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This article reports the first electrospray (ES) mass spectrometry observation of molecular 
dications that were formed in solution by sequential one-electron oxidation of the neutral 
molecules [viz., nickel00 and cobalt011 octaethylporphyrin] via the controlled-current elec- 
trolytic (CCE) process inherent to electrospray. Dication formation was found to require (1) 
the addition of electrolyte to the sample solution, which increased the magnitude of the ES 
current and, therefore, increased the extent of analyte electrolysis in the ES capillary, (2) a 
relatively low solution flow rate, which increased the electrolysis time (i.e., the time the 
analyte remained in the capillary), thereby providing more time for the analytes to diffuse to 
the metal-solution interface and react, and (3) the use of a platinum ES capillary, which, 
because it is difficult to oxidize, increased the proportion of the faradaic current that might 
be provided by electrolysis of solution species compared to that proportion available when 
the typical stainless steel capillary is used. These interpretations of the data are made on the 
basis of the known characteristics of the CCE process inherent to ES, supplementary data 
obtained from direct solution-phase observation of the metalloporphyrin redox products 
formed within the different metal ES capillaries by means of a novel ES ion source, and 
off-line cyclic voltammetry studies of the metalloporphyrins performed by using platinum 
and stainless steel working electrodes. (1 Am Sot Mass Spectrom 1996, 7, 157-162) 

0 
ur group has shown, as have a few other 
groups, that monocations and monoanions 
formed from neutral compounds in solution by 

chemical electron-transfer reactions [l-71 or by the 
controlled-current electrolytic (CCE) process inherent 
to electrospray [8-131 can be subsequently detected in 
the gas phase via electrospray mass spectrometry (ES- 
MS). We also have reported that molecular dications 
[4, 61 as well as dianions [5] formed in solution via 
chemical electron-transfer methods can be detected by 
ES-MS. Both the chemical and electrochemical elec- 
tron-transfer methods have been shown to be sensitive 
and, in particular cases, selective means to ionize in 
solution certain types of neutral analytes (e.g., highly 
conjugated, aromatic, and heteroaromatic compounds) 
for analysis by ES-MS. Moreover, these methods have 
provided means for the generation and analysis of 
different molecular ionic species than are normally the 
subject of ES-MS analyses (e.g., Mf’ and M*+ versus 
[M + H+]+ and [M + 2H+12+) and have provided 
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means for the generation of ions difficult to produce by 
using other ion sources (e.g., M2+ from p-carotene) 
[4]. In this paper, we report for the first time the ability 
to form dications (i.e., M2+) from neutral analytes in 
solution [viz. nickel00 and cobalt00 octaethylpor- 
phyrin (Ni”OEP and Co”OEP, respectively)] via the 
CCE process inherent to electrospray (ES) and the 
ability to observe these ions in the gas-phase via ES-MS. 

Experimental 

All ES-MS experiments were carried out using a Finni- 
gan-MAT (San Jose, CA) ion trap mass spectrometer 
@I’M9 adapted for ES-MS. Operation of the ESITMS 
and details of the analysis of metalloporphyrins via 
this instrumentation are discussed in detail elsewhere 
[14-161. In brief, a syringe pump (Harvard Apparatus, 
Inc., Cambridge, MA) was used to pump analyte solu- 
tions through a short length of 254~pm-i.d. TeflonTM 
tubing (Upchurch Scientific, Oak Harbor, WA) that 
connected via a low dead-volume PEEKTM union (254 
pm through-hole; Upchurch) to either a dome-tipped 
304 stainless steel capillary (6.5 cm long, 127 ,um i.d., 
500 pm o.d., Scientific Instrument Services, Ringoes, 
NJ) or a dome-tipped platinum capillary (6.5 cm long, 
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210 pm i.d., 400 pm o.d.; Hamilton, Reno, NV) within 
a pneumatically assisted ES source. The capillary was 
held at a potential of 4.0 kV and placed about 1.0 cm 
from the front aperture of the mass spectrometer. Ni- 
trogen gas (Liquid Air Corp., Walnut Creek, CA), at a 
backing pressure of 20 lb/in.*, was used to pneumati- 
cally assist the ES process. The ES current was mea- 
sured at the front aperture plate of the mass spectrom- 
eter by grounding this plate through a Keithley (Cleve- 
land, OH) model 610C electrometer. Voltages in the 
atmospheric sampling interface were optimized for 
transmission of the dication at the expense of monoca- 
tion signal. In general, the interface conditions that 
maximized the dication signal were “gentle,” in terms 
of the analyte ion-molecule collisions that occur in this 
region, relative to the conditions that maximized the 
monocation signal 1151. 

