
www.manaraa.com

Retrospective Theses and Dissertations Iowa State University Capstones, Theses and
Dissertations

1990

Monomolecular and thin polymer films:
fabrication, characterization, applications, and
models of wetting
Lai Kwan Chau
Iowa State University

Follow this and additional works at: https://lib.dr.iastate.edu/rtd

Part of the Analytical Chemistry Commons

This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.

Recommended Citation
Chau, Lai Kwan, "Monomolecular and thin polymer films: fabrication, characterization, applications, and models of wetting " (1990).
Retrospective Theses and Dissertations. 9484.
https://lib.dr.iastate.edu/rtd/9484

http://lib.dr.iastate.edu/?utm_source=lib.dr.iastate.edu%2Frtd%2F9484&utm_medium=PDF&utm_campaign=PDFCoverPages
http://lib.dr.iastate.edu/?utm_source=lib.dr.iastate.edu%2Frtd%2F9484&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/rtd?utm_source=lib.dr.iastate.edu%2Frtd%2F9484&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/theses?utm_source=lib.dr.iastate.edu%2Frtd%2F9484&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/theses?utm_source=lib.dr.iastate.edu%2Frtd%2F9484&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/rtd?utm_source=lib.dr.iastate.edu%2Frtd%2F9484&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/132?utm_source=lib.dr.iastate.edu%2Frtd%2F9484&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/rtd/9484?utm_source=lib.dr.iastate.edu%2Frtd%2F9484&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digirep@iastate.edu


www.manaraa.com

m 



www.manaraa.com

INFORMATION TO USERS 

The most advanced technology has been used to photograph and 

reproduce this manuscript from the microfilm master. UMI films the 

text directly from the original or copy submitted. Thus, some thesis and 

dissertation copies are in typewriter face, while others may be from any 

type of computer printer. 

Hie quality of this reproduction is dependent upon the quality of the 

copy submitted. Broken or indistinct print, colored or poor quality 

illustrations and photographs, print bleedthrough, substandard margins, 

and improper alignment can adversely affect reproduction. 

In the unlikely event that the author did not send UMI a complete 

manuscript and there are missing pages, these will be noted. Also, if 

unauthorized copyright material had to be removed, a note will indicate 

the deletion. 

Oversize materials (e.g., maps, drawings, charts) are reproduced by 

sectioning the original, beginning at the upper left-hand corner and 

continuing from left to right in equal sections with small overlaps. Each 

original is also photographed in one exposure and is included in 

reduced form at the back of the book. 

Photographs included in the original manuscript have been reproduced 

xerographically in this copy. Higher quality 6" x 9" black and white 

photographic prints are available for any photographs or illustrations 

appearing in this copy for an additional charge. Contact UMI directly 

to order. 

University Microfilms International 
A Bell & Howell Information Company 

300 North! Zeeb Road, Ann Arbor, tvll 48106-1346 USA 
313/761-4700 800/521-0600 



www.manaraa.com



www.manaraa.com

Order Number 0110486 

Monomolecular and thin polymer films: Fabrication, 
characterization, applications, and models of wetting 

Ghau, Lai Kwan, Ph.D. 

Iowa State University, 1990 

U M I  
300N.ZeebRd 
Ann Aibor, MI 48106 



www.manaraa.com



www.manaraa.com

NOTE TO USERS 

THE ORIGINAL DOCUMENT RECEIVED BY U.M.I. CONTAINED PAGES 

WITH POOR PRINT. PAGES WERE FILMED AS RECEIVED. 

THIS REPRODUCTION IS THE BEST AVAILABLE COPY. 



www.manaraa.com



www.manaraa.com

Monomolecular and thin polymer films: 

Fabrication, characterization, ^plications, and models of wetting 

by 

Lai Kwan Chau 

A Dissertation Submitted to the 

Graduate Faculty in Partial Fulfillment of the 

Requirements for the Degree of 

DOCTOR OF PHILOSOPHY 

Dquutment: Chemistry 

Major Analytical Chemistry 

Approved: 

fiiQiarge ofMaWWOTfc 

For die Major De] 

For the Graduate College 

Iowa State University 
Ames, Iowa 

1990 

Signature was redacted for privacy.

Signature was redacted for privacy.

Signature was redacted for privacy.

Signature was redacted for privacy.



www.manaraa.com

ii 

TABLE OF CONTENTS 

Page 

GENERAL INTRODUCTION 1 

SECTION I. SURFACE ISOELECTRIC POINT OF EVAPORATED 5 

SILVER FILMS: DETERMINATEON BY CONTACT 

ANGLE TITRATION 

INTRODUCTION 7 

EXPERIMENTAL 9 

RESULTS AND DISCUSSION 10 

REFERENCES IS 

SECTION n. COMPOSITION AND STRUCTURE OF SPONTANEOUSLY 17 

ADSORBED MONOLAYERS OF 

n-PERFLUOROCARBOXYUC ACIDS ON SILVER 

INTRODUCTION 19 

EXPERIMENTAL 21 

RESULTS AND DISCUSSION 

Chaiacterizati(Mi with infrared spectroscopy 23 

Characterizaticm with optical ellipsometiy 26 

Characterization with contact angle measurements 28 

Effect of exposure to the labwatory ambient 30 

CONCLUSION 32 

REFERENCES 33 



www.manaraa.com

iii 

SECTION m. COMPARISON OF SELF-ASSEMBLED MONOLAYERS: 36 

FORMATION AND STRUCTURAL CHARACTERIZATION 

OF n-ALKANOIC ACID AND n-PERFLUOROCARBOXYLIC 

ACID MONOLAYERS ON SILVER 

INTRODUCTION 38 

E3a»ERIMENTAL 

Substrate preparation and characterization 40 

Self-assembly of monolayers at silver 40 

Infrared spectroscopy analysis 41 

Ellipsometric film thickness measurements 41 

Contact angle measurements 42 

Atomic emission spectroscopy analysis 42 

RESULTS AND DISCUSSION 

Defectiveness, intemiolecular environment 43 

Molecular orientation 53 

Wetting characteristics 60 

Formation thermodynamics 63 

CONCLUSIONS 68 

REFERENCES 69 



www.manaraa.com

iv 

SECTION IV. DEPTH SENSmVITY OF WETTING: CONSIDERATION 73 

OF LONDON-VAN DER WAALS INTERACTIONS IN 

CONTACT ANGLE MEASUREMENTS 

INTRODUCTION 75 

RESULTS AND DISCUSSION 

Van der Waals interactions at macroscc^ic interfaces 77 

Depth sensitivity of wetting 81 

Limiting contact angles 86 

Odd-even progression . 89 

CONCLUSIONS 93 

REFERENCES 94 

SECTION V. OPTICAL SENSOR FOR CALCIUM: PERFORMANCE, 96 

STRUCTURE, AND REACTIVITY OF CALCICHROME 

IMMOBILIZED AT AN ANIONIC POLYMER FILM 

INTRODUCTION 98 

THEORY 

Determination of the formation constant for a metal complex with diffuse 100 

reflection spectroscopy 

Determination of acid dissociation constants for an immobilized species 103 

with diffuse reflection spectroscq)y 



www.manaraa.com

V 

EXPERIMENTAL 

Sensor c(xistnictiai 104 

Flow cell 104 

Instrumentaticxi 106 

Reagents 107 ' 

RESULTS AND DISCUSSION 

Diffuse reflectance spectra of the sensor 108 

Response to Ca(II) 108 

Response time 111 

Interferences 111 

Stability 113 

Reactivity of the solution fonn of calcichrane 113 

ReactiviQr of immobilized calcichrome 120 

CONCLUSIONS 124 

REFERENCES 125 

SUMMARY, DISCUSSION, AND PROSPECTUS 128 

LITERATURE CriED 130 

ACKNOWLEDGMENTS 135 



www.manaraa.com

vi 

APPENDIX. CALQCHROME: A RE-EXAMINATION OF rrS 136 

STRUCTURE AND CHEMICAL PROPERTIES BY SOLID-

AND UQUID-STATE NMR, INFRARED SPECTROSCOPY, 

AND SELECnVE CHEMICAL DEGRADATION 

INTRODUCTION 138 

EXPERIMENTAL 

Chemicals 141 

InstrumentaticMi 141 

RESULTS AND DISCUSSION 

Spectral studies 143 

Selective chemical cleavage reaction 148 

Water of crystallization 149 

Acid-base titrations 152 

Conqxwition and Axmation constant of the Ca(II)-calcichiome complex 153 

REFERENCES 155 



www.manaraa.com

1 

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, Md physical sensors [3-11], 

packaging and insulating layers for integrated circuits [12-14], pattemable materials both for 

resists [IS] 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 recentiy 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 
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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 <m 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 efficientiy 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 subtie features such as conformation and orientation of functional 

groups. The ability to analyze at different depths 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 subtieties of organic structures, and involve high-

vacuum techniques. Development of in situ analytical techniques is greatiy needed for film-

vapor and film-solution systems. Excellent examples can be found in biological systems 

where measurements should be made directiy in biological media (in vivo) rather than the 
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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 (1RS) 

