C. 

A — Polyethylene film nucleated and solidified in contact 
with etched aluminum surface (subsequently dissolved 
from substrate) 

φ— Polyethylene film nucleated and solidified in contact 
with gold (subsequently dissolved from substrate) 

( )— Molded against low energy surface (PTFE or Mylar) 

A l t h o u g h a large number of substrates have been used to nucleate 
a n d crystal l ize polyethylene (14), only the wettabi l i t ies of polyethylenes 
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T a b l e I . W e t t a b i l i t y o f 

Liquid dynes/cm, 
7LV> jLVd> 

dynes/cm, 
V ytivd/yLv> 

l. /(dynes/cm.)11/2 

Water 
Glycerol 
Formamide 
a-Bromonaphthalene 

72.8 
63.4 
58.2 
44.6 

21.8 
37.0 
39.5 
44.6 

0.0641 
0.0959 
0.1080 
0.1497 

generated against go ld , P T F E , a n d the single crysta l aggregates are 
i l lustrated i n T a b l e I . T h e wet tab i l i ty of the a luminum-generated surface 
is essentially that of the single crystal aggregate. 

A d h e s i v e J o i n t S t r e n g t h . Genera l ly , to faci l i tate remova l f r om molds 
or substrate surfaces, crysta l l izable po lymers have been prepared i n 
contact w i t h l o w energy surfaces—i.e., P T F E , M y l a r — m o l d release agents 
or h i g h energy surfaces—i.e., metals, meta l oxides—for short times at 
l o w temperatures—i.e., just above the me l t ing po int of the po lymer . T h i s 
procedure general ly results i n the f ormat ion of considerable inter fac ia l 
voids a n d a smal l r ea l area of contact between the po lymer melt a n d the 
nuc leat ing phase. 

T h e rate of w e t t i n g has been shown to be propor t iona l to the surface 
tension of the po lymer melt ( 7 L V ) a n d inversely propor t iona l to the mel t 
viscosity (η) (15). S ince the melt viscosity varies strongly w i t h tempera
ture, to prec lude inter fac ia l voids at l o w temperatures, it is important to 
a l l ow for sufficient t ime to insure extensive inter fac ia l contact between 
the po lymer melt a n d the adjacent substrate. 

F i g u r e 2a illustrates a poor ly wet ted substrate. A l t h o u g h the thermo
d y n a m i c requirements for spreading are fulfilled—i.e., y s v ^ ? S L + 7 L V — 
spreading m a y not take place because of the k inet i c requirements (15). 
Enhancement of we t t ing m a y be accompl ished b y employ ing h igher t e m 
peratures or longer times, or bo th i f convenient, bear ing i n m i n d that 
degradat ion of the po lymer is to be avo ided . Since η decreases qu i te 
drast ical ly w i t h temperature, re lat ive ly short times at e levated tempera
tures are r e q u i r e d to achieve extensive inter fac ia l contact between the 
po lymer melt a n d the substrate ( F i g u r e 2 b ) . 

Since w e can form strong adhesive joints b y me l t ing onto a h i g h 
energy surface w e can i n q u i r e whether the surface generated at the h i g h 
energy so l id -po lymer melt interface is amenable to adhesive b o n d i n g 
w h e n the meta l is removed. A s shown i n F i g u r e 1 i t is important to 
remove the meta l b y dissolut ion rather than b y peel ing . Pee l ing removes 
the surface reg ion of interest. T h i s can be seen b y examining the b o n d -
a b i l i t y of the damaged po lymer a n d f o i l surfaces after pee l ing the f o i l 
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Po lyethy lene at 2 0 ° C . 

Single Crystal 
Aggregate 

Nucleated 

Teflon Gold 

Θ, deg. Cos θ A deg. Cos θ 0, deg. Cos6 

93 - 0 . 0 5 2 94 - 0 . 0 7 0 84 0.105 
67 0.391 79 0.191 53 .602 
55 0.574 77 0.225 41 .755 

Spreads 1.000 35 0.818 Spreads 1.000 

f rom the po lymer . I n bo th cases the joint strengths are l o w ( bot tom l ine , 
F i g u r e 1 ) . W h e n the f o i l is peeled, fa i lure occurs i n the surface region 
of the po lymer exposing two n e w surfaces w h i c h are not amenable to 
adhesive bond ing . 

TRAPPED AIR 

(a) NOTE LOW REAL AREA 
OF INTERFACIAL CONTACT 

(b) NOTE LACK OF VOIDS 
FROM TRAPPED AIR IN 
PORES AND CREVICES 

Figure 2. (a) Poorly wetted inter
face and (b) extensive intermolecular 

contact between liquid and solid 
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T h e residue on a peeled a l u m i n u m fo i l w h i c h h a d been m o l d e d 
against polyethylene at 175 ° C . for one hour was examined b y G e l Per 
meat ion C h r o m a t o g r a p h y ( G P C ) to determine the nature of the m o l e c u 
lar we ight d i s t r ibut ion a n d to determine whether any fract ionation oc
curred at the meta l -po lymer melt interface. T h e po lymer was dissolved 
off the f o i l a n d examined. T h e Mw a n d M N values for the surface reg ion 
f ormed at the s o l i d - l i q u i d interface were 47 ,600 a n d 8,180, respectively. 
T h e corresponding values for the b u l k po lymer were 45 ,100 a n d 9,300, 
respectively. A p p a r e n t l y , there is no fract ionation tak ing place as a result 
of the extensive nuc leat ion a n d growth of the transcrystal l ine region 
( F i g u r e 3 ) . W h a t e v e r species are present i n the po lymer are accommo
dated into the crysta l structure. H o w e v e r , w h i l e the molecular we ight 
distr ibut ions m a y be s imi lar , because of morpho log i ca l differences the 
mechanica l strengths of the surface regions are different. 

Figure 3. The transcrystalline region generated 
at a high energy solid-polymer melt interface after 
solidification. The depth of the transcrystalline 

region is estimated to he about 25μ 

Strong joints w i t h epoxy adhesives can be made to polyethylene 
surfaces w h i c h have been ox id ized b y a variety of techniques (4 . 5 ) . 
T h e general bel ie f has been that the presence of po lar groups on the 
po lymer surface creates an affinity for the polar epoxy adhesive w h i c h 
improves wet tab i l i ty a n d results i n a strong adhesive joint. 

W e t t a b i l i t y has long been considered to be of p r i m a r y concern i n 
be ing able to f o rm strong adhesive joints w i t h the l o w energy crystal l ine 
polymers. H a n s e n a n d Schonhorn ( 5 ) have demonstrated that i f the 
weakness i n the surface region of a po lymer is removed , w i thout chang ing 
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its wet tab i l i ty , strong joints can be prepared . I n fact, Schonhorn a n d 
H a n s e n (17) have shown that l ower ing the wet tab i l i ty by , for example, 
exposing polyethylene to fluorine gas a n d creat ing a polytetraf luoro-
ethylene- l ike surface is not detr imental , p r o v i d e d the weak boundary 
layer has been e l iminated i n the process. T h e c r i t i ca l surface tension of 
we t t ing (yc) of the fluorinated surface is about 20 d y n e s / c m . , s imi lar to 
polytetrafluoroethylene. 

Surface treatments (ox idat ion) are probab ly effective because they, 
l ike C A S I N G (cross l inking b y act ivated species of inert gases) (5 , 16 ) , 
e l iminate the weak boundary layer normal ly present on the surface of 
polyethylene. D u r i n g C A S I N G , the po lymer molecules at a n d near the 
surface are kn i t ted together to f o rm a cross- l inked matr ix h a v i n g h i g h 
mechanica l strength. A cross- l inked sk in on polyethylene has been ob
served after surface treatment b y corona discharge a n d chemica l e tch ing 
(2 , I I , 21 ) . T h i s probab ly accounts for the strong joints f o rmed b y the 
use of these techniques ( F i g u r e 4 ) . T h e mere presence of po lar groups 
w o u l d not be sufficient i f they were organized i n a layer h a v i n g l o w 
mechanica l strength. 

T o demonstrate the presence of the weak boundary layer i n p o l y 
ethylene formed at a l ow energy surface, w e attempted to e l iminate i t 
b y several techniques a n d to observe the resultant joint strengths obta ined 
w i t h a convent ional epoxy adhesive i n the composite : a luminum-epoxy 
adhesive-polyethylene-epoxy adhes ive -a luminum. T h e bot tom curve i n 
F i g u r e 4 is based on joint strength data obta ined f rom untreated po ly 
ethylene film ( m o l d e d against P T F E ) . A l l experiments were per formed 
be low the me l t ing po int of polyethylene since above the me l t ing po int 
i t w i l l spread on the cured epoxy adhesive surface a n d i n this process 
w i l l prec lude the formation of the weak boundary layer a n d result i n 
re lat ive ly strong joints (19 ) . W h e n polyethylene is nuc leated i n the 
presence of a h i g h energy surface, a transcrystal l ine region (1 , 3, 6, 12) 
is f o rmed at the s o l i d - l i q u i d interface on coo l ing ( F i g u r e 3 ) . A p p a r e n t l y , 
this results i n generation of a region at the interface whose characteristic 
strength is s imi lar to i f not greater than that of the b u l k po lymer (10). 

It was felt that the weak boundary layer was comprised of l o w 
molecular we ight po lymer molecules w h i c h were forced to the surface 
d u r i n g recrysta l l izat ion of the melt (7,8) i n contact w i t h a l o w energy 
surface, so w e h o p e d to m i n i m i z e their presence b y m o l d i n g w e l l char
acter ized single crystal aggregates of polyetheylene (18). H o w e v e r , on 
m o l d i n g against a l o w energy surface, weak boundary layers were gen
erated a n d only sl ight increases i n joint strength were observed ( F i g u r e 
4 ) . W e t t a b i l i t y of the m o l d e d "single crystal aggregate" was essentially 
the same as an untreated film but considerably different f rom the freshly 
prec ip i tated single crystal aggregate (18). 
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3500 

01 I I I 1 L_ 
20 40 60 80 100 
TEMPERATURE OF JOINT FORMATION ( ° C ) 

Figure 4. The tensile ear strength of the com
posite aluminum-epox> Ahesive-polyethylene-epoxy 
adhesive-aluminum Ated as a function of the 

temperatui of the joint formation 

•—Untreated polyethylene (molded against PTFE) (no 
surface treatment) 

•—Marlex 5003 polyethylene crystallized from 0.04% 
solution in xylene at 85°C. then molded into 10 mil. 
sheets at 160° C. No surface treatment 

Δ—Polyethylene film (untreated) exposed to vapors of a 
boiling 1.1 hexane, heptane mixture for 5 minutes 

A—Polyethylene film (untreated) irradiated with a Van 
de Graaff generator to a dose of 10 Mrads 

Ο—Polyethylene film exposed to glass cleaning solution 
at 80° C. for 4 minutes 

φ—CASED polyethylene, exposed to activated helium 
at 1 mm. pressure and high power for 5 seconds 

^-^Polyethylene film generated against vapor degreased 
aluminum foil (subsequently removed by dissolution) 

φ—Polyethylene film generated against vapor degreased 
and chemically etched aluminum foil (subsequently 
removed by dissolution) 

Φ—Polyethylene film generated against gold 
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W e resorted to other techniques such as solvent extraction (16). 
Specimens suitable for joint strength measurement were prepared a n d 
then extracted i n a b o i l i n g 1:1 hexane-heptane solut ion for several m i n 
utes. T h e specimens were not swel led apprec iab ly , a n d resultant joint 
strengths were considerably greater than those obta ined w i t h untreated 
film. A g a i n yc was about 35 d y n e s / c m . W h e n b o i l i n g octane was used 
to extract the l o w molecular weight po lymer f rom polyethylene film, 
considerable swe l l ing occurred . U p o n remova l of the solvent, add i t i ona l 
l ower molecular weight mater ia l was transported to the sol id-air interface 
a n d only weak joints c ou ld be obtained. 

T h e weak boundary layer was par t ia l ly e l iminated b y bombardment 
of the po lymer w i t h h i g h energy electrons. T h e results i n F i g u r e 4 show 
that stronger joints were ob ta ined—but not shown is the fact that b u l k 
properties of the po lymer were seriously affected. A l t h o u g h the yc was 
raised, since i r rad ia t i on was done i n air , joint strengths were about the 
same as those obta ined b y the solvent extraction technique. 

T h e uppermost curves i n F i g u r e 4 are results obta ined w i t h surface 
treatment techniques w h i c h result i n bo th cross - l inking a n d strengthening 
of the weak boundary layer w i thout affecting b u l k properties of the 
po lymer . H i g h joint strengths were obta ined after bo th C A S I N G (five 
seconds i n excited h e l i u m ) a n d after etching w i t h glass c leaning so lut ion 
( four minutes at 8 0 ° C ) . Glass c leaning solut ion treatment of p o l y 
ethylene l ike a l l oxidat ive surface treatments causes ab lat ion of some of 
the po lymer at the surface a n d changes wettab i l i ty . T h e results for the 
films generated against the go ld are comparable to those of the C A S I N G 
technique. 

It is interest ing to note that the joint strengths for films generated 
against go ld are i n excess of those prepared w i t h films generated against 
etched a l u m i n u m . V a p o r degreasing the a l u m i n u m f o i l w i thout a c h e m i 
ca l etch is on ly as effective as h i g h energy electron bombardment i n 
e l iminat ing the weak boundary layer. 

T h e importance of the chemica l etch on the a l u m i n u m cannot be 
over-emphasized. Surface layers f rom r o l l i n g oils or weak oxides m a y 
obviate any desired effects. 

B y examining the strength of joints prepared over an extensive 
temperature range w h i c h includes the mo l ten region, w e note some 
str ik ing features ( F i g u r e 5 ) . T h e data for the melt c rysta l l i zed po lymer 
sheet that was peeled f rom the m o l d have been reported previous ly ( 1 9 ) . 
W e compare these data w i t h the data of this report to po int out the 
significance of the und is turbed transcrystal l ine region. T h e joint strengths 
are considerably h igher than the same materials w h i c h have a damaged 
transcrystal l ine région. F r o m the above analysis w e can conclude that 
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Figure 5. The tensile shear strength of the com
posite aluminum-epoxy adhesive-polyethylene-epoxy 
adhesive-aluminum plotted as a function of the 

temperature of the joint formation 

O—Data Ref. 19 
#—Transcrystalline region (TCR) polyethylene gener

ated at 175°C. for V2 hour against etched aluminum 
(substrate removed by dissolution) 

A—TCR polyethylene generated at 175°C. for V2 hour 
against gold (substrate removed by dissolution) 

the weakness i n the surface region of polyethylene is not an intr ins ic 
property of the po lymer but is dependent on the manner i n w h i c h i t is 
formed f rom the melt . I f care is taken i n the preparat ion of the po lymer 
sheet to prevent any mechanica l w o r k on the surface region, then it is 
possible to prepare this polyethylene for adhesive b o n d i n g w i thout re
sort ing to cross- l inking of the surface region. E x t r a c t i o n of the trans
crystal l ine reg ion films i n b o i l i n g xylene showed no evidence of a gel 
fract ion. W e speculate that w h a t is increasing the mechanica l strength 
of the surface region, as a result of the extensive nucleat ion , is consider
able entanglement of the po lymer chains. There is a strong compet i t ion 
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for these chains since so m a n y nuc l e i are formed. Ef fect ive ly , each en
tanglement may be considered to be a cross-link. 

Wettability and Surface Morphology. Surface chemica l studies on 
crystal l izable polymers have ignored, i n general , the nature of the nuc le 
at ing phase—i.e., vapor , so l id , or l i q u i d — a n d the details of format ion of 
the po lymer melt -nuc leat ing phase interface w h i c h on sol idi f ication b y 
coo l ing results i n a po lymer so l id -nucleat ing phase interface (22). 

Extens ive heterogeneous nucleat ion of po lyethylene melts on h i g h 
energy surfaces results i n generation of transcrystal l in i ty i n the inter fac ia l 
region [ ( S - L ) -> ( S - S ) ] ( J , 3, 6, 12). K o u t s k y , W a l t o n , a n d Baer (9 ) 
have observed that there is a var iat ion i n the extent i n supercool ing w h i c h 
may depend u p o n surface energy a n d interatomic spacing i n the substrate. 
Ef fect ive nuc leat ing agents a l l owed for only smal l supercoolings. Sharpies 
(20) has conc luded that stresses at the interface set u p d u r i n g coo l ing 
f rom the melt are important i n determin ing the subsequent morphology . 
W e t t a b i l i t y studies coup led w i t h a modi f ied F o w k e s - Y o u n g approach to 
inter fac ia l phenomena (18) have ind i ca ted that go ld is a more effective 
nuc leat ing agent than the a l k a l i hal ides a n d alkal ine earth salts ( 9 ) . 
Since a large n u m b e r of nuc l e i are generated at the s o l i d - l i q u i d interface, 
p r o v i d e d that extensive contact has been established between the sub
strate a n d the mo l ten po lymer , the spherulites are i n h i b i t e d i n their la tera l 
g rowth a n d only propagate i n a d irect ion transverse to the plane of the 
film. A p p a r e n t l y , as a result of this extensive nuc leat ion on h i g h energy 
surfaces, there is generated a plane of spherul i t i c cores w h i c h exhibit 
a density, as computed from wettabi l i t ies , s imi lar to the single crysta l 
density ( T a b l e I I ) . 

