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Abstract

Cyclodextrins are macrocyclic compounds with the unusual and useful structural
feature of having a shape like a cup open at both ends. The macrocyclic structure is made
up of 6, 7 or 8 glucopyranose units for o, B, or y-cyclodextrin, respectively. With a
hydrophobic cavity, cyclodextrins are capable of forming inclusion complexes in which a
nonpolar structural feature of a guest molecuie is bound inside the cavity. Hydroxyl groups
lining the structures openings help make cyclodextrins water soluble and can also affect
their natural tendency for forming complexes. Nonpolar compounds or compounds with
nonpolar branches, such as a hydrocarbon tail, have demonstrated a strong propensity to
act as guests in cyclodextrin inclusion complexes. In the work presented here, the binding
constants for cyclodextrin (CD) with a series of n-alkyl trimethylammonium bromide
(TAB) cationic surfactants have been determined. The activity of the TAB compounds
was measured in solution by using a surfactant sensitive electrode. The electrode response
was used in a least-squares regression fit to model the equilibrium constants. Results show
that the TAB surfactants, with carbon tail lengths of C12, C14, and C16, form complexes
of varying strength and different stoichiometries with o, B, and y-cyclodextrins. The ability
to form complexes with TAB:CD ratios of 1:1, 1:2, and 2:1 are shown to depend on the
relative length of the surfactants hydrocarbon tail and on the size of the cyclodextrins

cavity.



Mixtures of surfactants are of great practical and theoretical interest. The natural
tendency of surfactants to form aggregates (micelles) in solution can be substantially
enhanced when present as mixtures compared to either of the pure surfactants. This
enhancement is referred to as a synergistic effect. The synergistic lowering of the critical
micelle concentration (CMC) of a series of binary cationic/nonionic mixed surfactant
systems is the subject of the present work. Despite the importance of understanding mixed
surfactant behavior, surprisingly little data has been published for cationic surfactants with
the nonionic surfactants used here, probably because of the extremely high cost of
monodisperse nonionic surfactants. The cationic surfactant used was cetylpyridinium
chloride (CPC). The series of nonionic surfactants used were polyethylene oxides (PEO’s)
with 7 and 8 EO linkages, and hydrocarbon tails of C12, C14, and C16. The surface
tensions of the pure surfactants and binary mixtures were measured and used to determine
the critical micelle concentrations. The CMC values for the mixtures were used in a model
for which a single parameter 3, is a measure of the magnitude of the enhancement. Results
show that the CMC lowering enhancement is stronger as the hydrocarbon tail of the PEO
increases (coming closer to the C16 tail length of the CTAB) and that the enhancement

increases as the number of ethylene oxide subunits decreases.

xiv



Conventional vertical pull surface tension techniques are typically conducted by
contacting a probe, of well defined shape, with the surface of a solution to be tested, and
slowly pulling the probe upward. The most common probes are the du Noiy ring and
Wilhelmy plate, although for the present work a stainless steel rod with precisely known
radius is used. The most common instruments use a microbalance or torsion wire mounted
above the test system to measure the force acting on the probe. The first new surface
tension method presented here measures the force by weighing the liquid sample, while a
probe is allowed to contact the surface of the solution and then pulled slowly upward. A
second method is presented in which the solution is not weighed, but the force
measurements are still made from below rather than above the test system. One of the
most important aspects in measuring the forces from below is that a top-loading analytical
laboratory balance of 0.1 to 1 mg precision which is commonly available in most academic
and research laboratories, can be used. Hence, the largest cost of the instrument is already
covered and the measurements are extremely cost effective. Results indicate that another
very important feature of these methods is that the probe can be held rigidly above the
solution, instead of being swung freely from a balance above. This advantage is especially
important when measurements are to be made on small samples where the probe may be in
close proximity to the sample vessel wall. Although the methods can be used with
traditional platinum rings or plates, it is demonstrated here that a stainless steel rod with

precisely know radius provides excellent resuits.




Chapter 1
Using Surfactant Sensitive Electrodes
to Measure the Binding of

n-Alkylammonium Cations by Cyclodextrins

Introduction

The most widely used ion selective electrode (ISE) is the glass pH electrode.
Early in the present century Cremer (1) and Haber (2-3) developed the prototype
hydrogen electrodes. Use these electrodes has obviously flourished as evidenced by
their widespread utilization since that time. Some success in developing electrodes
selective for other ions was realized beginning in the 1930s but it was not until the
early 1960s (4) that a wide range of ISEs began to be developed. The dramatic
increase in development from the 1960s forward was mainly facilitated by the
successful application of heterogeneous-membrane electrodes. The heterogeneous-
membrane electrode used in the present studies, a surfactant sensitive electrode (SSE)
was constructed of a polymer membrane with an aqueous filling solution containing
the specific ion to be measured. The polymer membrane was impregnated with a
“carrier complex” to facilitate charge transfer and ion exchange at the membrane

surface.



Published studies show that tailoring the SSE to actually be selective for
surfactants of the same charge and similar structure has been successful, although it is
difficult to make an electrode respond reproducibly to different samples of the same
mixture (5-9). For the present study, however, it was not the intent to detect a
particular cationic surfactant in the presence of others, but to monitor the effect of
varying concentrations of a single surfactant in solution. Therefore, the electrodes
constructed here are designed to be sensitive to, but not necessarily selective for,
cationic surfactants. Further, the experiments are designed to produce a calibration
curve with each experimental measurement; therefore, difficulties with reproducible
response between samples are avoided.

Surfactant sensitive electrodes have been used to study the molecular
interactions for a variety of applications. Cationic surfactants have been investigated
alone in aqueous solution to determine intrinsic surfactant solution characteristics
such as aggregation and counterion binding (10-15), micellar exchange rates (16-17)
and critical micelle concentrations (10,18-22). Wyn-Jones et. al., have also studied
micellization in non-aqueous solutions using a SSE (23-24). Many of the same types
of studies have been reported for anionic (25-47) and zwitterionic surfactants (48).

The earliest examples of SSEs were made using liquid-ion-exchanger
membranes requiring a liquid organic phase to hold the ion-exchanger complex (14,
25-26, 33-36, 43). The electrode construction design used here was based mainly on
work reported by Rippin and Laskowski (49), although very similar variations have

been in much of the literature reviewed. The basic electrode design included a



polymeric (usually PVC) membrane with a plasticizer (dioctylpthalate in the present
study). An active complex (a 1:1 precipitate of a cationic/anionic surfactant)
impregnated the membrane and is believed to facilitate ion exchange providing the
sensitivity, and selectivity, of the electrode. The main difference between this
electrode design and the earlier liquid-ion-exchanger designs was that the active-
complex is immobilized in the PVC. This PVC membrane design is also easier to
maintain and there is no concern about a liquid organic membrane phase being
solubilized by micelles in the test solution.

Since the electrodes described above can measure the surfactant monomer
activity in solution, they have been used to investigate the binding and interactions of
ionic surfactants with various other compounds and solids. Cationic and anionic
surfactants have been studied in the presence of oppositely charged polyelectrolytes
(50-60), DNA (61-62) and neutral, water soluble polymers (63-64). One paper was
found that discussed the “binding” of cationic surfactants to nonionic
(polyethyleneoxide) surfactant micelles (65) and one that discussed mixed micelles of
ionic surfactants with n-alkyl alcohols (66). The limited number of publications
regarding nonionic surfactants may be due to the interference of nonionic surfactants
with the surfactant sensitive electrode. The adsorption of cationic surfactants to
colloidal clay and coal fine particles has also been investigated (67-68). The results
were contrasted to those obtained by more complicated techniques such as
equilibrium dialysis, or other techniques of separating the surfactant-bound clay from

the bulk solution for analysis.



Cyclodextrins are compounds capable of forming complexes with many
different compounds. Among the important classes of compounds that form
complexes with cyclodextrins are drugs, perfumes and surfactants. In the present
work, the binding constants for cyclodextrins and a series of cationic surfactants were
investigated using a surfactant sensitive electrode to measure the free surfactant
activity in the presence of cyclodextrin(s) in aqueous solution.

Cyclodextrins (CDs) are natural, cyclic oligosaccharides of 6, 7 or 8
glucopyranose units called o, B or y-cyclodextrin, respectively. They are produced by
the enzymatic action of cyclodextrin glycosyltransferase (CGTase) on starches
resulting in a-1,4 linkages to form a macrocyclic structure. Cyclodextrins were
actually discovered at the end of the 19th century, but factors such as cost and
problems of large scale production prevented extensive research until the 1970’s. A
vast amount of literature is available on the structures and chemistry of these three
naturally occurring cyclodextrins and of the many derivatives thereof. Szejtli has
written two books (69-70), and contributed to another (71) on the subject since 1982.
Another book (72) has also been written by other authors. The structures, shape and
dimensions of these CDs are shown in Figure 1.1 and some pertinent properties are
listed in Table 1.1. The data in Table 1.1 are related not just to the relative size of

each cyclodextrin but, more importantly, to the size of the cyclodextrin cavity.



a-CD  B-CD y-CD

Molecular Weight (g mol™) 973 1135 1297
Internal cavity diameter (A) 52 6.6 8.4
CD height (A) 7.9 7.9 7.9
Cavity volume (&%) 174 262 427
Water solubility (g/100mL @ 25°C) 14.2 1.85 232
Melting range (°C) 255-260 255-265  240-245
Water molecules in cavity 6 11 17

Table 1.1. Select physical properties of a-, 8- and y-cyclodextrin from
Fromming and Szejtli (70).
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The cavity volume of each CD increases with the number of glucopyranose
subunits. This size variation indicates that molecules of varying size might be able to
fit into the cavity forming an inclusion complex. Besides the size of the cavity, other
factors may also strongly influence the ability of CD to act as a “host” to a “guest”
molecule. The hydroxyl groups of each glucopyranose monomer unit are directed
similarly for all natural CDs. At the top (wider end) of the CD molecules are
secondary hydroxyl groups, while at the bottom end there are primary hydroxyl
groups. CD molecules are typically drawn as truncated cones, or toroids, and their
structure is largely determined by the free rotation of the primary hydroxyl groups
restricting the diameter of one end of the cavity. The interaction between hydroxyls,
hydrogen bonds, may be responsible for the peculiar solubility drop of B-CD (69).
Therefore, not only is the size of the cavity important in determining binding
interactions, but the interaction of the polar regions of the guest molecule with the CD
hydroxyl groups may be of importance.

The interior of cyclodextrin has been shown to behave as a nonpolar
environment. Evidence is given by researchers comparing the spectral characteristics
of 4-tert-butylphenol in an a-CD solution to the spectrum in the apolar solvent
dioxane (74). In addition, the UV spectra of 1,4-dimethoxybenzene in 0.1 M aqueous
a-CD was shown to be very close to the spectrum in cyclohexane (75). Fluorescence
spectroscopy has also been used to conclude that the environment inside the CD
cavity much more closely resembles a hydrophobic solvent than the aqueous medium

in which CD is most often studied (73, 76-77). Sufficient evidence exists to conclude



that the nonpolar environment of the cyclodextrin cavity differs significantly from the
polar environment of the aqueous solvent. The CD has a rigid structure so, when in
aqueous solution, water molecules will enter the structure and be held until replaced
by a more suitable, less polar or non-polar, guest molecule or molecules.

One of the most active areas of research involving cyclodextrin binding is the
use of cyclodextrins in drug delivery by the pharmaceutical industry (70). The
solubility of a drug in fats or in blood may be effectively altered by including it into a
CD cavity. Other applications involve the use of CDs to prolong the slow release of
perfume compounds for the cosmetic and toiletry industries, and as stabilizers for
food flavors (69). Complexes with pesticides could allow the time-controlled release
of active agents in agricultural applications (69, 72). Many other examples of
industrial and chemical applications of cyclodextrin complexes can be found in
references 69-72. Many forms of cyclodextrins are approved in many countries as
consumables for food and pharmacy industries. Szejtli (70) predicts that one
particular cyclodextrin derivative (hydroxypropyl-—CD) will be produced for
pharmaceutical applications on the scale of 100 ton/year by the year 2000. A World
Wide Web search for cyclodextrin information returns literally hundreds of pages
devoted to the various aspects of cyclodextrin investigation and application.

In the present work, the formation of cyclodextrin-cationic surfactant
inclusion complexes is of interest. The non-polar tail of a surfactant molecule such as
CTAB (cetyltrimethylammonium bromide) may permit it to bind within the nonpolar

cavity of a cyclodextrin molecule as illustrated in Figure 1.2. The formation of a




stable complex implies an equilibrium between the bound and unbound species. The
effectiveness of the CD at binding any compound is determined by the solubility of
the compound in the matrix outside the CD cavity, the van der Waals forces within
the cavity, and possible hydrogen bonding between the bound species and the

cyclodextrin rim hydroxyl groups.

Figure 1.2. Illustration of an inclusion complex
between a cyclodextrin and CTAB.

Given that the van der Waals (cross sectional) radius of the surfactant is such
that it fits into the cavity of the CD, the polarity of the guest molecule will be an
important factor determining the extent of complex formation for the linear n-alkyl
cationic surfactants used in the present study. The cationic surfactants consist of a
linear hydrophobic tail (C12, C14 and C16) and an ionic head group (-N(CHz);").
The non-polar tail is expected to be the most significant component in determining
the binding strength of the surfactant with CD.

The stoichiometry of the linear n-alkyl surfactant complexes may be described
as 1:1, 1:2 or 2:1 in S:CD, the ratio of surfactant to cyclodextrin in the complex (also

see Figure 1.16 in the Results and Discussion section). The convention of indicating



cyclodextrin as CD and surfactant as S will be adopted for simplicity, particularly in
describing the equilibrium model in the discussion section. The ability to form such
surfactant-CD complexes is expected to depend on the length of the hydrocarbon tail,

which should affect how well it fits into the CD cavity.
How the Surfactant Sensitive Electrode Works

The sensitivity of the surfactant electrode is thought to occur by either or both
of two mechanisms. The membrane (described in detail in the experimental section
of this chapter) was made sensitive by impregnating a flexible polyvinylchloride
(PVC) substrate with an insoluble complex. This “active complex” consisted of the
cationic surfactant of interest, with an anionic surfactant. The cationic surfactants
being investigated were the linear n-alkyl derivatives (C12, Cl14 and C16) of
trimethylammonium bromide. As a mater of convenience sodium dodecyl sulfate
was used as the counterion for these studies. In the membrane the complex (shown

here)

?
VAVAVAVAVAVAVAVAUL SN
| 1 NV V'V

is of course held within the body of the membrane but, more importantly, it is also

present at the surface.
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The commonly accepted cause for a potential across the membrane boundary
is attributed to the difference between two potentials, V; and V,, at each of the
liquid/PVC interfaces (4, 78-80). The potentials at each boundary are represented by

V, = + 2.303%%1%:—.: and V, =, + 2.303-1:%10%2- Equations 1.1
where a; and a; are the activities of the surfactants in the solutions on either side of
the membrane and a,’ and a;’ are the activities of the surfactant held at sites at the
surface in the membrane. If the same number of sites is available for binding on both
sides of the membrane then the constants j; and j, will be identical. Therefore, the

boundary potential can be expressed as

RT a;

E,=V, -V, =2303—1Io i
b 17 V2 oF g a, Equation 1.2

Moreover, since the concentration on one side of the membrane, the filling solution,

is constant this equation can be expressed as
RT
E, =1+ 2~303';F_10g 4, Equation 1.3

where I is simply a constant. For a system that satisfies “Nernstian” behavior a plot
of measured potential vs. surfactant concentration should yield a slope of 59.1
millivolts per decade, assuming an activity coefficient of one.

Figure 1.3 illustrates how a mechanism of ion equilibration might occur with
the complex at the surfaces of the membrane. Here, the charge on either surface

would depend on the solubility product, K, of the active complex. To allow this
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mechanism to occur, the active complex is impregnated into the PVC membrane such
that it is distributed homogeneously throughout the membrane. At the membrane
surface, some of the active complex would be extending out of the PVC so part of the
molecules are exposed to the solutions on both sides of the membrane, as illustrated
in the Figure. On either side, an equilibrium will exist between one ion of the active
complex, and the counter ion which would remain in the substrate. This equilibrium
will be especially affected by the concentration of other molecules in the solutions
that might be capable interacting similarly with the active complex. If there are no
other ionic species similar to the added free cationic surfactant in solution, the charge
at the surface should only be determined by the concentration of that surfactant.
Figure 1.4 illustrates a second possible mechanism of how a charge difference
might occur even without active complex in the membrane. In the second
mechanism, the charge difference across the membrane surface would be caused by
the adsorption of the hydrocarbon tail of the surfactant. Since adsorption coverage
should be proportional to solution concentration, the potential difference across the
membrane would be a function of concentration on either side of the membrane.
Although cursory experiments indicated that the membrane without active complex
does respond to varying concentration of cationic surfactant, results were not reliably
reproducible. For the intent of the present work, the electrode construction with the

active complex was used exclusively.
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Figure 1.4. The adsorption dependent mechanism of electrode response.
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Experimental

As Figure 1.5 illustrates, the surfactant sensitive electrode was made by

attaching a polyvinylchloride (PVC) membrane to the end of a body of PVC pipe.

Membranes were made by dissolving approximately 0.35 g PVC powder (Aldrich

Cat# 34,675-6, High Molecular Weight), 0.80 g dioctylpthalate (Aldrich, 99%) and

0.01 g active complex in approximately 50 mL of tetrahydrofuran, (THF, Aldrich,

HPLC Grade). This solution was poured into a 10 cm Petri dish and covered with

filter paper to siow the evaporation of THF. The THF was allowed to evaporate

overnight in the hood at room temperature (23.0 + 0.5 °C). This method produced

enough membrane material to assemble several electrodes.

To attach the membrane to the
PVC pipe, the end of the pipe was dipped
for approximately 5 seconds in a shallow
volume (generally in a watch plate) of
THF. The THF wetted pipe end was
contacted firmly with the membrane
material (still in the Petri dish) and
allowed to stand upright overnight to
allow the THF to evaporate. The

membrane was trimmed with a razor blade

around the edges of the pipe’s end.
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The body of the surfactant electrode was constructed using standard white
PVC pipe from Ace Hardware. Initial construction was with 3/4 inch outer diameter
pipe since the inner diameter (5/8 inch) accommodated the reference electrodes,
required for potential measurement. However, it was found that the membrane was
so elastic that when filling solution was added the membrane bulged excessively. By
using 7/8 inch outer diameter pipe (5/8 inch inner diameter) as an extension of the 3/4
inch outer diameter pipe, (see Figure 1.5) the problem with the bulging membrane
was reduced and the reference electrode could still be accommodated in the upper
portion of the electrode body.

All voltage readings were made using a FLUKE 8050A Digital Multimeter.
The reference electrodes were either Ag'/AgCl or Calomel (Hg?'/Hg:Cl;). The
general configuration illustrated in Figure 1.6 was always used with one of the
matching reference electrodes immersed in a filling solution in the PVC electrode. A
small Teflon stirrer bar was used and the test solution was continuously stirred.

The PVC electrode filling solution was 0.01 M NaCl (Mallinkrodt, 99.9%),
and 0.1 mM cetyltrimethylammonium bromide (CTAB or hexadecyl-
trimethylammonium bromide, Sigma, 99%), or the ionic surfactant to be determined.
The other two surfactants used in this study were myristyltrimethylammonium
bromide (MTAB or tetradecyltrimethylammonium bromide, Aldrich, 99%) and
dodecyltrimethylammonium bromide (DDTAB, Aldrich 99%). The term
trimethylammonium bromides or TABs may be used to refer to these compounds in

general.
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Figure 1.6. Configuration of system used for electrode measurements.
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In all binding experiments, the test solution was maintained at 0.01 M NaCl
concentration as the concentration of a TAB was gradually increased by adding a
concentrated stock solution that was also 0.01 M in NaCl. To conduct a typical
titration, two stock solutions were prepared. The first stock solution contained a fixed
concentration of cationic surfactant about 10 to 20 times more concentrated than the
CMC (e.g. 20 mM TAB). This solution was added serially to an initial volume of
0.01 M NaCl solution in the test beaker. After each serial aliquot, a voltage reading
was taken. Aliquots were made over the linear part of the concentration/mV curve
but the concentration was not allowed to exceed the CMC. The resulting data were
used to determine a calibration curve that allowed calculation of surfactant monomer
concentrations. Table 1.5 and Figure 1.9 are the calibration data for each CD-
surfactant binding measurement.

