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ABSTRACT 

A systematic study was carried out to investigate the aqueous solution behavior of two 

homologous series of N~'-bis(alky1dimethy1~~~-alluurediarnmonium &bromide 

surfactants, known as m-s-m gemini surfactants; one having a constant spacer s (=3) with m 

= 8, 10, 12, and 16 and the other having a constant alkyl chain length m (=12) with variable 

spacer length 2 S s 5 16, using specific conductance, surface tension, fluorescence, and 

densimetry techniques. A &actaat with m = 12 and a p-xylyl(4) spacer also was studied to 

assess the effect of rigidity in the spacer group on gemini interfacial properties. The 

interaction of two members of these series of surf'ts, namely the 12-3-12 and 12-6-12 

homologues, with aqueous solutions of neutral polymers, specifically polyethylene oxide 

(PEO), polypropylene oxide (PPO), and pdyethylene oxide-polypropylene oxide- 

polyethylene oxide (PEO-PPO-PEO) triblock copolymers, has been investigated using 

spec& conductance, surface tension, NMR, fluorescence, densimetry and equilibrium 

dialysis techniques. Properties such as the critical micefle concentration (cmc), the surfactant 

head group area (w), the surfactant mean aggregation number (Nd, the [[/I3 vibronic 

intensity ratio of pyrene, and the apparent molar volume were used to characterize the 

aqueous solution behavior of the gemini slrrfactants, and the nature of the interaction of these 

surfactant with neutral polymers in aqueous solution, It was found that the interaction of the 

gemini surfactants with the tniIock copolymers in aqueous solution was markedly different 

b m  that typically observed in d ' t - p o l y m e r  systems, and is similar in nature to a 

solubilization or mixed micelle formation process. 



Tbe results obtained for the critical micelle concentrations and head group areas for the 

b i i  dactant-water systems are in reasonable agreement with those obtained in previous 

investigations. The mean aggregation number of the surfactants decreases with increasing 

spacer chain length up to s = 8, after which the aggregation number increases. The decrease 

results from a decrease in the surface area available to a su&ctaut monomer as the area taken 

up by the spacer group is increased. Geometric considerations require that in order to 

maintain a spherical aggregate the aggregation number must decrease. The o b w e d  

increase in the aggregation number corresponds to a transition fiom micelles to vesicles as 

the spacer group becomes incorporated into the core of the surfactant aggregate. 

Experimental apparent molar volume data have been modeled asslrming both a mass- 

action model (8-3-8, only) and a pseudo-phase model. Predicted values for the apparent 

molar volume of the surfactant at the cmc (Vh,) obtained h m  the pseudo-phase model 

have been compared to infinite dilution volumes (V9 calculated h m  two additivity 

methods, one based on the contribution of the corresponding monoquaternary ammonium 

sdactant and the other based upon the contribution of the corresponding bolaform cation. 

Poor agreement was obtained with the first method, while good agreement was obtained with 

the second. The observed variation ia the volume change due to miceile formation, AVw is 

consistent with variations in the head group area and critical micelle concentrations, and can 

be rationalized in tenns of possible spacer conformations in the aqueous and micellar phases. 

Results obtained for the 12+12 dac tan t  indicate that rigidity of the spacer has no 

measurable effect on the micelhaion process for shorter spacer Iengths. 



The interaction of the gemini su&ctants with the triblock copolymers in aqueous 

solution was madcedly different from that typically observed in surfactant-polymer systems, 

and is similar in nature to a solubilization or mixed micelle formation process. The results 

obtained indicate that the interaction occurs primarily with the PPO segment of the triblock 

copolymer through a replacement of hydration water by polymer at the micellar fllrface. The 

solubility of the surfactant monomer (i.e., the CMC) may be increased through 

interactions between the surfactant and polymeric microdomains in solution. The results of a 

temperature dependent study indicate that the aggregation state of the copolymer in solution 

has a significant effect on the interaction with gernini surfactauts. For systems where 

conditions (specifically the combination of polymer concentration and temperature) are such 

that self-aggregation of the copolymer can occur, two distinct type of aggregates are 

hypothesized; 1) polymer dominated, similar in nature to copolymer micelles, and 2) 

surfactant dominated, similar to reguiar gemini surfhctant micelles. 
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1 INTRODUCTION 

1.1 Rationale for study 

The widespread application of mixed dactant/polyrner systems in industry has 

generally been a result of the observed enhancement of solution properties (related to the 

application of interest) brought about by the combination of the surfactaut and polymer. 

Applications of dactant/polymer mixtures can be found in nearly any aspect of daily life 

ranging Erom the formulation of industrial products (including detergents, cosmetics, paints 

and coatings, adhesives, lubricants, and food and pharmaceutical products) to bioIogical 

systems (e.g., the structure and functioning of membranes, and lipid eansport).l In such 

mixed systems the surfactant provides control over interfacial tension, emulsification 

capacity, and colloidal stability, while the polymer provides control of the rheologicd 

properties as well as colIoidal stability.2 In addition, the combination may also increase the 

solubility of one or the other component (a specific example of this is the observed increase 

in the cloud point of polymers in the presence of added surfactant), or an added third 

component, making such systems highly attractive in applications such as enhanced oil 

recovery, detergent formulations, and drug musport, Some specific exampies of the 

application of such systems include the formation of gels, Le., solutions of very high 

viscosity, as a result of the polyelectrolyte effect (repulsion between charged centers along 

the polymer chain causes the poIyeIectrolyte to adopt an extended conformation thus 

increasing solution vi~cosity).~ Such gels are of particular interest in the food and 

pharmaceutical industries; however, current patent literatute indicates an increase in their use 

in the cosmetic and detergent industties, The addition of either a neutral polymer or an 

oppositely charged polyelectrolyte is observed to cause a reduction in the critical micelle 



concentration of ionic sudhmts. This aIso results in a reduction in the ndachut monomer 

concentration, a factor associated with the reduction of skin irritation due to surfactants.3 

Therefore, such combinations have si@ant implications for the development of "milder" 

skin-care product formulations. The addition of &actant (specifically sodium 

dodecylsulfate) to drug tablet formulations has been shown to protong the time of release of a 

drug when the tablets contain the polymer hydroxypropylcellulose (HPC). The mechanism 

for the observed prolongation of refease has been hypothesized to be the formation of a 

viscous gel layer, similar to the effect described above, around the tablet in an aqueous 

medium? The possibility of tailoring systems, through the appropriate combination of 

surfactant and polymer, is of great scientific interest and points to the necessity of developing 

a clear understanding of the nature of dactant-polymer interactions in aqueous solution 

under a variety of conditions. This understandiog is of crucial importance with respect to any 

possible application, not simply drug delivery systems, in order to allow for some prediction 

of resulting solution properties. 

Unfortunately, because of the complex nature of the surfactant 1 polymer systems, they 

are not yet well understood. The complexity of the problem arises from the similarities 

involved in the solubilization of polymers in water, and in the aggregation processes of 

sltrfactants in solution. The solubility of a neutral polymer in solution is govemed primarily 

by the hydrophobicity of the polymer. The dac t an t  aggregation process is controlIed 

through a delicate balance of hydrophilic, hydrophobic and ionic interactions. It is not 

slnprising that the addition of a neutral poIymer to a surfactant soiution can have large effects 

on the overall properties of the solution, 



The nature of the polymer and the surfactant both play an important role in the strength 

of the observed interaction. In the case of ionic polymers, strong electrostatic interactions 

are observed between polymers and su&cta~ts of opposite charge, while little or no 

interaction is observed between polymers and surfactants having like charges. The primary 

electrostatic binding mechanism is further reinforced by the aggregation of the allqi tails of 

the bound dactant  (hydrophobic interactions).5 In the case of neutral polymers one must 

consider how the addition of the polymer affects the aggregation process of the surfactant in 

solution, a process also governed by a balance of interactions. In addition to attractive 

interactions, electrostatic repulsive interactions b e e n  the ionic head groups of the 

dactaat  molecules as well as penetration of water into the hydrophobic core of the micelle 

occur. Any relief of these stresses due to the presence of the polymer will give rise to a net 

favorable interaction between the polymer and the surfactaat. This interaction dso will be 

influenced by such factors as temperature, the presence of additional components (e.g., salt, 

another surfactant), the structure and charge of the d t a n t ,  as well as the size, 

concentration, and structure of the polymer. In addition, any self-aggregation behavior of the 

polymer itself will be important.6 

Anionic sudmants have been shown in a number of studies to interact with neutral 

polymers to a greater extent than cationic surfactants. In many cases only a weak interaction 

(if any) is obsenred between cationic surfactants and hydrophilic polymers. Anionic 

mdktants iuteract with both hydrophiIic and hydrophobic polymer~.~-[0 The reason for this 

difiierence is not well understood; however, some authors have shown that the mtm of both 

the head p u p  of the surf'actant as welI as the counterion may play an important role in 



determining whether or not a cationic surfactant will interact with a specific neutral 

polymer.6 Due to the low mammalian toxicity of cationic surfictants in general, and 

quaternary ammonium slrrfactants in particular, cationic surfactants are used to a large extent 

in a number of phamaceutid, biomedical and personal we product  application^.^^ In 

many cases the formulations of these products also include polymeric compounds. It is for 

this reason that determining how and why cationic surfactants interact (or do not interact) 

with neutral polymers, as well as determining methods of enhancing such interactions is of 

great practical importance. 

In order to gain a ktter understanding of how the nature of the head group of the 

surfactant influences the interaction, this work was initiated with the objective to study a new 

class of surfactatlts known as gemini surfactants. In particular, the choice of cationic gemini 

slrrfactants was made in an effort to determine ifthe interaction with neutral polymers can be 

enhanced as a result of the structure of the gemini surfactants. A gemini surfactant differs 

h m  a traditional surfactant in that two "monomer" surfactant molecules are Linked 

chemically at or near the head group as shown in Figure 1.1-1. As will be discussed in 

section 1.3, it has been shown that both the size and composition of the spacer p u p  that 

links the two head groups together greatly influences the shape of ~e aggregates formed in 

solution. In particular, micelles of the N3'-bis(allryfdimethyI~walkanediammoaim 

dibmrnide wrfkmts, studied in this work, show a rich array of morphologies extending 

h m  thread-like to spherical micek  to vesicles, depending on the Iength of the spacer 

group. It was anticipated that this range of morphologies might be exploited to enhance the 

interaction between cationic su&tants and neutral polymersers 



Figure 1.1-1: Structure of the 12-s-12 (see pg. 14) series of cationic gemini slrrFacbnts 

where s = 2,3,4,6,8,10,12, and 16 

Figure 1.1-2: Schematic of the structure of the tribhck copolymers used in this study (see 
also Table 3.1-1). 

ethytene oxide (EO) ppylene oxide (PO) ethylene oxide (EO) 

where n is the number of ethyiene oxide units (equal to NED in Table 3.1.1) and p is the 
number of propylene oxide units (equal to Nw in Table 3.1 -1) 



The polymers used in tbis study are also a relatively new class of polymers known as 

tn'block copolymers (or by the trade name Plmnics). Triblock copolymers consist of two 

hydrophilic segments (in this study polyethylene oxide or PEO) separated by a more 

hydrophobic segment (in this study polypropylene oxide or PPO). These polymers are 

unique compared to other potymers in their ability to form micellar aggregates in which the 

more hydrophobic propylene oxide segments form the core of the aggregate, with the more 

hydrophilic ethylene oxide segments forming what is known as the corona of the aggregate. 

It has been established that polymers that have been modified by the addition of hydrophobic 

groups interact with cationic surfactants more strongIy than with the corresponding 

unmodified polymers.12 Therefore the presence of the hydrophobic propylene oxide 

segment, coupled with the polymers unusual ability to self-aggregate, should make the 

milock copolymers good candidates for the enhancement of the interaction of cationic 

surfactants with neutral polymers. 

As was previously mentioned, the low toxicity of quaternary ammonium sdactants has 

led to their extensive use in numerous applications. In addition to low toxicity, quaternary 

ammonium surfactants exhibit a broad spectnrm of antimicrobial activity including 

anb'bacterial, antifungal, and antiviral (including disinfection of the human 

immmodeficiency virus, type I)  properties.13 The low toxicity of cationic surfactants is 

likely to be extended to the bis-quatemary ammonium gemini dactants; however, to date 

no refetence to toxicological studies of gemini surfactants has been published The gemini 

stnfactants have already been shown to have germicidal properties greater than those of 

traditional monoquaternary ammonium !3ud&ants.l4 This fact coupled with the (probable) 



low toxicity of such compormds, and the observed low critical micelle concentrations, 

suggest that the gemini su&tants may be an appropriate dternative to traditional quaternary 

ammonium compounds. The observation of Iower critical micelle concentrations also has 

implications with respect to environmental considerations as less gemhi surfactant is 

required to achieve the same d a c e  activity, compared to a corresponding monoquaternary 

ammonium compound. Block copolymers also have low toxicity and have found application 

in a number of medical and pharmaceutical applications (in addition to non-biological 

applications).l5 These factors, coupled with the unique behavior of both the gemini 

dactants and triblock copolymers in solution, individually, implicate the combination of 

the two as a potential system for rnany practical applications. 



1.2 Role of water 

The majority of chemical and biological applications of flltfizctants occur in the aqueous 

phase. As such it is useful to review some of the unique characteristics water possesses as a 

solvent. When one considers the low molar mass of water, one finds the melting and boiling 

points of water as well as the latent heat of vaporization to be unexpectedly high. Similar 

behavior is observed in other substances; however, these usually involve strong Coulombic 

interactions such as those in ionic solids and metals.16 Also water possesses a number of 

other unusual characteristics such as the density maximum at 4'C, a relatively low 

compressibility, as well as its behavior both as a solute in organic solvents and as a solvent 

itself, which point to strong intermolecular interactions between water molecules. Computer 

simulations of water using models such as the ST2 model for water (in which charges of 

+0.24e, centered on each hydrogen center, and -0.24e, located on the opposite side of the 

oxygen center to account for the unshared eIectron pairs, are arranged in a tetrahedral 

arrangement) can account for many of the properties of water. Results show a preference for 

each water molecule to be tetrahedrally coordinated with four other water molecules in the 

solid state through a hydrogen-bonding network. The hydrogen bond arises due to the small 

size of the hydrogen atom, and its tendency to become positively polarized when bound to 

strongly electmnegative atoms like 0, N, F, and C1. This allows for a strong intemtion 

between the polarized hydrogen atom of one moIecule with the strongly electronegative atom 

of a nearby molecule, forming an effective bond between the two molecules16 The strength 

of hydrogen bonds is in the range of 10 to 40 W mol-'. This is relatively weak compared to 

covalent or ionic bond strengths of approximately 500 W mol*', but is significantly larger 

than those for typical van der Wads type interactions. In ice the intramolecular covalent O- 



H bond distance is 1.00 A, while that for the intermoIecu1a.r O-H hydrogen bond is 1.76A. 

This is significantly shoxter than the sum of the van der Wads radii for two water molecules 

(2.6A) indicating the presence of hydrogen bond formation. In liquid water the number of 

nearest neighbours is observed to increase to approximately 5, as molecules become more 

labile (hence the observed density maximurn at 4'C), and the ice-like tetrahedral structure 

remains. However, the number of hydrogen bonds formed is observed to decrease fiom 4 to 

an average of 3.5 per molecule,l6 It is this tetrahedd coordination of water molecules that is 

CriticaI to the unusual properties of water. 

1 . 1  Hydropho bk hydration and the hydrophobic interaction 

The term hydrophobic (water fearing) was introduced as a means of explaining the low 

solubility of apolar solutes in water. This term is somewhat misIeading as the van der Wads 

interaction energies between apolar molecules and water molecdes are in fact favorable (as 

can be seen by the large negative enthalpies for the transfer of an apolar salute into 

water).l7-18 However, it is usem to d e h e  hydrophobicity in terms of the thermodynamics 

of the transfer of an apolar solute from either its liquid state or a non-polar solvent into water. 

As illustrated in Table 12.1-1, those cornpod which show a larger increase in the Giibs 

energy of transfer to an aqueous phase are said to be more hydrophobic than those 

compounds which show a smaller increase in the Gi'bbs energy. 

Two phenomena observed in the solubilization of apolar materials in water are 

hydrophobic hydration and the hydrophobic interaction, A great deal of confusion exists in 



Table 1.2.1-1 Thermodynamic data for the transfer of small apolar 
compounds h m  the neat liquid to aqueous solution at 25OC 

Compound AGO0 . - flOu . 

the literature when discussing these two phenomena and they are 0 t h  grouped together 

under the heading of hydrophobic effects. The situation becomes even less clear as many 

authors refer to the combination of low solubility and the entropy dominated name of the 

solvation energy of apolar solutes as  the "hydrophobic effectn.16 An excelIent review of the 

subject bas been presented by Blokzijl and Engberts in which the terminology is clarified.i7 

The term hydrophobic hydration r e f a  to the effect an apolar solute has on the Iocal 

structure of water. The predication for water molecules to form hydrogen bonds with each 

other strongly influences the interaction of water with apolar soiutes that do not form 

hydrogen bonds. Any apolar solute placed in water gives rise to an apptuent problem; 

regardless of the orientation a water molecule adopts with respect to the solute molecule, 

some ability to hydrogen bond is lost by nature of the fhct that either a hydrogen or oxygen 

center must point towards the solute. The extraordinary ability for tetrahedrally coordinated 

compou11ds to reorganize themselves around an inert compound without a loss of 



coordination alleviates this problem16 Provided the solute molecule is small enough, water 

molecules sucfounding it are able to reorganize themselves in such a fashion that there is no 

decrease in the number of hydrogen bonds formed. In some instances there may in fact be an 

increase in coordination of water molecules sunomding an apolar solute ( h m  an average of 

3.5 to 4), leading to an overall decrease in entropy as the water molecules become more 

ordered (as seen in Table 1.2.1-1). It is generally argued that this loss of entropy is the cause 

for the limited solubility of apolar compounds.l6~0 More recent arguments based upon 

results from scaled particle theories (SFT) indicate that this loss of entropy is more likely a 

result of a large number of water molecules being involved in the solubilization of a solute 

molecule, thus giving rise to a large number of water molecules in a small volume. This fact, 

coupled with the favorable enthalpic contriiution to the Gibbs energy change for the 

solubilization of an apolar solute, suggests that hydrophobic hydration may in fact aid the 

dissolution of apolar solutes.l7 This impIies that the interaction of apolar solutes in water 

through the hydrophobic interaction would require a disruption of the hydration shells and 

therefore hydrophobic hydration would not be the major contributing factor to the observed 

hydrophobic effect. 

Hydrophobic interactions refer to the attractive interactions that occur between apolar 

solutes dissolved in water. An excellent example of the hydrophobic interaction has been 

given by Ben Nai& in which the association of two methane molecules is considered. The 

Giibs energy for the hydrophobic interaction is evaluated by computing the differences 

between the thermodynamics parameters for the hydration of gaseous methane and ethane. 

From this treatment the following expression is obtained 



AG" =AGE - 2AGi 1.2.1-1 

where A G 0 ~  and A G O ~  are the standard fiee energies of solution for ethane and methane, 

respectively. Hydrophobic interactions are u d y  strong in aqueous solution and can be 

stronger than the interaction between two molecules in hx space.16 If we consider the 

example of two methane molecules, then the van der Wads interaction energy across free 

space is -2.5 x ~o-~ 'J ,  while in water it is -14 x 10-"~. Van der Wads theory for the 

interaction of molecules within a medium predicts a reduction in the interaction energy 

between the two particles, so we must ask: what is respomile for the musual attraction 

between apolar solutes in water? 

There have been relatively few direct measurements of the hydrophobic interaction 

because of the low solubility of apolar solutesutes Values of -8.4 and -1 1.3 U mol-' have been 

determined for the formation of h e r s  of benzene and cyclohexane, respectively.22 

Attempts have been made to determine the natute of the hydrophobic interaction through 

surface force measurements between hydrophobic surfaces, using the surface force apparatus 

(SFA) and atomic force microscopy (AFM). lsraelachvili and Pashley have measured the 

attractive hydrophobic force between two macroscopic curved hydrophobized surfaces using 

the SFA and have found that, in the range of 0-10 nm, the force is observed to decay 

exponentially with distance, with a decay length of approximately 1.0 nm.2 From these 

d t s  it was proposed that for small molecules the Giibs energy change for a pair-wise 

interaction could be obtained from 

AG = -40R in kJ mol-' 1.2.1-2 



where R is the moIecular radius in nm, This gives for cycbhexane a Giibs energy change of 

-1 1.4 kJ morL which is in good agreement with the experimental resuit given above.16 More 

recent measurements have shown the force Iaw for the attraction observed between 

macroscopic surfaces to be more complex and of a longer range than first predicted. The 

force law is now believed to consist of both a short and a long range contribution with decay 

lengths of 2.1 and 25 nm, respectiveIy, indicating that the interaction occurs over a range 

equivalent to 300 water molecular diameters or larger2425 Explanations for the observed 

long range decay are generally divided into three categories: 

an ordering of water moledes adjacent to the d a c e  giving rise to a 
long range interaction through continued modifications of water structure 

Debye screened dipole-dipole correlations with an anomalousty large 
amplitude 

the formation of vapor cavities between the surfaces 

At this point none of the above theories have proven successful in explaining aU of the 

observed results; however, the vapor cavitation modd is currently the most accepted The 

major concIusion that has b m  reached is that theories proposed to explain the observations 

for the interaction between microscopic d a c e s  are not Likely to correlate to molecular 

interactioas between apolar solutes in water.24 

The hydrophobic interaction is known to play a c r u d  roIe in a number of biological 

processes (such as protein folding and host-guest recognition in enymes)lf,  as wen as in 

many surke and self-assembly processes invohing amphiphiIic molecuies. This fact will 

continue to drive research into the mure of the hydrophobic interactions in hopes of 

providing W e r  insight into compkx associative processes. 



1.2.2 Bydrophilic hydration 

In contrast to the above discussion for hydrophobic compounds there is no phenomenon 

known as the hydrophilic effect or the hydrophilic interaction. This does not imply that such 

interactions do not exist, indeed certain molecules are known to be water soluble and to 

strongly repel one another in aqueous solution, the opposite of that observed above for 

hydrophobic compounds.l6 Hydrophilic (water loving) groups show a strong preference to 

be in contact with water rather than each other. This desire for water contact may even go as 

far as the compound being hygroscopic in nature, i.e., absorbing water vapor. 

As is the case with an apolar solute, the introduction of a hydrophilic solute will disrupt 

the local water saucture and result h the creation of a hydration shell around the solute 

molecule. In the case of polar or ionic solutes, i-e., hydrophilic solutes, iondipole or dipole- 

dipole interactions between the solute and water molecules results in a re-orientation of the 

surrounding water molecules. Because of electrostatic effects, the re-orientation of the bulk 

water structure can be long-range giving rise to an overall disruption of the water structure, 

thus avoiding the entropic consequences for the creation of a hydration shell observed with 

hydrophobic solutes. For the case of ionic soIutes the numkr of water molecules involved in 

the primary hydration shell is dictated by the size and shape of the ion. These molecules will 

be strongly polarized and oriented by the eI-c fieId of the solute, with the effect 

diminishing as the distance from the solute is increased, For ions having a high charge 

density, such as Lr", Na", and F, the resulting electrostatic fieId is strong enough to not ody 

restrict the mobility of the water moIecuIes immediateIy surrounding the ion, but also to 

orient the water molecules surrounding the primary hydration sphere. Such ions are r e f a  



to a s  "structure-making ions". The effect of these ions in dilute solutions diminishes as the 

distance h m  the ion increases, though there may be an overlap of hydration spheres as the 

solute concentration is increased, Ions having a Iow charge density do not orient the water 

molecules in the primary hydration shell to the same degree resulting in a disordering of the 

surrounding regions. Such solutes are referred to as "structure-breaking". 

As previously mentioned, hydropWc solmes need not be ionic in nature. Polar non- 

electrolyte solutes interact with water through dipolar interactions that also serve to orient 

water molecules in the primary hydration shell. Depending upon the structure of the solute 

molecule, the possibility for the formation of new hydrogen bonds also exists. As in the case 

of ionic solutes, the effect of these solutes on water structure diminishes with increasing 

distance and the bulk water strumre is eventually regained. 

13 Gemini surfactants 

In recent years considerable research has been carried out on gemini surt'actants, both 

zmionic26-29 and cationic[4$@56, using a variety of experimental methods. By far the most 

studied of the gemini slrrfa~tants are the NN-biS(~Idimethyl)-gcu-alkanediammonium 

dibmmide slnf~~tatlts, known as m-s-m gemini mrfhmts where m is the number of carbon 

atoms in the akyI tails of the slrrfactant (m = I2 in Figure 1.1-I), and s is the number of 

carbon atoms in the  substituted aUq1 spacer group. As it is this type of surfactant that has 

been used in this study, the femainder of this section wiil focus primarily on the properties of 

the m-s-m surfiictants; however, the general obsecvations are applicable to other types of 

gemini compounds. 



As was stated in 91.1, gemini s d h a n t s  are unique in that they consist of two ionic 

head p u p s  linked chemically at or near the head p u p .  They can be visualized as two 

monomeric slrrfactants that are tethered by an alkyl chain. It is this tethering of monomer- 

like entities that provides some of the unusual solution properties observed in m-s-m gemini 

surfactants. Traditionally, in order to change the micellization properties of a &tant to 

suit a specified application, one has the options of changing the head p u p ,  counterion or 

akyl tail length. By directly linking two (or more) head groups together, the micellization 

properties are changed (as compared to the untethered surfactant monomers) and become 

dependent upon the nature of the spacer pup.57 This allows for additional control over the 

aggregation properties of the surfactant and possliile applications are still being redized. 

A number of srrrfactant properties such as the critical micelIe concentration33, head 

group area35 and, as will be shown in this study, the mean aggregation number and apparent 

molar volumes show unusual behavior as the length of the allryl spacer group is varied, The 

critical micelle concentration (cmc) is perhaps the most commonly known and extensively 

studied property of dac tan t  solutions and will be discussed in some detail in Chapter 2. 

Critical micelk concentrations obtained for the gernini sllrfactants are smaller than those of 

conventional single-tail surfactants by typically one order of magnitude or more. For 

example, the cmcs of the 12-2-12 gemini srrrfactant and dodecyltrimethylammonium 

bromide @TAB) are 0.89 mM and 1 S m M ,  tespectively. This decrease is one of the primary 

reasons for current interest in gemini smficmts and can be explained simply by considering 

that two alkyl chains (as opposed to one for conventiond surfactants) are transferred at a 

time h m  the aqueous to the micellar phase. Indeed, reIaxationa1 studies have shown that 



gemhi mfktant monomers exchange between the bulk and the micellar phases as a lmit as 

opposed to a two-step process in which the -1 tails of the monomer enter the micelle 

separately.36 This indicates the somewhat restricted motion of gemini surfactant monomers 

in solution and may provide experimental support for the argument that a preferential cis 

conformation exists for the surfactant monomers in solution. This argument was proposed to 

explain the unusual maximum observed in the cmc as the [ength of the spacer is increased. 

The cmc is observed to go through a maximum as the Length of the spacer is increased in the 

range of s z 5-6. This has been observed, independently, in two series of gemini surfactants, 

the IO-s-10 series32 and the 12-s-12 series33, and confirmed in this study. As indicated 

above, this maximum has been attributed to changes in conformation in which the spacer 

adopts a preferwtial cis conformation in the bulk solution to allow for intramoiecuIar 

interactions between the two alkyl tails of the molecule.33 This would increase the solubility 

of the monomer in the bulk, thus increasing the cmc. Beyond chain lengths of s = 10 the cmc 

begins to decrease in a linear fashion, similar to that observed for the lengthening of the alkyl 

chain of a conventional surf~~tant, and this behavior has been attributed to the penemion of 

the spacer into the core of the micelle, 

From studies of the surfke tension of the gemhi surfactants, determinations of the head 

group area (ao) at the aklwater interface have been made. For the 12-s-12 series of 

surfactants a maximum is observed in a0 as a fimction of increasing spacer length for s = 10- 

12. This maximum is attn'buted to an extension of the spacer group into the air side of the 

interface35; however, there is some speculation as to the reason for this. It was initially 

proposed by Alami et a1.35 that as the length of the polymethy1ene spacer is increased so does 



the hydrophobicity of the spacer, and it is this increased hydrophobicity which results in 

expulsion of the spacer h m  the interface. Theoretical studies of the spacer chain 

conformation at the aidwater interface have revealed that this is not the case, but rather there 

are three main faftors that determine the variation of Q with s:50*51 

i) geometric effects, i.e., larger spacers give rise to larger head group areas, 

ii) interactions between gernini mrfhctaat monomers which serve to decrease the 
head group area once the spacer has reached a certain length, 

iii conformational entropy of the spacer, which increases rapidly with increasing 
spacer length due to increased flexibility. This effect serves to enhance the 
second factor. 

Therefore it is the competition between the first effect and the two others that gives rise to 

the observed maximum in ao. This provides ftnther evidence that the spacer lies M y  

extended at the aidwater or micelldwater interface up to a ceaain length, after which folding 

of the spacer into the air or into the core of the micelle will occur as the two ammonium head 

groups attempt to achieve an equilririum distance between each other, and with other 

molecules at the interface. It should be noted that the equilibrium distance between 

surf'actant monomer head groups in a spherical or spheroidal miceUe has been estimated to be 

approximately 7A34, and has been experimentally determined for CTAB to be 7.94 A.48 

Therefore it is not surprising that the obsemd foIding of the spacer does not occur for short 

spacer lengths. 

Measurements of the mean aggregation number have shown that the size of the micelles 

increases more rapidIy as a function of sllrfactant concentration for dactants having short 

spacers (s = 2-4) as compared to those with longer spacers, indicating a tendency for miceIIe 

growth as s is decreased58 It has also been noted that the aggregation numbers converge to 



an aggregation number of approximately 20-30 regardess of the size of m or s. This value 

correlates well with approximately 112 the mean aggregation number predicted for a 

minimum spherid miceUe fonned by conventional dactants (c.K 42.1.3) indicating that, at 

low concentrations, the micelles formed by gemini dactants  are spherical in nature. 

Obsmations made h m  cymgenic transmission electron microscopy (cryo-TEM) show that 

in the case of short spacers, dirnerization does result in the formation of aggregates of lower 

curvanue than the corresponding monomeric surfactants. As the length of the spacer is 

increased, the observed geometries follow the pattern 

elongated micelles + spheroidal miceUes + vesicles 

It is interesting to note that these structures can be predicted fiom the surfactant packing 

parameter (c.f. 92.1.3) which can be evaluated from head group areas and estimates of the 

hydrocarbon chain length and volume. Clearly the length, flexibility, and chemical 

composition of the spacer group of gemini dactants  will play a defining role in 

determining the shape of the aggregates formed in solution. 

There have been attempts to examine the effect of rigidity in the spacer group through 

the introduction of aromatic rings or un~annations in the spacer chain.4*45?4739 R d t s  of 

these studies are somewhat inconclusive since the length of these spacers correspond to 

polymethyIene chain lengths of 6 methyiene units or less and results for the gemini 

surfacmts with polymethylene spacers indicate that the spacer Lies fuIly extended up to 

chain lengths of approximately 10 methylene units, This implies that the e f f i t  of rigidity in 

the spacer can only be evaluated if the effective length of the spacer is longer than a 10 - 12 

carbon polymethylene chain- However, the major difEculty with such spacers is that the 



compounds wil l  have very low cmcs making experimental measurements of such d k t a n t s  

problematic. 

1.4 Triblock copolymers 

Polyoxyalkylene block copolymers represent a diverse subset of non-ionic surfactants 

which derive their diversity h m  the broad range of structural possibilities available during 

synthesis. Tn'block copolymers of the type poly(ethy1ene oxide)-poly(pmpy1ene oxide)- 

poly(ethy1ene oxide) (PEO-PPO-PEO) are members of this set of surfactants and are often 

refemd to by the wde names plumnic@ (BASF) or ~uperonic@ (KO. Triblock copolymers 

have found widespread industrial and commercial application as emulsifying, wetting, 

thickening, coating, solubilizing, stabilizing, dispersing, lubricating, and foaming agents.60 

Industries which employ copolymers in a variety of formulations include (but are by no 

means limited to) medical and pharmaceuticaI, detergency, persona1 products, pemchemical, 

agricultural, corrosion prevention, and waste water treatment. An excellent review of the 

applications of copolymers is provided by ~ d e n s . 6 ~  Such diverse application is primariIy due 

to the broad range of solution properties which can be obtained through variation of not only 

the molecular mass of the polymer, but also through variation of its composition in terms of 

the PEO/PPO mass ratio. 

Heat-induced micelle formation is one of the unique characteristics of rriiIodc 

copolymers and, in addition to the usual critical micelle concentration, the definition of a 

criticd micelle temperature (cmt) is also usefd.62 The temperature dependence of the self- 

assembly process for triiIock copolymers is remarkably different h m  the dependence 



observed for traditional polyoxyethyleae nonionic (C,(EO)II> slrrfactants. A d increase 

in temperature of 10°C for a triblock copolymer (Plmnic) can bring about a reduction of the 

crnc by a factor of 10-100. Correspondingly, an increase in temperature of 2S°C for the 

Cl&O)s and Clo(E0)8 surfactants yields a decrease of only 3545% in the cmc, indicating a 

relatively weak temperature dependence.60 The interconnection between the cmc and cmt 

for a given polymer allows for the investigation of these systems ftom two approaches, either 

by variation of temperature at a fixed concentration, or by variation of concentration at a 

fixed temperature. It is likely that the desired application will determine the most suitable 

means of study (i.e., as a bct ion of temperature, or as a fimction of concentration) for a 

given system. 

