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Abstract

Microemulsion electrokinetic chromatography (MEEKC) was evaluated as a screening tool for the indirect measurement
of octanol–water partition coefficients (log P ) of pesticide compounds. Over 80 pesticide compounds representing ao / w

variety of structural characteristics were studied, and good correlation of log P with the logarithm of the retention factoro / w

was found. The microemulsion system studied allowed the separation of compounds in the log P range of 21 to 7. Ino / w

addition, a smaller set of simple organic molecules that vary in structural features was evaluated and compared to the
pesticide log P calibration. The pesticide and simple organic molecule log P calibration lines were statistically similar.o / w o / w

This suggests that a universal set of standard compounds may be employed for the log P calibration to provideo / w

measurements for a variety of compounds with good accuracy.  2001 Elsevier Science B.V. All rights reserved.

Keywords: Partition coefficients; Microemulsion electrokinetic chromatography; Octanol–water partition coefficient;
Pesticides

1. Introduction adsorption [6]. Log P values are also used ino / w

quantitative structure–activity relationship analysis
The logarithm of the partition coefficient between [7,8] and new drug compound design [9].

octanol and water (log P ) has been used as an Reversed-phase liquid chromatography (RPLC)o / w

indicator of the physicochemical and biological has been widely explored as an alternative to the
behavior of many classes of organic compounds. The direct measurement of log P through a linearo / w

hydrophobic character of organic molecules can be relationship of the capacity factor and log Po / w

used to predict biomembrane transport [1–3], bioac- [4,10–14]. This approach is advantageous over the
cumulation in plants and animals [4,5], and soil traditional direct measurement method, providing

faster analysis times, improved reproducibility, and
requiring less amounts of sample for testing.
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retention with hydrophobicity for a number of aro- A linear solvation energy relationship (LSER)
matic compounds [15–21]. Several studies have been analysis was conducted using the data generated for
conducted to evaluate micellar electrokinetic chro- the study in Ref. 43 [48]. It was found that the
matography (MEKC) for the indirect measurement coefficients in the LSER evaluation of the retention
of hydrophobicity by the correlation of the logarithm data were very similar to the resulting coefficients
of the retention factor to log P . A variety of obtained via LSER evaluation of the octanol–watero / w

molecules have been evaluated, including aromatics, system. This suggests that the results obtained with
polyaromatic hydrocarbons, pharmaceuticals, and the above SDS/butanol /heptane microemulsion sys-
pesticides [22–29]. tem may be a close model of octanol–water parti-

Microemulsion electrokinetic chromatography tioning.
(MEEKC) has been applied to the separation of The type of compounds used in the above study
molecules such as naphthalene derivatives, ketones (Ref. 43) were small organic molecules with simple
and diketones [30,31], hop acids [32,33], vitamins functional character. Compounds such as pesticides
[34], steroids [35,36], pharmaceuticals [37–40], and tend to be larger in shape and size and contain more
pesticides [41]. The oil-in-water type of microemul- complex functionality than many of the compounds
sion has mainly been used for separations in EKC. used in the evaluation described in Ref. 43. For
These microemulsions are clear liquids that consist example, in addition to the phosphorous group, the
of a surfactant, sometimes a cosurfactant that is organophosphorous classification of insecticide com-
generally an alcohol of intermediate chain length, pounds may contain a combination of one or more
and an oil component in aqueous solutions. Micro- rings, chlorine, bromine, sulfur, nitrogen, carbonyl,
emulsions form spontaneously and are stable for long ether, ester, or alkyl groups.
periods of time. The purpose of the study reported here was to

MEEKC offers some advantages over MEKC evaluate the use of MEEKC as a method for the
separations [42]. The microemulsion formations are indirect measurement of log P of a variety ofo / w

generally larger in size than micelles, giving them a pesticide compound types, covering a variety of
higher capacity for the solubilization of hydrophobic chemistries and functional groups and a wide range
molecules and a greater potential for separating very of hydrophobicity. Over 80 pesticides from very
hydrophobic solutes in EKC separations. In micro- hydrophilic to very hydrophobic were evaluated
emulsions, the larger size of the structure in addition using the MEEKC technique for their retention
to the oil core component provides a higher solubili- behavior and correlation to their log P values. Theo / w

zation capacity of molecules over micellar structures. results of the pesticide log P calibration will beo / w

