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Abstract

CHROMATOGRAPHIC STUDY OF GEMINI SURFACTANTS

by
Lin Guo

Adviser: Professor P. Gary Mennitt

The application of ion-interaction reversed-phase
chromatography to ionic surfactants including three series of
gemini surfactants and a series of alkanesulfonates has been
demonstrated in this work. The satisfactory RP-HPLC analysis
was obtained using 33 x 4.6 mm C18 columns, direct or indirect
UV detection, and ion-interaction reagents.

The retention mechanism has been studied by using
designed experiments and thermodynamic considerations. The
results indicate that no matter what kind of ion-interaction
reagents is used there are no tightly bonded ion-pairs, even
though the analyte and the ion-interaction reagent co-elute.
The oppositely charged ions are separated by the solvent
molecules.

The linear correlations between log CMC and log k’ or pC,,
and log k‘’ have been explored. These linear relationships
exist when the surface and micellar properties of a series of
surfactants follow the regularity with the increment of the
carbon number in the straight alkyl chain. This work provides
a supplementary method to the determination of CMC and pC,,

values.
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Chapter 1

Correlation of Surfactant Properties with HPLC Measurements

1.1 Adsorption, Micellization and Their Measurement

A surfactant has a lipid-soluble portion connected to a
water-soluble portion. This amphipathic structure provides
surfactants with unique properties. One of the features of
surfactants is the ability to adsorb at interfaces in a
certain orientation. When a surfactant is mixed with a
solvent, usually water, the structural group that has very
little interaction with the solvent may cause distortion of
the structure of the liquid solvent. This increases the free
energy of the system. Therefore, the work required to bring
a surfactant molecule to the surface is less than the work
required to bring a solvent molecule to the surface. The
surfactant will concentrate at the surface. In addition, the
presence of the group that does interact with the solvent
keeps the surfactant in the solvent. Thus, a bridge is formed
between the two otherwise immiscible phases.

The concentration of a surfactant in the liquid phase
required to produce a given amount of adsorption at the

interface is a measure of the efficiency of adsorption. It
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2
should relate to the minimum concentration of the surfactant
in the bulk phase necessary to produce maximum (saturation)
adsorption at the interface. This concentration can be
determined by a complete y vs. log C plot, where y is the
surface tension and C is the bulk phase concentration of a
surfactant. When the surface (or interfacial) tension of the
pure solvent has been decreased by about 20 dyne/cm, the
surface excess concentration of the surfactant is close to its
saturation value!!!. Therefore, the commonly used measurement
of the adsorption efficiency is the negative logarithm of the
concentration of a surfactant in the bulk phase required to
produce a 20 dyne/cm reduction in the surface or interfacial
tension of the solvent!?l.

PCyxp = = log Cyy . 20 (1-1)

Where C,, .., is the molar concentration of the surfactant in
the liquid phase at adsorption equilibrium required to reduce
the surface or interfacial tension of the solvent by 20
dyne/cm. In general, the adsorption efficiency at aqueous
solution~air and aqueous solution-hydrocarbon interfaces
increases linearly with an increase in the number of carbon
atoms in the straight-chain hydrcphobic group of a surfactant.
Micellization is another important property typically
used to characterize surfactants. As described above, when
the surfactants dissolve in water, the free energy of the
system increases. Surfactant molecules adsorb at the surface

with their hydrophobic groups pointing away from the agqueous
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3
phase in order to minimize this free energy increase. With
the interface saturated, additional free energy minimization
occurs by aggregating the surfactant molecules into micelles
with the hydrophobic groups toward the interior of the cluster
and the hydrophilic groups toward the solvent. The
concentration at which the micelles start to form is called
the critical micelle concentration (CMC).

The CMC can be determined by measuring a variety of
physical properties of the surfactant solutions. Some of
these are electrical conductivity, surface tension, 1light
scattering, and refractive index as shown in Figure '1-1‘“.
The formation of the micelles causes breaks in the curves of
those physical properties vs. concentration. The CMC can also
be measured by other methods, such as adding some dyestuff to
the surfactant solution. The spectral characteristics of
dyestuff will change when the surfactant CMC is reached!‘l.
Recently, the determination of the CMC by capillary
electrophoresis has been reported'!.

For homologous straight-chain ionic surfactants in
aqueous solution, a linear relation between the CMC and the
number of carbon atoms N in the hydrophobic chain is

observed!®!,
log CMC = A - BN (1-2)

where A is a constant for a particular ionic head group at a
given temperature and B 1is a constant related to the

hydrophobic chain. Homologous straight-chain ionic
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4
surfactants, such as alkanesulfonates, alkyl sulfates,
alkylammonium chlorides, and alkyltrimethylammonium bromides,

in aqueous medium at 35 °C have a B value of about 0.3!l.
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1.2 cCapacity Pactor, k’, in Chromatography

According to a committee of the International Union of
Pure and Applied Chemistry, chromatography is "-:-: a method,
used primarily for separation of the components of a sample,
in which the components are distributed between two phases,
one of which is stationary while the other moves. The
stationary phase may be a solid, or a liquid supported on a
solid, or a gel. The stationary phase may be packed in a
column, spread as a layer, or distribﬁted as a film ---. The
mobile phase may be gaseous or liquid."®

In liquid chromatography (LC) the mobile phase is liquid.
Barly in the development of liquid chromatography, scientists
realized that the improvement of efficiency in 1liquid
chromatography could be achieved by using very small particles
as the stationary phase and a high pressure difference along
the column. This led to the development of high-performance
liquid chrométography (HPLC) . LC separations depend mainly
on solubility differences of analytes in two phases. The
compositions of the mobile phase and the statiomary phase
materials are both important. In normal-phase high-
performance liquid chromatography, the stationary phase is
polar and the mobile phase is relatively nonpolar. In
reversed-phase high-performance liquid chromatography

(RP-HPLC), the packing material has a nonpolar surface and the
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mobile phase is relatively polar.

The difference in the equilibrium distribution of sample
components between two phases results in the different
migration rates of analytes. Ideally, it causes the
components in a mixture to separate into bands along the
column. Thus substances are separated. The migration rates
are determined by the partition coefficient, K. The partition

coefficient is the equilibrium constant for the process:

Alobilo - Astatiom:y

K== (1-3)

Where C, is the analyte concentration in the stationary phase
and C, is its concentration in the mobile phase.

The capacity factor, k‘, is an important parameter in
chromatography. It is defined as the ratio of analyte mass in
the stationary phase and the mobile phase!’! at equilibrium.

, (mass of analyte), m,
= =2 (1-4)
(mass of analyte), m,

The relationship between the partition coefficient, K, and the

capacity factor, k’, is

\74
= /B -
K=k (1-5)

Where V, and V, are the volumes of the mobile and stationary
phases respectively. The ratio V_,/V, is called the phase

ratio. Equation (1-5) relates the equilibrium distribution of

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



8
an analyte within the column, k‘, to the thermodynamic
distribution coefficient, K. K is independent of a particular
column, but the phase ratio and, therefore, k’ are
characteristic for the particular column.

Because it is impossible to measure the phase ratio, a
more practical method is to relate k‘’ directly to easily
measurable quantities. Equation (1-4) represents the ratio of
the probabilities that solute molecules stay in the stationary
phase to the mobile phase. This is equal to the ratio of the

time that solute molecules spend in the two phases!®!,

k/l=—-=x_"1m = _Z (1-6)

where t, is called the retention time, which is the time
required for an analyte to traverse the system. The t, is the
time it takes a solute to pass through the space occupied by
the mobile phase. During this time all solutes migrate with
the velocity of the mobile phase. The difference, t, - t_,, is
the adjusted retention time of an analyte, which is the time
that an analyte spends in the stationary phase (where the
analyte has zero velocity).

In the reversed-phase liquid chromatographic system,
retention mainly depends on the polarity and the size of a
molecule (or the size of the hydrophobic group). k’ increases
with decrease of the solute polarity, and with increase of the
mobile phase polarity and the size of the hydrophobic group of

an analyte.

Reproduced with permission of the copyright owner. Further reproduction proh}bited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 7

1.3 Prediction of CMC and pC,, by log k’

The CMC and pC,, values reflect hydrophobic interactions
of the surfactants with themselves. The self-association of
hydrophobic molecules {or hydrocarbon chains of the
amphipathic compounds) and adsorption onto the interface
resemble the partition of a solute into the lipophilic phase
in reversed-phase high performance 1liquid chromatography
(RP-HPLC). Those processes can be considered as transfer of
a hydrophobic chain from a hydrophilic environment to a
lipophilic medium. Since the CMC and pC,, of a surfactant and
its chromatographic mobility are fundamentally related
phenomena, RP-HPLC measurements could constitute a means of

estimating the CMC and pC,, value.

1.3.1 Work done by Castro group

In 1986, Victor Castro and coworkers proposed the use of
RP-HPLC to predict the critical micelle concentration{!®!. A
treatment of RP-HPLC retention data for homologous series of
a-olefin sulfonates and sodium alkanesulfonates led to a
relationship with the CMC. The following is a summary of
their work.

The Martin rulef!!! summarizes the empirical observation
that retention in reversed-phase systems increases with an

increment of molecular size. For a homologous series, log k’
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increases linearly with increasing number of carbon atoms.

log k/ =a + bN (1-7)
Where a is a constant for a functional group; b is a constant
reflecting the hydrophobic interactions from the hydrocarbon
chain; N is the number of carbon atoms in the straight chain
of hydrocarbon.
Castro proposed that the standard free enerqgy change of

transfer, AG°,., of the analyte from a polar mobile phase to a

nonpolar stationary phase is

AG°, . =C, + CN (1-8)
C, and C, are constants.

In a homologous series of straight-chain surfactants, the

following relationship holds.

AG°,.

= A - = . ———
log cMC BN = const. + > 3RT

(1-9)

Where A and B are constants relating log CMC to the number of
carbon atoms. Castro concluded that AG°,. in equation (1-8)
and AG°,. in (1-9) have the same meaning. Then by equalizing
two AG°s and using equations (1-7), (1-8) and (1-9) they
obtained A and a, B and b correlations.

174
A = const. - log V“‘ -a (1-10)

B=b (1-11)

In order to predict log CMC, A had to be taken from one of the
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known experimental CMC values in each series. The constant B
was evaluated by a numerical treatment of their
chromatographic results and extrapolation of data to a mobile
phase of pure water. Part of their results are in Table 1-1.

But there are two questions associated with the above
considerations:

(a) Micellization and adsorption at the stationary phase
of RP-HPLC are two different processes, even though they are
similar in some respects. The free enerqgy change of transfer
in HPLC is not identical to the free energy change of transfer
in the micelle formation.

(b) Generally, B # b, since the increment per methylene

unit may have a different effect in the two systems.
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Table 1-1 Prediction of CMC values' (mmol/L) of sodium sulfonates!!‘!

Series Cy; Cis Cie Cie
Pred Expt Pred Expt Pred Expt Pred Expt
2-Alkenesulfonates 10 13 2.7 2.7 0.73 0.61 0.20 0.18
3-Hydroxyalkanesulfonates 25.8 25.0 6.3 6.3 1.54 1.6 0.38 0.38
* Experimental values were obtained from the literature.
*w standard values used for the calculation of A in equation (1-9).

(A §
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1.3.2 Work done by Shaw group

In 1991, Roger Shaw and coworkers estimated CMCs of bile
acids by RP-HPLC!'?!, They used the free energy change of
partition AG,, equation (1-12), and the free energy change of
micelle formation AG,, equation (1-13), to derive correlation

between the CMC and the relative capacity factor rk-’.

AG

P

- RT(1n k' + ) (1-12)

AG, = RT(1n [Bl. - s,) (1-13)

Where k’ is the capacity factor, r, and s, are constants, and
(B]l. is the CMC of the bile acid.
By assuming a linear free energy relationship of AG, and
AG,, they obtained
log CMC « - log rk’
Where the relative capacity factor rk’ is defined as

I = kI(X)
k’(s)

(1-14)
x is for the analyte (bile acid) and s for the standard. Some
of their results for CMCs of the bile acids are in Table 1-2
and Figure 1-2. There is a good agreement between measured
and predicted values.

A test of the general validity of this method was to
examine the CMC and rk’ values of Cy-C,, sodium n-alkyl

sulfates. Figure 1-3 is their plot of log CMC vs. log k-’

(instead of log rk’ in their derived equation) for C,-C,,
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sodium n-alkyl sulfates in the aqueous solution. Here the CMC
and k’ data were taken from the literature. This graph
clearly shows that, for some systems, there is a strong
correlation of the CMC and k’.

The following are drawbacks in their work:

(a) Some assumptions were made for the constant s, in
equation (1-13). Those assumptions referred specifically to
the bile acids used in their investigation.

(b) The relative capacity rk’ is not a commonly used

parameter in chromatography.
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Table 1-2 log CMC (mM) and log rk’ values for bile acids!!?!

Bile acid" log rk’ log cMC log cMC
{measured) (predicted)
(o] -0.46 1.11 1.14
HDC -0.44 1.10 1.12
uDC -0.47 1.19 1.15
cDC -0.10 0.85 0.81
DC 0.00° 0.70 0.72
TC -0.51 1.08 1.11
TAC -0.49 1.10 1.09
TCDC -0.17 0.78 0.72
TACDC ~0.16 0.67 0.70
DC ~-0.88 0.60 0.61

x®

with taurine; A:

C: cholic acid; HDC: hyocdeoxycholic acid; UDC: ursodeoxycholic acid;
CDC: chenodeoxycholic acid; DC: deoxycholic acid; T: bile acids conjugated

allocholanic acid.

=% Used as the standard in rk‘’ calculation.
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. r aC 4
f woc}l¢ !
+ -
cocI J )
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> ! + <
jo¢ [Tacoc ‘ ‘
s 1 TOC
o 2 0 2 «
-lag ex’ -log rk
intercept slope
Left (free bile salt): 0.72 -0.93
Center (taurine conjugate): 0.52 -1.15%
Right (glycine conjugate): 0.55 -1.02

Figqure 1-2 Relationship between log CMC and

log rk’ for bile acids!'?¥
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Intercept: 1.61 slope: -1.72

Figure 1-3 Relationship between log CMC and log k’ for
homologous n-alkyl sulfates!!?!
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1.4 Thermodynamic Consideration of CMC and k’, pC,, and k'

Correlations

The work done by the Castro group and the Shaw group
shows that the relative prediction of the CMC is possible.
But as has been discussed there are some problems and
limitations 1in their theoretical considerations of the
correlation between the CMC and k’. A search of the
literature has not revealed the corresponding correlation of
pC,, and k”’.

A modified thermodynamic treatment of the CMC and k’, pC,,
and k’ correlations is presented here. This theoretical
approach is expected to overcome the drawbacks in the work of
the Castro group and the Shaw group. The approach is also the

theoretical foundation for this thesis.

1.4.1 The free energy change of transfer in HPLC, AG°

With the usual assumption that phenomena occurring inside
the column are well approximated by equilibrium, the free
energy change of transfer, AG°,., for the analyte from a polar

liquid environment to a nonpolar stationary phase in HPLC is

AG°,. = - 2.3RTlog K (1-15)
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Since K = k’(V,/V,) (equation (1-5)), this can be rewritten as

v,
AG®°,. = - 2.3RTlog (k’?“‘) (1-16)

1.4.2 The free energy change of transfer in micelle
formation, AG,;.

As previously indicated, for homologous straight chain
surfactants, the empirical relation between the CMC and the

total number of carbon atoms (N) in the hydrophobic group is

log CMC = A - BN ' (1-2)
Where A and B are constants. The Castro group rather
arbitrarily assumed a connection of this relationship with
AG,;.; Rosen, however, showed theoretically the meaning of A
and B!}, The constant A reflects the free energy change
involved in transferring the hydrophilic group from an aqueous
environment to the micelle, whereas B reflects the free energy
change involved in transferring a methylemne unit of the

hydrophobic group from an aqueous environment to the micelle.

- AGu (-W) + k

= + 1-17

A 3 3BT log @ (1-17)
_ - AG,.(-CH,-) _

B = 2.3RT (1-18)

AG,,.(-W) is the free energy change of transfer for the
hydrophilic head group from an aqueous environment to the

micelle. For ionic surfactants, AG,.(-W) involves the
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electrical energy of transferring the ionic hydrophilic group
from an aqueous environment to the micelle. The constant k is
defined by k = AG,.(-CH,) =~ AG,.(-CH,-). @ is the molar
concentration of water. AG, . (-CH,-) is the free enerqgy change
of transfer for a methylene unit of the hydrophobic group from
an aqueous environment (a polar phase) to the interior of the
micelle (a hydrocarbon phase). Values of AG,.(-CH,-) for all
types of surfactants (nonionics, ionics and zwitterionics)
with similar hydrocarbon chain are similar. One can assume
that the contributions of AG,,.(-CH,), AG,;.(-CH,~) and AG,; . (-W)
do not chgnge with increase in the length of the hydrophobic
group!??!,

Equation (1-2) can be written as

AG,; . (-CH,-)
= 1-19
log CMC = A + > 3RT N ( )
Thus,

NAG,;.(-CH,-) = 2.3RTlog CMC - 2.3RTA (1-20)

Because AG,,. can be separated into the following terms!®®l,

AGMC = AQIIJ'.C(-CH3) + (N - l) AGmic(-C}lz—) + AGmic(-W)
(1-21)
Then,
AG, . = 2.3RTlog CMC + A’ (1-22)

A’ is a constant which includes AG,;.(-CH,), AG,,.(-CH,-),

AG,..(-W), and the constant A.
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1.4.3 The relationship between AG°,. and AG,;.

AG°,. in equation (1-16) and AG,. in equation (1-22) are
different, but fundamentally related to each other. They both
represent the transfer of solute molecules from a hydrophilic
environment to a lipophilic medium and would thus be expected
to be related by a linear free enerqgy relationship. Thus, for
a homologous series (with the same hydrophobic head group), we

can write,

AG,. = mAG°,  + const. (1-23)

In this equation, the const. represents the inherent
difference in hydrophobicities and hydrophilicities of the
environments of the HPLC system and the micelle formation.
The m characterizes the different tendencies between
adsorption onto the HPLC stationary phase (monomer adsorbing
onto the interface) and self-association.

In equation (1-23), one can replace AG°, with equation
(1-16), and AG,,. with equation (1-22),

£ - Y
n - k! - = , const. 1-24
log CMC mlog mlog 7. + YT ( )

which can be written as

log CMC = - mlog k/ + ¢ (1-25)

The CMC values of a homologous series of surfactants can
be estimated from RP-HPLC data, once two CMCs for the series

have been measured experimentally.
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1.4.4 The free energy change in adsorption at the interface,
AG°,,, and the relationship between AG°,. and AG°,

For homologous straight-chain surfactants, the adsorption
efficiency factor, pC,,, is a linear function of the number of

carbon atoms, N, in the hydrophobic group!!‘!.

- AG®°, (- CH,-) , (1-26)
pCy = [ 2..3RT ]N + const.

AG°,,(-CH,~) is the standard free energy change of transfer of
one -CH,- group from the interior of the liquid phase to the
interface under conditions where the surface (or interfacial)
tension has been reduced by 20 dyne/cm. AG°,4(-CH,-) 1is
related to, but not the same as the AG,;_(-CH,-) introduced in
section 1.4.2. Comparing equation (1-26) with (1-19), they
have similar forms except that the two AG terms and the
constants have different values. Therefore doing the same
derivation, one obtains a similar relation between pC,, and

log k’ for a homologous series.