A second stock solution, of ~10 mM cyclodextrin (and 0.01 M NaCl), was
added serially after the last aliquot of surfactant had been added. A voltage reading
was also made after each CD aliquot. Figures 1.10 — 1.12 show the shapes of the
titration curves, as raw millivolt readings vs. concentration of surfactant. Figures
1.13 — 1.15 show the titration curves as free surfactant monomer, [surfactant]ge., vs
the total cyclodextrin added, [CD)uw. The data for those plots are given in Tables 1.6
— 1.14. In those tables, the total surfactant concentration is decreasing slowly due to
the dilution effect of adding the cyclodextrin solution. It was important to keep track
of total concentrations since these values were required in fitting the data to the

equilibrium model. The last column in each of the Tables (1.6 — 1.14) is the
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concentration of free monomer determined using the millivolt readings in the
previous column and the slope and intercept of the calibration curve (Tabie 1.5). The
abbreviations CTAB, MTAB and DDTAB stand for cetyl-, myristyl- and dodecyl-
trimethylammonium bromide or the C16, C14 and C12 n-alkyl analogs respectively.

Each titration required from 15 to 45 minutes to complete. A period of one
minute was typically required for the mV reading to equilibrate between each aliquot.
This equilibration time was sometimes longer (~3 minutes) at significantly lower
surfactant concentration.

The SSE was also used to determine the critical micelle concentration for the
three cationic surfactants. To demonstrate the usefulness of the electrode as a tool to
measure CMCs, it was illustrative to conduct some measurements without added salt.
Figure 1.7, a plot of millivolt vs. [TAB], is indicative of the type of data obtained as
the surfactant concentration increased past the CMC with no added salt.

The lifetime of the SSEs was not determined during the course of these
experiments. Over a period of approximately three months a single electrode was
used for most of the measurements made for the work reported here and for other
experiments. No wear was visibly detected on the electrode membrane. Indeed, the
electrode membranes look as clear over a year later as they did when they were first
cast. It was determined that it was 7ot necessary to make a new electrade for each of
the three surfactants studied. Instead, both sides of the electrode membrane were
soaked in a concentrated surfactant solution (about 10 times the CMC, with 0.01 M

NaCl) of a given surfactant, overnight, prior to being used. Both sides of the
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electrode were rinsed with the appropriate filling solution, then allowed to stand in
that solution for at least an hour before use. The model presented in the discussion
section pertaining to how the electrode works provides the argument for using this

technique.

Results and Discussion

Critical Micelle Concentration Determinations

The critical micelle concentration (CMC) for each cationic surfactant was
determined with the SSE following the procedure described in the experimental
section. For these CMC measurements, no sodium chloride was added to the
solutions. Figure 1.7 and Tables 1.2-1.4 show typical data obtained for CMC
titrations. The results for each surfactant were analyzed by plotting data as E (mV) vs
log(surfactant concentration) on expanded scales (on individual graphs not shown
here), drawing straight lines through the two linear portions of the graph, and marking
the intersection of the lines as the CMC. Since the CMC values are determined
graphically, the error limits are only estimated. Values for CTAB, MTAB, and
DDTAB were determined to be 0.81 £ 0.02 mM, 3.6 £ 0.1 mM, and 14.5 £ 0.5 mM
respectively. The agreement with literature values was very good. Mukerjee and
Mysels (81) give 0.8 mM, 3.5 mM, and 14.0 mM for CTAB, MTAB, and DDTAB

respectively as determined by surface tension measurements.
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In each of the measurements (Figure 1.7), after the CMC is reached, the
voltage value begins to decrease indicating a decrease in the surfactant monomer
activity. This at first seems contrary to the concept that the monomer activity should
remain constant once the CMC is reached. Evans et. al. (10) used SSE and ISE to
study solutions of decyltrimethylammonium bromide (the C10 n-alkyl analog of the
TAB surfactants studied here). They demonstrate, with very significant data (Figure
1.8), for the SSE measurement of surfactant monomer and ISE measurement of the
counterion that although the surfactant monomer activity does decrease, there is a
concomitant increase in counterion activity. They conclude that the surfactant
activity, aesfacunt = Y- [surfactant][counterion], expressed in terms of the mean
activity coefficient (y.), is nearly constant above the CMC. This evidence shows that
the decrease in surfactant monomer activity is a result of most of the surfactant being
used to form micelles with a diffuse layer of counterion around the micelle. Ion
repulsion prevents the diffuse layer from completely balancing the charge of the
cations. Therefore, the “free” bromide ion activity should be increasing as the
cationic surfactant monomer activity decreases. Evans et. al. also demonstrated the
same micellar effect on sodium counterion measurements for the anionic surfactant

sodium dodecylsulfate.
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Table 1.2. CMC

Table 1.3. CMC

Table 1.4. CMC
Determination of

Determination of
CTAB.
[CTAB] mV
mM
0.005 ~60.0
0.01 -50.0
0.05 -25.0
0.1 -11.0
0.25 7.0
0.5 22.0
0.75 29.0
1 315
1.5 30.5
2 29.5
25 28.5
3 27.5
) 245

Determination of
MTAB.
[MTAB] mV
mM

0.196 -32.0
0389  -218
0.578 -15.2
0.763  -10.8
0.945 7.2
1.124 45
1.299 2.2
1.470 -0.2
1.639 1.5
1.805 3.0
2.128 5.7
2.439 8.0
2.740 10.0
3.030 11.9
3.311 13.6
3.846 14.5
4.348 144
4819 14.3
5.263 14.1
5.681 14.0
6.631 13.6
7.462 13.3

DDTAB.
[DDTAB] mV
mM
10.735 5.1
11.633 4.0
12.373 2.9
12.992 2.1
13.518 -15
13.971 0.9
14.365 0.5
14.710 0.4
15.016 0.4
15.288 0.5
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Figure 1.7. CMC determination of CTAB, MTAB and DDTAB. Measurements
were made without added NaCl. The inset graph is a scale expansion of the
DDTAB plot (on a linear scale).
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Figure 1.8. Surfactant counterion activity relative to surfactant activity. Data from
Evans et. al. demonstrates the concomitant increase in counterion activity as the
decyltrimethylammonium monomer is taken up in the micelles after the CMC is
reached at ~50 mM total surfactant (10).
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Cyclodextrin-Surfactant Binding Determination

The following equilibria were considered for the binding of the surfactants
with cyclodextrin. The model includes the formation of complexes with 1:1, 1:2 and

2:1 CD:surfactant stoichiometries.

[CDS] .
CD+S < CDS K= ————= Equation 1.4a
[CDIS] a
[CDS,] .
CDS + S < CDS K= ————==— Equat 1.4b
2 2 [CDSI[S] quation
[CD,S] .
CD + CDS < CD,S Ks= ———=——— E 1.4
2 3 [CDI[CDS] quation 1.4c

Here, [S] and [CD] represent the equilibrium concentration of the unbound surfactant
and cyclodextrin, respectively. Combining the appropriate equilibrium and the mass

balance for total cyclodextrin and total surfactant leads to the following expressions,

CDiowt = [CD] + [CDS] + [CDS;] + 2{CD,S]
CDyu = [CD] + Ki[CD][S] + K\K;[CD][S]? + 2K\K;[CDJ[S] ~ Equation 1.5
and
Stoat = [S] + [CDS] + 2[CDS,] + [CD;S]

St = [S] + K1 [CD][S] + 2K{K,[CD][SP + K;K;[CDJ[S] Equation 1.6

Two assumptions are made to apply this equilibrium model: (a) there is no

association between CD molecules, and (b) the salt does not interfere with electrode
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measurements. Evidence for (b) is given by experiments involving varying B-CD
concentration and varying NaCl concentration while making electrode measurements
without surfactant present. There was no systematic change in electrode response
when these concentrations were varied. Wyn-Jones (81-84) has made similar
observations concerning electrode measurements of CD solutions. (Nonionic
surfactants, while not expected to be directly measurable by the SSE, did cause
significant change in the electrode response in the presence of cationic surfactant.
For this reason, the SSE could not be used to measure cationoic/nonionic mixed
micelle formation discussed in Chapter 2.)

Solution of the mass balance equations above was accomplished using a least-
squares program with K;, Kz and Kj, together or independently, as adjustable
parameters. For each experiment, the total cyclodextrin concentration was always
known, as was the total surfactant concentration since the concentration of the stock
solutions was known (as prepared) and dilution was accounted for by keeping track of
volume added. The surfactant monomer concentration (free surfactant) was
determined from a calibration curve of the SSE, and continuous measurement of the
EMF.

The calibration curve for the SSE was determined in the course of each
experiment. The linear portion of the titration curve, during the addition of

surfactant, was fitted to a “Nernstian” equation of the following form:

E =Er+2.303 -1:% log[surfactant] Equation 1.7
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This equation is similar to equation 1.3. The reference voltage, E.s, was the intercept
of the calibration curve of the measured potential, E, plotted against log[surfactant].
The magnitude and sign of E, is dependent on the concentration of surfactant in the

filling solution used in the PVC electrode and the ionic strength of the solution. Fora
true Nemnst response, the electrode calibration should yield a slope of 2.303% or

approximately 59 mV at 25°C. However, in practice this value was not achieved.
The slope depended on the membrane thickness and possibly the amount of and type
of active complex used to make the membrane. Typical calibrations provided slopes
in the range of 35 to 45 millivoits (Table 1.5). Figure 1.9 shows the calibration
curves used for each experiment. Since the slope and intercept were different, even
for the same surfactant, a calibration is required at the beginning of each experiment.
This presented no difficulty since some initial surfactant concentration below the
CMC was required before adding cyclodextrin. To achieve this, a relatively high
known concentration of surfactant (10-20 mM, e.g.) was added in aliquots and the
resulting linear data provided the calibration. (This built up the surfactant
concentration in the test solution at the beginning of each CD binding experiment.)
Cyclodextrin aliquots were added and the resulting millivolt response was recorded.
Figures 1.10 - 1.12 are the response curves showing the effect of added cyclodextrin.
As cyclodextrin was added, the electrode response (mV) decreases since the free
surfactant is gradually taken up by the cyclodextrin cavity.

Fitting experimental data to the equilibrium model was carried out on a

personal computer with the least squares program (LLSQ, developed by Professcr
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Christian) written and compiled in True BASIC. The program permits the inclusion
or removal of any step of the equilibria from the model. Thus, fitting was carried out
for each permutation of the model (different combinations of K;, K; and K;). The
combination of equilibria that provided the best fit, based on the root mean square
deviation (RMSD), was determined to be the best model. Values of K;-K3 could not
be found which would provide an acceptable fit of data for most of the systems.
Typically, the best-fit line was determined to fall consistently below the experimental
data, especially at lower cyclodextrin concentrations (higher free surfactant
concentrations). It became apparent that the linear fit of E(mV) vs. log[free
surfactant] could not apply in the presence of added CD, where one or more
CD:surfactant complexes may form which might interfere with electrode response.
An additional dimensionless parameter, K4, was introduced due to the inability,
initially, of the K;-K3 model to adequately fit the data. Therefore, equation 1.7 would

take the following form:
RT .
E =Es+2.303 F log{[surfactant] x K4} Equation 1.8

In the form of equation 1.8, the fitting parameter K4 acts as a multiplicative constant
in the log[surfactant] term. Equation 1.8 can easily be rearranged to make it obvious
that K4 simply acts as a linear offset for the intercept of the calibration curves. A
value of K, greater than 1 will result in a positive offset of the intercept; a value less
than 1 will result in a negative offset; and a value equal to 1 results in zero offset.
Since the values determined for Ky are greater than one (or equal to one within the

standard error) this parameter accounts for an additional response of the electrode,
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probably due to a CD:surfactant complex at the membrane surface. This additional
response may reach a near-saturation effect at low CD concentration and then level
off at larger CD concentration. The calibrations curves were of course determined in
absence of cyclodextrin and therefore only represent the response of the electrode to
the surfactant. It is conceivable, and apparent from the necessity for the K,
parameter, that a CD:surfactant complex similar to the one illustrated in Figure 1.2
could also cause a response in the electrode signal.

Evidence for the interference of CD:surfactant complexes may also be drawn
from consideration of the values of the intercepts of the calibration curves. From the
results in Table 1.5 it is apparent that the intercepts of the calibrations depend on the
relative size (tail length or mobility) of the cationic surfactant. The intercepts of the
calibration curves are larger (more positive) as the tail length of the surfactant
increases from the C12 tail (average DDTAB intercept = —43.9 mV ) to Cl14 tail
(average MTAB intercept = -1 mV) to C16 tail (average CTAB intercept = 42mV).
Since the K; values determined for each system (Table 1.15) are generally greater
than or 1.0 the formation of a complex also corresponds to a larger or more positive
intercept, in accordance with equation 1.8.

Table 1.15 gives the resulting values of the fitted constants corresponding to
each system. Data was only fitted over the [Surfactant] range that had a linear
response (constant slope) in the calibration curves in Figure 1.9. Fitted results are
shown as solid lines in Figures 1.10-1.12. Although, as shown in Figures 1.10-1.12

(data in Tables 1.6-1.14), electrode response values were usually available outside the
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linear response region, the fitted lines in those Figures only cover the mV range of the

linear response region.
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CTAB MTAB DDTAB
Slope Intercept Slope Intercept Slope Intercept
(mV/decade) (mV) (mV/decade) (mV) (mV/decade) | (mV)
33.385 37.938 36.653 -5.0148 25.639 -45.323
40.452 39.615 40.355 1.6487 40.684 -43.477
39.888 49.585 39.982 1.1268 30.546 -42.832

Table 1.5. Calibration curves for CTAB, MTAB and DDTAB determined before each
binding experiment. All solutions were prepared with 0.01 M NaCl. Each calibration curve
was determined by linear least squares fit to the equation Measured potential = Intercept +
slope x log[surfactant].
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Figure 1.9. Calibration curves used at the beginning of each binding measurement
to determine free surfactant concentration. These curves show the linear working
range of the electrode with each cationic surfactant used.
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X

Table 1.6. Titration of DDTAB with

Table 1.7. Titration of MTAB with

Table 1.8. Titration of CTAB with

a-CD. p-CD, o-CD.
[DDTAB]., [o-CD}e mV [DDTABls,, [MTABl, [0-CD}, mV  [MTABJg, [CTABlw [a-CD}e mV [CTABlg,
mM mM mM mM mM mM mM mM mM
1374 0.086 -41.6"1.34E+00 1455 0.09170.2" T 39E+00 0.387 00392343 43601
1.362 0.170 -425  125E+00 1.441 0.180 08  130E+00 0.385 0077 209  3.09E-01
1351 0253 438  112E+00 1.429 0268 -19  122E+00 0.384 0.115 193  2.77E-<01
1339 0335 451  1.00E+00 1.416 0354 3.0  LI3E+00 0.382 0.153 175  244E<01
1328 0415 -46.1  9.23B-01 1403 0439 43  1.05E+00 0.381 0.190 157  2.16E-01
1317 0494 475  821E-01 1391 0522 -56  9.64E-01 0377 0283 105  151E01
1307 0572 -49.1  7.19E01 1368 0684 -84  8.08E-01 0.374 0374 42  9.76E-02
1296 0648 -503  6.51E-01 1.345 0840 -114  6.70E-01 0370 0463 27  6.06E-02
1.275 0797 -539  4.82E-01 1322 0992 -150  534E-01 0.367 0550 98  3.72E-02
1.255 0941 -577  3.51E-01 1301 1138 -190  4.15E-01 0.364 0636 -166  2.32E02
1.236 1081 -619  248E-01 1.280 1280 236  3.11E-01 0.360 0721 230  1.50E-02
1217 1217 669  163E-01 1.260 1417 286  227E01 0.354 0.885 -336  7.20E-03
1.199 1349 -720  107E-01 1.240 155 -33.9  163E-01 0.348 1043 422  3.98E-03
1181 1476 772  6.92E-02 1.203 1804 -444  8.42E-02 0.342 1197 493  2.44E-03
1.147 1721 -867  3.14E-02 1.168 2044 -537  4.70E-02 0.336 1345 -552  1.62E-03
1.115 1952 -942  168E-02 1135 2269 619  2.81E-02 0331 1488 -602  1.15E-03
1.085 2.170 -100.1  1.03E-02 1.103 2483 689  1.81E-02 0.325 1626 645  8.54E-04
1.056 2377 -105.1  6.78E-03 1.074 2685 -749  1.24E-02 0315 1.890 -71.6  5.24E-04
1.029 2573 -1093  4.78E-03 1.046 2876 -80.1  8.94E-03 0.305 2137 774  3.51B-04
0.979 2936 -1163  2.67E-03 1.019 3057 -847  6.70E-03 0.296 2370 -82.1  2.54E-04
0.912 3.420 -1244  1.36E-03 0.994 3230 -889  5.15E-03 0.288 2590 -86.1  1.93E-04
0819 4093 -134.1  605E-04 0.970 3394 925  4.10E-03 0.280 2797 -89.5  1.52B-04
0.743 4.641 -1408  3.46E-04 0.947 3550 -956  3.38E-03 0.265 3179 952  1.03E-04
0.680 5.096 -1459  2.26E-04 0.904 3842 -1009  2.42E-03 0.252 3.522 997  7.54E-05
0.626 5480 -1499  1.62E-04 0.865 4.108 -1054  1.82E-03 0.240 3.832 -103.5  5.80E-05
0.581 5808 -153  125E-04 0.829 4352 -109.1  1.45E-03 0.229 4.114 -1052  5.16E-05
0.796 4577 -1123  1.18E-03 0.219 4372 -108.1  4.22B-05
0.766 4,785 -115.1 9,92E-04




e

Table 1.9. Titration of DDTAB with

Table 1.10. Titration of MTAB with

Table 1.11. Titration of CTAB with

B-CD. B-CD. B-CD.
[DDTAB},, [p-CD}jy mV [DDTABls [MTABly [p-CD]x mV  [MTABls,  [CTABly [B—CD]. MV  [CTAB,.
mM mM mM mM mM mM mM mM mM

17737"6.039 355 T 86E+00 1455776.032 7.9 43E+00 0.749 0,082 34,0 . 36801
1766 0077 -328  1.83E+00 1450 0063 7.6  1.40E+00 0742 0162 326  671E0l
1758 0115 -333  1.78E+00 1445 0094 7.1  1.36E+00 0736 0240 305  5.95E-01
1750 0152 -33.6  1.75E+00 1440 0125 68  1.34E+00 0729 0317 285  531E-01
1742 0190 -341  1.70E+00 1434 0156 64  131E+00 0716 0468 227  3.82E-01
1724 0282 -350  1.62E+00 1422 0232 53  1.23E+00 0703 0613 163  2.65E-01
1705 0371 -36.1  1.52E+00 1409 0307 43  1.16E+00 0691 0752 6.2 1.49E-01
1670 0545 -384  1.33E+00 1385 0452 20  102E+00 0679 0888 -40  8.35E-02
1636 0712 -408  1.16E+00 1361 0593 0.6 8.80E-01 0668 1018 -126  5.12E-02
1603 0873 -434  1.00E+00 1338 0729 -3.4 7.50E-01 0657 1145 -187  3.62E-02
1.571 1026 -463  8.52E-01 1316  0.860 -6.4 6.32E-01 0646 1267 232  2.80E-02
1512 1317 -532  S.77E01 1274 1110 -14.2 4.05E-01 063 1385 270  2.26E-02
1457 1586 -612  3.67E01 1235 1345 246 2.24E-01 0617 1611 -322 1.68E-02
1406 1837 693  2.32E-01 1198 1565 -36.6 1.13E-01 0598 1823 -364 1.32E-02
1358 2070 -767  1.53E-01 1163 1773 465 6.41E-02 0.581 2023 -398 1.09E-02
1313 2288 -825  1.10E01 1130 1969 -53.5 4.30E-02 0.549 2390 -453 7.96E-03
1272 2492 872  8.42E-02 1099 2154 -574 3.44E-02 0.520 2719 492  6.37E-03
1232 2684 -908  6.87E-02 1070 2330 -613 2.76E-02 0495 3015 -505  592E-03
1161 3033 -93  5.03E-02 1016  2.654 -67.7 1.91E-02 0471 3284 -535  4.99E-03
1097 3345 -100.5  3.97E-02 0967  2.946 -72.6 1.45E-02 0450 3528 -56.1  4.30E-03
1040 3624 -1039  327E-02 0922 3212 -763 1.17E-02 0431 3751 -584  378E-03
0989 3875 -1062  2.87E-02 0.881  3.454 -79.4 9.81E-03
0942 4103 -1083  2.55B-02 0844 3676 -82.1 8.41E-03
0843  4.588 -1128  198E-02 0764 4157 875 6.18E-03
0763 4981 -1162  1,63E-02 0697  4.553 916 4.89E-03
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Table 1.12. Titration of DDTAB with

