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Source of heavy molecular ions based on Taylor cones of ionic liquids
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The full spray emitted by Taylor cones of the ionic liquid 1-ethyl-3-methyl imidazolium
tetrafluoroborate (EMIBF, ) 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
conductivity K 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-BFEMI", accompanied by fair currents of the
monomer EMI and the trimer ions. The modest spread of ion energies observed and considerable
currents attaine0.6 wA) 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 Physic§DOI: 10.1063/1.1598281

I. INTRODUCTION key parameters determining the properties and breadth of
applications of ion beams, there is a need to introduce new
lon beams may be generated in a variety of ways: fromon sources able to cover a much wider range of ionic chemi-
gas or plasma sources; from positively charged liquid meta¢al composition andn/q than presently available. One of the
surfaces by field evaporation from the tip of a Taylor cone;advantages to be expected from ion beams of increagqd
from solid surfaces, for instance by laser ablation ionizationgre decreased space charge limitations per unit mass flux
etc. Unfortunately, these methods are able to yield only relathence, the ability to focus more sharply a more intense flux
tively restricted classes of ionic species. For instamzs  of ions for localized deposition or erosiprincreased ionic
sourcesmay form ion beams only of gaseous or volatile mass is also of much interest in electrical propulsion, be-
substances. Liquid metal ion sources rely on charging theause it could reduce drastically the energy consumed per
surface of a molten metal held in a vacuum to a high voltageinit thrust while still yielding high specific impulse.
with respect to a neighboringxtractor electrode. Within a Electrostatic atomization via Taylor cones of organic
suitable range of voltage differences, the charged liquid meelectrolytegrather than liquid metalshas provided a related
niscus forms a so-called Taylor cone, whose sharp apex reyt different scheme to produce charged beams in a vacuum
gion emits predominantly metal ions. Such sources have higBnvironmen€ These beams are generally composed prima-
brilliance and can be focused into submicron spdsit they  rily of liquid drops, but sometimes contain also solute ions.
can deliver only ions of metals, with exclusion of all nega-|n these systems, a liquid of low volatility and electrical
tive species. Existing ion beam sources are therefore limitegonductivity K is supplied at a mass flow rate’ (kg/s to
to mass/chargen(/q) values smaller than 200 Dalton, such the tip of a capillary tube. A voltage differenaé is estab-
as Cs (133 Dalton, or Au® (197 Dalton in liquid metal  |ished between this tip and a neighboring electrode, generally
ion sources, or Xé (131 Dalton in plasma sources. They called theextractor Within a suitable range of values of’
are also restricted in chemical composition, limiting the pos-4nd v (where m’..-~1/K), the liquid meniscus takes the
sibilities to combine chemical attack with purely physical form of a cone, whose tip ejects a steady microjet, which in
erosion in applications such as etching. Hence, no chemiym preaks into drops. This structure is often referred to as a
cally assisted focused ion beam analog exists to the etchingye jet following the classification of Cloupeau and
processes commonly performed with the assistance Qbrynet-FocH.The spray of drops streaming from the end of
masks. Because chemical composition and mass/charge gfg jet is generally referred to as alectrospraya term that
has had a large impact in mass spectronftifhen the cone
dElectronic mail: juan.delamora@yale.edu jet forms in a vacuum environment, the charged drops pro-
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duced are accelerated by the voltage differeWceowards IONIZATION
the extractor, and pass through an orifice in it, forming a LIGHT CAUGE

. i SOURCE
beam These beams of charg_ed drops have proven useful i mETALLIC COLLECTOR ELECTROMETER
applications such as electrical propulsioand surface HOOD
cleaning® This approach has been successful mainly with XTRACTOR ov
glycerol electrolytes, having high dielectric constant and a LIQUI Micr o
relatively small volatility. Furthermore, Taylor cones of glyc- pebodgT -
erol held in vacuum in a multicone highly stressed regime LINE wn:mLM
under high voltage are capable also of producing ions of PUMPS
SWITCH] TRIG GER

dissolved substances, and this feature has found application —

in mass spectrometfyHowever, the electrospraying tech- ;L_M
nique to produce beams of small drops and ions in vacuo hagry.z JWE SIGNAL WAVEFORM
been limited by the relatively large size and associated large

m/q of the drops, and by the relatively small concomitant ion

currents; also by the wide range of energies and solvation

states in which the ions are produced. In other words, Taylor FIG. 1. Sketch of the experimental system.

cones of glycerol are ineffective as ion sources, with low ion

intensities, and wide energy ama/q distributions.

