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ABSTRACT: Electrospray ionization mass spectra of lanthanide coordination complexes were measured by launching
nanoliter-sized droplets directly into the aperture of an
electrospray ionization mass spectrometer. Droplets ranged in
size from 102 nL to 17 nL, while metal concentrations were
293 μM. The sample solution was delivered to a source
capillary by a nanoliter dispenser at a rate of 21 nL/s, and
droplets were ejected from the capillary by pulsing a potential
onto the capillary. The end of the capillary was situated in front
of the mass spectrometer and aimed directly at the aperture.
The period and power of the electrical pulse was controlled by
a digital energy source. The intensity of the extracted ion time
proﬁles from the experiment showed reproducible production
of lanthanide nitrato-anion complexes (Ce, Tb, and Lu). The integrated ion intensities of the complexes were reproducible,
having relative standard deviations on the order 10% for anions, and 10−30% for cations. The integrated ion intensities were
proportional to the droplet size, and the response was linear from about 100 to 650 pmol. However, the intercept is not zero,
indicating a nonlinear response at lower analyte quantities or droplet sizes. Cation complexes were generated in separate
experiments that corresponded to lanthanide nitrate ion pairs coordinated with the separations ligand octyl,phenyl,(N,Ndiisobutylcarbamoyl)methylphosphine oxide (CMPO). Experiments showed a preference for formation of CMPO complexes
with Ln3+ having larger ionic radii. The relative standard deviation values of the cation abundance measurements were somewhat
higher for the more highly coordinated complexes, which are also less stable. The mass spectral quality was high enough to
measure the ratios of the minor isotopic ions to a high degree of accuracy. The approach suggests that the methodology has
utility for analysis of solutions where the sample quantity is limited, or where the sampling eﬃciency of a normal ESI source is
limiting on account of hazards derived from the sample solution.
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magnitude of the induced charge is correlated with surface area
of the droplet3 and causes repulsion between the capillary tip
and the droplet, launching the droplet with suﬃcient energy to
traverse the distance between the capillary and a target. Related
approaches were ﬁrst reported by Lord Raleigh4 and
commercialized in the 1950s.5 In the MALDI analysis of
bradykinin, nanoliter targets generated using IBF displayed
signiﬁcantly improved response.2 Similarly, MALDI analyses of
polymer targets made using IBF had notably enhanced intensity
and signal-to-noise, likely on account of increased surface
concentration of polymer analyte compared to microliter
droplet deposition and possibly because of ﬁeld-enhanced
crystallization.6 The improved sensitivity and precision
motivated the use of IBF to prepare samples of single neurons