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 1-1(X) A) of most solid surfaces for a number 

of elements and in a variety of chemical bonding situations [56]. On the other hand, 1RS 

offers the potential for analysis of planar thin films (HI 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 ellipsometiy, 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 

absorption fine structure [67], and second-harmonic generation at a 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 
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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 tiie 

pH of aqueous drops [71], by using probe liquids other tiian water [72], and by examining 

both advancing and receding contact angles [73,74]. Measurement of contact angles relies 

heavily on comparisons of measurements in similar systems rather than on inteipretation of 

absolute values obtained from only one system. Due to the lack of understanding of the 

influence of the deptii 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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SECTION 1. SURFACE ISOELECTRIC POINT OF EVAPORATED 

SILVER FILMS: DETERMINATION BY CONTACT 

ANGLE TITRATION 
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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 

Ames, 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 Alms. The results 

indicate that these Hlms 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. 
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INTRODUCTION 

The acid-base properties of metal surfaces are important to a variety of technologically 

signifîcant processes, including heterogeneous catalysis [1], adhesion [2], ore floatation 

[2,3], and corrosion inhibition [4]. Recently, the oxides at A1 [5,6] and Ag [7,8] have been 

used as reactive sites for the formation of organic monolayer fîlms 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 tiie 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-adswption from solution are developed. 

We recentiy 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]. Following die relationships of Bolger [2], such strengtiis can be predicted from 

the differences in the isoelectric point of the surfaces (lEPS) and the pKa (viz. -logKa, where 

Ka is the acid dissociation constant) of the adsorbate precursor. To the best of our 

knowledge, however, measurements of the lEPS 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 lEPS at silver by contact angle titration. To accompany Uiese results, a 

tiiermodynamic analysis is developed that relates Uie change in contact angle to the charge 
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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. 
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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 (~2^L) was fwmed 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 

hydroxyl group per 100 of surface area). Empirically, such a surface can be represented 

as MOin(OH)n, 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-0- + H2O (1) 

M-OH +H3O+ M-OH2+ +H2O (2) 

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 (EPS) or the point of zero 

charge (PZC). A low lEPS indicates an acidic surface, whereas a high lEPS 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: 

AgOH2+ + H2O AgOH + H3O+ (3) 

AgOH + H2O Ago- + H3O+ (4) 

Reaction 4 has a Kg of 7.9x10-^^ at 25*C [16]. Adding reactions 3 and 4 yields 
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AgOH2+ Ago- +2H+ 

for which the equilibrium constant, KT, is given as 

(5) 

Kt = aH+2[ Ago- ]yJi AgOH2+ ]Y+ (6) 

As written, Kt is a measure of the strength with which the silver oxide surface binds protons. 

If the activity coefficients iy.,y^) of the two surface sites are comparable, it then follows from 

equation 6 that Kt can be calculated via the pH of the PZC. 

The changes in conqwsition 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]: 

where Ysv* and TLv* are the respective solid and liquid surface tensions in equilibrium with 

the saturated liquid vapor, and 6 is the contact angle between liquid and solid. Assuming that 

changes in both Ysv* and YLV* with pH are negligibly small (assumptions that have 

previously been validated by contact angle titrations at polyethylene and carboxylic acid 

functionalized polyethylene fihns [9]), decreases in 6 will reflect an increase in the number of 

ionized surface groups through an increase in YSL* Thus, by variation of the pH of the 

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 lEPS at silver iodide 

surfaces [20] as well as to follow the ionization of carboxylic acid sites at functionalized 

organic Alms [9,10]. 

In addition, contact angle titration data can be used to determine the ŒPS 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 

Ysv* - YSL = YLv*cos0 (7) 
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constant temperature and pressure, the change in surface energy at the solid-liquid interface, 

dYsL> is related to the change in chemical potential of sodium hydroxide, dp^mOH, by 

(8) 

where is the surface excess of sodium hydroxide. The surface charge density of the 

silver hydroxide solution interface, a, is related to by 

CT'TNIOHF (9) 

where F is the Faraday constant Hence, substituting equation 9 into equation 8 yields: 

-dYsL — odpNiow/F (10) 

Since OH' is a potential-determining ion for the silver hydroxide-solution interface, then 

dMN-)H = 2.303RTd(pH) (11) 

where R and T are die gas constant and absolute temperature, respectively, and d(pH) is the 

change in pH. Differentiating equation 7 gives 

dysv* - dYsL = cos0d7Lv* + 7Lv*d(cose) (12) 

Since, as noted previously, Ysv* and TLv* are effectively independent of pH, equation 12 

becomes 

-d%L = 7Lv*d(cos0) ( 13) 

Combining equations 10,11 and 13 yields 

G/F = 7Lv*d(cose)/2.303 RTd(pH) (14) 

which indicates that tiie change in 6 is controlled by o. Since at the PZC, a = 0, then 

d(cos0)/d(pH) = O (15) 

Therefore, in the absence of specifically adsorbed ions [3,11, 21], a maximum in 6 or 

minimum in cosO will occur at Uie PZC as the pH of tiie probe liquid is changed. 

A plot of 9 versus pH of the contacting liquid at the surface of our evaporated silver 

films is shown in Figure 1. Starting at low pH, 0 increases with increasing pH and reaches a 
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10 
8 9 10 11 12 13 

pH 

Figure 1. Dependence of contact angle (0) 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 ag the standard deviation. 
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maximum at pH -10.4. The change in 0 reflects a decrease in Ysl via reaction 3. Past this 

maximum, 8 decreases as a result of an increase in Ysl through reaction 4. From equation 

IS, the maximum at pH -10.4 corresponds to the lEPS of our evaporated silver films, the 

value of which is in indicative of a basic basic oxide. Thus, Kt in equation 6 is equal to 

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

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

assuming that the K, for colloidal silver hydroxide in reaction 4 can be accurately translated to 

our silver oxides surfaces. This analysis yields a Kg for reaction 3 of -2.0x10 9, the 

magnitude of which is consistent with the successive deprotonation of AgOH2+ and AgOH 

(i.e., Ka for reaction 3 > Ka for reaction 4 [16]). 

In summary, the high lEPS 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 lEPS 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 Chcmisby and Ames Laboratory - USDOE 

Iowa State University 

Ames, Iowa 50011 

ABSTRACT 

Monolayer films of n-perfluorocarboxylic acids (CF3(CF2)nCOOH where n=0-2, 

5-8) have been formed by spontaneous adsoipdon at silver. InAared reflection spectroscopy, 

optical ellipsometiy, 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 between 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 Alms 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 Uiin 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 defîned 

than those of polymeric films. To date, studies of the molecular level details of ordered 

monolayers have been confined primarily to Uiose composed of long alkyl chains [5-12]. 

Comparatively littie 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)nCOOH, n=0-2, 5-8) at silver, as probed by infrared reflection spectroscopy 

(1RS), optical ellipsometry, and contact angle measurements. The composition and spatial 

arrangement of these monolayers were examined by 1RS; 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 fîlms 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 mcmolayers was monitored as a function of immersion time by 

1RS, 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 1RS, p-polarized light was incident at 78° from the surface normal. For the 

transmission IR measurements, the n-perfiuorocarboxylic acids or their analogous silver salts 

were dispersed in a KBr matrix. Spectra were collected with a Nicolet 740 spectrometer at 2 

cm'l 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 tiiat were 

obtained with a Gaertner LI 16B 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 peifluoiooctanoic acid in KBr matrix 
and as monolayer adsorbed at silver^ 

Peak position (cm 1) • Vibrational mode^ 

acid in KBr silver salt in KBr as m(Miolayer 

Vibrational mode^ 

1771 ... V(C=0) 

— 1613 ™ Va(COO") 

... 1420 1404 Vs(COO) 

1366 1365 1365 VS(CF2W^I) 

1330 1324 1321 VS(CF2,E2) 

1295 1297 1293 V(CC,Ei) 

1237 1238 1251 Va(CF2,El) 

1204 1204 1216 Va(CF2,A2)+V(CF3) 

1146 1145 1151 VS(CF2,Ei) 

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

^ Key: V=stretch; Vs=symmetric stretch; Va=asymmetiic 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 lA is an 1RS 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 IB and IC, respectively. Peak 

positions and tentative vibraticmal mode assignments are shown in Table I. The IR spectrum 

of bulk perfluorooctanoic acid (Figure IB) 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"l for Va(COO") and Vs(COO"), respectively. The V(C=0) is absent in the monolayer 

spectrum (Figure lA). This absence, together with the presence of Vs(COO') at 1404 cm'\ 

indicate that the chemisorption process results in the formation of a carboxylate salt. Further, 

the lack of a detectable Va(CCX)') near 1613 cm-^ 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, AgOi, AgOg), with AgO being die 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 sUver 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)2oCOOH) 

monolayers [12], the dissociative chemisoiption of n-perfluorocarboxylic acids is consistent 

with the acid-base interfacial chemistry at the silver surface. 

