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Table 1
Names, chemical structures and formal redox potentials (£°') of model compounds

E°'/V

Analyte Structure a
vs. Ag/AgCl at pH 6
L-tyrosine HO‘©—>_/<O
H2N OH
L-dopa HO%O
HO H,N OH
hydroquinone H04@70H 0.147
_ HO
resorcinol Q
OH
HO
catechol @ 0.236
HO

* Calculated using formal redox potentials (vs. standard hydrogen electrode) at pH 0 [31].






Table 2
Stoichiometric fractions of hydroquinone and catechol calculated from retention factors and peak areas

Applied hydroquinone catechol
potential /mV F reg FredL) F e Food@)
25 0.99 0.93
50 0.79 0.83
75 0.37 0.46
100 0.10 0.19
125 0.02 0.02
150 0.91 0.83
175 0.44 0.41

200 0.13 0.08
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Abstract

An on-column electrochemical redox derivatization for enhancement of separation
selectivity of HPLC is presented using electrochemically modulated liquid chromatography
(EMLC) and porous graphitic carbon (PGC) as the packing material. PGC therefore serves
two purposes: it acts both as a chromatographic stationary phase and as a working electrode.
The capability of on-column electrochemical redox derivatization was evaluated using
hydroquinone and catechol as model compounds. By manipulation of the applied potential,
hydroquinone and catechol will migrate as equilibrium mixtures, hydroquinone and
p-benzoquinone and catechol and o-benzoquinone in the potential region of 25-125 mV and
150-200 mV (vs. Ag/AgCl), respectively. These redox reactions can be used as secondary
chemical equilibria so that the corresponding equilibrium mixtures elute as single peaks and
their retention times can be controlled by alterations in the potential applied to the PGC
stationary phase. Homogeneity of the redox activity of the PGC stationary phase applied

potential was also demonstrated.

Keywords:  On-column redox derivatization, Electrochemically modulated liquid

chromatography; Porous graphitic carbon; Secondary chemical equilibrium





1. Introduction

Porous graphitic carbon (PGC) is one of the most stable packings in reversed-phase
liquid chromatography [1]. It has been used not only for the separation of a wide range polar
compounds, but also for positional and optical isomers [1-6]. We have recently shown that
PGC packings display catalytic redox activity for
cobalt-trans-1,2-diaminocyclohexanetetraacetate (dcta) and -ethylenediaminetetraacetate
(edta) complexes, which can be modified by treatment of PGC with a suitable redox agent
[7-9]. For example, pre-treatment of PGC with oxidizing agent results in the exhaustive
transformation of the Co(Il) complexes to Co(IIl) complexes, whereas PGC treated with a
reducing agent converts Co(III) complexes to Co(II) complexes. Using this catalytic redox
activity of PGC packings, Shibukawa et al. presented a new type of secondary chemical
equilibrium (SCE) for enhancement of selectivity in high-performance liquid chromatography
(HPLC) [8].

In SCE, an analyte exists in more than one chemical form during elution [10]. Hence,
the elution time for the analyte is redetermined by the retention factor of each chemical form
of the analyte, which is, in turn, affected by the equilibrium constants that govern the relative
distribution of the different species and how the mobile phase can be altered to judiciously
manipulate these constants. Our approach extends SCE to encompass redox equilibria [8].
However, the ability to control this type of on-column equilibrium is dictated and, therefore,
limited by the formal reduction potential of the redox reagent. As a means to overcome this
limitation, we recently adapted a small flow through electrolytic cell as an in-line precolumn

in order to gain broader and more facile control over the distribution of redox species in the





mobile phase by alteration of the potential applied to the cell [11].

The present paper extends our on-column redox derivatization strategy to using a LC
column designed for electrochemically modulated liquid chromatography (EMLC) [12-16].
EMLC works by altering retention through changes in the potential applied to a conductive
stationary phase. The packing material is therefore dual-purposed, serving as chromatographic
stationary phase and as a working electrode. By using hydroquinone, catechol, resorcinol,
L-3,4-dihydroxyphenylalanine (dopa), and L-tyrosine as models, we will show that
on-column electrochemical redox derivatization via EMLC provides an intriguing pathway

for realizing a highly selective separation of redox active analytes.