ver the past 10−15 years, droplets have found increasing
utilization in analytical chemistry, particularly for sample
collection. A microliter-sized droplet of a nonmiscible ﬂuid
formed on the end of a syringe or capillary can be inserted into
a sample liquid or headspace, whereupon partitioning of analyte
into the droplet will occur. The droplet can be retracted and
then analyzed directly using GC or a comparable technique.1
Recently, even smaller droplets have been used for accurately
and reproducibly forming samples for MALDI analyses. A
technique referred to as induction-based ﬂuidics (IBF) has been
used to form and shoot droplets of ionic liquids having volumes
as small as 20 nL at MALDI targets, and subsequent analysis of
these targets resulted in higher sensitivity and better
reproducibility compared to direct deposition of microliter
volumes.2 IBF functions by forming a nanoliter droplet on the
end of a Gaussian surface, such as a nonconducting capillary.
The capillary is connected to an electrical source, and
application of a pulse results in induction of surface charge
on both the capillary and on the surface of the droplet. The
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for peptide analysis using MALDI.7 IBF has also been used to
deposit nanoliter droplets of glycerol onto surfaces, where the
glycerol solubilizes analytes, enabling measurement using liquid
secondary ion mass spectrometry with signiﬁcantly improved
sensitivity.8
Because IBF accurately transfers solutions from a sample
delivery device to a desired target location, it also has
application for improving the eﬃciency of sample transfer to
electrospray ionization (ESI) mass spectrometers.9 ESI
revolutionized analytical chemistry, enabling mass spectrometric analysis of a truly vast array of chemicals,10 including metal
complexes.11 However, a drawback is that the large majority of
the sample is not transferred into the mass spectrometer
aperture. This is a consequence of the fact that charged droplets
produced by the electrospray capillary Coulombicly repel each
other and adopt trajectories that are signiﬁcantly deﬂected from
the aperture axis. The majority of the solutes in these droplets
will not be sampled but will instead be deposited on the outside
of the ESI source. In instances where the sample is limited, or
where the sample has hazardous characteristics, such deposition
is undesirable, and so there is a need for an alternative means
for more accurately transferring droplets into the mass
spectrometer aperture. The possibility of using IBF to achieve
a higher delivery eﬃciency stems from the fact that IBF
launches sample droplets in a one-at-a-time fashion; accordingly droplet−droplet repulsion is not a factor, and droplet
trajectories can be aligned with the aperture axis with a high
level of accuracy. Preliminary studies had shown the feasibility
of using IBF for ESI analysis of single droplets containing a
range of metals, pharmaceuticals, and peptides.9a,b
In the present experiments, an IBF source was aligned with
the aperture of an ESI mass spectrometer, and the instrument
was used to analyze nanoliter-sized droplets of solutions
containing lanthanide (Ln) nitrates and an organic ligand used
in solvent-extraction processes for metal separations, namely
octyl,phenyl,(N,N-diisobutylcarbamoyl)methylphosphine oxide
or CMPO. The motivation for analyzing this particular type of
sample is that lanthanide recovery and utilization are topics of
increasing importance as a result of their scarcity and thus fast
eﬃcient means for measuring speciation are needed. The
analysis of lanthanide metals is also important in solutions
generated by nuclear fuel recycling, which tend to have high
HNO3 concentrations. These issues have motivated a number
of ESI-MS studies of lanthanide-containing solutions.12 One
particularly challenging problem is separation of the trivalent
transuranium elements from the lanthanide ﬁssion products,
and CMPO has been extensively studied as a possible
complexant for use in this separation.13 The importance of
CMPO-type ligands motivated Crowe and colleagues to study
lanthanide (Ln) coordination complexes of the bis-phenyl,
(N,N-diisobutylcarbamoyl)methyl-CMPO derivative using ESIMS.14 ESI of nitric acid-containing solutions produced mainly
[Ln(NO3)2(CMPO)2]+, and collision-induced dissociation
studies showed that HNO3 is eliminated from these complexes
with decreasing energy as one proceeds across the 4f period.
This observation was interpreted in terms of stronger CMPO
binding/weaker NO3− binding as the ionic radius decreases on
going from La3+ to Lu3+. These results highlighted the rich level
of information that can be garnered from ESI-MS analyses of
these systems, which in operating processes would be quite
radioactive. These issues and prior results provide the impetus
for investigating sample introduction methodologies having
higher transmission eﬃciencies.
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EXPERIMENTAL SECTION