To acquire UV/visible spectra of the solution that 
exits the ES capillary, prior to the spraying process, we 
employed a novel ES setup that has been described in 
detail elsewhere [121. In this particular work, a syringe 
pump was used to deliver the appropriate solution at 
1.5 or 5.0 pL/rnin through 254-pm-i.d. TeflonTM tub- 
ing, to either the dome-tipped stainless steel or plat- 
inum capillary described in the preceding text, which 
were connected to the tubing via a low dead-volume 
PEEKrM union. The downstream end of the metal 
capillary exited directly into the detector flow cell 
(4.5~mm pathlength, ~-FL volume) of a SoloNetl40 
I-IV/visible diode array detector (DAD) system (Gro- 
ton Technology, Inc., Concord, MA) that was isolated 
from ground to allow the ES high voltage (5 kV in this 
case) to be applied to the metal capillary. From the 
detector flow cell, the solution traveled through 30 cm 
of lOO-pm-i.d. fused silica capillary before finally be- 
ing sprayed, with pneumatic nebulization (nitrogen 
gas, 30-lb/in.2 backing pressure), toward a planar elec- 
trode (- 5-mm separation of capillary and electrode) 
that was grounded through the Keithley electrometer. 
The diode array detector in this ES setup was operated 
by using only the visible lamp. With the UV lamp on 
at the low flow rates employed, photoionization-pho 
tobleaching of the porphyrins in the detector flow cell 
occurred because of the substantial time the analyte 
was in the path of the intense light source. 

Stock solutions (500-1000 PM) of the porphyrins 
(Aldrich, Milwaukee, WI) were prepared in high-per- 
formance liquid chromatography 0-IPLC)-grade meth- 
ylene chloride (J. T. Baker, Phillipsburg, NJ). From 
these stock solutions, sample solutions were prepared 
for ES-MS or the ES-DAD experiments by dilution 
with methylene chloride, acetonitrile (J. T. Baker), and 
an acetonitrile solution of lithium trifluoromethane 
sulfonate (i.e., lithium triflate; Aldrich) to yield a final 
solution composition of about 5-lo-PM porphyrin in 
l/l (v/v) acetonitrile-methylene chloride that con- 
tamed either 0-, O.l-, l.O-, or 9.0~mM lithium triflate. 
For cyclic voltammetry, sample solutions were pre- 
pared to yield a final solution composition of about 

200-PM porphyrin in l/l (v/v) acetonitrile-methyl- 
ene chloride that contained about 50-mM lithium tri- 
flate. Cyclic voltammograms were obtained by using a 
BAS 100 Electrochemical Analyzer (Bioanalytical Sys- 
tems, Inc., West Lafayette, IN) and a scan rate of 200 
mV/s. A platinum mesh was used as the auxiliary 
electrode and a silver wire was used as the quasirefer- 
ence electrode. Either a platinum disk electrode (2 mm 
dia.) or a 316 stainless steel capillary-bore union (model 
ZUlC, Valco, Houston, TX) was used as the working 
electrode. Ferrocene (Aldrich) was added to each sam- 
ple solution for use as the reference redox system. 