In addition to probing molecular composition, 1RS 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 A2 symmetry is parallel to the chain axis, 

whereas those with Ei symmetry are perpendicular to the chain axis [22]. 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(CF2) mode with Ei 

symmetry. The transition dipole moment that is associated with A2 symmetry deviates by 21-

24*. Quantitatively, a chain axis which is oriented exactiy normal to a smooth metallic 

surface will lead to a small (<1x10'^ absorbance units) signal for both the Va(CF2) and 

VS(CF2) modes with Ei symmetry. The results of the calculations with the Va(CF2) and 

VS(CF2) 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 1RS data. The decrease in coverage is inferred from a 

small decrease in the absorbances of the VsCCOO") 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 CFz group and an intercept of 4.6 

Â. 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/CF2 and 4.64 A, and 

0.99 A/CT2 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 Œ3(CF2)nCOOH adsorbed at silver, the 
ellipsometrically determined thickness (—), estimated thickness for a fully 
extended chain normal to the surface (•••) and tilted 40* nom the surface normal 
(—), are plotted against the number of CF2 groups in the chain, n. 
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are slightly less than those calculated 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-Gamett 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 1RS 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 given as a function of chain length in 

Figure 3 for the ncxipolar liquid hexadecane and the polar liquids glycerol and water. Wetting 

properties for FTFE and a CFg-terminated interface (perfluorooctyletiianethiol monolayer at 

gold [44]) are included for comparison purposes. The probe liquids were selected based on 

tiieir differing depth sensitivities to die underlying surface structure [45]. Two observations 

from the data in Figure 3 are inunediately apparent. First, advancing contact angles (Oa) 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 Oa's are less 
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Figure 3. Advancing contact angles for monolayers of CF3(CF2)nC00H adsorbed at 
silver (hexadecane (•), glycerol (o), and water (x)). Contact angles for the 
three liquids for a monolayer of CF3(CF2)8CCX)H adsorbed at silver with 
minimal exposure to the laboratory ambient are given by the symbols, 
(hexadecane (+), glycerol (A), and water (•)). 
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 -CH2- at monolayers of (o-mercapto ethers [45]; water 

exhibits a depth sensitivity of ~S 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 perfluwocarbon 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, 6a at the perfluorodecanoic acid monolayer is greater than that at PTFE. By 

comparison, 6a 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 (D-Œ2 groups, leading to 6a 

which is comparable to that at PTFE. Hexadecane, however, is sterically excluded from 

interacting with the (D-CF2 groups and is therefore sensitive primarily to the terminal -CF3 

groups. 

Effect of exposure to the laboratory ambient 

As noted earlier, the 1RS spectra suggested the possible influence of adsorbed 

contaminants on the uncoated metal surface. To test for tiiis 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 (6a(hexadecane) = 70*. Oa(water) = 108*, and 

^aCglyccrol) = 103*). These 6a's are all greater than those measured for samples exposed to 

the laboratory ambient for -IS min during an ellipsometric measurement of the uncoated 

substrate optical properties. The increase in 0a'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 tiian those fn>m n-alkanediiols [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 Alms. 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 fihns 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 Him formation are currently in progress. Comparisons of formation and 

structure of n-perfluorocarboxylic and n-alkanoic acids are also planned. 
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SECTION m. COMPARISON OF SELF-ASSEMBLED MONOLAYERS: 

FORMATION AND STRUCTURAL CHARACTERIZATION 

OF n-ALKANOIC ACID AND n-PERFLUOROCARBOXYLIC 

ACID MONOLAYERS ON SILVER 



www.manaraa.com

37 

Comparison of Self-Assembled Mcmolayers: Formation and Structural Characterization of 
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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 structural 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 large variety of interfacial phenomena such as wetting [1], 

adhesion [2,3], lubrication [4,5], corrosion [6], electrocatalysis [7], and surface recognition 

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 con^)lex systeno. 

The reactivity between an adsorbate and a substrate depends on several parameters, 

including the acidity of the carboxylic acid head group, the length and composition 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 conqwsition 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 microelectnmic 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 intemwlecular 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-perfluorocvboxylic acid noonolayer on silver is shown in equation 

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(CH2)nCOOH, n=0-10,12-18) and 

n-perfluorocarboxylic acid (CF3(CF2)nCOOH, 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. 

1: 

CX3(CX2)nCOOH , X = HorF (1) 

^ A. 

The carboxylate head group is synametrically bound at the silver substrate as a bridging or 
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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 Nanoscqpe 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 T1+ 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 purifîed 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 (1RS), 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 fîlms 

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 coaddidon of 1024 sample to background scans at 2 cm'^ resolution (zero 

filled) with Happ-Genzel apodization. A liquid nitrogen cooled InSb or MOT detector was 

used to monitor the intensiQr of the reflected beam. All spectra are reported as the -log(R/Ro) 

where R is the reflectivity of the monolayer at silver and Ro 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 angle 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 goniometer. Both 

advancing and receding contact angles were measured. A drop of a fixed volume (~2|xL) 

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. 
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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 given by a 

simple volume average of the polarizability of the adsorbate and air [20] as: 

(Ne2-l)/(Ne2+2) = q(Ns2-l)/(Ns2+2) (2) 

where q is the volume fraction of the adsorbate, and Ns 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-perfiuorocarboxylic acid monolayers increase linearly with n. Linear regression 

analysis of the data yields a slope of 1.23 Â per CH2 group with a corresponding intercept of 

2.63 A, and a slope of 0.79 A per Œ2 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 1RS. In contrast, for n-alkanoic acids adsorbed at aluminum, when 

the chmn 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 adsoiption of a contaminant layer 
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Figure 1. Ellipsometric film thicknesses for monolayers of CH3(CH2)nCOOH (o) and 
CF3(CT2)nCCX)H (•) at silver are plotted against n 
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[12]. The low surface 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 slightiy larger than those calculated for a chain tilt of 27* 

(see next section). This may arise firom 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 conyarable 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 monolayer 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 underlying 

silver substrate and the adsorption of trace amounts of strongly bound contaminants from the 

laboratoiy 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, 6, is given by Cassie's equation [22]: 

COS0 = Gicosdi + O2COS62 (3) 

where ai is the fraction of the surface having intrinsic contact angle 61, and 02 is the fraction 

having intrinsic contact angle 62. It was shown that advancing contact angle 6a is relatively 

insensitive to coverages greater than 0.5 monolayer, while receding contact angle 6r 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 02» 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 

cos0r = aicosOa + 02 (4) 

Rearranging, 

ai = (l-cos0r)/(l-cos6a) (5) 

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. Therefore, 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 Vs(CH2) and asymmetric methylene stretch Va(CH2) indicate 
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Figure 2. Fractional coverages for monolayers of CH3(CH2)nCCX)H (o) and 
CF3(CF2)nCOOH (•) 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 ciystalline-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 

positions of Vs(CH2) and Va(CH2) for the monolayers as a function of n. A comparison of 

the peak frequencies for Vs(CH2) in the monolayer spectra reveals that the average local 

environment of the alkyl chain is veiy similar to that existing in the bulk crystalline phase for 

n ^ 8. A similar trend is observed with Va(CH2) for n ^ 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(CH2) 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 fipm linearity was observed with 

n 12. Plots of peak heights of asymmetric in-plane stretch Va(CH3,ip) and symmetric 

methyl stretch Vs(CH3fR) 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 CHg 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(CH3,ip) and Vs(CH3,FR) modes for n ^ 12 is fairly insensitive to n, whereas the 

intensity gradually decreases for n ^ 10. 
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Figure 3. Peak positions of Vs(CH2) ( • ) and Va(CH2) (x) for monolayers of 
CH3(Œ2)nCOOH 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) VgCCH]), (b) Va(CH3,ip) (o), and Vs(CH3,FR) (• ) for 
monolayers of CH3(CH2)nC00H self-assembled at silver as a function of the 
number of methylene groups, n, in the alkyl chain. 
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n = even Ag n = odd 

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 Vs(CH2) intensity. An increase in conformational disorder would be associated 

with a decrease in Vs(CH2) intensity in isotropic samples [28]. On the other hand, for a 

surface monolayer with a 20-30* chain tilt, an increase in Vs(CH2) intensity upon 

randomization of the orientation of the monolayer Œ2 groups is suggested [18]. Although 

not yet fully understood, these trends indicate that with decreasing hydrocarbon chain length, 

the total cohesive chain-chain interaction lessens, the coverage decreases, and the chain order 

decreases. 