Table II. Surface Density and Crystallinity of Polyethylene Films 
as Determined by Wettability at 2 0 °C . 

p8 Percent 
Nucleating Phase grams cm.'3 Crystallinity 

Nitrogen (vapor) 0.855 0 
Polytetrafluoroethylene 0.855 0 
Aluminum 0.949 63.2 
Single crystal aggregate 0.949 63.2 
Gold 1.007 93.6 

L o w energy surfaces—e.g., Tef lon, M y l a r , etc .—are apparent ly i n 
effective nuc leat ing agents. W h e n polymers are cooled i n contact w i t h 
these surfaces, nuc leat ion is prec luded at the S - L interface a n d is appar 
ent ly in i t ia ted i n the bu lk . Sufficient supercool ing has not occurred at the 
s o l i d - l i q u i d interface to nucleate the inter fac ia l region before nuc leat ion 
occurs i n the bu lk . A p p a r e n t l y , this is the reason for the lack of a w e l l 
defined transcrystal l ine reg ion w h e n polyethylene is nuc leated against a 
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l o w energy so l id . A s crysta l l i zat ion proceeds i n the bu lk , po lymer mole 
cules w h i c h cannot be accommodated into the crysta l latt ice d u r i n g 
crysta l l izat ion are rejected to the interface a n d reside there i n an amor
phous or l i q u i d - l i k e state (7 , 8 ) . W h e n prepared against l o w energy 
surfaces, polymers have surface regions w h i c h have densities, as c om
puted f rom wettabi l i t ies , corresponding to the amorphous sol id . T h i s is 
i l lustrated i n F i g u r e 6 where a t y p i c a l F o w k e s type p lot is constructed 
of the data i n T a b l e I. H e r e , the values for γ 8 are, 36.2 e r g s / c m . 2 for the 
l o w energy nuc leated surface, 53.6 e r g s / c m . 2 for the single crystal aggre
gate a n d 69.6 e r g s / c m . 2 for the go ld nuc leated surface. T o estimate the 
surface density, the authors have modi f ied the F o w k e s - Y o u n g equat ion 
(18) 

/ p^acc \ 2 

(CoseKac,c= H i ^ A ( r ^ ) , y L v ^ _ l _ ( 1 ) 

where θ is the contact angle of the sessile drop of l i q u i d on the po lymer 
surface, p s is the surface density, y L V is the surface tension, the subscript ρ 
refers to the po lymer , the superscript d refers to the dispersion component 
of the surface free energy, the superscripts a, ac, a n d c refer to amor
phous, par t ia l ly crystal l ine a n d crystal l ine, respectively, a n d 7re is the 
spreading pressure ( y s - y s v ) — t h e difference between the surface free 
energy of the surface of the po lymer i n v a c u u m a n d i n e q u i l i b r i u m w i t h 
the vapor of the wet t ing l i q u i d . W e have ignored wjyix i n our c o m p u 
tat ion since θ > 0 ( 18 ) . 

Figure 6. A Fowkes-Young plot of the wettability 
data for a variety of polyethylene surfaces 

Φ—Nucleated at low energy surface (PTFE) 
Δ—Single crystal aggregates and nucleated against 

etched aluminum 
Q—Nucleated against gold 
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W h e n the surface density of the so l id is essentially that of the 
amorphous so l id or supercooled l i q u i d , E q u a t i o n 1 becomes the fami l ia r 
F o w k e s - Y o u n g expression (18). Based on the general ly accepted value 
of p$a for polyethylene, pB

ac values are computed . F r o m these values, the 
specific volumes are obtained. T h e percent crysta l l in i ty i n the surface 
region is computed f rom the specific vo lume. T a b l e I I lists the values 
of ps

ac a n d the percent crysta l l in i ty of these films. 
E m p l o y i n g h i g h energy surfaces for the nuc leat ion of po lymer melts 

is on ly effective i f sufficient t ime is a l l o w e d for the po lymer mel t to 
achieve extensive a n d int imate contact w i t h the substrate. If sufficient 
t ime has not been a l l owed , considerable inter fac ia l voids w i l l result a n d 
nucleat ion w i l l general ly occur i n the bu lk , generating an amorphous 
surface region i n the polymer . If sufficient t ime is a l l o w e d for spreading 
to occur, inter fac ia l voids are prec luded w i t h nuc leat ion occurr ing pre 
dominant ly at the S - L interface. A s evidenced f rom Tables I a n d I I , the 
vapor phase is a poor nuc leat ing agent. 
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Polymer Solvent Interactions by 
Ultrasonic Impedometry 

J. K E N N E T H CRAVER and DAVID L . TAYLOR 

Monsanto Company, St. Louis, Mo. 

Some unexpectedly complex liquid solid interactions have 
been detected and studied by ultrasonic impedance measure
ments (ultrasonic impedometry). Small amounts of water 
and alcohols have pronounced effects on the physical state 
of hydrophilic polymers; specifically, the high frequency 
shear modulus and crystallinity index of a poly(vinyl alcohol) 
film increases with water content to a maximum before 
normal solution phenomena occur. These effects are attrib
uted to the increased molecular order owing to water hydro
gen bonded between polymer chains. The unusual effects of 
moisture on a novel poly(vinyl chloride)/plasticizer system 
and on hydrophilic polymers other than poly(vinyl alcohol) 
are also described. 

Τ η our studies on the cellulose p u l p / w a t e r system a n d the various visco-
·** elastic changes w h i c h take place i n this system d u r i n g d r y i n g ( 5 ) , 
w e f ound Mason 's ultrasonic shear impedance device (12) to be a most 
useful a n d versati le tool , capable of moni tor ing r a p i d changes i n the 
shear stiffness of systems undergo ing po lymer izat ion , coagulat ion, or other 
l i q u i d - s o l i d transitions. T h e w o r k w e are report ing here relates to a 
var iety of transient changes i n the h i g h frequency shear modulus (stiff
ness ) of po lymer films i n d u c e d b y wet t ing of the films w i t h po lar solvents 
or near solvents. These transient effects are par t i cu lar ly m a r k e d i n the 
case of po ly ( v i n y l a lcohol ) films w h i c h are i n contact w i t h l i q u i d water . 

Methods and "Procedures 

T h e technique of u l trasonic impedometry was developed b y M a s o n 
a n d M c S k i m m i n of B e l l Te lephone laboratories for measur ing the complex 
mechani ca l shear modulus of po lymer l i qu ids (11, 12). T h e y descr ibed 
three relaxation modes for the systems—configurational elasticity, l ong 
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c h a i n entanglement, a n d cha in segment twis t ing . L i t o v i t z a n d co-workers 
used this h i g h frequency technique i n their invest igation of the visco-
elastic properties of associated l i qu ids (13, 17 ) . M y e r s a n d co-workers 
have moni tored the l i q u i d - s o l i d transitions associated w i t h the coalescence 
of latexes a n d the d r y i n g of l inseed o i l ( J5,16). B a r l o w a n d L a m b studied 
the h i g h shear rate behavior of lubr i ca t ing oils at pressures u p to 1,000 
atmospheres a n d at frequencies u p to 85 megahertz ( 1 ). H u n t e r , M o n t 
rose, a n d Shive ly have studied the viscoelastic constants of short -chain 
polymers us ing this technique (10). 

I n ultrasonic impedometry , the test sample is subjected to a h i g h 
frequency cyc l i c shear strain b y a p lane-po lar ized , pu lsed ultrasonic shear 
w a v e w h i c h is generated w i t h i n a quartz echo bar as shown i n F i g u r e 1. 
T h e test mater ia l is p laced on top of the bar a n d the ultrasonic w a v e is 
generated i n the bar b y means of a piezoelectr ic crystal b o n d e d to one 
end of the bar a n d dr iven at resonant frequencies b y an e lectr ical i m 
pulse f rom a pu lsed oscil lator. T h e pulse generator emits a radio fre
quency e lectr ical pulse of 2 to 80 M h z . last ing about 5 microseconds a n d 
repeat ing about 400 times per second. T h e packet of u l tra -sound is 
reflected f rom the test surface a n d is rece ived at the other e n d of the b a r 
b y a second piezoelectric crystal where it is reconverted to an e lectr ical 
s ignal a n d d i sp layed o n an oscil loscope as a series of peaks of decreasing 
ampl i tude . T h e geometry of the echo bar is such that the o r ig ina l pulse 
is reflected back a n d forth creat ing the pulse echo pattern shown i n 
F i g u r e 1. I n favorable cases, as m a n y as 50 echoes can be observed. 

W i t h a test sample on the opt i ca l ly flat top surface of the bar , the 
pulse echo t r a i n is reduced i n ampl i tude . T h i s attenuation is o w i n g to 
the refract ion of part of the ultrasonic wave into the test sample at the 
frequency used. T h e ratio of successive peak ampl i tudes m a y be m e a 
sured on the oscil loscope a n d expressed i n decibels loss per echo. F r o m 
this, the loss per echo w i t h no sample on the bar can be substracted to 
give a value àdb w h i c h is re lated to the mechan i ca l shear impedance of 
the sample. R a p i d changes can be convenient ly moni tored b y a recorder 
w h i c h fol lows the peak s ignal of a selected echo. 

T h e po lymer i c films used i n our studies were prepared b y a l l o w i n g 
a d i lute solut ion of the po lymer i n a suitable solvent to evaporate o n the 
test surface of the impedometer bar. F i l m thicknesses were var i ed over 
the range 10-100 microns b y appropriate choice of solut ion vo lume a n d 
concentration. T h e polyvinyl alcohols) ( P V A ) used i n our w o r k were 
Monsanto 's G e l v a t o l 20-30 a n d 20-90. These are 8 8 % h y d r o l y z e d products 
a n d have molecular weights of 10,000 a n d 125,000 respectively. T h e y 
behaved s imi lar ly i n their responses to wett ing , humidi f i cat ion , a n d 
redry ing . 

T h e test f requency used was normal ly 2.5 or 5.0 M h z . A spot check 
showed that the transient effects f o und were more pronounced at h igher 
frequencies ( u p to 60 M h z . ) . 

Theory of Ultrasonic Impedometry 

T h e amount of attenuation suffered b y the pulse echoes depends 
d irec t ly on the shear mechanica l impedance , Z , of the po lymer f i lm. F o r 
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viscoelastic materials Ζ has resistive a n d reactive components, R a n d X 
(units of mechani ca l o h m s ) . T h e re lat ion of R a n d X to shear stiffness 
G a n d shear viscosity η is g iven b y : 

a n d 
G=(R?-X*)/p 

η = 2RX/ωρ 

(1) 

(2) 

where ρ is the density of the mater ia l a n d ω is the c i r cu lar f requency of 
the measurement. A s discussed i n greater deta i l elsewhere ( 5 ) , the c o m 
ponent R is dependent almost solely on the measured attenuation of the 
pulse echo ampl i tude . T h e component X is m u c h more diff icult to measure 
accurately ( i n v o l v i n g smal l phase shifts at h i g h f requency) and , i n our 
w o r k was not measured. 

Sample 

Piezoelectric 
Transducer 

Pulsed 
Oscillator 

2-80 Mc 

Ζ Ζ Σ Ζ Σ Ζ Ζ Ζ Ζ Ζ Ζ y Piezoelectric 
Transducer 

Quartz impedometer bar 
(4x1 =1 inch) 

Oscilloscope 

Calibrated 
Attenuator 

Amplifier 

Amplifier 

Recorder 

Figure 1. Ultrasonic Impedometer 

F o r N e w t o n i a n l i qu ids , X = R a n d therefore shear stiffness G , b y 
E q u a t i o n 1, is zero. Viscos i ty is then g iven b y the funct ion 2R 2 /ωρ . T h i s 
w i l l h o l d approximate ly true into the megacycle frequency range for 
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l i qu ids w i t h a n o r m a l viscosity be l ow about 100 cp. T h u s , water for 
instance, w i l l s t i l l have a viscosity of 1 cp. at 10 M h z . a n d above. 

F o r elastic solids, such as those w e are dea l ing w i t h exper imental ly 
i n this work , X approaches zero a n d thus the shear stiffness is s imp ly 
W/p w h i c h is a direct funct ion of the measured echo attenuation Adb. 

A n increased attenuation means increased R a n d therefore increased shear 
stiffness. Superf ic ia l ly , this w o u l d appear to be opposite to the usua l 
interpretat ion of "at tenuat ion" or " d a m p e n i n g " i n other d y n a m i c m e 
chan i ca l test methods. F o r example, i n torsion p e n d u l u m type tests, a 
rubbery po lymer gives a r a p i d l y d a m p e d osci l lat ion. A c t u a l l y , there is no 
d iscrepancy at a l l because i n the technique w e are us ing the w a v e a m p l i 
tudes measured on the oscil loscope screen are those not enter ing the 
sample. M o r e energy escapes f rom the quartz bar as the po lymer film 
approaches the mechani ca l impedance of quartz . T h e reader should be 
caut ioned to keep i n m i n d the different m e a n i n g w h i c h "at tenuat ion" has 
i n ultrasonic impedometry as opposed to its use i n t rad i t i ona l d y n a m i c a l 
testing techniques. 

Results and Discussion 

P o l y ( v i n y l a lcohol ) / W a t e r . W h e n d i s t i l l ed water is poured onto 
the surface of po ly ( v i n y l a lcohol ) films d r i e d onto the impedometer bar , 
the i n i t i a l response is not the expected decrease i n stiffness caused b y 
the solvat ing effect of the water , but rather a m a r k e d increase i n stiffness 
f o l l owed b y a s low relaxation as shown i n F i g u r e 2. ( T h e Adb scale on 
this a n d most f o l l o w i n g graphs has been adjusted to read as change i n 
Adb f rom the i n i t i a l value. T h u s , the zero po int is for the d r i e d po lymer 
film. T h e absolute value Adb for d r i e d po lymer films ranged f rom 1 to 
16 Adb depending on film thickness a n d po lymer type. ) 

T h i s unusua l effect of increased h i g h frequency shear stiffness on 
i n i t i a l contact w i t h water was evident even w h e n the water was a p p l i e d 
as vapor. W i t h t h i n films of P V A , the Adb increases r a p i d l y w i t h even a 
single moist breath b l o w n on the sample a n d then returns to its i n i t i a l 
va lue s l owly as the sorbed water diffuses out of the film. B y b l o w i n g 
moist a ir cont inuously over a d r i e d P V A film, the Adb can be made to 
pass through a m a x i m u m just as i t does w h e n l i q u i d water is app l i ed . 
These responses are shown schematical ly i n F i g u r e 2a. 

T h e same curious effects occur w h e n the moisture sequence is re 
versed. A n experiment of this sort is shown i n F i g u r e 3, where w e e q u i l i 
brated a P V A film w i t h a 1 0 0 % relat ive h u m i d i t y atmosphere a n d then 
recorded the Adb change as this film d r i e d out i n a 5 0 % relat ive h u m i d i t y 
atmosphere. 
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+0.5h 

I ι ι I ι ι L 
I 3 6 10 30 60 100 

TIME AFTER H 20 APPLICATION, SEC. 

Figure 2a. . Poly(vinyl alcohol): water interaction 

Adb 

TIME 

Figure 2b. Response of PVA film to breath moisture 
(schematic) 

T o check the poss ib i l i ty that this anomalous mechan i ca l behavior 
m i g h t be caused b y a solvent gradient w i t h i n the po lymer film or b y 
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some b u l k effect of water at the interface, another P V A film ( G e l v a t o l 
20-30, 200 ft t h i c k ) was prepared on an impedometer bar a n d d r i e d over 
phosphorus pentoxide for one week. It was then condi t ioned successively 
at relat ive humid i t i es of 50, 65, 75, 85, a n d 9 3 % . T h e film was equ i l ibra ted 
at each h u m i d i t y for 48 hours. M o i s t u r e content (we ight ga in ) a n d Adb 

were measured at intervals d u r i n g each two day condi t i on ing per iod . 
T h e data are g iven i n T a b l e I a n d F i g u r e 4. Note that the stiffness of 
the P V A film increases w i t h increasing moisture content u n t i l the n o r m a l 
solvent effect of water comes into p l a y i n the reg ion between 85 a n d 9 5 % 
relat ive h u m i d i t y . D u r i n g each approach to e q u i l i b r i u m , as shown b y 
the dotted l ine , the shear stiffness passes through a m a x i m u m ind i ca t ing 
that the transient moisture gradient i n the film also causes an increase 
i n Adb. 

Exposure Time at 50% RH,Sec. 

