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Source of heavy molecular ions based on Taylor cones of ionic liquids
operating in the pure ion evaporation regime
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The full spray emitted by Taylor cones of the ionic liquid 1-ethyl-3-methyl imidazolium
tetrafluoroborate (EMI1BF4

2) held in a vacuum is investigated at room temperature by time of flight
mass spectrometry. The current is composed mainly of ions under most conditions studied, but
contains a small component of nanometer drops that tends to dominate the emitted mass flow.
Exceptionally, drop ejection vanishes close to the smallest flow rate at which the Taylor cone is
steady. The present discovery of a stable strictly ionic regime in Taylor cones of substances other
than liquid metals owes much to earlier observations with sulfuric acid, where most but not all the
current was ionic. Most striking is the fact that this purely ionic regime is obtained at an electrical
conductivityK of only 1.3 S/m, much smaller than that of sulfuric acid, and smaller than that at
which formamide electrolytes withK.2 S/m do still emit substantial drop currents. The ion
emission includes primarily the dimer (EMI–BF4)EMI1, accompanied by fair currents of the
monomer EMI1 and the trimer ions. The modest spread of ion energies observed and considerable
currents attained~0.6 mA! suggests the use of this and other ionic liquids as ion beam sources with
a much wider range of mass/charge and chemical compositions than previously available. The
present data provide a direct proof of the reality of the often doubted mechanism of ion evaporation
from liquid surfaces. ©2003 American Institute of Physics.@DOI: 10.1063/1.1598281#
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I. INTRODUCTION

Ion beams may be generated in a variety of ways: fr
gas or plasma sources; from positively charged liquid m
surfaces by field evaporation from the tip of a Taylor con
from solid surfaces, for instance by laser ablation ionizati
etc. Unfortunately, these methods are able to yield only r
tively restricted classes of ionic species. For instance,gas
sourcesmay form ion beams only of gaseous or volat
substances. Liquid metal ion sources rely on charging
surface of a molten metal held in a vacuum to a high volta
with respect to a neighboringextractor electrode. Within a
suitable range of voltage differences, the charged liquid m
niscus forms a so-called Taylor cone, whose sharp apex
gion emits predominantly metal ions. Such sources have h
brilliance and can be focused into submicron spots.1 But they
can deliver only ions of metals, with exclusion of all neg
tive species. Existing ion beam sources are therefore lim
to mass/charge (m/q) values smaller than 200 Dalton, suc
as Cs1 ~133 Dalton!, or Au1 ~197 Dalton! in liquid metal
ion sources, or Xe1 ~131 Dalton! in plasma sources. The
are also restricted in chemical composition, limiting the p
sibilities to combine chemical attack with purely physic
erosion in applications such as etching. Hence, no che
cally assisted focused ion beam analog exists to the etc
processes commonly performed with the assistance
masks. Because chemical composition and mass/charg

a!Electronic mail: juan.delamora@yale.edu
3590021-8979/2003/94(5)/3599/7/$20.00
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key parameters determining the properties and breadth
applications of ion beams, there is a need to introduce n
ion sources able to cover a much wider range of ionic che
cal composition andm/q than presently available. One of th
advantages to be expected from ion beams of increasedm/q
are decreased space charge limitations per unit mass
~hence, the ability to focus more sharply a more intense fl
of ions for localized deposition or erosion!. Increased ionic
mass is also of much interest in electrical propulsion,
cause it could reduce drastically the energy consumed
unit thrust while still yielding high specific impulse.