The poor performance of glycerol Taylor cones as ionsexpected? The vast range of possible combinations of an-
sources has long been known to be due to its high viscosityons and cations potentially leading to room temperature
which greatly hinders ion mobility and limits its room tem- ionic liquids and the rapid rate at which new ones are actu-
perature electrical conductivitg to values below 0.02 S/m. ally synthesized every year assures that many will soon be-
As soon ax is increased to values in the range of one or acome available for ion beam generation.
few tens of S/m, one encounters a behavior akin to that of Given our long-term goal of developing Taylor-cone-
liquid metals, where ion currents dominate over drop curbased heavy ion beam sources for electrical propulsion, we
rents. Such an interesting situation has been described ftrave examined various heated ionic liquids. Our starting ma-
sulfuric acid’ though only once, and with scanty detail. It terial was the most conducting of those commercially avail-
has never been pursued further, either with this acid or angble (Fluka), 1-ethyl-3-methyl imidazolium tetrafluoroborate
other comparatively conducting liquid. The most conducting(EMI-BF,). The striking finding that the purely ionic re-
organic electrolytes so far electrosprayed in vacuum havgime can be reached with this fluid, even at room tempera-
been based on formamide solutions, witlvalues of about 2  ture, has warranted the present report.

S/m&1They lead to ion currents up to several times larger

than the corresponding drop currents, but most of the liqui

mass is still ejected in the form of drops. These studies ha\ﬂel' EXPERIMENT

found applications in electrical propulsidhand offer also An experimental system has been built based on a pre-
some promising new possibilities for ion beam generationvious time of flight(TOF) setup'® as sketched in Fig. 1. The
However, it would be more desirable for ion source developiiquid is introduced from a propylene vial (1 éninto the
ment to identify liquids operating much closer to the pure ionsharpened tip of a silica needl20 or 40um inner diameter
evaporation regime, if it really exists. This regime can prob-(i.d.)] raised to high voltag® and facing an extractor elec-
ably be approached and even reached with a handful of otrode whose potential was kept-a8 V. The liquid flow rate
ganic solvents such as formamide and propylene carbonatis. controlled through the pressukRein the vial, but is not
However, these solvents are somewhat volatile at room tendirectly metered. The chamber is evacuated by a small tur-
perature, and their evaporative loss makes the unambiguotpump (Leybold, 50 /3 backed by a mechanical pump.
interpretation of their emissions difficult. A natural alterna- The stable Taylor cone forming at the needle tip is grounded
tive to reach this purely ionic regime of Taylor cones overat time t=0, and the arrival time to the collector of the
the conductivity range from 2 to a few tens of S/m is to seekpreviously emitted full spray currer{t) is monitored in a
substances similar to sulfuric acid, namely, purely ionic ma-digitizing oscilloscope(Tektronic TDS220. Most relevant
terials in the liquid state. Many molten salts do indeed reaclthanges from the previous design are the following. The
conductivities in the desired range at temperatures at whictength of the 1.9 in. i.d. tube joining the ion source and the
they still have negligible vapor pressure. They also offer aTOF chamber(5.75 in. i.d) has been reduced to 2.5 cm in
wide range ofm/qg ratios and chemical compositions. Fur- order to eliminate ion losses to the walls. This now enables
thermore, their study can now be undertaken under simplian ion flight lengthL =12.3 cm with interception of the full
fied experimental conditions thanks to the discovery andeam in the collectof13.76 cm diameter Slightly better
commercial availability of room temperature molten salts,vacuum standards have been followed, reducing the pressure
often referred to also denic liquids A number of water and in the flight chamber down to somex5l0™ © Torr. The re-

air stable ionic liquids are known with room temperaturesponse time of the electrometer has also been reduced by a
conductivities in the range of 1 S/H.Even more interest- factor of 5 by use of an amplifier resistor of 20Kor high-
ingly, their volatilities remain negligible at temperatures well resolution ion detectior{100 K) for drop detection The
above 100 C, wher&K values in excess of 10 S/m are delay time in the earlier switch has been almost eliminated

