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IONIC INTERACTIONS OF FATTY ACID MONOLAYERS
AT THE AIR/WATER INTERFACE

Mehran Yazdanian
Under the supervision of Professor George Zografi
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The focus of thiz study is on the role played by divelent cations in
determining various properties of farty acids spread as menclayers at the
air/water interface, and the possible implications of such properties for
their role in the formation of Langmuir-Blodgert (LB) films. The farry
geids smudied were saturated farry acids of various chein length with
particular emphasiz on stearic acid. The thermodynamic, electrical, and
optical properties of these monolayer were measured in terms of surface
pressure, I1, surface potentdal, AV, and ellipsometric phase angle, 44,
respectively, over the pH range of 2.0-6.0, where these films exhibit
sufficient stability over longer periods of time, and where significant
changes in the degree of ionization of the fatry acids oceur, The effects of
two groups of cations, Mg2¥, Calt, Bal*, and Co+, Cd3*, Pb*, as a
function of pH, caton concentration, and types of anionic counter-ions
have been studied. The major effect of these ions within each group follow
their states of hydration and their general chemical reactvicy. Surface
pdtﬂnrial measurements a1 constant area occupied per molecule reveal
particularly interesting results, wherein, Colt, Cd2*, and Pbit, in
increasing order, couse the surface potential to become significantly
negative, and Mpg2*, Ca®*, and Balt, in increasing order. cause the

surface potential to become more positive.  In both groups, differences in



concentration dependence and in apparent saturation level with increasing
concentration are noted.

Ellipsometric phase angle, 84, was found to be linearly dependent on
hydrocarbon chain length, whercas the magnitude of 84 was found to
reflect changes in the refractive index of the fatty acid carhoxyl group
caused by association with divalent ions. The erder of such effects was
shown to be Ph2+>Cd2+=Col+=BaltaCalt=Mgit=Nat at pH 6.0. In the
case of Cd2¥ and Pb2* significant changes in 84 with respect w pH and
concentration were also observed, in good agreement with AY
measurements, Moreover, for these ions significant effects on AY due o
the presence of some aniomic counter-ions have been observed. These
results have been analyzed and interpreted in the coantext aof earclier
suggested models for divalent cation effects on LB film formation, whereby
some cations appear 1o interact with two fatty acids while others cx hibit a
1:1 stoichiometry.

The electrocapillary wave diffraction technigue was used [or the first
time o investigate the rhealogical properties of stearic acid monolavers in
the preseace of various divalent tons. Rheolegical parameters of the fatty
acid monolayer were shown o depend oo the type of the meral ion and the
pH of the subphase solution.  Cd2* and Pb** showed the most exireme
effects on the surface elasticity and surface viscosity of stearic acid

monolayers relative to the other metal ions including Na™.
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INTRODUCTION

This study iz focused on the role played by divalent cations im
determining wvarious properties of lonpg chain fatty acids, spread as
monolavers a1 the airfwater interface, i.e. thermodynamic seate, electrical,
pptical, and rheological, and the possible implications of such properties
for the formation of Langmuir-Blodgett films.  Therefore, background
information followed by detailed desceiptions of both Langmuwir-Blodgett

films and spread monolayers 15 provided.

Historical Background and Development

The earliest account on the behaviour of oil spread on water can be
found in the writings of the Babylonians in the eighteenth cenmury BC
(Tabor, 1980). The [irst scieatific reporr on the calming effect of oil on
surface waves was written by Benjamin Franklin (TFranklin, 1774). The
reduction in the surface tension of water by o spread oil film was first
phserved by Lord Rayleigh {Lord Rayleigh, 1820). Modern monelayer studies
were pioncered by Agnes Pockels in the late nineteenth century (Pockels,
1891, Giles and Forrester, 1971), with her many inventions rthat today have
become standard tools and technigues in the monolayer field, These
incluode the design of a trouph equipped with a barrier to conorol the arca
of the spread film and the use of volatile solvents to help spreading and
guantifving the amouvnt of insoluble material per unit area on the surface,
Using Pockels' methods, Lord Rayleigh proposed that spread films of

castor oil were monomolecular and censisted of nigid spherncal molecules



2
{Lord Rayleigh, 18%%), Hardy showed that only polar compounds spread on
water und postulated that these molecules are oriented ar the interface
(Hardy, 1912, 1913%), Devaoux and Marcelin used simple experimental
methods to demonstrate the existence of monemelecular films (Devaox,
1913, Marcelin, 1914y, 1n 1917, Langmuir and Harkins independently
provided experimental support for the ideas of molecular orientation at the
surfaces and recognized that monolayer films are formed due w the
amphiphilic nature of the molecules (Langmuir, 1917, Harkins, 1917).
Langmuir developed a more ¢laborate film balance and trough which
enshled him w analvze monolayer properties more quantitatively in terms
of molecular structure and arrangement. For example, he demongirated
that at closest packing fatty acids occupy the same cross sectonal area
regardless of their chain lengths (Langmuir, 1917). Moreover, in farty acid
monolayers at the air/water interface, he showed that the arrangement and
orientations of molecules were related o their  hydrophibic and
hydrophobic characiers.

Langmuir reporied the wansfer of fatty acid molecules spread at the
airfwater interface as monolayvers onto solid subsrates as early as 1920
(Langmuir, 19200, Several years later Blodgett tefined the techniquc
(Blodgett, 1934) and showed that the presence of small concentrations of
divalent carions permitied the sequential rtransfer of monelavers [rom
alkaline subphases onto solid substrates, such as glass or mecal plates, as
multilayers (Blodgest, 1935), These bailt-up assemblies of monolayers are

now commonly rveferred o as Langmuir-Blodgett (LB lilms. A summary
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of the pioncering experiments of Langmuir and Blodgetw on LB films of 2
wide variety of compounds is given by Gaines (Gaines, 1983).

The initial interest in LB films, as scen by Langmuir and Blodgett,
was in the use of reflected interference colours from stepped multilayers as
a basis for gauging thicknesscs and possible applications as aati-reflection
coatings. In the 1960s, the construction of precise macromolecular
structures from monolavers and successful experiments on the optical
properties of monolayer assemblies and energy transfer in mulilayers gave
a new impetus to the study of LB films (Drexhage et al, 1963, Kuhn, 196X,
1972), Hence, it became conceivable that the Langmuir and Blodgett
method of multilayer formation could afford a multitude of variants and o
specific chemistry which in turn would allow the building and ir siru
modification of maelecular assemblies to give them rhe required propertics.
The recenl resurgence of activity in the field of monolayers and LB films
is based mainly on this promise, and the suggestion of possible
applications of organic thin films in sensors, electrical devices, and as
models for mimicking the structurc and function of biological membranes
(Barraud et al., 1930, Roberts, 1983, Swalen, 1987, Barraud, 1988, Kuhn, 1,
Recently, the fabrication of single layers of inorganic semiconductors
(Ruaudel-Teixeir ¢t al,, 1986) and glucose-sensing ultra thin membranes
{Okahata et al,, 198%) have been reported as pionesring examples of such
applicationa.

The future of LB film research lies in the wuse of model systems in
chemistry and physics in order w investigate processes which depend on

the exact molecular structure and architecture. This in wra can be nsed for
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the development of sensing and information-processing devices, inspired
by biological systems, snd medeling of biological funclions for better

understanding of biological processes,

Langmuir-Blodgett Films

Langmuir-Blodgett {LB) films are highly ordered arravs of surface
active compounds extending out as multimeolecular lavers on  solid
subsirates, The formation of LB films is illustraled in Figure 1. When 3
solid substrate is raised through a fauy acid film, the melecnles adhere o
the plate and orient with their hydrocarbon portions stretched ourwards.
Consequently. the surface of such a film-coared plate becomes wvery
hydrophobic and a second layer can be deposited back-to-back upon
dipping the plate back into the film-covered surface. Successive dipping
i and out of the monolaver-covered liquid, at a constant rate, temperature,
und surface pressure, results in deposition of as many as three hondred
layers onto the plate, as measured by means of interference fringes
[Blodgete, 1934, 1935).

A very crucial step in the deposition of LB films onto solids is
insuring the stability and homogeneity of the monolayer at the air-water
interface (Gaines, 1980, Minging, 1987, Pethica, 1987). Much of the early work
on the stability of farty acid monaolayers in the presence of counterions was
carried out with metals such as barium, cadmium, and calcium (Blodges.
1935, Langmuir and Blodgert, 1937, Langmuir and Schaefer, 1936, 1937, Myers and
Harkins , 1937). The addition of these divalent cations to the subphase

appears to increase both shear resistance and cohesion of the monolaver,



“igure 1. The formation of Langmuir-Blodgett films.  Multilayers are
d on a solid substrate by successive folding back and forth of a

ponolayer.,
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and to facilitate its wransfer to form multilayers. The subphase pIT value
which determines the extent of ionization of the monolayer, along with the
tvpe and the amount of cations present in the subphase are the three most
significant factors determining the stability of the monolayer and hence
LB films. This stabilicy also depends on other factors, iancluding
lemperature, nafere of the buffers uscd, presence of other ions and

impurities, and the chain length of the fawy acid.

Insoluble Monolayers
Scope

Long-chain fatty acids, fatty acid derivatives, proleins, and many
natural or symthetic polymers exhibiting amphiphilic stroctures, can be
spread on agueous surfaces to form monolayers. They tend 1o minimize
free energy by orienting at the airfliquid interface with their hydrophobic
portions directed toward the air and their polar functional groups immersed
in the subphase, The srructure of stearic acid, a long chain saturated famy
acid, is shown in Figure 2. The exiensive smdics of these amphiphilic
compounds have been direcied at measurement of shapes and packing of
molecules, intermolecular interactions and forces, and phase behaviour
(Chessman, 1954, Dervichian, 1958, Bergjich, 1964, Galnes, 1966, Adamson, 1981,
Vpld and Vold, 1983, Hiemenz, 1986). They have provided the basis for the
understanding of many biological problems such as membrane structure
and funcrion, varions orientational dependent phenomena such as micelle
formation, stability of emulsions and foams in pharmaccutical systems,

and the stability of LB films.
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Figure 2. Structare of stearic acid and its schematic orientation at the

air/water interface.



Surface Pressure

The major feamre of the monelayer technique is that film forming
materials can be placed on the surface as a single molecular layer and be
brought to any surface concentration, I, i.e. number of molecules per unit
arca, up to the closest packing of the molecules (the collapse point). The
difference between the surface tension of the clean surface, vy,, and that of
the monolayer-covercd surface, 7, gives rise to a two-dimensional surface

pressure, [T, where:

M=v,-1% (1}

From the relationship between the surface pressure, I, and the ares,

A, (where A is the reciprocal of the surface concentration) agccupied on the
liquid surface by the molecules of the film a two-dimensional pressure-
area ([1-A) phase diagram can be constructed in a manner analegous to a
three-dimensional pressure-volume (P-V) phase diagram (Figure 3).  After
being spread, the molecules of a monomolecular film can be compressed
and caused to undergo a number of phase transformations. These different
phases can be considered o be two dimensional analogues ol gases,
liquids, and solids. They reflect different degrees of order or frecdom
resulting from intermolecular forces in the monolayer and between the
manolayer and the underlying solution, Detailed discussions of the nature
of such surface phases and phase equilibria of monolavers in general have

been reported (Guines, 1966).



Lk

Surface Pressure 11

20 =0 2000 20000

Area (A2/molecule)

Figure 3, Surface pressure vs. area phase disgram. The scale is nonlincar
in ares. The single phase regions are 1. gaseouns (G). 1L liguid expanded
(LE), and I111. liquid condensed {(LC). The coexistence repgions are
indicated by dashed lines. Ty, and Tpg indicate high and low
temperatures respectively.
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Surface Porential
Amphiphilic molecules when spread at the air/water interface, orienl
with the hydrophilic end 1oward the warer and the hydrophobic cnd away
from it. The monolaver can then be trealed as a uniform assembly of
molecular dipoles, which results in the polarization of the layer. The
potentiul difference commeonly called surface potential, AV, resulis from
the component of polarization, Py, normal to the plane of the film, Py can
be defined in terms of dipele moment per unit volume by analegy with a

parallel-plarc capacitor as {Oliveira e al., 1959)
Po=ge, AVid=p/Ad (2]

where £ is the permicttvity of the monolayer, €, is the permitlivity in
vacuum, A is the area per molecule, d is the thickness of the film, and B
iz an overall effective surface dipole moment normal w the interface,
Equation 2 yields the Helmholtz eguation lor the surface potenrial of an

unionized monolayer (Schulman and Hughes, 1932)
AV=plee, A (3}

Davies made improvements to the Helmboltz equation by considering
the monolaver as a three laver capaciter where the dipole moments of each
layer contribute to AY (Davies, 1963). The prescnce of 4 monolayer ar the
interface results in the polerization of water melecules and this is
represented by the dipole moment gy in the agueous subphase layer
(Figure 4). The polar head group and hydrophobic rail of the molecule

gonstitute the other lavers and arc tepresenied by dipole moments pg and
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Figure 4. The three layer capaciter model for monolayers ar the
girfwater interface. The local permitdvity of each laver determincs the
extent of the contribution of the dipole moment o the surface potennal.
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k. Further improvemsnts were made by Demchak and Fort who took inLo
account the different permittivities of the layers (Demchak and Fort, 1974).

Equation 3 ¢an then be rewritten as

AV=(l /e+uafEar /Bl e, A 4

where £1, E5, and €5 are the permiuivities of the hydrophobic, hydrophilic,
and aqueous lavers respectively. Moreover, for ionized menolayers the
term AV includes the clectrostatic potential yy, of the Gouy-Chapmun

electrical douhle laver such chat

AV=(l /e +HafEa+UgfEs)E, A + Wy (3}

The simplest method of assigning the contribution of dipole moments
and electrostatic  potenrial to  the surface potential for  ionizable

monolayers, however, a8 suggested by Vogel and Mébius, appears to be

dividing W into two parts, Wy and P@, in the Helmholez equation {Vogel and

Mibins, 1989)

AV=ppy + pio (&)

Here, Mg represents the contribution of dipele charges caused by the

intrinsic dipole moment of the polar group. the reorientation of water
dipoles at the interface, and the presence of any ionized groups at the
interface. The term ™ is defined as the apparent dipole moment doe 1o

the hydrophobic part of the monelayer, ingluding that of the terminal CHy

Eroups.
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Effect of pH on Fatty Acid Monolayers

For long-chain fatty acids the intermolecular forces in a monalayer
can be divided into two pares; the allraction or repulsion between polar
head-groups, and the van der Waals interaction between the hydrocarbon
chains. lTonization of a fatty acid monolayer generally affeces the head
eroup interaction, giving rise to increased repulsive energics and a more
expanded monolayer.

Likewisc, the extent of ionization of a Fatty acid monolaver will affect
the degree of metal ion binding to the monolaver and, hence, ultimately the
properties of LB films, The degree of ionizaton of 2 monolayer i diteetly
related to the bulk pH and the electrical properdes of the interface. The
potential difference between bulk solution and surface, W, caused by the
ionization of the carboxylic head growps produces a difference in the bulk
and surface pH, which leads to an apparent difference in pKy between the
surface and bulk, To account lor this differesce, the hydrogen lon
concentration at the surface can be expressad by a Boltzmann distribution

{Gouy, 19103

(HHy=[H*]p exp(-ey /KT (1)
and henes;

pPH=pHp+eW,/kT (3}

where e stands for charge of an eleciron, K for the Boltzmann constent, T

for the absolute remperature, and b and 5 refer o bulk and swerface phases.

