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Direct ESI-MS of Ionic Liquids Using
High-Pressure Electrospray From Large-Bore
Emitters Made of Micropipette Tips

Takeshi Matsuda and Lee Chuin Chen”

Faculty of Engineering, University of Yamanashi, Yamanashi, Japan

Electrospray ionization mass spectrometry of neat undiluted ionic liquid (IL) and the analysis of protein with the
doping of IL were performed using high-pressure electrospray. The use of disposable micropipette tips as emitters
eased the handling of viscous and easy-to-clog samples and improved the reproducibility of the measurement.
A high-pressure operation enabled the stable electrospray of the highly conductive IL from these relatively
large bore emitters. The measurement of the current-voltage relationship of 1-ethyl-3-methylimidazolium
tetrafluoroborate (Emim BF,) revealed an unusual negative differential resistance that has not been seen in the
typical atmospheric or high-pressure electrospray. Mass spectrometric analysis of this IL also showed the
characteristic response of various ion species with the emitter voltage. When added to the commonly used
protein solution, the mass spectrum also showed protein peaks that correspond to the adduction of fluoroboric
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acid molecules (HBEF,).
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1. INTRODUCTION

An ionic liquid (IL) is a molten salt in the liquid state at
room temperature. As the liquid consists entirely of ions,
the coulombic interaction between them is so strong that
the vapor pressure of IL is practically zero. Its surface ten-
sion is lower than water and the viscosity varies over a wide
range of values depending on the chemical composition.
It is electrically conductive, and thermally stable and has
found various applications in the field of electrochem-
istry, batteries, extraction, efc. Hydrophilic ILs such as
1-butyl-3-methylimidazolium chloride are also known to
dissolve cellulose.” The application of ILs also includes pro-
pulsion in the space program. The negligible vapor pressure
and the high electrical conductivity make IL a suitable choice
for the propellent in the electrospray-based propulsion sys-
tem.? Similar to aqueous/organic solution, the electrospray
of IL can be formed by applying a high potential difference
between IL and the counter electrode. At low flow rates, the
molecular ions of ILs have been reported to sustain opera-
tion in the pure ion evaporation regime.” Instead of a single
emitter, the IL thruster has also been designed to contain
a 2-dimensional array of electrospray emitters to increase
the thrust per unit area.”’ Tonic propulsion based on heated
electrospray of IL under the pure ionic regime also exists.*
The characterization of electrospray of IL has been performed
in a vacuum by feeding IL to the emitter capillary,” and by

wetting a sharp tungsten needle with IL.® Both studies indi-
cated that the electrospray of IL in a high vacuum generates
an emission consisting of ions and charged droplets.

In the area of mass spectrometry, ILs have also been used
for the desorption/ionization taking place in the high vacuum.
For example, ILs derived from a-cyano-4-hydroxycinnamic
acid were reported to be suitable matrices for secondary
ion mass spectrometry (SIMS) to enhance the ion signal.”
IL-based laser absorbing matrices for matrix-assisted laser
desorption/ionization (MALDI) were also reported.*” An
advantage of the IL matrix over the solid one is the homoge-
neity of the sample which improves the shot-shot reproduc-
ibility and eliminates the need to search for the sweet spot.
In the case of electrospray ionization mass spectrometry
(ESI-MS), the addition of IL into hydrocarbon solvents such
as hexane and toluene was found to enable the electrospray
and the ionization of the dissolved analytes in those non-polar
solvents.'” IL has also been used to produce cluster ion beams
for SIMS.'V A target current greater than 200 nA was reported
using the electrospray of IL at 50 nL/min. The generation of
the IL ion beam was also performed from a tungsten needle.'?
Similar to the normal electrospray, the effect of electrochemi-
cal reactions of IL was also observed.'”

