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Electrochemical Processes in a Wire-in-a-
Capillary Bulk-Loaded, Nano-Electrospray

Emitter
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Experiments are described that illustrate solvent oxidation, emitter electrode corrosion, and
analyte oxidation in positive ion mode nano-electrospray mass spectrometry using a wire-in-
a-capillary, bulk-loaded nano-electrospray emitter geometry. Time-lapsed color photography
of pH and metal specific indicator solutions within operating nano-electrospray emitters, as
well as temporal changes in the ions observed in the nano-electrospray mass spectra, are used
to probe these reactions, judge their magnitude, and study the time dependent changes in
solution composition and gas-phase ion signal brought about as a result of these electrochem-
ical reactions. The significance of these observations for analytical applications of nano-
electrospray mass spectrometry are discussed. (] Am Soc Spectrom 2001, 853-862) Published

by Elsevier Science Inc.

ano-electrospray mass spectrometry (nano-ES-
NMS) generally refers to any ES-MS system that
uses an emitter arrangement capable of oper-
ating at solution flow rates of about ten to a few
hundred nanoliters/min [1]. This can be either a Wilm
and Mann type bulk-loaded, spray capillary [2, 3] or
any one of a variety of continuous flow-through devices
that might be used for continuous infusion, flow injec-
tion, or as an interface for on-line CE/ES-MS or HPLC/
ES-MS (e.g., [4-7]). The nano-ES ion sources possess
most of the capabilities of the traditional ES emitters
that operate at flow rates from the low microliter/min
range to an upper limit of about one milliliter/min. An
advantage of operating in the nanoliter/min flow rate
regime is that a few microliters of a sample solution
provide a continuous signal for 30 min or longer. This is
very useful in the analysis of limited volumes of pre-
cious samples and also for tandem mass spectrometry
(MS/MS) and MS" experiments, which may take a con-
siderable amount of time to optimize or complete [1-3].
Furthermore, sensitivity gains are made with such low
flow rate devices and solutions difficult to spray with
conventional ES spray emitters, such as 100% aqueous
solutions, are more easily accommodated [1-7].
The first and still exploited approach to nano-ES-MS
follows the design of Mann and Wilm [2, 3]. A glass
capillary with a spray tip pulled to a narrow external
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and internal (<20 um) diameter [1-3] is loaded with one
or more microliters of sample solution. A modest gas
pressure (several psi) may be applied to help maintain a
steady solvent flow. The necessary high electric field
between the bulk-loaded solution to be sprayed from the
emitter and the counter electrode in the ion source (nor-
mally the entrance aperture plate or inlet capillary of the
mass spectrometer) is achieved by one of two basic
methods. The first method makes electrical contact to the
solution (either high voltage or ground depending on the
particular interface) via a metal [1-3] or other conductive
coating [8] that is on the exterior of the capillary tip. The
liquid exiting the capillary touches the electrical contact
only at the edges of the narrow tip. This electrode geom-
etry might be viewed as a very short tubular electrode [9].
Emitters of this geometry do not have a particularly long,
useful lifetime, due mainly to poor mechanical or electro-
chemical stability of the conductive contact [10, 11]. The
second method of making electrical contact to solution
is to simply immerse a metal wire in the solution within
the capillary [12, 13]. In our hands, this electrode
arrangement proves more robust and reliable than the
other, and, in contrast to another report [13], requires no
particular care in positioning the wire other than to
terminate it near the spray tip end of the capillary.
Given the lack of any debate in the literature,
whether one or the other of these two electrode config-
urations is used, apparently has little effect on the
successful nano-ES-MS analysis of the most common
types of analytes (e.g., peptides, proteins and oligonu-
cleotides). However, the electrode geometrical arrange-
ment and the electrode composition is expected to
influence the electrochemical reactions that must occur
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at the electrode for a continuously stable ES to be
generated. The electrical contact to solution at the ES
emitter is the working electrode in a controlled-current
electrochemical flow cell [14-16]. In positive ion mode,
oxidation reactions at this electrode supply the excess
positive charge required to maintain the production of
positively charged ES droplets. In negative ion mode,
reduction reactions are responsible for maintaining the
required supply of excess negative charge to produce
negatively charged droplets. At a minimum, the size
and shape of the electrode contact to solution, and the
solution flow rate through/over the electrode will affect
the current density and the mass transport to the elec-
trode. Each of these factors will in turn influence the
interfacial potentials at the electrode and the nature and
extent of various electrochemical reactions that occur [9].