The exact value of the pH at the surface is unknown, since the value of W,
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cannot be directly measured, However, it can be calculated approximately
by the Gouy-Chapman equation for the diffuse double layer (Gouy, 1910,
Chapman, 1913). The Gouy-Chapman {GC) model is essentially a variation
of the Poisson-Boltzmann eguoation based on the assumption that the
surfacc is made up of uniform single point charges, with charge density @
per cnZ, The model, hence, is a very simple one that relies heavily on the
ideality of the system, In real systems, however, the ion size cffects, the
energies of interaction and polarization of the ions, and the dependence of
the dieleciric constant on the local field strength must also be raken nto
consideration (Bolt, 1955, Davies, 1963, Gaines, 1966, Levine and Outhwaite, 1977).
Variadons of the GC theory, made by appending new expressions wvia
elahorate machematical means to account for the shoricomings of the theory
have heen proven to be less than successful (For example see, Grahame, 1930,
Bolr, 1955, Blum, 1977, Henderson and Blum, 1978, Tomic and Valleau, 1979, Carnie et
al. 1981). Most ineriguing, however, is the fact that all these investigations
more of less share a common conclusion that for dilote electrolyte
concentrations (<. 1M) and low surface charge densities {<0.2 C m 2} the
GO model is a very "reasonable” and adequate model for characierization
of charged surfaces.

In the GC model y, is given by {(Gouy, 1910, Vewey and Overbeck, 1948)

Wo={-22kT/e) sinh~1{6/CV2(S00R/DRT) LI} (9

In this equation z is the valence of an electrolyte, o is the charge density

(per cm?), C is the concentration of electrolytes {molar), D is the dieleciric
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constant for water (78 at 25°C), and R is the gus constant. At I5°C,

equation 9 simplifies to

wo=(-2zkT/e) sinh-1{136a/ACHT) (10}

where o is the degree of ionization and A is the arca (AZ/malecule).
If the intrinsic acidity constant at the surface for the acid HA 15

defined as

Ka¥=[H1c[A ] /[HA); (11}
and the apparent acidity constant as

KappS=[H*Ip[ATs/[HA] 5 (12)
then using equaton 8,

PKﬂ5=pﬂapp5+:anhT {13

where pK % and pKgpp® are the intrinsic und the apparent pKy values of
the fauy acid at the surface.

On the basis of the Gouy-Chapman model and surface potential
measurements as a function of pH, thus accounting for Wy, some
investigators have found intrinsic pE, values in the tange of 5.0-5.0 (Beos
and Pethica, 1956, Bagg et sl., 1966, Buhaenko et al., 1988, Grundy ct al., [988),
which is close to 4.8, the value of the pK, for famny acids dissolved in
water {bulk). The shift in the pKy relative to that in the bulk phase has
been attributed o the differences between the heat of hydration of the faoy

acid in bulk solution and at an interface (Betts and Pethica, 1936}
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The presence of divalent catlons in the subphase appears 1o decreasc

the difference between pKa* and PKapps . For example, Bagg et. al
{Bagg et al., 1964), reported a PKHPPE of 6.0 by infrared spectroscoepy of
skimmed monolayers and Masubara et al. (Matsubara el al., 19} reported 4
pRypp® of about 6.4 by u radiotracer method (non-invasive) for stearic
acid films on calcium containing substrates. These values are closer to the
pK, obuined in bulk solution and much lower than pKgpp® (in the range
of 7.0-9.0) obtained in the absence of these ions (Joos, 1971, Egeri-Charlier,
1978), This indicates that W, is considerably reduced in the presence of

divalent cations such as calcium,

Metal Ton-Fatty Acid Interactions

The most critical factors determining the stability and properues of
LB films formed from saturated fauy acids such as stearic and arachidic
acids are the subphase pH value and the presence of divalent cationi
(Rladgett 1933, 1937, Langmuir and Schaefer 1936, 1937, Waolsienholme and Schulman,
1950, Spink and Sunders, 1953, Ellis and Pauley, 1963, Vogel ot al. 1979, 1950,
Mivano et al. 1982, Shurt and Rickert, 1987, Laxhuber and Mohwald, 1984, Grundy «t
al. 1988, Perrov et al., 1982, and Buhaenko et al, 1988, Kobayashi et al,, 1988).
Divalent metal ions such as Calt, Ba2*, Cd2+, or PhIt, are believed ro be
imporrant because of their ability to form 1:2 "disoaps” with ionized fauy
acid, and indeed, a steichiometry of onse metal ion to two fatty acid
molecules in LB films hes been ohserved.(Blodgen, 1937, Ellis and Pauley,

1963, Pemov ot al,, 1982, and Buhaenko ot al., 1988, Kjaer eL al, 1989).
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Studies with LB films have shown that different divalent lons under

the same conditions, however, give [ilms with different structure and
properties (Vogel et al., 197%, 197%, Hasmonay et al,, 198(, Kobavashi ct al., 1988,
Chutka, et al., 1987, Rabe et al. 1988), Vogel et al., 1979b., for example, have
shown, using infrared specwoscopy of LB films of stearic acid that the
nature of the divalent cation dictates the type of binding with the [fatty
acid. In their study of harium and lead cations with stearic acid, it was
concluded that barium ions interact with two fatty acids in each layer Lo
form "disoaps” by newtralizing the charges on the fauy acids. However,
in contrast to other studies, they sugpested that the interaciion of lead
cations with the fauy acid in a2 multilayer was limited to onc fatty acid per
luyer siabilized by the fatty acid in another layer. Cutka et al, 1987 and
Rabe et al, 1988, using X-ray spectroscopy with monolayers of calcium
and cadmium arachidate transferred w a silicon 51 (111) surface,
concluded that the hydrocarbon chains of cadmium  arachidate were
priented perpendicular to the surface, whereas with calcium arachidate they
were tilted by 33°% Moreover, in the absence of metal jons the arachidic
acid monolayer was not ordered at all, Furthermore, it was suggested by
these authors that the hydrocarbon chain of cadmium arachidate is bonded
to the surface via only one oxygen ALom, 1..1.-'hilr.: caleivm arachidate is
chelated with both oxvgens on the surface, Such differences in LB films
are not surprising, since differences berween meral jons in agueous
solution related to their ionic size, degree of hydration, and Lewis
acid/base characeer do  exist (Pearson, 1963, 1967 For example,

measurements of the forces acting between mica surfaces covered by
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monolayers of docosanedicic acid (dicarboxylic farey acids) at pIl 6.0 have

shown a decrease in double layer electrical repulsion and an increase in

sdhesion forces in the presence of CdCly while these parameters remained
unchanged in the presence of CaCly (Berg and Claesson, 1989). Alkaline earth
ions have the electronic confipurations of rare gas cores, whereas the iong
of cobalt, cadmium, and lead have thosge involving d and f orhirals,
whereby they exhibir propensities for coordination complexing with a
substantial covalent character. For example, the tendency to form
complexes with polyuronares in agueous solutions has been shown to be
much greater for these ions than that of alkaline earth ions, which form
weakly clectrostatic bonds (Cesiro et al., 1988, Kohn, 1987},

There is significant evidence available in the literalure to suggest cthar
the physical state of the monolayer at the air-water interface is critical in
determining the final state of LB films {Gaines, 1980, Pethica, 1987, Minging and
Owens, 1987).  Metwal ions in the subphase along with the degree of
dissociation of facy acids are expected to affec) the nature of molecular
picking and arrangement, which can play an important role in determining
the resultant shear resistance of the film during transfer. Tndeed, studies
with fatty acid monolayers and varicus metal ions in the subphase have
shown that, although all divalent ions cause greater condensation of such
monolavers, transirion metal ions behave very differently from ocher types
of ipns, e.g. cadmium jons have been shown to produce more stable and
condensed monclayers than de magnesiuvm, caleium, or barium 1ons
{Hasmonay ot al, 1980, Gordziel et al., 1982, Lashuber and Mishwald, 1984, and Shuct

and Rickerl, 19871, Such differences generally have becn attributed to the
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differences in Lewis acid/base character, size, and statez of hydration of
these groups of ions, Based on their work with LB [lilms, Vogel et al.,
1980, have suggested that stearic acid as a monolayer at the air-water
interface interacts 2:1 with barium ions through elecirostatic attraction,
whereas lead ions are able to form 1:1 complexes with the fatly acid, while
alio combining with a second ion from the subphase to complete charge
neutralization. More recently, Taya et al. . 1989, have concluded that there
exis(s a one to one interaction between cadmium ions and thiolate groups
al ocladecanethiol monolayers, whereas barinm ions appear to coordindle
with two thiolate proups of the same monelayer. However, the possibility
of cadmium ions interacting with two lonized carboxylic groups cannot be
entirely ruled out. For example. Kjaer et al., 1989, from X-ray studies of
arachidic monolayers at the air/water incerface, have concloded that
through the hinding of cadmivm, water, and the carboxyl group a I:1

stoichiometry is possible.

Surface Ellipsometry
Ellipsomerry is an extremely sensitive, precise. and non-destructive
technigue for the analysis of the optical properties of monelayers. It is
based on the principle that the monelayer covered surface changes the state
of polarization of elliplically polarized light reflected by the interface. A
brief summary of the theory underlying the applications of ellipsometry is
presented here to provide for later discussions in this thesis.

An clliptically polarized light is "a light wave whose clecmic vestor at

fixed point in space traces the same cllipse in a regular repetitive fashion”
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(Mzzam and Bashara, 1977). The polarization state of this light beam i then

characterized by the amplimde ratio of Ap/Ag and the phase differcnce

Ep'ﬁs of the two components of the electric wvector, E, parallel (p) and

normal (5}, to the plane of incidence (Bootsma and Meyer, 1968):
Ep=Ap exp(idp) and Eg=Ag exp{idg) (14)

The change in the polarization state due to reflection at an interface ix

defined as (Azzam and Bashara, 1977, de Feijter, 1978)

tanyr = (A T/ATHIAL AT (15}
and :

A= [Ephﬁsrmﬁpl-ﬁslj (162
where tany is the change in the amplitude ratio, 4 is the change in the
phase difference due to reflaction, and r and i denote the properrics of the

reflected and incidenr beams. The total effece caused by the reflection of

the polarized beam can be written in terms of the overall amplitude

reflecsion caefficiencs, Flp and Rg, which are related to the amplitude rane,
Wy, and the phase difference, A, between the orthogonal p and s clecrric

vectors (Bootsma and Meyer, 1908):

Rp/Rg=(EptfEp ) EgT/Eg=tany exp(ia) (17)

R‘P and R; depend on the wavelength of light, A, the angle of incidence,
By, and the optical properties of the reflecting system, Rp and R, are

given for the case where the surface 15 regarded as having three distingt

layers as depicted in Figure 3. as:
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Figure 5. Schematic representation of the reflection of polarized light from
monolayer covercd surface treated as consisting of three disdnct layers,




R=[ryy+T14exp(-i0) ]/ L+1Ty2expl-16)] (18}
where

| B=4pn,dcoesd/h (19}
and ny is the average refractive index of the monolayer, dy is the film
thickness, and ¢ 15 the incident angle in the monolayer.
Equation 1§ is wvalid for both p and s polarizations, and the Fresnel

coefficients for the reflection between these layers are given as

rp|}1=[n.cnsﬂﬂ-n@cnsq}l]f[n |COSPn+FRacas (] (207

rsti=[ngcosdy-njcosgy [/ngeosdptn;cosd ] (21}

for lavers 0 and 1 and as

ol r=[nqco80 -0 cosfa ] [nocasfy+n | cosfs] (22}

rs12=[n1cos0;-nacosdz]/n cosdy +ncosds) (23)

for layers 1 and 2, where ng and nq are the refractive indices of air and
subphase and fg and ¢q are the incident angle at air and refracted angle in
the subphase, respectively.

For monolayers such as fatty acids, with dimensions small compared
i the wavelength of the light, the following expression (Drude
approximation) has been derived (Drude, 18393, 183%b, Bootsma and Mever,

1968, den Engelsen, 19744, 1974b):

tany' exp(id” )ftanyexp(iA)={1-i[4rxd lmsq}usinz%nlzm
flina2-ng2)n, 2sin2 gy Zeos2e,03] ] (24)

The monolayer covered surface and the clean water are represented hy ',

A" and y, A, respectively. The parameter M is defined as:



M:ﬂuz+n22-n12-ﬂuiﬂ22m:2 (253}

where the antsotropy in the monelaver refractive index is defined by two

indices: a,. which 18 in the direction normal to the surface, and Ny =Ty,

which ure in the plane parallel (o the surlace.

Rheological Properties of Maonolayers
Background

An examination of the relationship between stress, deformation, znd
the rate of deformation of the molecules at an inferface constitutes the
study of surface rheology., Moaolavers are wiscoelastic in narure: they

exhibit both viscous (dissiparive]l and elastic (sworage) forces when

gtressed.

Of the several different kinds of motion for the melecules in a
monoliyer sugpgested by Goodrich and Eliassen (Goodrich, 1962, Eliassen,
1963}, the three modes of motion most relevant e the estimation of
viscoelastc parameters ace (Figure 8);

1. Trunsverse mode.
2, Compression mode,
3. Shear mode,

Each of these modes iz defined by assuming a cylindrical portion of
the monolayer at the interface (0 be symmetric shour a direction.  Also,
eich mode has an elastic and a viscous component associated with it. The

elastic consrant of the transverse mode, the motion noemal to the interface,

is the surface tension, ¥, and the viscous constant is the ransverse



;Ei;nr-; fi.  Possible motions of the molecules in a monaolayer at the
interface. Cylinders represent cross sections of the monolayer.
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viscosity, py. The viscoelastic constants for the compression and shear
modes, the motions longitudinal to the interface, are the surface dilanional
elasticity (g€4), surface dilational viscosity (Tg), surface shear clastigity
(Eg), and surfuce shear viscosity (Mg).

Since the stability of the monolayer at the air/water interfacc is of
paramount importance in determining the final state of LB films,
aptimization of monolayer properties that would lead to better depoesition
and perhaps improve the deposition of monelayers that would not
characreristically form LB films is essential.  Soch oprimizations can he
accomplished, for example, by controlling the rheological properties of the
monolayer (Biddle er al., 1985, Mann et al,, 1987). The two predominant
giTesses that a monolayer experiences during deposition are the tangeatial
ghearing sress and compressional stress (Buhsenko eval, 1988}, However, in
the monolayer state, the shearing siress due to in-plane displacement of the
molecales in  the monolayer becomes more  significant than  the
gompressional siress since the area of the monolaver is constant and the

lawer approaches zero (Buhsenko et al, 1985)

The Measurement of Dynamic Rheological Properties

Until fairly recently the focus of rescarch with mmsoluble monolayers
concerned with their mechanical properties has been on the measurement of
ghear viscosiry, estimation of which for a given monolayer can vary with
the nature of the measurement, c.g., the size and shape of the apparatus
(Joly, 1964, 1972). It appears, however, that dilational elasticity and

viscosity may be more imporlant than their shear counterparls In many
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processes involying the dynamic behaviour of monolayers (Lucassen-
Reynders, 1981). Hence, shear viscosity measurements alone may not
always be useful in assessing monolayer properties, The swdy of the
damping of mechanically-induced surface waves addresses this problem to
gome extent by measuring both the diladonsl and shear woduli.  In this
technique the surface waves are formed by an external force: the wave
characteristics are determined as a function of the stimulus and the meoduoli
are deduced under the assumprion that there 15 a linear rosponse between
the two (Mann et al, 1963, Lucassen, 1981). The disadvantuges of this
technigue arc: 1) the need to use surface waves of low frequency and large
amplitude relative to their wavelengsh and, 2) the use of mechanical probes
which alter the equilibrium conditions at the surface and hence result in o
nonlinear viscoelastic region,

The surface light scattering {(SLS) technique used with capillary
waves 18 a non-invasive method of stodyving  surface theological
parameters. It thus avoids the problems seen with mechanically-induced
surface waves. Capillary waves are surface waves of small amplitude
(=4 4) thermally generated due to spontancous density fluctuartions at the
surface and the restoring foree of surface rension.  The presence of a
monolayer alters the pattern of liquid flow underneath the swrface and
consequently results in a higher rate of energy dissipation and a greatcr
damping effect compared to that of the pure liquid surface. The alteranon
of these surface propertics can then be expressed in terms of surface
viscoelasticity, e. g surface clasticity and surface viscosity, by means of

an appropriate dispersion reladon {(Mann, 1985, Sano et al., 1986). SLS,
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however, has a low limit of detection of surface viscosity (=0.05 s.p.) and
a small range of discrete wave vectors at high frequency range (=10 kHz),
which in turn does not allow the detection of the small changes in the
viscoelastic parameters of fatty acid monolayers caused by their
interactions with metal ions in the subphase solution (Yazdanian, 1988).