As for the MS analysis of ILs, it has been performed
by MALDL'" liquid injection field desorption/ionization
MS (ED/I-MS)," high-pressure FD,'® atmospheric pres-
sure FD,'” desorption from sharp needles of cactus,'® and
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(A) Schematic diagram of the high-pressure ESI source and the electrical configuration for the measurement of spray current and the feedback

system. A computer-based feedback system was used to control the HV supply for constant current operation. (B) Inside the high-pressure ESI
ion source. (C) Taylor cone of the IL (Emim BF,). The spray current value is 140 nA in (C), and p is the apex angle of the Taylor cone. ESI, elec-
trospray ionization; Emim BF,, 1-ethyl-3-methylimidazolium tetrafluoroborate; IL, ionic liquid.

ESL'"?) The electrospray of IL diluted in water and organic
solvent can be done using a conventional ESI source.'”
Electrospray of undilute neat IL has been performed using a
normal electrospray emitter,””’ but a heated curtain gas was
important to observe ion signal. The heating effect was spec-
ulated to reduce the viscosity of the IL in the ESI capillary.*®
In another arrangement, the droplet IL was anchored to the
tip of a stainless-steel wire that was placed in the path of a
moving desolvation gas toward the MS inlet.?"

Here, we investigate the emission of droplets/ions from the
highly stable Taylor cone of the undiluted IL directly from a
micropipette tip with an inner diameter of 0.4 mm. The ion
source here utilizes the concept of high pressure, an ESI stabi-
lizing technique that has been developed previously to handle
the liquid with high surface tension such as pure aqueous
solution>? In the sealed chamber, the pressure of the gas
surrounding the ESI emitter and the counter electrode was
increased beyond 1 atm to reduce the mean free path of elec-
trons as a means to increase the onset voltage for gaseous break-
down. The threshold for electrospray was, however, unaffected
by the gas pressure. The increased insulation under high pres-
sure enables the generation of nano-ESI from a micropipette
tip with a large inner diameter (>100 um) in the conventional
sense.” With the precision modulation of the emitter voltage,
the flow rate can be finely tuned to investigate the ionization
response,”® and other phenomena such as field-induced oxida-
tion that is related to the size of the nanodroplets.?”

2. EXPERIMENTAL SECTION

2.1 Ion source and mass spectrometer
Figure 1A shows the block diagram for the configura-
tion of the experiment which consisted of a high-pressure

electrospray ion source, a commercial mass spectrometer, and
a computer-based feedback control system. The ion source
(Fig. 1B) was pressurized to 0.5 MPa gauge pressure (~6 atm)
with dry air (relative humidity <10%) using an air compressor.
A micropipette tip (epT.LP.S., 0.5-20 uL, Eppendorf, Hamburg,
Germany) with an inner diameter of 0.4 mm was used as the
emitter. The high voltage was applied to the solution via a plat-
inum wire (Diameter: 0.2 mm, Nilaco, Tokyo, Japan) inserted
into the micropipette tip. The ion source was connected
directly to a commercial mass spectrometer (Exactive, Thermo
Fisher Scientific, Waltham, US) via a custom-made ion trans-
port tube with an inner diameter of 0.25 mm. The pressure in
the first pumping stage of the mass spectrometer was about 1
mbar. The spray current was detected by sensing the voltage
drop across a 1 MQ resistor using a high-impedance amplifier
(INA 116, Texas Instruments, Dallas, US). The amplified and
isolated signal was read using a digital multimeter and the
reading was recorded by a personal computer. When operated
under a constant current mode, the deviation of the measured
current from a preset target current was used as the error sig-
nal to perform feedback correction to the emitter voltage.”®
The instrument settings for the mass spectrometer were as
follows: the ion transport tube temperature was 200°C-300°C,
the voltages of the inlet capillary and the tube lens were 60 V,
and the skimmer voltage was 20 V.