The induction-based ﬂuidics device was procured from
Nanoliter LLC (217 Garﬁeld Drive, Henderson, NV 89074);
it consists of a DC power supply coupled to a digitally
controlled pump that was that was operated at a rate of 21 nL/
s. The droplets were ejected by application of a programmed
electrical pulse or wave applied anywhere from a few hundred
milliseconds to several seconds after droplet accumulation was
initiated. The electrical pulse or wave was supplied by a patentpending nanoLiter Cool Wave programmable DC power
supply to apply a DC wave or pulse with a value, form, and
duration that are of suﬃcient ﬁeld strength and duration to
eﬀect single droplet launch to the mass spectrometer from a
Gaussian surface, in this case a capillary.15a,b This capillary was
either a 150 μM o.d./50 μM i.d. section of fused silica capillary
(∼1 cm in length) or was a glass capillary joined to a nanoLiter
Cool Wave microliter syringe where a glass sleeve was
employed to compression ﬁt the parts together. A standard
Hamilton capillary syringe was also used, and both of these
apparati worked equally well. The dispenser was aimed directly
at the aperture of the mass spectrometer and was situated such
that the end of the capillary was on the order of 3 mm from the
aperture entrance. Any closer than that resulted in signiﬁcantly
poorer signal intensities, presumably because the drop had
inadequate evaporation time prior to entering the sampling
capillary downstream of the sampling aperture.
A Bruker Daltonics (Billerica, MA) MicrOTOF-QII electrospray ionization mass spectrometer was used for these
experiments. Normally, the instrument consists of an ESI
source that is connected via a transfer capillary to a quadrupole
mass analyzer, a collision cell, and a time-of-ﬂight mass
analyzer. This combination enables high mass resolution/high
mass accuracy mass measurement suﬃcient for assigning
elemental composition, and collision-induced dissociation−
mass spectrometry/mass spectrometry experiments. Mass
resolution was on the order of 8000 m/Δm (10% valley
deﬁnition, Figure S1, Supporting Information), and mass
accuracy was generally within 6 ppm, operating with an
external calibration against the tuning mixture ESI-L (Table S1,
Supporting Information, Agilent Technologies, Santa Clara,
CA), and improved to <1 ppm when ﬁles were calibrated
internally (Table S2, Supporting Information).
In the present experiment, the ESI source was removed,
which enabled the IBF capillary to be situated in front of the
sampling aperture. The mass spectrometer was operated using
the standard Bruker settings for negative electrospray ionization
(Table S3, Supporting Information), with the exception that
the number of microscans averaged per scan was reduced from
5000 to 500, which enabled spectral acquisition at a rate of 10
Hz. This was necessary to keep up with the rapid intensity
changes caused by the droplet solutes traversing the mass
spectrometer. The dry gas temperature at the spectrometer
aperture was maintained at 80 °C. This value is signiﬁcantly less
than that normally used, but at higher values, rapid evaporation
of the drop occurred at the capillary, which interfered with the
process of repelling the drop into the aperture. The drying gas
ﬂow rate was set at 4 L/min.
Solutions of cerium, terbium, and lutetium nitrate salts were
gravimetrically prepared to a concentration of 2.93 mM in H2O.
A volume of 100 μL of these solutions was diluted by the
addition of 200 μL of an ethanolic CMPO (Strem Chemicals
Inc., Newburyport, MA) solution with a concentration of 580
6399
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μM, and 700 μL of acetonitrile. CMPO does not show up in
the negative ion mode. The ﬁnal concentrations were 293 μM
lanthanide and 116 μM CMPO.

the minor isotopes 136Ce and (142Ce + 15N) at m/z 384 and
391 were measured within 10% percent of their theoretical
values. Isotopic ions containing 138Ce and (140Ce + 15N) at m/z
386 and 389 were measured at values 83% and 17% higher than
theoretical. The apparently inaccurate values could be due to
higher energy, low mass tails of the very abundant ions one
mass unit higher at m/z 388 and 390; however, the exact cause
has not yet been determined. Terbium is monoisotopic, with
the most abundant peak in the isotopic envelope of
[Tb(NO3)4]− is at nominal m/z 407, with minor isotopic
ions one and two mass units higher (m/z 408 and 409) that
contain principally 15N and 18O, respectively. The minor
isotopic ions are measured within 16% and 7% relative to their
theoretical values, with poorer accuracy observed in the ion
proximate to the major isotopic peak at m/z 407. Lutetium has
a major isotopic ion at m/z 423 in the [Lu(NO3)4]− isotopic
envelope, with a minor isotopic peak at m/z 424 that mainly
contains 15N, and an isotopic peak at m/z 425 that arises from
18
O. The relative abundances of the minor isotopes in the Lu
complex are within 6% and 3% of their theoretical abundances,
respectively. These results suggest that the abundances of the
minor isotopic ions could be measured with good accuracy
from the single droplet data, particularly if a mass analyzer with
better baseline discrimination was employed.
Reproducibility was evaluated using the digital energy source,
which applies potential to the droplet capillary at a
predetermined rate. In these experiments, the pump was
operated to deliver sample solution at a rate of 21 nL/s. The
rate at which the potential was pulsed was initially 0.204 Hz,
which resulted in ejection of a drop from the end of the
capillary every 4.89 s. This is seen beginning at 180 s in the
temporal infusion proﬁle shown in Figure 3. The pulse rate was
then speeded up to 0.326 Hz, which produced a drop every
3.07 s (section beginning at 275 s). The pulse rate was again
increased to 1.23 Hz, producing a drop every 0.813 s
(beginning at 362 s). The sequence was then reversed, which
demonstrated the ability to systematically decrease the rate of
droplet formation. The mass spectra acquired for the drops
produced by the faster pulse rates were identical to those
produced by the slowest pulse rate.
We next evaluated the precision of the droplet delivery at the
three diﬀerent droplet delivery rates. Because the pump was
running continuously, the drop volume and the quantity of
solute varied linearly with the number of seconds required for
formation of each drop. The precision of the mass
spectrometric ion signal from the droplets was calculated (as
percent relative standard deviation) for the total ion current
and extracted ion currents for the major isotopic peaks of the
three [Ln(NO3)4]−; values ranged from 7% to 13% (Table S5,
Supporting Information). When the integrated peak areas were
plotted versus the moles of lanthanide in each droplet, a linear
relationship was observed for all four ions of interest, from
about 100 to 650 picomol/droplet (Figure 4). The plots do not
go through the intercept, which may be because the sample has
not cleared the mass spectrometer before the next drop is
delivered. This phenomenon is most easily observed in the ion
proﬁles of the drops formed at the rate of 1.23 Hz, where the
extracted ion intensities only decrease to about 30% of their
peak intensity before the next drop is delivered. On the other
hand, the trend indicated by the MS peak intensities from the
0.326 and 0.204 Hz droplets also indicates a nonzero intercept,
and in these cases, the peak proﬁles clearly do return to zero.
An alternative explanation might be that the plot of the peak