A number of generalizations can be made regarding the association of Pluronic tnilocks 

in aqueous solution: 

i) 

ii) 

iii) 

The PPO bIock is the most important factor in the formation of Pluronic 
micelles and the cmc is observed to decrease exponentially, and the cmt linearly 
with the PPO block length. An increase in the PEO block length causes a small 
increase in both the cmc and cmt.60963 

Both the cmc and cmt decrease with increasing total molar mass of the polymer 
(for polymers having a constant EOIPO ratio). Additionally, the lower the 
relative EO content, the larger the influence of molar mass.a 

From measurements of the cmc as a fimction of tern-, the aggregation 
process is observed to be endothermic indicating that the micelle formation 
process is entropy driven in the case of Plmnic surktants.60~62 The entropy 
increase has been attniuted to the the release of hydration water h m  the PPO 
blocks as the aggregation occurs.63 

The size and structure of the micellar aggregates formed by PIuronics is most commonly 

studied using static light scattering rnethodqa however, detemi&olls have also been 



made using dynamic light scattering @LS), pulsed-gradient spin-echo NMR (PGSE-NMR), 

and fluorescence qwnching methods (particularly in the case of mixed ionic dactant-  

Pluronic systems). It is generally accepted that the structure of the micelles formed of 

Pluronic mfactam consists of a hydrophobic core containing the PPO, and an outer corona 

consisting of a diffirse layer of PEO blocks and solvation water. Micelles formed from 

Pluronic surfactants are generally spherical in nature with the size of the micelle being 

determined by the size of the PPO bIock. The core of the micelle is generally considered to 

be fi.ee of wa@; however, recent results obtained h m  fluorescent n'bronic intensity ratios 

for pyrene suggest that the water content within the core may be as great as 30% in some 

cases.64 From values of the aggregation number and the hydrodynamic radius of the 

aggregate (obtained fiom DLS or PGSE-NMR), determination of an approximate core size 

and thickness of the corona can be carried out, Aggregation numbers are typically in the 

range of 20-200 with hydrodynamic radii of the order of 8-12 The core radii ate 

typically of the order 2-6 ~ 1 6 0 ,  indicating a coronal size which makes up approximately 50% 

of the Pluronic miceIle. This is much larger than the hydrated surface layer of typical ionic 

surfactants, which genedy  comprises 10-20% of the aggregate volume. The aggregation 

number and, conespoadingty, the core radius increase with increasing temperature; however, 

the overall hydrodynamic radius of the micelle is observed to remain constant. This effect 

can be understood when one considers that dehydration of the PEO blocks occurs as 

temperature increases and therefore these blocks begin to become part of the core d t i n g  in 

a decrease of the coronal thickness. The aggregation number is also dependent upon the 

polymer composition, increasing with increasing Iength of the PPO block or decreasing 



length of the PEO blocks; however, little dependence upon polymer concenttation is 

observed (up to concentrations of 30% by mass). 

The surface activity and adsorption behavior of block copolymers have been studied 

extensively by a number of research groups.65.66 The d e  tension profile for these 

surfactants is often complex, especially over broad ranges of concentration and temperature, 

exhibiting two break points in some cases. This has led to some confbsion with regard to 

properties derived h m  surface tension measurements, such as the surface excess 

concentration and the d a c e  area per molecule. The first of the two observed breaks has 

been attributed to a variety of possible phenomena; the formation of monomolecdar 

rnicelles67, the occurrence of a phase transition at the interfhce as the copolymer layer 

becomes more compact66, and the presence of a broad distn'bution of polymer molar 

masses.68 As in the case of the cmc and cmt for the triblock copolymers, some 

generalizations regarding their surface behavior can be rnade:60 

il 

ii) 

iii) 

For the condition of complete d u e  coverage, the area occupied by a 
copolymer molecule decreases with increasing temperatwe, indicating a more 
compact conformation is adopted as temperature is increased. This is similar to 
observations for the core radius of the micelle, described above. 

The area per moiecule is observed to increase with the number of EO units and 
to decrease with an increase in the number of PO units 

For polymers exbiiiting two breaks in the surface tension profile, the separation 
(as a hction of concentration) is observed to decrease with increasing 
tempetature, until only one break is observed at temperatrrres above 40°C. This 
is thought to be due to an mcreased tendency for miceUe formation with a 
corresponding Iimited increase in d e  adsorption. 

As well, the surfisce tension, as in the case of all dactants, is sensitive to the presence of 

surface active impurities. This is ill- by a minimum in the srrrface tension versus log 



concentration plot; however, with plrrification the minimum disappears. in contrast to the 

surface properties, purified and unpurified copolymers show little difference in their micellar 

properties in solution. 

1.5 Surfactant - polymer interactions 

As stated previously(§ 1. I), the broad application of surfactant-polymer mixtures has 

promoted a great deal of research interest in the aqueous solution behavior of these systems. 

While many types of su&ctant-plymer interactions can occur depending upon the nature of 

both the sudlictant (cationic, anionic, or non-ionic) and the polymer (neutral or 

poIyelectrolyte), this discussion will focus on the type of interaction likely to arise in this 

study, namely that between ionic surktants and n e w  polymers. A number of excellent 

reviews and texts are available on the subject.7@-72 They indicate that the bulk of the 

research carried out in this field has focused on the interaction of anionic surfactants (usually 

sodium dodecylsuIfate (SDS)) with a variety of polymers, and has involved a broad range of 

experimental methods. These include: measurements of surface tension, electrical 

conductivity, viscosity, cloud point, and solubility; binding studies using both dialysis and 

ion-specific electrodes; spectroscopic studies using fluorescence spectroscopy, NMR 

spectroscopy, light scattering, and small angle neutron scattering; and thermodynamic studies 

including calorimetry and volumetric methods.6 Studies of the interaction of &actants with 

water soluble polymers date back to the 1950's with the pioneering work of SaitoP*72 

However, it was a publication by Jones in 1967 which provided the conceptual h e w o r k  to 

descrr'be the interaction between su&ctam and polymers that is still used today.73 The 



characteristics of the interaction between slrrfactaats and polymers will be introduced in a 

general way in this section, and discussed in greater detail in Chapter 2. 

The addition of a neutral polymer to an aqueous surfactant solution is generally observed 

to induce aggregate formation, with respect to the dactant, at a concentration less than the 

cmc for the surfactant in aqueous solution. This concentration has been termed the critical 

aggregation or association concentration (CAC), although it is often referred to as TI or CI by 

some authors. As the concentration of the surfactant is increased, "binding" of surfactant 

molecules to the polymer continues until the activity of the surfactant reaches a point where 

any further increase in surfactant concentration results in the formation of reguIar dactant  

miceIIes. This point, known as Tz or C2, is often referred to as the saturation concentration 

for the polymer. It is important to clarify, as some confusion exists regarding this issue, that 

Cz does not correspond to the point at which the polymer becomes saturated with surfactant, 

rather it corresponds to the point at which any additional strrfimant goes into the formation of 

regular rniceile~.~~ It may well be the case that the polymer never reaches a condition of 

ammion, indeed if the polymer were completely bound by surfactant it would likely result 

in restriction of the polymer motion giving rise to an entropically unfavorable situation7 It is 

also important to note that the term "binding", used by many authors to descni the nature of 

the surf'actant-polymer interaction, may not be appropriate as it implies an interaction of the 

surfactant with specific sites on the polymer, as would be the case in a protein-surfactant 

interaction. It is generally accepted that the addition of the polymer to a surktant solution 

results in a modification of the aggregation process and therefore association or aggregation 

better d e s c n i  the interaction. The model presented by Jones was firrther modified by 



Cabane based upon observations fiom NMR experiments using the SDS/PEO ~ysten2~5 In 

this model the polymer interacts at the rnicelle/water interf&ce with approximately 10% of the 

polymer monomers being bound to the interface with the remainder of the poIymer forming 

loops in solution, as shown in Figure 1.5.1. Carbon43 chemical shifts for SDS indicate that 

the polymer does not penetrate into the core of this micelle, as variations were observed only 

for the 6rst 3 methylene units of the hydrocarbon chain. This remlt also provides some 

insight as to the mechanism of the interaction. The possibilities are: either the polymer 

replaces hydration water around those methylene groups (in the hydrowbon chain of the 

surfactant) near the d a c e  of the micelle, or there is an electrostatic interaction bmeen the 

polymer aad the head group, or a combination of the two. The resulting complex is o h  

referred to as the necklace or string of beads model. This refers to the manner in which the 

micelles form along the polymer chain and their resemblance to beads on a saing or 

Figure 1.5-1: Schematic representation of a surfactant-polymer compIex in aqueous soiution 
(taken from reference 76). The polymer represented here is significantly larger than those 
used in this study. 



The formation of surktant-polymer complexes, as for the case of regular micelle 

formation, is observed h m  equilibrium dialysis and ion electrode measurements to 

be a cooperative process, though not as strongly cooperative as micefle formation itself? As 

is the case for regular miceIIe formation, the association of surfactants with nonionic 

polymers occurs through a balance of forces, dominated by electrostatic and hydrophobic 

interactions that include77: 

i) hydrophobic interactions between polymer and surfactant molecules, 
ii) hydrophobic interactions between sltrfactant molecules, 
iii) hydrophobic interactions between polymer molecules, 
iv) electrostatic interactions between polymer and surfactant molecules; these may be 

attractive or repulsive depending on the nature of the surfactant and the polymer, 
v) electrostatic interactions between surfhctant molecules; these interactions are 

repulsive in nature and therefore a modification of them due to the presence of the 
polymer may facilitate surfactant self-assembly, and 

vi) electrostatic interactions between polymer moledes. 

Obviously, for the case of neutral polymers, contributions from iv) and vi) will be weaker. 

Indeed the main driving force for association is still the hydrophobic interaction which 

occurs between surfactant molecules in solutian, modified by interactions with the polymer 

in solution. The hydrophobicity of the polymer plays an important role as a result of this, 

with stronger interactions occurring for more hydrophobic polymers. For anionic surfactants 

the strength of the interaction increases in the order PVOH < PEO < MeC < PVAc I PPO - 
PVP, where PVOH is polyvinyl alcohol, MeC is methycellulose, PVAc is polyvinyl acetate, 

and PVP is polyvinyl pyno1idone.R The order is modified somewhat for cationic surfact8nts 

becoming PEO < PVP < PVOH < MeC <PVAc - PPO. The main difference is a much 

weaker interaction for PVP with cationic m&ctauk A possible explanation for this 

difference is a shift of the dipole of the polymer such that the oxygen atom is protonsted, 

leaving a small net positive charge on the nitrogen atom. This would result in an enhanced 



interaction with anionic surfactants aud a reduced interaction with cationics, as 0bserved.n 

It has dm been observed that cationic surfactants, in general, interact with nonionic 

polymers less strongly than anionic surfacmts.779$71+78 As stated previously, this difference 

has yet to be satisfactorily explained, but it has been attniuted to the size of the head group, 

as well as differences in the structure of water mounding the head groups. 

In addition to the hydrophobicity, the actual structure of the polymer is also observed to 

play a crucial role in the interaction which occurs between surfactants and n e d  polymers 

in aqueous soIution. Polymers which are arnphiphilic in nature, such as hydrophobicaIly 

modified polymers (where alkyl chains are grafted to the polymer backbone) or block 

copolymers, are knowa to form hydrophobic microdomains in solution. As a result of this, 

non-cooperative binding of surfactant has has observed due to a "solubilization" of the 

surfactant molecule in the existing polymer microdomains. This is usually foilowed by a 

cooperative mixed micelle formation, different h m  the binding process which occurs with 

unmodified polymers. These interactions are characterized by a single critical rnicelle 

concentration as opposed to the two critical concentrations observed for the cooperative 

binding process described above. 

From the above discussion it becomes clear that the nature of the association wil l  be 

strongly influenced by the nature of the polymery i.e., whether or not the polymer self- 

assembles in aqueous solution. For non-amphiphik polymers, or homopolymers, the 

assembly process can be descn'bed as one in which the cooperative micelle formation process 

of the mfictant is fbdhted by the poIymer-micelle associatio~I9~69~79 The presence of the 



polymer in solution results in a reduction of tbe surfactant chemical potential giving rise to 

sllrfactant seIf-assembly along the polymer chain, Free micelle formation begins when the 

chemical potential of the surfactant becomes equal to that for the case of micelle formation in 

aqueous solution, Le., Cz, which will be dependent upon the polymer concentration. This 

aggregation process is well descn'bed by the "necklace model" of ~abane.~' The 

thermodynamics of this process, as weU as general observations of properties of surfactant- 

polymer solutions, will be described in more detail in Chapter 2. 

In the case of amphiphilic or hydrophobically modified polymers, the association 

process becomes more complex. At low surfactant concentrations individual slrrfactant 

monomers can be solubilized or "bound" in the hydrophobic microdomains formed by the 

polymer. This has been observed as a non-cooperative binding in a number of studies.80-84 

As the srrrfactant concentration is increased the binding becomes anti-cooperative since the 

addition of a second ionic szrrfactol~lt molecule to a polymeric micradomain is unfavorable. 

Finally, as the concentration is fitaher increased, a cooperative binding is observed at a 

concentration equal to the CAC for the case of interaction with the corresponding unmodified 

polymer.@ Alternatively, the process has been d e s c n i  in tenns of a mixed rnicelle 

formation process where, at low sirtfactant concentrations, the micetles are dominated by 

polymer hydrophoks and at high surfactant concentrations the miceIles will be dominated by 

the surfactant rnoldes.79~~5 Jn such a case the binding process, asstrming ideal mixing and 

a pseudo-phase separation model of miceUe formation, can be descrii8s by 



w h a  f! is the binding ratio of surfactant to polymer, CsJ is the concentration of fiee 

dzlctant S, and cmcs is the critical micefle concentration of S. At low surfactant 

concentrations, << 1, the micelles will be similar in nature to those formed by the polymer 

alone, giving rise to similar solution properties. At high surfactant concentrations, P >> 1, 

the miceltes and solution properties will be similar to those of a solution of surfmtant done. 

A transition region where p = 1 is obsmed at sllrfactant concentrations where Csf = cmcfl, 

i.e., a cooperative association will not be observed until the surfactant concentration is of the 

order of the cmc. In this transition region the aggregates shift fiom being polymer dominated 

to surfactant dominated, which may have important consequences with respect to 

macroscopic solution properties. An example of the effect of this transition is seen in the 

viscosity of hydrophobically modified polymer-surfhctant systems as  compared to that for 

regular polymer-surfitant systems. In the case of an u n m a e d  polymer the viscosity of a 

mixed surfactant-polymer system shows little variation in viscosity with increased surfactant 

concentration, while for a modified polymer the viscosity shows a distinct maximum. The 

maximum is observed to occur at the CAC or cmc depending upon whether or not the parent 

unmodified polymer also interacts with the surfactant in question or not, respectively. While 

the increase in solution viscosity is not well understood85 (it has been interpreted as an 

increase in cross-Iidchg of polymers due to the addition of sllrfactant), the drop in viscosity 

is attributed to a disruption of the polymer cross-linking network as the micelles become 

m f h a n t  dominated, i.e., as the slrrf'actant concentration becomes large enough such that the 

probability of having more than one polymer hydrophok present in a micelle is low,69J9@ 

It is important to note that in the case of hydrophobically modsed polymers, for which the 

parent polymer shows an association with the mh%mt, i.e., exhibits a CAC, the cooperative 



process will begin at the CAC observed for the mixed surfactant-poIyrner system and not the 

cmc of the surf'actan~ The implication of this is that interactions may occur between 

surfactants and modified polymers whereas no interaction is observed betweeu the surfactant 

and the corresponding un-modified or parent polymer,85 In such a case the cooperative 

association process will occur at the surfactant cmc. This model of mixed micelle formation 

may also be usell in explaining the results of Brackrnan et ai. who have experimentally 

observed surf8ctant-polymer interactions with no corresponding reduction of the cmc for the 

n-1 thioglucosiddPP0 system.86 

The above discussion is of considerable importance with respect to the systems under 

investigation in this study. The Pluronics used in this study, as  discussed previously, are 

known to self-assemble in aqueous solution and can be considered to be PEO pdymers 

hydrophobically modified by the addition of a PPO segment. It is therefore possible that the 

microdomains formed in solution by these polymers may promote the association with 

cationic slrrferctants in general, and with the gemini mrfama in particular. There have been 

a limited number of studies of the interaction of SDS with Pluronics in aqueous solution, 

with the general conciusion being that the interaction occurs through the more hydrophobic 

PPO segment-68~87 Determinations made by Alrngren et 211.87 have shown that at low SDS 

concentrations the aggregates in solution are composed primarily of ?riblock copdymer 

molecules with small amounts of SDS and at high concentrations the aggregates are 

composed primarily of slrrfaEtant These observations lend support for the model proposed 

by Picdell et al.79185 that the interaction of su&ctants with hydrophobidy modified 

polymers is analogous to mixed m i d e  focmaaio~t 



2. CEARACTERISTICS AND MODELS OF AGGREGATE FORMATION 

2.1 Characteristics of micelle formation 

The amphiphilic nature of surfactants gives rise to unusual solution properties caused by 

the dual hydraphobic/hydrophilic character of the molecuies. In dilute solutions ionic 

surfactants behave as typical strong electrolytes. As the concentration is increased the 

delicate balance of electrostatic and hydration interactions is disrupted and the hydrophobic 

portions of the molecules attempt to reorganize themselves in a manner which will allow for 

a reduction of the unfavorable hydrocarbon-water contact. The initial mechanism by which 

this is accomplished is through accumulation of amphiphilic molecules at an airlwater or oil 

water interface, which allows for the extension of the hydrophobic moeities into the air or oil 

phase while allowing for the continued solubilization of the hydrophilic portion of the 

molecule. A consequence of this adsorption of amphipbiles at the interface is a reduction in 

d i e  (airlwater) or interfacial (oillwater) tension. Once the surface becomes saturated with 

amphiph.de alternative methods for reducing the Gibbs energy of the system must be found. 

One possible alternative mechanism is phase separation of the amphiphile from solution 

which would eliminate the unfavourable hycimcahon-water contacts. The main difficdty 

with this approach is the removal of the hydrophilic portion of the molecule from water, 

which would also be energetically unfavourabIe. The formation of small aggregates, i.e., 

miceks, provides a compromise and can be thought of as forming discreet microphases in 

which the hydrophobic akyl taiIs are isdated in the core of the aggregate, and the 

hydrophilic head groups comprise the shell of the aggregate allowing for continuous contact 

with water. A great deal of experimental evidence suggests that the mobility of the 

hydrocarbon chains in the micellar core resembles the mobility in a liquid hydroarbon. 



Therefore the isolation of the hydrophobic portion of the micelle does not restrict molecular 

motion which would result in additional unfavourable energy contributions. 

The micelle formation process is a dynamic process in which aggregates of 

approximately similar size spontaneously begin to form over a narrow concentration range. 

The size of the rniceues formed is governed by the not only the structure of the amphiphile 

molecule, but also by the solution conditions. The aggregates formed are in a dynamic 

equilibrium with dispersed monomer, a fact which distinguishes rnicelles from other 

association colloids. Once micelles are formed in solution they remain thermodynamically 

stable, with physicochemical properties distinct fiom those of the monomeric solution.88 

The micellization process consists of a delicate balance of forces in the system and will 

depend upon such considerations as tepulsion between bead groups, the aansfer of the 

hydrophobic moeties from water, as well as internal packing of the hydrocarbon chains. The 

Giibs energy of micellization then can be considered to be comprised of three major 

contributions: 19 

a favourable hydrophobic w n t n i o n  arising from the transfer of the 
hydrophobic rnoeties from water into the cote of the aggregate, 

a a d e  term which will account for the two opposing tendencies for the 
head groups to crowd togetha in order to minimize water contact with 
the core of the micelle, and to spread apart due to electrostatic repulsion, 
hydration, and steric wnsiderations, and 

a packing term which requires water and hydrophilic head groups be 
excluded h m  the interior of the aggregate, which will dtimately limit 
the geometrically accessible forms available to the aggregate. 



The surfxe term will play a major role in the energetics of the system and therefore 

. *  - 
mmrmt7lltion of this term through geometrical considerations is of crucial importance. For 

dilute solutions it will be shown in g2.1.3 that the geometry which arises for a given 

amphiphile can be predicted h m  the surfactant parameter- It should be noted that at high 

s\lrfactant concentrations interactions bemeen micellar aggregates can no longer be 

neglected and changes in aggregate morphology h m  spherical micelles to alternative 

morphologies can occur. 

2.11 Critical micelle concentration 

The critical micelle concentration (cmc) is perhaps the most commonly known and 

extensively studied property of micelle formation in aqueous solution. Several definitions of 

the cmc have been proposed (see 84.3 reference 88)however the definition provided by 

Philipsag has been used the most. The cmc is defined as the surfactslllt concentration 

corresponding to the maximum change in a solution property gradient as a function of 

surfactant concentration, i.e. 

where 4 is the solution property of interest and can be qarated into contriiutions due to the 

monomeric surfactatlt and rnicelles in solution according to 

b = N S 1 + P F i j  2.1.1-2 

with a and $ being proportionality constants, and [S] and FI] are the concentrations of 

monomer d a c t a n t  and micelles, respectiveIy. It is important to note that the cmc obtained 

h m  Equations 2.1.1-1 and 2.1 -1-2 wiU be a hc t ion  of the contnIbution tictors a and $, and 



is therefore dependent upon the solution property used in the determination. This means that 

the cmc for a given slrrfactant wiIl not be a specific concentration, but rather will be a finite 

range of concentrations. In spite of this fact cmc values are often reported as a definite 

concentration in the literature. Experimentally, cmc values are usually determined as a 

transition or break in a plot of a physical solution property as a function of surfactant 

concentration (or in some cases log concentration) over a concentration range. 

The value of the cmc is dependent upon a variety of parameters including the nature of 

the hydrophilic and hydrophobic groups, additives present in solution, and external 

influences such as temperature. The cmc of ionic surfactants has been shown to obey the 

following relation90 

IogCMC = A - Bn, 2.1.1-3 

where A and B are constants for a homoIogous series, and nc is the number of carbon atoms 

comprising the alkyl chain of the surfactant.. The value for A has been shown to be 

approximately constant for a particular ionic group. Changing the head group has been 

shown to have only a small effect on rhe cmc; however, changes in the counterion, 

particularly in the valency of the counterion have been observed to have pronounced 

effects?O-91 As a counterion is changed from a monovalent to a di- and trivalent the cmc is 

observed to decrease rapidIy.91 This is due primarily to the increased degree of counterion 

binding which results in decreased eIectrostatic repulsion between the ionic head groups. 

The size of the counterion will a h  be a c&temm 
. . 

g factor in the value of the cmc, as it has 

been observed that the cmc increases with inmasing hydrated radius of the counterion. This 

serves to increase ion separation, reducing the &veness of the counterion at minimizing 



electrostatic tepulsion, In addition to variations in the ionic head group or counterion, the 

cmc can also be influenced by the addition of a strong electrolyte into the solution. This 

serves to increase the degree of counterion biding, which has the effect of reducing head 

group repulsion between the ionic head groups, and thus decreases the cmc. This effect has 

been empirically quant%ed according to= 

log CMC = -a log C, + b 2.1.1-4 

where a and b are constants for a specific ionic head group and Cc denotes the total 

counterion concentration. For non-ionic surfactants an increase in the size of the head group, 

i.e., an increase in the length of the polyethytene oxide segment, is observed to increase the 

cmc according to 

ln CMC = A1+B'y 2.1.1-5 

where y is the number of ethyleneoxide segments comprising the head group, and A' and B' 

are constants specific to a given hydrophobic group. The addition of an electrolyte to 

solutions of non-ionic surfactants has a much reduced effect compared to the case for ionic 

surfactants and is primarily due to a "salting-in" or a "saItingsut" of the surfktant.91 

The value of B in Equation 2.1.1-3 has also been shown to be approximately constant 

(and equivalent to log(2) for al l  alkyl chain salts)?l As a general ruIe for ionic sllrfactants, 

the cmc is haIved with the addition of a singIe methylene unit to an aikyI chain up to a length 

of 16 catborn. For nonionic surfactaats the decrease is even more pronounced, with the 

decrease being approximately one third its origind vaIue with the addition of a methylene 

group90 Branching of the aky1 chain has a small effect on the cmc while the addition of a 

second aIkyI chain to the surfactant has a more pronounced effect. The addition of a 



methylene group to the main alkyl chain follows the behavior described by Equation 2.1.1-3. 

The addition of a methylene group to the secondary -1 chain is observed to also decrease 

the cmc; however, not to the same degree as for the main aIkyl chain. Tanford suggests that 

the effect is approximately 60% of that observed for addition to the main alkyl chain.20 

An important factor to consider when discussing surfactants is the effect that additives 

(other than electrolytes, which have been discussed above) have on the micellization process. 

Many industrial and commercial formulations use &ts in the presence of any number 

of co-solutes or additives, any one of which can influence the micelle formation process 

through specific interactions with the surfictant molecules in solution, or by changing the 

nature of the solvent such that the thermodynamics of the process is altered. Organic 

materials which have a low miscibility with water are often solubilized, effectively, within 

micelles in solution, resulting in a solution with a substantial organic content. This generally 

results in a swelling of the micelle and often gives rise to changes in aggregate morphology. 

Not unexpectedly, this gives rise to changes in the energetics of the system, and the 

combined effect usually is to decrease the cmc of the resulting system- Organic materials 

which have a substantial miscibility with water (such as short-chain alcohols, glycols, and 

polar organic solvents) have only a minor effect when present under dilute conditions. The 

major effect of such additives is a reduction of the dielectric constant of water resulting in 

decreased electrostatic interactions between head groups and thus a decrease in the cmc. At 

high concentrations these additives can be considered co-soIvents and as a result the solvent 

properties of the system will change. This can result in a decrease in the energy tequiffments 

of the transfer of the hydrophobic taiIs from the micek to the bulk solution, thus increasing 



the cmc. The addition of longer chain alcohoIs generally causes a decrease in the cmc, and 

is attriiuted to the surfice activity of such molecules, i.e., a preferential adsorption at 

interfaces, and a strong desire to form mixed micefles. 

The effect of variations in temperature is remarkably different when considering ionic as 

opposed to non-ionic &tants. Ionic dactants exhiiit a minimum in the cmc as a 

function of temperature, typicdy in the broad range of 0-70°C. This behavior is reflective of 

the competing effect that an increase in tempetature has on the hydrophilic and hydrophobic 

portions of the molecule. As the temperature is inrreased, a decrease in the hydration of the 

head group occurs. This results in a loss of energetic factors favoring solvation of the 

moIecuIe as opposed to micelle formation, thus enhancing the tendency for micelle 

formation. In contrast to this, the weakening of water structure that accompanies a 

temperature increase gives rise to a decrease in the hydrophobic hydration of the allcyl tail, 

increasing its solubiIity. This serves to impede miceUe formation and the rehive magnitude 

of these two effects determines whether an increase or a decrease in the cmc will be 

observed. 

The temperature dependence of the cmc for polyoxyethyIene non-ionic surfactants is 

dominated by the hydrogen bonding interactions which occur between water and the ethylene 

oxide segments, As with al l  m t e d s  which rely on hydrogen bonding for solubilization in 

aqueous solutions, these slnfactants show an inverse temperature/soIubility reIationship. As 

a result the cmc is observed to decrease with increasing temperature. lf the temperature is 

increased high enough the so-called "cloud point" of the mfkctant is reached. Phase 



separation occurs into an aqueous phase and one containing a high M o n  of surfbant. 

Similar behavior has been observed for the PEOIPPO-PPO triblock copolymers; however, 

the situation is fwther complicated by a strong dependence of the cmc on the PEOPPO mass 

ratio within the polymer. 

2.13 Mean aggregation number 

Another important property of micelle formation is the mean aggregation number which 

provides direct i n f o d o n  about the general size and shape of the aggregates formed by 

amphipbiles in solution, and how these properties are related to the molecdar structure of the 

amphiphile.93 The mean aggregation number refers to the number of surfactant monomers 

that, on average, assemble to fonn a supermolecular structure, i.e., a micelle. The most 

common shape of miceilar aggregates in solution is spherical, and hence these are the most 

extensively studied. As mentioned previously the main driving force for the self-assembly of 

su&ctant monomers into miceIles is to minimize the hydrocarbon-water contacts in solution. 

For this reason, the lower limit of the number of surfactant monomers that form a rniceIle is 

dictated by the minimum number that must come togetber to effectively shieId one another 

h m  contact with water?* The very fact that discrete aggregates, typically containing on the 

order of 100 monomers or less, are observed in sohion implies that there must &st a force 

which opposes aggregate growth, or otherwise phase separation would be the eventual resuIt. 

In ionic sudmants electrostatic repulsion between the ionic head groups at the micellar 

d e  provides the major conniblaion to this opposing force. In the case of non-ionic 

su&ctants steric eff- as wen as a preference for the hydration of the head p u p  oppose 

rnicelle formation?o MiceIIe formation therefore represents a cooperative proc~ss whereby a 



number of swhckmt monomers come together through a compromise of opposing forces. It 

is important to note that micelles are not "monodisperse" in nature, i.e., they do not have a 

uniform size of a fixed number of monomers. Rather there exists a distriiution of aggregate 

sizes from which the average number of monomers contained in a micelle is taken as the 

mean aggregation number, N,, 

The effect that internal (such as the structure of the hydrophilic and hydrophobic 

moeties) and external (temperature, pressure, additives) influences have on the size and 

dispersity of micelles in solution often makes it dificdt to place any significance on reported 

values of the mean aggregation number. Nevertheless some generalizations can be made:91 

as the length of the hydrocarbon chain is increased in a homologous 
series of surfactants, N, is observed to increase, 
a decrease in the "hydrophiIicity" of the head group (i.e., greater 
counterion binding for ionics, or a reduction of the polyoxyethylene 
segment in non-ionics) leads to an increase in Nas% 
external factors, such as increased electrolyte concentration, which serve 
to reduce the "hydmphilicity" of the head group, will increase N, and 
an increase in temperature resuits in small decreases in N, for ionic 
dh tmts  and signihntly large increases for non-ionic dactants (the 
latter is due primarily to the cloud-point phenomenon introduced 
previously). 

As weU, the effect of organic additives such as short chain alcohols, which are solubilized 

predominantly in the aqueous phase as opposed to the micellar phase, have been observed to 

increase or decrease N, for ionic mf icmts  depending upon the alcohol concentrationg0 

Longer chain dcohols such as pentan01 and hexanol, which are ody moderately soluble in 

water, partition between the aqueous and micellar phases and are observed to increase N, 

at low alcohol concentrations. AIcohoIs (and other organic additives) with low water 

solubility are almost entirely solubilized in the imerior of the micelle, and are generally 



observed to cause an increase in N,, This may be due to a co-micellization phenomenon in 

which the 4 number of surfactant molecules in the aggregate decmses (a likely case for 

longer chain alcohols), or due to a swelling of the hydrophobic core of the aggregate which 

would in turn lead to a decrease in repulsion between head groups and an increase in N,. 

2 . 1  Micelle structure and shape 

It is well known that the structure and shape of amphiphilic aggregates is often directly 

related to the application of the amphiphile in various ~ystems.~3 An understanding of 

aggre@on behavior such that predictions of aggregate size and shape can be made is 

therefore one of the critical aspects of continued research into miceltar systems. If one 

recalls the various contributions to the Gibbs enetgy of micelle fomtion (c.f 92.1) it is 

obvious that the molecular composition of the arnphiphile will play a dominant role in 

determining the structure of the aggregate formed It is generally accepted that aggregates 

formed h m  ionic d t a n t s  near the cmc will be spherical in nature just above the cmc. 

This is situilar to the model proposed in 1936 by Hartley, in which the hydrocarbon tails 

comprise the core of the aggregate and the head groups and bound counterions are situated at 

the miceIlar mdke in what is known as the Stern layer. The degree of micelIe ionization (a) 

is a measure of the numba of counterions which are dissociated h m  the micelle and can be 

found in the electrical double layer which surrounds the miceIle, termed the Gouy-Chapman 

Iayer.90 Typically the degree of ionization is in the mge of 0.2 - 0.5 implying that, 

correspondingly, anywhere h m  80 - 50% of the couuterions are bound in the Stem layer of 

the micelle. 



Basic geometry places some limitations on the configuration of the adopted 

by surfactmts in solution The volume (in A3) of the hydrocarbon core of a micelle can be 

eshated according to20 

V, = m(27.4 + 26.9~1,') 2.1.3-1 

where m is the number of hydrocarbon chains comprising the core of the micelle (m will be 

equivaIent to Nlgg for traditional single tail d t a n t s ,  and equivalent to 2N, for gemini or 

diakyl surfactants), and nc' is the number of carbon atoms of the chain which are located in 

the micellar core. Since it is not reasonable to allow for vacant space in the center of the 

micelle, the radial dimension is restricted to the llly extended length of a hydrocarbon chain 

which can be obtained (in A) hm2o 

1, = (1.54 + 1.26511,') 2.13-2 

For a spherical micelle this will be equivalent to the radius of the micelle. For a surfactant 

having a hydrocarbon chain length of 12, Equations 2.1.3-1 and 2 would predict a mean 

aggregation number of 56. It is well estabIished that many surfhctants have aggregation 

numbers larger than this in the absence of any additives. This is due, in part, to the existence 

of an optimal head p u p  area which satisfies the restrictions imposed by the principle of 

opposing fotces outlined above. This implies that there is a tendency to form aggregates 

such that the d i e  area to volume ratio remains constant, which can only be achieved by 

changes in aggregate structure. The shape of micellar aggregates in solution can effectively 

be predicted by the slrrfactant packing parameter, P, according to16 

P = V, / a,I, 2.1.3-3 

where Vk is the volume of the hydrocmbon taiI of the surfactant (Equation 2.1.3-I), a0 is the 

optimal head group area, and I& is the length of the hydrocarbon chain (Equation 2.13-2). 



