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The efficiency of nano-electrospray ionization, defined as the flux of ions reaching the detector
of a triple-quadrupole mass spectrometer divided by the flux of analyte ions leaving the
needle, has been measured in a series of controlled experiments with dodecyltrimethyl
ammonium (DDTMA) bromide, myoglobin, Glu- [1]-fibrinopeptide, and gramicidin S. By
varying the flow rate from each needle, the optimum efficiency was determined. In general, the
efficiency increased as the flow rate decreased. For DDTMA, efficiencies of up to 12% were
measured, although efficiencies of �1% were more common. Ion current measurements
indicated efficient transfer of ions from the needle through to the detector. Significant
needle-to-needle variations in efficiency were encountered and attributed to variations in
ion-generation efficiency. (J Am Soc Mass Spectrom 2005, 16, 1702–1707) © 2005 American
Society for Mass Spectrometry

Nano-electrospray ionization (nano-ESI) is gen-
erally recognized as the most efficient method
of introducing a liquid sample for direct anal-

ysis by mass spectrometry. Broadly speaking, nano-ESI
is a form of electrospray, with the same fundamental
ionization process of droplet formation followed by
multiple uneven Rayleigh divisions, and finally desorp-
tion of pre-formed ions from the droplet [1, 2]. The
technique is distinguished from more conventional
forms of electrospray by the fashion in which it is
carried out. One to two microliters of sample is depos-
ited into a glass or quartz tube that has a tip diameter in
the order of 1 �m, and is sprayed from the tip by
applying a voltage to the solution. The actual flow rate
is usually a few nL/min to a few tens of nL/min,
controlled by the diameter of the tip, the voltage ap-
plied, and the backpressure which is sometimes applied
to the tube content. Karas et al. [3–5] have nicely shown
that, in comparison with electrospray, nano-ESI reduces
interference effects from salts and other species and
provides better sensitivity toward a variety of analytes,
including peptides and oligosaccharides, in samples
contaminated by high levels of salts. They attributed
this to the reduced droplet size compared with electro-
spray at higher flow rates.
Nano-ESI is typically used for peptide and protein

analysis because of the ability to analyze a small volume
of sample, and to make the sample last for many
minutes so that various experiments can be performed.
Noncovalent complexes are usually analyzed by nano-
ESI, partly because of the small sample volumes which

are typically available, but also because it is widely
assumed to work better than electrospray for large
complexes in aqueous solvents at low or neutral pH,
although we are not aware of any systematic experi-
ment that has demonstrated this fact.
The defining characteristic of low flow is assumed to

be responsible for the beneficial effect of high ionization
and sampling efficiency, presumably because the drop-
lets are very small and therefore can become well
desolvated, given the experimental conditions em-
ployed. The overall efficiency can be determined by
comparing the ion flux at the detector measured in ion
counts per second at the m/z of the sample ion with the
flux of sample molecules emitted from the needle tip:

� �
ions ⁄ sec

samplemolecules ⁄ sec
(1)

In this equation, the denominator is calculated from the
molar solution concentration and the flow rate, so that
no assumption is made about whether the sample is
ionized in solution. This measurement accounts for all
potential losses including incomplete ionization in so-
lution, incomplete ejection of ions from the droplets,
losses in the source and through the sampling orifice,
losses in the ion optics and the mass spectrometer, and
losses at the detector. The use of ion counting for
detection provides better accuracy and precision than
the use of an electrometer, and does not require knowl-
edge of either the ion charge or the gain of the detector.
Wilm and Mann have reported efficiencies in a triple-
quadrupole system (equipped with a pulse-counting
detector) for a peptide of 1 ion per 1300 molecules [6],
and in a later report, an efficiency of 1 ion per 330
molecules [7]. In the latter study, the quadrupole reso-
lution was reduced to improve ion transmission [7]. In
both cases, the efficiency was calculated by measuring
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the flow rate and ion signal over an extended time
period, and averaging both.
Geromanos et al. [8] performed a very thorough