Figure 3. Dehumidification of PVA film 

M a s o n ( I I ) has shown that the h i g h frequency shear stiffness of a 
po lymer is largely a measure of the m o b i l i t y of segments of the po lymer 
cha in . W e propose that water molecules act ing i n d i v i d u a l l y or i n smal l 
clusters serve as molecular crosslinks through hydrogen b o n d i n g between 
adjacent po lymer molecules or ne ighbor ing c h a i n segments. If the l i fe 
t ime of these crosslinks is longer than the frequency used to measure 
mechani ca l stiffness, i n our case 10" T second, then one w o u l d expect to 
see an increased stiffness o w i n g to adsorbed water w h i c h cou ld not be 
measured b y t rad i t i ona l mechani ca l testing methods operat ing at m u c h 
lower frequencies. W h a t w o u l d look very r i g i d at 10 7 c.p.s. might appear 
qui te flexible i n a convent ional torsion p e n d u l u m or tensile tester. T h u s , 
it is conceivable that the "stat ic" modulus w o u l d be reduced b y the 
adsorpt ion of moisture under the exper imental condit ions w e have used 
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here even though the " h i g h f requency" modulus is increased w i t h i n this 
range. 

Several findings i n the l i terature support this v i ew . F o r example, 
density measurements i n other h y d r o p h i l i c po lymer systems (co l lagen 
a n d gelat in) have revealed a m a x i m u m u p o n the a d d i t i o n of water ( 7 ) . 
T h e density m a x i m u m was at tr ibuted to the format ion of water bridges , 
d o u b l y hydrogen-bonded structures, j o in ing accessible chains i n closer 
a l ignment . A l s o , thermodynamic interpretat ion of sorpt ion isotherms 
indicate that p o l y m e r / w a t e r molecu lar contacts are favored over w a t e r / 
water contacts i n some h y d r o p h i l i c polymers u p to relat ive humidi t ies of 
8 0 % a n d over ( 19 ) . I n earl ier work , Z i m m suggested that the effect of 
water molecules on prote in structure c o u l d give rise to a n entropy loss— 
i.e., increased o r d e r i n g — of considerable magni tude (21). 

T a b l e I . H u m i d i f i c a t i o n of P V A F i l m 

% Relative Conditioning Moisture A d b 
Humidity Time, Hrs. Content % at 5 MHz. 

0 (1 week) 0 15.0 
50 1 1.0 15.0 
50 4 2.1 — 
50 24 3.5 15.6 
50 46 3.8 15.6 
65 5 7.7 16.7 
65 22 10.9 16.1 
65 28 11.2 16.2 
75 2 13.7 17.5 
75 66 20.4 17.9 
80 6 23.2 19.6 
80 24 27.2 20.0 
93 22 47.9 16.8 

I n a study of P V A / w a t e r relations, i t was f o u n d that a m a r k e d re 
d u c t i o n i n P V A swe l l ing results f rom pretreatment of the po lymer films 
b y exposure to a h i g h h u m i d i t y atmosphere (18). T h e explanat ion was 
that the c h a i n segments, a l l o w e d greater freedom of mot i on b y the ab
sorbed water , c o u l d assume configurations favorable for g r o w t h of n e w 
ordered regions. O t h e r workers have f o u n d large interactions of P V A w i t h 
water , as measured b y changes i n specific vo lume (20). Russ ian workers 
have shown b y heat capaci ty a n d torsion techniques that the p las t i c i z ing 
act ion of water on a h y d r o p h i l i c po lymer ( rayon ) consists "not on ly i n 
increasing the flexibility of the molecu lar chains but also i n increasing 
their orderedness" (14). C r o s s l i n k i n g of polyethylene g lyco l derivatives 
w i t h water molecules has been ind i ca ted b y y i e l d value measurements 
( 9 ) . T h u s , frequent reference has been made to the organiz ing influence 
of water on h y d r o p h i l i c polymers . 
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H20 CONTENT, % 

40 60 80 
RELATIVE HUMIDITY, % 

100 

Figure 4. PVA humidification 

— Equilibrium 
— Approach to equilibrium (schematic) 

If water acts as a cross l inking agent, it should increase the molecular 
order ing i n the po lymer film a n d this effect should be detectable b y x-ray 
di f fract ion techniques. P V A films were prepared on glass slides that were 
condi t ioned at 0, 30, a n d 8 5 % relat ive h u m i d i t y . X - r a y diffractograms 
of these films are presented i n F i g u r e 5, w i t h ana ly t i ca l data i n T a b l e I I . 
A t 0 % relative h u m i d i t y , on ly a b road amorphous b a n d is present. A t 
3 0 % relative h u m i d i t y , a peak at 20 = 19.3° appears; at 8 5 % relat ive 
h u m i d i t y , a second peak at 20 = 22.2° is bare ly evident. These peaks 
are characteristic of the P V A crystal l ine phase ( 3 ) . T h e intensity of the 
amorphous phase defract ion halo decreases w i t h increasing relat ive h u 
m i d i t y . It appears, therefore, that water induces the aggregation of 
smal l crystall ites ( w h i c h contr ibute to the amorphous pattern ( 2 ) ) into 
groups large enough to be detected b y x-ray as be ing t ru ly crystal l ine. 
I n a study of the swe l l ing behavior of P V A i n water , Priest made reference 
to earl ier u n p u b l i s h e d w o r k where the x-ray di f fraction pattern for P V A 
became sharper o n humid i f i ca t i on (18 ) . T h u s , the effect of moisture i n 
increas ing the Adb of P V A films correlates w i t h structural changes i n 
the po lymer as v i e w e d b y x-ray techniques. 

Poly (vinyl alcohol)/Methanol. W h e n methano l is used instead of 
water , the increase i n attenuation is not as r a p i d as that w i t h water but 
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Ο 

| = VERTICALLY SHIFTED FOR CLARITY 
J I I I L 
35 30 25 20 15 

DIFFRACTION ANGLE,2Θ 
10 

Figure 5. X-ray diagram polyvinyl alcohol) 

0% Rehtive Humidity 
30% Revive Humidity 
85% Revive Humidity -

Table II. Effect of Water Vapor oit Poly (vinyl alcohol) Crystallinity 

Peak Intensity 

Sample 
Condition 

Rroad Structure 
Sample 

Condition % RH 20: 19.5 19.3 22.2 Crystallinity Index 

D r y 0-5 46.5 — — 0 

L a b A i r 30 41.0 11.5 — 28 

H u m i d 87 34.0 12.5 5 64 

Redried 0-5 46.5 12.5 — 27 
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the peak intensity is more persistent as is shown i n F i g u r e 6. E t h y l 
a lcohol has a s imi lar response, but the intensity is only 1/10 as great. 

Figure 6. Poly (vinyl alcohol): methanol interaction 

P r o p y l a lcohol , b u t y l a lcohol , benzene, a n d octane show no effect. These 
results correlate w i t h the relat ive hydrogen b o n d i n g capabi l i t ies of the 
a lcohol series. A p p a r e n t l y methanol is also capable of f o rming hydrogen 
b o n d i n g crosslinks between po ly ( v i n y l a lcohol ) c h a i n segments but w i t h 
out d isso lv ing the po lymer . E t h y l a l coho l w i t h its increasing molecular v o l 
u m e is s t i l l capable of f o rming some hydrogen b o n d i n g crosslinks, perhaps 
only i n the more read i ly accessible regions of the po lymer network w h i l e 
the h igher a l c oh o l s—propy l a lcohol , b u t y l a lcohol , etc., i f they are h y d r o 
gen bonded , do not f o rm crosslinks w h i c h are detectable at the frequencies 
w e used. 

Because methano l is not actual ly a solvent for P V A , some interesting 
sorpt ion /desorpt ion c y c l i n g experiments can be convenient ly r u n on P V A 
films w i t h o u t d i s r u p t i n g the film integrity . A s noted above, methano l 
produces a s low increase of shear stiffness ( Adb ) w h e n layered on P V A . 
T h e t ime scale a n d curve shape are suggestive of a dif fusion process 
( l i q u i d into p o l y m e r ) . B y remov ing the l i q u i d layer, w e should permi t 
methano l to evaporate f rom the film a n d thus reverse the effect. T h e 
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results shown i n F i g u r e 7 are surpr is ing . T h e first app l i ca t i on of methano l 
p roduced a s low increase i n Adb as before. T h e excess methano l was 
d r a w n off the surface b y syringe at po int B . W e then expected to see 
Adb r e turn s lowly to the i n i t i a l value as the film d r i e d out. R e m o v a l of 
the l i q u i d layer (at B ) caused a decrease i n attenuation u n t i l the film 
surface appeared d r y ( at C ). T h e n , as methano l evaporated f rom w i t h i n 
the film, the Adb passed through a very h i g h m a x i m u m . A second flooding 
of the surface after air d r y i n g resulted i n an immediate increase i n Adb 

i n contrast to the slow b u i l d u p on i n i t i a l wet t ing . A f ter the first wet t ing , 
the sequence of responses to subsequent w e t t i n g / d r y i n g cycles was re
m a r k a b l y reproduc ib le . Perhaps the first wet t ing is un ique i n that i t 
"opens u p " the surface structure of the film, permi t t ing r a p i d penetrat ion 
of methano l into the film on succeeding rewettings. 

Figure 7. Poly(vinyl alcohol): methanol interaction 

Polymer: Gelvatol 20-30 A: MeOH added 
Film thickness = 50 μ Β: MeOH drawn off 
Frequency = 5 MHz. C: Polymer surface dry 
Film Adb = 6.0 

A n o t h e r example of an in t r igu ing c y c l i n g effect resulted f rom an 
experiment i n w h i c h w e crossl inked the surface of P V A film b y p a i n t i n g 
the film w i t h borax solution. T h e surface was n o w v i s ib ly less receptive 
to water (droplets d i d not spread ) , but the film Adb was unchanged. 
M e t h a n o l we t t ing produced the curious d o u b l e d peaked increase i n Adb 

shown i n F i g u r e 8. B y r e d r y i n g the film i n a v a c u u m oven ( 5 0 ° C ) , the 
pos i t ion of the first peak ( u p o n rewet t ing w i t h methano l ) was gradua l ly 
shi fted to longer times. T h e second peak posit ion was unchanged . A p p a r -
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ently , whatever was causing the early peak was be ing modi f ied or 
removed b y the a lcohol , result ing i n longer times requ i red for subsequent 
methano l addit ions to reach the unmodi f ied region of the film. 

I I I I I I I I I I I I I I I I I I I 

I 3 6 10 30 60 100 

Time after MeOH application, sec. 

Figure 8. Poly(vinyl alcohol) crosslinked: methanol interaction 

Polymer: Gelvatol 20-30 
Film thickness = 65 μ 
Frequency = 5 MHz. 

O t h e r Po lymers . O t h e r h y d r o p h i l i c po lymers also exhib i t the shear 
stiffness anomaly w h e n contacted w i t h hydrogen b o n d i n g solvents. F i l m s 
of amylose respond to water a n d d imethylsul fox ide as s h o w n i n T a b l e I I I . 
W h e n wet w i t h water , there is a comparat ive ly large increase i n attenua
t i on f o l l owed b y a s low decl ine to a l eve l p lateau. W e attr ibute this 
l eve l ing out to the comparat ive water inso lub i l i ty of retrograded amylose. 
D i m e t h y l sulfoxide is a m u c h stronger solvent for amylose than is water 
a n d the increase i n stiffness w h i c h is f o l l owed b y a r a p i d decay to zero 
indicates complete film solution as was the case w i t h water on P V A . T h e 
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peak height is lower w i t h D M S O because r a p i d so lut ion prevents at ta in 
ment of m a x i m u m stiffening effect. 

O t h e r h y d r o p h i l i c polymers i n c l u d i n g gelat in , casein, a n d polyvinyl
pyrro l idone ) a l l respond l ike P V A w h e n contacted b y water ; there is a 
r a p i d increase i n modulus f o l l owed b y film solution. 

E v e n though cellulose fiber mats are discontinuous rather than homo
geneous films, a sheet prepared f rom w e l l mascerated cellulose fibers w i l l 
exhibit this same response to water as does P V A . A more deta i led treat
ment of cellulose fiber water interactions has been g iven elsewhere ( 5 ) . 

H y d r o p h o b i c po lymers a n d films, such as paraffin w a x a n d p o l y ( v i n y l 
c h l o r i d e ) , show no change i n stiffness modulus w h e n flooded w i t h water . 
O n the other h a n d , b u t y l a l coho l on a paraffin wax film causes a s low, 
sl ight increase of stiffness modulus over a per i od of several minutes . T h e 
effect of benzene on paraffin films is s imi lar to that of methano l on P V A . 
A po ly ( v i n y l ch lor ide ) film is unaffected b y plastic izers such as d i m e t h y l 
a n d d i e t h y l phthalate over short t ime periods. H o w e v e r , P V C gives rise 
to the ultrasonic modulus anomaly w h e n contacted w i t h tetrahydrofuran, 
a strong solvent for P V C . T h e p las t i c i z ing effect of d i b u t y l phthalate o n 
polystyrene has been demonstrated b y ultrasonic impedometry ( 1 6 ) . 
N o anomalies were f ound . 

Table III. Response of Amylose Films to Wetting 
(Film Thickness: 10 μ) 

Change inAdb from dry film value 
after wetting surface with: 

Time after Wetting (sec.) Water Dimethyl sulfoxide 

0 (dry) 0 0 
2 2.1 0.8 
5 1.4 - 0 . 1 

10 1.2 - 0 . 1 
30 1.0 - 0 . 1 
oo 0.8 - 0 . 1 

Other Transient Interactions. T h e P V A / b o r a x example dealt w i t h 
the effects of surface exposure of a two-component po lymer system to a 
wet t ing l i q u i d . W e discovered a prac t i ca l example of this class of phe 
nomena i n a p las t i c i zed po ly ( v i n y l ch lor ide ) ( P V C ) system. A pecu l iar 
plast ic izer ( tetraethyl methylene bisphosphonate ) for P V C has been 
f ound (6 ) w h i c h has the unusua l property of exud ing out of P V C 
immediate ly u p o n exposure to h i g h h u m i d i t y . T h e plast ic izer q u i c k l y 
re-enters the resin w h e n the h u m i d i t y is reduced. A film of 6 0 % resin 
a n d 4 0 % plast ic izer was solvent cast f rom tetrahydrofuran onto an 
impedometer bar a n d was subjected to sudden h i g h h u m i d i t y exposure. 
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+ 2.0 

Time after moisture vapor application,sec. 

Figure 9. Resin: plasticizer: moisture interaction 

Resin: polyvinyl chloride)—Opalon 650 
Plasticizer: 40% tetraethyl methylene bisphosphonate 
A — D = See text 
Film thickness = 4 mg./cm.2 

Frequency = 5 MHz. 

T h e response obta ined is shown i n F i g u r e 9. O u r interpretat ion is : at A — 
sorption of smal l amount of moisture vapor enhances the p las t i c i z ing 
effect a n d reduces the shear r ig id i ty . A t Β—water vapor at the film 
surface draws plast ic izer out of the resin, l eav ing the film more r i g i d . 
P last ic izer can be seen a n d felt on the surface at this point . A t C — f i l m 
is losing adhesion to the quartz surface. A t D — p l a s t i c i z e r is re turn ing 
to the resin (observed) a n d film re-adheres to the surface, re turning to 
its o r i g i n a l state. 

Supplementary experiments support this interpretat ion : (a ) films 
equ i l ibrated at 5 0 % R . H . h a d lower r i g i d i t y than one equ i l ibrated at 
0 % R . H . — s u g g e s t i n g behavior at A , ( b ) film equi l ibrated at 1 0 0 % R . H . 
separated f rom quartz surface, ( c ) abrupt h u m i d i t y changes have no 
effect on P V C or the plast ic izer separately. 

A mundane example w h i c h w e inc lude for its nove l complexity is 
the effect of water w e t t i n g ord inary cel lophane adhesive tape. T h e tape 
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provides a h i g h l y complex substate (ce l lophane, plast ic izer , adhesive, 
a n d other components ) . T h e tape was pressed onto the impedometer bar 
a n d wet ted w i t h water. A complex response w o u l d be expected of a 
complex system i f the attenuation changes previous ly observed on s impler 
systems were not of t r i v i a l origin—e.g., instrument effects. T h e response 
shown i n F i g u r e 10 is qui te complex a n d reproduc ib le (par t i cu lar ly a long 
the t ime ax is ) . A double layer of type ( C u r v e B ) gave a s imi lar response 
shi fted to longer times a n d smaller ampl i tudes . W e do not pretend to be 
able to interpret the behavior dep ic ted i n F i g u r e 10, but i t is certain 
that some subtle l i q u i d - s o l i d interactions are responsible as w e l l as gross 
effects such as separation at the ce l l ophane /adhes ive interface. 

+ 3.0 

I 1 I I I I M i l l I I I I—I 

I 3 6 10 30 60 
Time after Η£θ application, sec. 

Figure 10. Cellophane tape/water interaction 

Frequency = 2.5 MHz. 

Summary and Conclusions. " S i m p l e shear is b y far the most i m p o r 
tant type of de formation i n studies of viscoelastic bodies, because [for 
example] the absence of a vo lume change facil itates interpretat ion of 
the behavior i n molecular terms , , ( 8 ) . 
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T h e sequence of events w h i c h w e have detected at ultrasonic fre
quencies w h e n h y d r o p h i l i c polymers are contacted b y strongly hydrogen 
b o n d i n g solvents involves a sharp increase i n shear stiffness f o l l owed b y 
a more or less r a p i d decrease to attenuation levels close to that of the 
solvent. 