COMPUTER
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650 injected into the Taylor cone. The wide and short steps to the
600 1 right are associated with drops, while the sharp and tall steps
20 ] EMI-BF, (24 °C i i
Z 500 | 4 (24 °C) to the left are due to ions. Most notable is the fact that the
£ 450 1 purely ionic regime is attained even at room temperature, as
[ 40 seen in the lowest curveP(= 28 Torr). Surprisingly, this
%300 ] happens at the modest conductivity of EMI-BRK
- 250 1 =1.3S/m at 26°C)Y? considerably lower than expected
%fgg: based on the experience previously availafi@mamide-
900 1 Nal atK in excess of 2.2 S/m does emit most of its mass in
53 1 the form of drops®

Table | collects the main characteristics associated with

00 10 2 0 40 S0 & 70 & these curves, wher® is the pressure pushing the liquid

TOF (microseconds) . . .

(a) through a 20um i.d. capillary line some 30 cm long. The
ggg ] ot mass flow raten’ of liquid going to the Taylor cone is not
550 - measured, but inferred through the integi@l of the distri-

< 500 - EMI-BF, (24 °C) bution of I(m/q), given from the TOF curves through the
£ 4501 relation (1) betweenm/q and the flight timet [limits of
%ggg i integration in Eq.(2) are from 0 to infinity;L is the flight
=3 300 1 lengthl.
= 250 -
200 - _ o2 2
= ] m/gq=2t“V, /L%, (1)
® 100 -
50 2l ’ -2
0 — T m’=4V,L ()t dt. (2
0 0O 10 20 30 40 50 60 70 B0 90 100

TOF (microsecands) The acceleration voltage, differs from the needle voltage

V due to irreversibilities in the tip region of the Taylor cone.
FIG. 2. TOF curves for the ionic liquid 1-ethyl-3-methyl imidazolium tet- V, has been inferred previously from stopping potential
rafluoroborate at several flow rates, controlled by the pressure diffeRence Curvesﬁ and found to be one or a few hundred volts below

between reservoir and menisod@ble |). The high steps to the left are due . . 6
to ions(monomer, dimer, trimer, efc.The wide and short step to the right the needle potential, both for the ions and the drjéﬁsl It

is associated with drops, and disappears on the lowest clr#e4 °C). is therefore safe to tak¥, to be within 80%-90% of the
Figures 2a) and 2b) correspond to conditions where the total current either needle voltage. There is an associated0% error in the
decreases o increases with increasing mass flow(satearrows mass flow rate determination, but this is of little relevance to

our observations here. We have hence compotetased on
Eq. (2) with the assumption that the drop eneMyis 275 V
lower than the needle voltage.
The energies of the ions follow from their known/q
and the sharp ionic steps seen in the TOF curves. These steps
are clearly distinguishable for the monomer and dimer ions
Figure 2 shows various TOF traces for electrosprays ofn Fig. 2 (barely so for the trimegr even tough this figure is
room temperature EMI-BF, at different flow rate of liquid based on a slow electrometé00 K resistor in the ampli-

by introducing a resistor of 5% between the wave form
generator controlling the switch and the switch control input.