Electrostatic atomization via Taylor cones of organ
electrolytes~rather than liquid metals! has provided a related
but different scheme to produce charged beams in a vac
environment.2 These beams are generally composed prim
rily of liquid drops, but sometimes contain also solute ion
In these systems, a liquid of low volatility and electric
conductivity K is supplied at a mass flow ratem8 ~kg/s! to
the tip of a capillary tube. A voltage differenceV is estab-
lished between this tip and a neighboring electrode, gener
called theextractor. Within a suitable range of values ofm8
and V ~where mmin8 ;1/K), the liquid meniscus takes th
form of a cone, whose tip ejects a steady microjet, which
turn breaks into drops. This structure is often referred to a
cone jet, following the classification of Cloupeau an
Prunet-Foch.3 The spray of drops streaming from the end
the jet is generally referred to as anelectrospray, a term that
has had a large impact in mass spectrometry.4 When the cone
jet forms in a vacuum environment, the charged drops p
9 © 2003 American Institute of Physics
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duced are accelerated by the voltage differenceV towards
the extractor, and pass through an orifice in it, forming
beam. These beams of charged drops have proven use
applications such as electrical propulsion2 and surface
cleaning.5 This approach has been successful mainly w
glycerol electrolytes, having high dielectric constant and
relatively small volatility. Furthermore, Taylor cones of gly
erol held in vacuum in a multicone highly stressed regi
under high voltage are capable also of producing ions
dissolved substances, and this feature has found applica
in mass spectrometry.6 However, the electrospraying tech
nique to produce beams of small drops and ions in vacuo
been limited by the relatively large size and associated la
m/q of the drops, and by the relatively small concomitant i
currents; also by the wide range of energies and solva
states in which the ions are produced. In other words, Ta
cones of glycerol are ineffective as ion sources, with low
intensities, and wide energy andm/q distributions.

The poor performance of glycerol Taylor cones as io
sources has long been known to be due to its high visco
which greatly hinders ion mobility and limits its room tem
perature electrical conductivityK to values below 0.02 S/m
As soon asK is increased to values in the range of one o
few tens of S/m, one encounters a behavior akin to tha
liquid metals, where ion currents dominate over drop c
rents. Such an interesting situation has been described
sulfuric acid,7 though only once, and with scanty detail.
has never been pursued further, either with this acid or
other comparatively conducting liquid. The most conduct
organic electrolytes so far electrosprayed in vacuum h
been based on formamide solutions, withK values of about 2
S/m.8–10 They lead to ion currents up to several times larg
than the corresponding drop currents, but most of the liq
mass is still ejected in the form of drops. These studies h
found applications in electrical propulsion,11 and offer also
some promising new possibilities for ion beam generati
However, it would be more desirable for ion source devel
ment to identify liquids operating much closer to the pure
evaporation regime, if it really exists. This regime can pro
ably be approached and even reached with a handful o
ganic solvents such as formamide and propylene carbon
However, these solvents are somewhat volatile at room t
perature, and their evaporative loss makes the unambig
interpretation of their emissions difficult. A natural altern
tive to reach this purely ionic regime of Taylor cones ov
the conductivity range from 2 to a few tens of S/m is to se
substances similar to sulfuric acid, namely, purely ionic m
terials in the liquid state. Many molten salts do indeed re
conductivities in the desired range at temperatures at w
they still have negligible vapor pressure. They also offe
wide range ofm/q ratios and chemical compositions. Fu
thermore, their study can now be undertaken under sim
fied experimental conditions thanks to the discovery a
commercial availability of room temperature molten sa
often referred to also asionic liquids. A number of water and
air stable ionic liquids are known with room temperatu
conductivities in the range of 1 S/m.12 Even more interest-
ingly, their volatilities remain negligible at temperatures w
above 100 C, whereK values in excess of 10 S/m ar
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expected.13 The vast range of possible combinations of a
ions and cations potentially leading to room temperat
ionic liquids and the rapid rate at which new ones are ac
ally synthesized every year assures that many will soon
come available for ion beam generation.

Given our long-term goal of developing Taylor-con
based heavy ion beam sources for electrical propulsion,
have examined various heated ionic liquids. Our starting m
terial was the most conducting of those commercially av
able~Fluka!, 1-ethyl-3-methyl imidazolium tetrafluoroborat
(EMI–BF4). The striking finding that the purely ionic re
gime can be reached with this fluid, even at room tempe
ture, has warranted the present report.

II. EXPERIMENT

An experimental system has been built based on a
vious time of flight~TOF! setup,14 as sketched in Fig. 1. The
liquid is introduced from a propylene vial (1 cm3) into the
sharpened tip of a silica needle@20 or 40mm inner diameter
~i.d.!# raised to high voltageV and facing an extractor elec
trode whose potential was kept at28 V. The liquid flow rate
is controlled through the pressureP in the vial, but is not
directly metered. The chamber is evacuated by a small
bopump ~Leybold, 50 l/s! backed by a mechanical pump
The stable Taylor cone forming at the needle tip is ground
at time t50, and the arrival time to the collector of th
previously emitted full spray currentI (t) is monitored in a
digitizing oscilloscope~Tektronic TDS220!. Most relevant
changes from the previous design are the following. T
length of the 1.9 in. i.d. tube joining the ion source and t
TOF chamber~5.75 in. i.d.! has been reduced to 2.5 cm
order to eliminate ion losses to the walls. This now enab
an ion flight lengthL512.3 cm with interception of the full
beam in the collector~13.76 cm diameter!. Slightly better
vacuum standards have been followed, reducing the pres
in the flight chamber down to some 531026 Torr. The re-
sponse time of the electrometer has also been reduced
factor of 5 by use of an amplifier resistor of 20 kV for high-
resolution ion detection~100 kV for drop detection!. The
delay time in the earlier switch has been almost elimina

