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CHAPTER 1

INTRODUCTION

The use of artificial materials in surgery has grown considerably
in the past decade. Many successful surgical techniques are now depend-
ent on devices constructed from "foreign' materials. Every one of these
applicgtions faces a fundamental problem: the material/biological inter-
face. There is no way to isolate. There is always an interface, and
little is known about the processes and reactions which may be occurring
at such interfaces. Perhaps the most critical and also the most funda-
mental problem in the use cf materials in biomedical applications is that
we do not understand the interfacial processes which occur, and, per-
haps more importantly, we are most likely largely unaware of the exist-
ence of many processes which are occurring.

It is well established that blocd coagulation can be initiated by
contact with a '"foreign surface.' The exact reason or purpose for such
a mechanism is not known, though Vroman!’2 believes it may be an
evolutionary remnant, a more specialized form of the general coagula-
tion of cytoplasm. There is growing evidence that adsorption at the
foreign surface, particularly protein adsorption, plays a fundamental
role in the initiation of blood coagulation. Protein adsorption processes
may also be important in other tissues. Synovial fluid, where protein
adsorption on artificial joints may play a role in friction and wear pro-

cesses, is but one example. There is now a growing acceptance
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of the importance of fundamental surface studies in elucidating the
mechanism of ""surface-induced' blood coagulation, particularly work on
protein, lipid, and platelet adsorption.

There is relatively little work available on protein adsorption at
the solid-liquid interface. The work that is available deals primarily
with adsorption on high-energy surfaces. The statistical theories that
have been developed for the adsorption of linear flexible polymers can-
not be expected to hold for a rigidly structured protein molecule. Most
adsorption theories are thermodymanic in nature? Levine's*® recent
thermodynamic theory is an attempt to treat protein adsorption on a
fundamental level.

Proteins adsorb. It can almost be said that all proteins adsorb
on everything, though that may not be quite true. Concepts such as sur-
face charge or surface energy are not generally applicable. Perhaps the
most perturbing fact about protein-polymer interaction is that there is
an interaction. One can understand the adsorption of proteins on glass
or metal or other high energy surfaces as a decrease in the overall sur-
face energy. This .is manifested in the decreased wettability of the pro-
teinated surface. However, when proteins adsorb on low energy polymer
surfaces, the surface energy is increased. This can be demonstrated by
a change in the surfaces’ wetting propertiesf‘ Thermodynamically, this
makes little sense, as nature does not tend to produce situations of higher

energy, particularly when the entropy must decrease as well.
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Protein adsorption is not well understood. This is due not only
to the complex nature of proteins, but also to the lack of a general mech-
anistic model of adsorption. Before one can hope to understand protein
adsorption, one must understand the adsorption of simple compounds on

a molecular level.

The original objective of this work was to develop and character-
ize a blood coagulation-resistant surface for use in medical implant ap-
plications. This proved tc be an enormous and unfinished, though not
necessarily unsuccessful, task.

The author's attempts to develop coagulation-resistant surfaces,
particularly that of proteinated polystyrene, are briefly discussed in the
next chapter; following these is a discussion of the use of fluorescence
microscopy to detect protein adsorption on a microscopic level. For
those readers unfamiliar with these general areas, it would be helpful
to read the sections on proteins and adsorption in Chapter III before read-
ing Chapter II.

The objective of the major part cof this work, however, is to develop
a molecular model of adsorption on hydrophobic surfaces, with applica-
tions to proteins, in the hope of gaining a rudimentary und\erstanding of
the mechanism of adsorption. Intermolecularand interfacial forces must
be taken into consideration, but before such forces can be applied, the

nature and structure of the medium through which they act, water, must
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be considered. One must also consider the nature of the solute mole-
cule and the properties of the polymer surface. These considerations
will permit the interpretation of solid-solute, solid-solvent, and solute-
solvent interactions, in addition to solvent-solvent interactions. With
this background a model of adsorption on polymer surfaces will be de-
veloped. The model will first treat very simple species in the vicinity
of a surface, then it will treat albumin, gamma globulin and fibrinogen.
The results of the model and the computer calculations derived from it
will then be compared to data on the adsorption of simple compounds and
proteins. The development will be both qualitative and guantitative for
the adsorption of simple molecules. The adsorption of proteins will be
discussed more qualitatively.

The model will attempt to show that adsorption on the molecular

level is a natural consequence of the asymmetric force field in the vicinity

of an interface. It will also show that a large part of the asymmetry of
that force field is due to solute-solvent effects. It will further attempt
to show that one need not postulate active sites or binding sites to ex-
plain adsorption, though they may aid it. It will then show that one may
minimize adsorption of a particular species by proper choice of certain
surface parameters.

The development of the model will require knowledge of the
structure of water, the nature of the polymer surface, the nature of ad-

sorption, and the nature of intermolecular forces. These subjects will
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be discussed before the model is presented.

All calculations and values are given in c-g-S units, where charge
is expressed in electrostatic units (esu). All energies are in ergs, and
all forces in dynes. All distances are given in angstroms, though centi-

meter units must be used in all of the calculations.
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CHAPTER II

PRELIMINARY EXPERIMENTAL WORK

A. Coagulation-Resistant Surfaces

1. Polyorganofluorophosphates:

The intrinsic blood coagulation mechanism is believed to be de-
pendent on the modification of a plasma protein by surface denaturation
and its subsequent reactions. In the classical Ratnoff and MacFarlane
cascade theory®s? Factor XII (Hageman Factor) is surface-activated to
XII* an enzyme, which can then catalyze the reaction XI— XI*, and the
cascade mechanism is initiated.

Though Factor XII has been isolated and purified, it is still a rela-
tively uncharacterized protein, and controversy as to,its role, and‘j
possibly even its existence, continues. It is generally accepted, however,
that the intrinsic clotting mechanism is dependent on a modification of
some plasma protein at a solid surface, be it Factor XII, Factor XI, or
prothrombin.® Some very recent work casts doubt on the protein modi-
fication theory?

If clotting is indeed due to the surface modification of some protein,
the logical question is how to prevent that modification from occurring,
and thus prevent the necessary activation. If one assumes that the de-
naturation process exposes certain reactive groups which are then

capable of reacting with the next protein in the clotting sequence or
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perhaps with other parts of the same molecule, the blocking of those re-
active groups should prevent coagulation from occurring. This may be
possible with enzyme’ inhibitors. The problem is that the active groups
necessary for clotting have not been isolated, if indeed active groups are
responsible at all. Most inhibitors tend to be effective in decreasing
clotting activity in solution; the action of an inhibitor bound to a solid
substrate is not known.

There are some clues as to the active sjte of prothrombin, but
such information on Hageman Factor is virtually non-existent. Hageman
Factor may be inhibited by diisopropylfluorophosphate 1% (DFP), an
esterase inhibitor, but such a treatment may inhibit its esterase activity
without inhibiting its clotting activity.!! The work of Ray and Roy ‘2and
of Caldwell and Seegers !* showed that disulphide and free amino groups
are essential for prothrombin activity. Inhibition of these groups led to
a loss in activity. The amino may be inhibited by dinitrofluorobenzene
and phenylisocyanate; the sulfide can be inhibited by reducing agents.

DFP is an extremely toxic and reactive member of a class of
organophosphate compounds which irreversibly inhibit esterase enzymes.

The general formula for these compounds is

.-----O\P //.0
—_ o/. \X

where X can be -F, -CN, or - O-@NOZ. The formula for DFP is

/O or O\ P
\( R’/

R
RY
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HsC I CHs
>HC-O«-P~O-CH<
HsC [ CHgs
F

Sorenson’s book on polymer chemistry 14 contains the reaction:

. .0 (o)
I |
Ho-—@—-on+ Cl-—P—Cl — o—-rl)--o _
@ A

.If this reaction is performed with phosphorousoxydichlorofluoride instead

of with phenylphosphonyldichloride, one gets:

o) 0o
1 [
HOOH + c1-—i-—01——»@0—1|;—c}
n o

Such a polymer contains the reactive heart of the organofluorophosphate
inhibitors. K now the polymerization is produced using propylene glycol
instead of hydroquinone:

OH OH f‘) (“) CH;

H;C—CH ;—CHy+ Cl-—P—Cl «— O—P-— O0—CH, —CH

F |F n
Such a polymer has a frightening resemblance to DFP. Molecular models
of this polymer indicate that conformations exist wherein the P-F bond
is directed up and out from the surface. Sucha surface should have a

very high reactivity for enzymes. By proper choice of the glycol, one

can vary the R-groups on the organofluorophosphate, which should vary
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its enzyme reactivity.

The synthesis and characterization of these polyorganofluorophos-
phates was performed by Mr. Herbert Yen and are described in his
thesis ®

Shortly after beginning this work it became evident that a DFP-like
polymer would probably bind other proteins long before it ever contacted
Hageman Factor. Thus a polyorganofluorophosphate surface would tend
to become rapidly and irreversibly proteinated as soon as it contacted
bloc;d. A proteinated surface could surely be produced by more direct
means than synthesizing special, new, and possibly toxic polymers.

2.. Albuminated Polystyrene:

Ten years ago Copley !® showed that blood coagulation times in
fibrin-coated test tubes were relatively long. Recent work on the blood
compatability properties of collagen!” "...suggest that the collagen
surface is remarkably free of thrombogenic properties.” It has also been
clearly demonstrated that the first thing that happens to most materials
when contacted with blood is the rapid formation of a film of adsorbed
protein!® 2 (see also Chapter III). Such a film is not necessarily stable,
however, as competitive adsorption is known to occur with proteins;’*®
just as with synthetic polymers 2 (see also Chapter III); indeed, this is
the basis for the adsorption chromatography of proteins. It has been
well documented that heparinized surfaces adsorb proteins 22

Adsorption on a heparinized surface is quite strong,® thus com-

-petitive adsorption may not occur. It seems, therefore that thrombo-
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10
resistant surfaces may contain a layer of bound or complexed and rela-
tively immobilized protein.

The above discussion leads naturally to the concept of surface
proteination as a potential method of rendering surfaces non-thrombo-
genic.

Protein bonding to synthetic polymers has been extensively utilized
in biochemistry; the methods and techniques were thoroughly reviewed
recently.?* Polystyrene was selected as a substrate for this experimental
work because polystyrene and its derivatives have been widely used as
insoluble supports for the binding of enzymes and other proteins.2*
Another reason for using polystyrene is that it is inexpensive and readily
available in sheet and tube form.

The diazo coupling reaction can be used to couple proteins to sup- .
ports containing amino groups. It is fairly well established 2° that the
coupling of diazonium salts of H, N--Ph-—X with proteins introduces
—N= N—Ph—X groups to the imidazole and phenol residues, though
epsilon-amino, guanidino, and imino groups may also be involved 28
Polyaminostyrene can be prepared by nitration and then reducing to the
amine; Falb's method?’ was used for this work. The polyaminostyrene
surface was then diazotized and coupled to protein following the technique
of Gyenes and Sehon? The surface modifications and protein binding
were detected by multiple attenuated total reflection (MATR) infrared

spectroscopy; the MATR spectra were made by Mr. Fran Bonomo,
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Chemistry Division, Denver Research Institute. The nitration, amination,
and proteination steps were evident in some of the spectra. Generally,
however, the reactions were not reproducible and were thus somewhat
unreliable. A simpler and more reproducible reaction was sought.

Friedel-Crafts reactions in aqueous solutions are discussed briefly
in Olah's treatise.? Jenny*® prepared diphenylmethane by reacting ben-
zene with benzyl chloride. The catalyst was zinc chloride in a saturated
aqueous solution of hydrochloric acid. The reaction was carried out at
the interface between the aqueous and organic solutions. The reaction
conditions used (3 hours at 50 C) prompted the use of a similar technique
for the proteination of polystyrene, where the reaction would take place
at the interface between the polystyrene and the protein solution.

Polystyrene sheet (10 mil) and tubing (Linch ID) were obtained
locally®! The sheet was cut into 18 x 50 mm tabs for ease in MATR
analysis; the tubing was machined into Gott vena cava rings 3% for the
in vivo blood compatibility studies.

The polystyrene samples were washed in ethanol and then chloro-
methylated according to Falb's method® The dry samples were im -
mersed for 15 seconds at room temperature in a solution containing 5
grams of AlCl, and 3.6 ml of chloromethylmethyl ether (Aldrich Chem-
jcal Co.) in 100 ml of nitrobenzene. The salmon-pink samples were then
plunged immediately into 100 per cent ethanol until a uniform white sur-

face appeared; they were then thoroughly soaked and rinsed in 95 per cent
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ethanol until no further trace of nitrobenzene was evident. MATR
spectra of the tabs indicated extensive para substitution of the aromatic
groups (Fig. 1). The differences between the MATR spectrum of poly-
styrene and chloromethylated polystyrene are evident from Figure 1.

The use of albumin for the chemical proteination of surfaces was
first suggested by Dr. Leo Vroman?® Albumin is probably the best
choice as it is a relatively innocuous protein whose primary biochemical
function appears to be the maintenance of osmotic pressure. The other
proteins in blood, e.g., fibrinogen and the gamma globulins, all have
rather specialized functions in addition to their role in the osmotic bal-
ance.®® Thus an albuminated surface may be an especially passive or
inert surface for application in contact with blood.

About 0.7 gram of ZnCl, was added to 100 ml distilled water; the

‘solution was slowly adjusted to pH 4 with 0.1 N HCl. One gram of albu-

min®’ was then added with stirring. The control solution was identical
except that 0.9 grams of NaCl were substituted for the ZnCl,. The
chloromethylated samples were immersed in the albumination and control
solutions at 40 C for at least 8 hours. The samples were then thoroughly
washed and rinsed in 0.9 per cent saline until there was no evidence of
protein remaining; this required many changes of the saline over a period
of 2-3 days. MATR spectra of the control and albuminated surfaces are
given in Figures 2a and 2b. Note that the control surface shows little

evidence of protein (peptide bands) but that the peptide band is strong in
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the treated samples. The treated samples also show a decrease in in-
tensity of the C-Cl bands, indicating Cl1~ displacement and protein bond-
ing. |

The reactions described above were performed on vena cava rings .
under sterile c.onditions and shipped to Dr. Vincent Gott in sterile saline.
Control and treated rings were implanted in dogs®® for acute (2 hour)
and chronic (2 week) tests. The acute tests showed that the control
rings were thrombosed ; the treated rings were essentially free of thrombus.
Of the four rings submitted for chrenic testing, two were completely free
of thrombus, and two "...had relatively minimal thrombus. ' *® The
non-thrombogenic behavior of this albuminated polystyrene thus appears
to be about as effective as a heparinized.surface.

In vitro tests were not performed. The problems and artifacts

produced in conventional in vitro clotting tests, probably by the transfer
of denatured protein monglayers to the test surfaces, make such tests
unreliable, unless the air/blood interface is completely eliminated,*®

The actual nature of the albuminated polystyrene surface described
here is not known. It is a rough surface, as the nitrobenzene attacks the
polystyrene surface during the chloromethylation reaction. The surface
obviously contains a great deal of protein, as evidenced by the MATR
spectra. Whether that protein is in its native form or not is not known;
it may be complexed with zinc ions. The surface may even consist of

protein fragments, though this is doubtful, as the reaction conditions are
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not particularly severe. The biological half-life of such a surface is
not known.

A mechanism for the non-thrombogenic behavior of the surface is
not known. Perhaps it is due to the innocuous nature of albumin, dis-
cussed earlier. Lyman has shown® that surfaces precoated with a layer
of undenatured protein do not adsorb platelets, while those containing a
denatured layer do adsorb platelets. If the albuminated surface consists
of undenatured albumin, then Lyman's results may explain the non-
thrombogenic behavior of albuminated polystyrene.

Another possible explanation lies in the water-containing or gel-
like nature of a proteinated surface. This mechanism is discussed in

Chapter III, as it is dependent on the adsorption model developed in that

chapter.

B. Protein Adsorption by Fluorescence Microscopy

The coagulation of blood has been discussed as a surface energy-
dependent process.*® If this is so, then microscopic changes in surface
energy might have significant effects on the overall behavior of the ma-
terials. Both Lyman * and Merrill 2 have mentioned this possibility.
Studies of polymer morphology have clearly shown striking differences
in surface energies (see the discussion of the polymer surface in Chap-
ter III). Therefore, it was of interest to look at protein adsorption on

a microscopic level to see if there was any correlation between adsorp-
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tion and surface morphology. Only two techniques appeared to be suitable
to detect adsorption at the micr\oscopic level with the sensitivity necessary to
detect .a monolayer: fluorescence microscopy 40, 41 and microautoradio-
graphy.? The former was chosen, largely because of convenience. It
will be shown that the fluorescence microscopy method left much to be
desired.

The study of protein adsorption on a microscopic level places severe
limitations on the techniques which can be used. The microscopic re-
quirements requires that the technique be compatible with microscopic
observation. The low concentrations involved* require that extremely
sensitive techniques be used. The concentrations* are at the limit of
detectability of both fluorescence microscopy and microautoradiography...
The microautoradiography method would require long exposure times,
even with proteins of high specific activity. Also, radiolabeled pro-
teins were not commercially available. Thus the fluorescence micro-
scopy technique was selected. It was also felt that if the method proved
successful, it might be used with specific fluorescent antibodies; thus

studies of competitive adsorption of proteins could be undertaken.

* The projected areas of albumin for side-on and end-on orientations
are about 4, 600 A? and 1,700 A?, respectively.'® If one considers a
monolayer of adsorbed albumin, a one micron square area of surface
would contain about 6,000 molecules in the end-on orientation, which
is 10~!° moles or 7 x 107! grams; in the side-on orientations, only
23, 000 molecules could be accomodated, giving 4 x10~2° moles or

3 x 107'* grams.
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The properties ofa protein are relatively unchanged after conjugation
with the highly fluorescent molecule, fluorescein isothiocyanate (FITC).
Changes in solubility, net charge, stability, and molecular size and shape
are slight, though there can be a 1 to 2 percent increase in molecular
weight. FITC is not a small molecule, and there may be up to 10 FITC
molecules conjugated to each molecule of protein, 40, 41 thus one might
expect significant changes in surface properties. The results with fluer-
escent antibodies do not tend to bear out this suspicion, however. Anti-.
bodies conjugated with FITC and other fluorochromes retain their antigenic
specificity. The interaction between a protein and its antibody is very
subtle and sensitive. If fluorescent conjugation does not significantly
affect such interactions, it can probably be assumed that solid surface
interactions will also not be significantly affected, though the possibility
must be kept in mind.

o FITC-conjugated bovine albumin, gamma g}obulin, and ffbrinogen were
obtained from Mann Research Labs3’” The material was conjugated by the
Rinderknecht technique # jn phosphate-buffered saline.*® The buffer
system may have been a poor choice as it is known to have a desorption
effect on denatured albumin % It is also quite probable that the rapid
Rinderknecht method may yield a lower degree of conjugation than slower.

methods.

A dropof protein solution was placed onafreshly prepared polymer

film in an inverted Petri dish. After adsorption times of 1 to 2 hours the
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drop was washed off with distilled water, quickly dried, and stored in a
clean container until examined.

The filter system chosen was that recommended by Goldman,*
The exciter filter was a UV-blue transmitting Schott BG-25 filter *¢
coupled with a heat absorbing filter. The blue excitation light then ex-
cited fluorescence in the specimen. The barrier filter was a single
piece of Kodak Wratten No. 12 gelatin, followed by a clear Wratten 2B
to absorb the UV component which is transmitted by the No. 12 filter.
The arrangement is given in Figure 3.

The optimum excitation system was found to be transmitted light
dark-field illumination, which prevents most of the excitation light from
entering the objective; the barrier filters need not be as absorbent,
therefore, as for bright field illumination. The use of a reflected light
excitation system was inferior to the above, largely because of absorp-
tion in the half-silvered mirror. At first a 150 watt xenon arc was
used unsuccessfully; a 200 watt high pressure mercury arc proved
somewhat better.

After proper alignment and adjustments, the sample was placed
on the inverted microscope stage and an interesting morphological
field was selected. The initial observation was performed with a Wrat-
ten No. 15 filter in the light path to prevent excitation of the sample.
I'I“he No. 15 filter was then replaced with 3 mm of BG-25 and the fluor-

escence observed in a dark room under a photographer's cloth.
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Cardoid Dark- Field Condensor
Immersion Oil

. . \ Specimen

gL U=

Objective o —3 v

Green + Green Light Eye or
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Figure 3. The Optical Arrangement for Excitation and Observation
of Fluorescently Labeled Proteins.
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Extensive evaluation tests were conducted with fast negative films
and developer combinations—none was as satisfactory as Polaroid's
""Polascope' film (ASA rated at about 1‘0, 000), not even Kodak 2475 and
2485 high-speed recording films, even with extensively forced develop-
ment. The fast Kodak films are panchromatics and apparently could not
respond as welltothe greenlﬂuorescence (about 5250 A) as the Polaroid
film could.

Unfortunately, even the Polaroid film could not successfully record
the very faint fluorescent images which resulted. The images were bare-
ly observable by eye but not with sufficient clarity or resolution to relate
the results to the morphology of the sample. An image intensification
system might have made it possible to record the results, but the re-
sources for such an expensive system were not available. A more im-
portant problem was that in many cases the polymer itself was fluorescent,
probably due to commercial additives; in a few cases (a commercial
polypropylene) the polymer fluorescence was so intense that it was lit-
erally blinding. Extraction of the polymer (in hexane, for example) suc-
ceeded in removing much of the fluorescence, but never all of it. In
nearly all cases the fluorescence remaining was greater than the contri-
bution from adsorbed protein. In addition to contamination with additives
which may be fluorescent, polymers are known to adsorb organic com-
pounds from the atmosphere; the behavior can result in highly fluores-

cent species on the surface*’ In practically all cases these fluorescent
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artifacts completely overwl;élmed the contribution due to adsorbed pro-
tein.

It was thus clear that the fluorescence microscopy technique was

an unsatisfactory choice, and the effort was abandoned.
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CHAPTER 11
A MECHANISTIC MODEL OF ADSORPTION ONTO

APOLAR POLYMER SURFACES

A, Background

1. The Polymer Surface:

The clean polymer surface is generally considered to be a rela-
tively homogeneous structure with quite reproducible surface properties.
Detailed surface studies of the wetting properties of high polymers have
justified this assumption $® but there is now a growing body of evidence
to indicate that polymer surfaces may not be as homogeneous as previ-
ously suspected.®

The crystallinity of high polymers is now firmly established, and
several monographs on the subject are available.’” ! The crystallinity
of polymers can vary from 0 percent, as for atactic polystyrene, to in
excess of 90 per cent, as for polytetrafluoroethylene. The degree of
surface crystallinity of polymers has recently been shown to strikingly
affect their surface properties .’ 5

The characteristic mode of growth of crystalline polymers from
the melt and viscous solutions is spherulitic. The spherulite is con-
sidered to grow from some nucleus, possibly a tiny single crystal;*
nucleated heterogeneously on particles or on a substrate. Because of
viscosity effects and temperature gradients, the single crystal cannot

continue to grow, and the growth degenerates into lamellar fibrils.
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The lamellae tend to grow radially from the nucleus, producing a
structure of spherical symmetry whose growth rate tends to be a linear
function of time. The spherical symmetry results from non-crystallo-
graphic branching of fibrils (groups of adjacent lamellae) at an unstable
growth interface’* *°

Commercial crystalline polymers (polyethylene, polytetrafluoro-
ethylene, polypropylene, cellulose, nylons, etc.) are normally com-
posed of very small crystallites, generally unresolvable in the optical
microscope. Nevertheless, though the surface of a crystalline polymer
may appear homogeneous to a macroscopic contact angle drop, it cer-
tainly must appear heterogeneous to a microscopic protein or a simple
compound. Amorphous polymers and elastomers may be relatively
homogeneous, e.g., polystyrene, polymethylmethacrylate, etc.