Results and Discussion 

Shown in Figure la are the relative ion currents for the 
monoca tion ( I, + , m/z 5901 and dication (IMz+, m/z 
2951 of Ni”OEP recorded during six separate continu- 
ous infusion experiments that employed either plat- 
inum or stainless steel ES capillaries and different 
solution flow rates. (The first oxidation product of 
Ni”OEP is an odd-electron species, i.e., M+‘. However, 
neutral Co”OEP is paramagnetic; hence, the first oxi- 
dation product is an even-electron species, i.e., M+. To 
avoid confusion, the mono- and dications of both 
Ni”OEP and Co”OEP will be referred to as M+ and 
M*+, respectively.) Note that the dication is observed 
only when the platinum capillary is used, and the 
greatest intensity is observed at the lowest solution 
flow rate. Furthermore, the total porphyrin ion signal 
recorded, that is, (1, + + I,, + 1 (see Table 11, is greater 
at each flow rate when the platinum capillary is used, 
and (I,++ I,,,) recorded by using either capillary 
decreases as the flow rate increases from 1.5 to 5.0 
/IL/mm An additional point that cannot be ascer- 
tained from these data alone is the fact that the gas- 
phase ion intensities recorded for the monocation 
greatly increase [13] and the dication first is observed 
only when electrolyte (i.e., lithium triflate) is added to 
the sample solution. For Ni”OEP, an electrolyte con- 
centration of about 1.0 mM was found to provide the 
best signal intensities for the porphyrin ions with mini- 
mal background noise. This increase in porphyrin ion 
signal upon the addition of electrolyte to the solution 
correlated with the resulting increase in the magnitude 
of the ES current is,. The respective values of is, 
measured (k 15% relative standard deviation, RSD) at 
the front aperture plate of the mass spectrometer are 
shown in Figure 1 and Table 1. These currents are 
nearly identical for the two capillaries at the same flow 
rate. Figure lb is. the ES mass spectrum of Ni”OEP 
obtained at a flow rate of 1.5 pL/min with the plat- 
inum capillary and serves to illustrate the signal-to- 
background quality of the spectra. The only porphyrin 
ion other than the mono- or dication of significant 
abundance in this spectrum (or any of the other spec- 
tra recorded) is observed at m/z 575, which corre- 
sponds to a fragment of the monocation, that is, [M- 
151+, formed via interface fragmentation [15]. 
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Table 1. Summary of experimental and calculated data for the Ni”OEP experiments illustrated in Figure I” 

i,,( fiA) 

Capillary 
Flow rate 
( fiL/min) 

Calc. for conversion tab 
tcC tE 

cl 

Measurede Mi M2+ I ’ Mi I lVl2+g (I,.,+l,*+)h (s) (4 

1.5 0.15 0.019 0.039 100 0 70 8 33 

Stainless 2.5 0.21 0.032 0.064 73 0 52 8 20 
steel 5.0 0.30 0.064 0.13 51 0 36 8 10 

1.5 0.16 0.019 0.039 72 70 100 22 84 

Platinum 2.5 0.20 0.032 0.064 96 34 92 22 50 

5.0 0.30 0.064 0.13 88 0 62 22 25 

:8.0-pM Ni”OEP dissolved in acetonitrile-methylene chloride (1 /l v/v) that contained 1 .O-mM lithium triflate. 
ES current necessary for complete conversion of 8.0-pM Ni”OEP to the monocation and dication calculated using eq 1. 

‘Analyte diffusion time IO= di/D. where dp is the diffusion distance corresponding to the internal radius rc of the ES capillary and D is a 
yical diffusion coeffbient (i.e., 5 x 10.’ cm /s (191). 

Maximum electrolysis time rE= rrrz//~,, where rc is the internal radius of the capillary. I is the length of the capillary, and v is the 
solution flow rate through the ES capillary. 

