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a b s t r a c t

Analyte electrolysis using a repetitively pulsed high voltage ion source was investigated and compared
to that using a regular, continuously operating direct current high voltage ion source in electrospray
ionization mass spectrometry. The extent of analyte electrolysis was explored as a function of the length
and frequency of the high voltage pulse using the model compound reserpine in positive ion mode.
Using +5 kV as the maximum high voltage amplitude, reserpine was oxidized to its 2, 4, 6 and 8-electron
eywords:
SI-MS
ulsed ESI
nalyte electrolysis control
ass transport
ouble layer relaxation

oxidation products when direct current high voltage was employed. In contrast, when using a pulsed
high voltage, oxidation of reserpine was eliminated by employing the appropriate high voltage pulse
length and frequency. This effect was caused by inefficient mass transport of the analyte to the electrode
surface during the duration of the high voltage pulse and the subsequent relaxation of the emitter elec-
trode/electrolyte interface during the time period when the high voltage was turned off. This mode of ESI
source operation allows for analyte electrolysis to be quickly and simply switched on or off electronically

lse v
via a change in voltage pu

. Introduction

The electrolysis inherent to the operation of the electrospray
onization (ESI) source used with mass spectrometry (MS) is a well
nown accompanying effect of generating unipolar spray droplets
1]. This reaction can substantially alter the analytes such that
he ions observed in the gas phase have a different mass and/or
harge than the species originally in the solution. For these rea-
ons, gaining control over the electrolysis process is advantageous.
ndesirable electrolysis of an analyte may be prevented by limiting

he emitter electrode current [2] and/or the mass transport char-
cteristics of the system [3,4], or by using an appropriate redox

uffer [5–8].“Planned” analyte electrolysis can be also very advan-
ageous, providing the ability to create novel ionic species, probe
nalyte redox chemistry, and perform electrochemical ionization
9–16].
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If the mass transport of the analyte to the electrospray emit-
ter electrode is not limited, which is fundamental for full control
over analyte electrolysis [1], the degree to which a particular ana-
lyte may be involved in direct electrolysis at this electrode is
governed by the redox properties of the analyte and interfacial
potential of the emitter electrode(s). Direct and precise control
over interfacial potential of the emitter electrode is possible by
using it as the working electrode in a three-electrode emitter sys-
tem [17–20]. Incorporation of a potentiostat into the circuit also
overcomes electrolysis current limitations imposed by the elec-
trospray process. An incorporated potentiostat also provides new
capabilities like electrochemical reduction of an analyte in pos-
itive ion mode and electrochemical oxidation of an analyte in
negative ion mode [20]. However, with a specific goal to achieve
complete electrolysis of the analyte of interest, for example, the
potentiostat system provides an unnecessary precise control over
the interfacial potential of the emitter electrode. Simple coarse
control over this interfacial potential is possible by limiting the
current available at the emitter electrode, which in turn indirectly
controls the interfacial potential of the emitter electrode. Such
control was accomplished by creating/disrupting an upstream cur-
rent loop [21,22] or by changing the resistance in this current

loop by changing the length of the connecting tubing between
the emitter electrode and the upstream ground contact [2]. Con-
trolling analyte electrolysis by changing the absolute value and
the distribution of the available electrospray current between
two emitter electrodes with different mass transport characteris-
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Fig. 1. (a) Diagram of the electrical circuit of the electrospray system shows the
external current loop (with resistance REXT resulting in current IEXT) between the
upstream grounding point and the emitter, and the upstream electrospray circuit
V. Kertesz, G.J. Van Berkel / International Jo

ics using a battery-powered two-electrode emitter cell was also
emonstrated [23]. However, as these methods are based on the
ontrol of the electrospray current, they are very much depen-
ent on parameters that affect the electrospray current/electrode
otential relationship (e.g., solution conductivity and applied elec-
rospray voltage). These observations call for another approach
hat would provide a rapid control over the electrochemical
eactions without the disadvantages of the methods described
bove.

