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Denver, Ceclorado

A materials research group at the Univer-
sity of Denver has been reviewing the medical,
biological, and materials literature on surgical
and experimental implant materials. In order
to accomplish such a study systematically and
efficiently, it was necessary to devise a litera-
ture classification system. The system will be
briefly presented.

The publications dealing with implant mater-
ials are scattered throughout the medical and
biological literature with little order or class-
ification from a materials point of view. The
interested investigator must generally weed
these references out of the literature and is
then faced with the problem of reading and try-
ing to make some sense out of the jumble of
papers he has obtained. Fortunately, Dr.
Grau's bibliography (1) is available but it is
limited to a listing of references by author and
title, though there are plans to subdivide the
bibliography by material types{l). One must
still consult the original work and evaluate it.
The silicone materials aregxcellently reviewed
in Dow Corning's quarterly Bulletin(2). Unfor-
tunately, no such publication exists for the oth-
er medical materials. Though there has been a
recent flurry of interest in medical materials
including several reviews (3) and conferences
(4), the literature is still a librarian's night-
mare.

We classify our references according to four
major groups which are then subdivided into
second and third-order groupings (5): I. Author-
first author only; II.Materials-metals & alloys,
ceramics, synthetic organics, silicones, natural
products, and composites; III Applications-
artificial organs, vascular substitutes, ortho-
pedics, electronics, dental, "plastic' surgery,
coatings and membranes; IV. Properties and
Effects-coagulation, toxicity, foreign body re-
actions, corrosion and ionization, mechanical,
thermal, electrical, chemical, and physical
properties, standards and specifications, et al.
Each reference is entered on a direct-retrieval
card which is then coded and properly punched
(5). The cards and accessories are commercial
ly available (6)

This is a direct-retrieval system which is
quite versatile. It can undergo extensive

expansion and detailed sub-grouping. It is
particularly useful to the individual investigais
who wants to keep abreast of the literature
without drowning in it.

We are currently using the method as a
reference source for planned research and as
an experimental literature classification for a
computerized retrieval system which is under
preparation.
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13 Harry R. Grau, M. D. ,"Bibliography of
Foreign Substance Implants in Reconstructive
Surgery,' Transplantation, 2 (1964)306;Plastic
Reconst. Surg. .29(1962]115_123;33,1'11&1" entries
in Transplantation Bull.

2. The Bulletin, Dow Corning Center for Aid
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J. of Materials for eight papers on implant

materials.
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Res. Conf. on''Science and Technology of Bic
materials,' Aug. 29-Sept. 2,1966.
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ification: International (Second) Edition," Ame:
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available from: E-Z Sort Systems, 35 East
Wacker Dr., Chicago, 60601.
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Introduction: The blood-contact applic-
ations of prosthetic devices are seversly
hindered by the problem of ceagulation
on the foreign surface. This problem is
combated by the use of low free energy
surfacss,l such as_the sllicones, or by
the use of heparin® or heparin-like
surfaces. The low energy surfaces tend
to prolong whole-blood clotting time but
do not prevent clotting. The heparin
surfaces often suffer from heparin elut-
ion and reguire periodic heparinization,
which causes additional problems,

Goagulation: Blood coagulation occurs

on foreign surfaces by the activation of
one of the blood coagulation enzymes,
probably by an electrostatic attraction
mechanlsm which results in denaturation
and activatlon of the enzyme. In the
"egscade" theory of coagulation, Factor
XII (Hageman Factor) is activated and
then reacts with Factor XI (PTA) to form
a complex whiech in turn reascts in a cas=-
cade mechanism, The Seegers theory ac-
counts for the contact gctivation phenom=
enon by the versatility of the prothrom-
bin molecule. Regardless of which theo-
ry one subscribes to, inhibitors of the
coggulation enzymes involved in contact
actigation are known. Hageman Fgctcr,
PTA,° prothrombin,’ and thrombin® have
all been inhibited by various enzyme
inhibitors,

Ratlionale: If coagulation on foreign
surfaces 1ls initiated by a contact mech=-
anlsm, and if certain chemlcals are known
whivh can inhibit the factors involved,
then 1t 1s reasonable to attempt the
development of an anti-thrombogeniec sur-
face by the bonding of esnzyme inhibitors
to a sultable substrate. 4nother ap-
proach 1s to ineclude the inhibitor within
‘the material, as has been done with hep-
arin,? or by producing a special co-poly=-
mer of the inhibitor. This latter method
is slso under study in our laboratory.