‘ES current measured at the front aperture plate of the mass specrrometer. 
‘I,+ is the relative ES mass spectrum Ion current recorded for the monocation. 
gh,42+ is the relative ES mass spectrum ion current recorded for the dication. 
h(lu++ I,,,,,,) is the no rmalized total porphyrin ion current 
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Figure 1. (a) Relative ion currents for the monocation ( Ih,+, 
n~/r 590) and dication (I,,, +, m/z 295) of Ni”OEP (8.0 PM in 
acetonitrile-methylene chloride that contained l.O-mM lithium 
triflate) recorded during six separate continuous infusion experi- 
ments that employed both a platinum and stainless steel ES 
capillary and solution flow rates of 1.5, 2.5, and 5.0 pL/min. 
Intensities are normalized with respect to the largest monocation 
intensity recorded during the different experiments. Shown over 
the bars are the respective values of the ES current i,,, measured 
at the front aperture plate of the mass spectrometer. (b) ES mass 
spectrum of Ni”OEP obtained during the continuous infusion 
experiment carried out at 1.5 pL/min with the platinum capil- 
lary. ES high voltage = 4.0 kV. 

The solution-phase electrolytic origin of these metal- 
loporphyrin mono- and dications is supported by data 
that were obtained by direct observation of the Ni”OEP 
solution used to acquire the data in Figure 1 as it 
exited the ES capillary of a specially designed ES-di- 
ode array detector setup (ES-DAD) [ 121. Because oper- 
ational conditions and ES behavior of the ES-DAD 
system are similar to those of the normal ES setup [12], 
the concentration of the ionic porphyrin species de- 
tected in solution with the ES-DAD should be similar 
to the concentration of these same species that exit the 
capillary in the normal ES setup, which we subse- 
quently detected in the gas phase (Figure 1). The 
UV/visible spectra of Ni”OEP shown in Figure 2 were 
obtained with the ES-DAD setup by using both the 
platinum (Figure 2a) and stainless steel (Figure 2b) ES 
capillaries. For reference, the spectrum of the neutral 
porphyrin (solid curve: A,,, = 386 (E = 2.2 X lo5 
L/mol cm-‘), 510, and 548 nm [6,17,X3]), obtained 
with the ES high voltage switched off, is shown in each 
case. With the platinum capillary (Figure 2a), the 
UV/visible spectrum obtained with the high voltage 
on at a flow rate of 5.0 pL/min (dashed curve) 
demonstrates complete conversion of the neutral to the 
radical cation as evidenced by the absence of the peaks 
at 386, 510, and 548 nm and the appearance of the 
absorbance peak diagnostic of the radical cation at 370 
nm (E = 9.0 x 10” L/mol cm-’ [6,17,181). Because ES 
behaves as a CCE cell [12] and because the potentials 
required for formation of the mono- and dication of 
Ni”OEP are sufficiently separated (about 0.5 V for 
Ni”OEP; see subsequent text), the potential at the 
metal-solution interface within the ES capillary will 
shift to a value sufficiently positive to form the dica- 
tion only after all the neutral porphyrin is oxidized to 
the monocation. This is apparently the case when the 
flow rate is reduced to 1.5 pL/min: the spectrum then 
recorded (dotted curve) shows a decrease in the inten- 
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sity of the absorption peak at 370 nm, which we 
believe is indicative of oxidation of the monocation to 
the dication. This interpretation is consistent with the 
data in Figure 1, which show that the dication is 
observed in the gas phase at a flow rate of 1.5 pL/min, 
but not at 5.0 pL/min. Unfortunately, a UV/visible 
spectrum of the Ni”OEP dication could not be located 
in the literature to confirm this hypothesis. 