study of the characteristics of nano-electrospray using
carefully controlled needle diameters, measuring sensi-
tivity at reduced Q1 resolution as a function of flow rate
and position of the needle. Reduced resolution allows
the entire isotopic cluster to be transmitted, and pro-
vides higher transmission through the quadrupole and
therefore higher efficiency, although at the expense of
specificity. They observed both increased sensitivity
and overall efficiency as the flow rate decreased to 1.6
nL/min, although below this level there was no im-
provement. The flow rate was varied by changing the
needle diameter (i.d.) and pressure appropriate (opti-
mum) for each flow rate, so that the results showed
efficiencies when the needle diameter was optimum for
each flow rate. An efficiency of �5% was observed at
the lowest flow rates of 1.0 and 1.6 nL/min. The fact
that the efficiency did not improve when the flow rate
was reduced from 1.6 down to 1.0 nL/min was postu-
lated to be because all available ions were sampled at
the flow of 1.6 nL/min, and further improvements may
not be possible by further reducing the flow rate.
Our goal was to extend the knowledge about the

absolute efficiency by conducting controlled experi-
ments with commercially available nanospray needles
to measure efficiency as a function of flow rate with a
number of individual needles, varying the flow rate
with fixed (although unknown) needle diameter, and to
identify by means of ion current measurements where
the major loss of efficiency occurs. We chose to use a
quaternary ammonium salt, dodecyltrimethyl ammo-
nium (DDTMA) bromide, as the primary model com-
pound. Its property of high surface activity should
provide high sensitivity and minimal competition from
other salts in solution. Additional experiments were
performed with two peptides, gramicidin S and
Glu- [1]-fibrinopeptide (GFB), and a protein, apo-myo-
globin.

Experimental

All experiments were performed on a research test-bed
identical in form to an API 3000 triple-quadrupole mass
spectrometer system, using Q1 at unit mass resolution
(peak width 0.7 Da/e) for analysis, with Q3 in RF-only
mode and no collision gas in Q2. Ion source parameters
were adjusted for each needle as described below. The
potential difference between the orifice and the skim-
mer, which controls the declustering, was set to 30V for
DDTMA and to 50 V for the peptides and proteins.
Other ion optical parameters were not adjusted through
the course of the experiments. In general, relatively
high sample concentrations were employed (actual val-
ues described below), to ensure that only a single
species was present, or at least predominated, in the
solution so that measured ion currents could be com-
pared with calculated fluxes of sample ions. The ion

detector, located at the end of Q3, was a channel
electron multiplier operated at a gain of �107. The
pulse-counting system experiences counting losses at
high count rates (�2 � 106 cps) due to dead-time. The
true ion intensities for DDTMA were determined by
measuring the intensity of the third isotope at m/z 230
and then multiplying by the ratio of the intensities of
the two isotopes (228:230 � 71.5:1), separately deter-
mined for the experimental operating conditions at a
lower count rate.
Nano-ESI needles were purchased from Proxeon

Biosystems (Odense, Denmark) and from New Objec-
tive Inc (Woburn, MA). The Proxeon needles were
originally closed at the tip, and were opened by gently
touching the tips on the orifice plate. The New Objec-
tive needles (1 �m tip diameter) were nominally open
when received, but sometimes needed to be touched to
the plate to start the flow. Both types of needles were
gold-plated externally by the manufacturer to allow
electrical contact to be made to the outside of the tube.
In some of our earlier experiments, we used a stainless-
steel wire inserted into the tube as the electrode, but we
noticed no difference between the two methods. All
experimental results reported here were obtained with
coated needles and electrical contact to the liquid
through the metal coating. Samples were: (1) DDTMA
at concentrations of 1, 2, 10, and 40 �M in 100%
acetonitrile and in 50/50 methanol/0.2% formic acid;
(2) apo-myoglobin at a concentration of 2.4 �M in 50/50
methanol/0.2% formic acid; (3) gramicidin S at a con-
centration of 1 �M in 50/50 methanol/0.2% formic acid;
and (4) Glu- [1]-fibrinopeptide at concentrations of 1
and 10 �M in 50/50 methanol/0.2% formic acid.
Figure 1 shows the experimental set-up. A needle

was loaded with 1–3 �L of sample, and inserted into the
holder. In early experiments, the average flow rate was
measured by weighing the needle before and after
spraying for a set time period. However, weighing
inaccuracies, evaporation losses, and the need to open
the tip before spraying contributed to large experimen-
tal uncertainties. For all of the experiments reported
here, a camera/monitor system with 20�magnification
was used to allow the needle to be viewed against a
background containing a fine wire mesh, with a mea-
sured wire spacing of 0.127 mm. By properly position-
ing the camera, the liquid meniscus at the trailing edge
of the liquid plug could be viewed against the mesh,
and the velocity of the meniscus determined by mea-
suring the time required to travel past a selected num-
ber of mesh cells. Multiplying by the cross-sectional
area of the needle (0.37 mm2) allowed the volume flow
to be calculated, providing near real-time measurement
of the volume flow rate and correlation with the ion
signal.
The flow rate was controlled by a combination of