Table 1.13. Titration of MTAB with

Table 1,14, Titration of CTAB with

y-CD. y-CD. y-CD.
[DDTAB] [y-CD}w mV [DDTABlge [MTAB]y [y-CD)y mV  [MTAB];., [CTAB) [y-CD]w mV [CTABlse.
mM mM mM mM mM mM mM mM mM

1455 0091 -403  1.42E+00 1.402 0088 57 1.30E+00 0372 0093 224 2.08E-01
1.442 0.180 -41.1 1.35E+00 1.390 0.174 43 1.20E+00 0.368 0.184 209 191E-0I
1429 0268 -417  129E+00 1.378 0258 29 111E+00 0365 0274 193 1.74E-01
1416 0354 425  123E+00 1.366 0342 16 1.03E+00 0361 0361 17.5 157E-01
1.391 0.522 -437 1.13E+00 1.343 0504 -10 885SE-0] 0.355 0533 157 141E-01
1368 0684 448  1.0SE+00 1.321 0661 -33  7.75E-01 0349 0698 105 1.05E-01
1345  0.840 -459 9,73E-01 1.300 0812 -53  6.91E-01 0343 0857 4.2 7.28E-02
1322 0992 -46.9 9.09E-01 1.279 0959 -7.1  6.23E01 0337 1011 -27 4.89E-02
1.280 1.280 -48.7 8.04E-01 1.239 1.239 -103  5.18E-01 0.326 1305 -98 3.24E-02
1.240 1.550 -50.3 7.21E-01 1.202 1.502 -12.9  4.46E-01 0.316 1.579 -16.6  2.19E-02
1.203 1.805 -51.6 6.60E-01 1.167 1.750 -151  3.93E-01 0.306 1837 -23.0  1.51E-02
1135 2270 -39.1 1.55E+00 1.103 2,205 -186  3.21E-0l 0.288 2308 -33.6 821E-03
1074 2,685 -40.1 1.44E+00 1,045 2612 214  2.73E01 0273 2728 422  5.00E-03
1019 3057 -41.2  134E+00 0.993 2,979 -23.6 241E-0l 0259  3.104 493  3.32E-03
0970 3394 -422  125E+00 0.946 3311 256  2.15E-01 0246  3.443 -552  2,36E-03
0.925 3.700 -43.1 1.18E+00 0.903 3614 -27.2 1.96E-01 0.234 3.750 -60.2 1,77E-03
0.884 3978 439 1.11E+00 0.864 3.890 -28.7 1.79E-01 0.224 4030 645 138E-03
0847 4233 -447  1.06E+00 0.829 4143 -300  1.67E-01 0214 4286 -71.6  9.16E-04
0.812 4467 -453 1.01E+00 0.796 4376 -31.1 1.56E-01 0.194 4839 -7174 6,55E-04
0766  4.785 -46.3 9.47E-01 0.751 4692 -327  143E-01 0176 5294 -82.1  4,99E-04

0724 5068 -47.0 9,03E-01 0.711 4975 -341  132E-0l

0687 5322 -47.7 8.61E-01 0.675 5230 -353  1.23E-01

0.642 5459 -36.4  115E-01

0.613 5668 -37.4  1.09E-01

0.586 5858 -38.4  1,03E-0l
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Figure 1.10. Millivolt response as a function of a-CD complexation. All

measurements were made in 0.01M NaCl.

36




mV

60.0
40.0
\ ¢ mV CTAB
20.0 _— mV cale
A mVMTAB
~—— mV calc
0.0 X mVDDTAB
—— mV calc
-20.0
> L J
-40.0 ——
L
x\ ¢ T °
L
-60.0 AK L3
A J
X A
-80.0 X ‘rA
X
X A A
100.0 X
. P, x x
X
X
X
-120.0
0.00 1.00 2.00 3.00 4.00 5.00
[B-CDltotat mM

6.00

Figure 1.11. Millivolt response as a function of 3-CD complexation. All
measurements were made in 0.01M NaCl.
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Figure 1.12. Millivolt response as a function of y-CD complexation. All
measurements were made in 0.01M NaCl.
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DDTAB MTAB CTAB
a-CD K, 64.£2. 58. % 3. 56. % 1.
K, - - -
K; 1.£02 8.+4. 6.5+0.4
K, 0.99 + 0.01 1.05 £ 0.01 0.99 +0.01
RMSD 0.4 0.4 0.2
‘B-CD K, 19. £3 43. % 5. 83. £3.
K, - - -
K 4.+£2. 3.£1. 10. £ 4.
K, 1.11 £0.01 1.06 = 0.02 1.16 + 0.04
RMSD 0.6 1.1 1.1
~ y-CD K, 0.39 +£0.02 0.67+0.02 -
K, 0.51 £0.03 2.1+0.1 34 +4.*
Ks - - 15.+1.*
K4 1.021 + 0.003 1.04 £ 0.01 1.17
RMSD 0.01 0.3 3.4

Table 1.15. Stepwise equilibrium constants for the inclusion complexes of

DDTAB, MTAB, and CTAB with o,

B.-’

and y—cyclodextrin.

Concentrations are expressed in mM units; therefore, the equilibrium
constants have units of mM™". The K4 constant is dimensionless. RMSD is
the root mean square deviation in mV units. All measurements were made in

0.0IM NaCl

(*Values for K, and K3 constants cannot be determined

independently for the y-CD/CTAB system, see page 48 for discussion)
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Figures 1.13 - 1.15 are plots of the surfactant concentration vs total CD
concentration (Tables 1.6 - 1.14) for the o, B and y cyclodextrins with each of the
three cationic surfactants, dodecyltrimethylammonium bromide (DDTAB),
tetradecyltrimethylammonium bromide (MTAB) and cetyltrimethylammonium
bromide (CTAB). The fitted curve plotted for each data set was the result calculated
based on the results of the least-squares fitting program. Total cyclodextrin
concentration was known since the aliquot volume, total solution volume, and stock
cyclodextrin concentration where known. The value of [Surfactant]g.. was calculated
according to equation 1.8 using the value of K4 returned by the least-squares program.
The values of [CD}ta1 and [Surfactant]s.. are given in Tables 1.6-1.14.

Although the fitting range may appear small, according to the fitted lines in
Figures 1.10-1.12, the plots in the form of [Surfactant]g.. in Figures 1.13-1.15 make it
clear that fitting always covers a region where there is a significant amount of free
surfactant available for binding. For example, in Figure 1.12 the fitted line for mV
vs. [B-CD]ixa for MTAB only goes t0 a [B-CDJiota1 concentration of ~2 mM, although
the data set obviously continues to show some type of response (decreasing mV
reading) at higher [B-CDJwxat concentrations. Fitting did not include data at lower mV
readings because the calibration curves for CTAB in Figure 1.9 show the linear
calibration region for CTAB is between approximately -45SmV tc 10 mV. Figure 1.14
shows that this mV region covers a [CTAB]g.. range from 1.35 to 0.04 mM or the

region where 5% to 95% of the MTAB is been available for binding.
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Figure 1.13. Free cationic surfactant concentration as a function of a-CD
complexation. All measurements were made in 0.01M NaCl.
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Figure 1.14. Free cationic surfactant concentration as a function of §-CD
complexation. All measurements were made in 0.01M NaCl.
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Figure 1.15. Free cationic surfactant concentration as a function of y-CD
complexation. All measurements were made in 0.01M NaCl.
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1:1

Figure 1.16. Simplified structures illustrating some possible binding
configurations of surfactant:CD complexes.



A peculiar feature (see Figure 1.15) in the data is a jump in DDTAB electrode
response, or [DDTAB]g., in the y-CD system. Since the jump occurred at a
CD:Surfactant ratio of 2:1 it is possible that a precipitation phenomenon is
responsible for this electrode response. However, no cloudiness was noted during the
course of the experiment and due to the low concentrations being used, it is unlikely
that a precipitation would be easily observed. Very little data is published pertaining
to y-cyclodextrin and no information on similar behavior has been found.

Results presented in Table 1.15 show that the strength of the inclusion
complex with B-CD increases as the length of the surfactant tail increases. The length
of the completely extended hydrocarbon chains can be estimated to be approximately
15.5, 17.9 and 20.5 A respectively for C12, C14 and C16 tails. Based only on the
lengths of the surfactant tails relative to the height of the cyclodextrin molecule (~7.9
A) it is plausible that a 1:2 complex could also be formed in which the 2 cyclodextrin
molecules are “stacked” onto a single surfactant as illustrated in Figure 1.16. If the
cross sectional diameter of a straight chain hydrocarbon tail may be estimated as
approximately 4.8 A it is easy to see that geometrically the hydrocarbon tail can be
accommodated by the a-CD cavity. Evidence that the tail length is an important
factor in the formation of 1:2 complex with a-CD is the increasing value of K3 as the
length of the surfactant tail increases. A similar observation was made by Park and
Song (76) in a study of anionic surfactants with a-cyclodextrin. These results are

important in understanding the cyclodextrin binding model because it demonstrates
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that tail length is the dominant factor in stoichiometry of the complex relative to the
CD-headgroup interaction.

The results indicate the formation of a weak 1:2 complex with 8-CD. Park
and Song (76) suggested that the larger cavity of the B-CD, relative to a-CD, permits
the hydrocarbon tail to kink up in order to minimize energetic interactions in the
cavity. This result is expected since the interior of the cyclodextrin cavity is a
hydrophobic environment with only C-H bonds directed inwards. Due to the smaller
diameter of the a-CD cavity, the hydrocarbon tail is unable to kink up and a longer
portion of the tail protrudes from the end of the CD, making itself available for
further binding. Figure 1.16 illustrates how some of the complexes may be formed.
The most important complex formed for B-CD is the 1:1 CD:surfactant complex.

Palepu, et. al. (86-87) investigated the binding of MTAB with a-, B- and y-
cyclodextrin by conductance measurements. However, in their model only the 1:1
complex was considered and K; was calculated directly from one or two individual
concentrations of surfactant in the presence of CD. Thus comparison of results,
especially for a- and y-cyclodextrin is unreliable. The B-CD:MTAB constant was
approximately 10.7 mM™.

Tominaga, et. al. (88) investigated the binding of MTAB with «-, B- and y-
cyclodextrin with a SSE and calculated equilibrium constants for individual
concentrations similar to Palepu, et al (86-87). However, they did consider the 1:2
and 2:1 binding constants for their model. For a-CD, K; and K3 were 43 and 3 mM’;

for B-CD, K, was 51 mM™'; for y-CD K, and K; were 0.6 and 3.4 mM™. In cases
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where one of the three constants was zero, quadratic solution to the mass balance
equations (similar to those on page 19) permitted calculation of the equilibrium
constants directly. One other group to investigate surfactant binding with SSE, Wyn-
Jones, et al (82-85), measured the binding constants for a- and B-cyclodextrin with
alkylpyridinium bromides (compounds similar in structure to the trimethyl
ammonium bromides). The trends for binding constants of a-CD and $-CD with the
alkyl tail series C10, C12, C14, C16 are similar to those observed in the present work.
The K, values generally increase as the hydrocarbon tail length increases, the K;
values for the a-CD are more important than for B-CD, and K; values are not
important at all. Wyn-Jones did publish results for MTAB and CTAB binding with
a- and B-CD using SSEs. The results are presented in Table 1.15 because they
should be directly comparable with those in the present work. Although the trend for
binding constant with tail length and CD cavity size are the same as the present work,
the values differ considerably. Further, the K, values are much higher than for the

present work. Indeed the K, values determined by the SSE work of Wyn-Jones (see

Table 1.16) are much higher than values determined by any other method also.

MTAB | CTAB
_a-CD | Ky 61. 99.2
K 7.0 20.4
B-CD | K, 39.8 67.7
K; 204 9.6

Table 1.16. Resulits of SSE studies by
Wyn-Jones (115). Units of K, and K
are mM™.
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Dharmawardana, et. al. (89) determined K; and K; of 65.5 mM' and 0.4 mM' by
surface tension measurement for CTAB with 3-CD. Park et. al. (76) determined K;
and K; of 59.8 mM* and 0.4 mM* for B-CD with CTAB. Other workers using SSE
also give similar, smaller values for K; for §-CD with CTAB (89).

Relatively few studies have been published on the binding of y-CD with
surfactants (or other compounds for that matter) owing to its comparatively weak
binding ability and high cost. Note that in Table 1.15 the binding constants are
extraordinarily weak compared with the a- or 8- cyclodextrin. Binding with y-CD
might only be thoroughly investigated with compounds more compatible with the
relatively large size of the cavity. The equilibrium constants determined for y-CD
binding with CTAB in Table 1.15 should not be compared absolutely to other values
in the table. The least squares fit actually determines values for K; and K3 as
dependent combinations with K; (as K;K; and K;K3). Because a value of K, is not
determined for this system, K; and K3 cannot be determined independently and
comparison can only be made on a relative basis (e.g., K2/K3). On that basis it is
apparent that for the y-CD:CTAB system a 1:2 complex is more important in the
binding model than the 2:1 complex.

The only certain way to determine the binding stoichiometry is by structural
studies. One possible technique is x-ray diffraction, although the crystal state and the
dramatic change in concentration required to form crystals may result in structures

not representative of the dilute aqueous conditions of interest.
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Conclusions

A surfactant sensitive electrode was developed to permit quantitative
measurement of the activity of “free” surfactant monomer in aqueous solution. In
titrations of given concentrations of cationic surfactants with the three different
cyclodextrins, the surfactant activity was measured and used to calculate binding
constants with the cyclodextrins. The ionic strength of the solutions was held
relatively constant by always maintaining a constant NaCl concentration.

Results indicate that the binding strength depends dramatically on the size of
the cyclodextrin cavity and the length of the hydrocarbon tail of the surfactant. A
trend of increasing strength for the 1:1 complex is observed for B-cyclodextrin with
the series of cationic surfactants (with increasing tail length from C12, C14 and C16).
There is not a significant amount of 1:2 or 2:1 complex formed with $-cyclodextrin.
However, for a-cyclodextrin a strong K3 binding constant indicates that the formation
of a 2:1 (CD:surfactant) complex is important. Binding (1:1) with y-cyclodextrin is
very weak relative to a- or 8- because of the poor fit of these surfactants in the larger

y-cyclodextrin cavity.

Following the work with cationic surfactants, cursory experiments with the
anionic surfactant sodium dodecylsulfate (SDS) have shown that linear response is
exhibited with the same SSE. This was expected since the active complex used in
making the electrode membrane had equal amounts of cationic surfactant with SDS.

Future work could be useful in elucidating the binding of anionic surfactants with
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CD’s. The binding of B-cyclodextrin with bile salts, which has been studied by the
surface tension method (91) might be adaptable to a surfactant sensitive electrode
study since the salts are basically an anionic surfactant.

Future investigations might also be directed towards development of a more
selective electrode. It has been proposed in this work that an additional parameter,
K., is required to aid fitting data to the standard equilibria described by 1:1, 1:2 and
2:1 surfactant:CD binding. If this parameter does indeed account for response of the
electrode to surfactant:CD complexes at the membrane surface, then a more selective
electrode could eliminate that interference. It is also possible that by altering the
electrode composition a more Nernstian response could be obtained. However, in
their present form the electrodes developed here are very useful for ionic surfactant
measurements in single surfactant solutions, such as the conditions normally
encountered when determining critical micelle concentrations with or without the
presence of added salt.

The equilibrium constants determined for the cationic surfactant/CD systems
in the present study compare reasonably well with values determined from a variety
of other methods. Qualitatively, the results show the same trends as other studies and
strengths of binding constants are explained by considerations of relative sizes of the

CD cavity and the lengths of surfactant tails.
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Chapter 2
Synergism in Nonionic/Cationic

Mixed Micelle Systems

Introduction

Aqueous mixtures of surfactants are able to exhibit dramatic differences in
physical properties compared to the behavior of the individual components (1-3).
When the property of interest is enhanced, the term synergism is often applied to
describe the effect. Understanding mixed surfactant properties is important because in
applications, especially where large quantities of surfactant are required, pure single
component surfactants are seldom available. High cost prohibits purification of bulk
quantities of surfactant and the nature of surfactant production results in mixtures. In
addition, the enhancement in a characteristic property may also mean that a mixture
(formulation) can more efficiently accomplish an objective than a pure component.

In the present study, results are presented for the binary mixtures of a series of
monodisperse polyethyleneoxide (PEOs) nonionic surfactants with the cationic
surfactant cetylpyridinium chloride (CPC). Most commercially available PEOs are
polydisperse mixtures of surfactant due to the method of synthesizing the materials.
Nikko Corporation has produced an array of monodisperse PEOs with varying
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ethylene oxide subunits and varying alkyl chain length. The cost of the chemicals will
prevent their use for large scale commercial or industrial applications, but these pure
surfactants are ideal for fundamental investigations of the behavior of mixtures.
Surprisingly few researchers (6-10) have published results on the monodisperse PEOs
similar to those studied in the present work.

The critical micelle concentration (CMC) of a given surfactant is the highest
concentration that can be reached before micelles begin to form. Once the CMC is
reached, surfactant monomers begin to associate in a way to form conglomerates, and
the “free” surfactant monomer concentration is relatively constant after micelles begin
to form. Because different types of molecules might interact differently (due to size,
charge or polarity) to form micelles, the CMC of a (binary) surfactant mixture may be
different from the CMC of either component. For example, two molecular properties
that effect the formation of micelles in a cationic surfactant solution are the length of
the surfactant tail and the charge of the head group. To alleviate the repulsive
interaction between head groups in a cationic surfactant micelle, nonionic surfactant
molecules may be inserted into the micelle, thus separating the charges of the head
groups. Reducing the charge interaction makes it easier to form micelles and therefore
lowers the critical micelle concentration. Since surface activity is proportional to the
amount of free surfactant monomer in solution the synergistic effect of lowering the
critical micelle concentration is readily monitored by measuring the surface tension of

series of surfactant mixtures.
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Results will be modeled based on a single parameter model. This model is
sometimes derived, erroneously, with reference to regular solution theory (4-6).
However, strong evidence exists showing that regular solution theory does not apply
to most mixed surfactant systems, as indicated by the temperature dependence of the
enthalpy of interaction (1-2, 7). Instead, by consideration of a simple one-parameter
empirical Margules equation, it will be shown that the same model can be derived
without the thermodynamic restrictions of regular solution theory. The single
parameter, 3, will be determined by fitting measured CMC values of surfactant
mixtures of known composition (mole fraction, y). The values of § are a measure of

the degree of synergism for the surfactant mixtures..

Experimental

The polyethyleneoxide (PEO) nonionic surfactants heptaethyleneglycol mono
n-dodecylether (BL7SY), octaethyleneglycol mono n-decylether (BDS8SY),
octaethyleneglycol mono n-dodecylether (BL8SY), and octaethyleneglycol mono n-
tetradecylether (BM8SY) were each 99.9%+ purity from Nikko Chemicals Co., Ltd.,
Japan, and were used as provided. Cetylpyridinium chloride (CPC) from Hexcel Corp,
USA was recrystallized from 90% ethanol/water, rinsed with cold ethanol, and dried
for two days at 65 °C before use. The structures for the surfactants are illustrated in

Figure 2.1. The probable reason for the lack of literature related to mixed surfactants
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systems studied here is the very high cost of the nonionic surfactants in monodisperse
form. The nonionic surfactants used for the present work were graciously donated by
Professor Yoshihiro Saito of Nihon University College of Pharmacy, Chiba, Japan.

All solutions were made using 0.01 M NaCl solutions, which were prepared
with 18 Megaohm distilled and deionized water. Mixed surfactant solutions at specific
mole fractions (ya, ys) were prepared by combining appropriate volumes of stock
solutions of the individual surfactants. Surface tension measurements were made at
room temperature (23.0 £ 0.5 °C).

