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ABSTRACT

An electric field coupled method for separation of polar
compounds using normal phase high performance liquid
chromatography is described. The method, which is not based on
electrophoresis or electrochromatography, selectively changes the
column capacity for polar analytes. The use of different columns
showed improved column efficiency and up to a 62% increase in the
number of theoretical plates. The theory for the improvement is
presented. The significance and utility of the method for
selective analysis of polar fractions in environmental samples is
discussed.
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INTRODUCTION

Successful high performance 1iquid chromatogaphy (HPLC)
separation requires a well balanced compromise between resolu-
tion, sample capacity and analysis time. Thus, a large amount of
effort has gone into the characterization of each of these
variables. Although reverse phase 1liquid chromatography con-
tinues to increase in use, normal phase 1liguid chromatography
(NPHPLC) also continues to be important. Moreover, in spite of
the complexity, the retention mechanism in normal phase has been
better characterized than in reversed-phase HPLC.

Polar components of environmental pollutants have been
established as more mutagenic and carcinogenic than their non-
polar counterparts.(l'z) Consequently, it is important to
guantitatively and qualitatively characterize the chemical
constituents of polar fractions of environmental samples.
Currently, normal phase high performance liguid chromatography is
widely used for analysis of polar fractions.(3'lo) This technique
affords 1) the use of less corrosive solvents 2) lower inlet
pressure and 3) the capability for sample class separation.(4)
The stationary phase material used in NPHPLC consists of polar
adsorbents such as silica or alumina or moderately polar packing
materials obtained by chemically bonding polar components on the
surface of the silica. Thus, solute-stationary phase interac-
tions in NPHPLC systems are polar interactions. Such interac-
tions often require a specific topographical arrangement for the
solute molecule at the surface of the stationary phase. Con-
sequently, a specific orientation of the solute molecule relative
to the surface normal of the stationary phase is always favored
for maximum adsorption. This favorable orientation is randomly

achieved due to the basic structure of the packing material and
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the random orientation of the solute. In other words, there is
no preferred orientation of the solute when compared to the
macroscopic column dimensions, e.g. columni wall normal. Such is
also true for all packing materials used in NPHPLC systems. To
enhance selectivity, gradient elution is often required. It has
been suggested that retention of a polar compound on normal phase
columns is a function of hydrogen (H) bonds between the solute
molecules and the polar stationary phase.(ll) Hence, changes in
separation with changes in solvent polarity is often observed.
Another approach to studying the retention properties of
polar compounds on normal phase columns is to influence the
probability of forming H bonds between the solute and stationary
phase. Such effects can be achieved by limiting the free rota-
tion of the polar solute molecules through use of an external
force, e.g. with use of an external electric field. In this
paper, we introduce a new method that increases the selectivity
of NPHPLC for polar compound analysis. The method is based on
the application of a high voltage external electric field. This
electric field does not induce an electrophoretic migration, as
in electrophoresis or as in electrochromatography, since the
polar compounds of interest are not ionic. Rather, the process
can best be explained in terms of preferred orientation in the
presence of an external electric field. One can predict that
due to lack of electophoretic migration, reversing the direction
of the electric field should not have any effect. This can be
verified by examining the effects of the retention time changes
with the direction of the electric field. In addition, the use
of non-polar solvents in normal phase separations reduces the
number of possible oxidation - reduction processes as well as
allows operation at much higher voltages before reaching the

solvent breakdown voltage.
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THEORY

If an electric field is applied to the column, the random
distribution of apolar solute molecules will not be affected or
only slightly affected. However, the isotropic behavior of polar
solute molecules may be influenced significantly by an external
electric field. Depending on their dipole moments, polar-
izability, temperature of the environment, and the viscosity of
the mobile phase, such molecules will exhibit a more or less
oriented adsorption. Conseguently, the number of optimum sites
available for adsorption should decrease with increasing electric
field. 1In order to explore the separation characteristics of a
NPHPLC column in the presence of an external electric field, it
is necessary to examine the influence of the electric field upon
the equilibrium distribution of the analyte molecules between the
stationary and mobile phases. If X, and X, refer to the con-
centrations of the analyte in the stationary and mobile phases,
respectively, the distribution constant can then be written as