voltage and backpressure on the liquid in the needle.
The pressure was controlled by using a needle valve as
a bleed line, and was measured with a diaphragm
manometer. Pressures of 50 to 500 torr above atmo-
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spheric were typically used to achieve the correct spray-
ing conditions. After each needle was loaded and
placed in the holder, the voltage and pressure were
adjusted for maximum ion signal. The position of the
needle was also adjustable, but it was found in general
that the signal was not sensitive to minor changes in
position. After establishing the spray and a stable signal
(maximized for sensitivity), the averaged signal (in ion
counts per second) was recorded for a period of 10 s.
The flow rate was measured by timing the movement of
the meniscus over a few mesh cells (typically for 10 to
60 s). The flow rate was then changed by increasing or
decreasing the backpressure and remeasuring the flow
rate and ion signal, readjusting the voltage if necessary
to obtain maximum signal at each flow rate. In general,
the back-pressure had a larger effect on flow rate than
did the voltage.
The electric current from the needle was monitored

with a custom-built picoammeter that was floated at the
needle voltage. In some experiments, a 1 � 1010 �
resistor was mounted between the high-voltage power
supply and the needle. As Enke and Jackson [9]
showed, this can prevent arcing from the needle if the
voltage is increased too high, and it may also suppress
corona discharge, which would contribute unwanted
current to our measurements. We found no difference
in the mass spectrum (above 100 Da/e) when the
resistor was used, and the spray appeared to be some-
what more stable. This is the first report of which we are
aware in which a current-limiting resistor was used
with a nano-ESI source.
In an effort to identify the most significant areas of

ion loss, two experiments were conducted in which the
current to the orifice and to lens elements in the vacuum
chamber was measured with an electrometer (model
630, Keithley, Cleveland, OH,). The current to a lens
element was measured by biasing the lens with a
voltage to attract all ions that reach the lens, and
measuring the current under this condition. This mea-
surement includes all of the current that would nor-
mally pass through the lens, plus the current that would
normally be lost to the lens. Thus, it represents the total
current that reaches the lens. As an example, the total
current to the orifice was measured by reversing the

field downstream of the orifice by making the skimmer
potential �100 V so that all ions passing through the
orifice were turned back and recorded along with those
lost to the orifice on the front side. This current thus
represents all of the current reaching the orifice.

Results and Discussion

Many experiments were carried out over the course of
several months. Impressively, there were several cases
in which efficiencies of between 1 and 12% were
achieved – in the best case, 1 ion detected per 8 DDTMA
ions leaving the nano-ESI tip. This is more than 10 times
higher than the best previously reported by Wilm and
Mann [7] for a peptide (admittedly from a single
experiment, in their case). Where their result was ob-
tained with reduced mass resolution, unit mass resolu-
tion in the resolving quadrupole was maintained in our
experiments. Considering the usual assumptions about
losses through the orifice, the skimmer, the optics, the
mass filter and the Q2/Q3 assembly, the efficiency is
surprisingly high. It implies that there are some ideal
conditions under which very high ionization and sam-
pling efficiency can be achieved. To display the range of
results obtained over all experiments, the results for 34
needles using DDTMA are plotted in Figure 2. This plot
shows the maximum efficiency obtained for each nee-
dle, and the flow rate at which it was achieved. At these
low flow rates, there is no obvious correlation between
maximum efficiency and flow rate. Contained within
this plot are data from four different concentrations (1,
4, 10, and 40 �M), from two solvent compositions
(50/50 methanol/water with 0.2% formic acid, and
100% acetonitrile with no added acid or salt) and from
two different needle manufacturers (Proxeon and New
Objective). By separately plotting the data with com-
mon solvent compositions and common concentrations,
we have found that the correlation does not improve.
However, when efficiency is plotted as a function of

flow rate for one particular needle, then the trend is
much clearer. It seems that each needle has its own
characteristics (independent of the flow rate which can
be a function of the tip diameter), and that the scatter in
the data of Figure 2 is largely attributable to needle-to-
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Figure 1. Nano-electrospray mass spectrometer system. 1 – Nano-electrospray needle. 2 – Grid. 3 –
Pressure gauge. 4 – Needle valve to control backpressure. 5 – Video camera. 6 – Picoammeter to
measure needle current. 7 – High voltage power supply. 8 – 10 G� resistor. 9 – CEM connected to
preamp/discriminator for pulse counting.
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needle variations which were beyond our experimental
control. This became quite apparent during the course
of the experiments, where the same sample loaded into
an otherwise identical needle produced up to a factor of
ten difference in ion signal, even at the same flow rate
(although typical variations were less than this).
Figure 3 demonstrates this effect. Here the data from