Zisman® has related the surface energy of polymers to their
chemical constitution by detailed studies of their wetting properties. He
obtains a quantity called the "critical surface tension," v, which is
probably closely related to the surface free energy. The range for
common polymer surfaces is from about 18 or 19 dynes/cm for poly-
tetrafluoroethylene to 46 dynes/cm for 6/6 nylon 8

It is reasonable to expect that the different faces of a polymer
single crystal.or lamella will have different surface energies. Hoff-

mann 5% estimates that the lateral surface energy is about 10 ergs/cm?
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and the energy of a fold surface is 57+ 5 ergs/cm? for polyethylene;
Keller ¥ 5e1ieves that a significantly higher value is more accurate.

The energy of a "tYpicai" polyethylene surface is probably some average
of the two, possibly close to Zisman's*® y. value of 31 ergs /cm? . Hoff-
man®® also gives data for polychlorotrifluoroethylene, where the lateral
energy is 4 ergs/cm? and the fold surface energy is 40 ergs,/cm?; Zisman's
Ye for this polymer is also 31. Thus the y, value does not necessarily
shed light on the energies of the crystallites.

Polymer single crystals are microscopic and have not been grown
in large enough sizes to allow one to use contact angle techniques for
surface energy determination. Because of their lamellar nature, how-
ever, single crystals can be allowed to deposit from dilute solution to
form an aggregate with the C-axis fairly well oriented perpendicular to
the aggregate surface. Schornhorn and Ryan® have studied the wetta-
bility properties of polyethylene single crystal aggregates by contact
angle measurements. The aggregates were highly crystalline. Their
value for the surface of polyethylene single crystal aggregates is 53.6
dynes/cm? . As the surface of an aggregate must be almost completely
composed of fold surfaces, their results are in excellent agreement with
Hoffman's® value of 57+5. It is thus clear that the surface energy of a
crystalline polymer is not only a function of its chemical nature but is
also a function of how the molecules are oriented.

Polymers are usually cast or molded against low-energy surfaces
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which tend to reduce sticking. As the polymers crystallize, the low
molecular weight or impurity species are rejected from the growing
crystal®*® A polymer crystal thus tends to be surrounded by uncrystal-
lized material, which is probably why e and other surface properties
are not particularly sensitive to crystallinity or bulk density®»® If the
polymer is cast against a high energy substrate, which can furnish many
heterogeneous nucleation sites, its surface properties are different from
those of conventionally formed polymers. This has been demonstrated
by Schornhorn in several papers®® °® He studied the surface properties
of both crystalline and non-crystallizable polymer surfaces prepared by

melting on both high energy (gold) and low energy (nitrogen gas) sub-

strates. A portion of his data is given in Table L

TABLE 1
SURFACE PROPERTIES OF POLYMERS

NUCLEATED AGAINST GOLD SUBSTRATES®

Polymer Bulk Density (yc )Nz ('yc) AU
1. Polyethylene 0.95 35 69.6
2. 6/6 Nylon 1.14 46 74.4
3. Polychlorotrifluoroethylene 2.12 31 58.9
4. Polypropylene (Isotactic) 0.90 29 39.5
5. Polypropylene (Atactic) 0.86 29 28.0
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The surfaces of crystalline polymers are not necessarily homogen-
eous. The surfaces of 2 crystallite can have energies significantly dif-
ferent than the "amorphous' surface. An even greater energy difference
exists between the lateral and fold surfaces of crystallites. The assump-
tion will be made that a polymer surface consists of randomly arranged

molecules, though the effect of different surface orientations will be

qualitatively discussed.

2. Proteins:

A protein is a complex, highly structured, nylon-like copolymer
to which many of the principles of polymer chain statistics are not appli-
cable. A protein can contaimup to about twenty different monomer units,
called amino acids, each linked together by a peptide bond with its very
prominent hydrogen-bond forming properties. The mer unit can be re-
presented as

R O

I I

—~—NH-—CH —C— ,

where R can be any of twenty different groups, some acidic, some basic,
others hydrophobic. These are discussed in all biochemistry texts. The
amino acid sequence of a protein is termed its primary structure. The
alpha-helix conformation dlong many portions of the chain, resulting
primarily from hydrogen bonding between the peptide linkages, is called

the secondary structure. If one folds and fastens the protein back on

—— e ——
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itself at several points, by disulfide linkages, hydrogen bonding, and
hydrophobic interactions, a three-dimensional configuration of the chain
is obtained. This is the tertiary structure. Finally, to further increase
the complexity, most proteins are composed of two or more chains bound
together into a complex quaternary structure.

The great variability of properties among different proteins and
the phenomenal specificity exhibited by many of them is due largely to
their fragile and complex tertiary and quaternary structures. The fragile
structure can be stabilized or disrupted, depending on the ionic environ-
ment of the protein solution. The jonization tendencies of the various
pendant groups depend on the pH of the medium. The pH of plasma is
approximately 7.4. Buffer systems are employed in the body and in bio-
chemical preparations to keep the pH constant. A very important property
of a protein is its isoelectric point (IEP).

The total charge on a protein molecule depends on the pH of

the solution and the relative number of each kind of amino

acid in the molecule. When the net charge density of the

molecule is zero, that is, when total negative and positive

charges effectively neutralize each other, the protein will

not migrate in an electrical field, and that pH is its iso-

electric point (IEP). At a pH alkaline to its IEP, the pro-

tein will carry a negative charge; at a pH acid to its IEF,

the protein will carry a positive charge.

Ref. 60, p. 41.

The fact that water tends to avoid apolar groups (discussed in the next

section) while it is drawn to charged or polar groups leads to some im-

portant results. When a flexible molecule containing both hydrophobic
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and hydrophilic groups is dissolved in water, the molecule assumes a
stable configuration where its hydrophobic groups tend towards the center
of the molecule (away from the water), while the hydrophilic groups are
on the surface, nearest to the water. The hydrophobic groups can only
interact with water by dispersion forces. These forces cannot compete °
with hydrogen bonding, and therefore water tends to "'stay together"
rather than interact with hydrocarbons. The situation is different at an
interface, as now the force field is asymmetric and the London inter-
actions are very significant.

The various side chains of amino acids have different ionization °
tendencies. Several of the groups have their isoelectric point around pH
7 and may be either charged or uncharged; acidic groups are negatively
charged, basic ones positively charged. At pH 7 there are two amino
acid residues which are negatively charged (acidic) and two that are
positively charged (basic), in addition to the acid terminal of the peptide
chain. The amino terminals may be either positively or negatively
charged. The net charge and charge distribution of a protein molecule
and its consequent dipole moment at pH 7 will be primarily dependent on
the number and distribution of four different amino acids® Amino acids
capable of hydrophobic bond interactions are indicated by an AP notation
in Table II. The other amino acids are assumedtobe hydrophilic (P),
except for glycine. For those amino acids which are charged at natural

pH, the charge is given in parenthesis in Table II.
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TABLE 11
PROPERTIES OF SOME SELECTED PROTEINS %
Amino Acid Composition Por . Gamma Fibrin- Ribo-
(Moles/mole protein) AP* Albumin Giohulin  ogen nuclease
Lysine (+) P 56 87 214 10
Arginine (+) P 23 41 153 4
Aspartic Acid (-) P 52 107 336 5
Glutamic Acid (-) P 81 140 336 5
Amide NH, P 38 146 30 17
Glycine (*) * 12 94 236 3
Alanine AP 62 72 142 12
Valine AP 41 131 119 9
Methionine AP 5 10 59 4
Isoleucine AP 8 30 125 3
Leucine AP 60 102 184 2
Phenylalanine AP 30 47 95 3
Histidine P 15 27 57 4
Threonine P 28 114 175 10
Serine P 24 178 230 15
Proline AP 25 100 169 4
3 Cystine P 33 34 7 8
Tyrosine P 16 . 62 104 6
Tryptophan ? 1 33 55 0
Total Carbonate 0.08% 2.9% 2.5% _——
N Terminals Asp. Ala Asp.Gly Ala Tyr Lys
C Terminals Leu. Ala Ser. Gly -----
rmin Val. Gly er. Gly Val
Molecular Weight 69,000 160,000 340,000 14, 000
Isoelectric Point (plI) 4.9 5.8t07.3**5.8 9.4
P/AP Ratio* 1.58 1.58 1.92 2.27
. ;, (1.52) (1.31) (1.52) (2.10)
Approximate Net Charge @ pH7 -54 -119  -300 +4

* Glycine is often considered to be apolar, though steric effects would

greatly inhibit its hydrophobic interactions. The P/AP value is calcu-
lated ignoring glycine; the value in parentheses considers glycine as apolar.
**The plI of the gamma globulins varies with the protein fraction tested. Many

ionizable groups are no doubt immersed in the interior of the molecule for
some configurations and thus cannot contact the solvent and ionize.
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Table II presents data for ribonuclease and for the common plasma
proteins albumin, gamma globulin, and fibrinogen. The structure of the
plasma proteins is not known, nor are the exact amino acid sequences.
The polar (P)/apolar (AP) ratios are also given in Table II. These
ratios have been used by Ghosh® and Vroman®® and may indicate the
protein's tendency to adsorb by hydrophobic interactions. The P/AP
ratio is determined by adding all the amino acids in the chain capable of
polar interactions and dividing by the total number capable of only apolar
(dispersion) interactions. The probable net charge at pH 7 is also given
in the table.

The various properties of the plasma proteins have been succinctly
reviewed by Putnam®

Albumin is an ellipsoidal globular protein, usually considered to
have an axial ratio of about 6:1. It is composed of a single polypeptide
chain containing 16 to 18 disulfide bridges.® These bridges must all
be intramolecular links tying and knotting the chain together; this accounts
for albumin's stability. Albumin has a high concentration of acidic and
basic amino acids and must therefore be quite polar, though its P/AP
ratio indicates a significant number of hydrophobic residues. There is
some evidence that albumin may have a somewhat hollow cylindrical
shape® It also has a strong tendency to dimerize® which could indi-

cate some type of mirror image charge distribution or structure.
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The gamma globulins are a group of proteins which all have rela-
tively similar solubility and electrophoretic properties. Their structure
is commonly considered to be ellipsoidal and globular with a slightly
greater axial ratio than albumin. "They have been considered to be a
family of proteins, varying continuously, subtly, and ineluctably in their
properties.”" (Ref. 63, p. 229). The gamma globulins have a relatively
low alphahelix content, thus their structure is probably quite disorganized
with respect to proteins of higher alphahelix content. Their folding into
a compact configuration may be due to hydrophobic rather than hydrogen
bonding.® The low alpha-helix content is in part due to the high proline
concentration; proline cannot fit into an alpha helix. Gamma globulins
also have an unusually large proportion of -OH containing residues
(serine and threonine). Though they have over double the molecular
weight of albumin, they have about the same number of disulfide bridges.
Thus, the gamma globulins must have a structure which is capable of
subtle changes in response to subtle influences. The structure is not
encumbered by alpha-helices or by an excessive number of disulfide
bridges, yet is is capable of extensive polar and dipolar bonding. The
number of peptide chains in a typical gamma globulin is not well es-
tablished,  but it is believed to consist of two small and two large poly-

peptide chains3®
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Fibrinogen is a very large nodular or rod-like protein. The entire
coagulation cascade appears to serve only to catalyze or modify fibrino-
gen so that it can polymerize with itself to form fibrin polymer, the net-
work of a blood clot. It has been widely studied, mainly because of its
importance in blood coagulation; an entire book is devoted to this one
protein® Fibrinogen appears to be composed of three pairs of polypep-
tide chains, each of molecular weights of about 50, 000 to 65, 000. Dipole
moment measurements indicate "...a very high degree of charge sym-
metry with respect to the long axis of the molecule. The most likely
arrangement, therefore, is mirror-image-like halves on both sides of
the center of the molecule!' (Ref.66, p. 69). Fibrinogen may have a very
high water content, thus estimations of its shape vary greatly depending
on the technique used and the assumptions made. The length of the
molecule in solution is probably around 600 A% ¢ though electron micro-
scope work gives a value of about 475 A for the dehydrated protein %@
Electron microscope observations show a long needle-like structure with
a nodule on each end and in the center; this structure is illustrated later
in Figure 25. The nodules appear to be able to rotate, both perpendicular
and parallel to the long axis. The structure can be summarized as "...
Three nodular formations connected by loose, sponge-like segments"
(Ref. 66, p. 84). About one-third of the chains are in the alpha-helix

configuration. Fibrinogen is also known to dimerize.




C—

-

i R o

O

— - — —

| - = . T

35
3. Adsorption:

a. Introduction

A surface is a discontinuity. A surface is defined wherever a
phase terminates. The phase may terminate in a vacuum or at the sur-
face of another phase. The surface formed where two phases meet and
terminate is an interface. The concept of a surface is, in most instances,
really that of an interface. Perhaps the most complete and up-to-date
treatment of surface science is given by Adamson® Fowkes' compre-

hensive and recent review "° and Davies' and Rideal's Interfacial Phen-

ena” are also very useful. Treatments of interfacial energies and
forces are more difficult to find: the American Chemical Society's

Chemistry and Physics of Interfaces’ is one of the most readable expo-

sitions, particularly the paper by Fowkes™ Good briefly deals with the
subject in his review ™ and treats it in detail in his papers;’®>"® Fowkes'
other papers also treat it.® 82

The attraction of the molecules in the surface layer of a liquid by
the bulk phase results in a decrease in the number of molecules in the
surface region, thus increasing the intermolecular distance on the sur-
face; the result is a surface tension. Usually the surface tension or
energy resides in the outermost layer, but in some systems there are
contributions from the second and third layers. The forces responsible
for the surface tension are the intermolecular forces which will be dis-

cussed. In the case of water, there are London dispersion and hydrogen-
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bonding (dipole-dipole) attractions. Following the principle of additivity

of intermolecular forces® the interfacial tension, ¥ can be written as:™

y =y Londen + hydrogen-bonding
water water water

Consider the interaction between water and a saturated hydro-
carbon. The only intermolecular force available for the interaction of
hydrocarbons with themselves or other uncharged species is the dis-
persion force. The interface between water and a hydrocarbon can be
considered to be composed of two adjacent interfacial regions; the sum
of the surface tensions cf the two regions gives the overall interfacial
tension. The hydrocarbon molecules at the interface are not only at-
tracted by their bulk phase, but they are also attracted by the dispersidn
interactions of the other phase. Therefore molecules at an interface
between two different phases are in a different environment than those
at the surface of a single phase. The molecules at the interface are not
only involved in intermolecular interactions with their own kind, but they
are also interacting with the molecules in the adjacent phase. The re-
sult is that the interfacial tension must be lower than the surface tension
of water itself.

Adsorption is an interfacial process. It is generally defined as a
surface excess of some component in or near an interface. The inter-
facial region can be treated as a separate phase with its own thermo-

dynamic properties. This approach was pioneered by Gibbs (see Ref. 69)
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and has been exhaustively developed?

Interfaces can be divided into two general types: condensed-phase/
vapor and condensed-phase/condensed-phase. Adsorption can also be
divided into two classes: physical adsorption and chemisorption. Physi-
cal adsorption refers to interactions other than direct chemical bonds,
while chemisorption is due to actual chemical bonds. There is a wide
overlap between the two types; an excellent discussion is given in

Chemisorption®*

Adsorption data is usually treated in terms of an adsorption iso-
therm, which is a plot of amount of material adsorbed against the con-
centration in solution; the data are taken at constant temperature and
after equilibrium has been established.

The adsorption of gases on solids or liquids has been treated by a
consideration of intermolecular interactions,® ’ % but adsorption from
solution has been deprived of such mechanistic treatments and has had
to depend on thermodynamic analyses. This is understandable, as a
treatment of adsorption from solution in terms of inter-molecular inter-
actions is complicated by solvent-solid and solute-solvent interactions.
A more difficult problem is posed by considering adsorption from solu-
tion at the solution/air interface: how can intermolecular interactions
account for such adsorption? The air certainly cannot significantly in-
teract with the solute molecules. Thus one must resort to a considera-

tion of solute-solvent interactions to attempt to explain the phenomenon.
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This is the basis of the mechanistic model of adsorption from solution

which will be presented and developed in the next chapter.

b. Simple Compounds

The surface tension of water is 73 dynes/cm. Addition of a second
component to pure water usually results in a decrease in the surface ten-
sion. The decrease is due to solute adsorption at the air/water interface.
Thus a measure of surface tension as a function of solute concentration
is an indication of adsorption. Such surface tension isotherms are com-
mon in the literature. An example is given in Figure 4 for both surface-
active and surface-inactive solutes. If the decrease in surface tension is
due to the fact that some solute molecules are statistically in or near the
interface at all times, thus affecting its properties, then the plot in Fig-
ure 4 should be a linear function of concentration (dotted lines). The
surface tension should linearly decrease for a low-energy (surface-active)
solute and should linearly increase for a high-energy (surface-inactive)
solute. It is clear from Figure 4 that this is not the case. The surface
tension drops very rapidly below the linear line (dotted) for the surface-
active solute, indicating that a concentration of solute builds up at the
surface or adsorption of solute occurs. For the surface-inactive solute,
the line is below that expected for a linear increase, indicating that a
surface deficiency of solute exists or negative adsorption occurs.

It has been suggested that adsorption at the water/air interface can

be divided into two processes, #* the diffusion of solute to the vicinity of
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- — Surface-Inactive Solute

Surface
Tension

B + Surface-Active Solute

Molar Concentration ——

Figure 4. Hypothetical surface tension—concentration
isotherms for surface-active (low energy)
and surface-inactive (high energy) solutes
(after Ref. 60, p. 211). A represents the
surface tension of the solvent (73 dynes/cm.
for water): B represents the surface tension
of pure solute.

the interface, and the actual adsorption and orientation of the solute at
the interface. The adsorption process tends to be very rapid for rela-
tively small molecules, but becomes quite slow for larger molecules,
probably due to the slower diffusion rates. Protein adsorption (at the

water/air interface often takes several hours or longer to equilibrate.
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Though most of the adsorption occurs in a very short time, there is
usually a small increase in adsorption for a long time before equilibrium
is attained. One suggestion?' is that the first molecules arrive at an
empty surface and are free to orient and adsorb while later arrivals

have more difficulty finding a place. Thus, the process should slow
down rapidly when the surface is nearly completely covered, as observed.
It is probable that adsorption at the liquid-air interface may continue to
occur after an adsorbed layer has formed, particularly if the solute mole-
cules can significantly interact with each other. "Multiple layers are not,
however, detectable by the more common techniques of change in surface
tension or surface potential. If enough material is present it can form a
second phase, as with oil films on water.

If the solute molecules are capable of extensive intermolecular
interaction among themselves and with the water, as for stearic acid,
the adsorbed molecules may form a stable, insoluble monomolecular
film. Monomolecular films are very intriguing and have been studied a
great deal®’

Unfortunately, there has been very little work or discussion of the
relationships between adsorption processes at different interfaces. Kip-
ling has attempted some discussion?' but could draw very few conclusions.
Adsorption at the liquid/air interface does appear to be preferential for
that component which most reduces the surface tension, though the same

generalization is not necessarily true for adsorption at the liquid/solid
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interface. The amount of material adsorbed at a liquid/solid interface
is often greater than at a liquid/air interface?2' Also, adsorption at the
solid/liquid interface can be highly specific. Polar adsorbents prefer-
entially adsorb polar compounds; apolar adsorbents preferentially ad-
sorb apolar compounds. Solvent competition effects are also very
important.

A detailed discussion of the adsorption of simple compounds will

be given in Section C. 2.

c. Polymer Adsorption

The principles of polymer adsorption have been well summarized
by Ullman and coworkers;®® a recent review® is also available, as is a
chapter in Kipling's book?' The general principles noted above for simple
compounds also apply to polymers. Their large molecular weights tend
to make interpretation of data more difficult.

Molecules of synthetic polymers in solution tend to assume a
random-coil shape unless there are strong polymer-solvent interactions
or strong interactions between portions of the polymer chain.

Polymer adsorption on solid surfaces tends to follow a Langmuir
isotherm, implying monolayer formation. Data on the amount of polymer
adsorbed clearly show that much more than a flat monolayer adsorbs,

thus the monolayer must be composed of relatively random coils. The

amount of polymer adsorbed is a function of molecular weight, increasing
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with increasing molecular weight. Polymers are not homogeneous be-
cause of their molecular weight distribution. Thus, polymer adsorption
produces a fractionating effect, because the higher molecular weight
material is preferentially adsorbed. Polymer systems give good evi-
dence of competitive adsorption. Kipling®! cites data where low mo-
lecular weight species are adsorbed first, and then displaced by:the
more strongly interacting high molecular weight compenent.

Though initial polymer adsorption is relatively rapid, equili~
brium is often not attained for weeks or months. Polymer adsorption
is somewhat irreversible in that it is difficult td desorb pelymers from
a polymer surface. This is interpreted as due to the statistical im-
probability of breaking all of the many polymer-surface interactions
simultaneously.

There has been little work on polymer adsorption from aqueous
solutiocns due to the inherent insolubility of polymers in water. The ad-
sorption of synthetic polyelectmlyfes has been studied. Lauria's study®
\'vhich included adsorption on pelystyrene beads, utilizes the conventional
techniques of high surface area adsorbent and scluticn concentration
changes.: His data seem .. .to fit a type of Langmuir isotherm with
repulsion between the adsorbed units. " (Ref. 90, p. ix)

Polymer films at the liquid/air interface have been well studiedand

d87 =2

reviewe If the polymers contain bath polar and apolar groups,

stable monomolecular films can be formed. Most of the work has dealt




—

—

G

C

—

-

(

-

-

—

-

{ |

P

43
with spread films rather than adsorbed films and is not applicable to our
purposes.

Most of the various theories of polymer adsorption®® ®® are con-
cerned with the state of the polymer molecule at the interface', and not
with how it got there. A very recent review of polymer adsorption

theories has been given by Stromberg.**

/

d. Protein Adsorption

The adsorption of proteins has been reviewed by Cumper and
Alexander®® and by James and Augenstein®® The latter review is much
more recent and is devoted primarily toc enzyme adsorption. A wealth
of information is available on protein monolayers at water/air inter-
faces’ Most of the data are given 1n terms of pressure-area isotherms,
thus multi-layer adsorption is ﬁsually ignored. The adsorption studies
at solid-water interfaces have usua‘lly'been on adsorbents of high surface -
area using the conventional methods, which are questionable in the case
of protein solutions because of their tendency to denature (see below) at
air interfaces.

