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3.13 Plot of dual channel ASPEN response (V) versus concentration 
at 333 pA. The reference electrode is a 250 [im annular Ag/AgCl. 72 

3.14 Power spectrum of the baseline recording obtained by 
dual ASPEN, using 50 |j,m annular Ag/AgCl. 73 

3.15 Plot of dual channel ASPEN response (V) versus concentration 

at 333 pA. The reference electrode is a 50 îm aimular Ag/AgCl. 74 
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CHAPTER I 

INTRODUCTION AND THEORY 

Microcolumn Liquid Chromatography (Micro LC) 

The current trend of separation science is towards miniaturization. Micro separations 

such as microcolumn liquid chromatography (Micro LC) and capillary electrophoresis have 

gained considerable importance over the past decade. The early developments of Micro LC 

were mainly due to the efforts of Horvath and coworkers [1,2], Ishii et al. [3, 4], Scott 

and Kucera [5, 6], and Novotny et al. [7, 8]. Since then, the field of Micro LC has been 

steadily growing. Higher column efficiencies, lower mobile phase flow rates, less 

consumption of mobile and stationary phases, and increased mass sensitivity due to smaller 

peak volumes are some of the appealing advantages of Micro LC [9, 10]. Also, Micro LC 

is ideal for the analysis of complex sample mixtures such as exotic physiological fluids and 

the contents of a single cell [11,12]. 

In order to maintain the separation efficiency obtained from Micro LC, extra-column 

volume in injection, detection and connection systems should be minimized [10]. While 

injectors are commercially available to inject appropriately small amounts of sample (60 -

100 nL), connecting tubing should be minimized wherever possible in order to reduce the 

extra-column broadening. The maximum permissible detector volume for a 250 |im I.D. 

column packed with 5 |im particles is 400 nL [10]. Smaller capillaries demand even lower 

detector volumes. 

Electrochemical Detection 

The coupling of electrochemical detection cells to microcolumns was first attempted 

using an off-column format [13,14]. When designing an electrochemical cell for 

quantitative applications, one is concerned with the limit of detection (LOD). 
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Electrochemistry is, by definition, a surface technique. Therefore, to acheive higher 

coulometric efficeincy, thin layer cells were fabricated with a Micro LC-compatible detector 

volume (60 - 300 nL) [13]. Conventional glassy carbon and pyrolytic graphite electrodes 

were used with these cells. Through time, it has been shown that on-column detection is 

the best flow cell configuration. The first on-column electrochemical detector for Micro LC 

was described by Manz and Simon in 1983 [15]. Later, a 9 fim diameter carbon fiber 

electrode was inserted directly into the end of a 15 |im I.D. open tubular column [16]. 

Microelectrodes such as carbon fibers, provide such fundamental advantages as reduced 

capacitive charging current and increased mass transport rate to and from the electrode 

surface. As a result, microelectrodes exhibit excellent signal-to-noise performance 

characteristics [17,18]. Amperometry, voltammetry and potentiometry are the most 

commonly used electrochemical detection techniques. Of all the electrochemical detection 

techniques employed in HPLC, amperometry yields the best analytical performance [19]. 

Controlled Potential Techniques 

A three electrode cell is generally used in controlled potential techniques [20,21]. The 

electrode where the chemistry of interest occurs is called the working electrode. Therefore, 

one wishes to control the potential difference (AV ) between the working electrode and the 

solution. The AV is applied across the double layer. Since the thickness of the double 

layer is in nanometers, it is within this region of very high potential gradient where all the 

electron transfer reactions take place. The potential is applied between the auxiliary and the 

working electrodes. The working electrode is tied to the ground potential and remains so 

irrespective of the applied potential value. To ions in the solution, it makes no difference 

whether or not this electrode is grounded. Although the working electrode is at ground 

potential as far as the outside world is concerned, it is either negative or positive (with 

respect to the bulk solution inner potential), depending on the polarity of the applied 
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potential. The third electrode is the reference electrode which helps to maintain a constant 

potential at the working electrode-solution interface through negative feedback of the iR 

drop, which results from current flow. An auxiliary electrode completes the circuit, and 

allows charge to flow through the cell. In the controlled potential format, the potential of 

the working electrode-solution interface can either be kept constant (amperometry) or varied 

with time (voltammetry). From a quantitative analysis perspective, amperometry is a 

sensitive technique, and voltammetry is known for its selectivity. 

Amperometry 

One of the most suitable detection techniques for such small bore columns is 

amperometry. Among the various electrochemical detection techniques, amperometric 

detection currently provides the best limits of detection (LODs) [13,14,16,22-26]. The 

advantage of electrochemical detection in HPLC lies in the fact that electrochemical 

processes take place at the surface of a microelectrode, resulting in very high detection 

efficiency, which can be virtually coulometric in the case where electroactive analytes are 

contained in the very thin annular flow region between the electrode and capillary wall [25]. 

In the amperometric mode, compounds undergo oxidation or reduction reactions through 

the loss or gain (respectively) of electrons at the electrode surface. The electrical current, 

arising from the electrons passed to or from the electrode is recorded and is proportional to 

the concentration of the electroactive analyte. 

Double layer capacitance and reaction (adsorption/desorption) of electrolyte/mobile 

phase impurities at the working electrode surface contribute to the background current. 

Fluctuations in these, stimulated by surges in fluid flow, generally contribute to measurable 

noise in the background current. As one approaches the limit of detection the analyte 

current become indistinguishable from the background. 
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For amperometry, insufficient electrochemical information and poor selectivity are the 

principal disadvantages. However, selective detection using a differential pulse 

amperometric technique has been demonstrated [25]. Though improved detection limits 

were shown, the technique did not give general electrochemical information about the 

sample. 

Voltammetry 

Potential scanning methods (voltammetry) give greater information but are usually less 

sensitive than amperometric techniques. With this method, a three-dimensional plot of 

current versus elution time and potential, called a chromatovoltammogram, can be acquired 

[27]. For maximum utility, one should obtain voltammograms at several times during a 

single chromatographic peak. In order to do so, rapid scan rates are required. The 

advantage of using microelectrodes in the voltammetric mode is due to reduced double layer 

capacitance, which decreases the intrinsic time constant sufficiently to permit rapid 

scanning of the electrode potential. 

The surface potential at the working electrode can be scanned in several ways. 

Jorgenson et al. used a triangular waveform to modulate the electrode potential of a 

scanning microvoltammetric detector for open-tubular liquid chromatography (9 |im 

diameter carbon fiber inserted in a 15 |im column ) [22]. Using a scan rate of 1 V/s and a 

potential range of 0.0 to +0.8 V, approximately six scans were collected during the elution 

of a 10 s peak. The use of a triangular waveform generates a high background current 

because the capacitive charging current increases in proportion to the scan rate. The 

authors used a background subtraction method to minimize this effect. Subsequently, the 

potential scan was changed to a scan-and-step waveform to improve the current stability at 

the initial potential in the waveform [28]. Staircase voltammetry has demonstrated good 

results at solid electrodes in conventional hquid chromatography [29]. Square wave 
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voltammetry has been used to improve sensitivity while maintaining the inherent selectiviiv 

of a potential scanning technique, by discriminating against background current [30-32]. 

This technique was apphed to detection of catecholamines and related compounds, 

separated by Micro LC (50 mm x 0.35 mm I.D. column), using a 7 |im diameter carbon 

fiber electrode. The concentration LOD for dopamine was on the order of 10'^ M [30]. 

Pulse techniques have also been used to discriminate against the charging current [25]. The 

coulostatic electrochemical technique discriminates against double layer charging current 

and is largely immune from solution resistance effects [33,34]. 

Potentiometry 

Micropotentiometric electrochemical detection has been combined with Micro LC [15]. 

The cell assembly consists of an ion selective electrode (ISE) and a reference electrode. In 

a potentiometric technique the potential difference between these two electrodes is measured 

(at zero curent) such that Nemstian equilibrium is maintained at the electrode-solution 

interface. The first reported work of on-column potentiometric detection in Micro LC was 

described by Manz and Simon [15]. A 1 |xm diameter ion-selective electrode was inserted 

into the end of a 25 fxm I.D. open-tubular liquid chromatographic (OTLC) column for 

detection of picomole K"*". Later, the method was refined by using a saturated calomel 

reference electrode. Detection in the femtomole range for six amino acids [35] was 

achieved. This technique was limited to ionic analytes. 

Controlled Current Techniques 

This method is carried out by applying a controlled current between the working and 

auxiliary electrodes, using a galvanostat. The potential which develops between the 

working electrode and a reference electrode is measured as shown in Fig. 1.1 (p. 23). 

These techniques are generally called chronopotentiometric techniques, because voltage is 
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determined as a function of time, or galvanostatic techniques, because a small current is 

applied to the working electrode. 

The instrumentation for controlled current experiments is simpler than that required in 

the controlled potential configurations (potentiostat), since no feedback between the 

reference electrode and the control device is required. A simple circuit employing a high -

voltage power supply (e.g., a 400-V power supply or several 90-V batteries) and a large 

resistor has been adequate [21]. 

Qualitative Description For a Steady State System 

When constant current is apphed to a solution and the working electrode potential is 

monitored with time, the technique is known as constant current chronopotentiometry [20]. 

Consider a solution containing an electroactive species [e.g.. Ferrocene (Fc)]. A constant 

current i applied to the electrode causes the electroactive species to be oxidized at a constant 

rate to Fc*"*". The working electrode potential attains a value characteristic of the redox 

couple and varies with time as the [Fc]/[Fc*"''] changes at the electrode surface. The species 

Fc which is in the vicinity of the electrode, becomes oxidized by the continuous electron 

flux. By definition, the concentration of Fc reaches zero at the electrode surface, at which 

time the flux of Fc to the surface is insufficient to accept all of the electrons being forced 

across the electrode-solution interface. The potential of the electrode will then rapidly 

change toward more positive values until a new, secondary oxidation process starts. The 

time after application of constant current for this potential transition to occur is called T, the 

transition time. 
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Coulostatic method 

In the charge step (or coulostatic impulse) method a very short-duration (e.g., 0.1 to 1 

|Lis) current pulse, of known coulombic content, is injected into a cell on a time scale much 

more rapid than the time scale for electron transfer between the electrode and electroactive 

species in the solution [36, 37]. Therefore, essentially all the injected charge contributes to 

charging the double layer capacitance which results in a change in the working electrode 

potential. After pulse application, external circuit connections to the working electrode are 

broken. The only mechanism for charge to leave the double layer capacitance is then by 

faradaic reactions at the electrode-solution interface. The higher the concentration of 

electroactive species, the faster the charge will leak off the double layer capacitance and the 

faster the electrode potential will decay to its equilibrium value. The injected charge can be 

supplied by discharging a small capacitor across the electrochemical cell (Fig. 1.2, p. 24). 

For the circuit in Fig. 1.2, when the relay is in position A, the capacitor is charged by the 

voltage source, Vjnj, until the capacitor is charged by an amount given by 

^ ^ = CinlK inj in] 

Because the double layer capacitance, Cj, is much larger than Cjnj, essentially all of the 

charge will flow into the cell. The time constant for diis charge injection will be equal to 

CinjRQ, where R^ is the cell resistance. 

Coulostatic methods have been used for controlled current voltammetric measurements 

[33, 34]. The advantage of this particular technique is that there is no iR drop in the 

solution (current = 0). Also, because double layer charging occurs only during the "on" 

time of the pulse, there is no interference from charging currents during the "off time 

between successive pulses. 
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Amperostatic-Potentiometric (ASPEN) Method 

I have developed a new electrochemical detection technique for Micro LC. This 

technique can be, qualitatively, described as follows. If an appropriate constant current is 

applied between a working electrode and a counter electrode, a potential develops at the 

working electrode. The magnitude of this potential is dependent on the electroactive 

species present in the vicinity of the working electrode. If this working electrode is a 

microelectrode, it is reasonable to expect that the potential would be significant, even at 

very small apphed currents (picoamperes) because the current density is large for 

microelectrodes. This potential can be measured with a combination of an "indicating" 

electrode and a high impedance voltmeter. Negligible charge is expected to flow if a 

suitable micro-indicating electrode like Ag/AgCl is used. In the constant current mode, 

solvent or mobile phase components react at the micro-working electrode and a background 

potential is generated. When a more easily electrolyzed species passes over the 

microelectrode it preferentially reacts at the electrode surface, the potential changes and this 

signal (change in potential) is related to the amount of analyte reacting at the electrode 

surface. 

8 
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General Theorv of Controlled Current Methods 

In controlled current experiments, the surface boundary condition is based on known 

currents or fluxes of the electroactive species at the electrode surface (while in controlled 

potential methods, the concentrations (as a function of E) at the electrode surface (x = 0) 

provide the boundary condition) [20], as shown in Eqn. 1. 

-7^(0,0 = — - = /)< 
nFA o 

dCo{x,t) 

dx 
(1) 

Jx=0 

Where, Jo(0, t) is the flux of species O (mol s"' cm"̂ ) at the electrode surface (x = 0), at any 

time t. DQ is the diffusion coefficient (cmVs), 
dCQ{x,t) 

dx 
is the concentration gradient at 

Jx=0 

the electrode surface, and n, F, and A are number of electrons per molecule reduced, 

Faraday constant, and area of the electrode (cm^), respectively. 

H. J. S. Sand was the first to derive an equation for constant current electrolysis [39]. 

For a planar electrode (semi-infinite linear diffusion) and an unstirred solution, the Sand 

equation is given as: 

IT 
Ml nFAD^"W 

Co 
(2) 

Where, Co* is the bulk concentration (mol/cm^) of species O. The flux of species O to the 

electrode surface beyond the transition time is not large enough to satisfy the applied 

current f/j. Therefore, the potential jumps to a value where another electron transfer 

process can occur. 
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ASPEN measurements are based on the changing working electrode-solution interface 

potential. The working electrode-solution interface potential is dependent on the kinetics of 

the electron transfer process. It is, therefore, imperative to understand the current-potential 

behavior based on a kinetic model. 