PG, = m'log k/ + ¢/ (1-27)
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1.5 Research Scope of RP-HPLC and CMC, pC,, of Surfactants

The following four series of surfactants were studied.
(1) Alkanesulfonates
Cnaznuso:-

(2) Aromatic quaternary ammonium geminis

?33 (FH:
[Cngzml-hll-cn2-©-CH2-?-CnHZM1 ]2* (C.N).Ar

CH3 CH]

(3) Nonaromatic quaternary ammonium geminis (mono-ol)

cH, OH CH,
[Cnazml'?"CHz’CB°CHz‘I:"Caaznu ] - ‘CnN ) 203
CH, CH,

(4) Nonaromatic quaternary ammonium geminis (di-ol)

(|:H3 93 IOH C':H:,
[CnHZn*l-l:I-Cﬂz-CH-CH—Cﬂz '!“-cngzml ]2‘ (C.N),(OH),
CH, CH,

The three series labelled above as (C,N),Ar, (C,N),0OH and
(C.N),(OH), are gemini surfactants. Geminis are a new
generation of surfactants. They have two hydrophilic groups
and two hydrophobic groups per molecule. These structural
characteristics result in unusually low CMC and C,, values in
agqueous media. Compared with conventional surfactants with
the same number of carbon atoms per hydrophobic group, the
ionic gemini surfactants are about three orders more efficient
at reducing the surface tension (C,,) and more than two orders

more efficient in forming micelles (CMC)!3},
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The experiments and data analysis were undertaken with
two objectives. One was to confirm the predicted correlations
of log CMC with log k’, and pC,, with log k’. The results for
these four series of surfactants are discussed in Chapters 4,
6 and 8. In general, linear relationships are observed,
provided that a series of surfactants behaves normally. The
work conducted here demonstrates that log k’ from RP-HPLC
could be used for prediction of log CMC and pC,,, even though
there are limitations. But experimental results and
thermodynamic considerations show no direct relationship can
be written between m/m’ (slopes in equations (1-25) and (1-7)) |
and CMC/C,,, m/m’ and AG°,;./AG°, (see Chapter 8).

The other objective of the research is to study the
chromatographic behavior of these homologous series of
surfactants. This is discussed in Chapters 3, 5 and 7.
Reversed-phase ion-interaction methodology has proven to be
very useful for the separation of ionic surfactants which
exhibit both hydrophobic and hydrophilic characteristics.
Optimum separation conditions and retention mechanisms were
studied. The calculated thermodynamic parameters (AG°, AH° and
AS°) and equilibrium considerations were used to explain the
mechanisms. The results give a better understanding of the

retention process.
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Chapter 2

fon-Interaction Chromatography of Surfactants

2.1 Introduction

In reversed-phase chromatography, ionic species generally
have little or no retention on the hydrophobic stationary
phase and are eluted as an unresolved mixture. Addition to
the mobile phase of a reagent ion with the opposite charge to
the analyte ion can improve the retention of the ionic
compound by effectively neutralizing the ionic charge. This
added ion is referred to as an ion-interaction reagent or an
ion-pairing reagent. This chromatographic process is called
ion-interaction, or ion-pair, chromatography!(:¢l. Ion-
interaction chromatography is valuable for the separation of
ionized and weakly ionized compounds.

The early work was done by Eksbory and Schill during the
1970s{*”!, They were the first to apply ion-pair extraction
techniques to modern liquid chromatography in both the normal-
and reversed-phase mode!'®*!'. 1In early studies of normal-phase
chromatography the stationary phases were silica or cellulose
column packings coated with a buffered aqueous solution which

contained the ion-pairing reagent; and a relatively nonpolar
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organic solvent was used as the mobile phase. The main
limitation in the application of normal phase systems to ionic
compounds is that the sample must be dissolved in the organic
solvent prior to analysis. Barly reversed-phase used an
aqueous buffer containing a low concentration of an ion-
pairing reagent as the mobile phase. A relatively nonpolar
solvent, coated onto an inert support, served as the
stationary phase. Reversed-phase ion-interaction
chromatography quickly gained acceptance as a separation
method. But both systems had problems with instability
because of the leaching of the stationary liquid phase from
its supportf!®!, Today, these problems have been overcome with
the development of chemically bonded phases.

Many other workers expanded on this technique!*’-*}! and
demonstrated its ability to separate a wide range of
compounds. Ion-interaction chromatography can simultaneously
separate samples containing neutral and ionized molecules. It
uses conventional liquid chromatographic columns to provide
greater versatility than fixed-site ion exchanger columns, and
does not require any special or modified equipment.

Ion-interaction chromatography uses secondary chemical
equilibria to control retention and selectivity in liquid
chromatography. Several theoretical models, such as ion-pair,
dynamic ion-exchange, electrostatic-interaction, and ion-
interaction, have been proposed to describe the retention

mechanism in reversed-phase liquid chromatography!¢-2¢!;
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The ion-pair model assumes that an ion pair is formed in
the mobile phase prior to the sorption of the analyte onto the
stationary phase. The solute capacity factor is governed by
the equilibrium constants for ion-pair formation in the mobile
phase, extraction of the ion-pair onto the stationary phase,
and the dissociation of the ion-pair on the stationary phase.
This model is successful at explaining retention im liquid-
liquid chromatographic systems but it is somewhat limited when
applied to chemically bonded phases.

The dynamic ion-exchange model assumes that the ion-
pairing reagent is reversibly adsorbed onto the stationary
phase through hydrophobic interaction. A dynamic 1ion
exchanger is formed. Then the solute ion exchanges with the
counterion of the ion-interaction reagent which is adsorbed
onto the stationary phase. This process is combined with the
equilibria for dissociation of the analyte ions in the mobile
phase and the electrostatic interaction between the analyte
ion and the ion-interaction reagent on the stationary phase.
Here, the retention of ionic solutes is governed mainly by
ionic interactions.

The electrostatic model is the most versatile but is
mathematically complex and not very intuitive. This model
assumes the formation of a surface potential between the bulk
mobile phase and the stationary phase, which is caused by
adsorption of ions onto the stationary phase. When the

concentration of an ion-interaction reagent is varied, the
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retention of the analyte will change because the surface
potential changes.

The ion-interaction model can be described as an
intermediate between the ion-pair model and the dynamic ion-
exchange model, but does not require ion-pair formation and is
not based on the ion-exchange. This model assumes a dynamic
adsorption equilibrium of the ion-interaction ion on the
stationary phase surface. The retention of the sample ion is
due to the interaction, electrostatic and hydrophobic, with
ion-interaction reagent and an additional hydrophobic
interaci.:ion with the nonpolar stationary surface.

An additional advantage of ion-interaction chromatography
is that it can provide a method of indirect detection for
analytes lacking suitable chromophores or other properties
commonly used for detection!?’!. A constant concentration of
a detectable ion is added to the mobile phase. It is
distributed between the mobile phase and the stationary phase.
This ion provides a fixed detector response. As analytes are
eluted, the detector response will change as a result of their
influence on the distribution of the detectable ion in the

chromatographic system.
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2.2 Related RP-HPLC Studies of Surfactants Using Ion-

Interaction Chromatography

2.2.1 Analysis of alkanesulfonates

Alkanesulfonates, C,H,,,,SO,Na, are one of the simplest
types of anionic surfactants. They have high biodegradability
if alkyl chains are straight and low toxicity. Most methods
developed for the analysis of these compounds use reversed-
phase ion-interaction chromatography on C, or C,, packings.
Anion exchange columns are occasionally used for lower
molecular weight products.

In the RP-HPLC analysis of alkanesulfonates, an ion-
interaction reagent is added to the mobile phase. If indirect
photometric detection is used then the ion-interaction reagent
is chosen for its optical absorption characteristics. The
ion-interaction occurs between the anionic surfactant and the
cationic ion-interaction reagent. This interaction alters the
retention behavior of alkanesulfonates and provides indirect
detection when needed. A comprehensive review of HPLC
analysis of anionic surfactants by Schmitt!*®! has provided
broad information on various HPLC separation methods. Since
our attention is on RP-HPLC, part of our literature search
results of RP-HPLC analysis of alkanesulfonates are shown in

Table 2-1.
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Table 2-1

RP-HPLC analysis of alkanesulfonates

Column

Mobile phase

Detector

Merck LicChrosorb RP-8,
250 x 4.6 mm

Waters uBondapak C,,,
300 x 3.9 mm

shandon reversed-phase,
Hypersil SAS or Hypereil
oDs, 150 x 4.6 mm

Altex Ultrasphere RP-18,
250 x 10 mm

Merck LicChrosorb RP-8 or
shandon Hypersil oODs,
200 x 4.6 mm, 40°C

Methanol /water, 1 x 107 M
tetrabutylammonium sulfate

Methanol/water, 2 x 10* M
cetylpyridinium chloride,
pH 4.45, phosphate buffer

Acetone/water/NaH,PO,

Methanol/water, 1.1 x 10 M
HNO,

Gradient, methanol/water,
2.5 x 10* M in N-methyl-
pyridinium chloride

Refractive index

Indirect UV, 254 nm

Postcolumn reaction,
extraction, and
fluorescence
detection

Moving-wire flame
ionization detector

Indirect UV, 260 nm

Ref.

(29)
[30)
{31]
{10)(32)
[33)(34)

ot
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Table 2-1 (Continued)

column Mobile phase Detector Ref .
Hamilton polystyrene- 80:20 methanol/5 x 107 M ICAP detection of {35)
divinylbenzene PRP-1, aqueous ammonium acetate sulfur
250 x 4.1 mm
Unspecified Cc18, 250 x 2 mm, Gradient, THF/Water Evaporative light [36)
40°C scattering
Macherey-Nagel Nucleosil 90:10 or 80:20 methanol/ Refractive index {37])
cl8, 250 x 4 mm water, containing 0.25 M
Naclo,
Hamilton polystyrene- Acetonitrile/water, Indirect visible, {38])
divinylbenzene PRP-1, 10* M in iron(1Ix) 1,10- 510 nm
S0 x 4.1 mm phenanthroline salts, pH
6.0 adjusted with citrate
or acetate buffer
(39])

Unspecified alkyl coated
packing, 150 x 4.6 mm

Methanol/water, containing Conductivity
1 x 10" M NaH,PoO,

T¢
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2.2.2 Analysis of aromatic quaternary ammonium salts

Cationic surfactants are useful as fabric softeners,
corrosion inhibitors, and antimicrobial agents. Benzylalkyl-
dimethylammonium salts are one of the commonly used types of
cationic surfactants.

CH,

I
[@"CBZ ’r"-cnazml ] *

CH,
They are used as germicides, disinfectants, and sanitizers.
Aromatic quaternary ammonium salts can be analyzed by
RP-HPLC using the ion-interaction method. Direct UV detection
is suitable for these surfactants. A comprehensive review of
HPLC analysis of cationic surfactants has been given by
Schmitt(4!, Table 2-2 lists some details of RP-HPLC analysis

of benzylalkyldimethylammonium salts.
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Table 2-2 RP-HPLC analysis of benzylalkyldimethylammonium salts

column

Mobile phase

Detector

Ref.

"uoissiwJad noyum pauqiyosd uononpoidal Jayung “Jaumo ybLAdod ayj o uoissiwiad yum paonpoiday

Hitachi Gel 3011 poly-
styrene-divinylbenzene,

500 x 4 mm

Waters uBondapak CN,
300 x 4.6 mm

Toyo Soda TSK Gel L8410
oDs/silica, 250 x 4 mm,
50 °C

Toyo Soda TSK Gel LS410
obs/silica, 200 x 6 mm,
50°c

Methanol, 0.5 M HClO,

60:40 acetonitrile/0.1 M

agqueous sodium acetate, pH

5.0 adjusted with acetic
acid

85:15 methanol/0.4 M agueous

Nacl

85:15 methanol/1.0 M aqueous

Naclo,, pA 2.5 adjusted
with H,PO, (or 0.1 M
aqueous NaClo,, pH 3.5)

uv, 220 nm

UV, 254 nm

uv, 210 nm

Refractive index

(41)

[42)

(43)

(44)

£E
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Table 2-2 (Continued)

column

Mobile phase

Detector

Ref.

various cl18, phenyl and CN,
250 x 4.6 mm

B-cyclodextrin, 250 x 4.6 mm

Waters pBondapak CN,
150 x 4 mm

Water/methanol, or
acetonitrile, or THF, with
0.05-0.25 M Clo,"

70:30 water/acetonitrile or
50:50 water/methanol, 0.1 M
various electrolytes, pH
3.3 adjusted with H,PO,

58133:9 water (pH 2.2
adjusted with Hclo,)/
acetonitrile/2-propanol or
51:34:15 water (pH 2.2)/
acetonitrile/THF

uv, 215 nm

uv,

uv,

215 nm

214 nm

(45)

[46)

(47)

142
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2.2.3 Analysis of nonaromatic quaternary ammonium salts
Ion-interaction RP-HPLC with indirect photometric
detection can be used for the analysis of nonaromatic
quaternary ammonium salts. An ion-interaction reagent with a
UV chromophore is needed. Table 2-3 gives some examples of
RP-HPLC analysis of fatty quaternary ammonium salts, which
serve as the reference for our study of the nonaromatic

quaternary ammonium geminis.
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Table 2-3 RP-HPLC analysis of fatty quaternary ammonium salts

Column

Mobile phase

Detector

Ref.

Waters uBondapak Phenyl

Toyo Soda TSK Gel LS410
obs/asilica, 200 x 6 mm,
50°C

Macherey-Nagel Nucleosil CN,
120 x 4.6 mm

shandon Hypersil c8,
150 x 4.6 mm

3 x 10°* M l-phenethyl-2-
picolinium ion in pH 4.6
acetate buffer

85:15 methanol/1.0 M aqueous
Naclo,, pH 2.5 adjusted
with H,PO, (or 0.1 M
aqueous Naclo,, pH 3.5)

55:45 methanol/water,
S x 10 M
p-toluenesulfonic acid

60:;60:5 methanol/
acetonitrile/water,

5 x 10" M sodium carbonate
and 1 x 10! M sodium
bicarbonate

Indirect UV, 254 nm

Refractive index

Indirect uUv, 254 nm

Postcolumn reaction

[48)

(44)

(49)

[50)

9¢
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Table 2-3 (Continued)

Column

Mobile phase

Detector

Ref.

buPont Zorbax C8,
250 x 4.6 mm or
Alltech Nucleosil CN,
150 x 4.6 mm

Polymer Laboratories PLRP-S
polystyrene-divinylbenzene,
250 x 4.6 mm

Novapak CN, 100 x 8 mm

25:75 methanol /water,
5 x 10° M
p-toluenesulfonic acid

60:38:2 acetonitrile/water/
acetic acid, 5 x 107 &
sodium p-xylenesulfonate

Methanol/water, 1 x 10' N
to 5 x 10 M
benzenesulfonic acid

Indirect UV, 260 nm

Indirect UV, 262 nm

Refractive index

(51}

(52)

(53]

LE
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2.3 Surfactants Studied in This Work

2.3.1 Alkanesulfonates

The ion-interaction reagent, dodecylpyridinium bromide,
with indirect UV detection was used for the analysis of
alkanesulfonates, C.H,,.;S0,", (Chapter 3). The long hydrophobic
chain of this reagent enhances its interaction with the
hydrocarbon stationary phase and the pyridinium group provided

a strong chromophore.

2.3.2 Gemini surfactants

As mentioned in Chapter 1, an important part of this work
was the analysis of the following series of gemini
surfactants. These have been synthesized by the Surfactant
Research Institute at Brooklyn College. To our knowledge, the

RP-HPLC analysis of these geminis has not appeared in the

literature.
(,:H, ClIHa
[Cnﬂzn*x"t‘ll'caz-@'an-tll-cnaznox ] 2 (C,N)Ar
CH, CH,
C|H, O|H (l:H,
[ an2n+1-N-CH2-CH-CHI-v-CnBZM-I ] * ( CnN ) zoa
i
CH, CH,
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CH, OH OH cH,
( Cnﬂzm"lll'CHz‘CH‘CH-CBz'lf'C.HzM 1 (C.N).(OH),
CH, CH,

Sodium perchlorate provided a suitable ion-interaction
reagent in the analysis of the aromatic quaternary ammonium
gemini surfactants, (C\N),Ar, (Chapter 5). The perchlorate ion
effectively interacts with the positively charged analyte ion
and improves the separation.

Sodium p~toluenesulfonate and p-toluenesulfonic acid were
used for the analysis of the nonaromatic quaternary ammonium
gemini surfactants, (C,N),0H and (C,N),(OH),, (Chapter 7).
These ion-interaction reagents neutralize the charge of the
analyte and enhance the interaction between the analyte and
the hydrocarbon stationary phase. The aromatic group of these

compounds provided a good probe for indirect UV detection.
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Chapter 3

Chromatography of Alkanesulfonates

3.1 Introduction

As reviewed in Section 2.2.1, various reversed-phase
packing materials, such as C8, C18, and polystyrenedivinyl-
benzene, have been applied to RP-HPLC analysis of
alkanesulfonates. Mobile phases were often methanol-water or
acetonitrile-water in combination with ion-interaction
reagents. Since alkanesulfonates do not absorb in the OV
region, various detection methods have been used including
indirect UV, refractive index, postcolumn reaction,
conductivity, and evaporative light scattering.

In order to become familiar with the technique of the
ion-interaction RP-HPLC and to confirm the correlation of
log k’ with the CMC and pC,,, a series of alkanesulfonates
were chro~-tographed. The experiments were carried out using
3x3 C18 columns (33 x 4.6 mm), methanol-water mobile phases,
and a UV diode array detector. The ion-interaction reagent
was dodecylpyridinium (DDP) bromide.

The 3x3 column is also called the high-speed column.

Compared with commonly used longer columns (150 mm to 250 mm
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in length, 4.6 mm ID, 5 um particles) in the reviewed
publications (Section 2.2.1), the 3x3 column decreases the
separation time and requires less solvent. The price of the
short column is about 1/5 to 1/3 of a 150 x 4.6 mm column
packed with the similar material!s¢1(*3l, Therefore, our work
provides an economic chromatographic method for the
alkanesulfonate analysis based on the length of the straight
alkyl chain.

Experiments designed to elucidate the ion-interaction
retention mechanism were performed as well. The results
suggest that even though oppositely charged ions co-elute,

there is no tightly bonded ion-pair.
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3.2 Experimental

3.2.1 Instrumentation

The Perkin-Elmer high-performance liquid chromatography
system consisted of the following: a Model 250 Binary LC Pump,
an ISS 200 Advanced LC Sample Processor, a LC-235 Photo Diode
Array Detector, and a PE Nelson Model 1020LC Plus Perscnal
Integrator. A Perkin-Elmer solvent selector was used in
conjunction with the pump. The columns were Perkin-Elmer
Pecosphere 3x3 C18 cartridge columns (33 x 4.6 mm, 3 um
particles).

A Perkin~Elmer Lambda 3B UV/Vis spectrophotometer with
Perkin-Elmer computerized spectroscopy software (PECSS) was
used for determining the absorption characteristics of the
reagents.

A YSI Model 35 conductance meter was used for

conductivity titrations.

3.2.2 Reagents

The series of n-alkanesulfonates, C.H,,,;SO,Na, where n =
6, 8, 10, 12, 14, 17 and 18, and dodecylpyridinium (DDP)
bromide were obtained from the Surfactant Research Institute
at Brooklyn College. These compounds are the products of
Research Plus Laboratories. Methanol and acetonitrile were

Fisher Scientific and Sigma-Aldrich HPLC grade. Milli-Q water
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was used. All sample solutions and mobile phase solvents were
passed through 0.45 ym nylon filters (Sigma-Aldrich) prior to
use. High purity grade helium gas from Prest-O-Sales was used

for degassing.