Proteins at an air/water interface are denatured, that is, their
complex tertiary structure is disrupted. The polar regions interact
strongly with the water, and the apolar regions are 'rejected" by the
water phase. Denatured proteins tend to be insoluble and to form mono- -
molecular layers. Protein monofilms can yield much information about

molecular weight, structure, activity, and other properties, and are
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often purposefully prepared. Here the only concern is with adsorption

from solution; films formed by gently depositing protein solutions onto

a water surface will be ignored. Practically all the isotherms available
for the air/water interface are film-pressuré isotherms and are thus
difficult to relate to other data.

When there. is a relatively small amount of protein at the interface
(less than 1 mg,m?2), the film is dilute®® and essentially completely un-
folded (denatured). In compressed films all of the molecules are not
necessarily denatured, and some unfolded, intact proteins are usually
present. The most reasonable model of protein films is the duplex
model. °° This states that the first molecules to arrive are probably
denatured and a denatured monofilm is formed. Cumper and Alexander
believe that "...surface denaturation of each molecyle as it reaches a

clean interface must be an almost instantaneous process, ' (Ref. 94 p.

134). As additional protein molecules arrive, they form undenatured
multilayers. Other models are also available. ®® The tendency to form
a monofilm is quite strong, as films can continue to form against an ap-
plied surface pressure.

Protein adsorption is always maximized when the solution pH is at
the isoelectric point. At pH's away from the isoelectric point, adsorption
is probably retarded by repulsive forces due to the charged protein mole-
cules in the surface.®® There is apparently a molecular weight effect as

well, as the high molecular weight proteins form films less readily than

smaller proteins.
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There is evidence that only a small portion of a protein molecule
need interact with a surface to enable denaturation to occur®® 1t is ap-
parent that the formation of protein films is a slow process, as surface
tension measurements do not approach a constant value until several
hours after spreading. This is probably due to reorientation effects
and more complete unfolding with time.

Denaturation at the oil/water interface is a function of the inter-
facial energy (about 73 ergs/cm? for the air/water interface). In sys-
tems where this energy is quite low, denaturation apparently does not
occur. Adsorption does occur, however, but the molecules are probably
in a more or less unmodified state. Adsorption at oil/water interfaces
is more rapid than at air/water interfaces®’ but a satisfactory mechanism
for this behavior has not been postulated.

There is a fundamental difference between solid/liquid and liquid/
liquid interfaces. A liquid/liquid interface is relatively mobile, as both
liquids are experiencing thermal motion, and their molecules are dynamic.
Thus, it is relatively easy for an adsorbed molecule to orient at such an
interface and even penetrate into one or both liquid phases. There is no
such mobility at the solid/liquid interface. The methods of studying such
an interface are also quite different, thus the results are not directly
comparable.

Protein adsorption on solids tends to conform to the Langmuir iso-

therm, again implying monolayer adsorption of some type. Adsorption
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from moderately concentrated solutions tends to produce films in which
the proteins are not denatured and are probably in a relatively compact
configuration. Adsorption from dilute solutions most likely produces a
denatured film with an additional layer or two of weakly adhering intact
molecules 82 °°

Perhaps the surface mest extensively studied is glass?® but the
results are difficult to interpret. The variable nature of the surface of
glass®” is usually not considered in adsorption studies. Different sur-
face treatments lead to strikingly different results °

Much of the available work on protein adsorption stems from work
on blood coagulation. It has long been known that bloed ceoagulation occurs
rapidly in glass containers but much more slowly on pclymeric surfaces
or paraffin-coated surfaces. This has led to the postulation of a surface-
induced or surface-activated mechanism of blood ccagulation, in addition
to the intrinsic mechanism. These mechanisms are now fairly well estab-
lished®-®:?® though there is a great deal of controversy about the details
within each mechanism. The two major theories are discussed by Vroman
in a very readable little book; ! in ancther work® they are synthesized by
him in an adsorption model of coagulation as a sequence of protein-protein
adsorption interactions. The activation rcle of the solid surface is believed
to be due to the adsorption of a particularly surface-susceptibie protein
called Hageman Factor {after Mr. Hageman) and its resultant distertion!®

This approach is not very satisfying, as Hageman Factor is present in
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much lower concentrations in blood than many other readily adsorbable
proteins. This puzzling situation has led to a great deal of effort to
determine the true role of protein adsorption and surface-induced pro-
cesses in blood coagulation. This work, and other more detailed ad-
sorption stud_ies, will be presented in Section C, where it will be com-
pared against the model which will be developed in Section B of this

chapter .

There are few studies where reliable and complete adsorption
isotherms have been developed. The lack of a suitable model makes
it difficult to put the available information in any sort of order or per-

spective.

4. Water:

The structure and properties of water play a fundamental and
perhaps major role in protein-surface interactions? The most popular
theory of water structure is the "flickering cluster'' model first proposed
by Frank and Wen in 1957 ! and developed quantitatively by Nemethy
and Scheraga !°2 The basis of the model is that hydrogen bond forma-
tion is a cooperative process, due to the acid-base nature of the bond 1!

When one bond forms, many tend to form; when one breaks, many break.

- Thus, small clusters are formed, constantly appearing and dissolving,. .

whose lifetime is long enough to be physically meaningful. This model

has been analyzed in depth, and its thermodynamic properties are
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available!°® The clusters are mixed with non-hydrogen bonded water
molecules which are involved in dipole-dipole interactions. The
Frank-Wen-Nemethy-Scheraga (FWNS) model accurately represents
the known thermodynamic properties of water. It does not, however,
account for the observed structural transitions in water.°® One of
these transitions occurs in the vicinity of body temperature and may
eventually have a large significance in the understanding of body
chemistry.

The other major theory of water structure is Pauling's model of
water as a continuous clathrate or hydrate, though his model is not as
popular as the FWNS theory. Pauling's model is visualized as a net-
work of hydrogen bonded water cages, composed of 20 to 24 molecules
and enclosing nearly spherical cavities in which a host molecule can
be accomodated without disturbing the structure!®® The host molecule
does not collide with the cages and is in a symmetrical field, thus
there is little hindrance to internal rotation. The host molecule may
be a clathrate-forming atom, such as xenon, or it may be a water
molecule.

Pauling has formulated a general theory of anesthesia!® based
on water-anesthetic interactions resulting in clathrate formation. The
Pauling hydrate model has been thoroughly analyzed by Frank and
Quisti’® In their analysis the Pauling model is discussed in terms of

flickering clusters of water cages.
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The strong charge-dipole interactions between an ion and water
dipoles produces a tightly bound and oriented hydration layer around an
ion. The extent of this effect is dependent on the ion's polarizing power!%
The hydration layer is rather rigid and at least one molecule thick. In
addition to these relatively short-range effects, the electrostatic field
of the ion can exert a torque on farther removed dipoles and thus inter-
fere with structure-forming and structure-breaking. These effects are

usually described in terms of the Frank and Wen 1% 197

multizone hydra-
tion hypothesis. In this model the ion is surrounded by two concentric
zones: in the inner zone, the water molecules are oriented, immobilized,
and compressed; in the outer zone, the water structure is disrupted and
the molecules perhaps partially oriented. Outside these regions the water
structure is relatively unaffected by the presence of an ion. Because of
changes in the water structure, the dielectric constant near an ion is dif-
ferent then in the bulk. The value of the dielectric constant near the ion
is not known, but it can be assumed that beyond eight angstroms it is

104

essentially the bulk value.

One might expect that the structure of water at an air/water inter-
face would be well established. It is generally accepted that the surface
of water is polar,’®”"® the oxygen portion pointing towards the surface
and the hydrogens pointing toward the bulk. This arrangement is com-
patible with the high surface energy of water, but now there is evidence

that the true arrangement might be just the opposite.'°®
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It is well accepted that water tends to isolate apolar solutes, form-
ing a more ordered structure around the foreign material, often called
an "ice-berg. ' Such an arrangement minimizes the total energy of the
system. !® The tendency to reject or isolate apolar material has led
to the concept of the hydrophobic bond!°? Salem!!° has suggested that a
more direct approach to an understanding of the hydrophobic bond may
come from a consideration of intermolecular interactions. There is also
evidence'®? that the water surface tends to exclude ions, as demonstrated

earlier in Figure 4.

5. Intermolecular Forces:

The subject of intermolecular forces has been thoroughly treated
in the book by Hirschfelder et al!’' Shorter discussions have been given
by Hildebrand and Scott®* }'? Margenau!*® and Pitzer!!* Several conference

8

proceedings on intermolecular!'® and surface forces''® are also available.

Good's very recent review ' neatly summarizes the subject and discusses

110, 118-118 reyiew the

some applications to solid polymers. Salem's papers
nature of intermolecular forces and treat biological applications in a very
lucid manner. Other discussions and reviews are also available!?® %
Intermolecular forces can be artificially divided into short-range
and long-range forces. The short-range forces are due to electron cloud

overlap at very close separations, producing a repulsive force. Short-

range forces are ignored here, as the separation distances which will be
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considered will always be greater than several angstroms. The long-
range forces can be divided into three major types: electrostatic, induc-
tion, and London dispersion forces. The electrostatic forces can be
further divided into charge-dipole, dipole-dipole, and quadrupole inter-
actions. Quadruple contributions will be ignored as they are usually
negligible. " Intermolecular forces are responsible for deviations from
ideal gas behavior and are, therefore, classed together under the general
heading of Van der Waals forces, though often the term Van der Waals
is used only in reference to London dispersion forces. These forces are
not necessarily weak and may approach magnitudes of the order of chem-
ical bonds.*

a. Electrostatic Interactions
The charge-dipole interaction energy, U(Q - u), between two

like particles is represented as:!!!

uQ-u=-(@Q- rﬂz)cos 6, (1)

where 6 is the angle between r and the dipole axis, p is the dipole mom-

ent, and Q is the charge. The expression for dipole-dipole interactions

is more complex:™

U(p-p)s= —L-L%z[ 2 cos 0, cos O, - sin 6, sin 6, (cos(®, - &,))] (2)
r

where the angles are identified in Figure 5.




—

L

L

O

— (C— (-

|

. C_

—

52

Dipole 2

Figure 5. Orientation Relations Between Two Stationary Perman-
ent Dipoles (After Ref. 74, p. 22).

If the two dipoles are free to rotate, they will assume the low
energy head-to-tail configuration where all the angles go to zero, thus
reducing equation (2) to:

2 4,

3 3)
r

Equations (2) and (3) are obtained on the assumption that (<< r.
When this condition does not hold, the system cannot be treated as di-
poles, and the interactions must be summed over the entire charge
system. Hirschfelder ''' and Good™ discuss the case where { is not <r.

When r/[ is less than 2.5, the expressions are in error by 25% or more.
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The average distance of closest approach of two water molecules is

estimated.as 3.2 A.'°2 The effective charge separation distance, {,
corresponds roughly to the C-H bond distance and can thus be estimated
at about 1 A}?22 Thus r/{ is about 3.2 for water and r is sufficiently
greater than { to use the dipole expressions.

These expressions only apply to bi-molecular dilute gas phase
interactions of molecules in fixed orientations. If the dipoles are free to
rotate and the interaction energy is greater than the thermal energy of
randomization, then there will exist a distribution of orientations with
those of lowest energy predominating. The distributions are expressed
by Boltzmann functions, and one obtains expressions for the average

interaction energies; after expansion and simplification, the expressions

reduce to*!!;
_ QiQ2
UQ-Q)= (4)
; r
~ 1 Qi
Q- p) = — (5)
3kT rt
— -2yl
Up - ) = — (6)
3kT r®

where the U indicate time-average energies. Because of the require-
ments of the Boltzman expansion, equations (4-6) are only valid for re-
latively large separations, i.e., r must be greater than 3 A.

The hydrogen bond is often treated as a special type of inter-
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molecular attraction* but it is an unusually strong dipole-dipole interac-
tion and can be treated in the same manner. For short hydrogen bonds,
less than 2.5 A, there can be an appreciable covalent character to the
bond (20 - 25%); this is usually negligible for bond distances greater

than 2.8 A™ It will be treated as a strong dipole-dipole interaction.

b. Induction Interactions'!! .

When a charge or permanent dipole interacts with a neutral
molecule, a dipole moment is induced in the neutral molecule. The two
species can then interact electrostatically:

fae

U(Q - ind. ’J') = ’ (7)
2r*

where a, is the polarizability of molecule 2. For dipole-induced dipole

interactions,

-pfa,

U(u - ind. ) = (3 cos?9, +1). (8)

2r®
Averaging over the angles, Equation (8) becomes:

2
-I"‘iaz

6

U(u - ind. p) =

(9)

r
Dipole-induced dipole forces are usually negligible™ and will therefore

be ignored, but charge-induced dipole contributions cannot be neglected.

¢. London Interactions
London contributions to intermolecular and interfacial interac-

tions may in many cases be greater than polar contributions, even in
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polar molecules’® These will be discussed in some detail, as London
forces are most likely the major contribution to protein-solid and water-
solid interactions when the solid is a hydrophobic polymer.

The London force is explained by Hirschfelder et al!*! in this
way:

At any instant the electrons in molecule a have a
definite configuration, so that molecule a has an in-
stantaneous dipole moment (even if it possesses no
permanent electric moment). This instantaneous
dipole in molecule a induces a dipole in molecule b.
The interaction between these two dipoles results in
a force of attraction between the two molecules. The
dispersion force is then this instantaneous force of
attraction averaged over all instantaneous configura-
tions of the electrons in molecule a.

The London dispersion energy, U(d), is usually written as:
A
U(d) =TT, (10)
rB
where A is called the London constant and r is the distance between the

interacting molecules. One of the well-known expressions for A is:

3 -—C—]_—E-z
A = = a,ao 2 (11)
2 C,+C,

where C, and C,are average or effective excitation energies of 1and 2
and @, and a, are static polarizabilities of 1 and 2. Other expressions
for A are available!’” using polarizabilities and number of electrons or
using polarizabilities and diamagnetic susceptibilities, but equation (11)

is the more generally used.
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The terms C, and 62 are often set equal to the first ionization
energy, 1, though Pitzer'!* suggests that C ~ 21 is a more reasonable
approximation for some simple molecules.‘ Fortunately, Salem has car-
ried out a rigorous analysis of the problem!'? making fewer assumptions,

and has calculated the interaction energy between two -CH.- groups:!®
U) = - 9.18'% 1074 erg/(d in A)® = ::31- C o%/d". (12)

If one uses a static polarizability value for -CH,- of'’® 1.84 X 10~2¢cm?
(see Table IV), equation (12) indicates that, for a -CH,- group, C=~2.16 I-CHz-’
in reasonable agreement with Pitzer's'** suggestion. Using Salem's
numbers!!?® for water-water dispersion interactions, the C~ 2.2 I ap-
proximation yields a- values for water within 7% of the commonly ac-
cepted value (Table IV). If the reasonable approximation, Cj ~ 2. 21,
is used in equation (11) along with the generally accepted static polari-
zability and ionization potential values, dispersion interactions can be
calculated. Equations (10) and (11) then become:

I.I,

u@) = %(2. 2) N (13)

(I + Ig)

This expression will be used for calculating dispersion inter-
actions. Values of I and ¢ are tabulated in Table IV for the groups and
molecules to be considered. The quantities I, @, and [ are discussed in

more detail later.
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d. Multi-Molecular Interactions

The superposition principle of electrostatics 12 allows one to
determine the force on any charge as a vector sum of the forces from
each of the other charges.

Unless the orientation of each ion or dipole is exactly known,
equations (1) and (2) cannot be employed. In liquid or solid media the
molecules are usually not free to rotate, thus equations (4-6) are not
valid. In the case of a solid polymeric surface each unit will be handled
as a separate entity, or "bead!) as suggested by Good?* and the appro-
priate group and bond dipole moments and polarizabilities (Table III)
will be used.

London interactions are different from electrostatic effects in
that the bi-molecular interaction is to a first approximation inde-
pendent of the interaction with other atoms.!?* This is proved in

Margenau's review !

Thus, the direct additivity of London forces is
generally accepted®® Often the total contribution can be found by an
integi'ation. London interactions at large separation distances become
complicated by a retardation eftect, due to a phase difference between
the fluctuating and induced dipoles. This has been treated*?® and is only
important at large separati}ons (of the order of 1000 A or greater);
therefore it will be ignored. | |

The additivity of London forces in condensed media has been

challenged.!2® The expressions are nevertheless valid if the medium
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is accounted for'27? in the equations. Direct measurements of London
attractions between solids have been made by Deryagin and his colleagues?!®®
They found that the values obtained using the additivity concept agree with
their results if the retardation correction is included (as they were work-
ing at distances greater than 1000 A). General theories of London forces
in which retardation and media effects are included have been review-
ed.128 131 Equations to calculate London interactions between atom dis-
tributions of different geometric shapes have been derived *# !#" }*2and

t;a.bula.ted."9 The appropriate expressions for the geometries to be con-

sidered here will be developed and discussed in Section B.

e. Determining a, 4, and I

The polarizability can be calculated from the expression 22133

=3 e- 1\ M |
a = , 14a
47N, (e + 2) P ' (142)

where € is the high frequency dielectric constant, N, is Avogadro's

number, p is the bulk density, and M is the molecular weight. Also,

as ¢ = n? (if e and n are measured at the same frequency®) one can use

* The dielectric constant is a function of frequency, as is the refractive
index. At sufficiently low frequencies, the dielectric "constant' be-
comes a true constant, independent of frequency (see Ref. 134 for a
lucid discussion). The value used for electrostatic problems is the
constant value (78.3 for water at 25 C) but for dispersion interactions
the high frequency value (1.76 for water) must be used, as the fre-
quency of charge fluctuations responsible for dispersion forces is
about 10*® sec. -!.
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the expression
3 n? - 1\ M n?-1\ N

a = — =~ 4 x 1072 —, (14p)
47Ny, \n?2 + 2/ p n?+ 2/ p

when n is the refractive index, usually for the sodium D line.

These expressions yield a sub-microscopic polarizabilty from
macroscopic data. The results are probably valid for isotropic sub-
stances or for anisotropic materials where ¢ or n was determined as a
function of drawing or crystallographic direction. The polarizability
would, of course, then also be direction-dependent. Values of € or n in
the literature’®® are not usually listed as function of direction, though
such information is available for polyethylene 3¢

If directional polarizabilities are required, one may have to

resort to bond polarizabilities. Values of @, and a £ the polarizabili-

I
ties parallel and perpendicular to the bond direction, respectively, are
available !1!»%37 (Table III). If the polarizing field is at some arbitrary
angle, 6, to the bond direction, then:!!* 37
— 2 2
ay= @, cos 6 + @ sin 6. (15a)

If this expression is averaged over all angles, then
1
a = -é—(ozll + 20, ). (15b)

Saturated polymer chains can be treated as ''strings of beads''™
For example, the -CH,- group can be selected as the representative seg-

ment in polyethylene, the
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CH,
--—(I,‘H—-CH —

in polypropylene, the -CH,CHCl- in polyvinyl chloride, etc. The polari-
zability of the bead can then be calculated by equations (14a) to (15b). Un-
fortunately, equations (14a) and (14b) yield results different from equation
(15b) in some cases. For benzene, the results are identical, but for
polyethylene they are different. The -CH:- in polyethylene can be con-
sidered to have 2 C-H and 2 (3) C-C bonds. Equation (15b) then yields
(see Table III for values) ¢ = 1.94 x 10-2*cm?® Salem!'® determining
bond polarizabilities from molar refraction* data,'®® obtained ang-value

of 1.84 x10"# cm? An average value of n? for high density (o = 0.96)

polyethylene is 2.37 (Table IV). Putting these values in equation (14a),

o =1.82x 107 ¢cm® Good™ gives a value of 1.76 X 1024 for high-

density polyethylene. The difference between the four results are quite
significant, particularly when it is recalled that the London interaction
energy (or force) is directly proportional to a.

When orientation is not a problem, @-values calculated from

equations (14a-b) should be used, as they are dependent on macroscopic

*The molar refraction, R, is defined as

n? - M 4 B
R= —_ =(—)1T No a,

nZ +2/ p 3

where M = molecular weight and p = bulk density. See equation (14b)
and Refs. 133 and 138.
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properties. It is believed that polyethylene contains extraneous dipoles,
possibly carbonyls!®*® They could produce a local field which would de-
crease the polarizability, in qualitative agreement with the results just
calculated. Because of these impurities the polarizability of commercial
polymers cannot be accounted for by only considering bond polarizabilities.
However, if orientation effects are important, one must determine o

from bond polarizability data (Table III).

The London expression also required ionization potential values.
Tables of ionization potentials are available!4°~2 The ionization potential
of the appropriate polymer segment can be deduced from values for
'"model' compounds. Most ionization potential data are determined in
the gas phase. There is evidence that, because of the polarizability
forces within a crystal, solid state ionization potentials are about 1 to
2eV lower than those in the gasecus state, especially for unsaturated
organic solids!*® Fortunately, this is already accounted for in equa-
tion (13). When the C is about 2.2 I approximation was made, it was
using a conventional value of I, i.e., determined in the gas or in an
apolar liquid. Thus, I values directly from the tables can be used
(Table IV). Ionization potential for ions are not readily available and

certain assumptions must be made to deduce values for charged groups.
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Permanent dipole moments of molecules are well-known, and
extensive tabulations are available?! 1¥% 144 Tn most cases, group dipole
moments will be important, some of which are also tabulated.” 13
Values for proteins and amino acids are listed in Cohn and Edsall's

book 134

f. Medium Effects

The basic equations for the calculation of intermolecular forces
between molecules separated by a vacuum have been presented. Now the
expressions must be modified to account for the effect of the water
medium. This is easily done for the electrostatic expressions by in-
cluding the static dielectric constant of water in the Coulomb's Law
expressions. The result is a D or D? term in the expression, depend-
ing on the type of interaction.!'% 1%

The modification of the London equation is a bit more subtle.
As the London interactions are due to high frequency fluctuations, Setlow
and Pollard '#' reasoned that one could use the ¢ = n? approximations,
which results in an n* term in the denominator (because the electrostatic
analogy to the London forces, a dipole-induced dipole interaction, has a
D2 term in the denominator). This approach has been criticized,*® as
it leads to too great a decrease as compared to other more rigorous
evaluations.

Fowkes'¥® assumed one could use the high frequency dielectric
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constant directly in the denominator (¢ = n? = 1.76 for water) and simply

divided his expression by ¢ (as opposed to Setlow and Pollard's €2, above).

A rigorous analysis of this problem has been carried out!?-°
Kestner and Sinanoglu!®’ **° concluded that the reduction between two
polymer chains in water is 15 to 30%. Salem!'° has accepted their re-
sults and assumed a constant 30% reduction in water. Thus, the equa-
tions to be used later will include a 0.7 correction term. In addition,
it will be assumed that the water medium correction is approximately
the same as that for an apolar polymer medium, so the same corrected
equation will be used for all calculations. This assumption is justified,
as n? for water is 1.83, while n? for polyethylene is 2. 4; any error
resulting from such an assumption would easily lie withint the limits of

error of the equations.

g. Additivity and Summary
When the dialectric constant is included, the important energy

and force (F = -dU/dr) equations are:

U(Q - p)= - Qf 13 /(BkTD? r?) (16a)
F(Q - w=-4Qf 4Z/(8kTD?r") (16b)
U(u - w)= - 2u3ut/(B3kTD? r®) (17a)
F(p - p=-441/(kTD*r") (17b)
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U - p) = -2up/(D?r) (18a)
for optimum orientation;
Fp - ) = - 6pu/(D?r?) (18b)
for optimum orientation;
U(Q-ind. p) = - Q%a, /(2r*D?) (19a)
F(Q-ind. u) = - 2Q%a,/(D*r®). (19Db)
The final form of the London equation is:
Ud) = - (1.5)2.2)0. 1)L, La,a,/[ (I, + 1,)r°] (202)
Fd) = - 9(2.2)0.7) L a,a,/[I, + I,)r"], (20b)

where the 2.2 is the ionization potential correction and the 0.7 is the
water medium correction. All of the interactions are attractive (negative
sign). The negative signs will be dropped for convenience, as attraction
is understood.