Current-Potential and Current-Overpotential Characteristics 

Note that the derivations of the equations under this heading, whenever necessary, are 

given in the Appendix, and all the derivations in the Appendix have been taken from 

reference 20^ 

In most chromatographic electrochemical detection systems there is a mobile phase 

(usually containing water) that is constantly flowing through the detection cell. The 

current-potential characteristics, of such a system can first be elucidated, by considering the 

fundamental electrochemistry of a steady state solution. 

For an electrode reaction, an equilibrium state is characterized by the Nernst equation, 

which relates the electrode potential to the bulk concentrations of the electroactive species. 

In the general case: 

0 + ne >R (3) 

where, O is a species reduced to R, the Nernst equation is given as 

nF Co 
(4) 

Co* and CR* are the bulk concentrations of species O and R, respectively, and E^ is the 

formal potential of this redox couple. The faradaic current is often limited by the rate at 

10 
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which the electroreactants are transported to the electrode surface. In such cases, the 

current-potential characteristics are governed by the kinetics of the electron transfer 

reactions. 

A complete current-potential relationship (Buder-Volmer approach [20]) is given as 

(see also the Appendix, p. 112) 

i = «FAr[Co(0,r)e-""^^^-^"^ -^(0,0^^'""^"^^'"^"^] (5) 

Where,/= F/RT, and k° and a are the standard rate constant and the transfer coefficient, 

respectively. Co(0,t) and CR(0,t) are the concentrations of species O and R, respectively, at 

the electrode surface at any time t. The first term in the parenthesis contributes to the 

cathodic current and the second term leads to the anodic current. The net faradaic current is 

given by L The physical interpretation of k^ is straightforward. A system with a large k^ 

achieves equilibrium in a short period of time and a small k^ indicates slow kinetic 

behavior. Typically, the largest measured standard rate constants are in the range 1 to 10 

cm/s (e.g., reduction and oxidation of many aromatic hydrocarbons such as pyrene and 

perylene). More complicated reactions, such as the reduction of molecular oxygen to H2O2 

or water, involve a significant molecular rearrangement upon electron transfer, thus tend to 

be very slow. Values of k^ significantly lower than 10"̂  cm/s have been reported. 

The currrent-potential equation has been transformed into an equation that relates the 

faradaic current with the overpotential. This current-overpotential characteristic (see also 

the Appendix, p. 114) is given as 

11 
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c o c. (6) 

where, the overpotential r| = E - Egq and the exchange current is given by /„. The first term 

describes the cathodic current component at any potential, and the second gives the anodic 

contribution. For large negative overpotentials, the anodic component is negligible, and at 

large positive overpotential the cathodic component is negligible. The implications of 

equation 6 are Ulustrated in Fig. 1.3 (p. 25). In going either direction from Eeq, the 

magnitude of the current rises rapidly because the exponential factors in equation 6 

dominate the current-potential behavior, but at extreme r) the current levels off. 

Reciprocally, as the applied current increases, the resulting overpotential increases and 

then levels off at a certain applied current. Obviously, if the flux of the electroactive 

species to the electrode surface is not large enough to force the applied current through the 

electrochemical cell, the working electrode potential will increase again until a potential is 

attained which causes another species in the solution to undergo electron transfer. 

The lower the exchange current, the slower the electron transfer kinetics, and the larger 

the activation overpotential. If the exchange current is very large, the electrochemical cell 

can pass a large current (perhaps even the mass transfer limited current) with insignificant 

activation overpotential. If an oxidation reaction predominates then any observed 

overpotential is associated with changing surface concentration of species R. It is called 

concentration overpotential and is interpreted as the activation energy required to drive mass 

transfer at the rate (flux) needed to support the apphed current. However, if the applied 

current is higher than the mass transfer limited current (faradaic) then the flux of the 

electroactive species cannot support the applied current. As a result, the working electrode 
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attains a higher potential value, at which a secondary electroactive species undergoes an 

electron transfer reaction in order to pass the applied current. 

In the case of low currents and efficient stirring, mass transport is not a factor in 

determining the current (see also the Appendix, p. 115). The following equation is true for 

high positive values of r| (oxidation reaction). 

2.3RT , . 2.3RT , . 
^ = —::^^Sh+- —:;log'-

(1 - a)nF {\-a)nF 
(7) 

The above relationship is known as the Anodic Tafel equation [20]. This equation is also 

written as 

ri = a + b\ogi (8) 

where. 

2.3/?r , . 
a = \ogi„ 

(1 - a)nF 

and 

b = 
2.3/?r 

{l-a)nF 

The terms a and b are called Tafel constants. When electrode kinetics are slow and 

significant activation overpotentials are required, good Tafel behavior (a linear plot of log i 

versus r|) is observed. If the electron transfer reaction is totally irreversible then a linear 

13 
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Tafel plot is obtained, as in the case of oxidation of water. In such cases, no significant 

current flows except at high overpotentials. 

Hitherto, we have considered those circumstances which generate appreciable 

activation overpotential. In the opposite extreme, we have the situation where the electrode 

kinetics require no driving force at all. This case corresponds to a very large exchange 

current, which implies a large intrinsic rate constant, k .̂ In such a case, the electrode 

potential and the surface concentrations of O and R are linked by an equation of the Nernst 

form, regardless of the faradaic current flow. The Nernst equation is given as 

nF C^(0,r) 
(9) 

No kinetic parameter appears in this equation because the rate of electron transfer is so fast 

that the potential is not affected, i.e., an overpotential does not form. 

For constant current electrolysis, the Nernst equation is written in terms of the 

transition time, T, as 

RT, r'"-t"' 
E = E^,,+ — \n 

nF t 
(10) 

Where E^^, the quarter-wave potential, is defined according to 

. RT , Do 

'" 2nF Do 
(11) 
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Ê 4 is the chronopotentiometric equivalent of the voltammetric half-wave potential, E1/2. 

Note, however, that Eqn. 10 is true for the condition 0 < r < r . Therefore, for a constant 

apphed current, the electrode potential is dependent on the transition time, which is a result 

of the flux of species O or R at the electrode surface. 

In a chromatographic system that is equipped with an electrochemical detector, an 

ionically conducting mobile phase is continuously flowing and electroactive species 

periodically elute from the column. Typically, the chromatographic column is operated in 

the reversed phase mode. A reaction kinetics based qualitative explanation of ASPEN 

detection response characteristics is shown in Fig. 1.4 (p. 26). Recall that a reference 

electrode is used to monitor the working electrode potential. Initially, there is no 

electroactive analyte present in the mobile phase, so the potential, E,, at the working 

electrode-solution interface is expected to be large. This is because the principal mobile 

phase component is water, which has a very low standard rate constant. Therefore, the 

activation energy required for electron transfer in water is high. When an electroactive 

analyte, such as hydroquinone or phenol, elutes from the chromatographic column, the 

potential of the electrode-solution interface decreases to Ej, because a lower potential is 

now required for electron transfer across the electrode-solution interface. The potential Ej 

is governed by the Nernst equation. However, a concentration overpotential may exist 

depending on the magnitude of the exchange current (î , = nFAk^C, see the Appendix on p. 

114) for the particular analyte. At very high exchange current (i.e., at a high concentration 

of analyte), the potential E2 is related to the surface concentration of O and R, according to 

the Nernst equation (Eqn. 9), and is independent of the faradaic current flow. Following 

this rationale, a reasonable prediction is that the ASPEN detector has logarithmic response 

(i.e., the plot of AE vs. log Concentration wUl be linear). However, the contribution of 

double-layer charging must also be taken into consideration. 
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Effect of C^on the Transition Time 

The presence of a finite double-layer capacitance results in a charging current 

contribution that is proportional to dE/dt and causes the faradaic current, if, to differ from 

the total applied current, i^^^. This effect is largest immediately after the initial application 

of the current and near any transition in the electrode potential [40]. 

Theoretical Description of the ASPEN Measurement 

The following principles relevant to the operation of the ASPEN detection system for 

an oxidation process, are now deducible from the above theories. After a constant current 

is applied to the electrochemical cell, a background potential, E,, is developed due to an 

activation overpotential (rji = Ei - Eeq), and the double layer is charged. When an 

electroactive analyte species elutes from the chromatographic column, the working 

electrode potential changes to a less positive value, and the double-layer capacitor 

discharges. The overpotential at the peak maximum is given as T|2 = (E2 - Eeq); where E2 is 

the potential at the electrode-solution interface in the presence of an electroactive species. 

When the analyte band has passed through the detector, the potential returns to a more 

positive value, recharging the double-layer capacitor. Therefore, capacitive discharging 

occurs during the leading edge of a chromatographic peak and capacitive charging is seen 

on the trailing edge of the peak. 

The ASPEN response (AE) is equal to Ei - E2 = T|I - r|2- Charging and discharging of 

the electrical double-layer accompany changes in the electrode potential. Therefore, 

capacitive currents should contribute to the faradaic processes. 

Here, an equation is derived, which relates the potential change (dE/dt) to the 

electroactive species flux and applied current. A fundamental equation, describing the 

ASPEN response is sought. In the presence of an electroactive species which undergoes 
16 
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electron transfer, the faradaic flux (if), is the sum of applied current (iapp) and the 

discharging current from the double-layer (i^J. So, the applied current is given as 

^app V ^(Jc • (12) 

The faradaic current is related to the flux of the electroactive species at the electrode surface, 

as given in Eqn. 13. 

if = nFADfj 
(dCo\ 

(13) 
x=0 

Let us assume that the double layer capacitance, Cj, is independent of E. The discharging 

current is proportional to dE/dt. For an oxidative process, the discharging of the double-

layer takes place as the working electrode potential becomes more negative (i.e., dE/dt is 

negative). Therefore, Eqn. 12 can be written as 

.̂nn = nFADr, 
app (J 

(dCo\ 
dx 

-c f — 1 
< dt j 

(14) 

Rearrangement of this equation gives Eqn. 15. 

dE nFAD^ (dCo^ 
dt C V dx 

app 

Jx=0 
(15) 
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. , nFADo 
As long as 

dx 
is greater than - ^ , dE/dt remains negative and the double-

layer discharges. When the flux of the electroactive species attains a value such that the 

second term on the right hand side of Eqn. 15 becomes greater than the first term, dE/dt 

becomes positive, and the double-layer charges. 

Now, assuming that the capacitive discharging current idc is constant in Eqn. 12, 

multiplying both the sides with x" ,̂ and dividing by the bulk concentration, C/, yields: 

app _ f hJ 
c 

o 'O Cor 1/2 • (16) 

In the last term, i^ci is the total number of coulombs discharged from the double-layer 

capacitance during the transition from the initial potential (Ei) to the peak potential (E2) 

(assuming the time to be x), therefore, i^c'^ ~ CjAE. Substituting for ifZ^^VCo* from the 

Sand equation and rearranging gives 

^^nFADl^TT^^C^T^ 

2C, 
'app^ (17) 

The above equation is not a simple relationship between response (AE) and concentration, 

like that seen between / and C in amperometric sensing. Maximum response will occur 

when the transition time is equal to the time taken for the peak maximum to elute from the 

chromatographic column, i.e., the elution time, t̂ . For x > te and x < te the response will be 

less than that obtained when x = t̂ . When x is greater than te the applied current is not high 
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enough to support the flux of the electroactive species at the electrode surface. When x is 

less than te the flux of the electroactive species at the electrode surface is not high enough to 

force the applied current through the electrochemical cell. In both situations, the ASPEN 

response is not optimum (i.e., maximum AE). 

Equivalent Circuit Approach 

Equivalent circuits for the electrochemical cell used in an ASPEN measurement are 

shown in Fig. 1.5 (p. 27). The following explanation applies to detection in the oxidative 

mode. Initially, there is no electroactive species flowing in the electrochemical cell. When 

the anodic current are stepped, the potential of the working electrode-solution interface is 

not high enough for electron transfer to take place from the background aqueous solution to 

the electrode surface. The Ret is very high in this situation, therefore, the potential of the 

working electrode will become more positive through charging the double-layer 

capacitance. The resistance of the capacitor {(1/jcoC); where, j = V-T; co = angular 

frequency; C = capacitance}, for a DC current source, is infinite. Therefore, charge will 

accumulate at the electrode surface until an appropriate working electrode potential is 

reached. This charge will not dissipate in the electrochemical cell. At an appropriate 

potential, the double layer will stop charging because there is an alternate path (Ret) for the 

current. The time required for the double layer to become completely charged will depend 

on the magnitude of the applied current. Therefore, a sloping baseline is expected for the 

ASPEN detector, unless a "reasonable" current is applied. The double layer must be fully 

charged in order for the baseline signal to be constant. 

When an electroactive analyte elutes from the chromatographic column, the value of 

Ret will drop gready and the double layer will quickly discharge. The current flowing 

through the charge transfer resistance. Ret, will now equal the sum of discharge and the 
19 
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applied currents. Once the sample band passes through the electrochemical cell. Ret will 

return to its original "large" value and the double layer will recharge until the working 

electrode potential reaches a constant value, seen as the baseline potential. Similar 

principles will also apply to detection in the reductive mode. Here, the background reaction 

and the polarity of the working electrode will be very different from those encountered in 

the oxidative mode. 
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Figure 1.1 Simplified block diagram of apparatus for chronopotentiometric 
measurements. Taken firom reference [38]. 
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Figure 1.2 Schematic circuit for charge step or coulostatic pulse method. In practice 
the cell may be held initially at a potential Eeq by means of a potentiostat 
that is disconnected immediately before the charge injection. Taken 
from reference [38]. 
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Figure 1.3 Current-overpotential curves for die system O -h ne — > R widi a 
0.5, n = 1, T = 298 K, i,, = - i,,, and io/i = 0.2. The dotted lines 
show die component currents i, and î . Taken fi-om reference [20]. 
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Figure 1.4 Potentials held by the working electrode, before and after the elution of 
an electroactive analyte, in the ASPEN measurement. 
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Figure 1.5 Equivalent circuit of cell with (a) Rw, the solution resistance, Cd, the 
double-layer capacitance, and Zf, the faradaic impedance. The 
component of Zf shown in (b) are the charge transfer resistance Ret and 
the component of the Warburg impedance, R^ and C ,̂ determined by 
the rate of diffusion. Taken from reference [38]. 
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CHAPTER II 

AMPEROSTATIC-POTENTIOMETRIC (ASPEN) DETECTION 

FOR MICRO LC 

Introduction 

A prehminary evaluation of the ASPEN detector is described in this chapter. This 

detector is coupled with a Micro LC system in a three electrode electrochemical cell 

configuration. A 7 |j.m diameter carbon fiber working electrode is combined with a 

platinum auxihary electrode and a Ag/AgCl reference electrode. The carbon fiber working 

electrode is inserted into one end of a 50 îm inner diameter (I.D.) fused sdica capillary and 

the other end is connected to a 250 )j,m I.D. chromatographic column. 