FIG. 1. Sketch of the experimental system.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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by introducing a resistor of 55V between the wave form
generator controlling the switch and the switch control inp

III. RESULTS

Figure 2 shows various TOF traces for electrosprays
room temperature EMI–BF4 , at different flow rate of liquid

FIG. 2. TOF curves for the ionic liquid 1-ethyl-3-methyl imidazolium te
rafluoroborate at several flow rates, controlled by the pressure differenP
between reservoir and meniscus~Table I!. The high steps to the left are du
to ions ~monomer, dimer, trimer, etc.!. The wide and short step to the righ
is associated with drops, and disappears on the lowest curve (T524 °C).
Figures 2~a! and 2~b! correspond to conditions where the total current eith
decreases o increases with increasing mass flow rate~see arrows!.
Downloaded 10 Sep 2003 to 130.132.20.252. Redistribution subject to A
t.

f

injected into the Taylor cone. The wide and short steps to
right are associated with drops, while the sharp and tall st
to the left are due to ions. Most notable is the fact that
purely ionic regime is attained even at room temperature
seen in the lowest curve (P528 Torr). Surprisingly, this
happens at the modest conductivity of EMI–BF4 (K
51.3 S/m at 26 °C),13 considerably lower than expecte
based on the experience previously available~formamide-
NaI at K in excess of 2.2 S/m does emit most of its mass
the form of drops!.9

Table I collects the main characteristics associated w
these curves, whereP is the pressure pushing the liqui
through a 20mm i.d. capillary line some 30 cm long. Th
mass flow ratem8 of liquid going to the Taylor cone is no
measured, but inferred through the integral~2! of the distri-
bution of I (m/q), given from the TOF curves through th
relation ~1! betweenm/q and the flight timet @limits of
integration in Eq.~2! are from 0 to infinity;L is the flight
length#.

m/q52t2Va /L2, ~1!

m854VaL22E I ~ t !t dt. ~2!

The acceleration voltageVa differs from the needle voltage
V due to irreversibilities in the tip region of the Taylor con
Va has been inferred previously from stopping potent
curves,15 and found to be one or a few hundred volts belo
the needle potential, both for the ions and the drops.14,9,16 It
is therefore safe to takeVa to be within 80%–90% of the
needle voltage. There is an associated;10% error in the
mass flow rate determination, but this is of little relevance
our observations here. We have hence computedm8 based on
Eq. ~2! with the assumption that the drop energyVa is 275 V
lower than the needle voltage.

The energies of the ions follow from their knownm/q
and the sharp ionic steps seen in the TOF curves. These
are clearly distinguishable for the monomer and dimer io
in Fig. 2 ~barely so for the trimer!, even tough this figure is
based on a slow electrometer~100 kV resistor in the ampli-

r

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

TABLE I. Characteristics of the TOF curves shown in Fig. 2.

P ~Torr!
m8

(10212 kg/s)
EMI1

current~nA!
EMIBF4EMI
current~nA!

@EMIBF4#2EMI1

current~nA!
Drop current

~nA!
V

~V!
Va

~V!

28 0.561 926 88 124 20 0 1375 110
40 1.811 04 108 152 20 4 1375 110
68 2.365 62 112 176 20 8 1375 110

104 4.083 54 112 228 28 12 1375 110
172 8.220 49 100 296 28 20 1375 110
206 9.430 07 104 352 28 24 1375 110
236 10.9038 116 376 28 28 1375 110
606 13.9912 112 412 32 40 1375 110
760 23.3442 100 404 40 56 1375 110
941 26.0863 132 264 80 80 1375 110