The electrocapillary wave diffraction techmique is a relatively new
method for investigating surface rheological properties. This rechaigue
relies on the difference between the dieleciric constants across an interface
which allow fluid to rise into higher electric fields. Hence the term
slecirocapillarity (Jackson, 1962). This technique recently has been shown
to be an effective method for generating capillary waves (Magerlein and
Sanders 1976, Sohl et al., 1978, Nagarajan et al,, 1982, Miyano et al, 1943, Stenvot and
Langevin, 1988, Voael and M&bins, 1989, lto et al, 1990}

Capillary wave propagation characteristics can be described by a

dispersion cquation (Lucassen-Reynders and Lucassen, 19653 in the form

[in(k#+m)=in’ (k*+m' 1+(E*k* o)1 [indk*+m)+in' (k*+m' }+(v*k*2/w)
+glp-p Jad-telprp' W1+ 2ik®-m)2-n' 2 (k*-m)2]=0 (26]
where k*=k-ip, k is the spatial capillary wave vector, [} is the spatial
capillary wave damping coefficient, i="-1, m=[{k*I+{impm)] L,
m'=[k*2+(iwp/Mmi]1'? , w is the angular frequency, 1 and N’ are the shear
viscosities of air and subphase solution, respectively, p and p'are the
densities of air and subphase solution, respectively, and £% i the complex

viscoelastic modulus given as

£" =g - 0% (27)



a0

Here, gy i3 the surface longitudinal elasticity and ® iy the surface

longitudinal viscoesity, The later two have both dilational and shear
compencnts. ¥* is the complex surface tension comprised of surfuce

tension , ¥, and ransverse viscosity, W.. given as

=Tty (28)

The use of the above dispersion eqguation in estdmating the viscoelasuc
parameters will be discussed in the Experimental Scction.

v and e* are two dimensional complex elastic modali analogous to
the three dimensional complex elastic modulus, G*, which describes

viscoelasticity due to periedic straining and is defined as

G¥=0"+100G" {29)

where G' describes the elastic of storage propertics and GV describes the
viscous or loss properiies. A phase lag, &, which exists between the
stress and rate of strain is an important parameter that describes the
relaive contribution of elastic and  viscous  components o three

dimensional svsrems: it is defined as

: {30

e

(ang =

&

where tand is the loss tangent, a measure of energy lost to energy stored in
periodic straining. By analogy, in two dimensional systems tand is equal

1
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tand =— ot — (313

The response of a monolayer in terms of different values of & has been
suggested to be as follows; for 8<107, the monelayer is pu rely elastic, for
10° <8=75° the monolayer is viscoelastic, and for &>75% is purely viscous

{Buhacnko ct al., 1983).

Staiic Elastic Modulus
The static surface dilational {compressionaly clasticity, Egq, can be

pstimared directly from the Il-A isotherms. £4¢ is an equilibrinm quantity

defined as (Gibbs, 192¥):

dIl
Egp = -A {ﬁ} (32)

B¢ represents the elasticity of the monoelayer at essentially zero frequency

or infinipe time.

Rheologicel Measurements of Fally Acids

A review of the literature on the rheological propernies of fauy acid
monolayers reveals that surface viscosity and surface elasticity increasc
with increase in the temperature, surface pressure, and chain length of
fatty acids. A closer cxamination, however, shows large discrepancies in
the numerical wvalues of the rheological parameters obtained (Boyd and
Harking, 1939, Motomura and Matuura, 1962, Jarvis, 1963, Encver and Pilpel, 1967,
Pilpel and Enever, 1968, Neuman, 19735, Abraham et al., 1981, Buhaenko ct al., 1983,
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1988). This is due meost likely to variations in the technigues used,
experimental conditions, experimental apparatuses, and the purity of the
materials wsed.

Tn spite of the imporiance of the rheelogical properties of farty acd
monolayvers spread at the airfwater interface, before and during transfer, in
determining the characteristics and properties of the LB films, e.g.
mechanical strengeh and proper molecelar order, there is very licde
information on the effect of meral ions on the viscoelastic behaviowr of
monalayers (Mann et al, 1987). Consequently, to date, the interplay between
the rheolegical properties of fatry acid moneolavers and the presence of
various metal ions, known to produce LB films of varying stability, has
not been fully developed.

Shear viscosity measurements of stearic acid in the presence of
gileium fons have been shown to be time dependent (Enever and Pilpel, 1967),
and to increase with increase in concentration (Pilpel and Enever, 196E) and
pH of the subphase solution (Neoman, 1975), Stearic acid monolayers in the
presence of calcium and magnesiem ions have been shown o have
nepligihle shear modoli compared o wivalent Tons, such as alominom and
iron(Abraham er al, 1981).  Indeed, SL5 studies of pentadecanoic acid
moncolayers in the presence of aluminum iens have shown much higher
dynamic surface elasticives and surface viscosities than in the presence of
divalent cations (Yazdanian, 1988). Howewver, the presence of wvarions
hydroxyvcomplexes of aluminom and iron makes the interpretation of the

measured values for these systems cxrremely difficulr,
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Most recently, Buhaenko ct al, 1988, have determined the shear
viscosity of docosanoic acid in the presence of cadmium ions by resonance
rheometry and have analyzed their data in terms of LB film formation,
Cudmium docosanoatc monolayers at pHl 5.6 and 6.0 with viscosities
below 0.20 surface poise at 20 dynfem, deposit good LB films while thosc
with viscositics above this value, e.g. cadmium docosanoate at pIl 6.5, are
poorly transferred and do not form good LB films (Buhacnko ot al., 1988).
These results appear 1o demonstrate che importance of rheoloegical
purameters in establishing the windows of operation for the formation of
good LB films and the sensitivity of these parameters in fura o the

gubphase solution conditiens such as pH,
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STATEMENT OF THE PROBELEM

The long-range objective of this project 15 to  further the
understunding of physical chemical propernies of spread monolayers at the
gitfwater interface in the context of the effect they might have on the
formation of LB films., A review of the literature reveals the significant
role played by the metal ions and the pIll of the subphase solution in the
formation of LB films of desirable properdes, c.g. proper mechanical
strength and ordered molecular arrangement.  To date, however, the
interplay between these two factors and the stability and properties of faoy
acid monolayers, has not been fully developed and understood. This 1s
primarily due to the general limitation of the methods wsed, insufficient
knowledge of the role of various metal jons relative to the depree of
ionization of the monolaver, and the uncertainty about the chemistry and
solution state of the metal 1ons.

The specific objective of this work, therefore, 15 to study the effect of
i series of divalent ions on the thermodynamic, electrical, optical, and
rheological propertics of fatty acid monolayers using serface pressure,
surface potential, ellipsometry, and elecirocapillary wave diffracrion,

respectively, in order o answer the following questions;

1, Why are divalent cations so important in the formation of LB films and

why do some form better LB films gnder 2 piven set of conditions?
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2, What is the relationship berween fany acid monolayers and the rype and
concentration of the divalent cations in the subphase selution? What is the
optimum pH of the subphase solution for these interactions? How does
the degree of ionization of the monolayer change with the pH and the type
and concentration of divalent ions? OFf what chemical physical nature are

the fatty acid divalent cation inleractions?

3. Since the rheelogical behaviour of spread fatty acid monoluyers
appears to be a critical factor in the fermation of LB [ilms, how do
different divalent cations in solutions of known pH affeet the viscoelastic
properties of such monolayers? How does the contribution of serface
glasticity and surface viscosity vary depending on the type of cation
present and how does it explain the type of lateral chain inreraction and
packing in a monolayer? Based on the viscoelastic behaviour of the
menolaver in the presence of various jons, whar predictions can be made

for effective deposition of LB films?
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EXPERIMENTAL

Materials

The water used as the subphase liquid in all experimenes was the
housc-distilled water, first purified with a MWilhpore Milli-Q} filicring
system with two carbon and two ion-exchange stages and then distilled
from an alkaline potassium permanganate solution and from a diluce
gulfuric acid solution, respecrively., The spreading solveanr used to spread
fatty acids was hexane (99.9%, spectrophotometric grade, Aldrich) either
doubly distilled or used as received; both gave the same results,  The
purity of hexane was checked in cither case by moenitoring the change in
the surface tension of water as the spread hexane evaporated from the
surfuce, Hexane was judged pure when upon further compression of the
surface with the barrier, no detectable change in the surface tension of
water was observed, Pentadecanoic acid {(C15), pualmitic acid ({163,
grachidic acid (C200 (Fluka Chemical Corp., Renckonkoma, NY), and
stearic acid (C18) (Applied Sciences Labs., State College, FA) had a
stated purity of »>99%, They were recrystallized three times from hexane
for further purificarion (Yazdanian, 1988). Doceosanoic acid (C22) (98%)

(Aldrich Chemical Co., Milwavkee, WI) was used in ellipsometry

measurements as received,  The compounds: BaCla{dihydrare,99+5%),
BaFs (99.99%), CaCly (hexahydrate, 99 99%), CdCly (99.999%), CdF3
(99,99%), Cdls (99.999%), CoCly (Anhvdrous,97%), Co{SCN)2(98%)
MgCly (hexahydrate,99.999%), NaCl (99.99%), NaF (99.99%),
Nal(99.99+%), NaSCN(98%), FPFbCla(99.999%), Pb(3CN)2{(99.3%),

gpermidine frihydrochlride (99% ), and apermine tetrahydrochloride (Y48%)
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were obtained from Aldrich Chemical Co. and osed as received, DBalz
{=97%) and sodium methanesulfonate {98%) were obtained from Fluka
Chemical Corp. and used as received. Acetic acid (Volumerric standard,
0.100N) and sodium hydroxide (Volumetric swandard, 0.1013N) were
obtained from Aldrich. The wolumewic standards were prepared [rom
A.C.5. reagent grade compounds and standardized potentiometrically

against N.B. 5. reference material.

Preparation of Solutions

The ionic strenath of all solutons was brought to O.01M with NaCl,
except when stated otherwise, The pH values of the subphase solutions
from 2.0 to &.0 were adjusted with dilute solutions of HCl and NaOH
prepared from concentrated HCL {Hi-pure Chemical Inc.. Nazareth, FA)
and NaOH pellews (98.5%, Mallinckrodt Inc., Paris, KY}, respectively.
For surface potential measurements at higher pH wvalues the following
buffers were used: Tris (Ultrapure reagent, >99.9%., International
Biotechnologies, Inc.)-HCL for pH 7.0.9.0, borax {sodinm tetraborate.
anhydrous, 99%, Aldrich)-HCI anu:il borax-NaOH for pH ¥.0-11.0, and
KCl(99,99%, Aldrich) for pH 12.0. All the aforementioned fatty acids
except pentadecanoic acid (Yazdanian, 198%) could be maintained as stable
monolayers in the range of pH values from 2.0 to 6.0 over 6 to § hours
withaut the use of buffers. Buffers were aveided since they could
contribute to the surface pressure and surface potential, Moreover, this is
the pH range most often reported in LE film studies. The change in the
ionic strengeh of the solutions upon pH adjustments was less than 3% and

the pH of solutions changed by less than (.1 pH units during the time
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(Model 2000, Cahn Co., Paramount, CA). The voltage output of the
electrobalance was monitored by a chart recorder (Kipp & Zonen, Delft,
Holland). The filter paper plates were washed extensively with triply
distilled water and soaked in a beaker containing the subphase solution for
at least an hour before each measurement. Since absolute surface tension
of the subphase solutions before spreading the monolayer could not be
measured accurately with filter paper plates, it was measured using
platinum plates and found to be equal in each case to that of pure water at
25°C (Pallas and Pethica, 1985, 1989). Moreover, spread monolayer in the
absence of divalent cations were compared with both the filter paper and
platinum plates and shown to exhibit identical surface pressure-area
isotherms. The monolayer was compressed by discontinuous stepwise
compression to avoid overcompressing the monolayer (Sims and Zografi,
1972, Yazdanian, 1988). 15 to 20 minutes were allowed for solvent
evaporation and surface temperature equilibration after each measurement.
The length of the plate in the wet state was measured with a caliper right
after each measurement to make accurate calculations of the surface

pressure possible. The precision of the measurements was £ 0.1 dyne/cm.

Measurement of Surface Potential

Surface potential, AV, the Volta potential change at the air/water

interface upon spreading an insoluble monolayer,

AV=V (monolayer) - Y (subphase solution) (33}
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was measured by the ionizing electrode method (Gaines, 1966) using an
241Am alpha radiation source connected to a digital pH/mV meter. The
aqueous electrode was a standard (Ag/AgCl) pH reference electrode dipped
into the subphase behind the movable barrier of the trough where no
monolayer is present. The radioactive electrode ionizes the air above the
monolayer so that it becomes conducting. The radioactive electrode was
suspended 3 mm above the subphase surface to provide sufficient
conductivity and to prevent leakage to other surfaces of the system, which
would induce error (Gaines, 1967). The potential difference between the two
electrodes, the radioactive electrode in the air above the monolayer and the
reference electrode in the subphase solution, can then be measured
directly. The reported surface potential values represent the average of at
least five independent measurements with 95% confidence limit error of

less than 5%.

Surface Ellipsometry Measurement

The ellipsometric measurements along with surface pressure
measurements were carried out simultaneously on equipment housed in Dr.
M.W. Kim's laboratory at the EXXON Research and Engineering
Company.

The instrument design, shown schematically in Figure 7, was based
on modulation ellipsometry principles(Azzam and Bashara, 1977). The
ellipsometer was set on an optical table and the experiments were

performed at a fixed incident angle in air (¢5=61.8%0.1° or ¢5=64.1%0.10,

measured relative to the axis normal to the surface) using a 5 mW He-Ne



Figure 7. Block diagram of ellipsometry instrument.
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laser beam with A=6328A and a 1 mm beam diameter. The beam is
polarized (+m/2) with a quarter wave plate (polarizer) and then passed
through a photoelectric modulator (Hinds International, Portland, OR)
which introduces a periodic phase shift between orthogonal amplitude
components at a frequency of 42 kHz. The latter is the most important
component of the ellipsometer in giving it the high sensitivity required at
the air/water interface. The compensator is essentially a phase retarder
that can be used to adjust the orthogonal p and s components, and to
calibrate the alignment of the optics in the null angle measurements.
Reflection from the surface causes additional phase shift and amplitude
attenuation, and the phase shift relative to that of a reference beam is
detected in the analog mode by locking into the modulation frequency.