A constant anodic current is apphed between the working and auxiliary electrodes. 

Since the working electrode is a microelectrode, the potential gradient is significant, even at 

very small applied currents (picoamperes), because the current density is significant for 

such an electrode. This potential is measured with a Ag/AgCl reference (indicator) 

electrode, using a high impedance voltmeter. The background potential is large (about 1.4 

V) because a significant activation overpotential is required for electron transfer between the 

mobile phase species (e.g., H2O) and the electrode. When a more easily electrOlyzed 

species (such as hydroquinone) passes over the microelectrode it preferentially reacts at the 

electrode surface. The potential changes and the signal (AE) is related to the amount of 

analyte reacting at the electrode surface. The magnitude of the signal depends on the 

applied current, transition time and concentration of die electroactive species. In this 

chapter all the experiments were performed for oxidation reactions of hydroquinone and 

phenols, by application of anodic currents. When a cathodic current is applied, a similar 

behavior is expected for reduction reactions. 
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Experimental 

Galvanostat/Potentiostat 

The instrumental setup for ASPEN detection is shown in Fig. 2.1 (p. 42). An EG&G 

Princeton Applied Research (Princeton, NJ, USA) Model 273 potentiostat/galvanostat was 

used to apply constant current to the cell. The electrochemically generated potential was 

measured with a Keithley Listruments (Cleveland, OH) Model 6IOC solid state 

electrometer. Data acquisition was accomplished with a IBM-PC computer system. The 

cell was shielded in a homemade Faraday cage. The offset circuit was made in the 

Departmental electronics shop. The lowest current that the galvanostat could apply was 25 

pA. 

Micro LC 

A Model 8500 syringe pump (Varian Associates, Walnut Creek, CA) and a Model 

CI4W injection valve (Valco Instruments Co., Inc., Houston TX) were used for all Micro 

LC experiments. The loop volume of the injection valve was 80 nL. Slurry-packed 

capillary columns (750 mm x 0.25 mm I.D.) were prepared using published procedures 

[1]. Micro LC was performed with microcolumns which contained Spherisorb ODS 2 

reversed phase packing (Alltech Associates, Deerfield, IL) and a 65:35 

acetonitrile:phosphate buffer mobile phase. Before addition of the acetonitrile, the aqueous 

eluent had a pH of 4.8 and was 0.02 M in total phosphate and 1 x 10-4 M in EDTA. This 

mobile phase was degassed by vacuum ultrasonication and used for all hydrodynamic and 

chromatographic studies, unless otherwise stated. All chromatograms were analyzed using 

DADiSP (DSP Development Corp., Cambridge, MA, USA), digital signal processing 

software. All noise analyses were also done with this software. 
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Reagents 

Acetonitrile (Optima grade), potassium phosphate (monobasic and dibasic) and 

hydroquinone were obtained from Fisher Chemical Company (Pittsburgh, PA). EDTA 

was obtained from J. T. Baker Company (Phdlipsburg, NJ). Phenol, o-chlorophenol, 

2,4-dimethylphenol, and p-benzylphenol were obtained from Aldrich Chemical Company 

(Milwaukee, WI). All the above chemicals were used without further purification. 

Construction of Electrodes 

In order to make a carbon fiber working electrode, 7 |im diameter Magnamite Type 

AS-4 carbon fiber, obtained from Hercules Co., was cleaned by soaking in hot (80° to 

90OC) concentrated sulfuric acid for several hours. It was rinsed in distilled water, then 

methanol and finally dried in ambient air. A single carbon fiber was then inserted into a 

530 }im I.D. capillary so that 2 to 3 mm was protruding outside the capillary and then it 

was glued with #63 optical adhesive (Norland Products Inc., New Brunswick, NJ). 

Mercury and copper or tin wire were used for electrical connection. 

Ag/AgCl reference electrodes were made by soldering a 5 mm length of 0.215 mm 

diameter silver wire (Aldrich) to an aluminum or copper lead. The lead was then sealed in a 

530 p.m I.D. capillary, leaving about 3 mm of silver wire exposed. The silver surface was 

cleaned by placing only the protruding portion in a 3 M nitric acid solution, for one hour. 

It was then immersed in a 1 M potassium chloride solution (which is 0.01 M in HCl) and 

the potential was held at 1.0 V for about 24 hours. 

Construction of Electrochemical Cell 

A polyetheretherketone (PEEK) 'tee' connector from Alltech Associates Inc.was used 

to fabricate the flow through cell. Holes 0.035" in diameter were drUled through the long 

axis of 1/4 X 28 Nylon plugs; the electrodes were inserted through these holes and into the 
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'tee', as shown in Fig. 2.2 (p. 43). For one pair of holes, oriented at 180°, a carbon fiber 

microelectrode was inserted into the lumen of a fused silica capillary. Reference and 

auxiliary electrodes were inserted through the other holes. An observation hole had been 

bored in the exact center of the 'tee', through the top surface, to enable viewing with a 

microscope. This hole also served as an oudet for the mobile phase. The reference 

electrode was positioned as close as possible to the working electrode surface. 

Results and Discussions 

Background Signal and Noise Characteristics 

One of the first studies was directed to examining the influence of inlet capillary inner 

diameter on detector performance. Fig. 2.3 (p. 44) shows a plot of the background 

potential as a function of applied current for inlet fused silica capillary inner diameters 

(I.D's.) of 15, 19, 50, 73 and 98 îm. In each case, the carbon fiber working electrode 

was inserted to a depth of 2 mm into the capillary and the mobile phase solution flowed at 

approximately 5 |iL/min across the electrode. The measured background potential becomes 

more negative with increasing applied current. A "limiting potential" condition is attained 

in this controlled current mode just as a hmiting current is achieved in controlled potential 

experiments. Application of an anodic current between the working and auxiliary 

electrodes implies that the working electrode potential should be positive. The measured 

background potential is equal to -Ew versus Er, where Ew and Ef are working electrode and 

reference electrode potentials respectively, because these potentials were measured relative 

to earth ground. Therefore, a negative value of the background potential corresponds to a 

positive working electrode potential. 

When current is applied, the working electrode potential increases in order to pass this 

current. Electroactive mobile phase components undergo electron transfer and the working 

electrode takes on a potential, dependent on the magnitude of the applied current and the 
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nature and concentration of the available electroactive species. With an anodic bias and an 

aqueous mobile phase, water oxidation: 

2H2O > 02(g) + 4H+ + 4e- (1) 

will be the predominant electrochemical reaction at the working electrode. When the 

working electrode potential exceeds the standard oxidation potential of water, application of 

higher currents does not increase the working electrode potential significantly. This 

probably explains the plateau of 1.4 V (versus ground potential) at > 1 nA applied current 

(Fig. 2.3). The current-overpotential behavior is in accordance with the Tafel equation 

(Eqn. 8, p. 13) which indicates totally irreversible kinetics. Systems (e.g., HjO) in this 

category allow no significant current flow except at high overpotential. The potential 

(electrode surface charge) depends on the current density at the working electrode and the 

cell resistance. Due to its very small surface area, the current density for the microelectrode 

is high, hence there tends to be a rather high background potential for a very small applied 

current. For example, the surface area of the carbon fiber working electrode ranges from 

about 4 X lO"'* cm^ to 7 x 10-^ cm^. At an apphed current of 250 pA, the current density 

would be 0.62 to 0.28 [lA per cm^. 

Since the carbon fiber was of the same dimensions in each of the experiments, one 

would not expect the current density to be affected by inlet capillary inner diameter. On the 

other hand, the resistance of the flow-through cell is very high and would likely cause the 

cell resistance to be higher for capillaries of smaller diameters. Therefore, a higher 

background potential would be expected with the 15 and 19 p.m I.D. capillaries, 

irrespective of the applied current. This is not seen in Fig. 2.3. One possible explanation 

for this is variation in fiber placement inside the inlet capillaries, which would be more 

problematic with the smaller I.D. capillaries. This would cause rather drastic differences in 
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cell resistance. Another explanation lies in the differences between hnear velocity and 

volumetric flow. Since each of the cells was operated at a constant volumetric flow rate, a 

much higher mobile phase Unear velocity would accompany the smaller I.D. inlet capillary. 

The measured noise does not appear to be affected by such changes in linear velocity as the 

root mean square (rms) noise (7 x lO"'* V) remains within a factor of two at the different 

applied currents. 

Drift in the background signal was observed, especially at currents lower than 600 pA. 

A significant decrease in the drift was seen when currents exceeding 600 pA were applied. 

The sloping baseline showed some resemblance to a potential-time profile of a charging 

capacitor. The charging of the double-layer was faster at high applied current, as given by 

dE/dt = i/C^. (3) 

Therefore, the overpotential required for oxidation of water was reached quickly. At this 

point, the double-layer charging was minimum because most of the current was passed 

through the oxidation of water, resulting in the decrease of baseline drift. A possible 

source of drift may have been the gradual dissolution of the thick AgCl film on the 

reference electrode. 

Relationship of Applied Current and Potential in ASPEN Detection 

Hydroquinone (HQ) was used as an oxidizable analyte for evaluation of the applied 

current-potential relationship. Here, a constant anodic current was applied and the peak 

height of an injected solute was measured. In the absence of analyte, the oxidation of water 

determined the background potential, as discussed above. Since HQ was more easily 

oxidized than water, the potential at the working electrode decreased during HQ elution and 

reaction at the working electrode. In order to record the small changes in potential 

33 

%!^^mmmmmmmmmmmmmmmmmk 



'ii^9 

accompanying the presence of electroactive analytes, an offset circuit was used. This 

device applied a reverse polarity signal to the voltmeter output in order to maintain a "0" 

response voltage. This response signal was plotted against the applied current for several 

concentrations of HQ in Fig. 2.4 (p. 45). As shown, the response increased with applied 

current for nearly all the HQ concentrations up to a maximum apphed current level of about 

0.600 nA. At higher applied current dramatic decreases in response were seen. 

The low response at lower applied currents can be due to two reasons: (a) the 

overpotential at lower current is small (potential of electrode is close to Eeq) and (b) the 

transition time is longer than the elution time of the electroactive species, i.e., the flux of 

current is not high enough to support the flux of the analyte at the electrode surface. Even 

though each concentration represents different injected masses of HQ, the point at which an 

increase in [HQ] fails to increase the response occurs at nearly the same applied current. 

This behavior can be explained by using Eqn. 15 (p. 17) described in Chapter I. At higher 

currents the flux of the electroactive species to the electrode surface is not high enough to 

pass the desired current. The electrode potential becomes more positive (dE/dt changes 

sign (- to +)) in order to pass the applied current, leading to a low response. The 0.600 nA 

threshold is not distinct, however. Note that 5.10 x 10-̂  M HQ reaches a maximum 

response at an applied current of 0.300 nA and there is a gradual shift in the current 

threshold to almost 1.0 nA at 5.10 x 10-̂  M. The flux of the electroactive species at the 

electrode surface increases with increasing concentrations (Eqn. 1, Pp 9), supporting 

higher levels of applied current. As a result, there is a shift in the current threshold. At an 

appropriate applied current ( ~ 50 pA), longer transition times can be obtained even for very 

small concentrations of electroactive species. This shows that the LODs will be improved 

at lower applied currents. 
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Response and Sensitivity 

Classically speaking, the concentration response function is linear for amperometric 

detectors and logarithmic for potentiometric detectors. Table 2.1 (p. 39) is a compilation of 

the linear regression results obtained from response versus log of HQ concentration plots, 

at the various applied currents and inlet capillary diameters tested. The linear regression 

slopes and correlation coefficients are also shown. Note the high correlation coefficient 

(R2) values. With the lowest value of 0.92, these results suggest that most of the available 

data are accurately represented by the model. Note also, that the slopes of the response 

curves increase with applied current up to 1.975 nA. Compare these results to those of 

Table 2.2 (p.40). Table 2.2 is a list of linear regression results for response versus HQ 

concentration, again at various applied currents and inlet capillary I.D.'s. Apart from the 

much higher slope values, there is generally much poorer correlation of results with this 

model, as evidenced by the lower R^ values. 

Fig. 2.5 (p. 46) shows plots of detector response versus HQ concentration at several 

applied currents for a 50 |im I.D. inlet capillary. Note that the greatest response level is 

achieved at 0.600 nA applied current throughout the concentration range. This behavior is 

expected at a current level where the transition time is approximately equal to the time taken 

for the peak maximum to elute. In such a case, die flux of the electroactive species at the 

electrode surface is such that the applied current is passed most efficiently, giving higher 

response. Also, notice that at 5 x lO'^ M concentration (0.600 nA), the response is less 

than what is expected for a linear reponse. The concentration of the electroactive analyte is 

such that the exchange current is very high in this situation. The facile kinetics lead to 

Nemstian response, where the potential of the working electrode depends on the ratio of 

the concentrations of the oxidized and reduced species at the electrode surface. At this 

point the response is logarithmic, as seen in Eqn. 9 (p. 14). The greatest sensitivity (slope) 

is found at 0.975 nA applied current, as confirmed by the results of Table 2.1 (p. 39). The 
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range of concentrations included in Fig. 2.5 is very narrow (50-fold) and is meant to show 

calibration behavior rather than the entire response range. 

We look again at the aspect of inlet capillary I.D. Contrary to our expectation, Table 

2.1 shows that inlet capillary I. D. has no clear influence on response sensitivity. 

Theoretically, the better the coulometric efficiency the better the response sensitivity. As 

we reduce the I.D. of the inlet capillary the coulometric efficiency increases, but this 

reduction in I.D. increases the linear velocity which in tum decreases the response. An 

examination of the noise data from these measurements (data not shown) indicates, at most, 

a two-fold variation over the range of 15 to 98 |im I.D. 