1070 33.2497 120 196 100 100 1375 110
1225 41.1585 128 156 96 120 1375 110
1587 70.3312 64 124 60 184 1375 110
2155 100.063 48 68 52 232 1375 110
2310 111.770 40 68 44 240 1375 110
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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fier!. We have found that a much better definition of the ste
can be obtained by using a faster electrometer~based on an
amplifier resistor of 20 kV!, increasing the flight length, op
erating at a larger needle voltage, and skimming the extre
edge of the beam to the walls of the vacuum system@Fig.
3~a!#. Unexpectedly, among these variables, the one with
largest influence is the needle voltageV. Its control at fixed
geometry is limited by the relatively narrow domain of vo
ages over which a Taylor cone is stable. However,V scales
approximately with the square root of the needle tip dia
eter, so that theoretically a 41% increase inV results from
shifting from a needle tip of 20mm to another of 40mm
~1375 V vs 2000 V in our actual experiments!. At the higher
resolution obtained in Fig. 3, we can confirm that the io
steps correspond indeed to the monomer (EMI1), dimer
(EMI–BF4EMI1), and trimer@(EMI–BF4)2EMI1# of the
salt, because the energiesVa obtained for the three step
@based on Eq.~1! and the nominal masses of these ions: 1
078, 308.96, and 506.84 amu# coincide among themselve
within the precision with which the step position can be d
fined @Fig. 3~b!#. Given the purity of the sample~97.0%!, the
presence of other ions in the abundances seen is unli
Some particularly volatile ion impurities could conceivab
have dominated the ion spectrum had the ratio of ion o
drop current been small. But this option is precluded in
experiments with essentially no drops. The alternative s

FIG. 3. TOF curves for 1-ethyl-3-methyl imidazolium tetrafluoroborate
higher resolution than in Fig. 2, obtained by using a faster electrom
~amplifier resistor of 20 kV!, increasing the flight length, reducing bea
broadening by operating at higher needle voltages~emitter i.d. of 4 rather
than 20mm! and skimming the edge of the beam (T525 °C). ~a! shows the
raw TOF curves,~b! transforms the time into an energy variable accord
to Eq.~1! using the nominal masses of the monomer, dimer, and trimer i
Downloaded 10 Sep 2003 to 130.132.20.252. Redistribution subject to A
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nario where positive ions would be formed by electrolysis
the needle tip must also be discounted because the s
needle was made conductive by deposition of a thin se
conducting film of tin oxide, whose dissolution would hav
made the tip nonconducting. This problem has never b
encountered, even with needles drawing currents of hund
of nanoamperes many hours a day over several weeks.

The reasons why the ionic steps of Fig. 3~a! are much
narrower than those in Fig. 2 deserve some discussion. S
the various steps correspond each to pure species, their
width must be due to either slow electronic response~switch
and electrometer! or to genuine spread in the axial veloci
of the ions. The high voltage is grounded within about 0
ms, but the spray is interrupted as soon as the voltage d
by just a few hundred volts. Hence, the switching time
surely smaller than 100 ns.RC540 and 200 ns for the fas
~20 kV! and slow~100 kV! electrometers, respectively. Con
sequently, it is highly unlikely that the poor resolution se
in Fig. 2 for the ionic steps is due to the electronics. T
point is confirmed by the fact that the steps of Fig. 2 rem
similarly wide when we use the fast electrometer. The m
significant difference between the two figures is the hig
voltage made possible in Fig. 3 by the larger emitter
diameter~20 mm in Fig. 2, 40mm in Fig. 3!. This does not
affect the emissions from the Taylor cone tip, but must infl
ence the evolution of the ion beam, either directly~different
ion velocities and directions! or indirectly, through changes
in space charge beam broadening~a function ofV3/2/I ). The
spray structure is evidently important because ions of a fi
mass will have different flight timest if they travel at differ-
ent angles u off axis (t;1/cosu). Lozano and
Martinez-Sanchez17 have in fact compared the arrival tim
distributions of unfocused, focused, and collimated bea
from a Taylor cone of a highly conducting formamide ele
trolyte, and shown that much of the spread~but not all! is
due to the wide radial dispersion of unfocused beams.
spread we see in arrival times could alternatively be due
the fact that ions are originally ejected at different energi
However, this hypothesis is unlikely, as ions would tend
evaporate from the region of the meniscus subject to
highest normal electric field.8 Since the rate of ion evapora
tion is exponential with the field~with a very large expo-
nent!, this region must be rather narrow, whereby the volta
at the point of emission should be very well defined. T
beam should therefore be closely monoenergetic, an ex
tation that has in fact been confirmed by several para
studies.18–20Taylor cones of ionic liquids, hence, share wi
liquid metal ion emitters the exceptional features of hav
an emitting tip of nanometer dimensions and a narrow
ergy range. They offer in addition the advantage of be
able to form positive and negative molecular ions, with
much wider range of compositions masses, and charge st
We note, however, that the feature of a narrow ion ene
distribution can be expected only from ions originating at t
meniscus, and not from those coming from the jet break
point or from the drops in the case where both drops and i
are issued.8,15 Fortunately, this downstream contribution
negligible ~current-wise! in the data of Fig. 3.
The evidence available indicating that the ion beam is
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proximately monoenergetic implies that the steps of Fig
are narrower than those of Fig. 2 because the ion beam a
is narrower at the higher voltages. We originally thought t
space charge effects were primarily responsible for these
ferences. However, Professor Martinez-Sanchez has n
that the space charge groupV3/2/I takes comparable values i
both cases. It follows that an increase in needle diameter
voltage creates more focused ion beams due to purely e
trostatic reasons.

