
INFORMATION TO USERS

This manuscript has been reproduced 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.

The 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 comer and continuing 
from left to right in equal sections with small overlaps.

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.

Bell & Howell Information and Learning 
300 North Zeeb Road. Ann Arbor, Ml 48106-1346 USA 

800-521-0600

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Interfacial Properties and Aggregation of Surfactants

by

Joann H. Mathias

A dissertation submitted to the Graduate Faculty in Chemistry 
in partial fulfillment of the requirements for the degree of

Doctor of Philosophy 

The City University of New York

2000

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



UMI Number. 9986359

Copyright 2000 by 
Mathias, Joann Helena

All rights reserved.

__  _  ®

UMI
UMI Microform9986359 

Copyright 2000 by Bell & Howell Information and Learning Company. 
All rights reserved. This microform edition is protected against 

unauthorized copying under Title 17, United States Code.

Bell & Howell Information and Learning Company 
300 North Zeeb Road 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ii

©2000 

JOANN H. MATHIAS 

All Rights Reserved

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Approval Page

This manuscript has been read and accepted for the Graduate Faculty in 
Chemistry in satisfaction of the dissertation requirement for the degree of Doctor 
of Philosophy.

 — -_____________
Date Prof. Milton J/Rosen

2 f a /7 0 0 o  
Date Prof. G. Koeppl, ExedMe Officer

The Graduate School and University Center

a ,
Prof. GafY Mennitt

rof. Ruth Stark

THE CITY UNIVERSITY OF NEW YORK

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



iv

Abstract

Interaction and Aggregation of Surfactants 

by

Joann H. Mathias

Adviser: Professor Milton J. Rosen

Bis(quatemary ammonium halide) surfactants (gemini surfactants) having, 

variously, diethylether, p-dimethylene phenylene, monohydroxypropyl and di- 

hydroxybutyl spacer groups have been investigated by surface tension, 

interfacial tension and steady-state and dynamic fluorescence techniques. The 

critical micelle concentration (CMC) and area per molecule (Amjn) are shown to 

deviate from the expected patterns of behavior as the number of carbon atoms in 

the alkyl chain (n) increases beyond a certain maximum. This aberrant behavior 

is observed at the hydrocarbon/water as well as the aqueous/air interface. The 

unexpected values of the physico-chemical parameters at long alkyl chain length 

have been interpreted on the basis of a concentration region in which sub- 

micellar or multi-layer structures are forming. Fluorescence measurements 

provide confirmation of CMC values by an alternative technique. Comparison of 

the fluorescence emission maxima profiles of the gemini surfactants with those of 

their mono-quaternary analogues demonstrates that there is a continuously 

changing shape with change in n for the geminis; whereas, the profiles for non- 

geminis are invariant. Long-chain geminis exhibit a gradually sloping sigmoidal 

profile indicating a variety of environments experienced by the probe between the 

totally aqueous environment at low surfactant concentration and the hydrophobic
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(entirely micellar) environment at high surfactant concentration. The large 

variation in the polarity of the probe environment between these two extremes 

may be attributed to the formation of sub-micellar structures.

Dynamic fluorescence measurements using the time-resolved single 

photon counting technique provided aggregation numbers for conventional and 

cationic gemini surfactants. Aggregation numbers of 2 (gemini molecules per 

micelle) were found in the surfactant concentration region between the expected 

and observed cmc values for long chain geminis, regardless of the chemical 

nature of the spacer, indicating dimer formation. Evidence of two observable 

cmc values was obtained by surface tension and steady state fluorescence 

measurements. Dimer formation below the first cmc is followed by normal 

aggregation growth until reaching the second cmc at which concentration dimers 

are again observed. The aggregation process for long chain geminis appears to 

be a dynamic process involving: dimer formation ■> growth reformation.

In view of the considerable interest in these cost-effective and 

environmentally sound gemini surfactants, full understanding of their physico­

chemical properties and aggregation behavior is highly desirable.
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Chapter I.

Introduction

1.1 Aqueous Surfactant Systems

Surfactants are a group of chemical substances one of whose properties 

is the reduction of the surface tension of H2O or other solvent. The surface 

tension, defined as the tension of the surface film that makes it contract to 

minimum area, is measured in terms of force per unit length (1). The physical 

basis of this phenomenon was demonstrated by Traube (1891) who showed that 

fatty adds, alcohols, and amides migrate to the surface of an aqueous solution 

with a resulting decrease in surface tension (2). Although the amphipathic nature 

of these molecules, i.e., a hydrophobic hydrocarbon chain and hydrophilic head 

group, was soon recognized as the reason for the migration to the surface (3), 

the thermodynamic interpretation was a source of debate for nearly a century. 

Tanford (1979) has shown that, rather than the attraction between the 

hydrocarbon chains of the molecules, it is the free energy of attraction of water 

for itself which leads to removal of the surfactant molecules from the bulk of the 

solution and migration to the surface (4).

As the bulk surfactant concentration is increased, surface tension 

reduction reaches a point at which it levels off and the surface tension of the 

solution becomes constant. This behavior was first explained by McBain (1914) 

who suggested that it was the result of surfactant aggregation above a critical 

micelle concentration (cmc) (5). McBain’s condusions were based on
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anomalous osmotic pressure data of soap solutions. It is now recognized that 

many physico-chemical properties, including conductivity, solubilisation, 

magnetic resonance and self-diffusion, change abruptly at the cmc, and these 

changes are readily interpreted on the basis of aggregate formation (6).

The morphology of these aggregates has been the subject of vigorous 

debates from the time of their discovery, until the present day. Monger (7) notes 

that over 2800 publications on the subject of micelles were published between 

1970 and 1978 alone. Topics include: shape of micelles; number of surfactant 

molecules per micelle (aggregation number) and the statistical distribution of 

these aggregation numbers; effect of additives such as salt or alcohols; and 

effect of counter-ions and degree of ionization in ionic micelles.

This dissertation is concerned with the shape and aggregation number of 

surfactants, specifically gemini surfactants, containing two hydrophobic and two 

hydrophilic groups. Their aggregation behavior, as the chemical structure of the 

surfactant is modified, is observed using surface tension, interfaciai tension, 

steady-state and dynamic fluorescence methods. Fundamental interfacia! 

properties of geminis are also studied using these methods. An understanding 

of both structure/aggregation relationship and basic interfaciai properties is vital 

to the intelligent use of these surfactants in industrial processes, as well as to the 

development of improved, more effective surfactants.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3

1.2 Morphology of Surfactant Micelles

The earliest theories concerning the shape of micelles formed from 

conventional surfactants, i.e., those with one hydrophobic and one hydrophilic 

component, were roughly divided into two groups. McBain (8,9) proposed a 

lamellar structure, while Hartley (10,11) favored a spherical micelle. In the 

1950‘s, new models describing proiate and oblate ellipsoids (12-14) and 

cylinders (15) began to appear. In general, these models are based on 

geometric considerations, which were later reviewed in the light of experimental 

evidence, often of a spectroscopic nature, e.g. laser Raman spectroscopy (16) 

and neutron scattering (17).

1.2.1 Conventional Surfactant Micelles

Tartar (12) and Tanford (14) have presented expressions for the length (lc)

of a hydrocarbon chain in a surfactant monomer and volume (Vh) occupied by

the hydrophobic groups in the micellar core. Israelachvili (18) proposed a

packing parameter (Vn/aolc), where ao is the cross-sectional area occupied by

the hydrophilic group at the micelle-solution interface. This parameter provides a 

convenient, albeit rough, guide to the shape of a normal surfactant aggregate.

Its increase parallels the change in shape from spherical-* cylindrical-*lamellar. 

This transition is shown in Scheme 1.1.
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1.2.2. Gemini Surfactant Micelles

Surfactants having two hydrophobic and two hydrophilic groups in 

the molecule (gemini surfactants) are known to exhibit enhanced surface-active 

properties (19-22). The greater efficiency and effectiveness of geminis over 

comparable conventional surfactants make them more cost-effective as well as 

environmentally desirable.

Bis(quatemary ammonium halides) geminis were first synthesized and 

studied for their superior performance, relative to monoquatemary ammonium 

halides, as catalysts in organic reactions (23). Later they came to be studied for 

their bactericidal capabilities (24) and for their unusual physicochemical 

properties. Although this class of cationic surfactants has been studied for over 

two decades (25) the details of their structure-performance relationship remain 

elusive. Aberrant behavior, particularly in those members of a homologous 

series of compounds containing long alkyl chains as the hydrophobic moiety, has 

been cited by several investigators (26-28).

Pursuant to continued research in this area, we have recently synthesized 

a series of a,o>-bis(N,N-dimethylalkylammonium bromide)diethylether surfactants 

codified as (CnNfcO where n = 10 to 20. Three series of cationic geminis 

previously synthesized (27,28) are included in this dissertation. These 

compounds contain one or two hydroxyl groups in the chemical spacer which 

joins the hydrophilic head groups and are codified as (CnNfeOH and(CnN)2(OH)2 

respectively, and a series containing a rigid phenyl spacer codified as (CnNfcAr. 

The structures of these compounds are shown in Scheme I.2.
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Scheme 1.2 Chemical structures of cationic gemini surfactants.
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Understanding of the morphology of gemini micelles is in a relatively early 

stage of development. Our fluorescence studies and those of others (29), as 

well as cyro-transmission electron microscopy (29-31) indicate that, at surfactant 

concentrations just above the cmc, for surfactant monomers with short alkyl 

chain length, micelles are spherical and monodisperse. However, an increase in 

surfactant concentration often results in unusual growth patterns, which depend 

on length of the spacer and the alkyl chain length. Zana et al.(29) have 

documented that for concentrated solutions of the (C-i2N)2(CH2)s series, an 

increase in spacer carbon number (s) leads to the sequence: 

thread-like -> spheroidal micelles vesicles.

Evidence of lamellar phase fragments was found to be added to the sequence for

solutions of (CieN)2(CH2)s for short spacer length.

As noted earlier, the value of the packing parameter (VH/aolc) controls the

shape of the aggregate. The size of the aggregate, however, is a 

thermodynamic balance between energy and entropy factors. For amphiphilic 

structures, the repulsive energy between head-groups is at a minimum when the 

head-group area attains an optimal value ao (32). Entropy factors dictate the 

smallest possible aggregates; yet, very small structures are energetically 

unfavorable as they force the surface area to increase above its optimal value to 

satisfy the packing constraints. The observation of dimers in a surfactant system 

would therefore indicate an overwhelming entropy consideration.
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1.3 Interfacial Properties

Reduction of interfacial tension of the solvent is only one of many 

surfactant properties. Increase in the solubilizing capacity of solutions upon 

addition of surfactant, at concentrations above the cmc, has applications in drug 

delivery systems, catalysis of organic reactions and detergency. Emulsification, 

the dispersion of one liquid phase in another, is also accomplished by addition of 

a surfactant. Emulsifying agents are used extensively in the food industry and in 

paints, polishing agents and insecticides. Inhibitory effects in biological systems, 

e.g. bacterial systems, are important for cationic surfactants. Other properties 

include modification of wetting, foaming and dispersing ability of solutions. 

Synergism in mixtures of surfactants, described in quantitative terms, is based 

on individual properties (33-36).

All of these properties can be explained by the adsorption of the surfactant 

at an interface and by its tendency to aggregate above a critical concentration.

1.3.1. Interfacial Properties at the aqueous solution/air interface

Dissolution of a surfactant, at low concentrations, in an aqueous solution 

disrupts the structure of the water and raises the free energy of the system. 

Migration of the surfactant to the interface partially restores this structure and 

lowers the free energy of the system. The maximum surface excess 

concentration of surfactant at the interface is calculated using the Gibbs equation 

(37) as follows:

2303wK7\<?logC [1]

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



11

The minimum area per molecule at the interface (A^n) is calculated from the 

relationship (38):

^ = ( ^ r ) - ‘xiot6 [2]

where R = 8.31 J-m ol'V1, N = Avogadro’s number, Tmax is in mol/cm2 and Amjn 

is in (nm2/molecule) x 102. The parameter n represents the number of species at 

the interface whose concentration changes with surfactant concentration. For 

cationic surfactants, its value is unambiguous only in the presence of a 

swamping amount of electrolyte. Under these conditions n *  1. In aqueous 

solution it has been set at two or three by various investigators. We chose to use 

n = 3 with the understanding that we are merely comparing Amin values within a 

series of compounds. Comparison with literature values must be made with 

caution, particularly for older data where n is not explicitly defined.

Once maximum saturation of the interface is achieved, continued increase 

in surfactant concentration results in an alternate method of reducing the free 

energy of the system, i.e. aggregation. In this case, decrease in free energy is 

accompanied by increase in entropy of the system with release of water 

molecules from the hydrocarbon tails of the surfactant molecules.

Interfacial tension and steady-state fluorescence methods can be used to 

detect micelle (or aggregate) formation. The break point in a plot of interfacia!
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tension versus log of surfactant concentration (Cs) is defined as the critical

micelle concentration, cmc.

Two steady-state fluorescence methods, employing pyrene and 

pyrenecarboxaldehyde as probes, were used for cmc determination.

In the first case, the emission spectra of pyrene taken with an excitation 

wavelength of 338 nm were observed as a function of surfactant concentration. 

The ratio of the intensity of the first vibronic band to that of the third (I1/I3) is a 

measure of the polarity of the probe's environment. The initial break in a plot of 

I1/I3 versus log Cs is taken as the cmc. The curves tend to exhibit a sigmoidal 

shape, with a rapid decrease in I1/I3 just above the cmc and level off at high Cs. 

There is some disagreement in the literature as to whether it is the first break 

point or the intercept of the rapidly decreasing part of the plot and the nearly 

horizontal part at high Cs which corresponds to the cmc. Our data, and that of 

investigators also comparing values with those obtained from surface tension 

measurements (39), define the first break point as the cmc. Ultrasonic 

absorption and electrical conductivity determinations of cmc values (40) agree 

more closely with those obtained by fluorescence when the intercept with the 

horizontal region is defined as the cmc.

