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' GENERAL INTRODUCTION

Molecular films, ordered thin organic films in a thickness range from a few nanometer
(a monolayer) to several hundred nanometers, show considerable technological promise. In
particular, a number of potential applications have been identified. These include nonlinear
and active optical devices [1,2], chemical, biochemical, and physical sensors [3-11],
~ packaging and insulating layers for integrated circuits [12-14], patternable materials both for
resists [15] and for information storage [16], surface modification (e.g., wetting [17] and
electrode properties [18]), and synthetic biomembranes [19]. In addition, structurally well
defined organic monolayers on solid surfaces also provide a rational approach to simplify and
model a large variety of interfacial phenomena such as adhesion [20,21], lubrication [22,23],
corrosion inhibition [24] and wetting [17]. Scientific studies of molecular interactions in
thin-film structures would lead to an understanding of the collective properties of ordered
arrays.. This has only recently been possible with organic films, which were characterized in
more detail by a number of the newer surface science techniques. For these reasons, the
physical, chemical, biological, and theoretical aspects of thin molecular films should be
studied and their potential as models assessed.

Organized molecular films can be produced by both Langmuir-Blodgett (LB) [25] and
self-assembly (SA) [26] techniques. The LB films are appealing for study because of the
facile manner in which a single monolayer or multilayers can be deposited. Such a capability
brings to desire application as organic superlattices created by the successive deposition of
alternating layers of different molecules. Whether these materials could even find use is
highly speculative at the present time, but they do serve as good model systems.
Unfortunately, these LB assemblies are often metastable [27] and, in addition, the
requirement of a compressed film at the air-water interface in the LB process severely limits

the molecular structures that can be used to form monolayers [25]. In contrast, SA, which



takes place in homogeneous solution under equilibrium conditions, offers possibilities for
avoiding some of these difficulties. Interest in SA monolayers has focussed on a number of
systems, including organosilanes on silicon/silicon dioxide [28-33], carboxylic acids on
metal oxides [34-38], and organosulfur compounds on gold [39-53] and other metals
[54,55].

Intermolecular ordering in mono- and multilayer assemblies on solid surfaces is being
probed in an effort to answer long-standing questions regarding the relationship between
intermolecular ordering and the macroscopic properties of the film. Structural information
will make it possible to separate the various free energy contributions driving these
structures, such as head/surface binding, head/head interactions, entropies and energies of
trans/gauche isomerization, and van der Waals interactions between neighboring tails. A
framework can thus be provided for design of the individual moieties in molecules as well as
the substrate to enhance particular cooperative properties of the assembly.

Attempts to fabricate new and complex molecular films with novel properties cannot
be done efficiently without significant advances in the present analytical capabilities. The
detailed structural characterization of subtle molecular features of thin organic films presents
new and challenging problems for the field of materials characterization. Because these are
organic materials, the methods must not involve any damaging interactions and yet must be
capable of determining subtle features such as conformation and orientation of functional
groups. The ability to analyze at different ;iepths in the film is also desirable. In contrast,
many of the very useful and sensitive tools for analysis of inorganic surfaces and thin films
are largely damaging, insensitive to the subtleties of organic structures, and involve high-
vacuum techniques. Development of in situ analytical techniques is greatly needed for film-
vapor and film-solution systems. Excellent examples can be found in biological systems

where measurements should be made directly in biological media (in vivo) rather than the



standard ultrahigh-vacuum conditions required by many surface analysis techniques. In
some cases, such as integrated microcircuit devices, it is also desirable to perform analyses
over very small surface regions having submicron dimensions. Few techniques are capable
of accomplishing this.

X-ray photoelectron spectroscopy (XPS) and infrared reflection spectroscopy (IRS)
are two spectroscopic techniques that have become standard- methods for characterizing
organic films and surfaces. While XPS analysis is restricted to vacuum conditions, it has the
advantage of seeing the outermost regions (top 1-100 A) of most solid surfaces for a number
of elements and in a variety of chemical bonding situations [56]. On the other hand, IRS
offers the potential for analysis of planar thin films on metal surfaces [57,58] and overlayers
under liquids [59], and recent experiments have shown the feasibility of monolayer studies
on non-metallic substrates such as carbon [60], silicon [61], and water [62]. An adjunct
technique is single-wavelength optical ellipsometry, which has been useful for measuring the
thickness of a thin film [63]. Other useful spectroscopic and diffraction techniques include
Raman spectroscopy [64,65], secondary ion mass spectrometry [66], extended X-ray
absorptioh fine structure [67], and second-harmonic ‘generation at 5 surface [68]. In general,
all spectroscopic and diffraction analyses give information which is averaged over regions
large compared to atomic scales. In contrast, scanning tunneling microscopy [69] and atomic
force microscopy [70] are techniques capable of atomic resolution at a specific sites. The
tunneling technique is limited to dielectric films with thickness in the 1.0-4.0 nm range
because anything much thicker than that would prevent tunneling.

One classic technique, contact angle measurement, has received considerable attention
in recent years [17]. Although the technique is only capable of yielding little detailed
information about surfaces, the high sensitivity of wetting to the microscopic composition

and structure of solid surfaces has proved invaluable for probing the character of solid-liquid



and solid-solid interfaces involving organic solids. The range of information obtained by
contact angle measurements can be increased by measuring contact angle as a function of the
pH of aqueous drops [71], by using probe liquids other than water [72], and by examining
both advancing and receding contact angles [73,74). Measurement of contact angles relies
heavily §n comparisons of measurements in similar systems rather than on interpretation of
absolute values obtained from only one system. Due to the lack of understanding of the
influence of the depth of functional groups beneath the surface to different probe liquids on

wetting, it is invaluable to understand the intermolecular forces acting at these interfaces.
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SILVER FILMS: DETERMINATION BY CONTACT
ANGLE TITRATION



Surface Isoelectric Point of Evaporated Silver Films:
Determination by Contact Angle Titration

Lai-Kwan Chau and Marc D. Porter

Department of Chemistry and Ames Laboratory - USDOE
Iowa State University

Anmes, Iowa 50011

ABSTRACT
The dependence of the contact angle on the pH of the probe liquid has been used to

examine the acid-base reactivity of the native oxide of evaporated silver films. The results

indicate that these films have a surface isoelectric point of ~10.4, which corresponds to a
basic oxide. Thermodynamic formulas are also derived to relate the change in contact angle

with the charge density of the surface.



INTRODUCTION

The acid-base properties of metal surfaces are important to a variety of technologically
significant processes, including heterogeneous catalysis [1], adhesion [2], ore floatation
[2,3], and corrosion inhibition [4]. Recently, the oxides at Al [5,6] and Ag [7,8] have been
used as reactive sites for the formation of organic monolayer films via the dissociative
chemisorption of carboxylic acid-functionalized compounds to form the carboxylate salts.
These monolayers are part of a class of unique surface phases which exhibit a well-defined
structure in contrast to the compositional and morphological heterogeneity of functionalized
polymeric materials, a characteristic that has led to their application as models for examining
~ the fundamental details of interfacial structure-reactivity relationships. Although the bonding
between the head group and substrate is recognized as playing an important role in the
formation of these structures, defining its significance relative to other factors (e.g., cohesive
interactions between neighboring tail groups) remains a complex and as yet unresolved issue.
Furthermore, delineating the significance of each factor will become increasingly important as
approaches to create novel interfacial properties via the formation of multi-component
monolayers by co-adsorption from solution are developed. '

We recently became interested in detailing the differences in the bond strengths of
monolayer formed from n-alkanoic acid and n-perfluorocarboxylic acids at evaporated silver
films [7,8]. Followiﬁg the relationships of Bolger [2], such strengths can be predicted from
the differences in the isoelectric point of the surfaces (IEPS) and the pKj (viz. -logKa, where
Ka is the acid dissociation constant) of the adsorbate precursor. To the best of our
knowledge, however, measurements of the IEPS of silver have not appeared. In view of the
importance of this information to ongoing efforts in this area, this paper reports on the
determination of the IEPS at silver by contact angle titration. To accompany these results, a

thermodynamic analysis is developed that relates the change in contact angle to the charge



density at the oxide surface. We also briefly comment on the general utility of this method,
which has been used extensively for determining the acidity of organic surfaces [9,10],

through comparisons with the more commonly used electrokinetic [3], potentiometric [11],

and indicator adsorption [12,13] methods.



EXPERIMENTAL

Silver films were prepared by resistive evaporation of a thin (10-20 nm) chromium
film followed by a thicker (250-350 nm) silver film onto polished 2 in. diameter single crystal
silicon wafers in a cryopumped E360A Edwards Coating System. The evaporation rates
were 0.2 and 3.0-4.0 nm/s for chromium and silver, respectively. The surfaces were
composed of about a monolayer of oxygen and small amounts of chlorine, sulfur, and
carbon, as indicated by Auger electron spectroscopy. Micrographs, which were obtained in
the laboratory ambient with a scanning tunneling microscope (Nanoscope II, Digital
Instruments Inc.), indicate that the silver surface consisted of “hills” approximately 10 nm
high, which were separated by about 60 nm. Such a topography corresponds to a roughness
factor of ~1.4

Contact angles were measured in the laboratory ambient using a goniometer (Rame-
Hart, Inc.). A drop of a fixed volume (~21L) was formed on the end of a syringe needle and
lowered into contact with the surface. As the needle was raised, the drop detached from the
tip and advanced across the surface. The contact angles were then measured within 30
seconds of detachment. Exposure of the silver films to the laboratory ambient was minimized
by performing the contact angle measurements immediately upon removal of the samples
from the evaporator. Adsorption of laboratory contaminents at this surface presents only a
minimal problem, provided that care is taken with cleanliness and that the measurements are
made as soon as possible after preparation of the surface. Contact angle measurements of the
oxides at more reactive metal surfaces such as copper, however, will likely necessitate the use
of a controlled environment chamber. Deionized water was used as the probe liquid and its

pH was adjusted with sodium hydroxide.
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RESULTS AND DISCUSSION

Most metal surfaces are composed of metal oxides. In the laboratory ambient, the
oxides at the surfaces hydrate to form a high density [2,14] of hydroxyl groups (1-5
hydroxy! group per 100 A2 of surface area). Empirically, such a surface can be represented
as MOpy(OH)y, where M is a metal. The surface hydroxyl groups adsorb water molecules
via hydrogen bonding interactions wherein the surface acts either as the acid or base. An
acidic surface site shows a tendency to donate a proton or a cation or to accept electrons or an
anion, whereas a basic surface site shows a tendency to accept a proton or a cation or to
donate electrons [15]. Upon contact with an electrolyte, the oxide surface may acquire an

ionic charge by the following reactions:

M-OH +OH- & M-O- +H,0 @)
M-OH +H3;0* & M-OHp* +Hz0 @)

where equations 1 and 2 are representative of the acidic and basic reactivities of the oxide,
respectively. By definition, the pH at which the number of positive charges equals the
number of negative charges is the isoelectric point of the surface (IEPS) or the point of zero
charge (PZC). A low IEPS indicates an acidic surface, whereas a high IEPS indicates a basic
surface.

Colloidal silver hydroxide shows amphoteric properties comparable to those in
equations 1 and 2 [16]. On the basis of the amphoteric dissociation model [17,18], the
deprotonation reactions that are involved in the establishment of a surface charge in the

electrical double layer at silver hydroxide can be represented as:

AgOHz* +H20 & AgOH + H3Ot 3)
AgOH +H20 & AgO- +H30+ C))]

Reaction 4 has a Ky of 7.9x10-13 at 25°C [16]. Adding reactions 3 and 4 yields
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AgOHz+ & AgO- +2H* 5)

for which the equilibrium constant, K, is given as

Kr = ai*2[ AgO" 1Y./[ AgOHz* IY. ©)

As written, Ky is a measure of the strength with which the silver oxide surface binds protons.
If the activity coefficients (Y.,Ys) of the two surface sites are comparable, it then follows from
equation 6 that Ky can be calculated via the pH of the PZC,

The changes in composition in reactions 3 and 4 will also be reflected by a change in
. interfacial tension, which is a direct measurement of intermolecular forces between a solid
and a contacting liquid. At equilibrium, the interfacial tension between a solid and liquid,
YsL, is defined by reference to a liquid drop resting on a solid surface and is quantitatively
expressed by the Young relation [19]:

Ysv© - ¥sL = YLv'cos0 0
where Ysv® and Yiv° are the respective solid and liquid surface tensions in equilibrium with
the saturated liquid vapor, and @ is the contact angle between liquid and solid. Assuming that
changes in both Ysv® and Y v* with pH are negligibly small (assumptions that have
previously been validated by contact angle titrations at polyethylene and carboxylic acid
functionalized polyethylene films [9]), decreases in O will reflect an increase in the number of
ionized surface groups through an increase in Ys.. Thus, by variation of the pH of thé
contacting liquid, the ionization of the oxide surface can be followed as a "contact angle
titration". This approach has been used successfully to determine the IEPS at silver iodide
surfaces [20] as well as to follow the ionization of carboxylic acid sites at functionalized
organic films [9,10].

In addition, contact angle titration data can be used to determine the IEPS of oxide
surfaces such as silver hydroxide through considerations of surface excesses at the solid-

liquid interfaces. For a silver hydroxide surface in equilibrium with sodium hydroxide at
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constant temperature and pressure, the change in surface energy at the solid-liquid interface,

dYs1, is related to the change in chemical potential of sodium hydroxide, dpy.on, by
-dYa. = Iveondieon ®)

where I'y,on is the surface excess of sodium hydroxide. The surface charge density of the
silver hydroxide-solution interface, o, is related to I'y,on by
6 = I'uouF (€))
where F is the Faraday constant. Hence, substituting equation 9 into equation 8 yields:
-4Ys = Sdjtneon/F (10)
Since OH" is a potential-determining ion for the silver hydroxide-solution interface, then
dpy.on = 2.303RTd(pH) (11)
where R and T are the gas constant and absolute temperature, respectively, and d(pH) is the

change in pI-i. Différentiating equation 7 gives

dYsv"® - dYs = cos@dYLy’ + YLv'd(cos6) (12)
Since, as noted previously, Ysv° and YLy are effecﬁvely independent of pH, equation 12
becomes

-dY¥s. = YLv"d(cos6) 13)
Combining equations 10, 11 and 13 yields

o/F =YLy d(cos6)/2.303 RTd(pH) (14)
which indicates that the change in 0 is controlled by 6. Since at the PZC, 6 =0, then

d(cos@)/d(pH) =0 (15)

Therefore, in the absence of specifically adsorbed ions [3,11, 21], a maximum in 0 or
minimum in cos® will occur at the PZC as the pH of the probe liquid is changed.
A plot of 0 versus pH of the contacting liquid at the surface of our evaporated silver

films is shown in Figure 1. Starting at low pH, @ increases with increasing pH and reaches a
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Figure 1. Dependence of contact angle (6) of water on evaporated silver films as a
function of pH. A polynomial curve fit of the data yields the third order
equation: 0 = 178.0 - 81.8(pH) + 11.8(pH)2 - 0.5(pH)3. The data are reported
as the mean of several locations on three replica samples, and the uncertainties
are given as the standard deviation.
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maximum at pH ~10.4. The change in O reflects a decrease in Y, via reaction 3. Past this

maximum, 0 decreases as a result of an increase in Y5, through reaction 4. From equation

15, the maximum at pH ~10.4 corresponds to the IEPS of our evaporated silver films, the
-value of which is in indicative of a basic basic oxide. Thus, K; in equation 6 is equal to

1.6x10-21, which further shows that protons are strongly held at the surface. Since K; is

equal to the products of the Ky's of reactions 3 and 4, the Kj of reaction 3 can be estimated

assuming that the Ky for colloidal silver hydroxide in reaction 4 can be accurately translated to -
our silver oxides surfaces. This analysis yields a Ky for reaction 3 of ~2.0x10-9, the

magnitude of which is consisteht with the successive deprotonation of AgOH2* and AgOH

(i.e., Ky for reaction 3 > K, for reaction 4 [16}).

In summary, the high IEPS of ~10.4 indicates that our evaporated silver films react
as a basic oxide surface. Based on this result, we plan to examine the bonding strength
between an adsorbed carboxylic acid and the oxide surface of silver, as predicted by the
relationship of Bolger [2], through competitive adsorption experiments with carboxylic acid-
functionalized adsorbate precursors which exhibit a range of acid strengths and structures.
The variables affecting the IEPS include: (1) the charge of the metal ion, (2) the hydration
state, (3) the coordination number, and (4) the structural or adsorbed impurities [22]). We
also note that of the available methods for determination of surface acidity, the indicator
method is limited to white or light-colored surfaces, although the use of fluorescent indicators
may provide a means to overcome this limitation. Additionally, electrokinetic and
potentiometric methods require powdered samples. In contrast, the method of contact angle

titration provides a facile approach for the determination of the acidity of smooth solid

surfaces.
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Composition and Structure of
Spontaneously Adsorbed Monolayers of n-perfluorocarboxylic Acids on Silver

Lai-Kwan Chau and Marc D. Porter

Department of Chemistry and Ames Laboratory - USDOE
Iowa State University
Ames, Iowa 50011

ABSTRACT
Monolayer films of n-perfluorocarboxylic acids (CF3(CF2),COOH where n=0-2,
5-8) have been formed by spontaneous adsorption at silver. Infrared reflection spectroscopy,
optical ellipsometry, and contact angle measurements indicate that these films exhibit low
surface free energies, that the carboxylic acid group is symmetrically bound at the silver

substrate as a carboxylate bridging ligand, and that the structure is composed of tilted (~40°

from the surface normal) perfluorocarbon chains and small structural defects.
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INTRODUCTION

Thin polymeric and monomolecular films of organofluorine compounds possess a
variety of unique chemical and physical properties [1-4]. Many of these properties result
from the low cohesive interactions betweeﬁ neighboring fluorocarbon chains, which lead to
low surface free energies and low coefficients of friction. These and other properties (e.g.,
low dielectric constants, high dielectric strengths, and effective heat dissipation) have led to
the use of such films for the construction of interfaces with applications to adhesion,
lubrication, and microelectronics devices. Hence, molecular level descriptions of the
interactions that control the formation, structure, and chemical properties of these films are of
fundamental importance.