Ill. RESULTS

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

m’ EMI* EMIBF,EMI  [EMIBF,],EMI* Drop current V V,

P (Torn (10 *kg/s) current(nA)  current(nA) current(nA) (nA) (V) (V)
28 0.561 926 88 124 20 0 1375 1100
40 1.811 04 108 152 20 4 1375 1100
68 2.365 62 112 176 20 8 1375 1100
104 4.083 54 112 228 28 12 1375 1100
172 8.22049 100 296 28 20 1375 1100
206 9.43007 104 352 28 24 1375 1100
236 10.9038 116 376 28 28 1375 1100
606 13.9912 112 412 32 40 1375 1100
760 23.3442 100 404 40 56 1375 1100
941 26.0863 132 264 80 80 1375 1100
1070 33.2497 120 196 100 100 1375 1100
1225 41.1585 128 156 96 120 1375 1100
1587 70.3312 64 124 60 184 1375 1100
2155 100.063 48 68 52 232 1375 1100
2310 111.770 40 68 44 240 1375 1100
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350 nario where positive ions would be formed by electrolysis in
T | _ the needle tip must also be discounted because the silica
;E- 322 | EMI-BF4 4C 1D=40pm) needle was made conductive by deposition of a thin semi-
2 conducting film of tin oxide, whose dissolution would have
5 200 + made the tip nonconducting. This problem has never been
2 150 - encountered, even with needles drawing currents of hundreds
> of nanoamperes many hours a day over several weeks.
E 100 1 The reasons why the ionic steps of Figa3are much
@ 50 1 narrower than those in Fig. 2 deserve some discussion. Since
0 - Tk the various steps correspond each to pure species, their finite
0 2 4 B 8 10 12 14 16 18 20 width must be due to either slow electronic respogssetch
TIME OF FLIGHT (microseconds) and electrometeror to genuine spread in the axial velocity
@ of the ions. The high voltage is grounded within about 0.2
12 DIMER uS, but the spray is interrupted as soon as the voltage drops
o 1 { EMI-BF4 (24C) N by just a few hundred volts. Hence, the switching time is
w surely smaller than 100 nR C=40 and 200 ns for the fast
g = 0.8 1  IONOMER (20 k) and slow(100 K?) electrometers, respectively. Con-
Hdos - sequently, it is highly unlikely that the poor resolution seen
3 in Fig. 2 for the ionic steps is due to the electronics. This
E ©04 1 " TRIMER point is confirmed by the fact that the steps of Fig. 2 remain
2 02 similarly wide when we use the fast electrometer. The most
significant difference between the two figures is the higher
0 " ' ' ' " voltage made possible in Fig. 3 by the larger emitter tip
80 1200 IJ&UEDNERéeo(UVOLT]MDD 200 diameter(20 um in Fig. 2, 40um in Fig. 3. This does not
(b) affect the emissions from the Taylor cone tip, but must influ-

ence the evolution of the ion beam, either directifferent

FIG. 3. TOF curves for 1-ethyl-3-methyl imidazolium tetrafluoroborate at . L. . . L
higher resolution than in Fig. 2, obtained by using a faster electrometelcm velocities and directionsor indirectly, through changes

(amplifier resistor of 20 ), increasing the flight length, reducing beam 1N Space charge beam broadeniagunction ofV3'%/1). The
broadening by operating at higher needle voltagesitter i.d. of 4 rather  spray structure is evidently important because ions of a fixed

than 20um) and skimming the edge of the bea<25°C). (a) shows the a5 wijll have different flight timesif they travel at differ-
raw TOF curves(b) transforms the time into an energy variable according | ff . 1/ L d
to Eq.(1) using the nominal masses of the monomer, dimer, and trimer ions.ent . angles ¢ o aX.|S (tN COS&)' ozanq ar.‘
Martinez-SanchéZ have in fact compared the arrival time