The UV/visible spectra in Figure 2b demonstrate 
that for a given set of conditions, the extent of por- 
phyrin electrolysis within the stainless steel capillary is 
less than that observed within the platinum capillary. 
Note that this is true even though the magnitude of is, 
(which ultimately limits the extent of electrolysis [12]) 
recorded with stainless steel capillary is slightly higher 
in this particular case than is, recorded when using 
the platinum capillary. At a flow rate of 5.0 pL/min, 
the spectrum recorded with the high voltage on 
(dashed line) indicates the presence of both the neutral 
compound (peaks at 386, 510, and 548 run) and the 
monocation (low wavelength tail on the peak centered 
at 386 run). Reduction of the flow rate to 1.5 pL/min 
results in more extensive electrolysis of the porphyrin, 
but the appearance of the spectrum indicates that a 
substantial fraction of the analyte that exits the stain- 
less steel capillary is still the neutral molecule. This 
observation coincides with the observed increase in 
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Figure 2. UV/visible spectra of Ni”OEP (8.5 PM in acetoni- 
trite-methylene chloride that contained l.O-mM lithium triflate) 
obtained during continuous infusion experiments with the ES 
DAD setup with a high voltage of 5.0 kV, solution flow rates of 
5.0 FL/min (dashed curves) and 1.5 pL/min (dotted curves), 
and either (a) the platinum capillary (is, = 0.45 PA at both flow 
rates) or fb) the stainless steel capillary fi, = 0.52 PA at both 
flow rates). For reference, the solid line spectra in (a) and (b) are 
that of the neutral Ni”OEP (A,,, = 386, 510, and 548 nm) ob- 
tained with the ES high voltage switched off at a flow rate of 5.0 
pL/min. 

total porphyrin gas-phase ion signal with decreasing 
flow rate (Figure 1, Table 1). Moreover, because neu- 
tral porphyrin remains in solution, the dication will 
not be formed, which is consistent with the observed 
absence of dication in the gas phase under similar 
ES-MS operational conditions. 

We previously demonstrated that the molecular 
monocation of Ni”OEP could be formed in solution by 
one-electron electrolytic oxidation of the neutral por- 
phyrin via the CCE process inherent to ES and that 
these ions subsequently could be observed in the ES 
mass spectrum [9, 12, 131. However, previously we 
were not able to form the dication and observe it in the 
gas phase because we did not use the proper combina- 
tion of ES-MS operational parameters, namely, iEs, 
solution flow rate, and ES capillary material. The con- 
ditions necessary for formation and observation of the 
Ni”OEP dication can be understood in terms of the 
diffusion-limited transport of the analyte for reaction 
at the metal-solution interface within the ES capillary 
and in terms of the current-limited nature of the elec- 
trolytic process inherent to ES [12]. Comparison of an 
estimated maximum analyte diffusion time to and the 
time the analyte remains in the capillary, that is, the 
maximum electrolysis time t,, at the various flow 
rates (Table 1) indicates that the porphyrin molecules 
throughout the capillary should have sufficient time to 
diffuse to the metal-solution interface for reaction, 
even at a flow rate of 5.0 pL/min (i.e., to < 1,). This 
finding is corroborated by the ES-DAD data in Figure 
2a that shows full conversion of Ni”OEP to the mono- 
cation at 5.0 pL/min when the platinum capillary is 
used. However, efficient formation of the dication re- 
quires a longer electrolysis time than formation of the 
monocation because, as mentioned previously, all the 
neutral porphyrin must be converted to the monoca- 
tion before the dication will be formed. Therefore, the 
initially formed monocations that diffuse away from 
the interface after their formation or are expelled by 
the positively charged ES capillary (migration effect) 
must make their way back to the interface for further 
reaction once all the available neutral porphyrin is 
converted to the monocation. If we assume the migra- 
tion effect can be ignored (a valid assumption given 
that the electrolyte concentration is higher than the 
concentration of the analyte), the electrolysis time nec- 
essary for efficient formation of the dication could be 
at least twice the diffusion time shown in Table 1. In 
fact, the dications are observed only at the flow rates 
where t, > 2to. 