One approach for examining the molecular level details of organofluorine and other
organic thin films is the use of monolayers that exhibit a high degree of structural order.
Such monolayers can be prepared by Langmuir-Blodgett [5-7] or spontaneous adsorption
[8-13] techniques to provide interfaces that are structurally and compositionally more defined
than those of polymeric films. To date, studies of the molecular level details of ordered
monolayers have been confined primarily to those composed of long alkyl chains [5-12].
Comparatively little is known concerning the composition and structure of monolayers
containing fluorocarbon moieties [14].

This study examines the composition, structure, and wetting properties of
spontaneously .adsorbed monolayer films of perfluorinated carboxylic acids
(CF3(CF2),COOH, n=0-2, 5-8) at silver, as probed by infrared reflection spectroscopy
(IRS), optical ellipsometry, and contact angle measurements. The composition and spatial
arrangement of these monolayers were examined by IRS; the packing densities and wetting
properties were probed by optical ellipsometry and contact angle measurements. Particular

interest is given to the dependence of the packing density and wettability of the surface
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structure on the length of the perfluorocarbon chain. Insights from this study are also
relevant to the perfluorocarbon monolayers extensively examined with contact angle

measurements by others [4,15-19].
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EXPERIMENTAL

Monolayer films were formed by immersing evaporated silver films for 10-30
minutes into 1.0 mM solutions of perfluorinated carboxylic acids in absolute ethanol. The
intermediate chain lengths (n=3, 4) are commercially unavailable at this time. Upon removal
from solution, the films were rinsed with absolute ethanol and hexane. The evolution of the
structure and wettability of the monolayers was monitored as a function of immersion time by
IRS, optical ellipsometry and contact angle measurements.

The substrates were prepared by resistive evaporation of a thin (10-20 nm) chromium
film followed by a thicker (250-350 nm) silver film onto polished 2 in. diameter single crystal
silicon wafers. The roughness of the silver films was characterized by scanning tunneling
microscopy. Micrographs indicate a surface that consists of "hills" approximately 10 nm
high, which are separated by about 60 nm. Such topography corresponds to a roughness
factor of ~1.4. The surfaces were covered by approximately a monolayer of oxygen and
small amounts of chlorine, sulfur, and carbon as indicated by Auger electron spectroscopy.

For IRS, p-polarized light was incident at 78° from the surface normal. For the
transmission IR measurements, the n-perfluorocarboxylic acids or their analogous silver salts
were dispersed in a KBr matrix. Spectra were collected with a Nicolet 740 spectrometer at 2
cm-! resolution with a bare gold film as a reference substrate. The procedure for cleaning the
gold reference films has been previously described [10}. The monolayer thicknesses were
determined by assuming a refractive index of 1.28 [20] from ellipsometric data that were
obtained with a Gaertner L116B ellipsometer. Wetting properties were measured with a
goniometer (Rame-Hart, Inc.), and are reported as advancing contact angles [11].
Micrographs of the silver surface were obtained in the ambient laboratory environment with a

Nanoscope II scanning tunneling microscope (Digital Instruments Inc.).
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Table I. Mode assignments and peak positions for perfluorooctanoic acid in KBr matrix
and as monolayer adsorbed at silver®

Peak position (cm-1) : Vibrational mode®

acid in KBr silver salt in KBr as monolayer

1771 - - V(C=0)
- 1613 - Va(COO)
- 1420 1404 V5(COO")
1366 1365 1365 Vs(CF2,A1)
1330 1324 1321 Vs(CF2,E3)
1295 1297 1293 V(CC,E))
1237 1238 1251 Va(CF2,E})
1204 1204 ' 1216 Va(CF2,A2)+V(CF3)
1146 1145 1151 Vs(CF2,E1)

3 Band assignments and labeling scheme from references 21-28.

b Key: V=stretch; Vs=symmetric stretch; Va=asymmetric stretch.
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RESULTS AND DISCUSSION

Characterization with infrared spectroscopy

The molecular composition and orientation of the perfluorinated carboxylic acid
monolayers were probed with IR spectroscopy. Figure 1A is an IRS spectrum for a
monolayer of perfluorooctanoic acid at silver. Transmission IR spectra of the bulk
perfluorooctanoic acid and its silver salt are given in Figures 1B and 1C, respectively. Peak
positions and tentative vibrational mode assignments are shown in Table I. The IR spectrum
of bulk perfluorooctanoic acid (Figure 1B) has an absorption near 1771 cm-! for v(C=0) of
the carboxylic acid group, whereas the corresponding silver salt has bands at 1613 and 1420
cm! for V3(COO-) and V5(COO"), respectively. The V(C=0) is absent in the monolayer
spectrum (Figure 1A). This absence, together with the presence of Vs(COO") at 1404 cm-1,
indicate that the chemisorption process results in the formation of a carboxylate salt. Further,
the lack of a detectable Vo(COO-) near 1613 cm-1 suggests that the carboxylate head group is
symmetrically bound at the silver substrate as a bridging or bidentate ligand [29]. This
conclusion is based on the "IR surface selection rule” which gives rise to a preferential
excitation of vibrational modes with dipoles normal to highly reflecting metallic surfaces
[30,31]). X-ray crystallographic studies of bulk silver perfluorocarboxylate support a
bridging structure [32,33].

Several related studies provide further insights into the nature of the reaction
between carboxylic acids and the silver surface. In ultra high vacuum [29], formic acid
adsorbs in its undissociated molecular form at an atomically clean Ag surface. However, the
reaction of atomically clean silver with oxygen results in a surface that produces adsorbed
water and formate ion upon exposure to formic acid. Silver surfaces exposed to the ambient

laboratory environment form oxides (AgO, AgO», Ag03), with AgO being the predominant
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Figure 1. (A) Infrared external reflection spectrum of perfluorooctanoic acid as a
monolayer on silver; (B) Infrared spectrum of perfluorooctanoic acid dispersed
in KBr; (C) Infrared spectrum of silver perfluorooctanoate dispersed in KBr.
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species [34]. The highly basic nature of AgO results in its extensive conversion to a AgOH
species in the presence of water vapor [35]. The isoelectric point of the predominately AgOH
surface, which we have measured by contact angle titrations [36], is ~10.4. This value is in
reasonable agreement with that predicted by considerations of the effective ionic charge to
size ratio of Ag [37]. Thus, as has been observed for arachidic acid (CH3(CH2)20COOH)
monolayers [12], the dissociative chemisorption of n-perfluorocarboxylic acids is consistent
with the acid-base interfacial chemistry at the silver surface.

In addition to probing molecular composition, IRS was also used to determine the
average orientation of these monolayers. Orientation was determined by a comparison of the
measured absorbances with those calculated for an isotropic monolayer with classical
electromagnetic theory and included considerations of the "IR surface selection rule”
[30,31,38,39]. Perfluorocarbon chains have a 15/7 helical conformation above 19°C [40].
For a long perfluorocarbon chain (e.g., those in polytetrafluoroethylene (PTFE)), the
transition dipole moment of the CF2 stretch with Az symmetry is parallel to the chain axis,
whereas those with Ej symmetry are perpendicular to the chain axis [22]. However, the
finite length of short perfluorocarbon chains results in a small deviation (<39) in the spatial
orientation of the transition dipole moments that are associated with V4(CF2) mode with E;
symmetry. The transition dipole moment that is associated with A symmetry deviates by 21-
24°. Quantitatively, a chain axis which is oriented exactly normal to a smooth metallic
surface will lead to a small (<1x10"5 absorbance units) signal for both the Va(CF3) and
Vs(CF32) modes with E; symmetry, The results of the calculations with the Vo(CF3) and
Vs(CF7) indicate an average tilt of the molecular axis of the long perfluorocarbon chains
(n=6-8) of ~40°. Such tilts are in reasonable agreement with the symmetric binding of the
carboxylate group at silver and the 116° C-C-C bond angle of fluorocarbon chain [41],
which would yield a tilt of ~38°. Although an exact determination of uncertainty of the 40°
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chain tilt has not yet been completed, the difference between the chain tilts may arise from the
presence of defects in the monolayer. Defects would give rise to disordered chain packing,
and hence, larger chain tilts. The structures of the monolayers for shorter perfluorocarbon
are comparable to the longer chains, and exhibit a small decrease in coverage and a small
increase in disorder, as evident from IRS data. The decrease in coverage is inferred from a
small decrease in the absorbances of the Vg(COO-) for the shorter chains. A detailed

discussion of the results of the structural examination of these monolayers will be reported

elsewhere.

Characterization with optical ellipsometry

Optical ellipsometry is a convenient means of determining an average thickness of a
monolayer film {9]. The ellipsometric data in Figure 2 indicate that the thicknesses of the
n-perfluorocarboxylic acid monolayers increase linearly with an increase in n. Linear
regression analysis of the data yields a slope of 0.8 A per CF2 group and an intercept of 4.6
A. To compare these data to a simple structural model, thicknesses were calculated for two
idealized n-perfluorocarboxylate monolayers with a 15/7 helical conformation for the
perfluorocarbon chain. For one, the chain axis was oriented perpendicular to the surface.
For the other, the chain axis was tilted 40° from the surface normal. The thicknesses of these
model structures were estimated from tabulations of covalent and van der Waals radii [42]
and x-ray crystallographic data for silver perfluorocarboxylate [32]. The theoretical slopes
and intercepts for the perpendicular and tilted orientations are 1.29 A/CF; and 4.64 A, and
0.99 A/CF3 and 4.64 A, respectively.

Comparisons of the observed slopes with those for the model films in Figure 2

‘indicate a large average tilt for the perfluorocarbon chains. Further, the observed thicknesses
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Figure 2. Film thickness for monolayers of CF3(CF3),COOH adsorbed at silver; the
ellipsometrically determined thickness (—), estimated thickness for a fully
extended chain normal to the surface (---) and tilted 40° from the surface normal
(---), are plotted against the number of CF3 groups in the chain, n.
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are slightly less than those calcuiated for a chain tilt of 40°; this suggests either an average
chain tilt of greater than 40° or the presence of defects in the monolayer structure. The
incorporation of defects into a monolayer structure with a 40° chain tilt yields thicknesses for
a fractional coverage of ~0.9 that are comparable to those observed. Thicknesses for the
monolayers with fractional coverages were calculated with Maxwell-Gamnett effective medium
theory [43]. Considerations of contact angle hysteresis (see next section) also point to a
fractional coverage of ~0.9. Although not fully understood, defects in these monolayers
probably arise from both the presence of grain boundaries and other irregularities in the
underlying silver substrate, as well as from the adsorption of trace amounts of strongly
bound contaminants from the ambient laboratory environment. Low levels of hydrocarbon
contamination were apparent from the presence of weak bands in the CH stretching regions in
a few of the IR spectra of the monolayers. In summary, the trends in these ellipsometric data
closely correlate with those from IRS and from contact angle measurements in the following

section, pointing to a tilted chain structure and the presence of small structural defects.

Characterization with contact angle measurements

The wetting properties of the perfluorocarboxylic acid monolayers were examined
with contact angle measurements. The results are giver_l as a function of chain length in
Figure 3 for the nonpolar liquid hexadecane and the polar liquids glycerol and water. Wetting
properties for PTFE and a CF3-terminated interface (perfluorooctylethanethiol monolayer at
gold [44]) are included for comparison purposes. The probe liquids were selected based on
their differing depth sensitivities to the underlying surface structure [45]. Two observations
from the data in Figure 3 are immediately apparent. First, advancing contact angles (8,) for
each liquid increase as the chain length increases, reaching values that are comparable to the

low free energy surface of PTFE. For all three liquids, however, the limiting 0,'s are less
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Figure 3. Advancing contact angles for monolayers of CF3(CF2),COOH adsorbed at
silver (hexadecane (®), glycerol (o), and water (x)). Contact angles for the
three liquids for a monolayer of CF3(CF2)gCOOH adsorbed at silver with
minimal exposure to the laboratory ambient are given by the symbols,

(hexadecane (+), glycerol (A), and water (3)).
PTFE = polytetrafluoroethylene, R = CF3(CF2)7(CH2)2.
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than those for an interface terminated with a -CF3 group [44]. This suggests that the
perfluorocarbon chains are not closest-packed. Fractional coverages of ~0.9 monolayers
were estimated by considerations of the hysteresis between the advancing and receding
~ contact angles [46,47]. Second, the similarity in the shapes of the curves for all three liquids
illustrates the ability of a single -CF2- group to screen extensively each of the probe liquids
from the underlying substrate. In contrast, only hexadecane is extensively screened from the
underlying structure by a single -CHj- at monolayers of w-mercapto ethers [45]; water
exhibits a depth sensitivity of ~5 A. We attribute a large part of the difference between the
perfluorocarbon and hydrocarbon monolayers to the inability of the liquids to penetrate into
the bulkier and more rigid perfluorocarbon chains.

Although less than that observed for hydrocarbon chains, differences in the depth
sensitivity of the probe liquids at the perfluorocarboxylic acid monolayers are apparent. For
hexadecane, 6, at the perfluorodecanoic acid monolayer is greater than that at PTFE. By
comparison, 0, for water at the perfluorodecanoic acid monolayer only approach that of
PTFE. The differences between the two liquids may be explained by steric effects. Because
of its smaller size, water may be accommodated into the space between neighboring -CF3
groups. This allows interactions between water molecules and @-CF3 groups, leading to 6,
which is comparable to that at PTFE. Hexadecane, however, is sterically excluded from

interacting with the w-CF3 groups and is therefore sensitive primarily to the terminal -CF3

groups.

Effect of exposure to the laboratory ambient
As noted ecarlier, the IRS spectra suggested the possible influence of adsorbed
contaminants on the uncoated metal surface. To test for this influence, samples were

immersed into a perfluorodecanoic acid solution immediately upon removal from the vacuum
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evaporation chamber. The wetting properties of monolayers prepared in this fashion are
superimposed on the data in Figure 3 (03(hexadecane) = 70°, O5(water) = 108°, gnd
Oa(glycerol) = 103°). These 6,'s are all greater than those measured for samples exposed to
the laboratory ambient for ~15 min during an ellipsometric measurement of the uncoated
substrate optical properties. The increase in 8y's indicates an increase in the packing density
of the perfluorocarbon chains. Fractional coverages of near unity are found from contact
angle hysteresis considerations, pointing to the need to minimize exposure to the ambient
laboratory environment to assure the formation of a more densely-packed surface structure.
In comparison to other interesting monolayers, those derived from perfluocarboxylic acid
monolayers are more susceptible to contamination than those from n-alkanethiols [11]. This
suggests the strength of immobilization interactions at the perfluorinated acid-silver interface

is qualitatively less than that at the alkanethiol-gold interface.
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CONCLUSION

Infrared reflection spectroscopy, optical ellipsometry, and contact angle
measurements indicate that n-perfluorocarboxylic acids adsorb at evaporated polycrystalline
silver substrates to form monolayer films. The IR data indicate that the formation of
monolayer results in the transformation of the carboxylic acid to a symmetrically bound
carboxylate salt. Contact angle data also suggest that monomolecular films composed of
n-perfluorocarboxylic acids are less penetrable by probe liquids relative to monomolecular
films of alkyl chains. Extensive studies concerning the packing, surface coverage, and
dynamics of film formation are éurrently in progress. Comparisons of formation and

structure of n-perfluorocarboxylic and n-alkanoic acids are also planned.
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SECTION III. COMPARISON OF SELF-ASSEMBLED MONOLAYERS:
FORMATION AND STRUCTURAL CHARACTERIZATION
OF n-ALKANOIC ACID AND n-PERFLUOROCARBOXYLIC
ACID MONOLAYERS ON SILVER
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ABSTRACT

Comparison has been made of monolayer assemblies of n-alkanoic acids and
n-perfluorocarboxylic acids spontaneously adsorbed at silver from dilute solution. These
monolayers were characterized by optical ellipsometry, contact angle measurements, and
infrared spectroscopy. As the chain length decreases, these structures become less densely
packed and have lower coverages. This structhral change, however, is smaller for the
n-perfluorocarboxylic acid monolayers. Competitive adsorption studies from mixtures of
n-decanoic and n-perfluorodecanoic acid indicate that n-perfluorodecanoic acid preferentially

adsorbs at silver surfaces.
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INTRODUCTION

Structurally well-defined organic monolayers on solid surfaces provide a rational
approach to simplify and model a iarge variety of interfacial phenomena such as wetting [1],
adhesion [2,3], lubrication [4,5], corrosion [6], electrocatalysis [7], and surface recbgnition
and dynamics of biomembranes [8]. These phenomena are all related to the composition and
structure of the interface. For example, organofluorine compounds have the lowest recorded
surface tensions [9] and therefore have been applied to modify surfaces to improve their
wetting properties and to reduce wear. Furthermore, the molecular nature of the carboxylic
acid monolayers, that is, a hydrophobic tail covalently bonded to a hydrophilic head group, is
similar to the components of the cell wall of biological membranes. This suggests that
studies of self-assembled monolayers may provide insights into structure/function
relationships of these more complex system.