Aggregate shapes predicted by the packing parameter are: P = 113, spherical; P = 1/2 

cylindrical or mdlike; P = 1, bilayers; and P > 1 inverted micelles.16 For molecules with 

packing parameters lying between 113 and lL2 or between lf2 and 1, the moIecules may 

assemble into highly symmetrical aggregates which are slightly different h m  that for the 

optimal condition (i.e., ellipsoidal for molecules with P slightly larger than 1/3).19 

2.2 Models of Micelle Formation 

Two models have gained general acceptance for use in describing the miceUe formation 

process and thereby allow for the relation of macroscopic equilibrium thermodynamic 

measurements to molecular processes. They are the pseudo-phase separation mode19497, 

which treats micelles as a separate phase formed at and above the cmc, and the mass-action 

rnode1%~9*-101, which considers surfactant monomer in solution to be in equilibrium with 

miceIles of a fixed size above the cmc. An extension of the mass-action model is the 

multiple equiliiria mode169~102, which considers the formation of aggregates of various sizes, 

accounting for the observed polydispersity in aggregation numbers. However, this 

introduces a large number of variables into any analysis of experimental data making it 

difficult to apply. The pseudo-phase separation model has been shown to account for, at 

least serniquantitativeiy, the observed concentration dependence of apparent molar 

properties and has been usell in deriving thermodynamic fimctions of micellization using 

both apparent and partial molar properties. The main criticism of this model is that 

calculated values often show substantial deviation h m  experimental dues  for some 

properties, particularly if the transition h m  monomer to rnicelle formation occurs over a 

broad concentration range. Nevertheless, because of the simplicity of its application, the 



pseudo-phase model is widely used to model thermodynamic data, paaicularIy for long-chin 

surfactants having low cmc vdues . l~  The mass action model allows for modeling of 

thermodynamic properties over a broader concentration range, La, premicellar range as 

opposed to the pseudo-pb modek which is appIicabIe only in the post-micellar range. As 

well, prediction of aggregation numbers can be made fiom the mass action modeI, and it has 

been more s u c c e s s ~ y  applied to shortchain surfhants. 

22.1 Psendo-phase separation model 

As stated above, the pseudo-phase separation model considers the formation of miceks 

to constitute the formation of a separate phase. An tinderlying argument for this assumption 

is that the activity of the monomer adactant remains constant above the cmc, as is sew very 

often in surface tension measurements by the near constant value of the d a c e  tension. The 

cmc can therefore be considered as the solubility limit of the monomeric species. This has 

been the major source of criticism for the pseudo-phase model as a number of measurements 

have shown that the activity of the monomer d t a n t  decreases above the cmc. 

At equilibrium, the chemical potential of the surfactant in the monomer and micellar 

forms (h and C I E ~ ,  respectively) are equivalent, i.e., 

CLs =PM 2.2.1-1 

The chemical potential of the monomeric dacmt is given by 

ps =pi +RTInx9 2.2.1-2 

where fi is the standd state chemical potential of the monomer sltrfgctant, and xs is the 

moIe fhxion of monomers. Note that activities h e  been neglected since the assumption of 



ideality is a reasonable one for the dilute conditions generally observed for slafactants. 

Because the micelles are assumed to be in their standard states p~ = $'hi and the standard 

Gi'bbs energy change due to micelle formation, AGO~c, is given by 

If we recall that the cmc can be considered to be the solubility limit of the fke monomer, 

then Q = bc and we obtain 

where % is given by 

since Q, is typically much less than u , , ~ .  Converting into concentration units, one obtains 

AGL, = RTbcmc - h55.11 2.2.1-6 

where 55.1 is the molar concentration of water at 25°C. The above treatment dues not 

consider h e  case of ionic surfactants, for which one must take into consideration the transfer 

of a portion of counterions into the micellar phase, such that Equation 2.2.1-3 becomes 

where a is the degree of micelle ionization, and xc is the mole fraction of bound conterions. 

Equation 2.2.1-7, with appropriate substitution, for a I : 1 ionic surfactant reduces to 



For the gemini mfhctants, which dissociate into 3 ionic species the term (2-1 is replaced by 

(3-2a). 

The enthalpy of micellization can be determined directly from the variation of the Gibbs 

energy, or more speclficaily the cmc, with temperature according to 

for nonionic surfactants. For ionic surfactants a term of including a must be included to 

account for the counterion binding. Alternatively, the enthalpy change can be determined 

experimentally using calorimetric methods. Direct measurement of the thermodynamic 

properties is generally preferable since Equation 2.2.1-9 assumes that there is no variation in 

the properties of the micelle with a corresponding variation in temperam, i.e., the only 

variation is in the relative concentrations of monomers and micelles in the solution. This is 

obviously an oversimpLification, and it is well established in the literature that changes in 

physicd pafameters, such as the temperature and pressure, impact the size and shape of the 

micelle, the polydiqmsity of the aggregates, and the degree of miceik ionization. Typically 

the agreement between AHomiC values obtained h m  variations of the cmc as a function of 

temperature agree poorly with those obtained h m  direct calorimetric measurement for ionic 

dimants, with better agreement obtained for nonionic surf'actants.88 Also, no information 

regarding the thm-c properties of the sdactant in its monomeric and micellized 

state can be obtained tiom application of Equation 2.2.1-9, whereas such information is 

readily available him direct measurement of the property of interest. Regardless of the 



manner in which AHoiC is determined, the entropy of micellization generally is determined 

from AGO~c and Mamic in the usual manner. 

The volume change due to micelle formation can also be determined in two ways, the 

first is h m  the pressure derivative of the Gibbs energy in a manner analogous to that used 

for the enthdpy 

where agoin a factor of containing a should be included to account for counterion binding in 

the case of ionic surfactants. The above discussion with respect to the usefulness of such an 

approach is also applicable here and therefore direct measurement of the volume property is 

prefened. Apparent molar volumes for aqueous solutions are easily determined fiom 

experimental measurements of density (c.f 53.2.2). The partiaI molar volume,v', of a 

solute in solution is related to the apparent molar volume, Vu, according to 

where ms is the molality. It can be seen that, in the limit of zero concentration, the apparent 

molar volume becomes equivalent to the standard partial molar volume. Assuming a pseudo- 

phase separation model the apparent molar volume for the d t a n t  above the cmc can be 

fit to949597 

CMC v,s = v4&, -- AV,, 
ms 



where Vw is the apparent molar volume of the d a c t a n t  in the micellar state, and AVmic is 

the volume change due to micelle formation. The apparent molar volume for the monomer 

surfactant at the cmc can be taken as the difference between Vw and A V ~ ,  and for dilute 

concentrations is approximately equivalent to the standard partial molar volume for the 

monomer surfactant, Vos. As stated previously it can be seen that more information can be 

obtained fiom direct measurement of the thennodynamic property as opposed to measuring 

variations in the cmc as a function of temperature and pressure and relating these to the 

appropriate property. It wilI be seen below that additional i n f o d o n  regarding the system 

is available h m  thermodynamic studies, with application of the more complex mass action 

model. 

223 Mass action model 

The mass action model is a more appropriate description of the micellar process as it 

considers the surfwtant monomer and rnicelles to be in equilibrium with one another, i.e., 

ISAM 2.2.2- t 

where M refers to a micelle comprised of n surfactant monomers. The equilibrium constant 

for the micelle formation process, I&, is given by 

where XM and a are the mo1 Mans of micelles and monomers, tespecdvely. The molar 

Gibbs energy due to micelle formation is caIculated in the usuaI manner fiom 



To obtain an expression for AGO~, as a fimction of the cmc, one must then relate KM to the 

cmc. A number of methods have been employed to do this, all of which are dependent upon 

the definition of the cmc used. For example, Moroi88 has derived an expression for KM as a 

function of the crnc based upon the strict definition of the cmc given by Philipsag, while 

Demoyen et a1.99J02 have derived an expression based upon the concentration at which the 

W o n  of s a t  in the monomer form shows an idection (8addm2 = 0, where a~ is 

the monomer W o n ,  and m is the sllrfactant molality). Regardless of which definition is 

used for the cmc, the resulting expression for AGOmic is usually a function of both the cmc 

and the aggregation number for the micelles formed. When N, is large, the expressions 

reduce to Equation 22-14, or in the case of ionic surf~ctants, Equation 2.2.1-8. 

As in the case of the pswdo-phase model, other thermodynamic properties can be 

derived from expressions of AGOmi, and can be studied through variations of the cmc with 

temperature and pressure. The resulting expressions are generally more complex than those 

obtained hrn the pseudo-phase separation model, and may not be applicabIe if N, also 

varies as a function of temperature or pressure, as is often the case. Desnoyers et aI. have 

derived generai expressions for experimentally determined thermodynamic properties as a 

function of slrrfactant concentration based upon the mass action modeI.99?lo2 For volumes 

V4 is given by (for ionic dactants) 

where aa is the fraction of dactant monomer m the aqueous phase, AV is the Debye-Hiickel 

limiting slope, 9 is the partial moIar volume of the sltrfac~tlt at hfh i te  dilution, vM is the 



partial molar volume for the surfactit in the micellar form, and Bv and Cv are the pair-wise 

interaction terms for surfactant monomers and micelles, respectively. The volume change 

due to micelle formation, AVN is calculated Erom VO and vM according to 

AVM =vM -vO - ~ , , ~ - ~ ~ a ~ r n  2.2.2-6 

Therefore, it is obvious that a detailed thermodynamic study can provide not only 

information about the thennodynamic property under investigation in both the monomer and 

micellar states, but also information regarding the size of the aggregates formed as well as 

information regarding intermolecular and interaggregate interactions. The main limitation of 

this model is the requirement of a considerable amount of experimental data over the entire 

surfactant concentration range (i-e. premicellar, transition, and postmicellar regions). Due to 

instrumental limitations, this requirement can be difficult to fullill, particularly for the 

premicellar region, for those &actants having low cmc values. As a result, the mass-action 

model is more appropriately applied to surfactants having shoa alkyi chains which have 

reasonably high values of the cmc. 

2 3  Characteristic. of surfactant - polymer aggregate formation 

As introduced in 51.5, the interaction of mfactants with polymers occurs through a 

balance of forces similar to that observed for micelle formation in aqueous solution. The 

interaction process is characterized, typicallyf by m critical concentrations, the CAC and 

CZ, which correspond to the concentration at which mixed aggregates begin to form, and the 

concentration where k micelles begin to form, respectively. Due to the similarities 

between the complex formation process and micelle fonnation, many of the observed effects 



of variation in the temperature, pressure, solution composition, and dactant structure seen 

in micelle formation are also observed in the case of mixed srnf~~tatlt-polymer systems- In 

the latter case one must also be cognizaut of influences due to the structure and conformation 

of the polymer, factors which were introduced in Chapter 2. 

Recall that the effect of an increase in temperature is to induce complex behavior with 

respect to the cmc of ionic suffactants, due to the competing effects on the hydrophilic and 

hydrophobic portions of the mfbctant molecule. In the case of surfactant-polymer aggregate 

formation, an increase in temperature is generally observed to increase the CAC as the 

formation of a surfactant-polymer complex is inhibited by the increased solubility of the 

polymer.6 However, it should be noted that for hydrophiIic polymers, which do not interact 

well with cationic surfactant in particular, an increase in temperature can induce an 

interaction when none is obsewed at Iow ternperat~res.~~3 

The addition of added salt has an effect similar to that observed in micelle formation, 

speci£ically, increases in electrolyte concentration serves to decrease the CAC. Murata et al. 

have shown for the polyvinyl pyrrolidoneISDS system that the log of the CAC decreases 

linearly as a function of the log of the sodium ion concentradon Interestingly, the slope of 

this plot was found to be identical to that for a plot of log cmc as a function of log[Na7.104 

It is noted that increased electrolyte concentradon has onIy a negligiile effect on Ct, which 

combined with the decrease in the CAC, serves to increase the binding ratio of surfactant to 

poIymer.6 



With respect to the structure of the mfktam, it is not surprising that, analogous to 

observations of the cmc, an increase in the length of the akyl chain serves to decrease the 

CAC in a linear fashion, similar to Equation 2.1.1-3. Arai et al.loS have shown that the 

Gibbs energy change per methylene group for the transfer of an allcyl chain into a surfactant- 

polymer complex is comparable to that for the transfer into a micelle. This points to the 

relative similarities of the respective aggregation processes. The main impact that surfactant 

structure has on dactant-polymer interactions has aIready been alluded to in Chapter 1, i.e., 

the importance of the surfactant head group. The most significant observation is the relative 

strengths of the interaction of polymers with anionic versus cationic surfactants. Cationic 

surfactants in general have been confirmed to show a much weaker interaction with neutral 

polymers as compared to anionic surfactants of similar chain lengths (see reference 77 and 

references therein). The most accepted explanation for this phenomenon is the role played 

by steric hindrance, due to the larger head groups of the cationic surfactants, which 

effkctively restricts access to the polymer. This mechanism has been modeled by 

Nagaragan76~106 and Ruckenstein1o7~108 in thermodyaamic models proposed for the 

surfactant-polymer interaction. A criticism of this explanation is that weak interactions are 

also observed for cationic surfactants with smaU head groups, such as primary 

alkylammonium halide surfactants, for which k c  hindrances are expected to be less.77 

Obviously, steric considerations is not the only contributing factor, and other explanations 

deal primarily with the way in which anionic and cationic surfactants interact with the 

hydration shell of the polymer. As a final note with respect to surfactant structure it is 

generaily observed that no interaction occurs between nonionic slrrfactants and polymers in 

aqueous solution; however, the pomMity of interactions between nonionic surfactants and 



hydrophobically modified polymers remains to be investigated. It is likely that hteractioions 

similar to mixed miceIle formaton may occur, analogous to those observed between ionic 

mrficmts and hydrophobically modified polymers. 

The interaction of surfbtants with potpas is observed to be independent of the 

polymer molar mass, provided the molar mass is above a minimum value. However, the 

lower limit of the moIar mass differs for different polymer systems, The CAC is also 

observed to be relatively insensitive to increases in polymer concentration, while C2 

increases Linearly with polymer concentration. Finally, as mentioned in $1.5, the 

hydrophobicity of the polymer plays a significant role in the interaction, with more 

hydrophobic polymers showing a stronger interaction, i.e., a lower CAC value. 

A number of studies have focused on the surf'actant aggregation number in mixed 

mfbcmt-polymer systems in order to investigate the st- of the resulting complex (see 

reference 109 and references therein). Generally, the aggregation number is observed to 

decrease, relative to those for the aqwous srnf'actan; however, the effect is concentration 

dependent. As the strrfactant concentration increases, so will the aggregation number until a 

vaiw similar to that for the aqueous system is reached. Brackman has also shown that the 

presence of the polymer can induce morphologid changes in the aggregates, where both 

anionic86 and cationic1lO mfkctants that form rod-like aggregates in aqueous solution are 

observed to form Smaller, spherical aggregates in the presence of neutral polymers. 



The conformation of the polymer chain is an additional structural aspect of the resulting 

surfactant-polymer complex and has important implications with respect to the rfieological 

behavior of the resulting solution. Measurement of solution viscosities provides an effective 

method for examining conformational changes of the polymer in mixed systems. A dramatic 

increase in viscosity is typically observed at the CAC for surfactant-polymer systems. This 

is a result of the polyelectrolyte effect which occurs as ionic suhmnt builds up long the 

polymer chain. Repulsion between the surfkctaut aggregates associated with the polymer 

chain results in a more extended conformation of the polymer chain as compared to the 

aqueous polymer solution, giving rise to increased viscosity. 

2.4 Models of surfactant - potymer aggregate formation 

SeveraI theoretical models have been developed in an attempt to predict or explain the 

observed behavior of mixed surfhant-polymer systems. Many of the more recent models 

are refinements of the model proposed by Gilanyi and W o b  which was the 6rst 

quantitative model that could account for the strongIy cooperative behavior observed in these 

systems.~l~ The model was further deveioped by Nagarajan76-106 and Ruckenstein107~108 to 

account for specific conm'butions to the Gibbs energy of complex formation. Assuming a 

mass action model for the aggregation process, the Gibbs energy for the d e r  of an ionic 

strrfactant b m  solution into a polymer bound complex, of size m, is given by111 

where [S'], [a, and [complex] are the ecpdi'brium concentrations of dactant, counterion 

and surf8ctant-polymer complex, respectively. [Po] represents the concentration of "active" 



sites, specifically the segments of the polymer where the interaction occurs, i-e., binding 

sites. The total surfactant concentration, expressed as a function of monomer surfactant 

concentration, Xi, is given by76J" 

where X, is the polymer concentration, n is the number of binding sites, g and gb are the 

aggregation numbers of the k and polymer-bound aggregates, respectively, and K and Kb 

are the formation constants for h e  and polymer-bound aggregates, respectively. 

Alternatively, a pseudo-phase separation mode1 can also be adopted for which the Gibbs 

energy change is given by 

where C, is the polymer concentration. 

The treatments of the Gibbs energy of complex formation of Nagarajan and of 

Ruckenstein are quite similar and will be treated together. The Giibs energy change for the 

micelle formation process in the absence of added polymer, in terms of chemical potentials, 

can be written as the sum of a number of contriiutions according to76J07 

AP", pi -P: 2.4-4 

ap =Ap",,, +A& +a(a-a,)-kTIn(1--)+Ap, 
a 

The first term of Equation 2-44 (ApO-) accounts for the transfer of the alkyI tail fiom an 

aqueous to a li@d hydrocarbon environment The second term is a correction factor for the 

first term and accounts for the decrease in confoTmational W o r n  of the alkyl chains in the 



core of the micelle as a result of the polar head groups being restricted to the micellefwater 

interhe. The third term primarily accounts for the formation of the micelle/water interface 

and inciudes contributions from residual contact between the hydrocarbon core and wafer. 

Here a is the interfacial tension, a is the area of the surfactant molecule at the interface, and 

a, is the area per surfactant molecule which is shielded h m  water by the head group- The 

fourth term accounts for steric repulsion between the head groups at the interface, where ap is 

the cross-sectional area of the head group, and the fifth term accounts for electrostatic 

interactions. Expressions can be written which allow for the calculation of A ~ O H W ,  hpOc 

and A P O , ~  and both Nagarajan's and Ruckenstein's treatments assume tbat these terms are 

not affected by the addition of polymer to the solution. Differences between the approaches 

arise in the treatment of the interfacial term. In Nagarajan's model, the interfacial term 

becomes a(a-+,l-as), where is the area per surfactant molecule which is in covered by 

polymer and accounts for additional shielding of the aggregate core.76 This also results in 

increases in steric repulsion between head groups at the interface and, therefore, an additional 

term is also included in the fourth term of Equation 2.4-4 to become h(1-(ae/a)-(~pot/a))- 

Ruckexmein's treatment varies in the way in which the effect of the polymer on the 

formation of the interface is h a n ~ i l e d ~ ~ ~ 1 o ~  Two cases are considered, the case where the 

head group area, ap, is less than the cross-sectional area of the hydroarbon chain, ah, and the 

other where ap is greater than ah, such that 

interfaceterm=(a-Aa)(a-a,)+a(a, -a,)+a,Au, fora, >a, 2.45 

= (a-Ab)(a -a,) +a,Au, for a, c a, 

where Acr and A, are the changes in interfkcial tension between the hydrocarbon core and 

watery and between the head p u p s  and water, respectively. This treatment therefore makes 



a distinction between the effect of the polymer on the head group-water interface, and the 

hydrocarbon-water interface; however, in the originslr treatment, Aa and AaP were assumed 

to be equal. In order to account for the case of specific surfactant polymer interactions 

(which the above models do not consider), Ruckenstein has revised his original model and 

removed this restriction such the model is able to predict conditions where interactions occur 

between -ts and polymers with no corresponding decrease in the cmc.lot 

The main criticism of these above trea-tments is that many parameters used to 

characterize the resulting surfactant popolymer complex are difficult to evaluate, but are 

apparently crudal to the intera~tion.~~ Additionally, the treatment of electrostatic 

interactions, with the assumption that the polymer has no influence on these interactions, is 

unreasonable. The model has been further developed by Nikas and Blankschtein2 who 

attempted to refine, not only the treatment of electrostatic effects (in particular to account for 

repulsion between polymer bound aggregates which competes with elastic restoring forces in 

the polymer), but also effects of soivent quality, specific surfactant polymer interactions, and 

polymer hydrophobicity and flexibility. Nagarajan also revised his model to account for 

specific sdactaat polymer interactions, and also to examine interactions with srrrEactant 

-gates other than spherical micclles, the s r m f ~ n c  most commonly assumecL106 

It is aIso important to note that the above treatment assumes that confolLLlEltiod changes 

that result from the formation of the complex have no effect on the formation constant for the 

polymer bound aggregates, the size of the aggregates, or the availabiIity of binding sites (Kb, 

gbr and n in Equation 2.4-2). It has been noted that this assumption is reasonable for rigid 



polymers, but is questionable for flexible polymers that can show si@cant conformational 

changes upon self-assembly. Diamant et al-112 have proposed a theory which approaches the 

process of complex formation, not h m  the traditional view of the effect of the polymer on 

the surfactant aggregation process, but h m  the view of the effect of the surfactant on the 

properties of the polymer. In such a model the CAC is considered to be a direct result of 

conformational changes in the polymer, and as such this theory has been shown to account 

for the behavior of hydrophobically modified polymer-surfactant systems. 

AU the above models allow for the prediction of aggregate properties such as the CAC 

and the aggregation number for the poIymer-bound aggregates, with refined models 

providing additional information regarding the number of and distance between bound 

aggregates, and the overall length of the resulting complex. However, the application of such 

models to experimental data is diEicult, due to the complexity of the models and specifically, 

regarding the number of parameters invotved. The models do generally implicate the 

importance of the interfacia1 interactions at the micelle/water interface, with recent 

refkernem pointing to the importance of specific surfactant-polymer interactions, similar to 

those that may occur with hydrophobic microdomains formed by some polymers in solution. 



3. EXPERIMENTAL METHODS 

3.1 Materials 

The Pluronics compounds used in this study were a g i f t  fiom BASF and were used 

without further purification. The molar mass distributions have been checked using size 

exclusion chromatography, and the relative molar masses were estimated by acetylation of 

the polymer and back titration of the unreacted acetylation reagent.64 The EOPO mass 

ratios have been confkmed using 'H NMR methods through comparison of the integrated 

intensities for resonance signals for the methyl and methine groups of the PO segment with 

those of the methylene units due to both the PO and EO segments. The water content was 

estimated by carrying out a Karl Fisher titration. It is generally accepted that the level of 

impurities, i.e., diblock copolymers and mono-polymers, found in triblock copolymers has 

little effect on the properties of the polymer, especially when one considers the effect of 

polydispersity in the molar mass of the copolymer. It has been shown in several studies that 

purification of Pluronics by hexane extraction results in no sigdcant changes in 

experirnentai results.ll3*114 Wormation regarding the relative molar masses, as well as the 

content of PEO and PPO is provided in Table 3.1-1. PEO (average molar mass 4000, BDH) 

and PPO (average molar masses 725 and 2000, Afdrich) were also used as provided With 

respect to the nomenclature of these compomds the Letter refers to the physical nature of the 

material with F, P, and L standing for flake, paste, and liquid, respectively. The last digit of 

the numeric designation refers to the percentage of PEO in the polymer, i.e., the Pluronic 

FIO8 contains 80% PEO by mass. When the digits between the letter and the last digit of the 

name are the same, then the polymers have the same PPO content; for example, PI03 and 

FlO8 both have a PPO content of 3250 m~ 



Table 3.1-1 Composition of tnilock copolymers 
Pluronic Molar Mass wt % NEo Npo POIEO mass ratio 

(mu) PEO 
F68 8700 80 158 30 25 

The gemini surfactants used in this study were synthesized according to procedures 

previously established in the literature.14J3v45 Whenever possible starting materials were 

plrrified by vacuum distillation before reaction. With the exception of those surfactants 

specifically listed below, all compounds were synthesized by reflux of the appropriate a,w 

dibromoalkane with 2 molar equivalents (plus a 10% excess) of the appropriate N,N- 

dimethylallcylamine. The reflux was carried out in HPLC grade acetonitrile (except for the 

8-3-8 and 10-3-10 surfactatlts, which were carried out in 2-propanol) for 24 to 48 hours. 

After cooling of the reaction mixture, the solid material was recovered by filtration and 

recrystallized h m  acetonitrile or a mixture of acetonitdelethy1 acetate where appropriate. 

Characterization of the dactants was con.firmed using CH&N analysis, 'H NMR (for the 

12-3-12 surfactant) and cmc determinations. The results of the CH&N and NMR analyses 

are given in Appendix A. In all cases the dactants were recrystallized, repeatedly, until no 

dace-active impurities were detected by d a c e  tension analysis. 

NiV-bis(dimetiryldodecyl)-1,2-ethanediammoniurn dibromide (12-2-12): The 12-2- 12 

strrfactant was synthesized by reaction of 1 equivalent of N,N,N,N- 

tetramethylethylenediamine (Aldrich) with 2 equivalents (plus a slight excess) of 1- 

bromododecane (Aldrich) in acetonitde under reflux for 48 hrs. A f k  cooling, a white solid 

was recovered by filtration and then was recIyStaUized h m  acetonitrile. 



@-Pheny1enedimetbIe~)-bis(dimet~ldo&qImnmonium bromide) (12-&12): The 12-912 

surfactant was wasthesized by reaction of %a'-drhmo-pxylene (ALdrich) dissolved in THF 

with excess Ns-dimethyldodecylamine (Aldrich). The solution was stirred for 4 hours at 

room temperature, after which a white solid was recovered by filtration. The solid material 

was recrystallized h m  a chlorofodacetone mixtwe. 

N,W-bis(dimethy1dodecyr)- I, 16-hexadecanediammonium dibromide (1 2- 16-22): 1,16- 

Dibromohexadecane was synthesized by reaction of tJ6-hexadecanediol (Aldrich) with N- 

bromosuccinimide in a solution of triphenylphosphine in dichIoromethane. N- 

bromosuccinimide was used as a source of bromine and triphenylphosphine was used to 

promote -OH as a leaving group. The mixture was stirred at room temperature for 2 hours at 

which point excess reagents were quenched with methanol and the dibromide was isolated by 

dry flash chromatography. The 12-16-12 surfactant was synthesized by reaction of 2 

equivalents (plus 10%) of N,N-dimetby lddecylamine with 1 equivalent of 1,16- 

dibromohexadecane. The mixture was refluxed in iso-propano1 for 24 hours and the solvent 

was evaporated. The resulting solid was recrystabed h m  ethyI acetate. 

Water used for all solutions was purified udng a h4illiporeTM Super Q system. The 

polymer stock solutions were prepared on a weight percent basis. Surfactant sosolutions were 

prepared on a molarity basis except for those soIutions used in the apparent moIar volume 

and tempetature studies, which were prepared on a molality basis. Conversion, where 

required, between the molarity and molality concentrations was carried out using 

experimental density data for the corresponding solution. 



32 Theoreticai Background of Methods Used in This Study 

32.1 Surface tension 

The difference in energies between those molecules located at the d a c e  and those in 

the bulk phase of a liquid or solution give rise to a d a c e  tension. When a new surface is 

formed work is done, and this work wiU be proportional to the amount of material transferred 

fiom the bulk to the surface, and therefore is proportional to the area of the new surface.19 

This can be expressed as 

w=yhA 32.1-1 

where the proportionality constant y is defined as the surfice tension. Thermodynamically, 

the surface tension represents the change in Gibbs energy brought about by a change in area 

at constant temperature and pressure. 

The addition of a solute to a pure Liquid will bring about changes in the surface tension as a 

result of the modification of the intermolecular interactions occurring within the solution. 

This can be illustrated by considering the Gibbs adsorption isotherm 

dy = -Zridl, 32.1-3 
1 

which is derived from the comparison of the differwtid of the internal energies for the 

surfme and the bulk.19ygI The surface excess concentration, r, of a component of a solution 

is defined as 

where A is the sttrf'e area, and n: is the number of moles of component i located at the 

surface. It is convenient to define the srrrfilce or interface such that the excess of one 



component, the solvent, is equal to zero. For a two component system, considering the 

definition for chemical potential, equation 3.2.1-3 then gives 

dy = -T;RTd h a 2  32.1-5 

where a2 is the activity of the solute and, for dilute solutions, can be replaced by C, the 

concentration. Therefore by measuring the surface tension as a function of the concentration, 

the surface excess can be determined. 

Because of the amphiphilic nature of dactants, they preferentially locate at the 

aidwater interface in aqueous solution, with their hydrophobic tails extended into the air and 

the head groups solubilized at the d a c e .  As the concentration is increased, the surface 

tension is observed to decrease, mtiI the cmc is reached. Once the cmc is reached, miceks 

begin to form with any added material going into the formation of micelles. At this point the 

surface tension is observed to remain constant, and therefore d a c e  tension is often used in 

determining the cmc for a given surfactant. As well, by measuring the slope of the surface 

tension just prior to the cmc, one can obtain a value for the d a c e  excess concentration (in 

mol m") which then can be used to determine the cross-sectional area for the srrrfactant 

molecule of the surfactant at the aidwater interface, according to Equation 32.14 

a, = (N,T)-' 32-14 

where NA is the Avogadro number. It is generally assumed that a0 is equivaIent to the area of 

the surf8ctant head group at the inmface, due to the fact that the cross-sectional area of the 

head group will be greater than that for the hydrocatbon taiI. 



The d a c e  t ek0n  property is also extremely sensitive to contamination, which makes 

it a powerful diagnostic for determining the purity of a surf8ctant.19 A surface active 

impurity will also preferentially locate at the aidwater interface, intluencing the packing of 

surfactant monomers at the interface. This leads to premature micelle formation at a 

concentration less than the crnc of the pure surfactant. In addition the continued build-up of 

impurity at the surface will decrease the d a c e  tension of the solution below that of the 

plateau value that would be obtained in the absence of an impurity. As more surfictant is 

added to the solution, the impurity becomes solubilized with the surfactant, forming a mixed 

aggregate, and the d a c e  tension rises back to a value near what would be obtained for a 

pure (aggregated) surfactant solution. If large amounts of impurity are present in the sample, 

the minimum observed in the surface tension plot can be very large and extend over a broad 

concentration range. The absence of a minimum in the surface tension of a &actant is 

therefore an excellent indication of material of a high purity, usually > 99%. 

3.22 Apparent molar volume 

The total volume of a system is comprised of contributions due to all components 

present in the system. The total volume of a b i i  solution is related to the partial moIar 

volume, 7 ,  of each component according to Euler's rule 

v=nwVw +n2V2 32.2-1 

where the subscript W refers to water, and 2 refers to the solute. In dilute solutions, changes 

in the volume of the solution occur as a r e d  of solute-solvent and solute-solute interactions. 

Under these conditiomv2 is the property of interest since changes obsecved will reflect not 

only the properties of the solute itself, but also interactions that occur due to the presence of a 



small amount of the solute in a large amount of solvent. The most convenient concentration 

scale for experimental measurements in dilute aqwous solutions is moIality (mols of solute 

per kilogram of water) since the number of moIes of water is kept fixed at 55.51, independent 

of pressure and temperature fluctuations. The partial molar volume can then be defiwd as 

Unfortunately, very few partial molar properties can be easily obtained directly f?om 

experimental measuements. Instead the apparent molar volume is measured. It is defined as 

where V'W is the molar volume of pure water. The partial molar volume can be derived h m  

the apparent molar property (at constant temperature and pressure) to give 

where it is seen that in the Limit of zero concentration the apparent molar volume becomes 

equal to the partial molar volume at infinite dilutiolqv;, which is the standard state for 

solutes in solution. The apparent molar volume is calculated h m  experimentally 

determined density data according to 

where M2 is the molar mass of the solute, d and do are the densities of the soIution and 

soIvent (water, 6 = 0.997047 g cm" at 2S0C), respedvely. 