2. Expermental

2.1. Apparatus

An SI-1/2001 pump (Shiseido, Tokyo, Japan) was used to deliver the mobile phase,
which was blanketed in a nitrogen atmosphere throughout the experiments. Sample injection
was carried out with a Model 77251 Rheodyne (Cotati, CA), fitted with a 5-uL sample loop.
An SI-1/2002 UV-VIS detector (Shiseido, Tokyo, Japan), interfaced to a ChromatoDAQ
analog/digital interface (ULVAC, Kanagawa, Japan), was employed to monitor the eluting
complexes at 220 nm and then data analysis was carried out by means of CAC ver. 4.3-0.2
chromatographic software (LAsoft, Tokyo, Japan). An SPD-M6A photodiode array detector
(Shimadzu, Kyoto, Japan) was utilized for eluite detection. The potential applied to the

stationary phase was controlled by a HA-151 potentiostat/galvanostat (Hokuto Denko, Tokyo,





Japan). All pH measurements were carried out with a Model F-22 pH meter (Horiba, Tokyo,

Japan).

2.2. LC column configured as an electrochemical cell

The design and construction of the column have been detailed elsewhere [15]. The
column consists of a Nafion cation-exchange membrane in tubular form (Perma Pure Inc.)
placed inside a porous stainless steel cylinder (Mott Metallurgical Corp.). The Nafion tubing
serves as a container for the PGC stationary phase (3.5 um BTR carbon, Biotech Research,
Kawagoe, Japan). PGC also functions as the working electrode. The porous stainless steel
cylinder prevents deformation of the Nafion tubing under the high pressure of
chromatographic flow and is also used as the auxiliary electrode. A Ag/AgCl reference
electrode (saturated NaCl) is placed in an electrolyte reservoir that surrounds the stainless

steel auxiliary electrode.

2.3. Reagents

All reagents were analytical reagent grade unless otherwise stated. Catechol,
resorcinol and hydroquinone were from Wako Pure Chemicals (Osaka, Japan). L-tyrosine and
dopa were from Kanto Chemicals (Tokyo, Japan). The structures and formal redox potentials
of the analytes are presented in Table 1. Distilled and deionized water was further purified via

passage through a Millipore Milli-Q purification system.





2.4. Chromatographic Conditions

The mobile phase used was 20% acetonitrile-water containing 100 mM phosphate
buffer (pH 6.0). The phosphate buffer was prepared from NaH,PO4 and Na,HPO,. Stock
solutions of catechol, resorcinol, hydroquinone, L-tyrosine and dopa were prepared by
dissolution in 0.1 M H3PO,4 (aq) at a concentration of 10 mM. The analyte solutions for
injection were prepared at a concentration of 0.1 mM by diluting the stock solutions with the
mobile phase The mobile phase was delivered isocratically at a flow rate of 0.40 mL min™".

All solutions were passed through a 0.45 um membrane filter before use.

3. Results and discussion

3.1. Redox behavior of dihydroxylbenzenes in LC Column Configured as Electrochemical Cell

Figure 1 shows the dependence of the retention factor (k) of hydroquinone, resorcinol,
catechol, tyrosine, and dopa on potential (£,p,) applied to the EMLC column through plots of
log k vs. Eap. The k values were calculated using Vi, values determined by the method
presented by Shibukawa and Ohta [17]. As seen from Fig. 1, the retention of resorcinol and
L-tyrosine increases as E,p, moves positively from -200 to +400 mV. Similar trends are
evident for hydroquinone, catechol and dopa, but over a much more limited range in Ej,pp.
Above ~0 mV, the increase in retention for hydroquinone and dopa is significantly greater
than those of L-tyrosine and resorcinol. However, the retention of hydroquinone reaches a

maximum at ~+125 mV, undergoing a comparatively smaller decrease after ~+150 mV. The





retention for catechol qualitatively follows the same dependence as hydroquinone, but with a
much smaller overall change in £.

UV spectra for the chromatographic peaks obtained when solutions containing
hydroquinone, catechol, dopa and resorcinol were injected into the system at 0 mV and +300
mV or +400 mV are shown in Fig. 2. The two sets of spectra are clearly different except for
resorcinol, consistent with the oxidative transformation of hydroquinone, catechol, and dopa
at the higher value of E,p,. The spectrum of hydroquinone obtained at +300 mV is identical
with that for p-benzoquinone and the spectrum of catechol at +300 mV is nearly the same as
that reported for o-benzoquinone by Nagakura and Kuboyama [18].

Figure 3 shows the dependence of the peak area of all the five compounds measured
at 220 nm on E,,p. As shown in Fig. 3, the peak areas for hydroquinone and catechol begin to
decrease at +25 and +150 mV, respectively, with the former reaching a constant value at +150
mV and the latter at +300 mV. These two results suggest that all of the injected compounds
are fully converted from their reduced forms for their respective p- and o-benzoquinone forms
near +150 and +300 mV. This interpretation is supported by the constancy in the peak area for
L-tyrosine, which is electroinactive over these values of E,,,. The peak area of resorcinol
begins to decrease at +300 mV and this suggests that resorcinol also undergoes some
transformation at the higher value of E,,,. However, the spectral change or the change in
wavelength of absorption peaks is not clear as shown in Fig. 2(d). It has been reported that
resorcinol does not engage in reversible electron transfer and the fully oxidized form would
possess an extremely unstable diradical nature [19].

