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pH effects on micelle–water partitioning determined by micellar
electrokinetic chromatography
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Abstract

In many biological and environmental situations, the pH of aqueous media varies and differences in solute partitioning
may result. However, the majority of biopartitioning and hydrophobicity studies conducted have been at pH 7. Using
migration factors measured by micellar electrokinetic chromatography, we have determined pH effects on micelle–water
partitioning for 19 compounds. We develop an improvement to the migration factor equation and the corrected migration
factor for aniline shows a definite increase as pH decreases. The corrected migration factor was constant for the rest of the
compounds over the pH ranged studied. We also investigated five micelle markers and determined that decanophenone is the
best micelle marker to date. Decanophenone has a strong chromophore, detectable at all pH levels, and is easy to dissolve in
the mobile phase.  1999 Published by Elsevier Science B.V. All rights reserved.
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1. Introduction needed to predict biopartitioning. Hydrophobicity is
the most utilized physical property to predict

One of the major difficulties facing pharmaceutical biopartitioning. To determine hydrophobicity values,
and environmental scientists is the accurate measure- Hansch et al. [4–6] suggested measuring the parti-
ment of biopartitioning data. These data are im- tioning of a solute between octanol and water. The
portant in determining drug uptake, bioconcentration octanol–water partition coefficient (K ) is definedow

of compounds, and compounds’ environmental fate as the concentration ratio of the solute in water-
and transport. Fent and Looser [1], and Wildi et al. saturated octanol to octanol-saturated water. From
[2] have studied the biopartitioning of selected these experiments, log K values correlate withow

solutes as a function of pH. Their results indicate many biopartitioning values, but exceptions are
that pH does influence biopartitioning. However, common [7,8].
since the cost of determining biopartitioning values Since Hansch’s work [5,6], several attempts to
at a single pH level can range up to and exceed US$ measure or estimate log K values using differentow

10 000 per compound [3], an alternative approach is analytical techniques have been made. Reversed-
phase liquid chromatography (RPLC) has been the
alternate method of choice [9,10]. Examples of other*Corresponding author. Tel.: 11-850-644-4496; fax: 11-850-
analytical methods include: the slow stirring method644-8281.

E-mail address: dorsey@chem.fsu.edu (J.G. Dorsey) [11], counter-current chromatography [12], computer
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modeling [13], solubility values [14], micellar elec- several mobile phase compositions, solute retention
trokinetic chromatography (MEKC) [15] and activity is commonly plotted as a function of percent organic

9coefficients [16]. Except for MEKC, all other meth- modifier and extrapolated to 100% water (k ).w

ods are either labor-, time- or equipment intensive. However, Hsieh and Dorsey [24] have shown that
To determine the relevance of the various methods curvature in the k9 versus percent composition of

used to predict biopartitioning values, the thermo- modifier is present at very low percent organic
dynamics of octanol–water partitioning and bioparti- modifier. The error introduced by the curvature can
tioning have been studied. For example, Beezer et al. be large and unpredictable.
[17] investigated the octanol–water partitioning of MEKC may quickly become the method of choice
resorcinol and Anderson et al. [18] studied the for estimating hydrophobicity due to the minimal
octanol–water partitioning of p-substituted phenols. amount of hazardous waste produced, calculated

9Generally, octanol–water partitioning is enthalpically migration factors (k ) are in 100% water, and shorterm

driven. However, Beezer et al. [17] indicated that, as analysis times. Herbert and Dorsey [25] published
9the side chain of the resorcinol monoether increased the first comprehensive study of the use of k valuesm

in size, the partitioning became more entropically from MEKC to correlate with log K values. Hannaow

driven. In contrast, Matsuo [19] determined bioparti- et al. [26] have recently reinforced the ease and
tioning of polychlorinated biphenyls into fish to be usability of MEKC to model octanol–water partition-
entropically driven. Opperhuizen et al. [20] com- ing coefficients.
pared the thermodynamics of biopartitioning of five
chlorobenzenes into fish lipids, which are entropical-
ly driven, to octanol–water partitioning, which is

2. Theoryenthalpically driven. Unfortunately, log K valuesow

are often not thermodynamically relevant to bioparti-
In capillary zone electrophoresis (CZE), chargedtioning. Woodrow and Dorsey [21] have validated

species are separated due to differences in theirthese results by measuring the thermodynamics of
electrophoretic mobilities (m ). Neutral compoundssmicelle–water partitioning of selected compounds
migrate with the electroosmotic flow (EOF) and areand comparing these values to those for octanol–
not separated by this technique. Therefore, thewater partitioning.
electrophoretic mobility of a neutral solute is definedIs RPLC a more relevant model? Sentell and
as zero. To determine the electrophoretic mobility ofDorsey [22] investigated the thermodynamics of
a charged solute, the electroosmotic mobility (m )EOFnaphthalene partitioning into an octadecyl (C )18
is subtracted from the observed electrophoreticchromatographic stationary phase with various sur-
mobility (m ), as shown in Eq. (1).obsface coverages or bonding densities. They concluded

that partitioning is enthalpically driven for a C18 m 5 m 2 m (1)2 s obs EOFbonding density less than about 3.0 mmol /m and
entropically driven for a C bonding density of18 In MEKC, as described by Terabe et al. [27,28], the2greater than about 3.0 mmol /m . Thus, as the buffer contains a surfactant above the critical micelle
stationary phase becomes more ordered, entropy concentration. Thus, the solutes interact with mi-
becomes the major force in the partitioning of the celles, causing separation of both the neutral and
solute. Solute retention determined on a high C18 9charged solutes. k values are calculated usingm
bonding density column is better correlated with electrophoretic mobilities as shown below.
biopartitioning values than retention measured on a
low C bonding density column [23]. m18 sm