Solutes may more easily penetrate and partition into compared to the calibration of some small organic
the core oil of the microemulsion, allowing more compounds to determine whether MEEKC is a
hydrophobic compounds to be distinguished in sepa- reliable, universal model of octanol–water partition-
rations. MEEKC can provide a larger elution range ing useful for log P measurements for compoundso / w

and higher peak efficiency, compensating for the other than small organics.
potential loss of resolution due to the higher solute
retention of MEKC. Increasing the surfactant portion
of a microemulsion composition can readily increase 2. Experimental
the migration window, because the electrophoretic
mobility of the microemulsion is increased. 2.1. Instrumental

There have also been efforts made to use MEEKC
for the indirect measurement of hydrophobicity of a A Waters Quanta 4000 (Waters Corporation, Mil-
variety of small neutral organic molecules [43], ford, MA, USA) capillary electrophoresis instrument
anionic and cationic species in the charged state at equipped with fixed-wavelength UV detection at 254
pH 7 [44–46], and at the extreme pH values of 1.19 nm was employed for all separations. Electrokinetic
and 12 [47]. The test solutes evaluated in the studies separations on the Waters Quanta 4000 were per-
have ranged from hydrophilic (log P 520.4) to formed using a 37.5 cm length fused-silica capillaryo / w

moderately hydrophobic (log P 54.5). with a 50 mm internal diameter (375 mm outero / w
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diameter) (Polymicro Technologies, Tucson, AZ, provide shifts in retention that lead to inaccurate
USA). Injections were made electrokinetically for 10 measurements of k9. The solubilization of very
s at 5 kV unless otherwise indicated. The applied hydrophobic molecules into the microemulsion sys-
voltage for the studies was 7.5 kV. The operating tem can be facilitated by dissolving the neat com-
current for the microemulsion solution run under the pound with a very small (ca. 1–2 ml) amount of
analysis conditions was typically 35–36 mA (approx- organic solvent prior to dilution with the microemul-
imately 0.7 W/m). The data were collected at a rate sion solution. The solute concentrations ranged from
of 10 Hz and processed on a PC using ChemStation 0.2–0.5 mg/ml.
software (Hewlett-Packard, Wilmington, DE, USA).
All experiments were performed at ambient tempera-

2.3. Methodsture (¯258C).

The capillary was treated by purging with 1.0 M2.2. Materials
NaOH for 15 min, followed by a purge of 0.1 M
NaOH for 15 min. The capillary was then rinsedThe organic test solutes, heptane, and 1-butanol
with water for 15 min, followed by the microemul-were purchased from Aldrich (Milwaukee, WI,
sion solution for 10 min. Purges with 0.1 M NaOHUSA). The pesticide compounds were purchased
and water were performed periodically to removefrom Chem Service (West Chester, PA, USA). So-
contaminants from the capillary wall.dium phosphate, sodium tetraborate and sodium

dodecyl sulfate (SDS) were obtained from J.T. Baker
(Phillipsburg, NJ, USA). The water used for the

2.4. Calculationspreparation of the buffer solutions was obtained from
a Milli-Q purification system (Millipore Corp., Mil-

The retention factor, k9, is defined by the ratio offord, MA, USA).
n /n , where n is the total number of moles ofStock buffer solutions were prepared with sodium me aq me

solute in the microemulsion phase and n is the totaldihydrogen phosphate at a concentration of 0.05 M aq

number of moles of solute in the aqueous phase. Thein Milli-Q water and adjusted to pH 7.0 with 0.1 M
retention factor in MEEKC can be calculated usingsodium tetraborate. The oil-in-water type of micro-
the equation [51]:emulsion chosen for this study contained heptane as

the oil component, SDS as the surfactant, and 1-
t 2 tbutanol as the cosurfactant. This is the same type of r 0