distributions of unfocused, focused, and collimated beams
fier). We have found that a much better definition of the stepgrom a Taylor cone of a highly conducting formamide elec-
can be obtained by using a faster electromébased on an trolyte, and shown that much of the spre@mlit not al) is
amplifier resistor of 20 K), increasing the flight length, op- due to the wide radial dispersion of unfocused beams. The
erating at a larger needle voltage, and skimming the extremg&pread we see in arrival times could alternatively be due to
edge of the beam to the walls of the vacuum sysf&ig.  the fact that ions are originally ejected at different energies.
3(a)]. Unexpectedly, among these variables, the one with thélowever, this hypothesis is unlikely, as ions would tend to
largest influence is the needle voltade Its control at fixed evaporate from the region of the meniscus subject to the
geometry is limited by the relatively narrow domain of volt- highest normal electric fieltl Since the rate of ion evapora-
ages over which a Taylor cone is stable. HoweVescales tion is exponential with the fieldwith a very large expo-
approximately with the square root of the needle tip diam-nenj, this region must be rather narrow, whereby the voltage
eter, so that theoretically a 41% increaseMirresults from  at the point of emission should be very well defined. The
shifting from a needle tip of 2Qum to another of 4Qum  beam should therefore be closely monoenergetic, an expec-
(1375 V vs 2000 V in our actual experimentat the higher tation that has in fact been confirmed by several parallel
resolution obtained in Fig. 3, we can confirm that the ionicstudies:®~2°Taylor cones of ionic liquids, hence, share with
steps correspond indeed to the monomer (EMIdimer liquid metal ion emitters the exceptional features of having
(EMI-BF,EMI™), and trimer[ (EMI-BF,),EMI*] of the  an emitting tip of nanometer dimensions and a narrow en-
salt, because the energi¥g obtained for the three steps ergy range. They offer in addition the advantage of being
[based on Eq(l) and the nominal masses of these ions: 111able to form positive and negative molecular ions, with a
078, 308.96, and 506.84 arhaooincide among themselves much wider range of compositions masses, and charge states.
within the precision with which the step position can be de-We note, however, that the feature of a narrow ion energy
fined[Fig. 3(b)]. Given the purity of the sampl@®7.0%9, the  distribution can be expected only from ions originating at the
presence of other ions in the abundances seen is unlikelyeniscus, and not from those coming from the jet breakup
Some patrticularly volatile ion impurities could conceivably point or from the drops in the case where both drops and ions
have dominated the ion spectrum had the ratio of ion oveare issued:'® Fortunately, this downstream contribution is
drop current been small. But this option is precluded in thenegligible (current-wis¢ in the data of Fig. 3.
experiments with essentially no drops. The alternative scethe evidence available indicating that the ion beam is ap-
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proximately monoenergetic implies that the steps of Fig. 3y/nm?2®This corresponds in E¢3) to Gg=1.2 eV, 11% of
are narrower than those of Fig. 2 because the ion beam anglghich is only 0.13 eV. As a reference, this difference is
is narrower at the higher voltages. We originally thought thatsmaller than that in the publishetiG values for Li" and
space charge effects were primarily responsible for these difes", both in water(2.65 and 2.34 eV, respectivel§’ Litera-
ferences. However, Professor Martinez-Sanchez has notegdre values for ammonium and sodium ions in wa2#1
that the space charge grou?1 takes comparable values in and 2.45 eV?* indicate thatAG is only 0.04 eV larger for
both cases. It follows that an increase in needle diameter anda* than NH; . The sign of this difference is in fact oppo-
voltage creates more focused ion beams due to purely elegite to what is seen in the far more direct study of Bocanegra
trostatic reasons. et al}* (in formamide rather than waterpossibly because
Note finally that neither the currents shown in Figs. 2the datum for ammonium is estimat&dBut the order of
and 3, nor the mass flow rat@’ reported in Table | are  magnitude of this difference in solvation energy is probably
corrected for the 31% beam loss in the metallic screen precorrect, confirming that such slight variations suffice to ei-
ceding the collector. Both should be augmented through dither activate or suppress the evaporation of ions.
vision by 0.69. This screen is kept at9.5 V with respect to
the virtually grounded collector in order to repel secondary

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

IV. DISCUSSION We have so far considered the reasons why intense ion

Two basic questions deserve further consideration. ~ Currents arise at electrical conductivitigsas small as 1.3

S/m, perhaps smaller. Even more important is the notable
A. Why is the purely ionic regime attainable at K observation that drop emission can be entirely suppressed.
=1.3 S/m in pure EMI-BF ,, and not in formamide-Nal There is at present no theoretical framework from which one
solutions at  K=2.2 §/m? could have predicted this outcome. However, now that its