Note that in the absence of charges, the two relevant expressions
are functions of r-¢ if random dipoles can be assumed. If one considers
only the constant due to medium effects, i.e., 1/D? in equation (17) and
0.7 in equation (20), then London forces have a 4500-fold advantage in
water (as D? for water is about 6400). In the absence of water, such an
advantage would not exist.

All the expressions necessary for calculating long-range inter-
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actions between molecules and particles in water are now available.
Using the general principle of additivity of intermolecular forces,%83s112
all the contributions can be summed to obtain the total effect.

Values of ¢ and I are given in Table IV.
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TABLE III
BOND POLARIZABILITIES AND BOND LENGTHS 11,187
Bond a,x 0®cm™ a, X10¥cm® a /all mlgstl;%rxlgg;

C-C (Aliphatic) 18.8 0.2 0.01 1.54
C-C (Aromatic) 22.5 4.8 0.21 1.39
C=C 28.6 10. 6 0.37 1.34
Cc=C 35.4 12.7 0.36 1.20
C-H 7.9 5.8 0.73 1.09
C=0 19.9 7.5 0.38 1.24
c-cl 36.7 2b. 8 0.57 1.76
C-Br 50. 4 28. 8 0. 57 1.90
C=§ 75.7 27.7 0. 37 1. 62
=N 31 14 0.45 1.15
N-H 5.8 8.4 1.45 1.02
=N 24.3 - 14.3 0. 59 1.09
Cl-Cl 66.0 36.2 0.55 1.98
H-H. 6.8 8.9 1,31 0.74
H-Cl 31.3 23.9 0,76 1.27
H- Br 42.3 33.2 0.78 1.41
H-1 65. 8 48.9 0.74 1.61
H-S 23.0 17.2 0.75 1.35
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TABLE IV*
SELECTED PROPERTIES OF SOME GROUPS AND MOLECULES
Molecule or Group a (X102 cm?) I(x 107! erg) p (gr/cc) M n’= ¢
-CHz- 1.94 (a) 1.63 (c) I 14 ---
1.80 (b)
Ethane 4.54 (a) 1.87 142 ——-- 30 -
n-Butane 8.42 (a) 1.702 S 58 -
n-Hexane 12.3 (a) 1.63 0. 66%5° 86 1.891%°
Polyethylene 1.80 (b) 1.63 (c) 0.964° 14 2. 370 **
(High Density)
Polypropylene 5.36 (b) 1.62 (d)*? 0.90'%° 42 2,221
Polystyrene 13.4 (b) 1.36 (e)*” 1.05%¢ | 104 2,541
2. 46 (e)
Polytetrafluorethylene 2. 00 (b, f) 2.4 (f) 18 2,158 50 1.8218
(PTFE)
Water 1.48™ 2.0214! 1.0 18 1.77 (¢)
\ ‘
* Parentheses refer to footnotes below b. Calculated from equation (14b).
**2.31 in a, B and 2.50 in y crystallographic c. Model compound: n-decane.
directions. 136 d. Model Compound: 3-methyl pentane.
a. Calculated from bond polarizabilty data e. Model compound: toluene.
(Table III and equation (15b). f. Model compound: CF; (CE; s CFs.

L9
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B. The Adsorption Model

1. Conceptual:
a. The Adsorption Force

The brief discussion of adsorption presented in the last chap-
ter showed that, although many generalizations and thermodynamic treat-
ments have been given, a general mechanistic model of adsorption is not
available. The purpose of this chapter is to deduce such a model and
then to place it on é, physical foundation by considering intermolecular
interactions. The general treatment must consider solute-water, water-
water, water-surface, and solute-surface interactions. All of the dis-
cussions, derivations, and calculations will be for water as a solvent.
The treatment can easily be generalized to consider other pure solvents

if the appropriate physical constants are known.

The simplest example of adsorption from aqueous solution
is the water/air interface. Figure 6a shows the forces on an apolar
solute molecule in bulk water and the forces on an equivalent volume of
water (the excluded volume). The superscript s indicates forces or
energies due to interactions with the solute molecule, while the super-
script w indicates interactions with the equivalent volumes of water.

The subscript u (up) indicates that the interaction is with the finite water
slab between the volume and the interface, while d (down) indicates that

the interaction is with the infinite volume of bulk water. These notations
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are merely for convenience. All of the forces are attractive, but a sign
convention must be set up in order to consider directions and determine
the net forces or energies. Thus, interactions in the direction toward
the interface are negative, while those in the opposite direction are

taken as positive.

The solute water forcesaredue todispersion interactions only if the
solute is a saturated hydrocarbon. . The water-water forces are due to
both dispersion and dipole-dipole (hydrogen-bonding) effects. In the
vicinity of the surface (Figure 6b), there is an asymmetry of forces,
since the finite slab of water cannot interact as strongly with both vol-
umes as the infinite bulk water. If both volumes are on the surface
(Figure 6c), there is only one force acting on each volume. This is the
force responsible for the surface tension. The net force (Fn= Fq - Fu)
or energy (E, = E4 - E,;) due to water interactions is thus a maximum
at the surface and rapidly approaches zero with increasing distance from
the surface. A hypothetical plot of the energies as a function of distance
is given in Figure 7a for water (the center curve), for a low energy solute

(the lower curve), and for a high energy solute (the upper curve).

Consider a solute volume at a distance x, from the surface

(Figure Tb) and an equivalent volume of water directly above it at a distance
x: from the surface. Examine Figure 7a to see what energies are required

to move the solute from x, to X, and simultaneously move the water volume
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Figure 6. The Forces on a Solute Molecule and on the Equi-
valent Volume of Water Under Different Conditions:
a. In Bulk Water; b. In the Vicinity of a Water/Air
Interface; c. At the Water/Air Interface. The
cross-hatched volume represents the solute mole-
cule; the uncrosshatched volume is the equivalent
volume of water. The notation is defined in the text.
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ute, and for an Equivalent Volume of Water.

b: The geometry corresponding to the arrows

in a (see text).
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from x; to X,. These processes are indicated by the arrows in Figure 7a.
To move the solute towards the interface required an expenditure of energy,
AES, while the movement of the equivalent volume of water generates an
amount of energy, AEY. Clearly, | AE¥ |>| AES |, and the process is
favorable. The net energy difference can be considered as the driving
force for adsorption. The result can be viewed as a virtual force acting

on the system:

. | AE® |- | AEY |
FV1rtua.1 = " — Fads . (21)
X

The virtual force is the force responsible for adsorption at the water/air
interface. If| AES| > | AEY|, then F245> 0 and adsorption cannot
occur (curves A and B in Figure 7a). This is the case of negative adsorp-
tion, that is, there will be a deficiency of solute at the surface. If
| AES | < | AEVY |, then Fads « 0, and adsorption does occur (curves B
and C in Figure 7a). These conclusions are in agreement with the results
of Figure 4, discussed earlier. The same analysis will hold for any sol-
vent if curve B is shifted appropriately. The high cohesive energy of
watér leads to greater adsorption tendencies than most common solvents.
The adsorption force is the difference between the net force on the
solute and on the equivalent volume of water. It can be calculated by the

expression

Fads _ | F % | - [F," |, where E, = By - K. (22)
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If the solute moleculé:is apolar, as for a saturated hydrocarbon, then the
solute-water interaction (Fg) can only be due to dispersion forces,’® as
dipole-induced dipole forces are negligible* The dispersion force can be
easily calculated with the London expression derived earlier; this will
be done later. The calculation of the water-water interaction is less
straight-forward, as there are large dipole-dipole as well as dispersion
interactions. The calculation of dipole-dipole interactions requires that
either the exact orientation be known, equations (2) and (3), or that ran-
dom orientation can be assumed, equation (6) or (17). As the dipole-
dipole interactions in water are certainly not random, and as the exact
orientations are not known, the dipole-dipole interactions cannot be
exactly calculated. They can, however, be estimated to a reasonable
degree of accuracy using Fowkes' data™ The total surface energy of
water at 20 C is about 73 ergs/cm? ; Fowkes has shown™ that the dis-
persion force component of the surface energy of water is about 22 ergs/
cm2. Thus, the surface energy of water is to a good approximation equal
to 3.3 times the dispersion energy. The force of adsorption at water/air
interfaces is given by equation (22) where Fy is assumed to be 3. 3 times
the dispersion force.

The following assumptions are, therefore, important to the semi-
quantitative development of the model which will follow:

1. The solute molecule can only interact with water by
dispersion forces.
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2. The total equivalent volume interaction is 3.3 times its
dispersion interaction.

3. The polymer surface can only interact with water and
with the solute molecule by dispersion interactions.

The first assumption limits the quantitative development to hydro-
carbons, though polar and charged molecules will be discussed qualita-
tively.

The second assumption is only valid for water. In apolar solvents,
the 3.3 term would net exist and F}‘{ would be roughly of the same magni-
tude as FIS{; adsorption tendencies would therefore be much lower than
in a cohesive solvent.

The third assumption limits the analysis to apolar surfaces. If
the solute is capable of dipole-dipole interactions, such as an alcohol
or carboxylic acid, then Fg would be significantly greater and the net
force of adsorption would be decreased. A polar compound would also
be much more easily desorbed, as occasionally a cluster could form
which might optimize the dipole-dipole interactions and return the mole-

cule to the solution.

The case of a polymer/water interface is only slightly more com-
plicated and is shown in Figure 8. In this case the polymer interaction
\'/
forces, FIS) and Fp, will modify the curves in Figure 7a. Curve B will

start at a lower value, corresponding to the polymer-water interfacial

energy; curve A will also be lower and will start at the polymer-solute
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Figure 8. The Forces on a Solute Molecule and on the
Equivalent Volume of Water in the Vicinity of
a Water/Polymer Interface.
interfacial energy. The slopes will thus be decreased, resulting in lower

AE values and in a lower value for the adsorption force. For the more

general case of a polymer/water interface, the force of adsorption is:

F2dS - (F§ - Fp) - (Fp - Fp) or

FA95_ (F5 - F)- (B - By). (23)

Only apolar polymers will be considered, thus, F; and Fg can be cal-
culated by dispersion equations. It is clear that the adsorption force
may be lower at polymer/water than at air/water interfaces. I F§= FY,

then the interactions with the polymer cancel out, and the adsorption
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tendency is the same for air/water and polymer/water interfaces. If
FIS7 is less than FI‘)” , then water/polymer interactions are greater than

solute/polymer interactions, and solute adsorption decreases. If FIS) is

greater than F‘I’)", solute adsorption is greater than at the air/water
interface. |

It is evident that for apolar solutes and apolar polymers adsorption
can not be prevented, though 1’? can be maxjmized and minimized. This
conclusion will be demonstrated later in the chapter when the calculations
are performed and the results plotted. It will also be seen that differ-
ent orientations of a solute molecule with respect to the interface will
lead to very different adsorption tendencies, thus conclusions as to ori-
entation of adsorbed species will be made. The orientation of the chains
in the polymer surface, i.e., the crystallinity of the polymer surface,
will also be discussed in relation to its effect on adsorption.

The above discussion provides a mechanism for adsorption from
aqueous solution which is compatible with thermodynamic considerations
and which will be used to explain several previously unexplainable phen-
omena in surface science.

In summary,

FA9S = (FE - FY) + (F} - F5 ), (24)
when Fads js less than 0, adsorption occurs; when FadS is greater than
0, negative adsorption occurs, i.e., a surface deficiency is produced.

Forces are negative if they point towards the interface and positive if
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they point away from the interface. The analogous expressions for the

energy are straight-forward:

Uads = (US -UY) 4

S_oul)+ (U - UD). (25)

Y P
b. Protein Adsorption

Consider the hypothetical two-dimensional, ellipsoidal pro-
tein of Figure 9. Assume it has no net charge at pH 7; this is the case
for some gamma globulins % What happens when such a molecule ap-
proaches an interface? I the interface is charged or relatively polar,
FIS) can be treated in terms of electrical double layer theory; at least for
relatively large separations. At close separations the surface cannot see
a net protein charge, but will feel the local charge and dipole distributions
on the protein. If a protein has a locally charged region somewhere on
its surface, which is not unreasonable as many proteins have large dipole
momentsi*® then some of the proteins could be expected to adsorb in the
manner sketched in Figure 10. A protein with a net negative or positive
charge might be capable of adsorbing on both negatively and positively
charged surfaces, if it contained a negatively charged region at one end
of the molecule and a positive center at the other end. Albumin, which is
highly negatively charged at pH 7, is known to neutralize both positive
and negative ion-exchange resins by adsorption.!®* At large distances the

net charges on the protein and the surface would probably interact, and,
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A Hypothetical Two-Dimensional Protein
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if the interaction is strong enough, it could simply overwhelm the other

interactions present.* Thus, the observations of Sawyer and his group*®?
with metals are not necessarily in conflict with the negative surface /
charge concept voiced by Margolis!® Just as one cannot think of water
as having a definite structure, one cannot naively assume that proteins
can adsorb by only one mechanism. A protein is a macro molecule with
a macroscopic surface of its own. It contains hydrophobic groups, di-
poles, and charges, no doubt distributed and concentrated in various
parts of the molecule (this will be shown later for ribonuclease), giving
the particular protein its own unique properties. Thus, rather than
expect all proteins to have the same adsorption properties, they should
all be expected to adsorb differently, and to adsorb by different mech-
anisms on different surfaces.

Electrostatic interactions may occur even if the surface is not
polarized or charged. As a highly charged molecule such as albumin
(net charge about -50 at pH 7) or fibrinogen (about -300 at pH 7) ap-
proaches a polymer surface, it can induce dipoles on the polymer sur-
face; thus attraction is almost inevitable at small separation distances.

At large separations there is probably no protein-surface inter-

*This concept was suggested by Dr. James Bougas of Boston University
in a lecture given to the Denver Conference on Biomedical Materials,
Denver, Colorado, July, 1968.
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action (Fls;) unless the surface has a relatively high charge density. If it
has a high charge density, then it will probably interact with the net
charge on the protein, producing a repulsion or attraction. At nearer
distances, the surface and proteins will interact by their own specific
charge distributions. Proteins oriented so that attraction is maximized
will tend to be adsorbed, while those oriented differently will not, though
they, too, will eventually be adsorbed as electrical torques and thermal
vibrations bring them into the necessary orientation. When the molecule
is close to the polymer surface (of the order of 10 or 100 A), the inter-
action is due to dispersion forces as well. Finally, there may be dipoles
induced in the polymer by charges on the protein, resulting in a net elec-
trostatic interaction. Because of the increase in static dielectric con-
stant with distance (to be discussed later), induced dipole effects will
only be significant at very close separations (up to 5 A). These effects
are aided by the ever-present adsorption force due to the cohesion forces
of the water molecules themselves (equation (22)).

Figure 10 showed the proteins as having both negative and positive
regions; this may be misleading. Such separations probably occur with
some proteins, but they are not necessary to explain adsorption or dipole
moments. Consider the water molecule:

5-

i
St - -6+

Positive Center
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The positive center of the dipole interacts less strongly than the nega-
tive seat as it is less concentrated. The same may be true in a protein;
the protein below is neutral, yet it will interact much more efficiently

with a negatively charged surface than with a positively charged:ene:

If these concepts of protein adsorption are accepted as valid, then
the experimental results on many different types of surfaces begin to
make some sense. If a surface is placed in blood, with its many pro-
tein constituents, it makes relatively little difference what its surface
characteristics are (unless it has a gross charge on it), because sooner
or later it will find proteins or other molecules with which in can inter-
act. It is, therefore, no surprise that the zeta potential of most sur-
faces goes to zero when placed in contact with blood!*

It is also clear that adsorption need not stop after a monolayer is
formed, though it will be shown later why this is often the case. The
actual behavior will é.gain depend on the surface-solute interactions, on
the nature of the adsorbed layer, and on its interaction with both solute
and solvent. A surface composed of an adsorbed monolayer may also
have characteristic properties which could produce additional inter-
actions, as so beautifully demonstrated by Vroman's model of coagula-
tion as a series of hydrophilic-hydrophilic and hydrophobic-hydrophobic

bonds.!®® If one molecule (A) has a greater interaction for a particular
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surface than another (B}, it is conceivable that A may displace B from
the surface. Such competitive adsorption is the basis of adsorption
chromatography!** Scme of Vroman's work indicates that such a pro-
cess may occur with Hageman Factor and adsorbed fibrinogen! It was
noted earlier that competitive adsorption cccurs with synthetic polymers.

In the develcpment that follows; only polymeric, hydrophobic, low-
energy surfaces will be coensidered. For such surfaces, charge and
dipole interactions will not be important, though charge-induced dipole
interactions may be impertant at very clese separations. The equations
developed earlier, especially the dispersion expressions, will be used
in an attempt tc predict the magnitude of the forces responsible for ad-
sorption. The expressions will be examined tc see what surface char-

acteristics are necessary to minimize those forces.

2. Preliminary Calculations

The various intermclecular forces and energies which may act on
a body in the vicinity of an interface will now be estimated. The equa-
tions are listed below with the censtants evaluated to two significant

digits (using the sign convention cf page 77):

T(@Q- ) =8.0 x 10 Q#u2/{D?r?) (26a)
F(Q- =32 x 10¥ Qu¥(Dr*) (26b)
TO(p-u=1.6 x 10 u’jug/(Dzr"_) | (27a)
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U(p-p) =
for optimum orientation,

F(p -up =
for optimum orientation,

U (Qrind p) =

F (Q"ind u.) =

U (d)

Fd) =

where

Ao=

9.7 x 10%u2u2/(D? 1)

2.0 p, 1, /(D?r®)

6.0 upe/(D%r*)

0.5 Q®a /(D* r*)
2.0 Q®a/(D*r®)
2.34,/r°

144,/ 1",

a,a,1,1,

(11 + Iz)
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(27b)

(28a)

(28Db)

(29a)

(29b)

(30a)

These equations yield the force in dynes and the energy in ergs

when Q is expressed in esu units (statcoulombs), r in centimeters, I in

ergs, a in cm®, and u in esu-cm. To get an approximate idea of the

magnitudes involved, some values will be put in the equations (see Table

Iv): Q = electron charge
r = water dipole moment
a = water polarizability
I =

~ 4.8 x 10" %esu

water ionization energy ~ 2.0 x 107! erg.

~1.8 x 10" ¥ esu-cm

~1.5 x 1072 cm3
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Salem estimates!!® that the dielectric constant in water for a five
angstrom separation distance is about fifteen. At ten angstroms it is
most likely near the full value of 80, possibly 70. If two water mole-
cules are interacting with no other molecules between them, then the
dielectric constant is one; if the intervening medium is apolar, then a
good approximation is twol!® The results of the calculations are given
in Table V for three different values of r and for the appropriate dielect-
ric constants.

If one sums the U(u- ) and U(d) energies at r = 3A, one gets a
number for the hydrogen bond energy in water of about 5 kcal/mole,
which is in agreement with the accepted values of 3.4 to 5.0 kcal/mole.™
It is also clear that at three angstroms U(d) ~ 0.3 U (total), in excellent
agreement with Fowkes' results 8 that dispersion forces account for
about 30% of the surface tension of water. It is clear that the dispersion
term is very significant at close separations and becomes dominant at
larger separations. The dipole-dipole energy will be negligible with
respect to the dispersion energy at a distance of five angstroms or more.
Therefore, making the good assumption that the total water interaction
is about 3.3 times the dispersion interaction, one need only calculate
dispersion forces for the case of hydrocarbons interacting with apolar
polymers.

The interactions between two water molecules are only important

at relatively close separations. At 10 A separations the dispersion
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APPROXIMATE CALCULATIONS FOR THE FORCES AND

ENERGIES BETWEEN TWO WATER MOLECULES AND

BETWEEN WATER AND AN ELECTRON CHARGE
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Quantity r=3AD=1) r=5A(D=15) r=10A (D= 10)
FQ-u) 1.0% 107* 3.6x 1077 5.1 % 1071
F (Q-ind p) 2.8x 10°° 9.7 x 107° 1.4x 1071
F(p-u) 5.0 % 107¢ 6.3 x 107%° 9.2 x 1071
F(p-w 2.6%x 10-° 1.5x 107° 4.3 % 1071
optimum

F (d) 2.0x 10°5% 5.7 % 10-7 * 3.1x 10°°
U@ p 7.9 x 10712 4.6% 107 1.3 % 107
U (Q-ind u) 2.1x 1074 1.2x 1071 ‘3. 5 x 10719
T(p-n 2.5x 10714 5.1x 10718 3.7 x 1072
U(p -4 2.5%x 1071 2.4x 10-18 1.0x 10°18
optimum

U (d) 1.0x 1071 % 4.7 x 10718 * 5.1x 10°V

KT energy is about 4.0 x 107 erg.

*These values do not include the 0.7 water medium correction as it is
probably unnecessary at these separation distances.
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energy is roughly 1/1000kT; such an energy is negligible. Energies
(and the equivalent forces) which are of the order of 107! erg or less
will beiignored. An energy 107!° erg is about 2. 5% of kT. When the
interactions of thousands of'g;?b’ups with 'a,‘_"sing}e molecule are consid-
ered, the interaction energy becomes significant, even at 10 A and be-

yond.

3. Derivations and Calculations for Simple Models:

a. A Group Interacting with a Flat Plate
Consider a disc of radius {and cross-sectional area of dfdx in
the slab of thickness & (Figure 11aj. The vclume of the disc is
dv = 2r{d{dx
If R is greater than a few molecular diameters, it is said that the
force can be computed by integrating??* If R is of the order of mole-
cular dimensions, a summation must be used. Approximate summa-
tions are available’™ !** which greatly simplify the computations. The
expressions for both the energy and the force of interaction will now
be developed. The starting equaticns are:
dU = 27N{d{dx f(r) and
(31)
dF = 27N{d{dx f(r) cos ¥,
where f(r) is the appropriate interaction term and cos 6 gives the re-

sultant force in the horizontal direction. For dispersion interactions

equation (30) is used, and the appropriate expressions become:
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) L
U(d) = 4. 67 NA, S dx“Sﬂ [df/[(R + %)% + (?]%and
(32)

L )
F(d) = 28 7 NA, yfd(S (R + x)dx/{(R+ x)%+ f2]*.

The integrations are straight-forward when taken in the order given
above. Letting L go to infinity, the terms in L go to zero; when 0 is
allowed to go to infinity, the expressions reduce to the simple forms:
U(d) = 1.2 NA,/R® and
(33)
F(d)= 3.7 NA,/R*.