The fluorescence probe pyrene-3-carboxaldehyde is known to 

measure the polarity of the micelle-water interface (41) and, hence, may be used 

to determine cmc’s. The choice of this probe follows from its proven ability to 

accurately predict cmc values; and, its documented lack of effect on the surface 

tension behavior for all classes of surfactant (39). Fluorescence emission
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spectra taken with an excitation wavelength of 400 nm exhibit a single peak, the 

position of which correlates with solvent polarity (41, 42). The maxima are blue- 

shifted as solvent polarity decreases. A plot of maximum wavelength (X.max) 

versus log surfactant concentration displays a break at the cmc.

1.3.2. Interfacial Properties at the aqueous solution/hydrocarbon interface

When the gaseous phase (air) is replaced by a hydrocarbon phase, 

disruption of the hydrocarbon structure occurs via the hydrophilic groups in the 

surfactant and disruption of the aqueous phase via the hydrophobic groups. 

Movement of surfactant molecules to the interface once again lowers the free 

energy of the system.

Equations [1] and [2] apply equally well to aqueous/hydrocarbon as to 

aqueous/air systems. For aqueous/hydrocarbon systems, however, partitioning 

of the hydrocarbon into the bulk surfactant phase must be considered. For a 

homologous series of compounds of increasing alkyl chain length, the Amin value 

at the aqueous solution/air interface decreases as the number of carbon atoms, 

n, in the chain increases. This is due to tighter packing at the interface due to 

increased attraction between the hydrocarbon chains. Conversely, in 

hydrocarbon systems there is increased intercalation of the hydrocarbon at the 

hydrocarbon/water interface as the alkyl chain length increases (43,44) resulting 

in an increase in the Amm value as n increases.

Another difference lies in the parameter designated as a measure of 

surfactant efficiency, the pCx value. This is defined as the negative log of the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



14

concentration of surfactant in the aqueous phase at interfacial pressure of x 

mN/m. In hydrocarbon/water systems, PC30 values, rather than the PC20 values 

used for air/water systems, are used as a measure of surfactant efficiency 

because saturation is usually achieved at an interfacial pressure of 30 dyne/cm 

(43).

In order to determine whether partitioning is significant in any system, it is 

possible to estimate a partition coefficient as:

(CMCt -  CMC) 1 

CMC X<t>

where 4> is the volume ratio of hydrocarbon to aqueous phases, CMC refers to 

the actual critical micelle concentration in the aqueous phase and CMCt refers to 

the total concentration of surfactant added to the system required to reach an 

apparent critical micelle concentration in the aqueous phase in the presence of 

hydrocarbon. CMCt is assumed different due to partitioning of surfactant into the 

hydrocarbon phase.

1.3.3. Dynamic Interfacial Properties at the aqueous/hydrocarbon interface

The interfacial properties discussed thus far have been equilibrium 

properties. For processes involving emulsification or foaming, it is more relevant 

to have a description of the interfacial tension as a function of time, i.e., dynamic 

interfacial tension. The maximum bubble pressure method has been used to
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investigate the dynamic surface tension of cationic and anionic gemini 

surfactants (45-47). The data were well-described by mathematical equations 

previously published by the same group (48-50). Dynamic interfacial tension 

data of anionic gemini surfactants, obtained by the drop volume method, are here 

shown to also be described by these equations. The values of parameters 

having physical significance can be equally well determined by this method as by 

the maximum bubble pressure method. Both the maximum bubble pressure 

method and the drop volume method will return equilibrium values comparable to 

those obtained by the Wilhemy plate method if the rate for establishment of 

equilibrium is much faster than the formation of the drop or bubble (51).

The anionic gemini surfactants studied by this method are presented in 

Scheme I.5.
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Scheme I.5. Chemical structures of anionic gemini surfactants.
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1.4 Aggregation of Surfactants

Aggregate size and shape determine function; hence, prediction of these 

factors based on chemical structure is a fundamental research goal. The 

similarity of surfactant aggregates to biochemical systems such as globular 

proteins and cell membranes has long been recognized. This opens the 

possibility of use of surfactant systems for modeling of the more complex 

biological systems. Possibilities for kinetic studies stem from the analogy 

between micellar and enzymatic catalysis (52). In the field of engineering, 

understanding of surfactant aggregation is important in microemulsion systems.

It has been found that a bicontinuous microstructure results in the ultralow 

interfacial tensions necessary in enhanced oil recovery (53).

While the morphology of gemini micelles is of equal importance, the 

primary focus of this research concerns the number of gemini molecules per 

surfactant aggregate, i.e., the aggregation number, N. Aggregation numbers 

may be determined by a variety of methods including: conventional (54) and 

dynamic (55) light scattering; small-angle neutron scattering (SANS) (56,57); 

sedimentation (58) and various spectroscopic probe techniques. One of the 

most widely used spectroscopic methods involves fluorescence measurements. 

Turro and Yekta (59) first proposed a steady-state fluorescence quenching 

method in 1978 wherein the aggregation number is calculated from the following:

h f e u  m .  (4,
U  J (cs -c m c )

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



18

where I and lo are the fluorescence intensity in the presence and absence of 

quencher respectively, [Q] is the concentration of quencher, Cs is the total 

concentration of surfactant and the cmc is assumed equal to the monomer 

concentration for a pure surfactant. The aggregation number, N, is determined 

from the slope of a plot of ln(lo/l) versus [Q]. This method must be used with 

caution as the derivation of equation [4] involves a number of assumptions as 

pointed out by numerous reviewers (60-63). Chief among these assumptions is 

that of static quenching, i.e., a drop in fluorescence intensity occurs with 

increasing [Q] without change in fluorescence lifetime. Further, the probe and 

quencher molecules are assumed to have a Poisson distribution among the 

aggregates, which is frozen on the fluorescence timescale. It is necessary to 

choose the probe/quencher pair with care, and to check the dependence of 

lifetime as a function of [Q] by dynamic methods before aggregation numbers 

obtained by steady-state methods may be assumed valid.

Time-resolved fluorescence quenching (dynamic quenching) involves 

measurement of the decay of fluorescence intensity as a function of time 

following a brief excitation pulse. Application of this method to the determination 

of aggregation numbers was initiated at the same time as the steady-state 

method (64). This method is more versatile than steady-state as it provides 

kinetic information on the dynamics of micelles (65,66) as well as aggregation 

numbers. Finally, this method enables the distribution in aggregation numbers 

for polydisperse micellar systems to be determined (67,68).
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Chapter II 

Theory

11.1 Equilibrium Interfacial Properties

The elegantly simple Gibbs equation [1] provides access to a number of 

useful parameters, which characterize surfactant systems at equilibrium. The 

slope of a plot of interfacial tension versus log aqueous surfactant concentration 

(y versus log C) is directly proportional to the maximum surface excess 

concentration of surfactant at the interface, r max- This parameter represents the 

effectiveness of adsorption (69) of the surfactant at that interface, i.e., its 

concentration at surface saturation. r max is inversely proportional to Amjn [2], 

which value is a direct reflection of the size and shape of the molecule at the 

interface. The ability of a surfactant to produce a desired effect, the efficiency of 

adsorption parameter (70), may also be derived from plotting y versus log C. We 

define this as the concentration of surfactant needed to reduce to interfacial 

tension of the solvent by 20 mN/m in aqueous solution /air systems and by 30 

mN/m in aqueous solution/hydrocarbon systems. The negative log of this 

concentration, PC20 or PC30, is an alternate description.

Standard thermodynamic parameters, such as the standard free energy of 

adsorption at the aqueous/air and aqueous/hydrocarbon interface, AG°ad. may be 

calculated directly from the efficiency and effectiveness parameter (71):
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AG°ad = -  (2.303RT)pC20 -  6.023 x 2 0 Amin -  2.303RT logo [5]

where o is the number of moles of water per liter of water and other quantities 

are as previously defined. The larger the value of the efficiency parameter, the 

more negative AG°ad becomes.

The ratio of the critical micelle concentration to the efficiency parameter, 

cmc/C2o or cmc/Cao, measures the relative importance of adsorption to 

micellization in a surfactant system. Higher ratios indicate inhibition of 

micellization relative to adsorption due to changes in surfactant structure or in its 

environment.

Variation of critical micelle concentration with surfactant structure is a 

crucial part of this research. Aberrant behavior is defined, for homologous 

straight-chain ionic surfactants, as deviation from the equation (72):

log cmc = A -  Bn [6]

where A and B are constants for a particular ionic head group at a given 

temperature and n is the number of carbons in the alkyl chain. Using this 

equation, it is possible to determine the expected cmc for a compound with a 

larger value of n from the linear relationship between the shorter chain 

compounds.
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11.2 Dynamic Interfacial Properties

Dynamic interfacial tension measures change in the aqueous 

solution/hydrocarbon interface while new interfacial area is being formed. In the 

drop volume method, the hydrocarbon phase is introduced into an aqueous 

surfactant solution as a drop forced through a capillary at a constant flow rate. 

Time between subsequent drops is measured and converted to the volume of 

each drop. This non-equilibrium situation allows diffusion and orientation rates of 

surfactants to be studied. Clearly, it is most useful in moderately rapid processes 

where the surfactant does not attain equilibrium.

The interfacial tension as a function of time, yi(t), is calculated by a 

balance of forces method. The separation force on the drop at the tip of the 

capillary is equal to the adherence force leading to the following (73,74):

r,  <t) = [7]

where V is the volume of the drop (flow rate x time between subsequent drops), 

g is the acceleration of gravity, d is the inner diameter of the capillary, and 

(pH - Pl) is the difference in density between the hydrocarbon and aqueous 

phases.
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Dynamic surface tension data, at the aqueous solution/air interface, 

obtained by the maximum bubble pressure method (45-50) are described by the 

empirical equation (48):

(Yo-Yt)/(Yt-ym) = (t/f)n [8 ]

where y o  = interfacial tension of the pure solvent

Yt = interfacial tension of the surfactant solution at time, t 

Ym -  mesoequilibrium interfacial tension value, 

t* is defined as the time mid-way between pure solvent interfacial tension 

and equilibrium interfacial tension.

Transforming the equation to linear form:

log [(Yo -  Y t)/(Y t - Ym)J = nlogt - nlogt* [9]

Transforming the equation to exponential form (46):

= W [1 + (1/a)exp(-nlnt)] [1 0 ]

where m = (yo - yt) surface pressure at time, t

7cm = (yo - Ym) meso-equilibrium surface pressure 

a = (1A*)n 

t( = (0.268/a)1/h

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



23

A generalized surface tension versus log time curve (Scheme 11.1) exhibits 

a sigmoidal shape that may be characterized by four regions (48): induction (I), 

rapid fall (II), meso-equilibrium (III), equilibrium (IV). tj is defined as the time at 

the end of the induction region and was later (50) shown to be related to the 

molecular structure of the surfactant; this parameter increases with the tightness 

of packing at the interface (46). The parameter, n, is also related to molecular 

structure in that it increases with the hydrophobic character of the surfactant (46).

We here apply the linear and exponential forms of these equations 

to dynamic interfacial tension data obtained by the drop volume method.
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11.3 Fluorescence

Luminescence is the emission of photons from electronically excited 

states(75). Examples of luminescent probes include: atomic ions, e.g., Eu3+(aq), 

neutral organic molecules, e.g., pyrene, and charged organic molecules, e.g. 

TMA-DPH.

Fluorescence involves those transitions arising from the decay of singlet 

excited states and occurs on a nanosecond timescale. Phosphorescence 

requires a change of spin orientation during the electronic transition from the 

excited to ground state; it is a much slower process than fluorescence.

Emission of light by luminescence probes is sensitive to the probe environment. 

This sensitivity can be used to investigate surfactant solutions.

The first use of fluorescence in surfactant research was for cmc 

determination. Hartley used the color change of organic dyes upon solubilization 

into micelles as an indication of the cmc (76).

We have used fluorescence as a method of determining cmc and 

aggregation numbers. Fluorescence methods also provide information on 

micropolarity (41), microviscosity (77), partition coefficients (78,79) and micelle 

kinetics (65,66).
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11.3.1 General Theory

Absorption of photons of light of a proper wavelength by a fluorescent 

probe results in electronic excitation of the probe. The rapid absorption process 

(1 0 '15s) takes place from the ground state, So, to vibrationally excited states of 

higher singlet electronic states. Following excitation, two radiationless 

processes, vibrational relaxation and internal conversion, return the

electron to lower energy states within 1 0' 12 s. The emission of fluorescent light 

corresponds only to the transition from S-i° to various levels of the ground state

So- (Scheme II.2)

Fluorescence emission spectra provide the most useful type of steady 

state experiment for surfactant solution research (80). Such experiments involve 

excitation of the sample at a constant wavelength, followed by analysis of the 

emitted light from the sample as a function of wavelength. In steady state 

fluorescence experiments, the exciting light is derived from a continuous source, 

such as a xenon arc lamp, and a monochromator is used to select a single 

wavelength of light. This discrete excitation wavelength, X«x, is chosen on the 

basis of the probe's absorption spectrum. The emitted light passes through an 

emission monochromator that is scanned over a range of wavelengths, and 

detected using a photomultiplier tube. The resulting profile of fluorescence 

intensity as a function of wavelength of emitted light is analyzed for peak intensity 

and peak position which are directly related to the probe’s environment and,
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hence, the nature of the surfactant system. Additional information may be 

obtained from the fine structure of the spectrum. The emission spectra of many 

probes, including pyrene, reflect the vibrational levels of the ground state. In the 

same way, the absorption spectrum reflects the vibrational levels of the excited 

singlet states. This results in a mirror image relationship between a fluorescence 

emission and ultraviolet absorption spectrum. That the emission spectrum is 

shifted to longer wavelength, i.e. the Stoke's shift, is the result of loss of energy 

through vibrational relaxation before emission of light occurs.
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A steady state excitation spectrum follows the fluorescence intensity at a 

constant emission wavelength, Xem, as the exciting light wavelength is 

continuously varied. Though of less interest in surfactant research than 

emission spectra, excitation spectra provide additional information about the 

probe environment, e.g. concerning the possibility of excited state reactions. In 

the absence of such reactions, the excitation and uv spectra should overlap as 

they both correspond to excited state vibrational levels. Deviation from the mirror 

image rule mentioned above is also an indication of excited state reactions.