In this paper, we conceptually present and demonstrate a new
echnique to either maximize or minimize the involvement of the
lectroactive analyte in the electrolysis process inherent to electro-
pray ionization. This technique utilizes rapid switching between
he regular direct current (DC) electrospray high voltage and a
ulsed high voltage, respectively. While other aspects of using
pulsed electrospray source have been investigated before (e.g.,

pray modes, spray stability, possibility to deposit fluid droplets
nto surfaces, charged droplet generation, effect on mass spectrum,
reating analyte and reagent ions for studying ion/ion reactions)
24–31], the effect on the electrolysis process compared to a con-
inuous DC high voltage electrospray source has not previously
een investigated. The emitter cell geometry and solution flow
ate for the experiments described herein were chosen such that
sing the continuous DC electrospray source the mass transport of
he analyte to the working electrode surface was efficient and the
mitter electrode current magnitude was sufficient to effectively
lectrolyze the model analyte reserpine. The experimental results
resented show that efficiency of analyte electrolysis depends on
he length and frequency of the high voltage pulses, and that analyte
lectrolysis can be switched on and off simply by changing the volt-
ge pulse variables. The ability to suppress analyte electrolysis is
nderstood to be due to inefficient mass transport of the analyte to
he electrode surface during the duration of the high voltage pulse
nd the subsequent relaxation of the emitter electrode/electrolyte
nterface during the time period when the high voltage is turned
ff.

. Materials and methods

.1. Samples and reagents

Reserpine (compound 1, Aldrich, Milwaukee, WI) and dode-
ylethyldimethylammonium bromide (2, Aldrich) were obtained
ommercially and used without further purification. Solutions were
repared using acetonitrile (Burdick and Jackson, Muskegon, MI),
ater (Burdick and Jackson), ammonium acetate (99.999%, Aldrich)

nd acetic acid (PPB/Teflon grade, Aldrich).

.2. ESI-MS setup

ESI-MS experiments were performed on an MDS Sciex
PI QSTAR Pulsar i time-of-flight mass spectrometer with a
urboIonSprayTM source (MDS Sciex, Concord, Ontario, Canada).
ass spectra were acquired with a porous flow through (PFT) elec-

rode emitter spray assembly described in detail elsewhere [2].
he PFT electrode assembly was mounted in the TurboIonSprayTM

ource by simple exchange of the stainless steel bore-through
nion, nebulizer tube, and emitter capillary assembly that connects
he solution flow into the source. The solution exited the electrode
nd was sprayed through a 3.5 cm length of 50 �m-i.d., 360 �m-o.d.

used silica capillary (70 nL volume) with a Taper Tip (New Objec-
ive, Inc.) held in place using appropriate ferrules and a nebulizer
ube nut. Nebulizer gas (GAS 1) was set to 40 to appropriately nebu-
ize the solution at the 10 �L/min flow rate used in all experiments.
o protect the PFT electrode emitter from plugging, a precolumn
(with resistance RES resulting in current IES) between the emitter and the mass
spectrometer as counter electrode. (b) Diagram of the pulsed voltage electrospray
system. (c) Diagram of the potential program applied in the pulsed voltage electro-
spray system.

filter (0.5-�m porosity, Model 70-6570, ESA, Chelmsford, MA) was
placed in the flow stream in all experiments.

Diagrams of the electrical circuits of the DC and the pulsed ESI
sources are shown in Fig. 1a and b, respectively. In both cases, the
circuit includes the external current loop (with resistance of REXT

resulting in current IEXT) between the upstream grounding point
and the emitter, and the upstream electrospray circuit (with resis-
tance RES resulting in current IES) between the emitter and the mass
spectrometer as counter electrode. Pulsed voltages in the circuit
in Fig. 1b were generated by triggering a high voltage pulse gen-
erator (model PVX-4130, Directed Energy, Inc., Fort Collins, CO)
supported by an external high voltage source (model 205B-05R,
Bertain, Hicksville, NY) using a low-voltage TTL pulse generator
(model DG 535, Stanford Res. Systems, Sunnyvale, CA). A modi-
fied ion source high voltage cable (P/N: 013596/E) fitted to the

output of the high voltage pulse generator was used to transmit
the high voltage pulses to the emitter. The low-voltage TTL pulse
generator was used to adjust the length and frequency of the high
voltage pulses, and these parameters in turn defined the time when
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resulted in extensive oxidation of reserpine producing the 4-, 6-
cheme 1. Schematic illustration of the emitter electrode/electrolyte interface.
pen circles, filled circles and ovals represent the solvent molecules, electrolyte

ons and analytes, respectively.

round potential was applied to the emitter electrode (relaxation
ime, Fig. 1c).