In this paper, we present experimental results that
represent the major categories of electrochemical reac-
tions in positive ion mode nano-ES-MS that might be
expected with the wire-in-a-capillary, bulk-loaded
nano-ES emitter geometry, viz., solvent oxidation, elec-
trode corrosion, and analyte oxidation. Time-lapsed
color photography of pH and metal-specific indicator
solutions within operating nano-ES emitters, and tem-
poral changes in the ions observed in the nano-ES mass
spectra, illustrate the general phenomenology, magni-
tude, and time dependence of the changes in solution
composition and gas-phase ion signal brought about as
a result of the electrochemical reactions. The signifi-
cance of these observations in practical applications of
nano-ES-MS using the wire-in-a-capillary design are
discussed.

Experimental
Chemicals

Sample solutions were prepared using deionized H,O
(Milli-RO 12 Plus, Millipore, Bedford, MA), CH;OH
(HPLC grade, J. T. Baker, Phillipsburg, NJ), CH;CN
(Baker), CH,CI, (Baker), ammonium acetate (NH,OAc
99.999%, Aldrich), acetic acid (HOAc, PPB/Teflon
grade, Aldrich), and HNO; (Ultrex II grade, Baker). All
pH indicators were purchased from Aldrich and pre-
pared at the concentrations recommended by Green
[17] in H,O containing 10-20% by volume CH;OH.
Approximately 100 uM KNO,; was added to each
indicator solution as an electrolyte to stabilize the spray
and the ES current. The particular indicators and the
literature reported pH color transitions were as follows:
Congo red, pH 3.0 (blue) to pH 5.2 (red); quinaldine red,
pH 1.4 (colorless) to pH 3.2 (red); chlorophenol red, pH
4.8 (yellow) to pH 6.4 (red); bromocresol green, pH 3.8
(yellow) to pH 5.4 (blue-green), methyl yellow, pH 2.9
(red) to pH 4.0 (yellow); and thymol blue, pH 1.2 (red)
to pH 2.8 (yellow) [17]. An 8.4 uM nickel octaethylpor-
phyrin (97%, Aldrich) solution was prepared in
CH,Cl,/CH;CN (1/1 v/v) containing 1.0 mM lithium
trifluoromethanesulfonate (lithium triflate, 96%, Al-
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drich) as an electrolyte. A 1.0 mM solution of 1,10-
phenanthroline (phen, Aldrich) was prepared in
CH;CN and stored in a plastic container prior to use.

Mass Spectrometry

All mass spectral data were acquired using a PE SCIEX
API165 single quadrupole mass spectrometer (MDS
SCIEX, Concord, Ontario, Canada) equipped with a
nano-ES ion source (Protana A/S, Odense, Denmark).
Glass nano-ES capillaries (normal tips, Protana A/S)
approximately 5 cm long with a body o.d. of 1.2 mm
and an id. of 0.69 mm were loaded with several
microliters of sample solution. Electrical contact to
solution was made by a platinum, stainless steel, iron,
or copper wire (size and composition noted below)
inserted into the liquid up to a point near the capillary
spray tip. Applied voltages of 750-1000 V were re-
quired to initiate and sustain a stable spray.