For n-perfluorocarboxylic acid monolayers, the relatively large size of the fluorine 

atom (van der Waals radius 1.35 À) 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 Â, and 

hydrocarbon molecules have a planar zigzag carbon chain. Thus, a potential energy barrier of 

18.2 kJ mol'^ hinders mutual rotation of the Œ3 group in hexafluoroethane compared with a 

barrier of 12.6 U 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 die interaction of a -CF2- group with perfluorohexane as compared to a -CH2-

group with hexane was shown by the incremental free energies of adsorption (MG*) per 

-CF2- and -CH2- group. The MG* value for -CH2- groups at the hexane/water interface is 

more negative by 200 cal/mol than that at the air/water interface. In comparison, the MG* 
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value for -Œ2- 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 

perfluorocarbon molecules than that for hydrocarbon molecules, as consistent with our 

ellipsometiy 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 theoretical 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 fleld. 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 

dip61e 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, 6 is the tilt 

from the surface nonnal, 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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Figure 6. Schematic representation of the average tilt from the surface normal, 6, and 
average twist about the chain axis, Vector g represents the direction of the 
chain axis. 
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molecule through angles <|>, 9, and X, the molecular coordinates after transformation (x', y', 

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

Fx'l rcos4j>cos6cosA,-sin<t>sinX -sin<|)cos6sinX-cos(|>sinX, sindcosXlfx! 
I  y ' I  s  I c o s ( | > c o s 6 s i n X - f s i n ( | x : o s X  - s i n ( ) K : o s 6 s i n X 4 c o s < | > s i n X .  c o s G s i n X l l y l  ( 6 )  
Lz'J L -cos<|>sin6 sin(|>sin6 cos6 J LzJ 

Since the intensity of an infrared active naode 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 die 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 (d^/dq) 

perpendicular and parallel to £ are represented by unit vectors (1,0,0), (0,1,0), and (0,0,1), 

rotation of these unit vectors by angles <|> and 6 gives the following relationships: 

le = 3IcCos2<|)sin26 for 9p/9q = (1,0,0) (7) 

le = 3Icsin20sin2e for 9p/9q = (0,1,0) (8) 

le = 3IcCos20 for d|i/dq = (0,0,1) (9) 

where le and Ic are the observed and calculated intensity, respectively, of a given vibrational 

mode. Thus, by relating the molecular axis of the adsorbate to the orientation of a vibrational 

oKxle, the spatial orientation of the surface structure can be determined. 

For n-alkanoic acid monolayers, the transition dipole moments of the CH2 stretching 

modes are perpendicular to the hydrocarbon chain. Thus, the measured intensities of the 

CH2 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 polytetrafluoroethylene (PTFE)), the 

transition dipole nunnent of the CFz stretches with A2 symmetry is parallel to the chain axis, 

whereas those with Ei 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(CF2) mode with Ei 

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 Vs(CF2) modes with Ei 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 1RS data as shown in Figure 9. 

The Vs(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 Vs(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 Vs(COO') absorbance mode for n-perfluorocarboxylic monolayers on 

silver are relatively insensitive to n, except fw n=0 chain. Note that die exceptionally small 
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Figure 8. Calculated (—) and observed (—infrared external reflection spectra for self-
as^mbled n-perfluorononanic acid at silver. The p polarized light was incident 
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Figure 9. Peak heights of Vs(COO ) for monolayers of Œ3(Œ2)nCOOH (o) and 
CF3(CF2)nCOOH (•) self-assembled at silver as a function of n 
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Vs(COO-) absorfoance for trifluoroacetic acid monolayer on silver suggests a very large tilt of 

the head fix)m 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*l [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, die radius of die 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 Alms, 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 die series the average advancing contact angles in general reach 

limiting values. The limiting 0a's for n-alkanoic acid monolayers are comparable to those for 

an interface terminated with a -CH3 group [48]; whereas the limiting 6a's for 

n-perfluorocarboxylic acid monolayers are less than diose 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)nCOOH (•) and CF3(CT2)nCOOH (•) 
adsorbed at silver. 
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-CFs 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 fiee energy. 

As shown in Figure 9, the depth sensitivity of a probe liquid to the underlying 

COO-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 

caitoxylate 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 plasmms [SO]. It is also interesting to note that, at 

large n, contact angles of water on n-alkanoic acid and n-perfluorocarboxylic acid monolayers 

are comparable, whereas contact angles of hexadecane on n-alkanoic acid monolayers are 

significanUy smaller than those on n-perfluorocarboxylic acid monolayers. The results of 

glycerol are intermediate between the above two cases. A detailed discussion on this trend 

with considerations of van der Waals interactifs will be reported elsewhere. 

The wetting data 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 cosBa'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 Qrpes of interactions 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 (lEPS). The surface reactions involved in the established surface charge and the 

electrical double layer based m an amphoteric dissociation model may be represented as 

MO- + H+ "NOT Ki = [ICrâH ]/[ MO- 3m (10) 

Mm +H+f4 MOH2+ K2 = [ MOH2+ ]/[ N® ][H+] (11) 

and for 

MO- +2H+<-> MOH2+ K1K2 = [ MOH2+]/[ MO-][H+]2 (12) 

At the lEPS, MOH2+ = MO-, and Ki = K2, it follows that 

lEPS = log K2 (13) 

From the definiticm of the pKg of an acid, 

HX<->H+ + X- pKa = -log([H+][X]/[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-^""H-X (15) 

—MOH + HX -> —M-OH2+—X- (16) 
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In order to predict the relative probability between reactions IS and 16, Bolger proposes the 

following relati(Hi: 

Aa = log([ MOH2+ ][ X- ]/[ NÔT][HX]) (17) 

Substitution of equations 13 and 14 into equatim 17 yields 

AA = IEPS-pKa (18) 

The strength of the acid-base interactions is expected to increase with Aa. Dispersion forces 

dominate if Aa is negative. 

For two acids HXi and HX2 with equal concentration competitively adsorbed at a 

metal oxide surface, fipom equation 17, 

log([Xr ]/[W ]) = Aai-Aa2 (19) 

With silver, EEPS was estimated to be -10.4 [52]. The pK^'s for long chain n-alkanoic acid 

are ~4.S [S3], and pKg'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 pKa 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 cosOg. 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: cos0a = 0.740 - 1.232X + 1.369X2 - 0.055X3 + 0.045t + 
0.041Xt - O.OlOX^t, 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 att  = 

0.25 hr and X = 0.5 was estimated by Cassie's equation to be -3:1. Treatment of the 

intensities from the 1RS data at 1370 cm'^ assuming the orientation of the chain is 

independent of coverage, yields 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 ly 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]. As a 

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 Vs(CH2). The 

crystalline-like packing in the pure monolayer (Vs(CH2) peak position 2852 cm*^) is changed 

to be more liquid-like in the mixed monolayers (Vs(CH2) peak position 2858 cm*^) [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-decanoic 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 die 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 pKa of the acid, the cohesive interactions between Uie chains, and tiie 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 widi polar solvents, it is suggested that carboxylic acid groups 

are ineffective in bond durability with most very high or low lEPS 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 mcmolayers 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 noore 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 adsoiption competition, as the trade off between acid-base reactivity and 

intermolecular attraction may take place when a critical chain lengtii is reached. Fwther 

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

currently in progress. 
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SECTION IV. DEPTH SENSmVITY OF WETTING: CONSIDERATION 