The concentration LOD for HQ is 0.1 |iM (i.e., 8 fmol). Admittedly, a superior LOD 

has not been proven, compared to the microamperometric detection performed by 

Jorgenson et al. [4] (0.1 fiM or 1 fmol for catechol). Although the concentration LOD of 

the ASPEN method is comparable to microamperometric detection, the mass LOD is 8-fold 

lower, due to the differences in the chromatographic systems. However, our 

instrumentation has not been pushed to its limits in this preliminary study. 

ASPEN Detection of Phenols 

A four component mixture of phenols (phenol, o-chlorophenol, 2,4-dimethylphenol, 

and p-benzylphenol) was analyzed by Micro LC with ASPEN detection. Fig. 2.6 (p. 47) 

shows two chromatograms of this mixture, each obtained at 0.600 nA apphed current and a 

50 îm I.D. inlet capillary. Fig. 2.6A represents an injection of a mixture of 0.714 

pmolphenol, 0.80 pmol o-chlorophenol, 0.80 pmol 2,4-dimethylphenol and 0.756 pmol of 

p-benzylphenol. Fig. 2.6B is an injection of a ten-fold dilution of the mixture shown in 

Figure 2.6A. p-benzylphenol was not seen in the signal for Fig. 2.6B. Fig. 2.7 (p. 48) 

shows the peak heights of each component plotted against the applied current, now in the 

range of 0.1 to 4 nA. Note that for each analyte except 2,4-dimethylphenol, a limiting 
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response occurs between 1 nA and 2 nA. The response for 2,4-dimethylphenol is 

maximum at 0.300 nA and it steadily decreases with apphed current. This can be attributed 

to the almost 200 mV lower half wave potential for 2,4-dimethylphenol [5], compared to 

phenol and o-chlorophenol, as shown in Table 2.3 (p. 41). Mass detectabilities, as limits 

of detection, for each phenol are also shown in Table 2.3. It is reasonable to conclude that 

an applied current of 0.600 nA for the chromatograms of Figure 2.6 represents nearly 

optimum detection response for all these analytes. Had microamperometric detection been 

employed, 2,4-dimethylphenol may not have been detected because of the limited detection 

selectivity for this constant potential technique. 

Conclusions 

Amperostatic-potentiometric (ASPEN) detection appears to be a feasible 

microelectrochemical detection technique. With a constant applied current (in the 0.2 to 2 

nA range) a surface charge is created on a carbon fiber working electrode in response to the 

concentration and identity of electroactive species flowing past the electrode surface. In the 

absence of more easily oxidized species, the surface charge depends on mobile phase 

components. When an easily oxidized electroactive analyte flows by, the surface charge of 

the electrode changes only enough to allow the applied current to pass. This modulation of 

surface charge or potential can be easily detected and has been shown to be proportional to 

analyte mass. Theoretically, diis combination of effects should give ASPEN detection 

certain advantages for trace-level sensing. Unfortunately, these advantages were not seen 

in this preliminary study. 
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Table 2.1 The summary of the linear regression results from ASPEN detector response 
versus log HQ concentration'' plots for capiUaries of different I.D's. 

Capillary diameter 
( ^ m ) 

15 

19 

50 

73 

98 

Current applied 
(pA) 

300 
600 
975 
1975 

300 
600 
975 
1975 

300 
600 
975 
1975 

300 
600 
975 
1975 

300 
600 
975 
1975 

Slope 

0.1422 
0.2268 
0.351 
0.677 

0.1053 
0.2725 
0.3056 
0.2283 

0.1937 
0.3542 
0.5882 
0.4364 

0.1127 
0.2547 
0.3447 
0.6747 

0.1299 
0.2362 
0.3234 
0.5787 

R2 

1.00 
0.99 
0.98 
0.97 

0.99 
0.97 
0.92 
0.97 

0.99 
0.96 
0.98 
1.00 

0.99 
1.00 
0.98 
0.97 

1.00 
0.99 
0.98 
0.97 

Â 50-fold concentration range (1 50 |iM) was used for the plots. 
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Table 2.2 The summary of the linear regression results from ASPEN detector response 
versus HQ concentration^ for capillaries of different I.D's. 

Capillary diameter 
(^im) 

15 

19 

50 

73 

98 

Current applied 
( p A ) 

300 
600 
975 
1975 

300 
600 
975 
1975 

300 
600 
975 
1975 

300 
600 
975 
1975 

300 
600 
975 
1975 

Slope 

3994.65 
6221.61 
1.007 X 104 
1.367 X 104 

3055.46 
8295.79 
1.020 X 104 
5005.97 

5572.17 
1.100 X 104 
1.246 X 104 
7398.96 

3381.47 
6344.45 
9815.82 
1.339 X 104 

3653.39 
6522.45 
9077.44 
1.141 X 104 

R2 

0.87 
0.85 
0.87 
0.92 

0.89 
0.92 
0.96 
0.99 

0.89 
0.93 
0.97 
0.99 

0.92 
0.83 
0.87 
0.90 

0.87 
0.84 
0.86 
0.90 

^A 50-fold concentration range (1-50 îM) was used for the plots. 
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Table 2.3 Analytical data for phenols. 

Analyte Ei/2^ vs SCE' (V)̂  LOD'* (fmol) 

Phenol 

o-chlorophenol 

2,4-dimethylphenol 

p-benzylphenol 

0.633 

0.625 

0.459 

70 

76 

76 

76 

"Ei/j is the half-wave potential. 

''SCE stands for saturated calomel electrode. 

••see reference [5] for E,/2 data. 

''LOD stands for limit of detection. 
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Aux 

Constant-
current 
source 

( r- '"" 
V_ 

^— Working 
Offset 

Potential-
recording 

device 

B 

Ew vs. Er 

Figure 2.1 ASPEN instrumentation. A: Simplified block diagram of ASPEN 
measurement apparatus; B: Simplified schematic of three electrode cell 
in amperostatic (galvanostatic) mode. Aux (A), Ref (R) and 
Working (W) = Auxiliary, reference and working electrodes, 
respectively; i = current; Ei = input voltage; Ri = input resistance (i = 
Ei^) ; Ew and Er = working electrode and reference electrode potential, 
respectively. 
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Column (inlet) 

\ 

Auxiliary electrode 

Working electrode 

/ 

Reference electrode 

Figure 2.2 Drawing of flow-through cell. 
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Applied Current (nA) 

Figure 2.3 Plot of background potential (-V) versus applied current (nA) for 
capillaries of various internal diameters. Capillary I. D.: 1 = 15 p.m; 2 
19 ̂ m; 3 = 50 îm; 4 = 73 ̂ im; 5 = 98 ̂ im. 
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C o a 

1.0 2.0 3.0 

Applied Current (nA) 

Figure 2.4 Plot of ASPEN Detector response (V) versus applied current (nA) at 
various hydroquinone concentrations. HQ concentrations: 1 = 5.10 
HM; 2 = 10.2 îM; 3 = 26.0 |iM; 4 = 51.0 ̂ iM. 
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0.60 

2 0 3 0 4 0 
Concentration (^M) 

Figure 2.5 Plot of ASPEN Detector response (V) versus HQ concentration at 
various applied currents. Applied current: 1 = 0.025 nA; 2 = 0.30 nA; 3 
= 0.60 nA; 4 = 0.975 nA; 5 = 1.975 nA. 
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Figure 2.6 Chromatograms of a phenol mixture. Chromatogram A: (1) 0.714 pmol 
phenol; (2) 0.80 pmol o-chlorophenol; (3) 0.80 pmol 2,4-
dimeihylphenol and (4) 0.756 pmol p-benzylphenol. 
B: Chromatogram of a ten-fold dilution of mixture as in A. 

47 

•Hi •ppil^ 



—--^"na-h.--.--: -/^ 

9i 

e 

•-5 S 5 a 
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Figure 2.7 Plot of relative response (V/pmol) versus applied current (nA) for the 
phenols. 1 = phenol; 2 = o-chlorophenol; 3 = 2,4-dimethylphenol and 4 
= p-benzylphenol. 
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CHAPTER III 

DUAL CHANNEL ASPEN FOR MICRO LC 

Introduction 

A dual channel ASPEN detector is coupled with a Micro LC system in this chapter. 

This detector is comprised of two electrochemical cells (sample and reference) in a parallel 

mode. A mobile phase solution flows in both the sample and the reference cells. 

Electroactive analytes elute from a chromatographic column into the sample cell. This 

configuration is expected to improve the signal to noise ratio (S/N). For quantitative 

analysis, the relationship between the measured signal quantity and the amount of analyte is 

of fundamental importance to any technique. One of the most important analytical figures 

of merit is the LOD. Better LODs are obtained when a high detector response is 

accommpanied with low system noise (i.e., high S/N). 

In ASPEN detector, the noise is superimposed on the background potential, which is 

attained due to activation overpotential. The signal is due to a change in the electrode 

potential when a faradaic process (involving the analyte of interest) takes place at the 

electrode surface. 

For a current carrying electrochemical detector, in a well shielded system, the major 

sources of noise [1] are (i) operational amphfier voltage noise, from 1 to 40 Hertz, which 

increases with A^ and f (A = area of electrode and f = frequency), and (ii) impedance noise, 

from 0 to 1 Hertz, which increases with A^ and Vf-. In the above frequency range, the 

impedance noise is mainly due to the variance in capacitance, which is given as: 

r 
< T / = 

A 

2;rirc 
(1) 
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where, C is the capacitance and c-^ and 0(p- are the variance per Hertz of impedance and 

capacitance, respectively.. This equation predicts a l/f2 noise. Adsorption-desorption 

events, formation of small gas bubbles on the electrode surface or temperature fluctuations 

lead to impedance noise. For the ASPEN measurement, charging-discharging of the 

double-layer due to the presence of traces of impurities will also contribute to the noise. 

Other sources of noise might be from fluctuations in flow and changes in mobile phase 

composition. 

It has already been shown in Chapter II that the background potential in the ASPEN 

measurement drifts due to charging of the double-layer, until an appropriate potential is 

reached. While op-amp noise is insignificant and the impedance noise is difficult to 

eliminate, a differential ASPEN detector might serve as a good approach to cancel baseline 

drift and noise due to temperature and flow fluctuations. 

Differential Mode Detection 

In the amperometric mode, two working electrodes have been used for detection in 

liquid chromatography. Dual electrode detection has been used to improve selectivity, 

detection limits and peak identification [2-5]. Dual electrode instrumentation and detector 

cell design for controlled potential techniques have been described by Kissinger [6]. Dual 

electrode amperometry has been used both in series and parallel modes. 

Brunt and Bruins [7] used a differential amperometric detector to cancel background 

noise. This instrument consisted of two identical amperometric detectors coupled by a 

differential amplifier. Four electrodes were connected at the detector, namely, two working 

electrodes, a reference electrode and an auxiliary electrode common to both the cells. The 
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potential of the two electrodes relative to the reference electrode was always the same. 

Reductions in the baseline drift and noise were reported [7]. 

Dual channel detection is more suitable for the ASPEN technique because there is a 

clear baseline drift due to charging of the double-layer, even one hour after the current is 

applied. Any noise due to temperature or flow fluctuations is also expected to be cancelled. 

Annular Ag/AgCl Reference Electrode 

Another approach to reducing noise is to place the reference electrode very close to the 

working electrode. Fig. 3.1 (p. 61) shows the potential drop between the working 

electrode and the auxiliary electrode [8]. The closer the reference electrode is placed to the 

working electrode the smaller is the uncompensated solution resistance. In controlled 

potential techniques, the iR drop changes the actual potential at the working electrode and 

therefore a feedback from the reference electrode is required to correct for this change. In 

the ASPEN mode, current is constantly being passed through the cell and therefore a 

constant iR drop exists. Any change in the solution resistance due to changes in the mobile 

phase composition is expected to contribute to fluctuations in the background potenital. 

In the ASPEN mode, the best way to keep the reference electrode very close to the 

working electrode is to use an annular reference electrode, where the cylindrical working 

electrode is surrounded by the reference electrode. This approach is expected to decrease 

the noise due to changes in the mobile phase composition. 

F.xperimental 

The instrument setup for the differential ASPEN detection is shown in Fig. 3.2 (p. 

62). A TL082CP wide bandwidth dual JFET input operational amplifier (Semiconductor 

Corporation), along with a 300 MQ resistor and an input voltage from a potentiostat, serve 

as a dual constant current source. A constant potential is dropped across a 300 MQ 
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resistor. Desired current levels can be obtained by tuning an appropriate potential from a 

potentiostat (Ensman Instrumentation, Bloomington, IN). For example, an input voltage 

of 200 mV gives a constant current of 666 pA. Signal from sample (analyte elutes) and 

reference (only mobile phase) cells serve as positive and negative input to the precision 

instrumentation amphfier (AD521, Anolog Devices), respectively. This instrumentation 

amphfier features peak-peak noise of 0.5 p,V, from 0.1 Hz to 10 Hz (gain = 1000). In the 

above circuit, the gain is unity. Therefore, the operational amplifier noise is expected to be 

lower. Note that no external offset circuit is required because the instrumentation amplifier 

has built-in offset trim and fine adjust. Four, 9V batteries (Radio Shack), as configured in 

the diagram, are used as the power supply for both the TL082CP and AD521. The lowest 

current obtained from the circuit is 50 pA because the TL082CP has a lower current limit 

of 50 pA. The electronics as well as the electrochemical cell are shielded in a laboratory-

made Faraday cage. Data acquisition was accomplished with an IBM-PC computer 

system. 

Differential ASPEN Using Plain Ag/AgCl Reference Electrode 

The Micro LC system, reagents, construction of electrodes, and electrochemical cell 

were described in Chapter n. A Tee connector was used to bifurcate the flow of the mobile 

phase into both the reference and sample cells. Two columns of the same packing material 

and equal dimensions (750mm x 0.250 mm inner diameter (I.D.) columns) were used to 

obtain similar flow rates in both the cells. 

Differential ASPEN Using Annular Ag/AgCl Reference Electrode 

The Micro LC system, reagents, and construction of working electrode were as 

described earlier. In order to fabricate an annular Ag/AgCl reference electrode, a hole was 

drilled in a 215 |im diameter silver wire, 5 mm in length. Because of the micro-dimensions 
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of the sdver wire and the drill bits, the drilling was carried out under a microscope. A 

homemade holder was used in order to avoid wobbling and assure accurate drilling. 