The CMCix of each mixture was determined from the bend in the surface
tension vs [Surfactant]i., in plots like those in Figures 2.2-2.5. Straight lines were
drawn through the data before and after the bend and the CMCpx determined visuaily
at the intersection of the two lines. Data for the plots (Tables 2.1-2.4) were collected
by measuring the surface tension as surfactant concentration was increased
sequentially, at fixed mole fractions (ys). Each surface tension, yg data set collected
this way is referred to as a titration.

An initial intent in this study was to utilize the surfactant sensitive electrodes
developed as described in Chapter 1 to measure critical micelle concentrations of the
surfactant mixtures. However, it was determined that the nonionic PEO surfactant
significantly dampened the response of the electrodes for the cationic surfactant, most
probably by adsorbing to the PVC sensing membrane.

All surface tensions were measured using a Central Scientific Co, Inc., (CSC)

du Noiy Tensiometer (Catalog # 70535) and a single Pt-Ir (platinum-iridium) du
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Noiiy Ring (mean circumference: 5.992 cm, R/r: 53.6). Accurate surface tension
values were determined (in units mN/m) by correcting the instrument reading
according to the following equation, determined by fitting the factory-provided
correction table values for this ring.

Surface Tension = 0.7364(Instrument Reading)"-**¢ Equation 2.1
The common and recommended procedure for using the CSC tensiometer is to pull the
ring from a liquid surface (after initially contacting and submerging the ring) until the
ring breaks free for the surface. The horizontal position of the ring is maintained by
simultaneously lowering the stage on which the sample rests, while upward force is
applied as if to raise the ring. This procedure was followed although, as will be
pointed out in Chapter 3, the maximum force is actually reached slightly before the
ring breaks free from the liquid.

At low surfactant concentrations (especially with nonionic surfactant) long
equilibration times were required before making a reading with the du Noiy ring
tensiometer. Since the du Nody ring creates new surface area as the ring is pulled up,
some time is required for surfactant to diffuse from the bulk solution to the newly
created surface to reestablish equilibrium. At the lowest concentration conditions, like
those used when measuring the surface tensions for the nonionic surfactants, longer
equilibration times were required. Generally, a quick measurement was made to
determine the approximate value of the surface tension. Afterwards, the procedure

was repeated and the ring was pulled to within ~3 mN/m of the initial reading and
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allowed to stand for up to 10 minutes before the maximum pull was determined. This
time delay reading was repeated three times or until consistent readings were obtained.

The Pt-Ir ring was cleaned periodically by immersing in concentrated sulfuric
acid, then rinsing with distilled deionized water and heating to red hot in the flame of a
Fisher burner. Between measurements of a single surfactant system the ring was
cleaned by rinsing it in distilled deionized water followed by holding it in the flame of a
Fisher burner until it was red hot. The ring was always handled with forceps to avoid

contamination by hand contact.
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\/\/\/\/\/\/\/\/N@ Cl

CPC: cetylpyridinium chloride
or n-hexadecylpyridinium chloride

\/\/\/\/\/\/O-(CHZCHZO)7-H
BL7SY: heptaethyleneglycol mono n-dodecylether

\NANANNO-(CH,CH,0)-H
BD8SY: octylethyleneglycol mono n-decylether

N\ \N\ANANN0-(CH,CH,)0)g-H
BL8SY: octylethyleneglycol mono n-dodecylether

\N\NNAANANN0-(CH,CH,0)-H
BMS8SY: octylethyleneglycol mono n-tetradecylether

Figure 2.1. Structures of compounds used in mixed micelle studies.
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Results and Discussion

[f mixed micelles follow ideal behavior, the critical micelle concentration could
be calculated according to the following expression

CMC°CMC®
y ACMC‘; + YBCMC‘; Equation 2.2

CMC,,, =

CMC,’ and CMCy’ represent the CMCs of the pure surfactants and ya and yg
represent the monomer mole fraction of surfactant A and B, respectively (2, 8). The

micellar mole fractions of one surfactant may be calculated according to

XpA = ZLC%/[ECE% Equation 2.3
The CMC for each binary surfactant system predicted by these ideal relationships are
represented by the dashed lines in Figures 2.6-2.10. This model works well for ideal
surfactant mixtures when the molecules are of like type. For example mixtures of
decylmethyl sulfoxide, C;o(CH;)SO (CMC=1.7 mM) and decyldimethylphosphine
oxide, Co(CH;),PO (CMC=3.8 mM) have been shown to follow ideal behavior (8).
This result was explained by the similarity in polarity of the surfactant head groups and
the similar length of the hydrocarbon tails. Because of the similarities, there is no
reason for thé escaping tendency of components from mixed micelles to be different
from that with micelles of the individual surfactants. For mixtures of dissimilar

surfactants, as in the present study with mixtures of cationic and nonionic surfactants,
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the ideal behavior modeled by equations 2.2 and 2.3 fails. A better representation for

non-ideal mixtures has been found by using the following treatment (8).
First, under the condition of micellization equilibrium (u% =p2 and p 3 =p 2,
where 11 }* and P are the chemical potentials of a component in the micelle and bulk

phases respectively) the monomer concentrations, C;", of each surfactant may be

represented as follows:
Ct =x,f ACMCi and Cg = xBfBCMC: Equations 2.4

In this treatment, fy and fp represent the activity coefficients of the surfactant

monomers. The natural logarithms of the activity coefficients are expressed in terms of
a single empirical parameter, f.
2
In(f,)=B X3 and In(fs)=p(-xp)'  Equations2s
Equations like 2.5 may be referred to as one-parameter Margules equations.

Equations 2.4, at the CMC of the mixture (CMCiix), become:
YaCMC ; = x,f,CMC® and
(1-y,)CMC,;, =(1—x,)fsCMC° Equation 2.6

Combining equations 2.5 and 2.6 the following expression can be obtained.

CMC..y CMC,. (1-v,)
Zln mix/A | _(1—x 2 mix A .
Xa (CMC‘;XA J ( A) ID(CMCZ (I—XA) Equation 2.7

The new variable introduced in equations 2.5, B, is an empirical parameter used to fit

experimental data to the model. For the present work, the CMCuyx Was measured for
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a series of mixtures at known monomer mole fractions (ya and yg). Since the
concentrations were known quite accurately it was assumed, for the least squares
analysis, that y, and yg are free from error. The value of B was determined by least-

squares fit of equation 2.8.
CMC,, =x,CMCe* +x,CMC%*™  Equation2.8
The strategy in obtaining the best value of § from the sets of CMC, yg data
involved choosing an initial trial value of B and solving equation 2.8 to obtain a
calculated value for the CMC. The program calculated the sum of the squares of
deviations for a given provisional value of B: s(B) = £ (CMCei — CMC;)>. The best
value of 3 was found in an iterative manner by stepping it systematically until the value
of s(B) was minimized. At each iterative value of B, for each ya value, it was also
necessary to determine the value of x4 (or xg) which satisfied equation 2.9.

_ faxgCMCj
f, (1-x5)CMC] +£f;x;,CMCjg

Ya Equation 2.9

Equation 2.9 is analogous to an equation used to treat liquid vapor pressures, which
relates partial pressures to total pressure. This equation does not depend on the
experimentally determined CMCuix.

The program used to fit CMC VS Vaomionic sufactant data and obtain the best value
of the B parameter is provided the appendix to this chapter. The program is written in
True BASIC; however it is short enough to be easily re-written in any programming

language. CMC and mole fraction values are entered as DATA statements near the
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end of the code. Upon executing the program the user is prompted for the number of
data sets (7 in this program listing) and an initial estimate of . Since the program is
written to approach the value of § from below, a value smaller than the expected resuit
should be initially estimated. An initial estimate of -3 is reasonable for each of the
surfactant systems studied.

Surface tensions were measured for surfactant mixtures with mole fractions
varying from pure cationic (y = 0) to pure nonionic (y = 1). Generally, 7 to 10
solutions with mole fractions (of PEO) from 0 to 1 were prepared. Figures 2.2 - 2.5
show the combined results of the CMC data for each binary system investigated. The
plots are presented here as combined graphs to conserve space. To actually determine
the CMC from the data, it was necessary to plot each CMC curve separately. Also, if
required, it was sometimes necessary to zoom in on the graph region where the CMC
break occurs. Experimentally determined surface tensions are presented in Tables 2.1
through 2.4 and critical micelle concentrations for each mole fraction are given in
Tables 2.5 through 2.8.

After each CMC was determined, a plot of CMC vs y (total mole fraction of
nonionic surfactant) was made. Using the least-squares fitting program described
above, the value of B was determined, and a fitted line was calculated and graphed
with the experimental data. A corresponding line was calculated based on the ideal
mixing model (equations 2.2 and 2.3) to demonstrate the deviation from ideality.

Figure 2.6 shows the resulting data and calculated lines for BL7SY. The S-shaped
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curve in Figure 2.7 shows the relationship between the total mole fraction of BL7SY
and the mole fraction of BL7SY in the micelle. Two characteristic features are
revealed from the data shown in Figure 2.7. First, the apparent existence of an
azeotrope is observed in solutions that show a synergistic minimum in the CMC curve
like that shown in Figure 2.6. By definition, the micellar mole fraction of surfactant
(xs) at the azeotrope is observed where the y = x line intersects the experimental
(fitted) line.  This azeotrope corresponds to a point at which the mole fractions of
surfactants in the micellar phase is the same as the mole fractions in the monomer
phase. Second, the model for ideal behavior does not cross the y = x line. Graciaa et
al, (11) point out that a phase separation model can be used to show that the
existence of an azeotrope corresponds to a minimum (or maximum in the case of
negative synergism) in the CMC curve at the same mole fraction. No rigorous proof is
given, but it is observed that the mole fraction ygrisy=0.65 from Figure 2.7 does
correspond to the minimum in the CMC curve of Figure 2.6. Figures 2.8 - 2.10 show
the CMC vs ygyssy (Where x= D for C10, L for C12, and M for C14) curves for the
alkyl tail analogs of the nonionic surfactant with 8 EO subunits. Plots of the
characteristic S-shaped curve like that in Figure 2.7 are not given for the remaining
surfactant systems since the purpose of the present work is to determine the
interaction parameter, 8, which is obtained only with regard to the CMC curves and

the non-ideal model described by equations 2.5 — 2.9. Table 2.9 presents the resulting

B values.

68



{BL7SY]| S.T. | [BL7SY}| [CPC] | S.T. | [BL7SY])| [CPC] | S.T. | [BL7SY}| [CPC] | S.T. | [BL7SY]] [CPC] | S.T.
mM y=1 mM mM y= mM mM y= mM mM y= mM mM y=
0.842 0.744 0.658 0.480

71.78 70.87 72.11 71.81 72.54

1.71E-03) 53.42] 5.08E-03} 9.56E-04] 47.68] 2.96E-03] 1.02E-03| 51.11) 1.79E-03] 9.33E-04] 52.71] 9.21E-04] 1.00E-03| 57.36

3.42E-03] 51.96] 1.02E-02| 1.91E-03| 43.04] 5.92E-03] 2.03E-03]| 47.04] 3.59E-03| 1.86E-03] 49.46] 1.84E-03] 2.00E-03j 53.32

5.12E-03] 49.92| 1.52E-02{ 2.87E-03{ 40.97{ 8.87E-03] 3.05E-03]| 44.58] 5.38E-03| 2.80E-03| 47.13| 2.76E-03] 3.00E-03{ 50.73

8.53E-03| 47.59] 2.03E-02| 3.82E-03] 39.19] 1.18B-02| 4.06E-03} 43.26] 7.17E-03| 3.73E-03| 45.39] 3.68E-03| 4.00E-03| 49.01

1.28E-02] 4545] 2.54E-02| 4.78E-03] 38.81| 1.48E-02| S5.07E-03| 41.37]| 8.97E-03| 4.66E-03| 43.52| 4.60E-03| 5.00E-03| 47.97

1.71B-02) 43.47] 3.81E-02] 7.16E-03] 36.22| 2.22E-02| 7.61E-03] 39.10{ 1.34E-02| 6.99E-03| 41.75] 6.90B-03] 7.49E-03} 46.19

2.56E-02| 41.11] 5.07B-02| 9.54E-03| 34.69] 2.95E-02| 1.01E-02{ 37.05] 1,79E-02] 9.31E-03{ 39.86] 9.20E-03| 9.98E-03] 44.39

69

340E-02{ 39.83] 7.60E-02] 143E-02| 34.84] 4.43E-02]| 1.52E-02] 35.62] 2.68E-02] 1.40E-02] 37.47] 1.38E-02] 1,50E-02] 41.85

5.10B-02{ 37.18] 1.01E-01| 1.90E-02| 34.79| 5.89E-02} 2.02E-02; 35.36| 3.58E-02| 1.86E-02]| 35.74| 1.84E-02| 1.99E-02] 40.0]

8.47E-02| 34.60{ 1.52E-01] 2,85E-02| 35.17| 8.82E-02]| 3.03E-02| 35.55{ 5.36B-02] 2.78E-02{ 35.46] 2,75E-02| 2.98E-02] 37.27

1.26B-01] 34.65] 2.02E-01]| 3.80B-02] 35.08] 1.17E-01| 4.03E-02} 35.65| 8.89E-02} 4.62E-02| 35.36| 4.56E-02| 4.95E-02] 36.99

1.68E-01] 34.69] 2.52B-01| 4.74E-02| 34.98| 1.46B-01| 5.03E-02| 35.65| 1.76E-01] 9.16E-02| 36.09{ 6.81E-02| 7.39E-02{ 36.99

3.30B-01{ 34.74] 3.76B-01} 7.07E-02| 35.03] 2.19B-01| 7.51E-02| 35.62] 3.46E-01} 1.80E-01| 36.22| 9.04E-02| 9.81E-02| 37.08

4,99E-01{ 9.38B-02] 35.03] 2.90E-01| 9.96B-02( 35.74 1.77E-01) 1.92E-01] 37.08

Table 2.1. S.T. (Surface Tension, mN/m) data for BL7SY. Surfactant concentration is given in mM units
and surface tension measurements were made at nine different mole fractions (y) of BL7SY. All solutions
were made with 0.01 M NaCl.



0L

{BLISY]
mM

[CPC]
mM

S.T.

0.322

(BL7SY]
mM

[CPC)
mM

S.T.
y=
0.159

[BL7SY]
mM

[CPC]
mM

S.T.

y'--'
0.046

[CPC)
mM

S.T.

71.85

72.28

7241

72.37

4.33E-04

9.11E-04

57.82

1.59E-04

8.39E-04

62.70

2.40E-04

5.04E-03

57.20

9.20E-03

58.80

8.65E-04

1.82E-03

54.14

3.17E-04

1.68E-03

59.23

4.80E-04

1.01E-02

53.45

2.75E-02

52.64

1.30E-03

2.73E-03

5225

4.76E-04

2.52E-03

56.78

7.20E-04

1.51E-02

51.13

4.5TE-02

49.17

2.16E-03

4.55E-03

49.84

7.93E-04

4.19E-03

55.18

9.59E-04

2.01B-02

49.62

6.82E-02

46.42

3.24E-03

6.82E-03

48.17

1.198-03

6.28E-03

52.84

1.44E-03

3.01B-02

47.29

9.05E-02

44.39

4.32E-03

9.09E-03

46.39

1.58E-03

8.38E-03

51.42

2.38E-03

4.99E-02

44.10

1.13E-01

42.56

6.47E-03

1.36E-02

44.29

2.38E-03

1,26E-02

4749

3.56E-03

7.45E-02

41,50

1.35E01

40.95

8.62E-03

1.82E-02

42.70

3.16B-03

1.67E-02

44.87

4.72E-03

9.89E-02

39.48

1.78E-01

39.58

1.29E-02

2.72E-02

40.09

4.74E-03

2.50E-02

44.78

7.01E-03

1.47E-01

3847

2.20E-01

39.58

2.14E-02

4.51E-02

37.18

7.87E-03

4.16E-02

41,50

9.26E-03

1.94E-01

38.52

2.62B-01

39.67

3.20E-02

6.74E-02

37.15

1.18E-02

6.22E-02

38.90

1.36E-02

2.85E-01

38.94

4.22E-0]

39.61

4.25E-02

8.95E-02

37.18

1.56B-02

8.25E-02

38.04

2.19E-02

4.59E-01

39.00

6.32E-02

1.33E-01

37.18

2.32E02

1.23E-01

37.94

8.36E-02

1.76E-01

37.18

3.07B-02

1.62E-01

38.04

4.54B-02

2.40E-01

38.09

7.33E-02

3.87E-01

38.28

Table 2.1. Continued.




1L

[BDSSY)
mM

S.T.

|BD8SY)
mM

[CPC)
mM

S.T.

0.838

[BD8SY)
mM

[CPC)
mM

S.T.

0.748

[BD8SY)
mM

[CPC)
mM

S.T.

y=
0.666

[BDSSY)
mM

[CPC)
mM

S.T.

0.508

[BDSSY)
mM

[CPC)
mM

S.T.

0.443

70.62

72.11

71.02

69.93

7241

71.52

2.44E-03

62.34

6.22E-03

1.20E-03

57.92

3.54E-03

1.19E-03

59.00

2.33E-03

1.17E-03

51.72

1.23E-03

1.19E-03

59.68

9.09E-04

1.14E~03

61.35

4.89E-03

60.57

1.24E-02

2.40E-03

35.37

7.09E-03

2.38E-03

56.25

4.65E-03

2.33E-03

55.28

2.47E-03

2.39E-03

5743

1.82E-03

2.28E-03

59.19

7.33E-03

59.49

1.86E-02

3.59E-03

5342

1,06E-02

3.58E-03

54.40

6.97E-03

3.50E-03

53.91

3.70E-03

3.58E-03

55.86

2.73E-03

3.42E-03

57.62

1.22E-02

57.92

3.11E-02

5.99E-03

50.79

1.77E-02

5.96E-03

52.25

1.16E-02

5.83E-03

52.06

6.16E-03

5.97E-03

53.23

4.54E-03

5.71E-03

55.37

1.83E-02

56.06

4.66E-02

8.97E-03

48.56

2.65E-02

8.93E-03

50.21

1.74E-02

8.74E-03

49.62

9.23E-03

8.95E-03

52.06

6.81E-03

8.55E-03

53.42

2.44E-02

54.98

6.20E-02

1.20E-02

46.81

3.54E-02

1.19E-02

48.65

2.32E-02

1.16E-02

48.36

1.23B-02

1.19B-02

50.30

9.07E-03

1.14E-02

51.86

3.65E-02

53.32

9,30E-02

1.79E-02

44.39

5.30E-02

1.78E-02

46.42

3.48E-02

1.74E-02

46.33

246E-02

2.38E-02

47.20

1.81E-02

2.27B-02

48.36

4.87E-02

52,15

1.24E-0]

2.39E-02

43.33

7.06E-02

2.37E-02

44.78

4.63E-02

2.32E-02

4372

3.67E-02

3.56E-02

44.97

2.71E-02

340E-02

46.23

7.28E-02

50.21

1.85E-01

3.57E-02

40.82

1.06E-01

3.55E-02

42.46

6.93E-02

3.48E-02

42.08

6.09E-02

S.91E-02

41.98

4.50E-02

5.65E-02

43.43

1.2]E-0]

47.78

3.07E-01

5.92E-02

39.00

1.75E-01

5.89E-02

39.58

1.15E-01

5.77TE-02

39.58

9.09E-02

8.81E-02

39.58

6.71E-02

8.42E-02

40.92

1.80E-01

45.55

4.58E-01

8.83E-02

38.90

2.61E-01

8.79E-02

39.19

1.71E-01

8.60E-02

39.10

1.20E-01

1.17E-01

39.00

8.89E-02

1.12E-01

39.38

2.39E-01

44.00

6.07E-01

1.17E-01

38.71

3.46E-01

1.17E-01

39.10

2.27E01

1.14E-01

38.90

2,35E-01

2,28E-01

38.90

1.74E-01

2.18E01

38.90

3.54E-01

42.46

9.00E-01

1.74E-01

38.33

5.13E-01

1.73E-01

38.90

4.45E-01

2.23B-01

38.90

3.45E-01

3.35E01

38.81

2.55E-01

3.21E-0]

38.90

4.67E-01

40.82

1.19E+00

2.29E-01

38.33

6.7T7E-01

2.28E-01

38.90

6.52E-01

3.27E-01

38.71

5.51E-0]

5.34E-01

38.81

4,08B-01

5.13E-01

38.90

6.85E-01

39.10

1.74B+00

3.35E-01

38.04

9.93E-01

3.34E-0]

38.81

1.04E+00

5.22E-01

38.62

7.40E-0]

7.17E-0]

38.71

3.49E-0]

6.89E-01

38.90

1.09E+00

37.18

2.78E+00

5.35E-01

31.75

1,58E+00

5.33E-01

38.62

1.40E+00

7.02E-01

38.52

9.95E-01

9.65E-01

38.62

7.40E-01

9.30E-01

38.71

1.47E+00

37.18

3.73E+00] 7.19E-01

3175

2.13E+00

7.16E-01

38.42

1.89E+00

9.46E-01

38.52

1.98E+00

37.18

5.02E+00] 9.67E-0]

37.56

2.86E+00

9.638-01

38.23

Table 2.2. S.T. (Surface Tension, mN/m) data for BD8SY. Surfactant concentration is given in mM units and surface tension
measurements were made at nine different mole fractions (y) of BD8SY. All solutions were made with 0.01 M NaCl.