]]]]k9 5 (1)
t (1 2 t /t )microemulsion used in the analysis of the simple 0 r me

organic molecules for log P that proved to be ao / w

similar model of octanol–water partitioning, dis- where t , t , and t are the migration time of ther o me

cussed in Ref. 43. The microemulsion solutions were solute, the void time due to electroosmotic flow, and
prepared by weighing appropriate amounts of hep- the migration time of the microemulsion, respective-
tane, butanol, SDS, and buffer solution and mixing ly. The electroosmotic flow time was measured using
by ultrasonication for 30 min. The microemulsion the response of 1-butanol, contained in the micro-
solutions were allowed to equilibrate at ambient emulsion solution. The migration time of the mi-
temperature for 1 h prior to use in electrokinetic croemulsion through the capillary, t , was measuredme

separations. The solutions are transparent and may for each separation using the migration time of
be stable for several months at room temperature dodecylbenzene as a tracer. The relationship between
storage [49,50]. The microemulsion solutions were retention factor and octanol–water partitioning may
filtered through 0.45 mm GHP Acrodisc filters (Pall be expressed using the functional form [10,11]:
Gelman, Ann Arbor, MI, USA) prior to use.

The test solutes were dissolved in the microemul- log P 5 a log k9 1 b (2)o / w

sion solution for injection onto the capillary. Sam-
ples dissolved in solvent, buffer solution, or micro- where a and b are constants that represent the slope
emulsion modified with higher levels of solvent may and intercept of a linear calibration line.
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3. Results and discussion separation of very hydrophobic and very hydrophilic
compounds without excessively long analysis times.

Fig. 1 shows the effect of increasing the con- The buffer system used in the experiments was the
centration of the SDS component of the microemul- same as in Ref. 43 for the purpose of comparing
sion system to increase the migration window of results.
separation for a set of alkylphenone compounds. The Table 1 lists the pesticide and organic standard
chromatograms demonstrate that increasing the SDS compounds investigated along with their corre-
concentration increases the migration times of the sponding log P values. Fig. 2a and b show theo / w

solutes, enhancing the resolution by increasing the separation of some representative pesticide and
electrophoretic mobility of the microemulsion toward organic standard compounds. The resulting peaks
the anode or inlet end of the capillary. A microemul- remain narrow throughout the chromatograms.
sion composed of 2.16% SDS (w/w), 0.82% heptane The partitioning relationship between retention
(w/w), 6.49% 1-butanol (w/w) in 0.05 M sodium and octanol–water partitioning was evaluated by
phosphate–0.1 M borate at pH 7.0 was chosen as the plotting log P versus log k9 for all of the pesticideo / w

model system for study in these investigations. It and organic standard compounds. Linear regression
was selected because this composition provided a analysis of the pesticides yielded the following
reasonably wide migration window to facilitate the equation:

Fig. 1. Effect of the SDS surfactant concentration on the migration window and resolution in MEEKC. Separation of (1) acetophenone, (2)
propiophenone, (3) butyrophenone, (4) valerophenone, (5) hexanophenone, (6) heptanophenone, (7) octanophenone, and (8) decanophenone
using a microemulsion composed of (a) 1.44%, (b) 2.16%, or (c) 2.88% SDS (w/w), 0.82% heptane (w/w), 6.49% 1-butanol (w/w) in 0.05
M sodium phosphate–0.1 M borate at pH 7. The resulting migration windows (equal to t /t ) were (a) 4.0, (b) 5.4, (c) 7.1. Capillaryme o

dimensions: 37.5 cm350 mm I.D. The injection was electrokinetic at 5 kV for 5 s, and the operating voltage was 7.5 kV with detection at
254 nm.
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Table 1
Test solutes and their literature log P valueso / w