PGC packing material itself exhibits redox activity as have already been reported

[7-9]. Both of an injection of hydroquinone and that of p-benzoquinone into the PGC column





with no potential also give the same single peak on their chromatograms because they migrate
through the column as an equilibrium mixture of the reduced and oxidized forms, i.e.
hydroquinone and p-benzoquinone. The redox reaction or the conversion is so fast that the
peak does not widen [8].

The profile for the peak area for dopa is the most unusual of the five compounds. The
peak exhibits a sharp increase at ~+150 mV and then a pronounced decrease. Aroca et al. have
reported that the oxidation of dopa with sodium periodate produces dopachrome, which has
an absorption maximum at 305 nm, followed by the conversion of dopachrome to
5,6-dihydroxyindole and 5,6-dihydroxyindole-2-carboxylic acid [20]. On the other hand,
Robinson and Smyth have reported that dopachrome has absorption maximum at 220 and 310
nm [21]. As shown in Fig. 2a, the UV spectrum for the elution peak at +300 mV of dopa has
maxima at 220 and 305 nm. As shown in Fig. 2a, the UV spectrum for the elution peak at
+300 mV of dopa has a maximum at 305 nm. We therefore attribute the profile in Fig. 3 to the
heterogeneous oxidation of dopa at the PGC stationary phase (~+150 mV), and the ensuing
conversion of dopachrome to 5,6-dihydroxyindole and 5,6-dihydroxyindole-2-carboxylic
acid.

As seen from Fig. 1, the retention of the solute compounds varies with E,,, even
when no redox reactions occur. For example, the retention factor of L-tyrosine increases with
increase in E,p, although L-tyrosine is electroinactive within the entire E,,, range studied.
This dependence of the retention on E,p, may be ascribed to change in the surface properties

of the stationary phase such as surface charge and double layer structure [13, 14].

3.2. Redox Equilibria of Hydroquinone and Catechol in Migrating Chromatographic Zones





As can be seen from Fig. 3, the peak areas of hydroquinone and catechol
continuously change with E,,,, while that for dopa is comparatively abrupt. This result
suggests that: (1) hydroquinone and catechol migrate through the column as equilibrium
mixtures of either hydroquinone and p-benzoquinone or catechol and o-benzoquinone; and (2)
the heterogeneous rates for these redox reactions are much higher than the rate of mass
transfer between the mobile and stationary phases [8].

Foley and May showed that the retention factor of an analyte A that participates with

an equilibrant X in SCE is given by eq 2, where F,, F,x, Fu, ,andF,, are stoichiometric
fractions of the analyte in each of its forms andk,, k,x , kax, , and k. are the retention
factors of the each form of the analyte [10].

Ao AX, & AX, & o AX| (1)

k=Fyk, +FAX1kAX1 + FAszAXZ ot Fy kAxn (2)
According to SCE theory, the retention factor, k, of hydroquinone and catechol may be
represented as

k = Fregkyea + Fockox 3)
where kreq and kox are the retention factors of the reduced and oxidized forms and Freq and
Fox are the fractions of the each form, respectively. Shibukawa et al. reported that the redox
activity gained by PGC after treatment with a reducing agent was axially inhomogeneous over
the entire length of the column and the redox equilibrium in the chromatographic zone shifted
depending on the position in the column [8].

Considering the dependence of the fractions of the reduced and oxidized forms on the

distance from the column inlet, /, in the column, we represented Freqand Fox as follows:





b bl @A o (Dl
Red —  ,  » fox— T

I (4)

where fred(/) and  fox(/) are the fractions of the reduced and oxidized forms in the
chromatographic zone at position / in the column, and L stands for the column length. Figure
4 shows the schematic representation of freq(/) and  fox(/) as a function of the distance, /, for
the PGC column treated with a solution of reducing agent.