.3. Safety

All electrical circuit components that float at the ESI high voltage
hould be handled with extreme care and preferably isolated from
he user with appropriate shields and safety interlocks.

. Results and discussion

.1. Concept of controlled analyte electrolysis using pulsed high
oltage ESI

The ability to control analyte electrolysis using pulsed high
oltage utilizes the difference in analyte concentration between
he ESI emitter electrode–electrolyte interface and the bulk phase.
cheme 1 illustrates the electrode/electrolyte interface including
he double layer when no potential is applied on the electrode [32].
he inner Helmholtz layer (indicated left from the solid vertical
ine in Scheme 1) is built from a layer of solvent molecules and ions

ith specific adsorption. The outer, still rigid Helmholtz layer (indi-
ated between the solid and the dashed vertical lines in Scheme 1)
nd the diffuse Gouy–Chapman layer (right from the dashed ver-
ical line in Scheme 1) contain ions to counterbalance the charge
n the inner Helmholtz layer (including charged/protonated ana-
yte molecules, and neutral analyte molecules). The thickness of

ater layer (lw) that is necessary to provide the Faradaic charge
njected in a pulse (QF) can be calculated using Avogadro’s number

NA = 6.023 × 1023 mol−1), the number of moles of electrons trans-
erred during oxidation of one mol of water (n = 2), the Faraday
onstant (F = 9.648 × 104 C mol−1), the mean van der Waals diame-
er of water (dw = 0.282 × 10−9 m) [33] and the real surface area of
Fig. 2. Positive ion mode ES mass spectra obtained for a 5 �M solution of compound
1 in 50/50/0.75 (v/v/v) water/acetonitrile/acetic acid, 5.0 mM ammonium acetate at
a flow rate of 10 �L/min using a PFT electrode with ionspray voltage of 5 kV applied
(a) in DC mode and (b) as 100 Hz 10 �s pulses.

the PFT electrode used (A = 170 × 10−6 m2) [2]:

lw = QF NA

nF

d3
w

A
(1)

In the present setup the overall charge, including capaci-
tive charges calculated from the current recorded during a pulse
was 3.6 �C (not shown). If the entire charge is considered to
be Faradaic (which overestimates the true lw), we calculate
that lw = 0.002 × 10−9 m, which corresponds to about 1% of the
monomolecular layer of water electrolyzed during a pulse. From
this calculated distance and water layer percentage, one predicts
that if an appropriate time is inserted between high voltage pulses
sufficient to relax the double layer, the analyte should never reach
the surface and only water molecules will be electrolyzed to supply
the required current. In other words, if electrolysis is performed
under appropriate repetitively pulsed high voltage conditions it
should be possible to exclusively electrolyze the solvent that is
proximal to the electrode surface.

3.2. Dependence of the extent of analyte electrolysis on pulse
parameters

To further illustrate and support this concept, the extent of the
electrolysis of our model compound reserpine (compound 1) using
regular DC ESI (no relaxation time) was compared to the extent of
electrolysis when using a pulsed high voltage setup that ensured
ample time (approximately 10 ms which is in the upper range of
the 1–10 ms relaxation time of the double layer for water [34])
to relax the double layer structure between high voltage pulses.
Fig. 2a and b shows the positive ion mode ESI mass spectra of com-
pound 1 obtained at a flow rate of 10 �L/min with an ESI voltage of
+5 kV applied using DC and pulsed high voltage (10 �s pulses with
100 Hz frequency), respectively. The use of regular DC high voltage
and 8-electron oxidation products (see Scheme 2 and Fig. 2a). This
behavior was expected based on our previous studies with the PFT
electrode configuration [2]. In contrast, oxidation of reserpine was
practically avoided using this specific pulsed high voltage function.
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Fig. 3. Relative abundance of (a and e) compound 1 (m/z 609), (b and f) 2 e− (m/z 607 and m/z 625), (c and g) 4 e− (m/z 605 and m/z 623) and (d and h) 6 e− (m/z 621) and
8 e− (m/z 619) oxidation products of 1 as a function of pulse length using 5 kV pulses a
respectively. In all cases a 5 �M solution of 1 in 50/50/0.75 (v/v/v) water/acetonitrile/acet
PFT electrode.
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Scheme 2. (a) Reserpine (1) structure and (b) proposed oxidation pathways, ions
observed and oxidation potentials.
t a 100 Hz frequency and as a function of frequency using 50 �s-long 5 kV pulses,
ic acid, 5.0 mM ammonium acetate was sprayed at a flow rate of 10 �L/min using a