333 Fluorescence studies 

Fluorescent probe techniques have been used in a variety of ways to study structmal and 

dynamical aspects of dactant aggregates in solution. The ability of surfactant aggregates 

to compartmentalize solutes has in part led to a number of such studies. As well, the general 

use of fluorescent methods to study biologicd systems, for which micelles and bilayers have 

often been considered models, has also promoted this type of investigatio~~lsJ16 

I n f o d o n  regarding the structure of the micelle can be obtained h m  studies of various 

photo-physical properties such as the lifetime of the excited probe, excitation and emission 

spectra, vibmnic intensity ratios, anisotropies and quantum yields.[ 17-120 Quenching studies 

provides information regarding micellar size as well as the dynamic properties of both the 

micelle and of species solubilized therein,' ls?l16~12*-1~ 

333.1 T i e  resolved fluorescence quenching 

The fluorescence behavior of an excited probe in a micellar system containing quenchers 

wil l  depend upon a number of factors, inciuding the distribution and mobility of both probe 

and quencher molecules throughout the system. By appropriate choice of both the probe and 

quencher molecule, one can ensure that both are contained within the micellar phase of the 

solution. This, coupled with low probe concentrations, simplifies the d y s i s  of the 

fluorescence decay by reducing contriiutions due to excimer formation and probe or 

quencher exchange between micelles in solution. Generally, probe concentrations are kept at 

levels such that the occupancy level in the niceliar phase is less than 0.05%. Quencher 

concentrations are chosen such t6at the occupancy lwei is no than 1 per micelle. The 



general form for the time dependent decay of an excited probe after a narrow-pulse excitation 

is given by120 

where the parameters A2, Aj, and & depend on the quenching kinetics of the system. For 

the case d e s c n i  above (low concentrations and strongly micelle bound probe and 

quencher) At, A3, and & simplifL to IQ (the fluorescence rate constant for the unquenched 

probe),E (the mean quencher occupancy number per micelle), and k, (the fluorescence 

quenching rate constant), cespectively. The mean aggregation number then can be 

determined h m  the above parameters, obtained by a fit of Equation 3.2.3.1-1 to the 

experimental decay, according to 

N, = 
E([S] - CMC) 

[QI 

where [S] is the total concentration of surfitant and [Ql is the total concentration of 

quencher (assumed to be equivalent to the concentration of quencher in the micellar phase). 

333.2 Vibronic ratha of pyrene 

Pyrene is one of a rdatively few condensed aromatic molecules that exhibit vibronic the 

structure in its fluorescence spectrum. The intensities of these bands are governed by (in the 

absence of any interactions between pyrene and solvent molecdes) the relative positions of 

the potential energy s h e s  for the excited state, and by the Frank-Condon prin~ip1e.I~~ 

The intensities of these bands show signiscant variation depending upon the nature of the 

soivent, with enhancement of forbidden viironic bands occurring in polar solvents 



possessing large permanent dipoles. This phenomena was first observed in the "Ham" bands 

of benzene9 and has been termed the Ham effect. The intensity enhancement occurs through 

specific solute-solvent dipole-dipole coupling between the excited state of pyrene and the 

solvent.117 In pyrene (and in other aromatic molecules which possess a minimum Dza 

symmetry) the first singlet absorption (So + S1) is forbidden and weak. The absorption and 

fluorescence spectra show mixed polarization due to coupling between the 6rst excited state 

(S1), which is polarized along the short axis of the molecule, and the second excited state 

(S2), polarized dong the long axis of the molecule. The viironic bands of pyrene consist of 

allowed (big) and forbidden (Q transitions. The third viironic peak (ID, 382.9 nm, see 

Figure 3.3.4.2-1) is strong and allowed, and shows tittle variation with solvent polarity. The 

origin (0-0) band (I, 372.4 nm, see Figure 3.3.42-1) is forbidden and shows significant 

intensity enhancement in polar solvents. 

When placed in an aqueous surf&ant solution below the cmc, pyrene will have a Vm 

vibronic intensity ratio similar to that obtained for pure water. Pyrene, due to its 

hydrophobic character, will preferentially locate in the interior of the micelle above the cmc 

and the L/TII ratio will decrease correspondingly. Therefore, a plot of the v~imnic ratio 

versus surfactant concentration will show a transition, permitting a determination of the cmc. 

In mixed &actant-polymer systems, provided a cooperative interaction exists between the 

surfactant and the polymer, the transition will occur at the CAC rather than the cmc. Because 

the environment of the polymer bound aggregates is likely to be similar to that of the micelle 

interior (m terms of polarity), it is rmlikely that the viironic ratio would be sensitive to the 

onset of fke micelle formaton in mixed systems. 



3.2.4 Equilibrium dialysis 

Equiliirium dialysis experiments using ionic surfactants are fiequentiy carried out in the 

presence of excess salt (O.1M) in order to eliminate the Donnan effect. This requirement can 

be circumvented by appropriate treatment of the experimental data in order to account for the 

Donnan effect.w.126 If we consider the mass balance for the two soIutions in the dialysis 

equiliirium (the subscript A refers to the retentate side of the equilibrium, B to the dialysate 

side), the electroneutrality condition requires that 

C P Y  +[12-3-22"], = P - j A / 2  3.2.4- 1 

[12-3-22"], =[Br-],/2 3 2.4-2 

where cp is the concentration of polymer solution in grams of polymer per liter of solution, 

and y is the experimental binding ratio. tf we consider the equality of chemical potentials at 

equiiibrium (approximating activities with concentration) we have 

[12 - 3 - 12" ~ [ B i l :  = [12 -3 - 122*1,[8r-]', 3.2.4-3 

Combining Equations 3.2.4-1 to -3 gives 

where 

CA = [12 - 3 - 12"], + CJ 3.2.4-5 

is the total concentration of 12-3-12~'' ions in the retentate (i.e., polymer) solution. Both CA 

and [12-3-12~% are determined directly from experiment, therefore y can be obtained h m  

the above definitions giving 

It should be noted that in the above tre8Pllent the degree of dissociation for the surfactant is 

assumed to be complete, i.e., there is no binding of counterions to the dactaat-polymer 



complex. It has been shown that the diffmce between results corrected only for the 

Donnan effect, and those corrected for both the Donnan effect and the d q m  of ionization 

for the resulting surf8ctant-po1ym complex, is small and therefore will not be considered in 

the present case.126 

3 3  Methods 

33.1 Specifie conductance 

The critical miceile concentrations of the dactants  were determined h m  

measurements of the specific conductance of the surfactant soIutions. A concentrated 

surfactant solution was titrated into a volume of tWiporem water and the specific 

conductance (K) was measured. The critical micelle concentration was determined h m  the 

break in the slope of a plot of K vwsus the ~ a c t a t l t  concentration. The degree of 

counterion dissociation (or rnicelle ionization), a, was determined from the ratio of the slopes 

of the curve before and after mi~ellization.[2~~"8 

Measurements of specific conductance were carried out by using a glasdpiatinum 

electrade (Tacussel) and a Wayne-Ken Precision Component Analyzer (Model 6425) 

operating at 15 ELL The electrode was reconditioned with platinum bIack as necessary 

h m  a solution of 3.0 g of platinic chloride and 0.020% of Iead acetate in 100.0 mL of water. 

Current was provided by a millimp power supply, with the anode and cathode being 

periodically switched to ensure d o r m  coverage of both plates of the electrode. The celI 

constant varied in the range of 1.1 1L to 1.141 an-'. Temperature of the conductance cell was 



maintained, using a Haake Model F3 circulating water bath, at 25.0 f O.leC unless otherwise 

specified. 

332  Surface tension 

Surfke tension measurements were w e d  out by using a Wss Model KlOT digital 

tensiometer operating in ring mode, The temperature of the sample chamber was maintained 

to within O.l°C using a Haake Model F3 circulating water bath. In order to conserve 

materials, a titration method was used in which stock solutions of the surfatants were 

prepared and titrated into a known volume of water. The surface tension of the resulting 

solution was then measured. The accuracy of this approach was verified by measurement of 

independently prepared soIutiom, the results of which were then compared to those obtained 

h m  the titration method. No significant deviations were observed between the two 

methods. Duplicate readings of d a c e  tension within 0.2 mN m-' were used as an indication 

of stability of the measufement. Critical micelle concentrations and headgroup areas were 

detemined from a plot of the d a c e  tension versus the logarithm of the surfactant 

concentration. The absence of a minimum in the plot was used as an indication of an 

acceptable purity of the mfactant samples. 

333 Density a d  volume measaremcnts 

Solution densities used in the calculation of the apparent molar volume for the 

mrhctmts were obtained using a vl'brating tube flow densimeter (Sodev, Model 03D). 

Period readings were obtained using a digital kpency meter (Fluke 7261 UniversaI 

Counter) at lOOns resolution. Temperature was maintained at 25 f O.OOl°C using a closed 



loop Sodev temperature controller (Model CT-L). The flow rate of so1ution.s through the 

viirating tube assembly was controlled by the use of a peristaltic pump set at a constant rate 

of 0.5 mL min". The design of the Sodev instrument has been described in the Literature and 

will not be discussed here129. The estimated precision in density measurements for this 

instrument under these operating conditions, descri i  above, was found to be f 2 x I O ~  g 

cm-3. 129 

The principle behind the operation of this instrument is that the natural period of 

vibration of the sample tube changes proportionally to the mass of the fluid flowing through 

the tube. The density (d) of the fluid is related to the period (t) of v i i o n  through 

d = ~ + & r ~  3.3.3-1 

where A and B are instrument constants. Densities of solutions are obtained experimentally 

by measwing the differences in period readings between the sotution of interest and the 

solvent. The density of a solution is related to the density of the solvent through the period 

of viiration according to 

d-do = ~ ( r '  -r:) 3.32-1 

where the subscript o refers to the solvent. The constant B is determined by measuring the 

period of niration for water (d = 0.997047 g c ~ n ' ~ )  and nittogen (d = 0.001143 g 

determined h m  the ideal gas law). To eIimbte any effects of short term drift in the 

instrument response on the measured density values, period measurements were made in the 

sequence solvent-solution-solvent and by &%ration of the instrument prior to each series of 

measurements. This is of particular importance when considering the dilute conditions, and 

therefore small differences in densiq, required due to the low cmc values of the surfactants 



used in this study. Period mamrements were averaged over at least six readings with the 

maximum variation in the period being no greater than 1 ns. 

There are practical limitations of this instrument at low concentrations (< 1 rnmolal), 

since the uncertainties associated with the density measurement conaiiute to large errors in 

calculated apparent molar volumes. In order to obtain more reliable apparent molar volume 

data at low concentrations, the dilatometry method was used in conjunction with the 

vi i t iag  tube instrument. The design of the dilatometer was similar to that previously 

reported.130.131 The inner chamber of the dilatometer was filled with a concentrated 

surfactant solution, and the outer with Millipon? water. The dilatometer was thennostated 

in an M a t e d  circulating water bath with the temperature for these measurements 

maintained at 25 t O.OSaC. The maximum temperature fluctuation over the course of one 

measurement was no greater than k 0.005*C, The initid height of the meniscus in the arm of 

the dilatometer was measured using a cathetometer. The barrier between chambers was then 

removed and the solution was allowed to re-equilibrate, The final height of the meniscus was 

then measured The volume change was determined h m  the difference in heights and h m  

the volume of the tubing, 2.470 x mL me'. The find apparent molar volume was then 

determined according to 

AV 3.3.3-3 v,- = V,& +- 
n 

w h m  Vk is the apparent moIar volume of the tba I  (diluted) dac t an t  solution, Vk 

is the apparent molar volume of the concentrated surfactant solution which was determined 

using the v i i  tube densimeter, AV is the measured c h g e  in volume, and n is the 

number of mols of s d h a n t .  



33.4 Fluorescence studies 

Pyrene was used as the fluorescent probe in all studies and was recrystallized h m  

acetone prior to use. The desired concentration of pyrene in the sample was obtained by 

addition of an appropriate volume of pyrene in a hexane stock solution followed by the 

removal of the h e m e  by evaporation, using a gentle flow of N2 over the solution. The 

sohent (either water or aqueous block copolymer) was then added to give pyrene 

concentrations in the range of 5 x 10" to 1 x loa mol L". 

33.4.1 Time Resotved Fluorescence Quenching 

Commercially available N,N-dibutylaniline (DBA, Aldrich) was used as the fluorescent 

quencher without additional pudcation. The use of DBA as a quencher for excited pyrene 

in cationic surfactant systems has been previously established93 Due in part to its low 

solubility in water DBA is an appropriate choice of qwncher as this reduces the possibility 

for exchange between micellar aggregates over the course of the decay experiment. This in 

turn allows for the assumption of an immobile quencher which, coupled with the assumption 

of an immobile probe, appropriate due to the low aqueous solubility for pyrene, simplifies the 

analysis of the experimentat data such that the simplitled form of Equation 323.1-1 can be 

applied A stock solution of DBA in h e m e  was prepared to give the desired DBA 

concentration in a manner similar to that for pyrene, above. A stock surhtant soIution 

containing pyrene and one containing both pyrene and DBA were used to prepare solutions 

containing the desired quencher concentration by mixing appropriate volumes of the stock 

solutions. Four solutions were prepared for each sllrfactant concenaation (either in waer or 

the appropriate polymer in water solution), one containing only pyrene, and the remaining 



h e  solutions containing pyrene and varying amounts of DBk Fluorescence emission tiom 

sources other than the excited probe, under the conditions used for the time-resolved 

measurements, were found to be negligable. 

Fluorescence decay curves were obtained using the singIe-photon counting technique. 

The excitation source was a synchronousIy pumped, cavitydumped, kqllency-doubled 

DCM picosecond dye Iaser, excited at a waveIength of SlS  nm by an Ar/~r"  laser. In order 

to avoid exciting DBA (which absorbs below 340 nm), the output of the dye laser was tuned 

to 680 nrn wbich gave a fkquencydoubled UV output of 340 urn. This wavelength was 

used to excite pyrene at a pulse kquency of 800 kHz. A digitat delay generator was used to 

obtain a delay of 1 p between recorded pulses. The emission of pyrene was collected at 385 

nm with a 512 channel muIttichanne1 analyzer with a minimum of lo4 counts recorded in the 

peak channel. Fluorescence decay c w e s  were observed at the magic angle (54.7') to 

eliminate polarization effects and all measurements were made at room temperature (22 k 

1 OC). 

33.42 Vibronic Ratios of Pyrene 

Measurements of pyrene fluorescence were canied out using a SPEX Fluomlog 1680 

spectrometer with slit widths of 1 mm and an excitation wavelength of 335 m. The 

wavelength increment was 03 nm and the integration time was 0.5 seconds. A sample 

specbum of the pyrene emission in an aqueous 12-3-12 srrrf'actant solution is shown in Figure 

3.3.4.2-1. Solutions were prepared by titrating a concentrated stock surfactant or surfactant 



polymer solution (containing pyrene) with a known volume of solvent (also containing 

pyrene). Spectra were collected after each addition. 

Figure 33.42-1: Fluorescence emission spectrum of pyrene in aqueous solutions containing 
the 12-3-12 gemini surfactant in its monomer, and micelhd states. 
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33.5 ProtonNMR 

'H NMR opecw were recorded on a Bruker AM-300 NMR spectrometer operating at 

300.13 MHz relative to a deuterium lock at ambient (295 K) temperature. A stock solution 

of slrrfactant, in either W or the appropriate polymerID20 solution, was titrated into 0.500 

mL of solvent in a 5 mm KIMAX NMR tube, and spectra were recorded after each addition. 

Sample spectra for the 12-3-12 gemini surfactant, and the triblock copolymer F108 are 

shown in Figures 3.3.5-1 and -2, along with the spectral assignment. The 'H specaal 

assignment for the gemini surf'ts was made based on comparison of the spectra with 

known spectra for the corresponding monomeric surfactant, dodecyItrimethylammonium 

bromide. The assignment for the triblock copolymers has previously been given in the 

literatltl.e.132 



F i  33.5-1 'H NMR S p e m m  for the 12-3-12 gemini suTfactant (in CbOD) 

F i p n  33.5-2 'H NMR spectrum for the tribIock copolymer P 103 (in W) 



33.6 Eqniiibrium Dialysis 

Equilibrium dialysis experiments were performed with the 12-3-12 dac t an t  in the 

presence of PEO, P103, F108, and F68 at various concentrations. The dialysis membrane 

used was a Spectra-Por 7 (Spectrum Labs) membrane, with a molecular weight cut-off of 

3500. Prior to use, the tubing was rinsed with Milliporem water and allowed to soak for a 

miniurn of 30 minutes (as per manufacturer's instructions). The dialysis cells consisted of 

two chambers separated by the dialysis membrane, as shown in Figure 3.3.6-1. Each 

chamber was filled with 2.00 mL of either surfactant or polymer solution, and the two halves 

were clamped together. Solutions were shaken for a minimum of 24 hrs to establish 

equilibrium between the surfactant and polymer solutions. The equilibrium was established 

fiom trial measurements of the solution concentrations at various times between 4 and 72 

hours. 

Figare 33.61: Diagram of the dialysis chamber 
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The equilt'brium dac t an t  concentrations were determined using a complexation- 

photometric titration method. The cationic dye toluidine blue undergoes a metachromic shift 



from blue to pink when bound to molecules containing anionic groups, such as dextran 

sulfate @S). When this complex is titrated with a cationic surfacbnt, the surfactant 

preferentially binds to DS and the dye is dispiaced. The endpoint for the titration is seen by 

the reappearance of the blue color due to unbound toluidine blue. 

The equivalent charge concentration (eel g-') of DS (avg. mol. weight. 5000, S i p )  was 

determined by titration of 200 of a 1.2036 g L' solution with a 1.998 x molar 

solution of cetylpyridinium bromide (recrystallized h m  acetone). An average value of 5.39 

f 0.05 x lo5 eq g-L was obtained from 4 titrations. This value is in reasonable agreement 

with the charge concentration determined by Van Damme et al., 5.74 f 0.24 x 1v3 q g-i, 

which was found to be independent of the DS molar mass over the range 8.000 - 500,000.133 

The method was validated by titrating the DS-TB complex with a gemini surfacbnt solution 

of known concentration, and results of these titrations are given in Table 3.3.6-1. No 

s i p f i m t  diffetences in surfactant concentration were observed. The unknown dac t an t  

concentrations from the dialysis experiments were determined in the same manner. 

Table 33.6-1: Determination of known 12-3-12 concentrations 
by the complexation-photometric titration method 
Concentration Measured Conc. Average. 

(X lo-3 M) (X 1w3 w (X 1v3 
1.003 1-05 1.02 k 0.05 



4. RESULTS 

4.1 Binary Surfactant - Water Systems 

4.1.1 Specific Conductance Measurements 

The concentration dependence of the specific conductance for the m-s-m surfactants are 

shown in Figures 4.1.1-1 a to d, The cmc for a surfactant was determined h m  the break in 

the conductivity vs. concentration plot by regression analysis using Sigma-PlotTM (version 

4.0). The degree o f  micelle ionization (a) has been shown, to a first approximation, to be 

equivalent to the ratio of the slopes above and below the cmc and was determined in this 

mamx.128 Results obtained for the cmc and a for the gemini surfactants are tabulated in 

Table 4.1.1-1 and are in good agreement with those previously reported in the literature.33 

Table 4.1.1-1: Critical micelle concentration (cmc) and degree 
of micelle ionization (a) for a series of m-s-m gemini surfactants 

Surfactant cmc (x 1 o - ~  mol L-') a 
8-3-8a 54+2 0.28 k 0.02 

12-16-12 0.12 2 0.01 
' values obtained h m  r e h c e  134 

Two general trends are observed with respect to the cmc. The tirst is the usud decrease 

in the cmc as the length of the alky1 tail is increased for constant spacer length. While the 

magnitudes of the cmc are Iess than those for the corresponding singIe head group surfactants 

of equal alkyl chain length, the trend is the same and these resuIts wiU be 



F i  1.1.1-1: Specific conductance of aqueous gemini surfsctants at 25OC. Solid lines 
represent linear regressions of the experimental data 
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discussed W e r  in Chapter 5. A second more complex trend is observed for those 

surfactants having a constant alkyl tail length and a variable spacer carbon chain length. A 

maximum occurs in the cmc for spacer chin lengths of 4-5 methylene units. Beyond spacer 

chain lengths of 8 methylene units the cmc begins to decrease in a manner expected of 

traditional single head group surfactants as their -1 tail length increases. 

4.1.2 Sudace Tension Measurements 

Surface tension vs. Iog concentration pIots for aqueous gemini surfactant solutions are 

shown in Figure 4.1.2-1. As discussed in $3.2.1, the absence of a minimum in the surface 

tension curves indicates that the samples contain no surface active impurities. Cmcs were 

determined from regression analysis of the pre- and post-micellar regions of the curve and 

are Listed in Table 4.12-1. Head group areas were estimated from the slope of the pre- 

micellar curve according to Equation 32.14 where r was calculated h r n  the relation 

The number of distinct species (n) which make up the surfactant and are adsorbed at the 

interface is three for gemini surfactants. Values of the head group area are also given in 

Table 4.1.2-1. Results obtained for both the cmcs and head-group areas are in good 

agreement with those compounds previously reported.35 Also, the results for the cmcs 

obtained h m  surfitce tension measurements are in agreement with those obtained from 

specific conductance measurements (Table 4.1.1-1). The decrease in y obsmed above the 

cmc has been previously noted35 though not expIained. The decrease my be due to 

continued variations in surfactant monomer packing at the air water interfke. 



P i i  4.12-1: Surface tension versus the logarithm of surfactant concentration (in mol L") 
for a series of aqueous m-s-m gemini mfidants at 25.0°C. 
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Table 4.12-1: Critical micelle concentrations (cmc) and head 
group ateas (Q) determined h m  d e  tension measurements 

for a series of auueous eemini sudhctants at 25°C. 
Surfactant cmc I x  lO" mol I.*') (IML molecule") 

12-4-12 0.013 f 0.003 1.8 f 0.3 
dues obtained h m  r~ferencel3~ 

4.13 Mean Aggregation Numbers 

The fluorescence decay traces of pyrene in aqueous salutions of the gemhi surfactants 

are shown in Figures 4.1.3-1 and 4.1.3-2. The surfactant and quencher concentrations used 

in these studies are reported ia Table D-I, along with results of the fitting procedure (b, k, 

and E). Decay traces were fit assuming dynamic quenching of pyrene by immobile 

quenchers according to equation 3.2.3.1-1. Fluorescence lifetimes for pyene ( T ~  = ko-I), the 

average quenching rate constants Ikk), and mean aggregation numbers (Nd, calcuiated h m  

the quencher occupancy (ii) according to Equation 32.3.1-2, are shown in Table 4.1 &I. It 

is important to note that the parallel nature of the decay traces at long times is indicative of a 

system where both the probe and quencher are immobile over the lifetime of the experiment. 

This implies that the assumptions made to obtain the reduced form of Equation 3.2.3.1-1 are 

valid and, therefore, it is applicable to the systems studied in this work. 



F i i  4.13-1 Fluorescence decay curves of pyrene quenched by N,N-di'butylaniline in 
su&ctant solutio~~~ of a) 12-2-12, b) 12-3-12, c)12412, d) 124-12, e) 12-8-12, f) 12-10-12 
at different quencher concentrations. 



Figure 4.1.3-2: Fluorescence decay curves of pyrene in su&ctannt solutions of a) 12-12-12 
(quenched by N,N-dibutylaniline), and b) 12-16-12 (quenched by cetylpydhiun~ chloride) 
at d i f f i t  quencher concentrations. 

Time (ns) Time (us) 

Table 4.13-1: Fluorescence lifetime of pyrene (TO), average quenching rate constant 
(k& and mean aggregation number (Nd for the m-s-m gemini surfactants 

Surfactant Surfactant Concentration to (ns) 
(mol L") 

12-2-12 4.71 x lom3 119 1.4 24 

12-16-12a 121 lo5 141 7.4 5 1 
a using CPyCI as quwcher 



4.1.4 Apparent Molnr Volume Studies 

Apparent molar volumes of the gemini surfactants used in this study were calculated 

from measurements of solution density according to Equation 3.2.2-5. Plots of V4 as a 

function of dwtant concentration for the m-3-m series of surfactants (m=8,10, and 12) are 

shown in Figure 4.1.4-1, and for the 124-12 (s = 2 to 10) series in Figures 4.1.4-2. 

Additional measurements of V4 were made for the 12-3-12 and 12-6-12 surfactants using the 

dilatometer method in order to provide conknation of results obtained using densimetry at 

very low concentrations. 

Experimental data were fit to the pseudo-phase model (solid lines in Figures 4.1.4-1 and 

-2) according to94 

CMC v, = VdN -- 
m AV.& 

where V4M is the apparent molar voiume of the wfhant in the micellar phase, AVw is the 

isothermal volume change due to micek formation (based on apparent molar volume), and 

m is the molality of the d a c t a n t  solution. The apparent molar volume of the dactant at 

the cmc, VA-, was obtained h m  the difference between Vw and AVW Results of the 

&ing procedure are Listed in Table 4.1 .el. 

Simulated values for the apparent moiar volumes of the 8-3-8 gemini surfactant, shown 

in Figure 4.1.4-1, were dculated assuming a mass d o n  model according tog9 

V, =.,pa c ~ , ~ + ~ , a , m ] + ( l - a , ) [ v M  +(l-a,)C,m] 4.1.4-2 



where (c-f. $2.2.2) Av ( = 9.706 cm3 kg1" is the Debye-Hiickel Limiting slope for 

apparent molar volume.l30 The vaIw of Bv was determined h m  a fit of the pre-micellar 

data to the Debye-Hlickel limiting equation and was fixed (at 6.4 an3 kg rnor2) in the 

simulation program. Using a value of 15 for the mean aggregation numberl34, and 0.0540 

mol kg-' for the cmc of 8-3-8, estimates of = 435.4 cm3 mol-', vM = 444.8 cm3 mol-l, were 

obtained The isothermal volume change due to miceUe formation (based on partial molar 

volume), AVM, is calculated according to 

giving AVM = 8.3 cm3 mol" for the above conditions. 

Table 4.1.41: Apparent molar volumes at the cmc, and isothermal volume 
changes due micene formation for the m-s-m gemini ollrfactants 

-- -- 

' cmc obtained from fit of volume data (0.00687 mol L-'I 
h m  reference 134 
' frOm additivity method 2, see 55.1.4 

obtained fhm plateau region of V4 curve 



Figure 4.1.4-1: Apparent molar volumes of the 12-3-12 (Squares in the 12-3-12 pIot 
correspond to data obtained h m  the dilatometer method), 10-3-10, and 8-3-8 gemini 
d t a n t s  (squares conespond to data points simulated using the mass action model). The 
solid lines are fits to the pseudo-phase model. 
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F i  41.42: Apparent molar volumes of a) 12-2-12, b) 12412, c) 12-6-12 (squares 
conespond to data obtained h m  the diIatometer method), d) 12-8-12, and e) 12-10-12 
gemini surfactants. The solid lines represent fits to the pseudo-phase model. 
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4 3  Ternary Polymer-Surfaetont-Water Systems 

43.1 Specific Conductance Studies 

I .  order to study the effect of increased head group size on the interactions between 

cationic surfactants and neutral polymers, two of the gemini surfactants (12-3-12 and 12-6- 

12) were studied in a variety of polymer solutions at various concentrations. Figures 4.2.1-1 

to 4.2.1-4 show the variation of the specific conductance as a function of surfactant 

concentration. It is important to note the absence of well defined breaks in the conductance 

profiles that would correspond to the onset of surfuiant-polymer interaction (CAC) and the 

saturation of the polymer (Cz). lastead, one observes very broad curves which in some cases 

show specific conductivity values greater than those for the surfitant in aqueous solution. 

The broad curvature may be an indication of large degrees of polydispersity in the aggregates 

formed, or an indication of a binding process which differs h m  the usual case in which one 

observes evidence for well-defined CAC and C1 values. 

In some cases the aqueous polymer solution (in the absence of added surfactant) showed 

a specific conductance greater than that of the water being used (a. 2 - 20 pS crn" 

depending upon the polymer and its concentration). SimiIar observations have been reported 

previously. 13"'" 6 the present work this contriiution was subtracted h m  the m e a d  

conductance for the mixed strrfactant-pdymer systems, as done by others.135 It has been 

noted that prnification of EO/PO pdymeric sampIes by passing them through an ion 

exchange column reduced the specific conductance of the resuIting soiution; however, 

anomalous increases in conductance persistedi36 



F i i  4.2.1-1: Specific conductance ofa) the 123-12 gemini surfactant, and b) the 12-6-12 
gemini d'tant in aqueous polymer solutions at Z°C. 
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F i  1.2.1-2: SpecXc conductance of a) the 12-3-12 gemini mthtant, and b) the 12-6-12 
gemini surfactant in aqueous PI03 solutions at 2S°C. 
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Figure 4.2.1-3: Specific conductance of a) the 12-3-1 2 gemini surfactant, and b) the 12-6- 12 
gerniai m t  in aqueous F108 solutions at 2 Y C .  
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Figare 4.2.1-4: Specific conductance of a) the 12-3-12 gemini slrrfactantt, and b) the 12-6-12 
gemini surfactant in aqueous F68 solutions at 25°C. 
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4.2.2 S d c e  Tension Studies 

An attempt was made to study the behavior of the d e  tension of the ternary 

smhctant-plymer-water systems. Plots of the sdace tension for the 12-6-12 surfactant as a 

function of surfactant concentration (at fixed polymer concentration) are shown in Figure 

4.2.2-1. Results obtained for PEO, PPO (M.W. 725) and the Pluronic F68 show somewhat 

similar behavior to that observed for the surfactant in aqueous solution. More complex 

results are obtained in the presence of PPO (M.W. 2000), and the Pluronic F108. The surfke 

tension profiles are complicated by the low values for the d a c e  tension of the aqueous 

polymer solutions in the absence of any added surf&ctant (see Table 4.224). It should be 

noted that attempts (by two-phase solvent extraction) to remove possible sllrface active 

impurity that may have been used during the polymer synthesis and recovery procedures did 

not result in any increase in the surface tension for the aqueous PPO (M.W. 2000) solution. 

In the case of most aqueous copolymer systems the value of the &e tension is below the 

plateau value for the aqueous gemini surfactant above the cmc (yr2alz z 40 mN m"). As a 

result the addition of the gemini surfactant has only a minimal effect on the surface tension. 

This in turn makes it very difficult to interpret the effect of the polymer on the behavior of 

the mrfactmt. It should be noted that, as observed in the specsc conductance 

measurements, there is no evidence to suggest a CAC or C2 value for the ternary systems. 



Table 4.2.2-1: Surfice tension vdues for the 
aqueous polymer and copolymer solutions 

Polymef y (mN m") 
0.2% PEO 60.4 

02% PPO 725 43.7 
0.05% PPO 2000 37.0 
0.05% P 103 33.1 
0.05% F108 46.2 
0.5% F108 39.5 

Fire 4.234: S h  tension as a hction of the logarithm of the su&ctant concentration - 
(in mol L.') for the 12-6-12 gemhi nufactant in aqueous polymer solutions at 2S°C. 
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4 2 3  'HNMR 

As stated previously, the chemical shift of the N-methyl protons of the gemini surfactant 

was measured (relative to &O) for several systems. Plots of the chemical shift as a fimction 

of inverse swfkmt concentration for the 12-3-12 and 12-6-12 mfictants in &O and in 

various poIymer solutions (in &O) are shown in Figures 4.234 to 42.3-4. &O was used as 



a solvent for the NMR studies instead of water to minimizt complications arising h m  

solvent suppression routines. The cmc values obtained h m  the break in the chemical shift 

plots are 0.67 and 0.75 mmol L-' for solutions of the 12-3-12 and 12-6-12 surfactants, 

respectively. These values are lower than those obtained from &e tension and 

conductivity measurements; however, this is primarily due to the natufe of D20 as compared 

to water. Decreases in the cmc have been observed h m  specific conductance 

measurements, along with corresponding increases in the aggregation number, observed from 

light scattering, for surfactants in &O as compared to water.[37 These variations have been 

attributed to small differences in the nature of hydrophobic interactions in water as compared 

to &O. In addition, small angle neutron scattering studies of Ci6TA8/Dz0 systems have 

shown that the d a c e  of the Cr6TAB micelles in D20 are "drier" than the surface of 

corresponding micelles in aqueous solution. 

Similar plots obtained for the ternary systems containing PEO, PPO (M.W. 725) and F68 

do not show any substantial deviations h m  results obtained for the binary surfktant-water 

systems. However, the plots obtained for PPO (M.W. 2000), PI03 and FI08 do show 

deviations from the aqueous d a c t a n t  behavior at low sltrfactant concentrations. These 

deviations are simiIar to d t s  obtained h m  conductivity measurements in that no well- 

dehed breaks are obsenred in the chemical shift plots. 



Fi ire  4.23- 1: 'H NMR chemical shifts for the N-methyl protons of the 12-3-12 gernini 
surfactant as a W o n  of slrrfactant concentration in &O solutions of a) PEO, b) PPO 
(M.W. 725), and c) PPO (M.W. 2000). 

0 Aqueous 
02%PEO 
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P I  42.3-2: NMR chemical shifts for the N-methyl protons of the 12-3-12 gemini 
surfaEtant as a action of dactan t  concentration in solutions of a) P103, b) F1 08, and 



Figure 4.23-3: 'H NMR chemical shifts for the N-methyl protons of the 12612 gemini 
surfactant as a function of surfactant coLlcentration in D20 solutions of a) PEO, b) PPO 
(M.W. 725), and c) PPO (M.W. 2000). 