The experimental quantity measured is the change in the ellipsometric

phase angle 3A defined as
SA=A"-A (34)

The change in the amplitude attenuation for non-adsorbing substrates has
been shown to be approximately zero and was not measured here (den
Engelsen, 1974). Moreover, in our experiment absolute values of A' or A
were not determined, only the difference (Rasing et al. 1985, Sauer et al., 1989,
Kim et al., 1990).

The relationship between 8A and the thickness d is given by

dA=0d, (35)
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where o is a proportionality constant that depends on the incident angle
and the birefringent refractive indices and may be calculated from equation
24. For all the systems studied the dA values were found to be constant
within experimental error between the surface pressures of 1-30 dyn/cm
(or <24A2/molecule).

Surface pressure measurements were carried out simultaneously in an
enclosed Langmuir trough (Lauda, Brinkman Inst. Co., Westbury, NY)
with a maximum area of 700 cm2. A thermostated water bath circulated
water at 25.0%0.1°C through the coils under the trough in order to regulate
the subphase temperature. The surface pressure was measured with a
horizontal Teflon float as a strain gauge with an overall sensitivity of
+0.05 dyn/cm. The surface was aspirated before each run and was judged
clean when a 30-fold compression produced a change of less than 0.05
dyn/cm. Monolayers were spread by delivering fatty acid solutions on the
aqueous subphase with a Hamilton micrometer syringe. At least 15
minutes were allowed for the solvent to evaporate. The surface
concentration was varied by a Teflon barrier moving at a rate of 0.5-

0.6A2/molecule/min.

Stability Constant Determination from Potentiometric Titrations

Twenty five ml of volumetric standard solutions of acetic acid in the
absence and presence of various concentrations of divalent cations were
titrated in each experiment with volumetric standard solutions of sodium
hydroxide delivered from a 50 ml burette. The change in the pH was

monitored with a combination electrode connected to a pH meter.
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Measurement of Visoelasticity
Apparatus

The electrocapillary wave diffraction (ECWD) technique was used to
measure the viscoelastic properties of stearic acid in the presence of
various metal ions using the apparatus shown in Figure 8. The sample cell
was made of Teflon with a circular area of 80.1 cm? equipped with a
quartz window on the cell wall to allow visual observation of the interface.
The sample cell was placed in a heavy brass base and covered with a thick
aluminum cover. A thermostated water bath circulated water at
25.0+0.1°C through both the base and the cover. A mechanical knob in
the middle of the cover allowed adjustment of the gap between a surgical
needle placed in the middle of the cover and the interface. The distance
between the needle tip and the interface was adjusted to less than 40pm, as
measured by a cathetometer via visual observation through the cell
window. The radius of curvature of the needle tip was estimated from
electron micrographs to be around 10um (Ito et al., 1990).

The generation of an oscillating electric field at the needle tip from the
output of a frequency generator (Hewlett Packard, 3325Bm
Synthesizer/Frequency generator), amplified ten times by a voltage
amplifier (KEPKO, BOP 100-1M), allowed the formation of capillary
waves on the surface. A 5-mW He-Ne laser beam (Melles Griot, 05-LHP-
171) was directed normal to the interface through a beam splitter and a
converging lens. The focal spot of the beam at the interface has been
calculated to be about 120pum (Ito et al , 1990). The reflected beam from the

interface was traced back to the beam splitter and then to a position
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Figure 8. A block diagram of the instrument setup for the electrocapillary

wave diffraction measurements.
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sensitive detector (Hamamatsu, S1545). It was then fed into a lock-in
amplifier (Stanford Research Systems, Inc.) together with the output of
the same frequency generator, after passing through a frequency doubler,
as the reference. A stepping motor (Superior Electric Co., Bristol, CT)
and a microcomputer (IBM, PC ) allowed the movement of the complete set
of optics mounted on a translation stage. The whole apparatus was set on
an optical table floating on a set of pneumatic isolation legs (Newport,

Fountain Valley, CA) to minimize external vibrations.

The Generation of Capillary Waves

A sinusoidally varying voltage applied to a needle sets up an intense
electric field in the gap between the needle and the liquid surface. Due to
differences in the dielectric constants (the liquid having a larger dielectric
constant than the air above) the liquid rises up to the needle (Figure 9).
Surface tension and gravitation act as restoring forces of this rise, the
latter being relatively unimportant and negligible in the range of capillary
wavelengths (100-10000 cm-1).

The harmonic external potential, V(t), applied to the tip of the needle

is in the form

V(t)=Vcos(mt) (36)

where V( is the amplitude of the wave, ® is the angular frequency of the

wave, and t is time. The time dependent part of the electric field, E(t), can

be shown as (Sano, 1987)
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Figure 9. A schematic diagram of the process used to generate and detect

capillary waves.
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E(t)e<Vgcos(wt) (37)

and the time dependence of the force, F(t), acting across the interface is

given as (Ito et al., 1990)

F(1)=V(2(e-gg)cos(2mt) (38)

Where € and gg are the dielectric constants of the subphase solution and
the air, respectively. Hence, the response of the surface to the applied
potential of the frequency ® is the propagation of a capillary wave with
twice the frequency 2w, and of amplitude proportional to V02.

The capillary waves generated are detected by monitoring the
deflection of the focused laser beam from the surface. This reflected beam
contains information on the capillary wave amplitude, attenuation,
frequency, and wavelength since angular deflection, 6, of the beam due to

reflection is given as (Sohl et al., 1982)

0=0( exp(-Bx)sin(kx-wt) (39)
where
00=2&0(B2+k2), (40)

B is the spatial damping coefficient over radial distance x from the tip of
the needle, k is the spatial wave vector, and &g is the displacement of the
fluid in the z direction. A position sensitive detector (PSD) along with a
lock-in amplifier are used to detect these deflections. Hence, the voltage

output, S, from PSD is in the form (Sano, 1987)

S=S(x)cos(kx+2mt) ‘ (41)
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where S(x) is the amplitude of the wave. The damping of the waves can
be modeled by a zeroth order circular Bessel function and approximated by
a Hankel function (exponential spatial decay) as (Ito et al., 1990, Skarlupka,

1990)

Ho(x) = x~1/2exp(-Bx) (42)

where Hp(x) is the Hankel constant. The phase difference and the wave

amplitude are obtained by inputting the signals from equations 39 and 40

into the lock-in amplifier. Then

Phase difference = kx (43)

and
Wave amplitude = S(x) = x~1/2exp(-Bx) (44)

In the course of each experiment, a series of phase differences and wave
amplitudes at different distances x from the tip of the needle at various
frequencies are obtained. The exact values of k and B are obtained from
the slopes of plots of phase difference and natural logarithm of amplitude,
In[x1/2S(x)], against x. Examples of such linear plots are shown in
Figures 10 and 11 for five frequencies. The values of €* are calculated
from k and B under the assumption that the transverse viscosity, My, is
negligible and therefore that y*=y, where the static limit of the surface
tension y* is that of ¥ in the low frequency limit and remains unchanged
over the entire frequency range. Moreover, since the surface tension could
not be measured simultaneously, the surface tensions used in the

calculations were those obtained in II-A measurements. The instrument
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Figure 10. Plot of phase difference vs. radial distance x from the needle
tip. The wave vector, k, is calculated from the slope of these lines.
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Figure 11. Plot of wave amplitude vs. distance x from the needle tip. The
damping coefficient, B, is calculated from the slope of these lines.
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was calibrated by determining the surface tension and viscosity of water

and cyclohexane from the dispersion equation by assuming €*=0 (Ito et al.,

1990).



54

RESULTS

Measurements of Surface Pressure
The effect of pH

The results of a pH change from 2.0 to 6.0 in the subphase solution
on the II-A isotherm of stearic acid in the presence of 0.01M NaCl are
presented in Figure 12. The increase in the surface pressure for a given
area is an indication of a slight expansion of the stearic acid monolayer
caused by an increase in ionization and head group repulsion. The curves
are drawn over the points merely to indicate the trends; they do not
represent any statistical fitting. The effects of divalent cations on the
isotherms at pH 5.0 are shown in Figure 13. There appears to be no
change in the isotherms in the presence of 1mM concentrations of the
chloride salts of cobalt, cadmium, and calcium at this pH. The presence of
ImM concentration of lead chloride, however, produced a significant
decrease in surface pressure for a given area of the monolayer under
identical conditions. At pH 6.0 the degree of ionization of stearic acid is
significantly increased such that the effect of various ions on the II-A
isotherm becomes more apparent. This is shown in Figure 14. While
Co2?* and all alkaline earth ions caused a slight condensation of the
isotherm at this pH, cadmium and lead ions produced a significant
condensing effect.

Figure 15 shows the great tendency of Pb2+ to interact with the
monolayer over a wide range of subphase pH values. It appears that the

limiting extent of the condensation effect is reached at pH 4.0, which is
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Figure 12. TI-A isotherms of stearic acid in the presence of 0.01M NaCl at

pH 2.0 to 6.0.
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w=0.01M, and various pH values.
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distinctly different from all other ions that have been examined. For
example, Figure 16 shows that the condensation effect of Cd2+ on stearic
acid monolayers is only in the range of pH 5.0 to 6.0, since the isotherm
at pH 5.0 is identical to that in the presence of sodium ions.

The Effect of Divalent Ion Concentration

The extent of condensation of the stearic acid II-A isotherms at pH
6.0 due to change in the concentration of Ca2t, Co2+, Cd2*and PbZ* at
constant ionic strength, u=0.01M, is shown in Figures 17-20. The effect
of Co2* and Ca2* on the isotherms at this pH appears to be essentially
independent of the concentration in the range of concentrations studied
(0.25mM to 3.3mM) (Figures 17-18). These two ions appear to reach a
saturation level and exert their maximum effect on the II-A isotherm at
0.25mM. For cadmium ions, however, there is a gradual condensation of
the isotherm as the concentration of divalent ions increases from 0. 1mM to
3.3mM (Figure 19). Cadmium ions appear to fully condense the II-A
isotherm at >1.0mM. The presence of Pb2* in the subphase solution
results in an extreme condensation of the isotherms over a wide range of
concentration from 0.005mM to 1.5mM at pH 6.0 with no apparent
expansion even at the lowest concentration (Figure 20).
The Effect of Anionic Counter-ions

In the context of the models proposed for the interaction of divalent
cations with fatty acids (See Introduction), where ions like Pb2+ and Cd2*
appear to interact via specific and strong bonds and alkaline earth metal
interactions appear to be mainly ionic in nature, II-A measurements in the

presence of various anionic counter-ions were performed in order to
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investigate their possible effect on this interaction. The counter-ions were
chosen in the order of an increase in tendency to complex or to flocculate
colloids. This order of effect is known as the Hofmeister series where the
change occurs in the order F->CI'>I'>SCN- (Mysels, 1967).
Methanesulfonate ion was also chosen because of its large size and highly
polarized structure. The presence of 0.01M sodium salts of fluoride,
chloride, iodide, thiocyanate, and methanesulfonate ions appear to have no
significant effect on the II-A isotherms (Figure 21). Moreover, there are
no significant differences in the isotherms due to these ions in the
presence of divalent cations, i.e. Ba2* and Cd2* (Figures 22-23). In this
regard, the I1-A measurements appear to be insensitive to any possible
effects of the anionic counter-ions on the fatty acid-divalent cation
interaction.

The Effect of Polyamines

Since all divalent ions caused some condensation of the stearic acid
I1-A isotherms at pH 6.0 relative to sodium ions, the effect of the presence
of polyamines such as spermine and spermidine, trivalent and tetravalent
respectively, on the II-A isotherms was investigated. The presence of
these positively charged polyamines caused a slight condensation of the
isotherm in a manner very similar to that caused by the alkaline earth ions.
This is shown in Figure 24.
Studies with Arachidic Acid

Similar results, as are shown in Figures 12 and 14 with stearic acid,
are seen in Figures 25 and 26 with arachidic acid though this fatty acid

was not studied as comprehensively as in the former case. There appears
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Figure 21. II-A isotherms of stearic acid in presence of various 0.01M

sodium salts of various counter-ions at pH 6.0.
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to be a slight expansion of the isotherms as the pH is raised from 2.0 to
6.0. Marked condensation effects at pH 6.0 in the presence of divalent
ions are apparent; the effect of cadmium ion is much greater than barium

ion, as expected.

Measurements of Surface Potential
The determination of pK ,
The surface potential of a partially charged monolayer is given as

(Schulman and Hughes, 1932, Davies, 1963)

12
AV="F{(1-@)Hr+Hy) +V (45)

where AV is the surface potential, A is the area occupied per molecule, o
is the degree of ionisation, Uy and Py are the surface dipole moments of
the ionized and unionised groups, and V, is the electrostatic potential at
the interface. When o is low, WUy and Py can be assumed to be constant

with o and equation 43 can be written as (Betts and Pethica, 1956)

0AV 12n da XA
Gpag =2 i (o) + (G5 (46)
at constant area, concentration, and temperature. pHg is the effective pH

at the surface that can be given in terms of the Gouy-Chapman electrical
double layer theory (equations 8 and 10) or by the Henderson-Hasselbalch

equation for the ionisation of acids and bases as

pH=pK S+zIn[a/(1-0)] - (47)
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Equation 46 can be rewritten using equations 8,10, and 47 as

0AV 12 d 0
Gom)= = a (rkwat-o{ L) b+ G @8)
where
(o) =(AD (——=2—) (49)
2(1-0,)+C0thﬁ
and

: 2
(Gpp)= -zat-o { 1+ (5) } (50)

Using the above equations surface potential data can be used to estimate
pK,8 as o approaches zero in the limit of low charge density where the
Gouy-Chapman equations are most applicable.

The change in the surface potential, AV, with the subphase pH for
stearic acid is shown in Figure 27. It can be seen that at very low pH
values (2.0 to 4.0) the change in AV is very small. However, with further
increase in pH there is a sharper decline in AV followed by a leveling off
at the highest pH values. In this respect the AV-pH profile resembles a
pH titration curve with an apparent pK,; of about 8.0. Table I shows
values of AV at 20A2/molecule as a function of pH, from 2.0 to 6.0 for
stearic and arachidic acids. These data are plotted in Figure 28 and curve-

fitted with polynomial functions for determination of pK,S, since as

mentioned before, no buffers were used in this range. Using equations 8,
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rf Potential (mV

pH Stearic acid Arachidic acid

2.0 375%5 383+9

3.0 373+9 3736

4.0 3504 35145

5.0 3309 316%6

6.0 293+8 280%5
Table 1. Surface potential as a function of pH at 20A2/molecule and
u=0.01M. Error estimates are for 95% confidence limit intervals as

calculated from Student's t-distribution.
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Figure 28. Curve fitting of AV vs. pH for stearic and arachidic acids in
the range of pH 2.0 to 6.0 with fourth and third order polynomials
respectively. The equations for the fit are y=337.04+36.342x-
9.4880x2+0.3589x3-0.004595x4 for stearic acid and y=344.29=30.762x-
8.1883x2+0.22242x3 for arachidic acid. The correlation coefficients for both
fits are 0.986.
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equations assuming pKgy8=5.4 at T=25°C, z=2, A=20A2/molecule, and
various concentrations of ions. Wy=0 represents the profile in the absence

of an electrostatic potential due to the electrical double layers.
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Figure 33. Simulation of o vs. pH(subphase) using Gouy-Chapman
equations assuming pK,5=5.4 at A=20A2/molecule, T=25°C, and 0.001M

univalent (M+) and divalent (M++) ions. y=0 represents the profile in the

absence of an electrostatic potential due to the electrical double layers.



rf Potential (mV
pH 3.0 pH 4.0 pH 5.0 pH 6.0

NaCl 37512 35043 335+8 293+8
MgCl, - - - 293+6
CaCly - - 328+8 291+11
BaCl, - - . 33445
CoCly = . 33046 274+4
CdCl, - - 33746 15749
PbCl, 37348 34549 21247 154+12

Table II. Surface potential as a function of pH at 20A2/molecule, 1mM
divalent cation, and p=0.01M. Error estimates are for 95% confidence

limit intervals as calculated from Student's t-distribution.
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differences in AV in the absence or presence of various divalent ions
except for Pb2+ which lowered AV. The effect of Pb2+ on AV diminished
at pH <4.0.