Off-Line Optical Monitoring of the Nano-ES
Emitters

Nano-ES emitters for off-line optical monitoring were
constructed from 1.0 or 1.5 mm-o.d., 0.5 mm-i.d. boro-
silicate glass capillaries, which were pulled to about 5
pm-i.d. on one end using a micropipette puller (Sutter
Instruments, Inc.,, Novato, CA). Electrical contact to
solution was made by a wire inserted into the liquid as
described above. Approximately 900 V was required to
provide a stable flow and ES current (ca. 0.5 pA in all
cases) with a grounded planar counter electrode placed
0.5 cm from the spray tip. ES currents were measured
by grounding the counter electrode through a Keithley
Model 610C electrometer (Cleveland, OH). Wires of
four different compositions were used, viz., platinum
(127 um diameter, 99.99%, Aldrich, Milwaukee, WI),
304 stainless steel (250 um diameter, Scientific Instru-
ment Services [SIS], Ringoes, NJ), copper (250 pm
diameter, 99.95%, SIS), and iron. The latter wire of
unknown purity was salvaged from a J-type thermo-
couple (iron-constantan). Under normal operating con-
ditions, solution flow rates were 10—-100 nL/min. Time-
lapse photographs were obtained with a color CCD
camera (Panasonic Inc. Seacaucus, NJ) equipped with a
telephoto lens. Color images (24-bit) were captured
digitally using the Snappy video digitizer (Play, Inc.,
Rancho Cordova, CA) in 800 X 600 pixel format. For
simplicity, the color scale for the pH indicators was
constructed by photographing indicator solutions
within the capillary which were titrated to pH values on
either side of that indicator color transition. A linear
interpolation of the color transition from the acid to the
base form of the respective indicators produced the
color scales shown in the figures. The color scale for the
[Fe(phen);]** complex was generated from photos of a
1.0 mM phenanthroline solution in the capillary with
and without 50 uM Fe(Ill) (as FeSO, - 7H,O in H,0,
Aldrich) added.
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Results and Discussion
Solvent Oxidation

In positive ion mode, when using an electrical contact to
solution that is electrochemically inert (e.g., platinum),
oxidation of one or more of the major components of the
solvent system will likely occur [18]. In an aqueous
solvent, oxidation of H,O (eq 1) might be expected to
supply much, if not all, of the ES current.

O, + 4H" + 4e” = 2H,0, E° = 1.229V vs SHE [19]
@

The occurrence of this reaction is equivalent to adding
strong acid to the solution. Assuming this is the only
reaction that takes place, the concentration of protons
electrochemically added to solution can be calculated
from Faraday’s law as expressed in eq 2

[H+]elec = lES/(nFUf) (2)

where i is the ES current, n is the molar equivalent of
electrons involved in the production of one mole of H*
(in this case n = 1), F is the Faraday constant (9.648 X
10* C/mol), and vy is the volumetric flow rate out of the
ES emitter. Assuming no buffering capacity in the
solution and all product mixes completely and flows
from the emitter as produced, the new or final pH of the
bulk solution can be calculated from eq 3

prinal = _log([H+]elec + [H+]initial) (3)

where [H ;. = 10~ PHiniial

As egs 2 and 3 show, the magnitude of the pH
change caused by H,O oxidation is directly related to
ips and inversely related to v, Because the magnitude of
irs is only weakly dependent on solvent flow rate [20],
and because published values for nano-ES currents [2,
3], as well as those we recorded here, are similar to
conventional ES currents, the magnitude of any electro-
chemically induced pH change will increase as flow
rate is decreased. We have previously shown that a bulk
solution pH change of as much as 4 pH units (pH;;. =
7.0, unbuffered solution) might occur in ES assuming
typical values of izg (i.e., 0.1 uA) and flow rates down to
100 nL/min [18]. In our nano-ES experiments, a typical
value of ipg was 0.5 wA and flow rates reached as low as
25 nL./min. Under these conditions, in an unbuffered
solution of pH;,j;. = 7.0, a change of 5.1 pH units is
calculated, resulting in a pHg,,,; = 1.9. However, in the
bulk loaded, wire-in-a-capillary nano-ES emitter, the
situation is more complicated than this simple calcula-
tion would imply.