■

RESULTS AND DISCUSSION
Anion Analyses. Analysis of a single droplet of a solution
containing Ce, Tb, Lu, and CMPO furnished a negative ion
mass spectrum containing the tetrakis-nitrato complexes of the
three lanthanide metals [Ln(NO3)4]− (Figure 1). In addition, a

Figure 1. Negative ion mass spectrum of a single 17 nL droplet of a
lanthanide nitrate solution (293 μM).

lower abundance ion was identiﬁed as [CeO(NO3)3]− that
arises from oxidation of the cerous cation. This could occur in
the standard solution or in the electrospray capillary, but the
location where this is occurring has not been identiﬁed.
Substituting the IBF source for the standard ESI source did
not compromise the function of the TOF mass spectrometer.
The accurate m/z values measured for the nitrato clusters were
within a few tenths of a part per million (Table S2), and the
relative abundances of ions containing minor isotopes of the Ln
metals, oxygen, and nitrogen were very close to theoretical
values (Figure 2; Table S4, Supporting Information). In the
isotopic envelope of the [Ce(NO3)4]− complex, the most
abundant ion is at nominal m/z 388, which primarily
corresponds to [140Ce(NO3)4]−, and an abundant isotopic
ion is seen at m/z 390, which is principally [142Ce(NO3)4]−.
The relative abundances of these two ions and those containing

Figure 2. Comparison of abundances of minor isotopes with
theoretical values. Left, [Ce(NO3)4]− isotopic ions. Right, [Tb(NO3)4]− and [Lu(NO3)4]− isotopic ions. Filled circles are averages of
ﬁve droplets, with one standard deviation error bar. Open diamonds
are theoretical values for the isotopic ions.
6400

dx.doi.org/10.1021/ac400863g | Anal. Chem. 2013, 85, 6398−6404

Analytical Chemistry

Article

Figure 3. Infusion proﬁles of a series of individual droplets. (a) Total ion proﬁle, showing ﬁve diﬀerent frequency regimes. (b) Extracted ion proﬁle
of m/z 422.9, [Lu(NO3)4]− from 400 to 500 s.

This explanation is supported by the partially truncated peak
proﬁles discussed below and suggests eﬃciency of ion
formation from solutes in the concentration/droplet size ranges
used in these experiments compared to lower concentrations or
droplet sizes.
The mass of metal solute in the droplets was on the order of
a few hundred picograms, and the signal-to-noise and intensity
levels of the mass spectral and infusion proﬁle peaks suggested
that detection of smaller quantities is achievable. A close
examination of the infusion proﬁle peaks reveals a somewhat
truncated peak top that suggests saturation of the mass spectral
response, a conclusion consistent with the delivery of all of the
analyte over a very short time frame. This in turn suggests that
measurement of lower concentrations, smaller analyte volumes,
or using faster MS duty cycles would be feasible, and that
detection limits may well be in the low picogram range.
Cation Analyses. The cation analyses of lanthanide nitrate
solutions are signiﬁcantly more complex than their negative
counterparts, in part because there are multiple, neutral
nucleophilic components in solution capable of participating
in positively charged coordination complexes: these include
NO3−, CMPO, and acetonitrile (Figure 5). Ion compositions
were made on the basis of accurate m/z measurements (Table
1), which in general were within 5 ppm of the theoretical

Figure 4. Areas of extracted anion proﬁles versus moles of Ln per
drop.

areas versus droplet solute quantity may have a partially
logarithmic character, which would mean that solutes are more
sensitively detected when the total quantity of solute is lower.