]]]9k 5 (2)S DmSolute retention determined by RPLC has often m 2 mm sm
been used to correlate with log K . Most RPLCow

mobile phases have a significant amount of organic where m is the electrophoretic mobility of them

modifier present to aid in the dissolution and elution micelle marker and m is the electrophoretic mobili-sm

of the solute. However, there is no one mobile phase ty of the solute determined in a MEKC system.
composition that is useful for all solutes. Using Khaledi et al. [29] have performed some limited
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experiments involving the migration of a solute at nylon filters (Gelman Scientific, Ann Arbor, MI,
different pH values to understand the effect of pH on USA).
a hypophosphate buffer system. They determined
that the migration of the solute by MEKC is a 3.2. Standard and sample preparation
weighted average of the migration of the charged
solute in the buffer, the migration of the solute To prepare stock standard solutions of the solutes
interacting with micelles and the migration of the listed in Table 1, each solute was weighed and added
neutral molecule. Thus, if the migration of the solute to 10 ml of methanol to make an approximately
is determined without the presence of surfactant, via 0.5–0.25 M standard. To prepare an analytical

9CZE, the corrected k value of the solute at the sample, 15 ml of the standard were added to 100–m

specific pH of the buffer can be calculated. A 250 ml of methanol, which is used as an EOF
9corrected k value can be determined by subtracting marker, and enough buffer to make 4 ml of sample.m

the electrophoretic mobility of the solute determined
by CZE from the electrophoretic mobility of the

Table 1
solute analyzed by MEKC. The difference is then List of constituents and associated pK values used to determinea

divided by the electrophoretic mobility of the micelle pH effects on micelle–water partitioning
subtracted by the electrophoretic mobility of the Compound pKa
solute analyzed by MEKC. This is shown in Eq. (3)

Carboxylic acids[29],
Benzoic acid (4.20)
p-Hydroxybenzoic acid (4.58)m 2 msm s p-Chlorobenzoic acid (3.99)]]]9k 5 (3)S Dm m 2 mm sm p-Nitrobenzoic acid (3.44)

where m is the electrophoretic mobility of the solute Phenolss
2,4-Dinitrophenol (4.11)analyzed under CZE conditions.
p-Nitrophenol (7.14)For our study, all calculations involving MEKC
Phenol (9.95)

and CZE use electrophoretic mobilities because of p-Bromophenol (9.34)
variability of the EOF. EOF variability may be
caused by ionic strength differences between the Anilines

Aniline (4.64)CZE and MEKC buffer, changes in column con-
o-Nitroaniline (20.28)ditions beyond the control of the experimenters,
p-Bromoaniline (3.91)

changes in the dielectric constant, or changes in the 2,4-Dinitroaniline (24.27)
zeta potential. We have assumed that the critical
micellar concentration (CMC) and the aggregation Zwitterions

Tryptophan (2.38, 9.39)number of the surfactant remain constant over the pH
Tyrosine (2.20, 9.11, 10.07)range of interest.
Phenylalanine (1.83, 9.13)
m-Aminobenzoic acid (3.07, 4.73)

Neutrals
3. Experimental Nitrobenzene (N/A)

Naphthalene (N/A)
m-Dinitrobenzene (N/A)

3.1. Reagents
Micelle markers
Decanophenone (N/A)Reagents were obtained from various sources and
Sudan IV (N/A)

were used as received. Water for buffer and sample Sudan III (N/A)
preparation was obtained from a Barnstead Nanopure Orange OT (N/A)

Yellow AB (N/A)II water purification system (Barnstead, Boston, MA,
USA), filtered with a 0.45-mm nylon filter. All (N/A), not applicable.

pK values are from Ref. [37].buffers were filtered using Gelman acrodisk 0.45 mm a
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Decanophenone was used as the micelle marker and factor via MEKC is that there are several migration
was analyzed separately. velocities involved in the overall observed migration.

Khaledi et al. [29] have identified these velocities as
3.3. Buffer preparation the electroosmotic mobility of the uncharged solute,

the electroosmotic mobility of the charged solute and
To prepare the phosphate buffer, a 20-mM the electroosmotic mobility of the solute interacting

Na HPO solution was prepared and adjusted to the with the micelle. They also considered the possibility2 4

appropriate pH with either 20 mM H PO or 20 mM of the charged solute interacting with the micelle.3 4

Na PO solution. To prepare the phosphate–sodium This is so minute that we have assumed that the3 4

chloride buffer, a 20-mM Na HPO –50 mM NaCl interaction of a like-charged solute with a micelle is2 4

solution was prepared and adjusted to the appropriate inconsequential.
pH with either a 20-mM H PO –50 mM NaCl or 20 The pH range utilized for this study was limited3 4

mM Na PO –50 mM NaCl solution. To prepare the because, at pH 5 and lower, the electrophoretic3 4