Note finally that neither the currents shown in Figs.
and 3, nor the mass flow ratem8 reported in Table I are
corrected for the 31% beam loss in the metallic screen
ceding the collector. Both should be augmented through
vision by 0.69. This screen is kept at29.5 V with respect to
the virtually grounded collector in order to repel second
electrons.

IV. DISCUSSION

Two basic questions deserve further consideration.

A. Why is the purely ionic regime attainable at K
Ä1.3 SÕm in pure EMI–BF 4 , and not in formamide-NaI
solutions at KÄ2.2 SÕm? 8

Our provisional answer is that the observed facile io
ization of EMI1 is not due to any peculiarity of the ioni
liquid EMI–BF4 , but simply to the greater volatility o
EMI1 over Na1. A similar behavior has been recently r
ported, where Na1 Evaporates abundantly from formamid
but NH4

1 does not from comparably conducting formami
solutions.14 Since ion volatility is controlled by its solvation
energyDG ~rate ;e2DG/kT), it is clear that this energy is
larger for ammonium than for Na1 ~both in formamide!. Re-
cent work of Guerreroet al.21 has established similarly tha
Na1 is substantially less volatile than EMI1, both in propy-
lene carbonate. A facile ionization of the EMI1 ion from its
own molten salt is therefore to be expected.

That the relatively small differences in the solvation e
ergies of NH4

1 , Na1, and EMI1 should have such drasti
consequences on the critical electrical conductivities
quired for their evaporation follows also qualitatively fro
existing theory. In the limit of high solvent dielectric con
stant and small surface curvature effect, the reduction in
activation energy for ionization associated with the elec
field on the liquid-gas interface is22

GE~E!5~e3E/4p«0!1/2. ~3!

In turn, the electric field attainable in the liquid menisc
scales with the quantity8

Ek5g1/2«0
23/2~rK/m8!1/6. ~4!

We have computedEk based on the measuredm8, literature
valuesr51.294 g/cm3 and K51.3 S/m ~26 C!.13 The sur-
face tension was determined by a home-made system~based
on the capillary rise method! to beg551.8 dyn/cm~24 C!,
with an estimated error of about 5%. Since the smallest
uid mass flow ratem8 at which a Taylor cone is stable varie
as 1/K,23 it follows thatEk increases asK1/3, andGE asK1/6.
Halving K therefore implies only an 11% reduction inGE . A
typical value for E at the onset of ion evaporation is
Downloaded 10 Sep 2003 to 130.132.20.252. Redistribution subject to A
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V/nm.22,8This corresponds in Eq.~3! to GE51.2 eV, 11% of
which is only 0.13 eV. As a reference, this difference
smaller than that in the publishedDG values for Li1 and
Cs1, both in water~2.65 and 2.34 eV, respectively!.24 Litera-
ture values for ammonium and sodium ions in water~2.41
and 2.45 eV!24 indicate thatDG is only 0.04 eV larger for
Na1 than NH4

1 . The sign of this difference is in fact oppo
site to what is seen in the far more direct study of Bocane
et al.14 ~in formamide rather than water!, possibly because
the datum for ammonium is estimated.24 But the order of
magnitude of this difference in solvation energy is proba
correct, confirming that such slight variations suffice to
ther activate or suppress the evaporation of ions.

