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This article describes the components, operation, and use of a porous flow-through electrode
emitter in an electrospray ion source. This emitter electrode geometry provided enhanced
mass transport to the electrode surface to exploit the inherent electrochemistry of the
electrospray process for efficient analyte oxidation at flow rates up to 800 �L/min. An
upstream current loop in the electrospray source circuit, formed by a grounded contact to
solution upstream of the emitter electrode, was utilized to increase the magnitude of the total
current at the emitter electrode to overcome current limits to efficient oxidation. The resistance
in this upstream current loop was altered to control the current and “dial-in” the extent of
analyte oxidation, and thus, the abundance and nature of the oxidized analyte ions observed
in the mass spectrum. The oxidation of reserpine to form a variety of products by multiple
electron transfer reactions and oxidation of the ferroceneboronate derivative of pinacol to form
the ES active radical cation were used to study and to illustrate the performance of this new
emitter electrode design. Flow injection, continuous infusion, and on-line HPLC experiments
were performed. (J Am Soc Mass Spectrom 2004, 15, 1755–1766) © 2004 American Society for
Mass Spectrometry

Electrospray mass spectrometry (ES-MS) is now a
firmly established, analytically important and ver-
satile analysis tool [1, 2]. Nonetheless, research

continues to obtain a more thorough understanding of the
underlying physics and chemistry of the ES ion source to
enhance and expand the capabilities of ES-MS. Much of
our research has been focused on understanding the
analytical impact of the controlled-current electrochemis-
try (CCE) inherent to the operation of this ion source [3, 4].
This electrochemical process enables the quasi-continuous
production of charged liquid droplets from the source and
ultimately gas-phase ions sampled into the mass spec-
trometer. Oxidation in positive ion mode and reduction in
negative ion mode are the predominating reactions at the
emitter electrode which supply the excess of one ion
polarity in solution that causes droplet charging. Many
studies have been aimed at means to either avoid the
possible impact of this inherent electrochemistry in ana-
lytical measurements or to develop means to exploit the
electrochemistry for analytical advantage. Most research

in these two different areas is discussed in the recent
review by Diehl and Karst [5].
In this article, we further address the means to

exploit the inherent electrochemistry of the ES ion
source for analytical advantage through efficient ana-
lyte electrolysis at the emitter electrode. Efficient ana-
lyte electrolysis can be utilized, for example, to enhance
analyte ionization and detection [6–9], to create in
abundance and study ions not normally produced by
an ES ion source or by other ionization sources (e.g.,
multiply-charged cations formed by electron loss)
[10, 11] or to study the products of electrode reactions
and their homogenous reaction products [12]. A major
advantage of using the inherent CCE process for these
applications is simplicity, versus, for example, a dis-
crete controlled-potential electrochemical (CPE) cell
added upstream in the system, or a controlled potential
emitter cell [13–15]. Only the ES emitter electrode is
needed and no additional control devices are required.
Another advantage over an upstream cell is the prox-
imity of the electrochemistry to the point of transfer of
solution species into the gas-phase. This dramatically
shortens the time for homogenous chemistry involving
the electrochemically generated products.
One possible limitation of the CCE process of ES in
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analytical use is that the interfacial working electrode
potential cannot be finely controlled as in the case of a
CPE cell [16]. The interfacial potential is a complex
function of the current density (determined by the
magnitude of the current and the effective electrode
area) and the flux of the various species in solution to
the electrode, along with their various electrochemical
properties. Thus, at the ES emitter electrode, the inter-
facial potential and the electrochemical reactions that
occur can change even though the current and voltage
drop between electrodes do not, if there is a change in
concentration or identity of the reacting species. None-
theless, operational conditions can be achieved where
the interfacial potential can be expected to approach
that of the equilibrium potential for the major species in
the system, i.e., solvents and additives, and therefore
exceed 1.0 V vs Ag/AgCl in positive ion mode [7].
Approximate potentials of lower magnitude can be
maintained by addition of appropriate redox buffers to
the system [17, 18].
The two other more limiting concerns have been the

magnitude of the current at the ES emitter electrode and
the mass transport of the analyte to the electrode
surface [3, 7, 16]. To maximize analyte electrolysis the
magnitude of the current at the ES emitter electrode
must be sufficient for complete electrolysis of the molar
equivalent of the analyte flowing through the emitter
electrode as calculated using Faraday’s law. Addition of
an ES friendly electrolyte to solution (e.g., lithium
triflate in nonpolar solvents or ammonium acetate in
aqueous solvents) has proven to be one means to
substantially increase the magnitude of the ES current
and enhance electrolysis efficiency without inhibiting
gas-phase ion formation [7]. Efficient analyte electroly-
sis also requires that all the analyte be transported to the
electrode surface on passage through/by the electrode.
With regard to this mass transport issue, we have
shown that physically long (�1 mm long), noncorrosive
(e.g., platinum) tubular electrodes operating with sol-
vent flow rates of less than about 5 �L/min generally
enhance analyte oxidation efficiency (via direct hetero-
geneous electron transfer). These conditions maximize
the time available (electrolysis time) for analyte trans-
port to the electrode via convective-diffusive flux [16].
More recently, we demonstrated that a planar, thin-
channel electrode emitter geometry further improved
analyte oxidation efficiency due to enhanced mass
transport to the emitter electrode [19].
In any case, the general utility of the electrolysis