If the molecule is 10 A or farther from the surface, one may be
justified in using equations (33) but for closer distances the triple inte-
gration is not valid and Crowell's summation method!*® will be used.

It is assumed that the polymer units comprising the slab of Figure 11b
are uniformly distributed on parallel planes a distance d apart. An
integration over each plane is performed, and then a summation over
the various planes. This technique has been used by Fowkes® This
means that the integration over x in equation (32) is replaced by a sum-

mation. The geometry is given in Figure 11b. The set-up and inte-

grations are again straight-forward, giving

m

F(d) = 14.50A, z 1/(R + nd)® and (34a)
n=0
m

U@ = 3.60A, ) 1/(R+ nd)*, (34b)
n=0
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(=)
b
[\
w
w

r? = (R+ nd)® + {2
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Figure 11. The Geometries for a Molecule Interacting With a
Flat Plate. a. For a Triple Integration; b. for
Crowell's!®®* "'summation method.
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where ¢ is the number of groups per cm2 The planar separation dis-
tance, d, is given as the cube edge of the average volume occupied by
a group:

= (M/N,yp)>*=1.18(M/p)° 3 A, (35)
where M is the molecular weight and p is the density of the polymer.
Values of d for several polymers and for water are given in Table VII.

Equations (33) and (34) were programmed and evaluated on the
Burroughs 5500 computer at the University of Denver. The results
(Table VI) clearly show that there is a significant difference in the
forces calculated by equations (33) and (34), even when R is as large as
30 A. The same program also indicated that one need not consider
more than ten polymer planes in the summation. In fact, considering
only four to six planes is sufficient for an accuracy of three significant
digits. It is also clear that forces beyond ten angstroms are probably
not significant, as the interaction would be overwhelmed by kT energy.

Equation (34) is sufficient to calculate dispersion interactions
between a molecule and a medium which can be approximated as flat
planes. If only dispersion forces can act, then all the terms in equation

(23) can be calculated using the assumption that Fl"l" is about 3.3 times

the dispersion interaction.
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THE DISPERSION FORCES CALCULATED BY INTEGRATION AND

BY SUMMATION FOR A SINGLE WATER MOLECULE

INTERACTING WITH A HIGH DENSITY

POLYETHYLENE SURFACE

Force by Integration Force by Summation R, A

(Equation 33) (Equation 34 for m=5)

3.91x 107° 15.4 x 10-¢ 3.
2.45x 1077 5.57 x 1077 6.
4,83 x 1078 8.65x 1078 9.
1.53 x 1078 2.39 x 107 12.
6.26 x 10-° 8.98 x 10-® 15.
3.02 % 10-° 4.07 x 107° 18.
1.63 x 107° 2.09 x 10°° 21.
9.55x 1071° 1.18 x 1078 24,
5.96x 107t° 7.08 x 10-1° 217.
3.91x 107%° 4,50 x 10-° 31.
2.67x 107*° 2.99 x 10-1° 34.
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TABLE VII
DATA FOR THE EVALUATION OF
DISPERSION INTERACTIONS

Substance a* I** d(A) gR*k
-CH,- 1.80 . 63
n-Ethane 4.54 . 875
n-Butane 8.42 .70
n-Hexane 12.3 .63
Polyethylene

(density = 0.96) 1.80 . 63 2.88 11.93
Polystyrene 13.4 .36 5.45 3.33
Polytetrafluoroethylene 2.00 .42 3.36 8.175
Polypropylene 5.36 . 62 4.24 5.50
Water 1.48 .02 3.10 10.3

* X 1072 em?
*¥* % 107! erg.

**k x 10% Molecules/cm?.
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b. A Group Interacting with Its Environment Near a Flat Plate

Consider a volume of solute of water at Point P surrounded by
water (Figure 12); the situation corresponds to Figure 6b. The force
due to the infinite slab of water is Fq; the force due to the finite slab
or water is F; and the force due to the infinite polymer slab is Fp.
The water in the plane containing the molecule is ignored, as it pro-
duces an interaction which cancels out.

Using the sign conventions of Figure 8 and of equation (24) and
the geometry of Figure 12, the expressions for F, F4, and F, be-

come:
m,

Fy, =14.5 0, A, ) (3.1m)"®
m, =1

m
Fq= 14.5 0 A, Z (3.1m)"*

m=1
m,+5
Fp= Fg-Fu= 14.5 0yAs ) (.1m)  (39)
m=m,+1

while the expression for the polymer interaction is:

5

Fp= 14.5 opAGz (R + nd)’s (36)
n=

where R= 3.1 (m, + 1).

The analogous expressions for the energies are:
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4,- Polymer Surface

Ignored
Plane
Infinite %k Water *{ Finite Water Slab
( | | I
Solute
Molecule or
Equivalent
Volume

N

F
R

-

FYN
| |

|

R+nd >
| ||
.'—>-3.1|~—
| Ta dr—
) ,
1 2 3 012345

m n

Figure 12. A Molecule Interacting with a Polymer Surface
Through a Water Slab. See Figure 6 for Force

Notations.

is 3.1 A (equation 35).

The Separation of the Water Planes




.

-

S

-

C

.

[ -

{ - C_-

——

—

96
m,+ 5
U, =3.60 A, Z (3.1 m)™* and (37)
m=m, +1
5
Up=3.60, A, z (R+ nd)”". (38)
n=0

The total fdfce of adsorption is given by equation (24). Equation (35)
will give both Fﬁ and Fr; the only difference is that A, terms are
different and that the expression for F;v must be multipled by 3. 3.
Equation (36) will give both F‘g and F: if the appropriate A, terms
are used.

Though a -CH_- group and a water molecule are about the same
size,™ they do not occupy the same volume in solution. Water is a
relatively loosely packed structure wherein each water molecule occu-
pies a volume of about 30 A®. If one examines scale molecular models
of chains of -CHz- groups and allows for some vibration and rotation
of the groups, the volume occupied by a -CHz- in an extended chain is
about 20 A3. If a long chain assumes a globular compact structure, the
volume per -CH,- is closer to 30 A®>. The molecules to be considered
here are all relatively small or short chains, thus the extended chain
arrangement is more reasonable. The assumption is therefore made
that a -CH,- group occupies about two-thirds the volume of a water
molecule. Thus, the equivalent volume of water contains two-thirds

the number of molecules contained in the solute volume. This can be
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accounted for in the equations previously derived by incorporating an
0.67X terminthe A, expressions for excluded volume interactions,

where X is the number of -CH,- groups in the solute molecule. Incor-

" porating this correction, placing equations (35) and (36) in equation (24),

and consolidating terms, the results are:

m1+5
(F§ - F¥) = 14.5 0y (A2 - 3.3 A1)>: (3. 1m)"® (39)
m=m,+1
5
(F} - FS) = 14.5 o, (A4 - A3) z (R + nd)”’ (40)
n=0

where Al = 0.67 X Ao, for water-water interactions;
A2 = A, for water-solute interactions;
A3 = A,, for polymer-solute interactions;
A4= 0.67 X A, for polymer-water interactions;
a,a,1,1,
Ag = — ; and
I+ I,)
X = is the number of -CH ,~ groups in the solute. Values for
@, I, 0, and d were given in Table VII. The sum of equations (39) and
(40) gives the total force of adsorption.

Equations (39) and (40) and the analogous expression for the ener-

gies of adsorption were programmed and evaluated for the interaction
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of a -CH ;- group, ethane, butane, and hexane with some
common polymers. The data for the -CH:- group are given in Table
VIII and are plotted in Figure 13. The adsorption force in the absence
of a polymer surface is given by equation (39) and is indicated in Fig-
ure 13. The adsorption forces due solely to the presence of the polymer
phase are calculated by equation (40); the four lower curves in Figure
13 represent the various polymer contributions, decreasing in this
order: polystyrene, polypropylene, polyethylene, and PTFE. The in-
teraction roughly follows the trend in the values of the dispersion force
component of the surface tension]® as expected. The total force of ad-
sorption (equation 24) is given for the PTFE and polystyrene cases in
Figure 13. These are the two upper curves in the figure and essentially
give the range of interactions, as the curves for the other polymers fall
between the two given. It is thus clear that for hydrophobic polymers,
the difference in interactions between different polymers surfaces is
minimal and never exceeds a spread of 7 to 10%.

The data for ethane, butane, and hexane are given in Tables IX,
X, and XI, respectively. The trends are the same as for the -CH,-
case. It is interesting to compare the interactions of the three solute
molecules with the same polymer. This is done in Figure 14, where
the net force of adsorption between all three alkanes and high density
polyethylene is plotted. The differences between the three molecules

is quite significant and roughly related to the size of the molecule.
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Figure 13. The Adsorption Forces Between a -CH - Group

and Some Common Polymers (see Text and
Table VIII). - - - '
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Figure 14. The Adsorption Force Between Some n-Alkanes and
High Density Polyethylene.
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Figure 13 shows that maximum interaction occurs with poly-
styrene and minimum interaction with polytetrofluoroethylene ( PTFE).
The data for polystyrene and PTFE are plotted in Figure 15 for the three
alkanes and for a -CH, - group. The range of interactions for a given
solute molecule does not overlap with those of the other solutes con-
sidered. If the odd alkanes, e.g., pentane, had also been considered,
there would have been some overlap with the curves for the adjacent
even-alkanes. It is, therefore, quite clear that the adsorption force is
more dependent on the solute molecule than on the hydrophobic polymer

surface.

These results all agssume that the molecule can be located
at a point and that the polarizability of the solute is a constant, independ-
ent of orientation. The case of orientation-dependent polarizability will

be discussed later.
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1, 3, 5, 7 are for PTFE interactions
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Figure 15. The Spread of Adsorption Forces for Some Alkanes Inter-
acting With Some Common Polymers (see text).
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c. Effect of Polymer Density and Water Content

The case where the polymer surface is porous and permeable to
water will now be considered. This analysis and the calculations de-
rived from it will be used in Section C to explain monolayer adsorption.
The case where the polymer is impermeable (contains zero per cent
water) has already been treated. The case where there is no polymer
("it" contains one hundred per cent water) corresponds to that of a
solute molecule surrounded by bulk water, and the adsorption force must
be zero. The case where the polymer density is variable, but it is
impermeable to water, will also be treated. For this latter case, when
the polymer density is zero, the situation must be the same as at an
air/water interface.

Let the weight fraction of polymer be Y and the weight fraction of
uniformly dispersed water be 1-Y. Only the case of high density (0. 96)
polyethylene will be treated. Thus, the polymer and water density are
approximately the same, and the treatment is simplified. The effective
polymer density is Y grams/cm® and the effective water density is
(1-Y) grams/cm®. The equivalent planar spacings of the water and
polymer components can be calculated with equation (35). The value
for polyethylene is

dpg = 1.18 (14/Y)%% A, (41)

and the value for dispersed water is
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dgy =1.18 [18/(1 - 1)]** A, (42)
The subscript PE denotes polyethylene and dw denotes "dispersed water."
The number of molecules/cm?, g, is given by the equation,
o= (pNo/M)o'”, o
where p is the density, No is Avogadro's nunibér, and M is the group

molecular weight. The value for polyethylene is

opg = (11.9 101 4)(Y)°#7, (43)
and the value for the dispersed water is -
Odw = (10.3 x10**)(1 - Y)e-e7. (44)

The polymer interaction, Fp (equation 36), is now composed of
two terms. The first is due to the interaction with the actual polymer
present, and the second is due to the interaction with the water dispersed

in the polymer phase. Therefore, Fp becomes:

5 5

Fy = 14.5 [@Ao Y (R+nd) % pp+ oA ) ® +nd)’5)dw]
n=0 n=0
(45)
The adsorption force due to the presence of a water-permeable polymer

now becomes:
5 5

FY-FS - 14.50p5(A4-A3) S (Rendpg)™*+14.504y(3.3A1-A2) Y Rendgy)?
n= 0 n= 0

(46)
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where o and d terms are given by equations (41) to (44). Equation (39)
is not affected by the presence of water in the polymer phase.

The case where the polymer density varies but no water is present
in the polymer is alsc given by equations (39) and (46) if the second
term in equation (46) is set equal to zero.

Equations (39) and (46) were programmed and evaluated for poly-
mer densities varying from 0 to 1. 0. The data are given in Table XII
and plotted in Figures 16 and 17. The results are very interesting.
Figure 16 clearly shows that the force of adsorption tends to zeroas Y
decreases (as the water content increases), as expected. If the polymer
density decreases but the polymer is not allowed to take on water, the
interaction force decreases with Y until at Y = 0 the force is the same

as for an air/water interface (Figure 17).
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TABLE XII*
(Continued)
Y RA Fy - Fp Fads Fy - Fp Fads
Ilﬁpefiﬁgai)le Case Permeable Case
0.2 3.1 2.56 10°° 1.51 107 +8.12 10" °% 4.34 107®
6.2 8. 46 1o:§ 5,217 10'2 +2.90 10‘: 1.52 103
e 30s 10® 513 16 I12s 10-° so3 10-°
o o _9 . _e + 1. _e . _s
15.5 1.15 10°° 7.82 10 +4.52 10°° 2.16 10
18.6 5.03 107 3.45 10-° +2.01 10-° 9.38 107
0.1 3.1 1.60 10~¢ 1.41 10° +1.00 10" 5 2.47 10°®
6.2 5.17 10'2 4.94 10-?8 +3.58 10-;' 8.39 107
- - - -9
o TR e a0 1o 10 510 10-
15.5 6.54 107° 7.33 10-° +5.60 10-° 1.08 10~°
18.6 2.83 107° 3.24 10-° +2.50 10-° 4.51 107©
0.01 3.1 2.30 10-7 1.28 10°  +1.21 10°° 4.12 107
6.2 1.07 10-% 4.53 10~ +4.31 10°7 1.18 10°
9.3 1.42 10-° 6.87 10~® +6.61 10°® 1.25 10°°
12.4  3.43 107° 1.86 10"® +1.80 10" 1.81 10~
15.5 1.15 10;“1’ 6.79 10-2 +6. 67 10-2 7.90 10:3
18.6 4.77 107 3.00 10 +2.97 10°° 2.16 10
0.001 3.1 7.27 10~% !1.25 10°  4+1.24 10"° 6.56 10°°
6.2 2.27 10;‘; ‘4, 46 10-; +4.42 10'; 3.03 10:1"0
. . ol - . 10~ .
oy D lom T8I0t ITE 1o-0 231 10%
15.5 2.34 10': 6.70 10'2 +6.82 10‘2 1.36 10‘1‘:
18.6 9.46 107% 2.96 10° +3.03 10°° 8.34 107
0 3.1 0 1.25 10°  +1.25 10"°+1.59 10-°
6.2 0 4.42 1077  +4.45 10774+2.31 10°°
9.3 0 6.73 10°° +6.80 10°° +7.24 107°
12.4 ) 1.82 10 +1.85 10°°4+3.18 107
15.5 D 6.68 10~° +6.84 10°°+1.66 107°
18.6 0 2.95 10°° +3.05 10°°4+9.55 107

* All forces are negative, indicating adsorption, EXCEPT those speci-
fically written with positive (+) signs.
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Y=1.0. I T T —T-
0.8 -
Y=0.6 Figure 16. The Effect of Increasing Water Content
- on the Interaction Between a -CH,- ]
Y=0.4- Group and a Water-Permeable Polymer. 7
Y= 0‘,2: .
Y=0.1_ )
107¢€
Y=0.01] 7]
1077
~ Increasing Water Content 7
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d. Interactions Between a Flat Surface and Large Particles
The expressions derived and used up to now have been for a single
molecule or group interacting with a flat plate. It is clear from Figure
11a that the interactions between two flat plates can be calculated by per-
forming another triple integration. Fortunately, the expressions for the in-
teractions between simple shapés are available in the literature!?’,1%2 gpd

have been tabulated.®® All of the expressions contain the quantity 7?N%A,

- which is called the Hamaker constant,®® where N is the number of mole-

cules/cm? in the particles and A is the London constant (equation 10). The
values of the ionization potentials for many molecules and groups are all
roughly the same (within a factor of two or three). The average bond po-
lérizibility values do not vary by more than an order of magnitude. The
molecular or group density of most organic materials is also within an or-
der of magnitude of 10 molecules/cm?. The net result is that the Hamaker
constant is of the order of 10™"° erg. Thus, for the interactions of large -
particles, the factors governing the interaction are primarily the distance
of separation and the dimensions of the particle.

Vold'? has shown that for particles of colloidal dimensions the total
attractive energy is of the same order as kT energy when the mean dia-
meter is roughly equal to the particle separation, independent of the shape
of the particles. The mean diameter is defined as the cube root of the par-
ticle volume. At smaller separations the interaction is greatest for plates

and decreases in the order plates, rods, cylinders, and spheres, as ex-
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pected. Thus, the greater the axial ratio of a protein, the greater its

dispersion interactions.
The above generalizations will' beused to qualitatively discuss

protein adsorption later.

4. The Effect of Orientation Dependence of the Polarizability:

a. Orientation of the Solute

The expressions derived up'to now have assumed that the polar-

izability, and that the solute molecule can be considered as a point.
The polarizability assumption is probably valid at large distances, but
at small distances one might expect the solute to align itself with the
surface in the position of maximum interaction.
Becausé of the large asymmetry in the polarizability of the

C-C bond, one expects that such a bond (in ethane, for example) would
orient perpendicular to a surface. The perpendicular orientation would
interact nearly two orders of magnitude stronger than the parallel ori-
entation. The situation changes, however, when a longer hydrocarbon
is examined. Consider the extended chain in Figure 18. The problem
is greatly simplified if the polarizabilities of the C-C bonds are resolved
along the chain axis. The results are:

azi'l =aq cos34 = 15.6X 10"* em?
and

a) = a, €08 56 ~ 10.5 x 10”* em®;

it is assumed that o 1 is negligible with respect to a 0 The primes
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denote the resolved quantities. It is clear that there is not a signifi-
cant difference between al'l and,ai .

Consider a hydrocrabon chain, some distance away from the
interface, rotating about its center of gravity (Figure 19a). IfR is
measured to the center of the molecule, then any rotation or movement
which brings a portion of the molecule closer to the surface will be
energetically favorable. The molecule will thus tend to approach the
interface iﬁ a perpendicular orientation. As the separation distance
decreases, then the molecule will tend to assume a parallel orientation,
which minimizes R and optimizes the interaction; this case is shown
in Figure 19b.

An extended chain solute molecule tends to approach an inter-
face in a perpendicular orientation, though it will assume a parallel
orientation at small separation distances. If the non-aqueous phase is

a liquid, then the solute may continue to approach and even penetrate

in the perpendicular orientation.

b. Orientation of the Polymer Surface
The directional dependence of the bonds in the polymer sur-
face may also influence solute-surface interactions. In crystalline
polymers the orientation of the chains is different on a fold surface
than on a lateral surface. It was shown earlier that this results in

significantly different energies for the lateral and fold surfaces. The
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Figure 18. The Geometry of an Extended Hydrocarbon
Chain.

a. At Large Separa-
tion Distances

L
-
NN

~S N

b. At Small Separa-
tion Distances

Figure 19. Possible Orientations of a Solute Molecule
Near an Interface.
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effect of the orientation is the same as that discussed for solute orien-
tation. The chains making up a fold surface tend to be oriented per-
pendicular to the surface, while the lateral surfaces are composed of
chains parallel to the surface. The bonds comprising a chain fold
must be strained and distorted, so that conventional values of bond
polarizabilities are probably not valid. Nevertheless, it is likely that
the fold surfaces of polymer crystallites will interact more strongly

than the lateral surfaces.

5. Complex Models:
a. Hypothetical Micelles

A very simple first approximation to the structure of a pro-
tein is a hypothetical micelle. A micelle is an aggregation of polar or
charged molecules with long hydrocarbon chains. The intermolecular
attraction leads to strong hydrophobic interactions among the apolar
portions and strong dipole- or charge-solvent interactions with the
polar portions. The result is often a structure of nearly spherical
symmetry composed of an apolar interior and a polar exterior.

Consider the two-dimensional micelle of Figure 20a. This
very idealized picture shows a symmetrical micelle composed of re-
latively small molecules and serves to illustrate micelle-surface
interactions. The concentric circles in Figure 20a represent the areas

occupied by the -CH 2~ groups as a function of radial distance. 1t is
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a.

a.

Views of Idealized Non-Ionic Micelles.

(Above) The Number of -CH,- Groups
per Unit Area is Greater for the Inner
Rings Than for the Outer Ones.

(See 20b and 20c next page. )
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Views of Idealized Non-Ionic Micelles.

The Sketch on the Right Shows a Flat
Micelle in Bulk Solution. The Center
Sketch Shows it Undergoing a ""Puck-
ering' Distortion. The Left-most

Sketch Shows its Probable Orientation

on the Surface.’

An "Unshielded'] Nearly Spherical Micelle
is Shown on the Right; a Possible Surface-
Micelle Interaction Resulting in Distortion
of the Micelle is Sketched on the Left.
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assumed that because of steric hindrances, the center of the molecule
is essentially empty. Each concentric ring contains the same number
of -CH,- groups, but the area of each ring increases linearly with the
radius. Thus, there would be a greater intera ction force per unit area
on the inner rings than on the outer rings if the micelle were oriented
parallel to a surface. In suchan orientation, each chain would be
roughly parallel to the surface, which has already been shown to be an
unfavorable orientation except at close separaticns. The net result
would probably be a "puckering' of the micelle, as illustrated in Figure
20b, a side view cf the two-dimensional micelle parallel to a surface.
The puckering effect would produce an even greater interaction, as now
the puckered groups would not cnly be closer to the surface, but would
be more favorably oriented as well. The net result would tend to favor
adsorption in the parallel configuration, but with the polar heads in the
solvent and capable of extensive solvent-solute interactions.

Two-dimensional micelles probably do not exist. A three-
dimensional micelle with perfect spherical symmetry would not tend to
adsorb, as there would be extensive solvent-micelle interactions in all
orientations. Thus, a spherical micelle would most likely never get
close enough to a sclid surface (10 to 20 A) for the interactions to be
significant. If, however, cne could have a micelle which is not truly
spherical or well-shielded by the polar head groups, then certain orienta-

tions of the micelle might be favorable for interaction and even adsorption.
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Such a micelle is sketched in Figure 20c, showing a slight puckering
due to surface-micelle interactions. The micelle in Figure 20c is a
reasonable approximation to the structure of some simple proteins;
these will be discussed later.

Surface-solute interactions can be significant in distorting and
reorienting structures to optimize the interactions and the consequent
adsorption of solute. Such interaction and distortion can occur in spite
of apparent shielding of the solute by polar-solvent interactions.