several individual needles have been gathered and
plotted separately as efficiency versus flow rate. The
scatter from needle-to-needle is much larger than the
variability in efficiency for one individual needle. The
inverse correlation is evident in every case, although the
coefficients (slopes) are different. In almost every case,
the best efficiency was found at the lowest flow rate.
Other samples showed similar trends, but the data

are sparser. The efficiency of myoglobin (2.4 �M in
50/50 methanol/0.2% formic acid) was measured in
two experiments. Maximum efficiencies (measured by
summing all charge states, in ions per second) of 1.6%
and 4.1% were measured at flow rates of 6 and 15
nL/min, respectively. The efficiencies of two peptides,
gramicidin S and GFB, were also measured (summing
singly and doubly charged ion signals). The maximum
efficiency of gramicidin S ranged from 0.01 to 1% and
that of GFB ranged from 0.1 to 0.3%.
The measurements of ion current were conducted to

elucidate the major areas of ion loss between the needle
and the detector. It also provided an opportunity to
compare the measured ion flux with the calculated
molecular flux from the needle. In the absence of
additional sources of ionization (electrical discharge or
electrochemical) and additional salt or buffer ions, the
measured ion flux, I, from the needle should be simply:

I � QnF (2)

whereQ � flow rate, n � concentration of excess ions in
the droplets, and F � Faraday’s constant. As an exam-
ple, at a flow rate of 20 nL/min (3.3 � 10�10 L/s) and 1
�M sample concentration, the emitted current should
be 31 pA. This assumes the ideal case of complete
ionization in solution, and that all ions in the bulk
solution appear as excess charges in the droplets. In a
real analytical situation, the analyte may not be fully
ionized in solution, and many other ions will be present
at higher concentration than the analyte. We chose a
DDTMA salt so that we may be able to compare the
calculated and measured ion currents, since we can
reasonably expect the DDTMA to be fully ionized in
solution, and that at the concentrations used, other ions
are in a minority in solution. However, the electrospray
process itself requires a minimum current to produce
the formation and ejection of charged droplets, and
additional charge carriers may be formed by electro-
chemical processes at the tip of the needle if the natural
abundance of excess charge carriers is too low. Various
efforts have been made to relate the parameters of
current and flow rate. For example, Schmidt et al. found
that Q � I5.5 [5] in an investigation of flow rates up to
500 nL/min, while Fernandez de la Mora and Loscer-
tales [10] found that Q � I2 for electrospray, as long as
the electrical conductivity of the liquid is �10�5 S/m.
In our experiments, we measured charge or current

balance at a flow rate of 140 nL/min using a solution of
4 �M DDTMA bromide in 100% acetonitrile. With no
added acids or salts, the charge carriers should have
exclusively been DDTMA cations at a concentration of 4
�M. The measured ion current from the nano-ESI tip
was 2.4 nA. From the equation above, the current of
DDTMA ions at a flow rate of 140 nL/min should be
0.91 nA (assuming that the sprayed solution contained
the 4 �M bulk concentration of DDTMA ions), indicat-
ing that the DDTMA ions made up a maximum of 38%
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Figure 3. Efficiency versus flow rate for nine different nano-ESI
needles. All samples were DDTMA in New Objective needles. 1 –
40 �M in MeCN. 2, 3 – 10 �M in 50/50 MeOH/0.2% formic acid.
4, 5, 9 – 4 �M in MeCN. 6 – 1 �M in MeCN. 7 – 4 �M in 50/50
MeOH/0.2% formic acid. 8 – 40 �M in 50/50 MeOH/0.2% formic
acid.
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Figure 2. Maximum efficiency of 34 needles versus flow rate at
which maximum efficiency was obtained. All samples were
DDTMA. Each data point represents the maximum efficiency
measured for one particular needle and sample, and the flow rate
at which it was measured. The symbols represent the following
needles and conditions: Open Square – 4 �M DDTMA in MeCN.
Solid Square – 10 �M DDTMA in 50/50 MeOH/0.2% formic acid.
Open Diamond – 4 �M DDTMA in 50/50 MeOH/0.2% formic
acid. Solid Diamond – 40 �M DDTMA in 50/50 MeOH/0.2%
formic acid. Solid Circle – 1 �M DDTMA in MeCN.
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of the sprayed ion current. The additional charge carri-
ers are likely produced from electrolysis of water,
although the possibility of corona-generated ions can-
not be ignored even in the presence of the 1010 �
resistor. Corona discharge is possible around the very
small jet of liquid produced from the tip of the sprayer
where the electric field strength can be high even at a
voltage of only 1800 V. For example, if the jet diameter
is 1 �m, a voltage of 1800 V would produce an electric
field strength exceeding 30,000 V/cm within 30 �m of
the jet surface. Intermittent or pulsing gas-phase micro-
discharges could, therefore, contribute to the net ion
current.
Table 1 shows the ion currents measured at the