process inherent to ES for analyte electrolysis is still
limited by the inability to obtain high analyte electrol-
ysis efficiency at solution flow rates greater than a few
tens of microliters per minute [16, 19]. In this study, we
show that this limitation for analyte oxidation can be
overcome by the use of a porous flow-through (PFT)
electrode emitter. This electrode geometry provides for
efficient mass transport of the analytes to the electrode
surface even at flow rates of several hundred microliters
per minute. We also demonstrate that a ground connec-

tion upstream of the emitter electrode can be used to
advantage, with a conductive solvent system, to in-
crease the total current at the emitter electrode by at
least an order-of-magnitude. Furthermore, by altering
the electrical resistance in this upstream current loop
(e.g., by altering the length of the connecting tubing
between the emitter electrode and the ground connec-
tion) it is possible to “dial-in” the current magnitude in
this portion of the circuit and change the extent of
electrolysis and the distribution of oxidation products
observed. Thus, the combination of a PFT electrode
emitter and an adjustable upstream current loop in the
ES circuit overcomes both the current limit and mass
transport limit to efficient analyte oxidation in the ES
emitter at flow rates greater than a few tens of microli-
ters per minute. The capabilities of this system are
demonstrated with flow injection, continuous infusion,
and on-line HPLC separations of model compounds.

Experimental

Samples and Reagents

Reserpine (Aldrich, Milwaukee, WI) solutions were
prepared in 50/50 (vol/vol) water (Milli-Q, Bedford,
MA) and acetonitrile (Burdick and Jackson, Muskegon,
MI) containing 5.0 mM ammonium acetate (99.999%,
Aldrich) and 0.75% (by volume) acetic acid (PPB/Teflon
grade, Aldrich). The ferroceneboronate derivative of
pinacol was synthesized as described elsewhere [8].
Stock solutions and dilutions of this analyte were pre-
pared in acetonitrile/water (80/20 vol/vol) containing
either 200 �M or 1.0 mM ammonium acetate.

ES-MS

Experiments were performed on a PE Sciex API 165 single
quadrupole mass spectrometer (MDS Sciex, Concord, On-
tario, Canada). A HP 1090 HPLC system or syringe pump
was used to deliver solvent and analyte solutions to the
ion source. On-line HPLC of the ferroceneboronate deriv-
ative was performed at 50 �L/min using a 1.0 mm i.d. �
15 cm long PAH Hypersil column (5 �m particles, 120 Å
pore size, Keystone Scientific, Inc., Bellefonte, PA) with a
mobile phase comprised of 80/20 acetonitrile/water con-
taining either 200�Mor 1.0mMammonium acetate. Mass
spectra were acquired with the normal TurboIonSpray
source in place using either a 3.5 cm long fused-silica
capillary (100 �m i.d., 330 �m o.d.) or a 3.5 cm long
platinum spray capillary emitter (100�m i.d., 400�mo.d.)
as described previously [20] (Figure 1a), or with a porous
flow-through electrode emitter (Figure 1b). In typical
operation, a 40 cm long (100 �m i.d. � 1/16 in. o.d.)
polyetheretherketone (PEEK) tube connected the up-
stream ground point in the TurboIonSpray source to the
emitter electrode.
The porous electrode of the PFT electrode emitter was

housed in a cylindrical sandwich assembly comprised of
stainless steel inlet and outlet end caps and a PEEK cell

1756 VAN BERKEL ET AL. J Am Soc Mass Spectrom 2004, 15, 1755–1766



body (Figure 1b). The electrode was composed of porous
graphitic carbon (PGC) 0.508 mm diameter � 0.36 mm
thick (40% total porosity, 99% open porosity with a
nominal pore size of 0.8 �m). The calculated surface area
of the electrode was 170 mm2. The surface and cross
section of the porous electrode were characterized by field
emission scanning electron microscopy operating at an
acceleration voltage of 30 kV (Topcon Technologies, Inc.,
Paramus, NJ). This electrode assembly was mounted in