K® = &)—e— and K% = (X—S)o—— (1)
(%) ¢ (x)°

where e and o superscripts denote the respective presence and
absence of an external electric field. Since the adsorption
characteristics of a nonpolarizable, non-polar molecule does not
appreciably change in the external electric field, and since the
concentration of the non polarizable, non-polar analyte in the

stationary phase does not change, it necessarily follows that

(Xgn)® = (Xgp)® (2)
or

(K)® = (K,)® (3)
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where the subscript n denotes a non-polarizable non-polar

molecule.

For polar molecules
o e
(Rgp)® > (Xgp) (4)
resulting in a decreased distribution constant, i.e.
o e
(Kp)® < (Kp) (5)

where the subscript p denotes a polar molecule. This equation is
obvious since polar molecules cannot freely orient in the
presence of an electric field to achieve an optimum alignment for
adsorption. This decreased distribution constant will result in
a decreased column capacity for polar analytes.

If Axsp and AKp are defined as the concentration change of
the polar solute in the stationary phase and the change of the

distribution constant, respectively, we can write the capacity

factor K'p for the polar fraction as

(K',)° (K;,)° (V)?
K' = K
p P (Vm)o
and
Y e (vx)o
(K p) = (Kp) —?;;;;—— (6)
or
Vg
AK'y, = AK, 7 (7)

where Vg and V, are the respective volumes of the stationary and
mobile phases. The volumes Vg and Vp, are virtually independent

of the applied external electric field.
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Assuming a constant flow rate, equation (7) reduces to

- (%t (8%t (809808, Aty .
p = T, - T, = t, R (8)

where t, is the retention time of a non-adsorbing component,
i.e., a component that spends 100% of its time in the mobile
phase.

Similarly, we obtain for a non polarizable, nonpolar

component

AK' = 0 (9)

In other words, in the presence of an external field, the reten-
tion time of the polar component varies and the retention time of
the nonpolar component does not. The magnitude of the effect is
primarily dependent on the strength of the electric field, the
dipole moment of the molecule, as well as the polarizability of
the molecule. This is apparent since the stronger the field, the
less likely the probability that the polar molecule can optimally
orient to accommodate the randomly organized surface. However, a
quantitative treatment of this effect is beyond the scope of this
manuscript and is not necessary to explain the experimental
results. According to equation (8), the retention time change is
inversely proportional to the flow rate, (FR), i.e.

1 vm
Altp)p = toAK'y = oo AK'y (10)

If equation (10) is compared to the usual equation for retention

time, i.e.

ty =ty (1+K'), (11)
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we see that Equation (10) describes a modified chromatogram where
only the polar fraction is detected. The parameter, A(tr)p, can
then be described as the reduced retention time of the polar
component.

A larger retention time change is expected if the external
electric field is stronger or if the solute molecule is more
polar. Since the random motion of a dipole increases with
increased temperature, a lower reduced retention time is expected
for polar molecules at higher temperatures. The decreased
capacity factor of a polar molecule in the presence of an
external electric field results in increased migration rate. One
of the more important advantages of the electric field assisted
NPLC (ENPLC) has already been mentioned, i.e. the selective
determination of polar components in the presence of coeluting
nonpolar components. Finally, it should be noted that due to the
lowered K' value of the polar molecule in the presence of an
external electric field, the molecule in theory spends less time
in the stationary phase resulting in an increased mass transfer
rate and decreased height equivalent to a theoretical plate.
Restricted diffusion of the analyte molecules in the presence of
an external electric field may be one of the possible explana-

tions for this increased column efficiency.