A relative abundance of <10% of the 2-electron oxidation product
dehydroreserpine observed at m/z 607 in the mass spectrum was
the only indication that some reserpine oxidation might have still
occurred. Note that m/z 607 is often observed in reserpine ESI mass
spectra as a species at this mass is a product of aging of reserpine
solutions [35,36].

The concept presented above predicts that by increasing the
relaxation time between high voltage pulses the extent of analyte
electrolysis will decrease. The relaxation time can be increased by
either decreasing the frequency or decreasing the length of the high
voltage pulse (Fig. 1c). Fig. 3a–d shows the dependence of the nor-
malized percentages of reserpine and its 2-, the 4- and the 6- and
8-electron oxidation products, respectively, as the function of pulse
length using 100 Hz pulse frequency. When pulse length was lower
than approximately 50 �s, only a small amount of 2-electron oxida-
tion product (Fig. 3b) was observed and compound 1 (Fig. 3a) was
the base peak in the spectrum. When the pulse length was increased
to 200 �s, compound 1 was no longer detected. In fact, a 2-electron
oxidation product at m/z 625 was the base peak in the spectrum at
this pulse length. Further increase in pulse length to 1 ms resulted
in more effective reserpine oxidation indicated by the increasing
relative abundances of the 4-, 6- and 8-electron oxidation prod-
ucts at m/z 605/623 (Fig. 3c), 621 and 619 (Fig. 3d), respectively. At
the same time, the 2-electron oxidation product at m/z 625 practi-
cally disappeared from the mass spectrum. When the pulse length
was increased beyond 1 ms, only a slight increase in the percent-

ages of the 4-, 6- and 8-electron oxidation products at m/z 623, 621
and 619, respectively, was observed. The percentages of the 4-, 6-
and 8-electron oxidation products at m/z 605/623, 621 and 619,
respectively, at a pulse length of 2 ms (2.1/56.6, 31.2 and 10.1%,
respectively) were comparable to those percentages obtained
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Fig. 4. Absolute abundance of (solid line) compound 1 (m/z 609) and (dashed line)
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Fig. 5. Relative abundance of compound 2 as function of (a) pulse length using 5 kV
pulses at a 100 Hz frequency, (b) frequency using 100-�s-long 5 kV pulses and (c)
e (m/z 625) oxidation product of 1 as a function of time using 5 ms and 50 �s-
ong 5 kV pulses at a 100 Hz frequency, as indicated, when a 5 �M solution of 1 in
0/50/0.75 (v/v/v) water/acetonitrile/acetic acid, 5.0 mM ammonium acetate was
prayed at a flow rate of 10 �L/min using a PFT electrode.

sing DC high voltage (3.4/56.7, 31.0 and 8.9%, respectively,
ee Fig. 2a).

Pulse frequency dependence, over the range of 50–2000 Hz, of
he relative intensities of the reserpine-related species at a fixed
0 �s pulse length was also investigated using the same solution
Fig. 3e–h). The pulse length was selected based on the results
hown in Fig. 3a–d. In those experiments the use of this pulse
ength and 100 Hz resulted in only minor analyte oxidation. If our
roposed mechanistic concept is correct then increasing the pulse
requency (i.e., shorter relaxation time) would be expected to result
n increased analyte oxidation. In fact, compound 1 (Fig. 3e) domi-
ated the mass spectrum when the pulse frequency was lower than
pproximately 100 Hz. Increasing the pulse frequency to between
00 and 1000 Hz resulted in the 2-electron oxidation product at
/z 625 being the base peak in the mass spectrum (Fig. 3f). Fur-

her increase in pulse frequency to 2000 Hz resulted in an even
ore effective reserpine oxidation indicated by the dominance

f the 4- and 6-electron oxidation products at m/z 623 (Fig. 3g)
nd 621 (Fig. 3h) in the mass spectrum, respectively, coupled to
decreased amount of the 2-electron oxidation product at m/z