the TurboIonSpray source by simple exchange of the
zero-dead volume union, nebulizer tube, and emitter
capillary assembly that connects the solution flow into the
source at a stainless steel male 10-32 fitting (Figure 1a).
This fitting is also the point of high voltage (HV) electrical
connection to the emitter electrode in this and the unmod-
ified TurboIonSpray source. Fluid flow through the cell
was along the radial axis (0.127 mm i.d. passage) and
passed directly through the working electrode located at
half cell height. The inner dimensions of the electrode
assembly afforded a nominal swept volume of 0.1 �L. The
solution exited the electrode and was sprayed through a
3.5 cm length of 50 �m i.d., 360 �m o.d. fused silica
capillary (70 nL volume) with a Taper Tip (NewObjective,
Inc,Woburn,MA) held in place using appropriate ferrules
and a nebulizer tube nut (Figure 1b). Nebulizing gas flow
connection was made by attaching a bypass line (1/16 in.
o.d. Teflon tubing ) from a capillary sidearm epoxied into
the nebulizing gas inlet on the fitting where the HV
connection was made over to a capillary sidearm epoxied
into the nebulizer nut (Figure 1b). To protect the PFT
electrode emitter from plugging, a precolumn filter (0.5
�m frit) was placed in the flow stream in all experiments.
To maintain optimum oxidation efficiency in positive ion
mode the PFT electrode was periodically maintained at
high negative potential for 30 s with the solvent system
flowing. This procedure, which was more often necessary
in experiments using continuous infusion or large volume
injections than in flow injection or on-line HPLC separa-
tions, reactivated the electrode surface.
The ES current was measured on the mass spectrome-

ter side of the circuit by grounding the curtain plate
(normally 1.0 kV) of the mass spectrometer through a
Keithley model 610C electrometer (Cleveland, OH) and
lowering the emitter voltage by 1.0 kV. The spray capillary
was moved laterally beyond the sampling orifice so all of
the charged droplets impacted the curtain plate. The
current in the back loop was measured by connecting the
upstream ground connection to ground through the elec-
trometer with no other conditions altered.
Correction of peak abundances in the ES mass spec-

tra for isotopic overlaps was carried out by first calcu-
lating the theoretical isotope pattern using IsoPro 3.0
software [21]. The contribution of the lowest m/z ion in
a peak cluster to the abundance of each of the other
peaks in the cluster was calculated and subtracted from
the abundance value for those respective peaks in the
original data. These corrected intensities were then
used for the calculation of the contribution of the
species 1 m/z higher, and so on.

Results and Discussion

Figure 1 shows illustrations of the three ES emitter assem-
blies used in this work. The emitter arrangement making
use of a fused silica spray capillary with a HV contact to
solution at an upstream stainless steel coupler has previ-
ously been shown [20] to minimize analyte oxidation at
solution flow rates less than 30 �L/min (Figure 1a). This

Figure 1. Illustrations of (a) normal TurboIonSpray electrode
configuration and (b) porous flow through electrode emitter
mounted in TurboIonSpray source: (1a.i) zero-dead volume stain-
less steel coupler; (1a.ii) electrospray emitter capillary (platinum
or fused silica); (1a.iii) nebulizer capillary assembly; (1a.1) ex-
panded view of dimensioned fluid passage through coupler;
(1b.ii) fused silica electrospray emitter capillary; (1b.iii) nebulizer
capillary assembly modified with sidearm adapter; (1b.1) ex-
panded view of dimensioned fluid pathway through PFT elec-
trode assembly; (1b.2) expanded view of 1b.1 showing PFT
electrode details. High voltage contact indicated by red shading.
With the non-conductive fused silica emitter in (a), high voltage
contact to solution occurred only at the stainless steel coupler.
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electrode arrangement limits mass transport of the analyte
to the relatively small emitter electrode surface (i.e., the
internal walls of conductive coupler). In comparison,
when this fused silica capillary was replaced with one
fabricated from stainless steel (the commercial version of
the source), or preferably platinum (Figure 1a), analyte
oxidation was substantially enhanced, particularly at low
flow rates (�15 �L/min). This result was explained on the
basis of the increased surface area of the electrode, which
in turn allowed for increased analyte flux to the electrode.
In the case of platinum, additional benefit was gained
because none of the ES current was consumed via elec-
trode corrosion as was possible when using the stainless
steel electrode [22]. With either electrode arrangement,
analyte oxidation was nearly insignificant at solution flow
rates of 30 �L/min or greater [20].
The inefficiency of the fused silica capillary and plati-

num capillary electrode emitter arrangements for analyte
oxidation at high solution flow rates is illustrated here by
the reserpine data in Figure 2a and b. Reserpine is com-
monly used to test the specifications of ES mass spectrom-

eter systems and is relatively easy to oxidize to a number
of products via a complex, not yet fully elucidated, reac-
tion sequence (Scheme 1) [13, 23–26]. In our experiments,
1.0 �L of a 20 �M solution of reserpine (20 pmol) was
injected into a flowing stream (50 �L/min) of the same
solvent composition as the sample. The base peak in these
spectra at m/z 609 corresponded to the protonated mole-
cule of reserpine. A much less abundant peak at m/z 607
was an auto-oxidation product of reserpine present in the
solution. This species was formed upon aging of the
reserpine solution on the lab bench over the course of 24 h
prior to the analysis. No other peaks that could be attrib-
uted to oxidation of reserpine were observed. The situa-
tion was dramatically different when the same flow injec-
tion experiment was performed with the PFT electrode
emitter as illustrated by the data in Figure 2c. The base
peak was observed at m/z 623. This peak corresponds in
mass to the product of a 4e� transfer reaction tentatively
assigned as 1-hydroxy-3,4-dehydroreserpine (Scheme 1)
[23]. The minor peak at m/z 605 corresponds to a 2e�

oxidation product of the species initially observed at m/z
607. Those peaks at m/z 621 and 619 can be attributed to
products of 6e� and 8e� oxidation of reserpine, respec-
tively. No peak corresponding to the parent molecule was
observed indicating 100% oxidation efficiency.
The efficient reserpine oxidation observed with the