On the other hand, the peak area, 4, of the analyte should be represented as

A= frea(L) Ae + for (L) Ao, ()
where Areq and Aox are the peak areas of the reduced and oxidized forms and freq(L) and
fox(L) are stoichiometric fractions of the each form in the effluent from the column,
respectively. Therefore, as shown in Fig. 4, for the system where the fractions of the reduced
and oxidized forms in the chromatographic zone are constant during elution through the
column, we obtain

Frea = Jrea(L) s Fo = fo (L) (6)
whereas for the system where freq and  fox depend on /

Frea # Jrea(L) s Fou # for (L) (7)

Table 2 shows FRreq and fred(L) calculated using eqs 3 and 5 for hydroquinone and
catechol, respectively. The kreqg and kox values were estimated by extrapolating the plots of log
k vs. Eqpp for the reduced and oxidized forms since the retention of the oxidized and reduced
forms of the analytes was dependent on E,,p. Figure 5 shows the kreq and kox values estimated.
As evident in Table 2, the values of freq(L) is in good agreement with the Freq values at
+25-+200 mV. This result indicates that the fractions of the reduced and oxidized forms in the

chromatographic zone are constant during the entire elution process.
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3.3. Use of Redox Reactions as SCE for selective separation

The results shown above indicate that redox reactions can be used in a similar
manner to acid-base [10, 22-26] and metal complexation reactions [27-30] in SCE. The
general scheme of redox SCE and sorption-desorption of analyte compounds can be
represented as Fig. 6, where Kreq and Koy are the distribution coefficients for the reduced and
oxidized forms and Kgedox 18 the equilibrium distribution ratio between two forms on the

stationary phase. Importantly, Kreqox can be written as follows:

(8)

where Creq and Cox are the concentrations for the reduced and oxidized forms in the
stationary phase. The Kgregox can then be defined by the difference in the standard redox

potential for the reaction (£°) and applied potential (E,p,) via the Nernst equation:

Eapp = EO I ln KRedox (9)

where R is the gas constant, T is the absolute temperature, n is the moles of electrons in the
balanced redox reaction, and F is Faraday’s constant. Thus, alterations in E,p, can be used to
adjust the retention times of redox active analytes via a SCE novel mechanism. However, the
Eqpp values at which the changes in retention and peak area are observed for hydroquinone
and catechol are about 70 mV smaller than the values shown in Table 1. Further study is
needed to clarify the reason why the redox potential obtained in this study deviate from the

literature value.
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Figure 7 shows chromatograms obtained when a sample containing hydroquinone,
catechol, resorcinol, dopa and L-tyrosine was injected to the EMLC system. It is evident that
all five compounds can be reasonably separated at +300 mV, whereas both catechol and
resorcinol and dopa and L-tyrosine co-elute at 0 mV. These data point to the ability to enhance

EMLC-based separations via on-column electrochemical transformations of the analyte.

4. Conclusions

This paper has demonstrated that EMLC can be used to manipulate separation via
on-column redox equiliribia. Hydroquinone and catechol injected into the EMLC system were
shown to migrate through the column as equilibrium mixtures of hydroquinone and
p-benzoquinone and of catechol and o-benzoquinone. These data also indicated that rates of
the heterogeneous redox reaction for the two couples at the PGC stationary phase is so fast
that an equilibrium redox mixture migrates as a single chromatographic zone. Indeed, one of
the most important requisites for the chemical reactions used in SCE is that reaction rates
must be much higher than the rate of mass transfer between the mobile and stationary phases.

Ongoing work is underway to more fully explore this new capability.
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Figure Legends

Fig. 1. Dependence of retention factor of L-tyrosine (%), dopa (*), hydroquinone (®),
resorcinol (4), and catechol (™) on applied potential. Conditions: mobile phase, 100 mM
phosphate buffer solution (pH = 6) containing 20% (v/v) acetonitrile; flow rate, 0.40 mL
min”'; sample volume injected, 5 pl; amount of sample injected, 0.5 nmol. See text for

discussion.

Fig. 2. UV spectra obtained for dopa (a), hydroquinone (b) and catechol (c) at 0 mV (dashed
line) and +300 mV (solid line) and resorcinol (d) at 0 mV (dashed line) and +400 mV (solid

line). For other experimental conditions, see Fig. 1.

Fig. 3. Dependence of peak area of L-tyrosine (%), dopa (*), hydroquinone (®), resorcinol (4),
and catechol (™) on applied potential between -200 and +400 mV. For other experimental

conditions, see Fig. 1.

Fig. 4. Schematic representation of fred, fox, Fred, and Fox for a chromatographic zone of a

equilibrium mixture of oxidized and reduced forms in a column having axially

inhomogeneous redox potential. See text for discussion.

Fig. 5. Estimated retention factors of reduced (dashed line) and oxidized forms (solid line) for

hydroquinone (a) and catechol (b). See text for discussion.
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Fig. 6. Schematic representation for redox reaction as secondary chemical equilibrium and

interphase equilibration.

Fig. 7. Chromatograms of L-tyrosine (1), dopa (2), hydroquinone (3), resorcinol (4), and

catechol (5) by the on-column electrochemical derivatization HPLC. Conditions: applied

potential, (a) +300 mV and (b) 0 mV. For other experimental conditions, see Fig. 1.
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