OF LONDON-VAN DER WAALS INTERACTIONS IN 

CONTACT ANGLE MEASUREMENTS 
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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 Â). The depth sensitivity of wetting 

is quantitatively correlated to the van der Waals interactions between a liquid and an 

underlying functional group 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 micn>scq>ic 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]. As an example, a phenyl ring is sufficient to hide an 

underlying polar amide group from interaction with water, suggesting that a relatively small, 

nonpolar group can buiy a polar group and that wettability must be sensitive to molecular-

scale details of interfacial structure [5]. The high sensitivity 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 functionality in wetting is 

small compared to the thickness of hydrocarbon required to significantiy 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 

-2Â to ~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'^. Between macroscopic bodies, Hamaker showed that the 

dispersion energy between two semiinfinite parallel flat slabs decays with distance as x ^ 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. 



www.manaraa.com

77 

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 (6 * 0), or complete wetting (0 = 0). In cases of partial wetting, three phases are in 

contact at a line: the solid S, die liquid L, and tiie corresponding equilibrium vapor V. The 

equilibrium can be expressed quantitatively in terms of the well-known Young relation [11]: 

Ysv*-YsL = 7Lv*cose (1) 

where Ysv' and Ylv* aic the respective solid and liquid surface tensions in equilibrium with the 

saturated liquid vapor, Ysl k the interfacial tension between liquid and solid, and 6 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* + TLv* -VSL (VSL > 0) (2) 

where -VSL describes die attractive VW interactions between the regions L and S. 

Substituting equation 2 into equation 1 yields, 

'VLv-(l+cose) = VsL (3) 

Since VSL is a function of separation distance, x, between regions S and L, its decay with x 

can be evaluated by varying die 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)nSH] and n-carboxylic acids 

[CX3(CX2)nCOOH, where X = H or F] on gold or silver surfaces, as shown in Figure 2a, 

and OD-mercapto ethers [Œ[3(Œ2)nO(Œ2)i6SH] on gold, as shown in Figure 2b, VW 
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(a) 

0 

TZmmpm 

(b) 

Figure 1. A liquid drop in equilibrium over a horizontal surface: (a) partial wetting 
(6 # 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: 

)Lv'(l+cose) = VsL° + VsL^ (4) 

Assuming the change of Vsl^ with different n is negligible compared to the change of Vsl^ 

with varying n, VsiT k considered essentially constant Then, at large n (i.e., large x), VsL° 

decays to almost zero. Let 8oe be the limiting contact angle (i.e., the contact angle of a probe 

liquid on a monolayer with large n), equation 4 can then be written as 

•yLv'(l+cos0«,) = VsLT (5) 

Substituting equation 5 into equation 4 yields, 

TLv^cosS-cosSoo) = VsL° (6) 

In accord with Hamaker's treatment [9] for semiinfînite parallel flat slabs, the VW interaction 

decays as the square of the separation distance at fairly close range (i.e., in the nonretarded 

regime). Coupled with the consideration of the tails as dielectric media between regions L 

and S, VsL° can be expressed as 

VsL° = A/12mKx2 (7) 

where A is the Hamaker constant and K is the dielectric constant of the medium between the 

slabs. Thus, equation 6 can be expressed as 

7tv*(coserCos0oo)=A/12ïCKx2 (8) 

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 tiie 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(cos6-cos6oe) = log(A/127tK7t,v*) - 2 log x (9) 

A plot of log(cos6-cos6oe) versus log x should give a slope of -2 and an intercept equal to 

log(A/12ïCK7Lv*). 

To substantiate Hamaker's result for semiinfinite parallel flat slabs separated by 

relatively short distances, contact angle data of hexadecane on series of structurally different 

monolayers with varying chain lengths were examined. These monolayers include: (1) 

CH3(CH2)nSH on gold [13], (2) Œ3(Œ2)nSH on silver [14], and (3) CT3(CF2)nCOOH 

on silver [IS]. 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 Iog(cos6-cos6oo) versus 

log X for hexadecane on these monolayers. Each plot shows a slope of about -2 and an 

intercept of about -IS. The intercepts of about -IS 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 -CHg 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 Iog(cos0-cos6oo) 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 Iog(cos6-cos6oo) 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 (SIOJM = -2.12, y-intercept = -15.74); and 
(c) monolayers of CF3(CT2)nCOOH on silver (slope = -1.95, y-intercept = 
-15.17). 
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qualitatively 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 interactifs. 

As is {Q)parent in equaticxi 8, the VW interactions decay as x'^ at fairly close range and 

its rate of decay is a function of TLv*» A, and K. If surface sensitivity (SS) is defined as 

d(cos6)/dx, or depth sensitivity (DS) is defined as dx/dcos6, then from equation 8, 

SS = d(cos6)/dx = -A/6infytv*x3 (10) 

DS = dx/d(cos6) = -6îtifytv*x3/A (11) 

If the two slabs are conqwsed of two different substances S and L, 

A = Ji2qjq^XsL (12) 

where q's are the atom densities and X's are the London-van der Waals constants; both are 

annotated by tiie appropriate sufiHx. We also note diat X is approximately expressed by 

XsL = 3asotLlsIi/2(Is+lL) (13) 

where a's are the polaiizabilities, and Ts are the ionization potentials of the isolated molecule 

as indicated by each sufHx. Further, polarizability may be calculated by the Lorentz-Lorenz 

equation: 

a = 3v(n2-l)/4îiNo(n2+2) (14) 

where n is refractive index, v is molar volume, and No is Avogadro's number. Combining 

equations 12,13, and 14 yields 

A = 27(ns2-l)(nL2-l)IslL/32(ns2+2)(nL2+2)as+lL) (15) 

Substituting equation IS into equation 11 gives, 

DS = -64jiiCYLv'x3(ns2+2)(nL2+2)(Is+lL)/9IslL(ns2-l)(nL2-l) (16) 

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

we write 



www.manaraa.com

84 

(DS V(DS)B = (7Lv*)B((NL)A2-L)((ik}B2+2)aL)A(Is+aiJB) 

+ (7Lv)A((nL)B2-l)((nL)A2+2)aL)B(Is+(lL)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 interactions. 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 9.27eV [16]. 

The depth sensitivity of a probe liquid is also related to the dielectric constant of the 

medium between the slabs, i.e., the dielectric 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 die 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)nO(CH2)i6SH on gold 

ligjiid TfiLv'Cdyne/cm) M LL(eV) ® 

perfluoFO-n-heptane 13.6 1.605 13.38 ^ 0.66 

carbon disulfide 32.3 2.490 10.08 0.90 

cycldiexane 25.3 2.034 9.88 0.92 

n-propanol 23.8 1.920 10.20 0.93 

benzene 29.0 2.179 9.25 0.99 

hexadecane 27.6 2.026 10.08 ® 1.00 

methylene iodide 50.8 3.031 9.46 1.20 

pyridine 38.0 2.270 9.32 1.23 

formamide 58.2 2.095 10.25 1.99 

glycerol 63.4 2.136 10.85 ^ 2.06 

water 72.8 1.755 12.59 3.02 

® IP values from reference 16. 

^ Estimated by using the IP value of CgFg. 

^ Estimated by using the IP value of n-heptane. 

^ 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(Œ2)nO(CH2)i6SH on gold reveals that the sensitivity of the contact 

angle of hexadecane to the ether group in that monolayer system extents only -2 Â, whereas 

water senses 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 through 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)nC00H 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 Vsl° decays to almost zero, VsJ and as a consequence 6eo reach limiting 

values. This limiting contact angle is a characteristic of the composition of the molecular 

surface. It is interesting to compare values of OM for various liquids on different moleculai-

surfaces. Table n lists the values of Om for the nonpolar liquid hexadecane and polar liquids 

glycerol and water on surfaces terminated witii a -CH3 group or -CT3 group. As is apparent, 

for the two different molecular surfaces, the difference in 8«,'s for a liquid decreases in the 

order of hexadecane, glycerol, and water. From equation 5, 

cosdoo — VslT/Ylv* " 1 (18) 

Following the treatment of Hamaker, VgL^ in this case is assumed to be at an equilibrium 

distance, Xo (i.e., two surfaces in contact). The best empirical value for Xq is reported to be 

1.58±0.08 A [8,18]. Hence, 
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Table II. Limiting cmtact angles of various liquids on molecular surfaces terminated with 
a -CH3 or -CF3 group 