PFT electrode emitter compared to the tubular electrode
arrangements was attributed to the enhanced mass
transport to the electrode surface with the PFT electrode

Figure 2. Background subtracted, averaged ES mass spectra
obtained from a 1 �L injection of a 20 �M solution of reserpine (20
pmol) at a flow rate 50 �L/min using (a) a fused silica emitter, (b)
a platinum capillary electrode emitter, and (c) a PFT electrode
emitter with the upstream ground point in the circuit connected in
each case. Sample and eluant composition 50/50 (vol/vol) water/
acetonitrile, 5.0 mM ammonium acetate, 0.75% by volume acetic
acid.

Scheme 1. Reserpine structure, proposed oxidation pathways
and ions observed.
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design. The ES currents measured at the counter elec-
trode on the mass spectrometer side of the ES circuit
among the three experiments did not differ by more
than 10% (IES � 0.69, 0.72, and 0.65 �A for the fused
silica capillary, platinum capillary electrode, and PFT
electrode, respectively) indicating this parameter was
probably not a factor. The calculated charge, Q, re-
quired for 4e� oxidation of 20 pmol (1 �L � 20 �M) of
reserpine (analyte amount (mol) � Faraday constant
(9.65 � 104 C/mol) � n (number of electrons)) in the
flow injection peak (ca. 29 s wide) is 7.7 �C. This is
substantially less than the theoretically available charge
of ca. 19–21 �C [peak width (s) � IES (C/s)] again
indicating that the electrolysis efficiency would not be
expected to be current limited with any of the three
emitter electrode arrangements. Note that there was
substantial peak dispersion owing to the length of
tubing (ca. 1 m) between the HPLC injector and the ion
source of the mass spectrometer. However, even for an
ideal 1.0 �L volume injection profile (1.2 s wide peak),
the reaction (�4e� transfer) would not have been
significantly current limited because the magnitude of
the current at the emitter was actually substantially
larger than indicated by the magnitude of IES alone (see
continuous infusion data below).
The efficacy of analyte transport to the emitter elec-

trode can be expected to dramatically differ among the
three emitter electrode arrangements investigated with
the PFT electrode emitter being most efficient. Complex
numerical solutions to mass transport in tubular elec-
trodes have appeared in the literature [27–30], but for
the purposes of this work a simple qualitative compar-
ison of the mass transport phenomena among the three
emitter geometries can be used to illustrate the differ-
ences. The geometry of the emitter electrode in all three
of the arrangements shown in Figure 1 (Case 1: fused
silica capillary with conductive coupler electrode; Case
2: platinum capillary electrode; Case 3: PFT electrode)
can be visualized in a radial coordinate system where
the radius of the electrode is R and the center of the
coordinate system lies in the center of the electrode
(Figure 3). We assume that Hagen-Poiseuille behavior is
maintained during transit of analyte molecules through

the electrode. That is, the flow adopts a parabolic flow
profile where there is a no-slip boundary at the elec-
trode surface and the highest linear flow velocity is
observed in the center of the tube due to the relatively
low volumetric flow rate, �f, through the electrode and
the dimensions of the flow path. Electrolysis of an
electroactive analyte, i, occurs during the residence
period, �, in the tubular electrode. When the emergent
solution is completely denuded of i the process is 100%
efficient. In all three of the emitter electrode arrange-
ments, flux of i to the solution/electrode interface
occurs through convective-diffusive mass transport ac-
cording to eq 1

Ji � �Di 	 Ci 
 Civz (1)

where Ji is the flux of analyte i due to diffusion (Di is the
diffusion coefficient of i and Ci is the concentration of i)
and convection (vz is the linear velocity along the z axis)
of i. To simplify the model, we assume that the rate of
mass transport due to diffusion is much slower than
that due to convection in the z coordinate. This is a valid
assumption if the flow rate is fast and the electrode is
short, so that diffusion along the z coordinate to the
electrode is negligible. In the r direction, mass transport
takes place by diffusion, and under the conditions of
laminar flow, convection in the r direction does not take
place.
A simple means to then qualitatively compare rela-

tive mass transport behavior between the three emitter
electrode geometries is performed by comparing the
nominal length, li, over which analyte iwould diffuse in
each configuration during � and normalizing that dis-
tance by the electrode radius. We evaluated li by
employing the Einstein equation (eq 2)

li � �2Di�i (2)

to each of the assembly configurations. �i was deter-
mined by the ratio of the electrode length, L, and the
mean solution velocity, U, where U was obtained by
finding the mean velocity of the parabolic flow profile,
vz(r) (eqs 3 and 4).