MEKC buffer, a 20-mM Na HPO –50 mM sodium mobility of the micelle is higher than the EOF. This2 4

dodecyl sulfate (SDS) solution was prepared and results in the micelle having a net migration in the
adjusted to the appropriate pH using 20 mM H PO – opposite direction from the EOF. This phenomenon3 4

50 mM SDS or 20 mM Na PO –50 mM SDS was first observed by Otsuka and Terabe [31]. The3 4

solution. actual pH level where this phenomenon occurs is
dependent on the buffer system used. As we in-

3.4. Instrumentation creased pH, the ionic strength of the buffer also
increased due to increased concentration of multiply

The data were collected using a Waters Quanta charged ions. We kept the phosphate concentration
4000 capillary electrophoresis instrument (Waters, constant at 20 mM rather than keeping the ionic
Milford, MA, USA), which was attached to a PE strength constant. Since the majority of studied
Nelson (Perkin-Elmer, Norwalk, CT, USA) data solutes are charged, the buffering capacity of the
acquisition box and a 33-MHz 486 computer. The solution needed to be as strong as possible under the
data were collected at a wavelength of 254 nm and experimental conditions.
processed and manipulated by Turbochrom v. 4.0 The pH range is also limited to pH 8 or lower due
(Perkin-Elmer) data acquisition software. The tem- to the poor buffering capacity of the phosphate
perature was controlled by a water jacket system buffer at levels above pH 8 and the influence of
made in-house using a design published by Lukkari carbon dioxide on the buffer system. Due to design
et al. [30]. of the buffer vials, the buffer solution could not be

The column was constructed from a 50-mm I.D. covered during analysis. As carbon dioxide is ab-
fused-silica capillary with a total length of 70 cm. sorbed into the buffer system, it is quickly hydrated
The detection window was placed 7.5 cm from the to form carbonic acid, thereby decreasing the pH of
outlet end, yielding a separation length of 62.5 cm. the buffer. The amount of carbon dioxide that can be
For the analysis of solutes between the pH values of absorbed into the buffer is dependent on the initial
8–6 inclusive, the applied voltage was 17.5 kV. Thus, pH of the system. The higher the pH, the higher the
the electric field gradient was 250 V/cm. The level of carbon dioxide when equilibrium is reached
analysis times varied, depending on the migration of [32]. Evidence of this effect can be observed by the
the compounds of interest. Injections were performed change in EOF after a period of time.
hydrostatically for 7–10 s. In addition, we decided to keep the concentration

of the sample as constant as possible to reduce the
effect of conductivity differences between the sample

4. Results and discussion and the buffer solution. This phenomenon was
initially described by Hjerten [33]. If the concen-

4.1. Capacity factors as a function of pH tration of the sample varies between analysis with
each pH and buffer system, variability of the mea-

One of the difficulties in determining a migration surement of the migration factor is introduced.
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4.2. Determination of migration factors factors, which are reported in Table 2. p-Nitrophenol
and p-hydroxybenzoic acid followed the expected

To determine the migration factor, each solute was trend, i.e., as pH decreased, the migration factor
analyzed four times and the average electrophoretic decreased. Migration factors for aniline and p-
mobilities were determined. One migration factor bromoaniline increased as the pH decreased. All
was calculated using the average values. Electro- other migration factors were random as pH de-
phoretic mobilities were used to calculate the migra- creased. The migration factor of aniline and p-
tion factors instead of time as Khaledi et al. [29] bromoaniline increasing as pH decreased may be
suggest. One assumption they made is that the EOF indicative of the positively charged solute electro-
was identical for CZE and MEKC analyses at a statically binding to the micelle. Also, since naph-
given pH. The data collected by our system demon- thalene is the last migrating compound, the error
strate that this assumption is not valid for this study associated with its measurement is high. At first
under the analytical conditions described above. glance, the migration factor of naphthalene seems to

As pH changes and solutes become less charged, decrease as pH decreases. However, the standard
the migration factors increase. Specifically, as pH deviations of these measurements are large, and the
decreases, migration factors should increase and values are equivalent within measurement error.
level off for all acids and phenols. The migration We used Eq. (3) to calculate corrected migration
factors for anilines should decrease as the pH factors and the values are listed in Table 3. We
decreases. Zwitterions may have a more complicated observed three trends. The migration factors of p-
chemistry and no trend can be predicted. nitrophenol, p-bromoaniline and aniline increased as

9Initially, we used Eq. (2) to calculate migration the pH decreased to pH 7. k values were relativelym

Table 2
9Summary of migration factors (k ) and standard deviations (n54) determined using Eq. (2)m

pH of buffer

8 7.5 7 6.5 6

Carboxylic acids
Benzoic acid 2.3860.03 2.4560.03 2.3560.05 2.3860.05 2.4060.03
p-Hydroxybenzoic acid 1.9460.02 1.8260.02 1.6760.02 1.6760.02 1.5960.01
p-Chlorobenzoic acid 1.9560.02 2.0060.03 1.9260.03 1.9360.03 2.0760.02
p-Nitrobenzoic acid 2.0260.02 2.0160.02 1.9960.03 2.0060.03 2.0160.02

Phenols
2,4-Dinitrophenol 2.1560.04 2.4560.04 2.1060.04 2.2760.02 2.2360.03
p-Nitrophenol 2.1660.02 1.8960.02 1.6860.02 1.3960.03 1.2760.01
Phenol 0.66360.005 0.59160.005 0.64460.006 0.62960.007 0.55360.009
p-Bromophenol 4.2260.07 3.9360.07 3.8360.1 4.0460.07 3.6760.07