In dynamic experiments, the sample is exposed to a brief pulse of light 

from a flash-lamp or laser, and the decay of fluorescence intensity is followed as 

a function of time. In this case, both the excitation and emission wavelengths are 

fixed. The measured fluorescence lifetime, t f , is an average value of the time 

spent by the fluorophore in the excited state. Since deactivation of excited states 

can occur by nonradiative as well as radiative processes, the measured lifetime 

is shorter than the intrinsic lifetime, to- The quantum yield of fluorescence is 

easily determined by lifetime measurements:

<Pf =  xf/to [11]

The value of t f  is of interest in that many probes have lifetimes that are 

dependent on the polarity of their environment (80).
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11.3.2 Steady State Fluoreecence Experiments

The fluorescence probes pyrene and pyrene-3-carboxaldehyde have been 

shown to be reliable probes for cmc determination of cationic and anionic 

surfactants when used in trace amounts (<10'6M). Comparison with surface 

tension results show that neither surface tension, nor the surface tension derived 

cmc value is affected at these levels (39).

11.3.2.1 Pyrene-3-carboxaldehye Studies of Surfactant Solutions

The emission spectrum of pyrene-3-carboxaldehyde in water exhibits a 

single peak at 470nm when excited at 400nm. The position of the maximum of 

this peak correlates with solvent polarity (41,42). As the environment of the 

probe becomes more hydrophobic, i.e. as the concentration of added surfactant 

increases, the fluorescence maxima is blue-shifted until the probe is solubilized 

inside the micelle. The magnitude of the blue-shift is dependent on the chemical 

structure of the surfactant. Scheme II.3 shows normalized spectra to illustrate 

this effect. Each curve represents a specific surfactant concentration.

Proton nmr studies (83,84) have confirmed that pyrene-3-carboxaldehyde 

is solubilized with the aromatic moiety in the miceliar core and the aldehyde 

group at the micelle-water interface.
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The fluorescence emission from the pyrene-3-carboxaldehyde solubilized 

inside the micelle is due to an n-rc* transition with a small quantum yield, 4>f 

<0.001. Increase in the polarity of the environment causes the tc-tc* state to 

become the emitting state; it is now lower in energy due to solvent relaxation and 

the fluorescence emission is shifted to longer wavelength (41). The red-shift in 

polar solvents is accompanied by an increase in the quantum yield (4>f in 

methanol =0.15).

Following the quantum yield, or the fluorescence intensity, as a function of 

surfactant concentration is an alternate method of monitoring the system.

11.3.2.2 Pyrene Fluorescence and Steady State Application

In pyrene monomer fluorescence, the emission spectrum exhibits five 

major peaks which represent vibrational transitions. The li peak at 372 nm 

corresponds to the 0-0 band. The intensity of the band is enhanced in the 

presence of polar solvents at the expense of the others (85). The M 3 ratio, with 

I3 at 384 nm, is a convenient measure of the polarity of the pyrene environment.

When the concentration of pyrene is increased beyond that used in these 

experiments, i.e. at Cpy= 5 x 10"6 M, the steady state emission spectra begin to 

show a broad peak at 480 nm due to excimer formation. The ratio of intensity of 

excimer to monomer, E/M, may be used as a measure of microviscosity of the 

the system (77). In this case, monomer fluorescence emission is measured at 

the fifth vibronic peak, I5 (395 nm).
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11.3.3 Dynamic Fluorescence Experiments

The time-correlated single photon counting method was employed, using 

pyrene as the fluorescent probe, for recovery of lifetimes as well as determination 

of aggregation numbers.

11.3.3.1 Time-Correlated Single Photon Counting (TCSPC)

In the photon-counting method, the sample is excited with a 2-3 ns pulse 

from the flashlamp. The time interval between the pulse and detection of the first 

photon by the photomultiplier tube is measured. In order to ensure that only a 

single photon arrives for each pulse, the light intensity is adjusted so that the 

count rate is less than 3% of the repetition rate (kHz). This time interval (or 

Start/Stop interval) is measured for a large number of times, approximately 106. 

The distribution of arrival times forms a histogram that represents the decay 

curve (8 6 ).

The time-resolved decay of fluorescence is fit to a sum of exponentials:

/(0  = W r' [12]

where ctj represents the fractional contribution to the decay of a component with 

lifetime t j .
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The fractional intensity of each species is given by:

It is important to stress (8 6 ) that the fitted parameters do not necessarily 

represent unique species of fluophores. A multi-exponential fit may be the result 

of one fluorphore in different environments, as it is with pyrene in surfactant 

solutions. It is often convenient to represent the average lifetime as:

<r> = | 2 i l  114]
Z,a,T,

Since the flash-lamp does not provide an infinitely short 5 pulse, it is 

necessary to correct for the time-profile of the pulse. The lamp pulse, L(t), is 

collected at the same time as the sample using a scattering solution of Ludox. 

The mathematical process of recovering the true decay from the measured 

decay, R(t), is known as convolution.

Software used in this laboratory is based on a nonlinear least-squares 

method of analysis (87). Using assumed values of aj and % along with the 

measured lamp pulse, a calculated value of the decay, Rc(t), is obtained from the 

convolution integral. The goodness of fit parameter is calculated as:

z l (15]
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where co is a statistical weighting factor. A x2 value of one means that each data 

point is one standard deviation away from the model. According to Lakowicz 

(8 8 ), x2 values larger than 2  indicate a poor fit, and x2 values less than 1 .2  

indicate a good fit.

The residuals, [Rc(t) -  R(t)] are an indication of closeness of fit of the 

calculated and observed data. Random distribution of the residuals about zero 

indicates a good fit. Scheme II.5 illustrates a single and double exponential fit for 

pyrene in a solution of SDS. The single exponential fit shows a large deviation 

between the calculated (solid line) and experimental (dotted) points. The double 

exponential fit is an excellent fit and the residuals are randomly distributed about 

the zero point.

The autocorrelation function also tests the goodness of fit. This function 

detects systematic deviations, i.e.; it is a specific test of randomness. The 

autocorrelation plot allows visualization of the positive and negative correlations. 

A fiat autocorrelation plot indicates the absence of systematic errors.
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11.3.3.2 Aggregation Numbers

Infelta et al. (79) and Tachiya (89) published the original treatments of the 

kinetics of the quenching of luminescent probes in micelles. The prediction that 

probe and quencher molecules are distributed among micelles according to 

Poisson statistics, quickly led to applications, especially the determination of 

aggregation number (62,90,91).

Studies using pyrene alone (90,91) are based on the ability of pyrene 

monomer to form an association complex or excimer. In this case, it is the 

excimer that acts as a quencher of fluorescence:

If excimer is present, the fluorescence decay curve will show two 

components: a fast one associated with micelles having solubilized two or more 

pyrene molecules; a slow one corresponding to decay of pyrene monomer.

Quenching is assumed to follow a first-order rate process (62), and the 

time dependence of fluorescence intensity is:

Excitation of pyrene monomer. P + hv P*

Excimer formation: p + p* <_> pp*

l(t) = l(0 ) exp[-M -  n{1 -  exp(-kqt)}] [16]
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where 1(0 ) is the fluorescence intensity at zero time, ki is the first-order rate 

constant for unquenched fluorescence, n is the average number of quenchers 

per micelle and kq is the first-order quenching rate constant. Rewriting [16] in 

logarithmic form:

!n[l(t)/!(0 )] = -kit -  n{1 -  exp(-kqt)} [17]

For very long times, when all excimer has decayed, [17] reduces to:

ln[l(t)/l(0 )] = -k i t -n  [18]

The limiting slope of a plot of ln[l(t)/l(0)] versus t is -kv Extrapolation of the linear 

region to t = 0  is -n.

A series of curves with varying quencher (excimer) concentration will 

produce parallel, linear tails in the logarithmic representation. This shows that no 

migration of the quencher has occurred, an assumption inherent in equation [16].

From the value of n, the surfactant aggregation number, N, is calculated:

N = n[Cs-cmc]/Cpy [19]

where Cs is the total surfactant concentration and Cpy is the concentration of 

pyrene. An effective aggregation number can be determined as long as a well- 

developed tail, characterized by ki, can be identified (63).
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Scheme 11.6 illustrates typical plot of pyrene decay characterized by an 

initial fast decay due to excimer, and a well-developed tail due to monomer 

decay. Decays were shifted to t = 0, assumed to be at the maximum of 

fluorescence intensity 1(0). Linear regression analysis at long times provides the 

slope, -k i and intercept, -n . The reciprocal of ki is equal to the monomer decay

constant, i 2-
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Chapter III 

Materials and Methods

111.1 Materials

The (C„N)2OH and (C„N)2(OH)2 surfactants were synthesized as in 

previous investigations (27,28). The (CnN)20  series was synthesized by reaction 

of 2-bromoethylether with an excess of alkyl-N.N-dimethylamine. 

Recrystallization from a mixture of tetrahydrofuran and isopropyi alcohol led to a 

reaction yield over 80%. Purity of the compounds was checked by elemental 

analysis. For (Ci2N)20, Theory: C, 58.35; H, 10.71; N, 4.25. Found: C, 58.63; 

H, 10.81; N, 4.30. Structures are shown in Scheme I.2.

111.2 Surface Tension Measurements

The surface tensions were measured with a Kruss K12 tensiometer by the 

Wilhelmy plate technique. Measurements were taken at 25 ± 0.1 °C until 

successive values agreed to within 0.1 mN/m. Solutions were prepared with 

deionized, doubly-distilled water; NaCI was baked for 5 hours to remove organic 

impurities. NaCI is preferred over NaBr as the electrolyte for all experiments, 

because bromide ion is a known fluorescence quencher.

111.3 Interfacial Tension Measurements

Measurements were made by the spinning drop technique using a model 

500 interfaciai tensiometer (University of Texas). As with surface tension 

measurements, equilibrium was considered to be obtained when successive
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values agreed to within 0.1 mN/m; again at 25 ± 0.1 °C. Calculation of interfacial 

tension is based on the Vonnegut (82) equation:

r, =
5.21xl05(A p)(D 3)

P 2
[20]

where yi is interfacial tension in mN/m, Ap is the density difference of water and 

hydrocarbon in g/cm3, D is the diameter of the oil droplet in cm, and P is the time 

of the rotation in msec/rev. The density of water was taken as 0.997g/cm3 and 

that of hexadecane as 0.773g/cm3. Hexadecane (Aldrich) was >99% pure. UV 

scans using a Hewlett Packard Diode Array spectrophotometer confirmed no 

absorbance above 250 nm.

111.4 Dynamic Interfacial Measurements

Dynamic interfacial tension measurements were made by the drop volume 

technique using a Kruss Drop Volume Tensiometer DVT-10. Measurements 

were taken at room temperature using hexadecane (Aldrich) as the hydrocarbon 

phase, i.e., the drop. The leading edge of a drop is detected with an IR-LED and 

photodiode; time between subsequent drops is measured with a timer. The 

computer program calculates the volume as flow rate times time per drop; 

conversion of drop volume to interfacial tension is through equation [7].
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Generally 5 to 10 drops are collected until the relative standard deviation of the 

data is less than 1%.

A limitation of this particular instrumental system is that the maximum flow 

rate of hydrocarbon through the capillary is 45 mL/hr. In some systems, it is not

possible to observe yt approach yo at the beginning of the induction period.

Using very slow flow rates (long drop time) one can approach equilibrium.

111.5 Steady State Fluorescence Measurements

Steady-state fluorescence measurements involving pyrene-3- 

carboxaldehyde were carried out on a SPEX Fluorolog Tau3 spectrofluorometer 

(Model FL3-21 Tau3; Instruments SA, Inc. Edison, N.J. 08820) operated in the 

photon-counting mode. Samples were placed in quartz cuvettes of 1 cm 

pathlength. All samples showed maximum UV absorbance of <0.1 at 400 nm to 

obviate inner filter effects (81). Right-angle collection geometry was used. 

Pyrene-3-carboxaldehyde (Aldrich) was 99% pure. The probe concentration in all 

cases was <10* M as determined by UV. No emission bands due to excimers 

were evident. All solvents were of spectral grade purity. Emission spectra were 

taken at an excitation wavelength of 400 nm with a bandpass of 1.7 nm.

Excitation spectra taken at an emission wavelength of 470 nm showed overlap 

with UV absorption spectra to within 1 nm, indicating lack of complications due to 

excited state reactions. Raman emission and blank fluorescence of the solvent
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were judged insignificant under these conditions, as the position of the emission 

peak remained unchanged by blank subtraction.

Steady-state measurements involving pyrene were carried out using a 

Perkin-Elmer model LS-50B instrument. Pyrene (Aldrich) was 99.9% pure. 

Emission spectra were taken using an excitation wavelength of 338 nm with a slit 

width of 4 nm.

111.6 Dynamic Fluorescence Measurements

Time-resolved fluorescence measurements were carried out using a time- 

corelated single photon counting system constructed in the laboratory of 

Professor L. Davenport, Fluorescence Institute of Brooklyn College, CUNY. 

Samples were excited at 340 nm using a thyratron-gated nanosecond flashlamp 

filled with nitrogen. Emission was monitored at 372 nm using a monochromator 

and detected with a photomultiplier tube. The timing system was set at 

0.432ns/channel, appropriate for the lifetime of pyrene. A scatter solution of 

aqueous Ludox (colloidal silica, DuPont) was used to collect the lamp response 

function needed for recovery of the decay parameters. Additionally, a solution of 

anthracene in methanol was used as a standard to determine the color shift 

parameter (Q-shift) as well as judge the success of the experiment based on the 

ability to recover a single exponential lifetime with a good statistical fit.
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Chapter IV 

Results and Discussion

IV.1 Interfacial Properties

IV. 1.1 Equilibrium Surface Properties of Cationic Gemini Surfactants

Equilibrium surface tension, y,, versus log bulk surfactant concentration for 

the (CnN)2 0  series in water at 25°C is plotted in Figure 1. The (C^NhO,

(Ci4N)20  and (CieNfeO members display the expected behavior for a series in 

which the alkyl chain length is regularly increased, i.e.,the cmc decreases in a 

linear fashion due to increased tendency towards micellization (92). Also, there 

is a slight decrease in the surface tension at the cmc, y cmc, resulting from closer, 

thus more efficient, packing of the longer alkyl chains at the interface.