The reactivity between an adsorbate and a substrate depends on several parameters,
including the acidity of the carboxylic acid head group, the length and c';omposition of the tail,
and the composition of the native oxide at the metal surface. ‘The strong electronegative
inductive effect of fluorine in the carbon chain increases considerably the acidity of
fluorinated carboxylic acids. Thus, understanding the effect of acid strength of the head
group and the length and composition of the tail will provide a basis for enhancing the design
and construction of adhesive interfaces with improved performance characteristics and will
impact the packaging of microelectronic devices as well as other areas of surface research.

As our goal in this area, we have been searching for approaches to study the
fundamental chemical and physical interactions that control the formation and structure of
chemically modified surfaces. The types of interactions which are most relevant to the
structural aspects include the bonding interactions, the registry between the head group and

the substrate, and the intermolecular interactions between adjacent adsorbate molecules. Most
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studies of the adsorption of carboxylic acids on metals have involved surfaces exposed to air
prior to adsorption and thus largely refer to adsorption on native oxide overlayers. These
studies indicate that the acids chemisorbed to form silver carboxylate salts [10-12].
However, at an atomically clean silver, formic acid adsorbs only as its undissociated
molecular form [10]. The dissociative chemisorption process involved in the self-assembly
of a n-alkanoic acid or n-perfluorocarboxylic acid monolayer on silver is shown in equation
1

X3
( q X2)n

CX3(CX2)sCOOH > f E , X=HorF )
Ag

The carboxylate head group is symmetrically bound at the silver substrate as a bridging or

bidentate ligand as suggested by infrared reflection spectroscopy [11,12]. X-ray
crystallographic studies of bulk silver carboxylates support a bridging structure [13-15].

In this paper we compare results on the structural characterization of self-assembled
monolayers of. n-alkanoic acid (CH3(CH32);COOH, n=0-10,12-18) and
n-perfluorocarboxylic acid (CF3(CF2)sCOOH, n=0-2,4-8) on polycrystalline silver, and
present results on monolayers formed from binary mixtures of n-alkanoic and
n-perfluorodecanoic acid. The importance of chain length on the packing density,
intermolecular environment, geometry, and wetting properties of the monolayer assemblies
are of particular interest. The preference for the adsorption of n-perfluorocarboxylic acid

from binary mixtures of n-alkanoic and n-perfluorocarboxylic acid will also be addressed.
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EXPERIMENTAL

Substrate preparation and characterization

The substrates were prepared by resistive evaporation of a thin (10-20 nm) chromium
film followed by a thicker (250-350 nm) silver film onto polished 2 in. diameter single crystal
silicon wafers in a cryopumped E360A Edwards Coating System. The evaporation rates
were 0.2 and 3.0-4.0 nm/s for chromium and silver, respectively. The surfaces were
covered by approximately a monolayer of oxygen and small amounts of chlorine, sulfur, and
carbon as indicated by Auger spectroscopy. The roughness of the silver films was
characterized by a Nanoscope II scanning tunneling microscope (Digital Instruments, Inc.) in
the ambient laboratory environment. Micrographs indicate a surface that consisted of "hills"
approximately 10 nm high, which were separated by about 60 nm. Such a topography
corresponds to a roughness factor of ~1.4. Film crystallography was examined by
comparing voltammetric stripping curves for underpotentially deposited thallium on
evaporated silver films to those obtained for single crystal surfaces [16]. Cyclic
voltammograms of TI* underpotential deposition on evaporated silver film suggest a
predominance of: (100) orientation with some (111) or (110) orientation [17]. The relative
amounts of these orientations was somewhat variable, which is probably a result of the

variability in the deposition conditions.

Self-assembly of monolayers at silver

The n-alkanoic acid assemblies were formed by the immersion of freshly evaporated
silver films for varying periods (2-24 hours) into a 1.0 mM solution of the n-alkanoic acid in
hexadecane. The hexadecane was purified by column chromatography just prior to use with
activity-one-a-alumina. The n-perfluorocarboxylic acid assemblies were formed by the

immersion of freshly evaporated silver films for 10-30 minutes into a 1.0 mM solution of
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n-perfluorocarboxylic acid in absolute ethanol. The progress of the formation of the self-
assembled structures was monitored by infrared reflection spectroscopy (IRS), optical
ellipsometry and contact angle measurements. Mixed monolayers of n-decanoic acid and
n-perfluorodecanoic acid were formed by the immersion of freshly evaporated silver films
into a binary mixture of n-alkanoic acid and n-perfluorodecanoic acid in absolute ethanol.
The mole fractions of the two adsorbates were varied while the total concentration was kept

constant at 1.0 mM. Upon removal from solution, the films were rinsed with absolute

ethanol and hexane (HPLC grade).

Infrared spectroscopy analysis

Infrared external reflection spectra were collected with a Nicolet 740 Fourier
transform spectrometer at an angle of incidence of 78° or 80° with p-polarized light. Spectra
were obtained by coaddition of 1024 sample to background scans at 2 cm1 resolution (zero
filled) with Hapi:-Genzel apodization. A liquid nitrogen cooled InSb or MCT detector was
used to monitor the intensity of the reflected beam. All spectra are reported as the -log(R/Ro)
where R is the reflectivity of the monolayer at silver and R, is the reflectivity of a bare'gold

reference substrate. The procedure for cleaning the gold references has been previously

described [18].

Ellipsometric film thickness measurements

The monolayer thicknesses were determined with a Gaertner model L116B
ellipsometer at an anglq of incidence of 70°. The complex refractive indexes for the
substrates were measured immediately upon removal from the evaporation chamber. After

monolayer formation, thicknesses of the monolayers were then measured. Real refractive
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indexes of 1.45 and 1.28 were assumed for n-alkanoic acid and n-perfluorocarboxylic acid

monolayers, respectively.

- Contact angle measurements

Contact angles were measured using a Rame-Hart model 100 gonio‘meter. Both
advancing and receding contact angles were measured. A drop of a fixed volume (~2uL)
was formed on the end of a syringe needle and lowered into contact with the surface. As the
needle was raised, the drop detached from the tip and advanced across the surface. The
advancing contact angles were then measured within 30 seconds. The receding angle was

measured when the liquid was partially withdrawn from the drop by the syringe needle.

Atomic emission spectroscopy analysis

The silver concentration of the self-assembly solutions after immersion of silver
substrates for 15 minutes to 24 hours was determined with an inductively coupled plasma
atomic emission spectrometer (ICP-AES). The silver atom line at 328.068 nm was
monitored. Other conditions are described previously [19], except a Cetac U-5000 ultrasonic

nebulizer was used instead of a pneumatic nebulizer.



43

RESULTS AND DISCUSSION
Defectiveness, intermolecular environment
Optical ellipsometry is a convenient means of both determining the average thickness .
of a monolayer film and following the progress of film growth. Such film thickness
determined could be coverage dependent, that is, the film thickness determined depends on
the effective refractive index of the film. The effective complex refractive index of the film,
Ne, can be calculated by assuming that the equivalent polarizability of the film is givenbya
simple volume average of the polarizability of the adsorbate and air [20] as:

(Nez'l)/(Ne?"'z) = q(Ng2-1)/(Ng2+2) )
where q is the volume fraction of the adsorbate, and Ng is the refractive index of the
adsorbate. The ellipsometric data in Figure 1 show that the thicknesses of both the n-alkanoic
acid and n-perfluorocarboxylic acid monolayers increase linearly with n. Linear regression
analysis of the data yields a slope of 1.23 A per CHz group with a corresponding intercept of
2.63 A, and a slope of 0.79 A per CF3 group with a corresponding intercept of 4.49 A. This
linear dependence indicates that the change in packing density with chain length is not
appreciable. Formation of multilayers was not observed for.these monolayers as indicated by
optical ellipsometry and IRS. In contrast, for n-alkanoic acids adsorbed at aluminum, when
the chain length n is below 12, a pronounced tendency for the film to form multilayers was
observed [21]. |

It is also important to note that the film thickness determinations are based on the
difference in measured optical constants between a monolayer and a "clean" substrate prior to
immersion into solution. Since the uncoated substrate has a high surface free energy,
exposure to the laboratory ambient (which is necessitated for the determination of the optical

functions of each uncoated substrate) leads to the rapid adsorption of a contaminant layer
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Figure 1. Ellipsometric film thicknesses for monolayers of CH3(CH2);COOH (o) and
CF3(CF2),COOH (¢ ) at silver are plotted against n
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[12]. The low sufface free energies of the n-perfluorocarboxylic acid monolayers minimize
the formation of a contaminant layer. Thus, the contaminant layer leads to the measurement
of a thickness that is less than that of the actual monolayer. This systematic error is more
severe for the long chain n-perfluorocarboxylic acid monolayers, which exhibit the lowest
surface free energies. The same rationale applies to the relatively higher energy surfaces of
n-alkanoic acid monolayers but to a lesser extent. Further, the observed thicknesses for long
chain n-alkanoic acid monolayer are slightly larger than those calculated for a chain tilt of 27°
(see next section). This may arise from our use of a constant refractive index, independent of
chain length. The formation of close-packed hydrocarbon chains at large n may have a
refractive index comparable to that of polyethylene (~1.5) rather than that of 1.45. Defects in
these monolayers may also contribute to the discrepancy between the observed and calculated
thickness. For n-perfluorocarboxylic acid monolayers, the observed thicknesses are slightly
less than those calculated for a chain tilt of 40° (see next section); this suggests either an
average tilt of greater than 40° or the presence of defects in the nionolayer structure as
indicated by equation 2. Although not fully understood, defects in these monolayers
probably arise from the presence of grain boundaries and other irregularities in the uhderlying
silver substrate and the adsorption of trace amounts of strongly bound contaminants from the
laboratory ambient. .

The fractional coverages of these monolayers were estimated by consideration of
contact angle hysteresis. For a heterogeneous surface of two components, the observed
contact angle, 0, is given by Cassie's equation [22]:

co0s0 = 07c0s0) + 020502 3
where 0 is the fraction of the surface having intrinsic contact angle 01, and 02 is the fraction
having intrinsic contact angle 62. It was shown that advancing contact angle 0, is relatively

insensitive to coverages greater than 0.5 monolayer, while receding contact angle 0 is
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relatively sensitive to coverages greater than 0.8 monolayer [23]. If defects in a monolayer
film are considered as free volume with fraction G, then the free volume is filled with the
probe liquid during retraction of the drop and the contact angle 62 equals zero. Hence, the
receding contact angle can be expressed as -
cos0; = G1c0s0, + G2 ()
Rearranging,
" 61 = (1-c050,)/(1-cos6a) )
Thus, the hysteresis between the advancing and receding contact angles can be used to
estimate the fractional coverage of a monolayer. It should be noted that this method is based
on the assumption that defects in a monolayer are free volume. However, these defect sites
could also be occupied by contaminants. Therefom; comparison of hysteresis data between
different monolayers can only be made if these defects have common source of origin, that is,
a similar intrinsic contact angle. Figure 2 shows the fractional coverages of these monolayers
as a function of n. All the samples were exposed to the laboratory ambient for ~15 minutes
for the ellipsometric determination of the optical constants of the bare substrates. As is
apparent, the monolayers become more densely packed and exhibit fewer defects as chain
length increases. The coverage of the long chain n-alkanoic acid monolayers is nearly unity,
whereas long chain n-perfluorocarboxylic acid monolayers have a fractional coverage of only
~0.9. Short chain n-alkanoic acid monolayers, however, are less densely packed relative to
short chain n-perfluorocarboxylic acid monolayers. ‘
The effects of chain conformation, orientation, coverage, and packing on the

monolayer structure as a function of chain length were assessed with IR reflection
spectroscopy. For n-alkanoic acid monolayers, the positions of the peak frequencies for

symmetric methylene stretch Vg(CH?) and asymmetric methylene stretch Vo(CH) indicate
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Coverage

Figure 2. Fractional coverages for monolayers of CH3(CH2),COOH (0) and

CF3(CF2),COOH (¢) self-assembled at silver as estimated by contact angle
hysteresis are plotted against n
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either a liquid-like (higher-energy) or crystalline-like (lower-energy) environment, providing
insights into the intermolecular environment of the alkyl chains in the n-alkanoic acid
monolayers [24]. The low absorbances of Vs(CH2) and Va(CH2) for n < 6 precluded an
accurate determination of their peak positions and peak intensities. Figure 3 shows the peak
position; of Vg(CH2) and Va(CH>) for the monolayers as a function of n. A comparison of
the peak frequencies for Vg(CH32) in the monolayer spectra reveals that the average local
environment of the alkyl chain is very similar to that existing'in the bulk crystalline phase for
n 2 8. A similar trend is observed with Va(CH2) for n 2 12. In contrast, the average local
chain environment for the shorter chains appears similar to that of the bulk disordered or
liquid phase.

Plots of peak heights of the symmetric stretch Vs(CHg) as functions of n are given in
Figure 4a. The broken line represents a hypothetical set of points for a linearly decreasing
film thickness with constant structure. A negative deviation from linearity was observed with
n < 12. Plots of peak heights of asymmetric in-plane stretch Va(CHg,ip) and symmetric
methyl stretch V¢(CH3,FR) as shown in Figure 4b exhibit an odd-even dependence on the
number of methylene groups in the chain. The latter band, which is at ~2878 cm-1, is in
Fermi resonance with the lower frequency asymmetric CH3 deformation mode [25]. The
cause for this odd-even behavior can be revealed by examining the difference in the spatial
orientation of the CHj stretching modes for the all-trans odd and even chains as shown in
Figure 5. This conclusion is based on the the "metal-surface selection rule" which gives rise
to a preferential excitation of vibrational modes with transition dipole moments normal to
highly reflecting metallic surfaces [26,27]. In general, the overall trend of the intensity of the
Va(CHa3,ip) and Vg(CH3,FR) modes for n 2 12 is fairly insensitive to n, whereas the
intensity graduaily decreases for n < 10.
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Figure 3. Peak positions of Vs(CH2) (¢) and V4(CH2) (x) for monolayers of
CH3(CH2)/COOH self-assembled at silver as a function of the methylene
group, n, in the alkyl chain.
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Figure 4. Peak heights of (a) Vs(CHj), (b) Va(CHj3,ip) (0), and V5(CH3,FR) () for
monolayers of CH3(CH2),COOH self-assembled at silver as a function of the
number of methylene groups, n, in the alkyl chain.
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n=even

Figure 5. The proposed structure for a carboxylate on silver with an even (right) or odd
(left) number of methylene groups in the chain
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Three factors could contribute to this deviation from the dependence expected for
constant film structure: coverage, chain orientation, and conformational order. The loss of
intensity for the shorter chains can be partly accounted for by the loss of coverage with
decreasing chain length, as shown in Figure 2. However, the loss of coverage may also lead
to larger average chain tilts and conformational disorder. A larger chain tilt would cause an
increase in Vg(CH?) intensity. An increase in conformational disorder would be associated
with a decrease in Vg(CH3) intensity in isotropic samples [28]. On the other hand, for a
surface monolayer with a 20-30° chain tilt, an increase in Vg(CH3) intensity upon
randomization of the orientation of the monolayer CHz groups is suggested [18]. Although
not yet fully understood, these ﬂends indicate that with decreasing hydrocarbon chain length,
the total cohesive chain-chain interaction lessens, the coverage decreases, and the chain order
decreases.
| For n-perﬂuorochrboxylic acid monolayers, the relatively large size of the fluorine
atom (van der Waals radius 1.35 A) results in a helical chain with a 15-atom repeating unit

| above 19°C [29,30). In comparison, the van der Waals radius of hydrogen is 1.2 A, and
hydrocarbon molecules have a planar zigzag carbon chain. Thus, a potential energy barrier of
18.2 kJ mol-! hinders mutual rotation of the CF3 group in hexafluoroethane compared with a
barrier of 12.6 kJ mol"! to free rotation in ethane [31]. Fluorocarbon chains were also shown
to be stiffer than hydrocarbon chains by studying the dynamics of: end-to-end cyclization
[32].

Saturated fluorocarbons have an extremely low intermolecular attraction. The relative
weakness of the interaction of a -CF3- group with perfluorohexane as compared to a -CHj-
group with hexane was shown by the incremental free energies of adsorption (AAG®) per
-CF7- and -CHp- group. The AAG" value for -CHa- groups at the hexane/water interface is

more negative by 200 cal/mol than that at the air/water interface. In comparison, the AAG*
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value for--CF2- groups at the perfluorohexane/water interface is more negative than that for
the air/water interface by only 60 cal/mol [33]. Taken together, we may expect that the
dependence of coverage and chain packing as a function of chain length is smaller for
perﬂuorocérbon molecules than that for hydrocarbon molecules, as consistent with our

ellipsometry and contact angle hysteresis data.

Molecular orientation

Infrared reflection spectroscopy was used to determine the orientation of these
monolayers. The experimental reflection spectra were compared to theoretical spectra in .
order to calculate molecular orientations. The theoretiéal spectra were calculated for a given
thickness of a flat, uniform, isotropic layer of bulk material on the silver substrates with
classical electromagnetic theory [34]. The application of this theory to reflection
spectroscopy is based on boundary value solutions of Maxwell's equations for isotropic and
parallel layers of dielectric media [35]. The values of the optical constants of the bulk
overlayer material were estimated from transmission spectra of KBr pellets and calculated
from the Kramers-Kronig transform [36].