needle, the orifice, the skimmer, and the ion detector
after mass resolution by Q1. The measured ion signal at
the detector, mass-resolved in Q1 at 228 Da/e, was 1.3
� 108 cps, corresponding to a current of 0.021 nA and
an efficiency of 2.3% (0.021 nA of DDTMA, measured at
the detector, compared with a calculated current of 0.91
nA of DDTMA leaving the needle, assuming complete
ionization in solution). The efficiency of transmission
through the orifice was 75%, indicating that the ion
beam (which may also have contained micro-droplets
and clusters) was well directed and entrained by the gas
flow into the vacuum. This efficiency is perhaps not
surprising since the tip position was always optimized
to produce the maximum ion current, and in general
was only 2 to 3 mm away from the orifice. The relatively
high gas flow (�0.6 L/min) through the 0.25 mm
diameter orifice may result in the entire spray being
inhaled. Such high efficiency is not expected for higher
liquid flow rates (�1 �L/min) where the spray is likely
more disperse and the droplets larger in size. In another
experiment, a solution 4 �M DDTMA in 50/50 metha-
nol/water containing 0.2% formic acid was sprayed,
and the ion currents were measured (Case 2 in Table 1).
Maximum efficiency was obtained at a flow rate of 20
nL per min. The flux of DDTMA ions was seven times
lower than in the first case above, but the current from
the needle was much higher because of the presence of
formic acid in the solution—presumably, the majority

of the ion current consisted of hydrated protons in the
droplets. The efficiency of transmission through the
orifice was 47%. The overall efficiency of 1.5% for
DDTMA (see Table 1) was similar to that in the first
experiment, indicating that the competing presence of
formic acid did not inhibit the DDTMA ion current.
This is perhaps not surprising, given the high surface
activity of DDTMA, which should act to significantly
concentrate the ions near the droplet surface and make
them very competitive for evaporation, compared with
the presumably more highly hydrated protons.
The most significant losses in both cases described

were, therefore, not at the atmosphere-vacuum orifice,
but either in the ion source or through the ion optics
and the mass filter. Although the efficiency is close to
the highest previously reported for nano-ESI (5% in
reference [7], there is still a loss of 98% of the maximum
available ions between the needle and the detector. The
following factors could contribute to the missing ion
current:

1. Ionization/desolvation efficiency of less than 100%.
There is no way of telling what percentage of ions in
the liquid end up as free ions in the vacuum, fully
desolvated. The relative absence of observable clus-
ters in the spectrum suggests that small clusters of
individual ions are not present in any observable
amount, but there may still be micro-particles con-
taining DDTMA or multimers of DDTMA [11, 12].

2. Transmission losses through the orifice, through the
skimmer, Q0, interquadrupole lens, Q1 (mass re-
solving), Q2 and Q3 (RF-only).

3. Inefficient detection at the channel electron
multiplier.

Independent experiments were conducted in which the
ion current at the detector was measured with an
electrometer and compared with the ion signal from the
detector. These showed good correspondence suggest-
ing that detector efficiency is at least 50%, a lower limit
set by the precision of our measurement. Transmission
through Q1 at unit mass resolution is estimated to be at
least 33%, measured by comparing resolving to RF-only
operation. Considering the measurements for the
DDTMA solution in pure acetonitrile, (Case 1 in Table
1), the transmission efficiency through these three ele-
ments must be at least 0.75 (orifice) � 0.33 (Q1) � 0.5
(detector) � 0.12 or 12%. This in fact is the same as the
maximum efficiency of 12% that we measured for
DDTMA. While the precision of the measurements and
the estimates suggest that the equivalence is somewhat
coincidental, it does seem reasonable to conclude that
the variation observed in maximum efficiencies (see
Figure 2), ranging from 12% down to below 0.1%, is due
to variations in the ion-emission and desolvation mech-
anism, rather than due to variations in the transmission
efficiency of the remaining ion optics. The transmission
efficiencies of the skimmer and the RF-only quadru-
poles Q0, Q2, and Q3 are all known to be high from