CL

[BDSSY]
mM

[CPC]
mM

S.T.
y=
0.369

[BD8SY]
mM

[CPC]
mM

S.T.

0.288

[BD8SY]
mM

[CPC]
mM

S.T.
F
0.179

[BD8SY])
mM

[CPC)
mM

S.T.

0.106

fcpcy
mM

S.T.

71.81

70.62

70.92

70.53

71.42

6.69E-04

1.14E-03

63.02

4.89E-04

1.21E-03

62.43

2.60E-04

1.19E-03

63.12

1.41E-04

1.20E-03

63.32

1.17E-03

67.07

1.34E-03

2.28E-03

60.96

9.78E-04

2.42E-03

59.88

5.21E-04

2,39E-03

60.96

4.23E-04

3.59E-03

59.68

2.34E-03

65.09

2.01E-03

3.43E-03

59.39

1.47E-03

3.63E-03

58.31

7.81E-04

3.58E-03

59.39

7.05E-04

5.97E-03

57.72

3.51E-03

63.71

3.34E-03

5.71E-03

57.13

2.44E-03

6.05B-03

56.65

1.30E-03

5.97E-03

57.72

1.06E-03

8.96E-03

55.86

5.84E-03

61.45

5.01E-03

8.56E-03

34.89

3.66E-03

9.07E-03

54.40

1.95E-03

8.95E-03

55.37

1.41E-03

1.19E-02

54.20

8.76E-03

59.49

6.68E-03

1.14E-02

53.13

4.88E-03

1.21E-02

52.84

2.60E-03

1.19E-02

3391

2.81E-03

2.38E-02

50.89

1.17E-02

57.92

1.33E-02

2.28B-02

49.53

9.74E-03

2.41E-02

49.14

5.19E-03

2.38E-02

50.40

4.20E-03

3.56E-02

48.46

1,75E-02

55.86

2.00E-02

3.40E-02

47.10

1.46E-02

3.61E-02

47.00

7.76E-03

3.56E-02

48.26

6.97E-03

5.91E-02

45.65

2.33E-02

54.10

3.31E-02

5.65E-02

44.10

2.42E-02

5.98E-02

44.10

1.29E-02

5.90E-02

45.55

1.04E-02

8.81E-02

43.43

3.498-02

51.67

4.94E-02

8.43E-02

41.50

3.60E-02

8.92E-02

41.40

1.92E-02

8.80E-02

42.94

1.38E-02

1.17E-01

41.59

5.78E-02

48.26

6.55E-02

1.12E-01

39.48

4.78E-02

1.18E-01

39.17

2.54E-02

1.17E-01

40.63

2.69E-02

2.28E-01

39.48

8.63E-02

45.65

1.28E-01

2.19E-01

39.10

9.34E-02

2.31E-01

39.10

4.97E-02

2.28E-01

39.00

3.95E-02

3.35E-01

39.48

1.14B-01

43.33

1.88E-01

3.21E-01

39.00

1.37E-01

3.39E-01

39.00

7.29E-02

3.34E-01

39.10

6.30E-02

3.34E-0]

39.19

1.70E-01

40.54

3.00E-01

5.13E-01

39.00]

2.18E-01

S40E-01

38.90

1.16E-01

5.34B-01

39.00

8 46E-02

7.17E01

39.19

2.24E-01

40.34

4.04E-01

6.90E-01

39.00

2.93E-01

7.25E-01

38.90

1.56E-01

7.17B-01

39.00

3.28E-01

40.44

5.45E-01

9.30E-01

3871

3.94E-01

9.75SE-01

38.90

5.24E-01

40.44

Table 2.2, Continued.

7.04E-01

40.15



€L

[BL8SY]
mM

S.T.
y=1

{BL8SY]
mM

[CPC}
mM

S.T.
Y=
0.857

[BL8SY]
mM

[CPC)
mM

S.T.

0.748

[BL8SY)
mM

{CPC]
mM

S.T.

0.667

[BL8SY]
mM

(CPC)
mM

S.T.

0.498

(BL8SY]
mM

{CPC]
mM

S.T.

0.443

70.82

71.61

70.82

71.02

70.82

70.82

7.34E-03

49.72

7.44E-03

1.24E-03

48.75

3.49E-03

1,17E-03

31.86

2.48E-03

1.24E-03

52.54

1.19E-03

1.20E-03

54.98

9.07E-04

1.14E-03

55.96

1.47E-02

47.10

1.49E-02

2.48E-03

44.87

6.97E-03

2.35B-03

48.36

4.95E-03

2.48E-03

48.65

2.38E-03

2.40E-03

52.25

1.81E-03

2.28E-03

52.93

2.20E-02

44.87

2.23E-02

3.72E-03

42.56

1.05E-02

3.52E-03

46.04

7.42E-03

3.71E-03

46.62

3.57E03

3.60E-03

50.40

2.72E-03

3.42E-03

50.99

2.94E-02

4343

2.97E-02

4.96E-03

41.02

1.39E-02

4.69E-03

44.39

9.89E-03

4.95E-03

45.07

4.75E-03

4.79E-03

48.94

3.63E-03

4.56E-03

49.43

3.67E-02

42.37

3.72E-02

6.19E-03

39.717

1.74E-02

5.86E-03

43.23

1.24E-02

6.18E-03

43.62

5.94E-03

5.99E-03

47.88

4.53E-03

5.70E-03

48.56

5.50E-02

39.29

7.42E-02

1.24E-02

36.99

2.61E-02

8.78E-03

40.73

1.85E-02

9.27E-03

41.31

8.91E-03

8.98E-03

45.36

6.79E-03

8.55E-03

46.13

7.33E-02

37.37

1.48E-01

247E-02

36.51

3.48E-02

1.17E-02

39.00

2.47E-02

1.24E-02

39.67

1.19E-02

1.20E-02

43.62

9.05E-03

1.14E-02

44.20

1.10E-01

35.94

3.68E-01

6.13E-02

36.32

5.21E-02

1.75E-02

31.37

3.70E-02

1.85E-02

37.56

1.78E-02

1.79E-02

4121

1.36E-02

1.71E-02

4198

1.46E-01

35.84

7.26E-01

1.21E-01

36.32

6.95E-02

2.34E-02

37.18

4.93E-02

2.46E-02

36.99

2.37E-02

2.39E-02

39.58

1.81E-02

2.27E-02

40.54

2.19E-01

35.65

1.08E+00

1,79E-01

36.22

1.04E-01

3.49E-02

37.08

7.37E-02

3.69E-02

36.99

3.54E-02

3.57TE-02

37.94

2,70E-02

3.40E-02

38.23

3.63E-01

35.65

1.42E+00

2.36E-01

36.22

1.38E-01

4.65E-02

37.08

1.22E-01

6.12E-02

37.08

5.88E-02

5.93E-02

37.85

4.49E-02

5.64E-02

3747

7.17E-01

35.65

1.72E-01

5.80B-02

37.08

2.42E-01

1.21E-01

37.08

1.16E-01

1.17E-01

37.75

8.87E-02

1.12E-01

37.56

1.06E+00

35.55

341E-01

1.15E-01

37.08

3.58E-01

1.79E-01

37.08

1.72E-01

1.74E-01

37.66

1.74E-01

2.18E-0]

37.85

1.40B+00

35.55

5.06E01

1,70E-01

36.99

4.72E-01

2.36E-01

37.08

2.27E01

2.29E-01

37.66

2.55E-01

3.21E-0]

37.94

2.05E+00

35.55

6.66E-01

2.24E-01

36.99

6.91E-01

3.46E-01

37.08

3.33E-01

3.36E-01

37.66

4,07E-01

5.12B-01

37.94

3.27E+00

35.46

9.78E-01

3.29E-01

36.89

1.10E+00

5.51B-01

37.08

$31E0)

5.35E-01

37.66

1.28E+00

4.29E-01

36.80

Table 2.3, S.T. (Surface Tension, mN/m) data for BL8SY. Surfactant concentration is given in mM units and surface tension
measurements were made at nine different mole fractions (y) of BL8SY. All solutions were made with 0.01 M NaCl.



vL

(BL8SY]
mM

[CPC)
mM

ST
F
0.380

{BLBSY]
mM

[CPC]
mM

S.T.
y"—'
0.278

[BL8SY]
mM

[CPC]
mM

S.T.
g
0.169

{BLSSY]
mM

[CPC]
mM

S.T.

y=
0.058

(CPC}
mM

S.T.

70.82

71,52

71.81

71.02

70.82

7.25E-04

1.18E-03

57.62

4.47E-04

1.16E-03

59.19

2.26E-04

1.11E-03

62.04

7.21E-05

1.17E-03

65.88

6.11E-03

58.21

1.45E-03

2.37B-03

53.91

8.94E-04

2.33E-03

56.55

4.51E-04

2.2]1E-03

59.00

1.44E-04

2.34E-03

63.81

1.22E-02

53.18

2.17E-03

3.55E-03

52.06

1.34E-03

349E-03

54.01

6.77E-04

3.32E-03

31.12

2.16E-04

3.51E-03

60.27

2.44E-02

51.18

2.90E-03

4.73E-03

50.69

1.79E-03

4.65E-03

53.03

9.03E-04

4.43E-03

54.79

2.88E-04

4.68E-03

58.11

3.65E-02

49.14

3.62E-03

3.91E-03

49.62

2.23E-03

5.82E-03

51.96

1.13E-03

5.33E-03

337

3.60E-04

5.85B-03

56.55

4.85E-02

47.49

5.43E-03

8.86E-03

4729

3.35E-03

8.72E-03

49.72

1.69E-03

8.29E-03

5147

5.40E-04

8.77E-03

54.30

{

6.05E-02

46.13

7.23E-03

1.18E-02

45.45

4.46E-03

1.16E-02

48.07

2.25E-03

1.11E-02

49.62

7.20E-04

1,17E-02

52.54

7.24E-02

44.87

1.08E-02

1.778-02

43.33

6.69E-03

1.74E-02

45.36

3.38E-03

1.66E-02

47.49

1.44E-03

2.33E-02

49.24

9.61E-02

42.94

1.44E-02

2.36B-02

41.79

8.90E-03

2.32E-02

43.62

4.50E-03

2.21E-02

45.84

2.15E-03

349E-02

46.13

1.20E-01

42.08

2.16E-02

3.53E-02

39.48

1.33E-02

3.47E-02

41.11

6.73E-03

3.30E-02

43.23

3.56E-03

5.79E-02

4323

1.48E-01

40.15

3.58E-02

5.85E-02

38.04

2.21E-02

5.75B-02

38.04

1.12E-02

5.48E-02

40.44

7.05E-03

1.14E-01

38.90

1.77E01

39.58

7.08E-02

1.16E-01

38.04

4.37E-02

1.14E-0]

37.94

2.21E-02

1.08E-01

38.42

1.38E-02

2.24E-0]

39.00

2,33E-01

39.48

1.38E-01

2.26E-01

37.94

8.55E-02

2.23E01

38.14

3.28E-02

1.61E-0)

38.33

2.02E-02

3.28E-01

38.90

2.88E-01

39.19

2.03E-01

3.32E-01

37.94

1.25E01

3.27E-0)

38.04

4.33E-02

2,12E-01

38.33

3.23E-02

5.24E-01

38.90

3.42E01

39.19

3.24E-01

5.29E-01

37.94

2,00E-01

5.21E-01

38.04

6.35E-02

3.12E-01

38.42

4.46E-01

39.58

2.69E-01

7.01E-01

38.04

1.02E-01

4.99E-01

38.42

5.45E-01

39.48

1.37E-01

6.71E-01

38.42

7.32E-01

39.58

Table 2.3. Continued.

9.84E-01

39.58



SL

[BMSSY)
mM

ST
y=1

(BM8SY)
mM

(CPC)
mM

S.T.

0.834

[BM8SY)
mM

[CPC)
mM

S.T.

0.749

[BMSSY)
mM

(CPC)
mM

S.T.

y=
0.664

[BMSSY)
mM

[CPC)
mM

S.T.
=
0.505

[BMSSY)
mM

[CPC)
mM

S.T.

y=
0.458

71.02

69.93

71.91

70.92

69.73

71.52

9.45E-04

50.30

1.47E-03

2.92E-04

44.58

8.88E-04

2.98E-04

49.24

6.01E-04

3.04E-04

49.62

3.09E-04

3.02E-04

52.15

2.54E-04

3.01E-04

0.00

1.89E-03

44.87

2.94E-03

5.84E-04

40.54

1,78E-03

5.96E-04

4.10

1.20E-03

6.09E-04

45.16

6.18E-04

6.05E-04

52,15

5.08E-04

6.02E-04

36.06

2.83B-03

41.79

4.40E-03

8.77E-04

37.56

2.66E-03

8.93E-04

41.21

1.80E-03

9.13E-04

42.08

1.24E-03

1.21E-03

44.39

1.02E-03

1.20E-03

48.94

4.72E-03

37.66

5.87E-03

1.17E-03

35.94

3.55E-03

1.19E-03

39.19

2.40E-03

1.22E-03

40.44

1.85E-03

1.81E-03

42.17

2.03E-03

2.41E-03

44.49

7.07E-03

35.27

8.81E-03

1.75E-03

35.36

5.33E-03

1.79E-03

36.60

3.60E-03

1.83E-03

38.81

2.47E-03

2.42E-03

41,98

3.05E-03

3.61E-03

41.02

9.43E-03

33.93

1.17E-02

2.34E-03

34.79

7.10E-03

2,38E-03

35.55

4.80E-03

2.43E-03

36.60

3.71E-03

3.63E-03

39.19

5.08E-03

6.02E-03

37.27

1.88E-02

33.74

1.76E-02

3.50E-03

34.50

1.06E-02

3.57E-03

35.08

7.20E-03

3.65E-03

34.50

6.17E-03

6.04E-03

36.32

2.02E-02

2.40B-02

36.32

2.82E-02

33.55

2.93E-02

5.84E-03

34.79

1.77E-02

5.95E-03

34.60

1.20E-02

6.08E-03

3441

1.23E-02

1.21E-02

35.65

5.02E-02

5.95E-02

36.41

4.6TE-02

33.65

5.86E-02

1.17E-02

34.79

3.54E-02

1.19E-02

34.50

2.40E-02

1.21E-02

34.60

2.46E-02

2.41E-02

35.74

9.93E-02

1.18E-01

36.32

6.97E-02

33.46

1.17E-01

2.33E-02

34.31

7.07E-02

2.37E-02

34.50

4.78E-02

2.42E-02

34.50

6.11B-02

5.97E-02

35.65

9.25E-02

33.36

2.90E-01

3.78E-02

34.22

1.76E-01

5.89E-02

34.50

1.19E-01

6.01E-02

34.60

1.81E-01

33.27

347E-01

1.16E-01

34.50

2.66E-01

33.17

Table 2.4. S.T. (Surface Tension, mN/m) data for BM8SY. Surfactant concentration is given in mM units and surface tension
measurements were made at nine different mole fractions (y) of BM8SY. All solutions were made with 0.01 M NaCl.



9L

(BMS8SY]
mM

[CPC]
mM

S.T.

yﬂ
0.377

(BMS8SY]
mM

[CPC]
mM

S.T.
y=
0.291

[BMSSY]
mM

[CPC]
mM

ST

y=
0.172

{BMS8SY]
mM

(CPC]
mM

S.T.

y=
0.051

(CPC]
mM

S.T.

71.91

72.11

70.33

71.42

70.62

1.78E-04

2.93E-04

66.37

1.18E-04

2.88E-04

67.95

6.06E-05

291E-04

64.50

6.35E-05

1.18E-03

66.37

1.19E-03

67.26

3.56E-04

3.87E-04

59.39

2.36E-04

5. 77E-04

65.39

1.21E-04

5.83E-04

61.45

1.27E-04

2.35E-03

59.39

2.37E-03

64.40

5.33E-04

8.80E-04

54.30

3.55E-04

8.65E-04

55.28

1.82E-04

8.74E-04

51.72

1.90E-04

3.53E-03

56.25

3.55E-03

63.02

7.11E-04

1.17E-03

52.54

4.73E-04

1.15E-03

52.45

2.42E-04

1.17E-03

56.06

3.17E-04

5.87E-03

52.35

5.92E-03

61.16

1.07E-03

1.76E-03

47.59

7.09E-04

1.73E-03

49.24

3.63E-04

1.75E-03

54.30

4.75E-04

8.80E-03

48.94

1.18E-02

57.13

1.42E-03

2.35E-03

45.94

9.45E-04

2.31E-03

47.88

4.85E-04

2.33E-03

50.99

6.33E-04

1.17E-02

46.71

2.36E-02

53.13

2.13E-03

3.52E-03

42,75

1.42E-03

3.46E-03

45.16

7.27E-04

3.49E-03

48.07

1.26E-03

2.34E-02

41.50

3.53E-02

50.69

3.55E-03

3.86E-03

39.38

2.36E-03

5.76E-03

41,50

1.21E-03

5.82E-03

44.10

1.89E-03

3.50E-02

38.90

5.86E-02

47.39

7.10E-03

1.17E-02

36.32

4.72E-03

1.15E-02

36.51

2.42E-03

1.16E-02

39.19

3.14E-03

3.81E-02

36.70| 8.74E-02

44.29

1.42E-02

2,34E-02

36.22

941E-03

2.30E-02

36.32

4.83E-03

2.32B-02

35.74

4,68E-03

8.67E-02

36.70

1.16E-01

42.46

3.51E-02

5.80E-02

36.22

2.34E-02

5.70E-02

36.32

1.67TE-02

8.03E-02

36.13

6.20E-03

1.15E-01

36.70

2.26E-01

39.10

6.95E-02

1.15E-01

36.22

4.62E-02

1.13E01

36.32

3.06E-02

1.47E-01

36.22

1.21E-02

2.25E0]

37.18

3.32E-01

39.10

Table 2.4. Continued.