EXPERIMENTAL
Materials
The compounds a-naphthol and naphthalene were purchased from
Sigma Chemical Company (St. Louis, MO, U.S.A.), naphthalene from
Fischer Scientific Company (Fair Lawn, NJ, U.S.A.), 1-
naphthaleneethanol, methyl benzoate, 9-anthraldehyde, indole,

benzaldehyde dimethyl acetal and l-aminonaphthalene from Aldrich
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Chemical Company (Milwaukee, WI, U.S.A.). The HPLC grade
cyclohexane, and methylene chloride were obtained from American
Burdick and Jackson (Muskegon, MI, U.S.A.) Nucleosil-NH, (10 pm)
was purchased from Alltech Associates (Deerfield, IL, U.S.A.) and
Spherisorb-alumina (5um) and Spherisorb-silica (5 wym) from

Phenomenex (Rancho Pales Verdes, CA, U.S.A.).

Column Preparation

A schematic of our column design is shown in Figure 1. It
consists of a 4.6 mm x 5C mm stainless steel tube (A), two three-
way fittings (B) and two stainless steel rods (d = 1.5 mm) as
electrodes (C). The electrodes were situated at both ends of the
column and insulated from the column and end fittings using
Teflon plugs (D). Stainless steel frits (E) located at the side-
arm of the three-way fittings were used as bed supports. Newly
packed columns were washed with 30% methylene chloride in
cyclohexane for 30 hours at a flow rate of 0.5 ml/min to remove
possible electroactive contaminents. Then, a voltage of 15 kv
was applied to the electrodes while solvent was flowing. The
current was carefully monitored until it decreased to 0.0lmA or

less.

Procedure

A Beckman system (Beckman Instruments, San Ramon, CA,
U.S.A.), including a model 420 controller, a 112M solvent
delivery system, a 160 detector and a 210 injector with a 20 pL
sample loop, was used for all HPLC measurements. A DEL Elec-
tronics (Mount Vernon, NY, U.S.A.) model 875A high voltage power
supply was used to generate the electric field. Three types of

packing materials, Nucleosil-NH,, Spherisorb-alumina and
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[NLET OUTLET

Figure 1: A schematic diagram showing an HPLC column with
electrodes for application of electric fields

(A). Stainless steel column (4.6 x 50mm)
(B). Three way fitting

(C). Stainless steel electrode

(D). Teflon plug

(E). Stainless steel frit

(F). Packing materials

Spherisorb-silica were examined. The chromatographic columns

were packed using a slurry method. (11)

Calculations
Column efficiency 1s a consideration in the studies
described here. The number of theoretical plates (N) was calcu-

lated using the usual equation, i.e.

t
r

W2

N = 5.54 (12)

where t, is the retention time of the compound and W1/2 is the

peak width at half peak height.

RESULTS AND DISCUSSION

Retention time is the parameter which is usually used to

indicate the extent of interaction between the solute and the
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TABLE 1

Chromatographic Retention Time of Naphthalene, Indole and 1-
Aminonaphthalene Separated by Three Columns Under the Influence of
Various External Electric Fields

Colum Mobile Sample Retention time (min.) RRT"
Phase

12.5  12.5

0.0kV 5.0kV 7.5kvVv 10.0kV kv kv

Nucleosil- 60%A Naphthalene 2.00 2.00 2.00 2.00 1.99 0.01

NH, 40%B Indole 5.23 5.18 5.15 5.10 5.11 0.12
1-Aminonaph
thalene 8.13 7.97 7.86 7.72 7.69 0.44

Spherisorb 65%2 Naphthalene 2.24 2.24 2.24 2.25 2.25 -0.01

silica 35%8 Indole 4,12 4.12 4,12 4.11 4.09 0.03
1-Aminonaph 15.2 14.9 14.9 14.8 14.6 0.60
thalene

Spherisorb- 45%A  Naphthalene 2.30 2.30 2.30 2.30 2.29 0.01

alumina 55%8 Indole 5.97 5.96 5.95 5.85 5.84 0.13
1-Aminonaph
thalene 11.9 11.8 11.7 11.6 11.6 0.30

(1) A = cyclohexane, B = methylene chloride and flow rate = 1.0 ml/min.