Figure 1a shows time lapse photographs of a pulled-
glass capillary, nano-ES emitter tip that contains an
H,0/CH;0H solution of the pH indicator congo red
(pH =3.0, blue; pH =5.2, red). The high voltage contact
to the solution is made via a platinum wire electrode
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placed to within about two millimeters from the
capillary spray tip. The red color of the indicator in
the capillary at the beginning of the experiment (0
min) is consistent with the measured initial solution
pH of 5.8. After spraying continuously for 70 min, a
color change to blue is observed from the wire tip out
to the spray tip. At this point, the solution exiting the
capillary in the spray must have a pH =3. The
relatively long time period needed to observe a color
change indicates that either the solution has a pH
buffer capacity (contributed to by the indicator dye)
or that the current efficiency for water oxidation is
less than 100%. With an additional 20 min of spraying
time (90 min), the blue form of the indicator is
observed not only at the spray end, but also toward
the back of the nano-ES capillary. In a pumped
electrospray device, the electrochemical products (in
this case protons) are swept from the capillary out
into the spray. The bulk solution back from the spray
tip is unaltered. This should also be true in the
metal-coated glass capillary, bulk-loaded nano-ES
emitter. As the present data demonstrate, however, in
the wire-in-a-capillary nano-ES device, the whole
sample volume can be altered by the electrochemical
reactions, even if those reactions occur predomi-
nantly at the tip of the wire. This might be because
upstream diffusion (or another mass transport phe-
nomenon) of the products formed at the wire tip
effectively competes with convective transfer (and
possibly migration) of these products towards the
spray tip. In any case, this observation suggests that
the magnitude of alteration in solution composition
caused by the electrochemical reactions cannot be
simply calculated from the ES current and solution
flow rate using Faraday’s law.

The pH indicator used in the experiment shown in
Figure 1la can indicate only that the pH of the solution
was lowered to at least pH 3.0 after 90 min of operation.
A similar experiment using quinaldine red as the pH
indicator (pH =1.4, colorless; pH =3.2, red) showed
that after spraying for about 95 min the solution at the
tip of the platinum capillary had a pH =1.4 (Figure 1b).
It is important to emphasize that the color indicative of
this low pH is noted only at the wire tip. This down-
stream end of the wire electrode is where the current
density and interfacial potential might be expected to be
greatest. Thus, the greater amount of water electrolysis
and corresponding pH drop take place at this point [9,
21].

A series of individual experiments like those illus-
trated in Figure 1 were performed with a stainless steel
or platinum wire electrode and different indicator so-
lutions to determine the pH at the wire tip as a function
of spraying time. Care was taken to maintain very
similar flow rates and ES currents in all the experi-
ments. Clear trends were observed. The electrochemical
oxidation of H,O dropped the pH at the wire tip in the
capillary in a roughly linear fashion with spraying time.
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Figure 1. Time-lapsed photographs acquired at the indicated time intervals after application of 900
V to the platinum wire within a nano-ES capillary emitter containing a pH indicator. (a) Congo red
photos obtained at 0 min, 70 min and 90 min. Initial solution composition: 0.1 wt% indicator in 85/15
(v/v) H,O/CH;0H, 0.1 mM KNO;, pH =~5.5. (b) Quinaldine red photos obtained at 0 min and 95 min.
Initial solution composition: 0.1 wt% indicator in 85/15 (v/v) H,O/CH;0H, 0.1 mM KNO;, pH ~5.8.

The greatest magnitude of change in pH at any partic-
ular spray time occurred when the platinum elec-
trode was used in an unbuffered solution. The mag-
nitude of the pH change with a platinum electrode
was mitigated when the solution sprayed contained
10 mM NH,OAc as a pH buffer. Although our data
was limited, the use of a stainless steel wire electrode
generally had even more effect on minimizing the pH
change than did the pH buffer. Corrosion of the
stainless steel electrode, which would decrease the
current efficiency for the oxidation of water, might
explain this observation [18].