MaiBcials 6oe(hexadecane) 6oo(glycerol) 6oo(water) References 

CF3(CF2)7(CH2)5SH/AU 79. — 118' 19 

Œ3(CF2)8C(X)H/Ag 70' 103' 108' 15 

CH3(Œ2)2ISH/AU 47' — 112' 20 

CH3(CH2)i8COOH/Ag 43' 98" 107' 21 
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Table III. Comparison of A/)tv* values on various interfaces (Unit: cm^) 

Liquid 

hexadecane 

glycerol 

water 

A/>LV'(-CH3 surface) 

16.0xl0-»5 

7.8x10-15 

5.3x10-15 

A/YLV*(-CF3 surface) 

4.0x10-15 

1.9x10-15 

1.3x10-15 
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cos0«=A/lZroco^Ttv* -1 (19) 

Table m lists the calculated values of A/yiv' at the six different interfaces. Note that the 

surfaces terminated with a -CHg group or -CF3 group are apimximated by the physical 

properties of hexadecane and perfluoro-n-heptane, respectively. As is apparent in Table m, 

the difference in A/Ylv* values decreases in the order of hexadecane, glycerol, and water, 

which explains the trend of 600 listed in Table n. As a result, the value of the limiting contact 

angle is governed by the van der Waals interacticms 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)nSH on gold [13] and CH3(CH2)nCOOH on silver [21]. The 

odd-even variation is more significant for short chain tiian for long chain. For simplicity, we 

refer to a chain with an odd number of -CH2- or -CF2- groups as an "odd chain" and a chain 

with an even number of -CH2- or -CF2- groups as an "even chain". For monolayers of 

CH3(CH2)nSH on gold, odd chain monolayers have 6's that are markedly greater than those 

that are composed of chains with one less methylene group. In contrast, for monolayers of 

CH3(Œ2)nCOOH on silver, even chain monolayers have 6's that are markedly greater than 

those that are composed of chains with one less methylene group. Changes in 6'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 Uie 

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(CH2)nSH 

monolayers on gold and even chain CH3(CH2)nCOOH monolayers on silver are almost 

perpendicular to the surface, while methyl dipoles of even chain CH3(CH2)nSH monolayers 
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Figure 4. Contact angles of hexadecane on monolayers of CH3(CH2)nSH adsorbed at 
gold (o) and CH3(CH2)nCOOH adsorbed at silver (•) 
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(a) 

t 
n = even Au n = odd 

n = even 

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. Diiecdons of the -Œ3, S-Au, and COO-Ag 
permanent dipole moments are indicated by the arrows. 
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on gold and odd chain CH3(CH2)nC00H monolayers on silver have 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 

Œ3(CH2)nSH monolayers on gold and even chain Œ3(Œ2)nCOOH monolayers on silver 

and result in relatively greater 6's. 

At larger separation distances, the VW interactions between the probe liquid and the 

underlying dipoles are weaker. Consequently, 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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SECTION V. OPTICAL SENSOR FOR CALCIUM: PERFORMANCE, 

STRUCTURE, AND REACTIVITY OF CALCICHROME 

IMMOBILIZED AT AN ANIONIC POLYMER FILM 
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ABSmCT 

A calcium-selective optical sensor has been fabricated by the electrostatic 

immobilization of calcichrome at a porous anion-exchange polymer fîlm. 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 fîlms 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 fihn. 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 fîlm. The 

change in the optical properties of the immobilized reagent were monitored in a diffuse 

reflection noode in the visible spectral region. Relevant features of this design include a short 

equilibration time (<15 s), high selectivity, facile construction, and compatibility with 

conmiercially 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 fîlm. 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 soluti(m phase metal ion, M"+, and 

an immobilized ligand, L™', is 

Mn+ + L'n- = MLn-in (1) 

where ML"is the immobilized metal complex. Assuming activity coefficients of unity for 

both solution and immobilized species, the conditional formation constant, Kf, for the 

chelation of the metal and ligand is 

Kf =117^17 (2) 

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]o, and the immobilized ligand, L o, to give 

Kf = /([M]o-^ )("L o-^ ) (3) 

Upon expansion and rearrangement, equation 3 yields 



www.manaraa.com

101 

l/Kf=[M]oL/ML -(M]o- Lo+ ML (4) 

If experimental conditions are such that 

L 0 " ML * [M]o L o/ ML - [M]o 

i.e., ML «[M]o, then equatim 4 reduces to 

1/Kf = [M]oT(/ML -[M]o (5) 

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

empirical {q)proach for relating the observed signal quantitatively to die sample concentration. 

The K-M function, f(Roe), is defined as 

f(R«,) = (l-R«o)2/2R«, (6) 

where Roo 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(R«,)=eas (7) 

where e is the molar absoiptivity of the sample species and s is the scattering coefficient For 

a nonabsorbing M"*, f(R«o) can be expressed using equation 7 as 

f(Roo) ~ CML ML /s + 6L( L O" ML )/S (8) 

where EML and CL are the molar absorptivities of ML and L, respectively. If f(Roo') 

represents the K-M functi<Mi for Lo, equation 8 becomes 

f(R«o) = (EML-eJ ML/s + f(R,o') (9) 

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

used to formulate f(Roo) in terms of f(R«o'), which through subtraction of f(Roo') and 

rearrangement gives 

f(Roo)-f(R«o') = (Roo'-R«,)(l-RooR«.')/2R,Jl«' (10) 

For measurements that result in RoaR«o'« 1, equation 10 simplifies to 

f(R«o) - f(Rco') = (Rco'-R«,)/2RcJ^oo' (11) 

Combining equations 9 and 11 then results in an expression that relates Roo and Roo' with ML 
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(Raa'~Rae)/2RoaRea' — (EmL"^3 ML /S (12) 

To relate equations 5 and 12 to measurements in a single-beam mode, a comparison to 

a reference intensity is necessaiy 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 (Rn) and complexed (Rn) forms of an 

immobilized indicate can be expressed as 

Rn=Jn/Jr (13) 

Rn' = Jn'/Jr (14) 

where Jn, Jn', are the experimentally measured intensities of the diffusely reflected light at the 

sampling wavelength and Jr 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 = Roo/Csjd (15) 

foo — ROO'ATsUI (16) 

where Gstd 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 astd yields 

Rn — RooOgid/Jr (17) 

Rn — Roo'Ostd/Jf (18) 

Combining equations 5,12,17 and 18 results in 

(1/Rn " 1/Rn')*^ — scrsid/2(eML"CL)Jr L oKf(M]o + sOsui/2(£ml~Cl)J^ L o (19) 

In the conventional double beam mode, a comparable derivation gives 

(I/Tm- lAoo')"^ — S^(CML'£L)^std L oKf(M]o+ s/2(EML-EiJ(Tstd L o (20) 
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In both instances, a plot of (1/Rn - l/Rn')"^ or (l/foo - l/roo')"^ vs l/[M]o is linear, which 

allows the calculation of Kf 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 dissociatim of an immobilized ligand is 

HnL"»- = Hn-iLCm+l)- +H+ (21) 

Where HnL™- and are the immobilized forms of a conjugate-acid-base pair, 

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

Ka = [ ]IH+]/[ HnV^' ] (22) 

Since equation 7 shows that concentration is proportional to f(R<»), the pKa for equation 22 

can then be expressed as 

pKa=pH - log{(f(Rcoi) - f(Roc))/(f(Roo) - f(Rcc2))} (23) 

where f(Rooi) and f(Rco2) are the K-M function at pH values which result only in HnL'"* or 

Hn.iL("^+l)-, respectively, and f(Roo) is the K-M function at intermediate pH values where 

both HnL™- and are present. 

If one or more sets of isosbestic points exist, equation 22 can be expressed following 

earlier arguments as 

pKa = pH-log((l/R„i- 1/R„)/(1/Rn- l/Rnz)) (24) 

where Rni and Rn2 are the diffuse reflectance ratios at pH values which result only in HnL"^' 

and Hn.iL('"+^)-, respectively, and Rn is that at intemiediate pH values where both HnL""-

and Hn-iLC^+l)- are present. 



www.manaraa.com

104 

EXPERIMENTAL 

Sensor construction 

The sensor was constructed by the electrostatic immobilization of calcichrome at a N-

0030 anion exchange film (RAI Research Coiporation, 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 colonmetric 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 OKXiochromator. The optical fiber bundle 

consisted of 10 fibers, which were arranged in a vertical orientation, with half used to 

transmit the incident light to the thin film and half used to transmit the diffusely reflected light 

to die 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 sealed 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 outiet channel, (6) front window, 
(7) slotted gasket, (8), thin film Ca(ID-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«eReo' were less than 0.01, which 

correspond to an error of less than 1% for the ^proximation in develq)ing equation 11 from 

equation 10. In addition, by using calcium concentrations greater than 0.06 M, the 

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

in the determination of Kf. 