Anilines
Aniline 0.53460.004 0.49260.006 0.62860.008 0.68460.005 1.1460.01
o-Nitroaniline 2.2260.1 2.1360.03 2.4960.06 2.3960.1 2.1060.2
p-Bromoaniline 3.5060.05 3.2160.04 3.2960.08 3.5560.08 3.8460.06
2,4-Dinitroaniline 3.0960.06 2.8960.06 2.8760.07 2.9260.06 2.8960.05

Zwitterions
Tryptophan 0.70160.004 0.60760.006 0.70460.01 0.65260.01 0.65560.01
Tyrosine 0.18060.004 0.14360.003 0.13760.006 0.10760.03 0.10860.003
Phenylalanine 0.34160.004 0.27860.01 0.31560.003 0.32260.005 0.26160.004
m-Aminobenzoic acid 1.9560.02 1.9660.3 1.8860.03 1.9260.02 1.7760.02

Neutrals
Nitrobenzene 1.6360.02 1.4760.01 1.4660.05 1.4360.01 1.3860.01
Naphthalene 16.263 15.261 12.561 15.460.9 11.860.5
m-Dinitrobenzene 1.4660.01 1.3060.01 1.4660.02 1.4360.01 1.2960.02
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Table 3
9Summary of migration factors (k ) and standard deviations (n54) determined using Eq. (3)m

pH of buffer

8 7.5 7 6.5 6

Carboxylic acids
Benzoic acid 20.024560.007 20.022260.05 20.069060.01 20.028560.02 20.091260.01
p-Hydroxybenzoic acid 20.019160.004 20.066360.03 20.055960.005 20.013960.01 20.10060.004
p-Chlorobenzoic acid 0.0036160.01 0.013660.04 20.039560.008 20.023260.01 20.046160.004
p-Nitrobenzoic acid 20.0080960.005 20.032660.008 20.050560.007 20.034060.009 20.097160.007

Phenols
2,4-Dinitrophenol 20.014260.02 20.012760.01 20.051260.006 20.040860.009 20.073160.009
p-Nitrophenol 0.071360.01 0.21660.02 0.49460.009 0.77760.02 1.0160.01
Phenol 0.61760.005 0.59160.005 0.64460.006 0.62960.007 0.55360.009
p-Bromophenol 3.8960.07 3.9360.07 3.8360.1 4.0460.07 3.6760.07

Anilines
Aniline 0.53460.004 0.49160.006 0.62860.008 0.68460.006 1.1660.01
o-Nitroaniline 2.2260.1 2.1360.03 2.4960.06 2.3960.1 2.1060.2
p-Bromoaniline 3.5060.05 3.2160.04 3.2960.08 3.5560.08 3.8460.06
2,4-Dinitroaniline 3.0960.06 2.8960.06 2.8760.07 2.9260.06 2.8960.05

Zwitterions
Tryptophan 0.62660.004 0.60760.006 0.70460.01 0.65260.01 0.65560.01
Tyrosine 0.10560.004 0.11660.003 0.11160.006 0.10760.03 0.10860.003
Phenylalanine 0.25560.004 0.23160.01 0.29260.003 0.32260.005 0.26160.004
m-Aminobenzoic acid 20.022460.007 20.028060.009 20.075060.008 20.034860.006 20.12360.009

constant as pH decreased for nitrobenzene, naph- phoretic mobilities. This may be indicative of ion
thalene, m-dinitrobenzene, phenylalanine, o-nitroani- pairing. Work has been performed on the use of ion
line, tyrosine, tryptophan, p-bromophenol, phenol pairing in CZE and Shelton et al. [34] have recently
and 2,4-dinitroaniline. The migration factors were provided a review of this.
negative for benzoic acid, p-hydroxybenzoic acid,
p-chlorobenzoic acid, p-nitrobenzoic acid, 2,4-di- 4.3. Sodium chloride as a buffer modifier
nitrophenol and m-aminobenzoic acid.

9A negative k value results when the electro- Since the MEKC buffer has a higher concentrationm

osmotic mobility of the solute is higher in the MEKC of sodium ions than the CZE buffer, sodium chloride
experiment than the CZE experiment. However, a was added to the 20 mM phosphate buffer to create a
negative value is an impossibility due to the defini- 20-mM phosphate–50 mM sodium chloride buffer.
tion of migration factors. Briefly, the migration This buffer should mimic the concentration of so-
factor describes the ratio of the amount of time the dium ions present in the MEKC buffer. Others have
solute spends in the micellar phase to the aqueous added sodium chloride and other alkali metal salts to
phase. This ratio can be related to the concentration the CZE buffer. Junppanen et al. [35] used alkali
ratio of the solute in the micellar phase to the salts to aid in the separation of diuretics by CZE.
aqueous phase. Mathematically, to obtain a negative Their results indicate reduced electroosmotic and
migration factor, the electrophoretic mobility of the electrophoretic mobility as ionic strength increased,
solute in CZE must be higher than the electro- in agreement with the data presented here.
phoretic mobility of the solute in MEKC. A reason As an adaptation of Eq. (3), we have replaced the
that may cause the electrophoretic mobility of the electrophoretic mobility of the solute in CZE (m )s