In summary, the combination of a pH buffer and the
stainless steel (or another corrodible electrode), along
with a short spraying time, might be the best combina-
tion to limit the extent of the pH change of the bulk
solution in the capillary caused by the electrolytic
reactions. On the other hand, use of a platinum or other

inert wire electrode, an unbuffered solution, and a long
spray time leads to the largest change in solution pH.

Conventional wisdom states that the gas-phase
abundances of the ions in an ES mass spectrum
reflect, at least qualitatively, the abundances of these
ions present in solution. There are, of course, notable
exceptions to this rule and the reasons for these
discrepancies are of much fundamental interest [22,
23]. For analytes in which the equilibrium distribu-
tion of ions in solution is a function of pH (com-
pounds with acidic or basic sites), or in situations
where solution interactions that are to be preserved
into the gas-phase are a function of solution pH (e.g.,
noncovalent interactions [24]), the electrochemically-
induced pH change in a nano-ES capillary could be
expected to significantly affect the ions and/or ion
abundances in a spectrum. Thus, one should be
cautious of the electrochemical alteration of solution



J Am Soc Mass Spectrom 2001, 12, 853-862

25 min

uncomplexed [Fe(phen),]?*

Figure 2. Time-lapsed photographs of the nano-ES capillary
containing the iron (II) indicator, 1,10-phenanthroline (1.0 mM) in
CH;CN that were acquired 0 min and 25 min after application of
900 V to the iron wire electrode within the capillary solution.

pH in lengthy experiments with a nano-ES emitter of
the wire-in-a-capillary design.

Anodic Corrosion of the High Voltage Contact to
Solution

In positive ion mode, anodic corrosion (oxidation) of
the metal electrode that makes electrical contact to
solution may take place [14, 16, 25]. The extent of this
reaction will be dependent largely on the redox charac-
teristics of the metal, but it will also be influenced by
current density and the nature of the solvent system.
For example, corrosion of many metals is enhanced in
acidic or chloride containing media [26].

Figure 2 shows the time lapse photographs of a
nano-ES capillary before and during the spraying of an
CH;CN solution of 1.0 mM 1,10-phenanthroline using
an iron wire as the high voltage contact to solution. It
was expected that the iron wire would anodically
corrode producing as the major product iron(Il) (eq 4)

Fe?" + 2e~ = Fe, E° = —0.44V vs SHE [19] 4)

Iron(Il) forms the distinctive red [Fe(phen);]>" complex
[27], which after 25 min of continuous spraying, can be
observed in the photograph in Figure 2. The expected
red color of the complex is seen to surround the wire
along its total length in the photo. This indicates that the
corrosion process not only occurs at the tip of the wire
nearest to the spray, but also a substantial distance
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upstream into the capillary. While the interfacial elec-
trode potential is known to fall off rapidly upstream
along the electrode in an ES emitter [21], these results
indicate that the potential necessary for iron corrosion
extends a considerable distance upstream of the wire
tip. Visual inspection of the iron wire after use showed
what appeared to be rust along the length of the wire
that had been immersed in the solution within the
capillary. Thus, while the oxidation of water at the
platinum wire occurred mainly at the tip of the wire, the
electrochemically more facile corrosion of an iron wire
occurred a substantial distance along its length up-
stream into the capillary.