If the micelle is charged, then there would be even stronger
interactions with the solvent, along with the increased complexity of
counter ions. It is doubtful that a charged or even strongly polar mi-
celle would adsorb from water solutions, as electrostatic interactions
with the solvent would be much greater than the dispersion and induced-
dipole intefactions with the surface. For a very large micelle, e.g.,
a protein, the charge or dipole to surface area ratio would be much

less, and the force of adsorption could be very significant.

b. Randomly Coiled Polymers
An apolar polymer probably could not exist in a random con-

figuration in aqueous solution. Hydrophobic bonding would no doubt

produce a relatively globular polymer configuration. This case is really

no different from those treated earlier. As the polymer comes under

the influence of the interface, certain "faces' of the globule could be
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more energetically favorable for interaction than others; this will be
evident later when ribonuclease is examined in detail. Rotations and
distortions would occur to optimize the interaction. Once the polymer
is at the interface, one might expect that the more mobile portions of
the chain would tend to lie flat to further optimize the interaction.
Certain bonds would no doubt be oriented for maximum interaction,
perhaps on fold surfaces of crystallites, where both the C-C bonds of
the surface and a C-C bond of the solute would be a parallel configura-
tion, thus leading to extremely strong interactions. Such interactions
may be irreversible and could be considered pinning points. An ad-
sorbed polymer can, therefore, be visualized as a relatively globular
(inaqueous solution) mass on the surface, with some portions of the
chain oriented parallel to the surface, and with various groups optimally
oriented, probably acting as pinning points.

Consider the effect after a monolayer of adsorbed polymer has
formed. The structure of the monolayer is sketched in Figure 21 (see
Ref. 89). Except possibly for extremely dilute solutions, one cannot
expect the molecule to lie completely flat on the surface, though such
a configuration might be the most energetically favorable. Thus the
monolayer will have a thickness, d, probably related to the dimensions
of the globule in solution. Because of the large number of fairly direct
interactions, one would expect such an adsorbed layer to be irreversible,

though the statistical fluctuations of flickering clusters and thermal
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Figure 21. A Possible Structure for a Monolayer
of Adsorbed Polymer (see Ref. 89).

energy would occasionally cause an adsorbed polymer to desorb; an-
other one would most likely take its place. Eventually, the adsorbed
polymers would be relatively fixed and permanent. The riesult of a
fairly rigidly held and immobile monolayer is that a new surface is
formed, roughly at a distance d from the original surface. The poly-
mer density of the monolayer would be much lower than that of the
polymer substrate, as it would contain trapped solvent mblecules. It

is reasonable to expect that d would be at least 10-15 A and probably
greater. Thus, the substrate polymer would exert a negligible effect
on additional solute interactions. The result is that the new surface
exposed to the solution is composed of a low density pblymer ;permeated
by the solvent; this is the situation of Figure 16. The monolayer-solute
interactions must be of smaller magnitude than the original substrate-
solute interactions (Figure 16), due to the decreased density of the

monolayer and its water content. Also, optimum binding sites, which
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could have existed on the original polymer surface, are now absent.
The net result is that adsorpticn on the monolayer must be relatively
weak, though adsorption of the monolayer itself is quite strong. If
adsorption on the monolayer does occur, it is probably reversible, as
charge fluctuations would have a large effect on any species in the
multilayers. The result of this discussion is that one must expect

polymer adsorption to follow a monolayer isotherm, particularly in

non-aqueous solutions, where the Fﬁ - FIYV force could not be very
significant. In aqueous solutions this force will be more important
(because of the 3.3 term for water) and might lead to multilayer ad-

sorption.

c. Amino Acids and Peptides

The adsorption of amino acids must be expected to be quite
different from any solute considered so far. At neutral pH the car-
boxyl group is ionized, and the amino group may also be charged.
Even though the net charge is zerc at the isoelectric point, the dipole-
water interractions would be very significant. In addition, the peptide
bond is capable of strong dipole-dipole interactions. If these were the
things to be considered, one would expect that amino acids could not
be adsorbed from aqueous solution except possibly by highly charged
surfaces.‘ ‘Htowever, the effect of the highly variable side group leads

to many possible surface interactions. It is at least conceptually pos-
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sible that amino acids with long apolar side chains might interact with
an apolar surface strongly enough to adsorb. Such adsorption would
be transient, however, as cluster flickerings and thermal excitement
could produce desorption very readily.

It is, therefore, possible that amino acids with strongly
apolar side chains might adsorb from aqueous solutions, though such
adsorption on apolar surfaces would probably be weak and hardly ex-
tensive. Amino acids without apolar side chains cannot be expected to

adsorb from aqueous solutions onto apolar surfaces.

A peptide is a polymerized string of amino acids. Its adsorp-
tion properties should be similar to those of its constituent amino acids,
thoughthe char'ge-wafer and dipole-water interactions would not be as
extensive as for an amino acid. A peptide will adsorb much more
readily than its constituent amino acids, but again adsorption will be
negligible unless it contains apolar side shains. A very long chain
peptide can be considered a simple protein, if it is made up of many

different kinds of amino acids.

d. Proteins
Detailed c.a'.'lculations' of the dispersion interactions between
proteins and a polymer surface will not be attempted. Such calcula-
tions are theoretically possible for those proteins whose structure is

completely known, but the task would be immense. The polarizabilities
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of C-N and N-H bonds are about the same as for C-C and C-H bonds,
respectively. The polarizability of the carbonyl bond is also quite high
(a" is about 20, @ about 10). One must, t.herefore, expect significant
dispersion contributions from the peptide linkages as well as from the
apolar side chains. Order of magnitude estimates of the interaction
energy can be made using the generalizations deduced by Vold 132 and
previously discussed. Before doing this, it will be useful to closely
examine a protein whose structure is completely known. Such inform-
ation is only available for quite small proteins.

The volume and mean diameter of some proteins is given in
Table XIII along with data on surface area and surface charge density

(in square angstroms per net charge). Values of the net charges and

polar-apolar ratios (P/AP) were given in Table II.

The properties of ribonuclease were given in Table II; its
amino acid sequence is given in Figure 22, in which the disuifide
bridges are shown and each cysteine is given a number (Ito VIII). The
numbers in Figure 22 are keyed to Figures 23a and 23b, which show
Scheraga's schematic model of the structure of ribonuclease. The
enzyme is composed of six helical sections, one helix at right angles to
the other five. The detailed molecular model has been cc;nstructed

and photographs of it are available!*®-7 Table XIV gives the amino

acid sequence, net charge, and polar-apolar nature of the
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TABLE XIII

PHYSICAL AND STRUCTURAL DATA FOR SOME PROTEINS

Protein M Semi-Major Semi-Minor Surface Vclume Mean Surface Area
Axis, a, A Area, b,A Area, A® A® Diameter Net Charge
* %k %k %k %k % % kK

Ribonuclease 14, 000 25 12 3,160 15, 000 11 790
Albumin 69, 000 80 20 16,200 134, 000 51 300
Gamma

Globulin 156, 000 120 25 30, 600 315, 000 68 #
Fibrinogen:

Ellipsoidal 340, 000 to 102, 000 1, 400, 000 110 340

400, 000 325 32
Nodular "  see Fig. 24 see Fig.24 56, 000 410, 000 74 190

*  The surface area of a prolate spheroid (formed by the rotation of an ellipse about its major axis
2a) is:

Surface Area = 2w (b* + (ab/e)sin~' ¢), where ¢ = eccentricity of the ellipse = a? -b? /a and 0<e<1.

** The volume of a prolate spheroid is V = 47mab? /3. |

x** The mean diameter is given by: d =V°*%[47ab?/3]% .

**x*x*See Table II.

4 If one assumes all side chains have access to the solvent, the value is about 260. However, this
is a very poor assumption, as the pI data of Table II indicate. The variable structure of the gam-

ma globulins prevents one from deducing a value for the surface charge density.

8¢1
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Figure 22. The Aminc Acid Sequence of Ribonuclease.
The Roman numerals Refer to the Disulf-

ide Bridges in Figure 23. {(After Ref. 36,
p. 11.)
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Figure 23. A Schematic Representation of the Structure
of Ribonuclease (From Refs. 156, 157);
a. Top View; b. Side View.
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TABLE XIV

THE AMINO ACID CONTENT, NET CHARGE, AND P/AP RATIOS FOR THE
HELICES OF RIBONUCLEASE*

112 13 [4/5]6 1|7 /819/(10]11 |12 {13 |14{15]16 |17 18[19/20]21
NH,®—| + |- | P |AP|[AP[AP| . [AP| - |+ |P|PAP| - |P|P |P | P [AP|AP| P
Helix = H,; P/AP = 2.0; Net Charge = 0
22 37
P|P|P|P| PP PIAP|AP| + [P | + | P |AP| P| +
Helix = Hz; P/AP = 4.3; Net Charge = +3
40 65
P|+ |AP|AP| P| P |AP|AP| P| - | P |AP|AP| - |AP|AP|P|P |P | + | P|+ | P |AP|AP| P
. Helix = Hs; - Hy; P/AP = 1.4; Net Charge - 0
2] ! ' Toa
P|P|P|P|P|P|P|AP|P|AP|P |- |P | +]| -|P|?2|P|{P|+|P AP P
Helix = H:; P/AP = 6.3; Net Charge = 0
98 - 124
+|P |P|P AP P |+ | P |[AP/AP|AP|AP|P | - | ? |P |AP|P |AP|AP|AP | P |AP| - |AP| P |AP|®
Helix = Hs; P/AD = 1.2; Net Charge = 0 COOH

*See also Figures 22 and 23. The N- and C- terminal groups were not counted in the w\bw ratio and net
charge determinations.
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different helices (helices 3 and 4 are combined in Table XIV). The non-
helical portions of the molecule are not considered. It is obvious from
Table XIV that the different helices have strikingly different polar-

apolar natures. The short helix, H,, is strongly polar and is the only

' helix with a net charge. Helix Hs, is very highly polar, but its net

charge is zerc. Thus, the characteristics and proper-tiesi of ribonu-
clease certainly cannot be expected tc be symmetrical, even though
the shape of the molecule is roughly spherical. The interactions of
ribonuclease with a surface will thus be strongly dependent on the
orientation of the protein with respect to the interface. Helices H,,
H, -H,, and Hg should be able tc approach quite closely to a surface
and interact strongly by dispersion forces; charge-induced dipole in-
teractions would tend to cancel out, as the net charge on these helices
is zero. The presence of charge- and dipole-bound water would hinder
the approach tc the surface, however. If the adsorbing surface is
negatively charged, one might expect H; to be more energetically favor-
able, because of its net positive charge. For an apolar surface, only
helices He and Hs-H« can be expected to interact strcngly, due to
their greater apolar nature. The other helices would interact with
water much more strengly, thus their approach to the surface would
be hindered.

The consideration of the individual helices serves to indi-

cate that the P/AP ratio of Table II may be highly misleading, at least
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for the consideration of surface interacticns. According to the ratio,
ribonuclease is very pclar, but from Table XIV it is clear that much
of that polarity resides inhelix H.. Helix H: cannoct be expected to
interact directly with a:surface, as it is essentially shielded cr at
least hindered by all of the other helices.

The interaction cf H; -H; and H ; may be aided by the pucker-
ing mechanism of Figure 20. The non-helical and non-hydrogen bend-
ed regicns, B, and B; (see Figure 233), may be easily deformed,
particularly at B:, as it is scmewhat apclar. Adsorption cculd, there-
fore, occur first at certain preferentially defcrmable sites; once these
sites have tentatively affixed the mclecule to the surface, other inter-
actions would become impcrtant, as the separation distance would then
be relatively small.

If cne igneres the detailed structure of ribonuclease and
simply considers it as 2n ellipscidal crganic particle, the interacticn
energy would cnly beccme significant at a distance c¢f the order of 10-11
A frem the surface (the value cf the mean diameter, Table XIII).

The abeve discussicn shews that cne must expect a protein
to be a very heterogenecus structure--capable of adsorbing by differ ent
mechanisms in different orientations on different surfaces. The heter-
ogeneity cf ribonuclease may be greater than in non-enzymatic preteins,
as an enxymatically active site may require significant prcperty differ-

ences among the participating helices. Ribonuclease is also peculiar
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in that it is positivély charged at neutral pH, while most plasma pro-
teins are negatively charged. Also, the effect of non-helical regions has
been ignored. These could be verjr important for both their own parti-
cular interacting behavior and the steric influences they might exert on
the helix-surface interactions.

Albumin has been discussed and some of its properties were
given in Tables II and XIII. ‘As it is composed of a single polypeptide
chain, the hypothetical protein of Figure 9 may be a reasonable approxi-
mation for the structure of albumin. Though the P/AP ratio for albumin
is not particularly high (Table Ii), it is a very polar protein. Its polar-
ity is indicated by its solubility properties, as well as by the relatively
high surface charge density (about one net negative charge for every
300 A2 of surface; Table XIII). If the protein is hollow ®* and the inner
core contains water, then the charge density would be much lower.

As shown earlier, charge-induced dipole interactions are neg-
ligible until the molecule is very close to the surface; thus albumin must
interact primarily by the adsorption forces discussed earlier. There
could easily be relatively apolar portions of the molecule, as observed
for ribonuclease. Again a puckering or distortion mechanism of initial
adsorption could be acting.

Vold's mean diameter (Table XIII) criteria’®? indicate that the
surface-albumin interaction becomes quite significant at a,séparation

distance of about 50 A. Thus, albumin must be brought to the interface
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by dispersion interactions; the interactions are optimized if the long

axis of the molecule is parallel to the surface. Maximum interaction
occurs when the long axis is flat on the surface, but the actual thick-
ness of a monolayer must be somewhat greater than the minor axis,
due to the non-efficient packing of an adsorbed layer. It is possible
that short-range charge-induced dipole interactions would modify the
orientation, but this is doubtful as the charges would be interacting
strongly with the solvent and most of them would probably never come
close enough to the surface tc have a very significant effect.

It is unlikely that the adsorpticn process could produce a
layer of efficient packing, thus the density of the adsorbed layer would
probably be less than that of the substrate. Also, the adsorbed proteins
would contain some bcund and trapped water. This means that adsorp-
tion is expected to stop after the formation of a monolayer (see Figure
11). In addition to the density effect, the monclayer would now exhibit
the net charge of the proteins within it. Thus there would be a tendency
for the monolayer tc repel similarly charged proteins. These two
reasons for the absence of multilayer formation are not absolute, how-
ever. If the charge distributions are strongly localized, as discussed

earlier, then multilayer formation could still occur.

The gamma globulins are much larger than albumin, though
the overall shape seems to be about the same. Their mean diameter

is 68 A, thus one would expect strong dispersion interactions out to
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about 70 A. It is clear from the earlier discussion and the data of
Table II that it is not possible to dréw conclusions about the surface
charge or structure of the gamma globulins. One might expect that
their weak structure and resultant ability to respond structurally to
subtle influences would make them easily denaturable. This same
tendency would make them more susceptible to puckering distortions.
As the isoelectric point of the gamma globulins can vary between 5.8
and 7.3 (Table II), depending on the fraction, some fractions can be
uncharged at neutral pH, thus the argument of electrical repulsions
between adsorbed solute molecules would not held. Monolayer forma-
tion is still expected, however, due to packing, density, and permea-
bility considerations.

It is reasonable to assume that the density of gamma globulin
must be less than albumin, because the gamma globulins have propor-
tionally a much lower alpha-helix content and fewer disulfide bridges
than albumin. This assumption is not supported by the data of Table
XIII, but this could be due tc the ellipsoidal shapes of the molecules.
The overall ellipsoidal shape of the molecule also includes its hydra-
tion layer, which can be a sizeable centributicn to the total velume
(Figure 9).

If gamma globulins are much less polar than albumin, as has
been discussed, they would tend to have a much smaller hydration layer.

Thus, the volumes given in Table XIII may be deceptive, as the volume
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given for albumin may be significantly larger than the true volume. I
this is the case, gamma globulin weuld indeed have a lower density than
albumin, which would mean its dispersion interactions would not be as
strong (per unit volume). One must not, therefore, expect gamma
globulin to adsorb more strongly than albumin. A monolayer of gamma
globulin would still be thicker than a monolayer of albumin because of

the greater size of the molecule.

Fibrinogen cannot be considered as a globular or even ellip-
soidal molecule. The data of Table XIII for the ellipsoidal model indi-
cate that the density of fibrinogen {molecular weight per unit volume) is
half that of albumin or gamma globulin, which is not reasonable. The
dumbell-shaped structure sketched in Figure 24 will, therefore, be used
for fibrinogen. This results in a surface area about twice that of gamma
globulin but a volume not much greater than that for gamma globulin.
The surface charge density is quite high, higher even than albumin.
Part of this difference is because the dumbbell-shape dimensions are
for the dry molecule and do not consider the volume of hydration. Thus
the true area and volume in solution is probably a compromise between
the two structures given in Table XIII. In any event, the net charge
density will still be relatively high. The previous discussions indicated
a lack of charge asymmetry along the long axis. The charge must,

therefore, be evenly distributed.
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Fibrinogen-surface dispersion interactions are probably sig‘-
nificant out to between 70 and 100 A. The greatest interaction would
be in the parallel orientation. One must expect fibrinogen to be a
rather clumsy, unpredictable protein for adsorption considerations.
As it contains large ncdules, its crientaticn for adsorption is not
necessarily as straight-forward as for albumin and gamma globulins.
If a fibrincgen molecule "'stumbles' intc the vicinity of an interface in
the perpendicular crientaticn of Figure 24, it will most likely continue
to be adsorbed in that orientaticn if it is within 50 A of the surface (the
mean diameter for a sphere 65 A in diameter is about 50 A*). It is
probably not reascnable, therefore, tc assume adscrbed fibrinogen to
have a particular crientation. The majority of the molecules should
be oriented parallel while many may have the perpendicular orientation,
at least initially; after initial adsorption, close range interactions could
pull a melecule frcm the perpendicular crientation into a more parallel
position. This is nct unreasonable; and is somewhat compatible with
the structural properties of fibrincgen, i.e., that the nodules are con-
nected by "...lcose, sponge-like segments..." (see Ref 64).
Fibrinogen adscrpticn should result in a lcosely packed layer
of flat molecules entangled with bent or distcrted molecules which were
initially adsorbed in the perpendicular crientation. The thickness of

such a layer should be somewhere between 70 and perhaps several

*This curious result is due merely to the definition of mean diameter.
The mean diameter is defined as the cube roct of the volume. %2
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Figure 24. The Nodular Structure of Fibrinogen
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Molecule in the Vi¢inity of an Interface.
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hundred angstroms. Multilayer formation is not expected.

Fibrincgen will interact significantly with a surface by disper-
sion forces at greater distances than the other proteins considered.
Thus, adsorption of fibrinogen can be expected to be more rapid than
for the other proteins discussed. It is also possible that, because of
its higher molecular weight and rod-like structure, it will interact
more strongly with a surface than albumin or gamma globulin. This
could result in competitive adsorption, where fibrinogen may success-

i

fully compete for occupied regions of the surface.
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C. Comparison of the Model with Experiment

1. Simple Compounds:

The model predicts that apolar compounds should have rela-
tively large adsorption forces acting on them  asthe 3.3 term will
dominate the other terms in equation (24); this will be the case at air/
water and apolar polymer/water interfaces. The data of Tables IX
to XI show that the forces and energies-of adsorption must be sig-
nificant at distances of 10 to 15 A, dependingon the size of the mole~
cule consideredu Figure 14 clearly shows that the adsorption of large
molecules is favored over smaller ones. It was demonstrated in Fig-
ure 15 that the differences between solute molecules result in signi-
ficantly greater adsorption forces than differences among the apolar
polymer surfaces. The solute molecule is also expected to approach
the surface in a more or less perpendicular orientation, though it will
tend to assume a parallel orientation if space and time are available
for it to do so. Because of the relatively low polarizability of water
(Table IV), FIS) " is usually greater than FY, thus there is a slightly

greater adsorption tendency at polymer/water than at air/water inter-

faces. This conclusion is evident from Figure 17, where the Y-0 curve

is equivalent to that for an air/water interface, while the Y=1 curve
represents the adsorption force at the polymer,/water interface.
The model also predicts multilayer and monolayer adsorption,

depending on the structure and nature of the first adsorbed layer. The
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data of Table XII and Figure 16 clearly demonstrate that the adsorption
forces decrease rapidly as the water content of the surface increases.
An adsorbed layer which contains trapped or bound water molecules
will, therefore, interact more weakly than the original surface. This
has been discussed and was sketched in Figure 21 for rando;n coil poly-
mers, but the analysis is just as valid in the general case. If the ad-
sorbed layer does not contain water, as might be expected 6f an adsorb-
ed hydrocarbon, then the situation is given by Figure 17. Though the
monolayer must have a lower density than the original surface, the
force of adsorption is only slightly decreased. If the monolayer was of
zero density and contained no water, adsorption would still occur, just
as it does at the air/water interface.

The above predictions are in good agreement with experiment.
Most of the generalizations and conclusions in Section A. 3. b (Adsorp-
tion of Simple Compounds) are in agreement with the predictions of the
model. It was noted in that section that adsorption tends to be prefer-
ential for that component which most reduces the surface o:' interfacial
tension; this conclusion is evident from Figure 7 and equation (24).

Perhaps the most complete study of adsorption of simple com-
pounds at a polymer/water interface is that by Schneider et al!® They
studied the adsorption of several hydrocarbons, alcohols, and organic

acids from aqueous solution onto polystyrene beads. Their isotherms

for ethane, propane, and n-butane are replotted in Figure 26; the
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Figure 26. Adsorption Isotherms for the Adsorption of Simple
n-Alkanes onto Polystyrene Beads (After Ref. 158).
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Figure 27. Adsorption Isotherms for the Adsorption of
Simple n-Alkanols onto Polystyrene Beads.
(After Rev. 158.)
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isotherms for ethanol, propanol, and n-butanol are given in Figure 27.
These isotherms (and most adsorption isotherms) are for equilibrium
adsorption, thus one cannot obtain kinetic information from them. It
is clear from the isotherms presented and from most isotherms in the
literature that the degree of surface coverage or amount adsorbed is
not merely a simple function of the size of the molecule. Propane
would be expected to occupy roughly 50% more surface area than ethane,
and butane twice as much area, yet the isotherms certainly do not
show any such relationship. If adsorption is due to active sites, one
would expect the number cf moles of solute adsorbed per unit area of
surface coverage to be independent of molecular size, as there is little
reason to expect an active adsorption site for propane to differ from
one for butane.

The extent of the isotherms presented is of course limited by
the solubility of the solute in water. Ethanol is highly soluble, while
butanol is much less soluble. There is some question about the hydro-
carbon isotherms. In the case of butane and propane the isotherm in-
dicates multilayer formation. It is possible, as pointed out by the
authors,*®® that the adsorbed alkanes may diffuse into the polystyrene.

It is difficult to quantitatively examine Figures 26 and 27, as
the surface area of the swollen polystyrene adsorbent is not known.

It is clear, however, that the alkanes adsorb very readily from very
dilute solutions; the alkanols require a hundred-fold greater concentra-

tion to produce the same amount of adsorption. The alkanols appear
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to follow a monolayer (Langmuir) isotherm, while the alkanes seem to
form multilayers.

The model predicts that alkanes should tend to produce multi-
layer isotherms, as discussed above. Small alkanes should not trap
any water as they are adsorbed; in fact, the movement of the water be-
tween the solute and the interface is one of the major driving forces
for adsorption (Figure 7). Therefore, one would expect a layer of
adsorbed hydrocarbon to be relatively water free and probably less
dense than the substrate. Thus adsorption of multilayers is expected
to occur, though probably to a lesser extent than the original adsorp-
tion. These results are in good agreement with the isotherms of
Figure 26.