solute in MEKC to be lower than the electrophoretic with the electrophoretic mobility of the solute in the
mobility in CZE is to increase the contribution of the presence of sodium chloride (m ). The resultingss

neutral solute to the weighted average of the electro- equation is described below:
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Table 4
9Summary of migration factors (k ) and standard deviations (n54) determined using Eq. (4)m

pH of buffer

8 7.5 7 6.5 6

Carboxylic acids
Benzoic acid 0.065260.007 0.10860.01 0.059360.009 0.031160.03 0.0095260.01
p-Hydroxybenzoic acid 0.056260.006 0.10760.009 0.056860.005 0.028860.009 20.0046260.003
p-Chlorobenzoic acid 0.066760.008 0.099560.01 0.058060.02 0.027860.01 0.049960.003
p-Nitrobenzoic acid 0.056760.004 0.075860.005 0.061860.007 0.022860.009 0.000083660.006

Phenols
2,4-Dinitrophenol 0.052560.02 0.10760.02 0.033960.005 0.039260.007 0.019660.01
p-Nitrophenol 0.25860.01 0.37760.01 1.6860.02 0.81060.02 1.0360.01
Phenol 0.62860.005 0.59160.005 0.64460.006 0.62960.007 0.55360.009
p-Bromophenol 3.8960.07 3.7560.07 3.7160.1 4.0460.07 3.6760.07

Anilines
Aniline 0.53460.004 0.49160.006 0.62860.008 0.68460.006 1.1460.01
o-Nitroaniline 2.2260.1 2.1360.03 2.4960.06 2.3960.1 2.1060.2
p-Bromoaniline 3.5060.05 3.2160.04 3.2960.08 3.5560.08 3.8460.06
2,4-Dinitroaniline 3.0960.06 2.8960.06 2.8760.07 2.9260.06 2.8960.05

Zwitterions
Tryptophan 0.63960.005 0.56760.006 0.67060.01 0.65260.01 0.65560.01
Tyrosine 0.12660.004 0.10160.003 0.10360.006 0.10760.03 0.10860.003
Phenylalanine 0.28160.005 0.23760.01 0.28360.003 0.32260.005 0.26160.004
m-Aminobenzoic acid 0.047360.003 0.071360.01 0.031260.01 0.035660.009 20.027060.01

micelle as the solute becomes positively charged.(m 2 m )sm ss
]]]]9 9k 5 (4) The low values of k , between zero and one, makem m(m 2 m )m sm sense since most of these compounds are charged or

9very hydrophilic. A disturbing trend of k decreasingAs shown in Table 4, the number of negative values m

as pH decreases seems to be present for the acidiccalculated using Eq. (4) was sharply reduced. Only
compounds. However, the points are all within thevery small negative migration factors were calculated
rather high standard deviations, so, within ex-for p-hydroxybenzoic acid and m-aminobenzoic acid
perimental error, the partitioning for acidic solutesat pH 6.

9 remains constant over the pH range of interest.All k values remained constant over the pHm

9range, with the exception of aniline, where km

4.4. Comparison of different micelle markersincreased as pH decreased. The increase in migration
factor for aniline can be explained by increased

We evaluated five micelle markers described in theelectrostatic attraction between the solute and the

Table 5
2Electrophoretic mobilities (cm /min V) and standard deviations (n54) of micelle markers as a function of pH

pH of buffer

8 7.5 7 6.5 6

Decanophenone 20.026360.00007 20.026360.00008 20.026160.0001 20.026160.00007 20.025760.00007
Sudan IV N/A N/A N/A N/A N/A
Sudan III N/A N/A N/A N/A N/A
Orange OT 20.026360.00007 20.025160.0007 20.026060.0001 20.026060.00004 20.025560.0004
Yellow AB 20.026360.0001 20.026560.00005 20.025860.00003 20.025960.0001 20.025060.00005



566 D.J. Bailey, J.G. Dorsey / J. Chromatogr. A 852 (1999) 559 –571

Fig. 1. Set of plots showing the absolute value of the % RSD of each solute at each pH level.
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literature to determine which compound is most pH, with decanophenone having the highest electro-
convenient [36]. The five compounds are Sudan III, phoretic mobility. However, there are slight differ-
Sudan IV, Orange OT, Yellow AB and de- ences in the electrophoretic mobility between the
canophenone, and these were chosen due to their three micelle markers, which can affect the calcula-
availability. All of these compounds are assumed to tion of the capacity factors. For calculating migration
be neutral in the pH range of interest. Using a factors in our study, we used decanophenone as the
standard concentration, only three solutes were de- micelle marker.
tected, Yellow AB, Orange OT and decanophenone.
We tried to detect both Sudan III and Sudan IV by 4.5. Recalculated capacity factors using the
making the sample according to sample preparatory appropriate micellar electrophoretic mobility
method described in the Experimental section and by
making a saturated solution of Sudan III in ethanol We would like to stress the importance of choos-
and Sudan IV in methanol. We chose these solvents ing the most appropriate solute to use as a micelle
for their ability to solubilize the micelle marker. marker. As shown in Table 5, the different micelle
Then, we analyzed up to 400 ml of each standard. We markers each had an individual electrophoretic
were not able to detect Sudan III or IV. mobility. We recalculated the migration factors using