The orientation of the various adsorbate functional groups which have IR active
modes can be calculated from reflection spectra because of the anisotropy of the surface
electric field. At a grazing angle of incidence with the electric field oriented normal to the
surface (p-polarized), only those vibrational modes that have a component of their transition
dipble moment normal to the surface will interact strongly with the electric field [26,27]. In
this paper, the directions assigned to the chain axis and to the transition dipole moments for
various modes are shown in Figure 6, where ¢ is the twist about the chain axis, 0 is the tilt
from the surface normal, and ¢ is the chain axis vector. Before transformation, the chain axis

is defined to be normal to the surface. By rotation of an arbitrarily oriented adsorbate
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AN

Figure 6. Schematic representation of the average tilt from the surface normal, 0, and

average twist about the chain axis, ¢. Vector ¢ represents the direction of the
chain axis.
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molecule through angles ¢, 6, and A, the molecular coordinates after transformation (x', y',

z') can be related to those before transformation (x, y, z) by Eulerian transformation [37]:

[x'] [cosdcosBcosA-singsinh -sindcos@sinA-cos¢sinA  sinBcosA /x|
ly' | = | cospcosBsinA+singcosA -singcos@sinA+cos¢sinA  cos@sinA |y | 6)
lzr] L -cos¢sin® sin¢sin® cosd JlzJ

Since the intensity of an infrared active mode is proportional to the square of the scalar
product of the incident electric ﬁeld and the transition dipole moment, it follows that the
intensity will vary with orientation of the transition dipole moment at the surface. For a
transition dipole moment along the z-axis, the intensity for that mode is 3 times that for the
intensity for random orientation. As a result, if the transition dipole moments (0u/9q)
perpendicular and parallel to g are represented by unit vectors (1,0,0), (0,1,0), and (0,0,1),

rotation of these unit vectors by angles ¢ and 0 gives the following relationships:

Ie = 31.cos2¢sin20 for d/aq = (1,0,0) 7))
Ie = 31csin2¢sin20 for dy/dq = (0,1,0) 8)
Ie = 3I.cos20 for dw/aq = (0,0,1) 9

where I and I are the obsen./ed and calculated intensity, respectively, of a given vibrational
mode. Thus, by relating the molecular axis of the adsorbate to the orientation of a vibrational
mode, the spatial orientation of the surface structure can be determined.

For n-alkanoic acid monolayers, the transition dipole moments of the CHp stretching
modes are perpendicular to the hydrocarbon chain. Thus, the measured intensities of the
CH3, stretching modes can be used to calculate an average tilt of the chain axis from the
surface normal. Figure 7 shows calculated and observed spectra of arachidic acid monolayer
on silver. The results of these calculations indicate an average tilt 6 of 24-29°, and an

average twist ¢ of 44-45° about the chain axis for the n=13-18 chains. Such tilts are in
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Figure 7. Calculated (---) and observed (—) infrared external reflection spectra for self-
assembled arachidic acid at silver. The p-polarized light was incident at 80°.
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reasonable agreement with the symmetric binding of the carboxylate head group at silver and
the 109.5° dihedral angle of a hydrocarbon chain [11]. The twists of ~45° are comparable to
those at aluminum surfaces [38].

. For a long perfluorocarbon chain (e.g., those in polyteﬁﬂuoroethylene (PTFE)), the
transition dipole. moment of the CF3 stretches with A2 symmetry is parallel to the chain axis,
whereas those with Ej symmetry are perpendicular to the chain axis [39]. However, the
finite length of short perfluorocarbon chains results in a small deviation (<3°) in the spatial
orientation of the transition dipole moments that are associated with Va(CF32) mode with E;
symmetry. The transition dipole moment that is associated with A2 symmetry deviates by 21-
24° for n=6-8 chains. A linear relationship between absorbance and chain length for those
modes is not expected. Figure 8 shows calculated and observed spectra of
n-perfluorononanoic acid monolayer on silver. The results of the calculations with the
Va(CF2) and V4(CF7) modes with Ej symmetry indicate an average tilt of 40° for the n=6-8
chains. Such tilts are in reasonable agreement with the symmetric binding of the carboxylate
head group at silver and the 116° C-C-C bond angle of a perfluorocarbon chain [30], which
would yield a tilt of ~38°.

The larger tilts of shorter chains can be inferred from IRS data as shown in Figure 9.
The V¢(COO") absorbance of n-alkanoic acids and n-perfluorocarboxylic acids are fairly
insensitive with n. For short chain n-alkanoic acid monolayers on silver, the gradual
decrease of the Vg(COO-) absorbance indicates that the structures of these monolayers exhibit
an increase in average tilt, and/or a decrease in surface coverage. Comparison of the trends in
fractional coverages as a function of n may suggest a larger tilt for short chain n-alkanoic
acids. In contrast, the v3(COQ") absorbance mode for n-perfluorocarboxylic monolayers on

silver are relatively insensitive to n, except for n=0 chain. Note that the exceptionally small
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Figure 8. Calculated (---) and observed (—) infrared external reflection spectra for self-

asssc(t)nbled n-perfluorononanic acid at silver. The p-polarized light was incident
at 80°.
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Figure 9. Peak heights of v3(COO-) for monolayers of CH3(CH2),COOH (o) and
CF3(CF2)sCOOH ( ¢) self-assembled at silver as a function of n
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V(COO-) absorbance for trifluoroacetic acid monolayer on silver suggests a very luée tilt of
the head from the surface normal. This conclusion of large tilt is supported by the intensities
of Va(CF3) modes which are strong at ~1204 cm"! and weak at ~1143 cm-1 [40].

The packing and orientation of individual molecules in a monolayer have been
suggested to be a function of the spacing between the heads, the difference in the preferred
head-head and tail-tail distances, the length of the tails, and the van der Waals and dipole
interactions between the tails [41-44]. In general, in monolayer assemblies where the head-
head spacing positions the molecules further apart than the natural spacing of the tails, the
chains tilt to maximize attractive van der Waals interactions between molecules [41-43].
These "free-volume-allowed" tilts would then compete with the formation of gauche
conformers for excess free volume. For carboxylic acids, the radius of the unhydrated acid
molecules is 2.55 A for all long-chain acid molecules [45]. ‘The radius of the hydrogen tail is
2.42 A [46], and the radius of the perfluorocarbon tails is 2.99 A [30,47]. Hence, for n-
alkanoic acid, the mismatch of the spacing between head-head and tail-tail distances results in
a larger average tilt for shorter chains. In addition, defects could also give rise to disordered

chain packing, and hence, a larger average chain tilt.

Wetting characteristics

The wetting properties of these monolayer films, as judged by contact angles, are
given as a function of n in Figure 10 for the nonpolar liquid hexadecane and the polar liquids
glycerol and water. Across the series the average advancing contact angles in general reach

limiting values. The limiting 0,'s for n-alkanoic acid monolayers are comparable to those for
an interface terminated with a -CH3 group [48]; whereas the limiting 04's for

n-perfluorocarboxylic acid monolayers are less than those for an interface terminated with a
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Figure 10. Advancing contact angles of (a) hexadecane, (b) glycerol, and (c) water, on
monolayers of CH3(CH2),COOH () and CF3(CF2),COOH (¢)

adsorbed at silver.
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-CF3 group [49]. This suggests that the hydrocarbon chains approach a closest-packed
structure, whereas the perfluorocarbon chains do not, which agrees with the contact angle
hysteresis data described in'the previous section. For n-perfluorocarboxylic acid
monolayers, with minimum exposure to the ambient laboratory environment, the structures
are more densely-packed [12]. At both monolayers, the advancing contact angles for shorter
chains were progressively lower; indicative of a decrease in surface free energy.

As shown in Figure 9, the depth sensitivity of a probe liquid to the underlying
COO0-Ag dipoles and silver plasmons is different with hydrocarbon and fluorocarbon tail.
For all three liquids, the thickness of the hydrocarbon layer sufficient to hide the polar
carboxylate group from interaction with a probe liquid is larger than that of the fluorocarbon
layer. This is attributed to the lower dielectric constant of the perfluorocarbon layer which is
more effective in screening the van der Waals interactions between the contacting liquid and
the underlying COO-Ag dipoles and silver plasmons [S0]. Itis also interesting to note that, at
large n, contact angles of water on n-alkanoic acid and h-perﬂuorocarboxylic acid monolayers
are comparable, whereas contact angles of hexadecane on n-alkanoic acid monolayers are
significantly smaller than those on n-perfluorocarboxylic acid moholayers, The results of
glycerol are intermediate between the above two cases. A detailed discussion on this trend
with considerations of van der Waals interactions will be reported elsewhere.

The wetting daﬁ also indicate an odd-even progression in surface tension for short
chain n-alkanoic acid monolayers. The odd-even trend is not significant for long chain
n-alkanoic acid. Changes in cosfy's with an odd-even variation of chain length may arise
from a difference in the orientation of the terminal methyl group which screens the van der
Waals interactions between the contacting liquid and the underlying COO-Ag dipoles and

silver plasmons differently [50]. At longer distances, the interactions are weaker. As a
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result, the difference in screening by the terminal methyl groups with different orientations is

proportionally smaller. This leads to a smaller odd-even variation as observed in Figure 10.

Formation thermodynamics

A metal oxide displays widely differing types of interactioﬁs with organic adsorbates.
The analysis presented by Bolger [51] elucidates these specific interactions in terms of the
ionic character of the hydroxylated substrate and organic functional group provided by the
adsorbate. The ionic character of the substrate is described in terms of the isoelectric point of
the surface (IEPS). The surface reactions involved in the established surface chargé and the
electrical double layer based on an amphoteric dissociation model may be represented as

MO +H*e& MOH K1 =[ MOH /[ MO )J[H¥] (10)

MOH +H* e MOHt Kz =[ MOHz+ Y MOH ]J[H+] (11)

and for

MO +2H+* & MOHz* KKz =[ MOH2* ) MO J[H*])2 (12)

At the IEPS, MOH2* = MO, and K = K}, it follows that
IEPS = log K2 (13)
From the definition of the pKj of an acid,
HX & H* + X~ ~ PKa = -log([H*][X"W[HX]) (14)
The acid-base reaction which involved the hydrated oxide surface and organic acids can be

generalized as hydrogen-bond formation and salt formation,
—MOH + HX —» —M-0O---H-X (15)

—MOH + HX — —M-OHa+:.--X~ (16)
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In order to predict the relative probability between reactions 15 and 16, Bolger proposes the

following relation:

Aa = log([ MOHz* 1[ X- YT MOH J[HX]) an
Substitution of equations 13 and 14 into equation 17 yields
| Aa =IEPS - pKq (18)
The strength of the acid-base interactions is expected to increase with Aj. Dispersion forces
dominate if A is negative.
For two acids HX); and HX»> with equal concentration competitively adsorbed at a

metal oxide surface, from equation 17,

 logl X1 VI Xz D=Aarba (19)

With silver, IEPS was estimated to be ~10.4 [52]. The pKj's for long chain n-alkanoic acid
are ~4.5 [53], and pKj's for long chain n-perfluorocarboxylic acid are about ~2.6 [54]. For
equal concentrations of both acids, this calculation indicates that the adsorption of a
n-perfluorocarboxylic acid is preferentially favored at silver relative to a n-alkanoic acid by
nearly 80 times. The relative binding of adsorbates has been shown to be directly related to
the pKj of the acid group in each molecule, with more acidic species having greater binding
to basic surface sites [55]. It is important to note that this analysis considers only acid-base
chemistry.

To investigate the effect of the nature of the chain on the coadsorption of n-alkanoic
acids and n-perfluorocarboxylic acids, a 2x4 factorial design with two two center points was
used [56]. The factors were the immersion time, t, and the mole fraction, X, of
n-perfluorodecanoic acid in a mixture of n-perfluorodecanoic acid and n-decanoic acid. The
response surface is shown in Figure 11 and is given as cos8;. The monolayer reaches a

densely packed structure at an immersion time of 15 minutes. The assumption of
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Figure 11. Response surface for competitive adsorption from n-perfluorodecanoic
: acid/n-decanoic acid mixtures in absolute ethanol. The surface fits the

following equation: cos6 = 0.740 - 1.232X + 1.369X2 - 0.055X3 + 0.045t +

0.041Xt - 0.010X2t, where t = time in minutes, and X = mole fraction of
n-perfluorodecanoic acid in the mixture.
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thermodynamic equilibrium allows us to rationalize the relationships between the
concentrations in solution and the compositions of mixed monolayers of these adsorbates on
silver. The relative fractional coverages of n-perfluorodecanoic acid to n-decanoic acid at t =
0.25 hr and X = 0.5 was estimited by Cassie's equation to be ~3:1. Treatment of the
intensities from the IRS data at 1370 cm-l, assuming the orientation of the chain is
independent of coverage, yiclds the relative fractional coverages of n-perfluorodecanoic acid
to n-decanoic acid at t = 0.25 hr and X = 0.5 to be ~2:1. The results show that
n-perfluorodecanoic acid preferentially adsorbs at the silver surface. However, the ratio is far
below that estimated by consideration of only the acid-base chemistry of the carboxylate head
group and the silver substrate. Thermodynamically, it is shown that stronger cohesive
interactions between hydrocarbon chains favor adsorption of the longer chains [57]. Asa
result, weaker intermolecular attractions between perfluorocarbon chains lead to a relative
fractional coverage lower than that expected. The weaker intermolecular attractions of
saturated fluorocarbon chains are also revealed by the shift of peak position of V¢(CH2). The
crystalline-like packing in the pure monolayer (Vs(CH3) peak position 2852 cm-1) is changed
to be more liquid-like in the mixed monolayers (Vs(CH2) peak position' 2858 cm-1) [24].
This also suggests that the mixed monolayers do not phase-segregate into macroscopic
islands.

Furthermore, n-perfluorodecanoic acid is a stronger acid than n-decanc;ic acid and is
therefore a better leaving group in ethanol from a mechanistic perspective.
Thermodynamically, the component with the lower solubility will be preferentially adsorbed
into the monolayer. Therefore, the nature of the solvent influences both the relative
solubilities and the preference for adsorption. Taken together, the extent of the preference

varies with the pKj of the acid, the cohesive interactions between the chains, and the nature

of the solvent.
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As shown in Figure 11, at longer times, the contact angles decline with increased
exposure to the self-assembly solution. Analysis of the self-assembly solutions by ICP-AES
revealed a graduate increase in its silver content, suggesting a slow dissolution of the surface
silver complex. The observed dissolution arises from the labile nature of the surface
structure. Dissolution of n-alkanoic acid films adsorbed at copper from ethanol and
hexadecane has also been observed in our laboratory and reported in the literature [58].
Because of this competition with polar solvents, it is suggested that carboxylic acid groups
are ineffective in bond durability with most very high or low IEPS oxides, probably because
the acid-base forces are large enough to cause corrosion or chemical attack of metal surface

[51].
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CONCLUSIONS

As a result of differences in head group acidity, head-head to tail-tail distances, and
intermolecular attractions, the formation and structure of n-alkanoic and
n-perfluorocarboxylic acid monolayers on silver have their own characteristics with respect to
reactivity, orientation, packing density, and intermolecular environment. These properties, in
general, indicate the tendency of these monolayers toward more disordered and less densely
packed structures for short chains. The bulkier, more rigid structure, and the "mutual-
phobia" [59] characteristics of perfluorocarbon chains lead to less appreciable changes in
monolayer properties with respect chain length variation. Due to higher acidity of the head
group, n-perfluorodecanoic acid preferentially adsorbs at a silver surface relative to
n-decanoic acid. However, further detailed studies are necessary to investigate the effect of
chain length on the adsorption competition, as the trade off between acid-base reactivity and
intermolecular attraction may take place when a critical chain lenéth is reached. Further

studies concerning the influence of solvent to the extent of the preferential adsorption are

currently in progress.
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ABSTRACT

Wetting studies of a liquid on series of structurally different organic monolayer films
show that van der Waals interactions decay as the square of the distance between two
semiinfinite parallel flat slabs at small separations (<100 A). The depth sensitivity of wetting
is quantitatively correlated to the van der Waals interactions between a liquid and an
underlying functional gloup of a solid surface. A comparison of relative depth sensitivities of
various liquids are made. The correlation of limiting contact angles to van der Waals
interactions at various interfaces is also discussed, as well as the structural implications of the

variation of the spatial orientation of the methyl terminal group.
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INTRODUCTION

Wettability phenomena are complex and their interpretation at a microscopic level is
not fully understood. In spite of the lack of microscopic theories, the spreading of a liquid on
a solid has provided a wealth of information on the properties of interfaces. Studies have
shown qualitatively that the wettability of a solid is determined by the structure of its
outermost few angstroms [1-4]. Asan example, a phenyl ring is sufficient to hide an
underlying poﬁm amide group from interactién with water, suggesting that a relatively small,
nonpolar group can bury a polar group and that wettability must be sensitive to molecular-
scale details of interfacial structure [5]. The high sensitlvity of wetting as a probe of
interfacial structure has been compared with X-ray photoelectron spectroscopy (XPS).
Results indicate that the size of alkyl groups required to mask polar functionali‘ty in wetting is
small compared to the thickness of hydrocarbon required to significantly attenuate XPS
signals [3,6]. Furthermore, it has been shown that the depth sensitivity of different probe
liquids (hexadecane, glycerol, and water) to the underlying polar ether group varies from
~2At0 -5 A[7]. A more quantitative knowledge of the influence of the depth of functional
groups beneath the surface to different probe liquids on wetting would be invaluable in
understanding the intermolecular forces acting at these interfaces.