3.2.3 Procedure

A homologous series of n-alkanesulfonates (C;, C;, C,,,
Cier C7r and C,4) were chromatographed on 3x3 C18 columns at
ambient temperature using various methanol-water mobile phase
compositions. Dodecylpyridinium bromide (0.2 mM) was added to
the mobile phase as an ion-interactioﬁ reagent and for
indirect detection as well. Both isocratic and gradient
conditions were used. Samples were dissolved in the mobile
phases (0.5 mg/L in most experiments). Before each run the
column was flushed with mobile phase for several minutes until
equilibrium was reached as indicated by a stable pump pressure
and a plateau detector baseline caused by UV absorption of the
dodecylpyridinium ion. The UV detection was set at 255 nm.
Various mobile phase compositions (from 55:45 CH,0H:H,0 to
80:20 CH,0H:H,0) were tried in order to find the best

chromatographic condition.
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3.3 Results and Discussion

Typically, data were obtained for the individual
surfactants. But mixtures of Cg, Cq, Cyor Cir C;7, and Cyy
alkanesulfonates were analyzed to demonstrate the possibility
of using a short column to separate them in a reasonable
period of time. There is no dodecanesulfonate data, because
its solubility is wvery 1low in the presence of
dodecylpyridinium bromide. They both have a C,, alkyl group
bu£ carry opposite charges which leads to a strong interaction
between them.

The chromatographic data are in Table 3-1. The data
include the results of series of experiments in which the
mobile phase composition and flow rate were varied. The
number of data points (# of data) and the standard deviation
(Stdev) of the log k’ values are also shown in the table. The
k’ should be independent of the flow rate. The slight
variation in log k’ values from different flow rates may be
caused by the change in the ambient temperature. The summary
in the table is the average log k’ over all data obtained at
different flow rates but the same mobile phase composition.
For clarity, these average log k’ values are provided in Table

3-2.
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Table 3-1 Chromatographic data of alkanesulfonates

Mobile phase: CH,0R/H,0 + 0.2 mM dodecylpyridinium bromide

Temperature: ambient

CH,0H:H,0 Flow rate C, C, Cyo Cie Cyy Cie
(Viv) (mL/min)

55145 1.0 § of data 1 - - - - -

log k'’ 0.84 - - - - -

60:40 1.0 # of data 11 - 1 - - -

log k'’ (avg.) 0.43 - 1.58 - - -

stdev 5.4E-2 - - - - -

2.0 # of data 23 16 11 2 - -

log k’(avg.) 0.39 0.98 1.41 2.19 - -

stdev 3.1B-2 3.32-2 4.18-2 8.72~3 - -

summary log k'’ (avg.) 0.40 0.88 1.42 2.19 - -

stdev 4.0E-2 3.3e-2 6.4E-2 8.7E-3 - -

) 4
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Table 3~1 (Continued)

CH,0H:H,0 Flow rate Cs C, Cio Cie Cy
(ViV) (mL/min)

65:35 1.5 # of data 1 1 - - -

log k’ 0.02 0.47 - - -

2.0 # of data 3 3 4 1 -

log k'’ (avg.) 0.01 0.37 0.87 1.85 -

Stdev 3.0E-2 2.8E-2 8.6E-2 - -

summary log k-’ (avg.) 0.01 0.39 0.87 1.85 -

Stdev 3.0E-2 5.6E-~2 8.6E-2 - -

70:30 1.0 # of data 4 - 4 4 -

log k’(avg.) -0.33 - 0.56 1.49 -

Stdev 0.0E+0 - 1.98-3 6 .4E-3 -

1.5 # of data 3 - 4 3 -

log k’{avg.) -0.38 - 0.47 1.41 -

Stdev 4.0E-2 - $,6E-2 7.8E-2 -

2.0 # of data 14 5 13 11 4

log k’(avg.) -0.31 0.06 0.48 1.38 2.10

Stdev 1.9E-2 2.3E-2 . 5,2E=-2 6.6E-2 7.1E-2

summary log k' (avg.) -0.31 0.06 0.49 1.41 2.10

Stdev 3.2E-2 2.3E-2 5.6E-2 7.4E-2 7.1E-2

9V
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3.3.1 1log k’, the number of carbon atoms, and the mobile
phase composition

The data in Table 3-2 are shown graphically in Figure 3-1
which is a plot of log k’ vs. the number of carbon atoms in
the straight-chain. The linear relationship contained in the

Martin Rule is observed.

log k/ = a + bN (1-7)
The log k‘ increases about 0.20 to 0.23 (slope b in equation
(1-7)) per carbon atom. The intercept, however, decreases
with an 1increase in the solvent strength (methanol
percentage).

Figure 3-2 is the plot of log k‘ vs. CH,0H volume
fraction for alkanesulfonates. The plots are linear in the
range of 60% to 80% methanol. This fiqure indicates log k’
decreases about 0.8 to 0.9 with each 10% increase in CH,0H
volume fraction under the experimental conditions. In Figure
3-2 the slope of the C,, line is slightly off the trend from
the other members. This might be attributable to the fact
that data for this compound could only be obtained over a

smaller methanol volume fraction range.
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Figure 3-2 log k’ vs. CH,0H volume fraction in chromatography

of C,H,,.,SO,Na

(CH,0H/H,0, 0.2 mM dodecylpyridinium bromide,

ambient temperature)

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



53

3.3.2 Separation of alkanesulfonates

Figures 3-3, 3-4, and 3-5 present some chromatograms of
alkanesulfonates. Typically the impurities in a surfactant
will be the adjacent upper and lower members in the series.
For three adjacent members, baseline separation could be
obtained with 33 x 4.6 mm Cl8 column and using the
dodecylpyridinium ion as the ion-interaction and indirect
detection reagent. The lower carbon number surfactants (C,,
C, and C,,) in the series can be well separated using a 60:40
or 65:35 CH,0H:H,0 solvent. The middle ones can be separated
with about 70:30 CH,0H:H,0 mobile phase. A 75:25 CH,0H:H,0 or
higher CH,0H% solvent is good for higher molecular weight
alkanesulfonates (C,,, C;; and C,,).

There are two positive and negative peaks appearing at
the beginning of each chromatogram. The first one occurs upon
injection, and appears as a positive or negative peak. 1Its
retention time is used as t, in the equation (1-6) for k-’
calculations. The second peak has the same retention time as
the dodecylpyridinium ion and is discussed in Section 3.4.1.

The variations in the peak areas between each replicated
run are less than 5% at ambient temperature.

The gradient method was tested. The change of the
solvent composition readjusts the adsorption equilibrium of
the ion interaction reagent in the column. This causes a

large baseline shift during the chromatographic run.
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Therefore the isocratic method is more suitable for the
indirect detection with a strong background adsorption.

The limit of quantitative measurement and the linear
range were not studied. The lowest concentration used in the
experiments is approximately 0.6 mM (0.15 mg/mL, 3 x 10~ moles
of the sample for injection of 5 uL). From chromatograms in
Fiqures 3-3 to 3-5 one can estimate that the detection limit
is lower than this value. The upper concentration limit for
chromatography is restricted by the low solubility of

alkanesulfonates in the presence of dodecylpyridinium ions.
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Figure 3-3 Chromatograms of alkanesulfonates with
60% CH,0H in mobile phase

Mobile phase: 60% CH,0H, 40% H,0, 0.2 mM DDP
UV detection: 255 nm

Flow rate: 2.0 mL/min

Column: 3x3 C18 (33 x 4.6 mm)
Injection Volume: 3 uL

Temperature: ambient
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Figure 3-4 Chromatograms of alkanesulfonates with
70% CH,0H in mobile phase

Mobile phase: 70% CH,0H, 30% H, O, 0.2 mM DDP
UV detection: 255 nm

Flow rate: 2.0 mL/min

Column: 3x3 C18 (33 x 4.6 mm)
Injection Volume: 3 uL

Temperature: ambient
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Figure 3-5 Chromatograms of alkanesulfonates with
73% CH,0H in mobile phase

Mobile phase: 73% CH,0H, 27% H,0, 0.2 mM DDP
UV detection: 255 nm

Flow rate: 2.0 mL/min

Column: 3x3 C18 (33 x 4.6 mm)
Injection Volume: 2 uL

Temperature: ambient
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3.3.3 Column efficiency

The column efficiency is measured by the number of
theoretical plates n and plate height h, or the effective
plate number N and effective plate height H, which are

calculated using the following equations!®*¢1371,

L
= - 3"1
h = ( )
n=16(-&)2=5.54( i )2 (3-2)
W h/2
L
= 3"3
H & ( )
/ /
N=16(L)2 = 5,58 (=22 (3-4)
w h/2

Where L is the length of the column packing; t, is the
retention time; W is the magnitude of the base of the triangle
which is formed by extending the tangents at the inflection
points on the two sides of the chromatographic peak to the
baseline of the chromatogram; W,,, is the width of the peak at
half its maximum height; t.” is the adjusted retention time.
The effective plate number N has better theoretical
significance for the early eluting peaks because of the large
contribution to the overall retention from the void volume.
Some of n, h, N and H values in this work are listed in

Table 3-3 (calculated from chromatograms in Figure 3-3 to

Reproduced with permission of the copyright owner. Further reproduction prohibited Wifﬁbut permission.



62

3-5). Data show that when ¢, is approaching t¢,, N is
approaching zero. In the optimum chromatographic condition,
the effective plate number N of 33 mm short columns can reach
2500, and the effective plate height H is approximate 0.01 mm.
Compared with typical H values of 0.02 - 0.05 for 250 mm
C18 reversed-phase column with 3 pm particles!®’!, the column
efficiency of the 3x3 short column is pretty good in ion-

interaction chromatography.
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Table 3-3 n, h, N and H values of alkanesulfonate

chromatography with 33 x 4.6 mm C18 column

n h (mm) N H (mm)

Figure 3-3 (a) Cs 280 0.12 139 0.24
{b) Cq 841 0.04 646 0.05

(c) Cio 2397 0.91 2206 0.01

(d) DDP 287 0.:1 64 0.52

Figure 3-4 (a) Ce 355 0.09 16 2.03
(b) Csq 279 0.12 53 0.62

(¢} C.y 496 0.07 236 0.14

(d) Cie 2822 0.01 2517 0.01

(e) Ciy 2007 0.02 1958 0.02

(£) DDP 158 0.21 1 30.186

Figure 3-5 (a) Cs 306 0.11 4 8.11
(b) Csq 316 0.10 33 1.00

(c) Cio 368 Q.09 118 0.28

(d) Cis 1952 0.02 1601 0.02

(e) C» 2654 0.01 2532 0.01

(£) Cie 1731 0.02 1688 0.02

(h) DDP 158 0.21 0 120.62
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3.4 Separation Mechanism

3.4.1 Ion-interaction mechanism

The ion-interaction mechanism proposed by Bidlingmeyer!¢!
describes the retention in the column. Figure 3-6 is the
schematic diagram of alkanesulfonate retention mechanism.

(1) Before injection of the sample, the surface of the
stationary phase is in equilibrium with the mobile phase. The
adsorption and desorption equilibria of dodecylpyridinium ions
on C1l8 stationary phase occurs in the primary layer where the
ion-interaction reagent coats the surface of the stationary
phase. The driving force is the hydrophobic interaction of
the alkyl chains. The counterions of the ion-interaction
reagent form a secondary layer. There are electrostatic
equilibria in both the primary and the secondary layer.
Because of the electrostatic repulsions the surface coverage
is not high. The bulk eluent contains dodecylpyridinium
bromide, and the distribution equilibrium is dynamic.

(2) After injection of the sample, the previous
equilibrium is disturbed locally. Alkanesulfonates go into
the primary layer and adsorb onto the Cl18 stationary phase
since the surface is not fully covered. The retention is
caused by hydrophobic interactions and electrostatic
interactions. The hydrophobic interaction involves the alkyl

chains in alkanesulfonates, in the C18 stationary phase and in
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dodecylpyridinium ions. The electrostatic interaction is due
to the ionic groups in the alkanesulfonates and
dodecylpyridinium ions. Addition of the negatively charged
species to the positively charged primary layer has a net
effect of neutralizing the positive charge at this layer.
This allows more dodecylpyridinium ions to adsorb in the
primary layer if there is still enough accessible surface.

In this process the adsorption of more dodecylpyridinium
ions decreases its local concentration in the eluent, and
results in the second negative peak in the earlier part of the
chromatogram (Pigure 3-3 to 3-5, wﬁere the first peak is due
to the sample injection).

(3) When an alkanesulfonate ion leaves the stationary
phase, an excess positive charge is left instantaneously on
the surface. The partition equilibrium is disturbed again.
Some of dodecylpyridinium ions will leave the surface to
reestablish equilibrium. Thus, pairs of ions apparently
travel through the column and reach the detector, producing
positive UV signals.

The conductivity titrations, UV spectra, detector
response calculations, certain chromatographic experiments,
and surface coverage calculations support this mechanism. The

following sections discuss these in detail.
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3.4.2 Conductance titration

The conductance of electrolytic solutions depends on the
concentration and nature of the ions (charges and
mobilities)(®*®!, If alkanesulfonate ions and dodecylpyridinium
ions formed strongly bonded ion-pairs, there would be an
inflection at the equivalence point on the titration curve.
Figure 3-7 shows the conductance titratiom curves, where
100 mL of 0.203 mM dodecylpyridinium bromide was titrated with
1.05 mM sodium dodecanesulfonate in the 65:35 CH,0H:H,0
solvent. The equivalent point should be at about 19 mL of
sodium dodecanesulfonate, 0.24 mM of the total concentration.
The titration was carried out below the solubility limit. The
curves are smooth with no inflection point.

These two compounds are expected to form strongly bonded
1:1 ion-pairs because they both have C,; chains but opposite
charges. If ion-pairs had formed, before the equivalence
point the concentration of the dodecylpyridinium ion would
decrease and at the same time the concentration of Na' would
increase. The conductance of the solution should increase due
to the higher molar conductance of Na*. After the equivalence
poeint both the dodecanesulfonate ion and Na® concentration
should increase. The increase of the conductance should be
faster than before. However, the plot of the conductivity vs.
the total molarity of two salts is a straight line. Therefore
the conductance titration gives no evidence of the ion-pair

formation.
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Figure 3-7 Conductance titration )
100 mI, of 0.203 mM dodecylpyridinium bromide titrated with
1.05 mM sodium dodecanesulfonate in 65:35 CH,0H:H,0
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3.4.3 UV spectra

The electronic transition in a chromophore is affected by
structural details!®®! and to a lesser extent by the solvent.
One would expect that the UV absorption spectrum of the
dodecylpyridinium ion would change when it forms an ion-pair
with an alkanesulfonate ion. The UV spectra of the following
were obtained:

(a) 0.1 mM dodecylpyridinium;

(b) 0.1 mM dodecylpyridinium + 0.1 mM hexanesulfonate;

(c) 0.1 mM dodecylpyridinium + 0.1 mM decanesulfonate;

(d) 0.1 mM dodecylpyridinium + 0.1 mM tetradecanesulfonate,
in methanol (Fiqure 3-8) and water (Figure 3-9).

The results show that different solvents generate
different UV gpectra, but for the same solvent all UV spectra
are exactly the same. Thus the addition of alkanesulfonates
to the dodecylpyridinium bromide solution does not change the
electronic structure of the dodecylpyridinium ion. The UV

spectra suggest there are no strongly bonded ions.
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Figure 3-8 UV spectra of dodecylpyridinium bromide (DDP)
in methanol
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Fiqure 3-8 (Continued)
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Figure 3-9 UV spectra of dodecylpyridinium bromide (DDP)
in water
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3.4.4 Detector response

The peaks in Figures 3-3 to 3-5 are caused by the co-
elution of the UV absorbing dodecylpyridinium ion and the non-
UV absorbing alkanesulfonate ion. The detector response is
calculated as peak area per mole of the analyte (Table 3-4).
The calculated results for alkanesulfonates are close to the
value of the dodecylpyridinium ion. The data suggest the
approximately equal moles of dodecylpyridinium ion and
alkanesulfonate ion co-eluted. They act like pairs of ions.

Based on this factor, one can not exclude ion-pair
formation. But the chromatography of alkanesulfonates under
the following conditions is inconsistent with the formation of
ion-pairs: the sample solutions were 0.1 mM alkanesulfonate,
including hexanesulfonate, decanesulfonate or tetradecane-
sulfonate, in combination with 0.1 mM dodecylpyridinium
bromide; the mobile phase was a methanol and water mixture
without the ion-interaction reagent. If there were ion-pairs,
the retention time of each sample would be different. However
all chromatograms gave one peak with the same retention time
and peak area which were the same as the dodecylpyridinium
ion. Therefore the conclusion is there are no tightly bonded

ion-pairs.
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Table 3-4 Detector response of dodecylpyridinium ion and
alkanesulfonate co-elution

Sample size Peak area Detector Relative
mol x 10° cm? response detector
cm’/mol x 1077 response”’
Ce' 7.97 0.74 9.25 0.99
c,’ 6.94 0.54 7.73 0.83
Cyo’ 6.14 0.46 7.46 0.80
DDP* 4.34 0.41 9.32 1.00
Ce™* 7.97 0.42 5.22 0.78
C* 6.94 0.46 6.69 0.98
Co™” 6.14 0.38 6.25 0.92
C’ 4.99 0.33 6.67 0.98
Cy,™" 4.38 0.25 5.66 0.83
pDP"* 4.34 0.30 6.81 1.00
L Data based on Figure 3-3.
xx Data based on Figure 3-4.

LA Detector response ratio of C, to DDP.

Reproduced with permission of the copyright owner. Further reproduction prohibited withajt permission.



76

3.4.5 Surface coverage

As the mobile phase containing the dodecylpyridinium ion
first passes through the HPLC system, the baseline sharply
increases to approximately 90% of its maximum value. Then it
gradually rises for about 10 minutes and reaches a stable
plateau. When the baseline reaches the maximum, there should
be a constant concentration (2 x 10™* M) of dodecylpyridinium
ion going through the detector. During the 10 minute
equilibrium period, if there was no retention on the column,
the amount of dodecylpyridinium ions reaching the detector
would have been .

2 x 10* M x 1 x 1072 L/min x 10 min = 2 x 10" mol
where 2 x 10°* M is the molarity of the dodecylpyridinium ions
in the mobile phase and 1 x 10~® L/min is the flow rate. Based
on the change in the baseline, part of the dodecylpyridinium
ions retained on the column is approximately

2 X 10°* mol x (1.00-0.90)/2 = 1 x 1077 mol

There are no surface area data available for the 3x3
columns used in this work. However the 3 um 80 A pore
diameter particle packing material with the C18 bonded phase
typically has a surface area of 200 m’/gram or higher!®'. An
estimated surface coverage of the dodecylpyridinium ion is
about 3 x 10°® molecules/nm’ or 300 nm’/molecule if 0.1 g of
packing is assumed. Since the surface area of one dodecyl-
pyridinium ion is less than 10 nm’, most of the stationary

surface is not covered and is accessible to the analyte.
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Chapter 4

log CMC, pCy and log k' of Alkanesulfonates

4.1 Correlation between log CMC, pC,, and log k’

77

In Chapter 1 the relationships between log CMC and

log k’, pC,, and log k’ were introduced.

log CMC = - mlog k/ + ¢

PG, = m'log k/ + ¢’

(1-25)

(1-27)

These predicted linear correlations are confirmed by our

experimental and calculated results for the alkanesulfonates.

Figure 4-1 is a plot of experimental log CMC values from

the literature!*®! vs. our log k’ for C,, Cy,, C,;, C,, and C,,

alkanesulfonates. A plot of pC,, vs. our log k’ is in Pigure

4-2. Because there is a very limited set of literature values

for pC,'*'1%21 obtained under identical conditiomns, C,, and C,,

values in Figure 4-2 were taken from the literature!‘’!, others

were extrapolated from pC,, values of

alkanesulfonates. Both plots gave straight lines.