vz(r)�
2(R2� r2)

�R4 vf, (3)

U �
1

2R
�
�R

R

vz(r)dr �
4

3�R2 vf (4)

Determining �i and in turn li for Cases 1 and 2 is straight-
forward and values are listed in Table 1 as a function of vf.
However, in Case 3 the electrode is comprised of a series
of ca. 55� 106 pores of nominal 0.8�mdiameter as shown
by the scanning electron micrographs in Figure 4. To
simplify the calculation, we assumed that all pores acces-
sible to solution were linear. This assumption most prob-
ably underestimated �i as the pores did not appear to be

Figure 3. Diagram of a generic tubular channel electrode show-
ing the coordinate system and parabolic fluid flow profile encoun-
tered in Hagen-Poiseuille flow behavior.
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linear (based on the scanning electron microscopy data
presented in Figure 4). We further assumed that vf was
evenly split between each of the accessible pores and that
these pores were normal to solution flow. The results
obtained following this protocol are also tabulated in
Table 1.
In this crude approach at comparing the probability

that an analyte molecule will encounter the electrode
surface in each of the three emitter configurations, we
make use of the dimensionless ratio li/R—the theoretical
diffusion distance of analyte i during �i normalized to the
electrode radius. It is observed that li/R for the PFT
electrode emitter (Case 3) is ca. 26 times larger than for the
platinum capillary electrode emitter (Case 2), which in
turn is ca. 7 times larger than that for fused silica capillary
with conductive coupler electrode (case 1). These calcula-
tions indicate that mass transport in the PFT should be at
least an order of magnitude more efficient than either of
the other two capillary emitter electrode geometries at all
flow rates. The relative efficiency would appear even
greater for the PFT emitter if we had not made the

Figure 4. Field emission scanning electron micrographs of the
porous carbon surface. Scale bar is (a) 10 �m and (b) 1 �m.
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generous, but unlikely, assumption that analyte oxidation
could take place over the full 3.5 cm length of the platinum
capillary [16, 31]. In sum, these approximate mass trans-
port calculations support enhanced mass transport as the
reason for the substantially greater oxidation efficiency
observed with the PFT electrode emitter experimentally.
Although limitations to electrolysis efficiency owing

to mass transport were relieved with the PFT electrode
emitter, the typical magnitudes of IES, even with sub-
stantial added electrolyte (IES � 1.0 �A) [19], were such
that analyte oxidation would likely be current limited
when carrying out continuous infusion experiments. In
the small volume flow injection experiments described
above, the substantial peak dispersion lowered the
analyte concentration below that of the bulk solution
concentration of the volume injected. That was not the
case with large volume flow injection or continuous
infusion experiments where the concentration of the
analyte entering the ion source was the same as the bulk
solution concentration. This limitation was apparent,
particularly for multiple electron transfer reactions,
when calculating the required current for 100% oxida-
tion efficiency using eq 5

I � nFvfCi (5)

where n is the molar equivalent of electrons involved in
the redox reaction of analyte i and F is the Faraday
constant. For example, using eq 5, it was calculated that
complete oxidation of reserpine in a 20 �M solution
flowing through the emitter at 50 �L/min for reactions
involving 2e�, 4e�, 6e�, or 8e� would require currents
of 3.2, 6.4, 9.6, and 12.8 �A, respectively. These calcu-
lated current magnitudes for 100% oxidation efficiency
are roughly a factor of five to twenty times larger than
IES values measured in the experiment with the PFT
emitter shown in Figure 2c.
Even so, as illustrated by the mass spectra in Figure 5,

the efficiency of the PFT emitter in oxidizing reserpine
during continuous infusion (provided by a large volume
injection) was 100% at 50 �L/min. The spectra in Figure
5a and c were obtained by large volume injection (150 �L)
of 20 �M reserpine using a PFT electrode emitter and the
platinum capillary electrode, respectively. Each spectrum
was recorded during the extended plateau region of the
injection (analyte concentration was 20 �M). In both cases,
the normal grounding point in the ES ion source circuit
was made 40 cm upstream of the emitter electrode. The
base peak at m/z 609 in the spectrum obtained with the
platinum capillary electrode emitter corresponded to pro-
tonated reserpine with little if any ES-formed oxidation
products observed (Figure 5c). All of the reserpine was
oxidized to form a number of different products via
multiple electron transfer reactions when using the PFT
electrode emitter (Figure 5a, see also Scheme 1). Because
IES was measured as only 0.49 �A in this experiment, the
extent of oxidation observed in the spectrum in Figure 5a
was far more than would be expected (e.g., 3.2 �A
required just for complete 2e� oxidation).

