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Generation of Water Droplet Ion Beam for ToF-SIMS Analysis
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Abstract : The increasing demand for two-dimensional imaging analysis using optical or electronic microscopic techniques has
led to an increase in the use of simple one-dimensional and two-dimensional mass spectrometry imaging. Among these imaging
methods, secondary-ion mass spectrometry (SIMS) has the best spatial resolution using a primary ion beam with a relatively
insignificant beam diameter. Until recently, SIMS, which uses high-energy primary ion beams, has not been used to analyze mole-
cules. However, owing to the development of cluster ion beams, it has been actively used to analyze various organic molecules from
the surface. Researchers and commercial SIMS companies are developing cluster ion beams to analyze biological samples, includ-
ing amino acids, peptides, and proteins. In this study, a water droplet ion beam for surface analysis was realized. Water droplets ions
were generated via electrospraying in a vacuum without desolvation. The generated ions were accelerated at an energy of 10 keV
and collided with the target sample, and secondary ion mass spectra were obtained for the generated ions using ToF-SIMS. Thus,
the proposed water droplet ion-beam device showed potential applicability as a primary ion beam in SIMS.
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Introduction

Mass spectrometry imaging (MSI) is an effective surface

analysis technique because it can obtain a mass spectrum

from each pixel to represent the components of a surface in

two dimensions. This analytical method effectively

observes the surface and can simultaneously probe various

molecular ions along the x–y plane. Therefore, contrary to

conventional optical microscopic techniques, it provides

chemical information, which can mostly delineate visible

morphology.1–3 Electron microscopy can also give chemical

information from a surface sample; however, it provides the

elemental distribution but not molecular ion distribution, by

using energy dispersive X-ray analysis (EDX) in scanning

electron microscopy (SEM)4,5 and electron energy-loss

spectroscopy (EELS) in transmission electron microscopy

(TEM).6–8

MSI possessing these advantages can be represented by

three methods: desorption electrospray ionization (DESI)-

MS,9,10 matrix-assisted laser desorption ionization

(MALDI)-MS,11–13 and secondary-ion mass spectrometry

(SIMS).14–16 Each method has its own advantages and dis-

advantages from an imaging mass spectrometric

perspective. The analysis method can be determined based

on the subject of the analysis, approach adopted, and time

required. DESI involves spraying a solvent droplet onto a

sample surface to desorb ions at atmospheric pressure. The

ions produced by a highly charged droplet were introduced

into a mass spectrometer to analyze the chemical informa-

tion on the surface. Mass spectrometry was performed

along the x–y direction by moving a stage to reconstruct a

two-dimensional MSI. DESI is a powerful surface analysis

method for measuring atmospheric pressure and does not

require sample preparation. However, reducing the mini-

mum radius of solvent spraying to under 20 μm is

challenging, and this strongly relates to image resolution.

MALDI can generate ions from coexisting matrix

molecules and analytes in a sample via irradiation with an

ultraviolet (UV) laser in vacuum. As the sample stage

moves, MALDI expresses the mass spectral image as a

two-dimensional distribution of molecular ion signals.

MALDI can achieve better image resolution than DESI

because it can reduce the minimum radius of the laser beam

to below 5 μm. However, MALDI requires more sample

preparation time than DESI and must be analyzed in vac-

uum. Therefore, only relatively dead biological samples

can be analyzed. For both of these methods, the movement
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of the sample stage for high-resolution MSI must be

accurately controlled.