Method: Many of the inhibitors of the
coagulation enzymes are aromatic comp-
ounds, e.g., phenylhydrazine, DNFB, and
phenylisoecyanate. It 1s relatively well
established that aromatic compounds are
strongly adsorbed on a graphite surfacei®
Thus a colloidal graphite surface, such
as that used by Gott,1ll would be expected
to adsorb aromatic compounds. Assuming
that the aromatiec portion is adsorbed
flat on the surface, conformations of
many of these compounds exlst which allow

the active groups to "stick-out" from the
surface. Such arrangements would tend to
increase the inhibitory effectivenesas of
the inhibitor, but its decreased mobility
might hinder its effectiveness. The ds-
gree of inhibition would be a balance of
these factors, along with the normal inhi-
bition kinetics of the system.

Polystyrene and polycarbonate test
tubes have been prepared with colloidal
graphite coatinga. The solutions used

gr% gimilair to those described by Gott,
Ut the technique is much different be-

cause of the uneven alr flow within s test
tube. This problem ia overcome by using
a stream of compressed air or nitrogen
introduced at the bottom of the test tube.
The result is a uniform air flow, even
drying, and a uniform coating., The coat-
ed and baked test tubes are then dipped
in the inhibitor solution and dried.

They are then used for the determination
of in vitro whole blood clotting time.lZ2

Results: Though prelimlinary results are
very promlsing, many more tests must be
performed before conclusions can be
reached. The detalled results will be
presented in a later paper.
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ALBUMINATED POLYSTYRENE: A THROMBO-RESISTANT SURFACE
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SUMMARY

Albuminated polystyrene, prepared by an aqueous Friedel-Crafts
reaction between bovine albumin and chloromethylated polystyrene, has
been shown to be nonthrombogenic. This proteinated surface appears
to be as thrombo-resistant as a heparinized surface. Preparation of

the surface is described in detail; its properties are discussed.




INTRODUCTION

Most polymers rapidly adsorb a layer of proteins from blood and
aqueous solutions (1-4). The structure of this coating ranges from a
compact, uniform monolayer when a single species is adsorbed (4) to a
nonuniform complex, structure when adsorption is competitive (1,5). In
1959 Copley (6) showed that blood coagulation times in fibrin-coated
test tubes were much longer than in uncoated glass tubes. Certain heparinized
surfaces are known to adsorb proteins (7,8), and it is known that heparin
interacts strongly with plasma albumin (9,10). Lyman has shown (11)
that surfaces precoated with a layer of intact protein do not adsorb
platelets. These results lead one to consider surface proteination as
a means of rendering materials thrombo-resistant, particularly the bonding
of an individual protein to a synthetic polymer surface. Studies were
begun to bind albumin to polystyrene.

Albumin may present a relatively passive surface to blood. It
appears to function largely in the maintenance of osmotic balance, while
the other proteins in blood, e.g., the gamma globulins and fibrinogen,
have other specific tasks as well (12). Thus albumin may be especially

unreactive and i1nnocuous.

EXPERIMENTAL

Difficulties in using the classical diazo coupling reaction (see
13) to bind albumin to polystyrene led us to explore Friedel-Crafts
reactions (14) in aqueous solutions. A modification of the technique

described by Jenny (15), using zinc chloride as the catalyst in a satu-

rated aqueous solution of HC1, was utilized. Polystyrene film (10 mils,
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Westlake Plastics, Inc.) was cut into strips 18 x 50 mm for multiple
attenuated total reflectance (ATR) infrared analysis; polystyrene tubing
(1/4 inch 1D, Westlake Plastics, Inc.) was machined into Gott vena cava
rings (16) for in vivo blood compatibility studies. The polystyrene
samples were washed in 95% ethanol, then chloromethylated (17) by im-
mersing them in a solution of 5.0 g A1C13 and 3.6 ml chloromethylmethyl
ether in 100 ml nitrobenzene at room temperature for 15 seconds. The
salmon-pink samples were immediately plunged into 100% ethanol until a
uniform white surface appeared, then thoroughly soaked and rinsed in