W e attr ibute the i n i t i a l increase i n stiffness to water hydrogen b o n d 
i n g po lymer chains w i t h consequent increase i n order. T h i s stage is 
f o l l owed b y progressive solvation of the po lymer film, p last i c izat ion , a n d 
solution. W a t e r vapor produces increased organizat ion i n po ly ( v i n y l 
a l cohol ) either through cross l inking or through increased molecu lar 
mob i l i t y . T h i s is manifested b y the increased sharpness of the x-ray 
di f fraction pattern a n d b y the increased h i g h frequency shear stiffness 
of the humid i f i ed films. T h e molecular b r i d g i n g hypothesis has been 
used b y others to expla in density m a x i m a i n humid i f i ed col lagen a n d 
gelat in, the " b o u n d " water phenomena i n l i v i n g organisms, a n d the b o n d 
i n g of cellulose fibers i n papermaking . 

T h e hydrogen bonds i n l i q u i d water have an average l i fet ime of less 
than 10" 1 0 second as measured b y die lectr ic re laxat ion times (4). B u t 
the hydrogen bonds between water a n d a po lymer c o u l d exist for longer 
than 10" 7 seconds. S u c h a structure w o u l d appear "permanent" at the 
frequencies used i n the ultrasonic impedometer ( 10 7 cyc les /sec . r a n g e ) , 
a n d should demonstrate a measurable shear stiffness at these frequencies. 

T h e case for increased organizat ion i n hydrophob i c films caused b y 
nonhydrogen-bonding solvents is not as w e l l documented . It is diff icult 
for us to see h o w benzene can increase the shear modulus of paraffin w a x 
or h o w tetrahydrofuran can do the same for po ly ( v i n y l c h l o r i d e ) . It is 
possible that w e are dea l ing w i t h a v a n der W a a l s b o n d i n g i n swol len 
polymers i n these cases but m u c h more evidence w o u l d be needed before 
a definite theory can be advanced . 

T h e use of the shear-reflectance impedometer has permit ted us to 
observe polymer-solvent interactions i n t h i n films a n d to monitor transient 
effects w h i c h are not readi ly accessible b y other techniques. T h i s sug
gests that this technique c o u l d be a p p l i e d to the study of polymer-solvent 
interactions i n other re lated research areas such as the dif fusion of 
solvents into films, phys i ca l effects at p igment -po lymer surfaces, or the 
nature of the interface between l i v i n g ce l l surfaces a n d aqueous media . 
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Blood/Material Interface Problems 
Confronting Artificial Heart Development 

F R A N K W. HASTINGS 

National Heart Institute, Bethesda, Md. 20014 

The Artificial Heart Program of NIH has 15 contracts trying 
to discover materials compatible with blood. We know that 
foreign materials become coated with adsorbed protein 
within a few seconds after being exposed to blood and that 
the clotting process does not begin until some time later. 
Hageman factor is activated at the blood/material inter
face, but how and why this leads to clotting is not clear. 
Other proteins may be involved. Blood agitated in contact 
with foreign material will hemolyze, perhaps days later. 
The surfaces of blood vessels in contact with blood have a 
"slime layer" that contains heparinoid complexes, the func
tion of which is not understood. Hydrogels, which simulate 
this layer, show promise. Related to these programs is 
the need for better methods for determining protein 
denaturation. 

" p r o b a b l y the most serious technica l obstacle standing i n the w a y of 
the development of satisfactory b l o o d p u m p s of m a n y varieties is the 

b l o o d / m a t e r i a l interface prob lem. There is no mater ia l today w h i c h has 
been proven to be satisfactori ly compat ib le w i t h b lood . T h i s is not a 
p r o b l e m that can be solved b y the physic ians a n d hematologists alone 
but must be solved b y a team effort i n v o l v i n g these ind iv idua l s a n d also 
the p h y s i c a l a n d po lymer chemists a n d others whose expertise is p e r i 
od i ca l ly required . Recogn iz ing the enormity of this p r o b l e m the A r t i 
ficial H e a r t Program of the N a t i o n a l H e a r t Institute has established 
several projects i n this field. These projects inc lude the f o l l o w i n g : 

( 1 ) At tempts to develop more stable a n d more satisfactory h e p a r i n 
surfaces o n various polymers. 

( 2 ) Studies at tempt ing to develop materials w i t h very l o w surface 
free energy. 
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(3 ) At tempts to develop polyelectrolyte complex resins i n the f o rm 
of hydrogels w h i c h w o u l d be compat ib le w i t h b lood . 

(4 ) Attempts to develop po lymer i c hydrogels w h i c h w o u l d be c o m 
pat ib le w i t h b lood . 

(5 ) At tempts to develop n e w base polymers w h i c h are more c o m 
pat ib le w i t h b lood . 

(6 ) At tempts to develop silicones w h i c h are more compat ib le w i t h 
b lood . 

( 7 ) At tempts to develop p o l y m e r i c electrets w i t h negat ive ly charged 
surfaces w h i c h are more compat ib le w i t h b lood . 

There are a number of projects to study the effects that result f r o m 
the contact of b l o o d w i t h some of these fore ign materials . T h e last group 
is p robab ly the most c r i t i ca l group. There is no satisfactory in-vitro test 
for b l ood /mater ia l s compat ib i l i ty , nor is there a complete ly satisfactory 
in-vivo test. It is possible that there is sufficient in format ion avai lable 
today f u l l y to define the p r o b l e m i f it c o u l d be organized proper ly . It 
m i g h t then be possible to place more emphasis on areas a n d techniques 
of importance . M a n y of the materials that are be ing tested today do look 
promis ing w i t h the tests that are avai lable . Investigators cont inue to find 
more a n d more materials w h i c h do not clot b l o o d w h e n passed i n test 
tubes made of these materials for l ong periods of t ime, w e l l b e y o n d the 
t ime n o r m a l l y r equ i red for c lo t t ing resul t ing f rom the act ivat ion of H a g e -
m a n factor. 

W h a t is some of the in format ion that w e have today? I n the first 
p lace m u c h of the in format ion avai lable today is inconclusive a n d s t i l l 
more theoret ical than factual . F o r example, w e k n o w that b l o o d prac 
t i ca l l y never clots i n direct contact w i t h a foreign mater ia l . T h a t statement 
a lways requires c lari f icat ion. W e k n o w that foreign materials become 
coated w i t h adsorbed prote in w i t h i n a very few seconds after be ing 
exposed to b l o o d a n d that the c lo t t ing process does not beg in u n t i l some 
t ime after that occurs. H o w m a n y steps there are between the prote in 
contact w i t h a foreign mater ia l a n d the actual c lot t ing of b l o o d is some
w h a t speculative, bu t certainly there is good evidence that H a g e m a n 
factor, one of the proteins i n the b lood , is act ivated as a result of this 
b l o o d / m a t e r i a l contact a n d this act ivated H a g e m a n factor, i n t u r n , 
initiates a c h a i n react ion w h i c h results i n the conversion of fibrinogen to 
fibrin, the matr ix of b l o o d clots. W e k n o w that the H a g e m a n factor i n 
b lood , i f i t becomes adsorbed o n a surface, certainly does not r e m a i n 
fixed there. It is even possible that the act ivat ion of H a g e m a n factor 
results f rom the act ivat ion of some other prote in w h i c h does r e m a i n more 
firmly attached to the mater ia l , but this has not been demonstrated. 
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W h a t actual ly happens i n the act ivat ion of H a g e m a n factor? Is i t a 
chemica l reaction? W e k n o w that H a g e m a n factor can be act ivated 
a n d c lo t t ing s t i l l prevented as a result of the add i t i on of oxylate or citrate 
to the b l ood to t ie u p the c a l c i u m ion . T h i s b l o o d conta in ing act ivated 
H a g e m a n factor can then be a l l owed to stand for a per i od of t ime a n d 
the H a g e m a n factor w i l l be deact ivated. W h a t e v e r the react ion that is 
invo lved , therefore, i t is a reversible react ion a n d probab ly does not 
require any apparent chemica l resynthesis. 

Since H a g e m a n factor is thought to be he l i ca l i n f o rm, as is true 
w i t h other b l ood proteins, it is possible that the adsorpt ion forces between 
it a n d the surface result i n an un fo ld ing of the hel ix w i t h exposure of 
certain active sites w h i c h i n t u r n init iate the c lo t t ing of b lood . T h i s seems 
l ike a reasonable theory, but of course at this stage can be considered 
noth ing more than that. 

W h a t happens to the other proteins that are adsorbed on foreign 
materials? W e k n o w that m a n y proteins are qui te firmly b o u n d to the 
surface a n d that i t is difficult to w a s h some of these off. W e also k n o w 
that m a n y of these proteins have definite b io log i ca l funct ion other than 
mere ly osmotic act iv i ty . W e also k n o w that the strength of these adsorp
t i on forces varies w i t h different proteins, but apparent ly a d y n a m i c state 
exists w i t h proteins be ing adsorbed, desorbed, a n d n e w proteins adsorbed. 
It w o u l d seem quite co inc identa l i f H a g e m a n factor were the only one of 
these proteins that altered its b io log i ca l funct ion as a result of this adsorp
t i on a n d desorption. It seems qui te obvious that materials w h i c h are 
compat ib le w i t h b l o o d must not apprec iab ly alter any of the v i t a l b l o o d 
proteins. 

H e p a r i n has been ion i ca l ly b o n d e d to surfaces for some t ime a n d 
more recently it has been co-valently b o n d e d to various materials. Some 
of these surfaces are quite stable a n d the hepar in remains on the surface 
i n h i g h concentration for long periods of t ime. There is no longer any 
doubt that hepar in surfaces per se re tard c lo t t ing a n d do not require that 
the hepar in be i n so lut ion at the surface to accompl i sh this. T h e hepar in 
o n the surface retards c lot t ing a n d its act ion i n d o i n g this m a y be some
w h a t different than its act ion w h e n i n solution. Proteins , however , are 
s t i l l adsorbed onto hepar in surfaces a n d the adsorpt ion is fa i r ly strong. 
T h e fact that H a g e m a n factor is not apparent ly act ivated b y these 
hepar in surfaces does not necessarily m e a n that other proteins are not 
altered. A g a i n at this t ime our in format ion is far f rom conclusive o n 
this subject. 

W e k n o w that b l ood that has been i n contact w i t h foreign materials 
a n d agitated under these condit ions hemolyzes. W e k n o w that some of 
this hemolysis or destruct ion of the r e d cells takes place because of 
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abnormal flow condit ions w i t h i n the p u m p i n g devices. W e also k n o w 
that some of these condit ions that seem to destroy b l o o d i n b l o o d pumps 
a n d oxygenators exist i n the body a n d do not cause hemolysis there. W e 
k n o w that the mater ia l itself apparent ly plays some role i n this hemolysis , 
but the extent of this role is not altogether clear. T h e r e is also evidence 
that some of the adverse effects on the r e d b l o o d ce l l do not result i n 
destruct ion of the ce l l at that t ime, but that this m a y occur days later. 
D i r e c t contact w i t h a foreign mater ia l apparent ly shortens the l i fe of r e d 
cells. There is also some evidence that r e d cells w h i c h have been i n 
contact w i t h a foreign mater ia l do not funct ion i n the transport of C 0 2 

a n d 0 2 as w e l l as they normal ly do. M u c h of this in format ion is s t i l l 
poor ly understood, to say the least, but again there does appear to be 
some reaction between the foreign mater ia l a n d the r e d b l o o d ce l l . T h e 
materials themselves are noted for the fact that they are usual ly c h e m i 
ca l ly inert so the interact ion between the r e d ce l l a n d foreign mater ia l is 
probab ly not a chemica l react ion i n the usua l sense of the term. A g a i n 
i t m a y be that proteins i n the w a l l of the r e d ce l l m a y be affected i n m u c h 
the same w a y as H a g e m a n factor a n d possibly other b l o o d proteins are 
affected. 

W e also k n o w that patients w h o have been kept on oxygenators for 
long periods of t ime develop problems w h i c h are poor ly understood but i f 
these problems are a l l o w e d to cont inue they inev i tab ly result i n death. 
A n i m a l s that are put on total heart replacement us ing an art i f ic ia l heart 
p u m p also d ie eventual ly w i t h some very poor ly understood physio log ic 
changes. These changes may w e l l result f rom denatured enzymes a n d 
hormones w i t h i n the body. 

T h e changes that take place seem to differ somewhat depending on 
whether the b l o o d mere ly passes over a foreign mater ia l or whether it is 
act ive ly p u m p e d b y a foreign mater ia l . It is possible that the c o m b i n e d 
act ion of the adsorpt ion forces of prote in on foreign surfaces a n d the 
forces created b y the flexing d i a p h r a g m m a y exceed some of the forces 
of the chemica l bonds, causing rupture of prote in chains a n d b r e a k d o w n 
of some of these proteins to polypept ides . These polypept ides m a y pass 
through cap i l lary wal ls into the extravascular spaces upsett ing the 
osmotic e q u i l i b r i u m a n d creat ing some of the edema that is f requent ly 
seen under these circumstances. A g a i n , i t appears that the degree of 
dif f iculty that arises f rom use of oxygenators, art i f ic ial k idneys , art i f ic ial 
b l o o d pumps a n d the l ike is dependent on the amount of b l o o d c o m i n g 
i n contact w i t h a foreign mater ia l . T h u s , oxygenators w h i c h are used to 
oxygenate the entire " card iac " output can be used for only a few hours 
w h i l e i f on ly a tenth of the cardiac output is oxygenated this per i od of 
t ime can be greatly extended. A r t i f i c i a l k idneys w h i c h a l l ow on ly a 
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fract ion of the total minute vo lume of the heart to pass through t h e m c a n 
also be used for l ong periods of t ime. C a r d i a c assist pumps seem to 
develop dif f iculty i f they p u m p a very large fract ion of the tota l cardiac 
output for long periods of t ime. 

It might be wise at this t ime to take a q u i c k look at the idea l surface, 
the surface of b l o o d vessels. T h e immediate surface i n contact w i t h b l o o d 
is somewhat of a "s l ime layer" w h i c h contains hepar ino id complexes. 
T h e concentrat ion of these hepar ino id complexes, however , is not h i g h 
a n d it is not c lear ly understood h o w important they are. It is because 
of the existence of this "s l ime layer" that hydrogels were expected to show 
promise, the theory be ing that i t w o u l d be difficult for prote in to be 
adsorbed onto a surface w h i c h was 80 to 9 0 % water a n d , since the pro te in 
w o u l d not be w e l l adsorbed, denaturat ion m i g h t be m i n i m i z e d . These 
hydrogels that have been tested to date have not been quite as encourag
i n g as h a d been h o p e d but this is not altogether the fault of the materials 
themselves. There is certainly hope that as t ime goes on a n d more w o r k 
has been accompl ished i n this field that w e can learn whether these 
hydrogels do i n fact have promise. 

A l l of this tends to indicate that w e m a y be m a k i n g a mistake w h e n 
w e look only at the c lot t ing p r o b l e m resul t ing f rom the b l o o d / m a t e r i a l 
interact ion. T h i s m a y merely be a very v is ib le effect of the denaturat ion 
of one par t i cu lar prote in i n the b lood . T h e solut ion of the c lo t t ing p r o b 
l e m m a y very w e l l on ly a l l ow us to recognize the fact that other factors 
are i n v o l v e d a n d that we have fa i l ed to look at the to ta l p icture . 

T w o programs m a y be r e q u i r e d : (1 ) development of better methods 
for determining the denaturat ion of prote in a n d (2 ) development of 
materials w h i c h are satisfactori ly compat ib le w i t h b lood . T h e former is 
a very difficult p r o b l e m w h i c h m a y almost prove to be insurmountable 
for m a n y years. W e k n o w that the b i o l og i ca l funct ion of some of the 
enzymes i n the body can be altered b y very minor changes of certa in 
c r i t i c a l side chains a n d that w e do not have good tests for this b i o l og i ca l 
funct ion for m a n y enzymes. In-vivo testing is difficult since the b o d y is 
cont inuously t r y i n g to correct the abnormalit ies w h i c h it sees. F o r ex
ample , the leve l of p lasma hemoglob in i n the body is determined i n part 
b y the body's ab i l i t y at that moment to remove the p lasma hemog lob in 
f rom the b l ood a n d this ab i l i t y varies considerably f rom t ime to t ime as 
a result of factors that are only par t ia l l y understood. T h e same is t rue 
w i t h the infusion of a ltered proteins. T h e b o d y w i l l remove them a n d 
replace them just as r a p i d l y as it possibly can a n d its ab i l i t y to do this 
w i l l vary as a result of m a n y factors that w i l l p robab ly be on ly par t ia l ly 
understood for m a n y years. T h e development of materials w h i c h are 
t r u l y compat ib le w i t h b l ood is also very difficult. O n e of the first problems 
i n ach iev ing this, of course, is to determine w h a t is incompat ib le about 
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presently avai lab le materials . O n the other h a n d , only as a result of 
deve lop ing better materials are some of the more subtle problems recog
n i zed . There must, therefore, be a constant exchange of in format ion 
between these groups. 