In macroscopic systems, three different phenomena contribute to van der Waals (VW)
interactions: (1) randomly orienting dipole-dipole (or orientation) interactions, described by
Keesom; (2) randomly orienting dipole-induced dipole (or induction) interactions, described
by Debye; (3) fluctuating dipole-induced dipole (or dispersion) interactions, described by
London [8]. All three interaction energies between atoms or small molecules decay very
rapidly distance (x), as x*6. Between macroscopic bodies, Hamaker showed that the
dispersion energy between two semiinfinite parallel flat slabs decays with distance as x-2 for

relatively short distances (x < 100 A) [9] and as x-3 at greater distances due to retardation
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[10]. Here we present experimental results to verify Hamaker's theory at relatively short
distances and develop quantitative relations between the depth sensitivity of wetting and the
London-van der Waals interactions at the macroscopic interfaces. The correlation between

limiting contact angles and the van der Waals interactions at various solid-liquid interfaces

will also be addressed.
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RESULTS AND DISCUSSION
Van der Waals interactions at macroscopic interfaces
When a small liquid droplet contacts with a flat solid surface, two distinct equilibrium

regimes as shown in Figure 1 may be found: partial wetting with a finite equilibrium contact
angle (0 = 0), or complete wetting (0 = 0). In cases of partial wetting, three phases are in -
contact at a line: the solid S, the liquid L, and the corresponding equilibrium vapor V. The
equilibrium can be expressed quantitatively in terms of the well-known Young relation [11]:

Ysv° - YsL = YLv cos@ . (1)
where ¥sv" and Yv" are the respective solid and liquid surface tensions in equilibrium with the
saturated liquid vapor, Yy, is the interfacial tension between liquid and solid, and O is the '
equilibrium contact angle between the liquid and the solid surfaces. Assuming that van der
Waals interactions control the energetics at the liquid-solid interface, then the energy to bring
into contact the regions L and S can be represented as:

YsL=Ysv" +Yv" -VsL (VsL>0) )
where -VgL describes the attractive VW interactions beiween the regions L and S.

. Substituting equation 2 into equation 1 yields,

Yov'(1+cos0) = Vg 3
Since Vs is a function of separation distance, x, between regions S and L, its decay with x
can be evaluated by varying the chain length of self-assembled monolayers. Assuming a
similar structure for the same series of monolayers, variation in the chain length, n, of the tail
provides angstrom-scale control over the position of the underlying functional group. The
array of tails then acts as a dielectric layer.

Next consider monolayers of n-alkanethiols [CH3(CH2),SH] and n-carboxylic acids

[CX3(CX2)aCOOH, where X = H or F] on gold or silver surfaces, as shown in Figure 2a,
and w-mercapto ethers [CH3(CH2),0(CH2)16SH] on gold, as shown in Figure 2b, VW



78

(b)

----------------------

Figure 1. A liquid drop in equilibrium over a horizontal surface: (a) partial wetting
(0 # 0), and (b) complete wetting (0 = 0).
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interactions between the regions S and L can be separated into two parts: (1) VW interaction
of a contacting liquid with the perfluorocarbon tail or the hydrocarbon tail, denoted by
superscript T; (2) VW interaction of a contacting liquid with the underlying functional group
of interest, denoted by superscript G. Thus, equation 3 can be represented as:

Yv"(1+cosB) = Vs .G + Vg T @)
Assuming the change of VsLT with different n is negligible compared to the change of Vg1 G
with varying n, VgL T is considered essentially constant. Then, at large n (i.e., large x), Vg.C
decays to almost zero. Let 0, be the liniiting contact angle (i.e., the contact angle of a probe
liquid on a monolayer with large n), equation 4 can then be written as

v’ (14€05860) = Vs T &)
Substituting equation 5 into equation 4 yields,

YLv"(c0s0-c050..) = V51 C 6)
In accord with Hamaker’s treatment [9] for semiinfinite parallel flat slabs, the VW interaction
decays as the square of the separation distance at fairly close range (i.c., in the nonretarded
regime). Coupled with the consideration of the tails as dielectric media between regions L
and S, Vg G can be expressed as

V518 = A/12nkx2 )
where A is the Hamaker constant and « is the dielectric constant of the medium between the
slabs. Thus, equation 6 can be expressed as

YLv " (cos0-cos0.0) = A/12mKx2 €))
The Hamaker constant was originally linked solely to London-van der Waals interactions, but
recent efforts have shown that it applies to all three electrodynamic interactions in condensed
systems, that is, to the sum of the dispersion, orientation, and induction interactions [8].
However, in condensed media, the dispersion interaction is usually the only significant term

[12]. Taking logarithm of equation 8 on both sides gives,
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log(cosB-cos0.0) = log(A/12nxYLv") - 2 log x )
A plot of log(cos0-cos0..) versus log x should give a slope of -2 and an intercept equal to
log(A/12nxYLy").

To substantiate Hamaker’s result for semiinfinite parallel flat slabs separated by
relatively short distances, contact angle data of hexadecane on series of strﬁcturally different
monolayers with varying chain lengths were examined. These monolayers include: (1)
CH3(CH2)aSH on gold [13], (2) CH3(CH2),SH on silver [14], and (3) CF3(CF2),COOH
on silver [15]). The chain tilts of these monolayers are 31°, 13°, and 40°, respectively, from
surface normal. The values of n from these monolayers for estimating the limiting contact
angles are 17, 16, and 8, respectively. Figures 3a-c show plots of log(cos8-cos0..) versus
log x for hexadecane on these monolayers; Each plot shows a slope of about -2 and an
intercept of about -15. The intercepts of about -15 give values for A on the order of
magnitude of ~1x10-12 erg, which agree with the theoretical prediction [9]. The scatter in the
data may arise from the change of surface coverage with chain length, the change of
molecular tilt with chain length, or the orientation dependence of the -CH3 or the -CF3 group
with the odd-even variation of chain length (see below)'. With glycerol and water as the
probe liquids, slopes of about -2 are also observed for the plots of log(cos0-cos6.) versus
log x for these monolayers. In general, the data support Hamaker’s prediction that VW

interactions for semiinfinite parallel flat slabs decays as the square of the distance at fairly

close range.

Depth sensitivity of wetting
Since VW interactions in contact angle measurements are relatively long-range in
nature, different probe liquids may sense different depths beneath the surface. The sensing

depths of different probe liquids in contact angle measurements has been correlated
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Figure 3. Plots of log(cos8-cos0..) versus log x for hexadecane on (a) monolayers of
CH3(CH2)nSH on gold (slope = -2.12, y-intercept = -15.89); (b) monolayers
of CH3(CH2)nSH on silver (slc&ef -2.12, y-intercept = -15.74); and
(cl:)smonolayers of CF3(CF2),COOH on silver (slope = -1.95, y-intercept =
-15.17).
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qualitativeiy by Bain and Whitesides, and two mechanisms have been proposed [7].
However, a quantitative correlation is lacking. This section presents a quantitative correlation
of the depth sensitivity of a probe liquid with its physical properties via the consideration of
VW interactions.

As is apparent in equation 8, the VWi interactions decay as x-2 at fairly close range and
its rate of decay is a function of Y.v°, A, and k. If surface sensitivity (SS) is defined as
d(cos0)/dx, or depth sensitivity (DS) is defined as dx/dcos0, .then from equation 8,

SS = d(cosB)/dx = -A/6nKYv°x3 (10)

DS = dx/d(cos8) = -6nxy v x3/A (11)
If the two slabs are composed of two different substances S and L,

A =n2qq; AsL (12)
where q’s are the -atom densities and A’s are the London-van der Waals constants; both are
annotated by the appropriate suffix. We also note that A is approximately expressed by

AsL = 3asoulsl/2(0s+H) | 13
where a’s are the polarizabilities, and I's are the ionization potentials of the isolated molecule
as indicated by each suffix. Further, polarizability may be calculated by the Lorentz-Lorenz
equation:

o = 3v(n2-1)/4nNy(n2+2) - (14)
where n is refractive index, v is mélam volume, and N is Avogadro's number. Combining

equations 12, 13, and 14 yields

A = 27(ng2-1)(n.2-1)IsI /32(ng2+2) (ny 2+2)As+IL) (15)
Substituting equation 15 into equation 11 gives,
DS = -64mq;,v'x3(n32+2)(nL2+2)(Is+IL)/913[L(n32-1)(nL2-l) : (16)

To compare the depth sensitivities of two different probe liquids A and B, from equaﬁon 16,

we write
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(DS)VDS)s = (Vv )s((n)aZ-1)(n)s2+2)AA(Is+(IL)s)

+ (ALv a(ps2-1)((0)a2+2)A)s (s +HIL)A) 17)

In contact angle measurements, hexadecane is a commonly used probe liquid which interacts
with a solid only by dispersion interaction. Other probe liquids listed in Table I interact either |
by the dispersion interaction or by both the dispersion and polar interacﬁons. In order to
compare depth sensitivities of different probe liquids, hexadecane is chosen as the reference
with a depth sensitivity of unity. Table I lists the relative depth sensitivities (RDS) of some
commonly used probe liquids in contact angle measurements as calculated from equation 17.
The ionization potential (IP) of the ether group is approximated by the IP of (n-C3H7)20,
which is equal to 9.27¢V [16].

The depth sensitivity of a probe liquid is also related to the dielectric constant of the
medium between the slabs, i.e., the diclectric constant of the tail. Since perfluorocarbon
chain has a lower dielectric constant than that of the perhydridocarbon chain, it is expected
that the depth sensitivity of a probe liquid is larger at a perhydridocarbon chain than at a
perfluorocarbon chain.

The above discussion has taken only dispersion interaction into account. In fact,
three distinct types of forces contribute to the total long-range interaction: the induction force,
the orientation force, and the dispersion force. Dispersion force generally exceeds the dipole
dependent induction and orientation forces except for small highly polar molecules [12]. In
addition, in the interaction between dissimilar molecules of which one is nonpolar, the VW
energy is almost completely dominated by the dispersion contribution [12]). The induction
force ranks lowest in importance of the VW forces and is generally negligible [17]. Hence,
the contribution of polar interactions in the calculated RDS listed Table I can be ignored since
the ether group in the monolayer is not a highly polar functional group.
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Table I. Relative depth sensitivity (RDS) of liquids on monolayers of

CH3(CH2),O(CHg)16SH on gold

liquid YLv*(dyne/em)
perfluoro-n-heptane 13.6
carbon disulfide 323
cyclohexane 25.3
n-propanol 23.8
benzene 29.0
hexadecane 27.6
methylene iodide 50.8
pyridine 38.0
formamide 58.2
glycerol 63.4
water ' 72.8

mZ

1.605
2.490
2.034
1.920
2.179
2.026
3.031
2.270

-2.095

2.136
1.755

Iew)

13.38 ®
10.08
9.88
10.20
9.25
10.08 ©
9.46
9.32
10.25
10.85 ¢
12.59

0.66
0.90
0.92
0.93
0.99
1.00
1.20
1.23
1.99
2.06
3.02

2 IP values from reference 16.

® Estimated by using the IP value of C3Fg.

€ Estimated by using the IP value of n-heptane.
4 Estimated by using the IP value of methanol.
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The qualitative correlation of depth sensitivities of hexadecane, glycerol and water on
monolayers of CH3(CH2)aO(CH2)16SH on gold reveals that the _sensitivity of the contact
angle of hexadecane to the ether group in that monolayer system extents only ~2 A, whereas
water seﬁses the ether group down to ~5 A beneath the surface [5]. This correlation agrees
_ with our calculated results. However, the proposed mechanism that the greater sensing depth
~ of water may reflect its penetration ihmugh short alkyl chains at the surface of the monolayer
is probably relatively unimportant, as suggested by our calculated results. The relatively
similar depth sensitivities of the three probe liquids on monolayers of CF3(CF2),COOH on
silver [14] may be due to the highly polar nature of the carboxylate group in the monolayers.
This leads to a strong orientation interaction of the carboxylate group with polar probe
liquids, such as water and glycerol, and causes an increase in the value of A. As a result, the

difference between the depth sensitivities of the three probe liquids is not appreciable.

Limiting contact angles

At large n, as V; 9 decays to almost zero, Vg, T and as a consequence 6., reach limiting
values. This limiting contact angle is a characteristic of the composition of the molecular
surface. It is interesting to compare values of 0., for various liquids on different molecular
surfaces. Table II lists the values of 0. for the nonpolar liquid hexadecane and polar liquids
glycerol and water on surfaces terminated with a -CH3 group or -CF3 group. As is apparent,
for the two different molecular surfaces, the difference in 0..'s for a liquid decreases in the
order of hexadecane, glycerol, and water. From equation 5,

08800 = Vs /Y1y - 1 (18)
Following the treatment of Hamaker, Vg, in this case is assumed to be at an equilibrium
distance, xo (i.e., two surfaces in contact). The best empirical value for x, is reported to be

1.58+0.08 A [8,18]. Hence,
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Table II. Limiting contact angles of various liquids on molecular surfaces terminated with
a -CHj or -CF3 group

Materials O(hexadecane)  Oo(glycerol)  Ou.(water)  References
CF3(CF2)7(CH2)sSH/Au 79° 118° 19
CF3(CF2)sCOOH/Ag 70° 103° 108° 15
CH3(CH2)21SH/Au 47° 112° 20

CH3(CH2)18COOH/Ag 43° 98° 107° 21




Table III. Comparison of A/Y;y" values on various interfaces (Unit: cm?)

Liquid AMv’(-CH3 surface) AMYiv’(-CF3 surface)
hexadecane 16.0x10-15 4.0x10-15
glycerol 7.8x10-15 1.9x10-15

water 5.3x10°15 1.3x10-15
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€050 = A/127xo2Yy" - 1 (19)
Table III lists the calculated values of AfY,y" at the six different interfaces. Note that the
surfaces terminated with a -CH3 group or -CF3 group are approximated by the physical
properties of hexadecane and perfluoro-n-heptane, respectively. As is apparent in Table III,
the difference in A/Yjy° values decreases in the order of hexadecane, glycerol, and water,

which explains the trend of 0. listed in Table II. As a result, the value of the limiting contact

angle is governed by the van der Waals interactions at the solid-liquid interface.

Odd-even progression

The wetting data as shown in Figure 4 show an odd-even variation in contact angle
for monolayers of CH3(CH2)aSH on gold [13] and CH3(CH2)sCOOH on silver [21]. The
odd-even variation is more significant for short chain than for long chain. For simplicity, we
refer to a chain with an odd number of -CHj- or -CF3- groups as an "odd chain" and a chain
with an even number of -CHz- or -CF2- groups as an "even chain". For monolayers of
CH3(CH2),SH on gold, odd chain monolayers have 0's that are markedly greater than those
that are composed of chains with one less methylene group. In contrast, for monolayers of
CH3(CH2),COOH on silver, even chain monolayers have 0's that are markedly greater than
those that are composed of chains with one less methylene group. Changes in 0's with an
odd-even variation of chain length may arise from a difference in the orientation of the
terminal methyl group, as shown in Figure 5. The permanent dipole moment of the methyl
group, which has a component perpendicular to the surface and opposite in direction to the
S-Au or COO-Ag dipoles, will screen the VW interactions between the probe liquid and the
underlying S-Au or COO-Ag dipoles. Methyl dipoles of odd chain CH3(CH3),SH
monolayers on gold and even chain CH3(CH2)aCOOH monolayers on silver are almost

perpendicular to the surface, while methyl dipoles of even chain CH3(CH2),SH monolayers
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Figure 4. Contact angles of hexadecane on monolayers of CH3(CH2)nSH adsorbed at
gold (o) and CH3(CH3),COOH adsorbed at silver (¢)
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n=even Au n = odd

Figure 5. Proposed structures for (a) n-alkanethiolate monolayers on gold, and
(b) n-alkanoate monolayers on silver, with an even (right) and odd (left) number
of methylene groups in the chain. Directions of the -CH3, S-Au, and COO-Ag
permanent dipole moments are indicated by the arrows.
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on gold and odd chain CH3(CH2)nCOOH monolayers on silver havé smaller components
perpendicular to the surface. Thus, the VW interactions between the probe liquid and the
underlying structures are screened more effectively by the methyl dipoles of odd chain
CH3(CH2)nSH monolayers on gold and even chain CH3(CH2),COOH monolayers on silver
and result in relatively greater 0's.