95% ethanol until no further trace of nitrobenzene was evident. ATR
spectra of the tabs indicated extensive para substitution of the aromatic
groups. The albumination solution was prepared by dissolving bovine
albumin (Fraction V, Mann Research Labs) in a 0.7% solution of zinc
chloride in distilled water, adjusted to pH 4 with HCl, to give a 1%
solution of albumin; the control solution contained an equivalent amount

of NaCl in place of the ZnCl The chloromethyl polystyrene film and

9
rings were immersed in the albumination solution at 40°C for at least

8 hours, then thoroughly washed for about 3 days in isotonic saline until
there was no gross evidence (frothing) of protein remaining. While ATR
spectra of the control surfaces shown 1ittle evidence of protein on the
surface (there must be at least an adsorbed monolayer, however (2,4)),
the spectra of the treated samples contained peptide bond absorption
bands, indicating a significant amount of protein on the surface; a

decrease in intensity of the C-Cl bands was also apparent, indicating

Cl- displacement and probably protein binding (18).




RESULTS AND DISCUSSION ;
water-loaded surface in adsorption from aqueous solution (18). His model

considered the intermolecular forces responsible for adsorption in certain

Control and treated vena cava rings (16, 19) were implanted in dogs L
a gs ( ) P g limited systems and the role of the water content of the surface. The

by Dr. Vincent Gott. The acute (2-hour) control rings were thrombosed; ' e \ : . . |
et conclusion was that a nonpolar polymeric surface containing a high water

the treated samples were essentially clot-free after both 2-hour and 2- ) )
content would not tend to adsorb apolar material from aqueous solutions.

week tests. The nonthrombogenic behavior of this albuminated polystyrene . N . = : i
A molecule in the vicinity of such an interface would "feel" as if it

thus appears to be about as effective as that of heparinized surfaces )
PP > P were in bulk water and not under the influence of an interface. A

for the conditions described here. . i . X i
molecule in the vicinity of an air/water or air/polymer interface

While the actual nature of the surface described here is not known, g ) .
experiences a force asymmetry which results in adsorption. Actual ad-

there appears to be a large amount of bound albumin. Whether the albumin L ) [ _ )
sorption data to prove or disprove this hypothesis are not yet available;

is in its native form is not yet known; it is probably complexed with

A e e e S T P T

work is in progress. If the model and interpretation are correct, they

zinc ions (9). The fact that albumin undergoes a reversible conformation ; ) S :
may offer an explantion for the behavior of hydrophilic materials.

change at about pH 4 (9) must also be considered. The biological 1ife
of such a surface is also not yet known.

Lyman has shown (11) that surfaces precoated with a layer of unde- _ \
We thank Dr. Leo Vroman for suggesting the use of albumin as a

natured protein do not adsorb platelets, while those containing a denatured _ _ ) : J
potentially passive surface. His discussions and comments have been

layer do adsorb platelets. If our albuminated polystyrene surface consists : . _ ;
most helpful. We also thank Dr. Vincent Gott, Johns Hopkins University

of intact albumin, then Lyman's results are in agreement and offer an e g '
School of Medicine, Baltimore, Maryland, for performing the vena cava

explanation for the thrombo-resistant behavior of our material. _ ] . 4
ring implantations and evaluations.

Another possible explanation may lie in the nature of a proteinated - L ,
This work was supported by the Artificial Heart Program, National

surface. One must expect that such a surface is highly hydrated in solution _
Heart Institute, NIH Contract No. PH-43-67-1407. One of us (J.D.A.)

and probably exhibits a gel-like surface to blood. Since the vascular L= : .
acknowledges the support of an N.S.F. training grant during a portion [

walls are hydrophilic in nature (5,21),it is reasonable to suspect that _ . _
of the time this work was carried out.

the more ideal materials to be used in contact with blood will be hydro-

philic (21). The blood compatibility of the nonionic hydrogels that have

been studied is quite good (22-24) and would tend to support this hypothesis.