Table 4-1 1lists the experimental (literature)

Ci2

and

calculated log CMC and pC,, values using equations (1-25) and

(1-27). The experimental CMC values for C, and C,, sulfonates
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were used to define the slope and intercept of equation
(1-25). The slope and intercept in equation (1-27) were
calculated with the experimental pC,, values of C,, and C,,
sulfonates. The results show good correlation between the
experimental and calculated values. In addition the results
demonstrate that log CMC and pC,, can be estimated from log k~’
data once two values of log CMC or pC,, are known in a

homologous series.
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Figure 4-1 Correlation between log CMC and log k’ for
alkanesulfonates
log k’ corresponds to a. 60%, b. 65%, c.70%, d. 73%, e. 75%,
f. 80% methanol.
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Figure 4-2 Correlation between pC,, and log k’ for
alkanesulfonates
log k’ corresponds to a. 60%, b. 65%, c.70%, d. 73%, e. 75%,
f. 80% methanol.
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Table 4~1 log CMC and pC,, of alkanesulfonates

Exp. C. Cy Cio Cya Cue Cis Ch Cia
log CMC* -0.34 -0.75" -1.35 -1.96 -2.54' -3.15 -3.68 -3.12
PCag** 0.35 1.02  1.69" 2, 36" 3.03 3.70 4.04 4.37

HPLC condition Cal.
60:40 CH,OH:H.0, 0.2 mM DDP  log CMC  -0.11 - -1.49  -1.98 - -3,20 -3.51  -3.81
pCao 0.14 0.86 - - 2.86 3.61 3.95 4.29
65:35 CH,0H:H.0, 0.2 mM DDP  log CMC  -0.28 - -1.34  -1.94 - -3.,08 -3.37  -3.,65
PCao 0.48 1.02 - - 3.06 3.67 4.00 4,32
70:30 CH,0H:H.0, 0.2 mM DDP  log CMC  -0.26 - -1.32  -1.96 - -3.13 -3.45  -3.72
pCay 0.51 1.06 - - 3.06 3.73 4.08 4.38
73:27 CH,0H:H.0, 0.2 mM DDP  log CMC  -0.23 - -1.32 ¢ -1.97 - -3,16 -3,50 -3.77
pCay 0.51 1.07 - - 3.00 3.67 4.04 4.33
75:25 CH,0H:H.,0, 0.2 mM DDP  log CMC  -0.14 - -1.35  -1.91 - -3.06 -3.31  -3.65
PCao 0.23 0.96 - - 3.12 3.76 4.05 4.46
80:20 CH,0H:H.0, 0.2 mM DDP  log CMC  -0.13 - -1.39  -1.95 - -3,05 -3.27 -3.,63
pCao 0.18 0.93 - - 3.06 3.67 3.93 4.36
Summary log CMC -0.19 - -1.37 -1.95 - -3.12 -3.40 -3.70
stdev 0.08 : 0.06 0.02 - 0.06 0.10 0.07
pC 1o 0.34 0.98 - - 3.03 3.69 4.01 4.36
stdev 0.18 0.08 - - 0.09 0.05 0.06 0.06

" CMC in H,0; C, at 25 °c (ref. [64)), C,, Cy,, C,;, C,, and C,, at 50 °C (ref. (60]), C,, at 50 °C (ref.
(65]), C,, at 57 °C (ref.[66]).

** pC,, at H,0-air interface, 25 °C. C,, and C,, are experimental values (ref. [63)). Others are extrapolated
from C,, and C,, data.

# Used to determine parameters in equation (1-25).

#% Used to determine parameters in equation (1-27).
®
[ ol



82
4.1.1 Calculated log CMC

The calculated log CMC values are very close to the
experimental results for C,,, C,, and C,; (Table 4-1). For C,,
C,, and C,, there are differences between the calculated and
experimental log CMC values. Presumably this is because the
log CMC values were determined using different measurement
conditions: refractive index at 25°C for C, to C,/*°!, spectral
characteristics at 25 °C for C(!*! and at 50 °C for C,,!*®!, and
Krafft point and solubility at 57 °C for C,,!*.

Using the CMC values of C, to C;; from reference [60], the
following log CMC values are extrapolated (using equation
(1-2), the number of carbon atoms):

C, -0.15; C,, ~-3.45; C,e -3.75.

These are in good agreement with our calculated log CMC values
(using equation (1-25), log k%):

C, -0.19; C,, =-3.40; C,e -3.70.

4.1.2 Calculated pC,,

Table 4-1 lists the calculated pC,, values using our
chromatographic data as well. Only values for C,, and C,, are
available in the literature!®’!. The others are extrapolated
from the C,, and C,, data assuming a linear relationship
between the pC,, and the number of carbon atoms in the straight
alkyl chain. In general, the calculated pC,, values from
log k’ compare very well with the pC,, values determined using

surfactant properties.
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4.2 Discussion

4.2.1 1log CMC and log k’

The parameters of the linear regression equation (1-25)

are summarized in Table 4-2.

log CMC = - mlog k' + ¢ (1-25)

The slopes of log CMC vs. log k’ plots vary slightly from
-1.2 to -1.5 within the range of mobile phase compositions.
Since both log CMC and log k‘’ change with the length of an
alkyl chain, the slope here expresses the relationships
between these two. In other words, the slope is a measure of
different tendencies for a homologous series of surfactants to
partition onto the HPLC stationary phase (the monomer
adsorbing onto the interface) and to self-associate
(micellization) in aqueous solution.

The intercepts of the log CMC vs. log k’ plots vary from
0.4 to -1.9 over the range of mobile phase compositions. The
change here is greater than the change of the slope. The data
show that as the methanol percentage in the mobile phase
increases, the log k’ decreases and the intercept in equation
(1-25) becomes more negative. Since an increase in the
percentage methanol (a decrease in the percentage water)
changes the HPLC environment, the change in the difference
between the HPLC and the micelle environments is reflected in

the intercept.
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Table 4-2 Parameters in the log CMC and log k‘ correlation

equation for alkanesulfonates

HPLC condition Slope Intercept
60:40 CH,0H:H,0, 6.2 DDP -1.36 0.44
65:35 CH,0H:H,0, 0.2 DDP -1.23 -0.27
70:30 CH,0H:H,0, 0.2 DDP -1.32 -0.67
73:27 CH,0H:H,0, 0.2 DDP -1.48 -0.91
75:25 CH,0H:B,0, 0.2 pDDP -1.39 -1.23
80:20 CH,0H:H,0, 0.2 DDP -1.45 -1.92
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4.2.2 pC,, and log k-’
The parameters of the linear correlation equation (1-27)

are summarized in Table 4-3.

pGC,, = m’log k/ + ¢’ (1-27)

The slopes of the pC,, vs. log k’ lines vary slightly from
1.4 to 1.7 within the range of mobile phase compositions.
Following the same discussion given in Section 4.2.1, the
slope here is a measure of different tendencies to partition
at the aqueous methanol-C,, interface and at the water-air
interface for a homologous series of surfactants.

The intercept of the pC,, vs. log k’ lines goes from -0.6
to 2.3 as the percentage methanol in the HPLC mobile phase
increases. As mentioned previously, the change in the
difference between the two environments is shown in the

intercept.
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Table 4-3 Parameters in the pC,, and log k’ correlation
equation for alkanesulfonates

HPLC condition Slope Intercept
60:40 CH,0H:H,0, 0.2 mM DDP 1.63 | ~0.63
65:35 CH,0H:H,0, 0.2 mM DDP 1.37 0.49
70:30 CH,0H:H,0, 0.2 mM DDP 1.39 1.01
73:27 CH,0H:H,0, 0.2 mM DDP 1.54 1.26
75:25 CH,0H:H,0, 0.2 mM DDP 1.68 1.54
80:20 CH,0H:H,0, 0.2 mM DDP 1.73 2.33
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Chapter 5

Chromatography of Aromatic Quaternary Ammonium Geminis

5.1 Introduction

As reviewed in Section 2.2.2, various reversed-phase
packing materials, such as CN, phenyl, C18, polystyrene-
divinylbenzene, and B-cyclodextrin have been used for RP-HPLC
analysis of traditional aromatic quaternary ammonium
surfactants. Mobile phases were often methanol-water or
acetonitrile-water mixtures combined with organic or inorganic
ion-interaction reagents. These surfactants have UV
chromophores, therefore the UV detector is commonly used.

Aromatic quaternary ammonium gemini surfactants are a new
type of surfactant. No work on the reversed-phase high
performance liquid chromatography of these compounds has
appeared in the literature. 1In this work RP-HPLC has been
studied for the following homologous series of gemini

surfactants, (C,N),Ar:

(fﬂ, (':H N
{ Cngsztf'caz' @-CH,-I}‘-C,H,.., ]2"
CH, CH,

These species are too hydrophilic to be separated with a

simple organic and aqueous binary solvent. Therefore ion-
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interaction chromatography is needed. The experiments were
undertaken with the short column used in the analysis of
alkanesulfonates and a UV diode array detector. Sodium
perchlorate was added to the acetonitrile-water mobile phases
at pH 3. These conditions were found to give satisfactory
results for the analysis of this series of surfactants based
on the length of the straight alkyl chain.

Experiments designed to elucidate the ion-interaction
retention mechanism were carried out. The results suggest
that there are interactions between oppositely charged
aromatic quaternary ammonium ions and perchlorate ions, but

ions are not closely bonded.
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5.2 Experimental

5.2.1 Instrumentation and reagents

The instruments and reagents were the same as those
listed in Section 3.2 with the following exceptions.

A series of aromatic quaternary ammonium gemini
surfactants, (C,N),Ar bromide salt (n = 8, 10, 12, 14, 16 and
18), were synthesized by the Surfactant Research Institute at
Brooklyn College!*’l. Sodium perchlorate, phosphoric acid and
sodium chloride were purchased from Aldrich Chemical Co.,
Inc..

A Perkin-Elmer Pecosphere 5 x 15 Cl18 cartridge column
(150 x 4.6 mm, 4 um particles) and a Sigma-Aldrich Hypersil
ODS 5 um 150 x 4.6 mm column were used for comparison with the
short column.

pH values were measured by an Orion 420A pH meter with an
Orion Triode 91-57BN pH electrode.

The column temperature was controlled by a Timberline
HPLC Column Heater H-500 coupled with a Data Precision 3500
DVM for temperature reading. The temperature remained stable
within $0.1 °C.

A Torsion Balance from Bethlehem Instrument company, Inc.
with a ca. 5 cm perimeter platinum blade was used to measure
the surface tension of the acetonitrile-water solvent mixed

with sodium perchlorate and the surfactants.
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5.2.2 Procedure

A homologous series of aromatic quaternary ammonium
gemini ( (C,N),Ar) surfactants was chromatographed using 3x3 C18
columns. The mobile phase composition was varied from 80:20
to 95:5 (V:V) of acetonitrile:water. Only isocratic
conditions were used. Sodium perchlorate was added to the
mobile phases at concentration levels of 0.05 M, 0.10 M,
0.15 M, and 0.20 M. Experiments with 0.05 M of sodium
chloride in the mobile phase were performed as well. The
apparent pH of the mobile phases was adjusted to 3.0 using
phosphoric acid. Samples were dissolved in the mobile phases
at a concentration of 0.1 mM in most experiments. Before each
run the column was flushed with mobile phase for several
minutes until equilibrium was reached as indicated by a stable
pump pressure and detector baseline. The UV detector was set
to 220 nm. A column heater was used to adjust the temperature
to several values in the 30 °C to 50 °C range (60 °C in some

runs).
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5.3 Results and Discussion

Chromatographic data were obtained for the individual
surfactants and mixtures of three adjacent members in the
series. However, the (C,N),Ar mixture of C,, Cy, Cizy Ciir Cisr
and C,, was analyzed as well to demonstrate the possibility of
using a short column to separate them in a reasonable period
of time. To explore the optimum chromatographic conditions,
the mobile phases of acetcnitrile, methanol, water,
acetonitrile~-water, and methanol-water were tested. -Besides
changing the mobile phase composition, various ion-interaction
reagents, including sodium perchlorate, sodium chloride,
sodium hexanesulfonate, and sodium dodecanesulfonate, were
tried. The mobile phase of acetonitrile-water with about 0.1
M sodium perchlorate gave the most satisfactory results.

A summary of log k’ under various chromatographic
conditions for (C,N),Ar surfactants is given in Table 5-1,
where the log k‘ values are the averages over the indicated
number of runs (# of data). Some aspects of these data and
representative chromatograms are presented in the following

sections.

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



‘uoissiwiad Jnoyym payqiyold uononpoidal Joypuny “Jeumo WbuAdoo ays Jo uoissiad yym psonpoidey

aromatic quaternary ammonium geminis (C,N),Ar

Table 5-1 Summary of log k’ of
T(+-0.1°C) Mobile phase* # of data Cq Ciu C,, C,, C,., Cyy

30.3 95:5 CH,CN:H.0 >= 6 log k' (avg.) -0.94 -0.49 -0.08 0.35 0.80 1.27
0.1M NaClO, pH=2 stdev 0.0E+00 1.6E-02 1.2E-09 4.1E-03 1.9E-03 4.7E-03

40.2 >= 6 log k' ({avg.) -0.99 -0.60 -0.21 0.19 0.61 1.03
stdev 1.3E-08 2.8E-02 7.5E-03 3.8E-03 2.7E-03 2.1E-03

50.1 >= 6 log k'(avg.) -1.04 -0.72 -0.32 0.05 0.42 0.81
stdev 0.0E+00 2,2E-02 5.0E-09 5,3E-03 2.1E-03 1.4E-03

30.3 90:10 CH,CN:H,0 >= 6 log k'l(avg.) -0.7% -0.29 0.16 0.65 1.17 1.70
0.1M NacClo,,pH=3 stdev 0.0E+00 1.6E-02 S.1E-03 3.3E-03 2.3E-03 3.8E-03

40.3 >= 6 log k'(avg.) -0.77  -0.37 0.06 0.51 0.99 1.48
stdev 0,0E+00 9.1E-03 4,2E-03 2.7E-03 1.6E-03 1.7E-03

50.1 >= 6 log k'(avg.) -0.83 -0.45 -0.06 0.36 0.80 1.25
stdev 4.1E-02 1.7E-02 5.5E-03 2.4E-03 8.5E-04 6.7E-04

30.2 85:15 CH,CN:H;0 >= 4 log k'({avg.) -0.47 -0.04 0.47 1.01 1.59 -
0.1M NaClo,,pH=3 stdev 0.0E+00 4.2E-10 1.4E-03 4.5E-04 1.7E-04 -

40.2 >= 6 log k' (avg.) -0.53 -0.12 0.34 0.85 1.38 1.93
stdev 2.0E-02 5.5E-03 2.6E-03 1.2E-03 1.2E-03 1.1E-03

50.1 >= 6 log k' (avg.) -0.57 -0.19 0.23 0.70 1.20 1.71
stdev 9,4E-09 9.6E-03 3,5E-03 1,2E-03 1.0E-03 1.0E-03
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Table 5-1 (Continued)
T(+-0.17C) Mobile phase* # of data Cy C,, C,. Ci, C,. C,.

30.3 80:20 CH,CN:H,0  >= 4 log k'(avg.)  -0.35 0.13 0.69 1.28
0.05M NacCl,pH=3 stdev 3,5E-02 3.1E-02 4.2E-02 4.4E-02 -
40.2 >= 2 log k'(avg.) -0.43 -0.01 0.50 1.05 1.65
stdev 2,.2E-02 6.8E-03 1.2E-02 2.1E-02 1.9E-02
50, 1 >= 2 log k'(avg.) -0.49 -0.08 0.38 0.89 1.45
stdev 0.0E+00 1.4E-02 7.0E-03 1.7E-02 1.7E-02
60.0 >= 2 log k'(avg.) -0.58 -0.20 0.27 0.74 1.25
stdev 0.0E+00 1.BE-02 2.5E-02 1.2E-02 9.1E-03

*

LA

ViV for CH,CN:H,0; pH was adjusted using H,PO,.

150 x 4.6 Cl8 Perkin-Elmer column.

*#*» 150 x 4.6 C18 Sigma-Aldrich column.

S6
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5.3.1 1log k’, the number of carbon atoms, the mobile phase
composition, and temperature

The log k’ increases linearly with the number of carbon
atoms in the straight chain as expected. Figure 5-1
illustrates this relationship in four different mobile phases
with 0.1 M of sodium perchlorate. The slopes are in the range
of 0.19 to 0.28 under these chromatographic conditions. The
slopes decrease about 0.02 with each 5% increase of the
acetonitrile volume percentage.

Figure 5-1 also shows the effect of temperature on
log k’. The log k’ decreases with increasing temperature.

The log k’ of each surfactant decreases linearly with
increasing volume percentage of acetonitrile over the

experimental range (Figqure 5-2).
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(CH,CN/H,0 + 0.1 M sodium perchlorate)
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Figure 5-2 log k’ vs. CH,CN volume fraction in chromatography

of (C,N),Ar

(CH,CN/H,0 + 0.1 M sodium perchlorate, 30°C)
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5.3.2 Separation of (C,\N),Ar

Figure 5-3 presents the chromatograms of (C,N),Ar
surfactant mixtures:

(a) Cg, C,p and C,,, (b) Cy, C,; and C,,,

(c¢) C;;, C,, and Cy, (d) C,, C;s and C,4,

(e) Cgr Cior Ciar Ciar Cys and Cyq.

These chromatograms show that at 30 °C separatiom of C, to C,,
mixture can be accomplished using 80% or 85% (V/V)
acetonitrile with sodium perchlorate as an ion-interaction
reagent; .85% acetonitrile is good for a C,, to C,, mixture; 90%
acetonitrile can be used for a C,, to C;; mixture; and 95% for
a C,, to C;; mixture. The first peak in the chromatograms is
induced by a disturbance upon injection. This also appears
when the solvent is injected in the absence of the ion-
interaction reagent.

The chromatographic experiments were undertaken under
isocratic conditions in this work. However, the gradient
chromatography would work with those mobile phases.

An impurity peak appears between C,; and C,, surfactants
(Figure 5-3 (d), (e)). Its retention time is the same as the
predicted value for (C,,N),Ar (Figure 5-4). However,
heptadecyl-N,N-dimethylamine is not in the raw materials'®*®!,
but there is 1% to 2% of C,, in C,; or 1% to 2% of C,; in Cy.
Therefore it is believed to be a gemini surfactant with one C;,

and one C,; chain. The impurity in the mixtures is about 10%
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of (C,N),Ar or (C,N),Ar, which is higher than the expected
value and also higher than in the individual samples. This
might be attributable to the sample preparation method used
for the chromatographic experiments. Since the longer chain
sample solutions were sonicated for dissolution, an exchange
reaction could occur.

The limit of quantitative measurement and the linear
range were not studied. The lowest concentration used in our
experiments is approximately 0.01 mM (5 x 10" moles of sample
with S5 uL injection). The detection limit can be much lower
than this value. The upper concentration 1limit of
chromatography is restricted by the low solubility in the
presence of the high concentration of sodium perchlorate and
the high volume percentage of acetonitrile.