Deviation from this pattern begins when the alkyl length reaches 18 

carbons. This is apparent from visual inspection of the plot; however, a more 

precise depiction of the expected (theoretical) (CieN)2 0  curve is obtained as 

follows. Both the log cmc and the PC20 (negative log of the surfactant 

concentration required for a 2 0  dyne/cm reduction of the solvent surface tension) 

values are linear functions of the number of carbon atoms in the alkyl chain,n 

(93). Extrapolation to n = 18 along the straight lines (Figure 2) provides two 

points for the expected (CiaN)20  y, versus log C curve. The yemc is estimated as 

the surface tension at the cmc. The curve for the (C2oN)2 0  is highly displaced 

having a cmc nearly three times higher than the (CisN)20  as well as an
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extremely high ycmc equal to 55 dyne/cm. The molar solubility of (CaoNhO in 

water at 25°C is greater than 6  times the cmc value. All experiments were done 

within the solubility range. This type of aberrant behavior in gemini molecules 

with long alkyl chains has been observed by other investigators and sometimes 

explained on the basis of formation of premicellar aggregates (26-28). Assuming 

that only the monomer contributes to reduction of surface tension, such 

aggregates would account for the increased ycmc seen in the (CieN^O and 

(C2oN)2 0  compounds. The increase in the cmc values may result from the 

secondary pathway towards small aggregate formation before true micelles are 

formed. It is important to clarify the dynamics of this non-stoichiometric situation 

if we are to understand the properties derived from that stoichiometry.

It should be noted that these compounds can be difficult to work 

with, and may provide skewed results if certain pitfalls are not avoided. Since 

they are di-cations, they will adsorb onto negatively-charged glass surfaces. All 

glassware was thoroughly soaked with the solution to be measured; soaking 

solutions wers then discarded and replaced with fresh solution. For the longer 

chain compounds it was necessary to age the fresh solution for up to twelve 

hours before measuring. Even then, it sometimes took several hours for 

equilibrium to be reached. Most of these experiments were repeated several 

times.
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Figure 1. Equilibrium surface tension vs Log Ca of (CnN)20  in water at 25°C. 
C18* is a theoretical curve.
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Surface properties of (CdN^O compounds in water at 25°C are listed in 

Table 1, which includes monoquatemary ammonium bromides for comparison in 

those cases where non-aberrant gemini behavior is observed. The gemini cmc 

values are roughly two orders of magnitude lower than the conventional 

surfactant cmc’s. This pattern is frequently cited in the literature and explained 

as resulting simply from the number of hydrophobic (alkyl) carbon atoms being 

doubled in the geminis (19,94). The ycmc values are approximately the same for 

conventional and gemini surfactants; another pattern previously cited (95). The 

gemini PC20 values are two orders of magnitude higher than the conventional 

values, again because of the greater number of hydrophobic carbon atoms in the 

molecule.

The Amin values (per gemini molecule) for (CnN)20  compounds in water 

show a regular decrease with increasing alkyl chain length; this is expected 

behavior due to tighter packing of the longer chains at the interface. Comparison 

of the Amin value for (CuNhO, on a per chain basis, with the literature value (96) 

for the C14 monoquatemary bromide (TTAB) shows good agreement. We have 

not reported an Amin value for the (C&NfcO compound, because instrumental 

limitations at extremely high surface tension values render the slope value 

uncertain.
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Table 1: Surface Properties of (CnN)20  
and Trimethylammonium Bromide Surfactants*

in H20  at 25°C

COMPOUND CMC
(mol/L)

Ycmc

(mN/m)
pC:o IO’Y max

(mol/cm2)
A min

(1 0 2 nm2)
CMC/Cm

(C«N)20 5.2x1 O'4 40 4.00 0.97 170 5.2
C,2N*(CH3)3Br 1 .6 x1 0 2 39 2 .1 0 2.4

(C,4N)20 5.8x10 s 39 4.88 1.1 156 4.5
C,4N*(CH3)3Br 3.6x1 O'3 38 2 .8 2.7 61 2.1

(C,«N)20 6.6x1 O'* 37 5.72 1 .6 1 0 2 3.5
Ci«N*(CH3)3Br 9.2x1 O'4 <40

(C,.N)20 1.4x1 O'® 40 6.26 2 .0 84 2.5
(CmN^O 4.0x10’* 55

aData from ref (97).
‘Values for Fmax and Amin were determined using n=3 in the Gibbs equation.

Ol
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Devinsky et al (98) have investigated the (CnNkO series in water for alkyl 

chain lengths of 8  to 16 carbons using surface tension and conductivity methods. 

While cmc values for the lower chain compounds are in good agreement, there is 

increasing discrepancy between the methods as the alkyl chain length increases. 

As will be discussed, we have seen excellent agreement between cmc values 

determined by surface tension and fluorescence methods through 16 carbons. 

Parreira et al (25) have also studied these compounds by surface tension and 

conductivity methods. Their reported value of 4.8 x 10"4 M for the cmc of 

(Ci2N)2 0  agrees closely with our value of 5.2 x 1C4 M obtained by surface 

tension. However, beginning with (Ci4N)2 0 , they reported difficulty in obtaining 

cmc values, and for (CisN^O the cmc was noted as "not apparent”.

Figure 3 shows equilibrium surface tension curves for the (CnNhO series 

in 0.1 M NaCI at 25°C. The corresponding surface properties are listed in Table 

2. The presence of the electrolyte decreases the cmc’s for the (Ci2N)2 0  and 

(Ci4N)20  as expected, due to the reduction of electrostatic repulsion between 

the head groups. The (CieN)20  and (CuN^O, however, show abnormally high 

cmc values suggesting that premicellar aggregates, or other submicellar 

structures, form at shorter alkyl chain length than in aqueous solution. This is 

reasonably explained, again, on the basis of reduction of electrostatic repulsion, 

as are the smaller Am* values in.0.1 M NaCI solution versus those in water. 

However, the Amjn values for (CieNfeO and (CiaNfeO are abnormally low.
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We can only suggest the possibility that, under these conditions, the longer chain 

compounds are forming some type of multi-layer structure. Nagarajan (99) 

describes the formation of bilayer vesicles from dialkyl sodium sulfate at an ionic 

strength of 0.01 M, and postulates that this formation is conditional upon the 

presence of two long alkyl chains and significant solution ionic strength.

The cmc/C2o values, a measure of the surfactant preference for adsorption 

relative to micellization, decreases as alkyl chain length, n, increases in both 

aqueous and NaCI solutions.The discontinuously large decrease when n reaches 

16 in NaCI solution is a reflection of the large slopes seen in the (CieN^O and 

(C18N)20  curves, which may themselves reflect multi-layer formation.
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Figure 3. Surface tension vs Log Ct of (CnN)20  in 0.1 M NaCI at 25°C.
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IV.1.2 Equilibrium Interfacial Properties of Cationic Gemini Surfactants

Equilibrium interfacial tension curves for the (CnN)2 0 , (CnN)2(OH) 2 and 

(CnN)2OH series, using hexadecane as the hydrocarbon phase, are plotted in 

Figures 4 ,5  and 6 . The interfacial properties of the three series of compounds, 

having different spacer groups between the ionic heads, i.e., ether, hydroxy and 

dihydroxy linkages are presented in Table 3. Values in parentheses are for the 

corresponding aqueous solution/air interface. For the hexadecane/water 

systems, the log cmc versus n functions for the (CnN)20  and (CnN)2(OH)2  

systems are linear until n reaches 18; this parallels the situation in the aqueous 

system in contact with air (100). For the (CnN)20H compounds in 

hexadecane/0.1 M NaCI, aberrant behavior begins at n = 14 as it does in the 0.1 

M NaCI system in contact with air (27). (Figure 7)

For interfacial data, partitioning of the hexadecane into the bulk surfactant 

phase must be considered. Approximate partition coefficients (K) for the (CnN)20  

series, calculated using equation [3], are listed in section IV. 1.5. The cmct values 

listed in Table 3 are all greater than the corresponding cmc values in the 

aqueous/air system due to partitioning. The concentration in the aqueous phase 

after partitioning is equal to the cmc values in Table 2.

The (Ci2N)20, (Ci4N)20  and (CieN)20  compounds have much lower 

partition coefficient values than the (CibN)20  compound. The highly displaced 

(CisN)20  interfacial curve, in comparison with the only slightly displaced surface 

tension curve, is due, in part, to partitioning.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



57

However, since K itself may be influenced by sub-micellar structures, it is not 

possible to separate the effects of partitioning from those of pre-micellar 

aggregation in this case.

In contrast to the situation at the air/water interface, however, in each of 

the three series of compounds, Â m increases as the number of carbons in the 

alkyl chain increases, until the point where unusual CMC values are 

encountered, i.e., at n = 18 in an aqueous system, and n = 14 in 0.1 M NaCI.

This increase in Amm (for cases where the CMC behaves as expected) reflects 

the increased intercalation of the hexadecane at the hydrocarbon/water interface 

as the alkyl chain length increases (43,44). The decrease in Ammfor the longer 

chain compounds (also noted in the (CnN)2 0  air/0.1 M NaCI system beginning at 

n = 14) again suggests the possibility of multi-layer formation.

In hydrocarbon/water systems, pCao values, rather than the pCa values 

used for air/water systems, are used as a measure of surfactant efficiency 

because saturation is usually achieved at a surface pressure of 30 dyne/cm (43). 

For all three series of compounds, the pC® values increase linearly with n, 

decreasing, however, when the aberrant behavior in area begins, i.e.,An,jn begins 

to decrease.

This pattern is repeated for the CMC/C® ratios.The presence of the 

hydrocarbon phase should reverse the trend seen in air/water systems for the 

ratio, i.e., it should increase as the alkyl chain length increases. Due to 

thermodynamic considerations, adsorption is preferred to micellization in 

hydrocarbon systems (44). An increase in the CMC/C® ratio is seen for the
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three systems until it decreases at the point where the parameters mentioned 

above also begin to decrease. The low CMC/Cx ratios for (CieN)20 , (Ci4N)2OH, 

and (Ci6N)2OH, in spite of the abnormally high CMC values for these 

compounds, indicate a drastic reduction in adsorption efficiency. This, too, is 

consistent with multi-layer formation.

Table 3 contains interfacial data on two non-aberrant compounds, 

(C10N)2(OH)2 and (Ci2N)2(OH)2 For both compounds the area per molecule and 

the cmc values decrease sharply with the addition of an electrolyte, 0.1 M NaBr. 

Reduction of electrostatic repulsion between head groups is responsible, as it is 

at an aqueous solution/air interface.

PC30 values are shown with PC20 values in parentheses for comparison. 

The values are within experimental error for any particular surfactant system. 

There appears to be no difference in this efficiency parameter between the 

aqueous/air and aqueous/hexadecane interface.

cmcr values, compared to cmc values in parentheses, are approximately 

the same or slightly higher. This indicates relatively little partitioning into the 

hexadecane as would be expected for these cationic (polar) compounds.
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of (CnN)20  in hexadecane/H20  system at 25°C.
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Figure 5. Equilibrium interfacial tension vs Log CT 
of (CnN)2(OH)2 in hexadecane/H20  system at 25°C.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



61

C10
C12
C14
C16

15 -

VI

35 26 -4

Log CT

Figure 6 . Equilibrium interfacial tension vs Log CT 
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Table 3: Interfacial Properties of Cationic Gemini Surfactants at 25°Ca

COMPOUND SYSTEM CMCtXIO4
(mol/L)

Ycmc

(mN/m)
pCao A«iNbX10

(nm2)
CMCj/Cao

(C,2N)20 Hexadecane/H20 6.9 <8 .0 3.72 124 3.6
(C,4N)20 Hexadecane/H20 1 .2 8 .0 5.04 227 13
(C«N)20 Hexadecane/H20 0 .1 0 7.3 6.52 298 33
(C,.N)20 Hexadecane/H20 0.91 15 4.12 114 1 .2
(C«N)2(OH)2 Hexadecane/H20 190 6.3 2.52 142 6.3
(C10N)2(OH)2 Hexadecane/H20 45 (37°) 5.6 3.26 (3,24°) 179 8 .2

(C10N)2(OH)2 Hexadecane/0.1M NaBr 2.9 (3.3°) 5.6 4.90 (5.17°) 87 (75°) 23
(C12N)2(OH)2 Hexadecane/H20 10(7.0°) 5.4 4.16(3.89°) 199 14
(C12N)2(OH)2 Mexadecane/0.1M NaBr 0.042 (0.060°) 9.2 6.20 (6.47°) 71 (64°) 6.7
(C14N)2(OH)2 Hexadecane/H20 1.5(0.85°) <5.0 5.00 (5.50°) 209 15
(C,6N)2(OH)2 Hexadecane/H20 0.20 (0.24) <4.5 6 .2 0 322 32
(C,oN)2OH Hexadecane/0.1M NaCI 5.0 (4.0d) 6.4 4.60 (4.60d) 80 (73d) 2 0

(Ci2N)2OH Hexadecane/0.1M NaCI 0.14 (0.096d) 3.4 6.64 (6.04d) 95 (51*) 61
(Ci4N)2OH Hexadecane/0.1M NaCI 0.028 (0 .10d) 2.7 6.84 (6.22d) 63 (55 ) 19
(C,6N)2OH Hexadecane/O.IM NaCI 0.32 (0.32d) 4.7 5.28 (5.10d) 41 (47d) 6.1

“Values in parentheses are for the corresponding air/aqueous solution systems.
^Values for Amjn were determined using n=3 in the Gibbs equation for the hexadecane/water systems; n=l for the NaCI systems. 
c Data from ref (28). dData from ref (27)
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IV.1.3 Equilibrium Interfacial Properties of Anionic Gemini Surfactants

Sodium salts of sulfonic acid are the most widely used surfactants in 

industrial and household detergents (101). Incorporation of additional hydrophilic 

groups improves solubility in hard water but is accompanied by depression of 

surface-active properties (102). Surfactants with two or three long-chain alkyl 

groups and two sulfonate groups have been found to have higher hydrophilicity 

and enhanced surface properties relative to their conventional analogues 

(21,94,103).