A mechanism for the interaction between water-containing surfaces

and blood is not yet available. Andrade has examined the role of the
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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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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




13

3ury o1jBWIOay

ayy Jo uoryMIIsqng eaed S91edIpuU] spueq ausJglisA1od 9y} Jo awWOS

Jo Aj31Suajul Ul 9sBAIIS( YL, ‘juUIsSdId °9IB Spurd IAyjawoao(y) 21381
-I9108BIBY) ‘ouaJh1sA1od parelAyiawiorory) jo wnijoadg pay-esyjul YLVIN 1 2an3tg

WO NI AONINDINA

®9 oo 008 006 00O 00l o1l 00zt  OOEL  O0OYI  O0ST  O09T  OOAT  00BT O0GT 0002 ooz oovz 0082 08z  00ZF  OME 000y
0 T S R i s R s e o T a| o o :
HiEte HH s i ind R t t 1 t
IR T B 1 i3 \ i
ot ﬁ, HHAHL LS e M : m( ot ot ot i
e et e ; il
i H HH it 02 H iy 0Z{H H n H ﬂ_ st
H 1 : T 2 it
oe . o8 o 3 S
1+ m 3 i
o H v [ H oy HHH H . oy e T3 re 3 o H
H LEEH R H %,
% 1 § sataies 3% gl
] 18 2 t o5 2| osiits s x H
H 1 5 iRekh b ¢ deiiet e w w H ﬂﬂx“ I \w it ._ H
H H £ SI2E3ST FRRsatarT 24 {318
i i f i fiEz st % il
o = ik PL it : UH o L x 15 [Y 2= HEHIR
i il il L i i eI ] i
3 : H gassses 3] S rH
03 T 4 08 i - 35212253 .nﬂwmf ,mz% P sitiliE i
il ] : TR
os {HHH: 0 os AL 06 fHHH
i H R HEE T
il i S :
cor LALWEEGEES oot 3 oo CHEREHEHEHE o0t 3
9t st M €l 6 [) ¢ 9 s s v St € € 52
SNODIW NI HIONTRAVAM

H&UJ,J___‘_(1LU||\_L,KI|_LUUUUHU



14

‘JuapiAy AlJernorjaed st ,_wWo
0891 1n0qVy Je pueg uoridiosqy aprided 8yl ‘3t uo pasodwtradng spueq
Ur910ad awWog YIM dusahisA1od ParerAylowodoryd jo yeylL A[[erjusssy st
winyoadg ay], -ousdhisArod pajeurunqly Jo wingjoadg pey-eajul YLVIN

1D NI ONZnOTH

"BZ 2In3g

09 oo o0 006 000F 0Ot ogtt 002t  ©oost OOV 00T 0091 00ZL  00G1  O06L 0002 0 o o= oosz 00 0095 00QY
T T H tr
ot fiit : ! o ot o 22
t: | ]
T
0 0z 2 oz f
E ; |
os : e Y sisiacii o,
_
|
I3 H 1|
or oy oy 3_
|3
% o5 0 oslit 3
(58
itf i)
0 b [ 0
[
o 3 o o o
8 ) ® 8
06 0 06 06
1 : sises
oot 1 i o1 oot o1
Sl v € @& 1 ol s 6 ) L 9 $ v st 5t € ]
SNOWIW NI HIONTRAVM

31

)



15

(1 -814) suaafysLiod pareldyjsworory)d jo eyl Aqie
~-TJu9ssy ST wnrj}oadg a3y, ‘uId9jodd JO 9oUIPIAY OU ST 3J9Y]I, 'TDBN
Aq peoriday sem jsAreie) *[Duyz 9y} ey} 1dooxy ‘ez aanSig ur jeyl
st Aep awes 9y} A110exH ul pajead], sem ajdweg SIYJ, -ausaxfisdiod
pajeldyjawoaory) jo ardweg [0J3U0) ® Jo wna}oadg pay-BIjul HILVIN

WO NI AONaNnoRH

"qg dan3rg

02 00€

004 008 006 0001 o1t oolt 0021 00E1 0ot 00s1 009t 0041 0081 0061 0002 0002 0r2 0082

ot o1

001

o

B—B oot R

ST St ¥ el oA T ot 6 6 8 13 9
SNOWW NI HLONGBAYM

001




C—

| -

C_.

—

—

16

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
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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
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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.
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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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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




-

| -

C_

|

L.

. . =

S

58

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) <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>