*Reduced Retention Time (min.)

stationary phase and thus we will use as such in our discussion.
Table 1 summarizes the retention time of naphthalene, indole and
l1-aminonaphthalene separated on Nucleosil-NHj, Spherisorb-
alumina, and Spherisorb-silica columns in the presence and
absence of an external electric field. In general, we note that
the retention time of a given compound decreases with increasing

voltage. Furthermore, as predicted in our theoretical discus-
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sion, the retention time of the polar compound l-aminonaph-
thalene decreases more than that of a non-polar compound (e.g.
naphthalene). We also note that after reversing the electrode
polarity, the retention times of these compounds decreases in the
same manner (data not shown), indicating that electrophoresis, is
not present or at least negligible.

Since the probability of hydrogen bonding is greatly depen-
dent upon the polarity of the solvent system, different mixtures
of cyclohexene (solvent A) and methylene chloride (solvent B)
were also used in our study. Since methylene chloride is more
polar than cyclohexane, an increase in methylene chloride
concentration should increase the polarity of the mobile phase.
As predicted, the results in Table 2 indicate a reduced effect of
the electric field on the solute with increasing solvent
polarity. This phenomenon is due to two important factors.
First, the intensity of the effective electric field is inversely
proportional to the dielectric constant of the material between

the electrodes. Our material consists of two major components,

i.e., the stationary phase and the mobile phase. Since, the
dielectric constant of methylene chloride (¢ = 9.08) is much
greater than that of the cyclohexane (¢ = 2.03) the resulting

dielectric constant of the mobile phase - stationary phase system
increases when the methylene chloride content of the mobile phase
increases. A second important phenomenon can be described as a
shielding effect of the polar solute molecules by the polar
solvent molecules. This also decreases the effect of the exter-
nal electric field. Consequently, one can expect the best
solvent system for ENPLC applications to be a non-polar solvent
with low dielectric constant. Cyclohexane (¢ = 2.03) is one of

the logical candidates, but other saturated hydrocarbons may be
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TABLE 2

Retention Time Changes and Mobile Phases using a Nucleosil - NH, Column

Retention time (min.) RRT*
Mobile (1) 2
Phase Sample 0.0kv 2.5kV change(%) ) 12.%v
(trg) (Y12.5)  (Dtr/tzy)
80%A Naphthalene 2.06 2.06 0.0 0.0
20%B Indole 12.68 11.90 6.2 0.78
1-amincnaphalene 19.58 18.06 7.8 1.52
60%A Naphthalene 2.00 1.99 0.5 0.01
40%B Indole 5.23 5.11 2.3 0.12
1-Aminonaphalene 8.13 7.69 5.4 0.44
40%A Naphthalene 1.97 1.96 0.5 0.01
60%B Indole 3.83 3.75 2.1 0.13
1-Aminonaphalene 5.71 5.43 4.9 0.28
20%A Naphthalene 1.91 1.91 0.0 0.0
80%B Indole 2.92 2.89 1.0 0.0
1~Aminonaphalene 4.13 4.02 2.7 0.09
0%A Naphthalene 1.90 1.89 0.5 0.01
100%8B Indole 2,61 2,60 0.4 0.01
1-Aminonaphalene 3.62 3.59 0.8 0.03

(1) A = cyclohexane, B = methylene chloride, flow rate = 1.0 ml/min. and column
temperature = 20.0 C

(2)

tr - tr
change (%) = 12.5 0 x 100%
o

*Reduced Retention Time (min.)

equally suitable. The column temperature is also an important
factor in ENPLC. At higher temperatures, the thermal energy of
the solute molecule is greater. This should result in lowered
adsorption of the stationary phase. The rotational motion of the
polar molecule 1is also faster at higher temperatures which

decreases the number of aligned molecules in the presence of an
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applied electric field. Accordingly, a reduced effect of the
external voltage is expected with increasing temperatures. Table
3 is a summary of results obtained at different column tempera-
tures. The relative retention time change (Atr/Atro) or the
reduced retention time is significantly higher at lower tempera-
tures. These results suggest that the electric field induced
selective determination of polar solutes is much more favorable
at lower temperatures.