2.2 Sample preparation

The IL used in this study was 1-ethyl-3-methylimid-
azolium tetrafluoroborate (Emim BF,, Product Number:
E0496) purchased from the Tokyo Chemical Industry
(Tokyo, Japan). The electrical conductivity measured using a
conductivity meter (Mettler Toledo SevenExcellence, Greif-
ensee, Switzerland) was approximately 1.8 S/m. Bovine heart
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Fig. 2.
the images of the Taylor cone acquired at different voltages.

cytochrome ¢ was purchased from Wako (Osaka, Japan)
(Product Number: 033-16821). Ammonium acetate was
purchased from Kanto Chemical (Tokyo, Japan) (Cat. No.
01969-23). Pure water used for solution preparation was
purified using Simplicity UV (Millipore, Bedford, MA, USA).

3. RESULTS AND DISCUSSION

3.1 Taylor cone, I-V, and I-Q characteristics

Figure 1C shows the formation of a highly stable Taylor
cone of IL anchored at the distal end of the micropipette tip.
The inner diameter of the tip, which was also the base diame-
ter of the Taylor cone, was ~0.4 mm. This value was relatively
large compared to the standard ESI emitters. To initiate a sta-
ble Taylor cone and spray current, a high pressure of greater
than 3 atm was needed to prevent the gaseous breakdown
that induced a large flow of electric discharge current. Inter-
estingly, when the Taylor cone was established, the pressure
of the ion source could be reduced to ~1.2 atm without trig-
gering significant electrical discharge. Nevertheless, accidental
ejection of a large amount of IL could cause contamination to
the ion inlet and the tube lens. Thus, for the ease of the exper-
iment and to ensure the reproducibility of measurements,
the pressure of the ion source was maintained at ~6 atm (0.5
MPa gauge pressure). The apex angle of the Taylor cone was
denoted as P in Fig. 1C. The theoretical value of B for a truly
static Taylor cone was 98.6°>” The apex angle in practice,
however, was found to change with the applied voltage.

Figure 2A shows the change in measured spray current
during the voltage scanning process. To measure the current—
voltage relationship, the voltage applied to the IL was slowly
increased in a stepwise manner using a computer-controlled
system. Upon reaching a preset maximum value, the voltage
was decreased to a preset minimum value (see the triangu-
lar scanning pattern in Fig. 2A). The sweeping of voltage
was performed at the highest resolution of 0.5 V/step. The
step interval was approximately 0.15 s. Overall, the ramping
rate was approximately 3.3 V/s. A ramping rate of a few V/s
ensured that the sweeping was slow enough not to excite the
liquid oscillation. The result in Fig. 2A shows that an onset
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(A) Measurement of spray current by scanning the emitter voltage up and down. (B) The Constructed current-voltage (I-V) curve. Insets show

voltage (V) was required to turn the originally spheroi-
dal meniscus into a conic meniscus (Taylor cone). Once the
conic meniscus was established, it could be sustained at a
voltage lower than the onset voltage down to a minimum
value at V_, . The lowest flow rate and current were obtained
at V. at which the meniscus has an apex angle very close to
the theoretical Taylor cone apex angle. This result was consis-
tent with our previous work on aqueous Taylor cone.* "

The measured current and voltage were used to construct
the current-voltage (I-V) curve for the IL shown in Fig. 2B.
The data points corresponding to the voltage scanning up
process are colored in red, whereas the data points obtained
by scanning down voltage were colored in blue. Unlike the
typical syringe pump-controlled electrospray operated at a
constant flow rate, there was no hysteresis-like pattern,”® that
is, the rise and fall of spray current followed the same path,
and the data points obtained by increasing and decreasing
voltage overlapped nicely with each other. The insets show the
conditions and the apex angle of the Taylor cone. Owing to the
high electrical conductivity of the IL (~1.8 S/m) and the stable
spraying condition provided by the high pressure, the stable
cone jet mode could be operated to support a wide dynamic
range of spray current from 50 to 900 nA. The measurement of
higher currents was not performed due to the limitation of the
measurement circuit and the risk of ion source contamination.