The Effect of Divalent Ion Concentration

At pH 6.0, as shown in Figure 34, the surface potential of systems
containing various divalent ions changed significantly depending on the
type and concentration of each ion. The alkaline earth ions produced an
increasingly more positive change in AV in the order of
Mg2+<Ca2+<Ba2+, whereas, the other ions produced an increasingly more
negative AV in the order of Co2+<Cd2+<Pb2+. 1In all cases the effect
increases with increasing ion concentration to an apparent constant value.
The Effect of Anionic Counter-ions

The effects of various anionic counter-ions on surface potential at pH
6.0 and 20 Az/molccule are shown in Table III. Here, it can be seen that,
whereas all the anionic counter-ions in the absence of divalent ions and in
the presence of Ba2t and Co2* have no effect on AV, in the presence of
Cd2* and Pb2*+ some counter-ions, e.g. iodide and thiocyanate, tend to
make AV more positive. Such a counter-ion effect was not observed with
the surface pressure measurements, described above.
The Effect of Polyamines

The presence of polyamines, e.g.. spermidine and spermine, did not
alter AV significantly relative to Nat, e.g. 294x6mV and 302+3mV
respectively, even though there was a small condensing effect in terms of
surface pressure. In some aspects, therefore, these polyamines with 3 or

4 charges per molecule behave somewhat like Mg2+, but certainly not as



85

Surface potential (mV)

Concentration (mM)

Figure 34. Concentration dependence of surface potential of stearic acid
monolayers at 20 A2/molecule, 25°C, and pH 6.0: (A) BaCly; (A) CaClyp;

(m) MgClp;(©) CoClp; (®) CdCly; (o) PbClj.
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rf Potential (m

Na+ BaZ2+ Cd2+ Co2+ Pb2+

Stearic Acid

F- 289+7 32945 157£9 3 -
Cl- 293+8  334+6 1579  274+4 154+12
I- 29314 328+11 1856  282+82 .
SCN- 288+10 32910 214+6b  289+8b  194+9

CH3SO3- 291+4  326+10C 162+8¢ - e

Arachidic Acid
Cl- 2805 3277 1744 = -

Table III. Effect of anionic counter-ions on the surface potential of fatty
acids, at pH 6.0, 2OA2/molecule, and u=0.01M.

a. 1mM chloride salt and excess Nal.

b. ImM chloride salt and excess NaSCN.

c. 1mM chloride salt and excess CH3SO3Na.
Error estimates are for 95% confidence limit intervals as calculated from
Student's t-distribution.
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strongly as the other divalent ions. This would suggest that the effects of
Cd2* and Pb2*, particularly, are due to more than an electrostatic
interaction with the fatty acid.
Studies with Arachidic Acid

Similar results, with just a few selected ions as is shown in Table III
with stearic acid, are seen with arachidic acid. At pH 6.0, Ba2+ appears

to increase AV whereas Cd2+ results in a significant decrease in AV, as

expected.

Surface Ellipsometry Measurements
Calibration and The Effect of pH

In order to calibrate the ellipsometry set-up, the changes in 8A with
respect to chain length and ionic environment were first examined. The
values of A vs. carbon number are reported under two sets of conditions:

i) C15, C16, C18, and C22 spread on 10mM HCI, pH 2.0 and 1mM
PbClp, and CdClp on water (pH 5.5£0.2) at ¢5=64.1%0.19; and ii) C18,

C20, and C22 spread on 10mM HClI, pH 2.0 and 1mM PbClp, pu=0.01
(with NaCl), pH 6.0, at ¢,=61.8+0.1°. These data are plotted in Figures
35 and 36. As seen in these figures the change in 8A in each case is
linearly dependent on the chain length of the fatty acids. For the purpose
of calibration the following scheme was followed. The change in 8A,
3(8A), with respect to change in chain length (carbon number) of two fatty
acids, C18 and C20, is 1=0.075 at ¢;=61.810.1°. This can be converted
to a change in the actual length of these two fatty acids obtained from the

literature, 24.5A for C18 (Blodgett and Langmuir, 1937) and 27.1A for C20
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(Kjaer et al., 1988), by a constant, A=0.615. Another constant, A', can be
calculated in order to calculate 8(8A) in terms of carbon-carbon length of a
fatty acid hydrocarbon chain. A' is calculated to be =0.0595, using C—=C
of 1.54A and a tetrahedral bond angle of 109.5° (Karplus and Porter, 1970).
Comparing A and A' , it can be seen that they are in good agreement,
hence, the experimental A values appear to reflect the actual length of the
fatty acids.
Plots of Ad vs. chain length (carbon number) give slopes which are

identical within experimental error for fatty acid monolayers on 10mM

HCl, pH 2.0 and 1mM PbCly and CdClp on water (pH 5.5) at
0o=64.1£0.1° (Figure 35)and on 10mM HCIl, pH 2.0 and 1mM PbCly,
u=0.01 (with NaCl), pH 6.0, at $5=61.8+0.10 (Figure 36). The intercept
of about nine carbons for HCI is consistent with previous results (den
Engelsen and de Koning, 1974). A number of factors could contribute to this
unexpectedly low intercept including water structure in the head-group
region, water penetration into the monolayer, or refractive index
anisotropy. Negative values of A for chain lengths less than nine are not
physically reasonable, and due to fatty acid stability problems with smaller
chain lengths, it is not known whether the linear extrapolation to OA=0 is
valid.

Comparing the intercepts of these plots, it can be seen that the
magnitude of dA increases in the order of HCI, CdCly and PbCly. Indeed,
the relative effect of various metal ions at the same concentration on 8A
appears to follow the extent of their interaction with the carboxylate

group. Pb2+ and Cd2+ compared to the other ions studied have shown the
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most significant effects with respect to condensation of the II-A isotherms
and change in surface potential values at pH 6.0 and p=0.01. These two
ions also show the most extreme effects on dA values, perhaps due to their
strong interaction with the carboxylic acid group.

Regardless of the intercepts, the values of 8A in Figures 35-36
increase because of a change in hydrocarbon chain thickness for a given
ionic environment. Since it has been shown that the fatty acid monolayers
with and without Cd2* have the same thickness (Grundy et al. 1988), and the
slopes of the lines, T, in Figures 35-36 are shown to be constant
irrespective of the ionic environment, the change in the magnitude of dA is
attributed to the change in surface optical properties caused by the
particular carboxylate-metal ion interaction. This is consistent with a two-
layer model, where the bottom layer consists of head groups and the top
one of hydrocarbon chains. In this regard, the Drude equation (equation
35), derived based on the assumption of a single layer on the surface, does

not apply here and may be modified empirically to

dA=ad+B (51)

where B is a constant (intercept) that depends on the type of metal ion-
carboxylate interaction, to account for the two-layer model. The thickness
of a specified fatty acid can, in principle, be calculated by calculating a
using estimated values of the refractive index and the slope of the 3A vs.
chain length plots. Unfortunately, refractive index anisotropy causes this
approach to be ambiguous. For example, Kim et al., have shown that the

chain length dependence of 8A is consistent with some anisotropic
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refractive indices reported in the literature for LB films while deviating
considerably with others (Kim et al., 1990). Consequently, the thicknesses
for specific fatty acids in the presence of various metal ions are not
calculated since there are too many experimental variables required to
determine unique values of the anisotropic refractive indices.

Table IV lists the values of 3A in the presence of ImM concentrations
of various cations at pH 6.0 and pu=0.01M. In the presence of 0.01M
NaCl at pH 6.0 the value of 8A is the same within experimental error as
that in the presence of 0.01M HCI at pH 2.0. The presence of 1mM
chloride salts of magnesium, calcium, barium, and cobalt also does not
appear to significantly change the value of 8A. However, 8A values
change in the presence of 1mM chloride salts of cadmium and lead, the
latter having the most significant effect.

The change in 8A with change in pH in the presence of Pb2+ and
Cd2* is shown in Figure 37. Here, the effect of Pb2+ on SA is constant at
PH 6.0 to 5.0 and decreases sharply between pH 5.0 and 3.0 with a half-
way point of pH 4.0. At pH<3.0 the 8A values in the presence of Pb2+
are the same as in the presence of Nat. Simultaneous I[I-A measurements
showed extreme condensation at pH 4.0 to 6.0 and expansion at pH<3.0.
This is shown in Figure 38.

Cd2*, on the other hand, decreased A from pH 6.0 to 5.0 and
levelled off to a value similar to that in the presence of Nat at pH < 5.0.
This is consistent with the effect of Cd2* on the surface pressure and

surface potential (Figure 16 and Table II).
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Salt dA°
NaCl 0.69+0.02
MgCly 0.72+0.02
CaCly 0.73+0.03
BaCly 0.710.10
CoCly 0.75+£0.03
CdCl, 0.87+0.01
PbCly 1.25£0.02

Table IV. Phase angle (8A) of stearic acid in the presence of 0.01M NaCl
and 1mM divalent cations at pH=6.0, u=0.01M, and ¢,=61.8+0.1°. Error
estimates are for 95% confidence limit intervals as calculated from
Student's t-distribution.
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Figure 38. II-A isotherms of stearic acid in the presence of 1mM PbCly,
u=0.01M, at pH 2.0 to 6.0, measured by the horizontal float method.
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The Effect of Divalent Ion Concentration

Figure 39 shows the profile of change in 8A with concentration over a
wide range of PbCly concentrations. It can be seen that the 3A values
show a marked dependence on the subphase PbCly concentrations. The
values for dA are fairly constant from 1.0 to 0.1mM and start to decrease
at 0.01lmM and level off at 0.0005mM to a value equal to that in the
absence of Pb2*+. Simultaneous II-A measurements showed extreme
condensation up to 0.00125mM. The isotherms gradually expanded with
further reduction in Pb2* concentration towards that which occurs in the
absence of Pb2+ at pH 6.0 (Figure 40).

The concentration range where Cd2t is effective in altering 8A is
between 0.1mM and 1mM. These results, tabulated in Table V are
consistent with the effect of Cd2* on the II-A isotherms as is seen in
Figure 19.

The Effect of Sodium Chloride Concentration

OA appears to be very sensitive to the overall composition of cations at the
surface. This can be seen by the change in 8A under constant Cd2+
concentration and different Nat concentrations (Table VI). Cd2* has the
most significant effect on 8A in the absence of Nat. Increasing the Na*
concentration and hence the ionic strength of the subphase solution
appears td diminish the effect of Cd2* as measured by a gradual decrease
in 8A down to a saturation concentration of about 7mM NaCl, above which
OA remained constant. The value of 3A at this saturation level is higher
than that in the presence of Nat alone at pH 6.0. Moreover, the II-A

isotherms exhibited total condensation at all concentrations. These results
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Figure 39. The concentration dependence of 8A in the presence of PbCly,
at pH 6.0, p=0.01M, and ¢,=61.8£0.1°.
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Figure 40. TI-A isotherms of stearic acid in the presence of various PbCly
concentrations, u=0.01M, and pH 6.0, measured by the horizontal float
method.
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CdCl,(mM) 5A°
0.0 0.63+0.04
0.1 0.78+0.04
0.2 0.89+0.04
0.5 0.85£0.03
1.0 0.93%0.02
10.0 0.95£0.03

Table V. Phase angle (3A) of stearic acid in the presence of varying
concentrations of CdClp, at pH 5.5%0.2, and ¢,=64.1+0.1°. Error
estimates are for 95% confidence limit intervals as calculated from
Student's t-distribution.
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CdCly(mM) NaCl(mM) n(M) dA°
1.0 0.0 0.003 0.98%+0.01
1.0 2.0 0.005 0.95+£0.03
1.0 5.0 0.008 0.90%£0.03
1.0 7.0 0.010 0.87+0.01
1.0 20.0 0.023 0.86+0.04

Table VI. Phase angle (8A) of stearic acid in the presence of 1mM CdCljp
and varying concentrations of NaCl at pH 6.0 and ¢,=61.8+0.1°. Error
estimates are for 95% confidence limit intervals as calculated from
Student's t-distribution.
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may be explained by attributing the initial decrease in 8A to the ionic or
electrostatic interaction of Nat with the unbound, "cadmium free" fatty
acids at the surface as the concentration of these ions at the surface
increases while Cd2* concentration remains constant. At Nat
concentrations above 7mM when all the surface "free sites" are occupied
there is no more decrease in 8A since Cd2* is tightly bound and cannot be
replaced.

The Effect of Anionic Counter-ions

It was shown in the last section that the surface potential
measurements allowed the distinction of the effects caused by the presence
of various anionic-counter-ions on the fatty acid-divalent ion interaction.
For example, iodide and thiocyanate ions, in that order, were most
effective in changing surface potential, whereas, fluoride and
methanesulfonate ions had no effects. In this context, chloride, iodide,
and thiocyanate ions were chosen to be studied by surface ellipsometry.
The effect of these ions on dA at pH 6.0, u=0.01M, and constant metal ion
concentration is listed in Table VII. It can be seen that 6A does not appear
to be as sensitive as AV to the effects of these anionic counter-ions on the

fatty acid-divalent ion interactions.
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OA°
Cations Nat Ba2t Ccd2+ Pb2+
Anions
Cl- 0.69+0.02 0.71£0.10 0.87+£0.01 1.25+0.02
I- 0.71+x0.04 0.69+0.08 0.91+0.04 -
SCN- 0.72+0.04 0.71£0.06 0.94+0.05 1.29+0.05

Table VII. Phase angle (8A) of stearic acid in the presence of various
cations and anionic counter-ions at pH=6.0, p=0.01M, and ¢,=61.8+0.1°.

Error estimates are for 95% confidence limit intervals as calculated from

Student's t-distribution.
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Potentiometric Titration
To better understand fatty acid-metal ion interactions at the fatty acid
monolayer interface, it would be useful to know whether or not
complexation described by stability constants occurs. There is an extreme
variation in the stability constant values reported in the literature for
carboxylic acid (e.g. acetate ion) metal ion complexes due to different
experimental conditions used and different methods of determination
(Sillen, 1971, Hogfeldt, 1982). Also, almost all the measurements reported in
the literature were done in non-aqueous solutions. Hence, it appeared
essential to determine the stability constants for various divalent ions
under the conditions of our surface studies. Due to the water insolubility
of stearic and arachidic acids, acetic acid was chosen as a model compound
to be potentiometrically titrated with sodium hydroxide. A shift in the pK,
of the acetic acid in the presence of divalent ions could then be used to
estimate stability constants (Calvin and Wilson, 1945, Irving and Rossotti, 1953,
1954).