The variations in the peak areas between each replicated
run are less than 3%. Thus quantitative measurements can be

made using this method.
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Figure 5-3 (Continued)

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



104

Cy2
{ :
oxol !
|
Q.99 I
'f | 14
e.as! ‘ b i
' [
ol |
i g 1‘ h
) { Ll
Q.96 < ;l i M
H : t! c1
b H 'S
Q.95+« h f& ' i
L R ;e
Q 041___1 W —
s s s s 3
s e - 3 a

(C) Clz' Clll Cls mixture (90% CHJCN)

Figure 5-3 (Continued)

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



105

Cia
1
i
)
!
! \ 9
;o ! " C
9.07'? H " 16
! l ol l
' : ' R
b i 1
P f i
0.&6-i ' o fi
t f i
: [
. ] “ v
{o 'y of c
] } 3 *
Lo I ; ‘
@.e54 i i t 2
! o 1 i ot
i by t Dot
! :l b - ro
Y i | [
! i ' h Y ) i A ) 1‘
i N v [ ' \
0.04*:._,_} J L U B ' ~— ' ~—
: : : ; ;
3 | < ° k-

(d) C,sr Cir Cy;p mixture (90% CH,CN)
(0.04 mM each, injection volume 10 ul)

Figure 5-3 (Continued)

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



106

D. LS~
Cg

@.a94 |
Cio

Ciz
@S . S7?7

. S6

. 35 4 I Cis

N y

Y
)
w

S . e

0‘0
10.0
15.0 1
20.0 1

(e) C4 to C,q mixture (90% CH,CN)
(0.04 mM each, injection volume 10 ul)

Figure 5-3 (Continued)

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



107

250
200

150

T

1.00

Q.00 |

050 f

_1m ' - i i i A 4

Figure 5-4 Impurity between (C;(N),Ar and (C;4N).,Ar
(85:15 CH,CN:H,0, 0.1 M NaClo,, pE=3, 40°C)
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5.3.3 Sodium perchlorate as an ion-interaction reagent

Several organic or inorganic salts, including sodium
perchlorate, sodium chloride, sodium hexanesulfonate, and
sodium dodecanesulfonate, were added to the mobile phase in
order to find the best ion-interaction reagent. The mobile
phases containing 1 mM of sodium hexanesulfonate or 0.1 mM of
sodium dodecanesulfonate did not give good separation. Sodium
chloride gave separation, but sodium perchlorate produced
better results. Figure 5-5 provides a comparison of sodium
perchlofate and sodium chloride as ion-interaction reagents in
the separation of (C,N),Ar surfactants.

There are two differences between chromatograms using
sodium perchlorate and sodium chloride. The column efficiency
is worse (peak tailing) when sodium chloride is the ion-
interaction reagent and retention times are slightly shorter
with sodium chloride.

Tailing problems are common for ammonium compounds in RP-
HPLC. This is due to the electrostatic interaction between
ammonium groups and residual silanol groups on packing
materials. One method used to reduce tailing is to cover the
residual silanol groups; the other is to cover the amine
groups. The Cl0,” and Cl- are unlikely to get into the C18
stationary phase to cover the -OH groups. The reason for
better peak shape with ClO,” is probably that the ammonium

group is better covered by Cl0,~. This fact suggests that

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



109
there is a stronger interaction between ammonium groups and
Clo,.

The concentration of sodium perchlorate cannot be too low
or too high. Insufficient concentration results in poor
performance. Excessive concentration can cause solubility
problems and column blockage. The optimum concentration is
about 0.1 M. Figure 5-6 shows that log k’ is nearly
independent of the concentration of sodium perchlorate in the

range of 0.05 M to 0.2 M.
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1.0 ml/min
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5.3.4 33 x 4.6 mm and 150 x 4.6 mm column

Two new 150 x 4.6 columns (C18, 5 um particle) were used
for comparison with the short column. The 150 x 4.6 mm
Perkin-Elmer column gave better peak shape than the 33 x 4.6
mm column, but needed much more time. A 150 x 4.6 mm Sigma-
Aldrich column did not produce satisfactory results. Under
the conditions of 80:20 CH,CN:H,0 with 0.05 M NaClO, at 40 °C,
(C,;,N),Ar retention time is about 2.2 min with the 33 x 4.6 mm
column, 9.8 min for the 150 x 4.6 mm Perkin-Elmer column, and
13 min using a 150 x 4.6 mm Sigma-Aldrich column (FPigure 5-8).
Clearly the advantage of the 33 x 4.6 mm column is quicker
separation and less solvent consumption. The drawback is
lower column efficiency, however in many cases the separation

on the short column is still excellent.
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Figure 5-7 Comparison of 33 x 4.6 mm and 150 x 4.6 mm columns
for chromatography of (C,N),Ar (0.1 mM)

Mobile phase:

Flow rate:
Column:
Detection:
Injection volume:
Temperature:

80:20 CH,CN:H,0, 3
(H,PO,)

1.0 ml/min

Cc18

220 nm

5 ul

40.2 °C

0.05 M NaClo,, pH
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5.3.5 Surface tension of the solutions in HPLC experiments
The surface tension of a series of (C,,N),Ar solutions was
measured in order to find out the CMC and pC,, of the
surfactants under the chromatographic condition. The results
are in Table 5-2. The surface tension of acetonitrile (HPLC
grade) is very low, 28.4 dyne/cm at 30 °C (a literature
valuet®’ is 19.1 dyne/cm). The surface tension of a 80:20
CH,CN:H,0 solvent is 31.3 dyne/cm at 30 °C. Addition of the
ion-interaction reagent and the (C,,N),Ar surfactant to this
solvent does not change the surface tension. Apparently,
these surfactants do not form micelles in the chromatographic
mobile phases used in our work. The log k’ values result from
individual surfactants, and are directly proportional to the

number of carbon atoms in the alkyl chain.
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Table 5-2 Surface tension of solutions in HPLC at 30 °C

surface tension

Solution
(dyne/cm)
100% CH,CN (HPLC grade) 28.4
100% H,0 (distilled and filtered) 71.8
80:20 CH,CN:H,0, 0.1 M Naclo,, pH = 3 (H,PO,) 31.3
Mobile phase
12 (C,,N),Ar solutions with concentrations 31.3 - 31.5

between 2.6 x 10° M to 1.8 x 10* ¥ in
80:20 CH,CN:H,0, 0.1 M NacClo,, pH=3 (H,PO,)

mobile phase
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5.4 Separation Mechanism

5.4.1 Proposed mechanism

The proposed ion-interaction mechanism for (C,N),Ar gemini
surfactants is illustrated in Fiqure 5-8 and 5-9. Figure 5-8
is the retention mechanism with the ion-interaction reagent
sodium perchlorate. Figure 5-9 shows a mechanism with sodium
chloride. When these inorganic salts are used as ion-
interaction reagents in RP-HPLC, the Cl8 stationary phase
surface is not céated by the ion-interaction reagent.

The proposed mechanism suggests that the oppositely
charged ions attract each other in the mobile phase. They are
separated by solvent molecules and are not tightly bonded. 1In
a polar solvent all ions will be surrounded by polar solvent
molecules. The larger and more polarizable ions have a less
organized surrounding solvent, whereas the smaller and less
polarizable ions have a well organized surrounding solvent.
This difference is shown in Figures 5-8 and 5-9. Since
perchlorate ions are larger with a diffuse charge, the solvent
molecules are not well surrounded compared with chloride. The
surfactant ions can stay closer to perchlorate ions than
chloride ions. Therefore there is a stronger interaction
between ammonium groups on the surfactants and perchlorate
ions as discussed in Section 5.3.3, and perchlorate ions give

better chromatograms.
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The analyte ions of (C,N),Ar move through the column and
undergo adsorption and desorption along with some oppositely
charged ions from the ion-interaction reagents, even though
they are not tightly bonded. The conductance titration
results and theoretical considerations discussed in the

following sections support this mechanism.
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5.4.2 Conductance titration

Conductance titrations were undertaken for (C;,N),Ar and
(C,sN),Ar gemini surfactants. Figures 5-10 and 5-11 are the
results of the titration of (C,,N),ArBr, or (C,,N),ArBr, with
sodium perchlorate in the 80:20 CH,CN:H,0 solvent. As
discussed in Section 3.4.2, if strongly bonded ion-pairs had
formed, before and after the equivalence point the change in
the conductance with the same increment of the total salt
concentration would be different, and a titration curve would
have an inflection point at the equivalence point
(approximately 9 mL of sodium perchlorate, 0.27 mM of the
total concentration). However, these titration curves are
smooth. Plotting the conductivity vs. the total molarity of
(C.N),ArBr, and sodium perchlorate gives straight lines.

The mobilities of (C,,N),Ar and (C,,N),Ar cations are
different due to their different molecular size. Smaller
(C.N),Ar ions have a higher mobility and will have a larger
conductivity compared with (C,,N),Ar ions when titration
conditions are the same. This difference can be observed from
Figures 5-10 and 5-ll. The entire titration curve for
(C..N),Ar is at a conductivity level of about 5 uQ*/cm higher
than for (C,,N),Ar.

The conductance titration results provide additional

evidence that tight ion-pairs are not found in these mixtures.
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Combining equations (1-5) and (1-15) with the AG, AH, and

AS relationship,

AG°.

AG°

the following equation is

AH® - TAsS®

The AG°, AH°,

- 2.3RTlog K

AH® - TAS®

obtained

VII

= - RT1ln k/ - RT1n

(1-5)

(1-15)

(5-1)

(5-2)

and AS° are thermodynamic parameters for the

transfer of the surfactant from the mobile phase to the

stationary phase.
Then 1ln k’

ln k/ = -

can be written as

AH° _ As° | Y

RT R Vv,

(5-3)

Assuming AH® and AS° do not change with the temperature in the

range studied, a plot of 1ln k’ vs. 1/T should be a straight

line with

slope = -

AH°
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V.
Ai" - 1n -2 (5-5)

intercept =

The AH®° value can be calculated from the slope. Even though
the absolute AS° value cannot be obtained, relative values can
be compared using the intercepts. Pigure 5-12 is a plot of
log k’ vs. 1/T for (C;N),Ar with sodium perchlorate and sodium
chloride as ion-interaction reagents. The values of AH®° and
AS° - Rln (V,/V,) listed in Figure 5-12 are calculated using
equations (5-4) and (5-5), where R = 8.314 J/K-mol.

(a) AH°, AS° and the length of the alkyl chain

The AH®° values are negative and become more negative with
increase in the number of carbon atoms in the alkyl chain for
the (C,N),Ar series. The data suggest that the retention
process is energetically favored. The longer hydrocarbon
chain has a larger London dispersion force and a stronger
interaction with the C18 stationary phase. Therefore the AH®
is more negative for a larger surfactant in the homologous
series.

The AS° values become more negative or less positive with
increase in the 1length of the alkyl chain, since the
Rln (V,/V,) term (Figure 5-12) is approximately a constant.
The difference in the randomness of the solvent structure in
the presence and absence of alkyl chains will result in this
AS° difference. The surfactants could affect the entropy of
the mobile phase in two ways. The solvent molecules (mainly

CH,CN) are dipoles and have a tendency to arrange themselves
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in a certain orientation based on the dipole-dipole
interaction. The alkyl chains of the surfactant can disrupt
this solvent structure and increase the disorder of the
solvent. Solvent molecules can also form cavities for the
alkyl chains. In this case the entropy of the solution may
decrease, if solvent molecules are more ordered around the
alkyl chain. Since there is no AS° value, we can not make
conclusion. The difference in the entropy change is also
associated with the interaction of the alkyl chain with the
stationary phase. When retention occurs the confiqurational
entropy of the larger surfactant will be largely reduced
because of a stronger interaction between the longer alkyl
chain and the C18 phase. This can be part of the less
favorable AS°® for a larger surfactant.

The AG® is a combination of AH® and AS°. Here the more
favorable AH° values of the larger surfactants compensate
their less favorable AS° values. Hence AG® is more negative
and retention is favored for larger homologs.

(b) AH°, AS°® and perchlorate vs. chloride ions

The AH° values are more negative when sodium chloride is
used as an ion-interaction reagent. This can be explained
with the model of solvent separated ions. As discussed in
Section 5.4.1, the perchlorate ion does not form a well-
oriented surrounding solvent layer as does sodium chloride.
The ammonium group and the ClO,” ion can remain closer. Thus,

the quaternary ammonium surfactants interact more strongly
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with perchlorate ion than chloride ion. The mobile phase with
perchlorate ion has a lower energy. When the surfactants
transfer to the stationary phase, it is primarily the
surfactant alkyl chains that interact with the C18 stationary
phase, and the enthalpies will be similar or slightly lower
with the perchlorate system. Therefore the enthalpy change of
the transfer is less negative for the sodium perchlorate
system.

The AS° values are more negative or less positive when
sodium chloride mobile phase is used. The difference in the
surrounding solvent structures of the ioﬁ-interaction reagents
can cause an entropy difference between two mobile phases. In
addition, the data suggest that the entropy changes of the
retention process in two mobile phases are different.
However, there is no enough information about the direction of
the entropy change. The entropies of the stationary phases in
two systems should be similar initially. When the retention
occurs, the entropy of the chloride system can be slightly
lower because of a stronger interaction between the quaternary
ammonium groups and silanol groups on the stationary phase.
This can contribute to less favorable AS® values for the
retention process in the chloride system.

Since AG® is given by

AG°® = AH® - TAS® (5-8)

The mobile phase with sodium perchlorate has a slightly more

negative AG°, which leads to longer retention times.
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Figqure 5-12 1ln k’ vs. 1/T for (C\N),Ar
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5.4.4 Equilibrium consideratiomns

The chromatographic experiments and the thermodynamic
parameters show that there are interactions between the
surfactants and the ion-interaction reagent. Since the
oppositely charged ions are separated by solvent molecules and
are not tight ion-pairs, they behave independently as
evidenced by the conductance titratioms.

Even though the ions are separated by the solvent
molecules, the following chemical equilibria should be still

applicable to the retention process.

(C.N) ,Ar2*(m) + 2C10,” (m) = (C,N) ,Ar (C10,) , (m)

(CN) ,Ar (C10,) , (m) % (C_N) ,Ar (C10,) , (s)

Where m represents the mobile phase and s the stationary
phase. The coefficient for Cl0,” could be any number, n. The
overall equilibrium expression is

[ (C,N),Ar (Cl0,),(s)]
[(CyN),Ar?*(m)] [C1lO," (m) 12

KK = (5-6)

This equation can be rearranged to express the ratio of the

analyte ion concentration in the two phases:
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[ (C,N),Ar (Cl0O,),(s)] -
[(CN) A ?*(m)] + [(C,N),Ar (C1lO,),(m)]

(5-7)
[ (C,N) ,Ar?*(m)] [C1O4 (m) ] 2K, K,

[(C,N),Ar?*(m) ] + [(C,N),Ar (ClO4),(m)]

The capacity factor, k’, equals the ratio of moles of solute

in the stationary phase to that in the mobile phase at

equilibrium.

/

[ (C,N),Ar(Cl0,),(8)]1V, (5-8)
([(C N),Ar?*(m)] + [(CN),Ar(Clo,),(m)])V,

where Vv, is the volume of the stationary phase, and V, is the

column void volume. Combining equation (5-8) with equation

(5-7) gives

& = [(C,N) ,Ar 2" (m) ] [C1O,” (m) ]2V,
= KK, ([(CN),Ar2*(m)] + [(C,N),Ar(ClO,),(m)]1) ¥,

(5-9)
Then,
/ Vs
log k' = log KJQ—V‘
m
oo L(CMIATT @] + [(CN) AT (C1O,), ()]
g [(C.N) A2 (m] [CLO, (m) ]2
(5-10)

where all concentrations refer to the mobile phase species.

The log k’ value changes with log [Cl1l0,](m). But if there are

solvent separated paired ions, [(C,N).,Ar*] will be much less
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than [(C,N),Ar(Cl0,),] in the presence of excess Cl0,~. Then
the second term in the equation (5-10) becomes the equilibrium

expression of K.

[ (C,N) ,Ar (C10,) ,(m)]
[(C,N),Ar?"(m)] [ClO,"(m)]?

Thus, log k’ is unaffected by the change of log [Cl0,"}. This

is observed in our experiment (Figure 5-6).
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Chapter 6

log CMC, pCy and log k' of

Aromatic Quaternary Ammonium Geminis

6.1 Correlation between log CMC, pC,, and log k’

This series of aromatic quaternary ammonium gemini
surfactants, (C,N),Ar, has unusual surface and micellar
properties in water. The surface tension measurement
results!’ showed that their log CMC and pC,, values deviate
from the linear relation with the alkyl chain length for the
larger homologs. The C,,, C, and C,, surfactants in this
series have higher CMC values and lower pC,, values than they
are expected to have. This unusual property is also reflected
in the log CMC and log k’, pC,, and log k’ correlations. Since
there is no micelle formation in the chromatographic mobile
phases used in our work, log k’ vs. carbon number is almost
linear. Therefore, equations (1-25) and (1-27) only apply to

the lower members, C,, C,, and C,,.

log CMC = - mlog k' + ¢ (1-25)

pC, = m'log k! + ¢/ (1-27)

Plotting the literature log CMC and pC,, values!” vs. our
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experimental log k‘ gives straight lines for C,, C,, and C,, as
showed in Figures 6-1 and 6-2. The deviations of C,,, C,; and
C,e from linearity will be discussed in the next section.

Table 6-1 lists the literature!’™! and calculated log CMC
and pC,, values, where the summary is the average over all
calculated values. The calculated values were obtained using
our log k’ values and equations (1-25) and (1-27). The slopes
and intercepts in the equations were defined with the C, and
C,, data.

The results show a good agreement between experimental
and calculéted values for (C,,N),Ar. The standard dewviation
over all calculated values is small. But the calculated
log CMC values of C,,, C,, and C,, are smaller than experimental
data, and the pC,, values are larger. These deviations are
similar to the surface tension measurement results (see
Section 6-2). The results suggest that the prediction of
log CMC and pC,, using log k’ is applicable for the normal

behaved surfactants.
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Figure 6-1 Correlation between log CMC and log k’ for
(C.N),Ar

(a) log k’: 90:10 CH,CN:H,0, 0.1 M NaClOo,, 40°C
(b) log k’: 85:15 CH,CN:H,0, 0.1 M NaClO,, 40°C
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Figure 6-2 Correlation between pC,, and log k’ for
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(a) log k’: 90:10 CH,CN:H,0, 0.1 M NaClO,, 40°C
(b) log k’: 85:15 CH,CN:H,0, 0.1 M NaClO,, 40°C
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6.2 Discussion

6.2.1 Irreqularity of C¢,,, C, and C,,

The study of the aromatic quaternary ammonium gemini
surfactants at the Surfactant Research Institute of Brooklyn
College shows a regqgular change of log CMC and pC,, with
increase in the alkyl chain length for the shorter homologs,
but an unexpected deviation from the reqularity for C,,, C,
and C,, in water (Figure 6-3)!"°!. The proposed reason is the
formation of premicellar aggregates which have little or no
surface activity before the micelle formation. The
premicellar aggregates change the surface property of these
surfactants. Therefore surface tension measurement gives the
unexpected CMC and pC,, values for C,, C,, and C,,.

Because the premicellar aggregation occurs in the aqueous
solution but not in the chromatographic mobile phases used in
our work, the measured CMC and pC,, values of C,,, C,,, and C,,
from surface properties cannot be used to calculate the slopes
and intercepts in equations (1-25) and (1-27). However one
can use equations (1-25) and (1-27) to estimate what the CMC
and pC,, would be if there were no premicellar aggregates. The
calculated log CMC and pC,, values of (C,N),Ar, (C,N),Ar, and
(C,eN),Ar listed in Table 6-1 are the expected values. These
results correspond well with the expected values extrapolated
from the linear relationship between the log CMC, pC,, and the
alkyl chain length (see Table 6-2).
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Table 6-2 Expected log CMC and pC,, of (C,\N),Ar, (C,(,N),Ar,
and (C,,N),Ar
Method Cie Ci¢ Cis
log CMC
log CMC vs. carbon atom number’ -5.75 -7.10 -8.45
log cMC vs. log k°** -5.92 -7.51 -8.99
pc!ﬂ
pCio V8. carbon atom number’ 6.52 7.96 9.40
pCi; V8. log k’** 6.70 8.39 9.97
* Ref. [70]. )
== The summary values in Table 6-1.

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



147

6.2.2 log CMC and log k~’

The values of the slope and intercept from equation

(1-25) are listed in Table 6-3.

log CMC = - mlog k/ + ¢ (1-25)

These values are calculated using C, and C,, data. The log k-’
values are averages over various sets of chromatographic
experiments.