There obv ious ly is a great need for the chemists i n the nat ion to 
w o r k i n this field f r om m a n y points of v iew. 

R E C E I V E D October 27, 1967. 
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Characteristics of Heparinized Surfaces 

R. D. F A L B , G. A. GRODE, M . T. TAKAHASHI , and R. I. L E I N I N G E R 

Battelle Memorial Institute, Columbus, Ohio 43201 

Heparin can be attached to a variety of surfaces by means 
of complex formation with quaternary ammonium salts. 
Depending on the method used to attach heparin, the result
ing surfaces may or may not release heparin when contacted 
with blood plasma. The removal of heparin from surfaces 
by plasma protein fractions was studied and it was found 
that alpha-globulins removed greater amounts than any other 
fraction. Heparinized surfaces adsorb proteins when ex
posed to blood or plasma. However, with the possible excep
tion of thrombin, there is no consistent pattern of protein ad
sorption which can be related to their nonthrombogenicity. 

T T e p a r i n has been chemica l ly b o n d e d to a number of polymers to pro -
duce surfaces w h i c h do not cause coagulat ion of contacted b l o o d 

(5 , 6, 7 ) . T h e nonthrombogenic i ty of these surfaces has been demon
strated bo th i n in vitro tests a n d i n a l i m i t e d n u m b e r of in vivo exper i 
ments. B o n d i n g of hepar in to these polymers has been effected through 
complex format ion w i t h quaternary a m m o n i u m groups covalent ly at
tached to the surfaces. Because of the potent ia l uses of these materials 
i n the cardiovascular system, i t is essential that they reta in their n o n 
thrombogenic i ty d u r i n g pro longed exposure to b l o o d a n d that they do 
not cause damage to b l o o d elements. 

T h e permanency of the b o n d e d hepar in on a number of selected 
po lymer systems has been measured us ing rad io labe led hepar in ( 3 5 S ) . 
It has been f o u n d that the loss of hepar in after pro longed exposure to 
d i s t i l l ed water a n d isotonic saline at 37 ° C . is almost negl ig ib le for hepa 
r i n i z e d po lypropylene , si l icone rubber , a n d H y d r i n rubber . O n the other 
h a n d , po lypropy lene loses 7 0 % of its o r ig ina l ly b o u n d hepar in after 
exposure to p lasma for three hours. H y d r i n rubber a n d si l icone rubber 
lose on ly f r om 0 to 5 % . T h e loss of hepar in o n the po lypropy lene m a y 
be at tr ibuted to displacement of the hepar in molecules b y a prote in or 
combinat i on of proteins. A series of experiments was per formed i n w h i c h 
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the removal of hepar in f rom po lypropy lene b y a series of p lasma proteins 
was measured. T h e proteins were dissolved i n buffered phys io log i ca l 
saline a n d contacted w i t h the hepar in i zed surfaces for 30 minutes i n a 
static system at 25 °C . A f t e r the exposure per iod , the surfaces were 
r insed , d r i ed , a n d recounted. Techniques for prepar ing a n d determining 
amounts of surface-bonded hepar in b y radioisotope labe l ing have been 
descr ibed i n a previous p u b l i c a t i o n ( 3 ). T h e results of this present study 
are shown i n T a b l e I. 

Table I. Removal of Heparin from Polypropylene 
by Individual Proteins 

Protein Concentration mg./ml. Percent Loss 

y-globulin" 10.0 54 
a-globuline 4.0 92 
^-globulin* 4.0 56 
Fibrinogen6 3.6 64 
Hageman factorc 0.01 64 
Albumin* 20.0 59 

a Cohn fractions ( bovine ). 
6 Obtained from Gallard-Schlessinger, 95% clottable (bovine). 
c Purified 5000 times from bovine plasma. 

It can be seen that α-globulin removes more hepar in than do any of 
the other p lasma proteins. T h e reason for the loss of hepar in f r om the 
po lypropy lene surface a n d not f rom the si l icone rubber is not understood 
since the same chemica l reactions are used to effect b o n d i n g to b o t h 
polymers . 

T h e stabi l i ty of the h e p a r i n / a m i n e complex is affected b y the struc
ture of the amine. A series of studies has been per formed i n w h i c h the 
effect of amine structure on hepar in b o n d i n g a n d retent iv i ty was measured 
b y radioisotope techniques. T h e results ind i ca ted that quaternary ammo
n i u m salts are more effective i n b i n d i n g hepar in than are p r i m a r y , sec
ondary, a n d tert iary amines, a n d that amines conta in ing a l i cyc l i c or 
aromatic structures are more effective i n b i n d i n g hepar in than are those 
conta in ing only straight chains ( 2 ) . A study was also made on rat io of 
the n u m b e r of surface quaternary a m m o n i u m sites to the n u m b e r of 
hepar in tetrasaccharide units w h i c h were bound . I n this study, si l icone 
rubber a n d po lypropy lene surfaces were aminated w i t h t r i t ia ted d i m e t h y l -
ani l ine a n d p y r i d i n e accord ing to prev ious ly descr ibed techniques (7 ) 
a n d then hepar in i zed w i t h 3 5 S hepar in . T h e relat ive amounts of amines 
a n d hepar in were determined b y sc int i l lat ion count ing ( 3 ) . Results f rom 
this study are presented i n T a b l e I I . 
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Table II. Ratio of Number of Amine Sites to Amount of Bound Heparin 

Moles Moles 
Alkylated Moles Heparin 
Dimethyl- Alkylated Tetrasac- Ratio of 

aniline Pyridine charide Dimethyl- Ratio of 
per cm.2 per cm.2 per cm.2 aniline Pyridine 

Surface X 109 X 109 X 109 to Heparin to Heparin 

Styrene-grafted 6.'51 0.607 10.8/1 8.8/1 
polypropylene 

Styrene-grafted 2.57 0.294 
polypropylene 

Silicone rubber 15.2 3.03 5.0/1 6.3/1 
Silicone rubber 18.5 2.82 
Styrene-grafted 55.7 4.74 11.8/1 15.5/1 

silicone rubber 
Styrene-grafted 59.4 3.84 

silicone rubber 

F r o m the above data it m a y be seen, first of a l l , that the ratio of 
amine sites to h e p a r i n tetrasaccharide units is affected b y the type of 
surface to w h i c h these groups are attached. T h i s m a y be o w i n g to the 
conformation of the surface. A microscopica l ly rough surface w o u l d 
prevent complete association of a l l of the amine sites w i t h hepar in sulfate 
groups because of the large size of the hepar in molecule. T h e data also 
show that m a n y amine groups are necessary to b i n d a hepar in tetra
saccharide unit . E a c h of these units contains seven negatively i on i zed 
groups, a n d thus the theoretical ratio of amine sites to tetrasaccharide 
units w o u l d be 7 / 1 . A s can be seen f rom T a b l e I I , the experimental ly 
obta ined ratios range f rom 5 / 1 to 1 5 / 1 . A s a corol lary experiment, the 
ratio of hepar in tetrasaccharide units to the number of moles of free quat 
ernary a m m o n i u m salts was determined i n solution b y e q u i l i b r i u m dialysis 
experiments. T h e results showed that the ratios of p h e n y l t r i m e t h y l -
a m m o n i u m iodide a n d m e t h y l p y r i d i n i u m iod ide to hepar in tetrasaccha
r ide units were respectively 3 .3 /1 a n d 3 .0 /1 . T h e lower values obta ined 
f rom solut ion indicate that i t is u n l i k e l y that a l l the quaternary a m m o n i u m 
sites on the po lymer surface are complexed w i t h an anionic site on the 
hepar in molecule . 

T h e mechanism b y w h i c h hepar in i zed surfaces m a i n t a i n their n o n 
thrombogenic i ty has been investigated b y a number of exper imental 
techniques. T h e evidence indicates that the absence of c lo t t ing i n in 
vitro experiments is not caused b y hepar in release into the b l ood because 
n o r m a l c lot t ing occurred i n hepar in i zed vessels to w h i c h either tissue 
thromboplast in or an act ivat ing surface such as k a o l i n was added. I n 
add i t i on , a number of surfaces w h i c h contained large amounts of hepar in 
caused c lot t ing i n contacted b lood . These surfaces presumably d i d not 
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have a u n i f o r m cover ing of hepar in a n d the unhepar in i zed portions of 
the surface caused act ivat ion of the contact system. If the mechanism b y 
w h i c h hepar in i zed surfaces mainta ined fluidity of contacted b l o o d was 
mere ly the release of hepar in into the b lood , one w o u l d expect that any 
hepar in -conta in ing surface w o u l d be nonthrombogenic . 

A n important factor i n the interact ion of foreign surfaces w i t h b l o o d 
is the r a p i d adsorpt ion of p lasma proteins onto such surfaces w h e n they 
are exposed to b l o o d ( 4 ) . F o r this reason the adsorpt ion of rad ioact ive ly 
tagged b l ood components on hepar in i zed a n d unhepar in i zed surfaces 
was measured. Proteins were dissolved i n approximate phys io log ica l 
concentrations i n a buffered ( p H 7.35) phys io log ica l saline solut ion a n d 
the solutions were exposed to the test surfaces for 2 hours at 37 ° C . i n a 
static system. A f t e r the exposure, the surfaces were r insed w i t h phys io 
l og i ca l saline a n d d i s t i l l ed water a n d then dr i ed . T h e amount of prote in 
on the surfaces was determined i n a 2?r-gas flow proport iona l counter ( 7 ) . 
A s shown i n T a b l e I I I , a l though bo th hepar in i zed surfaces were n o n 
thrombogenic , there is no consistent pattern of either increased or de
creased adsorpt ion of the proteins caused b y the hepar in izat ion . I n -

Table III. Ratio of Adsorption of Proteins on Heparinized 
Surface to Unheparinized Surface 

Concentration 
Protein mg./ml. Silicone Polypropylene 

Fibrinogen" 3.8 1.3 1.6 
γ-globulin 10.0 0.86 1.6 
^-lipoprotein 4.0 0.70 1.4 
a-Hpoprotein 4.0 4.5 0.9 
α-globulin 4.0 0.78 1.43 
Human serum albumin 20.0 0.65 1.2 
Thrombin 0.1 24 3.8 
Hageman factor 0.01 — 1.7 
a Source of all proteins same as in Table I. 

creased adsorpt ion on bo th hepar in i zed surfaces was seen on ly w i t h 
fibrinogen a n d thrombin . W i t h hepar in i zed sil icone rubber , the increase 
i n adsorpt ion of t h r o m b i n was very great. T h u s , the absence of c lot t ing 
i n b l o o d exposed to hepar in i zed surfaces appears not to be associated 
w i t h differences i n prote in adsorption. A possible explanation for their 
nonthrombogenic i ty m a y be that they do not cause act ivat ion of H a g e m a n 
factor a n d thus coagulat ion via the intr ins ic p a t h w a y ( I ) is not in i t iated . 
I n experiments per formed at Batte l le w i t h pur i f ied H a g e m a n factor, i t 
was f ound that exposure to hepar in i zed surfaces caused no increase i n 
the amount of act ivated H a g e m a n factor. Exposure to an unhepar in i zed 
surface, on the other h a n d , caused p a r t i a l act ivat ion of the H a g e m a n 
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factor preparat ion. T h e results were compl i cated b y the fact that a 
quaternary a m m o n i u m surface ( w h i c h was also thrombogenic ) caused 
no apparent act ivat ion of H a g e m a n factor. T h u s , further w o r k must be 
done before more definite conclusions can be d r a w n . W o r k is n o w i n 
progress on the adsorpt ion of other coagulat ion factors onto hepar in i zed 
surfaces a n d on the effect of exposure to hepar in i zed surfaces on the 
effect of exposure to hepar in i zed surfaces on c lot t ing factor act iv i ty . 

Conclusion 

It has been shown that hepar in i zed surfaces can be made w h i c h lose 
either no hepar in or extremely smal l amounts of hepar in u p o n exposure 
to p lasma. These surfaces adsorb proteins a n d w i t h the exception of 
t h r o m b i n , there is no consistent pattern of prote in adsorpt ion w h i c h can 
be re lated to their nonthrombogenic i ty . 
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Heparin Bearing Coatings or Surfaces: 
Quantitative Relations 

L Y M A N FOURT, A. M . SCHWARTZ, R. H . B E C K E R , and 
E I L A O. KAIRINEN 
Harris Research Laboratories, Division of Gillette Research Institute, Inc., 
1413 Research Boulevard, Rockville, Md. 20850 

The amounts of heparin removed from solution, and of 
heparin adsorbed on cationic surfaces, were determined 
using 35S labelled heparin. The averages agree in order of 
magnitudes but the surface shows large local variation, con
firmed by autoradiographs. Initial strike effects do not level 
out in 48 hours exposure to aqueous heparin solution. How
ever, uniform heparin deposit is obtained by dipping the 
cationic surface at a steady rate. Minimum heparin loading 
for anticoagulant effect (clotting time longer than 100 
min.) approximates 0.3 μg./cm.2 for graphite-benzalkonium
-heparin and polyvinylpyridine-heparin surfaces, and also for 
cellulose nitrate lacquers containing benzalkonium-heparin 
complex. Electrolyte in the heparin solution reduces the 
amount adsorbed, with greater effect on polyvinylpyridine 
than on graphite-benzalkonium surfaces. 

' T p h e discovery b y Got t , W h i f f en, a n d D u t t o n (4) that hepar in adsorbed 
u p o n a sui tably receptive surface c o u l d prevent b l o o d f r om c lo t t ing 

has insp i red m u c h w o r k on the preparat ion of hepar in bear ing plast ic 
surfaces. Coagu la t i on tests, in vitro or in vivo, t end to be "go-no go" 
tests a n d have se ldom been used to determine quant i tat ive relations be
tween the amount of hepar in on the surface, the mechanism of b i n d i n g to 
the surface, a n d the anticoagulant effectiveness. Quant i ta t ive data are 
needed to give evidence on the theoret ical quest ion, whether hepar in 
in t roduced on a surface acts there, or b y going into solut ion; a n d the 
prac t i ca l questions, of the most suitable modes of b i n d i n g hepar in to a 
surface for l ong term in vivo effectiveness a n d for fabr i cat ion of prosthetic 
systems. 

186 
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E a r l i e r quant i tat ive estimates of the amount of h e p a r i n i n i t i a l l y 
present on anticoagulant surfaces are summar ized i n T a b l e I. These 
estimates should be regarded as ind i ca t ing orders of magni tude rather 
than precise measurements. 

Table I. Reported Amounts of Heparin on Anticoagulant Surfaces 

Heparin 
Surface Method lig'/cm* Reference 

Graphite-benzalkonium 3 5 S , direct 3 or less 10,11,12 
Chemical , depletion 0.24 3 
3 H , direct 2 6,7 
3 H , direct 3 t o i 5 
3 5 S , direct 1.6 2 

Cation grafted to silicone 3 5 S , direct 1 to 15.7 2 
rubbers or polypropylene 

Polyvinylpyridine Chemical , depletion 3 3 
Cellulose, ethyleneimine 3 H , direct 4 to 700 6,7 

Materials 

Heparin Bearing Surfaces. G B H . G r a p h i t e - b e n z a l k o n i u m surfaces 
( G B ) have been treated w i t h sod ium hepar in to make the graphite -
benza lkon ium-hepar in ( G B H ) surfaces descr ibed b y G o t t ( 4 ) . T h e 
graphite ( D a g 154, Acheson Co l l o ids , 1 part , p lus 3 parts e thy l a lcohol ) 
was a p p l i e d to films of polyester ( M y l a r ) b y pa int ing , spray ing , or d i p 
p i n g a n d dra in ing . 

P V P Y R H P o l y - 4 - v i n y l p y r i d i n e ( P V P y r ) prepared b y convent ional 
persulfate cata lyzed po lymer izat i on was dissolved i n e thy l a lcohol or 
m e t h y l Cel loso lve (2 to 3 % solut ion) for app l i ca t i on to polyester film 
substances. These films adsorb hepar in f r om solutions of s od ium h e p a r i n 
to produce anticoagulant surfaces ( P V P y r H ) . F i l m s were pa in ted on , 
or spread b y kni fe coat ing. 

C B H . T h e spar ingly water soluble c o m p o u n d of h e p a r i n w i t h a n 
organic base ( B H ) , such as benzalkonium—e.g. , " Z e p h i r a n " ( W i n t h r o p ) 
or ce ty l t r i m e t h y l a m m o n i u m bromide or octadecyl amine can be d i s 
solved i n e thy l a l coho l a n d m i x e d w i t h an organic po lymer matrix—e.g., 
co l lod ion i n ether a n d a lcohol (4). Such lacquer mixtures are designated 
C B H . 