Overall, the I-V relationship was not linear, but there were
two regions where the I-V was approximately linear. One was
for the current range from 50 to ~450 nA, and another one
was for ~450 to 700 nA. Interestingly, the I-V curve shows
two stationary points (marked as A and B) at ~3.5 kV and
~3.6 kV. The locations of these two stationary points were
easily reproduced either by increasing or decreasing the
applied voltages. In the typical flow rate regulated electro-
spray, the stationary or “transition” point in the staircase I-V
curve indicates the transition of spraying mode, that is, from
pulsation to cone-jet or from cone jet to multi-jet modes.*®)
Here, the I-V curve resembled a cubic function and has
two stationary points labeled as A and B in Figs. 2A and 2B.
When the voltage was lower than point A, and above point B,
the spray current increased, as expected, with the voltage.
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Fig. 3. (A) The measurement of spray current I and the volumetric flow rate Q of the IL. (B) The plot of I versus \/6 . 1L, ionic liquid.

The peculiar trend was observed when the voltage was within
the region of point A and point B in which the spray current,
against the common intuition, decreased with the increase
in voltage. As verified by the microscopic images, the tran-
sition points were not due to the change in spraying mode.
Also, unlike the current, the apex angle of the Taylor cone
decreased with the voltage without showing signs of transi-
tion points. At a surface element away from the jet, the apex
angle was the result of the balancing between the surface ten-
sion and the normal electric stress. A smaller value of apex
angle indicated a higher electric field at a higher voltage, an
expected observation.

The region between A and B clearly exhibited a negative
differential resistance. We speculated that the phenomenon
might be related to the multiple components of electrospray
current. The phenomenon of negative resistance exists in
electronic devices such as tunnel diodes. In that case, the
diode current consists of a nonlinear tunneling current in
addition to the normal diode current. The tunneling effect
was unrelated here, but there was a similarity to our experi-
ment in that the measured electrospray current was the sum
of the normal spray current and the current attributed to
direct jon emission. Direct ion emission is known to exist
in the electrospray of IL in vacuum.” Here, the current den-
sity for the direct ion emission ought to be higher at a lower
voltage when the flow rate is low and the initial charged
droplet is small. The direct emission current was expected
to diminish when a higher flow rate was induced by a higher
emitter voltage. When the voltage exceeded the value at point
B, the current was believed to be dominated by the normal
spray current. As the electrospray was performed under
high pressure, the space charge effect caused by the cloud of
emitted droplets and ions might also play a role to retard the
charge emission from the Taylor cone€’s tip. The current would
increase again when the space charge retardation was over-
come by a further increase in voltage.

Figure 3A shows the measurement of flow rates at differ-
ent spray currents. The flow rate was estimated by accurately
measuring the mass of the loaded IL before and after spraying
IL at a constant current. The volumetric flow rate was derived
from the change in mass under a known spraying time. For
the cone-jet mode with solutions of large conductivity, the
following relationship between spray current and flow rate
has been proposed.*”

KQ 1/2
IF :g(er) 7/6—

r

(1)

where €, is the relative permittivity, y is the surface tension,
and K is the electrical conductivity of the liquid. Coefficient
g(€,) was an experimentally determined constant. In addi-
tion, another model proposed the following relationship
between spray current and flow rate for conductive liquid.*"

I, =2.6(yk0)" 2)

Both equations give a [ © \/@ relationship to the spray cur-
rent and flow rate. To verify this empirical power law, the
square root of the flow rate was plotted against the spray cur-
rent in Fig. 3B. The fitted linear regression line shows a rea-
sonable proportional relationship existed between / — \/é for
I>500 nA. The deviation in the low flow rate region (<10 nL/
min) was believed due to the error in flow rate measurement.
A higher value of current might be due to the contribution
from direct ion emission.