Pesticide compounds
Compound log P [52,53] Compound log P [52,53]o / w o / w

Aldicarb 1.13 Kelthane 4.28
Aldrin 5.52 Leptophos 5.88
Aminocarb 1.73 Linuron 3.20
Atrazine 2.66 Malathion 1.02
Banol 2.30 Metalaxyl 1.65
Benfluralin 5.29 Methiocarb 3.34
Bensulide 4.20 Metribuzin 1.70
Bifenthrin 6.00 Napropamide 3.30
Bromophos ethyl 5.68 Omite 3.72
Bromophos methyl 4.88 Oxadiazon 4.09
Buprofezin 4.30 Oxyfluorfen 4.47
Captafol 3.83 Paclobutrazol 3.20
Captan 2.78 Paraoxon 1.98
Carbaryl 2.34 Parathion 3.83
Carbofuran 1.52 p-dichlorobenzene 3.44
Carbophenothion 4.82 Pendimethalin 5.18
Chlordane 6.00 Pentachloroanisole 5.70
Chlorpyrifos 5.27 Pentachloronitrobenzene 5.40
Chlortoluron 2.50 Pentachlorophenol 5.13
Coumaphos 4.13 Permethrin 6.60
Cycloheximide 0.55 Phenothiazine 4.15
Cypermethrin 4.47 Phosalone 4.30
p,p9-DDD 6.22 Pirimicarb 1.70
p,p9-DDE 6.09 Pirimiphos-ethyl 4.85
p,p9-DDT 6.38 Pirimiphos-methyl 4.20
Dicapthon 3.44 Profenfos 4.44
Dichlofenthion 5.14 Profluralin 5.58
Dimethoate 0.704 Propanil 3.07
Dipropetryn 3.81 Propoxur 1.56
Dithiopyr 4.39 Propyzamide 3.09
Diuron 2.80 Pyrazon 1.14
Endrin 5.16 Simazine 2.11
EPN 5.02 Simetryn 2.66
Fenchlorphos 5.07 Sonar 3.16
Fenobucarb 2.79 Systhane 2.94
Fensulfothion 2.33 Tebufenozide 4.25
Fenuron 0.96 Tetrachlorvinphos 3.53
Fluorodifen 4.40 Tetramethrin 4.70
Heptachlor 5.40 Thiazopyr 3.89
Heptachlor epoxide 5.45 Tolylfluanid 3.90
Hexachlorobenzene 5.47 Toxaphene 5.50
Imazapyr 0.11 Trichloronate 5.23
Imazaquin 0.34 Tricyclazole 1.40
Iprodione 3.00 Trietazine 3.35
Isofenphos 4.04 Trifluralin 5.34
Isoprocarb 2.30
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Table 1. Continued

Organic standard compounds
Compound log P [1,7] Compound log P [1,7]o / w o / w

2-aminopyrimidine 20.22 naphthalene 3.37
anisole 2.11 2-naphthol 2.84
benzaldehyde 1.48 nitrobenzene 1.86
benzopenone 3.18 2-nitrotoluene 2.30
bibenzyl 4.60 1,2-phenylenediamine 0.15
1-bromonaphthalene 5.29 propyl benzene 3.69
6-bromo-2-naphthol 4.80 4-propylphenol 3.00
butyl benzene 4.38 pyrimidine 20.40
1,3-chloronitrobenzene 2.46 quinoxaline 1.30
m-cresol 1.96 resorcinol 0.80
4-cyanophenol 1.63 sulfanilamide 21.05
4,6-dimethylpyrimidine 0.62 1,2,4,5-tetrabromobenzene 5.10
hexyl benzene 5.52 1,2,3,4-tetrachlorobenzene 4.50
hydroquinone 0.55 theophylline 20.02
methyl-2-fuorate 1.00 1,2,4-trichlorobenzene 3.98
1-methylindole 2.64 uracil 21.07
2-methylpyrazine 0.21 o-xylene 3.12
4-methylpyrimidine 0.16

hydrogen bonding and non-hydrogen bonding groupslog P 5 (1.99560.047) log k9 1 0.97760.075o / w
(3) and are also relatively large in size. These factors2r 5 0.952, n 5 91, SE 5 0.350 may be contributing to the stronger interactions with

2 the microemulsion structure, perhaps through inter-where r is the correlation coefficient, n is the
action with 1-butanol. Removal of the outliers pro-number of data, and SE is the standard error.
vided the following linear correlation relationship forThe log P values for the pesticides groupo / w
the pesticides group:ranged from 0.11 to 6.6. Five outliers were identified

by inspection of a graph of the residuals (not shown).
log P 5 (1.95660.042) log k9 1 1.08060.067o / wThree of the compounds, Imazapyr, Imazaquin, and (4)2r 5 0.962, n 5 86, SE 5 0.293cycloheximide are located at the lower end of the

hydrophobicity range of compounds chosen for study The correlation coefficient and the standard error
and exhibit stronger retention than their log Po / w were slightly improved with the removal of the
values would indicate. Imazapyr and Imazaquin are

outliers from the data set.
imidazolinone compounds and contain imide func-

Linear regression analysis of the organic standard
tional groups as well as an acid group on each

compounds yielded the following equation:
molecule. Both functional groups may contribute to
the molecules being more highly retained by interact- log P 5 (1.91660.064) log k9 1 1.18160.070o / w