Several data sets were obtained using two directions of the
electric field, i.e. with the electric field vector parallel with
the direction of flow and when the electric field vector was
antiparallel with the direction of the flow. Results were
indicating 1little or no electrophoretic phenomena. Since the
presence of trace amounts of water or other contaminants could
not be ruled out in the mobile phase, we repeated the experiments
with freshly distilled solvents and found no significant changes
in the results. The electric current through the electrodes was
also carefully monitored to examine the possibility of elec-
trophoresis and significant oxidation-reduction processes. The
current increased with the applied voltage, but never exceeded
10 pA. This small current is likely due to imperfect insulation
of the electrodes and possible trace amounts of ionic species,
e.g. water in the mobile and stationary phase. However, this
small current does not interfere with the operation of the ENPLC
column since the strength of the electric field does not change.
Nevertheless, one of our future goals is to further reduce this
current by examining the variables that contribute to this
current.

Column efficiency was calculated according to Equation 12.

Table 4 is a summary of the results for three different columns.
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TABLE 3

Retention Time Changes and Column Temperature using a Nucleosil- NH, Colum

Retention time (min.) RRT*

Temperature - 2

() Sample 0.0k 2.5kv  change(%)(%) 12.kv

(trg) (YFF12.5)  (Dtr/try)

1.0 Naphthalene 2.07 2.07 0.0 0.0
Indole 8.39 8.17 2.6 0.22
1-Aminonaphalene 12.80 11.99 6.3 0.81

10.0 Naphthalene 2.05 2.05 0.0 0.0
Indole 7.80 7.70 1.3 0.10
1-Aminonaphalene 11.87 11.55 2.7 0.32

20.0 Naphthalene 2.05 2.04 0.5 0.0t
Indole 7.30 7.24 0.8 0.06
1-Aminonaphalene 11.22 11.00 2.0 0.22

30.0 Naphthalene 2.01 2.01 0.0 0.0
Indole 6.82 6.77 0.7 0.05
1-Amincnaphalene 10.30 10.12 1.7 0.18

40.0 Naphthalene 1.98 1.98 0.0 0.05
Indole 6.24 6.23 0.2 0.01
1-Aminonaphalene 9.10 9.15 0.5 0.05

(1) mobile phase: cyclohexane/methylene chloride = 70/30
flow rate = 1.0 ml./min.

(2}

tr - try x 100%
12.5 0
change (%) =

trg

*Reduced Retention Time (min.)
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TABLE 4

Number of Theoretical Plates of Three Columns Examined Under the
Influence of an Electric Field

Column Mobile Sample Number of theoretical plates (N) per
Phase (1) meter
0.0 kv 12.5 kv Change (%)(2)
Nucelosil- 60%A Naphthalene 1560 1560 0
NH, 40%B Indole 1790 2415 35
1-Aminonaph 2010 2879 43
thalene
Spherisorb~ 65%A Naphthalene 2250 2270 1
silica 35%B Indole 2940 4340 48
1-Aminonaph 5890 9570 62
thalene
Spherisorb- 45%A Naphthalene 2370 2490 5
Alumina 55%B Indole 3480 4440 28
1-Aminonaph 3700 4960 34
thalene

(1) A = cyclohexane, B = methylene chloride and flow rate = 1.0 ml/min.