25.
The data in Fig. 3 showed that either decreasing the pulse length

t a fixed pulse frequency or decreasing the pulse frequency at a
xed pulse length both decrease the extent of analyte electroly-
is. Changing these parameters can be accomplished rapidly via
lectronic control, which in turn should immediately affect the
xtent of analyte electrolysis observed. Fig. 4 shows the time tran-
ients of the absolute abundances of reserpine (solid line) and its
-electron oxidation product at m/z 625 (dashed line) when switch-

ng between 5 ms and 50 �s-long, 100 Hz frequency +5 kV pulses on
he emitter electrode at 60 s intervals. As expected and observed
reviously, these data show that the longer pulse length (shorter
elaxation time) resulted in complete reserpine oxidation, while
he use of shorter pulses prevented analyte oxidation. However
he expected rapid change in analyte electrolysis when switching
etween the two states of operation actually took approximately
–6 s to observe. This time delay did not correspond well with the
alculated flush time of the cell. Simple replacement of the approx-
mately 170 nL total volume of the electrode assembly including
00 nL nominal swept and 70 nL spray capillary volumes would
ave taken about 1 s to complete at the 10 �L/min flow rate applied
2]. This result suggests that the washout efficiency of the electrode
ssembly will be a major factor for actual analytically useful switch-
ng speed to turn on and off analyte electrolysis. One also notes a
hort-lived, but significant mass spectral signal increase for com-

ound 1 at the beginning of the application of the 5 ms pulses. We
ttribute this behavior to the effect of increased percentage of time
he high voltage was turned on during this washout period resulting
n higher absolute signal for compound 1 for the reasons discussed
n detail below.
time percentage while the high voltage was applied calculated from the pulse width
and frequency from figures (�) (a) and (�) (b). In all cases a 0.1 �M solution of 2
in 50/50/0.75 (v/v/v) water/acetonitrile/acetic acid, 5.0 mM ammonium acetate was
sprayed at a flow rate of 10 �L/min using a PFT electrode.

3.3. Dependence of the absolute mass spectral signal on pulse
parameters

The results presented above demonstrated that altering elec-
tronically the length and/or frequency of the high voltage pulses
provided a means to control the extent of analyte electrolysis at the
electrospray emitter electrode. However, when operating to min-
imize analyte electrolysis by a decrease of either the frequency or
the length of the high voltage pulse, the absolute mass spectral sig-
nal intensity for the analyte derived ions was observed to decline.
To examine this effect, free from artifacts due to analyte electrolysis,
the non-electroactive, preformed ion dodecylethyldimethylammo-
nium (compound 2) was used as test analyte for this study. Fig. 5a
and b shows the dependence of the mass spectral signal level of a
0.1 �M solution of compound 2 (observed at m/z 242) as function
of pulse length using a 100 Hz pulse frequency and as a function of
pulse frequency using 100 �s pulse length, respectively. Note that
the highest signal levels measured correspond to a DC ESI situa-
tion (no relaxation time between pulses). Overall, the mass spectral
signal gradually increased with increasing pulse length and pulse
frequency. This observation is in agreement with previous reports
on pulsed ESI [24,28,29]. Gas phase ions were observed when the
high voltage was turned on but there were no detectable ions when
the spray was turned off. Thus, pulsed high voltage ESI necessar-
ily presents a total ion signal that is an average (which varies with
pulse parameters) of the signal observed during a continuous spray
using DC high voltage and the zero signal observed in the absence
of high voltage.

To more quantitatively evaluate this relationship, the mass spec-

tral signal observed was plotted in Fig. 5c as the percentage of time
the high voltage was turned on as calculated from both Fig. 5a and
b. Two unexpected anomalies are apparent in this plot. First, the
mass spectral signal was not linearly correlated to the percent-
age of time the high voltage was turned on (note that Fig. 5c is a
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emi-logarithmic plot). Even when high voltage was turned on for
nly 1% or 10% of the total time (rHV on = 1% and rHV on = 10%, respec-
ively), the mass spectral signal was 15% or 55–75% of that of the

aximum signal observed in DC ESI (rHV on = 100%), respectively.
he exact cause of this non-linearity is not known. The second
nexpected anomaly in Fig. 5c was the hysteresis between plots
reated using fixed pulse length (filled symbols) and fixed pulse
requency (open symbols). Higher mass spectral signal observed
n the 5% ≤ rHV on ≤ 50% range using fixed 100 �s pulse length over
sing a fixed 100 Hz frequency indicated that a larger number of
horter pulses created more ions for mass spectral analysis than
ewer, but longer pulses.