Anionic gemini surfactants containing three hydrophobic groups and two 

hydrophilic sulfonate groups are shown in Scheme 1.5. Interfacial tension data 

for CsC-iCs, C10C1C10 and CioCaCio are plotted in Figure 8 with interfacial 

properties tabulated in Table 4. The cmcr value for C10C1C10 is considerably 

lower than that of CeC-iCe indicating a much greater tendency towards 

micellization in the former, longer-chain, compound as expected. The degree of 

difference (*35  times) is greater than the order of magnitude difference with 

increase in alkyl chain length for non-aberrant cationic geminis with two alkyl 

chains. The cmcr value for the CioCsCio and C10C1C10 compounds are 

virtually the same, although the CioCsCio is the more effective surfactant as 

indicated by its much lower value of ycmc- Interestingly, this pattern is directly 

borne out for the corresponding air/aqueous system. (Values, in parentheses in 

Table 4 are from reference 104).
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cmcr values in all cases are only slightly higher than the corresponding 

cmc values for aqueous systems, indicating very little partitioning of the 

surfactant into the hydrocarbon.

There is a linear increase in pCao value with increased number of carbons

in the alkyl chain ,n, as expected. Amjn increases with n due to increased 

intercalation of the hydrocarbon; however, the increase in area going from 

C10C1C10 to CioCsCio is small. Apparently, increasing the length of the central 

alkyl chain length from 1 to 8 has little effect on either the area per molecule or 

the cmcr.

cmcr/C3o increases because of preference for adsorption relative to 

micellization. This is the expected pattern in hydrocarbon systems (44).

For purposes of comparison, the most commonly used 

conventional sulfonic acid salt, C i2H2sS0 3 ~Na+ in 0.1 M NaCI at 25°C has a cmc 

value of 2.5 x 10 '3; PC20 value of 3.4 and Amm value of 44 (105).
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Table 4: Interfacial Properties of Anionic Gemini Surfactants 
In Hexadecane/0.1 M NaCI at 25°C*

COMPOUND cmcTX 10  
(mol/L)

Ycmc
(mN/M)

PC30 A min X 1 0 2 
(nm2)

cmcT/C3o

CaCiCa 4.0 (2.2b) 5.2 (31b) 4.5 (4.8b) 6 8  (54b) 12.6 (15.5b)
C10C1C10 0.11 (0.072b) 8.1 (39b) 6.0 (6.3b) 82 (85b) 11.0 (14.4 )
C ioC bC io 0.16 (0.063b) 1 .6  (28b) 6.5 (8.3b) 8 6  (1 1 1b) 50 (126b)

Values in parentheses are for the corresponding air/aqueous solution systems. 
bData from ref (104)
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IV.1.4 Equilibrium Interfacial Properties of Conventional Surfactants

Nonionic surfactants of the type, CnEOx where n is the number of carbons 

in the alkyl chain and x is the number of ethlyene oxide groups, are widely used 

as emulsifying agents. Consequently, their behavior at the aqueous 

solution/hydrocarbon interface is of fundamental interest.

The amine oxide, Ci4N(CH3)2 0 , is a zwitterionic surfactant of interest for 

its anti-microbial activity which is dependent on its ability to form aggregates(24).

Interfacial tension data are plotted in Figure 9. Interfacial properties are 

listed in Table 5.

For the nonionic CnEOx compounds, partitioning of the surfactant into the 

hydrocarbon phase is a significant factor, in contrast to the situation for the 

anionic or cationic geminis discussed thusfar. cmcy values in Table 5 represent 

apparent (or uncorrected) critical micelle concentrations. Corrected values would 

require calculation of the partition coefficient by an independent method, as by 

UV absorption studies in alkyl pyrrolidones (106).

The length of the ethylene oxide group is the major factor in determining 

degree of partitioning. When the hydrophilic EO group is very short, e.g. x = 2, 

the partition coefficient is several orders of magnitude greater than for x = 7-8, for 

the same number of alkyl carbon atoms. For the compounds shown in Figure 9, 

it is important to compare only curves representing the same aqueous system: 

pure water or 0.1 M NaCI.

For C12EO7 and C12EO8 in hexadecane/0.1 M NaCI, cmcr and Amin values 

are virtually the same. In hexadecane/H20 (43) there is no change in either
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parameter indicating lack of partitioning and lack of intercalation of hydrocarbon. 

The C1 2EO7  in hexadecane/0.1 M NaCI appears to be a more effective surfactant

than the C 1 2 E O 8  in the same system, having a lower value of y cm c.

The C12EO2 and CieEOs in hexadecane/H20 have cmc’s which are 

highly displaced due to partitioning. Partitioning is the result of small number of 

EO groups in the first case and large number of alkyl carbons in the second.

That the C12EO2 is highly soluble in the hexadecane can be seen from the much 

larger value of Amin in this system versus that for the aqueous solution/air 

interface. The smaller increase in Amin at the hydrocarbon interface for CieEOs

reflects its smaller partition coefficient.

There is no partitioning of the amine oxide into the hydrocarbon phase, 

and the Amin values at the aqueous solution/air and aqueous 

solution/hexadecane interface are equal
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Table 5: Interfacial Properties of Conventional Surfactants at 25°C*

COMPOUND SYSTEM CMCt X104
(mol/L)

Ycmc

(mN/m)
pCao A min X  1 0 2 

(nm2)
CMCt/Cso

C12EO2 Hexadecane/H20 47 (0.33b) 3.5 3.3 53 (35D) 9.4 (4.2°)
C12EO7 Hexadecane/01 M NaCI 1.1 (0.87°) 2 .2 5.2 (5.3°) 66 (63c) 17 (19°)
CttEOe Hexadecane/H20 I.O ^d .l1*) 3.4° 5.2d(4.5 ) 63d (66 ) 16d (3.3d)
ChEOs Hexadecane/01 MNaCI 1 .1  ( 1 .0 C) 3.6 5.1 (5.2°) 63 (64c) 14 (18c)
CieEOs Hexadecane/H20 0.40 (0.035b) 2 .0 5.4 55 (48*) 1 0

Ci4N(CH3)20  
pH = 5.8

Hexadecane/0.1 M NaCI 0.89 (1.0C) 2 .2 5.0 (5.2C) 48 (50c) 8.9 (16°)

Values in parentheses are for the corresponding air/aqueous solution systems. 
bData from ref (107) 
cData from ref (104) 
dData from ref (43)
‘Data from ref (108)
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IV. 1.5 Partition Coefficients

Approximate partition coefficients (K) for gemini and conventional 

surfactants are listed in Table 6.

One condition for disregarding partition coefficient values is that K4> <1 

where <D is the volume ratio of hydrocarbon to aqueous phase (43). For these 

systems, <P = 0.01 for cationic geminis and 0.025 for all other surfactants.

The value of K<t> is less than 1 for all geminis except (CisNfcO, and partitioning is 

insignificant. In the case of (C-ieN^O it is not possible to separate the effects of 

partitioning and pre-micellar aggregation on the displacement of the cmc. For 

non-ionic compounds, only C12EO2 and C16EO8 show significant partitioning.

Values of K for the (CnN)2(OH)2 in H2O and (CnN)20H in 0.1 M NaCI show 

the expected increase with n. It must be stressed that these values of K are 

small. Introduction of 0.1 M NaBr into the (CnN)2(OH)2 results in a value of K=0.
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Table 6: Approximate Partition Coefficient Values, K, at 25°C.

I SURFACTANT SYSTEM K (=Ch/Cw)
(Ci2N)20 Hexadecane/H20 3 x 101
(Ci4N)20 Hexadecane/H20 1 x 102
(CisN)20 Hexadecane/H20 5 x 1 0 ’
(CiaN)20* Hexadecane/H20 6 x 10J
(CiqN)2(OH)2 Hexadecane/H20 2 x 1 0 ’
(Ci 2N)2(OH)2 Hexadecane/H20 4 x 1 0 ’
(Ci4N)2(OH)2 Hexadecane/H20 8 x 101
(CioN)2(OH)2 Hexadecane/0.1 M NaBr -0
(Ci2N)2(OH)2 Hexadecane/0.1 M NaBr -0
(C8N)2OH Hexadecane/0.1 M NaCI 2 x 101
(C,oN)2OH Hexadecane/0.1 M NaCI 3 x 1 0 ’
(Ci2N)2OH Hexadecane/0.1 MNaCI 5 x 101

I  CeCiCa Hexadecane/0.1 M NaCI 3 x 1 0 ’
C10C1C10 Hexadecane/0.1 MNaCI 2 x 101
CioCsCio Hexadecane/0.1 MNaCI 6 x 1 0 ’
Ci2E02 Hexadecane/H20 6 x 103

I  c ,2eo 7 Hexadecane/0.1 M NaCI 1 X101
I  Ci2E08 Hexadecane/0.1 M NaCI ~ 0

I  CieEOs Hexadecane/H20 4 x 102
I Ci4N(CH3)20 Hexadecane/0.1 M NaCI -0
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IV.1.6 Dynamic Interfacial Properties of Cationic and Anionic Geminis

Dynamic interfacia! tension data for the anionic and cationic gemini 

surfactants were collected by the drop volume method, and fit to the equations 

known to describe dynamic surface tension data obtained by the maximum bubble 

pressure method (45-50). Data were fit to both the linear and exponential forms 

of the equations; residuals and coefficients of variation show that the equations 

adequately describe the dynamic interfacial as well as dynamic surface 

phenomena. Coefficients of variation of 5-10% for nd indicate that this parameter 

is better fit to the empirical equations than the tj parameter. The coefficient of 

variation for tj is in the range 10-30%, with poorest fit at very short times.

It has been demonstrated (45) that the tj parameter decreases rapidly with 

surfactant concentration, while nd remains relatively invariant. For the anionic 

gemini surfactant, C10-O-C10, the results are shown in Table 7. The dynamic 

interfacial tension curve for this compound is Figure 10.

Table 7. Dynamic Interfacial Tension Parameters for C10-O-C10
in Hexadecane/ 0.1 M NaCI at 25°C.

C,(M) ti (s) nd

2.0x10-5 12.7 1.20

1.0x10-4 1.2(0.29) 1.30(1.08)

1.0x10-3 0.13 1.32
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Figure 10. Dynamic interfacial tension vs Log t of C10 - o - c 10 

in hexadecane/0.1 M NaCI at 25°C. Solid lines fit to equation [10].
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Values shown in parentheses in Table 7 are for the aqueous solution/air 

interface (46). The values are within experimental error and do not indicate any 

difference between the surface and interfacial systems.

The n<j and t, parameters for the cationic gemini surfactant (Ci2N)2(OH)2 as 

a function of surfactant concentration are listed in Table 8 The corresponding 

dynamic interfacial curve is Figure 11.

Table 8. Dynamic Interfacial Tension Parameters for (Ci2N)2(OH)2 
in Hexadecane/ H2Oat 25°C.

Cs (M ) ti(S) nd

2.0x1 O'5 6.0 1.21

8.0x10*® 4.4 1.02

3.0x10"* 0.052 0.73

1.0 X10*3 0.00041 0.54

As with the C 10-O -C 10 surfactant, there is a rapid decrease in ti with 

concentration; the (Ci2N)2(OH)2 , however, shows a linear decrease of nd with 

increase in C«.

The nd parameter is a measure of energy differences between adsorption 

and desorption and increases with the hydrophobic character of the surfactant 

(46).
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Figure 11. Dynamic interfacial tension vs Log t 
of in hexadecane/H20 at 25°C.
Solid lines fit to equation [10].
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For the (CnN)2(OH)2 series it increases from 0.26 to 2.15 as the number of 

alkyl carbon atoms increases from 10 to 14. A concurrent increase in tj with 

hydrophobicity is the result of tighter packing at the interface. Data for this series 

are shown in Table 9. Figure 12 is the corresponding interfaciai tension curve.

Table 9. Dynamic Interfaciai Tension Parameters for (CnN)2(OH)2 
at C«= 3.0 x lO^M in Hexadecane/ H20  at 25°C.

n ti(S) nd A*q

10 0.0094 0.26 179

12 0.052 0.73 199

14 2.85 2.15 209

At the air/aqueous interface, area per molecule, A, is inversely proportional 

to tj.(46) This is explained on the basis that A decreases with the same factors 

which increase hydrophobic character, i.e., increase in alkyl carbon chain length. 

However, in the hexadecane/HaO system, A is found to increase with the number 

of carbons, reflecting increased intercalation of the hexadecane at the interface. 

Hence, t| can be expected to increase as well. In Table 9, area per molecule, Aeq, 

is the equilibrium value obtained by the spinning drop technique.
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Figure 12. Dynamic interfaciai tension vs Log t of (CnN)2 (OH)2 at C,=3.0 x 10"4 M 

in hexadecane/H20  at 25°C. Solid lines fit to equation [10].

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



80

It was noted earlier that a particular instrumental limitation of this system 

prevents a complete dynamic surface tension curve (Scheme 11.1) from being 

obtained at some surfactant concentrations. Since n does not vary much with 

surfactant concentration, it should be possible to obtain a value of this parameter 

from a surfactant concentration which gives a full sigmoidal curve. One could 

then use this as a fixed parameter to synthesize the short-time portion of a non- 

sigmoidal curve and finally, obtain tj for that system.

Again, it is possible to obtain meso-equilibrium using slow flow rates. 

Using the equilibrium values obtained by the spinning drop method, at a particular 

surfactant concentration, we may verify that the dynamic system has indeed 

approached equilibrium.