(2)
N12.5 - NO x 100%

change (%) =
No

These results indicate that N increases for all three samples,
naphthalene, indole, and l-aminonaphthalene on all three columns
examined except for naphthalene on a silica column, where no
significant change was observed. Also, the polar compound 1-
aminonaphthalene has a higher change (62%) under the same
electric field strength, indicating that polar solutes interact
with the electric field stronger than non-polar solutes as

predicted in our earlier discussion.
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Finally, a standard sample was prepared containing eight
compounds dissolved in cyclohexane; naphthalene (13.4 pg/ml),
indole (16.1 pg/ml) methyl benzoate (32.9 pg/ml), 9-anthraldehyde
(5.8 npg/ml), benzaldehyde dimethyl acetal (77.7 pg/ml),
a-naphthol (35.5 pg/ml), l-aminonaphthalene (40.9 pug/ml and
l-naphthaleneethanol (115.4 ng/ml). The sample (20 upL) was
injected and separated on a silica column, with and without an
electric field (12.5 kV). Figure 2 provides the observed chro-
motograms; Curve I is with an electric field (12.5 kV) and II is
without an electric field. With the electric field, unresolved
peaks (3,4 and 5,6) were better separated and an unidentified
peak (9) appeared. These results also showed that column
efficiency was improved in this case with the electric field.
The reproducibility of the ENPLC separation was also examined
using an alumina column. Different standards at different con-
centrations (0.0, 5.0, 4.0 pg/ml of naphthalene, 175.0 ug/ml of
methyl benzoate, 14.4 pg/ml of 9-anthraldehyde and 48.4 pg/ml of
indole) were injected 11 times at 0.0 kV and 5 times at 5.0 -
15.0 kV repeatedly (20 pl each). The average retention time and
average peak height of each compound in the presence of the same
electric potential were calculated. An overall relative standard
deviation for all 4 compounds was 0.23% and 1.3% for retention
time and peak height, respectively. Therefore, this column was
stable under the experimental conditions outlined. However,
long-term column stability was not satisfactory. After several
days of operation, the shift of retention time for a given sample
was decreaséd, indicating that the column was less sensitive to
the electric field. We noticed that a brownish-yellow color
developed on the packing materials around the anode. A quali-

tative test on this colored packing materials with the addition
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Figure 2: Separation of a standard mixture with (I) and without
(II) an electric field (12.5 kV) on a silica column. Flow rate
1.0 ml/mm. Mobile phase: 35% cyclohexane, 65% methylene
chloride. Peak identity as follows:

(1). Naphthalene (5). Benzaldehyde dimethyl-acetal
(2). Indole (6). «a-Naphthol

(3). Methyl benzoate (7). l-Aminonaphthalene

(4). 9-Anthraldehyde (8). 1l-Naphthaleneethanol
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of K,(FeCNg) gave a blue color, indicating the presence of
Fe(III). The sample was then analyzed by mass-spectrometry using
negative ion fast atom bombardment in a thioglycercl matrix. A
major fragment of 107 mass-units was observed, suggesting the
presence of Fe(OH)3. The most probable explanation is that the
formation of Fe(OH)5; decreased the effective electric field. This
problem can probably be circumvented by using a more inert elec-
trode, e.g. platinum.

Although the feasibility of the electric field coupled
normal phase liquid chromatography has been demonstrated, several
aspects need to be explored further. First, the column should be
redesigned to achieve higher electric fields, possibly with lower
electrode voltage. Second, computer aided data acquisition also
can enhance the wusefulness of the system by comparing
chromatograms acquired with and without electric field and
subsequently eliminating peaks which are not affected by the
electric field. Finding the optimum mobile phase-stationary
phase system is also an important goal. Finally, it should be
noted that the ENPLC method described in this manuscript is not
an electrophoretic method nor an electrochromatographic method.
Electrochromatography was introduced by Antrim et gl.(l3) In
this electrochemical method, the carbonceuous stationary phase
was modified by applying small (less than 1V) potentials on the
conductive stationary phase. Electrochromatography is an elec-
trophoretic procedure where sorptive interactions are also
present. The polarity of applied voltage in electrochromatogra-
phy is important since the solute is accelerated or retarded
according to the polarity of the external voltage. Electrochro-

matography using high external voltages has been also described

in the 1iterature.(14)
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