B. What does it take to reach the pure ionic regime?

We have so far considered the reasons why intense
currents arise at electrical conductivitiesK as small as 1.3
S/m, perhaps smaller. Even more important is the nota
observation that drop emission can be entirely suppres
There is at present no theoretical framework from which o
could have predicted this outcome. However, now that
reality has been confirmed experimentally, it pays to plac
in perspective.

The only regime of operation of electrostatic atomizati
that has been studied systematically and is reasonably
understood, is the so-called cone-jet mode. In this regi
the electrified meniscus takes the shape of a cone whos
emits a steady jet. The scaling laws for this jet are kno
approximately,23 and its diameter is typically of 10 nm a
K;1 S/m. One fundamental observation for this regime
that it takes a certain minimal flow rate and a minimu
current to establish it. The minimum flow rate is approx
mately linear with 1/K, while the minimum current is almos
independent ofK, with typical values between several ten
to a few hundred nanoamperes. Note therefore that is
possible to form a stable Taylor cone jet without ejecting
certain minimal mass flow and current of drops. These dr
may be made smaller at higher electrical conductivities a
smaller flow rates. However, even at the highest conduct
ties and the smallest flow rates attainable~prior to ion emis-
sion!, these drops are still some 20 nm in diameter, vas
larger than ionic dimensions. Hence, if the onset of i
evaporation were to preserve the scaling laws relating
current associated with the drops, their size and the elect
conductivity of the liquid, it would not be possible to reach
regime where ions would be formed without a domina
mass flow of accompanying drops.

Since this regime is in fact attained, it follows that th
onset of ion evaporation must modify fundamentally t
known scaling laws for cone jets in the pure drop regim
This is evident in Fig. 2~a! by simply looking at the height of
the steps associated with the drops, also shown more dire
in Fig. 4. The drop currents for the four lowest curves sho
are of approximately 12, 8, 4 nA, and almost zero~less than
1 nA!, respectively. These values are all well below the ran
of drop currents at which a cone-jet in the pure drop mo
has ever been stabilized for any polar liquid.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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The TOF distributions of the drops are not readily d
cernible in the lowest traces of Fig. 2, and are shown n
malized to unity in Fig. 5. This representation shows clea
that the drops do not disappear by increasing theirq/m,
eventually turning into ions, since their times of flight va
little from trace to trace. The drop component vanishes
decreasing flow rates because its current decreases con
ously down to zero at approximately fixed~or weakly vary-

FIG. 4. Collected current for the full spray, the drops, and the monom
dimer and trimer ions represented as a function of~a! the mass flow rate, and
~b! the electric field variable defined in Eq.~4!.

FIG. 5. Drop component of the TOF curves of Fig. 2 normalized to unity
provide a comparative view of the correspondingm/q distributions. One
sees that the increased mass flow is obtained primarily by increasing
magnitude of the current, with modest variation in them/q distribution. This
behavior is in sharp contrast with that observed in the pure drop reg
where the drop current varies as the 1/2 power of the mass flow rate, so
the mean value ofm/q increases as the square root of the mass flow r
^m/q&;m81/2.
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ing! q/m. This is only possible if the frequency of dro
ejection decreases with flow rate, down to a critical po
where it vanishes. Prior to that point the meniscus must h
a characteristic jet-like protrusion some 10 nm in diame
As the critical flow rate is approached, this drop-shedd
protrusion must become shorter and more stable, until i
nally becomes stationary, leading to the purely ionic regim
At this point, the meniscus must have a convex surfa
whose shape is essentially steady~except for the intermittent
departure of individual solvated ions!. These ions have di-
mensions typically one order of magnitude smaller than
drops.

An important question that remains to be settled is o
how wide a range of liquid flow rates does the purely ion
regime exist. Our experiments indicate that, for EMI–BF4 at
room temperature, this range is fairly narrow. It reduces
almost one point, since the Taylor cone could not be sta
lized much below the smallest flow rate shown in Fig.
However, the meniscus associated with this trace was c
pletely stable. This particular TOF curve was averaged
about 10 min, and its stability would have allowed observi
it for hours. This feature was in fact essential to increase
signal to noise ratio, and hence be able to assure that
level of drop current for that particular condition is less th
1 nA.