Of the three micelle markers detected, Yellow AB Eq. (2) and Yellow AB as the micelle marker. Fig. 1
had the highest absorbance, then decanophenone and shows the absolute value of the percent relative
Orange OT. As shown in Table 5, the electrophoretic standard deviation (RSD) as a function of pH for
mobilities of the micelle markers are independent of each compound. As pH decreases, the RSD in-

Table 6
Summary of migration factors (k ) and standard deviations (n54) determined using Eq. (2) with yellow AB as the micelle marker for pHm9

values of 8–6

pH of buffer

8 7.5 7 6.5 6

Carboxylic acids
Benzoic acid 2.3760.03 2.4060.009 2.46060.01 2.4760.04 2.6560.04
p-Hydroxybenzoic acid 1.9360.02 1.7960.01 1.7360.008 1.7160.05 1.7160.05
p-Chlorobenzoic acid 1.9460.03 1.9760.02 2.0060.01 1.9860.02 2.2660.03
p-Nitrobenzoic acid 2.0160.02 1.9860.009 2.0760.01 2.0660.02 2.1960.03

Phenols
2,4-Dinitrophenol 2.1460.05 2.2160.02 2.1960.007 2.3460.02 2.4460.03
p-Nitrophenol 2.1560.03 1.8660.008 1.7460.007 1.4360.03 1.3560.02
Phenol 0.66260.005 0.58660.005 0.65860.002 0.64060.01 0.57760.02
p-Bromophenol 4.1960.09 3.8260.02 4.0960.04 4.2660.03 4.2160.06

Anilines
Aniline 0.53360.005 0.48760.008 0.64260.008 0.69660.01 1.2160.008
o-Nitroaniline 2.2160.1 2.0960.01 2.6160.02 2.4760.07 2.2960.03
p-Bromoaniline 3.4860.07 3.1360.009 3.4960.01 3.7260.04 4.4360.06
2,4-Dinitroaniline 3.0760.07 2.8260.03 3.0260.02 3.0460.04 3.2460.05

Zwitterions
Tryptophan 0.70060.005 0.60260.006 0.72060.01 0.66360.02 0.68660.02
Tyrosine 0.17960.004 0.14260.004 0.13960.008 0.10860.04 0.11160.003
Phenylalanine 0.34060.005 0.27660.01 0.32160.003 0.32660.01 0.27160.01
m-Aminobenzoic acid 1.9460.02 1.9360.01 1.9660.01 1.9760.02 1.9260.02

Neutrals
Nitrobenzene 1.6360.02 1.4560.006 1.5160.04 1.4660.02 1.4860.02
Naphthalene 15.963 13.960.1 15.36 0.08 18.460.1 18.261
m-Dinitrobenzene 1.4660.01 1.2860.008 1.516 0.007 1.4760.02 1.3860.02
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Table 7
9Summary of migration factors (k ) and standard deviations (n54) determined using Eq. (3) with yellow AB as the micelle marker for pHm

values of 8–6

pH of buffer

8 7.5 7 6.5 6

Carboxylic acids
Benzoic acid 20.024460.07 20.021760.05 20.072260.01 20.029560.02 20.10160.01
p-Hydroxybenzoic acid 20.018960.004 20.065260.03 20.058060.005 20.014360.01 20.10860.004
p-Chlorobenzoic acid 0.0035960.01 0.013460.04 20.041160.008 20.023960.01 20.050360.004
p-Nitrobenzoic acid 20.0080660.05 20.032160.008 20.052660.008 20.035160.01 20.10660.007

Phenols
2,4-Dinitrophenol 20.014260.02 20.012560.01 20.053460.006 20.042260.009 20.080260.01
p-Nitrophenol 0.071060.01 0.21260.02 0.51260.007 0.79660.02 1.0860.01
Phenol 0.61660.005 0.58660.005 0.65860.002 0.64060.01 0.57760.01
p-Bromophenol 3.8660.08 3.8260.02 4.0960.04 4.2660.03 4.2160.02

Anilines
Aniline 0.53360.005 0.48760.008 0.64260.008 0.69660.01 1.2460.01
o-Nitroaniline 2.2160.1 2.0960.01 2.6160.02 2.4760.07 2.2960.1
p-Bromoaniline 3.4860.06 3.1360.009 3.4960.01 3.7260.04 4.4360.02
2,4-Dinitroaniline 3.0760.07 2.8260.02 3.0260.02 3.0460.03 3.2460.02

Zwitterions
Tryptophan 0.62560.005 0.60260.007 0.72060.01 0.66360.02 0.68660.02
Tyrosine 0.10560.004 0.11560.004 0.11360.008 0.10860.04 0.11160.005
Phenylalanine 0.25460.005 0.23060.01 0.29760.003 0.32660.01 0.27160.006
m-Aminobenzoic acid 20.022360.007 20.027560.009 20.078060.008 20.035960.006 20.13360.01

Table 8
9Summary of migration factors (k ) and standard deviations (n54) determined using Eq. (4) with yellow AB as the micelle marker for pHm

values of 8–6

pH of buffer

8 7.5 7 6.5 6

Carboxylic acids
Benzoic acid 0.064960.007 0.10660.01 0.062160.009 0.032260.03 0.010560.01
p-Hydroxybenzoic acid 0.056060.006 0.10660.009 0.058960.04 0.029660.009 20.0049860.004
p-Chlorobenzoic acid 0.066560.008 0.097860.01 0.060360.02 0.028760.01 0.054560.004
p-Nitrobenzoic acid 0.056560.004 0.074560.005 0.064460.009 0.023560.009 0.000091260.006