The photographs in Figure 2 can only be used to
confirm the presence of the iron(Il) as a corrosion
product. However, phenanthroline complexes of a
number of other cations that cannot be detected by
visible solution color changes do form [27]. Some of
these metal ions as phenanthroline complexes can be
detected in the gas-phase. To illustrate, the ES mass
spectra recorded when spraying an CH;CN/1.0 mM
1,10-phenanthroline solution from a pulled-glass
nano-ES emitter with platinum, stainless steel, iron, and
copper wire electrodes are shown in Figure 3. When
using the platinum wire electrode (Figure 3a), the two
major ions observed in the spectrum were those corre-
sponding to the protonated and sodiated phenanthro-
line at m/z 181 and 203, respectively. The origin of some
of the protons might be traces of acid in the solvent or
oxidation of water in the solvent at the tip of the
platinum wire. A major source of the Na* cations might
be the glass of the capillary. Corrosion of the platinum
was not expected nor was any evidence of its occur-
rence noted by the nature of the ions observed in the
spectra. When a stainless steel electrode was used
(Figure 3b), ions were again observed for the proton-
ated (m/z 181) and sodiated (m/z 203 and 383) phenan-
throline. Also, ions attributed to a double-charge iro-
n(I) phenanthroline complex, [Fe(phen),)]** (m/z 208),
were observed. Single-charge copper(I), [Cu(phen),)]”
(m/z 423), and double-charge copper(Il), [Cu(phen),)]*"
(m/z 211.5) phenanthroline complexes, were observed in
the spectrum. The presence of the complexes of iron(Il),
copper(l), and copper(Il) in the spectrum indicates that
the stainless steel wire was corroding and that the
stainless steel wire contained a substantial amount of
copper. When using the same iron wire as shown in the
photo in Figure 2 as the electrode, the major ions
observed still included the protonated and sodiated
forms of phenanthroline (m/z 181, 203 and 383) (Figure
3c). However, the relative abundances of the iron(II),
copper(l), and copper(Il) phen complexes increased
indicating a greater extent of corrosion. This wire was
salvaged from a J-type thermocouple and the purity
was unknown. However, the peaks observed in this
spectrum indicate it must contain a substantial amount
of copper. In this spectrum, the peak at m/z 298 attrib-
uted to [Fe(phen);]*" was clearly visible above the
background. This peak was not as abundant when
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Figure 3. Average ES mass spectra recorded from approximately 20-25 min into the analyses when
spraying CH;CN containing 1,10-phenanthroline (1.0 mM) from a nano-ES emitter using a (a)
platinum, (b) stainless steel, (c) iron, or (d) copper wire electrode contact to solution.

using the harder-to-oxidize stainless steel wire elec-  substantial amount of copper, we decided to investigate
trode. Also, a new but unidentified single-charge cop-  the use of a pure copper wire electrode. The resulting
per complex was observed at m/z 271. spectrum, shown in Figure 3d, was simpler than that

Because the stainless steel and iron wires contained a obtained using either a stainless steel or iron wire. No
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protonated or sodiated phenanthroline ions were ob-
served. Apparently enough copper was introduced into
the system to bind all the phenanthroline present. The
copper(I) complex, [Cu(phen),]®, at m/z 423, was the
base peak in the spectrum, while the unidentified
complex at m/z 271 was present at about 30% relative
abundance. The copper(Il) complex, [Cu(phen),]** at
m/z 211.5, that was a dominate peak in the spectra in
Figures 3b and 3c, was observed at only about 5%
relative abundance.

The data in Figure 3 demonstrate that the metal wire
used to make electrical contact in the ES capillary may
corrode. The particular alloy or pure metal electrode
and the solvent/ligand system appear to control the
redox state and abundance of some of the metal ions
observed in the gas-phase [e.g., copper(I) versus copper
(II)]. In the presence of one another, the various solvents
and ligands, and the metallic electrode, the various
metal ions liberated into solution electrochemically
might be expected to undergo a variety of heterogenous
and/or homogenous redox reactions that influence the
ultimate distribution of the metal species sprayed from
the capillary [26, 28]. These same data also illustrate that
electrode corrosion might be used to supply metal ions
to solution for the study of metal-ligand complex chem-
istry (e.g., [29, 30]), or to ionize particular molecules by
metal-analyte cationization (e.g., [30-33]). This ap-
proach to adding metal ions to solution might therefore
be a complementary or an alternative approach to
adding the metal salts to solution prior to analysis
[29-33]. This could be particularly useful when the salts
are relatively insoluble or the metal ions are only
short-lived (e.g., copper (I) in water [28]) in the solvent
in which they are prepared.