3.2 Mass spectrum of Emim BF,

Figure 4 shows the typical mass spectra of Emim BF,
obtained by spraying the neat IL directly without dilution
using the high-pressure ESI source. The molecular structure of
Emim BF, is shown in Scheme 1. In the following discussion,
the cation of Emim BF, is assigned as X", and the anion as Y.
Figure 4A shows the mass spectrum in the low-mass region,
and Fig. 4B is the medium to high-mass region. Overall, the
cation X" and the cation-adducted neutral molecule of IL, that
is, (XY)X" dominate the mass spectrum. The dominant peaks
(labeled with red circles) with equal spacing of 198.1 in Fig. 4B
are the clusters of the IL in the form of (XY), X", with n up 19.
Their associated fragments in the form of [(XY), X - C;H,]",
labeled as blue triangles, were also observed. In the high mass
region (500-4000), (XY), X" was the highest peak, followed by
(XY),X*. As shown in the close-up mass spectrum for the m/z
region of 500 to 1000, the intensity of (XY),X" was relatively
low. For n = 3, the intensity of the fragment was higher than
the precursor (XY),X". Fragments for the cation, (XY)X" and
(XY),X" were not detected. The fragmentation could be due to
the in-source dissociation of the ethyl and methyl groups of the
IL during the transfer of ions.

3.3 Scanning voltage MS for IL

To evaluate the ion response of (XY), X" under different
flow rates, the MS acquisition was performed by gradually
increasing the emitter voltage until a preset maximum value,
and then decreasing the voltage to the minimum value as
shown in Fig. 5A. The recorded spray current is shown in
Fig. 5B. The acquisition of mass spectra was started in sync
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Fig. 4. Mass spectra acquired from the neat IL ([Emim][BF4]) using high-pressure ESI. (A) Mass spectrum in the low mass region. (B) Medium to high
mass region. The inset shows the close-up mass spectrum for (B). Emim BF,, 1-ethyl-3-methylimidazolium tetrafluoroborate; ESI, electrospray

ionization; IL, ionic liquid.
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Scheme 1. Structure of Emim BF,.

with the scanning of voltage using the contact control of the
mass spectrometer originally reserved for synchronizing the
data acquisition with the liquid chromatography devices.
The incremental and decremental rate was 0.5 V per step.
Extracted ion chromatogram (EIC) of the selected ion signal
for (XY)X", (XY),X", and (XY),;X" are shown in Figs. 5C to
5E. Overall, all ion signals show an increasing trend with the
decrease in spray current. However, the highest ion signal
was reached at ~100 nA, which was slightly higher than the
minimum spray current right before the collapse of the Taylor
cone. For (XY)X", the ion signal showed another hump, that
is, a local maximum at which the position coincided approxi-
mately with the transition point A of the spray current (~500
nA). Such hump was not observed with other larger clusters.
Also, right after this point, the signal for higher-order clusters
such as (XY),X" and (XY),;X" started to show an appreciable
increase in ion intensity in the direction of decreasing current.
In sum, all IL-related ions were detected in most abundance
when the current was near its minimum. This is conceivable
as the generated droplets were nearly the smallest there was a

possibility of direct emission of cluster ions. As for the (XY)X*
ion, its abundance showed an increasing trend with the volt-
age in the time duration of 5-6 min. The reason could be due
to the increase in the sample introduction rate at a higher
flow rate, and for this ion species, the release of ions from a
relatively large droplet was still attainable compared to other
species. A higher voltage in 3.5-5 min resulted in a further
increase in flow rate and droplet size that reduced the ioniza-
tion efficiency. The intensity of the fragment ions for n > 2 fol-
lows the trend of their intact ions. As for (XY)X, its fragment
ion signal was too weak to be significant. The relationship
between the generated ion species and the observed anomaly
in the spray current will be further investigated in the future.