Our provisional answer is that the observed facile ion-reality has been confirmed experimentally, it pays to place it
ization of EMI" is not due to any peculiarity of the ionic in perspective.
liquid EMI-BF,, but simply to the greater volatility of The only regime of operation of electrostatic atomization
EMI* over Na . A similar behavior has been recently re- that has been studied systematically and is reasonably well
ported, where N& Evaporates abundantly from formamide, understood, is the so-called cone-jet mode. In this regime,
but NH; does not from comparably conducting formamidethe electrified meniscus takes the shape of a cone whose tip
solutionst* Since ion volatility is controlled by its solvation emits a steady jet. The scaling laws for this jet are known
energyAG (rate ~e 26/KT) it is clear that this energy is approximately’® and its diameter is typically of 10 nm at
larger for ammonium than for Na(both in formamidg Re- K~1 S/m. One fundamental observation for this regime is
cent work of Guerrer@t al?! has established similarly that that it takes a certain minimal flow rate and a minimum
Na' is substantially less volatile than ENJ both in propy-  current to establish it. The minimum flow rate is approxi-
lene carbonate. A facile ionization of the EMIon from its ~ mately linear with 1K, while the minimum current is almost
own molten salt is therefore to be expected. independent oK, with typical values between several tens

That the relatively small differences in the solvation en-to a few hundred nanoamperes. Note therefore that is not
ergies of NH , Na", and EMI" should have such drastic possible to form a stable Taylor cone jet without ejecting a
consequences on the critical electrical conductivities recertain minimal mass flow and current of drops. These drops
quired for their evaporation follows also qualitatively from may be made smaller at higher electrical conductivities and
existing theory. In the limit of high solvent dielectric con- smaller flow rates. However, even at the highest conductivi-
stant and small surface curvature effect, the reduction in thées and the smallest flow rates attainafgeor to ion emis-
activation energy for ionization associated with the electricsion), these drops are still some 20 nm in diameter, vastly
field on the liquid-gas interfaces larger than ionic dimensions. Hence, if the onset of ion

evaporation were to preserve the scaling laws relating the

Ge(E) = (e*El4meo) 2 ®) current associated with the drops, their size and the electrical
In turn, the electric field attainable in the liquid meniscusconductivity of the liquid, it would not be possible to reach a
scales with the quantify regime where ions would be formed without a dominant

_ap , mass flow of accompanying drops.

Bi= 780 (pKIm") ™™, “ Since this regimz isyingfact gttained, it follows that the
We have compute, based on the measured, literature  onset of ion evaporation must modify fundamentally the
valuesp=1.294 g/cmi and K=1.3 S/m(26 CO.** The sur- known scaling laws for cone jets in the pure drop regime.
face tension was determined by a home-made syéivased  This is evident in Fig. @) by simply looking at the height of
on the capillary rise methgdo be y=51.8 dyn/cm(24 C), the steps associated with the drops, also shown more directly
with an estimated error of about 5%. Since the smallest ligin Fig. 4. The drop currents for the four lowest curves shown
uid mass flow raten’ at which a Taylor cone is stable varies are of approximately 12, 8, 4 nA, and almost z@ess than
as 1K, Z it follows thatE, increases ak'®, andGg ask¥5. 1 nA), respectively. These values are all well below the range
Halving K therefore implies only an 11% reduction@:. A  of drop currents at which a cone-jet in the pure drop mode
typical value forE at the onset of ion evaporation is 1 has ever been stabilized for any polar liquid.
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900 ing) g/m. This is only possible if the frequency of drop
. 800 Total currert EMI-BF4 24 C) ejection decreases with flow rate, down to a critical point
£700 - where it vanishes. Prior to that point the meniscus must have
EBUD a characteristic jet-like protrusion some 10 nm in diameter.
500 f"—\ Total ionic current As the critical flow rate is approached, this drop-shedding
3400 Dimer curre I'd protrusion must become shorter and more stable, until it fi-
5300 / Dnomer’\‘/ Droplet current nally becomes stationary, leading to the purely ionic regime.
2200 4F S~ -2 At this point, the meniscus must have a convex surface,

100 . k*\,,__, whose shape is essentially steddycept for the intermittent

0 _Trimer current , _ departure of individual solvated ionsThese ions have di-
0 20 40 2] 80 100 . 120 140 mensions typically one order of magnitude smaller than the

MASS FLOW?;A)TE (Kg's) 10 drops.