Aqueous . 02%PEO 

C) Aqueous 

i 0.05% PPO 2000 



Figure 4.234. 'H NMR chemid shifts for the N-methyl protons of the 12-6-12 gemini 
dactant as a kction of slrrfactant concentration in &O soIutions of a) P103, b) F108, and 
c) F68. 
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4.2.4 Fluorescence studies 

43.4.1 Vibronic intensity ratios of pyrene 

The 11A3 viimnic intensity ratio of pyrene was measured in aqueous solutions of the 12- 

3-12 and 12-6-12 surfactant, and in ternary aqueous solutions containing polymer. The 

results are presented in Figures 4.2.4-1 and -2. The cmcs obtained for the 12-3-12 and 12-6- 

12 h m  this method are 0.97 mmol L-' and 1.10 mmol L', respectively, and agree well with 

those obtained h m  specific conductance (0.98 and 1 .O9 mmol L-I) and d a c e  tension (0.89 

and 0.96 mmol L"). The value of the 11A3 ratio in the micellar phase was found to be 1.42 

for both surfactants. This value is somewhat tower than the value of 1.48 obtained for both 

surfactants in aqueous solution and close to the value of 1.41 obtained for DTAB in aqueous 

solution by Zana et al.38 

Figures 4.2.4.1-1 and -2 do not indicate any significant differences between the cmc 

values for either surfactant in water and aqueous PEO, PPO (M.W. 725 and 2000), and F68 

solutions. However, there is evidence of some interaction between the gemini dactant  

micelles and these polymers as the environment sensed by pyrene is seen to decrease in 

polarity (with the possible exception of PPO (M.W. 725). The post-micellar 1,/13 values are 

listed in Table 4.2.4.1-1. The results for both 12-3-12 and 12-6-12 with PI03 and FlO8 are 

more complex (c-f. Figures 4.2.4.1-1 and -2 b) and c)), with the results for systems 

containing 0.05% F108 showing clear evidence of a CAC of 0.57 and 0.72 mmol L-', for the 

12-3-12 and 12-6-12 surfactants, respectively. As the concentration of FlO8 is increased the 

critical concentration appears to approach the value of the cmc for the aqueous surktant 

solution (although the nature of the curve now makes a determination of the critical 



F i  4.2.4.1-1: Ratios of intensities of the f3st (I1) and third (I3) ~~'bronic peaks for pyrene 
in solutions of the 12-3-12 gemini mdktant in a)PEO, PPO (M.W. 725), and PPO (M.W. 
2000), b) P103, c) F108 and d) F68. 
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Figart 4.2.4.1-2: Ratios of intensities of the first (I1) and third (I3) vibrouic peaks for pyre= 
in solutions of the 12-6-12 gem. surfactant in a)PEO, PPO (M.W. 725), and PPO (M.W. 
2000), b) P103, c) F108 and F68. 

1.8 - 
b) Aqueous 

1.7 - 0.05% PI03 
A 0.1% el03 
v 05%P103 

1.6 - 

Surfactant concentration (mmol L*') 

:) Aqueous 

0.05% FIOt 
4 0.5% FlO8 
v 1.o%FlO8 

0.000 1 0.00 I 0.01 0.000 1 0.001 0.0 

Sd'imt concentration (mmoI L-') ~lrrfactant concentration ( m o l  c') 



Table 4.2.4.1-1: Post-micellar values for the vl'bronic intensity ratio ( I ~ f l 3 )  
of pyrene in aqueous mixed suhcmt-polymer systems. 

12-3-12 12-6-12 
Pokymer 1143 Polymer I1R3 

1.42 None 1.42 None 
0.2% PEO 
0.2% PPO (M.W. 725) 
0.05% PPO (M.W. 2000) 

0.2% PEO 
0.2% PPO (M.W. 725) 
0.05% PPO (M.W. 2000) 

0.05% PI03 
0.1% PI03 
0.5% PI03 

0.05% FlO8 
0.5% F108 
1.0% F108 

0.05% F68 

concentration more difficult); however, the low value of the [,/I3 ratio clearly indicates an 

interaction between the mdktant micelles and the polymer chain. The results obtaiaed for 

PI03 do not indicate a CAC. However, the low initial values of 11/13 for pyrene suggest that 

it is located in a more nonpolar region, even before micellization of the gemini dactants  

starts to occur* 

4.2.4.2 Mean aggregrtion numben 

Fluorescence decay curves were obtained for the 12-6-12 gernini surfactant in aqueous 

polymer soluitions at various surfiactant concentrations. The decay curves were fit to 

w o n  323.1-1 (assuming immobile probe and quencher) and values obtained for ko, h, 

and Ti are given in Appendix D-11 along with the sllrfactant and qwncher concentrations 

studied Mean aggregation numbers were calculated from Equation 3.2.3.1-2 using the cmc 



Figare 4.2.4.2-1: Mean aggregation numks for the 12-6-12 gemini su fhmt  in a) 
aqueous polymer, and b) aqueous Pluronic sohtions. 
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obtained for the mixed surfactant-polymer sohtion (cX Table 5.2.1-2) and are also included 

in Appendix D-11. Figure 4.2.4.2-1 illustrates the behavior of N- as a fimction of surfactant 

concentration, along with the effect of added polymer. It is observed that the addition of a 

ne- polymer to the surfactant solution of h e d  concentration results, g e n d y ,  in a 

demase in the aggregation number of the d t i n g  micelles in solution. The addition of 

PEO results in, unexpectedly, an apparent increase in the mean aggregation number of the 

!iu&xmt. 

43.5 Apparent Molar Volume Studies 

4.2.5.1 Studies at 2S°C 

Measurements of the apparent molar volumes of the 12-3-12 and 12-6-12 gemini 

surfactants were made in the presence of fixed concentrations of PEO, PPO (M.W. 725 and 

2000), P103, F108, and F68. Plots of the apparent molar volume as a function of surfactant 

concentration are shown in Figures 4.2.5.1-1 and -2. No significant diffkrences are 0bse~ed 

between either 12-3-12 or 12-6-12 in water and in PEO, 0.05% F108, and 0.05% F68. 

Increases in V6 are observed for the surf'actants in soIutions of 0.2% PPO (M.W. MS), 0.05% 

PPO(M.W. 2000), P103, and higher concentrations of F108 and F68. Large and unusual 

deviations are observed for polymer concentrations of 2.0%. In an effort to gain further 

information about the reason for these deviations, studies of V+ as a function of temperature 

were undertaken for the 12-3-12 surMant in 2.0% P 103, Flog, and F68. 



Figure 4.25.1-1: Apparent molar volume (V,) as a fimction of ndktant mll~e~ltration for 
the 12-3-12 gemini d a c t a n t  in aqueous solutions of a) PEO, PPO (M.W. 725), PPO (M.W. 
2000), b) P103, c) F108, and d) F68. Solid Lines are fits to the pseudo-phase model, dotted 
Iina are to assist with visusrlization. 
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F ' i  433.1-2: Apparent molar volume (V+) as a function of ndwtant concentration for 
the 12412 gemini sdhdant  in aqueous solutions of a) PEO, PPO (M.W. 725), PPO (M.W. 
2000), b) P103, c) FlO8, and d) F68. Solid lines are fits to the pseudo-pbase model dotted 
lines are to assist with visualization. 
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42.52 Temperature Dependent Studies 

The specific conductivity and apparent molar volumes were measured at fixed surfactant 

and polymer concentrations as a fimction of temperanve. Figures 4.2.5.2-1, -2, and -3 

i l l m e  the apparent molar volume and specific conductance of the 12-3-12 gemini 

surfactant in 2.0% P103,2.0% Fl08, and 2.0% F68, respectively. 

The observed maximum in the apparent molar volume of the dactant, as well as the 

transition observed in the specific conductance of the solutions, occur at the same 

temperature as the critical micelle temperahue (cmt) for solutions of aqueous PI03 and 

F108.138 The Pluronic F68 does not exhiit a cmt in the temperature range studied, hence 

one observes no transition in either the apparent molar volume or in the specific conductance 

for the 12-3-12 surfactant. The cmt values for aqueous 2.0% Pluronic solutions were 

obtained h m  measurements of the apparent specific volume (Vwfic, cm3 g") according to 

where w and wo are the weight ratio of the solute and solvent, respectively. Plots of V4mc 

as a function of temperature for the 2.0% Pluronic solutions are shown in Figure 4.2.52-4. 

Cmt values obtained fiom VwC for 2.0% Pluronic solutions were; 20°C for 2.0% P103, 

30°C for 2.0% F108, and no observable transition for 2.0% F68. These transitions suggest a 

segregation of the sltrf~~tatlt and polymer molecules into two types of aggregates in solution 

and will be discussed in more de td  in $523. 



Figure 42.52-1: Specific conductance (circies) and apparent molar volume (squares) as a 
function of temperature for the 12-3-12 gemini d t a n t  in aqueous 2.0% P103; a) 5 mmol 
kg-' 12-3-12, b) 10 mmol kg" 12-3-12, c) 20 mmol kg-' 12-3-12. FilIed symbols are for 

0 10 20 30 40 50 60 0 I0 20 30 40 50 60 

Temperature ( OC ) Temperature ( O C  ) 
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Temperature ( OC ) 



4253-2: Specific conductance (circles) and apparent moIar volume (squares) as a 
fimction of temperatute for the 12-3-12 gemini sdktaut in aqueous 2.W F108; a) 5 mmol 
kg-' 12-3-12, b) 10 mmol kg-' 12-3-12, c) 20 mmol kg-' 12-3-12. Filled symbols are for 
aquesus 10 mmol kg" 12-3-12 for reference. 

0 10 20 30 40 50 60 0 10 20 30 40 50 60 
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F i  42.52-3: S@C conductance (circles) and apparent molar volume (squares) as a 
fimction of tempemme for the 12-3-12 gemini surfkmt in aqueous 2.0% F68; a) 5 mmol 
kg'' 12-3-12, b) 10 mmol u' 12-3-12, c) 20 mmol kg'[ 12-3-12. Fied symbols are for 
aqueous 10 mmol kg*' 12-3-12 for refmce. 



F i  433.2-4: Apparent specific volume for aqueous 2.0% Pluronic solutions as  a 
function of temperature. 

Temperature ( OC ) 

42.6 Equilibrium Dialysis Studies 

Surfactant concentrations in both sides of the dialysis ceU were determined using the 

colorimetric titration method described in 93.3.6. The binding ratios of surfactant to 

polymer, y (in mmols of surfactant per gnun of polymer), were calculated according to 

Equation 3.2.4-6 and are plotted as a fimcdon of equilt'brium dactant concentration, 

[ S u r f i t ] , ,  in Figures 4.2.6-1 to -3. The presence of the neutral Pluronics in the solutions 

was found to have no influence on the determination of the surfactant concentration. 

Because of the low molecular weight cut-off of the dialysis membrane (3500), experiments 

could only be performed with polymers above that molar mass, i.e., PEO, P103, F108, and 

F68. It was determined that no interaction occurred between the 12-3-12 surfactant and PEO 

and F68. 



The results obtained for PI03 and F108 clearly show that interactions between the 

gemini surfactants and the Pluronics are weak in nature, and the mechanism for the 

interaction is apparently different for PI03 as compared to F108. A non-cooperative 

interaction is observed between 12-3-12 and P 103 as indicated by the linear nature of the 

binding isotherm (below the cmc).80%'39 The interaction between F108 and the 12-3-12 

gemini surfactant is more characteristic of a surfactant-polymer interaction, with no 

interaction observed below surfactant concentrations of approximately 0.5 mmol L' 

'.71~82*84%140 The dialysis results are complicated by the weak nature of the interaction and 

the dominance of micelle formation on the dac tan t  side of the dialysis chamber. A 

comparison of results obtained for the 12-3-12 and 12-8-12 surfactants in 0.05% PI03 does 

show a change in the apparent interaction mechanism as the length of the spacer group is 

increased and the interaction begins to resembie that for the 12-3-1X108 system. 

Figure 4.2.6-1: Equilibrium dialysis results for the 12-3-12P103 system plotted as 
millimolw of surfactant per gram of polymer, y, versus the equilibrium 12-3-12 
concentration, [I 2-3-12Iq at 0.05%, 0.1% and 0.5% P 103 concentrations. 

Free surfactant concentration (mmol L") 
- - 0 - -0.05% PI03 - 0.1% PI03 - -h 05% PI03 



F i i  4.2.6-2: Equilibrium dialysis results for the 12-3-lUF108 system plotted as 
millimoles of surktant per gram of polymer, y, versus the equilibrium 12-3-12 
concentration, [12-3-12], at 0.05%, and 0.5% F108 concentrations. 

Free surfactant concentration (mmol L-') 
+ 0.5% F108 B O.OZ%FlOS 

Figure 42.63: Equilibtium dialysis results for the 12-3-12/0.05% Pluronic systems plotted 
as millimoles of sllrfhctant per gram of polymer, y, versus the equilibrium 12-3-12 
concentration, [12-3-12],. Also incIuded are results for the 12-8-12/0.05% P lo3 system for 
comparison. 

Free surfactant wncenhation (rnmol L*') 
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5. DISCUSSION 

5.1 Binary sufictant - water systems 

The study of the b i  gemini mfactant systems was undertaken for two main reasons; 

the first to confirm and expand upon results previously reported in the literature and, the 

second, to provide a firxu basis of comparison for the study of the ternary dtant-polymer 

systems. As a resdt of the second of the above considerations, studies of binary gemini 

surfactant systems were limited to lower concentrations than were used in some of the 

. . 
previously reported studies, particularly for the mean aggregation number -om. 

An increase in the surfactant concentration is known to bring about changes in aggregate 

morphology in some surfactant systems. Generally, there is a change fiom spherical micelles 

at low concentrations to less symmetrical aggregates as the concentration is increased. 

Additionally, with one exception36, there have been no studies of the volumetric 

behavior of gemini surfactants in aqueous solution. Thedynamic methods have been 

shown to be an effective means of studying the micellization process of surfactants in 

aqueous solution and can provide information regarding specific solute-solute and solute- 

solvent interactions. As a result, a more comprehetlsive volumetric study of gemini 

surfactants was initiated, and the results obtained are correlated with the results obtained 

h m  other experimental methods. 



5.1.1 Critical micelIc concentrations 

cmc values obtained fiom both the specific conductance and surface tension 

measurements show good agreement. Where possible, results were compared with those 

previously reported and found to be in excellent agreement.3f33,M The cmc values for the 

homologous series of m-3-m gemiai sdk tmts  show (Figure 5.1.1-1) the expected linear 

decrease in log cmc with i n d  -1 tail length. When compared with the same series of 

m-6-m surfactants (valws for 8-6-8, and 16-6-16 &om reference 33, and 10-6-10 h m  

reference 32) and the corresponding series of monoquatemary ammonium surfactants 

(values h m  reference 141) one sees a larger(negative) slope for the m-3-m series. If one 

recalls that the Gibbs energy for the transfer of a mrfkcmt h m  aqueous solution to the 

micellar phase is related to the cmc for the gemini mrfhctmts according to 

AGO, = (3 - 2a)RT In CMC 5.1.1-1 

(approximating activities with concentration), then it is possible to obtain valws for the fiee 

mngy tratlsfer per methylme unit, AG~:(CH~ h m  the log cmc vs. nc plots. These values 

are summarized in Table 5.1.1-1. Similar calculations have been reported previously by 

Zana et a1.33; however, in their treatment they did not consider the ionic nature of the 

surfactant, and as such their values for AGOh, will differ h m  the d t s  obtained in this 

work by a factor of (3-2a). Both the m-3-01 and m-6-m surfactant series show a larger fiee 

energy of transfer which, as will be shown later in the discussion, arises from constraints 

placed upon the aggregates by linking two su&ctant monomers at a distance closer than the 

equilibrium distance between monomers in micelles formed of the corresponding mono- 

quaternary ammonium smfacfmt. This &t is difkmt h m  that of Zaaa et a133 



Figure 5.1.1-1: Semi-logarithmic plot of the cmc (fiom specific conductance) as a function 
of the alkyl tail length (nc) for the aqueous gemini suhctants (s = 3 circles, s = 6, triangles). 
Also included are data for the conesponding aIkyltrimethyhmonium surfactant (squares). 

4 
Figure 5.1.1-2: Semi-logarithmic plot of the cmc as a function o f  the spacer chain length 
(w) for the aqueous gemini szrrfactants (rn = 22). 



Table 5.1.1-1 Free energy of transfer per methyhe unit from 
aqueous solution into the miceIlar phase for different smhctants 

s a t  series A G ~ ~ ( C H ~ )  
kJ mol" 

CmTAB -3.00 
m-3-m -5.82 
m-6-m -4.58 

12-S-12 (S 2 10) -0.73 

who found that AG~~:(c&) shows no significant dependence on surfa~tmt m. It 

should be noted that as the length of the spacer is increased, the Gibbs energy of transfer 

approaches the value for the corresponding series of singie tail surfactants. 

The observed variation of the cmc with inmasing s (spacer chain length) is more 

unusual than that observed for increasing the dkyl tail at a fixed value of s (Figure 5.1.1-2), 

in that it does not vary in a Linear fitshion. The cmc is absented to increase for spacers of 2 1 

s l  4 followed by a decrease in cmc for Ionger spacers. M y  for spacers 2 10 methylene 

units in length does the cmc begin to decrease in the linear fashion associated with the 

increasing length of the alkyl tail of a traditional single tail - single head group surfactant. 

Similar behavior has been observed with the alkyldimethyldodecyl ammonium bromide 

surfactants, C12H2s(Cm*HM+t)N'(CH3hBr-, which show a graduai decrease in cmc for my = I 

- 3, after which the cmc decreases in a linear fhshion with increasing my.127 The Linear 

decrease of the cmc was attributed to the incorporation of the second allcyl chain into the core 

of the micelle. 

While there is genemi agreement amongst a u h r s  that the Linear decrease in log cmc for 

large s occurs for reasons described above,32J339 the observed maximum in the bg cmc plot 



has yet to be satisfactorily explained It has been mggested that the increase in the cmc 

arises from conformational effects in the spacer as s is increased.33 A preferential cis 

conformation (with respect to the alkyl tails) or the monomers in solution would dlow for 

some contact between the akyl tails thus increasing the value for AG',~, which would result 

in a larger value for the cmc. Alternative arguments consider the location of the spacer group 

to be restricted (except for the cases of large s) to the surface of the micelle. Under these 

conditions a longer spacer will affect the packing of the spacer at the miceile surface, thus 

impeding micelle formation to a degree and resulting in an increase in the cmc.59 Results 

obtained in this study fiom determinations of the head-group area, mean aggregation number 

and isothermal volume change upon micelle formation suggest that the latter argument is 

more likely to be the case. These results will be discussed in detail in $5.12, 5.1.3, and 

5.1.4, respectively. 

5 . 1  Heid-group arm 

A plot of the head group area for the 12-s-12 series of surfactants as a fitnction of the 

number of carbon atom in the spacer chain reveals that the head group am goes through a 

maximum at approximately s = 10, as shown in Figure 5.1.2-1. The maximum has been 

attributed by previous authors3S to the conformation of the spacer chain at the &-water 

interface. For short spacer chains, s l  10, the spacer is thought to lie M y  extended along the 

air-water interface. As the length of the spacer is inmami, it becomes flexiile enough so 

that it can reduce the unfavorable hydtocarbon-water contacts by extending into the air, as 

depicted in Figure 5.12-2. 



Figun 5.1.2-1 Head group areas, calculated from Equation 3.2.1-6, as a function of the 
carbon number for the spacer chain for the 12-9-12 series (O), and as a function of the alkyl 
tail ien@ for the m-3-m series (0). 

F i  5.1.2-2: Schematic of the spacer chain conformation for the gemin. surfactants at the 
air water interface. 
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The morphology of the spacer group at the air-water interface, and the implications this 

has for the aggregate formation process in the bulk solution, have been discussed in some 

detail h m  both an experimental and theoretical view-point, AIami et al. have considered the 

principal driving force for the folding of the spacer group into the air side of the interface to 

be the increased hydrophobicity of the spacer group for s 1 10.35 As observed in Figure 

5.12-1, the maximum occurs over a m w  range of s values and this is attributed to the 

rapid increase (by approximately a factor of 3 per methylme group) of the partition 

coefficient of an alkyl group between air and water. However, the results of a theoretical 

study suggest that the hydrophobicity of the spacer is not so important when considering the 

observed behavior of the spacer at the air-water interface, rather the specific hydrophilic- 

hydrophobic interactions between surfactant monomers and the length, flexibility and 

composition of the spacer chain are the determining f~ctors.50$1 Unfortunately, there have 

been no experimental studies that have confirmed Diamant et al.'s hypothesis. As a result, 

spacer chain hydrophobicity in combination with electrostatic repuision between the cationic 

centers of the surfactant molecule are the genedy accepted explanations for the observed 

variation in head group areas for the 12-s-12 series of gemini dactants. 

It is important to note that the absoIute magnitude of the head p u p  area is not Likely to 

be the same at the micelle-water in- as compared to the air-water intertiwe, particularly 

in light of the difference between the planar air-water and the curved micelle-water interface. 

Nevertheless, trends observed in the head group areas obtained h m  d i c e  tension 

measurements are likely to be observed at the miceIle-water: interface. To this end, Menger 

et a1.59 and De et a138 have rationalized the conformation of the spacer chain, i-e., I l ly 



extended or folded, in terms of the eqdi'brium separation between the charged ammonium 

centers in the gemini mfiactant head group. Menger et al. determined from MM2 

calculations that the energy 
. .  . d separation for the 18-s-18 series of surfactants (s = 3, 

4,5) is less thaa the equilibrium separation between head groups in CTAB micelles (7.9 A). 

This provides additional evidence that the spacer will lie fully extended at the micelle-water 

interlice until its length is larger than this equilibrium separation. For the 16-s-I6 series of 

surfactants (s = 5, 6, 8, 10, 12) the equilibrium sepovations determined by De. et al. h m  

small angle neutron scattering (SANS) data seem somewhat large. They predict that the 

spacer should begin to fold into the micelIar core for s = 5, which is not consistent with either 

Menger's calculations or with experimental observations from d a c e  tension measurements. 

The head group area obtained for the 12412 mhtant  (1.8 nn? molecule") Lies close 

to the value obtained for the 12-8-12 d ' t  (1.82 nd molecule'). If one considers that 

the benzene ring can be approximated, generally, as being equivalent to 3 - 3.5 methylene 

units in length, then the p-xylyi spacer is equivalent to approximately 5 - 5.5 methyIene 

units. The larger head group area obtained for the pxylyl spacer as compared to an alkyl 

spacer of similar length may reflect the h c t  that the aryl spacer is less hydrophobic (due to 

interactions between water and the pi electron ring of the xylyI group) than the corresponding 

dcyl spacer, as is expected.l42 AItemativeIy, the discrepancy may be an indication of 

differences in the packing arrangement of the cortesponding smfactants at the &-water 

interface, consistent with the theories presented above. The trend in the head group area with 

increasing length of the alkyl spacers, combined with the result obtained for the p-xyiy1 

spacer, indicate that the spacer only begins to be incorporated into the core of the micelle at 



longer spacer length, consistent with the resuhs obtained fiom specific conductance. The 

implication of this result is that efforts to investigate the effect of rigidity in the spacer on the 

micellization properties of gem* surfactatlts will likely prove fiuithl only for spacer groups 

whose overall length is greater than that for an equivalent alkyl cbaia of 8 - 10 methylme 

units in length. 

The data for the in-3-rn series has been previously expIained in tetms of the manner in 

which the aikyl tails remove themselves h m  the water surface at the air water interfhce. It 

has been suggested that longer, more flexible tails may give rise to increases in the head 

group area as they collapse or tilt towards the water slrrfa~e.l3~ While this theory can 

explain the observed increase in the head p u p  area for the 16-3-16 surfactant as compared 

to the 12-3-12 surfitant, it does not explain the higher values for the 8-3-8 and 10-3-10 

dacmts, which h m  the above reasoning should be lower than that for the 12-3-12 

surfactant. The high value for the head p u p  area obtained for the 8-3-8 strrfactant was 

attniuted to the hygroscopic nature of the 8-3-8 surfhat, which served as an indication that 

the hydrocarbon tails of this srnfactant are easily wetted.134 This could give rise to an 

apparent increase in the head group area for such a case. it is important to note that activities 

were not considered in the above treatment and, wide such an assumption is reasonable for 

surfkwts having a low cmc ( a L mM or less), it is less reasonable for the 8-3-8 and 10-3- 

10 surfactants which have cmcs of 54 and 6.10 mM, respectiveiy. CaIculations of head group 

areas using activity instead of concentration (assuming application of the Debye-Hfickel 

limiting law to estimate the activity coefficient) were made and the results arc given in Tabk 

5.1.2-1.142 The use of the Debye-Hilckel Iimiting law for the m = 8 and s = 3 gemini 



compou~td, which has a relatively large cmc, is only to provide a basis for comparison with 

other srrrfactants in each series. An extended form of the Iaw should be applied but the 

absence of fitting parameters for this salt precluded its use. It can be seen from Table 5.1.2-1 

that the inclusion of activities in the calculation of the head p u p  areas dramatically lowers 

the h a d  group area for the 8-3-8 and 10-3-10 surfactants, bringing the results in line with the 

expected behavior descnkd above. The inclusion of activities was observed to have no 

effect on the location of the maximum in the head group area as a function of spacer chain 

length for the 12-s-12 series of surfactants. 

Table 5.1.2-1: Head mup areas calculated with (a) and without fi) . . 

consideration of acti&es ibr the m-3-m series of ic&hi surf~ctants. 
Srttfa~tatlt aJ (d molecule") a" (d molecule*') 

16-3-16' 1.21 1 .02 
based upon data h m  refheace 134 

A plot of the mean aggregation numbers h m  Table 4.1.3-1 as a function of spacer chain 

length for the 124-12 series of surfxtants shows a broad minimum is o b w e d  at s = 8, 

(Figure 5.1.3-1). Comparison of the results obtained in this work with those obtained 

previously by Daaino et a1.3' for the 1 2 4 2  su&tauts is i s d t  due to the way in which 

their data is presented. in their studies, measurements were made at a number of 

concentrations, all of which are greater than the c o n c d o n s  used in this work A general 

observation is that, for al l  of the surfbants studied, the aggregation numbers extrapolate to 

values between 20 and 25 at low surfatant concentration as s varies b m  10 to 3. These 



Figwe 5.1.3-1: Mean aggregation numbers (Na for the 12-5-12 series (O), and the m-3-rn 
series of gernini surfactants (0). 

vdues correspond to approximately 40-50 dodecyl chains per micelle, a value which was 

found to be in agreement with results obtained for the corresponding alkyldimethyl- 

dodecyiamrnoniurn bromide surfactants. As well, it was noted37 that the resdts obtained are 

in good agreement with the value of the aggregation number (N, = 55) predicted by 

Tanfordl6f 0 for dodecyl chain surfactants independent of the type or nature of the strrfactant 

head group. However, these results are not in agreement with results obtained in this work, 

for which the aggregation number is observed to decrease to a value of 11 for the 12-8-12 

The appearance of a minimum in the mean aggregation number at s = 8 has previously 

been observed by De et al. They obtained aggregation numbers for the 16-s-16 series of 



surfsctants at 50mM surf&ant concentrations, well above the cmc for these -ts, fiom 

SANS measurements.48 The minimum in the aggregation number was rationalized in terms 

of the aggregates becoming more spherical in nature (less ellipsoidal) as the length of the 

spacer was increased Also, similar to results obtained in this work, the aggregation numbers 

for the s = 8, 10, and 12 of the 16-s-16 series of surfilctants were found to be well below the 

value of 95 predicted by Tanford's equations for hexadecyi chain surfactants? 

If one considers the argument made that the spacer lies lily extended at the &ace of 

the micelle, then the d a c e  area avdable at the micelle-water interfiace to an additional 

surfactant molecule decreases as the length of the spacer is increased. This means that in 

order to maintain a spherical aggregate as the length of the spacer chain is increased, i.e., an 

increase in the head group area, then geometry requires that the aggregation number decrease 

in order to maintain a spherical structute. Once the spacer becomes longer than the 

equihium distance between corresponding monomer surfaftants at the micelle-water 

interface, and flexible enough to foid into the core of the micelle it will fold into the core of 

the micelle. This will in turn give rise to increases in the aggregation number, particularly if 

the spacer group is long enough so as to act as an additional alkyl tail resulting in vesicle 

formation, 

The values obtained for the aggregation numbers of the m-3-rn series of surfactants are 

consistent with those obtaiued for the corresponding singIe head group mfactants as shown 

in Table 5.13-1. The observed increase in consistent with that predicted by Tanford's 

equations and the micelles formed at low concentrations a p p r  to be spherical in nature for 



all values of m, It should be noted here that these results do not agree with previous 

observations of thread-like morphologies for the aggrega?es formed by gemini surfactants 

having alkyl spacer chains of 2 or 3 methylene units in len&27J7*48 However, results from 

studies previously reported have generally been for systems at signiticantly higher surfactaut 

concentrations, which can result in morphological changes. 

Table 5.1.3-1: Mean aggregation numbers for the m-3-m gemini and &TAB surfactants 
Gemini Sdactants C,TAB Surfactants 

Surfactant N, CWmicel le  Surfactant N- 
8-3-8' 12 24 C~TAB' 23 
12-3-12 23 46 c  TAB^ 57 
16-3-16a 40 80 C 1 6TMc 83 

' fiom reference 134 
h m  reference 143 
h m  reference 144 

5.1.4 Apparent molar volumes 

A comparison of the resuIts of the fit of the eXperimentaI apparent molar volume (AMV) 

data for the 8-3-8 gemini surfactant to both the pseudo-phase separation model and the mass 

action model show good agreement. The vaIues of the isothermal volume change due to 

micelle formation are 8.8 an3 mol-I and 8.3 an3 mo~', respectively. The observed difference 

between the values of and VI, (435.4 and 437.0 em3 mol", respectively) is consistent 

with the relatively high value of the cmc. The sdhctant is expected to follow Debye-Hkkel 

behavior for dilute electrolyte solutions below the cmc and therefore the apparent molar 

volume will increase in the pre-micellar region according to 

X V,=V'+A,~ +B,rn+.-. 5.1.4-1 

where Av and Bv have been d e h d  previously in $2.22. The difference between vM (mass 

action model) and Vw (pseudo phase model) values (444.8 and 1145.8 cm3 mol", 



respectively) is small, though outside the error for experimentally determined data points at 

high surhctmt concentrations (A 0.02 an3 morl). This may be due m the neglect of 

consideration of interactions between miceUes in the psuedo-phase separation model. 

However, it is important to note that to simplify the simulation procedure, the parameter CV 

in Equation 4.1.4-2 which accounts for interactions between ~icelles in the mass action 

model, was fixed at 1.0 cm) kg molJ and may not accurately represQt interactions between 

micetles above the cmc. 

Due to the low values of the cmc for the remaining dactants, experimental data were 

fit only to the pseudo-phase separation model. Experimental data for the 12- 12-1 2 and 12- 

16-12 compounds could not be fit to the pseudo-phase model due to a lack of experimental 

data in the concentration range cmc to 1 x 1w3 mol kg". As a result, Vw was obtained from 

the plateau region of the apparent molar volume curve, and V*,, was obtained from the 

additivity method described below. The isothermal volume change due to micelle formation, 

AVw, for these two dactants  was then estimated as the difference between V** and 

V+,. For the 12-2-12 to 12-10-12 surfhctants, Vh, was calculated h m  values of Vw 

and AV4M obtained fmm the fit to experimental data. As a result of the Iow values of the 

cmcs for the 12-s-12 series, Vh, can be assumed approximare1y equal to 9 and the values 

of Vhm compare well with values of calculated using additivity methods described 

below. 

The apparmt molar volume of the sm$eram at infinia dilution, r Vk-, can be 

eshated using additivity m e .  Two methods have been applied, the ht proposed by 



Friadi et 4.36 was applied previously to the 8-6-8 gemini slrrfactant, and the second, 

developed in this study142, is based upon group contribution data from Gianni et a1.145 The 

h method (hereafter ref'md to as method 1) considers the partial molar volume of the 

gemini monomer as  consisting of contriiutions firom the corresponding monoquaternary 

surfactant ~(c,,TM, n = 8, 10, 12, or 16) and the partial molar volume contrr'buti011~ h m  

the appropriate number of methylene groups (V'(CH~) = 15.8 cm3 mol-'145) and hydrogen 

atoms (VOo = 10.7 cm3 mol-'36) according to the relation 

V~(~-~-~)=~~V~(C,TAB)-~XV~(H)+(S-~)XV~(CH~) 5.1.4-2 

The values of Tf' for C W  (225.1 cm3 mol-I), &TAB (256.9 cm3 mol-'1, and CuTAB 

(288.4 cm3 mol'l) were previously reportedl43 Tf' for C 1m was calculated by adding the 

contribution due to four additional methylene units (4x 15.8 cm3 mol") to the value of VO for 

C nTAB, giving 35 1.6 cm3 mol-' . 

The additivity method developed in this study (hereafter re fmd to as method 2) uses as 

input data the partial molar volume of the bolaform cation that corresponds to the head group 

of the dac t an t  and adds the contriiutions of the ally1 tails according td42 

where \ P B r  = 30.9 cm3 rnol''.I~ Values of VO for the bolafonn electrolytes were obtained 

from Gianni et a1.145 and a~ experimentally determined dues, except for the s = 2, and s = 

I2 ions. The partial molar volume for the s = 2 bolaform was calculated by taking the vaiue 

for the ethyienediamine cation (33.37 cm3 mol-'145), subtracting contributions for the -MI3' 

groups (2 x 0.80 an3 m01"145), and adding the contriiutions for the -N'(CH3)3 groups (2 x 



51.67 cm3 mol-'145) to obtain a value of 135.1 cm3 mol-'. The value for the s = 12 ion was 

obtained by adding the contribution of two <Hz p u p s  (2 x 15.8 cm3 mor') to the value for 

the s = 10 ion (272.2 cm3 mol") to obtain a value of 303.8 cm3 mol". Finally, an estimate of 

the value of the contribution for the (CH~)~N'~H~-C~H~-CH~-N'(CH~~ ion was obtained by 

subtracting the contn'bution of four methylene units from the value of VO for the s = 6 

bolaform cation and adding the contribution of the aromatic ring (equal to 62.4 em3 

mo1-'145). The value of 206.9 cm3 mol-I was then used in Equation 5.1.4-3 to obtain VO for 

the 12-41-12 gemini. The results of the additivity calculations are presented in Table 5.1.4-1 

dong with values of the apparent molar volume at the cmc obtained from fits of the 

experimental data to the pseudo-phase model. 