The explanation for this observation was the addi-
tional current at the emitter electrode attributable to an
upstream current loop in the ES circuit (Figure 6). In ES
ion source configurations in which the emitter electrode
is floated at high absolute voltage, relative to the
counter electrode on the mass spectrometer side of the
circuit, there is often either a discrete (for safety rea-
sons) or adventitious ground point in the circuit up-
stream of this high voltage contact [32, 33]. As a result,
there is an upstream current loop in the ES circuit that

Figure 5. Background subtracted, averaged ES mass spectra
acquired at the plateau region of a large volume injection (150 �L)
of a 20 �M solution of reserpine at a flow rate 50 �L/min using a
porous flow-through electrode emitter (a) with an upstream
ground and (b) without an upstream ground and using a plati-
num capillary electrode emitter (c) with an upstream ground and
(d) without an upstream ground Solution composition 50/50
(vol/vol) water/acetonitrile, 5.0 mM ammonium acetate, 0.75% by
volume acetic acid.
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has a common return with the counter electrode on the
spray side of the circuit. As named by Konermann et al.
[33], these two current loops in the circuit and their
respective magnitudes are the ES current loop, IES,
formed between the emitter electrode and the mass
spectrometer as counter electrode and the external
upstream current loop, IEXT, formed between the emit-
ter electrode and an upstream ground point in the
solution flow stream. The sum of these two currents
equals the total current (anodic in this case) at the
emitter electrode (ITOT � IES � IEXT).
The magnitude of the current in this external, up-

stream circuit will be a function of the voltage drop
between the emitter and ground point and the resis-
tance between these two electrodes. The resistance,
REXT, is a function of the solution conductivity, the
diameter, and the length of the transfer line between the
electrodes [33, 34]. We found that under the conditions
of the experiment in Figure 5, the IEXT was about 6.8 �A
for the platinum electrode emitter source and 5.6 �A for
the PFT electrode emitter source. Thus, ITOT was about
7.2 and 6.1 �A respectively for the two emitter arrange-
ments. Given efficient mass transport to the electrode
surface one would expect that complete oxidation in-
volving up to 4e� would be possible with the platinum
capillary. Observing no reserpine oxidation when using
the platinum capillary electrode emitter strengthens the
argument that inefficient mass transport limits the
oxidation efficiency with this electrode geometry
(Figure 5c). For the PFT electrode emitter, ITOT was 6.1
�A which was slightly less than enough current for
total 4e� oxidation. We saw complete oxidation of the
parent molecule with the products distributed among
those formed by 2e�, 4e�, and 6e� transfer (Figure 5a).
The current in the external upstream loop was con-

firmed to be responsible for the greater extent of oxida-
tion than expected by repeating the experiments lead-
ing to the data in Figure 5a and c with the normal
upstream ground point in the ES source removed
(Figure 5b and d). When this ground point was re-
moved, a different ground point at some position

substantially further upstream (e.g., at the HPLC) com-
pleted the circuit. Because of the increased resistance
REXT, owing to the longer transfer line to the next
ground point (ca. 1.5 m of 100 �m i.d. tubing), the
magnitude of the current in this circuit must be sub-
stantially lower, but it was not measured. The spectrum
in Figure 5b illustrates the lower efficiency of reserpine
oxidation using the PFT electrode emitter without the
normal upstream ground. The base peak in the spec-
trum corresponds to protonated reserpine at m/z 609
with the only oxidation product observed being that of
a 2e� oxidation (m/z 625). In the case of the platinum
capillary electrode emitter (Figure 5d), there was no
effect on the appearance of the mass spectrum by
removing the upstream ground loop. This observation
was again consistent with the oxidation being limited
by inefficient mass transport to the platinum capillary
electrode rather than being current limited.
On the basis of the results in Figure 5a and b, one can

anticipate the potential analytical benefit of manipulating
the magnitude of IEXT to control the extent of multiple
electron transfer oxidation reactions at the emitter elec-
trode. The magnitude of IEXT can be simply altered by
changing REXT [33, 34]. Figure 7 shows the plots of the
abundance of protonated reserpine and the various reser-
pine oxidation products as a function of IEXT, which was
controlled by varying REXT by changing the length of the
connecting tubing (100 �m-id.) from the emitter (normally
40 cm) to the upstream ground point. The longer this
tubing the greater the REXT, and therefore, the lower the
IEXT. The point marked IEXT � 0 �A indicates no discrete

Figure 6. Diagram of electrical circuit for ES ion source showing
external upstream current loop. See text for details.