The dependence of mass spectral signal on rHV on shown in Fig. 5c
or compound 2 was briefly compared to that for reserpine (com-
ound 1). According to Figs. 2 and 3, oxidation of reserpine was
aximized using DC ESI and was minimized using pulsed high

oltage ESI with a pulse frequency of 100 Hz and a pulse length
f 50 �s. These pulsed high voltage ESI parameters correspond to
HV on = 0.5% for which data in Fig. 5 suggests an MS signal intensity
f approximately 6% of that expected when using DC ESI. In fact,
he absolute intensity of compound 1 at m/z 609 measured using a
ulse frequency of 100 Hz and a pulse length of 50 �s was approx-

mately 7% of the sum of that of m/z 623, 621 and 619 obtained
sing DC ESI. This close match between data obtained from two

ndependent measurements, despite the possible differing ioniza-
ion efficiencies of reserpine and its oxidation products, confirms
hat data in Fig. 5 can be successfully applied to predict MS sig-
al intensity changes when switching from DC ESI to pulsed high
oltage ESI.

This observed decline in absolute mass spectral signal under the
ulsed high voltage ESI conditions that prevent analyte electrol-
sis could negatively affect the sensitivity of an ESI-MS analysis.
owever, on the basis of our understanding of the effect, there do
ppear to be ways to mitigate the issue. One possible solution would
e a multi-electrode emitter system in which high voltage is cou-
led sequentially to the electrodes such that the pulse length and
ulse frequency on the electrodes would ensure that the analyte
f interest cannot be oxidized at any of the individual electrodes.
he double layer on any one electrode would be provided sufficient
elaxation time to avoid analyte electrolysis while other electrodes
n the array to which high voltage is still applied would provide
he required electrospray current for the system. For example, pre-
ented with an emitter system with 20 individual electrodes to
hich a pulse frequency of 100 Hz and a pulse length of 50 �s

rHV on = 10%) were applied to the electrodes in a sequence would
e predicted to provide approximately 55–75% of the maximum
ignal observed in DC ESI, based on Fig. 5.

. Conclusion

In this paper, we have presented a new simple electronic means
o control the extent of analyte electrolysis in ESI-MS. This method
tilized a pulsed high voltage ESI source in which a simple change in
he applied pulse length and/or pulse frequency was used to alter
he extent of analyte electrolysis. The ability to suppress analyte
lectrolysis with the pulsed high voltage ESI source described here
s a result of inefficient mass transport of the analyte to the elec-
rode surface during the duration of the high voltage pulse and the
ubsequent relaxation of the emitter electrode/electrolyte inter-
ace during the time period when the high voltage is turned off.

he model compound reserpine was completely oxidized to a mix-
ure of its 4-, 6- and 8-electron oxidation products using a pulse
requency of 100 Hz and a pulse length of 2000 �s. In contrast, oxi-
ation of reserpine was prevented by employing the same 100 Hz
ulse frequency but with a pulse length of 50 �s. These lower pulse

[

[
[
[

of Mass Spectrometry 303 (2011) 206–211 211

frequencies and/or shorter pulse lengths that avoided analyte elec-
trolysis do result in an overall drop in the mass spectral signal by
about 90% in the present system. However, it should be possible in
the future to overcome this issue with an appropriately configured
system, such as an emitter electrode.

In general, the technique presented here opens the door to the
possibility of a simple tunable (nano)ESI source that can be elec-
tronically switched rapidly between on and off modes of analyte
electrolysis. This provides the capability, for example, to obtain
data with analyte electrolysis on and off for rapid temporal changes
in analyte concentration as in an eluting chromatographic peak
to achieve maximum ionization/sensitivity and/or to obtain more
detailed chemical information (e.g., redox properties).
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