The slope varies from -2.6 to -3.8. It becomes more
negative with increase in the acetonitrile percentage and
temperature in HPLC experiments. As discussed in Section
4.2.1, the slope is a measure of different tendencies for a
homologous series of surfactants to partition onto the HPLC
stationary phase (the monomer adsorbing onto the interface)
and to self-associate (micellization) in aqueous solution

The intercept is between -2.3 to -5.6. It is more
negative when the acetonitrile percentage and temperature
increase in HPLC experiments. The change of the intercept is
greater than the slope change. Therefore the change in the
difference between the HPLC and micelle environments has a

larger effect on the intercept than the slope.
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Table 6-3 Parameters in the log CMC and log k’ correlation

equation for (C,N),Ar surfactants

HPLC condition T(+-0.1°C) Slope Intercept
95:5 CH,CN:H,0, 0.1 M NacClo, 30.3 -3.14 -4.65
pH=2 (H,PO,) 40.2 -3.46 -5.13
50.1 -3.75 -5.60
90:10 CH,CN:H,0, 0.1 M Naclo, -30.3 -2.97 -3.93
pH=3 (H,PO,) 40.3 -3.25 -4.20
50.1 -3.51 -4.61
85:15 CH,CN:H,0, 0.1 M Naclo, 30.2 ~2.87 ~3.05
pH=3 (H,PO,) 40.2 ~3.10 -3.34
50.1 ~3.38 -3.62
80:20 CH,CN:H,0, 0.1 M Naclo, 30.3 -2.60 ~2.37
pH=3(H,PO,) 40.2 ~2.76 ~2.61
50.1 -2.90 -2.92
85:15 CH,CN:H,0, 0.05 M NacClo, 30.3 -2.87 ~3.02
pH=3 (H,PO, ) 40.2 -3.03 -3.34
50.1 -3.35 -3.65
85:15 CH,CN:B,0, 0.15 M Naclo, 30.3 -2.80 -2.96
pH=3 (B,PO,) 40.2 -2.93 -3.30
50.1 -3.36 -3.54
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HPLC condition T(+-0.1°C) Slope Intercept

85:15 CH,CN:H,0, 0.2 M Naclo, 30.3 -2.76 -2.95
pH=3 (H,PO,) 40.2 -2.92 ~3.22

50.1 -3.15 -3.49

80:20 CH,CN:H,0, 0.05 M NacClo, 30.3 -2.65 -2.30
pH=3 (H,PO,) 40.2 -2.78 -2.54

50.1 -2.95 -2.76

60.0 -3.33 -2.95

*80:20 CH,CN:H,0, 0.05 M Naclo, 40.2 -2.67 -2.20
«*80:20 CH,CN:H,0, 0.05 M Naclo, 40.2 -3.00 -1.64
80:20 CH,CN:H,0, 0.05 M NacCl 30.3 -2.60 -2.61
pH=3(H,PO,) 40.2 -2.92 -2.95

50.1 -3.12 -3.23

60.0 -3.16 -3.53

* 150 x 4.6 Cl8 Perkin-Elmer column.

=% 150 x 4.6 C1l8 Sigma-Aldrich column.
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6.2.3 pC,, and log k-’

The values of the slope and intercept from equation

(1-27) are listed in Table 6-4.

DGy = m’log k’/ + ¢’ (1-27)
They are obtained using C; and C,, data. The log k’ values are
averages over various sets of chromatographic experiments.

The slope is in the range of 2.8 to 4.0, which increases
with increase in the acetonitrile percentage and temperature
in the HPLC experiments. This slope is a measure of the .
different tendencies for partitioning between the aqueous
methanol-C,, interface and the water-air interface for a
homologous series of surfactants.

The intercept becomes more positive as the acetonitrile
percentage and temperature are increased because of the
decrease in log k’. 1Its value is between 2.7 to 6.4, and the
change is greater than the slope change. As mentioned
previously, the change in the difference between the two
environments has a larger effect on the intercept.

The slope and intercept from equations (1-25) and (1-27)
vary among different sets of chromatographic data. TIf two
series of surfactants are chromatographed under the same
conditions, these parameters can be compared. The comparison
will be made in Chapter 8 for two series of nonaromatic

quaternary ammonium gemini surfactants.
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Table 6-4 Parameters in the pC,, and log k’ correlation
equation for (C.,N),Ar surfactants

HPLC condition T(+~0.1°C) Slope Intercept

95:5 CH,CN:H,0, 0.1 M NacClo, 30.3 3.35 5.35
pH=2 (H,PO,) 40.2 3.69 5.86

50.1 4.00 6.36

90:10 CH,CN:H,0, 0.1 M NacClo, 30.3 3.16 4.57
pH=3 (B,PO,) 40.3 3.47 4.87

50.1 3.74 5.30

85:15 CH,CN:H,0, 0.1 M NaClo, 30.2 3.06 3.64
pH=3 (H,PO,) 40.2 3.31 3.95

50.1 3.60 4.25

80:20 CH,CN:H,0, 0.1 M NacClo, 30.3 2.77 2.92
pH=3(H,PO,) 40.2 2.94 3.17

50.1 3.10 3.50

85:15 CH,CN:H,0, 0.05 M wWacClo, 30.3 3.06 3.61
pE=3 (H,PO,) 40.2 3.24 3.95

50.1 3.58 4.28

85:15 CH,CN:H,0, 0.15 M NacClo, 30.3 2.98 3.54
pH=3 (H,PO,) 40.2 3.12 3.90

50.1 3.58 4.17
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HPLC condition T(+-0.1°C) Slope Intercept

85:15 CH,CN:H,0, 0.2 M Naclo, 30.3 2.94 3.53
pBE=3 (H,P0,) 40.2 3.11 3.82

50.1 3.36 4.11

80:20 CH,CN:H,0, 0.05 M Naclo, 30.3 2.82 2.84
pH=3(H,PO,) 40.2 2.96 3.09

50.1 3.15 3.33

60.0 3.55 3.53

*80:20 CH,CN:H,0, 0.05 M Naclo, 40.2 2.84 2.73
**80:20 CH,CN:H,0, 0.05 M Naclo, 40.2 3.20 2.13
80:20 CH,CN:H,0, 0.05 M Nacl 30.3 2.77 3.17
pB=3(H,PO,) 40.2 3.12 3.53

50.1 3.33 3.83

60.0 3.37 4.16

= 150 x 4.6 Cl18 Perkin-~Elmer column.

== 150 x 4.6 C18 sigma-Aldrich column.
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Chapter 7

Chromatography of Nonaromatic Quaternary Ammonium Geminis

7.1 Introduction

As mentioned in Section 2.2.3, RP-HPLC analysis of
traditional fatty quaternary ammonium salts has been
undertaken using various columns, including CN, phenyl, C8,
Cl18, and polystyrene-divinylbenzene. Mobile phases are often
methanol-water or acetonitrile-water mixtures in combination
with organic or inorganic ion-interaction reagents. Because
of the lack of a UV absorbing chromophore, indirect UV,
refractive index, and postcolumn reaction have been used for
detection.

Nonaromatic quaternary ammonium gemini surfactants are a
new type of surfactant. No chromatographic study of these
surfactants has been appeared in the literature. In our work
reversed-phase high performance liquid chromatography has been

studied for the following two homologous series of gemini

surfactants.
?E, Cl)H ('23,
( C,B,,“-lll'CH,-CH-CH, -D'I-C,H,m,_ 1% (C.N),0H
CH, CH,
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CEH, ('JH (I)H ('l.'H:,
y anzmx‘t"’caz‘CH'CH‘CBz —N|-Cn32n->1 ] = (C,N).(OH),
CH, CH,

Since these two series of surfactants have similar structures,
their chromatographic behavior is similar. Reversed-phase
ion-interaction chromatography with an indirect UV detection
was used for analysis of these surfactants (Section 7.3).
The retention mechanism has been studied as well (Section
7-4). The ion-interaction reagent was a mixture of sodium
p-toluenesulfonate and p-toluenesulfonic acid. A co-elution
of nonaromatic quaternary ammonium gemini surfactants and
p-toluenesulfonate with approximately 1:2 molar ratio would be
expected, specially if they would form tightly bonded ion-
pairs. However, the results show that there is no 1:2 ratio
of (C,N),0BE and p-toluenesulfonate or (C,\N),(OH), and

p-toluenesulfonate co-elution.
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7.2 Experimental

7.2.1 Instrumentation and reagents

The instruments and reagents were the same as those
listed in Section 3.2 with the following exceptions.

Two series of nonaromatic quaternary ammonium gemini
surfactants, (C,N),0H chloride and (C,N),(OH), bromide salt (n
= 8, 10, 12, 14, 16 and 18), were synthesized by the
Surfactant Research Institute at Brooklyn College!¢’'’!!, Sodium
p-toluenesulfonate (p-TSNa) and p~toluenesulfonic acid (p-TSA)
used as ion-interaction reagents were purchased from Aldrich
Chemical Co., Inc..

The column temperature was controlled by a YSI Model 74
THERMISTEMP® Temperature Controller or by a Timberline HPLC
Column Heater H-500 coupled with a Data Precision 3500 DVM for

temperature reading.

7.2.2 Procedure

Two homologous series of nonaromatic quaternary ammonium
gemini surfactants (C,N),0H and (C,N),(OH), were chromatographed
using the 3x3 Cl8 column. The mobile phases were methanol-
acetonitrile-water mixtures with the volume ratios of 80:20:0,
78:19.5:2.5, and 76:19:5. Only isocratic conditions were
used. Sodium p-toluenesulfonate and p-toluenesulfonic acid

were added to the mobile phases each at a concentration of
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S mM. They served as ion-interaction reagents and provided
indirect UV detection as well. Samples were dissolved in the
mobile phases at 0.1 mM in most experiments. Before each run
the column was flushed with the mobile phase until equilibrium
was reached as indicated by stable pump pressure and detector
baseline. The UV detector was set at 255 nm. The column
temperature was controlled in the range of 25 °C to 50 °C by

a thermostat or a column heater.
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7.3 Results and Discussion

Chromatographic data were obtained for the individual
surfactants and Cg, C;y Ciar Cir Ci,¢ and C,, mixtures.
Acetonitrile-methanol-water mixtures with 5 mM sodium
p-toluenesulfonate and 5 mM p-toluenesulfonic acid gave the
best result. The summary of log k’ for (C,N),0H and (C,N),(OH),
surfactants under these chromatographic conditions are given
in Table 7-1 and 7-2, where the log k’ values are the averages
over the indicated number of runs (# of data). Some aspects
of these data and representative chromatograms are presented

in the following sections.
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Table 7-1 Summary of log k’ of nonaromatic quaternary ammonium geminis (C,N),OH

T(+-1°C) Mobile phase # of data Ce Cio Cy: Ciq C,, Cy,

24.0 80:20:0 CH,OH:CH,CN:H,0 8 log k' (avg.) -0.75 -0.37 -0.12 0.17 0.49 0.82
SmM p-TSA,5mM p-TSNa stdev 0.03 0.05 0.02 0.02 0.02 0.02

27.0 16 log k'(avg.) -0.75 -0.38 -0.14 0.13 0.44 0.76
stdev 0.05 0.04 0.02 0.02 0.03 0.03

41.0 10 log k'(avg.) -0.80 -0.44 -0.30 -0.09 0.15 0.39
stdev 0.04 0.01 0.01 0.01 0.01 0.01

51.0 12 log k'(avg.) -0.89 -0.55 -0.39 -0.19 0.03 0.20
stdev 0.14 0.05 0.04 0.05 0.05 0.0%

25.4 78:19,5:2.5 CH,0H:CH,CN:H,0 14 log k'(avg.) ~0.56 -0.27 0.03 0.35 0.70 1.07
5mM p-~TSA,S5SmM p-TSNa stdev 0.03 0.03 0.02 0.02 0.02 0.03

31.0 10 log k'(avg.) -0.60 -0.32 -0.06 0.23 0.55 0.90
stdev 0.04 0.02 0.03 0.02 0.02 0.01

41.0 10 log k'(avg.) -0.66 -0.40 -0.14 0.14 0.43 0.75
stdev 0.02 0.02 0.03 0.03 0.04 0.04

51.0 10 log k'(avg.) -0.65 -0.40 -0.17 0.08 0.36 0.65
stdev 0.04 0.03 0.03 0.03 0.03 0.03

24.0 76:19:5 CH,OH:CH,CN:H,0 13 log k'(avg.) -0.43 -0.16 0.18 0.54 0.95 1.38
SmM p-TSA,5mM p-TSNa stdev 0.03 0.02 0.02 0.02 0.02 0.0

31.0 10 log k'(avg.) ~0.48 -0.22 0.10 0.44 0.81 1.21
stdev 0.03 0.03 0.02 0.02 0.03 0.03

41.0 10 log k' (avg.) -0.41 -0.28 0.03 0.32 0.65 1.00
stdev 0.04 0.07 0.03 0.02 0.03 0.04

51.0 10 log k' (avg.) -0.56 -0.34 -0.10 0.18 0.47 0.78

stdev 0.04 0.03 0.02 0.02 0.02 0.02

8st
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Table 7-2 Summary of log k’ of nonaromatic quaternary

ammonium geminis (C,N),(OH),

T(+~1°C) Mobile phase # of data C, Co Ci: Cy, C,. C,,

25.6 80:20:0 CH,OH:CH,CN:H.0 12 log k'(avg.) -0.68 ~0.47 -0.20 0.08 0.38 0.70
SmM p-TSA, 5SmM p-TSNa stdev 0.03 0.06 0.03 0.02 0.03 0.03

29.0 8 log k' (avg.) -0.69 ~0.46 -0.22 0.04 0.34 0.65
stdev 0.00 0.00 0.02 0.00 0.01 0.01

41.0 10 log k'(avg.) -0.71  -0.51 -0.34 -0.13 0.11 0.34
stdev 0.02 0.00 0.01 0.02 0.01 0.01

51.0 12 log k' (avg.) -0.79 -0.59 -0.41 -0.22 0.00 0.22
stdev 0.07 0.06 0.05 0.05 0.05 0.04

25.4 78:19.5:2.5 CH,0H:CH,CN:H.O 14 log k'(avg.) -0.57 -0.32  -0.02 0.30 0.65 1.01
SmM p-TSA, SmM p-TSNa stdev 0.06 0.03 0.02 0.02 0.02 0.03

31.0 10 log k'(avg.) -0.57 -0.34  -0.12 0.18 0.51 0.85
stdev 0.02 0.00 0.02 0.02 0.02 0.02

41.0 10 log k'(avg.) -0.66 -0.44  -0.20 0.09 0.38 0.69
stdev 0.02 0.02 0.03 0.03 0.03 0.04

51.0 10 log k'(avg.) -0.62 -0.44  -0.22 0.04 0.32 0.61
stdev 0.02 0.03 0.03 0.02 0.03 0.03

24.0 76:19:5 CH,0H:CH,CN:H.0 12 log k'({avg.) -0.50 -0.22 0.12 0.49 0.89 1.31
SmM p-TSA, SmM p-TSNa stdev 0.05 0.03 0.02 0.02 0.02 0.03

31.0 10 log k'(avg.) -0.55 -0.28 0.04 0.39 0.76 1.16
stdev 0.04 0.04 0.02 0.02 0.02 0.02

41.0 10 log k'(avg.) -0.49 -0.31  -0.02 0.28 0.61 0.96
stdev 0.03 0.06 0.03 0.02 0.0l 0.02

51.0 10 log k'(avg.) -0.60 -0.39 -0.14 0.14 0.43 0.75
stdev 0.02 0.01 0.02 0.01 0.02 0.02

6G1
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7.3.1 1log k’, the number of carbon atoms, the mobile phase
composition, and temperature

Log k’ increases linearly with the number of carbon atoms
in the straight chain. Figures 7-1 and 7-2 show this
relationship in various mobile phases. The slopes are in the
range of 0.055 to 0.091 for (C,N),0H and 0.050 to 0.091 for
(C,N),(OH), under these chromatographic conditions. The slope
increases slightly with increasing water percentage in the
mobile phase and decreasing temperature.

The log k’ value also increases with increasing the
volume percentage of water and decreasing temperature. A
certain percentage of acetonitrile is needed in the mobile
phase. Without acetonitrile peak tailing occurs; too much
acetonitrile causes co-elution of the homologs and poor
separation. The low viscosity of acetonitrile plays an

important role in the separation.
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(b) 78:19.5:2.5 CH,OH:CH,CN:H,0, 5 mM p-TSNa, 5 mM p-TSA

Figure 7-1

log k’ vs. carbon number of (C,N),OH
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Figure 7-2 log k’ vs. carbon number of (C/N),(OH),
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7.3.2 Separation of (C,N),0H and (C,N),(OH),

Figure 7-3 to 7-8 are some representative chromatograms
of (C,N),0H and (C,N),(OH), surfactants. At 25 °C, the C; to C,,
mixture can be separated using a mobile phase of 76:19:5
CH,0OH:CH,CN:H,0 with 5 mM p-TSNa and 5 mM p~TSA; the mobile
phase of 78:19.5:2.5 CH,0H:CH,CN:H,0 with 5 mM p-TSNa and 5 mM
p-TSA is good for the C,, to C,, mixture; the mobile phase of
80:20:0 CH,0H:CH,CN:H,0 with 5 mM p-TSNa and 5 mM p-TSA can be
used for the C,, to C,; mixture.

There is a negative peak in the early part of these
chromatograms. Its retention time is the same as the peak
retention time when the 0.5 mM p-TSNa and 0.5 mM p-TSA mixture
is injected (Figure 7-3). Injection of a mobile phase mixture
without the ion-~interaction reagents gives the same negative
peak which has the same retention time (Figure 7-6).
Therefore the negative peak is due to the lower concentration
of p-TSNa and p-TSA in the eluent (discussed in Section 7-4).
The retention time of this negative peak is used as t_, for the
capacity factor, k’, calculations.

These two series of surfactants give similar
chromatograms. Retention time of (C,N),0H is sightly longer
than (C,N),(OH),. This is attributable to the structure
difference. With two -OH groups, (C/N),(OH), is more
hydrophilic which reduces its retention time.