The curves for the titration of 0.1M acetic acid with 0.1M NaOH in
the presence of various concentrations of chloride salts of sodium, barium,
cadmium, and lead are shown in Figures (41-46). In each case the middle
portion of the titration curve is enlarged to more clearly demonstrate the
effect of these ions on the titration curve. It can be seen that the presence
of Cd2+ and Pb2+, under constant ionic strength, results in a shift in the

plateau region of the titration curve to lower pH values relative to that in

the presence of sodium ions. This is an indication that the apparent pK,,

pKy,',of the acetic acid is lowered. Moreover, this shift appears to be
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concentration dependent; for example, the effect of cadmium ions on the
pK, at 0.1M concentration is most significant, whereas, at 0.001M there
appears to be no effect (Figures 45-46). Titration of lead ions at
concentrations of higher than 0.01M could not be made due to the
diminishing solubility of the various possible lead salts (Baes and Mesmer,

1976). Barium ions appear to have no effect on the titration curve in the

range of concentrations studied. The intrinsic pK, along with the apparent

pK,' values due to metal ions are estimated from the shift in the titration

curves and tabulated in Table VIII.

Stability Constant Computation

It has been shown that pH measurements made during an acid-base
titration can be used to calculate the stability constants of metal-ligand
complexes present in solution (Calvin and Wilson, 1945, Irving and Rossotti,
1953, 1954). In the acetic acid-divalent ion systems, it is assumed that two
equilibria may exist where the metal ion, M, complexes with the acid, A,

as

M2+ + A- = MA* (52)
MA*+ + A- = MA, (53)

and that the species MAOH and MOH™ are absent. The dissociation of the

acid is given as

HA = A+ H* (54)
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Figure 41. Titration of 0.1M acetic acid with 0.1M NaOH in the presence
of 0.03M NaCl and 0.01M BaClp, CdClp, and PbClp at u=0.03M. The

precipitation of cadmium and lead ions at higher pH values is marked by
an early second plateau in the titration curve.
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Figure 42. Enlarged portion of the early section of the titration curve of

0.1M acetic acid with 0.1M NaOH in the presence of 0.03M NaCl and
0.01M BaClp, CdClp, and PbCly at p=0.03M.
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Figure 43. Titration of 0.1M acetic acid with 0.1M NaOH in the presence
of 0.3M NaCl, 0.1M BaClp, and CdClp at p=0.03M. The precipitation of

cadmium and barium ions at higher pH values is marked by an early
second plateau in the titration curve.
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Figure 44. Enlarged portion of the early section of the titration curve of
0.1M acetic acid with 0.1M NaOH in the presence of 0.3M NaCl, 0.1M

BaCly, and CdCl, at p=0.03M.
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Figure 45. Titration of 0.1M acetic acid with 0.1M NaOH in the absence
and presence various concentrations of CdCl,.
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Chloride salt concentration(M) L(M) pK, pKy'
No Salt - 0 4.73 -
Sodium 0.03 0.03 4.77
0.3 0.3 4.65 -
Barium 0.01 0.03 - 4.69
0.1 0.3 - 4.64
Cadmium 0.001M 0.003 - 4.68
0.01M 0.03 - 4.59
0.1M 0.3 - 4.40
Lead 0.001M 0.003 - 4.69
0.01M 0.03 - 4.56

Table VIII. The change in pK, and pK,' of acetic acid with change in the

type and concentration of the salt solutions.
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The various equilibrium constants for these processes can thus be defined
as
[MAt]
K=
1" IM2+][A7] (55)

[MA,]
2~ [MAFI(AT] 6

H+][A-
Ko=lipid (57)
where M2+, MA*, and MA, are the metal ion, the 1:1 metal-acid complex,

and the 1:2 metal-acid complex, respectively.

The equations for the conservation of metal and acid are

(58)

TM = [M2+]+[MA+]+[MA,]
(59)

Ty = [HAJ+[A-]+[MA+]+2[MA,]

where Ty and Tygp designate total metal ion and total acid present

Electroneutrality requires that

2[M2+]+[MA*]+[Nat]+[H+]=[OH"]+[A"]+[Cl"] (60)

and since the metal ion is added as the chloride then

[Cl-]=2TM (61)

By combining equations 58-61, fi, the average number of ligands bound

per total metal ion, and [A-] are obtained as

+ +1. -1-[A- |
[Na']+[HT]M[OH] [A7] | (62)
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and

[A] = ( H+])(THA [Na*]-[H*]+[OH"]) (63)

In the region of pH<pK, (Datta and Rabin, 1956), the stability constants can

be calculated by the equation of Irving and Rossotti (Irving and Rossotti,

1953)

ii _ (2-1)[A7]
(i-D[A-] ~  (@-1)

K1K7 - K (64)

In the region of fi=1, this equation becomes indeterminate, therefore data
for which 1.1>ii>0.9 were rejected.

The stability constants were calculated from equation 64 for 0.01M

cadmium and lead solutions in two ways: i) by graphically determining K|

and K from the slope and the intercept of least square fit linear plots, and

ii) by rearranging equation 64 to
i = (2-A)[A"]2K 1K - (1-i)[A"]K (65)

and using nonlinear regression of ii on [A-] using the SYSTAT (System
for statistics, version 3.0, SYSTAT Inc., Evanston, Ill.) program. The
linear plots for determining the stability constants for these two ions are
shown in Figures 47-48, and the results from these plots along with the
nonlinear regression results are tabulated in Table IX. It can be seen that
Cd2+ and Pb2+ can form both 1:1 and 1:2 complexes with acetic acid and

the numerical values obtained from both methods of determinations are in

good agreement. Pb2+ appears to have relatively similar Kq and K3
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Figure 47. The linear plot from equation 64 for the calculation of the

stability constants in the presence of 0.01M CdClp, where x=(2—22?—[1';‘—1 and

y____L__
(f-D[A]
given, where RA2 represents the correlation coefficient for the fit.

The equation of the line from the least square fit is also
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Figure 48. The linear plot from equation 64 for the calculation of the

stability constants in the presence of 0.01M PbCly, where x=(2—22—2[{;‘—-] and

il ) ) )
=———— . The equation of the line from the least square fit is also
YTE-DIAT] i a

given, where RA2 represents the correlation coefficient for the fit.
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Least square fit Non-linear regression
Metal ion K1 Ko K1 K>
Cadmium 13 323 1314 328+114
Lead 129 77 121+12 79+11

Table IX. The stability constants of acetic acid , K1 and K9 in units 1/M,
with 0.01M CdCly and PbCly calculated by the least square linear fit and

nonlinear regression.
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values, whereas, K7 values are much larger than K values for Cd2+.
Therefore, it is likely that there is an equal probability of having both 1:1
and 1:2 complexes for Pb2+, whereas, Cd2* tends to form mostly 1:2
complexes with carboxylates. The stability constants at 0.001M
concentrations of cadmium and lead ions and for barium ions at all
concentrations could not be calculated due to the absence of a discernible
shift in the titration curves. At 0.1M cadmium concentration, stability
constants could not be calculated since the metal ion concentration was
much higher than the acid concentration, i.e. there was not enough ligand

present to bond with the metal.

Measurements of Rheological Properties

The spatial capillary wave vector, k, and the spatial capillary wave
damping coefficient, B, obtained from the ECWD measurements were used
in the Lucassen-Reynders dispersion equation (equation 26) to calculate
longitudinal surface elasticity, €], and longitudinal surface viscosity, k, of
stearic acid monolayers under a variety of experimental conditions. The
basic assumptions for these calculations are that the transverse viscosity,
KMy, is negligible and that y*=y. The first assumption has been shown to
be valid from surface light scattering studies of small amphiphiles and
polymers (Chen, 1986). The second assumption, in this case, may result in
some uncertainty since Y could not be measured simultaneously in these
experiments, and y values for a given area were taken from the II-A
measurements and used in the dispersion equation. The error associated

with the uncertainty in Y in estimating the viscoelastic parameters from the
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dispersion equation affects the calculation of k¥ more drastically than g.

For example, varying the static surface tension by 5 dyn/cm changes €] by
1 dyn/cm, whereas, it can change k as much as two orders of magnitude.

The ECWD data are presented in terms of plots of €], k, and viscous

loss modulus, wk, all as a function of frequency. €] and wx have the same

dimensions and allow comparisons between elastic and viscous
contributions to the overall surface modulus (see equation 27). The error
bars in the plots represent the standard deviations from the mean of at least
three independent measurements.

Preliminary studies were done with stearic acid at pH 2.0 to determine
the viscoelastic parameters at different surface concentrations (areas per
molecule). Figures 49-51 show €], X, and wx values at 20.0A2/molecule
and 20.5A2/molecule, and indicate that there are no significant differences
in the rheological parameters for monolayers at these two areas. This is in
good agreement with 8A and AV measurements that also reach a constant
value at areas <24A2/molecule, thus allowing the comparison of the ECWD
results with these other techniques. Also, it can be seen that both €] and
wx are essentially frequency independent. In physical terms, this means
that the time scale for the molecular motion and relaxation at these two
areas is much faster than the time scale covered in the range of the
frequencies studied, i.e. 100 to 5000Hz. A more detailed discussion and
analysis of the frequency dependence of the viscoelastic parameters is

given later in this section.
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Figure 49. Surface elasticity vs. frequency for stearic acid in the presence
of 0.01M HCI at pH 2.0 and different areas occupied per molecule.
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Figure 50. Surface viscosity vs. frequency for stearic acid in the presence

of 0.01M HClI at pH 2.0 and different areas occupied per molecule.
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Figure 51. Viscous loss modulus vs. frequency for stearic acid in the
presence of 0.01M HCI at pH 2.0 and different areas occupied per
molecule.
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The Effect of pH

€], X, and wx for stearic acid at 20.5A2/molecule from 0.01M HCI at
pPH 2.0 to 0.01M NacCl at pH 6.0 are shown in Figures 52-54. It can be
seen that as the pH is increased from 2.0 to 6.0; €], x, and wx appear to
slightly decrease. This decrease in each case can be attributed to the
change in the degree of the ionization of the monolayer from one that is
completely unionized at pH 2.0 to one that is partially ionized at pH 6.0.
Again it can be seen that both €] and wx are frequency independent.
The Effect of Divalent Cations

The introduction of 1mM salts of alkaline earth ions at pH 6.0 slightly

increases the overall magnitude of e, x, and wx (Figures 55-57).
Moreover, €] exhibits slightly higher values with an increase in frequency,
whereas, ok is frequency independent. The presence of Co2+ results in
exactly the same changes in €], x, and wk as those seen with alkaline earth
ions (Figures 58-60). However, The presence of Cd2+ results in slightly
higher €] values than those in the presence of alkaline earth ions and Co2+
and lower K values than those obtained with all other ions including Na*.
Similar to alkaline earth ions, €] for Cd2+ and Co2* is slightly frequency
dependent and wx is frequency independent.

In the presence of Pb2* the stearic acid monolayer exhibits much

higher values for €], k, and wx than those obtained with all other ions
including Na* (Figures 61-63). Here, g] is clearly frequency dependent

and wx is frequency independent.
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Figure 52. Surface elasticity vs. frequency for stearic acid in the presence
of 0.01M HCl at pH 2.0 and 0.01M NaCl at pH 6.0 at 20.5A2/molecule.
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Figure 53. Surface viscosity vs. frequency for stearic acid in the presence
of 0.01M HCI at pH 2.0 and 0.01M NaCl at pH 6.0 at 20.5A2/molecule.
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Figure 54. Viscous loss modulus vs. frequency for stearic acid in the
presence of 0.01M HCI at pH 2.0 and 0.01M NaCl at pH 6.0 at
20.5A2/molecule.
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Figure 55. Surface elasticity vs. frequency for stearic acid in the presence
of 1mM of chloride salts of magnesium, calcium, and barium relative to
that of 0.01M sodium chloride at pH 6.0 and u=0.01M.
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Figure 56. Surface viscosity vs. frequency for stearic acid in the presence
of 1mM of chloride salts of magnesium, calcium, and barium relative to
that of 0.01M sodium chloride at pH 6.0 and p=0.01M.
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Figure 57. Viscous loss modulus vs. frequency for stearic acid in the
presence of 1ImM of chloride salts of magnesium, calcium, and barium
relative to that of 0.01M sodium chloride at pH 6.0 and u=0.01M.
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Figure 58. Surface elasticity vs. frequency for stearic acid in the presence
of 1mM of chloride salts of cobalt and cadmium relative to that of 0.01M
sodium chloride at pH 6.0 and p=0.01M.
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Figure 59. Surface viscosity vs. frequency for stearic acid in the presence
of 1mM of chloride salts of cobalt and cadmium relative to that of 0.01M
sodium chloride at pH 6.0 and pu=0.01M.
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Figure 60. Viscous loss modulus vs. frequency for stearic acid in the
presence of 1mM of chloride salts of cobalt and cadmium relative to that of
0.01M sodium chloride at pH 6.0 and pu=0.01M.
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Figure 61. Surface elasticity vs. frequency for stearic acid in the presence
of ImM salts of all divalent ions realtive to that of 0.01M NaCl at pH 6.0

and u=0.01M.
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Figure 62. Surface viscosity vs. frequency for stearic acid in the presence

of 1mM salts of all divalent ions realtive to that of 0.01M NaCl at pH 6.0
and u=0.01M.
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Figure 63. Viscous loss modulus vs. frequency for stearic acid in the

presence of 1mM salts of all divalent ions realtive to that of 0.01M NaCl at
pH 6.0 and p=0.01M.
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PH dependence in the Presence of Pb2+

The pH dependence of €], k, and wk in the presence of Pb2+ is shown

in Figures 64-66. It can be seen that the monolayer exhibits much higher

values for €], k, and wx at pH 4.0 to 6.0 than those obtained at pH 3.0.
Moreover, there appears to be a trend; as the pH of the subphase solution
is lowered from 6.0 to 3.0, €], x, and wk also decrease. In the pH range
4.0 to 6.0, g is frequency dependent, whereas, wx is frequency
independent. At pH 3.0, both €] and wk are frequency independent and
similar to those in the presence of Na* at pH 2.0.
The Dependence of € and wk on frequency
In principle, €] and @k can be defined as two dimensional analogues
of three dimensional storage, G'(®), and loss, G"(®), moduli (equations
28 and 29). Since there are no molecular theories for the description of
viscoelastic properties of spread monolayers, such as those for polymer
solutions, simple linear viscoelastic models generally are considered in an
attempt to interpret and understand the rheological results. The basic
models for linear viscoelasticity are the Maxwell model with a single
relaxation time and the Voigt model having one retardation time. A
complete summary for the derivation of the viscoelastic functions exhibited
by these models are given by Ferry (Ferry, 1970).
The Maxwell element is comprised of a spring and a dashpot

connected in series, where the time required for stress relaxation,

(relaxation time, tj), is defined as the ratio of the shear rigidity of the
spring, Gj, and the viscosity of the dashpot, m;. In this model G'(®) and

G"(w) are functions of the frequency, reflecting relaxation processes for
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Figure 64. Surface elasticity vs. frequency for stearic acid in the presence
of 1mM of lead chloride at various pH values and p=0.01M.
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Figure 65. Surface viscosity vs. frequency for stearic acid in the presence
of 1mM of lead chloride at various pH values and u=0.01M.
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Figure 66. Viscous loss modulus vs.frequency for stearic acid in the
presence of 1mM of lead chloride at various pH values and u=0.01M.
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the Maxwell element. They are given as (Ferry, 1970)

G'(0)=Gjm21;2/(1+w21;2) (66)
G"(w)=Gjo1i/(1+wT;) (67)

In principle then in the Maxwell element, G'(®w) should vary with ®2
whereas G"(w) should linearly increase with frequency.