Analyte Oxidation at the High Voltage Contact

The analyte of interest may also be involved in the
electrochemical reactions at the electrical contact to
solution. Depending on the analysis scenario, this can
be good or bad [16]. Involvement of the analyte in the
electrochemical process may be bad, for example, if the
analyte is an unknown and the mass or charge state is
altered. This might result in an incorrect mass or
speciation determination. Involvement of the analyte in
the electrochemical process might be deemed good if, as
is shown below, a neutral analyte not normally detected
by ES-MS is ionized electrochemically. In this way, the
molecule becomes detectable.

Experiments with a conventional ES ion source in-
corporating either a stainless steel or platinum capillary
emitter electrode have demonstrated that nickel(II) oc-
taethylporphyrin (NiOEP) can be ionized electrochem-
ically inside the capillary and the ions so formed can be
efficiently detected in the gas-phase [34, 35]. NiOEP is a
neutral molecule that is oxidized by consecutive elec-
tron-transfer forming first the molecular radical cation,
M ™ (Epeqs = 1.08 V vs SHE), and then the dication,
M>* (E,.>» = 1.61 V vs SHE) [36]. Formation of the
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dication in the previous ES-MS experiments required
the use of a platinum capillary emitter, high electrolyte
concentrations (1.0 mM lithium triflate) and a slow
solution flow rate (=2.5 uL/min).

The data in Figure 4 illustrate the observations made
when this same porphyrin was sprayed from a nano-ES
emitter using a platinum wire electrode. The high
voltage was applied to the wire about 30 s after the
mass spectrometer started to record data. When the
high voltage was switched on, the total ion current
(TIC) rapidly reached a maximum value (Figure 4a).
The TIC fell gradually to about 50% of the original value
after 7 min, and then rose gradually up to 75% over the
remaining 23 min of the experiment. The extracted ion
current profile for the molecular ions (m/z 590) of the
porphyrin is shown in Figure 4b. For the first 7 min of
the experiment, no ions owing to the porphyrin were
observed in the spectrum. This is further illustrated by
the mass spectrum of the molecular ion region obtained
at 5 min (Figure 4c), which is devoid of any peaks. At
about 7.5 min, the porphyrin molecular ions are first
observed (Figure 4b). The abundance of these ions
continued to increase over a period of 7 min reaching a
plateau at about 15 min, but even at this point they
contribute only a small fraction of the TIC. The majority
of the ion current at all times was due to ions at 11/z 350.
The spectrum recorded at 15 min (Figure 4d) contains
the isotopic cluster of the molecular species spanning
m/z 590-594. Note that there was no sign of the dication
at m/z 295 (this area of spectrum not shown) at this time
or elsewhere during the course of the experiment.

When using the wire-in-a-capillary arrangement for
the high voltage contact to solution, the delayed obser-
vance of the porphyrin radical cations was always the
case. However, variations in the wire placement from
experiment to experiment affected the length of the
time delay. Such delay periods are to be expected in all
ES emitters in which the high voltage contact to solution
is made upstream of the emitter spray tip [34, 37]. The
products of the electrochemical reactions formed at the
point of the electrode contact to solution must be
transported to the spray tip, which can cause a signifi-
cant time delay between their formation in solution and
their detection in the gas-phase.

As the time of analysis continued beyond 15 min in
this experiment, new single-charge peak clusters ap-
peared at m/z values greater than that of the porphyrin
molecular ion. This can be seen by comparing the
spectra acquired at 15 min (Figure 4d) and 25 min
(Figure 4e). From the masses and isotope cluster pat-
terns, these new ions must be the result of the addition
of one and two chlorine atoms into the porphyrin
macrocycle, viz, M —H + Cl)* and M — 2H +
2C1)", respectively. Two lesser abundant peak clusters
at higher m/z (not shown) were also observed. These
corresponded to products containing three and four
chlorine atoms, respectively.