Because drilling hole on a curved silver surface was difficult the wire was pressed at an 

end. The dimension of this flat portion was 100 |xm x 300 }im. Two sizes of holes were 

drilled through the silver wire: (i) 250 |im and (ii) A 50 |j,m hole was drilled from one side 

and a 250 jum from the other side, so that they met at the center of the wire. These holes 

were aligned exactly at 180°. Without proper alignment of these holes the insertion of 

carbon fiber into the fused silica capillary was not possible. These annular silver wires 

were soldered to an aluminum or copper lead. The lead was then sealed in a 530 |Lim I.D. 

capillary, leaving about 3mm of the annular end exposed. The silver surface was cleaned 

by placing only the protruding portion in a 3 M nitric acid solution, for 1 h. 

Construction of Electrochemical Cell 

The fabrication of the electrochemical cell was as described in Chapter n. For the 

annular ASPEN measurement, the electrochemical cell was assembled as shown in Fig. 3.3 

(p. 63). For one pair of holes, oriented at 180°, a 7 jim diameter carbon fiber 

microelectrode was inserted, through the hole in silver wire, into the lumen of a fused-silica 

capillary. The sdver wire was oriented at 90^ to the carbon fiber -fused silica pair. A 240 

|im outer diameter fused silica capillary was placed in the 250 |im space in the silver wire. 

From the other side (50 jim hole), the carbon fiber was inserted until it reached more than 1 

mm into the lumen. The continuity was checked widi an ohmmeter to ensure that the silver 

wire and the carbon fiber were separated. A platinum auxiliary electrode was also placed in 

the cell, through the fourth hole. 

The cell was then filled with 1 M potassium chloride (0.01 M in HCl) through the 

opening on the cell top (Fig. 2.2, p. 43). A potential of IV was applied between annular 

silver wire and platinum electrode. The cell could hold only a couple of liquid drops, 
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therefore, the hquid level was checked every 1 hr for 12 hrs, until the silver wire was 

coated with silver chloride film (Fig. 3.4, p. 64). The cell was then thouroughly washed 

with deionized water, before any measurement was performed. 

Results And Discussions 

The purpose of the differential ASPEN measurement was to reduce noise, so that 

better S/N gives lower LODs. First, power spectra were acquired by processing 

background signals (Potential, V vs. time, s), using Data Acquisition Digital Signal 

Processing (DADiSP) software. The spectrum is a form of fourier transform, the 

amplitudes of its sinusoidal components are plotted against the frequency of the sinusoid. 

Fig. 3.5 (p. 65) is a power spectrum of a background signal recording obtained using 

single channel ASPEN technique. Notice the predominance of noise at very low 

frequencies. The impedance noise due to capacitance fluctuations predominates between 0 

and 1 Hertz. Most of the noise in the spectrum (Fig. 3.5) is below 0.1 Hz. This shows 

that the noise in the ASPEN detector is due to fluctuation in the double-layer capacitance. 

Fluctuations in the double-layer capacitance can be due to sorption-desorption, charging-

discharging when traces of impurities elute, the formation of small bubbles (oxidation of 

H2O to give O2), and temperature events. Another source of low frequency noise is drift in 

the working electrode potential due to continuous charging of the double-layer. Fig. 3.6 

(p. 65) is a power spectrum of a background signal recording obtained using the 

differential ASPEN technique. Noise between 0.1 and 0.01 Hertz has decreased 

significandy but the noise below 0.01 Hz remains. This noise is due to drift in the 

background potential of the difference channel, which is the result of dissimilarities 

between the background potentials of the reference and the sample channels. Another 

factor may be differences in the active surface areas of the carbon fibers used for the 

reference and sample cells. 
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factor may be differences in the active surface areas of the carbon fibers used for the 

reference and sample cells. 

The overall rms noise in the normal ASPEN mode is on the order of 8 x 10"̂  V at an 

applied current (anodic) of 6(X) pA. The rms noise has decreased by a factor of two in the 

differential ASPEN mode. At a current level of 666 pA, applied to both the reference and 

the sample channel, the rms noise was on the order of 3.8 x 10-̂  V. This makes the LOD 

better by a factor of two (Fig. 3.7, p. 66). 

Baseline Drift 

Fig. 3.8 (p. 67) shows the background signal obtained from differential ASPEN 

measurement. The top baseline is acquired from the sample channel while the bottom one 

is the difference between the sample and the reference signals (difference channel). 

Though the signal from the difference channel shows a considerable decrease in the drift of 

the background potential it is not completely eliminated. Drift in the sample channel and the 

difference channel are 45 mV/hr and 15 mV/hr, respectively. At very long times, the 

double-layer charges to such an extent that the electrode potential attains a value where 

solvent oxidation takes place. At this point, the baseline drift in the sample channel is 

expected to be identical to that of die difference channel. At an applied current less than 

300 pA, drift remains for long time in the sample channel. However, drift in the difference 

channel diminishes rapidly, regardless of the apphed current. 

Response and Sensitivity 

In Chapter II, a definite conclusion was not proposed regarding the response (linear or 

logarithmic) of the ASPEN detector. The dual channel ASPEN measurement is carried out 

by injecting at least nine solutions of increasing concentrations (1 |iM -100 ^iM). All the 

measurements are performed at an anodic current of 666 pA. The relative standard 
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deviation of ASPEN response for forty five sequential injections of 10 jiM HQ is 4.54%. 

Three types of plots are produced from the peak height information at different injected 

concentrations: (i) peak height versus concentration (1 |iM - 100 |iM), (ii) peak height 

versus log concentration (1 p.M - 100 jiM), and (iii) peak height versus concentration (1 

|LiM - 10 ̂ iM). Figures 3.9, 3.10, and 3.11 (pp. 68 - 70) represent plots (i), (ii), and (iii), 

respectively. Both the plots of peak height versus concentration (Fig. 3.9) and peak height 

versus log concentration (Fig. 3.10) are not linear. However, the plot of peak height 

versus concentration (Fig. 3.9) is linear at lower concentrations, as shown in Fig. 3.11 (1 

|J,M - 10 jLiM). The correlation coefficient of the linear regression is 0.99 for the three 

calibrations in Fig. 3.11. At higher concentrations, the exchange currents are so high that 

the system approaches an equilibrium condition, such that the working electrode potential is 

governed by the Nernst equation (Eqn. 9, p. 14). Therefore, we see a logarithmic 

response at higher concentrations. However, a deviation from linearity is seen in Fig. 

3.10, at concentrations approaching 100 jiM. This deviation is understood by referring to 

Fig. 1.4 (p. 26). The figure shows that the ASPEN detector can operate only in a small 

range of electrode potential. Note that the signal (E, - Ej) can never be greater than (E, -

E )(< -1.2 V for an aqeuous mobile phase). Therefore, at concentrations approaching 

100 jLiM the detector is saturated. 

The linear behavior of the ASPEN method at lower concentrations is understood based 

on the capacitive charging-discharging process. The coulostatic technique is based on this 

charging-discharging process (see Chapter I, p. 7). Let us draw a comparison between the 

two techniques. The potential change for a large step coulostatic technique is given as [9, 

10]: 
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where, t is the time at which the potential is measured and Ĉ  is the double-layer 

capacitance. All the other terms have their usual meanings. Here, AE is directly 

proportional to the concentration of analyte. The double-layer capacitance supplies the 

faradaic current because zero current flows in the cell. For the coulostatic technique, the 

working electrode potential remains constant after the flux of the electroactive species 

approaches zero at the electrode surface. At this point in the ASPEN mode, the double-

layer starts recharging and the working electrode potential becomes more positive (dE/dt 

changes sign [- to +]). In the coulostatic mode (i = 0), the double layer does not charge 

unless a current pulse is applied. The LDR for the coulostatic detection technique, is 

between the concentration range of 10"̂  M and 10'^ M [9]. The LDR is reported to be 

confined to within two orders of magnitude because of the limitation on the amount of 

charge that can accumulate on the double layer [9]. Though the two techniques are 

fundamentally different, they encounter the same basic limitation. It can be inferred from 

the above comparison that ASPEN detection shows coulostatic behavior at lower 

concentrations. 

Differential ASPEN Measurement Using Annular Ag/AgCl 

The purpose of the annular Ag/AgCl reference electrode was to reduce the 

uncompensated solution resistance, which would result in a reduced noise. In the very first 

study, a 250 îm hole was drilled in the silver wire and thereafter the silver chloride film 

was grown as described in Chapter II. The power spectrum of the background signal 

recording obtained by using a 250 |im annular Ag/AgCl electrode is shown in Fig. 3.12 (p. 

71). Compare this spectrum with the one obtained from differential ASPEN (Fig. 3.6). 
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Note that the ordinate scale is the same in both the figures. The noise for both spectra is 

nearly the same at low frequencies. The slope of the response versus concentration plot for 

differential measurements, using annular (Fig. 3.13, p. 72) and plain (Fig. 3.11) Ag/AgCl 

reference electrodes, are 0.0273 (± 0.00632) and 0.0255 (± 0.00919), respectively. There 

is an insignificant increase in the sensitivity for the annular Ag/AgCl electrode 

configuration. 

Perhaps the reference electrode was not close enough to the working eletrode. A 50 

|xm hole brought the working electrode within 21 |Lim range from the reference electrode. 

After the formation of the AgCl film the working electrode was even closer to the reference 

electrode. Going to a hole even smaller than 50 |xm was not practical. It was very difficult 

to manually drill a hole of this size and very difficult to insert the working electrode without 

touching the reference electrode. Reducing the hole diameter would have been very 

problematic in both the aspects. As shown in Fig. 3.14 (p. 73), the noise increased by a 

factor of four compared to that from a differential ASPEN, using a plain Ag/AgCl electrode 

(see Fig. 3.11). The slope of the response versus concentration plot for the differential 

measurement using an annular (50 |im) Ag/AgCl electrode (Fig. 3.15, p. 74) was 0.0212 

(± 0.00247). The sensitivity did not increase when compared with the sensitivity obtained 

using a plain Ag/AgCl. Therefore, both attempts towards enhancing signal to noise ratio 

did not yield positive results. 

One explanation for increased noise when using the 50 |xm annular reference electrode 

is the possible friction from the fiowing solution. The reference electrode potential 

(E° A ci) is probably fluctuating due to enhanced denuding of AgCl film at higher linear 

velocities. 
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Conclusion 

The ASPEN detector shows coulostatic (linear) behavior at low concentrations and 

gives potentiometric (logarithmic) response at higher concentrations. The noise in the 

single channel ASPEN measurement originates from fluctuation in the double-layer 

capacitance. Fluctuations in the double-layer capacitance may be attributed to any of the 

fohowing: (i) sorption-desorption, (ii) thermal gradients, (iii) discharging-charging process 

when traces of impurities elute, and (iv) formation of small bubbles (oxygen) at the 

working electrode surface. The variance in the capacitance leads to the variance in cell 

impedance which translates to fluctuation in the background signal. The impedance 

variance is proportional to l/f̂ ; therefore, most of the noise is below 0.1 Hertz. The 

differential ASPEN cancels most of the (flow induced) noise except the noise below 0.01 

Hertz. This noise at very low frequency is due to a small amount of drift in the background 

signal that remains even after differential measurement. The difference in the working 

electrode size, and the placement of the working electrode in the lumen, from one cell to the 

other may result in dissimilar drifts. This dissimilarity would preclude the drift from 

becoming zero in differential measurement. The use of an annular reference electrode 

neither improves the noise nor the signal, significandy. Flow-based fluctuations in the 

reference electrode potential may have caused die increased noise level. 
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Figure 3.1 Potential drop in the electrochemical cell, (a) Potential drop between 
working and auxiliary electrodes in the solution and iRu measured at 
reference electrode (Ru is the uncompensated resistance); fwk.and faux 
are the potentials at working and auxihary electrodes, respectively (b) 
Representation of the cell as a potentiometer. 
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Figure 3.2 Simplified schematic of dual channel ASPEN detector. 
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Figure3.3 Picture of an assembled three electrode cell, before the coating of silver 
chloride on the silver wire. Cell: A, carbon fiber; B, annular silver wire; 
C, fused silica capillary; D, platinum wire. 
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Figure 3.4 Picture of an assembled three electrode cell, after the coating of silver 
chloride film on the silver wire. Cell: A, carbon fiber electrode; B. 
annulai- Ag/AgCl electrode; C, fused silica capillary; D, platinum 
electrode. 
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Figure 3.5 Power spectrum of a baseline recording obtained by single channel 
ASPEN, using plain Ag/AgCl. 
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Figure 3.6 Power spectrum of a baseline recording by dual channel ASPEN, using 
plain Ag/AgCl. 
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Figure 3.7 Baseline recording by dual channel ASPEN: A, sample channel; B, 
reference channel. 
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Figure 3.8 Baseline drift: A, sample channel and B, difference channel. 
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Figure 3.9 Plot of dual channel ASPEN response (V) versus HQ concentration, at 
333 pA. Three calibrations correspond to data obtained from three paks 
of cells, using a plain Ag/AgCl reference electrode. 
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Figure 3 10 Plot of dual channel ASPEN response (V) versus log of HQ 
concentration, at 333 pA. Data are die same as in Fig. 3.9. 
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Figure 3.11 Plot of dual ASPEN response (V) versus HQ concentration (1 pM - 10 
^M), at 333 pA. Data are the same as in Fig. 3.9. 
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Figure 3.12 Power spectrum of a baseline recording by dual channel ASPEN, 
using annular Ag/AgCl (250 ^m) reference electrode. 
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Figure 3.13 Plot of dual channel ASPEN response (V) versus HQ concentration, at 
333 pA. Three caUbrations correspond to data obtained from three pairs 
of cells, using a 250 \im annular Ag/AgCl reference electrode. 
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Figure 3.14 Power spectrum of a baseline recording by dual channel 
ASPEN, using a 50 ^m annular Ag/AgCl reference electrode. 
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Figure 3.15 Plot of dual channel ASPEN response (V) versus HQ concentration, at 
333 pA. Three calibrations correspond to data obtained from three pairs 
of cells, using a 50 p,m annular Ag/AgCl reference electrode. 
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CHAPTER IV 

ENHANCED ASPEN FOR THE DETECTION OF 

NEUROCHEMICALS 

Introduction 

Attempts to decrease the noise have been described in Chapter IE. The low frequency 

noise, due to capacitance fluctuations and baseline drift, was reduced significantly. In all 

the previous experiments, the column and the injector were exposed to ambient laboratory 

air. Both the column and injector have been reported to act as antennae for electromagnetic 

waves [1,2]. If the injector, column, electrochemical cell and detector electronics are 

placed in a Faraday cage (enhanced ASPEN), then there is a reasonable possibility that the 

induced noise from the environment will be eliminated. 