SIMS with a high-energy primary ion beam has been

used to analyze monoatomic and diatomic ions sputtered

from the sample surface. The kinetic energy of the primary

ion beam is too high to ionize or observe intact molecular

ions. However, cluster ion beams enhance molecular ion

detection, enabling effortless application in bioimaging

mass spectrometry through time-of-flight secondary ion

mass spectrometry (ToF-SIMS). Because the gas cluster ion

beam (GCIB) was developed, it enhanced molecular ion

observation because the energy per nucleus was softly

reduced to desorb and ionize ions.17 Moreover, secondary

molecular ions with less fragmentation must be detected

using GCIB because it is a powerful instrument for analyz-

ing molecular ions on surfaces. Among the various cluster

ion beams, GCIB is the most widely used for biological

sample and organic molecule analyses. John et al. used

GCIB to ionize biomolecules, such as lipids, and analyzed

the biological images of tissues.18,19

Thus, the primary ion beam contributes significantly to

the performance of MSI through improved ionization in

SIMS. However, the analysis of biomolecules, such as pro-

teins, by using SIMS remains challenging. Therefore, there

have been attempts to develop a GCIB using reactive gas to

increase the ionization efficiency of biomolecules and ana-

lyze them.20 Hua et al. recently published research results

on biomolecules, such as proteins, using a 70 keV water

cluster ion beam and ToF-SIMS.21 Ninomiya et al. devel-

oped a vacuum-type electrospray droplet impact (V-EDI) to

improve the secondary ionization yield by impacting water

droplets containing numerous protons on the surface.22

This study developed a primary ion beam with high sec-

ondary ionization yield, aiming to have a significant impact

on MSI surface analysis. Additionally, a water droplet was

formed using a beam instrument similar to that developed

by Ninomiya et al. The performance of the constructed pri-

mary ion beam determined its applicability as an ionization

source for secondary ion mass spectrometry. Furthermore,

it was coupled with a home-built ToF-SIMS to analyze the

secondary molecular ions generated on the surface.

Experimental

Sample preparation

A 10 mm × 10 mm stainless-steel plate was used as the

substrate to produce all monolayer microfilms. The sub-

strates were ultrasonically cleaned in ethanol and distilled

water for 10 min and thoroughly rinsed in deionized water.

The chemically cleaned stainless steel substrates were dried

using N2 gas. Rhodamine 6G and bradykinin were pur-

chased from Sigma-Aldrich and were used without further

purification. The thin organic molecular film was prepared

on a clean stainless steel plate by spin-coating (3000 rpm)

approximately 1 mM aqueous solution (10 μL).

Instrument

The experimental setup for V-EDI is shown in Figure 1.

Furthermore, it consisted of one chamber divided into two

parts. The first part contained the electrospray, and the sec-

ond part contained the ion optics, including the electrostatic

lens. A turbomolecular pump (HiPace 80, Pfieffer Vacuum,

Germany) was installed in the first part to maintain vac-

uum, and the second part was connected to the sample

chamber of the secondary ion mass spectrometer to main-

tain vacuum. A 0.01 M TFA ethanol aqueous solution (eth-

anol:water = 1:4) was used as the liquid source of V-EDI.

The syringe pump (Legato 110, KD Scientific) transferred

the acidic ethanol aqueous solution to the source chamber

through a PEEKSIL tubing (ID 150 μm, IDEX, USA). We

tried to find the condition which the TFA ethanol aqueous

solution would flow out uninterruptedly under the vacuum. It

was confirmed that water droplets were continuously formed

on the electrospray emitter at a flow rate of 1.5 μL/min, and a

faster flow rate affected the vaccum state by supplying too

much sovelnt. Therefore, a water droplet ion beam was

generated at this flow rate. The electrospray emitter used in

this study was the sharp singularity emitter (ID 2 μm, Fossil

Figure 1. Schematic diagram for the experimental setup of the water droplet ion beam.
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Ion Tech, Madrid, Spain). The PEEKSIL tubing was con-

nected to an electrospray emitter inside a microtee (P-885,

IDEX), where a platinum wire, which floated to a high volt-

age (HV), was also inserted perpendicularly to both the tub-

ing and the emitter. The droplets passing through the

extractor were spatially focused by an Einzel lens, and the

final focusing was performed using the objective lens

installed at the end. A two-stage deflection electrode set

that can deflect the ion beam was installed between the two

lenses, and a raster electrode was installed at the end of the

objective lens to scan the ion beam. Additionally, to prevent

freezing of the liquid in the vacuum, the end of the electro-

spray emitter was irradiated by a continuous wave (CW)

near-IR laser module (λ = 808 nm, 1.2 W, CivilLaser,

China). In order to locally heat the electrospray emitter

using a laser, the laser was preheated for more than 20 min-

utes before irradiating the laser, and the power was set to

400 mW using a lser power meter.