Table 5.1.41: Additivity and experimental volume data 
for a series of m-s-m gemini surlkcmts 

Chain Spacer V" V" vmc 
Length Length Method 1 Method 2 Experiment 

8 3 444.6 440.0 437.0 
10 3 508.2 503.2 503.5 
12 2 555.4 544.5 544.8 
12 3 571.2 566.4 567.3 
I2 4 587.0 583.0 584.2 
12 6 618.6 617.1 6 17.9 
12 8 650.2 652.7 651.8 
12 I0 681.8 681.6 682.5 
12 12 713.4 713.2 
12 16 777.0 776.4 
12 I 616.3 

The above results clearly indicate that the additivity method based on partial molar 

voIumes of the corresponding single tail (C,TAB) m h c m t s  is not appropriate for those 

slrrfactants possessing short spacer groups (s < 6). Significantly better agreement is obtained 

between experimental results and values caIcuIated using the additivity method developed in 

this study. This is not surprising as Gianni et al, reported that poor agreement was obtained 



between calculated and experimental partial molar volumes for molecules containing two 

functional groupsl45, such as two quaternary ammonium groups separated by short alkyl 

chains. This is the case for the bolaform electrolytes and the gemini surfactants. Additivity 

models assume that each group in the molecule interacts independently with the solvent. 

Clearly this assumption does not hold for -CHr groups adjacent to quaternary ammonium 

centers which show negative deviations in volume up to the P-carbon.145 In bifimctional 

molecules this effect is magnified due to the overlap of the regions of influence arising h m  

the substituents, particularly for small values of s, and the contriiution for a 4 H r  group 

would be expected to have a volume d e r  than 15.8 m3 mol-' in some instances. 

Therefore, by considering the volume contriiution due to the bolaform cation as opposed to 

calculating a contribution for the spacer based upon the contribution due to a single -CHr 

group, it is not surprising that one obtains better agreement with experimental remits. In 

addition, since the additivity method proposed here does not consider the effect of the 

ammonium centers on the methyl groups, which are effkctively relocated to the a, position of 

the alkyl chains, the underestimation for the volume contribution of these methyl groups may 

compensate for the overestimation of the -CHt groups a to the ammonium centers in the 

akyl tails. 

Figure 5.1.4-1 illustrates AVbM as a function of the spacer chain length for the 1 2 4 2  

series of surfactants. It exbiiits a broad minimum for surfactants with spacers between s = 3 

and 8. This minimum may be due to conformational changes in the spacer, as discussed 

previously to explain the o b w e d  maximum in the cmc as a function of spacer chain length. 

A preferential cis conformation for gemini su&ctant monomers in solution, in which 



Figure 5.1.44: AVw as a fimction of number of carbon atoms in the alkyl spacer for a 
series of 12-s-12 gemini surfactants (A)& included is AVw as a fimction of carbon 
number in the akyl chains of m-3-m gemini surfactants (a) and the corresponding n- 
alkyltrimethylammonium &actants o. 

there is contact between the two C,Hmt chains, would affect the sohation of the monomer 

surfactant. ConsequentIy, the overall changes in sohation as the surfactant enters the 

micellar form may be diminished, d t i n g  in a decreased AVw The large value of AVw 

for the 12-2-12 surfactant as compared to the 12-3-12 sur fhmt  may be indicative of this 

f a  since it has been established that, in the crystatline state, the 12-2-12 surEdctant esists in 

a ~m configuration (with respect to the alkyl tails) while the 12-3-12 surfactant adopts a cis 

conformation."- The near coastant value of for s = 3 - 8 (within f 1.1 cm3 mol-I) 

serves to provide additional confirmation for the argument made by Menger et d39 that 

shorter spacers, due to a lack of flexiiility, will be contined to the surface ofthe miceIIe, thus 



impeding micellization as a result of packing constraints at the micellar srnface. This also 

provides an alternative expianation for the moderate increase in the cmc observed for this 

spacer range since, due to packing considerations, a restriction of the spacer to the micellar 

surface will impede micelle formation. 

It is interesting to note ihu the value of AVW for the 12412 (10.7 cm3 rno~') does not 

correlate well with the values obtained for the 12-s-12 series. The slightly lower vdw of 

AVw is consistent with ttre reduced hydrophobicity of this spacer resulting in differences in 

the solvation of the pxylyl spacer as compared to the allcyl spacer. This was mentioned in 

$5.1.2 as a possible explanation for the high value of the head group area relative to similar 

length alkyl spacers. Alternatively, the observed difference in AVcM may be due to a poor 

estimate of for the gemini using the additivity method. Unfommately, without 

experimental volume data for either the 12-4-12 surfactant in the pre-micellar region (which 

cannot be obtained due to instrument limitations) or for the corresponding blaform cation, 

the correct interpretation remains elusive. 

As shown in Figure 5.1.4-1, vaIues of AVw begin to increase with increasing s beyond s 

r 8, corresponding to approximately the same spacer Iength that a decrease in the head group 

area occurs. As well, it is the region where the cmc decreases linearly with increasing spacer 

length. It has been shown pre~iouslyl~~ for a homologous series of C,TAB surfactants that 

the partial molar volume change due to miceUe formation behaves in a linear W o n  

according to 

AVM = AV* +AVWnc 5.1.4-4 



where AVim and AVm, are the contributions of an ionic head p u p  and a methylene goup, 

respectively. This can be explained by the fkt that as the Iength of the hydrocarbon cholin is 

increased the volume fraction of the hydrophobic core in the rnicelle also increases. 

Applying a similar analysis to the obsemed changes in AV+M with incfeaSing spacer length 

for the gemhi surfactants (s r 8), one finds that the volume contribution per methylene group 

added to the spacer is 0.65 f 0.07 cm3 mol". 'Ibis compares well with the value of 0.66 t 

0.08 cm3 morl obtained for the n-alkyItrimethylammonium bromide series of surfactants (n = 

8 - 16). These results fiuther confirm that the spacer is incorporated into the micellar core for 

longer spacer lengths. 

It is important to point out that the results obtained from the thermodynamic study of the 

volumetric behavior of the gemini surfactants are consistent with the results obtained for the 

cmcs and head group areas. If one considers that the calculated values of AVw reflect 

processes occurring in the micellar phase (a reasonable assumption since the additivity 

volumes give good estimates of the premicellar slrrfactant volumes), then AVw will be 

sensitive to changes in aggregate structure. If one considers the surfactant p a ~ m e t e r l ~ 8 - 1 ~ ~  

introduced in 82.1.3, which refates the shape of the micellar aggregates formed in solution to 

moIecular saucnrre, then the minimum in AVw and the observed maximum in head group 

area are consistent with aggregate morphologies as seen from cryo-TEM observations37. It is 

interesting to note that if one considers only the volume contribution due to the alkyl tails for 

the 12-s-12 series of gemini mktants (obtained b r n  Tanford's equation, c.f. Equation 

2.1.3-1) the morphology of the aggtegate predicted h m  the surfactant parameter (see Table 

5-1-42), for the surEactants with longer spacer groups, does not agree with experimental 



observations of vesicle formation, for s > 12.37J9 One therefore must consider that the 

volume of the hydrophobic portion of the molecule can no longer be predicted by Tanford's 

equation, as evidenced by the increasing values of AV4M with increasing s for the 12-s-12 

series of surfactants. These results, as well as the observed linear decrease of log cmc with 

increasing s for s > 8, provide confirmation tbat the spacer group is incorporated into the core 

of the micelle, resulting in saucnval changes in the micellar aggregates formed. 

Table 5.1.4-2: Calculated values for the &actant parameter, P, for 
the 124- 12 series of gemhi surfac&. 

Srrrfactant Surfactant Tail SlrrfBctant Tail Headgroup area PS Predicted 

(nd/molecule) (nm', 
12-2-12 0.700 1 A72 0.86 0.49 cylindrical 
12-3-12 0.700 f .672 1.1 1 0.38 ellipsoidal 
12412 0.700 1.672 1.15 0.36 elIipsoidaI 
12-6-12 0.700 1.672 1.58 0.26 spherical 
12-8-12 0.700 1.672 1.82 0.23 spherical 
12-10-12 0.700 1.672 2.28 0.18 ~pherical 
12-12-12 0.700 1.672 2.22 0.19 spherical 
12-16-12 0.700 1.672 1-54 0.27 spherical 

a b m  Equation 2.1 3-1 
b h m   don 2.1.3-2 

&om Equation 2.13-3 

Figure 5.1.4-1 also illustrates AVw for the Series of m-3-m surfactants, along with those 

for the corresponding &TAB surfactants. The observed values are larger (approximately 

double) for the gemini surfhmts as compared to the corresponding single head group 

surfactant, indicative of the Iarger volume W o n  for the hydrocarbon portion of the 

molecule. As observed for long spacer chains with the 12-s-12 series of surfactanis, the m-3- 

m gemini surfactaats also exbibit a hear behavior of AVw with -1 tail length (m), 

similar to that observed for the CmTAB mrktants. The contniution to AVw per methylene 



p u p  for the m-3-m slnfactants is 0.78 t 0.07 an3 m o ~ '  (as compared to 0.66 f 0.08 cm3 

morL for the GTAB surfactants) and the contribution due to the ionic head group is 2.9 f 

0.9 m3 mol-L (as compared to -1.4 i 0.9 cm3 mot-' for the C,TAB surf8ctants). The results 

suggest that the addition of a methylene group to each of the -1 chins in the m-3-rn 

surfactant series has an effect comparable to that of the addition of a methylene group to the 

alkyl chain of a traditional surfactant. This is somewhat surprising as one would intuitively 

expect that. by increasing the length of both alkyl chains in a gemini slnrfactaat, the effective 

increase in the volume W o n  of the hydrophobic core of the micelle would be 

approximately twice that observed for a traditional mono-quaternary ammonium surfactant. 

It may be the case that intramolecular interactions between the alkyl tails of the gemini 

decrease the magnitude of AV,, as compared to that for traditional surfgctants, again 

providing additional evidence for a cis conformation for the surfactant monomer in solution. 

The larger contriiution due to the ionic head groups is simply a reflection of the increased 

size of the head p u p  for the gemini dactants  as compared to the corresponding mono- 

quaternary ammonium &actant. 



5.2 T e r m  Swfactant-Polymer-Water Systems 

The results obtained for the ternary water-mdktant-polymer systems i n d i e ,  

generally, the subtleties of the interactions occurring in these systems. Small variations are 

observed in the properties studied, which (with the exception of NMR) are all macroscopic in 

nature and thus cannot provide information regarding specific molecular interactions. 

Nevertheless, some important conclusions can be drawn h m  the experimental data 

regarding the interaction hypothesized to occur between the gemhi surfactants and the 

polymers studied in this work. The discussion of the experimental results for the ternary 

systems will be divided into two main sections; I) the results for the gemini surfhctants with 

the parent PEO and PPO polymers, and 2) the results obtained for the gemini sufmtmts with 

the triblock copolymers. It is important to recall tbat PEO and PPO were chosen as polymers 

of interest as they are constituent components of the triblock copolymers. Therefore, any 

interaction observed to occur between the gemini surfactants and PEO or PPO provides a 

conceptual framework h m  which one can consider the more complicated gernini nufactant- 

milock copolymer systems. 

As well, the d t s  obtained for the ternary surfactantcopolymer systems first will be 

discussed in tenns of studies at 2S°C, and secondly, studies as a fimction of temperature. 

The studies at 25°C were carried out to evaluate the effect of varied copolymer 

concentrations on the aggregation process. The results of these studies, particularly the 

results obtained fiom apparent molar volume measurements, indicated that the morphology 

of the copolymer itseK specspeciticalIy self-aggregated or monomeric, may iufluence the 



interaction. As a result of these obsemttions tern- dependent studies were carried out, 

in order that the effect of the self-assembly process of the copolymer could be evduated. 

5.2.1 Interactions between gemhi surfactants md troditiond polymen at 2SeC 

5.2.1.1 Specific conductance studies 

Contrary to the general behavior of surfactant-polymer mixed systems outlined in 

Chapters 1 and 2, the results of the specific conductance for the mixed fllrfactant-pollper 

systems studied in this work do not show well defined break points corresponding to the 

onset of surfactant-plymer interaction (CAC) and the formation of fiee miceUes (C2). This 

is not to say that there is no evidence of interaction, indeed the decrease in the specific 

conductance for the mixed dimant-polymer systems relative to the aqueous surfactant 

system, as shown in Figures 4.2.1-1 to -4, is in itself evidence of an interaction. Specific 

conductivity curves as a function of increasing dactant concentration having a broad 

curvature have been found to be typical of mdktant-polymer systems in which the 

surfactant shows an interaction with the Generally, the 

cmed nature of the specific conductance profile observed for the mixed systems is a result 

of a higher degree of micelle ionization for poIymer bound aggregates. As such, 

detemhtions of a CAC and Cz are difficult.l03 The CAC is usually taken as the point 

where the conductivity c m e  for the mixed system first deviates from that for the aqueous 

surfactant, alone, and Cz is taken as the concentration where the two curves again become 

coincident. A close examination of the curves obtained for the traditional polymers (see 

Figures 4.2.1-1 to -3) reveals that sach a treatment is not feasible for the systems in this 

study. This is especially true when one considers the ratio of the molar concenagtion of the 



surfactant (at its cmc) to polymer, as given in Table 52.1.1-1. Examining the experimental 

data obtained for the ternary systems in Light of these ratios, it is observed that those systems 

having the lowest ratio show the largest deviation in the measured solution property, 

indicative of "stronger" interactions. This would preclude the formation of polymer bound 

aggregates in the traditional sense. 

Tabk 5.2.1.1-1: Sdactant to polymer molar ratios for the polymer 
concentrations used in this study 

Polymer Polymer Concentration [polymer] crndp] cmc/[p] 
(wW/o) (mol L") 12-3-12 126-12 

PI03 0.05 1.1 x lo4 8.5 9.5 
0.1 2.2 x 104 4.3 4.8 
0.5 1.1 x 0.9 1 .O 
2.0 4.4 0.2 0 2  

PEO 0.2 5.0 lo4 I .9 2.1 
PPO 725 0.2 2.7 x 10'~ 0.3 0.4 
PPO 2000 0.05 2.5 x lo4 3.8 4.2 

F68 2.0 2.3 x lu3  0.4 0.5 

The first point of interest in considering the specific conductance profiles is that both the 

12-3-12 and 12-6-12 mdktants behave quite similarly in aqueous polymer solutions. 

Neither surfactant shows any indication of interaction with PEO, while for the lower molar 

mass PPO polymer, both swfktants exhibit an u u d  increase in the specific conductance 

for the mixed solution at higher surfactant concentrations. The 12-3-12 surfactant shows a 

more characteristic interaction with PPO (M.W. 2000), although in the absence of well 

defined breaks. There appears to be no differentiation between the interaction of PPO (M.W. 

2000) and PPO (M.W. 725) with the 12-6-12 sllrfactant with both compounds 



showing an u n d  haease in specific conductance. The interaction becomes somewhat 

clearer by examining the relative specific conductance, K'/K, where K' is the specific 

conductance of the solution containing botb su&ctant and polymer, and K is the specific 

conductance of the corresponding surfactant sosolutian.151 Figures 5.2.1.1-1 a) and 6) 

iilustrate the effect of PEO and the two molar mass homolopes of PPO on the conductance 

of the 12-3-12 and 12-6-12 su&ctant, rqedvely. No interaction is observed between 

either 12-3-12 or 12-6-12 and PEO, as would be expected based upon previous studies of 

cationic surfircbnt-neutral polymer systems. The interaction of the 12-3-12 surfactant with 

the polymer shows up very cleariy for the 12-3-12/PPO (M.W. 2000), system with an 

immediate reduction in the specific conductance relative to the conductance of the binary 

surfactant system. A minimum is obmed to occur at a concentration approximately 

equivalent to the cmc for the binary system after which the conductance returns to a value 

equivdent to that for the binary d a c t a n t  system. The interaction between the 12-3-12 

dactaat  with the lower molar mass PPO is markedly diffetent. Here the reIative specSc 

conductance shows a much smaller minimum at a concentration corresponding to the cmc for 

the binary aqueous 12-3-12 system after which here is an increase in the conductance to 

values gremer than those for the binary case. SirniIar behavior is obsented for the 12-6-12 

srtrfactant with PPO polymers having different molar masses, with no apparent 

differentiation in the interaction with respect to the two polymers. Two important points can 

be made here; the first is tbat the cmc is c k d y  implicated as the critical concentration in the 

mixed smfkmt-polymer system and, the second, is that there is an apparent diffitiation 

in the inmadion with respect to the size of the gemini s d i c m t  head group. Table 5.2.1.1- 

2 gives values for the cmc and the degree of micelle ionization (a) 



Figure 52.1.1-1: Relative specific conductance as a fimction of surfactant concentration for 
a) the 12-3-12 gemini slrrfactant, and b) the 12-6-12 gemini su&tant in aqueous polymer 
solutions at 2S°C. 
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for the mixed surfactant-polymer system obtained hrn regression analysis of the specific 

conductance curves, in the same manner as for the conductivity curves for the aqueous 

dac tan t  systems (84.1.1). The observed increase in the cmc for the case of PPO 2000 is 

consistent with an enhanced solubility of the slrrfactant monomer, likely through 

hydrophobic interactions between the polymer and the tails of the surfactant. 

Table 53.1.1-2: cmc and a values for the 12-3- 12 and 
12-6-12 surfactants in aqueous polymer solutions. 

Polymer Polymer 12-3-12 12-6- 12 
conce&rationa cmcb a amb a 

Aqueous 0.94 0.20 1.05 0.34 
PEO 0 2  0.94 0.20 1.03 0.32 

PPO 725 0.2 0.93 0.35 1.07 0.46 
PPO 2000 0.05 1.23 031 1.17 0.40 

Increases in the specific conductance of a sdactant in an aqueous soIution of a neutral 

polymer, similar to that observed for PPO with the gemini slrrf-ts, have been previously 

observed in studies of anionic slnfactants with neutral polymersP.136 This has generally 

been attriiuted to a refease of counterions into soIution, as seen h m  the increased values in 

the degree of mice11e ionization, similar to the phenomenon observed for the addition of the 



lower alcohols to micellar solutions.136.152 Alternatively the increase in conductance may be 

due to a dissociation of surfactant monomer h m  the micelie as will be discussed in $52.12 

and 5.22.3. It is likely that above the cmc, the interaction of the sllrfactant micelles with the 

neutral polymers is similar to that for lower alcohols, i.e., the interaction is restricted to the 

surfwe or palisade layer of the micelle. 

5.2.1.2 Fluomcence studies 

Examining the viironic ratios of pyrene in the mixed systems provides additional 

evidence for the type of interaction discussed above. In Figures 4.2.4-la) and -2a) it is seen 

that there is no evidence of a CAC, rather the cmc is again observed to be the critical 

concentration of the system. The addition of PPO (M.W. 2000) shifts the cmc to slightly 

higher values, consistent with the results obtained h m  conductance measurements. For the 

higher molar mass polymers, PEO (M.W. 4000) and PPO (M.W. 2000) there is a decrease in 

the polarity of the micellar aggregates for both 12-3-12 and 12412, as sensed by pyrene (cf. 

Table 42.4-1). It is inteffsting to note that the interaction of PEO with the micellar 

aggregates in solution is not observed in terms of changes in a, but clearly the change in 

polarity is similar to that obtained for PPO (M.W. 2000). The observed decrease in polarity 

is consistent with an interaction of the polymer with the palisade layer of the micellar 

aggregates which would resutt in a displacement of water by polymer. Endeed it is believed, 

based upon results for the 1103 ratio in various micellar systems, that pyme locates in the 

palisade Iayer' 17-120 and, as such, wodd be sensitive to such changes. The low vdue for the 

11/13 ratio of PPO (M.W. 2000) in the absence of added d a c t a n t  is indicative of 

hydrophobic microdomains formed by the polymer in solution; however, one must be carefid 



of this tentative explanation in that the formation of mch microdomains may be induced by 

the addition of the probe molecule @yrene) itsex and may not exist in its absence. The 

existence of such miCTOdOmains would Wt in the enhanced solubility of the mfactaut 

monomer and hence the increase in the cmc hypothesized h m  the specific conductance 

results above. 

The decrease in the mean aggregation number of the surfactant observed in Figure 

4.2.4.2-1 for the mixed 22-6-12 gemini surfactant-PPO systems is consistent with 

observations for previously studied surfactant polymer As in the case of 

SDS, the decrease in the mean aggregation number observed for the 12-6-12 dac tan t  

becomes larger as the hydrophobicity of the polymer is increased. This observation is also 

consistent with theoretical models where it is predicted that the size of the polymer bound 

micelle will be de&ed by, in the magnitude of the sttxic repulsions between 

slnfirctant head groups at the micelle-water interface, which will be increased as larger 

amounts of polymer (i.e., greater hydrophobicity) interact with the micelles? This increase 

in steric repulsion results in smaller aggregation numbers, which decrease with increasing 

polymer hydrophobicity. It is important to note that this reduction wiU occur regardless of 

whether or not a cooperative interaction occurs. Specifically, for the interaction model 

d m i  above for the gemini srrrfactant-polymer systems, a replacement of the hydration 

water around the surktant head groups by poiper at the miceiIe-water interface will also 

result in increased steric repulsions, and a decmse m the aggregation number. 



52.13 NMR studies 

The 'H NMR chemical sbift data, shown in Figures 4.23-1 and -3, for the binary gemini 

surfactant systems (D20 as solvent) above the cmc can be anslyzed, assuming the pseudo- 

phase model for micelle formation, according to 

where tj* is the measured chemicai shift, & is the chemical shift for d i t  in the 

micellar phase, A6 = (&&) with & being the chemical shift for the monomeric surf't, 

and Cs is the s u r f i t  concentration. The values for &, G, and the cmc for the gernini 

surf~ctants in b i i  solution are given in Table 5.2.1-3. 

Table 52.13-1: cmc, &, and A6 values for the gemini surfactants in &O and in D20- 
polymer solutions obtained h m  a fit to the pseudo-phase model. 

12-3-12 12-6-12 
Polymer [Polymer] cmc &I cmc &A A5 

(w/w%) (mmol L") (ppm) (mmol L") @pm) 
Aqueous 0.67 3.140 0.146 0.75 3.019 0.097 
PEO 0.2 0.59 3.145 0.146 0.84 3.026 0.113 

PPO 725 0.2 0.57 3.149 0.144 0.98 3.017 0.104 
PPO 2000 0.05 1.04 3.140 0.143 0.75 3.020 0.105 

The observed variations in the N-methyl chemical shifts for the 12-3-12 and 12-6-12 

surf&ants in solutions of PEO, PPO (M.W. 725) and PPO (M.W. 2000) in &O generally 

support the above hypothesis. UnfortunateIy, due to the small variations observed in 

chemical shift, i.e., < 0.2 ppm, coupled with the difference in the nature of &O as compared 

to water, this support is only qualitative. Nevertheless, it can be seen h m  Figures 4.2.3-1 



and -3 that there is little deviation of the cmc observed between the aqueous gemini 

surfactants and the ternary water-fllrfirctant-PEO and PPO (M.W. 725) solutions. 

Application of the pseudo-phase model allows for a determination of the cmc, &, and A& 

however, the assumption that the chemical shift remains constant below the cmc no longer 

appears to be valid. This is consistent with proposed interactions between sllrfactant 

monomers and polymers in solution when the surfactant monomer is found in an 

environment with slightly greater hydrophobic character. As seen for the specific 

conductance resuIts, there appears to be some differentiation between the interaction of the 

12-3-12 or the 12-6-12 surfactants with PPO (M.W. 2000). It is seen that for the 12-3-12 

dac tan t  the chemical shift curve (Figure 4.2.3-lc) broadens with the addition of PPO 

(M.W. 2000) with no distinct breaks being observed. This results in a high degree of ermr 

associated with the parameters obtained from the pseudo-phase approach. In contrast, the 

12-6-12 surfactant (Figure 42.33~) shows a distinct critical c o n c e n ~ o n  approximately 

equivalent to that observed for the aqueous surfactant solution. These observations, 

combined with those fium conductance measurements, provide additional evidence of an 

enhanced interaction between the 12-3-12 surfactant and neutral polymers as compared to the 

12-6-12 dactant  This reflects, possibly, the importance of the surfactant head group size in 

surfa~tolllt-polymer interactions. However, it is important to note that this observed 

differentiation may be a result of the conformation of the surfactant monomers in solution. A 

preferential cis conformation for the alkyl tails of the 12-3-12, as introduced in $5.1, may 

enhance hydrophobic interactions with PPO W.W. 2000) beyond those that occur with the 

12-6-12 



5.2.1.4 Apparent m o b  volume studies 

The observed increases in the apparent molar volume for both the 12-3-12 and 12-6-12 

surfactants in aqueous solutions of PPO (Figures 42.5-la and -2a) strongly suggest an 

interaction between the surfactant micelles and neutral polymer in aqueous solution. WhiIe 

the results are somewhat consistent with r d t s  obtained for voIumetric studies of anionic 

surfactant-polymer systems,l547155 the results bear a greater similarity to results obtained for 

mixed surfactant-alcohol systems (especially for the gemini sdactant-Pluronic systems 

discussed below).156-158 From the interaction model of the gemini surfactants with PEO and 

PPO introduced in the above discussion, one would expect the apparent molar volume of the 

gemini surfactant in the mixed system to be nearly equivalent to its volume in aqueous 

solution below the cmc. This would be similar to results obtained for the CI2TAB dac tant  

in aqueous solutions of ethoxylated butanols.143 Because of the experimental limitations 

mentioned in Chapter 3, confinnation of this was not possible; however, in light of the results 

obtained from the various methods d e s c n i  above this is a reasonable assumption. 

A usefd quantity for discussing the volumetric behavior of a component of a ternary 

system is the transfer volume. For the trader of a surfactant h m  aqueous solution (W) to a 

solution containing polymer (W+P), the transfer volume is obtained as 

AV,,(W + W+P)=V,,(W+P)-V,,(TK) 5.2.1-2 

where Vgs (W+P) and V 4 ~  (W) are the apparent molar volumes of the mrhcmt in the 

ternary system, in which water and the polymer are taken as a mixed solvent, and in water, 

respectively. The transfer volumes for the mixed gemiui surktant-PEOPPO systems, 

shown in Figure 52-1-41, were obtained h m  experimentally determined apparent m o k  



volumes and apparent m o k  volumes for the corresponding binary &tam solution 

estimated fiom the pseudo-phase model using the parameters given in Table 4.1.4-1. The 

d e r  volumes for the sdktan t  from aqueous solution to a solution containing an additive 

can be fit, assuming a mass action model for the distribution of the additive between the 

aqueous and micellar phases, according to156-15fl 

where Vb and Vf are the standard partial molar voiumes of an additive in the micellar and 

aqueous phases, respectively, and mb is the concentration of additive bound in the micellar 

phase. The latter is related to the total concentration of additive in solution, the concentration 

of micelles present in solution (i.e., the stdadant concentration) and the distribution constant 

for the additive between the aqueous and micellar phases. As the focus of this work was the 

influence of the polymer on the properties of the d h m t  in solution, a detailed volumetric 

study of the polymer was not undertaken, and as a result Vb Vt and the distribution 

constants are not known, precluding a tit of the transfer voIumes. NevertheIess, the 

similarity of the curves obtained to those for the CuTAB-alcohol systems is remarkable and 

provides m n g  evidence that PEO and PPO interact with the gemini surfactants in a manner 

analogous to that for surfitants and alcohoIs in aqwous solution. 

To summarize, an interaction between gemini mnfictants and PPO is observed in 

aqueous solution using a variety of experimental methods. The general observation is that 

this interaction is not comparable to that observed traditionally between anionic surfactants 

and neutraI polymers. Instead there is a decided lack of cooperative behavior between the 



F i r e  512.1.4-1: Transfer volumes from water to aqwous solutions of PEO and PPO as a 
function of surfactant concentration for a) the 12-3-12 gemini sudactaut and b) the 126-12 
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dactant  and polymer, rather the solubility of the monomer d a f t a n t  is increased due to 

the presence of PPO, thus increasing the cmc. Interactions between surfactant micelles and 

PPO are indicated above the cmc and can be seen from the observed increases in the degree 

of micelle ionization, the decrease in the mean aggregation number, as well as fiom the 

decrease in the I,& ratio of pyrene and the increase in the apparent molar volume for the 

dactant. The interaction above the cmc most likely results fiom a solubilization of the 

polymer at or near the surface of the mfictant mioelle, resulting in a displacement of 

hydration water h m  the d a c e  of the micelle. Such an interaction is consistent with the 

above observations and is depicted, schematically, in Figure 5.2.1.4-2, where the m f k ~ ~ ~ t  

charge and counterions have been excluded for simplicity. 

F i i  53.1.4-2: Schematic of the proposed model of the gemini-surfxtant-neutral polymer 
int&ction, for surfactant concentrations above the cmc. 
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53.2 Interactions between gemini s d c t a n t s  and triblock copolymers at 2S°C 

Rior to discuss'tng the results obtained for the ternary water, gemini slrrfactaaf and 

P103, F108 and F68 systems, it is relevant to consider the state in which one would find the 

binary tn%lock copolymer systems at the concenlrations used in this study. The Pluronic F68 

has been found to have a cmc at 25OC of 190 g ~3 or approximate1y 19% (wlw) obtained 

from a dye solubilization rneth0d.m Therefore at all concentrations used in this study F68 

should be found in its monomeric form in solution. The Plutonic FlOR has been det&ed 

to have a cmc of 4.5%, using a dye solubilization methodm However, AIemdridis et al. 

have determined the cmc to be apximately  2.2% for FIO8 using surface tension. This 

implies that the 0.05% concentration of FlO8 used in this work will almost certainIy be in its 

monomeric form in solution; however, there is a possibility that premicellar aggregation may 

occur at the 0.5% and 1 .OOh concentrations.66 For the Pluronic PlO3, dye solubilization gives 

a cmc of O.O7%60 while surfice tension gives a value of approximately 0.1%.66 Therefore, 

at 2S°C 0.05% P I03 should be in its monomeric form and in micellar form for concentrations 

of 0.1% and 0.5%. It is important to note that Light scattering measurements of 5% PI03 at 

temperatures below the cmt (i.e., below 15-20°C) show targe hydrodynamic radii, 

corresponding to Large clustets.l3* As a result there is the possibility that a similar loose 

network of moIecules may exist even at the low 0.05% concentration at 25T, which is well 

above the cmt for PI 03. 

In addition to the aggregation state of the copolymer, one &odd also remain aware of 

the concentration of the d . t  and the importance of the cmc of the binary surfactclllt- 

water system, particularly in light of the eeSuIts obtained for systems containing PPO. For 



surfactant concentrations below the cmc any interaction will involve an interaction of 

sdactant monomer with the Pluronic copolymer, while above the cmc the interaction is 

likely to be similar to that d e s c r i i  in 55.2.1, qxxiklly, an interaction of copolymer 

monomers with the d a c e  or palisade layer of the gemini slrrfactant micelles. 

5.23.1 Specific conductPnce studies at 2S°C 

As observed for the 12-3-12 and 12-6-12 dictants in aqueous PPO solutions, the 

specific conductance profiles show a broad curvature with the addition of PIuronics block 

copolymers. There is minimal differentiation with respect to surfactant head group size but 

more siguZcant differences are observed with respect to the Plurouic that is added to the 

slrrfactant solution. In the case of P103, interactions between the block copolymer and the 

surfactant are observed for all concentrations of P103 investigated. PIotting the relative 

specEc conductatlee as a function of surfactant concentration (see Figure 5.2.2.I-I), a broad 

minimum is observed, approximately centered on the cmc obtained for the binary surfactant 

solution. As in the case of PPO, an increase in speci6c conductance above the cmc is 

observed, with the increase being proportiotd to the coacenaation of PI03 added to the 

system. For the gemini surfiactaflt-F108 systems no significant interaction is observed at 

0.05% with values of the cmc of 0.96 and 1.03 mmoI L" for the 12-3-12 and the 12-6-12 

surfactants, respectively, falling within the experimental ermr obtained for the cmcs for the 

aqueous dactan t  systems. Similar results were obtained for the gemini surfactant-0.05% 

F68 systems, with cmcs of 0.92 and 1.03 mmol L" for the 12-3-12 and 12-6-12 strrfactants, 

respectively. For 05% and 1.0% FlO8, as well as 2.0% F68, a broady curved conductance 

pfXe is observed; however, the inuwse in the specific conductance observed for PPO 



($5.2.1.1) and PI03 is either not observed or, in the case of the l2-3-Wl .O% F108 and the 

12-3-120.0% F68 systems, is significantly less than that obtained for the P103 systems. 

Figures 5.2.2.1-2 and -3 illustrate the relative specific conductance for the gemini surfactants 

in aqueous F108 and F68, respectively. They show a broad minimum centered near the cmc 

of the binary surfactant system. 