Having concluded that the dynamic equations and physical parameters 

derived for the aqueous solution/air interface are valid at the aqueous 

solution/hydrocarbon interface, we could use this dynamic system to study the 

aberrant behavior noted in long-chain cationic gemini surfactants. Studies of 

diffusion coefficients and tj parameters for aberrant and non-aberrant systems, at 

various concentrations, should provide further evidence of pre-micellar 

aggregation. For example, molecules with small area per molecule pack more 

closely at the interface than larger molecules. These smaller molecules will have 

longer tj. Does tj change significantly where the Amm trend reverses, i.e., when an 

aberrant cmc is observed? It should therefore be possible to explain 

discrepancies in dynamic parameters on the basis of aberrant aggregation 

behavior.
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IV.2 Aggregation Behavior of Cationic Gemini Surfactants

In an effort to confirm the cmc values obtained by surface tension 

techniques and to elucidate the morphology of these compounds, we have 

employed steady-state and dynamic fluorescence techniques.

IV.2.1 Steady State Fluorescence

The fluorescence probes pyrene and pyrene-3-carboxaldehyde exhibit 

emission behavior that is influenced by the polarity of their environment 

(39,41,42,85). Emission spectra may be used to speculate on the probe’s 

environment, i.e., on the morphology of the surfactant aggregate, as well as for 

cmc determination.

cmc determinations with pyrene and pyrene-3-carboxaldehyde validate 

those from interfaciai tension experiments and show that the probe does not 

influence the cmc; hence, those concentration regions considered to be pre- 

micellar aggregation areas are not shifted by the presence of the probe.

For pyrene-3-carboxaldehyde, a plot of maximum wavelength of emission 

(kmn) versus log surfactant concentration displays a break at the cmc. Figure 13 

shows such plots for the (CnN)2 0  series; some members of the series have been 

omitted for clarity. All curves show W  *  470 nm at low surfactant concentration 

indicating that the monomeric form does not interact with the probe. A sigmoidal 

shape for the curves is evident, although the (CaoNhO curve is incomplete due to 

loss of solubility at higher concentrations. The (C^N^O and (CieNfcO plots level 

off at wavelengths of 443nm and 435 nm respectively; the blue-shifted value for
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Figure 13. Wavelength of maximum fluorescence emission 
of pyrenecarboxaldehyde vs Log C8 of ((^N ^O  in H20  at 25°C.
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the (CieNhO representing the more hydrophobic nature inside the micelles with 

longer alkyl chains. Even for the long-chain compounds, the intenor of the 

micelles is more polar than a pure hydrocarbon solvent such as heptane which 

has peaks around 400-420 nm (41).

The decrease in CMC values with alkyl chain length repeats the pattern 

seen with surface tension data, i.e., the (CieNhO CMC is somewhat larger than 

expected and the (CaN^O is much larger, having its break point occurring 

between the (Ci2N)2 0  and (CuN^O compounds.

The slope of the sigmoidal curves becomes progressively more gentle as 

the alkyl chain length increases. It may be useful to consider the physical 

significance of this trend. We have plotted the \m»* versus log C curves for the 

conventional trimethyiamonium bromide surfactants for comparison (Figures 14,

15 and 16). Note that the data for Ci6(CH3)3Br (CTAB) were taken from the 

literature (39), whereas data for Ci2(CH3)3Br (DTAB) and Ci4(CH3)3Br (TTAB) are 

from our laboratory.

At low surfactant concentration, the conventional and gemini surfactants 

show the same Xmax plateau at 470 nm indicative of the pyrene-3-carboxaldehyde 

in an aqueous environment. The second plateau, at which the probe is entirely 

within the micelle, is reached at slightly lower Xn»K, i.e., is blue-shifted, for the 

gemini surfactants. This reflects the more hydrophobic character inside the two- 

chained gemini micelle. The extent of curvature between the tw> plateaus is 

quite different for the conventional and gemini series. While the slope at the 

inflection point remains relatively constant for the DTAB, TTAB and CTAB series,
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it becomes progressively smaller for (C^N^O, (Ci4N)20  and (CieN^O. In order 

to compare the slope at the inflection point for a (CnN)20  surfactant and its 

monoquatemary analogue, it is necessary to consider that the concentration 

change (AC) is occurring in different concentration regions, i.e., the CMC's for the 

two compounds differ by two orders of magnitude. Division of AC by the CMC 

value yields a normalized slope which permits comparison. In Figure 17 a plot of 

the normalized slope versus n for the (CnN^O geminis shows a decreasing (less 

negative) slope which appears to level off as n reaches 16 carbons.

The more gradual slopes represent a greater surfactant concentration 

range between the two plateaus. The probe is experiencing a variety of 

environments between totally aqueous at low concentration and totally 

hydrophobic (micellar) at high concentrations. Possibly the number, and/or 

types, of submicellar structures is increasing with chain length until a maximum is 

reached. This would explain the leveling off at n = 18; the length at which 

aberrant surface tension behavior is encountered. Conversely, the conventional 

surfactants exhibit slopes that are independent of the alkyl chain length (Table 

10). Further, for short alkyl chain lengths, the gemini slopes are in the same 

range as for conventional compounds.
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Figure 14. Wavelength of maximum fluorescence emission 
of pyrenecarboxaldehyde vs Log Cs in H20 at 25°C.
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Figure 15. Wavelength of maximum fluorescence emission 
of pyrenecart>oxaldehyde vs Log Cs in H20  at 25°C.
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Figure 16. Wavelength of maximum fluorescence emission 
of pyrenecarboxldehyde vs Log Cs in H20  at 25°C.
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Table 10. Normalized slopes of A.max vs log C, curves 
for Gemini and Conventional surfactants

n=# OF CARBONS GEMINI (CnN)20 CONVENTIONAL Cn(CH3)3Br
10 -24.4
12 -11.3

CMCO1

14 -4.1 -41
16 -0.61 -24
18 -0.88

The quantum yield of pyrene-3-carboxaldehyde emission is also influenced 

by the polarity of its environment (41). The fluorescence intensity is greatest in 

polar environments and may be expected to drop at the cmc. Plotting intensity 

versus surfactant concentration therefore provides an alternative parameter to 

kwax for monitoring the environment.

Figures 18,19 and 20 show plots of the fluorescence intensity at the 

maximum of the emission peak versus gemini surfactant concentration. The 

wavelength position, Xmax, is plotted on an additional y-axis for reference.

The non-aberrant (Ci2N)20  compound in Figure 18 shows a linear 

decrease of fluorescence intensity with increasing surfactant concentration until 

the cmc, (as indicated by the break-point in the Xmax curve) is reached. At that 

surfactant concentration, the intensity drops sharply and levels off. The level 

plateau at high surfactant concentrations indicates a totally micellized probe when 

either the peak position or peak intensity is used as the polarity parameter.
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vs Log C, of (C12N)20  in H20  at 25°C.
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The (CieNhO and (CaNfeO compounds (Figures 19 and 20) have 

displaced cmc values and are suspected of forming pre-micellar aggregates 

between the expected and observed cmc’s. Both compounds show a sudden 

sharp drop in fluorescence intensity at the expected (theoretical) cmc. 

Considerable fluctuation in the intensity occurs in the surfactant concentration 

range between the expected and observed cmc’s. The fluctuations in intensity 

come to an end, and the intensity begins a smooth decline at the surfactant 

concentration corresponding to the cmc value as determined by the Xmax 

parameter. Note also that the decline in intensity is gradual for these aberrant 

compounds compared with the sharp decline in the (Ci2N)2 0  compound.

It appears, therefore, that the intensity of pyrenecarboxaldehyde 

fluorescence emission is more sensitive to the probe environment than is the 

position of that emission. The intensity parameter senses an environment, in the 

concentration region between the expected and observed cmc, which is 

intermediate between that of aqueous solution and a micelle, e.g. a dimer.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



92

Ka
E

475 - r  

470 -  

465 -  

460 -  

455 -  

450 -  

445 -  

440 -  

435 -

430
-9

□
□ 

•  • r
Ifie

CMC

□ □

°n □

•  Log Cs v \ mix 
□ log Cs v Intensity

Ja □ □ □ □ 
•  •  •

7e+5

-  6e+5

-  5e+5

-  4e+5

-  3e+5

-  2e+5

-  1e+5

-  0e+0

-8 -6 -5

Log C ,

-3 -2

Figure 19. Wavelength of maximum fluorescence emission 
and fluorescence intensity of pyrenecarboxaldehyde 
vs Log Cs of (CieN)20  in H20  at 25°C.
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and fluorescence intensityof pyrenecarboxaldehyde 
vs Log Cs of (C-NJ-O in H-0 at 25°C.
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For pyrene monomer fluorescence emission, a plot of I1/I3 versus log 

surfactant concentration displays a break at the cmc. Figure 21 displays these 

plots for the (CpN^O series from n = 12 to 18. At low surfactant concentration, 

where the pyrene is in an aqueous environment, the I1/I3 value for the series is 

1.57 ± 0.3. The literature value for pyrene in water is 1.59 (85). The second 

plateau, where pyrene is solubilized inside the micelle, has an li/lvalue of 1.33 ± 

0.3 for the series, which is the same as the literature value for pyrene in methanol 

(85). While this method provided excellent confirmation of cmc values obtained 

by surface tension experiments, it did not provide the subtle clues to the probe 

environment, which were seen with pyrenecarboxaldehyde.
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Correlation between cmc values obtained by interfacial tension and 

fluorescence methods for (CnNfeO compounds is demonstrated in Figure 22. The 

solid line is a linear regression (r2 = 0.9995) for surface tension data on 

surfactants n = 10 to 16. For non-aberrant compounds, pyrenecarboxaidehyde 

determinations coincide with those from surface tension, while pyrene 

determinations are slightly lower for (Ci2N)20 and (Ci4N)20. For (CieN^O and 

(C2oN)2 0 , pyrenecarboxaidehyde, following the Xmax parameter, gives a higher, 

more aberrant cmc value than either surface tension or pyrene determinations. 

Since the (C-iaN^O and (C2oN)20 surfactants are experiencing dynamic formation 

of small aggregates in the region between the expected and observed cmc, it is 

not surprising that different fluorescent probes would judge the critical micelle 

concentration differently. Indeed, even following different parameters using 

pyrenecarboxaidehyde detects this concentration differently. Finally, the 

pyrenecarboxaidehyde is sensing the environment at the interface while the 

pyrene is solubilized deeper, in the palisades layer.
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Table 11. CMC Determination of (CnN)20  
by Surface Tension and Fluorescence Methods 
in H20  at 25°C

COMPOUND SURFACE TENSION 
(MOL/L)

FLUORESCENCE
PYRENE

(11/13)
(MOL/L)

FLUORESCENCE
PYCHO

A.MAX
(MOL/L)

(Ci0N)2O 5.6 xIO^ 6x10
(C12N)20 5.2 x 10"4 3.0x10-* 5x10-*
(CuNhO 5.8 x lO"8 2.5x10"5 6x10-°
(CieN)20 6.6x1 O'8 7.0x10-° 6x10-°
(C1BN)20 1.4 x 10'8 2.9x10-° 6x10-°
(CaN^O 4.0x10-fe 2.5x10-® 2x10-°
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IV.2.2 Dynamic Fluorescence

Four series of dimethyl alkyl ammonium bromide gemini surfactants have 

been studied in a effort to define the structure-performance relationship. That 

relationship, between alkyl chain length and physico-chemical parameters such as 

cmc and /W  follows theoretically established guidelines for the shorter chain 

compounds, regardless of the chemical identity of the spacers investigated here. 

Aberrant behavior is observed to begin in aqueous solutions when n reaches 18 

carbons and in 0.1 M NaCI solution at 16 carbons, cmc values for the aberrant 

compounds are one to two orders of magnitude greater than expected in all 

systems. Hexadecane/aqueous and hexadecane/0.1 M NaCI results parallel 

those in air/aqueous and air/0.1 M NaCI. A measure of degree of aberration for 

these surfactants is calculated as a new parameter, cmc/cmc*. The expected 

(theoretical) critical micelle concentration (cmc*) is determined from cmc and PC20 

values as in Figure 2.

Table 12: Degree of aberration, cmc/cmc*, 
in cationic gemini surfactants

n CnO
(H20/25°C)

Cn(OH)2
(H20/25°C)

Cn(OH)
(0.1 NaCI/50°C)

CnAr | 
(0.1 NaCI/50°C)

12 1 1 1 1 I
14 1 6.1 3.6
16 1.8 158 34
18 4 420
20 31 I
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From Table 12 wb see that, regardless of system conditions (temperature 

and addition of electrolyte) or chemical nature of the spacer, compounds with n = 

12 do not exhibit aberrant behavior. Without added electrolyte, very slight 

deviation begins at n = 16. Addition of electrolyte causes much greater deviation, 

beginning at n = 14. Comparing the behavior of the (CnN)OH and CnAr series,

which were investigated under the same system conditions, there is a greater 

tendency toward pre-micellar aggregation for the compounds with the flexible 

hydroxy spacer than with the rigid aryl spacer. Closer packing of the hydrophobic 

groups in compounds with a hydroxy spacer may facilitate dimer formation more 

so than in groups with rigid spacers.

Steady state fluorescence techniques provided an alternate method of 

study. Literature confirmations of cmc values for gemini surfactants (usually 

conductivity) have proven erratic. Here, steady state methods, using pyrene-3- 

carboxaldehyde and pyrene as the probe, have shown excellent correlation with 

conventional surface tension methods. Further, the shapes of emission maxima 

versus concentration curves for the shorter-chain geminis indicate a simple two- 

step process, similar to the shape of their mono-quaternary analogues. In 

contrast, those compounds displaying unusual physico-chemical properties have 

sigmoidal curves indicative of a multi-step process.

Dynamic fluorescence techniques are employed to determine aggregation 

numbers of these cationic gemini surfactants. Of particular interest is the region 

between the expected and observed cmc. When using equation [19] to 

determine aggregation number, we use the expected cmc value.
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Initially, steady state determination of aggregation number was attempted, 

as it is a simpler method than dynamic determination. For the (CieNfcO 

compound in water at 25°C, steady state determination returned a value for N of 

13 ± 3 gemini molecules per micelle. (Note that aggregation numbers will be 

given as geminis/micelle; comparison of aggregation number with conventional 

surfactants requires multiplication of this number by 2.) For these experiments, 

probe and quencher to micelle ratios were according to literature protocols, and 

the data were well-fit to a straight line. The probe/quencher pair in this case was 

pyrene/dimethylbenzophenone (DMBP). This pair has frequently been cited for 

use in the literature for determination of aggregation number.