The current-limited nature of the electrolytic pro- 
cess is expressed by Faraday’s law shown in eq 1: 

i,, = i, = c niAiFv 
i 

(1) 

where nj is the number of electrons involved in the 
oxidation of one molecule of species j, Ai is the 
concentration of species j oxidized, F is the Faraday 
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constant (9.648 X 10’ C/mall, and v is the solution 
flow rate through the ES capillary. From this equation 
it can be seen that i,,, and the current due to the 
electrolysis reactions in the capillary, that is, the 
faradaic current i,, are equal in magnitude and di- 
rectly proportional to the total amount of material that 
reacts to supply the current. With reference to the 
Ni”OEP data in Figure 1 and calculations based on eq 
1 (Table 11, the magnitude of i,, measured at all three 
flow rates should be sufficient for complete oxidization 
of the Ni”OEP to the dication, provided that it is 
available for reaction and no reactions other than por- 
phyrin oxidation supply i,. (Note that complete elec- 
trolysis was not possible with little or no electrolyte 
added to the solution because of the much lower 
magnitudes of i,,.) In the case of the platinum capil- 
lary, we see in the mass spectra the dication at the low 
flow rates where the porphyrin is available for reac- 
tion, although the conversion efficiency is not 100% 
(i.e., both M+ and M2+ are observed). However, in the 
case of the stainless steel capillary, the dication is not 
observed and the total porphyrin ion signal is less at 
each flow rate than that recorded with the platinum 
capillary. This,indicates that some other reactions must 
be supplying faradaic current that might otherwise be 
supplied by porphyrin oxidation. We believe that at 
least one of these reactions is the oxidation of iron in 
the stainless steel capillary. 

This hypothesis is supported by the work of Kebarle 
and co-workers [8], who have shown that a substantial 
fraction, if not all, of the faradaic current in an ES 
source may be supplied by oxidation of the iron in the 
stainless steel capillary. We found that the cyclic 
voltammograms (CVs; not shown) of Ni”OEP ob- 
tained by using stainless steel and platinum working 
electrodes also supported this contention. The CV data 
showed that both the monocation and dication of 
Ni”OEP could be formed at a platinum working elec- 
trode in acetonitrile-methylene chloride (l/l v/v) as 
evidenced by two distinct and characteristic anodic 
waves (Ni”OEP peak potentials: Epal = 0.84 V and 
E = 1.37 V versus SCE [6]). Consistent with the 
eE:ected behavior in this solvent system [19], there 
was no evidence for oxidation of the platinum within 
this potential range. In contrast, neither the oxidation 
wave for the porphyrin nor the wave due to oxidation 
of the redox reference ferrocene (E = 0.31 V versus 
SCE [193) could be discerned in the CV of Ni”OEP 
recorded with a stainless steel working electrode. This 
was because of an anodic current that at approxi- 
mately 0.8 V began to increase dramatically and con- 
tinued to increase with increasing potential. Such be- 
havior is indicative of the occurrence of a non-diffu- 
sion-controlled oxidation process that we believe is the 
oxidation of iron (and possibly other metals, e.g., 
chromium, nickel, or manganese) in the stainless steel 
electrode. This current begins to increase rapidly at 
about the same potential needed to form the monoca- 
tion of Ni”OEP, but before the potential needed to 

form the dication. Thus, in an ES ion source, one may 
surmise that oxidation of solution species whose redox 
potentials are greater than about 0.8 V, such as the 
dication Ni”OEP, will be precluded when a stainless 
steel ES capillary is used because the major portion of 
i, may be supplied by reaction of the more easily 
oxidized capillary material. By using the ES capillary 
fabricated from platinum, which is much more difficult 
to oxidize than the components of stainless steel, a 
greater fraction of i, may be supplied by oxidation of 
solution species. Oxidation of the components of the 
stainless steel capillary at about 0.8 V also is consistent 
with earlier observations that noted the efficiency of 
the CCE process for analyte ionization-detection in 
ES-MS rapidly decreased for species with redox poten- 
tials greater than about 0.6 V [9,11]. 