It should be noted that prehinary measurements of the soIution viscosity for the 12-3- 

12P103 system were made. An increase or decrease in bulk viscosity is known to affect the 

mobility of ions in solution, and as  such will impact the specific conductance of ionic 

solutions. While the data for the gemini surfactant-hiblock copolymer systems is not 

extensive, the results obtained suggest that variations in the bulk viscosity are minimal, with 

viscosities close to 1 cP, or close to the value expected for water. As such, the u n d  

increase in specific conductance observed for some of the systems studies is not likely a 

result of decreased solution viscosity. 

The critical micelle concentration and degree of micelle ionization for each of the gemini 

surfactant-Pluronic systems are given in Table 5.2.1.1-2 along with those obtained for 

systems containing PEO and PPO. Figure 522-1-4 illustrates the cmc and a values as a 

fimction of concentration for the 12-3-12 and 12-6-12 surfactants in both PI03 and F108. 

The degree of micellization is observed to increase heady with the concentration of either 

P103 or FlO8 for both the 12-3-12 and the 12-6-12 dactants- The increase is Iarger for the 

P103 pdymer, consistent with an increased interaction with the surfactant micelles due to its 

greater hydrophobic character. The cmc values for the P103 systems increase with 



F i  5.2.2.1-1: Relative specific conductance for a) the 12-3-12 gemini surf&ant, and b) 
the 12-6-12 gemini mdktaut h aqueous PI03 solutions at 2S°C. 
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E i i  5.2.2.1-2 W v e  s p % c  conductaace for a) the 12-3-12 gemini sllrfactant, and b) 
the 12-6-12 gemini sudicmt in aqueous F108 solutions at 25OC. 
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F i  5.22.1-3: Rehive specific conductance for a) the 12-3-12 gernini mfhctant, and b) 
the 12-6-12 g e m s  surfactant in aqueous F68 solutions at 25°C. 
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F i i  5.2.2.1-4: Degree of micelle ionidon (a, 0 = P103, 0 = F108) and cmc (a = 
P 103, = F108) for a) the 12-3-1 2 gemini surfactant, and b) the 12-6- 12 gemin. d k t a n t  in 
aqueous copolymer solutions. 
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increasing P 103 cancentration. A maximum is observed for bath the 12-3-1UP 103 and 12-6- 

IUP103 systems at 0.1% P103, which corresponds approximately to the cmc for aqueous 

PI03 at 25T, i.e., -0.07 - 0.1%. The cmc values for the 0.05% F108 systems remain 

unchanged with' respect to the aqueous surfactant systems, within experimental amr, while at 

higher concentrations of F108 the cmc values are also observed to increase. These observed 

increases in the cmc values are consistent with an increase in the surfactant monomer 

solubility and may result h m  specfic interactions between the dac tan t  and the 

hydrophobic segments of the polymer, or between the surfactant and hydrophobic 

microdomains formed by the polymer in solution. Further to this, the observation that the 

cmc decreases to near its vdue in aqueous solution for the case of 0.5% PI03 provides 

additional support for the above hypothesis. Above 0.07 to 0.1% PI03 concentrations, self- 

aggregation of PI03 occurs which may effectively shield the hydrophobic segment fiom 

interaction with the surfactant monomer. It is important to note that the observed variations 

of the cmc and a as a function of polymer concentration are not seen in systems showing a 

typical strrfactant polymer interaction such as SDS with PEO or PVP.153 Jn such systems 

both the cmc (or more appropriately the CAC) and a were observed to be approximately 

constant over a range of polymer concentrations (0.025 to 2.003'0). The increase in a observed 

for the addition of PPO to the gemini smhctaat solutions is similar to that obtained for mixed 

dac tan t  alcohol systems. This indicates that the mechanism of interaction between the 

gemini surfactants and the Pluronics may be similar in nature to that observed for the 

addition of short to medium chain dcohols to micelIar solutions.l~ 



5333 NMR Stpdies 

The d t s  obtained for 'H NMR measurements qualitative1y support the results 

obtained fiom conductivity measurements. Data for the sudktant-Pluronic ternary systems 

were analyzed assuming a pseudo-phase separation model for micelle f o d o n ,  according 

to Equation 5.2.1-1, and vdues for the cmc, &, and A6 are presented in Table 5.2.1.3-1. As 

observed h m  specific conductance measurements, the cmc is generally observed to increase 

in the presence of PPO (M.W. 2000) and the Pluronics; however, due to the variation of the 

chemical shift below the cmc, actual determination of the cmc is difllcult and is likely to be 

subject to signiscant error. 

5333 FI~oreaccnce studha 

The IlA3 ratios for pyrene in the mixed surfactant-Pluronic systems also clearly indicate 

the absence of a CAC for the PI03 systems and implicate the cmc as the point at which 

micelle formation occurs. As observed for PPO (M.W. 2000) in the absence of added 

surfactant, p p e  appears to locate in a less polar environment in PI03 solutions (c.f 

Figures 4.2.4.1-1 and -2a and b) since the values for the ratio are similar to those 

obtained for PPO (M.W. 2000), wen below concentrations equident to the cmc of aqwous 

P103. This observation lends support for the presence of loose clusters of PI03 polymers 

below the cmc, observed &om light scanering rnea~urements.~~8 For the systems containing 

F108 more complex behavior is obsenred (c.f. Figures 4.2.4.1-lc and -2c). Higher 

concentrations of FlO8 indicate littie variation m the cmc of the mixed solution and show no 

evidence to support the hypothesis of a CAC for either gemini surf&ant. The higher 

concentrations of F108 a h  show evidence of presxisting hydrophobic microdomains, as 



indicated by the low values for the 11A3 ratio, similar to those observed for PPO (M.W. 2000) 

and for P103. It is likely that these microdomains are respomiIe for the inctease in the cmc 

for the gemini surfactants, observed fhm conductance measurements. They enhance the 

solubility of the gemini surfactant monomers relative to that in aqueous soiution; however, 

one must remain aware of the possibility of the induction of aggregate formation due to the 

presence of the probe molecule itself. Both the 12-3-12 and the 12-6-12 m f h m t  in 0.05% 

F108 show a break in the ratio plots at approximately 0.6 mmol L" and 0.8 mmol L', 

respectively. This observation is contrary to results obtained fiom specific conductance 

measurements and suggests that the mechanism of interaction between the sdictant and the 

Pluronics, not surprisingly, may be dependent upon the composition of the PIuronic. 

Additional evidence of a CAC for the 0.05% F108 systems is provided by the equilibrium 

dialysis results. It is seen in Figures 4.2.6-2 and -3 that tittle binding occurs b e n  12-3-12 

and F108 below approximately 0.5 mmol L*' surfxtant concentrations. The interaction of 

the surfatant with FlO8 beings to occur above this concentration. For the 12-3-1 2/PlO3 

systems the interaction is observed to occur with the addition of d amounts of mrhctant 

and is non-cooperative in nature. Due to competition h m  the micellhation process of the 

d h a n t s ,  data could not be obtained above the cmc, thus Limiting the usefirlness of the 

method. Nevertheless, evidence is provided confirming the interaction of the gemini 

dactants with the Pluronics, with an apparent difference in the mechanism for PI03 

compared to F108. In the F68 systems no signiscant evidence for the presence of 

hydrophobic microdomains is observed (c.f. Figures 4.2.4.1-Id and -2d), and the cmc is 

similar to that observed for the binary system. No interaction was observed to occur between 

F68 (at 0.05% concentration) and the 12-3-12 fltrfactant h m  dialysis measurements. 



A demase in the 11A3 raiio is observed above the cmc for all three Pluronics studied, 

similar to that observed with PEO and PPO. This is consistent with the interaction of 

micellar aggregates with the polymer chain. The magnitude of the decrease in the ratio 

increezses with increasing Pluroaic concentration indicating that the dehydration of the 

mfktant micelles increases with increased polymer concentration. A replacement of 

hydration water at the micelle-water interface by polymer results in a less polar environment 

in the palisade layer of the micelle, as sensed by the 11/13 ratio of pyrene. This replacement of 

hydration water by polymer will result in a release of co~r].terions due to combined steric and 

dielectric effects at the surface and in the palisade layer of the micelle, similar to the effects 

observed for the addition of n-alcohols to micellar solutions.l5~159 The intercalation of the 

polymer chain between surfactant ions serves to increase the average distance between head 

p u p s  thus decreasing the d i e  charge density and increasing the degree of ionization. 

The polarity, and therefore the dielectric constant, of the palisade layer is decreased and 

results in increased repulsions between ionic head groups. This leads to a dissociation of a 

number of surfactant molecules h m  the micelle further decreasing the d a c e  charge 

density. The observed decrease in the mean aggregation numbers, as seen in Figure 4.2.4.2- 

2, for both PI03 and F108 support this argument. The small variations in the mean 

aggregation number of the gemini surfactants in aqueous copolymer solution are more 

consistent with such a model than with the formation of polymer bound aggregates. For 

example, in the case of SDS aggregation numbers are observed to decrease h m  60-80 in 

aqueous solution to approximately 20 for PEO bound aggregates.IS3 



522.4 Apparent molar volume studies at 25°C 

As observed for the addition of PPO to aqueous gemhi surfactant solutions, the addition 

of the block copolymer results in an increase in the apparent molar volume of the surfactant 

which, for higher Pluronic concentrations, can be quite large. The transfa volumes have 

been used to more effectively show this result. They are presented in Figures 5-22-44, -2, 

and -3 for the gemini surfactants in P103, F108, and F68, respectively. As discussed in 

552.1.4, the transfer volumes bear remarkable similarity to those obtained for mixed 

&TAB-alcohol systems.i56-[58 The magnitude of the maximum observed in the transfer 

volume vs. surfactant concentration plots increases with increasing polymer concentration. 

This is consistent with observations made for the mixed d8ctant-alcohol systems. This is 

not typical of systems showing the characteristic surf8ctant-polymer interaction, such as the 

SDSREO or SDSPVP systems, where the variation of the polymer concentration brings 

about only marginal changes in the volume behavior as a fimction of surfactant 

concentration.ls4ll~s It has been proposed b t  the lack of variation of properties, such as the 

cmc and a, with increased polymer concentration for the SDWEO and SDSIPVP systems 

indicates that the stoichiometric concentration of polymer does not affect the surfactant 

association behavior.IS3 Rather it is the local concentration of polymer repeat units which is 

the important parameter and, provided that the total polymer concentration is low enough 

such that the polymer coils are not interpenetrated, iittle variation is therefore expected As a 

result, one would also anticipate Little variation in properties such as the apparent molar 

volume with increasing polymer concentratioa. The nature of the variations in the apparent 

molar volume for the gemini s m h a n t ~  in aqueous Pluronic soIutions are more indicative of 



F i r e  5.22.44: T@ volumes from water to aqueous solutions of PI03 as a hct ion of 
d & m t  concentration for a) the 12-3-12 gemiui surfhint, and b) the 12-6-12 gemhi 

Surfactant concentration (mol kg*') 
O 20% PI03 0 0.5% Pi03 A 0.1% PI03 0 0.05% Pi03 

0 0.002 0.004 0.006 0.008 0.01 0.012 

Surfactant concenttation (mol kg-') 

o 2.0% PI03 0 05% PI03 A 0.1% PI03 0 0.05% PI03 



F i i  522.4-2: T d e r  voIumes h m  water to aqueous soluticns of FlO8 as a function of 
surfactant concentration for a) the 12-3-12 gemini surfactant, and b) the 12-6-12 gemini 

Surfitant concentration (mol kg") 

02.0% FlO8 D 1.Wo FlO8 A05% flO8 0 0.05% F108 

0 0.002 0.004 0.006 0.008 0.0 1 0.012 0.014 

S t h c t m t  concentration (mol kg1) 
O 2Wo F108 0 1.Wo F108 A 05% F108 0 0.05% F108 



Figare 5.23.4-3: Transfer volumes h m  water to aqueous solutions of F68 as a fimction of 
surfhant concentration for a) the 12-3-12 gemini stlrfactaat, and b) the 12-6-12 gemini 

Surfactant concentration (mol kg-') 

0 0.002 0.004 0.006 0.008 0.0 1 0.012 

Surfactant concentration (mot kg-') 

0 20% F68 0 0.05% F68 



a mixed micelle formoltion or solubilization process as observed for the short to medium 

length alcohols. The trend of the transfer volume profiles for the gemini surfactant-Plmnic 

systems can be rationalized in a manner similar to that for the surfactant-alcohol systems by 

considering two concentration regions. At low concentrations, although stiil above the cmc, 

the addition of surfactant will result in an extraction of the additive h m  the aqueous to the 

micellar phase. This results in a positive contriiution to AVAs due to swelling of the 

surfactant micelles. This swelling results in an increase of the micellar surface area, 

deMeasing the d i c e  charge density (resulting in the release of counterions and thus the 

observed increase in a) which in tum reduces the electrostriction of water. This gives rise to 

a positive contribution in AVbS. As the concentradon of surfacmt is finther increased, the 

observed decrease in AVhs results h r n  a continuous decrease in the ratio of additive to 

surfwtant in the resulting micelle. Recalling Equation 52.1-3, the expression for the transfer 

volume can be rewritten in terms of the total additive concentration (m~) and the distribution 

constant (KD) for the additive between the aqueous and micelIar phases according to158 

Equation 5.2.2.1-1 predicts a maximum in the tratlsfer volume at a surfactant concentration 

Q = kc + (nb,jKD)'R and, as ms 4 a, AVcs -+ 0 and the apparent molar volume for the 

ternary system becomes equivalent to that for the binary surktant system. Alternatively, the 

maximum observed in mixed suda~tant alcohol systems has been attniuted to the formation 

of aicohol microheterogenities that are stabilized by the addition of the slrrfactari~l60.161 

Obviously, due to the amphiphilic uature of the Pluronic copdymers, such an explanation is 

highly reasonabIe for the gemini srrrfaEtant-PIuronic systems, Under such conditions an 

equili'btium between mixed aggregates (in which the additive is the dominant component) 



and mixed micelles (in which the mktant is the dominant component) can be assumed, 

provided the srafiictant co-on is above the cmc, Therefore, at a constant additive 

concentration, inneased dc tan t  concentration results in a volume excess due to the 

. . .  
formation of mixed aggregates which dunrrushes as the equilr'brium shifts to mixed rnicelle 

formation. 

Those systems containing PI03 show the largest variation in the transfer volume of the 

surfactants, followed by F108 and then F68. Clearly the more hydrophobic the polymer, i.e., 

the higher the POEO mass ratio, the greater the interaction observed. There appears to be an 

additional consideration with respect to h e  moIar mass of the polymer as F108 shows a more 

significant interaction as compared to F68 however, one must remain cognizant of the fact 

that the size of the hydrophobic segment is reduced in F68. Since it has been established that 

the interaction between the gernini mhtants and the Pluronics likely occurs through the 

PPO segment, the effect of variation in the molar mass may result simply h m  this decrease. 

To summarize, the data obtained for the tenmy aqueous gemini surfactant-Pluronic 

block copolymer systems suggest that beIow the cmc of the dactant ,  surktant monomers 

are stabilized in solution, either by interaction with individual polymers, or by inducing the 

formation of Pturonic microheterogeneities in which the mhctaat monomer can be 

solubilized. This results in a .  increase in the cmc for the s&ctant. Above the cmc the 

interaction is remarkably sixdm to mixed rnicelle formation observed between single head 

group dhctmts and alcohols or ethoxyIated alcohols in aqueous solution. In such a case 

the polymer is likely solubilized at or near the mrhe of the mice1Ie fesulting in the observed 



increase in the degree of micelle ionization (a), a decrease in the polarity as monitored by the 

vibronic ratio of pyrene, a decrease in aggregation number, and an increase in the transfer 

volume of the mhctmt h m  aqueous to aqmus polymer solution. The in?eraction, b a d  

upon results obtained fbm tbe study of ternary systems containing PEO and PPO, occurs 

between the PPO segment of the block copdymer and the micellar dace ,  with the PEO 

segments either extending into the bulk solution or providing additional shielding of the PPO 

segment from water. The interactions below and above the cmc are depicted in Figure 

5.22.4-4, where the surkmt charge and counteriom have been neglected for simplicity. 

What remains somewhat unclear at this point is the effect that polymer self aggregation 

(distinguished h m  the pre-micellar aggregates discussed above) has on the interaction. One 

will recd that at PI03 concentrations greater than 0.1% (i-e., greater than the cmc for PI03 

at 25"C), the cmc values for the gemini surfaftants were observed to decrease. A discussion 

of this phenomenon is presented in the foiIowing section. 



Figure 5.2.2.4-4: Schematic of the interaction of the gemini wfactants with triilock 
co~iyrners in aqueous solution above and Wow the surfact& cmc. 

PPO Segment 

Below cmc Above cmc 



523 Temperature studies of the gemini sudhctant-triblack copaiymer systems 

The results of the study of the specific conductance and apparent molar volume behavior 

as a fimction of ternperamre for the mixed d'actant-Pluroaic systems strongly implicate the 

morphology of the Pluronic as having a signiscant eff'ect on the interactions o c c e  

between the surktant and the Pluronic in aqueous solution. As shown in Figure 4.2.5.2-4, 

and consistent with results reported in the Literature, P103 and F108 self-assemble into 

micellar aggregates at temperatures of approximately 20 and 30°C, respectively, while F68 

shows no evidence of miceUe formation over the temperahue range studied in this work138 

Over the same temperature range, as indicated in Figures 42-5.2-lb, -2b, and -3b, the 

apparent molar volume of the flufactant in aqueous solution increases with increasing 

temperature in an approKimateIy hear fashion, consistent with results obtained for single tail 

surfactants, reported previously.138~162 Results h m  a number of studies for the C,TAB 

mfhctants have shown that the increase in the apparent molar volume of the monomer 

surfactant is larger than the increase for the surfactatlt in in micehr fonn.162163 This gives 

rise to a net decrease in the volume change due to micelle formation, most likely due to a 

decrease in the hydration of the ionic head group. An increase in temperantre will also give 

rise to the observed increase in the specific conductance as the dehydration of the micellar 

d a c e  will result in a decrease in the micelle aggregation number dong wi th  a 

corresponding reIease of counterions into the buIk.88 

The results for the ternary aqueous 12-3-lUP103 and the 12-3-1UFt 08 systems (c.f. 

Figures 425.2-1 and -2) indicate for both systems that the apparent molar volume ( A M ' )  of 

the surfactant, as well as the specific conductance of the solution, show a transition at a 



temperature corresponding to the crnt of the Pluronic. No transition is observed for the F68 

systems, consistent with the fact that 2.0% F68 solutions do not aggregate over the 

temperature range studied138 An examination of the AMV data of the surfactant (cf. 

Figures 42.52-1 to -3) indicates that the magnitude of the AMV increase at the cmt of the 

Pluronic is greater in the presence of P 103 as compared to F 108. This is consistent with the 

results obtained at 25°C as a function of surfactaut concentration which indicate a greater 

interaction of the surfwtant with PI03 than FlO8. Similarly, the magnitude of the maximum 

in the AMV decreases with increasing surfactant concentration, consistent with the results 

obtained for the study at 25°C. The observed increase in the apparent molar volume up to 

the cmt of the Pluronic is consistent with an increased swelling of the micelle (relative to that 

observed for an increase in temperature alone) due to increased interaction of the polymer 

chaiu with the surface or palisade layer of the micelle. The observed increase in the specit?c 

conductance of the ternary solution provides additional evidence for this type of interaction, 

At the cmt signiscant structural changes are observed and manifest themselves as a 

decrease in the apparent molar volume and a break in the specific conductance versus 

temperature profile (in the case of 5 mmol kg1 12-3-12 in 2.0% PI03 the conductance 

actually decreases briefly with increasing temperature). As the temperatwe is firrther 

increased both the apparent molar voIume and the specific conductance drop to values below 

those obtained for the binary surktant solutions. The implication of these results is a 

substantial change in the hydration of the surfactant micelles at the cmt of the Piuronic. This 

is likely due to the competing effects of sex-aggregation of the polymer and interaction of 

the polymer with the sdktant  aggregate. As a resuIt of this competition, above the cmt two 



distinct types of aggregates are hypothesized; slrrfactant dominated aggregates and PIuronic 

dominated agpga&s, whose nature are si@canly diffetent h m  the pre-micellar 

aggregates discussed in the previous section. The micellar aggregates formed by aqueous 

PI03 and FlO8 are known to be well defined aggregates which, as discussed in Chapter 1, 

consist of a corona of hydrated PEO and a core comprised of PPO and some hydration water. 

In such a complex system a number of possl%le interactions can exist, including; 

a continued interaction of polymer monomers with micellar aggregates, 
an interaction of surfactant monomers with polymer aggregates, posslily 
including a tethering of two polymer aggregates by a single mhctant monomer, 
interactions between polymer and micellar aggregates, or 
a breakdown of the surfactant micellar aggregates in favor of solubilization of the 
gemini surfactant in Pluronic aggregates. 

Unfortunately, without knowing the actual volume behavior of the surfactant monomer as a 

function of temperature, conclusions dram regarding which of the above possibilities reflect 

the true nature of the interaction are speculative at best. However, estimates of the iafiaite 

dilution volume of the gemini surfactant as a function of temperature can be made based 

upon the known volume behavior of the C,TAB mdktants, using the additivity model 

proposed by Frindi et d.36 that was introduced in $5.1.4. The standard partial molar volume 

of C9TA.B @(c~TAB)) and of a methylene group (V'(CHZ)) as a bction of temperature 

can be estimated according to162 

Vo (C,TAB) = 234.17 + 0.263 x T 

VO (cH~) = 14.66 + 0.046 x T 5222-2 

where T is the temperature. It shouid be noted that the C9TAB surfactant was chosen since 

an w o n  corresponding to 5.22.2-1 could not be found for the C 12TAB slnfactant. Values 

obtained h m  Equations 5222-1 and -2 can be used in Equation 5.1.4-2 to obtain estimates 



of the volume for the gemini s d h c m t  in its monomer form. As the variation of V(H) with 

temperature is not known, this value is assumed to be constant and will obviously introduce 

additional ermr into the estimated value. It is also important to recall the Limitations of this 

additivity model as discussed in 95.1.4. Nevertheless, qualitatively, the volume change due 

to micelle formation can then be estimated as the difference between the measured apparent 

molar volume and the calculated volume for the monomer form. Figure 5.2.3-1 illustrates 

the variation in the volume change due to micelle formation as a bc t ion  of temperature in 

aqueous solution, as well as in the 2.0% Pluronic solutions for 10 mmol kg" surfactant 

concentrations. While there are obviously uncertainties in the absolute magnitude of AV+ 

the trends indicate that above the cmt of the Pluronic the &actant is found in a more 

hydrated environment in the presence of the Pluronic polymer than in aqueous solution alone. 

A comparison of the results for PI03 and F108 shows that the decrease in AV+ relative to the 

aqueous surfhaant sdution, is greater in the presence of F108 than in P103. When one 

considers that the size of the corona formed by FlO8 will be larger than for P103, due to the 

increased PEO content of FZO8, the second and fourth of the possible interactions introduced 

above are implicated as interactions occutring between the Plmnic and the surfactant. 

Similar conclusions can be drawn by examining the difference in the specific conductivities 

of the surfactant (u} in aqueous solution and in sohtions containing Phonic (K') ihmau!d 

in Figure 5.2.3-2. Schematic teptesentations of the proposed interaction of the gemini 

dac tan t  with the Pturonic copolymer aggregates are shown m Figure 5.2.3-3. 



Figure 5.23-1: Volume change due to &elk f o d o n  (AVM) for the 12-3-12 gemini 
surfutolllt (10 mmol L-') as a function of tern- in aqueous Pluronic solutions. 

Fire 5.23-2: Diffetences in the specific conductance for the 12-3-12 gemini surfactatlt 
(10 mmol ~-')-~luronic systems as a fuuction of temperature 



F i i  5.233: Schematic of the interacton of gemini sudktant monomers with f luronic 
micelles in aqueous solution; a) two Pluronic m i c e h  tethered by a gemini &tant 
monomer, and b) gemini &actant monomers solubilized in a Plutonic micelle 

Corona, - 

It is important to keep in mind that the above treatment is only qualitative and indicates 

the necessity of a complete thermodynamic study of an appropriate gemini surfactant- 

Pluronic system h m  which pre-micellar data can be obtained for the gemini surfactant 

While there is no indication that the addition of the gemini dactant has any effect on the 

aggregation behavior of the Pluronic h m  this work, specifically there is no indication of a 

variation in the cmt, a detailed complementary study of the specific volume for the Plmnic 

would provide information as to whether or not the addition of the gemini surfactant can 

induce or h i i t  the self-aggregation of the Plmnic. 



6. CONCLUSIONS AND FUTURE WORK 

6.1 Coacinding remarks: binary sarfrctant-water systems 

1. The results of the specific conductance study of two series of gemid sdbtants has 

codinned, generally, observations previously reported in the literature. The cmc values for 

the gemini d t a n t s  are observed to increase Linearly with increasiag akyl tail tength, in 

the usual manner. It is noted that, contrary to previous reports, -AG0mic(CH2) is larger for 

both the m-3-m and the 11106-8 series of slrrfmtants than that obtained for the CmTAB 

series of surfactants. This results h m  the increased tendency for micelle formation due to 

the increase in the size of the hydrophobic portion of the gemini surfactant molecule. Also, 

-AGomiC(CH2) is larger for the m-3-m series as compared to the m-6-m series. This result is 

attributed to a preferential cis conformation adopted by m-3-m surfactant monomers in 

solution. The cmc values for the 12-9-12 series of dactants show a maximum at spacer 

lengths of approximately 4-5 methylene Imits. The cmc begins to decrease for longer spacers 

in a linear manner similar to that associated with the lengthening of the -1 tail. The 

smaller magnitude of -AGowc(CH1) indicates the incorporation of the spacer into the 

hydrophobic core of the micelle. 

2. The mean aggregation numbers of the gemini surfactants are smaller than those 

previously rep& however, this is Iikely to be due to the low concentration region studied 

in this work The variation of the mean aggregation number with increasing spacer length 

exhiiits a minimum for a spacer 8-10 methylme units in length. This is consistent with 

geometrical requirements for maintaining a spherical aggregate structure. The mean 



aggregation number is observed to increase with firrther increase in spacer length, consistent 

with the transition hrn spherical micellar aggregates to vesicles, as previously reported37 

3. The thennodynamic volume study of the gemini surfactants has shown that the 

apparent molar volumes for the gemini surfactants can be modeled, successfidly, using either 

the mass action or pseudo-phase separation model. However because of the low values of 

the cmc, the pseudo-phase model is preferred. 

4. Additivity schemes used for the gemini surfactants suggest that there is a prefened 

method to estimate thermodynamic volume properties, particdarly in the case of muIti- 

functional compounds. One based upon contriiutions h m  groups that closely resemble the 

head group of the surfactant has been shown to be more appropriate than previous models, 

particularly for su&tants possessing shorter spacer groups. 

5. The observed changes in AVw as a function of the spacer chain length are consistent 

with changes in the head group areas and suggest structural changes occur as the size of the 

spacer is varied. ResuIts obtained in this study are consistent with previous determinations of 

head group areas, as well as with observations made using cryo-TEM methods. Also, the 

observed increase in AVw for s 1 8 is consistent with the incorporation of the spacer into 

the micelle core, as observed h m  head group area and critical micelle concentration results. 

ResuIts obtained for the head group areas are in e x d e n t  agreement with those previously 

reported The combined results of head group areas and apparent molar volumes suggest 



that introducing rigidity into the spacer chain of the gemini sttrfactant likely will have an 

effect only for spacers longer than an equivalent of 8-10 methylene units. 

6. The observed trend in the variation of AV4M with increased alkyl tail length is 

comparable to that observed for the corresponding monoquatemaxy ammonium srrrfaccants. 

63 Future work: binary surfactant-water systems 

I. Future investigations of these systems should closely examine the effects of rigidity 

in the spacer group of the surfhctant m01ea.de. This rigidity may be accomplished through 

the introduction of unsaturations in the allcyl chain, or through the use of aromatic groups 

contained in the chain. However, it is crucial that the resulting length of the spacer chain be 

Ionger than 8-10 methyiene units in length in order to truly evaluate the potential effect of 

rigidity in the spacer group. An additional experimentd consideration would be to ensure 

that the cmc of the resulting dac tan t  is not so low as to complicate the study of the 

surfaetant. Consideration should be given to choosing the length of the alkyl tails of the 

gemini surfactant so as to achieve this. 

2. The effect of the addition of side pups  such as -OH, or N-CH3 to the spacer has 

been previously studied using surface tension and conductance rnethod~.30,311~~*~S Rosen et 

al. have investigated the addition of a hydroxyl group to the central carbon of the spacer 

chain for the 12-3-12 dac tan t  and observed a decrease in the cmc relative to that for the 

unmodified s d k t a n t . ~  Devinsky et al. observed minimal variation in the cmc as a result of 

the repIacement of the central methyIene unit by N-CH3 for the 12-5-12 5mfamnt30 A 



complete study of the aggregation properties has not been carried out and is therefore 

required, Also, the effects of increasing the length of the side chain, or the number of 

substituents in the spacer chain should be examined. 

3. It is well known that branching of the -1 tail of a traditional single head group 

dimant can result not only in a decrease in the cmc of the surfactant, but can lead to 

vesicle formation provided the length of the branch is sufficient. Studies should be made to 

examine the effect of branching in the -1 tails of the gemini surfactant It is possl'bke that 

for shorter spacers branching may in fact lead to an increase in the cmc due to steric 

interactions between the surfactant molecules in the micelle, andlor increased hydrophobic 

interactions between the alkyl tails of a slafactant monomer brought about by the presence of 

bulkier groups in the alkyl tails. It is also possible that vesicle formation may be induced in 

gemini surfiactatlts having shorter spacers as compared to the unmodified mrfactants, where 

vesicles are observed to form only for long spacer groups. 

4. In considering the composition of biologicat membranes, one observes that a major 

constituent of such membranes are phopholipid molecules. Because of this fact, the study of 

anionic gemini sllrfactants having phosphate head groups27 may be of particular interest 

MiceUes or vesicle formed by such systems should serve as an excellent model with which to 

study the interaction of various types of biologically interesting moIecules such as polymers, 

proteins, and d - g  moIecuIes. 



63 Concluding remarks: ternary surfactant-polymer-water systems 

1. The conclusions which can be drawn h m  the study of the terna~~ surfactant- 

polymer-water systems are, due to the nature of the systems studied, somewhat speculative in 

nature. An immediate conclusion to be dram from the study of the interaction of the gemini 

surfactants with the homopolymers PEO and PPO is that the interaction between the gemini 

surfactants and the Pluronic block copoIymers primarily occurs through the more 

hydrophobic PPO segment. No detectable interaction is observed to occur between the 

gemini stlrfactants and PEO in solution, 

2. The interaction that is observed to occur between the gemini surfactants and the 

Pluronic block copolymers is not typical of surfactant-polymer interactions. The observed 

variation in the cmc and degree of micelle ionization as a fimction of polymer concentration, 

along with the observed increase in the apparent molar volume of the mrhctant in solutions 

containing PIuronic copolymers, is more typical of a process where the polymer is 

solubilized at or near the surface of the miceile, similar to mixed micelle formation in 

systems containing alcohols. It should be noted that both this interaction, as well as that 

usually observed, namely the formation of polymer bound aggregates, do possess some 

similarities. Both processes will result in a decrease in head p u p  repulsions, leading to the 

observed decrease in the mean aggregation number, as well as the observed decrease in the 

micelle polarity, as monitored by the v i i n i c  intensity ratio of pyrene. 



2. There appears to be a minimal effect on the interaction due to variation in the 

surfactant head p u p  size. Results obtained &om specific conductance and NMR studies 

suggest that interactions are possibly promoted by the d e r  12-3-12 surfactant head p u p .  

4. The composition of the Plmnic copolymer has a more pronounced effect on the 

interaction, with the more hydrophobic PI03 copolymer showing the most interaction, 

followed by FlOS, and fiually F68. AdditionaIly, larger interactions are observed for higher 

molar mass polymers having the same PO/EO mass ratio; however, this effect potentially 

arises h m  a decrease in the size of the PPO segment in the polymer, and not specifically 

from a decrease in the overall molar mass. 

5. The results obtained from eqdi'brium dialysis and fluorescence vibronic intensity 

ratio of pyrene studies suggest that there may be a different m e c ~ s m  of interaction for 

PI03 versus F108 at low polymer concentrations. PI03 is observed to interact non- 

cooperatively with the 12-3-12 d k t m t  below the cmc, with no evidence of a CAC. FI08 

shows evidence for a CAC, particularly at low polymer concentrations, for the 12-3-12 

sufactant of approximately 0.5 to 0.6 mmol L-' in both experimenl methods. 

6. The aggregation state of the copolymer is observed to have a si@cant effect on the 

interaction of the gemini &actant with the copoiymer in aqueous solution. At conditions 

where polymer self-aggregation does not occur9 specifically Iow concentration and low 

temperature, regular d k c m t  micelles with the polymer solubilized at or near the d h c e  

appear to be the dominant stnrcture. Abmpt changes in structure occur at the cmt of tbe 



copolymer. It is hypothesized that separate polymer aggregates forin, as well as gemini 

sznfactant micelles, in which there may be some solubilization of gemini dhctant  

monomer. 

6.4 Future work: ternary surfrctant-plymer-water systems 

1. It is obvious h m  the discussion of the results of this work that a major impediment 

to the study of the ternary surfactant-polymer-water systems is the low values for the cmc of 

the gemini surfactants. This can be overcome in future studies by examining gemini 

surfactants with shorter allql tails, specifically, the IO-s-10 series of surfactants, whose cmc 

values are of an order of magnitude larger than those of the 124-12 series studied in this 

work. 