The limit of quantitative measurement and the linear
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range were not studied. The concentration used in most
experiments is 1 mM (1 x 10-® moles of sample for injection of
10 uL). The detection limit is lower than this concentration.
The upper concentration limit is restricted by the solubility
in the presence of the high concentration of ion-interaction

reagents.
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Figure 7-3 Chromatograms of (C,\N),0H surfactants (1 mM each)
with 5% H,0 in mobile phase

Mobile phase: 76:19:5 CH,0B:CH,CN:H,0, 5 mM p-TSA and
5 mM p-TSNa

UV detection: 255 nm

Flow rate: 1.0 mL/min

Column: 3x3 C18 (33 x 4.6 mm)

Injection volume: 10 ul

Temperature: 25 °C
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Figure 7-4 Chromatogram of (C,N),0H surfactants (1 mM each)
with 2.5% H,0 in mobile phase

Mobile phase: 78:19.5:2.5 CH,0H:CH,CN:H,0, 5 mM p-TSA and
5 mM p-TSNa

UV detection: 255 nm

Flow rate: 1.0 mL/min

Column: 3x3 C18 (33 x 4.6 mm)

Injection volume: 10 pl

Temperature: 25 °C
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Figure 7-5 Chromatogram of (C,N),OH surfactants (1 mM each)
with 0% H,0

Mobile phase: 80:20:0 CH,OH:CH,CN:H,0, 5 mM p-TSA and
5 mM p-TSNa

UV detection: 255 nm

Flow rate: 1.0 mL/min

Column: 3x3 C18 (33 x 4.6 mm)

Injection volume: 10 pl

Temperature: 26 °C
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Figqure 7-6 Chromatograms of (C,N),(OH), surfactants (1 mM
each) with 5% H,0 in mobile phase

Mobile phase: 76:19:5 CH,0H:CH,CN:H,0, 5 mM p-TSA and

5 mM p-TSNa

UV detection: 255 nm

Flow rate: 1.0 mL/min

Column: 3x3 C18 (33 x 4.6 mm)
Injection volume: 10 ul

Temperature: 25 °C
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Figure 7-7 Chromatogram of (C,N),(OH), surfactants (1 mM each)
with 2.5% H.,O0 in mobile phase

Mobile phase: 78:19.5:2.5 CH,0H:CH,CN:H,0, 5 mM p-TSA and
S mM p-TSNa

UV detection: 255 nm

Flow rate: 1.0 mL/min

Column: 3x3 C18 (33 x 4.6 mm)

Injection volume: 10 ul

Temperature: 25 °C
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Figure 7-8 Chromatogram of (C,N),(OH), surfactants (1 mM each)
with 0% H,0

Mobile phase: 80:20:0 CH,0H:CH,CN:H,0, 5 mM p-TSA and
5 mM p-TSNa

UV detection: 255 nm

Flow rate: 1.0 mL/min

Column: 3x3 C18 (33 x 4.6 mm)

Injection volume: 10 pl

Temperature: 26 °C
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7.3.3 Sodium p-toluenesulfonate and p-toluenesulfonic acid as
ion-interaction reagents

As mentioned in Section 5.3.3, tailing problems are
common for ammonium compounds in RP-HPLC, because of their
affinity for residual silanol groups on the packing material.
The chromatographic peaks of (C,NN),0H and (C)N),(OH),
surfactants are slightly tailed. A reason might be that the
residual silanol groups on the stationary phase and ammonium
groups on the analyte cannot be effectively covered by
p-toluenesulfonate ions. Since one of the requirements for
ion-interaction reagents here is UV absorption, sodium
p-toluenesulfonate and p-toluenesulfonic acid were chosen,

even though the tailing cannot be overcome completely.
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7.4 Separation Mechanism

7.4.1 Ion-interaction mechanism

The ion-interaction mechanism for (C,N),0H and (C,N),(OH),
gemini surfactants is illustrated in Figure 7-9, which is
similar to the mechanism of alkanesulfonates (Section 3-4).

(a) As discussed in Section 3.4.1, before injection of
the sample, the surface of the stationary phase is at
equilibrium with the mobile phase. The distribution
equilibrium of ion-interaction reagents, sodium
p-toluenesulfonate and p-toluenesulfonic acid, is dynamic.

(b) After injection of the sample, the previous
equilibrium is disturbed. The analyte ions can adsorb onto
the stationary phase in two ways as shown in Figure 7-9,
process A and process B.

Process A occurs if the coverage of the stationary phase
surface is high. Cationic gemini surfactants are retained by
the stationary phase mainly through electrostatic interaction
between the ionic groups of surfactants and ion-interaction
reagents adsorbed on the stationary phase. The alkyl chains
point towards the mobile phase.

Process B occurs if the coverage of the stationary phase
surface is low. The retention is caused by the London
dispersion force between surfactants and the C18 stationary

phase and by the electrostatic interaction between the ionic
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groups of surfactants and ion-interaction reagents. Addition
of the positively charged species to the negatively charged
primary adsorption layer has the net effect of neutralizing
the negative change in this layer. More negatively charged
ion-interaction reagent ions can adsorb onto the stationary
phase if there is enough surface left.

Theoretical calculations and the surface coverage
calculation shown in the next two sections suggest that
process B is predominant.

In process B, adsorption of more ion-interaction ions
decreases its concentration in the eluent, and results in a
negative peak in the early part of chromatograms which is
observed in Figure 7-3 to 7-8.

(c) When an analyte ion leaves the surface, an excess
negative charge is left behind. The partition equilibrium is
disturbed again. An ion-interaction reagent ion can leave the
surface to reestablish the equilibrium. Thus, apparently the
pair of ions travels through the column and reaches the
detector producing the UV absorption signal.

Detector response calculations (Section 7.4.4) suggest a
1:1 ratio of the oppositely charged surfactant and
p-toluenesulfonate ions in the eluent instead of 1:2 ratio

based on the charges of ions.
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7.4.2 Thermodynamic considerations
In Chapter 5, using equations (1-5), (1-15) and (5-1),

equation (5-3) was obtained.

In k/ = - AR’;O + Ag° - 1n i‘:‘-‘ (5-3)

For two compounds (B>A) in a homologous series chromatographed

under the same condition, the following relationship holds:

AH°, - AH°, ~ AS°, - AS°,

ln kg - 1n k', = - s 7 (7-1)
k'y A(AH®),, @ A(AS9) 4.,
— = = - hal = 7-2
1n X, In @ BT + A ( )
The a is the selectivity factor of a columnf™!,

/

a = -IS;E (7-3)
k A

where k’y is the capacity factor for the more strongly
retained species B and k’, is the capacity factor for the more
rapidly eluted species A.

Plotting 1ln a vs. 1/T should give a straight 1line
(Figures 7-10 and 7-11), if AH® and AS° are approximately
constant in the temperature range. The slope and the
intercept are

A (AHO) .,

7-4
= (7-4)

slope = -
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A(AS9) .,

7-5
= (7=3)

intercept =

Where R = 8.314 J/K-mol.

One can use the plot of In a vs. 1/T to calculate
A(AH°),., and A(AS°),, of two analytes transferring from the
mobile phase to the stationary phase in chromatography. Table
7-3 shows calculated A(AH®),, and A(AS°),, values for (C,N),OH
and (C,N),(OH), surfactants, where all A(AH®),, and A(AS°),.,
values are negative. The following discussion shows the
process B in the retention mechanism is a more likely one.
These considerations are similar as used for the aromatic
gemini surfactants (Section 5.4.3).

(a) A(AH®),y,

In process A (Figure 7-9), the longer chain surfactant is
not energetically favored over the shorter chain surfactant.
Here the electrostatic interactions are similar for two
homologs, but the alkyl chains exposed to a hydrophilic
environment (secondary counterion layer) can cause a
difference. The enthalpy of the system with a longer
surfactant in the counterion layer could be higher, and AH°,
of the longer surfactant will be less negative than AH°, of the
shorter one, or approximately equal to AH°, if this difference
is similar in the mobile phase. Therefore A(AH°),, should be
positive or close to zero, and the slope of 1ln a vs. 1/T
should be negative or close to zero.

In process B, the longer alkyl chain has a larger
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dispersion interaction with the C18 stationary phase. AH°,
will be more negative than AH°,. A(AH°),, should be negative
and the slope of 1ln a vs. 1/T should be positive.

Figures 7-10 and 7-11 show positive slopes, and Table 7-3
shows negative A (AH°),, values. Considering A(AH°),, of
transferring two homologs from the mobile phase to the
stationary phase, B is the predominant mechanism.

(b) A(AS°)pa

In the process A, the hydrophobic chain stays in the
similar environments, AS°, and AS°, will approximately equal to
each othér. Therefore A(AS°),, should be close to zero, and
the intercept should be about zero.

In process B, the longer chain system will be more
ordered than the shorter chain system after the hydrophobic
chain transfers from the bulk polar eluent to the Cl8 phase.
Thus, AS°, will be more negative or less positive than AS°,.
The values of A(AS°),.. Will be negative, and the intercept of
ln a vs. 1/T7 should be negative.

Table 7-3 shows that A(AS°),, values are all negative.

Therefore, a more likely mechanism is B.
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Figure 7-10 1ln a vs. 1/T for (C,,N),0H and (C,N),0H

: : -TSA, 5mM p-TSNa
b. 78:19.5:2.5 CH,0H:CH,CN:H,0, 5 mM p-TSA, SmM p-TSNa
c. 80:20:0 CH,OH:CH,CN:H,0, 5 mM p-TSA, 5mM p-TSNa
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Figure 7-11 1ln a vs. 1/T for (C,,N),(0E), and (C,\N),(OH),

a. 76:19:5 CH,OH:CH,CN:H,0, 5 mM p-TSA, SmM p-TSNa
b. 78:19.5:2.5 CH.OH:CH,CN:H,0, 5 mM p-TSA, 5mM p-TSNa
c. 80:20:0 CH,0H:CH,CN:H,0, 5 mM p-TSA, 5mM p-TSNa
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Table 7-3 A(AH°),, and A(AS°®),, of (C,N),0H and (CN),(OH),

(C.N),0H (C.N),(OH),
Mobile phase B-A A(AR®),. A(AS°),., A(AR°) 4., A(AS®)ya
kJ/mol J/mol kJ/mol J/mol

80:20:0 C10-Cy -2.24 -0.3 -1.51 -0.8
CH,0H:CH,CN:H,0 C12-Cpo -7.23 -19.6 -6.32 -16.3
S mM p-TSA & p-TSNa C,-Cy -6.59 -16.7 -7.44 -19.6
C16=C1c -6.78 -16.8 -6.00 -14.3

C1e=Ci¢ -7.61 -19.3 -7.67 -19.6

78:19.5:2.5 C10-Cs -3.64 -6.0 -4.27 -9.5
CH,0H:CH,CN:H,0 C13-Cyo -4.04 -8.1 -4.86 -11.0
S mM p-TSA & p-TSNa C;-Cy, -4.45 -8.8 -3.73 -6.4
C16=Cus -5.02 -10.2 -5.27 -11.1

C1e=Ci¢ -5.48 -11.3 -5.47 -11.4

76:19:5 C10=Ce -5.01 -11.6 -6.25 -15.7
CH,0H:CH,CN:H,0 C12=Cyo -5.91 -13.3 -6.08 -13.9
5 mM p-TSA & p-TSNa C,~C;, -6.63 -15.3 -6.33 -14.2
C16=Cie -7.79 -18.5 -7.86 -18.7

C1e=Ci¢ -7.75 -17.8 -6.93 -15.3
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7.4.3 Surface coverage

Following the discussion in Section 3.4.5, an estimated
amount of toluenesulfonate ions adsorbed is given by

1 x 10°Mx 1 x 107 L/min x 10 min x (1.00 -0.90)/2

=5 x 107 mol
Where 1 x 10-* M is the molarity of sodium p-toluenesulfonate
plus p-toluenesulfonic acid in the mobile phase; other values
are the same as listed and explained in Section 3.4.5.

Using the same assumption made previously for the surface
area of the column packing material, an estimated surface
coverage of the toluenesulfonate ion is approximately 1.5 x
10-? molecules/nm? or 60 nm’/molecule. Since the surface area
of one p-toluenesulfonate ion is about 0.2 nm’, most of the
C18 stationary surface is not covered and is accessible to the
analyte. This calculation provides additional support for

process B.
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7.4.4 Detector response

The peaks in Figure 7-3 to 7-8 are produced by the
co-elution of the UV absorbing p-toluenesulfonate ion and the
non-UV absorbing surfactant ion. The calculated detector
response is given in Table 7-4, which is the peak area per
mole of the analyte. The relative detector response in Table
7-4 is the ratio of the detector response from the co-elution
of surfactants and ion-interaction reagents to the detector
response of ion-interaction reagents. If there were strongly
bonded ion-pairs, the relative detector response would have
been 2 approximately since a gemini surfactant carries two
ionic groups with a 2+ total charge and could combine with two
p-toluenesulfonate ions. However, the calculated relative
detector response is close to 1. The data suggest an
approximately 1l:1 ratio of the (C,\N),0B or (C,N),(OH), ion and
the p-toluenesulfonate ion co-eluted. These ions do not seem

to be strongly bonded.
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Table 7-4 Detector response of p-toluenesulfonate and
(C,N),OH or (C,N),(OH), co-elution

(CoN),08" (C.N),(OH),"
Detector Relative Detector Relative
response detector response detector

(area/mol)x10~}* response’™® (area/mol)x10-}* response

C, 4.95 1.13 4.29 0.98
Cio 4.96 1.13 4.33 0.99
Cia 4.94 1.13 4.85 1.11
Cie 4.97 1.13 4.28 0.98
Cie 5.07 1.16 4.07 0.93
pP-TSA+p-TSNa 4.38 1 4.38 1

* Data based on Fiqure 7-3.

xx Data based on Figure 7-6.
xxx Detector response ratio of ¢, to p-TSA + p-TSNa.
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Chapter 8

log CMC, pCy and log k' of

Nonaromatic Quaternary Ammonium Geminis

8.1 Correlation between log CMC, pC,, and log k’

Two series of nonaromatic quaternary ammonium gemini
surfactants, (C,N),0B and (C,/N),(OH),, have the same unusual
surface and micellar properties as the aromatic quaternary
ammonium gemini surfactant discussed in Section 6-1. The
surface tension measurement results!’®’!! show that log CMC and
pC,o values of the larger homologs deviate from regqularity.
The (C,N),0H and (C,N),(OH), surfactants with an n value 14 or
greater have higher CMC values and lower pC,, values than the
expected. This unusual property causes the deviation in the
log CMC and log k’, pC,, and log k’ correlations. Because
there is no micelle formation in the chromatographic mobile
phases used in our work, plots of log k’ vs. the carbon number
are almost linear. The following equations apply to the C,,

C,, and C,, surfactants in the series.

log CMC = - mlog k/ + ¢ (1-25)
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PG, = m'log k/ + c’ (1-27)

Plotting the literature log CMC and pC,, values!’®’? vs,.
our experimental log k’ gives the straight line for the Cq, C,,
and C,, as showed in Figures 8-1, 8-2, 8-3, and 8-4. The
deviations of the larger members from this linear trend are
discussed in the next section.

Tables 8-1 and 8-2 1list the 1literature!™!!”*] and
calculated log CMC and pC,, values, where the summary is the
average over all calculated values. Because of the low
solubility of (C,N),0H, (C;N),(OH),, and (C,,N),(OH), under the
CMC and pC,, measurement conditions, there are no log CMC and
pCio values for these surfactants. The calculated values in
the tables were obtained using our log k’ values and equations
(1-25) and (1-27). The parameters in the equations were
defined with the C, and C,, data.

The results show good agreement between experimental and
calculated values for (C,,N),0H and (C,,N),(OH), surfactants.
The standard deviation over all calculated values is small.
But the calculated log CMC values of (C,\N),0H and (C,N),(OH),
with n =2 14 are smaller than the experimental data, and the
pC,, values are larger. These deviations are similar to the
surface tension measurement results (see Section 8-2). The
results suggest that the prediction of log CMC and pC,, using
log k’ is only applicable for surfactants showing normal

behavior.
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Figure 8-1 Correlation between log CMC and log k‘ for
(CnN)ZOH
(a) log k’: 78:19.5:2.5 CH;0H:CH,CN:H,0, 5 mM p-TSA & p-TSNa,
25 °C
(b) log k’: 76:19:5 CH,0H:CH,CN:H,0, 5 mM p-TSA & p-TSNa, 25 °C
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°C

(b) log k’: 76:19:5 CH,OH:CH,CN:H,0, 5 mM p-TSA & p-TSNa, 25 °C
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Figure 8-3 Correlation between pC,, and log k‘ for (C,N),0H

(a) log k’: 78:19.5:2.5 CH,OH:CH,CN:H,0, 5 mM p-TSA & p-TSNa,
25 °C

(b) log k’: 76:19:5 CHR;0H:CH,CN:H,0, 5 mM p-TSA & p-TSNa, 25 °C
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Figure 8-4 Correlation between pC,, and log k° for
(C.N),(OH),
(a) log k’: 78:19.5:2.5 CH;OH:CH,CN:H,0, 5 mM p-TSA & p-TSNa,
25 °C
(b) log k’: 76:19:5 CH,0H:CH,CN:H,0, 5 mM p~TSA & p-TSNa, 25 °C
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Table 8-1 log CMC and pC,, of nonaromatic quaternary ammonium geminis (C,N),O0H
Exp* Co** Ciho  Cp** Ci Cie Cue
log CMC -2.,02 -3.40 -5.02 -5.00 -4.50 -
PCy» 3.10 4.60 6.04 6.22 5.10 -

HPLC Condition T (°C) cal.

80:20:0 CH,0H:CH,CN:H.O0 24 log CMC - -3.38 - -6.66 -8.44 -10.30
5mM p-TSA, 5 mM p-TSNa PC.o - 4.44 - 7.65 9.39 11.22
27 log CMC - -3.45 - -6.75 -8.70 -10.75

PC - 4.50 - 7.74 9.65 11.66

41 log CMC - -4.17 - -6.25 -7.65 -9.08

PCao - 5.20 - 7.24 8.61 10.02

51 log CMC -  -4.06 - -6.21 -7.55 -8.92

PC - $.10 - 7.21 8.52 9.86

78:19.5:2.5 CH,OH:CH,CN:H.0 25 log CMC - ~-3.51 - -6.66 -8.43 -10.31
S mM p-TSA, 5 mM p-TSNa PCae - 4.56 - 7.65 9.38 11.22
31 log CMC - -3.58 -~ -6.67 -8.45 -10.38

PC:a - 4,63 - 7.65 9.40 11.29

41 log CMC - -3.5%4 - -6.66 -8.37 -10.22

PC - 4.59 - 7.64 9.32 11.14

51 log CMC - -3.57 - =-6.64 -8.37 -10.21

pC.y - 4.61 - 7.62 9.32 11.13

76:19:5 CH,0H:CH,CN:H.0 24 log CMC - -3.38 - =-6.84 -8.83 -10.94
S mM p-TSA, 5 mM p-TSNa pCae - 4.44 - 7.82 9.77 11.84
31 log CMC - =3.36 - -~-6,79 -8.72 -10.80

PC:o - 4.42 - 7.17 9.67 11.71

41 log CMC - -3.16 - -6.77 -8.73 -10.87

PC: - 4.22 - 7.76 9.68 11.78

51 log CMC - =3.45% - -6,83 -8.75 -10.83

pC.g - 4.50 - 7.82 9.70 11.73

summary log CMC -  =3.5% - -6.64 -8.42 -10.30

stdev - 0.29 - 0.21 0.42 0.67

PCao - 4.60 - 7.63 9.37 11.22

stdev - 0.28 - 0.20 0.41 0.65

* CMC and pC., were measured in 0.1 M NaCl, at 25 “C (ref.[70]).
** Used to determine parameters 1n equations (1-25) and (1-27).
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log CMC and pC,, of nonaromatic quaternary ammonium geminis (C,/N),(OH),

Table 8-2
Exp* Co** Cio Cpa** Cu Cie Ciy
log CMC -1.96 -3.48 ~5.22 -6.00 - -
PCo 3.05 5.17 6.47 6.90 - -

HPLC Condition T (°C) cal.