Figure 7. Relative abundance of the protonated molecule of
reserpine at m/z 609 (’) and the major products of reserpine
oxidation, viz., m/z 605 (�), m/z 607 (Œ), m/z 621 (�), m/z 623 (�),
and m/z 625 (□) as a function of the current, IEXT, measured in the
upstream current loop. IEXT was varied by changing the resistance
of the upstream loop by changing the length of the connecting
tubing between the emitter electrode and the upstream ground
contact. Data obtained using large volume injections (150 �L) of 20
�M reserpine at 50 �L/min in 50/50 (vol/vol) acetonitrile/water
containing 5.0 mM ammonium acetate and 0.75% by volume acetic
acid. Spectral data plotted is taken from plateau region of injection
profile. Peak abundances were corrected for isotopic overlap. The
plot for each m/z peak was normalized with respect to the largest
signal for that particular species.
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ground was made upstream (system grounded at HPLC
pumps with ca. 1.5 m of 100 �m i.d. tubing between
emitter electrode and the ground point); however, it may
be that there was some small magnitude adventitious
current. The largest value of IEXT was measured with the
normal source upstream ground arrangement. As with
the data shown previously, without the upstream current
loop in the system, there is still significant oxidation of
reserpine evidenced by the appearance of peak atm/z 625,
because of the efficient mass transport and the substantial
magnitude of IES (ca. 0.5 �A). However, the extent of
oxidation was substantially less than 100%. Calculations
show that in fact a current magnitude of about 3.2 �A
would be necessary for complete conversion to products
requiring a 2e� transfer process and 6.4 �A required for
complete oxidation to the 4e� oxidation products. As the
plots show, almost complete diminution of the reserpine
signal was observed at IEXT � 3.3 �A as would be
expected and the spectrum was dominated by 2e� and
4e� reaction products at this current. These data illustrate
that REXT can be altered to change IEXT in a controlled
fashion to “dial-in” the extent of oxidation and the distri-
bution of oxidation products observed.
Data presented above showed that reserpine oxidation

was 100% efficient for flow injection (transient signal) at 50
�L/min for 20 pmol injected (Figure 2c). Considering the
total anodic current at the ES emitter ITOTwas about 6 �A,
one would expect that high oxidation efficiency could be
maintained at much higher flow rates. This is what was
observed as illustrated by the data in Figure 8. The
spectrum in Figure 8a shows, as before, that reserpine
oxidation was 100% efficient at a flow rate of 50 �L/min
with the product of 4e� oxidation (m/z 623) observed as
the base peak. Similar efficiency was observed for a flow
rate of 200 �L/min (Figure 8b). There was a decrease in
the already low abundance peaks atm/z 621 (6e�) and 619
(8e�) relative to their abundance in the spectrum obtained
at 50 �L/min. At a flow rate of 600 �L/min, the oxidation
was still 100% efficient as no peak atm/z 609 was observed
(Figure 8c). However, there was significant change in the
distribution of oxidation products observed. The base
peak at m/z 625 is the 2e� oxidation product. At 800
�L/min, m/z 609 was observed at a low relative abun-
dance indicating that the oxidation was no longer 100%
efficient (Figure 8d). The calculated charge, Q, required for
2e�, 4e�, 6e�, or 8e� oxidation of 20 pmol of reserpine is
3.9, 7.7, 11.6, and 15.4 �C and the theoretical amount of
charge available is 153, 56, 28, and 17 �C at 50, 200, 600,
and 800 �L/min, respectively. These calculations show
that sufficient current for complete multiple electron oxi-
dation (up to at least 8e�) was available at all flow rates (Q
is different at the different flow rates because the analyte
peak transit time through the electrode becomes less with
increasing flow rate). Thus, it seems reasonable to con-
clude that the systematic reduction in electrolysis effi-
ciency observed as flow rate increased beyond 200 �L/
min in these flow injection experiments resulted from
diminished mass transport. More efficient oxidation at or
above 800 �L/min would require a further improvement

in mass transport to the electrode surface, which might be
possible through an increase in the length of the PFT
electrode.
The reserpine data, as a whole, illustrated that highly

efficient analyte oxidation was possible with the PFT
electrode emitter and demonstrate the general analyti-
cal utility of oxidation at the ES emitter electrode in the
study of the products of electrode reactions. One may
realize other analytical benefits from the high oxidation

Figure 8. Background subtracted, averaged ES mass spectra of
reserpine recorded for flow injections (1.0 �L volume) of a 20 �M
solution of reserpine (20 pmol) at solution flow rates of (a) 50
�L/min (b) 200 �L/min (c) 600 �L/min, and (d) 800 �L/min
using the PFT electrode emitter with the upstream ground point in
the circuit connected. Sample and eluant composition 50/50
(vol/vol) water/acetonitrile, 5.0 mM ammonium acetate, 0.75% by
volume acetic acid. IES � 0.65 �A and IEXT � 5 �A were near
constant over the course of the different flow rates.
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efficiency of the PFT electrode emitter. Just one exam-
ple, illustrated here, is the use of the inherent electrol-
ysis process in ES to form radical cations of neutral
analytes enabling their detection by ES-MS [7–9]. As
demonstrated by Van Berkel et. al. [8], the oxidation of
the ferroceneboronate derivative of pinacol (Scheme 2)
transforms this electrochemically ionizable derivative
into the ES active cation. To demonstrate the utility of
the ES oxidation process in a real world analysis sce-
nario, we performed an on-line HPLC/ES-MS separa-
tion and detection of the derivative. The mass chro-
matogram and ES mass spectrum in Figure 9a and b,
respectively, illustrate the chromatographic peak pro-
file and mass spectrum obtained for this derivative
using the PFT electrode emitter. The base peak in the
spectrum corresponds to the molecular radical cation at
m/z 312, and the observed isotope pattern is that ex-
pected on the basis of the molecular formula of this
molecule. The sensitivity and detection levels for this
derivative were compared in a separate set of on-line
HPLC/ES-MS experiments using the platinum capil-