The Voigt element is comprised of a spring and a dashpot connected
in parallel. The retardation time, tj, is defined as "the time required for
the extension of the spring to its equilibrium length while retarded by the

dashpot" (Ferry, 1970). In this model G'(w) and G"(w) are given as

G'(0)=Gj (68)
G"(w)=GjmrT; (69)

In the Voigt element, G'(w) is constant and independent of the frequency
whereas G"(w) should linearly increase with frequency.

The values for €] and wx in the presence of NaCl at different pH
values appear to be constant and frequency independent. According to
Maxwell and Voigt models this is possible in the limits of very large and
very small relaxation or retardation times. Frequency independence due to
small relaxation or retardation times is the most likely reason since the
process of diffusion and reorientation of the molecules at the interface is
extremely fast (Lucassen and Hansen, 1966). The viscosity of the monolayers
in all cases was found to be small, which makes the possibility of very
large relaxation or retardation times negligible. The presence of all the

divalent ions at pH 6.0, with the exception of Pb2+, resulted in a slight
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increase in g] with frequency while wx remained frequency independent.
This is in contrast to the Voigt model which predicts frequency
independence with €] and frequency dependence with wk. The results are
not consistent with the Maxwell model either since €] does not vary with
the second power of frequency and wx is frequency independent. Pb2+
which showed a significant change in €] with frequency does not satisfy
the Maxwell model either; €] varies with frequency to the power of 0.6 and
WK is again frequency independent. In summary, it can be seen that the
application of simple linear viscoelastic models to interpret the data does
not seem to be appropriate. The results are perhaps better analyzed by
more complicated linear or non-linear viscoelastic relationships to describe
the viscoelastic relationships for the monolayers spread at the air/water
interface.

Static Elasticity

Equation 32 was used to calculate the static elasticity, €gt, values for
different systems from the II-A isotherms of stearic acid. The isotherms
were fitted to a polynomial function using a nonlinear least square method

and the slopes of the curves were obtained by taking the derivative of the

polynomial function with respect to A. Table X lists the €gt values along
with those estimated from €] vs. frequency plots by extrapolating to zero
frequency, €0, for various systems. €0 in principle should be equivalent
to €g¢, since the latter represents the elasticity of the film at essentially
zero frequency. In the presence of Cd2+ and Pb2+, €gt cannot be

calculated since the isotherms are extremely condensed and have almost

infinite slope. For the other systems it can be seen that g5, and €0 values
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are quite different, the latter being as much as two orders of magnitude
lower. However, the trend with respect to change with pH and the effect
due to the presence of various ions appears to be the same.

The reason for the large discrepancy between these results is not clear
at this time. Previous measurements of dynamic elasticity of small
amphiphiles and polymers have been shown to be in good agreement with
static elasticity at low surface concentrations and low surface pressures
and to deviate at high surface concentrations and high surface pressures
(Lucassen and Hansen, 1966, Hard and Lofgren, 1976, Chen, 1986, Chen et al., 1986,
Sauer et al., 1986). For example, pentadecanoic acid at low concentrations,
40 to 50A2/molecule, shows very similar dynamic and static elasticities
(Chen, 1986). However, the dynamic elasticity became much larger than
static elasticity at higher surface concentrations from 40 to 31A2/molecule.
Studies at lower areas or higher concentrations were not carried out due to
the instability of the pentadecanoic acid monolayer. In a study of propyl
stearate monolayers, however, dynamic elasticity was shown to become
much smaller than static elasticity at high concentrations and surface
pressures (Hérd and Lofgren, 1976). Our data appears to be similar to these
results in terms of the discrepancy between the static and dynamic
elasticities. The reason for this discrepancy is not clear at this time. It
may be attributed to the inability of the Lucassen-Reynders dispersion
equation to describe the viscoelastic nature of this very closely packed
monolayer, wherein the monolayer may not behave as a fluid phase but
rather as a "condensed" solid like phase. This may also be due to possible

(albeit unlikely) structural changes in the monolayer with a characteristic
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time larger than 0.01 msec (100Hz), which might occur in the monolayer
in response to the monolayer compression in the I1-A measurements.

It is important to note that despite the discrepancy between the static
and dynamic elasticities, the surface viscosity, x, values in the limit of
zero frequency are within the raﬁge of the values reported by other
investigators for the shear viscosity, ng. These values are tabulated in
Table XI. Such a comparison appears to be reasonable since it is believed
that the contribution of shear component to x is more important than the

dilational component.
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Salt pH Area €5t (dyn/cm) el (dyn/cm)
NaCl 2.0 20.5 211 3.2
NaCl 2.0 20.0 259 3.2
NaCl 6.0 20.5 127 2.8
MgClyp 6.0 20.5 124 3.3
CaClyp 6.0 20.5 195 3.3
BaCljp 6.0 20.5 221 3.3
CoCly 6.0 205 191 3.3
CdClyp 6.0 20.5 - 3.7
PbCl,p 6.0 20.5 - ~8
PbCly 5.0 20.5 - ~7
PbCl,p 4.0 20.5 - ~5
PbCly 3.0 20.5 142 3.3

Table X. €g; and €0 in the presence of various metal ions at different pH

values.
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Compound surface viscosity Experimental conditions Reference

Stearic acid =0.002 s.p. ECWD, 0.01M HCI This Work
20A2/moleculc,
[1=20.5dyn.cm
T=25+0.1°C

Stearic acid 0.004-0.005 s.p. Torsion pendulum oscillation Boyd and
0.01M HC1 Harkins,
[1=15-20 dyn/cm 1940
Room Temperature

Stearic acid 0.0008-0.001 s.p. Canal Viscometer Jarvis, 1965
0.01M, H;S04
I1=15-20 dyn/cm
T=20%0.2°C

Stearic acid 0.0002 s.p. Torsion pendulum oscillation Enever and
30A2/molecule Pilpel, 1967
Triple distilled water
T=25°C, pH=5.2

Stearic acid <0.0005 s.p. Canal Viscometer Neuman,
[1=31dyn/cm 1975
0.0001M CaCl,
pH=6.0

Arachidic acid =0.008 s.p. Resonance Rheometry Buhaenko et
Water, pH =5.6 al., 1988
T=22°C

Table X. The surface shear viscosity, Mg, values measured by different
experimental methods in comparison to x from ECWD. s.p. is surface

poise, g/sec.



147

DISCUSSION

Surface Pressure, Surface Potential, and Surface Ellipsometry

The results of this study indicate that significant qualitative and
quantitative differences exist in the manner in which divalent cations affect
fatty acid monolayers under identical conditions of pH, ionic strength,
temperature, and divalent ion concentration. Surface pressure studies have
confirmed the known tendency of these ions to condense partially ionized
fatty acid monolayers; for all ions except Pb2t the critical pH range
appears to be between 5.0 to 6.0. Pb2%, however, affects the monolayer
starting at pH 4.0. Using an intrinsic pK, of 5.4 for stearic acid and the
Guoy-Chapman model for the electrical double layer leads to rough
estimates of 5% dissociation in the absence of divalent ions and as much
as 25% in their presence at 20A2/molecule and pH 6.0 (Figure 24).
However, Pb2+ clearly appears to interact with the monolayer to produce
changes at even lower pH values than might be expected theoretically.
Moreover, Pb2t and Cd2+, under all conditions, are much more effective
than other cations studied in condensing the monolayer.

The changes in the surface potential at 20A2/molecule and pH 6.0,
due to the presence of divalent cations, and particularly the differences in
the direction of change seen with Pb2*, Cd2+, and Co2+, relative to that
with Mg2+, Ca2*, and Ba2*, provide a basis for probing the underlying
mechanisms involved and the various models proposed. In Figure 34, it
can be seen that the effect of each divalent cation on AV is concentration

dependent up to a limiting concentration. Thus, it can be assumed that
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these changes in AV are reflecting some cation dependent type of
interaction with the fatty acid. Most significant is the fact that Pb2+,
Cd?*, and Co2*, in that order, cause AV to become more negative,
whereas Mg2+, Ca2t, and Ba2*, in that order, cause AV to become more
positive. In both cases the effects within each group, i.e. more positive or
negative, follow the order of expected degree of hydration, and in the case
of Pb2*, Cd2+, and Co2Z*, the order of covalent complexing tendencies.
Thus it can be concluded that the differences in direction of change
between these two groups is most likely reflecting a major difference in
the underlying mechanisms of how divalent cations interact with fatty acid
monolayers.

It is generally believed that the measured value of AV obtained with
spread monolayers is proportional to an overall effective surface dipole
moment, |, associated with the water-air-monolayer interface (Schulman and
Hughes, 1932, Demchak and Fort, 1974). For this discussion it is prefered to
simply divide p into two parts, pg and p®, as suggested by Vogel and
Mobius (Vogel and Mobius, 1988), (See Introduction). For closely packed
monolayers of fatty acids, u® has been estimated to be +0.35D (Vogel and
Mobius, 1988).

In the present case, we may assume to a first approximation that
monolayers closely packed at 20A2/molecule undergo changes in AV under
various conditions primarily because of an effect on pg, with p®
remaining essentially constant. For example, the decrease in AV noted
going from pH 2.0 to 6.0 with stearic and arachidic acids at

20A2/molecule (Table I) would appear to primarily reflect the increasing



149
ionization of the carboxyl group (Betts and Pethica, 1956). The surface
potential changes brought about by divalent cations may be attributed to at
least two major changes taking place in the polar region; screening of
negative charges and direct covalent interaction with the carboxyl group.
The small, but significant, increases noted for AV at pH 6.0 with Ba2+,
and Ca2* are consistent with the tendency of alkaline earth metals to
screen the charges of carboxylate ions in solution (Kohn, 1987, Cesaro et al.,
1988); while the order of effect Ba2*+>Ca2+>Mg2+ is consistent with the
degree of ion hydration (Pashely and Israclachvili, 1984). The order of change
in AV to give increasingly lower values, Pb2+>Cd2+>Co2*, also follows
inversely with the degree of ion hydration. However, this order of effect
is also directly proportional to the ability of these ions to covalently
complex with carboxylate ions (Kohn, 1987, Campbell and Tessier, 1987, Cesaro
et al,, 1988). Exactly why the values of AV should assume increasingly
smaller values of AV with increasing amounts of Pb2+, Cd2+, or Co2+
interaction with the carboxylate group is not easily proven because the
various effects on the polar groups are hard to uncouple For example, it
can be expected that the major effect of direct covalent binding of these
cations would cause a shift in the electronic distribution of the polar
group. However, such an effect cannot be uncoupled from those possibly
due to the ordering of surrounding water dipoles or to changes in the
degree of ionization of the monolayer. Indeed the fact that Pb2+ appears
to be effective in altering the properties of the monolayer at pH values as

low as 4.0, indicates that it simply may be lowering the effective pKj, of

the carboxylic acid group through its covalent interaction. This would be
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consistent with the findings of Kobayashi et al., 1988, with fatty acid LB
films, where 100% of carboxylic acid groups were shown to have
interacted with Pb2+ at pH 4.0, with Cd2* at pH 6.5, and with Ba2+ at pH
8.5. Hence Pb2+ and Cd2?*,in effect, appear to be able to alter the
ionization of the carboxylate group through specific interactions, while
Ba2* and presumably other alkaline earth metal ions cannot.

In this context, it is interesting to consider the results of the
experiments which were designed to see if any effects on AV could be
caused by simply changing the metal ion counter-ion, as shown in Table
ITI. Some type of effect on AV might be expected if the counter-ion had a
tendency to complex with divalent cation either in the solution or at the
interface. For example, adding an excess amount of anions which complex
with the divalent cations in solution could reduce the available free cation
for interaction with the carboxyl group and thus cause the value of AV to
become more positive, while a tendency to complex at the interface might
strengthen the interaction and cause AV to become more negative. Our
results appear to be consistent with the first possibility, since two ions,
iodide and thiocyanate, both with strong complexing tendencies with Pb2+
and Cd2* in aqueous solution (Sillen, 1971, Hogfeldt, 1982) caused an increase
in AV. On the other hand, those anions which have no tendency to
complex with Ba2+ (Sillen, 1971, Hogfeldt, 1982), correspondingly appear to
produce no change in AV. This, therefore, seems to support the model
wherein ions like Pb2+, Cd2+, and Co2* interact directly with the fatty
acid in a fairly specific manner, rather than just nonspecifically screening

electrostatic charges, as in the case of Ba2+, Ca2*, and Mg2+. Such
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nonspecific electrostatic interactions also are inferred by the results with
polyamines such as spermine and spermidine, which like alkaline earth
ions, slightly condense the monolayer at pH 6.0 but do not appear to
change the electrical properties of the monolayer as measured by surface
potential. It appears that the presence of more than one charge on a cation
does not necessarily result in significant condensation and closer packing
of the monolayer. Rather, more specific interactions for such effects are
needed.

Similarly to surface pressure and surface potential measurements,
surface ellipsometric studies showed that Pb2+ and Cd2* have the most
significant effects on surface properties of the fatty acid monolayers. In
particular, Pb2* appears to have a significant effect on the fatty acid
monolayers at unusually low concentrations and low pH values. The
results obtained here are another manifestation of the anomalous
characteristics of Pb2+ which appear to lower the effective pK, of the
carboxylic acid group through perhaps strong covalent or complex
interactions in order to be effective at these concentrations and pH values.
In Table XII the number of Pb2* ions in the subphase solution relative to
the number of fatty acid molecules spread at the air/water interface for a
typical experiment are tabulated. It can be seen that at 0.00125mM where
the effect of Pb2* on 8A and the II-A isotherms starts to diminish (Figure
38) the number of Pb2+ ions in the bulk is almost equivalent to the number
of fatty acid molecules at the surface. Thus, although the monolayer is
only partially ionized and not all the lead ions are at the surface, the lead

ions are able to exert some condensing effect. At the lowest concentration
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(0.000025mM) where the number of Pb2+ in the bulk is about two orders
of magnitude lower than the number of fatty acids in the monolayer, there
appears to be no effect on 8A whereas the II-A isotherm still is very
slightly condensed. Thus, lead ions have a high affinity for fatty acids
and this interaction appears to be a very strong and specific one. A

comparison of the effect of Pb2* concentration on 8A and AV is shown in

_Eienre A7 _The _concentration. gt suhich the lezd jonc_start tn ayart soma

affaur air dudt ot and® &V varuey 1y rougnily e same. Noreover, 64 and’
AV values appear to reach some level of saturation at roughly the same
concentration.