Static quenching, a fundamental assumption in steady state determination 

of N, was tested by dynamic experiments. From Table 13 we see that the 

average lifetime ,<t>, decreases with increasing quencher concentration, [Q]. 

This implies dynamic quenching. The aggregation numbers in Table 13, 

calculated by the dynamic method, are equal to 33 ± 5.

Use of pyrene/DMBP is obviously not suitable to our purposes. Further, 

this method proved problematic, for any probe/quencher pair, at low surfactant 

concentrations.
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TABLE 13: (Ci8N)20/Pyrene/DMBP/H20/25oC
Time-Resolved Fluorescence Data at various quencher concentrations. 
Cs = 1.0 x 10"3; Cpy = 1.0 x If f6

Data tile IQ] x 10 (M) n K0<a} x 10s (ns ) K0(b) x 10s (ns1) Taya (RS) N (± 5)
ttagg016 0.0 0.06 7.6 7.9 122.7 33
ttagg020 2.0 0.15 7.9 8.1 120.0 36
ttagg023 4.0 0.25 7.9 8.1 114.8 31
ttagg026 6.0 0.39 8.3 8.6 110.4 32

(a) reciprocal of lifetime of monomer component obtained from fitdec program.
(b) slope of decay curve from linear regression on channels 600--* 1023.
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Time-resolved fluorescence quenching (dynamic quenching) using pyrene 

monomer/excimer (62,63,90,91) was employed for conventional surfactants of 

known aggregation numbers. Results are listed in Table 14. The major 

experimental consideration is that the decay curve displays a well-developed tail 

(63). Additionally, the pyrene concentration must be low enough to avoid inner- 

filter effects. Within these guidelines, and under stable lamp conditions, this 

method produces excellent results.
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Aggregation numbers for cationic gemini surfactants are listed in Appendix 

B. Variation of aggregation number as a function of total surfactant concentration 

is often of interest. A normalized surfactant concentration, Cs/cmc, is useful.

In virtually all experiments, the dynamic fluorescence decay data were 

well-fit to the sum of two exponentials. The shorter lifetime, n corresponds to the 

excimer decay, while t2 corresponds to monomer decay. These lifetimes, the 

fractional contribution of each, fj, and the calculated average lifetime, <t>, are 

listed in Table B1 through Table B11.

It has been shown that average fluorescence lifetime increases sharply at 

the cmc (85), and this fact has been used as the basis of a method for cmc 

determination. When using an excimer-forming probe such as pyrene, this 

method requires that the concentration of fluorescent probe be held constant as 

the surfactant concentration is varied. As the concentration of pyrene increases, 

the amount of excimer also increases, and the average lifetime is shortened. 

Consequently, a meaningful comparison of <t> requires that the experiments 

have equal concentrations of pyrene.

Aggregation numbers for the four homologous series of cationic gemini 

surfactants versus normalized surfactant concentration are plotted in Figures 23- 

26. A value of Cs/cmc between 0 and 1 indicates the region between the 

expected and observed cmc, i.e., the pre-miceliar region.
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Figure 23: Aggregation Number, N v Normalized surfactant 
concentration for (CnN)20 surfactants in aqueous solution at 25°C.
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Figure 24. Aggregation number, N, vs normalized surfactant concentration 
for (CieN)2(OH)2 in H20  at 25°C.
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Figure 25. Aggregation number, N, vs Normalized surfactant concentration 
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Figure 26. Aggregation Number, N, vs Normalized surfactant concentration 
for (^NJjAr surfactants in 0.1 M NaCI at 50°C.
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The non-aberrant compounds (Ci2N)20 and (Ci2N)2(OH)2, in water at 

25°C and Cs/cmc = 1.4, have aggregation numbers of 37 and 34 respectively. A 

spherical micelle formed from C12, single-chain monomers, under the same 

system conditions, has an aggregation number % 70. Specifically, DTAB has a 

literature value of 65 (109). (Recall, divide by 2 for comparison with gemini 

micelle). The distribution of aggregation numbers for the (C^NhO compound, 

within one order of magnitude of the cmc, is 35 with a standard deviation of ± 4. 

For spherical micelles, the spread (standard deviation) in the Gaussian 

distribution is equal to the square root of N (32). The data therefore indicate that 

for (Ci2N)2 0  and (Ci2N)2(OH)2, we have spherical, monodisperse micelles near 

the critical micelle concentration. Relatively little has been published on 

aggregation numbers for gemini surfactants. Zana (29) has reported on C12 

geminis with methylene spacers of various lengths, and reports spherical, 

monodisperse micelles at surfactant concentration near the cmc.

The (Ci4N)2(OH)2 is also a non-aberrant compound. Its aggregation 

number is 54 near the cmc. TTAB, its single-chain analogue, has N = 97 under 

the same conditions (109). (Ci6N)2(OH)2 shows a very small degree of 

aberration in water at 25°C. with a narrow concentration range between the 

expected and observed cmc. An aggregation number of 2, indicating dimers, 

was found in this region. Linear increase in N begins at the observed cmc with a 

value of N = 70 achieved within an order of magnitude increase in the normalized 

surfactant concentration (Figure 24).
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The (Ci8N)20 and (CaoNfcO compounds in water at 25 °C both show the 

presence of dimers between the expected and observed cmc. Aggregation 

numbers begin a linear increase at the observed cmc for both. A reversal of the 

“expected” pattern is seen as the surfactant concentration increases. The 

(C2oN)20 aggregation numbers lie below those for the (CiaN^O (Figure 23). For 

conventional, non-aberrant surfactants, aggregation number increases with alkyl 

chain length. It is likely that this is related to the relative degree of aberration for 

these compounds. The reversed pattern is repeated for the aberrant compounds 

(C14N)2OH and (C-ieNhOH in 0.1 M NaCI at 50°C. Dimers are again seen in the 

pre-micellar region; aggregation numbers for the (CieN)2 0 H compound lie below 

those for the (C-|4N)20H (Figure 25).

Figure 27 shows aggregation as a function of reduced surfactant 

concentration for three aberrant compounds with n -  16 and differing spacers.

All three have aggregation numbers indicating dimers in the region between 

expected and observed cmc. As surfactant concentration increases, the least 

aberrant compound, (CieN)2(OH)2, attains an aggregation number comparable to 

its conventional analogue. (CieNfcOH, the most aberrant compound, has 

relatively small aggregation numbers at high surfactant concentration.
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Figure 27. Aggregation number, N, vs normalized surfactant concentration 
for (C16N)2(OH)2 in H20  at 25°C and (C ^ N )^  and (C16N)2OH
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Figures 28-30 show aggregation numbers of (Ci2N)20, (C-ieN^O and 

(C2oN)20 and 11/13 values as a function of surfactant concentration. The non- 

aberrant (Ci2N)20 has values of N beginning at the observed cmc (the initial 

drop off of the 11/13 curve) and quickly level off to a number comparable to a 

conventional C12 surfactant, indicating spherical, monodisperse micelles. The 

(Ci8N)2 0  shows dimers in the region between the expected and observed cmc, 

with linear increase in N at the observed cmc. The 11/13 curve for the (C2oN)20 

indicates the presence of two observed cmc's, the first at 2.5 x 10-6 M and the 

second at 8.0 x 10-6 M. The aggregation numbers fluctuate between 1.7 and 2.8 

in the region between the expected cmc and the second cmc, where they begin a 

linear increase.
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For the (CpN^Ar series, the aggregation numbers indicate dimers in the 

pre-micellar concentration region for the (C^N^Ar and (Ci6N)2Ar compounds 

with increasing N at the observed cmc. The surface tension curve for the 

(C18N)2Ar indicates the presence of two cmc’s, the first at 2.1 x 10-6 M and the 

second at 7.6 x 10-5 M. The expected cmc is 5.0 x 10-9 M. Aggregation 

numbers for this compound are shown in Figure 31. Between the expected cmc 

and first cmc there are dimers which begin to grow rapidly and reach an 

aggregation number of 62 at 9 x 10-6 M surfactant concentration. There is a 

precipitous drop in N to a value of 1.9 (dimer) at Cs = 1 x 10-5 M. An 11/13 ratio 

of 1.46 at Cs = 1 x 10-5 M confirms its hydrophilic environment. At Cs = 9 x 10-6 

M , 11/13 is 1.13 indicating a hydrophobic (micellar) environment. The dimers 

begin to grow as surfactant concentration increases and the second cmc is 

reached. A value of N = 63 is attained at the solubility limit of Cs = 3.8 x 10-4 M.

Figure 32 is an overlay of aggregation numbers onto the surface tension 

plot. The symmetry between the two is evident. As noted earlier, the size of an 

aggregate is a thermodynamic balance between energy and entropy factors. A 

shift in this balance, causing entropy to become the overwhelming consideration 

might account for the sudden re-formation of dimers between 9 x 10*6 M and 1 x 

10'5 M surfactant concentration.
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Studies of the aggregation behavior of gemini surfactants is in a relatively 

early stage. To date, aggregation numbers have been collected mainly on the 

shorter chain compounds where aberrant behavior is not an issue. A recent 

small angle neutron study on the ortho isomer of (C8N)2Ar detected the 

presence of two cmc values (57). In the region between the first and second 

cmc, they found aggregation numbers of 3 -  7 indicating the formation of pre­

micelles and subsequent formation of normal micelles after the second cmc. The 

existence of such aberrant behavior in a short chain gemini is likely due to 

conformation as the para isomer was non-aberrant.

As the alkyl chain length increases to the point where aberrant surface 

tension behavior is observed, i.e., there is non-linear behavior between the cmc 

and the number of carbon atoms, n, spherical, monodisperse micelles are no 

longer observed at low surfactant concentration. Aggregation numbers from 

dynamic fluorescence measurements indicate the presence of dimers between 

the expected and observed cmc’s, followed by growth patterns which depend of 

surfactant structure as well as system conditions.

The morphology of aberrant gemini micelles at concentrations well-above 

the observed cmc would be fascinating to investigate, but is experimentally 

unfeasible due to loss of solubility for these long-chain compounds.

The wider range of structures for gemini aggregates versus conventional 

surfactant aggregates suggests new applications. For example, the presence of
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thread-like aggregates results in increased viscoelasticity. This presents a 

possible way to control the rheology of solutions.

Finally, the existence of synergism between gemini and conventional 

surfactants (33-36) suggests use of geminis for more effective detergent 

formulation. As the degree of synergism depends highly on the structure of the 

gemini, understanding of the relationship between nature of the surfactant and 

aggregation behavior is necessary.
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Table A1: Equilibrium Surface Tension of (Ci2N)20 in H2O at 25°C

LogC»(M) Ys (mN/m)
-3.000 39.98
-3.222 40.00
-3.398 42.18
-3.699 47.94
-4.000 50.85
-3.523 43.30
-3.301 40.70

Table A2: Equilibrium Surface Tension of (Ci4N)20 in H2O at 25°C

Log C.(M) Ys (mN/m)
-4.002 39.10
-3.701 40.06
-3.525 39.79
-4.303 41.79
-4.701 48.70
-4.525 44.90
-4.400 43.50
-4.099 39.30

Table A3: Equilibrium Surface Tension of (Ci6N)20 in H2O at 25°C

Log Cs (M) Ys (mN/m)
-5.000 37.15
-5.222 38.71
-4.699 38.00
-5.398 43.70
-5.301 40.40
-4.495 37.64
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Table A4: Equilibrium Surface Tension of (CisN)20  in H2O at 25°C

LogC.(M) Ys (mN/m)
-5.222 40.20
-5.620 40.00
-6.000 44.70
-6.097 48.20
-5.886 41.30

Table A5: Equilibrium Surface Tension of (CieNfeO in H2O at 25°C 
___________(Theoretical)________________________________
Log C«(M) Ys (mN/m)
-6.125 38.00
-6.750 52.00

Table A6: Equilibrium Surface Tension of (C2oN)20 in H2O at 25°C

Log Cs(M) Ys (mN/m)
-5.000 56.00
-6.000 61.30
-5.796 59.60
-5.398 54.70
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Table A7: Equilibrium Surface Tension of (CuNfeO in 0.1 M NaCI at 25°C. 

-Log C« (M)__________________ ys (mN/m)__________________
-3.000 38.90
-4.000 38.70
-4.222 38.80
-4.699 40.30
-5.000 43.00
-5.222 44.20
-5.398 47.00
-5.699 48.50

Table A8: Equilibrium Surface Tension of (CuN^O in 0.1 M NaCI at 25°C. 

-Log C, (M)__________________ ys (mN/m)__________________
-4.292 36.10
-4.690 36.50
-4.991 36.00
-5.292 36.40
-5.991 37.40
-5.690 35.60
-6.292 40.40

Table A9: Equilibrium Surface Tension of (CieN^O in 0.1 M NaCI at 25°C.

-Log Cs (M)_________________ ys (mN/m)__________________
-6.000 32.70
-6.398 46.70
-4.000 34.10
-5.301 34.50
-6.301 41.70
-6.201 40.00

Table A10: Equilibrium Surface Tension of (CisNfeO in 0.1 M NaCI at 25°C.