Phenols
2,4-Dinitrophenol 0.052360.02 0.10560.02 0.035360.006 0.040560.007 0.021560.01
p-Nitrophenol 0.25760.01 0.37160.01 1.7460.005 0.83060.02 1.1060.01
Phenol 0.62660.005 0.58660.005 0.65860.06 0.64060.01 0.57760.01
p-Bromophenol 3.8660.08 3.6560.02 3.9660.03 4.2660.03 4.2160.02

Anilines
Aniline 0.53360.005 0.48760.008 0.64260.003 0.69660.01 1.2360.01
o-Nitroaniline 2.2160.1 2.0960.01 2.6160.03 2.4760.07 2.2960.1
p-Bromoaniline 3.4860.06 3.1360.009 3.4960.04 3.7260.04 4.4360.02
2,4-Dinitroaniline 3.0760.07 2.8260.02 3.0260.04 3.0460.03 3.2460.02

Zwitterions
Tryptophan 0.63760.005 0.56260.007 0.68660.01 0.66360.02 0.68660.02
Tyrosine 0.12560.004 0.10060.004 0.10460.04 0.10860.04 0.11160.004
Phenylalanine 0.28160.005 0.23660.01 0.28860.03 0.32660.01 0.27160.006
m-Aminobenzoic acid 0.047160.005 0.070160.01 0.032460.006 0.036760.01 20.029260.01
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Table 9
2Summary of electrophoretic mobilities (cm /min V) and standard deviations (n54) in 20 mM phosphate buffer

pH of buffer

8 7.5 7 6.5 6

Carboxylic acids

Benzoic acid 20.018760.00003 20.018960.0004 20.018960.00003 20.018660.00004 20.018860.00002

p-Hydroxybenzoic acid 20.017560.00003 20.017660.0003 20.016960.00001 20.016560.00007 20.016860.00002

p-Chlorobenzoic acid 20.017360.00008 20.017560.0003 20.017560.00002 20.017460.00003 20.017760.00001

p-Nitrobenzoic acid 20.017660.00004 20.017960.00006 20.017860.00002 20.017760.00003 20.018060.00003

Phenols

2,4-Dinitrophenol 20.018160.00004 20.018360.00003 20.018160.00003 20.018560.00006 20.018360.00002

p-Nitrophenol 20.017460.00008 20.015360.0002 20.011660.00004 20.0067160.00003 20.0028860.00003

Phenol 20.00072360.00002 0.000060.0000 0.000060.0000 0.000060.0000 0.000060.00000

p-Bromophenol 20.0016760.00004 0.000060.0000 0.000060.0000 0.000060.0000 0.000060.00000

Anilines

Aniline 0.000060.0000 0.000060.0000 0.000060.0000 0.000060.0000 0.00034860.00003

o-Nitroaniline 0.000060.0000 0.000060.0000 0.000060.0000 0.000060.0000 0.00000060.0000

p-Bromoaniline 0.000060.0000 0.000060.0000 0.000060.0000 0.000060.0000 0.00000060.0000

2,4-Dinitroaniline 0.000060.0000 0.000060.0000 0.000060.0000 0.000060.0000 0.00000060.0000

Zwitterions

Tryptophan 20.0011660.00002 0.000060.0000 0.000060.0000 0.000060.0000 0.000060.0000

Tyrosine 20.0016760.00006 20.00061660.00002 20.00058160.00003 0.000060.0000 0.000060.0000

Phenylalanine 20.0016960.00002 20.00095860.00002 20.00046060.000001 0.000060.0000 0.000060.0000

m-Aminobenzoic acid 20.017660.00005 20.017760.00002 20.017760.000003 20.017560.000008 20.017660.00002

Table 10
2Summary of electrophoretic mobilities (cm /V min) and standard deviations (n54) in 20 mM phosphate–50 mM sodium chloride buffer

pH of buffer

8 7.5 7 6.5 6

Carboxylic acids
Benzoic acid 20.018060.00003 20.017960.00007 20.017960.00001 20.018260.0001 20.018160.00002
p-Hydroxybenzoic acid 20.016860.00005 20.016060.00002 20.015860.00002 20.016160.00003 20.015860.00002
p-Chlorobenzoic acid 20.016860.00003 20.016760.00003 20.016760.00021 20.017060.00001 20.016960.00001
p-Nitrobenzoic acid 20.017160.00001 20.016960.00002 20.016860.00001 20.017260.00002 20.017260.00002

Phenols
2,4-Dinitrophenol 20.017560.00006 20.017460.00007 20.017460.00002 20.017860.00004 20.017660.00005
p-Nitrophenol 20.015860.00010 20.013860.0001 0.000060.00000 20.0063560.00001 20.0026460.00001
Phenol 20.00055960.00002 20.000060.0000 0.000060.00000 0.000060.0000 0.000060.0000
p-Bromophenol 20.0016660.00005 20.00095060.00004 20.00065460.00002 0.000060.0000 0.000060.0000