As might be predicted on the basis of the foregoing 
discussion, a similar ES-MS data set, which is summa- 
rized in Figure 3, was obtained by using Co”OEP as 
the analyte. In this case, however, the “cleanest” spec- 
tra that contained the dication were obtained with 
0.1~mM lithium triflate in the solution (Figure 3b). 
Higher concentrations of the electrolyte, which in- 
creased the magnitude of i, and the signal levels for 
both the mono- and dication at all flow rates, resulted 
in the production of significant background noise. At 
this point we have not delineated the origin of these 
background ions. However, because the dication of 
Co”OEP is formed at a much lower potential than the 
dication of Ni”OEP (Co”OEP peak potentials: Epal = 
0.76 versus SCE and Epal = 0.92 V versus SCE [6]), 
these ions possibly might result from the further oxi- 
dation of the dication. It should be noted also in this 
case that the magnitude of is, recorded with the 
platinum capillary is higher at each flow rate than the 
current recorded with the stainless steel capillary. This 
difference might be explained by slightly different 
positions of the ES capillaries relative to the front 
aperture plate of the mass spectrometer or possibly by 
differences in the electrolysis reactions that take place 
in the two capillaries that lead to different solution 
compositions and, therefore, different magnitudes of 
i,, [13]. Nonetheless, the observed variations in the 
magnitude of i,, recorded with the platinum and 
stainless steel capillaries under the various ES-MS op- 
erational conditions used in this work probably merit 
further study. 

Conclusions 

We have shown that the dications of Ni”OEP and 
Co”OEP can be formed in solution via the CCE pro- 
cess inherent to ES and that they can be observed in 
the gas phase when ES-MS operational parameters are 
such that the faradaic current (i,, = i,) is sufficient for 
complete electrolysis of the porphyrin to the dication, 
the porphyrin is available for reaction at the 
metal-solution interface within the capillary, and the 
reaction of no other species in the system can supply 
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Figure 3. Relative ion currents for the monocation (lb,+, III/: 
591) and dication (ZM2 +, m/z 295.5) of Co”OEP (7.0 PM in 
acetonitrile-methylene chloride that contained O.l-mM lithium 
triflate) recorded during six separate continuous infusion experi- 
ments that employed both a platinum and stainless steel ES 
capillary and solution flow rates of 1.5, 2.5, and 5.0 pL/min. 
Lntensities are normalized with respect to the largest monocation 
intensity recorded during the different experiments. Shown over 
the bars are the respective values of the ES current i,,, measured 
at the front aperture plate of the mass spectrometer. (b) ES mass 
spectrum of Co”OEP obtained during the continuous infusion 
experiment carried out at 1.5 pL/min with the platinum capil- 
lary. ES high voltage = 4.0 kV. 

faradaic current that might otherwise be used to oxi- 
dize the porphyrin. These operational conditions were 
achieved by the addition of electrolyte to the sample 
solution, which increased the magnitude of the i,,, the 
use of relatively low solution flow rates, which pro- 
vided more time for the porphyrins to diffuse to the 
metal-solution interface and react, and the use of a 
platinum ES capillary, which increased the proportion 
of i, supplied by electrolysis of the porphyrins when 
compared to that proportion supplied when a more 
easily oxidized stainless steel capillary is used. In gen- 
eral, these operational parameters should enhance the 
formation-detection of ions originally neutral in solu- 
tion by ES-MS. This enhancement will be the result of 

both the increased analyte electrolysis efficiency under 
a given set of ES conditions and the ability to effi- 
ciently create-detect ionic species with ES-MS, such as 
the dicatioti of Ni”OEP, that have relatively high re- 
dox potentials (i.e., E > 1.0 V versus SCE). 
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