-Log C«(M) ys (mN/m)
-5.000 30/00
-6.000 29.70
■6.097 29.70
-6.222 37.80
-6.523 57.90
-6.699 64.40
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Table A11: Equilibrium Interfacial Tension of (C^N^O
in Hexadecane/ H2Q at 25°C______________________
Log Cs(M) ys (mN/m)
-3.000 8.45
-3.301 12.85
-3.155 9.73
-3.222 11.49
-2.301 7.47
-2.824 8.27
-2.602 7.89
-3.398 14.82

Table A12: Equilibrium Interfacial Tension of (C^N^O
In Hexadecane/ H2O at 25°C
Log C,(M) ys (mN/m)
-3.292 7.66
-3.594 7.97
-3.815 7.93
-3.893 7.91
-4.000 9.31
-4.222 11.50
-4.301 13.30

Table A13: Equilibrium Interfacial Tension of (CieN^O
in Hexadecane/H20 at 25°C
Log C,(M) ys (mN/m)
-4.301 7.32
-4.699 7.24
-4.000 7.32
-5.000 7.24
-5.301 9.95
-5.523 12.90
-5.824 15.08

Table A14: Equilibrium Interfacial Tension of (CisNfeO
in Hexadecane/H20 at 25°C
Log C,(M) y s  (mN/m)
■4.000 15.00
-3.523 16.00
-4.301 22.30
-3.000 15.60
-4.398 23.40
-4.222 19.10
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Table A15: Equilibrium Interfacial Tension of (CsN)2(OH)2 

in Hexadecane/HfeO at 25°C
Log Cs (M) Ys (mN/m)
-1.775 7.17
-2.076 13.36
-1.903 10.34
-2.000 11.42
-1.301 6.30
-1.699 6.30

Table A16: Equilibrium Interfacial Tension of (CioN)2(OH)2
in Hexadecane/H20 at 25°C
Log C» (M) Ys (mN/m)
-2.000 5.62
-2.097 5.54
-2.523 9.03
-2.699 11.98
-2.398 6.62

Table A17: Equilibrium Interfacial Tension of (Ci2N)2(OH)2
in Hexadecane/hfeO at 25°C

Log Cs (M) Ys (mN/m)
-3.000 5.38
-3.301 9.11
-3.523 13.18
-2.801 5.40
-2.277 4.83
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Table A18: Equilibrium Interfacial Tension of (Ci4N)2(OH )2

in Hexadecane/HkO at 25°C_________________________
Log C*(M) Ys (mN/m)
-3.301 4.46
-4.301 12.16
-4.000 7.72
-3.824 5.25
-3.602 4.96
-4.125 9.24

Table A19: Equilibrium Interfacial Tension of (CieN^OHh
in Hexadecane/H20 at 25°C
Log C,(M) ys (mN/m)
-4.523 5.24
-4.921 7.42
-4.745 6.01
-4.046 4.64
-4.268 5.03
-5.268 10.92
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Table A20: Equilibrium Interfacial Tension of (CeNhOH
in Hexadecane/HkO at 25°C______________________

Log C,(M) Ys (mN/m)
-1.780 2.09
-1.955 2.31
-2.080 3.81
-2.257 6.27
-2.400 8.14
-2.558 10.87

Table A21: Equilibrium Interfacial Tension of (CioNkOH
in Hexadecane/H2 0  at 25°C

Log C« (M) y s  (mN/m)
-3.000 6.36
-3.222 6.33
-3.398 8.50
-3.699 10.93
-3.301 6.38
-3.523 9.07
-4.000 13.46

Table A22. Equilibrium Interfacial Tension of (Ci2N)2 0 H 
in Hexadecane/H2 0  at 25°C

Log C« (M) y s  (mN/m)
-4.000 3.36
-5.000 4.57
-4.398 3.40
-5.301 7.74
-5.194 6.57
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Table A23: Equilibrium Interfacial Tension of (Ci4N)20H
in Hexadecane/hkO at 25°C_______________________

Log C,(M) Ys (mN/m)
-5.222 2.65
-5.398 2.70
-5.699 5.34
-5.824 7.62
-5.523 2 .6 6

Table A24: Equilibrium Interfacial Tension of (Ci6N)2 0 H
in Hexadecane/KfeO at 25°C

Log CS(M) Ys (mN/m)
-4.955 16.19
-3.955 5.07
-3.478 4.55
-4.478 4.25
-4.654 7.42
-4.779 10.84
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Table A25: Equilibrium Interfacial Tension of CsCiCe
in Hexadecane/0.1 M NaCI at25°C

LogC,(M) Ys (mN/m)
-2.703 5.24
-3.004 5.20
-3.180 5.20
-3.418 5.92
-3.745 11.43
-4.025 13.12
-4.195 14.27

Table A26: Equilibrium Interfacial Tension of C10C1C10 
in Hexadecane/0.1 M NaCI at 25°C
Log CS(M) ys (mN/m)
-4.699 8.04
-4.860 8 .1 0
-4.959 8.06
-5.270 11.64
-5.366 12.77

Table A27: Equilibrium Interfacial Tension of CioCeCio
in Hexadecane/0.1 M NaCI at 25°C

Log C*(M) ys (mN/m)
-4.122 1.49
-4.298 1.52
-4.599 1.53
-4.775 1.49
-4.863 2.25
-5.025 4.01
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Table A28: Equilibrium Interfacial Tension of C12EO2

in Hexadecane/HkO at 25°C_____________________
Log C«(M) Ys (mN/m)
-1.920 2.30
-2.137 2.77
-2.312 3.50
-2.438 6.27
-2.614 7.09
-2.738 9.19

Table A29: Equilibrium Interfacial Tension of C12EO7 
in Hexadecane/0.1 M NaCI at 25°C

Log C,(M) Ys (mN/m)
-3.207 2.16
-3.507 2.19
-3.684 2.16
-3.983 3.16
-4.052 3.88
-4.161 5.91
-4.248 6.17
-4.320 8.24

Table A30: Equilibrium Interfacial Tension of C12EO8 
in Hexadecane/0.1 M NaCI at 25°C

LogCs(M) ys (mN/m)
-3.533 3.17
-3.710 3.35
-3.833 3.19
-4.010 3.96
-4.135 5.66
-4.312 8.60
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Table A31: Equilibrium Interfacial Tension of CteEOe 
in Hexadecane/t-feO at 25°C

LogCs(M) Ys (mN/m)
-3.538 1.30
-3.839 1.50
-4.140 1.72
-4 578 6.32
-4.860 8.11
-5.150 10.90
-5.323 14.32

Table A32: Equilibrium Interfacial Tension of Ci4N(CH3hO 
in Hexadecane/0.1 M NaCI at 25°C

LogC«(M) Ys (mN/m)
-3.060 2.18
-3.237 2.19
-3.538 2.18
-3.839 2.18
-4.102 3.42
-4.383 8.42
-4.674 14.7
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Table A33: Dynamic Interfacial Tension
of C10OC10 at Cs = 2 x 10-5 M
in Hexadecane/0.1 M NaCI at 25°C.

time (s) loot v/mN/m)

673.2000 2.8280 7.7170
425.4000 2.6280 8.1270
230.3500 2.3620 8.8010
139.9000 2.1460 10.6930
89.2600 1.9510 17.0520
64.3100 1.8080 24.5720
42.2700 1.6260 32.2990
20.7300 1.3160 39.5900
11.1100 1.0460 42.4490
5.8770 0.7690 44.9100
4.0400 0.6060 46.3080
2.5070 0.3990 47.8940
1.8060 0.2570 48.3030
1.4070 0.1480 48.3830

Table A34: Dynamic Interfacial Tension 
of C10OC10 at Cs = 1 x 10“* M 
in Hexadecane/0.1 M NaCI at 25°C.

time (s) loot Yt(mN/m)

176.0700 2.2460 6.7270
93.5980 1.9710 7.1520
40.0170 1.6020 7.6450
22.8750 1.3590 8.7400
12.8840 1.1100 9.8460
7.8750 0.8960 15.0450
5.6770 0.7540 21.7140
3.8120 0.5810 29.1300
2.3070 0.3630 35.2590
1.6550 0.2190 37.9410
1.4480 0.1610 38.7280
1.1620 0.0652 39.8890
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Table A35: Dynamic Interfacial Tension
of C10OC10 at Cs = 1 x 10'3 M
in Hexadecane/0.1 M NaCI at 25°C.

time (s) loot EzE

62.2000 1.7940 4.7530
26.0760 1.4160 4.9820
14.5910 1.1640 5.5750
10.3340 1.0140 5.9230
8.0570 0.9060 6.1570
5.6670 0.7530 6.4960
4.4540 0.6490 6.8070
3.1780 0.5020 7.2860
2.5650 0.4090 7.8400
1.8910 0.2770 8.6700
1.3380 0.1260 10.2250
1.0540 0.0228 12.0810
0.9150 -0.0386 13.9840
0.8190 -0.0867 15.6460
0.7450 -0.1280 17.0790
0.6870 -0.1630 18.3740
0.6360 -0.1970 19.4400
0.5920 -0.2280 20.3570
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Table A36: Dynamic Interfacial Tension
of (Ci2N)2(OH)2 at Cs = 8 x 10"* M
in Hexadecane/H20  at 25°C.

time Is) loa t Y^mN/m)
757.7800 2.8800 29.0000
501.6000 2.7000 28.7480
386.9800 2.5880 29.5720
229.8500 2.3610 30.7380
167.4100 2.2240 31.9780
111.3600 2.0470 31.9110
86.6540 1.9380 33.1090
57.5760 1.7600 32.9980
45.2940 1.6560 34.6120
35.6980 1.5526 34.0990
30.2120 1.4800 34.6300
19.2060 1.2830 36.6910
13.6310 1.1350 39.0610
10.9470 1.0390 41.8270
7.6080 0.8810 43.6030
5.8510 0.7670 44.7110
4.0320 0.6060 46.2170
2.5070 0.3990 47.8940
1.8075 0.2570 48.3430
1.5860 0.2000 48.4790
1.4090 0.1490 48.4520

Table A37: Dynamic Interfacial Tension 
of (Ci2N)2(OH)2 at Cs = 2 x  10'5 M 
in Hexadecane/H20  at 25°C.

time (s) loo t_______ vtfmN/m)
220.7500 2.3440 42.1730
113.5700 2.0550 43.3940
58.3350 1.7660 44.5780
23.8080 1.3770 45.4830
12.5370 1.0980 47.9020
6.4970 0.8130 49.6480
4.4170 0.6450 50.6300
2.7040 0.4320 51.6580
1.4990 0.1760 51.5470
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Table A38: Dynamic Interfacial Tension
of (Ci2N)2(OH)2 at Cs = 3 x 10" M
in Hexadecane/H20  at 25°C.

time (s) loat WmN/m}
445.1800 2.6490 17.0100
224.4800 2.3510 17.1540
116.7700 2.0670 17.8460
24.8400 1.3950 18.9850
10.6600 1.0280 20.3650
5.5420 0.7437 21.1750
2.9120 0.4642 22.2530
2.0370 0.3090 23.3490
1.3200 0.1206 25.2170
1.5880 0.2009 24.2700
1.0270 0.0116 27.4680
0.8620 -0.0645 29.6420

Table A39: Dynamic Interfacial Tension 
of (Ci2N)2(OH)2 at Cs = 1 x  10-3 M 
in Hexadecane/H20  at 25°C.

time fs} loat v*(mN/m)
40.8900 1.6120 6.2500
8.6700 0.9380 6.6250
3.9730 0.5790 7.2460
2.0070 0.3030 7.6680
1.0840 0.0351 8.2840
0.7700 -0.1140 8.8260
0.5030 -0.2980 9.6090
0.3720 -0.4290 9.9490
0.2990 -0.5240 10.2820
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Table A40: Dynamic Interfacial Tension
of (C8N)2(OH)2  at Cs = 3.0 x 10"* M
in Hexadecane/H20  at 25°C.

time Is) loat v»lmN/m)
1121.1000 3.0500 42.8350
566.9700 2.7540 43.3260
288.7600 2.4610 44.1320
146.9000 2.1670 44.9020
98.4110 1.9930 45.1210
74.7460 1.8740 45.6950
59.9130 1.7780 45.7840
24.6840 1.3920 47.1570
12.5750 1.1000 48.0470
6.3930 0.8060 48.8530
3.2570 0.5130 49.7780
2.1710 0.3370 49.7700
1.6150 0.2080 49.3650

Table A41: Dynamic Interfacial Tension 
of (Ci0N)2(OH)2 at Cs = 3.0 x lO^M 
in Hexadecane/H20  at 25°C.

time Is) loat „ EzE>

2003.5000 3.3020 30.6200
1606.4000 3.2060 30.6890
1071.5000 3.0300 32.7520
595.4400 2.7750 34.1260
233.7600 2.3690 35.7260
189.2800 2.2770 36.1610
96.6810 1.9850 36.9400
49.0540 1.6910 37.4850
28.4100 1.4540 37.9920
20.0690 1.3030 38.3020
10.1330 1.0060 38.7160
6.8520 0.8360 39.2710
5.1640 0.7130 39.4620
3.4800 0.5420 39.8890
2.6250 0.4190 40.1190
2.1100 0.3240 40.3100
1.3210 0.1210 40.3790
1.1720 0.0689 40.3020
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Table A42: Dynamic Interfacial Tension 
of (Ci2N)2(OH)2 at Cs = 3.0 x lO^M 
in Hexadecane/H20  at 25°C.

time (ŝ loot EzE

445.1800 2.6490 17.0100
224.4800 2.3510 17.1540
116.7700 2.0670 17.8460
24.8400 1.3950 18.9850
10.6600 1.0280 20.3650
5.5420 0.7437 21.1750
2.9120 0.4642 22.2530
2.0370 0.3090 23.3490
1.3200 0.1206 25.2170
1.5880 0.2009 24.2700
1.0270 0.0116 27.4680
0.8620 -0.0645 29.6420

Table A43: Dynamic Interfacial Tension 
of (Ci4N)2(OH)2 at Cs = 3.0 x 10-4 M 
in Hexadecane/H20  at 25°C.

time Is) loat vtfmN/ml
316.5000 2.5000 6.0470
163.8900 2.2150 6.2620
116.0100 2.0650 6.6490
88.0740 1.9450 6.7300
78.2840 1.8940 6.6710
75.0060 1.8750 6.8780
73.1720 1.8640 6.9890
39.6300 1.5980 7.5710
22.7200 1.3650 8.6810
14.4770 1.1610 11.0630
9.6240 0.9830 14.7090
7.0510 0.8480 21.5530
5.8490 0.7670 26.8180
4.9540 0.6950 30.2850
4.3080 0.6340 32.9200
3.8270 0.5830 36.5560
3.4810 0.5420 39.9010
2.8430 0.4540 43.4510
2.0410 0.3100 46.7900
1.5500 0.1900 47.3780
1.4060 0.1480 48.3490
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Appendix B

Time-Resolved Fluorescence Data
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