Instrumentation 

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

collected light was dispersed wiUi 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 (Madism, 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 Rq 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'^; 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, lA). 

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 KQ. 
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RESULTS AND DISCUSSION 

Diffîise reflectance spectra of the sensor 

Diffuse reflectance spectra of immobilized calcichrome before and after complexation 

with Ca(n) are shown in Figure 2. Both spectra were taken at pH 12.1, and are given as 

relative reflectances, i.e., Rs/Ru> where R, is the diffuse reflectance of the free or complexed 

forms of the immobilized indicator and Ru is that of the unmodified film. The Aee form of 

immobilized calcichrome exhibits a reflectance minimum near 620 nm, whereas that for the 

immobilized Ca(n):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(II) 

Both the K M function and the diffuse reflectance ratio of the sensor as a function of 

Ca(n) concentration at 670 nm are shown in Figure 3. The reflected intensity at the 

isosbestic point at 556 nm was used as die reference. The K M function is linear up to Ca(II) 

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(II) 

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 Uie standard deviation of tiie blank, was estimated at 3 mM. Efforts are currentiy 

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(n)-calcichiome complex ([Ca(n)] = 0.2 M), at pH 12.1 in the flow cell. 
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Figure 3. (a) Diffuse reflectance ratio and (b)K-M function of the Ca(II) sensor as a 
function of Ca(II) concentration at pH 12.1 



www.manaraa.com

I l l  

reducing 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(n)]= 0.0 M) and calcium-containing solution ([Ca(n)]=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 tiie 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(II) 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 polymeric materials. 

Interferences 

In addition to Ca(II), the solution form of calcichrome complexes with a variety of 

other metal ions, including Cu(II), Cd(n), Zn(II), V(IV), Mg(n), and Ba(II) [32]. 

However, near pH 12 calcichrome complexes only with Mg(II), Ba(n), and Ca(n). 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 Uie sensor was virtually indistinguishable (<1% change in 

reflectance at 670 nm) fitom diat obtained with a blank pH 12.1 solution. Thus, the sensor 
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solution, (2) injection of a 0.2 M Ca(II) solution at pH 12.1, (3) equilibrated 
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exhibits a high selectivity for Ca(II), suggesting its applicability to a variety of applications 

(vide infhi). 

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 light exposure which was 

accompanied by a small decrease in the intensity of the diffusely reflected light. However, 

the signal stabilized after the fîrst 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 metallochrmnic 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 requires 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 pKa's of 

7.19±0.0S 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 and 

l^C-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 assignments 

for these spectra are given in Table I. 

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 inteipretation. The bands 

at -1290 and 1335 cm'^ and the shoulder on the low energy side of an unassigned band 

slightiy above 1350 cm * are attributed respectively to the 0-H bending modes (S(O-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, S(0-H) for the 

naphtholic proton at the 8 position shifts to slightiy lower energies between a pH of 5 and 8, 

whereas its absorbance decreases to a level only slightiy distinguishable from die background 
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Table I. Peak positions (cm*^) and vibrational mode assignments for the solution and 

immobilized forms of calcichrome' 

pH5.1 

solution form 

pH8.2 pH 12.0 
Ca(II) conq)lex 

(pH 12.0) 

solid 
form 

(Na salt) 

immobilized 

form 

band 
assignment^ 

1042 1040 1040 1039 1044 1037 Vs(S03-) 
1196 1196 1195 1207 1193 1202 Va(S03-) 

— 1270 1268 1263 — 1269 Ô'(NH) 
1293 sh — — 1277 — ô(OH) 
1335 1334 mm •• 1335 1322 ô(OH) 
1371 1368 1365 1363 1367 1342 

mm 1392 1391 1379 — 1384 Vs(C=N-N) 
mm 1442 1438 1419 — 1425 Va(C=N-N) 

1474 — — — — 1475 V(C=C) 
1519 1501 V(C=C) 
" 1567 5(NH) 

1603 1599 V(C=C) 
1635 1645 V(C=0) 

^ Band assignments based on those reported in references 33-35. 
^ Key: Va = asymmetric stretch; Vg = symmetric stretch; S = bending; 

5' = 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 (c) pH 12.0 (—). Inset: absoibance of Ô'(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 5(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 5(0H) for the naphtholic proton at the 8' position 

between a pH of 5 and 8 is consistent with the loss of a proton from the triprotic form of 

calcichrome. 

Several of the bands shown in Figure S 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 (5'(N-H)) at 1270 cm-^ with 

increasing pH, as shown in the inset of Figure 5, indicates a shift towards the hydrazone 

form of the indicator. The appearance and subsequent growth with increasing pH of the 

bands at -1440 and 1390 cm'^ 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 sp^ 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 tiie complex at pH 12.3 is 8.0 x 10^ [21]. Evidence 

for the nonplanar structure of the metal complex is provided by the presence of S'(N-H) in 

the infrared spectrum of the Ca(II)-calcichrome complex in Figure 6. The shifts of 5'(N-H), 

Va(C=N-N), and Vs(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 
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electron density for the formation of the complex. From these data, I is proposed as the 

structure for the Ca(II)-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 Kf' for the Ca(n)-calcichn>me complex of 32±8 at pH 12.3 and 

pKa's of S.3±0.3 and 10.7±0.3. 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 irom 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-nittoaniline (pKa = 1.0) upon 

their incoiporation 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 pKa values of immobilized 

calcichrome suggest that the complexation process may be facilitated at a lower pH in the 

anion exchange film. 

I 
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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 a- and P-cyclodextiins finom aqueous solutions, 

the tautomeric equilibrium of 4-phenylazo-l-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 quatemized 

polymer film, favo* the more polar, less acidic hydrazme 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-modifîed anion exchange membrane, and the unmodifîed 

anion exchange membrane, respectively. Figure 7c is the difference spectrum 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-^, 8(N-H) at 1567 cm ^ and V(C=0) at 1645 cm-l. 

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. Hence, 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 fomiation of the Ca(II)-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 Kf' 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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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(n) and Zn(n) by the solution and immobilized forms of quinolin-8-oI-5-

sulfonate [24], a ligand which is naturally fîxed 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 couple 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 forpH measurement in solutions with low imic strengtiis [39]. These and 

other opportunities are presendy 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 inamobilization 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 Aim, 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 specifîc application. Efforts to 

develop further insights into the fundamental interactions that govern reactivity of such 

sensors are currendy 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 stracture 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, containing 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, reactiviQr of a sensing molecule in a thin 

polymer film may be markedly altered by immobilization [7Q. 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 fihns 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 intennolecular 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. WettabiliQr 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 die 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 spectroscc^ies have been used to unravel the 

controversies regarding the structures of calcichrome and calcion. Together with the 

identification of tiie products from selective chemical cleavage reactions, these data indicate 

that structures of both compounds are equivalent with a molecular formula of 

C20H14N2O15S4.3H2O (2,8,8'-trihydroxy-l,r-azonaphthelehe-3,6,3',6'-tetrasulfonic 

acid). The compound has two titiratable phenolic protons in aqueous solution with pKa 

values of 7.19±0.05 and 11.63±0.05 at 2S*C. As a ligand, the compound forms a colored 

complex witii Ca(II) at a 1:1 stoichiometric ratio (pH 12.3) with a formation constant of 

8.0x10^ at 25*C. The free form of the ligand at pH 12.3 has an absorption maximum of 

1.44x10^ L mol*^ cm'̂  at 599 nm, whereas the complexed form has a maximun molar 

absoiptivity of 1.37x10* L mol*^ cm'̂  at 522 nnL 
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INTRODUCTION 

The constructicm and performance characteristics of an <q)tical sensor for the selective 

determination of Ca(II) were recently studied in this laboratoiy. 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 immobiUzation. 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 pn^)erties of this chelate. 