In the absence of an electroactive species, the solution contains only solvent and 

electrolyte. The equivalent circuit for this solution is represented by a solution resistance in 

series with a double-layer capacitance (RC), as shown in Fig. 4.1 (p. 92) [3]. If a constant 

current is apphed to the above circuit, the potential across the circuit is given as [3]: 

E = E^ + Ec (1) 

where, ER is a potential due to the iR product and Ec is a potential due to capacitive 

charging. If E^ and E .̂ are substituted by iRs and q/Cd, respectively, then Eqn. 1 can be 

rewritten as 

E = iR^+-^ (2) 
C, 
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Since q = Udt, therefore. 

E = iR^ + M'^' (3) 
'd 0 

or 

E = i K + (4) 
^d J 

Consequently, for a current step (Fig. 4.2 A, p. 92), assuming a constant C ,̂ the potential 

increases linearly with time (Fig. 4.2 B). The slope (i/CJ of the potential versus time plot 

increases with increasing current step. If the equivalent circuit for the ASPEN cell is 

represented by this type of RC circuit then the baseline will always be sloping. The 

potential wUl keep increasing untd the compliance potential of the galvanostat or the 

breakdown potential of the capacitor is reached. But, the background potential for ASPEN 

detection behaves differendy, as described in Chapter in. 

Fig. 4.3 (p. 93) shows an appropriate equivalent circuit for the ASPEN cell. There is 

a resistor in parallel with die capacitor in the above circuit, an altemate path for the applied 

current. For such a circuit, the potential versus time behavior is exponential. 

This Chapter also describes experiments carried out to determine the dependence of the 

flow rate on the response. For ASPEN detection, the detector flow (as linear velocity) is 

dependent on the inner diameter of the inlet capillary, where the carbon fiber electrode is 

placed. It has been theoretically shown and experimentally proven that the geometry of a 

cell plays an important role in enhancing the signal [4-6]. The coulometric efficiency of an 

amperometric detector is increased with a better cell geometry. Jorgenson et al. [7] have 
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shown that a small annular space around an electrode along with a reduced flow rate gives 

almost 100% coulometric efficiency. Such a configuration is expected to enhance the 

response of the ASPEN detector, because the response in this system is based on faradaic 

processes. 

Catecholamines in Rat Brain Tissue 

In this chapter, three rat brain tissues (olfactory bulb, pituitary gland and 

hypothalamus) are analyzed. Catecholamines, serotonin, their precursors and metabolites 

are important chemical agents in neuroscience [8]. HPLC with electrochemical detection is 

widely used for the measurement of these neurochemicals [9,10]. One of the advantages of 

an electrochemical detector coupled with Micro LC is the enhanced mass sensitivity, which 

allows the analysis of samples available in very small quantities. The injection volume (60 

nL) is small in Micro LC; therefore, very small amounts of samples are required for the 

analysis. 

Experimental 

Galvanostat/Potentiostat 

Single Channel: The system has been described in Chapter n. Dual Channel: The 

system has been described in Chapter m. The electronics, columns, injector, and 

electrochemical cells are shielded in a diick metal box (column compartment of Du Pont 

Instruments, Series 8800), used as a Faraday cage. 

Micro LC 

A Model 8500 syringe pump (Varian Associates, Walnut Creek, CA) and a Model 

CI4W injection valve (Valco Instruments Co., Inc., Houston TX) were used for all Micro 

LC experiments. The volume of the injection valve was 60 nL. Slurry-packed capillary 
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columns (750 mm - 0.25 mm I.D.), were prepared using published procedures [11]. 

Micro LC was performed with microcolumns which contained 5 |im diameter Spherisorb 

ODS 2 reversed phase packing (Alltech Associates, Deerfield, IL) and a 65:35 

acetonitriIe:phosphate buffer mobile phase. Before addition of the acetonitrile, the aqueous 

eluent had a pH of 4.8 and was 0.02 M in total phosphate and 1 x 10-̂  M in EDTA. 

The microcolumn and the mobile phase I used for catecholamine analysis are different from 

the one described above. The procedure used for packing the capillary column was as 

described earlier. Micro LC was performed with microcolumns which contained Hypersil 

BDS reversed phase packing (Keystone Scientific Co, Inc., Bellefonte, PA) and a 15:85 

methanol:acetate buffer mobile phase. The pH of the solution was 4.6 and was 0.01 M in 

citric acid, 0.04 M in total acetate, 0.013 M in sodium chloride and 50 mg/L in EDTA. 

Octanesulfonic acid (300 mg/L) was used as an ion pairing agent. Both the mobile phases 

were degassed by vacuum ultrasonication and used for all hydrodynamic and 

chromatographic studies, unless otherwise stated. Both the column and the injector were 

placed in the Faraday cage. All chromatograms were analyzed using DADiSP (DSP 

Development Corp., Cambridge, MA) digital signal processing software. All noise 

analyses were carried out using this system. 

Reagents 

Acetonitrile (Optuna grade), potassium phosphate (monobasic and dibasic) and 

hydroquinone were obtained from Fisher Chemical Company (Pittsburgh, PA). Sodium 

acetate and EDTA were obtained from J. T. Baker Company (Phdlipsburg, NJ). Citric 

acid and sodium chloride were obtained from Sigma Chemicals. Medianol (Optima grade), 

L-6-3,4-Dihydroxyphenylalanine (L-DOPA), 3,4-Dihydroxyphenylacetic acid (DOPAC), 

Norepinephrine hydrochloride (NE), Epinephrine (EPI) and Dopamine hydrochloride (DA) 
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were obtained from Aldrich Chemical Company (Milwaukee, WI). All die above chemicals 

were used without further purification. 

Standard Solution 

L-DOPA, DOPAC, NE, EPI, and DA were weighed into a 25 mL volumetric flask and 

dissolved in degassed mobile phase. The concentrations of the analytes in the above 

solution were 1.6 x 10-4 M, 1.9 X 10-4 M , 2.3 x 10-4 M, 6.3 x 10-4, and 2.9 x 10-4 M, 

respectively. Solutions of lower concentrations were obtained by dduting the above 

solution. 

Sample Preparation 

The rat brain tissues were from three gestating female Sprague-Dawley rats, graciously 

supplied by Dr. Shirley Poduslo of the Texas Tech Health Sciences Center. The rats were 

sacrificed in a manual guillotine. The heads were stored on ice for about an hour before 

dissection. The olfactory bulb, pituitary gland and hypothalmus tissues were then carefully 

removed and placed in 1.5 mL centrifugal tubes. These tubes were then stored in liquid 

nitrogen ( 76 Kelvin) until further treatment. The tissues were homogenized in chilled 0.3 

M HCl (100 |xL for hypothalamus and 50 |xL for bodi pituitary gland and olfactory bulbs), 

using a microcentrifuge tube pesde. The homogenates were then centrifuged at 10,000 g 

for 30 minutes at 5° C. The supematants were then transfered to a 0.2 |xm filter unit, using 

a micropipette, and centrifuged. The filtrates were stored at dry ice (-45o C) temperature 

untd further analysis (within 24 hrs). 
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Results and Discussions 

Background Signal 

Fig. 4.4 (p. 94) is a ten minute baseline recording obtained immediately after applying 

current to the ASPEN cell, at four different current levels. At higher current levels, the 

slopes immediately after the application of currents are greater than the slopes at lower 

current levels. Note that the potential is still changing after three minutes at 83 pA, 166 pA, 

and 333 pA. With an applied current of 666 pA the slope approaches zero after four 

minutes. The potential increases almost exponentially with time (the ordinate has negative 

potentials). Fig. 4.3 (p. 93) shows an appropriate equivalent circuit for the ASPEN cell. 

In order to verify the above equivalent circuit, an experiment was performed by applying 

current to the circuit shown in Fig. 4.5 (p. 95). The working, reference, and auxiliary 

electrode leads are connected to the above circuit. Fig. 4.6 (p. 95) shows potential versus 

time plots when various currents were applied to the above circuit. The potential increases 

exponentially with time. This exponential behavior was very pronounced when the current 

was switched off The trends of the potential versus time plots for the first ten minutes in 

Fig. 4.6 are similar to those in Fig. 4.4. A more accurate equivalent circuit is the one that 

includes a Warburg impedance; however, the purpose here is to explain the working of the 

ASPEN detector, based on a simplified equivalent circuit. 

Fig. 4.3 (p. 93) shows a scenario for ASPEN detection, based on the equivalent 

circuit approach. Immediately after the current is applied the electrode potential is small. 

The high charge transfer resistance (R^,) does not allow this current to pass through the 

cell. Therefore, the current (i^^^) goes to the double-layer capacitance (C^). For a DC 

signal, the capacitor has infinite resistance (1/jcoC). Therefore, die charge accumulates at 

the double layer as long as there is no alternative path for the current to flow (Fig. 4.3a). 

The double-layer capacitance charges until the oxidation potential of water is reached. Most 

of the current now passes through an alternative path (Ret)- At even higher potentials, all 
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the current is forced through the charge transfer resistance. The capacitor charging is 

minimum at these potentials (Fig. 4.3b). At this point, the dE/dt (drift) approaches zero. 

When an electroactive analyte emerges in the vicinity of the electrode surface the double 

layer discharges, and this current (i^J along with the applied current (î pp) is now used up in 

the faradaic process (Fig. 4.3c). As soon as the electroactive analyte vanishes from the 

cell, the ASPEN detector goes back to the initial scenario (Fig. 4.3a). 

Charging-Discharging Characteristic 

Figures 4.7, 4.8, 4.9 and 4.10 (pp. 96 - 99) are chromatograms of a five component 

mixture of catecholamines, at applied currents of 83 pA, 166 pA, 333 pA, and 666 pA, 

respectively. Each figure shows three chromatograms (A, B, and C), where chromatogram 

A represents an injection of a mixture of 0.960 pmol L-DOPA, 1.14 pmol DOPAC, 1.38 

pmol NE, 3.78 pmol EPI, and 1.74 pmol DA. In these figures, chromatograms B and C 

are injections of ten-fold and hundred-fold, respectively, more concentrated solutions than 

that in chromatogram A. Prior to the catecholamine chromatography, the Micro LC system 

was optimized in terms of mobile phase composition and column packing material. In the 

above chromatograms, the rate (- dE/dt) of discharge is almost the same for all the current 

levels (before the peak maxima). At smaller current levels, peak tailing (after the peak 

maxima) is more than that at higher current levels. The slope (dE/dt) of the potential versus 

time plot is equal to i/Cd. Therefore, low applied currents give small slopes and increased 

peak tailing. The peak tailing is maximum for the chromatogram obtained at 83 pA (Fig. 

4.7) and minimum for that at 666 pA (Fig. 4.10). Though the peak tailing is least for 666 

pA, the LODs are not as high as those achieved at lower current levels (Table 4.1). 

Without the proper choice of an applied current, charging-discharging effects will lead to 

broad peaks. 
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Flow Rate Dependence of the Response 

Jorgenson et al. [7] have shown that for on-column detection in the amperometric 

mode, the coulometric efficiency is maximum at very low detector linear velocities, where 

eluting analyte molecules have greater opportunity to contact the working electrode surface. 

For catechol and 4-methylcatechol [7], coulometric efficiencies were 100% at linear 

velocities below 4 to 5 mm/s (0.75 nL/s ; 200 psig). Fig. 4.11 (p. 100) is a plot of 

response (peak height) obtained at an applied current of 333 pA versus flow rate. Peak 

heights are measured from the chromatograms obtained after injections of 10'̂  M 

catecholamine mixture, at various flow rates. The response of the ASPEN detector 

increases with decreasing flow rates, which is a result of an increased coulometric 

efficiency. Further decrease in the flow rates result in long elution times and broadened 

chromatographic peaks. ASPEN detection was performed by inserting a 7 |xm diameter 

carbon fiber into one end of a 50 |xm I.D. fused silica capdlary, and the other end was 

connected to a 250 p-m I.D. packed column. For a given chromatographic linear velocity 

(250 |Lim I.D. colunm), the hnear velocity in a 50 |J.m I.D. capillary (at the detector) is 25 

times higher. Low hnear velocities (< 4 mm/s) at the detector are achievable only with 

open tubular columns (15 |im) or packed columns of extremely small inner diameter (50 

|im). 

To date, ASPEN detection has been coupled only with 250 |im slurry packed columns 

(Micro LC). The coulometric efficiency is expected to be relatively low at detector linear 

velocities achieved by the above system (10 mm/s for 1.2 ^iL/s). Perhaps higher response 

can be achieved by coupling the ASPEN detector with Nano LC. 

Noise Characteristics 

First, the background signal was obtained with die acetonitrile mobde phase, using 

both the single channel and dual channel enhanced ASPEN. The noise decreased by less 
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than a factor of two. Later, background signals were acquired using the methanol mobile 

phase. Note that the noise has decreased considerably (Fig.4.12, p. 101). The average 

rms noise was 1.0 x 10-4, a factor of three lower than that in dual channel ASPEN (Chapter 

III, Fig. 3.6) 

Initially it was thought that one of the mobile phase components contributes to lower 

noise. The background reaction remains the same (i.e., oxidation of water to oxygen) 

becuase the oxidation of chloride to chlorine, the only possible reaction, takes place at 130 

mV more positive potential than that of water. There is no apparent reason for methanol to 

give a more stable baseline than acetonitrile, because neither are involved in an electron 

transfer reaction. Use of purer methanol mobile phase components than those used earlier 

might have reduced the noise. However, the working electrodes used with the methanol 

mobile phase are stable for extended periods of time (more than a month). The optical 

epoxy adhesive used to glue the carbon fiber to a fused silica capillary does not swell when 

a methanol mobile phase is used. On the contrary, with an acetonitrile mobile phase the 

epoxy adhesive swells to such an extent that the carbon fiber is no longer in contant with 

mercury (no electrical contact). 