3.4 MS of protein with the addition of Emim BF,

As described previously, IL-related ions could be gener-
ated with high intensity from the direct electrospray of IL.
We have also attempted to generate macromolecules such as
protein dissolved in the neat IL. But despite our best efforts,
no protein signal was detected from the undiluted IL even
with protein concentration up to >10™* M. This prompted
us to investigate to what extent should the IL be diluted
to generate detectable protein ions. The measurement was
performed using 8 pM cytochrome ¢ in 100 mM ammo-
nium acetate aqueous solution with the addition of Emim
BF,. The maximum tolerable concentration of IL to yield a
reproducible ion signal for cytochrome ¢ was found to be in
the order of 10 M. At this concentration, the pattern of the
MS and the ion intensity was dependent on the spray current
(see Fig. 6). Clean mass spectra with the highest ion inten-
sity were obtained at the lowest possible spray current. That
condition corresponded to the generation of the smallest
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Fig. 5. (A) The ramping up and down of emitter voltage. (B) Measured
spray current. (C) EIC for (XY)X", where X is the cation and Y
is the anion of the IL. (D) EIC for (XY),X". (E) EIC for
(XY) ;X" EIC, extracted ion chromatogram; IL, ionic liquid.

liquid droplet.*” The moderately charged ion species
with the highest peak at 10+ dominated the mass spectrum.
There was also a presence of low charge state species of 6+
and 7+. The presence of IL in the protein solution caused
significant adduction of fluoroboric acid molecules (HBF,)
to the low-charge-state species of 6+ and 7+. Those ions
were in the form [M + aH + bHBF,]*". The highly charged
and the low-charge-state ions (6+ and 7+) were believed to
follow different ionization routes. The highly charged ions
can accumulate near the surface of the precursor droplet and
be ejected directly,” or transported to the secondary droplet
via Rayleigh fission during the early stage of droplet evapo-
ration. We speculate that the local concentration of anions
surrounding protein during the formation of high-charge-
state ions was lower than that of low-charge-state ions. The
formation of native-like low-charge-state ions follows the
route of the charge-residue model, that is, the excess charges
were deposited on the molecule when the solvent was fully
evaporated. Due to the non-evaporative nature of the IL, the
concentration of the anion should be higher in the last-stage
droplet that produces the gas phase ions.
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Fig. 6. Mass spectra of cytochrome ¢ (8 uM) prepared in 100 mM
ammonium acetate aqueous solution doped with 1 mM Emim
BE,. Spray currents are (A) 80 nA, (B) 200 nA, (C) 400 nA, (D)
600, and (E) 800 nA. Red asterisks in the insets denote the proton-
ated, and blued asterisks denote the peak with adduction of HBF,
for charge state 6+ Emim BF,, 1-ethyl-3-methylimidazolium
tetrafluoroborate.

Although with low ion intensity, the largest observable
number of neutral HBF, adducted to cytochrome ¢ was 18
for the charge state 6+ and 17 for the charge state 7+. The
cytochrome ¢ here was from a bovine heart and the total
number of basic sites (lysines, arginines, histidines, and
N-termini) was 24. For the protonated species, the rela-
tionship between the charge state and the largest number
and the maximum number of acid molecule adducts was
known to be equal to the total number of basic sites.’**"
Previous works used mineral acids such as HI’*® and
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HCIO,.** Here, our result shows that the relationship was
also true for the solution containing IL with large size
anion such as BF,".

4. CONCLUSION

The electrical and mass spectrometric characterization of
a highly conductive IL has been performed. The formation
of a highly stable Taylor cone was achieved using the high-
pressure ESI technique where the liquid was electrified in
an environment with gas pressure greater than atmospheric
pressure. The spray current-voltage relationship showed
the presence of two transition points even when the elec-
trospray was in the cone-jet mode. The region between
these transition points exhibited a negative differential
resistance, a phenomenon that was not seen in the typical
electrospray of common solvents and aqueous solution for
atmospheric pressure or high-pressure electrospray. The
finding warranted further investigation. The direct ESI-MS
of the undiluted neat IL also showed the presence of IL-
related cluster ions, in addition to the cation of IL (positive
mode ion). The ion response under varying voltage also
revealed a slightly different pattern for the cation-adducted
single IL molecule as compared to other higher-order IL
molecular clusters. For the aqueous protein solution con-
taining ammonium acetate and Emim BF,, the adduction
of HBF, to the low-charge-state species of protein was also
observed.
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