Based on surface potential measurements some anionic counter-ions,
i.e. iodide and thiocyanate, were shown to have an effect on the
interaction of divalent ions with the carboxylic acid perhaps by complexing
with them in solution and effectively reducing their concentration at the
surface. However, from the surface ellipsometric studies, these counter-
ions appear to have no major detectable effects on 8A values in the
presence of the divalent cations studied. This may simply be due to the
insensitivity of 3A to any changes in the ionic composition at the surface
that may occur due to complexation of divalent cations with counter-ions
in the bulk. For example, looking at Table III and Figure 67, it can be
seen that in the presence of Pb2* changing the counter-ion from CI- to
SCN- increased AV by 40mV. This is equivalent to a change in AV caused
by a change in the concentration of PbCly in the subphase solution from
1.0 to 0.01mM. BA, on the other hand, only changes from 1.25+0.03° to

1.15%£0.11° over the same concentration range. This can explain the lack
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Concentration Number of Pb2+ ratio of
of PbClp in the subphase stearic acid
(mM) to Pb2+
0.000025 7.525x1015 0.05
0.0005 1.505x1017 0.91
0.00125 3.763x1017 2.27
0.0025 7.525x1017 4.53
0.005 1.505x1018 9.10
0.1 3.010x101° 181.3
1.0 3.010x1020 1813
Table XII. Number of Pb2+ ions in subphase at different

concentrations relative to number of stearic acid molecules (1.660x1017)

spread at 20A2/molecule.
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Figure 67. Lead concentration dependence of 8A and AV, at pH 6.0 and
u=0.01M. Error bars represent 95% confidence limit intervals as
calculated from Student's t-distribution.
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of sensitivity of ellipsometry to changes caused by the anionic counter-
ions.

A central issue associated with divalent cation effects on fatty acid LB
films, and monolayers at the air/water interface,in general, is whether or
not a 1:1 relationship exists between each carboxylic acid group within a
layer and ions like Pb2* and Cd2*, as opposed to a more nonspecific 1:2
relationship with alkaline earth ions (Vogel et al., 1979b, 1980, Outka et al,
1987). For monolayers and multilayers transferred to solid substrates there
is good direct evidence to support this model (Vogel et al., 1979b, 1980, Outka
et al, 1987). For monolayers at the air/water interface no such direct
evidence exists, but there certainly appears to be good evidence from this
study that the major differences which exist between these ions are
consistent with such a model. The much greater degree of condensation
for Pb2+ and Cd2* and the very significant change in AV and 8A at low
Pb2+ concentrations, for example, suggest a much tighter packing within
the monolayer that could be facilitated by having each fatty acid associated
with one Pb2t or Cd2+. Indeed, the titration of acetic acid with sodium
hydroxide in the presence of Pb2* and Cd2* yields stability constants for
the formation of 1:1 and 1:2 complexes between these ions and acetate
ions, whereas for alkaline earth ions such as Ba2* no such complexes
occur. Moreover, the magnitude of the stability constants for lead ions are
about the same for both 1:1 and 1:2 complexes, whereas cadmium ions
show a greater stability constant for the 1:2 complex than the 1:1
complex(Table IX). This could explain the greater effect of Pb2+ on AV

and 8A at lower concentrations and lower pH values. Whether the
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counter-ion effects noted in AV are in any way reflecting the process of
complex formation, at the present, is not clear, and certainly more direct
observations of other monolayer properties will be necessary to test these

ideas further.

Rheological Measurements

As was described in the Introduction, the control of the rheological
properties of the monolayers at the air/water interface, namely surface
elasticity, €], and surface viscosity, k, appears to be important in
transferring the monolayer to form LB films. At a constant surface
pressure during such a transfer, the monolayer will experience
deformations due to both tangential shearing and compressional stresses
along with deformations caused by drainage of water from the monolayer.
In the monolayer state, however, the most significant stress the monolayer
experiences is the shear stress. For example, measurements of the shear
viscosity along with dilational elasticity have shown that when viscosity
becomes too high relative to elasticity the monolayer cannot be deposited
effectively because of a lack of sufficient rate of stress relaxation.
Similarly, when the elasticity becomes too high relative to viscosity, the
monolayer becomes rigid and brittle leading to "cracks on insertion"
during the transfer process (Buhaenko et al., 1985). In this context, it

appears that an effective transfer process requires contributions from both

€] and k. The presence of those divalent ions which increase the overall

contribution of both €] and x to the overall viscoelastic modulus, €*, (see
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equation 27) should, in principle, result in more effective deposition of LB
films.

The viscoelastic properties of the monolayers in the presence of
various metal ions are best compared in terms of loss tangent, -tand,
values. Tand is a measure of viscous (wk) to elastic (€]) contribution to
the overall viscoelastic modulus of the monolayer (see equation 31). The
calculated values of tand in the presence of sodium and alkaline earth ions
at pH 6.0 are listed in Table XIII and plotted in Figure 68. It can be seen
that the presence of all the alkaline earth ions slightly increased tand over
that due to sodium ions. The & values, which can be used to categorize the
overall viscoelastic behaviour of the monolayer (See Introduction), in the
presence of alkaline earth ions are calculated to be =30° relative to =15-
20° in the presence of sodium ions. Thus, it appears that the monolayer
in the presence of alkaline earth ions becomes slightly more viscoelastic in
nature. The calculated values of tand in the presence of Na*, CoZ2*,
Cd2+, and Pb2* at pH 6.0 are plotted against the frequency in Figure 69
and listed in Table XIV. The presence of Pb2+ significantly increased
tand while a significant decrease occurred in the presence of Cd2*. The
increase in tand in the presence of Co2* was similar to that due to alkaline
earth ions. The & values in the presence of Pb2¥, Co2*, and Cd2?* are
calculated to be =50-60°, =30°, and =10°, respectively. Hence, the
monolayer can be classified as being very viscoelastic in the presence of
Pb2t to being somewhat elastic in the presence of Cd2+. The significant
change in the presence of Pb2+ appears to be pH dependent as is shown in

Figure 70 and listed in Table XV. Here tand values at pH 4.0 to 6.0 are
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Figure 68. Loss tangent vs. frequency for for stearic acid in the presence
of sodium and alkaline earth ions at pH 6.0 and u=0.01M.
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Frequency Loss tangent
(Hz)
Sodium Magnesium Calcium Barium

200 0.42+0.04 0.60+0.01 0.60%+0.00 0.64%0.01
300 0.43%+0.03 0.57%+0.01 0.57+0.00 0.59+0.02
400 0.46%x0.05 0.61+0.04 0.56x0.00 0.61+0.01
500 0.37+0.02 0.56x0.01 0.53+0.00 0.59+0.02
700 0.33+0.03 0.54%£0.01 0.51+0.00 0.57+0.02
1000 0.38%+0.03 0.51+£0.02 0.47+0.00 0.56+0.02
1500 0.32+0.05 0.58+0.03 0.49+0.00 0.52+0.01
2000 0.41+0.10 0.47£0.03 0.52+0.00 0.51£0.02
2500 0.27£0.06 0.48%+0.01 0.48%+0.00 0.49+0.02
3000 0.28%+0.12 0.49+0.03 0.46%x0.00 0.51+0.02
3500 0.23+0.01 0.47+0.03 0.46%x0.00 0.47+0.01
4000 0.19+0.06 0.58+0.04 0.48%+0.00 0.47+0.01
4500 0.21+0.01 0.42%+0.01 0.51+0.00 0.42+£0.02
5000 0.16+0.01 0.45+0.02 0.47+0.00 0.47£0.03

Table XIII. Loss tangent values as a function of frequency for stearic acid
in the presence of sodium and alkaline earth ions at pH 6.0 and u=0.01M.
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Figure 69. Loss tangent vs. frequency for for stearic acid in the presence
of Na*t, Co2+, Cd2+, and Pb2* at pH 6.0 and p=0.01M.
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Frequency Loss tangent
(Hz)
Sodium Cobalt Cadmium Lead

200 0.42+0.04 0.64+0.00 0.18+.077 1.46%+0.11
300 0.43+0.03 0.63+0.01 0.11+£0.38 1.54+0.16
400 0.46+0.05 0.62+0.00 0.10+0.27 0.51+0.01
500 0.37+0.02 0.61%+0.01 0.08+0.18 1.13+0.05
700 0.33+0.03 0.56%0.05 0.07+0.12 1.19£0.06
1000 0.38+0.03 0.57+0.01 0.10+0.16 1.05+£0.06
1500 0.32+0.05 0.61£0.02 0.23+0.38 1.05+£0.08
2000 0.41+£0.10 0.56+0.01 0.09+0.13 1.03£0.08
2500 0.27%£0.06 0.55%0.02 0.14+0.18 0.70£0.02
3000 0.28+0.12 0.55+0.01 0.23+0.32 0.81+0.03
3500 0.2310.01 0.51%£0.01 0.21+0.30 0.67%£0.01
4000 0.19+0.06 0.53+£0.02 0.23+£0.32 0.57+0.01
4500 0.21+0.01 0.50%+0.02 0.26+0.36 1.40+0.06
5000 0.16+0.01 0.50%+0.02 0.32+0.47 0.2710.01

Table XIV. Loss tangent values as a function of frequency for stearic acid

in the presence of Nat, Co2+, Cd2+, and Pb2+ at pH 6.0 and p=0.01M.
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Figure 70. Loss tangent vs. frequency for stearic acid in the presence of

1mM PbClp, p=0.01M, at various pH values.



163

Frequency Loss tangent
(Hz)
pH 6.0 pH 5.0 pH 4.0 pH 3.0

200 1.46%0.11 2.42%0.69 1.49+0.19 0.51%+0.05
300 1.54%0.16 1.48%0.15 1.37+0.14 0.49+0.05
400 0.51+0.01 1.42+0.18 1.41+0.12 0.46+0.05
500 1.13%0.05 1.66+0.14 1.28+0.09 0.43%+0.05
700 1.19%£0.06 1.16%0.05 1.14%0.06 0.42%+0.06
1000 1.05%20.06 1.03+£0.04 1.00£0.04 0.41+£0.06
1500 1.05+0.08 1.64%0.17 0.96+0.03 0.42+0.09
2000 1.03+0.08 0.85+0.03 0.78+0.01 0.37£0.08
2500 0.70£0.02 0.77+0.03 0.78%0.01 0.34%0.07
3000 0.81£0.03 0.86+0.03 0.79£0.01 0.35+0.07
3500 0.67+0.01 0.96+0.02 0.69+0.01 0.40£0.10
4000 0.57+0.01 0.71+£0.02 0.79+0.02 0.39+0.11
4500 1.40%0.06 0.94£0.03 0.64%0.01 0.42+0.13
5000 0.27%£0.01 0.84+0.02 0.76+0.01 0.41+0.13

Table XV. Loss tangent values as a function of frequency for stearic acid

in the presence of ImM PbCly, p=0.01M, at various pH values.
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strikingly similar and significantly higher than those at pH 3.0, the latter
being similar to the values at pH 2.0 in the presence of sodium ions. 3§
values at pH 4.0 to 6.0 are =40-60° and at pH 3.0 are =20-30°. The
order of diminished effect of lead ions in terms of altering €], x, wk, and
tand with change in the pH of the subphase solution, follow exactly the
same order of effect as was observed in IT1, 8A and to some extent AV
(Figures 12, 34, and Tables IV, XV). Moreover, despite the uncertainties
of ] relative to €g;, Pb2+ clearly has the most dramatic effects on the
viscoelastic parameters relative to the rest of the ions.

The very low surface viscosify values observed for Cd2t are
somewhat surprising since the earlier results had shown the effects of this
ion to be intermediate between Pb2* and the other divalent cations. This
appears to be a particularly interesting observation since the surface
elasticity values for Cd2* are still intermediate between Pb2+ and the other
divalent cations. Clearly, Cd2* can produce a fairly elastic monolayer that
has an unusually short relaxation time, while the extreme effectiveness of
Pb2+ in forming condensed monolayers leads to a highly elastic monolayer
with significantly longer relaxation times. Two questions arise from this
observation: 1) why does Cd2* produce such low surface viscosities while
enhancing surface elasticities, whereas Pb2+ exhibits marked increases in
both surface elasticity and surface viscosity, and 2) is this lower viscosity
with higher elasticity important in establishing Cd2+ as a promoter of
optimal fatty acid LB film formation? In essence, is the key to LB film
formation the need to have a critical level of elasticity along with a

sufficiently short relaxation time to overcome mechanical stresses?
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With regard to the first question, it has been shown that fatty acid LB
films formed from aqueous subphases in the presence of these ions at pH
6.0 are 100% associatted with Pb2* and only about 75% with Cd2+
(Kobayashi et al., 1988). Therefore, with Cd2+* in the monolayer state,
likewise, some significant proportion of the fatty acids may still exist in
the unionized state, whereas in the presence of Pb2+ the fatty acids are
completely ionized and associated with Pb2*. Thus with Cd2+ very close
packing may occur so as to produce higher surface elasticity, but the
mixture of unionized and salt forms of the fatty acid may provide the
means for more rapid realignment of the molecules when the monolayer is
stressed.

To answer the second question it will be necessary to directly
compare stearic acid LB films prepared under these conditions using Pb2+
and Cd2*, and to see whether the overall order and perfection of such
films is greater with Cd2+* than with Pb2+ because of the differences in the

surface viscosity.
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CONCLUSIONS

1. The effect of various metal ions with stearic and arachidic acid
monolayers at various pH values and concentrations of divalent metal ions
were studied using surface pressure, surface potential and surface
ellipsometric measurements. In the range of pH 5.0 to 6.0 the extent of
ionization of the fatty acids studied was sufficient for all the divalent
cations to interact with the fatty acid and to alter its monolayer properties
significantly. Such effects due to Pb2*+ and Cd2?* were found to be
distinctly different than the other divalent ions, depending on the
concentration and the pH of the subphase solution. In particular, whereas
with other divalent ions effects occur between pH 5.0 and 6.0, effects
with Pb2+ were noted at pH values as low as 4.0 and at concentrations as
low as 0.0005mM where the stoichiometry of the interaction approaches

1:1 between the fatty acid and lead ions.

2. Alkaline earth metals; magnesium, calcium, and barium, appear to
interact with fatty acids electrostatically by screening the negative charges,
as demonstrated by an increase in the surface potential as the concentration
of these ions in the subphase is increased. Cadmium, cobalt, and_ lead
ions significantly decrease surface potential and appear to interact more
strongly via covalent bonding. Changing the type of anion present and
possibly causing complexes to form with Pb2+ and Cd2+ appears to reduce

- the interaction between these ions and the fatty acid monolayer, as
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demonstrated by a positive shift in the surface potential. In contrast, in

the presence of alkaline earth metal ions no counter ion effects were noted.

3. Surface ellipsometric experiments were sensitive in determining the
extent and the specificity of fatty acid-divalent ion interactions as a
function of pH and concentration. These measurement correlate strongly
with the surface potential measurements with regard to divalent ion

effects.

4. The much greater degree of condensation of the monolayer in the
presence of Pb2t and Cd2* relative to other divalent ions and the very
significant changes in 8A and AV at very low Pb2+ concentrations,
suggest a much tighter packing in the the monolayer where a 1:1
stoichiometry, rather than 1:2, between these ions and fatty acids is
possible. The stability constants from the potentiometric titrations support
the 1:1 stoichiometry for Pb2+ and Cd2*. A more non-specific 1:2
relationship between the fatty acids and alkaline earth ions appears more

likely.

5. Electrocapillary wave diffraction measurements of stearic acid spread as
monolayer allowed estimation of the viscoelastic parameters in the
presence of various metal ions and at various pH values. Pb2* and Cd2*
were found to be significantly different than the other ions in altering the

viscoelastic properties of the monolayer. Whereas, Pb2* increased

substantially both surface elasticity, €], and surface viscosity, k, relative
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to Na*, Cd2* increased €] and decreased k. All the other divalent ions
slightly increased both € and k. Despite uncertainties of dynamic

elasticity, €], relative to static elasticity, €t Pb2t clearly has the most

dramatic effect on the viscoelastic parameters from pH 4.0 to 6.0. This is
in agreement with the effect of this ion at this pH range on the surface
properties measured with the other techniques. The measured values of ¥
with Cd2+ were most surprising and may have important implications for

the formation of stable LB films.

\
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