Methods 

Adsorption Studies. S A C K S . G B or P V P y r surfaces were made into 
flat sacks, sealed on three sides b y a heat seal ing polyester film coated 
w i t h a polyolef inic adhesive ( S e a l - L a m i n , Seal Inc. , Shelton, C o n n . ) . T h e 
fourth side was s imi lar ly sealed after in t roduc ing the solut ion conta in ing 
hepar in l eav ing a n air b u b b l e enclosed. S u c h flat sacks, w i t h two coated 
faces each 12 X 12 c m . (288 c m . 2 for adsorpt ion) a n d over a l l dimensions 
of 14 X 14 cm. were h e l d between flat discs at a spac ing such that the 
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enclosed air b u b b l e w o u l d trave l around the inside edge, tak ing u p about 
1 /3 of the enclosed vo lume , thus s t i r r ing the contents w h e n the disc 
assembly was rotated. A n assembly of sacks a n d discs was rotated i n a 
thermostat for 20 hours or longer. T h e sacks were par t ia l l y opened b y 
s n i p p i n g off one corner, dra ined , a n d r insed , then opened b y s l i t t ing 
a long the sealed edges. 

D I P P E D F I L M S . Short term adsorpt ion effects were examined b y d i p 
p i n g films, coated onto one or b o t h sides of a polyester sheet, into h e p a r i n 
solutions. Insertion a n d removal was either b y h a n d or i n special cases 
b y a constant rate mechanism. T h e films were let hang w i thout s t i rr ing 
i n the solut ion for an in terva l after d i p p i n g . N a r r o w containers were 
used to m i n i m i z e vo lume of solut ion requ ired . 

Determination of Heparin. C H E M I C A L . Modi f i cat ions of the methods 
of W a r r e n a n d W y s o c k i (9 ) a n d Bass iouni ( I ) were used. W h e r e p l a s m a 
or b l ood was not invo lved , a direct t i t rat ion of the hepar in w i t h azure A , 
either measur ing the dye remova l or redisso lv ing the precipitate , was used. 

R A D I O T R A C E R . H e p a r i n labe l led on the N-sul fate w i t h 3 5 S was 
obta ined f rom C a l b i o c h e m C o . Specific ac t iv i ty was 0.65 m c . / g r a m s , 
140 U h e p a r i n / m g . T h i s c ou ld be counted i n a l i q u i d sc int i l lat ion system, 
to determine deplet ion f r om solution. Internal standards of 1 4 C c o m 
pounds were used to determine efficiency. T h e labe l l ed hepar in adsorbed 
on a surface c o u l d be counted on a 2 X 2 c m . or 1 i n c h diameter por t ion 
supported on a p lanchet i n a gas flow Ge iger counter. A ca l ibrat ion 
curve was prepared b y evaporat ing k n o w n amounts of labe l l ed hepar in 
o n a s imi lar area of the adsorbing surface. T h e ca l ibrat ion curve was 
l inear over a greater range, a n d w i t h a h igher count per m i c r o g r a m of 
labe l l ed hepar in , for P V P y r surfaces than for G B surfaces, w h i c h i n d i 
cates more absorpt ion of rad iat ion b y the graphite layer. 

A U T O R A D I O G R A P H S . T h e surfaces bear ing adsorbed labe l l ed h e p a r i n 
were d r i e d , then p laced i n direct contact w i t h " N o Screen" x-ray film 
( K o d a k N S - 2 ) . T h e adsorpt ion sacks c o u l d be opened on three sides, 
then two film sheets inserted so that autoradiographs of b o t h surfaces 
c o u l d be obtained. "Register" of the two films was established b y m a k i n g 
ident i f y ing notches after assembly. D a r k e n i n g was seen only on the side 
i n contact w i t h hepar in , ind i ca t ing that a l l the 3 5 S beta rad ia t i on was 
absorbed i n the film a n d its cellulose acetate base, total thickness 9 mi ls . 
Tr ia l s w i t h the planchet counter show that a 5 m i l polyester film reduces 
the count to 6 to 7 % of that w i t h d irect exposure; w i t h a representative 
P V P y r film on polyester the count falls to 4 % , a n d w i t h a G B film o n 
polyester, to 1.6%. H e n c e , even i n autoradiographs w i t h adsorpt ion of 
h e p a r i n on bo th surfaces, the effect observed is more than 9 0 % f rom the 
adjacent surface. Autoradiographs show no effect, w i t h i n the t ime of 
exposure used, of labe l led hepar in adsorbed on a polyester control , 
a l though a smal l adsorpt ion can be detected b y direct planchet count ing . 
T h e autoradiographs were made at different stages i n the decay of the 
3 5 S ; the exposure times therefore var ied , i n order to obta in the pattern, 
f r om 3 to 45 days. 

D Y E I N G O F H E P A R I N O N P V P Y R . T h e transparent films of p o l y v i n y l -
p y r i d i n e permi t demonstrat ion of the presence of hepar in , a n d some 
judgment of the un i f o rmi ty of adsorpt ion, b y staining w i t h a basic dye 
such as to lu id ine b lue or azure A , w h i c h combine w i t h hepar in to f o rm 
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re lat ive ly insoluble compounds. A P V P y r film stained w i t h either dye is 
fa int ly b lue ; i f hepar in has been absorbed, a redd ish color appears i n 
m u c h greater strength. T h e redness (metachromatic effect) indicates 
that this is the c o m p o u n d of the d y e w i t h hepar in . Some hepar in also 
leaves the surface a n d forms a precipitate i n the solution. 

C O A G U L A T I O N T E S T S . F r e s h , c i trated n o r m a l "non-contact ac t ivated" 
h u m a n p lasma, used w i t h i n 6 hours of d r a w i n g the b lood , was used 
throughout unless special ly ind icated . T h i s was platelet r i c h p lasma. 
T h e p lasma was kept i n an ice b a t h u n t i l just before use, w h e n it was 
w a r m e d i n smal l lots to room temperature. A l l h a n d l i n g a n d tests were 
conducted i n plast ic (polystyrene, polyethylene, po ly ( v i n y l ch lor ide ) ) or 
i n s i l i conized glass unless specif ically noted. T h e first 5 m i l of b l o o d was 
d iscarded, to m i n i m i z e tissue or t raumat ic influence. T y p i c a l recalc i f ica-
t i on c lott ing t ime i n plastic was 20 minutes ; i n glass, 8 minutes ; i n glass 
w i t h 5 minutes of del iberate act ivat ion b y r o l l i n g as a film on the glass 
w a l l before recalci f ication, 3 minutes , showing that the contact act ivat ion 
system ( Factors X I I , X I ) was present ready for act ivat ion. 

T w o types of surfaces were made : " C o n e s " — a por t ion of film was 
f o lded twice , as i n prepar ing filter paper for a funne l , then opened out 
to f o rm a cone. " F l a t surfaces"—a convenient area of film, usual ly the 
2 X 2 c m . specimen on w h i c h the adsorbed hepar in h a d been determined 
b y the p lanched counter, was p laced i n a P e t r i d i sh , a long w i t h a separate 
por t ion of cotton or filter paper saturated w i t h water . C i t r a t e d p lasma 
(0.2 m l . ) was p ipet ted onto the center of the specimen; then 0 .05M C a C l 2 

solution (0.2 m l . ) was added , a n d the mixture was st irred w i t h a Tef lon 
s t i rr ing r o d wi thout t ouch ing the film a n d w i t h the least possible spread
i n g of the large drop . T h e P e t r i d i sh cover was then used to prevent 
evaporat ion or air -borne contaminat ion. D i r e c t v i sua l observation, or 
observation w i t h a l o w power , l ong w o r k i n g distance stereo microscope 
permit ted determinat ion of the first appearance of fibrin. T h e l i q u i d or 
gel cond i t i on c o u l d be checked b y t i p p i n g the P e t r i d ish . I n some work , 
the p lasma was recalci f ied i n a plast ic test tube, then q u i c k l y transferred 
to the film, w i t h general ly s imi lar results, but shorter c lo t t ing times. 

Results 

U n i f o r m i t y of A d s o r p t i o n . Regrettably , autoradiographic testing of 
un i f o rmi ty of adsorpt ion was begun somewhat late i n the work , after the 
necessity for this was recognized f rom irregularit ies of dye ing , of coagu
lat ion tests, a n d of p lanchet counts on smal l areas. 

P lanchet counts show ratios as h i g h as 30:1 between areas of strong 
adsorpt ion a n d weak adsorption. T h e average of a large number of 
2 χ 2 cm. areas, however , shows a general correspondence to the over -a l l 
average as determined b y deplet ion, as shown i n T a b l e I I . Hence , some 
general guidance on adsorption can be obta ined f rom deplet ion measure
ments, a l though for any great degree of prec is ion, u n i f o r m adsorpt ion is 
requ ired . 
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Table II. Comparison of Adsorption of Heparin on P 4 V P y r - M y l a r 
Surface, by Depletion (Indirect, Average for 288 cm. 2) 

and by Planchet Count (Direct, for 4 cm. 2) 

Initial Heparin 
Available 

in Solution0 

pg./cm.2 

3.4 

0.34 

0.17 

0.034 

Adsorbed 
Heparin by 
Depletion 
^g. /cm.2 

1.87 

0.34 

0.17 

0.034 

Adsorbed Heparin on 
2 X 2 cm. Squares 

Individual 
fig./cm.2 

2.28,1.96, 0.92 
1.26,1.90 
0.07, 0.46, 0.53 
0.10, 0.49, 0.61 
0.76, 0.45, 0.05 
0.06, 0.07 
0.29, 0.21, 0.24 
0.30, 0.23 
0.050, 0.060, 0.020 
0.087, 0.082 

Average 
ILg./cm.2 

1.66 

0.29 

0.25 

0.060 

B Amount in original solution divided by area. 

Autoradiographs of G B H surfaces sometimes show a " s t r ike" where 
the aqueous solut ion of hepar in was de l ivered b y a pipette, a n d r a n d o w n 
the film, as seen i n F i g u r e 1, w h i c h shows the two sides of an adsorpt ion 
sack w i t h graphi te -benza lkonium surface. T h e m a t c h of the adsorpt ion 
pattern on the two surfaces indicates that it was a matter of i n i t i a l contact 
w i t h solution, not a property of the surfaces. T h i s pattern was produced 
on an in i t i a l l y d r y G B surface. T h e solut ion was 9 0 % co ld hepar in , 1 0 % 
tagged hepar in , at 67 μ%. tagged h e p a r i n / m l . T h e average hepar in 
adsorpt ion, ca lculated as total ( 1 0 χ radioact ive hepar in adsorpt ion) 
f rom deplet ion of the solution, was 2.7 / x g . / c m . 2 Sack was rotated 20 
hours, w i t h a bubb le , at 3 7 ° C . 

F i g u r e 2 shows two sides of a G B H sack w h i c h was wet w i t h water 
before in t roduc ing the hepar in solution. T e n m l . of hepar in solut ion were 
in troduced into 5 m l . of water , avo id ing i n i t i a l contact w i t h the wal l s . 
T h e pattern appears to be re lated to the c i rcu lar rotat ion of the bubb le . 
O t h e r in i t i a l l y wet or d r y sacks showed s imi lar rotation-suggesting pat 
terns, not the flow-strike patterns of F i g u r e 1. H e p a r i n concentrat ion 
was 648 / x g . / m l . i n the i n i t i a l 15 m l . mixture ; sacks were rotated 48 hours 
w i t h b u b b l e at 37 ° C . Average adsorpt ion of hepar in , b y deplet ion of 
solut ion, is 4.0 / x g . / c m . 2 . 

F i g u r e 3 shows one side of a p o l y v i n y l p y r i d i n e sack, in i t i a l l y dry . 
T e n m l . of hepar in solut ion were in troduced into the d r y sack, f o l l owed 
b y 5 m l . water , avo id ing contact w i t h the wal ls . ( T h i s was part of the 
same experiment as F i g u r e 2 ) . T h e pattern was matched on the other 
side a n d appears to be re lated to the bubb le , its locat ion i n early stages 
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15. F O U R T E T A L . Heparin Bearing Coatings 191 

Figure 1. Autoradio graphs showing uneven adsorption of 
heparin on an initially dry graphite-benzalkonium surface. A 
and Β are the two sides of a flat adsorption sack. Flow from 
the point of initial contact of the solution is indicated with an 
initial "strike" which did not level in 20 hours rotation, with a 

bubble, at 37°C. Average heparin adsorption 2.7 μg./cm.2 

Figure 2. Autoradio graphs showing uneven adsorption on an 
initially wet graphite-benzalkonium surface. A and Β are two 
sides of a flat adsorption sack, 10 ml. heparin solution intro
duced into 5 ml. water, avoiding contact with the walls. Sack 
rotated 48 hours with bubble at 37°C; initial heparin concen
tration 638 ^g./ml. in 15 ml.; average heparin adsorption 4.0 

μg./cm.2; autoradiograph exposure 72 hours 

of exposure pr ior to rotat ion, a n d its p a t h d u r i n g rotation (48 hours at 
3 7 ° C ) . A f o ld or crack i n the hepar in adsorb ing film can also be seen 
i n the l ower t h i r d . T h e general ly darker tone, for the same solut ion con
centration, age of hepar in , a n d t ime of autoradiograph exposure agrees 
w i t h the deplet ion a n d planchet count measurements i n ind i ca t ing more 
hepar in adsorbed per un i t area on the P V P y r films than on the G B films, 
at least as we prepare them. T h i s m a y indicate more cat ionic sites a v a i l 
able on P V P y r , but w e lack in format ion to compare total cations avai lable 
or the specific surface areas a n d depth of penetrat ion, so this observation 
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is pure ly e m p i r i c a l re lat ing on ly to the par t i cu lar w a y i n w h i c h these films 
have been prepared . P V P y r sacks w h i c h were in i t i a l l y wet show s imi lar 
patterns. I n i t i a l mixture concentration was 648 jug . h e p a r i n / m l . ; average 
adsorpt ion, b y deplet ion , 7.6 / x g . / c m . 2 . 

F i g u r e 4 shows the re lat ive ly even adsorpt ion on p o l y v i n y l p y r i d i n e 
surfaces spread b y kni fe coat ing a n d d i p p e d into radioact ive hepar in 
solut ion (500 / x g . / m l . ) for 6 minutes. Six discs each 1 i n c h i n diameter 
were die cut f rom each of two dupl i cate preparations w h i c h were s imi lar 
i n v i sua l evenness to the ones shown. Planchet counts gave the results 
shown b e l o w : 

Λ Β 
lig./cm.2 iig./cm* 

1.88 1.52 
1.64 1.43 
1.78 1.47 
1.58 1.44 
1.45 1.45 
1.43 1.27 

Average 1.63 1.43 
Standard Deviation 0.17 0.08 

Coefficient of Variation 12% 6% 

Influence of Electrolytes. Presence of electrolyte of l o w molecular 
weight i n the solut ion w i t h the hepar in reduces the amount of hepar in 
adsorbed, a n d promotes leve l ing , as w o u l d be expected f rom the fact 
that the re lat ive ly water - inso luble complexes or compounds of hepar in 
a n d other mucopolysaccharides are increasingly dissociated a n d the 
mucopolysacchar ide brought into solution b y increasing electrolyte con
centrations ( 8 ) . Since Got t (4 ) a n d most other surgeons have a p p l i e d 
hepar in f rom solution i n 0 .15M N a C l , the prac t i ca l formation of G B H 
anticoagulant surfaces on surgica l implants has probab ly invo lved m u c h 
less non-uni formity than m a n y of our experiments. 

T h e two types of surface, G B a n d P V P y r , differ i n the effect of elec
trolyte on hepar in adsorpt ion. O n G B , the hepar in adsorpt ion is u n 
changed between 0 .15M a n d 0 . 5 M N a C l , but drops b y hal f at 1 .0M; on 
P V P y r the adsorpt ion is unchanged between 0 .05M a n d 0 . 1 5 M , but drops 
to close to zero at 0 . 5 M . These results were a l l obta ined i n adsorpt ion 
sacks. Autorad iographs ind i ca ted that w e h a d not f ound the condit ions 
for un i f o rm adsorption, a l though log ica l ly adsorpt ion can be expected to 
be more u n i f o r m under condit ions i n w h i c h i n i t i a l strike can be pre 
vented, or leveled b y e q u i l i b r i u m adsorpt ion a n d desorpt ion d u r i n g 
longer exposure. 

W e are engaged i n obta in ing more un i f o rm surfaces f rom w h i c h 
more precise a n d accurate adsorpt ion isotherms can be obtained. Results 
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Figure 3. Autoradiograph show-
ing uneven adsorption on an ini
tially dry polyvinylpyridine surface. 
Rotated with bubble 48 hours at 
37°C. Heparin concentration 638 
μg./ml., average heparin adsorp
tion 7.6 ^g./cm.2. Autoradiograph 
exposure 72 hours (comparable 
with Figure 2). In the lower third 
there is a fold or crack line in the 
film, probably introduced before 

the sack was made 

Figure 4. Rehtively even autoradiograph of 
two portions of polyvinylpyridine film, A and 
B. There is some gradation from top to bot
tom, but the uniformity is high compared with 
Figure 1 through 3. This was dipped into 
heparin solution, held immersed 6 minutes, 
then withdrawn and rinsed. Planchet counts 
of die cut one inch circles taken from a pair of 
surfaces similar in visual evenness are given in 
the text, showing coefficients of variation of 12 

and 6% for duplicates 
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obta ined b y deplet ion analysis can only indicate the average adsorpt ion 
over the who le area. H o w e v e r , such analyses indicate that a l l the hepar in 
avai lable , u p to an average of about 3 / x g / c m . 2 , w i l l be adsorbed on G B 
surfaces. T h e leve l for complete exhaustion b y P V P y r films appears to 
be h igher , ca. 10 / x g . / e m . 2 . H o w e v e r , the autoradiographs show that the 
true m a x i m u m m a y be m u c h higher . 