Figure 5. Positive ion spectra of a solution of Ce, Tb, and Lu nitrates with CMPO.
6401
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The digital energy source was used in these experiments to
repetitively deliver 104 nL droplets to the TOF mass
spectrometer (Figure 7). The quality of a mass spectrum

Table 1. Cation Complexes Observed in the Mass Spectrum
of a Single Droplet of Ce3+, Tb3+, and Lu3+ Nitrates (293
mM) with CMPO (116 mM)
composition
[Ce(NO3)(CH3CN)3]2+
[Tb(NO3)(CH3CN)3]2+
[Lu(NO3)(CH3CN)3]2+
[Ce(NO3)(CMPO)(CH3CN)]2+
[Tb(NO3)(CMPO)(CH3CN)]2+
[Lu(NO3)(CMPO)(CH3CN)]2+
[Ce(NO3)(CMPO)(CH3CN)
(H2O)]2+
[Tb(NO3)(CMPO)(CH3CN)
(H2O)]2+
[Lu(NO3)(CMPO)(CH3CN)
(H2O)]2+
[Ce(NO3)2(CH3CN)2]+
[Tb(NO3)2(CH3CN)2]+
[Lu(NO3)2(CH3CN)2]+
[Ce(NO3)(CMPO)2]2+
[Tb(NO3)(CMPO)2]2+
[Lu(NO3)(CMPO)2]2+
[Ce(NO3)2(CMPO)]+
[Tb(NO3)2(CMPO)]+
[Lu(NO3)2(CMPO)]+
[Ce(NO3)(CMPO)3]2+
[Tb(NO3)(CMPO)3]2+
[Lu(NO3)(CMPO)3]2+
[Ce(NO3)2(CMPO)2]+
[Tb(NO3)2(CMPO)2]+
[Lu(NO3)2(CMPO)2]+

theoretical
m/z

measured
m/z

ppm
error

162.4859
171.9959
180.0036
325.1070
334.6170
342.6247
334.1123

162.4859
172.0018
180.0035
325.1063
334.616
342.6213
334.1124

0.00
34.
−0.56
−2.2
−3.0
−9.9
0.30

343.6222

343.6213

−2.6

351.6300

351.6269

−8.8

345.9336
364.9535
380.9690
508.2414
517.7513
525.7591
671.1758
690.1957
706.2112
711.8891
721.3990
729.4067
1078.4712
1097.4911
1113.5065

345.9337
364.9518
380.9682
508.2411
517.7526
525.7594
671.1755
690.1961
706.2117
711.8894
721.3965
729.4087
1078.4711
1097.4891
1113.5062

0.29
−4.7
−2.1
−0.59
2.5
0.57
−0.45
0.58
0.71
0.42
−3.5
2.7
−0.09
−1.8
−0.27

Figure 7. Positive ion proﬁles generated by individual drops. (a) Total
ion current. (b) Singly charged complexes, [Ln(NO3)2(CMPO)]+. (c)
Doubly charged complexes, [Ln(NO3)(CMPO)2]2+. The Ce and Tb
proﬁles are oﬀset from the baseline.

generated for an individual droplet was nearly identical to that
generated by averaging 56 droplets (Figure 5), which indicated
that a single droplet was suﬃcient to characterize the solution.
Precision was evaluated by calculating percent relative standard
deviation values (%RSD), which for the total ion current was
8.6% (Table S6, Supporting Information). The %RSD values
for the complexes containing a total of three ligands were in the
range of 10−15%; however, in the most coordinationally
crowded complexes, higher values on the order of 20−30%
were calculated. We believe that this reﬂects the sensitivity of
the more highly coordinated complexes to small changes in
droplet size or temperature although more study will be needed
to further understand variability and reﬁne precision.
The mixed metal experiments suggest that the relative aﬃnity
of the cations for CMPO in the droplets decreases in the order
Ce3+ > Tb3+ > Lu3+. Fractional ion abundances (fa) were
calculated by dividing the integrated ion intensity (i) for a given
metal coordination complex by the sum of intensities of all
three metal (M) complexes having the same composition, i.e.,
for [Ce(NO3)(CMPO)2]2+,