The adsorption of small alkanols is expected to be relatively
weak. The force of adsorption is now greatly decreased as compared
to alkanes because of the extensive dipole-dipole interactions which
must take place between the water solvent and the -OH group of the
alcohols. Any adsorption which does occur would probably be quite
reversible, as desorption must occur relatively easily whenever a
water cluster forms nearby in an optimum interaction orientation. In
order to obtain significant adsorption, Schneider et al!** had to use
relatively high alcohol concentrations; this no doubt acted to eliminate
some of the peversibility of adsorption.

Figures 26 and 27 are also in agreement with the conclusion
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that large molecules are expected tc interact more effectively than
smaller ones. This conclusion is due to two effects; the greater force
on a large molecule gives it an advantage in coming to the interface;
once it is at the interface, it can interact strongly with each of its
polarizable regions, which will tend to hinder desorption (the greater
the number of strongly interacting sites, the less chance that desorp-
tion will occur). The net result is that larger molecules probably are
adsorbed more rapidly than smaller molecules and, once adsorbed,
they tend to stay there longer. The isoctherms of Figures 26 and 27
are thus in qualitative agreement with the model.

The adsorption of polar compounds has been discussed quali-
tatively and some comparisons can be made. Data are available on the
adsorption of scme amino acids and peptides, !* as well as on the
alkanols just discussed. The following amino acids were studied ***
in solution at their isoelectric point: glycine (AP), alanine (AP),
proline (AP), serine (P), glutamic acid (P), aspartic acid (P), tyro-
sine (p), and phenylalanine (AP). Only the latter two aromatic amino
acids were adsorbed, but not to a significant degree. The adsorbent
was polystyrene beads, thus the aromatic acids probably interacteqd
directly with the pi-orbitals of the polystyrene. It is clear, however,
that amino acids do not tend to adsorb. It would have been interesting
if the study!®*® had included leucine or isoleucine as well, as the long

apolar side chain might have been more favorable for adsorption.
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The same study did consider two peptides: gly-gly-gly-gly and leu-gly-

gly. The former did not adsorb, supporting the contention made at the
bottom of Table II, i.e., that though glycine can be considered to have
an apolar side chain, steric effects must prevent it from interacting
significantly. The leu-gly-gly peptide did adsorb (on polystyrene),
showing that the leucine side chain can exert a considerable influence
on the adsorption properties of a peptide or amino acid. Thus the re-
sults cited for amino acids and peptides are in agreement with the

qualitative predictions made earlier.

2. Polymer Adsorption:

Polymer adsorption has not been widely studied and few general-
izations are available. The model predicts that polymers adsorbed
from solution onto polymer surfaces should form a relatively loosely
packed and solvent permeated monolayer. Multilayer adsorption is
not expected; the argument is the same as given above. Even though
the molecule remains relatively globular and loosely packed on the
surface, its very nature and size provides a large number of close-
range interactions with the surface. As noted earlier, it is statisti-
cally improbable that all of these interactions could be disrupted sim-
ultaneously, thus polymer adscrpticn tends to be irreversible. Also,
as noted above, the larger the molecule, the more stable it must be

on the surface. Thus polymers of higher molecular weight must have
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a longer surface lifetime than those of lower molecular weight; this is
the basis of competitive adsorption. Equilibrium is thus difficult to
achieve and requires a long time. The initial adsorption is expected
to be very rapid, hcwever, fellowing the trend discussed above (the

larger the molecule, the greater its adsorption tendency).

3. Protein Adsorption.

The detailed discussion of ribonuclease showed that protein
adsorption must be extremely complex, as different portions of the
same molecule may interact by very different mechanisms. Until the
detailed structure of many more proteins is available, one must resort
to qualitative discussions and extremely rough calculations. Using
Vold's criterial®¢ and applying it tc protein-solid dispersion interac-
tions, it was concluded that protein adsorption (to a first approxima-
tion) will be a function of the size and density of the molecule. Thus,
it is expected that adsorption would increase in the order albumin,
gamma globulin, and fibrinogen. Only monolayer adsorption should
occur, with the monolayer thicknesses somewhat greater than the minor
axis but significantly less than the major axis. The rod-like nature of
fibrinogen will probably allow it tc interact more strongly with a sur-
face than the other proteins, thus, as discussed above, competitive
adsorption should be expected.

Lyman et al. 19 have succeeded in determining protein adsorp-
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sorptiori“ isotherms on plane polymer surfaces by means of total reflec-
tion infra-red spectroscopy. Their isotherm for gamma-globulin
adsorption on polystyrene (at 37 C for two hours from distilled water)
is given as Figure 28. They studied the adsorption of albumin, gamma
globulin, and fibrinogen on commercial polystyrene, polyethylenes
(low density), polydimethyl siloxane, and on a fluorinated ethylene-
propylene copolymer (Teflon FEP). Except for gamma globulin on ‘
Teflon FEP, the behavior was analogous to Figure 28 for all combina-
tions. Their results are given in Table XV; film thicknesses varied
from 44 to 138 A (assuming a protein density of 1. 3) but there was no
adsorption of gamma globulin on the fluorocarbon. It is thus clear that
the surface free energy concept®® does not hold for protein adsorption
sinc;e there is no trend of absorbed thickness with surface energy,
though Lyman et al!® showed that such a trend does hold for platelet
adsorption. The adsorbed prcteins cculd not be desorbed over a wide
pH range, thus Lyman et al .1* concluded that '"...adsorption in these
systems is not reversible. "

The above results are in qualitative agreement with the earlier
discussion, though the values for polystyrene are lower than expected.
The earlier calculations show polystyrene interacting more strongly
than the other polymers. Lyman has also found'’®® that adsorption in-
creases in the order albumin, gamma globulin, fibrinogen. (See also

Table XV).
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TABLE XV

EQUILIBRIUM LAYER THICKNESSES FOR THE ADSORPTION OF

PLASMA PROTEINS ON SEVERAL POLYMER SURFACES*

(After Ref. 19, p. 252)

Layer Thickness, Angstroms

Polymer Albumin Gamma Globulin Fibrinogen
Polystyrene 44 54 130
Polyethylene

(Low Density) 62 N 96
Polydimethyl
siloxane 120 138 120
Fluorinated
Ethylene-Propylene
Copolymer
(Teflon FEP) 62 0 108

* Adsorbed from distilled water at 37 C for 2 hours.

e
>
[

4

Surface Concentration-ugem™?

o
p—
o

Solution Concentration—mg/100 ml.

Figure 28. Adsorption of Gamma Globulin onto Polystyrene

at 37 C. (From Lyman et.al., Ref. 19, p.251).
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The layer thicknesses are quite large. They were interpreted
as due to ** ''...the formaticn of a monolayer with the dimensionally
intact globular molecules in closely packed array more or less end-on
to the surface.' This interpretation is compatible with the discussion
of layer thicknesses given earlier.

Figure 13 showed that polyethylene and PTFE tend to interact
to the same degree with solute molecules. This result is confirmed in
Table XV by the data for polyethylene and Teflon FEP for albumin and
fibrinogen. The result for gamma globulin is not explained; it is very
interesting, but unpredictable by the criteria given here.

Vroman has studied the interaction of blood and blood proteins
with surfaces using an ellipsometer. Much of his work and views on the
role of surfaces in blood coagulation and protein adsorption are sum -
marized in two recent reviews >'¢° He has exhaustively surveyed and
studied the role of hydrophobic surfaces in coagulation in an earlier
paper!® The nature of the ellipsometric technique produces limitations
on the selection of suitable substrates. Vroman usually uses tantalum
oxide or silicon surfaces which are either wettable or non-wettable,
depending on the surface treatments used (see Ref. 18). Thus the sur-
faces studied are certainly not polymeric but can be considered to con-
sist of relatively loosely packed hydrocarbon chains for the non-wettable
surfaces, as it is often prepared by rubbing on a monolayer of ferric

stearate.
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Ellipsometric studies are the only current source of informa-
tion on adsorption dynamics. Vroman has found that "...all protein-T
containing solutes showed adsorption onto all four types of surfaces
tested, at an initial rate of about 10-20 A per minute." (Ref. 2.p.299).
There was no difference in adsorption rates at room temperature on
wettable or non-wettable surfaces,!® which tends to indicate that the
solute-solvent interactions dominate solute-surface interactions.
After a few minutes the rate decreased abruptly for purified protein
solutions and somewhat gradually for mixtures of proteins. This re-
sult tends to indicate monolayer formation of the purified proteins and
continuing competitive adsorption of the protein mixture. Vroman has
shown that multiple protein layers can be adsorbed under appropriate
conditions.'®® Adsorption studies on hydrophobic powders have shown
that many proteins (particularly certain coagulation factors) are pre-
ferentially adsorbed, including fibrinogen!®:'®® 1In the case of fibrino-
gen the preferential adsorption may be due to its great size and geo-
metry; the coagulation factors which favor non-wettable surfaces may
have relatively apolar ''faces' as observed for ribonuclease. The film
thicknesses Vroman gets are usually 30 to 40 A for most proteins and
up to 80 A for fibrinogen!* These results are more in agreement with
the discussion given earlier than these of Lyman.'*

The conclusion that adsorption will not tend to occur on a sur-

face containing a high water content (Figure 16) leads toc some possibilities
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" for the preparation of adsorption-resistant surfaces. Such a surface

probably results when a protein is chemically bonded to a polymer sur-
face. The proteinated surface is probably similar to that of an adsorbed
layer of protein, except that chemically bonded protein could not be
desorbed; competitive adsorpticn thus cculd not occur. Such a surface
has been prepared by binding albumin to chloromethylated polystyrene
using an aqueous Friedel-Crafts alkylation reaction (See Chapter II).
Attenuated tctal reflecticn infra-red data showed significant amounts

of bound prctein {Figures 1 and 2j. Vena cava rings cf this material
were implanted in dogs by Dr. Vincent Gott of the Johns Hopkins Uni-
versity School cf Medicine; initial results for chronic (twc hour) and
acute (two week) tests were very good; as no clots were found in the
rings. The preliminary results of this severe test indicate that a pro-
teinated surface may be a gocd coagulation-resistant material. Long-
term tests, particularly on the stability and life-time of such a surface,
are needed befcre definite cenclusions can be made. The behavior of
the surface is compatible with the mcdel, if blood ccagulation is truly
a protein adsorption-dependent process.

Prctein denaturation was not specifically discussed. It was
noted that crientations c¢f maximum interacticn are favored. It is,
therefore, reasonable tc suspect that the forces of adsorption will con-
tinue to operate until the solute is flattened down cn the surface and

cannot be ''pushed’ farther. If the bonds responsible for the tértiary
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structure in a protein are weaker than the adsorption force, those
bonds may be disrupted, and denaturation will occur.

The discussions on protein adsorption given in Section B are
thus in reasonable agreement with experiment. Much more adsorption
data and further development of the model will be required, however,

before a mechanistic model of protein adsorption can be produced.
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D. Conclusions

1. The Role of the Surface in Adsorption from Sclution:

Though the nature and magnitude of the charges or dipoles on
polar surfaces may have significant effects on adsorption, the imperme-
able hydrophobic surface is probably not too important in adsorption
from solution. The data presented showed that the spread of interac-
tions on the different surfaces considered was not very great. Lyman

et al. 's result*®* with Teflon FEP and gamma globulin is an exception

to this conclusicn. Vroman's results that the adsorption rate on wetta-
ble and non-wettable surfaces is about the same tends to agree with the
above conclusion. The degree cf crystallinity and orientation of crys-
tallites in the surfaces of crystalline polymers might be important in
adsorption; data on these surfaces will not be interpretable on a funda-
mental level until the nature of the fold and lateral surfaces of crystal-
lites is better established.

A water-permeable polymer must experience mucﬁ less
adsorption than impermeable polymers (Table XII and Figure 16). A
family of water-ccntaining polymers, the nen-ionic hydrogels, is avail-
able, though adsorption studies are not yet available on them. Their
blood cojfmpatability properties are very impressive, however!®! ™2
There is evidence (Chapter II. A) that a chemically proteinated surface

behaves as predicted by the model. Thus, though a "conventional"

polymer surface may be relatively unimportant in adsorption from aqueous
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solutions, especially prepared surfaces, which can significantly inter-

sect with water, may show promise as adsorption-resistant materials.

2. The Role of the Solute in Adsorption from Solution

In gerferal, the larger the solute molecule, the greater its
tendency to adsorb by dispersion interactions. This trend is clearly
demonstrated in Figures 14 and 15, as well as by Vold's conclusions.!32
If the solute can compete for solvent interactions, then the force of ad-
sorption will be decreased; this is evident in Figure 7. In some cases
solute-solvent interactions may be greater than solvent-solvent inter-
actions; the result in this case would be negative adsorption (Figures
4 and 7). Adsorption tends to become irreversible when the solute be-
comes quite large, as for a polymer or a protein.

A complex solute, such as a protein, probably adsorbs by
different mechanisms, depending on the surface and on the orientation
of approach of the solute. Certain regions of the molecule may inter-
act in a particularly strong manner; if such regions are not tightly
bound to other portions of the solute, distortion (puckering) effects may

occur, which optimize the interactions.

3. The Role of the Solvent in Adsorption from Solution

Adsorption from aqueous solution is primarily dependent on
the cohesiveness of water. The primary adsorption force is due to

solvent-solvent interactions, influenced by solute-solvent effects.
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Adsorption from other, less cohesive, solvents is expected to be much
different, as then the B and C curves in Figure 7 would be much closer

together; solvent competition effects would then be more important.

4. Critique and Limitations of the Model

The model is limited in that it considers only non-ionic aqueous
solutions and apolar polymer surfaces. It is further limited in that only
dispersion interactions are computed and that solute structuring effects
are essentially ignored. Such structuring can be treated as an adsorbed
layer; treatments of this type have been given by Vold. !*®* The treatment
of proteins has been very qualitative and there was no attempt to discuss
the competitive adsorption of a number of different proteins. The great-
est limitation, however, is the failure to specifically consider dipole-
dipole and charge-dipole interactions between the solvent and the charged
and polar groups on a protein molecule.

The model does provide a satisfying mechanistic picture of ad-
sorption on the molecular level. It explains in a fairly satisfactory
manner a phenomenon which was previously not explainable: monolayer
adsorption of polymers and proteins. Perhaps its greatest contribution,
however, will be that it can be used to design experiments which will

lead to a better understanding of the mechanisms of adsorption.
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5. Future Work

The model raises many queétions and focuses attention on sev-
ral areas of inquiry. The main conclusion is that the solvent plays a
fundumental and probably major role in adsorption processes, par-
ticularly for polar solvents. This result can be tested by studies of
adsorption from a series of solvents of varying cohesiveness.

Another major focus is the structure of the adsorbed layer and
its role as a "new' surface. Suitable model systems can be prepared
by chemically binding molecules to a surface and then studying the ad-
sorption properties of the new surface.

The great bulk of data available on adsorption apparently resul-
ted from many isolated experiments (see Ref. 21 for a discussion).
There have been few studies designed to truly pin down a fundamental
variable or concept. The work of Zisman*® is one of the rare cases
where detailed studies have been performed leading to basic, genef—
al conclusions.

The author intends to study adsorption of simple compounds from
aqueous solutions by radioisotope methods as a function of ion content,
pH, solute, and nature of the surface. ‘The hope is that eventually it
may be possible to formulate some general, fundamental conclusions.
He also intends to study the role of surface morphology and crystal-

linity in the adsorption process by microautoradiographic methods.
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CHAPTER IV

SUMMARY

The blood/materials interface is a crucial factor in the success-
ful use of solid materials for blood-contact af)plications. The inter-
actions which occur at such interfaces will not be understood until one
thoroughly understands the mechanism of adsorption from aqueous
solution, particularly onto polymer surfaces.

A mechanistic model of adsorption of apolar molecules from
aqueous solution onto apolar polymer surfaces is presented. The
nature of adsorption, the structure of water, and the forces which exist
between molecules are all considered. The model shows that adsorp-
tion is a natural consequence of the asymmetric force field which
exists in the vicinity of an interface. It shows that solvent-solvent
and solvent-solute interactions are of particular importance, especially
in aqueous systems. The solvent content of the adsorbate is considered,
resulting in the conclusion that adsorption will not tend to occur on a
solvent-loaded surface. The model predicts and provides a mechan-
istic explanation for monolayer and multilayer adsorption; it also dis-
cusses and predicts the orientations of adsorbed species. The role of
polymer crystallinity effects and 'active sites' is briefly examined;
however, the role of the solid surface is shown to be minor with respect

to solvent-solvent and solvent-solute effects. Calculations are presented
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for a -CH, - group, ethane, butane, and hexane. Qualitative discussions
are given for the adsorption of polar molecules and macromolecules,
notably proteins. The structure of ribonuclease is examined; it is
shown that different areas on the protein will have significantly different
intermolecular interactions with the surrounding solvent or with a near-
by adsorbate. The conclusion is that a protein must be expected to
adsorb by different mechanisms on different surfaces. The surface-
protein interactions may be highly dependent on the orientation of the
protein with respect to the solid surface. The adsorption of albumin,
gamma globulins and fibrinogen is also discussed. The model and its
predictions are compared with available experimental data.

The rationale for the preparation of the potentially enzyme-
inhibitory and non-thrombogenic polymers, the polyorganofluorophos-
phates, is briefly discussed. The rationale for preparing proteinated
surfaces is also analyzed; the preparation of albuminated polystyrene
is treated in detail and its non-thrombogenic behavior is discussed.

A brief mention is given to the potential use of fluoroescence microscopy

as a tool for studying protein adsorption on the microscopic level.




C_

-

| I S | N

— . -

-

10.

11.

12.

13.

162
REFERENCES

L. Vroman, Blood, The Natural History Press, 1967.

L. Vroman, "Surface Activity in Blood Coagulation," in W. H.
Seegers, ed., Blood Clotting Enzymology, Academic Press,
1967.

'R. Defay and 1. Prigogine, Surface Tension and Adsdrption,

John Wiley and Sons, 1966.

S. N. Levine, "Thermodynamics of Adsorbed Protein Films,
J. Biomed. Mater. Res., in press.

L. Vroman, "Effect of Adsorbed Proteins on the Wettability of
Hydrophilic and Hydrophobic Solids,”" Nature, 196, 476
(1962).

E. W. Davie and O. D. Ratnoff, "The Proteins of Blood Coagu-
lation,” in H. Neurath, ed., The Proteins, Vol. III,
Academic Press, 1965, p. 360. . ‘

M. P. Esnouf and R. G. MacFarlane, "Enzymology and the Blood

Clotting Mechanism," Adv. Enzymology, 30, 255 (1968).

W. H. Seegers, ''Basic Enzymology of Blood Cbagulation,"
Thrombos. Diathes. haemorrh., 14, 213 (1965).

D. J. Lyman, personal communication; see ''Findings Clérify
Nature of Blood Clotting,” Chem. and Engineering News,
Jan. 27, 1969, p. 37. ‘ o

J. G. G. Schoemakers, R. Matze, C. Haanen, and F. Zilliken,
"Hageman Factor, a Novel Sialoglycoprotein with Esterase
Activity," Biochem. Biophys. Acta, 101, 166 (1965).

R. D. Falb, personal communication.

G. Ray and S. C. Roy, ""Effects of Some Reagents on the Active
" Groups in Prothrombin," Enzymologia, 26, 187 (1963-64).

‘M. J. Caldwell and W. H. Seegers, 'Inhibition of prothrombin,
thrombin, and autoprothrombin C with enzyme inhibitors,"
‘Thrombos. Diathes. hermorrh., 13, 373 (1965).




C_-

L

C— - € I (

- . C_

14.
15.

16.

117.

18.

19.

20.

21.

22,

23.

24.

w

I.

163

. R. Sorenson and T. W. Campbell, Preparative Methods of
Polymer Chemistry,”" Interscience Publishers, 1961 (1st
edition), p. 124, .

. Yen, M. S. Thesis, Dept. of Chemical Engineering, Univer-

sity of Denver, Denver, Colorado, December 1968.

L. Copley, D. Steichele, M. Spradau, and R. S. Thorley,
"Anticoagulant Action of Fibrin Surfaces on Mammalian
Blood," Nature, 183, 1683 (1959).

L. Rubin, R. I. Riggio, R. L. Nachman, G. H. Schwartz,
T. Miyata, and K. H. Stenzel, '"Collagen Materials in
Dialysis and Implantation)' Trans. Am. Soc. Artificial In-
ternal Organs, 14, 169 (1968).

. Vroman, "Effects of Hydrophecbic Surfaces upon Blood Coagu-

lation,”” Thrombos. Diathes. haemorrh., 10, 455 (1964).

. J. Lyman, J. L. Brash, S. W. Chaikin, K. G. Klein, and

M. Carini, "The Effect of Chemical Structure and Surface
Properties of Polymers on the Coagulation of Blood. II,"
Trans. Am. Soc. Artificial Internal Organs, 14, 250 (1968).

E. Baier and R. C. Dutton, "Initial Events in Interaction of
Blood with a Foreign Surface,” J. Biomed. Mater. Res.,
in press.

. J. Kipling, Adsorption from Solutions of Non-Electrolytes,

Academic Press, 1965, Chapter 8.

. D. Falb, M. T. Takahashi; G. A. Grode, and R. I. Leininger,

"Studies on the Stability and Protein Adsorption Characteris-
tics of Heparinized Polymer Surfaces by Radioisotone Label-
ing Techniques," J. Biomed. Mater. Res., 1, 239 (1967).

. W. Merrill, E. W. Salzman, B. J. Lipps, Jr., E. R. Gilli-

land, W. G. Austen, and J. Joison, ''Antithrombogenic
Cellulose Membranes for Blood Dialysis,”” Trans. Am. Soc.
Artificial Internal Organs, 12, 139 (1966).

H. Silman and E. Katchalski, '"Water-Insoluble Derivatives of
Enzymes, Antigens, and Antibodies, " Ann. Rev. Biochem.,
35 (Part II), 873 (1966).




. - C_

(I

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.
36.

164

E. W. Gelewitz, W. L. Riedeman, and I. M. Klotz, '""Some
Quantitative Aspects of the Reactions of Diazonium Com-

pounds with Serum Albumin, " Arch. Biochem. Biophys.,
53, 411 (1954). ,

H. G. Higgins and K. J. Harrington, "Reactions of Amino Acids
and Proteins with Diazonium Compounds. IL'' Arch. Biochem.,
85, 409 (1959).

R. D. Falb, G. A. Grode, M. Luttinger, M. M. Epstein, B.
Drake, and R. I. Leininger, '"Development of Blood-Com-
patible Polymeric Materials,' June 22, 1966; CFSTI No. PB
173 053, p. A-21.

L. Gyenes and A. H. Sehon, '"Preparation and Evaluation of Poly-
styrene-Antigen Conjugates for the Isolation of Antibodies,"
Can. J. Biochem. Physiol., 38, 1235 (1960).

G. A. Olah, Friedel-Crafts and Related Reactions, Vol. I, Inter-
science Publishers, 1963, p. 307.

M. R. Jenny, ''Utilisation de chlorures metalliques en Solution
aqueuse comme catalyseur d'acoylation,” Comp. Rendus, 46,
3477 (1958).

Regal Plastics Co., Englewood, Colorado, local distributor for
Westlake Plastics Co., Lenni Mills, Pa.