Effect of Thickness of Adsorbing Film. E a r l i e r studies of effect of 
film thickness (3 ) ind i ca ted that the t rend between graphite film thickness 
a n d amount of b e n z a l k o n i u m adsorbed was smal l , f rom about 2 to 4 /xg. 
b e n z a l k o n i u m per c m . 2 for var iat ion f rom 200 to 1000 /xg . graphite per 
c m . 2 . T h e analyses b y chemica l methods for h e p a r i n adsorbed were not 
precise enough to show any trend. C h e m i c a l analysis d i d show that f r om 
1.5 to 7.5 /xg. of hepar in was absorbed on f rom 400 to 1000 /xg. of P V P y r 
per c m . 2 , but the range of hepar in was so great at each P V P y r leve l that 
no clear t rend c o u l d be seen. M o r e recent autoradiographic studies w i t h 
each k i n d of film indicate that for br ie f exposures to hepar in solut ion i n 
d i s t i l l ed water there is indeed a t rend for more hepar in to be adsorbed 
on thicker films of either k i n d . 

Uniform Adsorption by Uniform Mechanical Exposure. I f an a d 
sorbing film is in t roduced into the solut ion at a u n i f o r m rate, the " s t r ike " 
effect can be made un i f o rm. Autorad iographs such as F i g u r e 4 show that 
this can be accompl ished , or at least that m u c h more u n i f o r m adsorpt ion 
can be obta ined b y d i p p i n g than b y exposure i n sacks. W h e t h e r the 
hepar in so adsorbed is the same i n its e q u i l i b r i u m relations to solutions 
is yet to be determined , but i t appears s imi lar i n anticoagulant effect. 

Minimum Heparin Binding for Anticoagulant Effect. U s i n g auto
radiographs as guides, selection of re lat ive ly un i f o rm areas on w h i c h the 
hepar in can be determined b y planchet count ing has permit ted estimates 
of re lat ion to the anticoagulant effect. T a b l e I I I shows some results, 
w h i c h indicate that for G B H surfaces, the l i m i t lies between 0.2 a n d 0.3 
/xg. h e p a r i n / c m . 2 . 

T a b l e I I I also shows results on P V P y r H films prepared b y br ie f 
d i p p i n g a n d demonstrated to be un i f o rm b y autoradiographs. H e r e the 
effect of increasing amount of hepar in per un i t area appears more graded, 
but again close to 0.3 /xg. h e p a r i n / c m . 2 is needed to de lay c lott ing longer 
than 100 minutes . 

Minimum Heparin in a Lacquer. E a r l i e r w o r k ( 3 ) us ing coagulat ion 
tests i n cones showed that the anticoagulant effect of a lacquer conta in ing 
hepar in -benza lkon ium c o m p o u n d ( G B H ) depended not on ly on the total 
amount of hepar in i n the lacquer , but also r equ i red a m i n i m u m concen
trat ion. V a r i a t i o n of hepar in content at constant film thickness (5 microns ) 
indicates a c r i t i c a l l eve l between 0.3 a n d 0.5 / x g . / c m . 2 ; var iat ion of film 
thickness at 0.3 or 0 .6% B H i n the film indicates a s imi lar c r i t i ca l leve l , 
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15. F O U R T E T A L . Heparin Bearing Coatings 195 

but at 0 .075% B H i n the G B H film, no amount of film or hepar in , u p to 
1.5 / A g . / c m . 2 or 50 microns thickness showed anticoagulat ion. 

T a b l e I I I . M i n i m u m H e p a r i n B i n d i n g f o r A n t i c o a g u l a n t Effect 

Tests: 
C O A G U L A T I O N T I M E : 0.2 ml. citrated plasma placed on flat surface, recal-

cified with 0.1 ml. M/20 CaCl 2 , stirred with a Teflon strip. Controls are Mylar 
polyester surfaces. 

H E P A R I N : determined on each test portion by planchet count. 
A. Relatively uniform G B H areas from long-time adsorption sacks, selected 

with guidance of autoradiographs 

Heparin 
tig./cm.2 

0.0 
0.17 
0.51 
1.2 

Coagulation Time, min. 

(Darkening of Film) 

control 
light 
medium 
heavier 

Fibrin 

25 
25 

100+ 
100+ 

Clot 

25 
35 

B. Uniform areas produced by dipping, checked for uniformity by 
autoradiographs 

Heparin Coagulation Time, min. 
Surface fig./cm.2 Fibrin 

Control 0 27 
G B H 0.05 37 

0.09 63 
0.27 100+ 

Control 0 26 
PVPyrH 0.08 50 

0.9 48 
0.13 47 
0.25 68 
0.29 84 
0.31 100+ 

Discussion 

E a r l i e r data (3 ) obta ined w i t h tests i n cones a n d chemica l de termi 
nat ion suggested that the anticoagulant effect of hepar in in troduced on 
the w a l l was greater than that to be expected if a l l the hepar in were 
dissolved i n the p lasma. T h i s conclus ion requires check ing w i t h more 
u n i f o r m hepar in layers a n d i m p r o v e d coagulat ion test techniques on flat 
surfaces. It is k n o w n that some hepar in goes into solut ion i n p lasma 
f rom G B H or P V P y r H surfaces, as prepared b y us, a n d i t seems probable 
that this is general ly true for any adsorbed hepar in system i n w h i c h the 
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hepar in is h e l d to the surface b y ionic bonds. H e n c e , the effect of the 
d isso lv ing hepar in c o u l d be greater i n the dif fusion layer near the surface 
than i f un i f o rmly d i s t r ibuted through the solution. W e bel ieve that the 
answer to the quest ion whether the hepar in is act ing w h i l e adsorbed m a y 
be approached either b y more precise quant i tat ive studies, the r oad to 
w h i c h n o w seems open, or b y conclusive showing of effectiveness of 
hepar in covalent ly or complete ly b o u n d to the surface. F r o m a prac t i ca l 
po int of v i ew , the anticoagulant effectiveness of h e p a r i n b o u n d to a 
surface b y different basic groups should be of importance w i t h respect 
to dura t i on of effectiveness, a n d amount of hepar in requ ired . 
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Heparin Covalently Bonded to Polymer 
Surface 

B. DAVID HALPERN and RIICHIRO SHIBAKAWA 

Polysciences, Inc., Warrington, Pa. 18976 

Cross-linked polystyrene beads were para-nitrated on the 
surface then reduced to the aminopolystyrene and finally 
converted by phosgenation to isocyanato-polystyrene. Cou
pling to sodium heparin was achieved at room temperature 
in formamide. The covalently bound heparin beads were 
non-clotting for twenty-four hours when tested by Lee-White 
method. Special antithrombogenic hydrogel tubes were 
used for the tests since other surfaces induced clotting. A 
similar synthetic sequence to surface modify injection 
molded polystyrene rings for in v i v o testing in canine hearts 
yielded badly distorted pieces which were only moderately 
antithrombogenic. The roughened surface was thought to 
have contributed to clot formation. The use of cross-linked 
copolymers of N-vinylphthalimide later reduced to the 
amine was shown to be a route which allowed distortion-free 
polymers containing pendant isocyanate groups for heparin 
coupling. 

T i J " u c h w o r k on hepar in-quaternary a m m o n i u m complexes has been 
I T X reported as an outgrowth of the or ig ina l publ icat ions b y G o t t (2 , 
3) w h i c h showed their value as ant i thrombogenic surfaces for prosthetic 
heart valves. T h e G B H surfaces ( graphi te -benza lkonium chlor ide -hepar in 
coat ing) of G o t t have superior ant i thrombogenic properties w h e n com
pared w i t h glass, polycarbonates, a n d si l icone. L e i n i n g e r et al. (8 ) a n d 
M e r r i l l et al. (9 ) further deve loped this approach b y us ing cat ionic 
modif ications of a number of po lymer surfaces i n c l u d i n g po lypropylene , 
polystyrene, a n d po lyethy len imine grafted onto cellulose as substrates for 
complex ing the hepar in . 

197 
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O n e of the most diff icult problems yet to be overcome i n the deve l 
opment of a workab le art i f ic ia l heart is that of thrombosis on the surface 
of the prosthetic materials (2 ) used i n its construction. A l t h o u g h the 
G B H type surfaces of G o t t a n d later workers are of research promise , 
there is concern that for l ong term implantat i on the hepar in w h i c h is 
electrostatically complexed to the surface m a y u l t imate ly become de
p le ted o w i n g to dissociat ion (5 , 6 ) . T h u s , the prosthetic device m a y 
become susceptible to c lot t ing . I f hepar in were to be covalently b o n d e d 
to a substrate i n a b io log i ca l ly stable manner w h i c h d i d not cause a loss 
of its ant i thrombogenic nature, we w o u l d then have a non-migratable 
f o rm of hepar in . T h e method used to b o n d hepar in covalently to a 
po lymer substrate a n d a p r e l i m i n a r y demonstrat ion of the ant i thrombo
genic va lue in vitro of such a surface constitute the basis for this paper. 
W e also b o n d e d hepar in i on i ca l ly to a po lymer substrate i n m u c h the 
same w a y as L e i n i n g e r d i d (8 ) since this surface is k n o w n to have good 
in vivo ant i thrombogenic character a n d c o u l d thus serve as a good in 
vitro control . 

Covaient Linking Reaction 

I n order that the h e p a r i n remain b io log i ca l ly active after fixation to 
a po lymer substrate, the covalent b o n d must be achieved via funct iona l 
groups on the hepar in molecule , w h i c h are non-essential for its b io l og i ca l 
act iv i ty . F u r t h e r , the b i n d i n g react ion should be per formed under reac
t i on condit ions w h i c h themselves do not cause loss of the ant i thrombo
genic character of the hepar in . 

T h e funct iona l groups of hepar in suitable for format ion of a covalent 
b o n d inc lude the alcohol , carboxyl i c a c id , a n d amino groups. T h e struc
ture of hepar in is shown i n F i g u r e 1. T h e amino groups read i ly react w i t h 

H NHSOg H OH H NHSO3 H 0S0" 

Figure 1. Proposed heparin molecule 

Molecular weight: 12,000 
Sulfate group: 4-5 per unit 

acy lat ing a n d a lky la t ing agents a n d aldehydes a n d isocyanates as w e l l as 
w i t h d i a z o n i u m salts. T h e hydroxy groups react w i t h acy lat ing agents, 
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isocyanates; a n d they also couple w i t h d i a z o n i u m salts. Cova lent bonds 
can also be established between carboxyl ic a c i d groups i n hepar in a n d 
a po lymer substrate containing a nuc leophi l i c group such as an amino 
group, b y employ ing cross- l inking agents. T h e d i cyc lohexy l carbod i imide 
a n d diisocyanates are t y p i c a l examples of cross- l inking agents w h i c h can 
react under m i l d environmental conditions. 

Standard Sample Sample 

Phenol 

||Naphth I 

Naphth I 

Phenol f 

Figure 2. Gas chromatographic identification for isocyanate 
group 

I n one of the recent studies on the chemica l c oup l ing react ion, A x e n 
( I ) succeeded i n b o n d i n g an enzyme covalently onto an insoluble po ly 
mer b y employ ing the isothiocyanate as the chemica l coupler. T h e 
enzyme retained a l l its catalyt ic activit ies. T h e method used b y us to 
attach hepar in onto a po lymer substrate made use of a pendant isocyanate 
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group on a po lymer backbone. W e find that the isocyanate c o u p l i n g 
react ion for b o n d i n g the hepar in ( w h i c h is i n its sod ium salt f o rm) must 
proceed under very m i l d condit ions. Extremes of p H a n d h i g h react ion 
temperatures must be avo ided i n order to m i n i m i z e the hydrolysis of the 
natura l ly occurr ing sulfate a n d amidosulfate groups i n hepar in . F o r m a -
m i d e was u n i q u e among m a n y solvents tested i n be ing able to dissolve 
sod ium hepar in at room temperature. Cross - l inked polystyrene beads 
were used as the start ing po int for the format ion of polystyrene-isocyanate. 
T h e amount of hepar in w h i c h b o n d e d to this substrate was determined 
b y sul fur microanalysis of the final product after it h a d been washed 
exhaustively w i t h water. It is desirable to use cross- l inked polystyrene 
rather than homopo lymer styrene, as the latter has a tendency to swe l l 
a n d dissolve i n some of the reactions a n d a distorted surface m a y result. 

Materials and Methods. T h e stepwise sequence for the synthesis of 
polystyrene-isocyanate a n d subsequent react ion w i t h hepar in is shown 
b e l o w : 

P R E P A R A T I O N O F P - N I T R O P O L Y S T Y R E N E ( I ) . A polystyrene w h i c h is 
cross- l inked to the extent of 1 % w i t h d iv iny lbenzene a n d passed through 
a screen of 24 mesh, a n d reta ined on a screen size of 5 0 mesh, was used 
as a po lymer substrate. T o a solut ion of 5 m l . of concentrated n i t r i c a c i d 
was a d d e d 15 grams of the cross- l inked polystyrene beads. T h e react ion 
was carr ied out at 6 0 ° C . for ha l f an hour w i t h st irr ing . T h e product was 
filtered a n d washed w i t h water several times a n d then thoroughly washed 
w i t h methano l on a B u c h n e r funnel . T h e product was d r i e d under vac 
u u m for 24 hours. Microana lys i s showed that 0 . 7 % b y we ight of n i t rogen 

c ' (Cross-linked with 1% divinyl benzene) 
QV) 

- jCH-CFyn- - (CH-CH 2 )n-

(Where R is heparin 
attached through its 
hydroxy I group) 
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was incorporated. T h e I R spectra of p-nitropolystyrene showed a m e d i u m 
absorpt ion at 7.5 microns because of the ni tro group. A different pat tern 
of absorpt ion peaks f rom that of polystyrene was also observed i n the 
higher w a v e length area. 

P R E P A R A T I O N O F P - A M I N O P O L Y S T Y R E N E ( I I ) . R e d u c t i o n of the p -
nitropolystyrene was accompl ished b y us ing sod ium di th ioni te or stannous 
chlor ide as the reduc ing agent. F i v e grams of p-nitropolystyrene ( I ) was 
suspended i n a solut ion conta in ing 20 m l . of water , 25 m l . concentrated 
a m m o n i u m hydrox ide , a n d an excess amount of sod ium dithionite . T h e 
mixture was refluxed for 24 hours w i t h st irr ing . T h e product was filtered 
out a n d washed w i t h d i s t i l l ed water several times. T h e resultant p -amino-
polystyrene was d iazo t i zed w i t h nitrous ac id . W e were able to show the 
presence of p-aminopolystyrene b y coup l ing w i t h pheno l a n d ani l ine to 
g ive intense ye l l owish a n d r e d colors respectively. 

C O N V E R S I O N T O I S O C Y A N A T E D E R I V A T I V E S ( I I I ) . T h e amino groups 
were converted to isocyanate groups b y treatment of the amino-po lymer 
w i t h phosgene gas i n hexane. Into the suspension of 5 grams of w e l l 
d r i e d p-aminopolystyrene ( I I ) i n 300 m l . hexane, a constant stream of 
phosgene gas was passed for 6 hours after w h i c h the mixture was refluxed. 
A f t e r coo l ing to room temperature, the product was filtered under n i t ro 
gen atmosphere a n d washed thoroughly w i t h hexane. I t was used d i 
rect ly for the c o u p l i n g reaction. T h e isocyanate content was determined 
b y gas chromatography us ing naphthalene as a non-reactive interna l 
s tandard a n d pheno l as a c o u p l i n g agent b o t h dissolved i n toluene. F i g u r e 
2 shows the dupl icates of the quant i tat ive identi f icat ion of the isocyanate 
groups. T h e " S t a n d a r d " consists of pheno l as a coup l ing reagent, n a p h 
thalene as an interna l s tandard a n d toluene as a solvent. T h e " S a m p l e " 
consists of the standard solut ion a n d the isocyanate-polystyrene. It was 
observed that the height difference between naphthalene a n d pheno l i n 
the " S t a n d a r d " apprec iab ly d i m i n i s h e d compared to the " S a m p l e " i n 
w h i c h pheno l a n d isocyanate-polystyrene reacted for a f ew minutes. 
T h e m i n i m u m content of the isocyanate group was ca lculated f r om the 
deplet ion of pheno l as be ing 244 p.p .m. b y weight of isocyanate per gram 
of po lymer . 