%00 An important question that remains to be settled is over

how wide a range of liquid flow rates does the purely ionic
regime exist. Our experiments indicate that, for EMI— B
room temperature, this range is fairly narrow. It reduces to
almost one point, since the Taylor cone could not be stabi-
lized much below the smallest flow rate shown in Fig. 2.
However, the meniscus associated with this trace was com-
pletely stable. This particular TOF curve was averaged for
about 10 min, and its stability would have allowed observing
it for hours. This feature was in fact essential to increase the

otal ionic CITEt /Tutal current EMI-BF4 {24 C)

' / Mono_rrﬂl:urrent ,{:___E
T rimer current

o+ signal to noise ratio, and hence be able to assure that the
08 09 1 11 12 13 14 15 16 17 18 19 2 level of drop current for that particular condition is less than
ELECTRIC( t|)=)|ELD (Wnm) 1 nA

Some final remarks are worth making in relation to Fig.
FIG. 4. Collected current for the full spray, the drops, and the monomery  The behavior is unusual due to the relatively high ion
dimer and trimer ions represented as a functiofepthe mass flow rate, and ' he high fl hi d d
(b) the electric field variable defined in EGA). currgnts present even at the highest flow ra_te achieved, an
particularly so because of the complete disappearance of
o ~ drops at the lowest flow rate. But the trend of a decreasing
The TOF distributions of the drops are not readily dis-jon current and an increasing drop current with increasing
cernible in the lowest traces of Flg 2, and are shown norm’ is in many ways similar to that previous|y seen with
malized to unity in Fig. 5._ This represe_ntation _shows _clearlyhigmy conducting formamide solutiofiS. At still higher
that the drops do not disappear by increasing tigmn,  flow rates we would expect a minimum in the total current,
eventually turning into ions, since their times of flight vary followed by the typical pure drop emission behavior where
little from trace to trace. The drop component vanishes athe current increases as the square room6f This high
decreasing flow rates because its current decreases contifiw rate regime was not experimentally accessible here due
ously down to zero at approximately fix¢dr weakly vary-  to the relatively high flow resistance of the 20n needle
used. At a critical value of the characteristic surface electric
field E, [Eq. (4)] of about 1.08 V/nn{Fig. 4b)], one notes

1
09 4 EMLBF4 24C) |3 TORR an abrupt increase of the dimer ion curréoy far the domi-
_ 081 4 9ITORR nant ionic componentand a stepwise decrease of the mono-
& 07 :‘t}?ﬂggg mer and trimer ions, as well as the drop current. At still
%,_JJ.B ] T aoTToRR higherm’, the total ion current goes through a maximum and
.3.595 . —_r_—ggsSTIORR begins to decrease at |ncr§asEg vaIue_s(decregsmgn’_).
Wy, = 35PS)| We are not aware of any prior observation of this maximum,
S 03- e but its presence is inevitable if a transition to the pure ion
S p2- Iggg} evaporation regime is to take effect. The reason is that, if
0.1 -e-30PS| only ions of a fixedm/q are ejected, then the current must
0 ] rise linearly withm’ asl=(g/m) m’, in a behavior typical
10 150 of liquid metal ion sources. The total current curve of Fig.

TOF (microseconds) 4(a) does not show this linear behavior through the origin of
FIG. 5. Drop component of the TOF curves of Fig. 2 normalized to unity, tocoordmates because th,ere is only one d_atum with nq drop
provide a comparative view of the correspondimgq distributions. One ~ Mass, and the next point already contains about twice as
sees that the increased mass flow is obtained primarily by increasing themuch mass flow in the form of drops than in the form of
magnitude of the current, with modest variation in theg distribution. This ions.

behavior is in sharp contrast with that observed in the pure drop regime, . '
where the drop current varies as the 1/2 power of the mass flow rate, so that Summing up, the current versus’ curve should start

the mean value ofn/q increases as the square root of the mass flow rate:SOMewhere i_n the pure io_n evaporatio_n .|ih€ (a/m)m’;
(m/g)~m'*2 perhaps continue through it through a finité range; then
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curve downwards until eventually going through a maxi-the liquid surface, as originally hypothesized by Iribarne and
mum; then moving rapidly downwards to connect with the Thomsor?® This puts definitively to rest an extensive litera-
pure drop regime, and proceeding upward through il as ture expressing doubts or even flatly denying the leading role
~m’Y2. The transition from pure drop emission to the onsetplayed in electrospray ionization by the Iribarne—Thomson
of ion evaporation is in reality not as abrupt as indicatedmechanism.
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