In the case of the methanol mobile phase, the carbon fiber is held firmly in place and 

does not vibrate due to solution flow, giving lower noise. The swelling and potential 

dissolution of the epoxy adhesive might also release electroactive polymeric materials that 

could back-flow over the electrode, producing basehne fluctuations. The noise remained 

the same for all the flow rates, showing litde dependence on flow fluctuations. The 

sources of noise have already been discussed in Chapter IE. 

Response and Sensitivity 

Let us revisit Figures 4.7, 4.8, 4.9, and 4.10, looking specifically at response and 

sensitivity. On examining the above figures, we see that the response for a 10-^ M 
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injection is maximum at 83 pA. The sensitivities are greatest for applied currents between 

83 pA and 166 pA. Table 4.1 shows the limits of detection (LODs) for various current 

levels. Note that the LODs at 83 pA are almost a factor of ten better than those at 666 pA 

and about a factor of 2 or 3 better than those at 333 pA. Now, inspect the chromatograms 

at these current levels in terms of their peak widths. The chromatograms obtained at 83 pA 

have the broadest peaks (skewed at the trailing edge) while the ones acquired at 666 pA 

have narrow gaussian peaks. At each of these current levels the peak tailing increases with 

increasing concentrations. Albeit the detection at 83 pA provides low LODs the resolution 

is poor, at the same time good resolution at 666 pA is accompanied with poor LODs. 

Therefore, the optimum applied current appears to be 333 pA. Nevertheless, ASPEN 

detection can be performed at low current levels provided the sample is of a low 

concentration. 

Fig. 4.13 (p. 102) shows a plot of peak height of each component (in the 

chromatograms) versus applied current. The trends for L-DOPA and DOPAC are identical 

to those observed for phenols in Chapter II, Figure 2.4. The responses for L-DOPA and 

DOPAC increase with increasing currents and then decrease at higher applied currents. 

Currents lower than 50 pA cannot be applied, because the lower current limit for the 

operational amplifier (TL082CP) is 50 pA. However, if detection is carried out at lower 

current levels (< 50 pA) then the other components are likely to show decreased responses. 

When compared to the results obtained by Jorgenson et al.[12], the mass LOD 

achieved by ASPEN detection is higher by two orders of magnitude. This difference in the 

LOD arises from differences in the Micro LC systems. Jorgenson's systems were based 

on 15 îm open tubular and 50 |im slurry packed columns, hence Nano LC. There are 

three advantages of these column formats compared to the 250 îm packed capillary (Micro 

LC) that is used for the ASPEN measurement: (i) high colunm efficiency, (ii) enhanced 

mass detectability due to small annular space at die working electrode and (iii) low linear 
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velocities are easily attained, giving almost 100% coulometric efficiency, without 

increasing band width or analysis time. Moreover, one of the most important features of 

their system is the on-column detection, which minimizes extracolumn band broadening. 

The performance characteristics of ASPEN detection can be best judged by comparing its 

performance widi the amperometric detector coupled with an identical system. When 

detector performance is compared with a similar Micro LC system, the LOD for the 

ASPEN detection is better (lower) by about a factor of two [10]. Ishii et al. [10] inserted a 

7 |im diameter carbon fiber into one end of a 50 |im fused silica capillary and the other end 

was connected to a 350 |im chromatographic column (ODS-Hypersil). The LODs for L-

DOPA and DA were about 1 to 2 pg (i.e., 5.1 to 10.5 fmol, at S/N = 2). Note (in Table 

4.1) that the LODs for the ASPEN detection system are reported at a S/N of three. 

Neurochemicals in Rat Brain Tissue 

Figures 4.14, 4.15, 4.16 (pp. 103 - 105) are the chromatograms obtained from 

injecting extracts of rat hypothalamus, olfactory bulb and pituitary gland, respectively. The 

chromatogram obtained from the hypothalamus tissue shows larger, more distinct peaks 

than those obtained from the other tissues. The standard chromatograms contain only five 

components while the sample chromatograms show about eleven component peaks. Peaks 

in these sample chromatograms were identified by comparison with the standard 

chromatograms (see above) and the standard chromatogram obtained by Leung and Tsao 

[9], shown in Fig. 4.17 (p. 106). These authors were able to detect twelve out of twenty 

four components, supposedly present in the sample. The peaks in the hypothalamus 

chromatogram (Figure 4.14) have been identified based on the comparison with Figure 

4.17 [9]. Table 4.2 shows the components present in the standard chromatogram [9], with 

their adjusted capacity ratios, and the capacity ratios of the components present in the 

standard chromatogram and the rat hypothalamus chromatogram, obtained with ASPEN 
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detection. A tentative peak identification is given in Table 4.2. Five of the eleven 

components are easily identified based on the retention time acquired from the standard 

ASPEN chromatogram. The remaining six components are identified based on capacity 

ratios and comparison with a standard chromatogram [9]. Just as in Leung's 

chromatograms, the first two components (DOMA and VMA) are higher in concentrations 

than the others by about an order of magnitude. The concentrations of these components 

are even higher in the hypothalamus tissue. The tyrosine peak (peak e) is very distinct and 

has shoulders in all three chromatograms (olfactory bulb, pituitary and hypothalamus). 

The 5-HTP peak (peak h) is very small but distinct and reproducible. Although there is no 

peak between NE and EPI as in the chromatograms obtained by Leung and Tsao, they have 

discussed the possibility of o- and/or p-hydroxyphenylacetic acid elution between the two 

catecholamines. Nonetheless, this peak (peak z) is present in the chromatograms obtained 

with ASPEN method. A very distinct L-tryptophan peak (peak q) is present in all three 

brain tissues. Some components (MOPEG, 5-HIAA, HVA and NMN), seen by Leung 

and Tsao, are not seen in the hypothalamus ASPEN chromatogram. Leung and Tsao 

showed that MOPEG is present as a shoulder on the trailing edge of the DOPAC peak. 

This peak does not have a distinct shoulder in the hypothalamus ASPEN chromatogram 

(Fig. 4.14), but there is a distinct shoulder in the olfactory bulb ASPEN chromatogram 

(Fig. 4.15) and the peaks are well resolved in the pituitary gland ASPEN chromatogram 

(Fig. 4.16). 5-HIAA, HVA and NMN are not seen in the ASPEN chromatograms of these 

tissues. 

The chromatograms achieved with the ASPEN method are comparable to those 

obtained with a "state of the art" technique (amperometry). The above analyses show that 

this novel technique can be used for a real sample analysis. 
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Conclusion 

The enhanced ASPEN (both single and dual channel) detection shows a small but 

insignificant improvement in noise. However, the noise improved by a factor of three 

when a methanol mobile phase was used. The optical epoxy adhesive used to glue the 

carbon fiber at the tip of the fused silica capillary does not dissolve when a methanol mobile 

phase is used. Therefore, the noise due to the vibration of the carbon fiber or reaction of 

the electroactive polymer is reduced. It is clear that the chromatographic peak is 

significantly influenced by the charging and discharging of the double-layer. The optimum 

current level in this system is about 333 pA, where good LODs are achieved without the 

loss of resolution due to charging-discharging effects. The mass LODs are better by a 

factor of two than those obtained with a microamperometric detector, coupled with an 

identical Micro LC system. The chromatograms of the rat brain tissues showed eleven 

components. The hypothalamus tissues gave peaks of higher concentrations, compared to 

the olfactory bulb and pituitary gland tissues. The performance of the ASPEN detection 

system is comparable to a state of the art technique. 
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Table 4.1 Limit of detection (LOD) for catecholamines present in the standard 
solution, at different applied currents. 

Compounds 

DOPA' 

LOD at 83 pA LOD at 166 pA LOD at 333 pA LOD at 666 pA 
(fmol) (fmol) (fmol) (fmol) 

8.12 7.00 12.1 48.7 

DOPAC" 7.00 6.40 11.6 37.7 

NE'̂  

EPI' 

DA' 

4.00 

5.20 

5.20 

4.50 

5.80 

7.00 

11.6 

14.5 

16.2 

52.2 

75.4 

75.4 

^L-B-3,4-Dihydroxyphenylalanine. 

3,4-Dihydroxyphenylacetic acid. 

"^Norepinephrine hydrochloride. 

'Epinephrine. 

'Dopamine hydrochloride. 
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Table 4.2 Capacity ratios, abbreviations and chromatographic labeling of the 
biogenic amines, their precursors, metabolites and related materials. 

L̂  

a 

b 

c 

d 

e 

f 

g 

h 

i 

j 

k 

1 

m 

Compounds 

DL-3,4-
Dihydroxymendelic acid 

DL-4-Hydroxy-3-
methoxymandelic acid 

L-6-3,4-
Dihydroxyphenylalanine 

DL-3,4-
Dihydroxyphenylglycol 

L-Tyrosine 
hydrochloride 

3,4-
Dihyroxyphenylacetic 
acid 

3-Methoxy-4-
hydroxyphenylglycol 
hemipiperazium salt 

5-Hydroxytrptophan 

Norepinephrine 
hydrochloride 

Epinephrine 
hydrochloride 

DL-Octopamine 
hydrochloride 

5-Hydroxyindole-3-
acetic acid 

4-Hydroxy-3-
methoxyphenylacetic 
acid 

Abbreviat 
-ion 
DOMA 

VMA 

L-DOPA 

DOPEG 

Tyrosine 

DOPAC 

MOPEG 

5-HTP 

NE 

EPI 

OCTO 

5-inAA 

HVA 

Capacity 
ratio, kl^ 
0.0852 

0.1375 

0.3998 

0.4916 

0.5997 

1.0224 

1.1961 

1.3501 

1.4681 

2.2347 

2.4084 

2.6118 

3.0968 

Capacity 
ratio, k2' 

0.3909 

1.0228 

1.8742 

2.3614 

Capacity 
ratio, k3' 
0.0802 

0.2179 

0.3389 

0.5562 

0.9834 

1.3111 

1.9242 

2.4073 

Ikl - k3r 

0.005 

0.080 

0.061 

0.041 

0.039 

0.039 

0.456 

0.173 

n 3,4- DHBA 
Dihydroxybenzylamine 
hydrobromide 
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Table 4.2 continued. 
L Compounds 

o DL-Synephrine 

p Normetanephrine 
hydrochloride 

q L-Tryptophan 

r Dopamine hydrochloride 

s Metanephrine 
hydrochloride 

Abbreviat 
-ion 

SYNE 

NMN 

TRP 

DA 

NM 

Capacity Capacity Capacity Ikl-k3r 
ratio, kl'' ratio, k2'̂  ratio, k3' 

3.7916 

3.7948 

4.1062 4.0812 0.025 

5.7021 5.5448 5.7415 0.039 

t Deoxyepinephrine EPIN 

hydrochloride (epinine) 

A Homovanillyl alcohol HVL 

u N-Acetylserotononin NAS 
V 4-Hydroxy-3- HMBA 

methoxybenzylamine 
hydrochloride 

w Tyramine hydrochloride TYRAM 

X 3-Methyltyramine MTA 
hydrochloride 

y Serotonin creatine 5-HT 
sulfate complex 

^Peak label. 

''Capacity ratios are calculated using the retention times given in reference [9]. 

'̂ Capacity ratios of standard chromatographic peaks obtained with the ASPEN detector. 

'Capacity ratios of hypothalamus chromatographic peaks obtained with the ASPEN detector. 

^Absolute error in capacity ratios. 
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V\AA 
Cj 

w 

Constant current source 

Figure 4.1 Current step experiment for RC circuit. 

Resultant (£) 

Applied 
(i) 

Figure 4.2 E-t behavior resulting from current step experiment. 
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(a) 
lapp Ic 

( i f = 0 ) 

(b) 
lapp ~ Ic "'' If 

( if » i c ) 

(c) 
i f= idc + i app 

(ic = 0 ) 

Figure 4.3 Equivalent circuit for die ASPEN measurement. Rs, Ret and Cd are 
solution resistance, charge transfer resistance and double-layer 
capacitance, respectively, ic idc if and iapp are charging, discharging, 
faradaic and apphed currents, respectively, (a) Immediately after the 
current is applied, (b) When die electrode potential approaches 
standard oxidation potential of water, (c) When die electroactive analyte 
elutes from the chromatographic column. 
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Fig. 4.4 E-t behavior of the ASPEN detector immediately after the current is 
apphed. Apphed currrent: 1 = 83 pA; 2 = 166 pA; 3 = 333 pA and 4 
666 pA. 
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Figure 4.5 Real circuit used for current step experiments. Cd, Ret and IDC are 
double-layer capacitance, charge transfer resistance, and current source 
(DC), respectively. 
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Figure 4.6 E-t behavior resulting from the current step experiment. Applied 
currents: 1 = 1(X) pA; 2 = 3(X) pA; 3 = 600 pA; 4 = 975 pA. ON = current 
on and OFF = current off. 
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Figure 4.7 Chromatograms of catecholamine standard mixture at 83 pA. (A) 
Chromatogram: c = 0.96 pmol L-DOPA; f= 1.14 pmol DOPAC; i 
1.38 pmol NE; j = 3.78 pmol EPI; r = 1.74 pmol DA. (B) 
Chromatogram of a ten-fold concentrated mixture as in (A). (C) 
Chromatogram of a lOO-foId concentrated mixture as in (A). 
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Figure 4.8 Chromatograms of catecholamine standard mixture at 166 pA. (A) 
Chromatogram: c = 0.96 pmol L-DOPA; f= 1.14 pmol DOPAC; i 
1.38 pmol NE; j = 3.78 pmol EPI; r = 1.74 pmol DA. (B) 
Chromatogram of a ten-fold concentrated mixture as in (A). (C) 
Chromatogram of a 100-fold concentrated mixture as in (A). 
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Figure 4.9 Chromatograms of catecholamine standard mixture at 333 pA^ (A) 
^ Chromatogram: c = 0.96 pmol L-DOPA; f = 1 • 14 pmol DOPAC; i 

1.38 pmol NE; j = 3.78 pmol EPI; r = 1.74 pmol DA. (B) 
Chromatogram of a ten-fold concentrated mixture as in (A). (C) 
Chromatogram of a 100-fold concentrated mixture as in (A). 
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Figure 4.10 Chromatograms of catecholamine standard mixture at 666 pA. (A) 
Chromatogram: c = 0.96 pmol L-DOPA; f= 1.14 pmol DOPAC; i 
1.38 pmol NE; j = 3.78 pmol EPI; r = 1.74 pmol DA. (B) 
Chromatogram of a ten-fold concentrated mixture as in (A). (C) 
Chromatogram of a 100-fold concentrated mixture as in (A). 
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Figure 4.11 Plot of dual channel ASPEN response (V) versus flow rate (l:AL/niin) 
Catecholamines: a = EPI; b = NE; c = L-DOPA; d = DOPAC; e = DA. 
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Figure 4.12 Power spectrum of a basehne recording obtained by dual channel 
ASPEN, using a medianol mobile phase. 
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Figure4.13 Plot of the dual ASPEN response (V) versus apphed current (pA) for 
various catecholamines (~ 10-5 M): 1 = EPI; 2 = NE; 3 = DA; 4 = 
DOPAC; 5 = L-DOPA. 
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Figure 4.14 Chromatogram of hypothalamus tissue extract at 333 pA. The peaks 
are: a, DOMA; b, VMA; c, L-DOPA; e. Tyrosine; f, DOPAC; i, NE; 
z, o-and/or p-hydroxyphenylacetic acid; j,EPI; q, TRP; r, DA. 