Table 1. Ion currents (nA) measured from the needle to the
detector

Case 1a:
140 nL/min

Case 2b:
20 nL/min

Ion current from needle 2.4 16
DDTMA ion flux from needle* 0.91 0.128
Ion current to orifice 2.4 16.4
Ion current to skimmer 1.8 7.5
m/z 228 Ion current at detector

(Q1-resolved)
.021 .002

Overall efficiency (%) 2.3 1.6

*DDTMA ion flux is calculated from (concentration in solution) �
(flowrate) assuming 100% ionization in solution. Expressed in nA as
calculated from eq 1.
aCase 1: 4 �M DDTMA in acetonitrile
bCase 2: 4 �M DDTMA in 50/50 MeOH/0.2% formic acid.
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independent measurements, and total transmission loss
of 50% through all four together is not an unreasonable
estimate. In any event, the transmission efficiency of
these elements should not vary significantly from one
needle to another. Thus, the overall efficiency of the
entire ion optical path, including orifice, should be
indicated by the best overall efficiency measured—
�12%. While space charge (in the form of ion-ion
repulsion) could possibly affect the transmission effi-
ciency of some elements (the skimmer, for example)
from one needle to another, it seems highly unlikely
that ion currents from some needles could be so large as
to effectively decrease the transmitted analyte signal by
up to a factor or 100. The fact that the overall efficiency
for Case 2 was only marginally lower than for Case 1,
even though the current from the needle was approxi-
mately six times higher, suggests that variations in ion
current were not a major contributing factor to the
variations in overall efficiency. While we do not claim
that the transmission of the ion optics is constant for all
ion sources, where the currents may be much higher, it
seems likely that it was relatively constant under the
experimental conditions described for our nano-electro-
spray experiments.
Given these results, it seems reasonable to suggest that

the low efficiencies that were observed in several cases
must be attributed to inefficiencies in the process of ion
formation and ion sampling from the source. The most
likely explanation is that the spray produced from some
needles contains a large population of droplets which do
not emit the ions of interest in a form that can be fully
desolvated before reaching the sampling orifice This lim-
itation on the kinetics of ion desorption could occur if the
droplets evaporate too slowly (due to large initial size), or
if they contain too much salt or involatile material (per-
haps derived from the inner walls of the needle) to allow
complete desorption of the excess analyte ions before
becoming a solid residue. The initial droplet size is deter-
mined largely by the tip diameter, the voltage, the solution
conductivity, and the flow rate. In many of the repeated
experiments, the solutions were identical, and the only
significant variation was in the individual needles. It
therefore seems likely that the tip size, geometry, surface
roughness, or impurities on the glass surface that become
dissolved in the solution and thereby affect the conduc-
tivity or ion desorption process must be responsible for
the wide variation in efficiencies.
The effect of solution conductivity, and our chosen

model solutions, merit some discussion. The majority of
DDTMA experiments were conducted with a low (1 to 40
�M) concentration of DDTMA in acetonitrile. Fernandez
de le Mora and Loscertales [10] showed that a high
conductivity is required to generate small droplet sizes. It
may be argued that the sample ion concentration in
solution in this current studywas too low to provide good

spraying conditions and, in many cases, electrochemical
reactions or impurities (which could vary from needle to
needle) was relied upon to provide sufficient ion concen-
tration. This could, in principle, lead to widely varying
results. However, the ion current measurements shown in
Table 1 indicate that in the case of DDTMA in acetonitrile,
where the only ionic component in solution was DDTMA
cations, the measured ion current and the calculated
current (based on concentration and flow rate) were of the
same order of magnitude. Clearly, no significant addi-
tional ions were created by electrochemical or other pro-
cesses in this particular case. Hence, even though for
many of the samples we used an unrealistically simple
solution with no added salts or acid, the spray was fine
and the efficiency was good. It is, therefore, unlikely that
the variability we observed was due to uncontrolled (or
lack of) generation of a sufficiently large number of ions
from the other processes, such as corona discharge or
electrochemistry. The most likely explanation seems to be
that uncontrolled variations in the tip diameter, geometry,
or surface roughness can affect the spray process so that
the ion generation process becomes inefficient.
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