2.84E-02

-2.56E-01

37.66

5.30E-01

39.10
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Figure 2.2. Log(total surfactant concentration) vs surface tension used to
determine CMC for BL7SY/CPC mixtures in 0.01 M NaCl. The values in the

legend are the mole fractions of nonionic surfactant.
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Figure 2.3. Log(total surfactant concentration) vs surface tension used to
determine CMC for BD8SY/CPC mixtures in 0.01 M NaCl. The values in the legend
are the mole fractions of nonionic surfactant.
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Figure 2.4. Log(total surfactant concentration) vs surface tension used to
determine CMC for BL8SY/CPC mixtures in 0.01 M NaCl. The values in the
legend are the mole fractions of nonionic surfactant.
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Figure 2.5. Log(total surfactant concentration) vs surface tension used to
determine CMC for BM8SY/CPC mixtures in 0.01 M NaCl. The values in the
legend are the mole fractions of nonionic surfactant.
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Table 2.5 Table 2.7

pL7sy_|CMCix
0.000] 1.57E-01 1.65E-01
0.046{ 1.14E-01 0.058| 1.22E-01
0.159} 8.46E-02 0.169] 9.07E-02
0.322f 6.08E-02 0.278| 8.0SE-02
0.480| 5.90E-02 0.380| 7.43E-02
0.658| 5.50E-02 0.443| 6.39E-02
0.744{ 5.34E-02 0.498 6.08E-02
0.842{ 5.90E-02 0.667| 5.84E-02
1.000| 8.21E-02 0.748| 6.39E-02
0.857| 7.81E-02
1.000f 9.35E-02
Table 2.6 Table 2.8
spesy_|CMCauie Yomesy JCMCui
0.000| 1.74E-01 0.000} 1.83E-01
0.105| 1.92E-01 0.051} 4.98E-02
0.179] 1.83E-01 0.172) 2.02E-02
0.288{ 1.92E-01 0.290} 1.58E-02
0.369) 1.92E-01 0.377) 1.29E-02
0.443 2.17E-01 0.458| 1.23E-02
0.508| 2.02E-01 0.505) 1.17E-02
0.748| 2.54E-01 0.664) LOLE-02
0.838| 3.17E-01 0.749| 9.10E-03
1.000] 9.70E-01 0.834) 7.83E-03
1.000| 7.45E-03

Tables 2.5-2.8. The critical micelle concentrations for mixtures of different mole
fractions (y) of nonionic surfactant. CMC values were determined by inspection of
individual plots of log([total surfactant concentration]) vs surface tension similar to

those shown in Figures 2.2-2.5. All measurements were made in 0.01 M NaCl.
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Figure 2.6. CMC vs mole fraction BL7SY with a line representing the fit of the one
parameter model for BL7SY/CPC mixtures in 0.01 M NaCL
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Figure 2.7. Mole fraction of BL7SY in the micelle vs total mole fraction with a line
representing the fit of the one parameter model in 0.01 M NaCl.
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Figure 2.8. CMC vs mole fraction BD8SY with a line representing the fit of the
one parameter model for BD8SY/CPC mixtures in 0.01 M NaClL
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Figure 2.9. CMC vs mole fraction BL8SY with a line representing the fit of the
one parameter model for BL8SY/CPC mixtures in 0.01 M NaCl.
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Figure 2.10. CMC vs mole fraction BM8SY with a line representing the fit of the
one parameter model for BM8SY/CPC mixtures in 0.01 M NaClL
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Nonionic Ethylene oxide Carbon Tail B parameter
Surfactant subunits Length
BL7SY 7 12 -26+0.1
BDS8SY 8 10 -2.1+0.1
BLS8SY 8 12 -24+0.1
BMSSY 8 14 26+0.1

Table 2.9. 3 parameters calculated based on the one parameter model for
nonionic ethylene oxides in mixed micelles with CPC. All measurements were
made in 0.01 M NaCl.

In Figures 2.7 — 2.10 the experimental and fitted results are always below the
curve calculated from ideality and, in Table 1.9, the magnitude of B increases as
deviation from ideality increases. Thus, an enhanced interaction or synergism between
the two types of surfactants results in a greater negative deviation from ideality. The
results in Table 2.9 show that there is a trend towards increasing interaction with CPC
(having a C16 hydrocarbon tail length) as the length of the hydrocarbon tail of the
nonionic surfactant increases from 10 to 14 carbons. In addition, the interaction
appears to increase in strength, as the number of ethylene oxide (EQO) subunits
decreases from 8 to 7. A major conclusion, however, is that the 8 values are all in the
range 2.1 to —2.6 for the systems studied here.

The model used to determine the fitting parameter has been applied by other

workers to cationic/nonionic (6-10), anionic/monionic (1-13, 15-18) and
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nonionic/nonionic (7) surfactant systems. Most of the published work involves
anionic/nonionic mixtures and very few data have been published on cationic/nonionic
systems (6-10) similar to the surfactants used here. None of the results specifically
matches the systems studied here. Holland and Rubingh (8) made an interesting
comparison between a Cl0-anionic/EOQ4 mixture and Cl10-cationic/EO4 mixture
showing that the anionic/nonionic interaction parameter was much greater (f = -4.81
vs B =-1.8).

In the reported studies of cationic/nonionic systems (6-10) there were no
systematic attempts to characterize a series of cationic surfactant tail lengths or EO
chain length. To confuse the matter, some of the work is done using pure water and
some is done with salt solutions ranging from 0.05 — 2.4 M NaCl to 0.05 M NaBr.
However, some generalizations can be made by comparing results. Rosen (17)
showed by measuring C12PyrCl/C12EQ8 (Pyr represents a pyridinium head group) in
water, 0.1 M NaCl and 0.5 M NaCl that the interaction enhancement decreases as salt
concentration increases (§ = -2.7, B =-1.4, and B = -1.0 respectively).

Scamehorn et al. (7) showed that the synergism increases from 8 =-1.3 to B =
-1.7 when the chain length of the hydrocarbon tail of the cationic surfactant is
increased from Cl12 to C16 for the two systems CI12PyrC/NPE10 and
C16PyrC/NPE1O0 (both at 0.03 M NaCl; NPE represents nonyl phenol ethoxylates).
Although the polyethylene oxide surfactant was polydisperse, the results demonstrate

that the enhancement increases with carbon tail length of the cationic surfactant.
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These results agree with the results in Table 2.9, which show that increasing the
hydrocarbon tail length of the nonionic surfactant also increases the synergism of the
mixture.

Most of the mixed micelle work published concerning nonionic polyethylene
oxide surfactants has been mixtures with anionic surfactants (5). Lange and Beck (9)
showed that increasing the ethylene oxide subunit from EO6 to EO12 for the systems
C12S04Na/C8EO6 C12S04Na/C8EO12 (in water) increased the synergism from 8 =
-3.4 to B =-4.1. This work appears to be contrary to the results in Table 2.9 where a
decrease in EO subunit from 8 to 7 results in an increase in synergism from § =-2.4 to
B = -2.6. However, it is important that for a relatively modest change in synergism
(AB = 0.7) was observed in increasing the number of EO subunits from 6 to 12, while
an even smaller change (A = -0.2) was seen in increasing from EO7 to ECS. Thus in
neither case is there a very large dependence on the number of EO subunits.
Furthermore, the difference between the results for EO7 to EO8 in Table 2.9 is nearly

covered by the error associated with each §§ value.

Conclusions

A series of nonionic polyethylene oxide surfactants has been studied in
mixtures with the cationic surfactant cetylpyridinium chloride (CPC). [t has been

shown that the CMC behavior of mixtures of polyethylene oxide surfactants with
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cetylpyridinium chloride deviates greatly from that of an ideal mixture. Binary
mixtures of the surfactants were used to determine the B parameter, which is an
indicator of the magnitude of the enhanced micelle formation. The more negative the
value of the interaction parameter the stronger the interaction between the two
surfactants. The results indicate that as the carbon chain length of the nonionic
surfactant increases the interaction with CPC also increases. In addition, it is possible
that the interaction increases as the number of ethylene oxide subunits decreases in the
nonionic surfactant. The results are comparable to data for similar (cationic/nonionic)

mixtures reported by other researchers.
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Appendix to Chapter 2.

Following is a listing of the least-squares program used to calculate a value for

B based on the model presented in the discussion section of this chapter. The program

is coded in True BASIC. After the user provides an initial estimate for B, the program

proceeds according to the foillowing basic outline.

1)

2)

3)

4)

3)

A value of xx (xg) that corresponds to the B, ys values is determined
for each point in the CMCy,, ys data set.
A calculated CMCp, cmepr(i), is determined for each point in the data
set based on xg, ys, and B.
The sum of the squares of the relative difference between experimental
and calculated CMCs is determined:

s = s + (cmc(i) - cmepr(i))*2/cmc(i)"2.
If the value of s is lower than the prior value (sbest) then beta is
incremented by betastep and the procedure continues back at step 1.
If the value of s is worse than the prior value then a minimum has been

passed so B is de-incremented and final values are printed.

The increment values for beta and xx, betastep and xstep respectively, can be changed

to control how quickly and how accurately the program can determine xg and f.
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Program Listing

! BL7SY.TRU

OPTION NOLET

DIM y(100), x(100), cmc(100),cmcpr(100}),gamA(100),gamB(100)
x0 =0

sbest = 10000

betastep = 0.01

xstep = 0.00001

CLEAR
INPUT prompt “"Number of data sets? ": n
READ cmcA, cmceB ! read in CMC of pure A and pure B
FORi =1TOn
READ y(i),cmec(i}) ! read in CMC of mixtures
NEXT i
INPUT prompt "initial beta (choose lower than expected beta) " : beta

! DO loop to Find best beta
DO
cycle = cycle + 1
! FOR-NEXT loop to determine the correct xB for each beta, yB
FOR 1 =1 TON
LET xx = 0
DO
XX = xx + Xxstep
gamB (i) = exp(beta* (l-xx)*(1l-xx})
gamA (i) = exp(beta*xx*xx)
yy = gamB (i) *xx*cmcB/ (gamA (i) * (1-xx)*cmcA + gamB (i)} *xx*cmcB)
LOOP UNTIL yy >= y(i) OR xx >= 1
IF yy >= y(i) THEN

x(i) = xx

x0 = xx

! PRINT yy,y{(i}
END IF

NEXT i
PRINT IICMCII’ llyl" "CIIler", llxl'
! calculate CMC, cmcpr(i), for each point
FORi=1TON
cmepr(i) = cmcA* (l1-x(i))*gamA(i) + cmcB*x(i)*gamB(i)
PRINT cmc(i),y(i),cmcpr(i),x(i)
NEXT i
LET s = 0
! calculate the sum of the squares of the deviations between
! experimental cmc(i) and calculated cmcpr(i)
FOR i =1 TO N

s =s + (cmc(i) - cmepr(i))~2/cmec(i)"2
NEXT i
PRINT "After cycle ";cycle;"s=";s; " beta=";beta
x0 = .00001

IF s < sbest THEN sbest = s
beta = beta + betastep
LOOP UNTIL s > sbest
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PRINT "To PRINT results, press return "
GET KEY a
CLEAR
PRINT
PRINT
beta = beta - betastep
PRINT "best s = ";sbest;" for beta = “;beta
FOR i =1 TON
x(i) = x(i) - xstep
gamB (i) = exp(beta*(l1-x(i))*(1-x(i)))
gamA (i) = exp(beta*x(i)*x{i))

cmcpr{i) = cmcA* (1l-x(i))*gamA(i) + cmcB*x(i)*gamB(i)
NEXT i
PRINT
PRINT "dev","cmc calce”,”cmc”,",y,”,"xXcalc"”
PRINT
FOR 1 =1TON
PRINT cmcpr(i} - cme(i), cmepr(i), cemc(i), y(i) , x(i)
NEXT i
DATA .157, .082 ! CMC of pure cationic, pure nonionic
DATA 0.842, 0.059 ! mole fraction of monomer, CMC
DATA 0.744, 0.053
DATA 0.658, 0.055
DATA 0.480, 0.059
DATA 0.322, 0.061
DATA 0.159, 0.085
DATA 0.046, 0.114
END
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Chapter 3
The Inverted Vertical Pull

Surface Tension Method

Introduction

General Introduction

The du Noiy ring and Wilhelmy plate methods are the two most common
techniques used to determine surface tension at a liquid-air interface, or interfacial
tension at a liquid-liquid interface. Wilhelmy’s 1863 publication (2) described
measurement of capillary constants by measuring forces using a number of different
probe shapes but did not attempt to discuss a detailed calculation of surface tension.
In his 1919 paper (1), Lecomte du Noiiy pointed out the large discrepancies in results
obtained with methods that had been applied prior to that time in determining the
surface tensions of pure liquids and presented his new technique. Some of the other
techniques were oscillating jet (dynamic), hanging drop, spinning drop, sessile drop,
capillary rise and maximum bubble pressure. The key to du Noily’s new apparatus
was the use of a torsion wire, which could be twisted to apply torque to a lever arm,

from which a ring was suspended in contact with the liquid of interest. In the original
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design du Noiy proposed simply calibrating the instrument by measuring the force
for maximum pull of pure liquids for which surface tension was known, making the
technique useful but still relative. It was not until 1930 that Harkins and Jordan (4)
and Freud and Freud (5) published work very carefully analyzing the theory
associated with the du Nody ring. They determined that the technique could be used
as a very accurate absolute method. The total force acting on the ring, Wiy, can be
calculated as

Wit = Wring + 4TRYident Equation 3.1
where Wiy, is the weight of the ring, R is the radius of the ring, and Yigeu the surface
tension. Harkins and Jordan (4) determined that an empirical correction factor was
required because the size (and shape) of the surface inside and outside the ring was
not the same, therefore the vertical force components acting on the ring were not
symmetrical. The correction factor, f, was determined as a function of the size of the
ring, radius R, and the size of the wire of which the ring was made, radius r.

Y = Yisea X fR3/V, R/T) Equation 3.2
In 1941 it was pointed out by Zuidema and Waters (6) that an additional correction
factor was required in cases when the difference between the densities of the two
phases making the interface was small or when the scale readings were relatively
high. Zuidema and Waters were mainly investigating the interfacial tension between

hydrocarbon and water phases. In these cases, the density difference, Ap, was much

lower (Duater = 1.00 g cm™, Paecanc = 0.73 g cm™, Paecane = 0.75 g cM>, Phexadecane = 0.77
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g cm™) than in surface tension measurements where one phase is air (py = 0.001 g
cm™).

The Wilhelmy plate method does not require a correction factor. The force
acting on the plate is simply the sum of the surface effect and the buoyant effect of a
column of water pulled up under the plate (if the contact angle of the liquid with the
plate is zero);

Wit = Woiate + PYideat Equation 3.3
where p is the horizontal perimeter (2 x length + 2 x thickness) of the plate. A
buoyant force, ApghA (where h is the height above or below the free liquid level and
A is the cross-sectional area of the plate), is added or subtracted if the plate is above
or below the level of the free liquid.

A necessary consequence of Newton's third law is that the Wilhelmy, du Noily,
or any force-pull technique can all be performed by weighing the liquid rather than the
suspended object. In both the Wilhelmy and the du Noiiy techniques (and any other
which involves measuring the force acting on a suspended object of any shape) the
only previous method used in determining the value of the force has been to measure
it from above the liquid. The technique in the present work relies on measuring the
force pulling downward on a rod, instead of a ring or plate, for which the radius (and
therefore the circumference or perimeter) is accurately known. All previous work has
been done by measuring the force acting on a rod (with a balance from above.) For the
work presented here, the force is measured as acting on the sample by monitoring the

weight change on a top-loading analytical balance.
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Plate

DuNoiiy
Ring

Figure 3.1. Illustrations of Wilhelmy plate and du Noily ring methods.
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X —>

Figure 3.2. The important parameters needed to calculate force for the rod pull
method.

F = nX’yApg + 2nXy sind

Ap = density difference (0.998 2g cm’)

g = accel. of gravity (980 cm 5™)

X = radius of rod (cm)

Y = height above free liquid (cm)

v = surface tension of liquid (mN/m or dyne/cm)
¢ = angle of meniscus/horizontal (radians)
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The equation for calculating the total force, Wy, acting on the rod is similar to
the expressions of total force for the ring and plate,

Wi = tX*YApg + 21Xy sing. Equation 3.4
The first term, ©X*YApg, represents the buoyant force due to the volume of water
suspended under the rod as it is pulled away from the free surface. The second term,
2nXysind, represents the downward force of the surface acting on the rod. The angle, ¢,
changes through the course of a measurement and the value corresponding to the
maximum force is determined through numerical integration described in the next
section (Theory of the Pull-Force Methods).

In the total weight expression the weight of the rod is not explicitly included,
though it was in similar expressions of du Noily and Wilhelmy methods. The weight of
rod is not actually measured in this technique. The weight of the vessel and solution of
interest are measured (or tared) on a top loading analytical balance accurate to 0.1 or 1
mg while the rod (or other probe such as a du Noiy Ring or Wilhelmy Plate) is
contacted and pulled from above the liquid. When the probe is contacted with the liquid
the resulting force on the balance is displayed as a loss of weight.

In the past, (7-11) before the development of top-loading analytical balances that
automatically maintain the weighed object in the same vertical position, it was obvious
that measuring the downward force on the plate, ring, or rod should be the method of
choice. To that end a chainomatic, dialomatic, electro-balance, or the torsion wire used

in du Noiy’s method may have been the best choice at the time. In those devices the
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probe (plate, ring or rod) is suspended from above a liquid surface on a balance lever
arm so that the forces are measured as changes in the weight of the probe itself. But
now, with accurate top-loading balances available in virtually every science laboratory,
one can envision many situations in which weighing the liquid might make the
determination of surface tension or interfacial tension more convenient without
sacrificing accuracy. Precision of one milligram is sufficient to provide surface tensions

t0 0.01 mN/m.

Theory of the Pull-Force Methods

Ideally, the surface tension can be calculated by measuring the force and height

of the column of water under the rod. The Laplace Equation

1 1 )
AP =y| —+ uation 3.5
7(& Rvj Eq

must apply continuously on the profiles depicted in Figure 3.2 as the rod is pulled
upwards from the free surface. In Equation 3.5, AP represents the difference in pressure
between the liquid inside and outside the column of liquid, R, and R, are the principal
radii of curvature, on horizontal and vertical planes, respectively, drawn symmetrically
on the meniscus and v is the surface tension of the liquid. From analytical geometry, the
radii of curvature may be represented by the following equations in terms of Cartesian

coordinates:
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1 » 1 y
—_—= d —=—2
R, ey 0 R ary)”

Equation 3.6
Here, x and y represent horizontal and vertical positions on the profile, and y’ and y”
denote the first and second derivatives with respect to x.

The pressure difference Ap may be replaced by Apgy, where Ap is the difference
in density between the two phases and g is the acceleration of gravity. The symbol y

represents the height above what would be the surface of the free liquid (plane liquid

level away from the rod). Equation 3.5 may be written as

Apgy y' y .
= + Equation 3.7
r (l+yl2 )3/2 x(1+y|2 )1/2

This equation is applicable to any experiment in which the shape of the surface is
described, by the radii of curvature, for symmetric figures of revolution. The value of
sing required for Equation 3.4, for the rod-pull method, is given by trigonometric

considerations as

sing = L4 Equation 3.8

J1+y?

However, for the rod pull method, Equation 3.7 cannot be integrated in closed form and

therefore must be integrated numerically. The earliest solution of Equation 3.7 in this
particular form was published in 1883 after Bashforth and Adams (3) calculated and
tabulated solutions ‘by hand’ for capillary rise, bubble shape, and drop shapes. Padday
(14, 15) used a computer program to integrate the equation and published the tables of
data on microfiche form (Padday was employed by Kodak Ltd. in the UK). For the

present work, programs (not published) written by Professor S. D. Christian and Dr.
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Katsuhiko Fujio have been used and force curves like the one shown in Figure 3.4 will

be compared with experimental results.
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Figure 3.3. Force curve for water (72.3 mN/m @ 23 °C) as a function of rod
height above the free surface.
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In using the rod-pull method, it is not actually necessary to integrate the force
curve each time a surface tension is to be measured. To calculate the surface tension,
only the maximum pull (weight), the diameter of the rod, the density of the fluid and the
gravitational constant are required. Padday et al. (16) developed a series of 18
polynomial equations to calculate X/k (where X is the radius of the rod and k is the
meniscus constant) from measured values of X*/V. The volume of liquid elevated above
the plane surface at maximum pull V, is calculated by dividing the observed maximum
weight (force in grams) by the liquid density (p in g/cm®). Padday’s equations are
somewhat cumbersome to use so a fit was determined in the form of a single quasi
polynomial. A single calibration curve for a given rod can be determined instead of the
18 equations of Padday. X’k is then calculated by the following equation.

X/k = 2.48573(X3 V)12 +0.70985(X>/V) + 4.21654(X°1V)*? Equation 3.9
- 1.94468(X3/V)? + 2.30285(X°/V)® - 2.77894(X°/V)*
+ 1.65453(3C/V)® - 0.420300C/V)® +0.0129372(X*/V)?
Although this equation has more terms than Padday’s 3™ order polynomials this single
expression can be easily programmed to facilitate quick determination of surface
tensions. The meniscus (or capillary) constant is defined according to the following

equation.