lary electrode emitter and PFT electrode emitter sys-
tems (Figure 10). A slightly different mobile phase was
used over that utilized to obtain the data in Figure 9 and
detection was via selected ion monitoring. Comparison
of the slopes of the regression lines of the plots of
chromatographic peak areas versus derivative amount
injected indicates the superior sensitivity of the PFT
emitter. The detection levels were as low as 8 fmol
injected with the PFT electrode emitter compared with
no less than 40 fmol injected with the platinum capillary
electrode emitter. For both emitters the precision among
replicate sample injections was very good. The detec-
tion levels in both cases would scale to considerably
lower levels with selected reaction monitoring (SRM)
detection as suggested on the basis of previous studies
for related derivatives [8].

Conclusions

The use of a PFT electrode emitter in an ES ion source
improves the efficiency of analyte electrolysis over that
obtained with a tubular emitter electrode geometry
through improved mass transport of the analyte to the
electrode surface. An upstream current loop in the ES
circuit increases the current magnitude at the emitter
electrode by at least an order of magnitude over that
available from just the ES current, and therefore, can be
used to overcome current limited electrolysis efficiency
at high flow rates and high analyte concentrations. This
upstream current loop is present many times though
not necessarily noted in published work. In our own
work, we have often used a syringe pump with an
isolated plastic syringe to pump solution into the ion
source. This eliminated the back current loop (IEXT � 0)
and the total electrolysis current was equivalent to the
current measured at the counter electrode on the mass

Figure 10. Plots of relative peak areas of the radical cation of the
ferroceneboronate derivative of pinacol (m/z 312) as a function of
the amount injected on-column (3 replicate injections at each
amount) using either the PFT electrode emitter (Œ) or the plati-
num capillary electrode emitter (�). Derivative diluted in eluant
and injected (1.0 �L) onto a 1.0 mm i.d. � 15 cm-long PAH
Hypersil column (5 �m particles, 120 Å pore size). Eluant compo-
sition 80/20 (vol/vol) acetonitrile/water, 1.0 mM ammonium
acetate, flow rate � 50 �L/min, SIM dwell time � 500 ms. PFT
electrode emitter: ITOT � 1.5 �A; platinum capillary electrode
emitter: ITOT � 2.1 �A.

Scheme 2. Oxidation of ferroceneboronate derivative of pina-
col.

Figure 9. (a) Mass chromatogram obtained from the on-column
injection of 4.5 pmol of the ferroceneboronate derivative of pinacol
using the PFT electrode emitter. (b) Background subtracted, aver-
aged mass spectrum for the chromatographic peak. Inset shows an
expansion of the molecular ion region of the spectrum. Derivative
diluted in eluant and injected (1.0 �L) onto a 1.0 mm i.d. � 15
cm-long PAH Hypersil column (5 �m particles, 120 Å pore size).
Eluant composition 80/20 (vol/vol) acetonitrile/water, 200 �M am-
monium acetate, flow rate � 50 �L/min. ITOT � 1.6 �A.
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spectrometer side of the circuit (ITOT � IES). For instru-
mental configurations that use a grounded emitter
electrode arrangement similar to the original Fenn
designs [35], the back current loop is not present.
The high electrolysis efficiency afforded by the PFT

electrode emitter and the upstream current loop ar-
rangement will enhance the utility of the inherent
electrochemistry of the ES ion source for applications
such as analyte ionization and detection, the study of
electrode reactions, or the creation and study of novel
ionic species [5–12]. The relatively simple design and
small size of the PFT electrode emitter will allow it to be
implemented on many of the commercially available ES
ion sources. While the experiments in this work have
been limited to analyte oxidation in positive ion mode,
we expect similar performance enhancement for analyte
reduction in negative ion mode. We demonstrated near
100% electrolysis efficiency for 20 pmol of reserpine
injected (a two electron oxidation) at a solution flow
rate approaching 800 �L/min. This high electrolysis
efficiency was obtained at a flow rate an order-of-
magnitude faster than previously demonstrated with
any other ES emitter electrode configuration [7, 19]. A
longer PFT electrode than that used in this work might
be investigated to extend the high electrolysis efficiency
up to 1.0 mL/min. By changing the resistance in the
upstream current loop we were able to alter the current
in the upstream loop and gain a measure of control in
the extent of the analyte electrolysis. One can envision
that this resistance might be altered in the future more
conveniently by insertion of a variable resistor to “dial-
in” the desired current in this current loop. Electrode
material is known to have an influence on electron
transfer reactions [36] and we previously demonstrated
with a planar electrode emitter that the electrode mate-
rial influences the abundance and identity of the ions
observed [19]. It is possible to change the electrode
material in the PFT electrode emitter from carbon to
another material and experiments with different elec-
trode materials are planned.
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