At larger separation distances, the VW interactions between the probe liquid and the
underlying dipoles are weaker. Consequehtly, the difference in screening by the terminal
methyl groups with different orientations is proportionally smaller. This leads to a smaller

odd-even variation as observed in Figure 5.
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CONCLUSIONS

The wettability of a liquid on a solid surface is related to the microscopic composition
and structure of the solid surface. Our results show that the van der Waals interactions
between two semiinfinite parallel flat slabs decay as the square of the separation distance at
fairly close range. As a result, the depth sensitivity of a liquid to an underlying functional
group of a solid surface depends on the van der Waals (dispersion, orientation, and
induction) interactions between the liquid and the functional group of interest. In addition,
the limiting contact angle depends on the van der Waals interactions between the liquid and
the molecular surface. The relative depth sensitivity of several representative liquids were
calculated and compared, based on the consideration of dispersion interaction only. More
sophisticated calculations of depth sensitivity are necessary for interactions between polar
liquids and highly polar functional groups underlying solid surfaces with additional

considerations of polar interactions.
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ABSTRACT

A calcium-selective optical sensor has been fabricated by the electrostatic
immobilization of calcichrome at a porous anion-exchange polymer film. The change in the
optical properties of the bound indicator as a function of Ca(II) concentration was monitored
in a single-beam diffuse reflection mode at a pH of 12.1. Advantageous features of this
design include a short response time (<15 s), high selectivity, facile construction, and
compatibility with commercially available instrumentation. The rapid response results from
the porous microstructure of the anion exchange polymer, which facilitates the mass transport
of analyte and counter ions between solution and polymer film. The optical response is linear
for a Ca(II) concentration between 3 and 30 mM with a detection limit of 3 mM.
Immobilization alters both the acid and chelation strength of the indicator. Possible causes of
these reactivity differences are discussed, based on insights provided by infrared internal
reflection and photoacoustic spectroscopies. Equations to determine the metal complex

formation constant and acid dissociation constants of the immobilized reagent from diffuse

reflectance spectra are developed.
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INTRODUCTION

Thin films of organic polymers have been used extensively for the development and
construction of a wide variety of sensors based either on electrochemical or optical detection
schemes [1-4]. Central to both of these schemes is the control of the selectivity and/or
sensitivity of an analysis by the synthetic manipulation of the chemical and physical
properties of the polymeric film. For electrochemical sensors, strategies to control the
composition of "redox" and ion exchange polymers have been employed to mediate the
electron-transfer of large biomolecules [5-7] and to preconcentrate metal ions [8,9]. One
approach to control selectivity has focused on the careful alteration of the permselectivity of
cellulosic polymers [10,11]. Permselective films have the additional advantage of precluding
the adsorption of macromolecules that may foul the electrode surface, enhancing the long
term stability of the sensor.

As has been briefly summarized [12], the design and construction of optical sensors
have focused to a large degree on approaches for the attachment of a colorimetric reagent to a
host polymeric support. Immobilization schemes include the attachment of acid-base and
metallochromic indicators with a covalent linkage [13-16], the electrostatic immobilization of
sulfonate- and carboxylate-functionalized indicators at ion exchange polymers [17], and the
adsorption of dyes onto cellulosic films [18]. Such sensors have exhibited a wide range of
performance characteristics (e.g., sensitivity, stability, and response time), which are
intimately linked to the composition and microstructure of the polymeric film. It is therefore
apparent that the optimization of the performance characteristics of both optical and
electrochemical sensors represents a complex mixture of fundamental and practical issues.
To this end, future progress will require an increasingly interdisciplinary research strategy,
drawing from specialties such as synthesis, materials characterization, theory, and

instrumentation.
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This paper describes the construction, performance characteristics, and structural and
reactivity details of an optical sensor for the selective determination of Ca(II). The sensor
was fabricated by the electrostatic immobilization of calcichrome (2,8,8'-trihydroxy-1,1'-
azonaphthalene-3,6,3',6'-tetrasulfonic acid) at a porous anion exchange polymer film. The
change in the optical properties of the immobilized reagent were monitored in a diffuse
reflection mode in the visible spectral region. Relevant features of this design include a short
equilibration time (<15 s), high selectivity, facile construction, and compatibility with
commercially available instrumentation. The rapid response results from the porous
microstructure of the anionic polymer which facilitates the mass transport of analyte and
counter ions between solution and polymer film. Immobilization, however, alters both the
acid and chelation strength of the indicator. Possible causes of the reactivity differences are
discussed and substantiated by structural descriptions of the bound indicator that are deduced
from infrared internal reflection and photoacoustic spectroscopic data. Equations to
determine the metal complex formation constant and acid dissociation constants of the
immobilized reagent from diffuse reflectance spectra are developed and used to assist the
characterization of the chemical properties of the sensor. Considerations for the potential
application of this sensor to environmental, industrial, and clinical purposes are also briefly

discussed.
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THEORY
This section describes the requisite formulization for obtaining the conditional
formation constants and acid dissociation constants for immobilized colorimetric indicators
with diffuse reflection spectroscopy in both single-and double-beam modes. It begins with
use of Kubelka-Munk theory [19] to develop equations that relate the experimentally
measured intensities of the diffusely reflected light to the equilibrium between a solution
phase metal ion and an immobilized metallochromic indicator. An analogous method for the

determination of the acid dissociation constant(s) of an immobilized indicator is also

presented.

Determination of the formation constant for a metal complex with diffuse
reflection spectroscopy
The general reaction for the equilibrium between a solution phase metal ion, M+, and
an immobilized ligand, LM-, is |
Mma+ 4 Lm- = MLA-M (¢))
where ML is the immobilized metal complex. Assuming activity coefficients of unity for
both solution and immobilized species, the conditional formation constant, Ky, for the

chelation of the metal and ligand is
| Ke= ML /ML @
where [M] is the equilibrium solution concentration of the metal ion, and L and ML are the
respective equilibrium concentrations of the immobilized ligand and the immobilized metal
complex. Equation 2 can also be written with respect to ML and the initial concentrations of
the metal ion in solution, [M],, and the immobilized ligand, Lo to give
Ke= ML A[Mlo- ML (L o- ML) 3

Upon expansion and rearrangement, equation 3 yields
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1/Kg=MloL/ML - Mlo- Lo+ ML @
If experimental conditions are such that

-L-o -ML « [M]o-fo/m_ - Mo
i.e., ML « [M]o, then equation 4 reduces to

1/Ke=Mlo Lo/ ML - Mlo (5)

For diffuse reflection measurements, the Kubelka-Munk (K-M) function provides an

empirical approach for relating the observed signal quantitatively to the sample concentration.
The K-M function, f(Rx), is defined as

fRoo) = (1-Roc)/2Ro0 6)
where R.. is the absolute diffuse reflectance of an infinitely thick sample. This function is

related to the concentration of an absorbing sample species, C, by
f(Roo) =eC/s 7))
where € is the molar absorptivity of the sample species and s is the scattering coefficient. For

a nonabsorbing M+, f(R.,) can be expressed using equation 7 as
f(Res) =€y ML /5 + €,(L o~ ML Vs @®)

where €y and €, are the molar absorptivities of ML and L, respectively. If f(R.')

represents the K-M function for L, equation 8 becomes
f(Roo) = (Ea-€1) ML /s + f(Reo) )

The general expression for the Kubelka-Munk function in equation 6 can also be

used to formulate f(Rx) in terms of f(R«"), which through subtraction of f(R..') and

rearrangement gives

f(Roo) - f(Roo') = (RooRoo)(1-RecRoc’)/2R R o0’ (10)
For measurements that result in RRoo'« 1, equation 10 simplifies to

f(Roo) - f(Reo') = (Roo-Roo)/2RecRoo’ 1mn

Combining equations 9 and 11 then results in an expression that relates R.. and Ro.' with ML
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(Rec-Rec)/2RocRec’ = (Eve-€1) ML /s (12)
To relate equations 5 and 12 to measurements in a single-beam mode, a comparison to
a reference intensity is necessary to compensate for instrument fluctuations (e.g., long term
drift of the intensity of the light source). One approach for compensation is to use the
reflected intensity at an isosbestic point as a reference [16]. For a diffuse reflectance
measurement, the diffuse reflectance ratios for the free (Ry') and complexed (Rp) forms of an
immobilized indicator can be expressed as
Rp =Jn/); (13)
Rn' =Jn/J; (14)
where Jy, Jp', are the experimentally measured intensities of the diffusely reflected light at the
sampling wavelength and J; is that at an isosbestic point. Additionally, as most experimental
measurements do not determine the absolute diffuse reflectance of a sample, it is usual to
relate the observed signal to a suitable reference material [20]. These relative quantitites are
given as
Too = Rod/Ogtd (15)
Two' = Roo'/Ogid (16)
where Gy is the absolute diffuse reflectance of the reference material and is equal to unity for
a perfect diffuse reflector. Dividing both the numerators and denominators in equations 13
and 14 by Ggq yields
Rp = RosOstd/Jr 17)
Rn' = Reo'Gsi/J; (18)
Combining equations 5, 12, 17 and 18 results in
(1/Rp - 1/Rn)"! = s0ga/2(En-€))r L oKiIMio + s0aid/2(en€)7 L o (19)

In the conventional double beam mode, a comparable derivation gives
(oo - 1/rea)") = s/2(ere-8)0s1d L oKeIMJo + 5/2(Er0-€1)05ua L o (20)



103

In both instances, a plot of (1/Rp - 1/Rp')"! or (1/fe - 1/10')"! vs 1/[M]y is linear, which
allows the calculation of K¢ by dividing the y-intercept by the slope.

Determination of acid dissociation constants for an immobilized species with

diffuse reflection spectroscopy

The general reaction for the acid dissociation of an immobilized ligand is

HpL™ = HyLM+)- + H+ | (21)

Where HpL™- and Hp.jLM*+1)- are the immobilized forms of a conjugate-acid-base pair,

respectively. The acid dissociation constant for equation 21 can be written as

Ka = [ Hp. L™+~ J[H*+)/[ HpL™- ] (22)
Since equation 7 shows that concentration is proportional to f(R..), the pKj, for equation 22
can then be expressed as
PKa = pH - 10g{(f(Roo1) - f(Roc))/(f(Rec) - f(Roc2))} (23)

where f(R1) and f(Re.2) are the K-M function at pH values which result only in HaL™- or

Hp-1L(m+1)- | respectively, and f(R) is the K-M function at intermediate pH values where

both H,L™- and Hp.jL™M+1)- are present.
If one or more sets of isosbestic points exist, equation 22 can be expressed following

earlier arguments as
PKa = pH - 10g{(1/Rn1 - /Rn)(1/Rn - 1/R2)) (24)

where Rp; and Ry are the diffuse reflectance ratios at pH values which result only in H,L™-

and Hp.jL(M+1)- | respectively, and Ry is that at intermediate pH values where both H,L™-

and Hp. L(M+1) are present.
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EXPERIMENTAL

Sensor construction

The sensor was constructed by the electrostatic immobilization of calcichrome at a N-
0030 anion exchange film (RAI Research Corporation, Hauppauge, NY). This film is a
porous (pore size > 10 mm) organic polymer with ~1.5 meq/g of quaternary ammonium
cationic exchange sites. The films scatter light analogously to the mats commonly employed
as references for diffuse reflection spectroscopy. Immobilization was accomplished by
immersing a film into an aqueous 0.1 mM calcichrome solution for 24 h at 25°C. Under
these conditions, the concentration of immobilized calcichrome was ~6mM (1.2 mmoles/g
dry film). This value was determined by the optical quantitation of the difference in the
amount of colorimetric reagent in solution before and after immobilization. The thickness of

an immersed membrane was ~800 mm.

Flow cell
The optical sensor and flow cell are shown in Figure 1. The incident light was carried

to the cell through 400-mm diameter optical fibers (Ensign-Bickford Optics Co. Avon, CT).
The fiber diameter with cladding is ~730 mm. Optical fibers also collected and transmitted
the diffusely reflected light to the entrance slit of a monochromator. The optical fiber bundle
consisted of 10 fibers, which were arranged in a vertical orientatioﬁ, with half used to
transmit the incident light to the thin film and half used to transmit the diffusely reflected light
to the entrance slit of a monochromator. The optical fibers were sealed into slotted Plexiglass
cylinders and mounted to the cell with setscrews. The solution cavity was defined by the
front window of  the cell, the silicone rubber gasket, and the thin film sensor. The window
was scaled into place with silicone rubber cement. The front and back plates of the cell were

machined from Plexiglass to respective thicknesses of 1.2 and 2.0 cm. The solution inlet and
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Figure 1. Flow cell construction: (1) optical fiber, (2) fiber mounting cylinder, (3) front
plate, (4) solution inlet channel, (5) solution outlet channel, (6) front window,
(7) slotted gasket, (8), thin film Ca(II)-sensor, (9) diffuse white reflector,
(10) back plate.
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outlet channels were drilled to a diameter of 0.2 cm and connected to Teflon tubing with
flanged fittings. The cell was sealed with a 0.15 cm thick silicone rubber gasket of which an
inner portion was removed to define the solution channel. The time required to affect a
complete change (99.9%) of the solution in the cell was 1.22+0.18 s (standard deviation, n=
17).

Under these experimental conditions, values for R..R..'. were less than 0.01, which
correspond to an error of less than 1% for the approximation in developing equation 11 from
equation 10. In addition, by using calcium concentrations greater than 0.06 M, the

approximation in arriving at equation 5 from equation 4 results in an error of less than 10%

in the determination of K.

Instrumentation
A Xenon arc lamp (Oriel Corp., Stamford, CT) was used as a light source. The

collected light was dispersed with a 0.22-m grating monochromator and monitored with a
digital photometer (Spex DPC-2, SPEX, Edison, NJ) in a photon counting mode. The pH of
the solutions was measured with a 140 A Accumet pH meter (Fischer Scientific, Pittsburgh,
PA). Infrared spectra of solid and dissolved calcichrome were collected with a Nicolet 740
Fourier transform infrared spectrometer (Madison, WI). A CIRCLE cell (Spectra Tech, Inc.,
Stamford, CT) with a ZnSe internal reflection element was used to acquire the solution IR
spectra. The y-axis of the solution spectra is given as -log(R/Ro), where R is the single beam
spectrum of calcichrome at a given pH and R, is that of the same solution without
calcichrome. This method of data presentation effectively compensates for small changes in
the absorptivity of the aqueous solvent as a function of pH below ~1550 cm-1; however, the
large absorbance of the solvent precluded an effective compensation at the higher energies of

the carbonyl and C=C stretching regions. Photoacoustic spectra of both the calcichrome
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modified film and the unmodified film were collected with a Perkin-Elmer 1800 Fourier
transform infrared spectrometer (Norwalk, CT) and a MTEC 200 photoacoustic detector
(Ames, IA).

Reagents

The pH of the solutions was controlled by varying the amounts of NaOH or HCl, or
by citrate or phosphate buffers (Mcllvaine buffers). All solutions were prepared with
deionized water. Calcichrome (Pfaltz and Bauer, CT) was used as received. The ionic

strength of the solutions was maintained with 0.2 M KCl.
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RESULTS AND DISCUSSION

Diffuse reflectance spectra of the sensor

Diffuse reflectance spectra of immobilized calcichrome before and after complexation
with Ca(II) are shown in Figure 2. Both spectra were taken at pH 12.1, and are given as
relative reflectances, i.e., Rg/Ry, where Rg is the diffuse reflectance of the free or complexed
forms of the immobilized indicator and Ry, is that of the unmodified film. The free form of
immobilized calcichrome exhibits a reflectance minimum near 620 nm, whereas that for the
immobilized Ca(lI):calcichrome complex is slightly above 540 nm. These reflectance minima
are red shifted about 20 nm relative to the absorbance maxima of their solution analogs [21].
On the basis of a comparison to the transmission spectra of the solution form of the indicator
[21], a set of isosbestic points in the reflectance spectra were also observed at 556 and 425
nm. The shifts in the reflectance minima for immobilized calcichrome arise primarily from

optical dispersion effects that are inherent to diffuse reflection measurements [19].

Response to Ca(Il)

Both the K-M function and the diffuse reflectance ratio of the sensor as a function of
Ca(II) concentration at 670 nm are shown in Figure 3. The reflected intensity at the
isosbestic point at 556 nm was used as the reference. The K-M function is linear up to Ca(I)
concentration of ~30 mM, leveling off at higher concentrations because of saturation of the
chelating sites of the thin film sensor. The plot of diffuse reflectance ratio vs. Ca(Il)
concentration is sigmoidal, also exhibiting a linear region approximately between 3 and 30
mM. The detection limit, defined as the concentration which gave a signal that was four
times the standard deviation of the blank, was estimated at 3 mM. Efforts are currently

underway to lower the detection limit both by increasing the light collection efficiency and by
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Figure 2. Diffuse reflectance spectra of (a) immobilized calcichrome, (b) immobilized
Ca(II)-calcichrome complex ([Ca(Il)] = 0.2 M), at pH 12.1 in the flow cell.
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feducing stray light [22]. The latter improvement should also increase the dynamic range of

the measurement [23].

Response time

The optical response of the sensor to a rapid change in Ca(II) concentration is
shown in Figure 4. The wavelength used for these measurements was 670 nm. Both the
blank ([Ca(IT)]= 0.0 M) and calcium-containing solution ([Ca(II)]=0.20 M) were buffered at
pH 12.1. Upon injection of analyte solution, the diffuse reflectance ratio increases rapidly,
corresponding to the formation of the immobilized metal complex. Equilibration (99.9%
completion) is achieved in ~13 s, with the response reaching 63% of the maximum value in
less than 4 s. The response of this sensor is 5-10 times more rapid than those of other metal
ions [24-29], and is roughly 20 times more rapid than those of other Ca(Il) sensors [30,31].
. Comparable improvements in response times have been observed for pH sensors that were

constructed at a porous microstructure [18], further demonstrating an advantage of designing

sensors based on porous polyineric materials.