The synthesis of calcichrome, which is formed by the self-coupling of diazotised 

l-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 detemiination of calcium [2-5] and numerous other metal 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, n has since found general acceptance in die 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 die compound was neither I nor H, but was 

the mono-azo structure shown by III. 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 concerning 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 (^H and and infrared 

spectroscopies indicate that the structures of calcichrome and calcion are identical. (Hereafter, 

the product of this self-coupling reaction is referred to as calcichrome unless speciHed 

otherwise.) This conclusion was substantiated by a structural identification of the products 

of selective chemical cleavage reactions. The molecular spectroscopic characterizations 

furdier point to an enolic form of m as the structure of the ligand. Characterization of the 

solution reactivity of calcichrome indicates that diis metallochromic indicate has two titratable 

phenolic protons in aqueous solution (pKa values of 7.19±0.0S and 11.63±0.0S) and forms 

a 1:1 stoichiometric complex with Ca(II) with a formation constat of 8.0x10^ at 25'C. 
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EXPERIMENTAL 

Chemicals 

Calcichrome (Pfaltz and Bauer) was used without further puriHcation. 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 chromatography at silica gel with a 

variety of different mobile phases. All aqueous solutions were prepared with distilled, 

deionized water. 

Instrumentation 

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

DMSO-dg or D2O with a Nicolet 3(X) MHz spectrometer. The low solubility of the ligand 

prohibited ^^C-NMR characterization in solution. 

A home-built 100 MHz spectrometer was used to obtain high-resolution ^^C-NMR 

spectra of solid calcichrome [13]. A Varian XL-100-15 magnet, which was equipped with a 

double-tuned single-coil probe, was operated at 25.15 MHz and 100.06 MHz for l^C and 

^H, 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 ^^C 

NMR spectra were obtained by cross-polarization (CP) with strong proton decoupling and 

magic angle spinning (MAS). The radiofrequency Held 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 decay 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 5ti, a 

180'y, X, 90*x sequence was used, where t2 < t « ti. 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 ̂ is. The data were accumulated with a dual time 

base; the first 1000 channels operated with a 0.2-ps dwell time, whereas that of the second 

1048 channels was 20 ^s. Acquisition of data in this manner allowed both the short (t2 -20 

(is) and long (t2 -1 ms) decays to be monitored widi 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 

Coming glass-electrode pH meter was used for pH measurements. Infrared spectra were 

obtained widi 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 D2O, 

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 (UI). Furthermore, the ^H-NMR spectra of calcichrome and calcion are 

identic^, confirming die structural equivalence of the two compounds. 

l^C-NMR. Solid state 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 [IS], Figure 2A represents a spectrum of the 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 

and those from protonated respectively. The spectrum shown in Figure 2B was 

obtained with the heteronuclear dipolar-dephasing (DD) technique [16]. In this 

experiment, data acquisition was delayed for ICX) ^s after the proton contact time. During 

this delay, dipolar dephasing occurs due to the interruption of proton-carbon decoupling. 

Because the rate of magnetization decay depends on the strength of the heteronuclear 

dipolar interactions, this technique eliminates the signal fircnn nuclei which exhibit strong 

proton coupling. Thus, only those resonances representing nuclei which are not bound 
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Figure 1. Spectra (IR-NMR) of calcichrome in DMSO-de. Inset: Expansion of region 
between 7.1 and 8.3 ppm. 
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Figure 2. Spectra (CP/MAS NMR) of calcichrome: (A) spectrum recorded with a 
2-ms contact time; (B) dipolar dephased spectrum with a dephasing delay of 
60 ^s; and (C) spectrum with a 50-^s contact time. 
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to are present in Figure 2B. In Figure 2C, the NMR spectrum for a very short 

contact time (SO ^s) is presented. Because the rate at which various carbons are polarized by 

protons varies dramatically with environment and molecular motion, signals for nuclei 

which are not bound directly to IH are stnmgly suppressed. As such. Figure 2C represents a 

spectrum in which the signals for those nuclei which are bound directly to 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 [17-20]. In both cases, 

l-hydroxynapthalene-3,6-disulphonic acid was chosen as the parent molecule for 

constructing the ^^C-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 ID. 

The feature at 175 ppm, which is outside the normal value of isotropic chemical shifts 

for aromatic carbons, indicates the presence of a carbonyl carbon, where the proton resides 

in, perhaps, a Mdged 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'* is representative of a quinone carbonyl stretch [21,22]. This latter 
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feature, combined with earlier evidence from and ^^C-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(II) chloride as 

die 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(II) chloride to the eluent collection vials and by 

(IV) 
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conducting the separation in a short column (~S 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 ^H-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: 

OH Nhfe Vjg OH SnClg. cone. HOI 

NtOjS' —^^^SOjNa 

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 ^H-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. Free induction decay of calcichrome and the corresponding spectrum (inset) 
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by a relaxation time, t2. of ~12^s 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 (Avi/2) of -30 KHz and a narrow feature with a Avi/2 of -600 Hz. The broad feature 

represents the decay of rigid protons, whereas the narrow feature is due to the decay 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, Nih , was determined by comparison of the initial intensity (extrapolated to time 

zero) of the FID with that of a reference sample (H2O doped with FeClg). This approach was 

also used to determine the number of rigid and mobile protons. The value of Nih is related to 

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

Nih ~ N(nr + 2n) (2) 

where N is the number of calcichrome molecules in the sample, % 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 = WsNA/(Mw+18n) (3) 

where Ws is the total weight of the solid sample, is Avagadro's number, and 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-Hi„Mwy(18Ni„-2WsNA) (4) 

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 fiom the following expression: 

nc = (nR-n,/2y(l+R) (5) 

where R is the ratio of rigid to mobile protons as determined firom FID. With these values, 

we found nc = 2.9±0.2. Therefore, each solid-phase calcichrome molecule carries three 

water molecules of crystallization, yielding a molecular formula for its sodium salt of 

C2oHioN2Na40isS4.3H20 (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 HCl widi 0.1 M NaOH in 0.2 M KCl 

clearly indicated that there were two titratable protons. Hiotometric titrations in 0.12 M KCl 

yielded pKg values of 7.19±0.05 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'̂  For structures I, H, and HI, the molecular weights are 1122.8,1122.8, and 738.5 g 

mol'̂  respectively. The titration data support our conclusion regarding the structure of 

calcichrome. 
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Composition and formation constant of the Ca(n)-calcichrome complex 

The stoichiometric composition of the craiplex fomied by the chelation of Ca(II) with 

calcichrome was detemiined via the continuous variation method. Solutions with equivalent 

concentrations of Ca(II) 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 calcichrane 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 nx)le fraction of Ca(II). The.maximum 

occurs at a mole fraction of 0.49, showing that Ca(n) complexes with calcichrome in a 1:1 

stoichiometric ratio. This ratio was further confirmed by a spectrophotomeiric titration (vida 

infra). 

To evaluate the formation constant, Kf, for the binding of Ca(n) with calcichrome, a 

form of the Ketelaar equation [25] was used: 

where A is the absorbance of the metal complex, Aq is the absorbance of the initial 

concentration of calcichrome, Kf' is the conditional formation constant of the complex, Co is 

the initial concentration of calcichrome, Ae is the difference in the nx)lar absoiptivities of the 

firee ligand and the metal complex, and Cm is the concentration of Ca(II). Thus, a plot of 

(A-Ao)'̂  vs. Cm'̂  allows the calculation of Kf*. Our experiments were performed at a pH of 

12.3 at three different wavelengtiis. At a pH of 12.3, die dianion (HL^) is tiie dominant 

form of die ligand. The complexation reaction is then 

l/(A-Ao) = 1/AeKf'CoCm + 1/AeCo (6) 

Ca2+ + HL6- = CaHL4- (7) 

and the equilibrium is expressed as: 

Kf = [CaHL4-]/[Ca2+][HL6-] (8) 
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Using conventional terminology to account for the dependence of Kf on pH, the expression 

for Kf' is: 

Kf' = [CaHL4-]/[Ca2+][Cr] (9) 

where Cr = [HaL^-] + [HiU ] + [HL^-] + [L7-], Kf' = ^Kf, and a2 = (Ka,Ka2)/([H+]2 + 

Kai[H+] + KaiKai). From a least-squares analysis, Kf' equals (6.93±0.24)xl03- At pH of 

12.3, a2 equals 0.86, yielding a value of Kf of 8.0x103. At pH values less than 11.5, where 

the dominant form of thé ligand is H2L '̂ or Kf' dramatically decreases. This is 

consistent with the cwnplexation scheme in equation 7. 

Additional evidence fnr the 1:1 binding stoichiœnetxy between Ca(II) and calcichrome 

was provided by a spectrophotometric titration of calcichrome with Ca(n) in 0.1 M KCl at 

pH 12.3. The presence of only one set of isosbestic points (425 and 556 nm) supports the 

earlier conclusion that the Ca(II) 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 1.37x10^ L mol*^ cm-^ (at 522 nm) and 1.44x10^ L mol'̂  cm ^ (at 599 

nm), respectively. 
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