172
k=(—7-) Equation 3.10
P

Therefore, the surface tension may be calculated easily once the meniscus constant is

determined.
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Experimental

Two different devices have been used to obtain vertical pull surface tension
measurements with cylindrical rods. Figure 3.4 shows the first device, referred to as
Inverted Rod Pull (IRP) Tensiometer. The second device, Directional Converted IRP
(DCIRP) in Figure 3.5, was constructed to simplify the measurement of small samples,
as will be described, but was also determined to be just as useful for measurements in
large samples.

Our procedure is a modification of the technique introduced by Padday and
others (14,16,21) that we will call the rod-pull method. The steel rod, having a known
radius (3.175-mm in this work), is attached to the metal spindle of a high-quality
micrometer, allowing reproducible positioning in a vertical direction to within a few
microns. In operation, liquid is placed in the specially constructed glass cell, which has
an opening large enough to allow unrestricted passage of the rod but small enough to
reduce the rate of evaporation of the liquid. The rod is slowly lowered until it contacts
the surface, at which point it is raised until the maximum pull is reached. The position
corresponding to maximum force can be determined quite accurately by approaching it
both from below and above. Figure 3.6 shows the configuration of the meniscus during
several phases of the pull. It should be emphasized that there is no ambiguity in
determining the position of maximum pull; this weight is determined repetitively on the

same sample, without breaking the meniscus.
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Figure 3.4. Inverse Rod Pull (IRP) Tensiometer: Micrometer and liquid cell
arrangement for vertical pull measurement.
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Figure 3.5. Directional Converted Inverse Rod Pull (DCIRP) Tensiometer:
Directional force conversion tensiometer.
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Figure 3.6. Depiction of rod pulling liquid surface.
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One critical factor in the rod-pull method is that the sample position remains
fixed. To verify that the balance pan did not change its vertical position a cathetometer
was used to monitor a mark on the sample flask while the weight was increased by
addition of water. The sample flask weighed 65.26 grams and water was added to
increase the weight incrementally up to a total mass of water of 50 grams. The mark on
the flask was viewed through the cathotometer at a height of 674.38 cm and this position
did not change perceptibly through the course of adding water to the flask. The
maximum capacity of the flask was approximately 100 grams (or mL of aqueous
solution) which gave a total possible maximum load of 165 grams. Since the weight
change on the balance through the course of a single experiment was typically in the
range of 0.1 to 1.0 grams, it was concluded that the vertical position of the sample never
changed during a single force pull measurement.

The micrometer head used in these studies had a 1/8-inch hardened steel spindle
onto which a 1/4-inch diameter (3.175-mm radius) stainless steel rod was attached. To
attach the 1/4-inch rod to the spindle of the micrometer a 1/8-inch hole was machined
into one end and a set screw was used to hold the rod fixed. The end of the rod at which
the liquid was contacted was machine polished with sharp edges and then roughened
with emery paper to enhance wetting at the end of the rod. The side of the rod was
polished smooth in order to reduce wetting on the outside of the rod. The radius of the
rod was determined to be 3.175 mm by measuring the diameter with a micrometer. The
micrometer head rested on a static stage built of acrylic plastic (1/2-inch thick). The

sides of the stage were 15-cm high, the top was 16-cm across and it was 10 cm from
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front to back. With these dimensions the apparatus fits easily inside the balance
windscreen and straddles the 4-inch balance pan. The glass sample cell was specially
constructed. Experiments showed that the evaporation rate (approximately 5 mg/min at
23 °C) of water from aqueous solutions was significant enough to affect the measured
weight change during a surface tension measurement when making measurements in an
open beaker. Because the rods used in this technique were typically 6-8 mm in
diameter, a necked flask of the type depicted in Figure 3.4 with a neck diameter of
approximately 1.0-cm was designed. The evaporative rate loss from the necked flask
was less than 0.2 mg/min.

Although the radius of the rod was measured (by using calipers) to be 3.175 mm
there was a significant variation among different rods in the effective radius which
contacted the solution. Because of limitations in machine work on the particular rod
used, the end of the rod was not perfectly flat and perpendicular to the edge of the rod,
but rather somewhat rounded. The result of this was that the "effective” radius of the
rod was determined to be 3.165 mm by assuming the surface tension of water to be 72.3
mN/m at 23 °C. Figure 3.7 is plot of calculated surface tension vs rod radius for a given
observed maximum pull of 240.2 mg, showing the importance of very accurately
knowing the rod radius.

The capacity of the flask was approximately 50 mL up to the bottom of the neck.
Experiments were typically conducted as titration experiments in which 30 to 40-mL of
water were initially placed in the flask. The maximum force was measured repeatedly to

verify purity of the starting water. After the initial measurement an aliquot of
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concentrated surfactant solution (e.g., approximately 10 times higher than the critical
micelle concentrations) was added to the water. The total volume was known since the
volume of each aliquot added was recorded. Therefore, the concentration was followed

as it increased through sequential aliquots.
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Figure 3.7. The derived value of the surface tension depended dramatically on the
rod radius. Calculations were made with a measured force of 240.2 mg.
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Force curve measurements using the [RP were generally made by taring the
flask with sample in it to give an initial balance reading of zero. Of course the weight of
sample (or water) initially in the flask was measured first. The rod/stage apparatus was
set over the flask and the rod could be lowered quickly to within approximately 1 mm of
the surface since visibility above the surface was clear. In experiments for which the
entire force curve was to be measured, it was important to know the height of the end of
the rod with respect to the level of the liquid. Therefore, the rod was very slowly
lowered to make initial contact with the surface. There were two distinct ways to know
when the rod contacted the surface. Visually, looking upward to the bottom of the
surface, the instant of contact was immediately obvious. Also, there was a change in the
force displayed on the balance (from zero). At the point of contact the dial reading on
the micrometer head was recorded and used as the zero point. From this point, the rod
was raised in fixed increments (of approximately 0.1 mm). At each height increment, a
force measurement was also recorded. A force curve of the shape shown in Figure 3.8

was the result.
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The second device, the DCIRP Tensiometer, was constructed as depicted in
Figure 3.5. Surface tension measurements with the DCIRP (Figure 3.8) were made
with the sample vessel sitting not on the balance pan, but on a stage next to the
balance pan. The rod (or other probe) is held rigidly on the end of a 1/8 inch steel
tube bent in an inverted “L” shape to hold the rod vertically while it is contacted with
a sample solution. A block of acrylic polymer (4" x 2" x 1/2") which fits on top of the
balance pan is machined to firmly hold the 1/8 inch tube. The sample stage of the
DCIRP was the only moving component. A DC motor driven micrometer head
(ORIEL Encoder Mike, with Dual Controller Model 18009) was used to drive the
sample up to contact the rod. An encoder in the micrometer allowed values of the
height to be determined from a digital readout on the controller. The speed could be
controlled to be as slow as 0.01 mm/sec; therefore, a zero height could be established
by stopping the movement at the instant contact was made. After contact, the sample
was slowly lowered and a maximum force was determined by the same procedure
described for the IRP, or the stage was stopped periodically to determine a force
curve.

The DCIRP was devised because it permitted the movement of a small sample
container (1 cm inner diameter test tube) in the horizontal plane. This was crucial
since it was determined that accurate force measurements in the small samples
required precise centering of the rod in the tube. Measurements made with the
DCIRP required determining the force acting on the rod (through the directional

converter arm) and not the sample. This is similar to the conventional techniques
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used to measure surface tension with du Noiiy ring or Wilhelmy plate. Indeed, both
of these older methods have been tested on the DCIRP. Since the sample was not
being weighed when using the DCIRP evaporation rate was not a problem and the
specially constructed sample flask was not required.

The force curves of Figure 3.8 provide a comparison between experimental
force measurements and force calculated by the integration of the Laplace equation.
Since the calculated curve only relates force to the radial surface of the underside of
the rod the initial value (at the point of contact) of force is zero. However, the
experimentally determined initial force is on the order of 25 mg. Figure 3.6 illustrates
the explanation for this phenomenon. It was obvious in the figure (and observed
experimentally) that the outside of the rod was wetted by the liquid sample at the
point of contact. As the rod was pulled up the liquid drained from the wall of the rod
and the calculated and experimental forces matched at and near the point of
maximum force.

In simply measuring surface tension, it is not necessary to know the point of
contact of the rod with the liquid. Only the experimentally measured maximum force
is required. Then Equations 3.9 and 3.10 can be employed to calculate surface
tension.

To determine the feasibility of measuring surface tensions of aqueous solutions
of cationic surfactants, we have obtained values of surface tension as a function of
concentration for aqueous solutions of hexadecyltrimethylammonium bromide

(cetyltrimethylammonium bromide or CTAB) at 23 °C. Results are plotted in Figure 3.9
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as surface tension (y) vs the logarithm of concentration (in mM). The measured weights
at maximum pull varied from 242 mg for pure water to about 150 mg for the highest
surfactant concentrations, which were well above the critical micelle concentration.

Values of the surface tensions plotted in the figure are intermediate between
published du Noiiy (21) and maximum bubble pressure (23) results for CTAB solutions,
and the agreement among the various methods is quite good near the CMC. The rod-
pull method avoids contact angle problems, which can cause results to be low in du
Noiiy experiments. The new method is considerably faster than the maximum bubble
pressure technique, which yields surface tension values that are too large at low
concentrations of surfactant unless extremely long bubble-formation times are
employed. Sets of six replicate measurements, with the rod-pull method for each of
several different liquid samples, indicate that the standard error in the maximum weight
is typically 0.3 to 0.7 mg with our apparatus. This corresponded to standard deviations
in surface tension of less than 0.25 mN m™. Results obtained for other pure liquids, and
known solutions, are in good agreement with published surface tension data.

The results plotted in Figure 3.9 were the combination of 3 repeat titrations of
CTAB using a 20.0 mM stock solution. The temperature varied from 22 to 23 °C
since the experiments were conducted on different days and the solutions were not
temperature controlled with a circulating water bath. The CMC (critical micelle
concentration) determined from this experiment (0.92 mM) is in very good agreement

with the commonly reported literature (22-24) values of 0.9-0.95 mM.
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A CMC determination of the anionic surfactant sodium dodecyl sulfate (SDS)
was also determined and results plotted in Figures 3.11. A CMC value of 8.0 mM for

SDS is in very good agreement with accepted literature values (24).
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Results and Discussion

The experimental results plotted in Figure 3.8 are compared with curves
calculated by integrating Equation 3.7. The initial force measured when the rod
contacts the liquid is the result of liquid wetting the side of the rod. As the rod is
pulled away from the free surface level the curve gradually approaches the calculated
curve indicating that the side wetting is diminishing.

Near the maximum of the force curve, the calculated and experimental results
match and it is at this maximum that the experimentally determined surface tensions
are calculated. It is apparent from Figure 3.2 (or Figure 3.6) that after the angle ¢

becomes less than 7/2 the liquid should have minimal contact with the side of the rod.

However, since the critical maximum force occurs for ¢ < ¢ < 72, the tables
generated originally by Padday (15) and by Equation 3.9 were only derived for this
range.

The CMC measurements presented demonstrated the reliability of the new
technique. The CMC curves are shown in Figures 3.9-3.11. A more subtle, yet
important, physical property could also be extracted from these curves. The boundary
between two phases is of course referred to as a surface or interface. In the case of
measurement at a liquid-air interface the boundary is usually referred to as simply a
surface, hence the term surface tension. Since adsorption of surfactant occurs at the
surface, a layer develops in which the quantity of surfactant is different from that
which would be present in a representative volume of the bulk solution not near the

interface. The quantity of surfactant in that layer is referred to as the surface excess
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quantity or the Gibbs adsorption amount. The Gibbs adsorption is derived from the
Gibbs dividing surface, which is chosen parallel to the interface to define the layer
thickness.

The surface excess concentration is given by

I'’;=n%0c Equation 3.11
where n°, is the amount (moles) of component i present at the surface. In Equation
3.11 o in the denominator represents the surface area. In general, the symbol o
represents a surface quantity and n°; is defined quantitatively as

0% = n; - VOC% - VAP, Equation 3.12
where n; is the total amount of component i, V® the bulk volume and c”; the
concentration of component i in the bulk phase. V® and C% represent similar
definitions for a second phase. However, for surface tension measurements on
surfactants the second phase is air so V*C"; is equal to zero.

The value of the surface excess could be determined from the linear portion of
the surface tension vs log concentration curve before reaching the CMC. For very
dilute surfactant solutions, the value of the surface excess (for 1:1 ionic surfactant) is
given by the Gibbs equation,

F=—— 4 Equation 3.13

2RT dInC
where R is the ideal gas constant, 8.314 J/K/mole, T the temperature (298 K) and

dy/dInC is the slope of the CMC plot before the surfactant begins to form micelles.
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The factor of 2 in the denominator arises because the activity of the electrolyte
solution is given by acationdanion OF C2, if activity coefficients are neglected.

By taking the slopes of the linear portions of the CMC curves (Figure 3.10)
for CTAB it is possible to compare the surface excess concentrations obtained by
different methods. Using a du Nouy ring tensiometer, data from Aveyard, et.al. (22)
gives a surface excess of I = 2.72 x 10™"° molecule/nm?®. Using maximum bubble
pressure data from Dharmawardana, et. al. (23) give I = 3.39 x 10"'® molecule/nm?.
Experimental data from the rod pull method in the present work gives I' =3.17 x 107°
molecule/nm?.

In Figure 3.10 the surface tension vs concentration measurements for CTAB
are compared with results of different experimental techniques from the literature.
Note that the CMC values compare very well with these other techniques also. The
slope of the linear portion of the curve, before the CMC is reached, is obviously
different depending on the technique used. Dharmawardana et. al. (23) used a
maximum bubble pressure technique and the slope of the curve is more negative
leading to a higher calculated surface excess quantity (I' =3.39 x 10™° molecule/nm?)
than the rod pull technique. The maximum bubble pressure method requires
measurement of the pressure opposing the production of a bubble in a liquid. It is
known that the maximum bubble pressure may yield large values of the surface
tension. This results because diffusion of a highly surface active agent to the
interface may not be fast enough to provide an equilibrium concentration as new

surface forms during bubble growth. This diffusion control is particularly limiting at
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low surfactant concentrations, well below the CMC of CTAB or when using
surfactants with inherently lower CMC values. Although the force pull methods (rod
pull, DuNoily, Wilhelmy) also some generate new surface, it is important to note that
a significant surface area already exists before the maximum pull is reached. As the
probe is pulled upward and new surface is created the new area is fed not only by
diffusion of surfactant from the bulk solution but also by rapid surface diffusion of
surfactant molecules already present. As surfactant from the surface spreads to fill
vacancies of newly created area then that spreading surface may also be fed by the
bulk solution. This means that for experiments where a large surface already exists
the diffusion flux from the bulk solution can much more readily equilibrate and

replenish the surface excess.

Conclusions

In using the rod-pull method to investigate pure liquids and aqueous solutions of
anionic, neutral, and cationic surfactants, no particular difficulties have been
encountered in measuring the maximum weight with the rod-pull method. The presence
of surfactants does increase the amount of liquid that rises, up the metal rod as the end of
the rod first contacts the solution. Therefore, in the most careful research work, it is
necessary to allow adequate time for drainage of the surfactant solution as the maximum
pull is approached. Alternatively, the lower end of the metal rod could be enclosed in a

Teflon sheath extending nearly to the tip.
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The apparatus diagrammed in Figures 3.4 and 3.5 is readily modified to perform
du Noiy ring and Wilhelmy plate experiments. Interfacial tensions as well as surface
tensions have been obtained with the new apparatus. Buoyancy effects on the Wilhelmy
plate can be inferred by using the micrometer to measure the distance from the bottom
of the plate to the plane surface of the liquid or the liquid/liquid interface. Weights of
several hundred mg to 1 g are commonly obtained in determining surface tension with
either DuNoiy or Wilhelmy methods, so that balances accurate to 1 mg are usually quite
suitable.

In making Wilhelmy surface tension measurements, it is convenient to determine
the maximum pull by slowly raising the level of the plate to the point where rupture of
the meniscus occurs. Then buoyancy corrections are applied to convert the maximum
force to the force exerted at a height of zero (relative to the plane surface of the liquid).
This equivalent force is the actual surface force corresponding to zero contact angle.
Used in this way as a maximum pull method, the Wilhelmy technique avoids contact
angle problems and obviates the need for the comection factors required with other
common surface tension methods. The measured pull at any depth of immersion
(corrected for buoyant effects) is equal to the product of the perimeter of the plate, the
surface tension, and the cosine of the contact angle. Therefore once the surface tension
has been determined, it is a simple matter to determine contact angles on a plate of any
composition.

Evaporation of liquid from the flask may cause problems with highly volatile

liquids. The glass vessel shown in Figure 3.4 helps eliminate these problems with
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liquids like water, for which the weight loss during a measurement with the rod-pull
method can be kept to less than a few tenths of a milligram. Enclosing the entire
apparatus in an air-thermostated box can control temperature. In our opinion, the rod-
pull surface tension method developed by Padday et al. should be much more widely
used than it is, and the modification we propose should make it attractive for many
applications. In obtaining surfactant titration data (such as those shown for CTAB in
Figure 3.9) we have removed the sample flask before adding each increment of concen-
trated surfactant solution; stirring has been done manually outside the balance chamber.
However, in an automated apparatus, increments of the titrant could be added without
removing the sample. Mixing could then be accomplished with a retractable mechanical
stirrer having blades that are poorly wetted by the solution.

A paper published describing the inverted vertical pull technique (25) was the
basis for much of the work presented in this chapter. For completeness, the manuscript
of a paper submitted in final form to the Journal of Colloids and Interface Science is
included in the appendix. The paper describes other applications of the force-pull
technique with the converter arm tensiometer including cylinder pull for maximum force
and du Noiy ring for interfacial tension. Also described is the miniaturization of the
rod-pull method for samples as small as 0.3 mL. Measurement of surface tension in
small samples is very difficult for du Noiy ring and Wilhelmy plate because of the size
of the probes. Sessile drop and spinning drop methods are possible with small samples
of course but the measurement of contact angle and drop shape is difficult manually or

involves the application of costly camera and digitization equipment.
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In summary, the new surface tension techniques presented here are exciting
alternatives to conventional methods. The key advantages of the inverted vertical pull
method and the converter arm method are their inherent simplicity, low cost,
convenience of automation, and robustness. The availability of top loading analytical
balances in chemistry and engineering laboratories makes it possible to apply the
techniques readily in most labs. Even including the cost of a top loading balance, these
methods are more cost effective than conventional du Noiiy ring instruments. At the
time of this writing, a survey of instrument costs shows that the cost of a conventional
manual du Noiy ring tensiometer is over three thousand dollars. A 1 mg top loading
balance can be purchased for less than five hundred dollars (98/99 Fisher Scientific
Catalog). Work is continuing towards developing automated versions of the instruments
and towards optimizing techniques to determine surface tensions of very small samples
(< 0.5 mL). The manuscript included in the appendix demonstrates that small sample
measurements are indeed possible. Also, the techniques have been shown to provide
surface or interfacial tension measurements with equal ease. It is predictable that these
techniques, using top loading analytical balances, will become standard methods for

surface and interfacial tension.
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Appendix to Chapter 3

This appendix contains the final manuscript, with revisions, submitted to the

Journal of Colloid and Interface Science in December of 1998.

Directional Converter Arm Method
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Measurements with a Top-loading Balance
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Institute for Applied Surfactant Research
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Norman, OK 73019

ABSTRACT

A method is described for utilizing a top-loading balance, with a directional
converter arm, in vertical pull surface force measurements. The Padday rod-pull
technique, the du Noiy ring method, and the Wilhelmy plate method are utilized with
rods, thin-walled tubes, wire rings, and plates either rigidly attached to the converter
arm or hanging freely from a hook at the end of the arm. The robustness, large
weighing capacity, and accuracy of top-loading balances makes them ideally suited
for a variety of types of surface and interfacial tension measurements. The converter
arm method can be used with a stainless steel rod (3 to 7 mm in diameter) in vertical

pull surface tension measurements, with samples having volumes of only a few tenths

132



of a milliliter. Measurements on very small liquid volumes are feasible because the
rod is firmly attached to the converter arm, rather than hanging freely as in
measurements with balances mounted above the sample; therefore, the rod cannot
swing toward and attach to the wall of small sample tubes. Automation of force and
height measurements with the converter arm/top-loading balance method is

straightforward.
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INTRODUCTION

Previously (1), we showed the advantages of using a top-loading analytical
balance in vertical pull surface tensio.n and interfacial tension measurements. Our
modified procedure utilizes measurement of changes in the apparent weight or mass
of a liquid that occur as a rod, plate, ring, or tube contacts the liquid surface from
above and is slowly raised to known vertical positions with a precision micrometer.
This method inverts the usual vertical pull measuring procedure, in which a solid
object is suspended from a microbalance or other sensitive balance mounted above
the liquid. The stability of top-loading balances, coupled with the fact that objects
being weighed remain in a fixed position, makes the use of these balances quite

convenient in determining a wide array of surface and interfacial properties.