Some final remarks are worth making in relation to F
4. The behavior is unusual due to the relatively high i
currents present even at the highest flow rate achieved,
particularly so because of the complete disappearance
drops at the lowest flow rate. But the trend of a decreas
ion current and an increasing drop current with increas
m8 is in many ways similar to that previously seen wi
highly conducting formamide solutions.8,9 At still higher
flow rates we would expect a minimum in the total curre
followed by the typical pure drop emission behavior whe
the current increases as the square root ofm8.23 This high
flow rate regime was not experimentally accessible here
to the relatively high flow resistance of the 20mm needle
used. At a critical value of the characteristic surface elec
field Ek @Eq. ~4!# of about 1.08 V/nm@Fig. 4~b!#, one notes
an abrupt increase of the dimer ion current~by far the domi-
nant ionic component!, and a stepwise decrease of the mon
mer and trimer ions, as well as the drop current. At s
higherm8, the total ion current goes through a maximum a
begins to decrease at increasingEk values~decreasingm8).
We are not aware of any prior observation of this maximu
but its presence is inevitable if a transition to the pure
evaporation regime is to take effect. The reason is tha
only ions of a fixedm/q are ejected, then the current mu
rise linearly withm8 as I 5(q/m) m8, in a behavior typical
of liquid metal ion sources. The total current curve of F
4~a! does not show this linear behavior through the origin
coordinates because there is only one datum with no d
mass, and the next point already contains about twice
much mass flow in the form of drops than in the form
ions.

Summing up, the current versusm8 curve should start
somewhere in the pure ion evaporation lineI 5(q/m)m8;
perhaps continue through it through a finitem8 range; then
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curve downwards until eventually going through a ma
mum; then moving rapidly downwards to connect with t
pure drop regime, and proceeding upward through it aI
;m81/2. The transition from pure drop emission to the on
of ion evaporation is in reality not as abrupt as indicat
because ions originate also from drops~or from sharp points
at the jet breakup region! at rates which are weakly depen
dent onm8.8 The distinction between ions from these tw
different origins can be better characterized by means
energy-resolved time of flight.25 Low energy ions from this
downstream region are more prominent in the case of
cous substances such as EMIBF4 , whose jets tend to brea
into large highly charged drops with anomalously large s
face electric fields. As a result, only a slight sign of an abr
transition is seen in our data atEk51.08 V/nm. Room tem-
perature EMIBF4 is able to cover in part essentially all the
various regions. All prior results with formamide solution
have lied to the right of the maximum. The following lacon
description of Perelet al.7 surely locates their pioneerin
data well to the left of this maximum, but not quite in th
purely ionic regime:

‘‘ Concentrated H2SO4 exhibited a very high specific
charge with~propulsion! efficiencies larger than 90%.
The TOF data indicate that a large portion of the spray
consisted of negative ions corresponding to single and
multiple groupings of H2SO4 molecules and a specific
impulse of about 4000 s’’

V. CONCLUSIONS

A TOF mass spectrometric study of the full plume fro
Taylor cones of EMIBF4 at room temperature has reveal
the following.

~1! Ion currents dominate over drop currents, excep
very large flow rates, even though the electrical conductiv
is only of 1.3 S/m.

~2! A regime of pure ion evaporation with no compan
of drops is attained, though only very near the minimum fl
rate at which the Taylor cone is stable. There are no p
observations of a purely ionic regime of emission from Ta
lor cones of nonmetals.

~3! Them/q distribution of the drops is relatively invari
ant at flow rates near the minimum. The pure ionic regime
therefore approached by reduction of the current of drop
approximately fixed dropm/q.

~4! The energy of the ions evaporated is sufficiently w
defined to suggest that most originate at a fixed position
the meniscus. This speculation has been confirmed by re
work by Lozano19 and our own20 implying that ionic liquids
can form the basis for high quality ion sources.

~5! Observations~1! and ~2! seem to indicate that th
EMI1 ion is considerably more volatile than Na1.

~6! The observation of ions with no drops shows una
biguously that ion evaporation is taking place directly fro
Downloaded 10 Sep 2003 to 130.132.20.252. Redistribution subject to A
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the liquid surface, as originally hypothesized by Iribarne a
Thomson.26 This puts definitively to rest an extensive liter
ture expressing doubts or even flatly denying the leading
played in electrospray ionization by the Iribarne–Thoms
mechanism.
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