F I X A T I O N O F H E P A R I N ( I V ) . H e p a r i n was coup led to p-isocyanato-
polystyrene b y the f o l l owing procedure. F i v e h u n d r e d mg . of h e p a r i n 
was dissolved i n 50 m l . of freshly d i s t i l l ed f ormamide at room temperature 
w i t h st irr ing . Into this clear solution, 100 grams of freshly made p- isocya-
nato-polystyrene ( I I I ) was a d d e d a n d the result ing suspension st irred for 
24 hours at room temperature under a ni trogen atmosphere. A t the e n d 
of this per iod , the react ion product was co l lected on a filter a n d exhaus
t ive ly washed w i t h water to remove a l l unreacted hepar in . F i n a l l y , i t 
was washed further w i t h methano l a n d d r i e d under v a c u u m for 24 hours. 
Microana lys i s ind i ca ted that the sul fur content of the final product was 
0 .19% b y weight . T h i s corresponds to 1.7% of h e p a r i n fixed to the po ly 
styrene surface. P a r a l l e l controls show that w h e n isocyanate groups are 
absent, no sul fur is f ound i n the product . T h e above result is interpreted 
as evidence of covalent b o n d i n g of the hepar in to the polystyrene 
backbone. 
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Synthesis of Τrimethylaminopolystyrene Iodide and 
Its Reaction with Heparin 

Reaction Scheme: 

- ( C H - C H j n -
(V) 

-(CH-CHJn-
(VT) 

- (CH-CH 2 )n-

9 5%CH I 
3 — 

in C H , OH 
(CH,) ,N Heparin 

P R E P A R A T I O N P R O C E D U R E S . F i v e grams of p-aminopolystyrene ( I I ) 
prepared as before f rom cross- l inked polystyrene was refluxed w i t h 5 % 
CH3I i n C H 3 O H for 10 hours. T h e product was filtered, washed w i t h 
water a n d methanol , a n d then d r i e d under v a c u u m . T h i s quaternary 
a m m o n i u m po lymer further reacted w i t h 50 m g m . of hepar in i n water 
solut ion to f o rm the complex ( V I ) . T h e sul fur microanalysis showed 
0 . 9 % b y weight . 

Determination of Anti-Clotting Activities of 
Covalently Bound Heparin Beads 

T h e above samples were sent to the U n i v e r s i t y of Pennsy lvan ia 
H o s p i t a l for in vitro testing of the ant i thrombogenic character of the 
covalently b o u n d hepar in a n d the ion ica l ly b o u n d hepar in on polystyrene. 

T h e procedure used for determinat ion of c lo t t ing t ime is a modi f i ca 
t i on of a L e e - W h i t e C l o t t i n g Test. Before each test was undertaken, the 
surface of each sample was thoroughly washed w i t h d i s t i l l ed water a n d 
oven dr i ed . B l o o d used i n these tests was obta ined f rom a n o r m a l h u m a n 
volunteer a n d was used as d r a w n wi thout c i trat ion. T h e twenty cc. of 
b l o o d used for each test were d r a w n f rom an antecubi ta l ve in . I n order 
to ensure that the b l ood w h i c h was used i n each test was of a l ow tissue 
thromboplast in concentration, a two syringe technique was used a n d 
only the last 6 cc. of b l o o d taken were used i n the test; the first 14 cc. 
were d iscarded. T i m e measurement was started as soon as the b l o o d 
entered the tube a n d stopped u p o n the onset of clot formation. O c c a 
sional ly , w h e n the sample was observed not to have c lotted w i t h i n th i r ty 
minutes , a port ion of the b l o o d was removed f rom the tube a n d p laced 
on a piece of gauze and care ful ly examined for sl ight evidence of clot 
formation. T h e samples w h i c h were used for the above test were as 
fo l lows : 
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(1 ) Polystyrene beads 
benzene. 

(50 m e s h ) , 1 % cross- l inked b y d i v i n y l -

(2 ) Aminopo lys tyrene synthesized f r om 1. 
(3 ) Tr imethy laminopo lys tyrene -hepar in ion ica l ly b o n d e d complex 

beads synthesized f r om 1. 
(4 ) Poly-p- isocyanatostyrene-heparin covalently b o n d e d beads s y n 

thesized f rom 1. 

E a c h different test was conducted bo th i n glass tubes a n d i n hydroge l 
tubes ( 4 ) . It was apparent that a glass tube was not suitable for conduct 
ing the b l ood c lot t ing test for evaluat ing the polystyrene beads, since the 
glass tube itself induces c lot t ing . I n order to obviate the c lot t ing effect 
b y glass, w e chose a hydroge l tube w h i c h was shown to be non-c lott ing 
to who le b l ood after 24 hours of contact ( 4 ) . T h e hydroge l used for the 
above test was a copolymer hydroge l of 16 .4% acry lamide a n d 5 % 
d imethy laminoe thy l methacrylate , cross- l inked b y 0 . 1 % methylenebis -
acry lamide . 

T o prevent hemolysis of the b l ood i n the hydroge l tubes, i t was 
necessary to keep the ge l p H a n d sal inity equivalent to that of b lood . 
T h i s was done b y adjust ing the p H of the monomer solut ion to 7.38 b y 
phosphate buffer solut ion a n d 0 .85% of sod ium chlor ide was added. 

F i v e mg . a n d fifty m g . of each po lymer sample were p laced i n the 
hydroge l tubes a n d the c lott ing tests conducted i n dupl icate . T h e results 
are presented i n T a b l e I. 

T a b l e I . L e e - W h i t e C l o t t i n g Test 

Polystyrene beads (5.0 mg.) 
Polystyrene beads (50 mg.) 
Aminopolystyrene (50 mg.) 
Aminopolystyrene ( 50 mg. ) 
Trimethylaminopolystyrene-heparin ionic 

complex (5 mg.) 
Trimethylaminopolystyrene-heparin ionic 

complex (50 mg.) 
Isocyanate-polystyrene-heparin covalent 

(5mg.) 
Isocyanate-polystyrene-heparin covalent 

(50 mg.) 
Hydrogel-control 

In Glass Tube In Hydrogel* 
(minutes) (minutes) 

11; 11 26; 36 
11; 11 16; 16 
11; 11 38; 34-1/2 
11; 11 21; 19-1/2 

11; 11 2811/2; 24 

11; 11 21; 16-1/2 
720; 41 

11; 11 (owing to air bubbles) 

11; 11 16; 16 
720; 720 

α 16.4% Acrylamide, 5% Dimethylaminoethyl methacrylate, and 0.1% Methylenebis-
acrylamide copolymer hydrogel. 0.85% NaCl added and pH 7.38 buffered. 

W h e n glass tubes were used as containers for the beads, a l l of the 
samples c lotted w i t h i n eleven minutes. T h e r a p i d c lo t t ing is ascr ibed 
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to the overr id ing effect of the glass surface of the tube. H o w e v e r , w h e n 
these same bead samples were p laced i n the hydroge l tubes, significant 
differences i n c lot t ing t ime were obtained. It was observed that the 
polystyrene beads, the polyaminostyrene beads, a n d the p o l y t r i m e t h y l -
aminostyrene-heparin i on i ca l ly b o n d e d beads caused c lot t ing i n less than 
35 minutes. H o w e v e r , one of the poly-p- isocyanatostyrene-heparin co
valent ly bonded bead samples gave a greater than 720 minutes c lot t ing 
t ime, w h i c h is apprec iab ly longer than the ionica l ly b o n d e d hepar in ized 
surface a n d comparable to the non-c lott ing behavior of the gel surface 
itself. T h e sample of b l ood was not c lotted after 24 hours, a l though the 
actual L e e - W h i t e test was carr ied out for only 12 hours (720 m i n . ) . 

O n e of the samples w h i c h contained 5 m g . of covalent ly b o n d e d 
hepar in i zed beads h a d on ly 41 minutes c lo t t ing t ime w h i c h is very m u c h 
shorter than the other sample, but st i l l longer than the ion i ca l ly b o n d e d 
hepar in complex beads. T h i s shortened c lo t t ing t ime was at tr ibuted to 
an a ir b u b b l e w h i c h was t rapped b y a mechanica l error w h i l e the tech
n i c i a n was a d d i n g the b l o o d into the tube dropwise . T h e technic ian pre 
d i c ted a priori that this part i cu lar sample w o u l d have a l o w value for 
c lot t ing t ime. 

I n trials where w e greatly extended the surface area of the po lymer 
beads containing covalently b o n d e d hepar in , w e f ound signif icantly l ower 
c lo t t ing t ime. W i t h the 50 mg . samples w h i c h h a d ten times the surface 
area, r a p i d c lo t t ing was observed i n a l l cases. T h i s is an ind i ca t i on that 
either total surface or excess hepar in at the b l ood interface is of s igni f i 
cance. W e have h a d several occasions i n other tests where re lat ive ly large 
amounts of hepar in po lymer i zed into hydrogels showed shorter c lott ing 
times than s imi lar gels w i t h lesser amounts of hepar in . 

Summary 

A method of covalent ly b o n d i n g hepar in to a po lymer substrate is 
presented. T h e synthetic route consists of c oup l ing hepar in covalently 
w i t h polyisocyanatostyrene. T h i s react ion was made possible b y the fact 
that f o rmamide is a room temperature solvent for sod ium hepar in a n d 
this a l l owed a l i q u i d - s o l i d interface react ion to take place. L e e - W h i t e 
c lo t t ing tests in vitro ( i n hydroge l tubes) showed these surfaces to be 
non-c lott ing after 24 hours whereas untreated controls a n d surfaces of 
G B H type c lotted i n approximate ly 25 -35 minutes. 
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acid films, wettability of ter
minally 20 

Clotting of blood 176 
Coatings, heparin bearing 186 
Collapse of monolayers 137 
Contact angle 25,110,133 

advancing 41 
vs. area curves 138 
equilibrium 3 
hysteresis of the 138 
of liquids on polymers 75 
photooxidation of polymers vs. . . 73 

Constitution of photooxidized poly
styrene and other amorphous 
polymers 72 

Copolymers, wettability of 95 
Corona discharge 147 
Coupling agents 4,10, 20 
Co valent linking of heparin . . . . 198 
Critical surface tension . . . .22, 41,107 
Crystalline phosphates 126 

D 
Dicarboxylic acids 15 
α,ω-Dicarboxylic acids 12 
Diesters 12 
Diethyl ω- ( p-chlorophenyl ) dode-

cylmalonate 15 
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ε 
Elastomers, wettability of 95 
Electrets, polymeric 176 
Epoxy adhesive 141 
Equilibrium contact angle 3 
Equilibrium spreading pressures . . 138 
ETES 39 
Ethyltriethoxysilane . . 39 

wettability of 38 

F 
Fatty materials on mercury, wetta

bility of monolayers of 133 
Filled graft rubber 89 
Finishing agent 61 
Flory-Huggins theory 66 
FMIR spectra 81 
Fowkes-Young plot 152 
Friction and wear, boundary 4 

G 
Gelvatol 155 
Glass/resin interface 38 
α-Globulin 182 
Gold film 141 
Graft copolymers, wettability of . . 98 
Graphite-benzalkonium surface . . 191 
Graphon carbon black 64 
Grafted rubber 88 
Grafting and adhesion 92 

H 
Hageman factor 176,184 
Half esters 12 
Heart development, artificial 175 
Heparin 

beads 202 
bearing coatings 186 
covalent linking of 198 
covalently bonded to polymer 

surface 197 
molecule 199 
surfaces 175,186 

Heparinized surfaces 181 
Heterophase systems, mechanisms 

of adhesion at the rubber-resin 
interface in 85 

Humidification of PVA film . . . . 160 
Hydroxyapatite 125 
Hydrogels 176 
Hydrogen bonding 159 
Hydrophilic polymers 165 
Hysteresis of the contact angle . . 138 

I 
Infrared spectrophotometry 124 
Infrared spectroscopy 3 
Interface, glass/resin 38 
Interface in heterophase systems, 

mechanisms of adhesion at the 
rubber-resin 85 

Interfacial bond 102 
Interface problems, blood/material 175 
Interface, solid/liquid 1,64 
Interface, solvent effects of adsorp

tion at the polymer /solid . . . 63 
Interfaces, organic liquid 38 

Κ 
Kapton polyimide H-film 110 
Keto esters 13 

L 
Langmuir film balance 134 
Lauric acid 138 
Liquids on polymers, contact 

angles of 75 
Liquid spreading on solids 3 

M 
MAIR 3 
Malonic acid esters 15 
Mechanical impedance of quartz . . 157 
Mechanisms of adhesion at the rub

ber-resin interface in hetero
phase systems 85 

Mechanisms of reinforcement 92 
Mercury, wettability of monolayers 

of fatty materials on 133 
Molecular orientation of nonsym

metrical and polar liquids . . 109 
Monocarboxylic acids 13 
Monolayer, adsorbed 2 
Monolayers of fatty materials on 

mercury, wettability of 133 
Monolayers, stability and collapse 

of 137 
Morphology vs. adhesion and adhe

sive joint strengths polymer 
surface 140 

Mylar film 73,110,142,187 
Myristic acid 138 
Myristyl alcohol 138 

Ν 
Nonsymmetrical liquids, molecular 

orientation of 109 

Ο 
Organic-inorganic interfaces 124 
Organic liquid silica interfaces . . . 38 

Ρ 
Palmitic acid 138 
Parachors of polymers 107 
Phosphates, calcium 127 
Phosphates, crystalline 126 
Photooxidation of polymers vs. 

contact angle 73 
Photooxidized polystyrene, wetta

bility, and constitution of . . . 72 
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Polar liquids, molecular orientation 
of 109 

Polar long chain compounds . . . . 134 
Polybutadiene 94 
Poly(n-butyl methacrylate) 75 
Polycarbonate 114 
Polyethylene 118,141 
Poly (ethylene terephthalate ) . . . . 75 
Polymeric electrets 176 
Polymer 

liquids, surface energetics and 
adhesion of 106 

reinforcement 5 
solvent interactions 5 
by ultrasonic impedometry . . . . 154 
solid interface, solvent effects on 

adsorption at the 63 
surface, heparin covalently 

bonded to 197 
surface morphology vs. adhesion 

and adnesive joint strengths 140 
adhesion of high 85,106 
contact angles of liquids on . . . . 75 
hydrophylic 165 
solubility parameters and 

parachors of 107 
surface wettability vs. bulk 

properties of high 106 
Poly (methyl methacrylate) 75 
Polypropylene 116,181 
Polystyrene 64, 73,114 

wettability and constitution of . . 72 
Poly (vinyl alcohol )/methanol . . . . 161 
Poly (vinyl alcohol )/water 157 
Poly (vinyl chloride) 166 
Polyvinyipyridine surface 192 
Protective coating 21 
PTFE 142 
PVA film, humidification of 160 
PVPyr-Mylar surface 190 

Q 

Quartz, mechanical impedance of . 157 

R 
Radioactive 1 4 C 64 
Reinforcement, mechanisms of . . . 92 
Resin interface in heterophase sys

tems, mechanisms of adhesion 
at the rubber- 85 

Rubber 
filled graft 89 
grafted 88 
-resin interface in heterophase 

systems, mechanisms of . . . 85 

S 
Silanes 20 

chlorophenylalkyl-substituted . . 10 
substituted 16 

Silicone rubber 181 
Silicones 176 

Silica interfaces, organic liquid . . 38 
Silica surfaces 40 
Slime layer 179 
Solid /liquid interface 1,64 
Solubility parameters of polymers 107 
Solvent effects on adsorption at the 

polymer/solid interface 63 
Spheron 6 64 
Stability of monolayers 137 
Stearic acid 138 
Stearyl alcohol 138 
Styrene copolymers, wettability of 96 
Surface 

-chemical composition 5 
energetics and adhesion of 

polymer liquids 106 
graphite-benzylalkonium 191 
groups 129 
heparin covalently bonded to 

polymer 197 
polyvinyipyridine 192 
PVPyr-Mylar 190 
tension, critical 22,41,107 
wettability vs. bulk properties of 

high polymers 106 
Surfaces 

alumina 40 
anticoagulant 187 
heparin bearing 186 
silica 40 

Τ 
TEP-phenol 125 
TEP-water 125 
Thermodynamic work of adhesion 98 
Thrombosis 198 
Tooth-mineral adsorbent 125 
Triethyl phosphate 125 

U 
Ultrasonic impedometry, polymer 

solvent interactions by 154 

V 
Vinyls 114 
Vinyltriethoxysilane 39 

films, wettability of 38 
VTES 39 

W 
Water-mercury affinity 139 
Wear, boundary friction and 4 
Wettability 

vs. bulk properties of polymers, 
surface 106 

of elastomers and copolymers . . 95 
of ethyl- and vinyltriethoxysilane 

films 38 
of graft copolymers 98 
of monolayers of fatty materials 

on mercury 133 
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Wettability (Continued) Wetting 2 
of photooxidized polystyrene and Wolff-Kishner reduction 13,19 

other amorphous polymers . 72 
of styrene copolymers 96 ^ 
of terminally chlorophenyl-sub-

stituted carboxylic acid films 20 Zephiran 187 
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