(5)2ing with the microemulsion structure. The two r 5 0.964, n 5 35, SE 5 0.364
compounds may also be partially ionized at the pH
used in the investigations. Cycloheximide also con- The log P values in the simple organic moleculeo / w

tains an imide functional group that may be causing set ranged from 21.07 to 5.52. Upon investigating
this molecule to be more retained by the microemul- the regression data, two outliers were identified in
sion. this compound set by inspection of a graph of the

Cypermethrin and Carbophenothion were also residuals (not shown). Uracil and sulfanilamide
outliers in the data set. Both compounds exhibit a contain amine groups and may possibly have inter-
greater amount of retention with the microemulsion action with the charged portion of the SDS com-
system than is predicted by their log P values. ponent of the microemulsion. If both of these outlierso / w

The structures of both compounds contain both are removed from the data set, the following linear
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Fig. 2. (a) Separation of seven representative pesticide compounds by MEEKC: (1) Fenuron, (2) Pirimicarb, (3) Fensulfothion, (4) Propanil,
(5) Phenothiazine, (6) Pendimethalin, and (7) p,p9-DDT. The microemulsion was composed of 2.16% SDS (w/w), 0.82% heptane (w/w),
6.49% 1-butanol (w/w) in 0.05 M sodium phosphate–0.1 M borate at pH 7. Capillary dimensions: 37.5 cm350 mm I.D. The injection was
electrokinetic at 5 kV for 8 s, and the operating voltage was 7.5 kV with detection at 254 nm. (b) Separation of 12 representative standard
organic compounds by MEEKC: (1) pyrimidine, (2) 4,6-dimethylpyrimidine, (3) methyl-2-fuorate, (4) 4-cyanophenol, (5) nitrobenzene, (6)
anisole, (7) 1,3-chloronitrobenzene, (8) 2-naphthol, (9) benzophenone, (10) naphthalene, (11) 6-bromo-2-naphthol, and (12) 1-bromo-
naphthalene. Conditions are as in Fig. 2a.
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relationship is established for the organic standard whether they are statistically similar or different
compounds: from one another. If the observed probability (P

value) of the F-test in the comparison test for
log P 5 (1.85060.061) log k9 1 1.26160.067 differences among calibration lines is less than 0.05,o / w

(6)2 then there is a 95% probability that there is at leastr 5 0.968, n 5 33, SE 5 0.324
one pair of calibration lines that are statistically

Fig. 3 includes the log P versus log k9 data for different. In testing for differences between theo / w

the pesticides and organic standard compounds. calibration lines in slope and intercept, if the ob-
From the linear regression analyses that yielded Eqs. served probability (P value) of the t-test is less than
4 and 6, the pesticide and simple organic sets of 0.05, then there is evidence that there is a statistically
compounds appear to be similar in linearity and significant difference at 95% confidence. The cali-
standard error. The two calibration lines also appear bration lines of the pesticide and simple organic
to be similar in slope and intercept. If the calibration standard compound calibration lines were contrasted,
data of both groups are similar, it may be acceptable tested for differences, and were found to be statisti-
to use a general set of standard compounds to cally similar. Therefore, in the case of the com-
calibrate for the indirect measurement of log P for pounds evaluated in this work, it may be feasible too / w

a wide variety of organic molecules. use a universal set of compounds to form a valid
The calibration curves were compared statistically calibration for the determination of hydrophobicity

to determine whether a single, general set of data of a variety of compound types. If the pesticide and
may be used for a universal calibration to determine standard organic compound data are pooled to
the hydrophobicity of any test solute with acceptable provide a single calibration, the following equation
accuracy. SAS JMP (SAS Institute Inc., Cary, NC, results:
USA) statistical software is capable of evaluating

log P 5 (1.89960.031) log k9 1 1.18060.047more than one set of data by a contrast test to o / w
(7)2determine differences and similarities between sets r 5 0.968, n 5 119, SE 5 0.304

of data. The program was used to compare the two
compound group calibration curves and determine The practical range of analysis was approximately

Fig. 3. Plot of log P versus log k9 of the pesticide and organic standard compound linear regression data. The injection was electrokinetico / w

at 5 kV for 10 s. Other conditions are as in Fig. 2a.
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