We describe here a complementary technique for utilizing top-loading
balances in vertical pull surface force measurements. This method also exploits the
robustness of these balances, with a modification permitting their use in measurement
of the vertical force acting on objects mounted rigidly or hanging above a liquid
sample. The du Noiily ring measurement (2) is readily performed with a thin-walled
metal or glass tube attached directly to a metal arm extending from the balance. A
modification of the Padday rod-pull method (3,4) permits accurate surface tensions to

be measured for liquid samples as small as 0.3 mL.
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APPARATUS

Figure 1 shows the arrangement of the two main components of the new
measuring system: 1) a directional converter arm for making vertical pull
measurements with a top-loading (load cell) balance; and 2) a stage, allowing precise
vertical positioning of a liquid sample. The converter arm has an acrylic base
(approximately 1.5 cm thick, 9 cm long, and 4 cm wide) resting freely on the circular
pan of the top-loading balance. Extending upward from the center of the base is an
approximately 1/8" stainless steel rod or tube, shaped in the form of an inverted letter
"J". The working end of the arm (aligned vertically) ordinarily extends outside the
balance enclosure. The arm has an o.d. at its end of 0.125", permitting the rigid
attachment of a tube, plate, ring, or rod by means of holders using set-screws.
Alternatively, a small hook can be attached to the end of the arm, from which rings
and other objects will hang freely. The dimensions shown in Figure 1 are typical for
a converter arm extending outside the balance enclosure; it is possible to make the

arm smaller so that the tube, plate, or rod is supported inside the case.

The stage resembles that of manual du Noiiy balances, which employ a screw
beneath the sample support to move the liquid gradually up and down. If the vertical
movement is to be measured, the stage can be held (by spring-loading) against the
spindle end of a micrometer, so that the vertical movement of the stage can be

monitored with an encoder. Top-loading balances often come equipped with
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microcomputer interfaces, so that simultaneous mass change and height data can be
generated in semi-automatic or automatic measurement modes. The liquid in the
glass vessel can be stirred magnetically and thermostatted (by circulation of liquid

through a jacket) if necessary.

Top-loading balances can have significant advantages over traditional
balances (using a torsion wire or a fulcrum and nulling mechanism) in measuring
surface and interfacial tensions. Experimentally, we have shown that if objects are
attached to or hung from the end of the converter arm, or placed directly on the pan of
the balance, virtually the same mass is measured by the top-loading balance in each
case. For objects weighing 1 to 2 grams (more than the usual mass change involved
in surface force measurements) the mass determined with the balance is the same no
matter where the weights are placed along the converter arm. This is because the
torque caused by mass changes of the magnitude occurring in surface force
experiments does not change the position of the total mass being weighed. The
excellent stability of load cell weighing devices and the lack of vertical motion of the
object being weighed enhance their utility. It should also be emphasized that both the
converter arm and the inverted vertical pull methods have significant cost advantages
compared to the very expensive microbalance systems that are frequently used for
surface and interfacial tension measurements. Even a manual du Noiiy apparatus now
costs more than $3,000, while the cost of a top-loading balance (accurate to 1 mg),

including computer interface, is less than $500.
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MEASUREMENTS WITH THE PADDAY ROD-PULL METHOD

A method that is quite convenient for use with the top-loading balance is the
rod-pull technique developed by Padday, et al. (3,4). We have recently shown the
utility of the inverted vertical pull concept, implemented with solid rods of circular
cross section, attached rigidly to a micrometer spindle (1). Use of the directional
converter arm, with an attached rod, produces results in nearly exact agreement with
those obtained with the inverted vertical pull measurements or conventional rod-pull

measurements.

Figure 2 shows the orientation of the rod relative to the liquid as the liquid is
lowered after contacting the rod. Initially, for a rod that is wetted by the liquid, some
liquid rises up the side of the rod, contributing a component of force in the downward
direction. As the liquid is lowered further, it will pass through a position in which the
surface force is a maximum because the pull is straight up, as shown in the middle
drawing in Figure 2. This is not the position of maximum pull, however, because
buoyancy also contributes a “pull' in the same direction as the surface force. At some
height greater than that in the middle drawing the combined surface and buoyant
force will reach 2 maximum, provided that the column of liquid does not break before

that point. In practice, with water and a variety of aqueous solutions of surface active
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agents, the liquid wets the rod well enough so that the height corresponding to the

maximum pull can be reached and exceeded without difficulty.

With water, organic liquids, and aqueous solutions, determination of mass vs.
height data makes it possible to obtain the value of the mass at maximum pull, which
is the single observation needed in calculating the surface tension. Figure 3 shows a
typical mass vs. height diagram for a stainless steel rod having a radius of 3.16 mm,
for liquid water at 23 °C (surface tension = 72.3 mN m™"). Theoretical values of the
mass change vs. height (the solid curve in Figure 3) are predicted by numerical
integration of a nonlinear second order differential equation (3,4). Previous
publications (1,3,4) have shown how the maximum mass (in common parlance, called
the maximum weight) can be used to calculate the surface tension, for liquids of

known density and for known values of the gravitational constant.

Experimental results are shown as points in the figure; they differ from
theoretical predictions in several respects. There is an initial nonzero mass change
contributed by liquid film rising up the rod, but as the maximum is approached, the
liquid drains away and at the maximum pull virtually none of the liquid remains
above the lower end of the rod. The experimental height at maximum pull is
somewhat less than calculated, although the mass corresponding to maximum pull is
virtually that calculated from theory. The horizontal discrepancy near the maximum

is partly accounted for by the change in liquid level caused by lifting approximately
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0.24 mL of liquid under the rod. The open diamonds in Figure 3 represent the
experimental values corrected for the change in liquid level at each point. Wetting
problems in the region near the point where the liquid detaches from the rod probably

cause the force to be somewhat less than theoretical.

MEASUREMENTS WITH THE DU NOUY METHOD

The du Noily method (2,5), utilizing a Pt-Ir ring, has long been used to
measure surface tensions of liquids and interfacial tensions of liquid/liquid interfaces.
In measuring surface tension with the converter arm technique, the ring is either hung
from a hook at the end of the converter arm, or attached rigidly to the arm to prevent
the ring from swinging toward the wall of the container. First, the balance is zeroed
(tared) with the ring out of the liquid. Then, the liquid sample is raised, either
manually with a screw beneath the sample stage, or with a DC-motor driver and
encoder (capable of setting and reading relative heights to about 1 micron). The liquid
sample is raised until the ring passes through the air/liquid interface, ultimately
breaking through this surface and becoming wetted by the liquid phase. Following
this, the liquid sample is slowly lowered, and the mass change is monitored while the
plane of the ring approaches the position of maximum pull; only the maximum mass
change is recorded. Very small buoyant effects are detected for relative motion of the
ring with no film attached, although these forces are usually negligible. Interfacial

tension measurements are performed similarly, except that after zeroing the balance,
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the ring is allowed to pass through both the liquid surface and the liquid/liquid

interface; then the sample is lowered until the maximum pull is recorded.

In order to compare the new (converter arm) method with the conventional
manual du Noily method, several measurements were made with each technique,
using pure heptane and a heptane/water interface at 23 °C. Measurements with the
same ring yielded virtually identical results for the two methods: for the
heptane/water interface, 50.0 = 0.1 mN m™ with the new method and 49.8 + 0.1 mN
m™ with the new method; and for the heptane/air interface, 20.1 £ 0.2 mN m™ with
the new method and 20.0 = 0.2 mN m™ with the conventional method. These values

are all in excellent agreement with literature values (6).

Although the du Noiiy method (2, 5) commonly employs freely hanging rings
made from thin Pt wire, there is no reason thin-walled metal or glass tubes cannot be
used in place of the usually fragile rings. We have found that the rigidity of thin-
walled metal tubes makes them useful in measurements of surface tension by the du
Noiiy method, employing the directional converter arm. One such tube (made from
nickel-plated stainless steel) has been attached to the 0.125" o.d. end of the
directional converter arm (see Figure 1). The cylinder has a length of 2 cm, a
diameter of 15.50 mm, and a wall thickness of 0.43 mm. The upper end of the tube

is held by a snugly-fitting plastic cap, threaded at the center to accept a 1/8" metal
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screw. The screw connects to a holder, which is fixed to the end of the converter arm

with set-screws.

An important variable in converting du Noiiy force measurements into surface
tension values is the ratio R/r, where R is the mean radius of the ring or tube and r is
the radius of the wire or half the thickness of the tube wall. Ratios of R/r in the range
30 to 100 are common for the Pt-Ir rings used in conventional du Noiiy experiments.

For the tube used here, R =7.96 mm and r = 0.215 mm, so that the value of R/r is 35.

In performing experiments with the stainless steel tube, the tube is separated
from the cap, cleaned, and flamed briefly in a laboratory burner. After the tube has
cooled, the cap and ho.der assembly are reattached, so that the tube is connected
rigidly to the arm, in a vertical position. The tube position will not change as du

Noiiy force measurements are made.

With the tube in the desired position and the balance tared, the liquid sample
is elevated until the end of the tube contacts the surface and penetrates a millimeter or
so into the liquid. From this position, the liquid is slowly lowered until a maximum
mass change is observed. With most liquids, it is possible to lower the liquid beyond
the point at which the mass is a maximum, without detaching the film. Ordinarily,
the maximum mass can be approached both from below and above - - that is, by

alternately increasing and decreasing the height.
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Measurements of mass vs. height have been obtained with the tube for liquid
water at 23 °C. A plot similar to Figure 3 (not shown) is obtained, and the maximum
mass attained is 0.765 g. As in the rod pull method, height measurements are not
required in determining surface tension so long as the point of maximum pull can be
reached. In the event that the film breaks before the point of maximum pull, data
comprising a major portion of the mass vs. height curve (approaching but not

reaching the maximum) can be analyzed to infer the value of the surface tension (6).

If the du Noily method could be employed using a tube (or ring) of negligible
wall (or wire) thickness, the maximum force exerted by two concentric films rising
vertically would be equal to

Wmaxg = 4nRy (D

where W,y is the maximum measured mass change, g is the gravitational constant, R

is the average of the inside and outside radii of the tube, and y is the surface tension.

However, a correction is required to account for buoyant effects (from liquid

suspended directly under the tube wall) and for the fact that the films are not exactly
vertical along their line of contact with the tube. Thus one writes

Wnaxgf = 4nRy 2)

where fis a correction factor. Fortunately, f is known quite precisely as a function of

the two dimensionless groups R/r and R*/V, where V is the volume of liquid held up
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by the tube, equal to the observed change in mass divided by the liquid density minus

the air density.

The table below lists values of the correction factor f in equation 2, for a
limited range of values of R/r and R*/V (taken from reference S). For R/r and R*/V
values outside this range, a more extensive table of f values should be consulted (5),

or an equation relating f to R/r and R*/V can be used (7).

Values of factor f in equation 2

Rr = 30 32 34 36 38 40
RV
0.56 9281 934 940 946 951 9567
0.58 9247 930 938 942 947 9532
0.60 9215 927 933 939 944 9496
0.62 9184 924 930 936 941 9467
0.64 9150 921 927 932 938 9439
0.66 9121 918 925 930 935 9408

From the measured value of the maximum pull for water at 23 °C (Wqax =
0.765 g) one can calculate that the volume of water suspended (equal to the mass
divided by density) is V = 0.77 mL. Thus, R*/V (for a mean tube radius of 0.767 cm)
is 0.767°/0.77 = 0.59. Recall that R/r = 35 for the tube. Using the table above, the
value f=0.938 is obtained by interpolation. Using equation 2, one calculates

v = fWaax@/(4nR) = (0.938)(0.765 g)(980 cm s2)/(4)(3.14X0.767 cm)
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=73.0dynecm® =73.0 mN m™.

A MINTATURIZED ROD-PULL METHOD

Previously it was shown that enhanced values of the maximum force or mass
could be obtained for metal cylinders (rods) contacting liquids contained in tubes
having diameters only a factor of 1.5 to 4 greater than the rod diameters (8, 9).
Theoretical calculations were shown to be in good agreement with experiment for
rods and sample tubes having various diameters (8,9). Thus, for example, it was
reported for liquid water that with a rod of radius 0.400 cm and a tube of radius 0.916
cm, the maximum mass change was 394 mg, compared to 350 mg for the same rod in
a cylinder having an infinite tube radius (for which curvature is zero at large distances
from the rod). Unfortunately, with the balance used in the previous experiments
(8,9), it was difficult to reduce further the gap between the rod and the tube wall,

because a freely swinging rod tends to move toward the wall and stick there.

The converter arm method is readily adapted to obtain surface tension data for
quite small liquid samples (0.4 mL or less). Figure 4 shows an arrangement in which
the 6.35 mm diameter rod contacts the liquid contained in a flat-bottomed glass tube
having an inside diameter of 10.0 mm. The tube fits snugly into a vertical hole bored
in a plastic or rubber-stopper base. With the stage elevated initially, the rod is aligned

vertically, and as nearly as possible concentrically with the tube before liquid is
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added. Itis important to emphasize the convenience of being able to maintain the rod
in a fixed position, preventing its movement toward the tube wall, even when the gap

between the rod and the tube is only a millimeter or less.

After alignment, the stage is lowered and a 0.5 mL liquid sample is added to
the tube. Then, as in the experiments with larger liquid samples, the stage is elevated
until the rod penetrates a short distance into the liquid. The maximum mass is
determined by slowly lowering the stage while monitoring the mass change. Again,
the maximum mass can be approached both from above and below the optimum
height without detaching the film from the rod. With water at 23 °C, using a 6.23 mm
diameter stainless steel rod in a 10.55 mm (i. d.) tube, the maximum mass is
determined to be 366 mg, compared to 234 mg obtained with a nearly blane surface
(in an 8 cm i. d. glass sample vessel). The nearly 60% increase in the measured

maximum pull in the small sample tube is an important benefit of the miniaturization.

In measurements with several stainless steel rods, the agreement between
theoretical and observed values of the surface tension is quite good provided that a
value of the rod radius that is 0.01 to 0.02 mm less than that measured with
micrometer calipers is used in calculations. Imperfections in the face of the rod and
the fact that the plane of the face may not be exactly perpendicular to the rod axis
could lead to a force at maximum pull that is less than the calculated value. Figure 5

indicates the dependence of the calculated value of the maximum mass on rod radius,
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for an assumed surface tension of 72.3 mN m™ for liquid water at 23 °C, for a vessel
of large tube diameter. A change in rod radius of only 0.002 cm causes a change in
maximum mass of approximately 1%. An error of this magnitude in the maximum
mass translates into an error of 1.4% or 1.0 mN m™ in the calculated surface tension.
It is convenient to calibrate each rod by making maximum mass measurements on a
pure liquid such as water with a known surface tension. The inferred rod radius
(obtained from standard curves such as that shown in Figure 5) can then be used in

subsequent determinations of surface tensions for other liquids.

Data and calculations are shown in Figure 6 for a rod having an measured
radius of 3.115 mm. Values of the calculated maximum mass, plotted against the
inside diameter of the liquid tube, are in quite good agreement with observed values
for an assumed rod radius of 3.100 mm. Figure 6 highlights the important effect of
decreasing the glass tube radius on the magnitude of Wp.y, showing that both the
inverted pull method and the new method utilizing the directional converter arm will
be quite suitable for measurement of surface tensions of samples having volumes of

0.4 mL or less.

The calculated mass changes in Figure 6 are based on the assumption that the
contact angle at the tube wall is zero, a condition which seems to be met for most
aqueous solutions in glass sample tubes. The numerical integration can of course

be performed for any chosen value of the contact angle at the container wall, making
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this method useful for the determination of surface tensions in small vessels which
are not completely wetted by the liquid. Although the integration is somewhat
complicated, for most systems of interest we have been able to obtain accurate mass

change vs. rod height profiles in less than a minute with desk-top personal computers.

AUTOMATION OF THE DIRECTIONAL CONVERTER ARM AND INVERTED

VERTICAL PULL METHODS

The rod-pull technique, utilizing either the inverted vertical pull method
described previously or the new directional converter arm method, should be quite
readily modified for automatic or semi-automatic operation. So far, we have
employed a stage driven by a stepper motor, with relative height measurements
accurate to 1 pm, to obtain simultaneous mass and height information with the
converter arm method. Mass and height changes can be monitored continuously as
the liquid sample is driven upward to contact the rod and then withdrawn until the
maximum pull is exceeded. Multiple determinations of the maximum pull are made,
for increasing and decreasing heights of the end of the rod relative to the plane
surface of the liquid. All of the logical steps required in programming the entire
measurement cycle can be made from knowledge of the observed mass at known
times, for the known (pre-determined) speed and direction of the stage driver. The
reproducibility of repetitive measurements of the maximum pull in a single run and

between runs is excellent, permitting determination of surface tension to within 0.3
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mN m”, even with a balance only accurate to the nearest milligram. The
miniaturization method described in the preceding section does not introduce

difficulties in achieving microcomputer control of the measuring cycle.

In measurements on liquid samples with large surface areas, it is possible to
use available titration systems designed to add known volumes of solutions of a
surfactant or other component to an aqueous solution. Thus, the method of adding
samples in automated Wilhelmy, du Noiiy, and other surface or interfacial tension

methods can be used directly with the rod-pull technique described here.

DISCUSSION

Use of the directional converter arm should facilitate many types of
measurements of surface and interfacial forces. The du Noily and rod-pull methods,
using rings, tubes, or rods attached rigidly to the end of the arm, are particularly
convenient in practice. Losses of liquid by evaporation do not ordinarily influence
the change in mass determined for objects attached to or suspended from the

converter arm.

Miniaturization of the rod-pull method can be accomplished by using a tube

having an inside radius only 1 to 3 mm larger than the rod radius. The fact that the

rod is rigidly attached to the converter arm makes this measurement much easier than
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it would be if the rod were allowed to hang from a thin hook above the liquid sample.
The ability to make accurate surface tension measurements on samples of volume 0.4
mL or less may offer particular advantages in clinical work, where lung fluids, blood
sera, and other liquids may not be available in quantities larger than a fraction of a
milliliter. An advantage in measurement is also achieved because the maximum pull
is considerably increased, as predicted, when the gap between the rod and the sample

tube wall becomes small.

Finally, it should be straightforward to develop fully automatic rod-pull, du
Noiiy, and Wilhelmy plate methods, utilizing the converter arm with top-loading
balances. Because the end of the arm can extend outside the balance enclosure, liquid
samples supported below the arm are readily stirred and thermostatted. Simultaneous
readings of mass and height can be transmitted to a microcomputer, which can control
the vertical movement (and if necessary, the horizontal movement) of the sample
stage. With the rod, tube, ring, or plate connected directly to the directional converter
arm, the problem of damping the motion of a hanging object before starting the

measurement does not arise.
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Legends for Figures

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Components of the surface tension system using a directional converter
arm for vertical pull measurements with a top-loading balance. A rodis
shown as the probe; however measurements have also been made with du
Noiiy rings, Wilhelmy plates, thin-walled metal tubes, and plastic films
supported from the arm.

Liquid pulled up by a cylindrical metal rod.

Dependence of mass change measured with a stainless steel rod (Figure 2)
on height, for liquid water at 23 °C. Rod radius is 0.3165 cm.

Stainless steel rod contacting liquid in a flat-bottomed glass tube having
an inside diameter of 10.0 mm.

Dependence of the maximum mass on rod radius for liquid water at 23 °C.
Sample tube radius is assumed to be infinite.

Experimental and calculated values of the maximum mass vs. sample tube
diameter, for water at 23 °C for a rod having a nominal radius of 0.3115
cm. The calculated curve represents theoretical results for a rod having a
radius of 0.3100 cm.
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