2. A more complete thermodynamic study of the ternary systems, in turn allowing for an 

application of the thermodynamic models discussed in $5.2.1.4 and 5.2.2.4 is requiffd 

Studies should include an examination of the specific volume of the polymer in surfkctant 

solution as a fimction of temperature to cIearly probe the possibility of influencing the cmt of 

the Piuronic solutions by addition of gemini d a c t a n t  

3. Future work shodd also be carried out to take advautage of the sensitivity of 

spectroscopic methods and examine the mean aggregation numbers in greater detail. Also, 

measurement of the rotational polarization of a probe moIecule would provide infoxmation 

about the microviscosity of the aggregates. This may allow for some differentiation between 

the polymer dominated and mhctant dominated aggregates hypothesized in this work. The 



possibility of introducing a fluorescent probe directly into the !jtmmre of the surktant or 

the polymer molecule should be examined, This wodd allow for a more direct examination 

of the interactions occurring on the molecuIar level. 

4. Additional binding studies should be carried out, possibly using surfactant specific 

eIectrode or titration microcalorimetric methods, which would alleviate the difliculties of 

determining the surfhctant concentration encountered in this work. Such investigations 

would allow for a better understanding of the mechanism of interaction ktween the 

surfactant and Pluronic in solution. Addihmlly, such studies would d o w  for determination 

of the interaction of the surfactant with PPO, which was precluded in this work by the 

molecular weight cutoff of the dialysis membrane used. 

5. A complete examination of the buIk viscosity of the ternary surfactant-polymer-water 

solutions is necessary to eliminate the possi'biIity of the observed variations in the specific 

conductance arising from viscosity effects. 

6. Provided access to an instrument having a higher field is available, a 13c NMR study 

of the ternary systems may provide important information regarding the site of interaction of 

the polymer with the gemini surfactant. The requirement of a higher magnetic field than that 

available currently arises h m  the tow concentrations of surfhctant involved in this study. 

Such experiments would have tequited considerable machine time on the specmmeter used 

in this study due to the large number of scans requ id  to obtain 13c spectra. An additional 

advantage is that such measurements codd be carried out in aqueous rather than &O 



solution, allowing for a direct wmparison of the results with results obtained from other 

methods. 

7. Dynarnic light scattering studies, which have previously been used to effectively 

probe copoIymer systems, may provide some insight into the nature of the aggregates formed 

in the ternary m f h c ~ ~ & p o I ~  systems. While the observation of micelles in 

aqueous soIution is difficult using this method (since the resolution is on the order of 1 - 2 

m), the measured hydrodynamic radii of aggregates formed by the Pluronic copolymers 

used in this study are of the order of 7 nm or greater. Tkefore observation of particles of 

this size in the temary systems above the cmt would provide confirmation of some of the 

hypotheses presented in this work 
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8. APPENDICES 

Appendix A: Chmcterization data for the m-s-m gemini surfactants 

Table A-I: CH&N Analysis results for the gemini dac tan t s  
Srrrfactant %C %C %H %H %N %N 

cai'c found cal'c found cal'c found 
10-3-10 56.6 55.5 10.6 10.6 4.9 4.8 

Table Am: 'H NMFt D m  for the m-s-m gernini dactants 
Surfactant Group w p m )  # of protons 
10-3-1 0 N-CH2- 3.61-3.23 8 

N-CH3 3.28 12 
N-CH2-CH2-CH2-N 2.60-2.45 2 
N-CH2-CH2- 1.68-1.52 4 
-(CH2h- 1.25-1.00 28 
4 3 3 3  0.69 6 



Table A-II (con't): 'H NMR Data for the m-s-m gemini srnfactants 
Surfactant Group # of protons 
12-4-12 N-CH2-CH2- CH2-CH2-N 3.46 4 



Appendix B: Specific conductance data 

Table B-l: Specific conductance of aqueous m-s-m gemini surfactant systems 
Concentration K Concentration K Concentration K 
(mol L*') (@ (mol L*') (@ (mol c') (pS cm-') 



Table B-I(con9t): Specific conductance of aqueous m-s-m gcmini surfactant systems 
Concentration K Concentration K Concentration K 

(mol L") (pS cm") (mol L-') (pS cm") (mol L-') (pS cm") 
12412 12-8-12 12-12-12 



Tabk B-11: Specific conductance data and specific conductance ratios for the 
12-3-12 surfactant in W ~ ~ O U S  pol- solutions 

CO~C. K K'/K' CO~C. K K'/K' 

(mm0l L-') (@ rn-') (mmolL") (psm-l) 
Aqueous 12-3-12 12-3-12/0.2% PEO 

12-3-120.2% PPO (M.W. 725) 
0.000 1.97 1.00 
0.182 36.76 0.96 
0299 60.84 0.99 
0.463 91.75 0.98 
0.580 1 14.0 0.97 
0.700 133.7 0.95 
0.835 150.6 0.90 
1.01 169.1 0.88 
1.15 183.1 0.93 
1.46 208.5 1-00 
1.87 237.6 I .05 
2.24 262.5 1.09 
2.63 287.5 1.12 
3.12 3 16.9 1.15 
3.58 343.4 1.16 
4.1 1 372.1 1.18 

12-3-12/0.05% PPO (M.W. 2000) 
0.000 1.97 1.00 
0309 54.26 0.86 
0.453 77-16 0.84 
0.618 100.8 0.8 t 
0.802 1273 0.79 
0.955 144.8 0.77 
1 .07 157.8 0.81 
1.22 171.4 0.86 
1.39 186.0 0.90 
1 -64 204.9 0.95 
1-93 225.9 0.98 
2.3 5 244.9 1 .OO 
2.67 260.3 1.01 
2.97 272.9 1.01 
328 285.0 1-01 
3.71 300.2 1.00 



Table EII(con't): Specific conductance data and specific conductance ratios for 
the 12-3-12 srttfktant in aqueous polymer solutions 

Conc. K: tc'/tca Conc. K K'IK' 
(mmol L") (fi (mmol L-') (pS ~ m * ~ )  

12-3-12/0.5% PI03 



Table WI(con't): Specific conductance data and specific conductance ratios for 
the 12-3-12 swfktant in aqueous polymer salutions 

Conc. K K'IK~ Conc. K K'IK~ 
(mmol L") 01s (ram01 c') 01s mi1) 

12-3-1211.0% F108 



Table Em. Specific conductance data and specific conductance ratios for the 
12-6-12 dhctant in aqueous polymer solutions 

C O ~ .  K K'/K~ COW. K K'/K~ 
(mmol L-') (ps m-') (mmol L-~) (pS miL) 

Aqueous 12-6-12 12-3-12/0.2% PEO 

12-6- 12/0.2% PPO (M.W. 725) 
0.000 1.18 1 .OO 
0.148 29.54 0.98 
0.282 56.21 1 .OO 
0.414 81.79 0.99 
0.551 108.5 0.99 
0.680 133.1 0.99 
0.88 1 167.5 0.96 
1-01 186.1 0.93 
1.23 212.5 0.96 
1.51 241.5 1.02 
1.82 268.7 1.05 
2.17 297.9 1.08 
2.42 3 19.6 1.10 
2.72 339.8 1.10 

12-6-l2/0.05% PPO (M.W. 2000) 
0.000 1.18 1 .OO 
0.165 32.75 0.98 
03 10 61.92 1 .OO 
0.462 92.15 1 .OO 
0.593 118.0 1.00 
0.729 141.8 0.98 
0.880 165.2 0.95 
1.01 188.7 0.95 
134 226.0 1 .OO 
1.65 257.2 1-05 
1 -95 282.1 1.07 
228 306.5 1.08 
2.59 327.5 1.09 
2.95 350.8 1.09 
3.45 381.1 1.08 

K dculated ftom rrgression analysis of the aqueous fllrfactant data 



TabIe &IIX(con't): Specific conductance data and specific conductance ratios for 
the 12-6-12 surfirctant in aqueous polymer soIutions 

Conc. K K'/K' Conc. K K'/K~ 

(mmol L?) (pS cm-l) (mmol L") (ps cm") 
126-12/0.05% PI03 12-6-12/0.5% PI03 



Table B-III(con't): Specific conductance data and specific conductance ratios for 
the 12-6-12 surfactant in aqueous polymer solutions 

COUC. K K'/K' C O ~ C .  K K'/K~ 

(mmol c') (@ Em-1) (mmoi L-') (p!s m") 
12-6-12/0.5% F108 I2-6-IUl.O% F108 



Table B-W. Specific conducts~zce data as a function of temperature for the 12-3-12 
w f h m t  in aqkw polymer solutiom 
Temp. K Temp. K Temp. K Temp. K 

("(3 (pscm-') (OC) (p!3cmi) ("C) (pS cm") ("C) us cm-L) 
A~WOUS 12-3-12 12-3-1U2.W PI03 12-3-12/2.0% FlO8 12-3-1212.0% F68 

4.977 mmol kg'' 5.300 mmol kg-' 5.1 12 mmol kg*' 
10.0 283.9 10.0 2403 10.0 196.4 
15.0 367.5 15.0 2962 15.0 238.6 
20.0 426.1 20.0 355.4 20.0 289.0 
25.0 425.5 25.0 408.0 25.0 345.9 
30.0 439.3 30.0 445.8 30.0 418.0 
35.0 467.6 35.0 476.6 35.0 488.8 
40.0 50 1.7 40.0 508.0 40.0 5563 
45.0 554.8 45.0 545.9 45.0 629.9 
50.0 609.2 50.0 612.9 50.0 701.2 

10.29 mmol kg" 
10.0 343 .o 
15.0 398.8 
20.0 466.5 
25.0 539.4 
30.0 628.7 
35.0 724.4 
40.0 837.3 
45.0 939.6 
50.0 1061.7 

9.955 mmol kg" 
10.0 448.6 
15.0 560.0 
20.0 645.8 
22.0 652.6 
25.0 659.6 
27.0 666.3 
30.0 682.3 
35.0 722.5 
40.0 772.0 
45.0 8333 
50.0 932.6 

10.75 mmol kg" 
10.0 363.6 
15.0 440.9 
20.0 515.7 
25.0 578.7 
30.0 63 1.7 
35.0 691.6 
40.0 748.7 
45.0 827.8 
50.0 930.9 

10.02 mmol kge1 
10.0 318.5 
15.0 389.0 
20.0 470.6 
25.0 562.1 
30.0 660.7 
35.0 785.4 
40.0 892.0 
45.0 1016.8 
50.0 1136.9 

19.91 mmol kg-' 20.09 mmol kg" 20.24 mmol kg-' 
10.0 697.4 10.0 536.6 10.0 507.5 
15.0 853.3 15.0 628.1 15.0 621.2 
20.0 970.9 20.0 713.0 20.0 745.0 
22.0 996.2 25.0 795.7 25.0 877.1 
25.0 1030.5 30.0 878.1 30.0 1039.8 
27.0 1051.6 35.0 974.7 35.0 1190.5 
30.0 1088.5 40.0 1078.2 40.0 1369.5 
35.0 1168.6 45.0 1208.9 45.0 1522.8 
40.0 1264.3 50.0 1376.1 50.0 1731.4 
45.0 1372.0 
50.0 1518.0 



Appendix C: Surface tension data 

Table C-1: Surface tension data for the aqueous gemini sudktants 
Concentration v Concentration v Concentration Y 

(mo1 L-') (mN'm*l) (mol L*~)  (mN'me1) (mol L") (dm m-') 
12-3-12 



Table C-l(cou't): Strrface tension data for the aqueous gemini s u h c m t s  
Concentration Y Concentration Y Concentration Y 



Table C-II: S&e tension data for the 12-6-12 gemini sllrfactant iu aqueous polymer 
solutions 
Concentration Y Concentration Y Concentration Y 

(mol u') ( m ~ '  m-') (mol L-') (mol L") ( m ~ '  m-') 
02% PEO 02% PPO (M.W. 725) 02% PPO (M.W. 2000) 



Table C-LI(con't): S& tension data for the 12-6-12 gemhi d b c i a n t  in aqueous 
polymer soIutions 
Concentration v Concentraton Y Concentration Y 

(mol L?) @N' il) (mol L") (mN' m-') (mol L-') (mi bt) 
0.05% F108 05% Ff 08 0.05% F68 



Appendix D: Fluorescence data 

Table D-1: Fitting patEuneters (according to Equation 33.3.1-1) for the experimental 
fluorescence decay curves, and mean aggregation numbers (according to Equation 3 23.1-2) 
for the aqueous gemini surfactants 
[S-tl [QuemherI 41 n ks Nwu 

- 
(mol L-I) (mol L-') (set-') (set*') 



Table D-l(con9t): Fitting parameters (according to Equation 32.1-1) for the experimental 
fluorescence decay curves, and mean aggregation numbers (according to Equation 3.2.3.1-2) 
for the aqueous gemini surfactants 

P-tl [Quench=] ko 
- 
LZ LP I) Na (mol L") (mol L") (set*') (sec' 

12-12-12 
1.01~10'~ 0.00 7.33x106 - - - 

2.32~ 10' 7.25~10~ 0.57 5.0~10' 24 
4.64~ 1 o4 7.22~ lo6 1.06 5.5x107 22 
6.96~ lo4 7.19~10~ 1.37 5.0~ lo7 19 



Table bU: Fitting parameters (according to Equation 323.1-1) for the e x p e r i m d  
fluorescence decay m e s ,  and mean aggregation numbers (according to Equation 32.3.1-2) 
for the 12-6-12 getnini surfirctant h aqueous po1ymer ~01Ution. 
[s-tl IQuencher3 ko 11 k9 Nw 

- 
(md L-l) (m01 L") ( X  lo6 w-') (X 10' s e ~ - l )  



Table D-iI(con't): Fitting parameters (according to Equation 3.2.1-1) for the experimental 
fluorescence decay curves, and mean aggregation numbers (according to Equation 3 2.3.1-2) 
for the gemini surfactants in aqueous plyrner solutioa 

- 

[Surfactant] [Quencher] ko n k, Nw - 
@01 L") (mo~ L-') (X lo6 (X 1 o7 ~ e c - l )  

12-6-12/0.2% PEO 

12-6-12/0.2% PPO (M-W. 725) 
7.42 
7.30 0.326 
7.33 0.742 
7.36 1.175 



Table D-con't): Fitting parameters (according to EQuation 3.2.1-1) for the experimental 
fluorescence decay curves, and mean aggregation numbers (according to Equation 3.23.1-2) 
for the gemini surfactants in aqueous polymer solution. 
[Srrrfactant] [Quencher] ko n k4 N~sg - 

(m01 L-') (mol L-l) (X 1 o6 ~ec-') (~10' se~-') 
12-6-12/0.2% PPO (M.W. 725) 

0.00 7.90 
1.49~ lo4 7.80 0.487 
2.98~ lo' 7.79 1.005 
4.47~ 1 o4 7.98 1 .569 

12-6- lZO.OS% PPO (M. W. 2000) 
0.00 7.1 1 

2.16~10'~ 7.03 0.230 
4.30~ 10" 6.97 0.497 
6.46~ 1 o-' 7.04 0.670 



Table D-II(cou't): F i  parameters (according to Equation 32.1- I) for the experimental 
fluorescence decay curves, and mean aggregation numbers (according to Equation 3 2.3.1-2) 
for the gemini surktmts in aqueous polymer solution, 
[ s a t 1  [@=her1 ko n k b - 
(moI L*~) (rnol L") (x 1 o6 =el) (x 10' secL) 

12-6-12/0.2% PPO W W .  2000) 



Table BII(c0n't): Fitting parameters (according to Equation 321-1) for the experimental 
fluorescence decay curves, and mean d o n  numbers (according to Equation 32.3.1-2) 
for the gemini mhtants  in aqueous poIymer soIution. 
[Surfactant] [Quencher] ko n ks Nw - 
(mo~ L-I) (mol L-[) (X I o6 ~ ~ c " )  ( X  10' sec") 

126-12/0.05% F108 



Table D-II(ron9t): Fitting parameters (according to Equation 3.2.1-1) for the experimental 
fluorescence decay curves, and mean aggregation numbers (according to Equation 3.23.1-2) 
for the gemini surfactants in aqueous polymer dution. 
[Surfactant] [Quencher] ko n k, Nm - 
(m01 L-I) (m01 L") (xro6 (X 107 ~ e c - ~ )  

12-6-120.05% F68 
1.114~10'~ 0.00 8.12 

2.33~10" 8.04 0.766 4.8 3 3 
4.65~ 1 o4 7.98 1.721 4.6 3 7 
6.99~ 10" 7.99 2.039 4.6 29 

Table D-UI: Vibronic intensity ratios of pyrene for the 12-3-12 and 12-6-12 
gernini surfactants in aqueous polymer solutions 

Conc. Conc. I,/& Conc. II/I~ Conc. Il/I3 
(mol L") (mol L-I) (mol L") (mol t") 

12-3-12 
Aqueous 02% PEO 0.2% PPO 725 0.05% PPO 2000 
0 1.73 0 1.63 0 1.68 0 1.25 

0.000156 1.69 0.000143 1.64 0.000143 1.70 0.000143 1.27 
0.000309 1.70 0.000283 1.58 0.000283 1.69 0.000283 1.28 
0.000459 1.69 0.000420 1-60 0.000420 1-68 0.000421 1.27 
0.000679 1.61 0.000621 1.56 0.000621 1.52 0.000622 1.31 
0.000893 1.44 0.000817 1.46 0.0008816 1.40 0.000817 1.33 
0.00110 1.43 0.00101 1-38 0.0010~ 138 0.00101 1.33 
0.00143 1.43 0.00131 1.37 0.00131 1.39 0.00131 1.34 
0.00206 1.42 0.00188 1.36 0.00188 139 0.00188 1.35 
0.00263 1.41 0.00241 1.36 0.00240 139 0.00241 1.36 
0.00315 1.42 0.00289 1.36 0.00288 I39 0.00289 1.36 
0.00409 1.41 0.00374 1.36 0.00374 139 0.00374 1.36 



Table BIII(eon't): V ~ b n i c  intensity ratios of pyrene for the 12-3-1 2 and 12- 
6-12 gemini surfactants in aqueous polymer solutions 

Conc. I Conc. 11/13 Conc. 11/13 Conc. I1& 
(mol L") (mol L-I) (mol L") (mol L") 

12-3-12 



Table D-III(con9t): Vibronic intensity ratios of pyrene for the 12-3-1 2 and 12- 
6-12 -srrrf& in aqueous polymer so~&&s 

CO~C.  Iifi3 COW,. IIfi3 COUC. COCK. Itn3 
(mol L-') (mol L-') (mol L-I) (mol L-I) 

12-6-12 
Aqueous 
0 1.74 

0.000143 1.72 
0.000283 1.72 
0.000421 1.70 
0.000622 1.67 
0.000817 1.61 
0.00101 1.46 
0.00131 1.43 
0.00188 1.42 
0.00241 1.42 
0.00289 1.41 
0.00374 1.41 

0.2% PEO 
0 1.64 

0.000272 1.59 
0.000404 1.60 
0.000597 1.56 
0.000785 1.48 
0.000967 138 
0.00126 137 
0.00181 136 
0.00231 1.36 
0.00277 1.38 
0.00359 137 

02% PPO 725 
0 I .75 

0.000143 1.71 
0.000283 1.69 
0.000421 1-69 
0.000622 1.64 
0.000817 1-53 
0.00101 1.42 
0.0013I 1.41 
0.00188 1.40 
0.00241 1.40 
0.00289 1.40 
0.00374 1.39 

0.05% PPO 2000 
0 125 

0.000165 1.27 
0.000327 127 
0.000486 1.27 
0.000719 1.28 
0.000945 133 
0.001 14 1.35 
0.00152 1.37 
0.00218 1.37 
0.00278 1.37 
0.00334 1.38 
0.00385 1.38 



Table I)IIII(con9t): Vibronic intensity ratios of pyrene for the 12-3-12 and 12- 
6-12 gemhi surfhuts in aqueous polymer solutions 

Conc. Ir/13 Conc. 11/13 Conc. 11/13 Conc. 11/13 
(mol L") (mol L") (mol L-l) (mol L*') 

0.5% FlO8 1.M FlO8 0.05% F68 2.P! F68 



Appendix E: 'H NMR chemical shiil data 

Table E-I: 'H NMR chemical shift data (of the N-methyl slrrfactant protons) for the 12-3-12 
gemini surfactant in aqmus polymer solutions 

Conc. 6 Conc. 6 Conc. 6 Conc. S 
(mol L-') @pm) (mol L") (pp-m) (mol L-~)  @pm) (mol L-l) (PP@ 

Aaueous 0.2% PEO 0.2% PPO 725 0.05% PPO 2000 



Table E-I(coa9t): 'H NMR chemical shift data (of the N-methyl surfixtant protons) for the 
12-3-12 gemini dactant in aqueous polymer solutions 

Conc. 6 Conc. S Conc. 6 Conc. S 
(ma1 L*') (ppm) -1 L*') (ppm) (mol L - ~ )  (ppm) (mol L-') (ppm) 
0.2% PPO 2000 0.05% P103 0.05% FlO8 0.05% F68 



Table E-11: 'H NMR chemical shift data (of the N-methyl surfactant protons) for the 12-6- 
12 gemini surfactant in aqueous polymer solutions 

Conc. 6 
(mol L") (ppm) 

Aqueous 
1.84~10" 2.911 
2.76~10' 2.918 
3.67~10" 2.918 
4.58~ lod 2.925 
5.48~ lo4 2.920 
7.23~ lo4 2.920 
8 . 1 7 ~ 1 0 ~  2.929 
9.06~ 1 0' 2.940 
1.08~ 2.950 
1.5 1 x 10'~ 2.965 
2.03~ 10'~ 2.984 
3.02~ 10" 2.992 
4.05~ 10" 3.002 
5.03~ 10" 3.009 

Conc. 6 
(mol L-') (ppm) 

0.2% PEO 

Conc. 6 
(mol L") (ppm) 

02Yo PPO 725 

Conc. 6 
(mol L-') (ppm) 
0.05% PPO 2000 

0.2% PPO 2000 0.05% P103 0.05% F108 0.05% F68 
1.81~10" 2.904 1.97~10' 2.914 2.01~10' 2.914 2 . 0 7 ~ 1 0 ~  2.915 
2.71~10' 2.907 2 .95~10~ 2.917 3 . 0 0 ~ 1 0 ~  2.917 3.09~10' 2.914 
3 .60~ lo" 2.9 12 3 .Ex lo" 2.9 18 4.00~ 1 0' 2.9 1 7 4.12~ 1 od 2.9 16 
4.49~10' 2.911 4.89~10' 2.921 4.98~10' 2.918 5.14~10' 2.919 
5 . 3 8 ~ 1 0 ~  2.910 5.86~10' 2.922 6.95~10' 2.923 6.15~10' 2.918 
623x10' 2.916 6.82~ lo' 2.925 7.93~ lo" 2.925 7.16~ lo' 2.922 
7.15~10" 2.926 7.78~10' 2.927 8.90~10" 2.926 8.17x10J 2.926 
8 . 0 2 ~ 1 0 ~  2.930 9.68~10' 2.932 9 . 8 7 ~ 1 0 ~  2.933 9 . 1 7 ~ 1 0 ~  2-93 1 
9.76~10' 2.941 1 .53xl0'~ 2.945 1 S6xl0'~ 2.961 l.02~10'~ 2.939 
1.06~10'~ 2.942 2.08~ 10" 2.962 2.03x10-~ 2.979 1 .51~ 10'~ 2.969 
l.49xl0-' 2.960 3.06~10'~ 2.983 3 .03~ 10" 2.997 2.00~10'~ 2.984 
1.99~ lw3 2.974 4.08~ 1 o - ~  2.995 4.07~ 3.007 3.03~ lo3 2.998 
3.05~10" 2.986 5.05~ lo" 3.002 5 . 0 7 ~ 1 0 ~ ~  3.013 4.02~ 10" 3.008 
4.05x10-~ 3.000 7.03~10'~ 3.009 7.02~10'~ 3.019 5.06~10'~ 3.013 
S.OOX~O'~ 3.005 9.04x10-~ 3.015 9.08x10-~ 3.024 7.00~ lom3 3.021 
7 .05~10~~  3.011 1.10~10" 3.019 1 .10~10~  3.025 9 . 0 0 ~ 1 0 ~ ~  3.026 
9.07~ 10" 3.017 
1.10x10-~ 3.019 



Appendix F: Density and apparent molar volume data 

Table F-I: Density and apparent molar volume data for the aqueous gemini &rant 
systems' 

molality d" v4 molality da v+ 
(mol kg-') (g an-3) (an3 ~OI-I) (mol kg1) (g an*3) (an3 moP) 

8-3-8 10-3-10 

' d,, = 0.997047 g mi3 
data h m  referrnce I34 
' h m  dilatometer method 
* low eonccntration voIume data should comedy be nponed oaIy to 3 significant figures; however, 5 have 

been rrported fi,r consistency in the data tabIcs, 



Table F-I(con9t): Density and apparent molar volume data for the aqueous gemini 
- - 

sllrfhcmt systems 
molality da v+ molality da v+ 

(mol kg-') (g (em3 mol-') (mol kg-') (g em*3) (cm3 mol*') 
12412 12-6- 1 2 



Table F-1(con9t): Density and apparent molar volume data for the aqueous gemini 
strrfkctant systems 

molality da v4 rnolality da 
(ma1 kg-') (g mi3) (cm3 moP) 

v4 
(mol kg") (g cm3) (cm3 mol-') 

12-12-12 12-6-12 



Table Fa: Density, apparent molar volume, and transfer volume data for the 12-3-12 . - -  

gemhi dactant  in aqueous polymer solutiond 
molality d Vc A V ~  molality d V c  A V ~  

(mol kg") (g (mol w') (g mm3) 
0.2% PEO; Q = 0.997404 0.2% PPO (M.W. 725); 4 = 0.997243 

0.05% PPO (M.W. 2000); 6 = 0.9971 12 
0.0019974 0.99721 1 581.40 7.8 
0.0040101 0.997308 581.87 5.2 
0.0059654 0.997400 582.32 4.7 
0.0079935 0.997496 582.54 4.4 
0.0099245 0.997583 583.09 4.6 

been reported for ccmskmcy in the data tables. 

230 



Table F-II(con9t): Density, apparent molar volume, and transfer volume data for the 12-3- 
12 gemini surfactant in aqueous polymer solutions 

molality d V," AV," molality d V$ AV? 
(mol kp;") (g cui3) (mol kg-') (g 

2.0% F108; Q = 1.000147 0.05% F68; Q = 0.99715 1 
0.0029968 1.000233 599.81 242 0.0019955 0.997261 575.35 1.7 
0.0041 159 1 .OOO27O 598.77 22.0 0.0039774 0.997358 578.45 1.8 
0.0059921 1.000352 594.29 16.6 0.0059633 0.997456 579.39 1.7 
0.0078189 1 .OOO435 591.63 13.5 0.0079402 0.997559 579.1 1 0.9 
0.0099079 1.0005 18 590.93 12.5 0.009921 3 0.997655 579.6 1 1.1 

2.0% F68; do = 1.000106 
0.0029340 1 .O00219 590.09 14.5 
0.0032281 1.000236 588.22 12.3 
0.0039802 1.000268 587.89 1 1 3  
0.0050922 1.0003 17 587.14 9.8 
0.0076380 1 .OOO425 586.63 9.4 
0.010000 1 .OOO532 585.80 8.0 
' units of cm' moT1 

Table MU: Density, apparent molar volume, and transfer volume data for the 12-6-12 
gemini dactant  in aqueous polymer solutions 

molality d V," AV$ molality d VOQ AVQ~ 
(ma1 kg-') (g ~ r n - ~ )  (mol kg") (g cm-3 

0.2% PEO; do = 0.997403 0.2% PPO (M.W. 725); Q = 0.997258 

0.05% PPO (M.W. 2000); Q = 0.997122 
0.0020402 0.99721 5 627.19 2.3 
0.0039921 0.997297 628.87 0.9 
0,00603 18 0.99738 1 629.79 0.7 
0.0078891 0.997454 630.64 1 .O 
0.0099465 0.997543 630.33 0.4 



Table F-XlI(coa't): Density, apparent molar volume, and transfer volume data for the 12-6- 
12 gemini surfactant in aqueous polymer solutions 

moiality d V," AV," molality d - Vt AVC 
(mol kg') (g anv3) (moi kg-') (g mi3) 

2.0% P103; 4 = 0.998954 0.05% F108; Q = 0.997139 



Table F-IV: Density and apparent molar volume data for the 12-3-12 gemini surfactant in 
aqueous polymer solutions at various temperatures 
T a p  d d Vc Temp d d 
("C) (g cm-3 (g cm-3 ("C) (g ~ r n - ~ )  (g mi3) 

v t  
0.005088 mol k~-~/2.0% P103 0.005000 mol kg-'/2.0% F108 

0.0101 3 rnol kg*'/2.0% P 103 
10.0 1 .OOZ97 1 .OO2749 582.63 
15.0 1.001611 1.001991 590.08 
20.0 1.000594 1.000807 607.24 
25.0 0.998882 0.999285 589.23 
30.0 0.997180 0.997701 578.54 
35.0 0.995433 0.995952 579.59 
40.0 0.993523 0.994025 58232 
45.0 0.991460 0.991946 585.04 

0.02004 rnol kg"L2.0% PI03 
10.0 1 .OO2372 1 .OO328O 58 1.6 1 
15.0 1 .OOl68l 1.002465 588.22 
20.0 1.000661 1.001248 598.67 
25.0 0.998937 0.999806 585.42 
30.0 0.997217 0.998206 580.24 
35.0 0.995470 0.996449 581.71 
40.0 0.993577 0.994524 584.38 
45.0 0.99 1502 0.992444 585.75 

0.0 10 13 rnol kg*'/2.0% F 108 
10.0 1.002984 1 .OO3532 572.77 
15.0 1 .OO2292 1 .OO279O 577.99 
20.0 1.0013 12 1.001769 582.66 
25.0 1 .OOOO8 1 1 .OOO5O6 58638 
30.0 0.998583 0.999008 587.36 
35.0 0.996797 0.997296 580.87 
40.0 0.994874 0.995397 579.49 
45.0 0.992813 0.993334 580.71 
50.0 0.990559 0.99 1085 58 1.5 1 

0.01999 rnol k g ' L ~ . ~ %  F108 
10.0 1 .OO29O3 1 .(lo3880 577.74 
15.0 1.002206 1.003120 581.26 
20.0 1.001226 1.002090 584.34 
25.0 0.999999 1 .OOO83 1 586.62 
30.0 0.998491 0.999308 588.16 
35.0 0.996718 0.99759 1 586.3 I 
40.0 0.994795 0.995691 586.19 
45.0 0.992708 0.993604 587.34 



Table F-W(con9t): Density and apparent molar volume data for the 12-3-12 gemini 
&actant in aqueous polymer solutions at various temperatures. 

Temp d d Vt Temp d d 
(OC) (g mi3) (g ane3) ("C) (g cm-3 (a 'xi3) 

vt 
0.004998 mol kg'L/2.0% F68 

10.0 1.002385 1 .OO3227 573.74 
15.0 1.001679 1 .OO2524 578.29 
20.0 1.000662 1.001539 582.23 
25.0 0.998943 1 .OOO273 587.19 
30.0 0.997217 0.998760 597.77 
35.0 0.995480 0.997059 602.62 
40.0 0.993574 0.995159 606.27 
45.0 0.991499 0.993093 610.13 
50.0 0.990867 6 1 1 .09 

0.009989 mol kg"/2.0% F68 
10.0 1.002297 1.003499 572.97 
15.0 1 .OOl6ll 1.002774 577.68 
20.0 1 .OOO594 1 .OO 1779 580.86 
25.0 0.998882 1 .OOO499 585.07 
30.0 0.9971 80 0.99901 1 588.29 
35.0 0.995433 0.997304 591 -79 
40.0 0.993523 0.995395 595.3 1 
45.0 0.991460 0.993325 598.00 
50.0 0.991084 600.49 

0.01012 rnol kg~'1~queous 
10.0 0.999700 1 .OOO273 57 1.95 
15.0 0.999100 0.999660 573.58 
20.0 0.998204 0.998741 57632 
25.0 0.997047 0.997567 578.58 
30.0 0.995648 0.9961 53 580.88 
35.0 0.994032 0.994523 583.12 
40.0 0.992215 0.992699 584.75 
45.0 0.990212 0.990688 586.68 
50.0 0.988033 0.988496 589.15 

0.0 1999 mol kg"/2.0% F68 
10.0 1 .OO296O 1 .OM013 573.93 
15.0 1 .OO2279 1.003274 577.16 
20.0 1.0013 1 1 1 .OO2256 580.21 
25.0 1 .OOOO66 1 .OOO953 583.78 
30.0 0.998602 0.999449 586.57 
35.0 0.996921 0.997726 589.62 
40-0 0.995033 0.995807 592.31 
45.0 0.992980 0.993730 594.69 
50.0 0.990752 0.991489 596.58 



Appendix G: Equilibrium dialysis data 

Table GI: Equili'brium surfaetaot concentrations('i mmcl c') and binding ratio*) for the 
12-3-12 gemini mfktant in aqueous Pluronic solutions 

Ci Cw a Cqa Y Ci Cwa Cwa Y 
dialysate retentate dialysate retentate 

0.05% F108 0.5% F108 

3.03 1.460 2 .46 0.00 1.54 0.747 0.843 0.36 
dSysate refers to the side of the dialysis chamber which does not contain polymer, 