Interferences

In addition to Ca(lI), the solution form of calcichrome complexes with a variety of
other metal ions, including Cu(l), Cd(II), Zn(II), V(IV), Mg(II), and Ba(Il) [32].
However, near pH 12 calcichrome complexes only with Mg(II), Ba(Il), and Ca(II). Tests
for the possible interference of each of the latter metal ions with the response from the sensor
were conducted over a broad range of concentrations (up to saturated solutions) at pH 12.1.
In all instances, the response of the sensor was virtually indistinguishable (<1% change in

reflectance at 670 nm) from that obtained with a blank pH 12.1 solution. Thus, the sensor
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Figure 4. Response time of the Ca(ll)-sensor: (1) equilibrated response at pH 12.1
solution, (2) injection of a 0.2 M Ca(ll) solution at pH 12.1, (3) equilibrated
response at the 0.2 M Ca(II) solution at pH 12.1.
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exhibits a high selectivity for Ca(II), suggesting its applicability to a variety of applications

(vide infra).

Stability
The stability of the sensor was tested by the replicate injection of a calcium-

containing solution under constant irradiation at 670 nm. Freshly prepared sensors were
subject to photobleaching during the first few minutes of lfght exposure which was
accompanied by a small decrease in the intensity of the diffusely reflected light. However,
the signal stabilized after the first few minutes of light exposure, with no observable
degradation in response to calcium over a period of several weeks. Other variables that may

affect the response of the sensor, such as temperature, will be tested in the near future.

Reactivity of the solution form of calcichrome

In several instances, the complexation of a metallochromic indicator with a metal ion
proceeds with the loss of one or more protons from the indicator. The design of optical
sensors for metal ion determinations therefore fequires a detailed understanding of those
factors that can influence both the acid-base reactivity and chelation capability of an
immobilized indicator. One approach for gaining insights into the molecular level details of
such interfaces is through a comparison of the structures and reactivities of the solution and
immobilized forms of the indicator. This and the next section examine the details of the
reactivities of the solution and immobilized forms of calcichrome through measurements of
acid dissociation and metal association constants and through structural information provided
by infrared internal reflection and photoacoustic spectroscopies.

In aqueous solution, calcichrome has two titratable naphtholic protons with pKj's of

7.1940.05 and 11.6310.05 at 25°C [21]. The reaction scheme is given in equation 25, and
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includes both the acid-base and the tautomeric equilibria for each proton dissociation step.
Based on considerations of intramolecular hydrogen bonding, which is revealed by 1H- and
13C.NMR [21] and supported by molecular models, acid dissociation proceeds by the
successive loss of protons from the hydroxy groups at the 8' and 8 positions. The naphtholic
proton of the hydroxy group at the 2 position does not dissociate in aqueous solution as a
result of extensive hydrogen bonding with the azo nitrogen at the 1' position and possibly
with the oxygen of the hydroxy group at the 8' position. Both resonance stabilization and
hydrogen bonding contribute to the differences in the acid strengths of the naphtholic protons
at the 8' and 8 positions.

Identification of the predominant tautomeric species of dissolved calcichrome was
aided by the analysis of the infrared internal reflection spectra shown in Figure 5. These
spectra were taken at pH values representative of each of the protonated forms of the
indicator. As such, the spectra at pH 5.1 and 8.2 are essentially those of the triprotic and
diprotic forms of the indicator, respectively. The spectrum at pH 12.1 represents a mixture
of the diprotic and monoprotic forms of the indicator. Peak positions and band aséignments
for these spectra are.given in Table L. '

All of the bands shown in Figure 5 are affected to varying degrees by a change in pH,
complicating the mode assignments and subsequent molecular level interpretation. The bands
at ~1290 and 1335 cm-! and the shoulder on the low energy side of an unassigned band
slightly above 1350 cm-! are attributed respectively to the O-H bending modes (5(0-H)) of
the naphtholic protons at the 2, 8, and tentatively, 8' positions. Changes in these bands
reflect the deprotonation process as well as conformational rearrangements about the azo
linkage and/or alterations in intramolecular hydrogen bonding. For example, 8(0O-H) for the
naphtholic proton at the 8 position shifts to slightly lower energies between a pH of 5 and 8,

whereas its absorbance decreases to a level only slightly distinguishable from the background



116

Table I. Peak positions (cm!) and vibrational mode assignments for the solution and

immobilized forms of calcichrome®
solution form
solid
Ca(lI) complex form immobilized band
pHS.1 pHS82 pH120 (pH12.0) . (Nasalt) form assignment?
1042 1040 1040 1039 1044 1037 V(SO3°)
1196 1196 1195 1207 1193 1202 Va(SO3°)
- 1270 1268 1263 -- 1269 3'(NH)
1293  sh -- - 1277 - 3(OH)
1335 1334 -- - 1335 1322 S(OH)
1371 1368 1365 1363 1367 1342
-- 1392 1391 1379 - 1384 V4(C=N-N)
- 1442 1438 1419 - 1425 Vy4(C=N-N)
1474 -- -- - -- 1475 V(C=C)
1519 1501 V(C=C)
- 1567 S(NH)
1603 1599 V(C=C)
1635 1645 V(C=0)

4 Band assignments based on those reported in references 33-35.

b Key: V, = asymmetric stretch; Vg = symmetric stretch; 8 = bending;
&' = deformation; sh = shoulder.
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Figure 5. Infrared internal reflection spectra of calcichrome solution at (a) pH 5.1 (---),
(b) pH 8.2 (---+), (¢) pH 12.0 (—). Inset: absorbance of §'(NH) as a function of pH.
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noise at pH 12. The absorbance decrease is caused by the loss of a proton from the diprotic
form of calcichrome. Shifts in peak position are ascribed to the changes in conformation and
hydrogen bonding that arise from the stepwise deprotonation process (vide infra). Decreases
in the absorbance of the 8(0-H) of the hydroxy group at the 2 position reflect the transfer of
the proton from the hydroxy group to an azo nitrogen as a result of the increased formation of
the hydrazone form. The disappearance of 8(OH) for the naphtholic proton at the 8' position
between a pH of S and 8 is consistent with the loss of a proton from the triprotic form of
calcichrome.

Several of the bands shown in Figure 5 exhibit changes that arise from alterations in
the relative amounts of the azo and hydrazone forms in each of the tautomeric equilibria. The
increase in the absorbance of the N-H deformation mode (8§'(N-H)) at 1270 cm-! with
increasing pH, as shown in the inset of Figure §, indicates a shift towards the hydrazone
form of the indicator. The appearance and subsequent growth with increasing pH ofi the
bands at ~1440 and 1390 cm-1, which are assigned respectively to the asymmetric
(Va(C=N-N)) and symmetric (Vs(C=N-N)) stretching modes, further confirms the increasing
presence of the hydrazone form of the indicator. The structural implications of the pH
dependence of the band at 1475 cm-! are as yet unclear.

The change from the azo to hydrazone form of calcichrome is induced by an alteration
in the hybridization of the azo nitrogen at the 1' position from sp2 to sp3. This
rehybridization leads to a nonplanar structural arrangement of the two naphthalene rings
[36], an arrangement which is required for the formation of the Ca(II)-calcichrome complex.
The conditional formation constant for the complex at pH 12.3 is 8.0 x 103 [21]. Evidence
for the nonplanar structure of the metal complex is provided by the presence of 8'(N-H) in
the infrared spectrum of the Ca(I)-calcichrome complex in Figure 6. The shifts of 6'(N-H),

Va(C=N-N), and V5(C=N-N) toward lower energies are consistent with the donation of
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Figure 6. Infrared internal reflection spectra of solutions of (a) calcichrome (—) and
(b) Ca(II)-calcichrome (---) at pH 12.0
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electron density for the formation of the complex. From these data, I is proposed as the

structure for the Ca(Il)-calcichrome complex.

Reactivity of immobilized calcichrome

The reactivity of the immobilized form of calcichrome at the anion exchange film
was determined by the approaches described in the Theory section. Plots of the relevant data
for equations 19 and 24 gave Ky' for the Ca(II)-calcichrome complex of 3218 at pH 12.3 and
pKa's of 5.310.3 and 10.740.3. In both complexation and acid-base dissociation, the
immobilized and solution forms of the indicator are markedly different, with immobilized
calcichrome acting as a stronger acid but weaker ligand than its solution analog. Such
differences can arise from a variety of effects. For instance, the cation exchange polymer
film known as Nafion acts as a strong acid with a strength that is comparable to CF3SO3H
[37]. This leads to the complete protonation of bases such as p-nitroaniline (pKa = 1.0) upon
their incorporation into the Nafion matrix. By analogy, an anion exchange polymer based on
quaternary amines will behave as a strong base, promoting the acid dissociation of an
immobilized reagent as observed for calcichrome. The lower pKj values of immobilized
calcichrome suggest that the complexation process may be facilitated at a lower pH in the

anion exchange film.
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Another factor that may influence the reactivity of the immobilized indicator is the
hydrophobic/hydrophilic nature of the polymeric support. Hydrophobic environments have
been shown to favor hydroxyl forms of tautomeric equilibria for azo structures comparable to
calcichrome, whereas hydrophilic environments favor keto forms [36]). For example, upon
incorporation into the hydrophobic cavity of - and B-cyclodextrins from aqueous solutions,
the tautomeric equilibrium of 4-phenylazo-1-naphthol (as the 4-phenyl sulfonic acid) shifts
from the less acidic hydrazone form to the more acidic azo form [38). This change results in
a structure with lower polarity, and is induced by the nonpolar microenvironment of the
cyclodextrin cavity. In contrast, hydrophilic environments, such as that of a quaternized
polymer film, favor the more polar, less acidic hydrazone form of the tautomeric equilibrium.
The presence of the hydrazone form of calcichrome in the anion exchange resin is supported
by the three infrared photoacoustic spectra (IR-PAS) shown in Figure 7. Figures 7a and 7b
are IR-PAS for the calcichrome-modified anion exchange membrane, and the unmodified
anion exchange membrane, respectively. Figure 7c is the difference spectruni for the
subtraction of Figure 7b from Figure 7a. The presence of the hydrazone form of calcichrome
is indicated by 8'(N-H) at 1269 cm-1, 5(N-H) at 1567 cm-! and V(C=0) at 1645 cm-1.
Additionally, a transmission spectrum of a thin-sectioned dry film in the visible region
exhibited an absorbance maximum at 593 nm, indicating nearly full conversion of the
immobilized calcichrome to its hydrazone form. Hencé, immobilized calcichrome has the
same hydrazone form as its Ca(II) complex. These interactions between calcichrome and the
anion exchange resin appear to favor the formation of the Ca(ll)-calcichrome complex.

The above discussion, although providing a qualitative explanation for the apparent
increase in the acid strength of the immobilized form of calcichrome, fails to account for the
low K¢ for the sensor. However, an examination of the mode of attachment between the

indicator and support provides a plausible explanation. Calcichrome contains four sulfonic
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Figure 7. Infrared photoacoustic spectra of (a) calcichrome modified anion exchange
membrane, (b) unmodified anion exchange membrane, (c) immobilized
calcichrome at the anion exchange membrane. The y-axis for part ¢ is 3 times

that of parts a and b.
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acid groups, each of which are capable of binding electrostatically with a cationic site of the
polymeric support. Since immobilized calcichrome molecules may exist in different
conformations in the matrix, rotation about the C-N axis may be necessary to achieve a
conformation that is favorable for complex formation. Hence, tethering by more than one
linkage would markedly hinder complexation. By the same reasoning, metallochromic
reagents which are tethered through a single linkage may more readily undergo the structural
rearrangements required for complexation, exhibiting more comparable reactivities of the
solution and immobilized forms. More comparable reactivities have been observed for the
binding of Mg(II) and Zn(II) by the solution and immobilized forms of quinolin-8-ol-5-

sulfonate [24], a ligand which is naturally fixed in a configuration favorable for complex

formation.
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CONCLUSIONS

The construction of an optical sensor with a variety of attractive performance
characteristics for the determination of Ca(II) has been demonstrated. Both the sensitivity
and rapid response suggest several interesting applications (e.g., clinical assays, compliance
environmental monitoring and control of industrial processing). However, most of these
situations will require that the composition of the analyte solution be altered to a more basic
pH. One approach for accomplishing a change in pH would be to coupl'e the sensor with
instrumentation for flow injection analysis (FIA). With FIA, the pH of the analyte can be
readily manipulated by premixing the analyte solution with a small volume of a buffer
solution. Premixing of analyte with FIA has been successfully employed in the development
- of instrumentation for pH measurement in solutions with low ionic strengths [39). These and
other opportunities are presently under investigation and should offer a facile means to adjust
the pH to the level needed for the functioning of the calcichrome-based Ca(II) optical sensor.

This study also points to the need to consider the influence of immobilization on the
reactivity of an indicator. Both the apparent acid-base and chelation strengths for an indicator
can be markedly altered by immobilization [12]. The apparent acid-base reactivity for
calcichrome is affected by the basic nature of the anion exchange film, whereas
immobilization appears to hinder the structural rearrangement necessary for chelation. The
latter suggests the possible use of a calcichrome analog with fewer sulfonic acid moieties as
an approach for enhancing the reactivity and hence, sensitivity of the sensor. The flexibility
to tune the reactivity of immobilized calcichrome by using a calcichrome analog with fewer
sulfonic acid moieties and/or adjusting the number of cationic sites in the polymeric matrix
may enable the design of a sensor to suit the needs of a specific application. Efforts to
develop further insights into the fundamental interactions that govern reactivity of such

sensors are currently underway.
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SUMMARY, DISCUSSION, AND PROSPECTUS

Probing the characteristics of the molecular structure of monomolecular and thin
polymer films will produce technological and scientific benefits. Such a picture forms the
basis for molecular engineering, not just of the chemical structure of the individual molecules
but also of the collective properties of an ensemble of molecules. An understanding of the
microscopic interfacial interactions will be important to the design of an ideal molecular
arrangement, coritaining the requisite distribution of functional groups. As an example, for
best water resistant, the adhesive or coating should have only enough functional groups to
occupy all available surface sites. Additional polar groups increase water permeability and
swelling and can therefore decrease resistance to water displacement [75]. Therefore, the
required concentration of polar groups in a thin polymer film to achieve optimum bonding to
metal oxide surfaces is a subject of interest. Further, reactivity of a sensing molecule in a thin
polymer film may be markedly altered by immobilization [76]. All of these issues require an
understanding of the intermolecular forces to enhance the design of these materials.

Some important aspects of the structure of these organized molecular films on
hydrophilic solid surfaces include: (1) Trans/gauche isomerization in the carbon tail; (2) in-
plane order; (3) tilt ordering; and (4) substrate effects [77]. Wide application of molecular
films to science and technology, however, has been hindered by a number of problems and a
certain lack of understanding of some of the key fundamental processes. Some of these more
important obstacles include: (1) Characterization methods need to be developed further, and
existing surface analytical techniques need to be refined and tested on organic films; (2)
integrity and stability of films must be improved to overcome some of the problems related to
their soft and almost fluidlike behavior; (3) deleterious impurities and defects must be

identified and removed. Therefore, newer and better methods for their characterization to
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enhance the understanding of the intermolecular forces, involving mechanical, electronic,
chemical, and biological processes, will be the key to progress.

Wetting phenomena are complex and their interpretation is to some extent still
controversial. Wettabilitg.r plays a major role in a number of technological, environmental and
biological phenomena. In addition, contact angle measurements provide a convenient probe
of the structure of the interface. The utility of this method is based on its high sensitivity to
local surface structure and on its ability to detect certain types of reactions, such as those
involving ionization of functional groups. An important motivation underlying these studies
is to answer one of the fundamental questions of molecular-level structure of matter and its
macroscopic physical properties. Monomolecular and thin polymer films provide models for
relating molecular-level structure of surfaces and thier wetting properties. These models can
be further delineated by the calculation of intermolecular forces at these macroscopic

interfaces and would eventually lead to better understanding of wetting phenomena.
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ABSTRACT

Nuclear magnetic resonance and infrared spectroscopies have been used to unravel the
controversies regarding the structures of calcichrome and calcion. Together with the
identification of the products from selective chemical cleavage reactions, these data indicate
that structures of both compounds are equivalent with a molecular formula of
C20H14N201554.3H20 (2,8,8'-trihydroxy-1,1'-azonaphthelene-3,6,3',6'-tetrasulfonic
acid). The compound has two titratable phenolic protons in aqueous solution with pKy
values of 7.19+0.05 and 11.6310.05 at 25°C. As a ligand, the compound forms a colored
complex with Ca(Il) at a 1:1 stoichiometric ratio (pH 12.3) with a formation constant of
8.0x103 at 25'C. The free form of the ligand at pH 12.3 has an absorption maximum of
1.44x104 L mol-! cm-! at 599 nm, whereas the complexed form has a maximun molar

absorptivity of 1.37x10% L mol-! cm'1 at 522 nm.
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INTRODUCTION

The construction and performance characteristics of an optical sensor for the selective
determination of Ca(II) were recently studied in this laboratory. The sensor was fabricated
by the electrostatic immobilization of the metallochromic indicator calcichrome at an anion
exchange polymer film. During an assessment of the general applicability of this approach
for sensor construction, it was found that calcichrome was one of the few solution phase
indicators which maintained its chelating capability after immobilization. Attempts to probe
the fundamental details regarding these differences in reactivity were hindered, in part, by the
extensive controversy regarding the structure of calcichrome. The present work represents a
re-examination and clarification of the structure and solution properties of this chelate.