Anilines
Aniline 0.000060.0000 0.000060.0000 0.000060.0000 0.000060.0000 0.00031160.00001
o-Nitroaniline 0.000060.0000 0.000060.0000 0.000060.0000 0.000060.0000 0.000060.0000
p-Bromoaniline 0.000060.0000 0.000060.0000 0.000060.0000 0.000060.0000 0.000060.0000
2,4-Dinitroaniline 0.000060.0000 0.000060.0000 0.000060.0000 0.000060.0000 0.000060.0000

Zwitterions
Tryptophan 20.00096460.00003 20.00065260.00003 20.00051860.00001 0.000060.0000 0.000060.0000
Tyrosine 20.0012160.00004 20.00095260.00003 20.00078060.00002 0.000060.0000 0.000060.0000
Phenylalanine 20.0011860.00003 20.00083160.00004 20.00064060.00003 0.000060.0000 0.000060.0000
m-Aminobenzoic acid 20.016960.00002 20.016860.00005 20.016860.0001 20.016960.0000 20.016760.00004
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creases, with the highest error being associated with termine the electrophoretic mobility of the micelle
the compounds that migrate more slowly. This trend may be warranted.
is also apparent when the migration factors are
calculated using Eq. (3) or Eq. (4). These results can 4.6. Statistical review of the results
be seen in the supplementary material supplied with
this paper. In Tables 6–11, we list the electrophoretic mo-

The difference in the electrophoretic mobility bilities of the solutes in each buffer system and the
between decanophenone and Yellow AB ranges up to corresponding standard deviation. Since the standard

24 2
27.0?10 cm /V min (1.2%) at pH 6. This small deviation of the electrophoretic mobilities of the
difference can manifest in a large RSD, especially solutes are small, the calculated standard deviation
for naphthalene at pH 6, which has a RSD of over for the migration factors is relatively small. The error
40% between the migration factors calculated using for the corrected migration factors is higher because
Yellow AB and decanophenone. Thus, accurate of the increased manipulation of the data. Since the
determination of the micelle marker is very crucial to migration factors are dependent on the difference
the accuracy of migration factors. This error will between electrophoretic mobilities, the error propa-
manifest itself in hydrophobic solutes that partition gation of the measurements is compounded by the
strongly into micelles. A study to accurately de- small number of the difference. Thus, the migration

Table 11
2Summary of electrophoretic mobilities (cm /min V) and standard deviations (n54) in 20 mM phosphate–50 mM SDS buffer

pH of buffer

8 7.5 7 6.5 6

Carboxylic acids
Benzoic acid 20.018560.00005 20.018760.00006 20.018360.00007 20.018460.0001 20.018160.00007
p-Hydroxybenzoic acid 20.017360.00002 20.017060.00008 20.016360.00005 20.016360.00008 20.015860.00003
p-Chlorobenzoic acid 20.017460.00007 20.017660.00010 20.017260.00007 20.017260.00009 20.017360.00003
p-Nitrobenzoic acid 20.017660.00003 20.017660.00004 20.017460.00006 20.017460.00007 20.017260.00005

Phenols
2,4-Dinitrophenol 20.017960.00014 20.018260.0001 20.017760.00004 20.018160.00004 20.017760.00007
p-Nitrophenol 20.018060.00003 20.017260.00004 20.016460.00004 20.015260.0002 20.014460.00008
Phenol 20.010560.00005 20.0097960.00005 20.010260.00002 20.010160.00009 20.0091560.00013
p-Bromophenol 20.021260.00005 20.021060.00005 20.020760.00012 20.021060.00006 20.020260.00007

Anilines
Aniline 20.0091560.00006 20.0086860.00009 20.010160.00008 20.010660.00006 20.013760.00007
o-Nitroaniline 20.018160.00032 20.017960.00007 20.018660.00009 20.018460.0004 20.017460.00063
p-Bromoaniline 20.020460.00005 20.020160.00002 20.020060.00004 20.020460.0001 20.020460.00004
2,4-Dinitroaniline 20.019960.00010 20.019660.0001 20.019460.00008 20.019560.0001 20.019160.00008

Zwitterions
Tryptophan 20.010860.00004 20.0099560.00007 20.010860.00013 20.010360.0001 20.010260.00017
Tyrosine 20.0040160.00008 20.0032960.00006 20.0031460.00013 20.0025360.0006 20.0025060.00006
Phenylalanine 20.0066860.00008 20.0057360.0002 20.0062660.00003 20.0063760.00009 20.0053360.00008
m-Aminobenzoic acid 20.017460.00004 20.017460.00007 20.017160.00007 20.017260.00005 20.016460.00008

Neutrals
Nitrobenzene 20.016360.00007 20.015760.00003 20.015560.00031 20.015460.00005 20.014960.00006
Naphthalene 20.024660.00029 20.024760.0001 20.024260.00009 20.024560.00007 20.023760.00005
m-Dinitrobenzene 20.015660.00003 20.014960.00006 20.015560.00005 20.015460.00007 20.014560.00010

Micelle marker
Decanophenone 20.026360.00007 20.026360.00008 20.026160.00013 20.026160.00007 20.025760.00007
Orange OT 20.026360.00007 20.025160.0007 20.026060.0001 20.026060.00004 20.025560.0004
Yellow AB 20.026360.00010 20.026560.00005 20.025860.00003 20.025960.0001 20.025060.00005
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