values; several ions displayed poorer accuracy which was
attributed to unresolved doublets or low ion intensity which
precluded accurate centroiding. The positive ESI mass spectra
are complicated by the fact that 1+, 2+, and 3+ ions can be
formed, a consequence of the 3+ oxidation state of the
lanthanide cations. The most abundant ions in the mass
spectrum are the 2+ complexes [Ln(NO3)(CMPO)n]2+ (n = 2,
3, 4); for example, the Ln = Ce, n = 2 complex accounts for the
base peak at m/z 508.24 (Figure 6). Tris-CMPO complexes are

fa[Ce(NO3)(CMPO)2 ]2 +
= i[Ce(NO3)(CMPO)2 ]2 + /

∑ (i[Ln(NO3)(CMPO)2 ]2 + )
For the 1+ complexes containing CMPO, Ce3+ fa values ranged
from ∼0.6 to 0.8, compared to values of 0.2−0.3 for Tb3+, and
<0.1 for Lu3+ (Figure 8). The same trend was seen for
acetonitrile-containing complexes without CMPO, although the
diﬀerences were not quite as great. For the 2+ complexes, a
comparison of the metals showed that even more pronounced
diﬀerences in fa values, with Ce3+ accounting for ∼0.8, Tb3+ <
0.2, and Lu3+ < 0.1. This shows that in the competitive
environment of the IBF droplet, the more abundant complexes
are formed from the metals having larger ionic radii, which in
turn suggests that the complexes involving the lighter

Figure 6. [Ce(NO3)(CMPO)2]2+ structure.

also abundant, while tetrakis-CMPO complexes are formed at
low abundance. Doubly charged ions complexed with
acetonitrile are formed, but these are in much lower abundance,
as expected given the much lower nucleophilicity of the
acetonitrile molecules. The most abundant singly charged
complexes are composed of Ce3+ and two NO3− with one, two,
or three CMPO ligands. Singly charged complexes without
CMPO contain acetonitrile instead, but these are much lower
in abundance.
6402
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dispensed from the pump is actually less than physically
delivered to the mass spectrometer due to evaporation, and it
has been shown that nanoliter droplets of various solutions
have picocolumb charges,3 similar to electrospray. In addition,
we note that the mass spectra observed via IBF were in very
good agreement with those generated using normal electrospray ionization,9a leading us to the opinion that the eﬃciency
of ion production from droplets produced by IBF is probably
similar to that of electrospray. These hypotheses are presently
being investigated by additional studies, and preliminary results
indicate that very low quantities of organics can be measured in
single nanoliter droplets, provided the duty cycle of the mass
spectrometer is suﬃciently fast, or ion trapping is properly
synchronized with droplet launching.
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Figure 8. Fractional abundance (fa) values for lanthanide coordination
complexes containing Ce3+, Tb3+, and Lu3+. Top, 1+ complexes.
Bottom, 2+ complexes.
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CONCLUSIONS
The eﬃciency of analyte transfer from sample solution to the
mass spectrometer in electrospray ionization is typically a very
small fraction. This attribute can create less-than-desirable
analytical operations if there is only a very small quantity of
analyte, or if the analyte possesses hazardous properties that
would compromise safety when servicing the ESI source. In the
present experiments, sample introduction having very high
transfer eﬃciency was achieved using an induction-based
ﬂuidics device, which functions by launching single droplets
from the end of a capillary directly into the ESI aperture of the
mass spectrometer. The experimental setup enabled acquisition
of positive and negative ion mass spectra of lanthanide nitrate
solutions amended with a complexing ligand (CMPO) used in
the solvent extraction processes, where the samples can be
quite radioactive. The fact that apparently the entire sample is
transferred into the mass spectrometer suggests that radiological control problems derived from loose contamination in
the source region can be largely mitigated, which would enable
a much broader suite of analyses for samples having this type of
hazard.
The fact that all of the sample is transferred to the mass
spectrometer also suggests that the measurement sensitivity in
terms of analytical signal per mole of analyte consumed could
be signiﬁcantly higher than in the case of conventional ESI. Of
course, transfer of solute into the mass spectrometer is only one
part of the process; however, it is a step that has traditionally
suﬀered from low eﬃciency. There is uncertainty regarding the
nature of the droplets produced by IBF, speciﬁcally that droplet
size may be signiﬁcantly larger compared to conventional
electrospray approaches leading to poorer ion production
eﬃciency. Yet it is noted that experimentally the volume
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