The synthesis of calcichrome, which is formed by the self-coupling of diazotised
1-amino-8-hydroxy-naphthalene-3,6-disulphonic acid (H-acid), was first reported in a
German patent in 1896 [1]. Subsequently, the ligand was used as a spectrophotometric
reagent for the determination of calcium [2-5] and numerous other fnetal ions [6-9]. Close
and West [3] named the compound calcichrome and postulated the cyclic tris-azo structure
shown by I. Lukin et al. [10] dismissed structure I and postulated a bis-azo structure II,
which is commonly referred to as calcion. Although neither structure was supported by
definitive analytical evidence, II has sincg found general acceptance in the literature.

Mendes-Bezerra and Stephen [11], based on spectrophotometric, chromatographic,
polarographic, and microanalytical evidence, concluded that the structures of calcion and
calcichrome were identical. Stead [12], from !H-NMR, elemental analyses, and synthetic
derivatizations, concluded that the structure of the compound was neither I nor I, but was
the mono-azo structure shown by IIL. Nevertheless, Einaga and Ishii [9], based on

potentiometric titrations and elemental analyses, supported the structure proposed by Close
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and West [3]. Clearly, several discrepancies exist conceming the structure of the product of
this self-coupling reaction.

In this article, the results of a multi-faceted effort to resolve the ambiguities
concerning the composition, structure, and chemical properties of calcichrome and calcion are
reported. Evidence from nuclear magnetic resonance (IH and 13C) and infrared
spectroscopies indicate that the structures of calcichrome and calcion are idenﬁcal. (Hereafter,
the product of this self-coupling reaction is referred to as calcichrome unless specified
otherwise.) This conclusion was substantiated by a structural identification of the products
of selective chemical cleavage reactions. The molégular spectroscopic characterizations
further point to an enolic form of III as the structure of the ligand. Characterization of the
solution reactivity of calcichrome indicates that this metallochromic indicator has two titratable
phenolic protons in aqueous solution (pKjy values of 7.1910.05 and 11.63+0.05) and forms

a 1:1 stoichiometric complex with Ca(II) with a formation constant of 8.0x103 at 25°C.
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EXPERIMENTAL
Chemicals .

Calcichrome (Pfaltz and Bauer) was used without further purification. Calcion
(Sigma Chemical Co.) was further purified by adsorption chromatography on a silica gel
column (length 45 cm, inner diameter 2.5 cm); an ethanol/aqueous 2M ammonia solution
(9:1) was employed as the eluent. Eluates were evaporated and dried under vacuum. Each
reagent exhibited a single spot when tested by thin-layer cfnromntography at silica gel with a
variety of different mobile phases. All aqueous solutions were prepared with distilled,

deionized water.

Instrumentation
The 1H-NMR spectra of calcichrome and its cleavage products were obtained in

DMSO-dg or D20 with a Nicolet 300 MHz spectrometer. The low solublhty of the ligand
prohibited 13C-NMR characterization in solution,

A home-built 100 MHz spectrometer was used to obtain high-resolution 13C-NMR
spectra of solid calcichrome [13]. A Varian XI.-100-15 magnet, which was equipped with a
double-tuned single-coil probe, was operated at 25.15 MHz and 100.06 MHz for 13C and
IH, respectively. Samples (~200 mg) were spun at ~4.5 KHz in a windmill-type Kel-F
rotor. The rotor was equipped with a 12-psi air drive and a 40-psi air bearing. The 13C
NMR spectra were obtained by cross-polarization (CP) with strong proton decoupling and
magic angle spinning (MAS). The radiofrequency field strengths were 50 kHz for both CP
and proton decoupling. Typically, 10000 scans were co-added with 2000 data points in each
of the two channels of a quadrature detector. A 16K Fourier transformation of the free

induction decéy signal was performed on a Vax computer with zero- and first-order phase

corrections.
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Absolute intensities of the proton signal were measured to estimate the concentration
and mobility of water molecules. This experiment was performed with a home-built 56-MHz
spectrometer [14]. To minimize the artifacts after pulse excitation, the following alternating
sequence was used to monitor the transverse decay of magnetization along y in the rotating
frame. First, a 90°x pulse was applied, which was followed by data collection. After 5t), a
180°y, t, 90°x sequence was used, where tz <t <<t;. The signal following the second 90°x
pulse was phase corrected by multiplying by -1 prior to its addition to memory. The
deadtime of the probe-receiver system was 4 ps. The data were accumulated with a dual time
‘base; the first 1000 channels operated with a 0.2-us dwell time, whereas that of the second
1048 channels was 20 us. Acquisition of data in this manner allowed both the short (t ~20
us) and long (t2 ~1 ms) decays to be monitored with a negligible loss of information for
either component.

A Varian DMS 200 UV-Visible spectrophotometer was used to characterize the
composition and to determine the formation constant of the Ca(II) complex. A Model 130
Corning glass-electrode pH meter was used for pH measurements. Infrared spectra were

obtained with a Nicolet 740 FT-IR spectrometer with the sample dispersed in a KBr matrix.
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RESULTS AND DISCUSSION

Spectral studies

IH-NMR. The !H-NMR spectrum of calcichrome in DMSO-dg is shown in Figure
1. The position and integration of the peaks between 7.1 and 8.3 ppm indicate that these
features represent a total of seven aromatic protons. Three additional singlets are present
downfield at 11.8, 12.0, and 17.1 ppm,; integration indicates that each singlet corresponds to
a single phenolic proton. These latter protons are labile, as verified by their absence in D20,
and experience intramolecular hydrogen bonding. The position of the singlet at 17.1 ppm
suggests that this phenolic proton is involved in extensive hydrogen bonding (vide infra).
Examination of the three previously proposed structures clearly shows that these data fit only
that expected for (III). Furthermore, the lH-NMR spectra of calcichrome and calcion are
identical, confirming the structural equi‘valenoe of the two compounds.

1I3C.NMR. Solid state 13C NMR spectra of calcichrome are shown in Figures
2A-C. Figure 2A is a CP/MAS spectrum obtained with a 2-ms cross-polarization contact
time. Because typical time constants for proton-carbon cross polarization in organic solids
are less than 0.5 ms [15], Figure 2A represents a spectrum of the 13C nuclei in the sample.
Before any attempt to make peak assignments, two additional CP/MAS experiments were
performed to discriminate between those features which originate from nonprotonated 13C
and those from protonated 13C, respectively. The spectrum shown in Figure 2B was
obtained with the 1H-13C heteronuclear dipolar-dephasing (DD) technique [16]. In this
experiment, data acquisition was delayed for 100 us after the proton contact time. During
this delay, dipolar dephasing occurs due to the interruption of proton-carbon decoupling.
Because the rate of 13C magnetization decay depends on the strength of the heteronuclear
dipolar interactions, this technique eliminates the 13C signal from nuclei which exhibit strong

proton coupling. Thus, only those resonances representing 13C nuclei which are not bound
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Figure 1. Spectra (‘H-NMR) of calcichrome in DMSO-dg. Inset: Expansion of region
between 7.1 and 8.3 ppm.
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Figure 2. Spectra (CP/MAS 13C NMR) of calcichrome: (A) spectrum recorded with a
2-ms contact time; (B) dipolar dephased spectrum with a dephasing delay of

60 ps; and (C) spectrum with a 50-ps contact time.



146

to 1H are present in Figure 2B. In Figure 2C, the 13C-NMR spectrum for a very short
contact time (50 us) is presented. Because the rate at which various carbons are polarized by
protons vgries dramatically with environment and molecular motion, 13C signals for nuclei
which are not bound directly to 1H are strongly suppressed. As such, Figure 2C represents a
spectrum in which the signals for those 13C nuclei which are bound directly to 1H are
preferentially enhanced. Thus, a comparison between these three spectra greatly facilitates
peak assignments.

Peak assignments were made by comparing the observed spectra in Figure 2 with
those calculated by two different additivity schemes [17-201. In both cases,
l-hydroxynapthalene-‘3,6-disulphonic acid was chosen as the parent molecule for
constructing the 13C-NMR spectrum for each of the three proposed structures [18]. As
judged from the relative peak intensities and the number of protonated and nonprotonated
carbons, the simulation of structure III provided the most reasonable fit with the spectrum in
Figure 2A. Furthermore, with the exception of the feature at 175 ppm, the simulated peak
positions for structure III provided the best agreement with those observed. Peak
assignments based on these arguments are labeled in Figure 2A and designated by the carbon
numbering scheme for III.

The feature at 175 ppm, which is outside the normal value of isotropic chenﬁcal shifts
for aromatic carbons, indicates the presence of a carbonyl carbon, where the proton resides
in, perhaps, a bridged structure (vide infra).

Infrared spectroscopy. Infrared (IR) spectroscopy provides an alternative
approach to probe the molecular structure of calcichrome. An IR spectrum for calcichrome,
which was dispersed in KBr, between 1800 and 750 cm-!, is shown in Figure 3. Several
characteristic vibrational modes are readily apparent and are assigned in the Figure. The

feature at 1635 cm"1 is representative of a quinone carbonyl stretch [21,22]. This latter
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feature, combined with earlier evidence from 1H- and 13C-NMR, suggests the following
bridged structure for solid-phase calcichrome IV. As with the NMR data, a comparison of
the IR spectrum of calcichrome with calcion supports the structural equivalence of these two

compounds.

Selective chemical cleavage reaction

To substantiate further the evidence from the previously described spectroscopic
characterizations, selective chemical cleavage reaction was used as an additional route to aid
the identification of the structure of the ligand. One of the well-known characteristics of an
azo compound is the ease in which its -N=N- linkage can be reductively cleaved to yield
products which both possess an amine functional group. Thus, the characterization of the
structure of these products will provide further evidence regarding the molecular nature of
calcichrome. The selective cleavage of the azo linkage was performed with tin(I) chloride as
the reducing agent. The progression of the reaction was followed by color change. After
reduction, separation via thin-layer chromatography indicated that the product consisted only
of two major components. Unfortunately, both components slowly oxidized upon continued
exposure to air, as was evident from a marked change in their optical properties. This is a
well-known property of many phenols and aminophenols [23]. However, by protecting each

component against air oxidation by adding tin(IT) chloride to the eluent collection vials and by
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conducting the separation m a short column (~5 cm), the degradation was effectively
decreased. Because of the short column, the two products are not completely separated,
which resulted in the observed differences in the relative intensities of two sets of 1H-NMR
bands. The spectrum consisted of four large peaks (all doublets) and three smaller peaks
between 6.6 and 8.2 ppm (one singlet and two doublets). The.more intense set of bands
corresponds to four protons on the first eluent V; whereas the less intense set represents three
protons on the second eluent VI. The peak splittings of the doublets (1.2-1.8 Hz) match that
typically found for the meta coupling constants (J13) of naphthyl protons [17,24]. These

results support our conclusions regarding the structure of calcichrome as indicated by the

following proposed reaction:
NaO;$ SOsNa sNa
OH  NH,

(1)

SnCly, cone. HCI

OH N
m© e A
HO.
NaO,S SONa (v1)
NaO,S SO3Na

Water of crystallization

The water of crystallization for calcichrome was determined by measuring the free
induction decay (FID) of the fixed and mobile protons with solid state IH-NMR. An on-
resonance time decay after a single pulse excitation for this sample is shown in Figure 4. The
details of the excitation and detection scheme have been described earlier. As is apparent, the

FID curve indicates that there are two different relaxation processes. The first is characterized
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Figure 4. IHFree induction decay of calcichrome and the corresponding spectrum (inset)
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by a relaxation time, tp, of ~12us and is due to the decay of the bound (rigid) protons. The
second process, however, proceeds much more slowly (t2 ~0.5 ms) and represents the
relaxation of mobile protons in unbound water (moisture). The existence of two relaxation
processes is further exemplified by the Fourier transformation of the FID response shown in
the inset of Figure 4. The inset exhibits two lines: a broad feature with a full width at half
height (Avyp) of ~30 KHz and a narrow feature with a Avyz2 of ~600 Hz. The broad feature
represents the decay of rigid protons, whereas the narrow feature is due to the deéay of
mobile protons.

To determine the number of crystalline water molecules per molecule of calcichrome,
the following method was used. First, the total number of protons (rigid and mobile) in the
sample, N1y , was determined by comparison of the initial intensity (extrapolated to time
zero) of the FID with that of a reference sample (H20 doped with FeCl3). This approach was
also used to determine the number of rigid and mobile protons. The value of N is related to

| the number of calcichrome molecules in the sample and is given by:

Niw=Nne + 2n) . @
where N is the number of calcichrome molecules in the sample, n, is the number of rigid
protons per molecule of calcichrome, and n is the total number of water molecules per
calcichrome. The latter parameter includes both bound and mobile water molecules. The
value for N can also be calculated from the following expression:

N = WNA/(My, + 18n) 3
where W is the total weight of the solid sampie, N, is Avagadro's number, and My, is the
molecular weight of the ligand (neglecting any water of hydration). If equation 3 is
substituted into equation 2 and rearranged to solve for n, the following expression results:

n = (WsNanr - HiyMw)/(18N14- 2WsN,) , C))
For calcichrome, n was found to equal 9.0+0.2.
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Subsequently, the number of crystalline water molecules (nc) per molecule of

calcichrome can be calculated from the following expression:
nc = (MR - ng/2)/(1 +R) )

where R is the ratio of rigid to mobile protons as determined from FID. With these values,
we found ng = 2.940.2. Therefore, each solid-phase calcichrome molecule carries three
water molecules of crystallization, yielding a molecular formula for its sodium salt of
C20H10N2Na4015S4.3H20 (molecular weight = 792.5) This formula agrees with that
reported by Stead [12].

Acid-base titrations

Potentiometric and photometric acid-base titrations were performed to determine the
molecular weight and number and strength of the ionizable protons (in aqueous solution) of
calcichrome. Results from a back-titration of excess HCI with 0.1 M NaOH in 0.2 M KCl
clearly indicated that there were two titratable protons. Photometric titrations in 0.12 M KCl
yielded pKjy values of 7.1940.05 and 11.63+0.05 at 25°C. These results are in agreement
with those reported in the first paper on this topic by Ishii and Einaga [6].

The potentiometric titration data can also be used to determine the molecular weight of
calcichrome. ' Based on the number of moles of hydroxide consumed between the
neutralization of the two titratable protons, the molecular weight for calcichrome is 759 g
mol-l, For structures I, I, and ITI, the molecular weights are 1122.8, 1122.8, and 738.5 g
mol-1, respectively. The titration data support our conclusion regarding the structure of

calcichrome.
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Composition and formation constant of the Ca(Il)-calcichrome 'compléx
The stoichiometric composition of the complex formed by the chelation of Ca(Il) with
calcichrome was determined via the continuous variation method. Solutions with equivalent
concentrations of Ca(ll) and ligand were prepared in such a way that the total volume of each
mixture remained constant. All solutions were maintained at a pH of 12.1 with sodium
hydroxide. The previously determined molecular weight of calcichrome was used to calculate
the solution concentrations. Absorbance measurements were made at wavelengths of 525
and.510 nm and were plotted as a function of the mole fraction of Ca(Il). The.maximum
occurs at a mole fraction of 0.49, showing that Ca(II) complexes with calcichrome in a 1:1
stoichiometric ratio. This ratio was funﬁer confirmed by a spectrophotometric titration (vida
infra). .
To evaluate the formation constant, Ky, for the binding of Ca(II) with calcichrome, a

form of the Ketelaar equation [25] was used:

1/(A-Ao) = 1/AeKf'CoCn + 1/AeCo 6)
where A is the absorbance of the metal complex, A, is the absorbance of the initial
concentration of calcichrome, Ky' is the conditional formation constant of the complex, C, is
the initial concentration of calcichrome, Ae is the difference in the molar absorptivities of the
free ligand and the metal complex, and Cpy, is the concentration of Ca(Il). Thus, a plot of
(A-Ao)1 vs. Cpy"1 allows the calculation of K¢. Our experiments were performed at a pH of
12.3 at three different wavelengths. At a pH of 12.3, the dianion (HLS) is ﬁe dominant
form of the ligand. The complexation reaction is then

Ca2+ + HLS = CaHL# @
and the equilibrium is expressed as:

K = [CaHL4-}/[Ca2+][HLS] @®
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Using conventional terminology to account for the dependence of Kr on pH, the expression
for K¢' is:
K¢ = [CaHL4-)/[Ca2+][Cy] &)

where Cp = [H3L#] + [HaL5] + [HLS] + [L7-], K¢ = a2K¢ , and 2 = (KaKao)/([H*]2 +
Kai[H*] + K4, Kg;). From a least-squares analysis, K¢ equals (6.9310.24)x103- At pH of
12.3, i equals 0.86, yielding a value of Krof 8.0x103. At pH values less than 11.5, where
the dominant form of the ligand is HoL3- or H3L4-, K¢ dramatically decreases. This is
consistent with the complexation scheme in equation 7.

Additional evidence for the 1:1 binding stoichiometry between Ca(Il) and calcichrome
was provided by a spectrophotometric titration of calcichrome with Ca(II) in 0.1 M KClI at
pH 12.3. The presence of only one set of isosbestic points (425 and 556 nm) supports the
earlier conclusion that the Ca(Il)-calcichrome complex forms at a 1:1 stoichiometric. ratio.
Values of the molar absorptivity at the absorption maximum for both the complex and free
form of the ligand are 1.37x104 L mol-! cm-! (at 522 nm) and 1.44x104 L mol-! cm-1 (at 599

nm), respectively.
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