80:20:0 CH;OH:CH,CN:H.0 25 log CMC - -3.45 -  =7.07 -9.08 -10.86
5 mM p-TSA, 5 mM p-TSNa PCao - 4.61 - 8.41 10.52 12.38
29 log CMC - -3.63 - ~-7.06 -9.07 -11.20
PCao ~ 4.80 - 8.40 10.50 12.73
41 log CMC - -3.Nn - =7.02 -9.,10 -11.07
PCo - 4.88 - 6.35 10,53 12.60
51 log CMC - -3.69 - -6.76 -8.66 -10.54
PC.o - 4.87 - 8.08 10.08 12.05
78:19.5:2.5 CH;0H:CH,CN:H.0 25 log CMC -  =3.4¢ - -7.15 -9.21 -11.36
5 mM p-TSA, 5 mM p-TSNa PCao - 4.63 - 8.49 10.65 12.90
31 log CMC - -3.68 - -7.23 -9.43 -11.33
PC.o - 4.85 - 8.58 10.88 12.87
q1 log CMC - -3.55 - -7.28 -9.38 -11.24
pCa - 4.72 - 8.63 10.82 12.78
51 log CMC - -3.66 - -7.19 -9.20 -10.97
PC . - 4.84 - 8.53 10.64 12.50
76:19:5 CH,0H:CH,CN:H,;0 24 log CMC - -3.44 - ~-7.18  -9.32 -11.51
5 mM p-TSA, 5 mM p-TSNa pPCaa - 4.60 - 8.52 10.76 13.06
31 log CMC - -3.42 - -7.1%5 -9.25 -11.45
pC., - 4.58 - 8.50 10.69 13.00
41 log CMC - -3.46 - -7.06 -9,04 -10.90
pC., - 4.62 - 8.40 10.47 12.42
51 log CMC - -3.5%9% - -7.11 -9.08 -10.68
pPC:o - 4.72 - 8.45 10.51 12.40
Summary log CMC - -3.5%6 - -7.11 -9.15 -11.11
stdev - 0.11 - 0.13 0.20 0.29
pC.y - 4.73 - 8.45 10.59 12.64
stdev - 0.12 - 0.14 0.21 0,30

* CMC and pC , were measured in 0.1 M NaBr, at 25 "C (ref.(73)).
** Used to determine parameters in equations (1-25) and (1-27).
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8.2 Discussion

8.2.1 Irreqularity of (C,\N),0H, (C,,N),0H, and (C,N),(OH),

The irregularity in the surface tension and micellar
properties of the (C,N),0H and (C N),(OH), series of surfactants
in water are shown in Figures 8-5!"?1 and 8-6!"’!, As mentioned
in Section 6.2.1, the proposed reason is the formation of
premicellar aggregates with little or no surface activity
before the micelle formation.

Because of the formation of premicellar aggx;egates
instead of micelles, the CMC and pC,, values of these longer
chain surfactants obtained using the surface tension
measurement cannot be used to calculate the slopes and
intercepts in the equations (1-25) and (1-27). However,
equations (1-25) and (1-27) can be used to estimate what the
CMC and pC,, would be if there were no premicellar aggregates.
The calculated log CMC and pC,, values of (C,N),0H, (C,,N),OH
and (C,N),(OH), using log k’ data correspond well with the
expected values extrapolated from the linear relationships
between the log CMC, pC,, and the alkyl chain length (Tables
8-3 and 8-4).
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Figure 8-5 Unexpected surface properties of nonaromatic

quaternary ammonium gemini surfactants (C,N),0H!!
In 0.1 M NaCl: e at 25 °C; m at 50 °C.
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quaternary ammonium gemini surfactants (C,N),(OH),'
In 0.1 M NaBr, at 25 °C.
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Table 8-3 Expected log CMC and pC,, of (C,,N),0H, (C,,N),0H and

(C,eN),0H

Method Cie Cie Cie
log cMC
log CMC vs. carbon atom numberw -6.52 -8.02 -9.52
log CMC vs. log k== -6.64 -8.42 -10.30
Pczo
pCy, V8. carbon atom number~* 7.51 8.98 10.45
PCio V8. log k' =xx 7.63 9.37 11.22

L 2 4

CMC and pC,, in 0.1 M Nacl, at 25 °ct’®I,
The summary values in Table 8-1.
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Table 8-4 Expected log CMC and pC,, of (C,N),(OH),, (C,(N),(OH),

and (C,.N),(OH),

HethOd c;( cx‘ cll
log cMC
log CMC vs. carbon atom numberw -6.85 -8.49 -10.12
log CMC va. log k'=x -7.11 -9.15 -11.11
PCia
pCie V8. carbon atom number= 8.18 9.89 11.60
pPCio V8. lOog k/x* 8.45 10.59 12.64

= CMC and pC,, in 0.1 M NaBr, at 25 °ct™i,

=+« The summary values in Table 8-2.
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8.2.2 1log CMC and log k‘

The values of the slope and intercept for the equation
(1-25) are listed in Table 8-5 (for the (C/N),0H series) and
Table 8-6 (for the (C,N),(OH), series).

log CMC = ~ mlog k/ + ¢ (1-25)

They are calculated using C, and C,, data. The log k’ values
are the averages over various sets of chromatographic
experiments.

As mentioned in Section 4.2.1, the slope is a measure of
different tendencies for a homologous series of surfactants to
partition onto the HPLC stationary phase (the monomer
adsorbing onto the interface) and to self-associate
(micellization) in agueous solution. The change in the log k-
under various HPLC conditions will change the intercept. For
these two series of surfactants, the chromatographic
mobilities vary slightly. Therefore these parameters do not
change substantially.

(a) (C,N),OH

The slopes are in the range of -4.9 to -6.6, but there is
no obvious trend. The intercept is between ~4.2 to -7.4. It
becomes more negative with decreasing water percentage in the
mobile phase and increasing HPLC temperature.

(b) (C.N).(OH),

The slope is in the range of -5.3 to -8.7. The intercept

is between -4.6 to -8.6. These parameters become more

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



206
negative with decreasing water percentage and increasing

temperature.
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Table 8-5 Parameters in the log CMC" and log k’ correlation
equation for (C,N),0H surfactants

HPLC condition T (°C) Slope Intercept

80:20:0 CH,0H:CH,CN:H,0 24 -5.59 -5.71
5 mM p-TSA, S5 mM p-TSNa 27 -6.42 -5.90
41 -5.91 -6.77

51 -6.00 -7.35

78:19.5:2.5 CH;0H:CH,CN:H,0 25 -5.08 -4.88
S mM p-TSA, 5 mM p-TSNa 31 -5.57 -5.36
41 -5.80 -5.85

51 -6.28 -6.11

76:19:5 CH,0H:CH,CN:H,0 24 -4.93 -4.15
S mM p-TSA, 5 mM p-TSNa 31 -5.17 -4.53
41 -6.00 -4.85

51 -6.57 -5.68

= In 0.1 M Nacl, at 25 °cU"%,
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Table 8-6 Parameters in the log CMC’ and log k’ correlation

equation for (C,N),(OH), surfactants

HPLC condition T (°C) Slope Intercept

80:20:0 CH,0H:CH,CN:H,0 25 -6.64 -6.54
5 mM p-TSA, 5 mM p-TSNa 29 -6.86 -6.76
41 -8.72 -8.15

51 -8.43 -8.65

78:19.5:2.5 CH,0H:CH,CN:H,0 25 -5.94 -5.36
5 mM p-TSA, 5 mM p-TSNa 31 ~-6.74 -6.00
41 -7.14 -6.67

51 -7.33 ~6.87

76:19:5 CH,0E:CH,CN:H,0 24 -5.28 -4.59
5 mM p-TSA, 5 mM p-TSNa 31 -5.58 ~5.00
41 -6.12 ~5.33

51 -6.71 ~-6.18

= In 0.1 M NaBr, at 25 °ci{”!,
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8.2.3 pC,, and log k’

The values of the slope and intercept from equation
(1-27) are listed in Table 8-7 (the (C,N),0H series) and Table
8-8 (the (C,N),(OH), series).

PG, = m’log k/ + ¢’ (1-27)
They are obtained using C; and C,, data. The log k’ values are
averages over various sets of chromatographic experiments.

This slope is a measure of the different tendency to
partition between the mobile-stationary interface and the
water-air interface, for a homologous series of surfactants.
The change in the log k‘ under various HPLC conditions changes
the intercept. As mentioned previous, for these two series of
surfactants these parameters do not change substantially.

(a) (C,N),0H

The slope is in the range of 4.8 to 6.4, but there is no
obvious trend. The intercept becomes more positive as the
water percentage is decreased and temperature increased
because of the decrease in log k’. 1Its value is between 5.2
to 8.3.

(b) (C,N),(OH),

The slope is in the range of 5.5 to 9.1. The intercept
varies from 5.8 to 10.1. These parameters increase with
decreasing water percentage in the mobile phase and increasing
temperature.

The slopes and intercepts in equations (1-25) and (1-27)
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vary with the chromatographic conditions and the various
homologous series. Since two series of surfactants are
chromatographed under the same conditions, the differences in
these parameters are produced by surfactants themselves. The
comparison can be made for the two series of nonaromatic
quaternary ammonium gemini surfactants, (C,N),OH and
(C,N),(OH),. Tables 8-5 to 8-8 show that the values of
parameters are different for these two homologous series. All

absolute values are larger with the (C,N),(OH), series.
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Table 8-7 Parameters in the pC,,” and log k’ correlation
equation for (C,N),0H surfactants

HPLC condition T (°C) Slope Intercept

80:20:0 CH,0H:CH,CN:H,0 24 5.48 6.71
S mM p-TSA, 5 mM p-TSNa 27 6.29 6.90
41 5.79 7.76

51 5.88 8.32

78:19.5:2.5 CH;0H:CH,CN:H,0 25 4.98 5.91
S mM p-TSA, 5 mM p-TSNa 31 5.46 6.37
41 5.69 6.85

51 6.15 7.10

76:19:5 CH,0H:CH,CN:H,0 24 4.83 5.19
S mM p~-TSA, 5 mM p-TSNa 31 5.07 5.56
41 5.88 5.87

51 6.44 6.68

= In 0.1 M NaCl, at 25 °ct’@I,
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Table 8-8 Parameters in the pC,,” and log k’ correlation
equation for (C,\N),(OH), surfactants

HPLC condition T (°C) Slope Intercept

80:20:0 CH,0OH:CH,CN:H,0 25 6.96 7.85
5 mM p-TSA, 5 mM p-TSNa 29 7.19 8.08
41 9.14 9.54

51 8.84 10.06

78:19.5:2.5 CH,0H:CH,CN:H,0 25 6.23 6.61
S mM p-TSA, 5 mM p-TSNa 31 7.06 7.29
41 7.48 7.99

51 7.68 8.20

76:19:5 CH,0H:CH,CN:H,0 24 5.54 5.81
5 mM p~TSA, 5 mM p~-TSNa 31 5.85 6.24
41 6.42 6.58

51 7.03 7.48

* In 0.1 M NaBr, at 25 °cl”l,
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8.3 m/m’, CMC/C,, and AG°_, ./AG°,

The CMC/C,, ratio is an important parameter which serves
as a measure of surfactant effectiveness!'*’*!. A larger value
of the CMC/C,, indicates a greater tendency of the surfactant
to adsorb at the surface relative to the tendency to form
micelles. Relating the ratio of the slopes, m and m’, in
equations (1-25) and (1-27) to the CMC/C,, and to the ratio of
AG°,;. and AG°,, has been investigated.

By rearranging equations (1-25) and (1-27), we obtain

m= - log CMCl-c (4-1)

log k

- /

m = BS20 ~ € (4-2)

log k'

The AG°,.!"®' and AG°,,'"®! are

AG°,. = 2.3RTlog OMC + K (4-3)
AG®,y = - 2.3RTPC,, + K' (4-4)

The K and K’ values involve the molar concentration of water
and contributions from counterions of the surfactant. The K’
is also related to the surface area per adsorbed molecule for
monolayer adsorption. 1In most situations the value of the
area/molecule at the interface for a homologous series of
surfactants does not change much with increase in the chain

length of the hydrophobic group. The K and K’ can be
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considered as constants.

Because the constants in each equation are not the same,
no direct relationship can be written between m/m’ and CMC/C,,,
or m/m’ and AG°,;./AG°,. One could relate these parameters if
the constants were known, but it might be a circular
calculation, and is not significant or convenient.

Table 8-9 lists the CMC/C,, ratio and the log CMC/pC,,
ratio of (C,N),0H! and (C,N),(O0H),'”*! surfactants. The
comparison of the slopes in equations (1-25) and (1-27) is
shown in Tables 8-10 and 8-11, where different sets of
literature CMC and pC,, Qalues are used. The (CN),(OH), series
has larger CMC/C,, ratios (see Table 8-9). But in Table 8-10
the absolute values of the m/m’ are smaller with the
(C,N),(OH), series. Here, the ratios of the log CMC/pC,, and
the m/m’ have the same trend of slightly less negative for the
(C,N),(OH), series. However, in Table 8-11 the absolute values
of the m/m’ are larger with the (CN),(OH), series. Therefore
due to the constant terms in each equation one can not simply

relate these parameters.

Reproduced with permission of the copyright owner. Further reproduction prohibited wﬁhout permission



Table 8-9 CMC/C,, ratio of (C,N),0H and (C,N),(OH),
surfactant CHMC (M) Cyo (M) CMC/C,, log cMC/pC,,
(C.N),08°

C, 9.55 x 10 7.94 10+ i2.0 -0.65
Cio 3.98 x 10* 2.51 x 10 15.8 -0.74
Cu, 9.55 x 10 9.12 x 107 10.5 -0.83
(C.N), (0H),™

C, 1.10 x 107 8.91 107 12.3 -0.64
Cro 3.30 x 10* 6.76 x 10°¢ 48.8 -0.67
C., 6.00 x 10 3.39 x 10~ 17.7 -0.81
(C.N),(0H), "

Cio 1.00 x 107 3.98 108 25.1 -0.68
Ciz 2.10 x 10°% 9.33 10”7 22.5 -0.78

* In 0.1 M Nacl,
=+ In 0.1 M NaBr,
==«% In 0.1 M NacCl,
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Table 8-10 Comparison of the slopes

log k’ correlations (I}

216

in log CMC, pC,, and

(C,N),0H" (C.N),(0H),”
HPLC condition T(°C) m m’ m/m’ m m’ m/m’
80:20:0 25 -5.59 5.48 -1.02 -6.64 6.96 -0.95
CH,0H:CH,CN:H,0 28 -6.42 6.29 -1.02 -6.86 7.19 -0.95
41 -5.91 5.79 -1.02 -8.72 9.14 -0.95
51 -6.00 5.88 -1.02 -8.43 8.84 -0.95
78:19.5:2.5 25 -5.08 4.98 -1.02 =5.94 6.23 -0.95
CH,OH:CH,CN:H,0 31 -5.57 5.46 -1.02 -6.74 7.06 -0.95
41 -5.80 5.69 -1.02 -7.14 7.48 -0.95
51 -6.28 6.15 -1.02 -7.33 7.68 -0.95
76:19:5 24 -4.93 4.83 -1.02 -5.28 5.54 -0.95
CH,OH:CH,CN:H,0 31 -5.17 5.07 -1.02 -5.58 5.85 ~-0.95
41 -6.00 5.88 -1.02 -6.12 6.42 -0.95
51 -6.57 6.44 -1,02 -6.71 7.03 -0.95

* CMC and C,, in 0.1 M Nacl, 25

°c(7°] .

** CMC and C,, in 0.1 M NaBr, 25 °c!™!,
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Table 8-11 Comparison of the slopes in log CMC, pC,, and

log k’ correlations (II)

(C,N),0H" (C.N),(0H),™

HPLC condition T(°C) m m’ m/m’ m m’ m/m’
80:20:0 25 -5.59 5.48 -1.02 -6.27 6.09 -1.03
CH,0H:CH,CN:H,0 28 -6.42 6.29 -1.02 -7.24 7.04 -1.03
41 -5.91 5.79 -1.02 -9.66 9.38 -1.03
51 -6.00 5.88 -1.02 -9.25 8.99 -1.03
78:19.5:2.5 25 -5.08 4.98 -1.02 -5.67 5.51 -1.03
CH,0H:CH,CN:H,0 31 -5.57 5.46 -1.02 -7.384 7.13 -1.03
41 -5.80 5.69 -1.02 -7.18 6.98 -1.03
51 -6.28 6.15 -1.02 -7.89 7.67 -1.03
76:19:5 24 -4.93 4.83 -1.02 -4.98 4.84 -1.03
CH,0H:CH,CN:H,0 31 -5.17 S5.07 -1.02 -5.19 5.04 -1.03
41 -6.00 5.88 -1.02 -5.81 5.65 -1.03
51 -6.57 6.44 -1.02 -6.73 6.54 -1.03

® CcMC and C;, in 0.1 M Nacl, 25 °c!’®l,

*x CMC and C,, in 0.1 M NacCl, 25 °c!™i,
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Chapter 9

Conclusions and Further Study

9.1 Conclusions

Throughout this thesis, the application of ion-
interaction reversed-phase chromatography to ionic
surfactants, including three series of the new gemini type of
surfactants and alkanesulfonates, has been demonstrated. We
also have presented a discussion of the retention mechanism
for each series of surfactants under the chromatographic
conditions. The correlations between log CMC and log k’, pC,,

and log k’ have been explored as well.

9.1.1 RP-HPLC of ionic surfactants

For RP-HPLC separation of ionic surfactants, the ion-
interaction technique is needed. The ion-interaction reagents
can be chosen from organic or inorganic salts based on the
analytes and separation conditions. In this work
dodecylpyridinium bromide is used for alkanesulfonates; sodium
perchlorate is the ion-interaction reagent for the aromatic
quaternary ammonium gemini surfactants (C,\N),Ar; for the

nonaromatic quaternary ammonium gemini surfactants (C,N),OH and
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(C,N),(OH),, the ion-interaction reagent is sodium
p-toluenesulfonate and p~toluenesulfonic acid.

If a UV detector is used, indirect UV detection can
provide a detection method for the non UV absorbing analytes.
This technique is used in the analysis of alkanesulfonates and
nonaromatic quaternary ammonium gemini surfactants (C,N),0H and
(C,N),(OH),.

The 33 x 4.6 mm short C18 column was shown to give
satisfactory RP-HPLC separation for the surfactants studied in
our work. This column provides the advantages of a short
separation time, less solvent conéumption and lower price
compared with a 15 cm column.

The separation methods developed in our work provide a
fast and economic RP-HPLC analysis for the three series of
gemini surfactants ((C,N),Ar, (C,N),0H, (C,N),(OH),) and the

gseries of alkanesulfonates.

9.1.2 The retention mechanism

The study of the retention mechanism indicates that no
matter what kind of the ion-interaction reagent is used there
are no tightly bonded ion pairs formed, even though the
analyte and the ion-interaction reagent co-elute. The
oppositely charged ions are separated by the polar solvent
molecules. The separation is improved because of the
electrostatic interaction and/or dispersion force between the

ion-interaction reagent and the analyte. Since the oppositely
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charged ions are not tightly bonded, excess ion-interaction
reagents are always needed in the mobile phase to enhance the

interaction.

9.1.3 The correlations between log CMC and log k’, pC,, and
log k’

The results demonstrate that when the surface and
micellar properties of a series of surfactants are normal,
there will be linear relationships between log CMC and log k‘,

or pC,, and log k‘.
log CMC = - mlog k/ + ¢ (1-25)

pC,, = m’log k/ + ¢’ (1-27)

The slopes and intercepts in equations (1-25) and (1-27)
vary with the surfactants and the experimental conditions. In
this work the slopes and intercepts are experimentally
evaluated. Therefore, the log CMC and pC,, can be calculated
using above equations and the log k’, if two values of log CMC
and pC,, in a homologous series are available for the

computation of the parameters in the correlation equations.
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9.2 Further Study

(a) The gemini surfactants (C,N),Ar, (C,\N),0H, and
(C,N),(OH), and alkanesulfonates can be quantitatively analyzed
using the methods described in this thesis. The detection
limit and the linear concentration range could be further
studied.

(b) Since only the UV detector and the Cl18 column were
used in this work, other types of detectors and columns could
be tried.

(c) The ion-interaction reagents for the analysis of
(C,N),0H and (C,N),(OH), geminis in our work were limited to
ones with UV chromophores. Using the ion-interaction reagents
sodium p-toluenesulfonate and p-toluenesulfonic acid,
chromatographic peaks of these surfactants are slightly
tailed. Therefore, finding a better ion-interaction reagent,
such as benzenesulfonate or xylenesulfonate, could be the next
step of the study.

(d) The values of the parameters in the log CMC, pC,, and
log k’ correlation equations (1-25) and (1-27) lie within a
certain range for a series of surfactants and change with
certain trend with the change of variables. If a large number
of series of surfactants could be tested in a systematic way,

the range and the trend could be investigated.
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