103 

• i i ' i i i i i t f ' - j -. -••••-~>-^-'-•'•-' •• ^-'" -I 



^7iiTilT1iitimriiTini"iT - -

0.025-

0.020-
Of> 

> 

0 . 0 1 5 -

0 . 0 1 0 -

0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0 55.0 

Time (Min) 

Figure 4.15 Chromatogram of olfactory bulb tissue extract at 333 pA. The peaks 
are: a, DOMA; b, VMA; c, L-DOPA; e. Tyrosine; f, DOPAC; i, NE; 
z, o- and/or p-hydroxyphenylacetic acid; j , EPI; q, TRP. 
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Figure 4.16 Chromatogram of pituitary gland tissue ex^act at 333 pA/The peaks 
are- a DOMA; b, VMA; c, L-DOPA; e, Tyrosme; f, DOPAC; i, NE; 
q,TRP. 
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Figure 4.17 Typical chromatograms of biogenic amines, their precursors and related 
metabolites in mouse brain tissues, and related substance in a standard 
mixture. (A) Hypodialamus; (B) Pituitary gland; (C) Olfactory bulbs; 
(D) Standard reference mixture. Working electrode potential was 0.75* 
V vs Ag/AgCl. Taken from reference [9]. 
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CHAPTER V 

SUMMARY AND CONCLUSION 

ASPEN Signal 

Amperostatic-potentiometry (ASPEN) is a novel microelectrochemical technique, the 

first constant current technique for HPLC. With an appropriate constant applied current, 

the carbon fiber working electrode develops a potential in response to the concentration and 

the identity of the electroactive species flowing past the electrode surface. In the absence of 

an easily oxidized species, the surface potential depends on the oxidation potential of a 

mobile phase component. A high background potential is attained by the electrode due to 

the activation overpotential, in accordance with the Tafel equation. As the working 

electrode potential becomes more positive, the double-layer gets charged until a potential is 

reached where the mobile phase component (H2O) is oxidized. When an easily oxidized 

electroactive analyte flows by, the double-layer discharges, changing the potential of the 

working electrode. The total current used up in the faradaic process is the sum of the 

apphed current and the capacitive current from the electrical double layer. This modulation 

of the surface charge or potential is proportional to the analyte concentration. 

At lower concentrations (10-7 _ io-5 M) , the ASPEN detector gives a linear response 

(coulostatic) while at higher concentrations (> 10-5 M) die response is logaridimic 

(potentiometric). At higher concentrations, the electrode potential approaches the standard 

potential of the electroactive species, controlled by the Nernst equation. 

The response of the detector depends on the magnitude of die apphed current and the 

analyte concentration. At low currents (less than 100 pA), the activation overpotential is 

low (close to standard potential) therefore the response is comparatively low. At higher 

applied currents (more than 600 pA), the transition times are very small, therefore the 

responses are low. At these current levels, the flux of the electroactive species to the 
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electrode surface is not high enough to pass the applied current. Therefore, the electrode 

potential approaches a more positive value (dE/dt changes sign - to +) so that the charge can 

be passed by other electron transfer reactions. 

Signal/Noise Enhancement 

The noise in the single channel ASPEN measurement originates from fluctuations in 

the double-layer capacitance. These fluctuations may result from any of the following 

causes: (i) sorption-desorption, (u) thermal gradient, (iu) discharging-charging process 

when impurities elute, and (iv) formation of small bubbles (oxygen) at the working 

electrode surface. Variations in the capacitance lead to changes in the cell impedance, 

translating to fluctuations in the background signal. The impedance variation is 

proportional to l/f̂ , therefore, most of the noise is below 0.1 Hertz. Also, the electron 

transfer reactions of electroactive polymers, released from the optical epoxy adhesive, may 

contribute to a high frequency noise. 

In the dual channel ASPEN configuration, the cells are placed in a parallel 

configuration. Outputs from the sample and the reference cells are supphed to the 

instrumentation amplifier, which takes the difference between the two signals. The dual 

channel ASPEN detector cancels most of the noise, except the noise below 0.01 hertz. 

This noise, at very low frequency, is due to a small amount of drift in the background 

signal that remains even after the differential measurement. The working electrode area 

(active surface) and its placement in the lumen differs from one ceU to die odier, leading to 

dissimilar drifts. This prevents the drift from becoming zero in die differential 

measurement. Practically, an insignificant enhancement in signal to noise ratio takes place 

with an annular (250 ^m) Ag/AgCl reference electrode configuration, hicreased noise 

levels may be due to fluctuations in the reference electrode potential. 
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In enhanced ASPEN detection (both single and dual channel), the electrochemical cell, 

the column, the injector and the electronics are placed in a thick metal box. This resulted in 

a small, relatively insignificant improvement in the noise. However, the noise improved by 

a factor of three when a methanol-containing mobile phase was used. The optical epoxy, 

used to attach the carbon fiber at the tip of the fused sihca capillary, does not dissolve in 

this methanol mobile phase. Therefore, the noise due to the vibration of the carbon fiber 

and/or the reaction of electroactive polymeric components is eliminated. 

Unlike double-layer charging, the discharging process is independent of the applied 

current. Therefore, the slopes (- dE/dt, before the peak maxima or on the leading edge of 

chromatographic peak) remain identical for all the current levels. The double-layer 

charging is dependent on the magnitude of the applied current (dE/dt = i/Cd). Therefore, at 

higher applied currents Gaussian peaks are obtained and at lower applied currents broad 

peaks result. Better LODs are achieved at low current levels (less than 100 pA). 

Sensitivity at the LOD is enhanced when ASPEN detection is performed at low applied 

currents. However, the optimum current level is about 333 pA. At this current level, a 

high sensitivity is achieved without significant loss of resolution due to the charging-

discharging effect. 

Row Rate Dependance 

Though the noise is independent of the flow rate the response substantially depends on 

the flow rate. The peak height increases with decreasing flow rates. The lowest flow rate 

at which Micro LC is performed is about 1 M-L/min. Flow rates lower than this resulted in a 

very long elution time. It is quite likely, therefore, that ASPEN detection was done at 

coulometric efficiencies weU below 100%. Direct insertion of die carbon fiber into an open 

tubular hquid chromatographic (OTLC) column or a 50 l̂m packed column, is expected to 

give optimum flow at die detector. Columns of small inner diameter, as in OTLC and 50 
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|im packed columns (Nano LC), can be used to attain flow rates on the order of 50 to 500 

nL/min. At very low flow rates, the electroactive species spend more time in the vicinity of 

the electrode surface, modulating the double layer charge more significantly. Also, the 

annular space (fused silica lumen) is so small that the electroactive species have a greater 

opportunity to undergo an electron transfer reaction at the electrode surface. It is 

anticipated that the ASPEN detector will offer lower mass LODs when coupled with Nano 

LC. 

Analysis 

The chromatography of phenols and biogenic amines in rat brain tissues demonstrate 

that the ASPEN detection method can be used for real sample analysis. The 

chromatograms of the rat brain tissues showed eleven components. The hypothalamus 

tissues gave peaks of higher concentrations, compared to the olfactory bulb and the 

pituitary gland tissues which agrees with the literature. All the components in the rat brain 

tissues are expected to be detected by coupling the ASPEN detector to a 15 p,m I.D. OTLC 

or a 50 |im packed column. 
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APPENDIX 

All the derivations in this section are taken from: Bard, A. J.; Falkner L. R. 

Electrochemical Methods, Wiley and Sons, New York, 1980, pp 88-118. 

Consider a redox reaction: 

O + ne ==== R (1) 

where, O is a species in its oxidized form. In the above reaction, the rate of the forward 

reaction, Df, is proportional to the surface concentration of O, denoted as {Co(0,t)}, and 

the constant of proportionality is the rate constant kf. While the rate of the backward 

reaction, Db, is proportional to the surface concentration of R, denoted as {CR(0,t)}, and 

the constant of proportionality is the rate constant kb. Therefore, 

Vf=kfCo{0,t) = 
nFA 

(2) 

and 

v. = KC.(o,t) = ^ (3) 

111 

^ I » . • " ' " I "i ' l I'U'f» * I "^ '.'•'•"'"'^"jf**' :.?sa>L" 



T I T ! - ^»e»a «•.•'*••-''' -

where, i^ and ia are the cathodic and anodic current proportional to \)f (reduction) and Db 

(oxidation), respectively. The difference between the rate of the forward reaction and the 

rate of the backward reaction gives the net reaction rate 

^ne, =yf-Vt= kfCo{0,t) - k,C,{0,t) = - ^ 
nFA 

(4) 

therefore. 

/ = ic - ia = nFA[kfCo{0,t) - ^,C^(0,/)]. (5) 

Any species participating in a heterogeneous redox reaction will have kinetic behavior 

strongly influenced by die interfacial potential difference; that is 

^ ^ j ^ . ^ - a n / ( £ - £ - ) 
(6) 

k = jt''̂ (i-«)''/(^-'̂ '') (7) 

where / = F/RT, and k^ and a are called the standard rate constant and the transfer 

coefficient, respectively. Substituting Equations (6) and (7) into Equation (5) gives the 

complete current-potential characteristic: 

/ = nFAk''[Co{0,t)e-'^^''-'"' - C,{0,t)e''-"'"^''-'^ ']. (8) 
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At equihbrium, die net current is zero, and the electrode adopts a potential based on the 

bulk concentrations of O and R as dictated by the Nernst eqaution. Therefore, at zero 

current 

nFAk''Co{0,t)e-""^'''^-'"' = nFAk'C,{Q,t)e''-'''"^''--' ' (9) 

Since equdibrium applies, the bulk concentrations of O and R are also found at the surface; 

hence 

nf(£,,-£"•) _ CQ 
(10) 

which is simply an exponential form of the Nernst relation: 

E =E''+—\n^ 
nF C^ (11) 

At equhbrium, the balanced faradaic activity can be expressed in terms of the exchange 

current, ioy which is equal in magnitude to either component current ic or ia- That is, 

TTAlor^ * -anf(E -E" ) 

= nFAk Coe ^ (12) 

If both sides of equation 10 are raised to the -a power then 
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-anfiE.^-E") _ *^0 

\CR J 
(13) 

Substitution of Equation (13) into Equation (12) gives 

.; = nFArc;^""^c;« (14) 

andifCo* = CR* = Cthen 

/„ = nFArC. (15) 

An advantage of working with io rather than k^ is that the current can be described in terms 

of the deviation from the equhbrium potential, that is, the overpotential r|, rather than the 

formal potential E^'. Dividing Equation (8) by Equation (14) and substituting for 

(CO*/CR*)^ and (CO*/CR*)-(^-^K evaluated from equations (10) and (13), respectively, 

gives the current-overpotential equation: 

^ = ^ 0 ^ 

Co{0,t) ^-anfT] Cif{0,t) (i_a)nfri 

- e - " 
'O c 

(16) 

where T| = E - E, eq-

If the solution is well stirred or currents are kept so low that die surface concentrations 

do not differ appreciably from the buUc values, dien Equation 16 becomes 
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i^iyo^f^.e''-"'"^] (17) 

which is generally known as the Butler-Volmer equation. This equation is a good 

approximation of Equation 16 whenever Co(0,t)/Co* and CR(0,t)/CR* are between 0.9 and 

1.1 

For large values of r| (either negative or positive), one of the parentheses terms in 

Equation 17 becomes negligible. For example, at a large positive overpotential, exp(-

an/T|) is much less than exp[(l-a)n/r|] and Equation 17 becomes 

I = -i^e 
{\-a)nfT\ (18) 

or 

2.3RT , . 2.3RT , . 
77 = logr + log/. 

{\-a)nF " {\-a)nF 

(19) 

The above relationship is known as Anodic Tafel equation. This equation is also written 

as: 

7] = a + b\ogi (20) 
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and 

2.3RT , 
a = logz 

{\-a)nF ^^ 

b = 2.3RT 
{\-a)nF 

Let us rewrite the current-overpotential relation (equation 16) as follows: 

i _Co(Oa)^.a.fl, C,{0,t) ^(,_,), ifn 

io Co c; 
(21) 

and consider its behavior when io becomes very large compared to any current of interest. 

The ratio i/io then approaches zero, and we can rearrange the limiting form of equation 21 

to 

Coi^^C^e^^^ 
c,{o,t) c: 

(22) 

and, by substituting from the Nernst equation in the form of Equation 11, we obtain 
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C o ( 0 , r ) _ ^nfiE.^-E" )^nfiE-E,^) 

C,{0,t) 
(23) 

This equation can be rearranged to a very important result: 

nF C^{0,t) 
(24) 

Thus the electrode potential and the surface concentrations of O and R, regardless of the 

current flow, are linked by an equation of the Nernst form. 
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