Two possible pathways of formation of the chlori-
nated products may be postulated. The first involves
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Figure 4. Plots showing (a) total ion current and (b) extracted ion
current profiles for the radical cation of NiOEP (m/z 590) recorded
when spraying an 8.4 uM NiOEP solution (CH,Cl,/CH,CN (1/1
v/v), 1.0 mM lithium triflate) from a nano-ES emitter with the 900
V electrical contact to solution made via a platinum wire electrode.
The molecular ion region of the mass spectrum recorded at (c) 5.0
min, (d) 15 min, and (e) 25 min into the analysis is also shown.
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reaction of the radical cation, or the more reactive
dication (this is possibly the reason why it is not
observed), with chloride ion present as an impurity in
the solvents. The grade of CH,Cl, used in these exper-
iments, for example, may contain up to 10 ppm CI".
Sequential reaction and reoxidation of the chlorinated
intermediates would lead to the multiple additions of
Cl observed. Such a chlorination scheme has been
proposed for the radical cation of 9,10-diphenylanthra-
cene [38]. A second possibility is that the CH,CI, is
oxidized at the platinum wire electrode forming radi-
cals and/or molecular chlorine [39] that subsequently
reacts with the porphyrin. In either case, the observa-
tion of these chemical followup reaction products is
related to the long delay period between initial oxida-
tion of the analyte and the transfer to the gas-phase
owing to the upstream electrode configuration. Such
products were not observed when spraying from a plati-
num capillary at flow rates as low as 1.5 pL/min [35].

The data in Figure 4 provides a strong example that
the nature of the nano-ES mass spectrum, when using
the wire-in-a-capillary electrode geometry, can be quite
dependent on the time period during the analysis in
which the spectrum is recorded. The temporal changes
in the spectra noted here were a direct result of the
ongoing electrochemical and chemical reactions up-
stream in the emitter capillary.

Conclusions

Electrochemical reactions occur at the electrode contact
to solution in the ES emitter of all ES ion sources. The
results presented here show that the wire-in-a-capillary
electrode geometry, bulk-loaded nano-ES emitter is no
different. These data illustrate electrochemical reactions
of three major types, viz., solvent oxidation (i.e., H,O
oxidation), emitter electrode corrosion (stainless steel,
iron, and copper wire corrosion), and analyte oxidation
(NiOEP oxidation). The products of each of the three
reaction types alter the composition of the initial solu-
tion placed in the nano-ES emitter capillary. Depending
on the particular analysis scenario (solvent, ES currents,
flow rates, electrode material, etc.) and on the analyte
chemical properties (pK,, metal-binding affinity, equi-
librium redox potential, etc.), these alterations of solu-
tion composition (pH, metal ion concentration, analyte
charge state, etc.) might affect the appearance of the
mass spectra acquired.

As a whole, these data demonstrate that the solution
composition and the nature of the nano-ES mass spec-
trum, when using the wire-in-a-capillary electrode ge-
ometry, can be quite time dependent. These changes in
the spectrum with time can be a result of the ongoing
electrochemical and possibly also chemical reactions
upstream in the emitter capillary. Like all other ES
emitters in which the electrical contact to solution is
made upstream of the emitter spray tip, there can be a
significant delay time between the formation of electrol-
ysis products at the emitter electrode and the gas-phase
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detection of the products. Unlike a pumped ES device,
or probably a metal-coated glass nano-ES capillary, the
products of the electrochemical reactions formed in a
bulk-loaded, wire-in-a-capillary nano-ES emitter are
not necessarily swept directly from the capillary out
into the spray. The whole volume of solution within the
capillary can be altered because of mass transport (e.g.,
diffusion) of the products formed at the spray tip end of
the wire throughout the volume. This means that the
magnitude of alteration in solution composition caused
by the electrochemical reactions may not be simply
calculated from the ES current and solution flow rate
using Faraday’s law. Also, the choice of the wire
electrode material will in some cases have a substantial
influence on what electrochemical reactions occur and
on what ions are observed in the gas-phase.
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