V. L. Gott, D. E. Koepke, R. L. Daggett, W. Zarnstorff, and
W. P. Young, '""The Coating of Intravascular Plastic Pros-
theses with Colloidal Graphite,”” Surgery, 50, 382 (1961).

J. D. Whiffen, R. Dutton, W. P. Young, and V. L. Gott, "Heparin
Application to Graphite-Coated Intravascular Prostheses,"
Surgery, 56, 404 (1964).

R. D. Falb,. G. A. Grode, M. M. Epstein, B. G. Brand and R. I
Leininger, "Summary Report on Development of Blood-Com-
patible Polymeric Materials, " June 29, 1965; CFSTI No. PB
168 861, p. A-6.

L. Vroman, personal communication.

H. E. Schultze and J. F. Heremans, Molecular Biology of Human
Proteins, Vol. I, Elsevier Publishing Co., 1966, pp. 183ff.



C_—

c_— =

C_

C_ C— . o C_

C__

| —

31.
38.
39.

40.

41.

42.

43.

44.

45.

46.

47,

48.

49.

50.

165

Bovine Albumin, Mann Research Labs, New York, New York.

V. L. Gott, personal communication.

D. J. Lyman, W. M. Muir, and I. J. Lee, "Effect of Chemical

Structure and Surface Properties of Polymers on the Coagu-
lation.of Blood. I.,”” Trans. Am. Soc. Artificial Internal
Organs, 11, 301 (1965).

M. Goldman, Fluorescent Antibody Methods, Academic Press,
1968.

R. C. Nairn, ed., Fluorescent Protein Tracing, Livingstone
Press, 2nd edition, 1964.

A. W. Rogers, Techniques of Autoradiography, American Else-
vier Publishing Co., 1967.

H. Rinderknecht, "Ultra-Rapid Fluorescent Labeling of Proteins,"

Nature, 193, 167 (1962).

H. J. Trurnit, '"Studies of Enzyme Systems at a Solid-Liquid
Interface. L., Arch. Biochem. Biophys., 47, 251 (1953).

M. Goldman, "An Improved Microfluorimeter for Measuring

Brightness of Fluorescent Antibody Reactions," J. Histochem.

Cytochem., 15, 38 (1967).
Fish-Schurman Corp., New Rochelle, New York.

R. H. Partridge, personal communication; see also J. Chem.
Phys., 45, 4013 (1966).

W. A. Zisman, 'Relation of Equilibrium Contact Angle to Liquid
and Solid Constitution, " in F. M. Fowkes, ed., ""Contact

Angle, Wettability, and Adhesion, Adv. in Chem. Series No.

43, American Chemical Society, 1964, p. 1.

H. Schornhorn, '"Surface Free Energy of Polymers,” J. Phys.
Chem., 69, 1084 (1965).

P. H. Geil, Polymer Single Crystals, Interscience Publishers,
11963.




G

-

- C° o

-

——

C

-

-

166

A. Sharples, Intrcduction to Polymer Crystallization, St. Martins
Press, 1966.

H. Schornhorn, "Heterogeneous Nucleation of Polymer Melts on
Surfaces. I.," J. Pclymer Science, Part B, 5, 919 (1967).

H. Schornhorn, '"Heterogeneous Nucleation of Polymer Melts on
Surfaces. I.,” Macrcmolecules, 1, 145 (1968).

H. D. Keith and F. J. Padden, Jr., "A Phenomenological
Theory of Spherulitic Crystallization,' J. Appl. Phys., 34,
2409 (1963).

H. D. Keith and F. J. Padden, Jr., '"Spherulitic Crystallization
from the Melt, Iand II," J. Appl. Phys., 35, 1270, 1286
(1964).

J. D. Hoffman, "Theoretical Aspects of Polymer Crystalliza-
tion with Chain Folds: Bulk Polymers," Soc. Plastics Engi-
neers Trans., 4, 1 (1964).

A. Keller, "Polymer Single Crystals, "' Polymer, 3, 393 (1962).

H. Schornhorn and F. W. Ryan, 'Wettability of Polyethylene
Single Crystal Aggregates, "' J. Phys. Chem., 70, 3811
(1966).

I. J. Lee, W. M. Muir, and D. J. Lyman, '"Relationship Between
Parochor and Zisman's Critical Surface Tension of Polymers,"
J. Phys. Chem., 69, 3220 (1965).

H. B. Bull, An Introduction to Physical Biochemistry, F. A.
Davis Co., 1964.

H. D. Edsall and J. Wyman, Biophysical Chemistry, 1., Aca-
demic Press, 1958, Chapters 5-9.

S. Ghosh, K. Breese, and H. B. Bull, "Hydrophobic Properties
of Adsorbed Protein, "" J. Coll. Science, 19, 457 (1964).

F. W. Putnam, 'Structure and Function of the Plasma Proteins,"
in H. Neurath, ed., The Proteins, Vol. III, Academic Press,
1965, p. 154.




C

(

[

r

C

| B

"

(

|

—

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

4.

75.

76.

167

Deutsch, J. Segal, and A. Kalaidjiev, "Electron Microscopic
Examination of Some Globular Proteins, ' Nature, 195, 177
(1962).

Laki, ed., Fibrinogen, Marcel Dekker, Inc., 1968.

E. Mihalyi, "Structural Aspects of Fibrinogen," in K. Laki, ed.,

F.

L.

R.

Fibrinogen, Marcel Dekker, Inc., 1968.

Blomback ""Fibrinogen to Fibrin Transformation, " in W. H.
Seegers, ed., Blood Clotting Enzymology, Academic Press,
1967, p. 186.

V. Eck and M. O. Dayhoff, Atlas of Protein Sequence and
Structure, 1966, National Biomedical Res. Found., 1966.

W. Adamson, Physical Chemistry of Surfaces, Interscience
Publishers, 2nd ed., 1967.

M. Fowkes, 'Surface Chemistry, ' in R. L. Patrick, ed.,
Treatise on Adhesion and Adhesives. Vol. I. Theory,
Marcel Dekker, Inc., 1967, p. 325.

T. Davies and E. K. Rideal, Interfacial Phenomena, Academic
Press, 1961.

Ross, ed., Chemistry and Physics of Interfaces, American
Chem1ca1 Society, 1965.

M. Fowkes, "Attractive Forces at Interfaces, ' Ind. and Engin.

Chem., 56, 40 (1964); alsc in Ref. 72.

. J.Good, 'Intermolecular and Interatomic Forces, " in R. L.

Patrick, ed., Treatise on Adhesion and Adhesives, Vol. I.
Marcel Dekker, Inc., 1967, p. 9.

A. Girifalco and R. J. Good, '"A Theory for the Estimation
of Surface and Interfacial Energies, I.,' J. Phys. Chem.,
61, 904 (1957).

J. Good, L. A. Girifalco, and G. Kraus, "A Theory for the
Estimation of Interfacial Energies, II.," J. Phys. Chem.,
62, 1418 (1958).




AN A SRR S

C

- - - [ - = T

L

|

—

717.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

F.

F

F

G.

R

168

J. Good and L. A. Girifalco, "A Theory for the Estimation of
Surface Energies. III.," J. Phys. Chem., 64, 561 (1960).

J. Good, ""Theory for the Estimation of Surface and Interfacial
Energies, VI.," in F. M. Fowkes, ed., Contact Angle, Wet-
tability, and Adhesion, Adv. Chem. Series 43, American
Chemical Society, 1964, p. 73.

. M. Fowkes, '"Determination of Interfacial Tensions, Contact

Angles, and Dispersion Forces in Surfaces by Assuming
Additivity of Intermolecular Interactions,” J. Phys. Chem.,
66, 382 (1962).

M. Fowkes, "Additivity of Intermolecular Forces at Interfaces,
1.,/ J. Phys. Chem., 67, 2538 (1963).

. M. Fowkes, 'Determination of Intermolecular Forces by Sur- ,
faéde-Chemical Techniques,'" in Am. Soc. Testing Materials
Spec. Tech. Pub. 360, 1964, p. 20.

. M. Fowkes, 'Dispersion Force Contributions to Surface and
Interfacial Tensions, Contact Angles, and Heats of Immer-
sion," in F. M. Fowkes, ed., Contact Angle, Wettability,
and Adhesion, Adv. Chem. Series 43, American Chemical
Society, 1964, p. 99.

H. Hildebrand and R. L. Scott, Solubility of Non-Electolytes,
Reinhold Publ. Corp., 3rd ed., 1950; also Dover Publica-
tions, 1964.

. O. Hayward and B. M. W. Trapnell, Chemisorption, Butter-
worths and Co., 2nd ed., 1961.

. Ross and J. P. Olivier, On Physical Adsorption, Interscience

Publishers, 1964, Chapter 8.

. M. Young and A. D. Crowell, Physical Adsorption of Gases,
Butterworths and Co., 1962, Chapter 2.

L. Gaines,Jr., Insoluble Monolayers at Liquid-Gas Interfaces,
Interscience Publishers, 1966.

. Ullman, J. Koral, and F. R. Eirich, "Some Remarks on the
Configuration of Polymers at Solid Surfaces," Proc. Second
Int. Conf. Surface Activity, 1957, Vol. III, p. 485.




L

C— . C- -

.

C_

89.

90.

91.

92.

93.

94.

95.

96.

917.

98.

99.

100.

101.

R.

N.

R.

L.

w.

L.

169

Rowland, R. Bulas, E. Rothstein, and F. R. Eirich,
"Structure of Macromolecules at Liquid-Solid Interfaces,"
Ind. and Engineering Chem., 57, 46, (1965); also in Ref.72.

. J. Lauria, Adsorption of Polymeric Acids onto Solid Surfaces,

Ph.D. Thesis, Brookiyn Polytechnic Institute, 1962.

Beredjick in B. Ke, ed., Newer Methods of Polymer Char-
acterization, Interscience Publishers, 1964, Chapter 16.

. F. Chessman and J. T. Davies, '"Physicochemical and Biolo-

gical Aspects of Proteins at Interfaces,” Adv. Protein Chem.,
9, 439 (1954).

Stromberg, ''Adsorption of Polymers," in R. L. Patrick, ed.,
Treatise on Adhesion and Adhesives. I. Theory, Marcel
Dekker, Inc., 196T7.

. W. N. Cumper and A. E. Alexander, '"Proteins at Interfaces,"

Rev. Pure Appl. Chem., 1, 122 (1951).

K. James and L. G. Augenstein, "Adsorption of Enzymes at
Interfaces,” Adv. Enzymology, 28, 1 (1966).

. B. Bull, "Adsorption of Bovine Serum Albumin on Glass,"

Biochim. Biophys. Acta, 29, 464 (1956).

Holland, Properties of Glass Surfaces, Chapman and Hall,
Publishers, 1964.

~d

F. Seegers, ed., Blood Clotting Enzymology, Academic
Press, 1967.

Vroman, ''Behavior of Coagulation Factors at Interfaces, "
in P. N. Sawyer, ed., Biophysical Mechanisms in Vascular
Homeostasis and Intravascular Thrombosis, Appleton-Century-
Crofts Publ. Co., 1965.

J. Margolis, "Effect of Colloidal Silica on Blood Coagulation,"

H.

Aust. J. Exp. Biology and Medical Sci., 34, 249 (1961).

S. Frank and W. Y. Wen, 'Structural Aspects of Ion-Solvent
Interaction in Aqueous Solutions," Disc. Faraday Soc., 24,
133 (1957).




—

102.
103.
104.
105.

106.

107.

108.
109.
110.

111.
112.

113.

114.

115.

170
G. Nemethy and H. A. Scheraga, ''Structure of Water and
Hydrophobic Bonding in Proteins. Iand II., " J. Chem.
Phys., 36, 3382, 3401 (1962).
W. Drost-Hansen, '""Aqueous Interfaces. Iand II, " in Ref. 72.

J. L. Kavanau, Water and Solute-Water Interactions, Holden-
Day Publ. Co., 1964.

L. Pauling, "A Molecular Theory of General Anesthesia,"
Science, 134, 15 (1961).

H. S. Frank and A. S. Quist, ""Pauling's Model and the Thermo-
dynamic Properties of Water,” J. Chem. Phys., 34, 604
(1961). T

R. A. Horne, "The Structure of Water and Aqueous Solutions,"
Survey Progress Chem., 4, 2 (1968).

A. W. Adamson, L. M. Dormant, and M. Oren, '"Physical
Adsorption of Vapors on Ice. I: Nitrogen," J. Colloid Inter-
face Science., 25, 206 (1967).

G. Nemethy and H. A. Scheraga, ''Structure of Water and Hydro-
phobic Bonding in Proteins. III.}'J. Phys. Chem., 66, 1773
(1962).

L. Salem, "Intermolecular Forces in Biological Systems,' in
B. Pullman, ed., '"Electronic Aspects of Biochemistry,
Academic Press, 1964, p. 293.

J. O. Hirschfelder, C. F. Curtiss, and R. B. Bird, Molecular
Theory of Gases and Liquids, John Wiley and Sons, 1954.

J. H. Hildebrand and R. L. Scott, Regular Solutions, Prentice-
"Hall Publ. Co., 1962.

H. Margenau, ""Van der Waals Forces," Rev. Mod. Phys., 11',
1 (1939).

K. S. Pitzer, "Inter- and Intra-Molecular Forces and Molecular
Polarizability," Adv. Chem. Phys., 2, 59 (1959).

Faraday Society, Intermolecular Forces, Discussions of the
Faraday Society, No. 40, 1965.




C

L

-

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

R.

L.

H.

N.

A.

171

V. Deryagin, ed., Research in Surface Forces, II., Con-
Consultants Bureau Press 19686.

. Salem, "'The Calculation of Dispersion Forces," Molecular

Physics, 3, 441 (1960).

Salem, "Attractive Forces Between Long, Saturated Chains
at Short Distances, " J. Chem. Phys., 37, 2100 (1962).

Salem, ''Role of Long-Range Forces in the Cohesion of Lipo-
proteins,” Can. J. Biochem. Physiol., 40, 1287 (1962).

. O. Hirschfelder, '"Intermolecular Forces," in B. Pullman

and M. Weissbluth, eds., Molecular Biophysics, Academic
Press, 1965, p. 325.

B. Setlow and E. C. Pollard, Molecular Biophysics, Addison-
Wesley Publ. Co., 1962, Chapters 6 and 15.

Pauling, The Nature of the Chemical Bond, Cornell Univer-
sity Press, 3rd edition, 1960.

. P. Feynman, R. B. Leighton, and M. Sands, The Feynman
Lectures on Physics, Vol. 2, Addison-Wesley Publ. Co.,
1963, Chapter 11.

Th. G. Overbeek, '"The Interaction Between Colloidal Parti-
cles, " in H. R. Kruyt, ed., Colloid Science, Vol. I, El-
sevier Publ. Co., 1952, p. 245.

B. G. Casimir, '"Van der Waal's Forces," in Proc. R. A.
Welch Found. Conf. Chem. Res. III. Molecular Structure,
Texas, 1960, p. 245.

E. Dzyaloshinskii, E. M. Lifshitz, and L. P. Pitaevskii,
'""Van der Waals Forces,' Adv. Physics, 10, 165 (1961).

C. Hamaker, ""The London-Van der Waals Attraction be-
tween Spherical Particles," Physica, 4, 1058 (1937).

R. Kestner and O. Sinanoglu, 'Intermolecular Forces in
Dense Media,”” Disc. FaradaySoc., 40, 266 (1965).

D. McLachlan, "Effect of the Medium on Dispersion Forces
in Liquids," Disc. Faraday Soc., 40, 239 (1965).




-

™

-

.

—

.

|

C_-

130.

131.

132.

- 133.

134.

135.

136.

1317.

138.

139.

140.

141.

142.

143.

B.

H.

M

A.

K.

A.

172

V. Deryagin, I. I. Abrikosova, and E. M. Lifshitz,
"Direct Measurement of Molecular Attraction Between
Solids Separated by a Narrow Gap,' Quart. Reviews, 10,
295 (1956).

C. Longuet-Higgins, "Intermolecular Forces, '' Disc. Fara-

day Soc., 40, 7 (1965).

. J. Vold, '""Van der Waals Attraction Between Anisometric
Particles, " J. Colloid Sci., 9, 451 (1954).

. P. Smyth, Dielectric Behavior and Structure, McGraw-Hill

Publ. Co., 1955.

. J. Cohn and J. T. Edsall, Proteins, Amino Acids, and Pep-

tides as Jons and Dipolar ions, Reinhold Publ. Co., 1943.

R. von Hippel, ed., Dielectric Materials and Applications,
MIT Press, 1954, Chapter 5.

. Brandrup and E. H. Immergut, eds., Polymer Handbook,

Interscience Publishers, 1966, Chapter 6.

G. Denbigh, "The Polarizabilities of Bonds. I.,"" Trans.
Faraday Soc., 36, 936 (1940).

C. Vickery and K. G. Denbigh, "The Polarizabilities of
Bonds, II.,”' Trans. Faraday Soc., 45, 61 (1949).

. J. Curtisg#Dielectric Properties of Polymeric Systems, "

Prog. Dielectrics, 2, 29 (1960).

. H. Field and J. L. Franklin, Electron Impact Phenomena,

Academic Press, 1957, Chapter 4.

. W. Kiser, "Tables of Ionization Potentials, " U.S. A. E. C.

TID-6142, June 20, 1960.

Streitwieser, Jr., 'Ionization potentials in Organic Chem-
istry, " Prog. Phys. Organic Chem., 1, 1 (1963).

D. R. Kearns and M. Calvin, "Solid State Ionization Potentials

of Some Aromatic Organic Compounds, " J. Chem. Phys.,
34, 2026 (1961).




C—

— .

-

-

- = - C-

-

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

173

L. G. Wesson, Tables of Electric Dipole Moments, MIT Press,
1948.

O. Sinanoglu, S. Abdulnur, and N. R. Kestner, ''Solvent Effects
on Van der Waals Dispersion Attractions, Particularly in
DNA," in B. Pullman, ed., Electronic Aspects of Biochem-
istry, Academic Press, 1964, p. 301. T

F. M. Fowkes in '"Discussion, " Disc. Faraday Soc., 42, 18
(19686).

A. Watillon and A. M. Joseph-Petit, "Interactions between
Spherical Particles of Monodisperse Polystyrene Lattices,"
Disc. Faraday Soc., 42, 152 (1966).

T. M. Reed, III, "Physical Chemistry of Fluorocarbons, ' in
J. H. Simons, ed., Fluorine Chemistry, Vol. 5, Academic
Press, 1964.

Modern Plastics Encyclopedia, 1968, Vol. 45/1A, Modern
Plastics, 1967.

C. D. Hodgman, ed., Handbook of Chemistry and Physics,
Chemical Rubber Publ. Co., 4lst edition, 1960.

H. B. Bull, "Electrophoresis of Bovine Serum Albumin Ad-
sorbed on Ion-Exchange Resins,” Arch. Biochem. Biophys.,
98, 427 (1962).

P. N. Sawyer, "The Effect of Various Metal Interfaces on
Blood and Other Living Cells," in S, N. Levine, ed.,
Materials in Biomedical Engineering, New York Academy
of Sciences, 1968, p. 49.

R. 1. Leininger, "Surface Effects in Blood-Plastic Compatibility,"
in P. N, Sawyer, ed., Biophysical Mechanisms in Vascular
Homeostasis and Intravascular Thrombosis, " Appleton-
Century-Crofts Publ. Co., 1965, p. 288.

_ E. Heffman, ed., Chromatography, Reinhold Publ. Co., 1967,

Chapters 4 and 6.

A. D. Crowell, "Approximate Method of Evaluating Lattice
' Sums of r-N for Graphite," J. Chem. Phys., 22, 1397
(1954).




-

156.

157.

158.

159.

160.

161.

162.

163.

H.

B

B

174

. A. Scheraga, "Structural Studies of Ribonuclease. III., "

J. Am. Chem. Soc., 82, 3847 (1960).

A. Scheraga, Protein Structure, Academic Press, 1961,
1961, Chapters 2 and 7.

Schneider, G. C. Kresheck, and H. A. Scheraga, "Thermo-
dynamic Parameters of Hydrophobic Bond Formation in a
Model System, " J. Phys. Chem., 69, 1310 (1965).

. J. Lyman, personal communication.

. Vroman, 'Biological Aspects of Surface Activation, "
Thrombos. Diathes. haemorrh., Suppl. 25, 89 (1968).

. 8. Levowitz, J. N. LaGuerre, W. S. Calem, F. E. Gould,
J. Scherrer, and H. Schoenfeld, "Biological Compatibility
of Hydron, " Trans. Am. Soc. Artificial Internal Organs,
14, 82 (1968).

. D. Halpern, R. Shibakawa, H. Cheng, and C. Cain, '"Non-
Clotting Plastic Surfaces, " June, 1967; CFSTI No. PB 178
469.

M. J. Vold, ""The Effect of Adsorption on the Van der Waals

Interactions of Spherical Colloidal Particles, " J. Colloid
Sci., 16, 1 (1961).




G-

— -

(

F-A,

=

ABSTRACT

The blood/materials interface is a crucial factor in the suc-
cessful use of solid materials for blood-contact applications. The
interactions which occur at such interfaces will ndt be understood un-
til one thoroughly understands the mechanism of adsorption from
aqueous solution, particularly onto polymer surfaces.

A mechanistic model of adsorption of apolar molecules from
"etciiiﬂe'bﬁ“sﬁs‘olii;:fi’&n.'ontAo"apolar polymer surfaces is presented. The
nature of adsorption, the structure of water, and the forces which
exist between molecules are all considered. The model shows that
adsorption is a natural consequence of the asymmetric force field
which exists in the vicinity of an interface. It shows that solvent-sol-
vent and solvent-solute interactions are of particular importance, es-
pecially in aqueous systems. The solvent content of the adsorbate is
considered, resulting in the conclusion that adsorption will not tend to
oceur on a solvent-loaded surface. The model predicts and provides
a mechanistic explanation for monolayer and multilayer adsorption;
it also discusses and predicts the orientations of adsorbed species.
The role of polymer crystallinity ¢ffects and "active sites" is brief-
ly examined; however, the role of the solid surface is shown to be min-

‘or with respect to solvent-solvent and solvent-solute effects. Cal-

culations are presented for a -CHg- group, ethane, butane, and hex-
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ABSTRACT (Cont.)

ane. Qualitative discussions are given for the adsorption of polar
molecules and macromolecules, notably proteins. The structure of
ribonuclease is exafnined; it is shown that different areas on the pro-
tein will have significanfly different intermolecular interactions with
the surrounding solvent or with a nearby adsorbate. The conclusion
is that a protein must be expected to adsorb by different mechanisms
on different surfaces. The surface-protein interactions may be highly
dependent on the orientation of the protein with respect to the solid sur-
face. The adsorption of albumin, gamma globulins, and fibrinogen is
also discussed. The model and its predictions are compared with a-
vailable experimental data.

The rationale for the preparation of potentially enzyme inhibitory
and non-thrombogenic/polymers, the polyorganofluorophosphates, is
briefly discussed. The rationale for preparing proteinated surfaces
is also analyzed; the preparation of albuminated polystyrene is treated
in detail and its non-thrombogenic behavior is discussed. A brief
mention is given to the potential use of fluorescence microscopy as a

tool for studying protein adsorption on the microscopﬁc level.