Experimental analyses

A Faraday cup was installed opposite the ion beam in the

sample chamber to measure the output of the ion beam, and

an image detector, including an MCP and a phosphor

screen (F2221-11P-Y005, Hamamatsu Photonics, Japan),

was installed on the sample stage to check the size of the

ion beam. The total water droplet ion beam current was

measured with a Faraday cup and monitored using a

picoammeter (6485, Keithley, USA). The image of the

water droplet ion beam on the phosphor screen was directly

observed using a webcam (C920, Logitech, Switzerland).

Sample analysis was performed using a home-built quadru-

pole ion trap reflectron–time-of-flight mass spectrometer

(QIT-ToF-SIMS; see Figure 2). The sample stage mounted

on the xyz manipulator was lowered to block the primary

ion beams produced by V-EDI. Water droplet ions are

accelerated to the sample stage to generate secondary ions.

Therefore, the secondary ions sputtered by the 10 keV

water droplet ion projectiles were accelerated to QIT-ToF-

SIMS at 100 VDC. The secondary ions enter the QIT

through a set of extraction and electrostatic lenses. To

enhance the sensitivity and perform ToF-SIMS analysis, a

radio frequency signal of constant frequency and ampli-

tude was applied to the ring electrode with both end-caps

grounded, where most of the secondary ions can be stored.

Next, a positive DC pulse was applied to the entrance end

cap to extract all the ions in the QIT to a reflectron ToF-

SIMS for mass analysis. The ions were reflected by a

reflectron and detected using a 40 mm dual microchannel

plate (MCP). Ion signals from the MCP were processed

using a digital storage oscilloscope. The timings of ion stor-

age, extraction, and detection were synchronized using

TTL pulses from a digital delay generator. A secondary ion

mass spectrum was obtained in the positive mode using a

10 keV water droplet ion as the analysis ion beam.

Results and Discussion

Figure 3 shows photographs of the electrospray phenom-

ena (a) under atmospheric pressure and (b) in vacuum. As

shown in Figure 3 (a), two lasers were irradiated in front of

the emitter to observe the light scattering from the water

droplets produced by the electrospray. Figure 3 (a) shows

an electrospray plume. Furthermore, the plume size was

drastically broadened by dispersion in the air immediately

after spraying at atmospheric pressure. However, it was not

widely sprayed in a vacuum, which was similar to that

reported by Ninomiya et al.23 Compared to electrospray

under atmospheric pressure, electrospray in vacuum is

effortless to maintain linearity because there are fewer mul-

tiple collisions with the air at the center of the trajectory.

However, this can enhance the current and brightness of the

ion beam compared to atmospheric-pressure-type electro-

spray droplet impact (A-VDI), indicating that a V-EDI

source was successfully generated.

Figure 2. Schematic diagram for the homebuilt quadrupole iontrap time-of-flight secondary ion mass spectrometer and the photograph

of a sample stage including an image detector.
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A Faraday cup was installed to measure the current of the

water droplet ion beam. Figure 4 shows the current as a

function of time, and the inset in Figure 4 shows a

photograph of the picoammeter used to measure the current

of the water droplet ion beam. Except in cases where the

current of the water droplet ion beam was high when the

ion beam was emitted at the start, the current was main-

tained at an average of approximately 2.3 nA for 1 h. The

fluctuation in current was because of an unstable supply of

high voltage, electrical discharge, or inconsistent supply of

solution, which is the flow of the solution. However, the

stability of the currently used high-voltage power source for

ion beams is approximately 0.05 %, which cannot be con-

sidered owing to fluctuations in the output due to voltage.

In addition, if there was a significant discharge while mea-

suring the ion beam current, the current would have fluctu-

ated significantly and would not have been measured for a

particular period. There was an unstable flow of the solu-

tion because the aqueous solution in the vacuum froze at

room temperature. An 808 nm laser was irradiated to the tip

of the emitter for local heating to melt it. However, without

sufficient heat being transmitted, the aqueous solution can

freeze and interfere with its flow. If the laser overheats the

tip of the emitter, the emitter tip and the capillary tube

inside the emitter may be damaged, resulting in a disrupted

flow of the solution. Therefore, the laser intensity must be

carefully handled and reoptimized. Despite requiring fur-

ther optimization, it can still be used as a primary ion beam

in its current state.

Figure 3. Photographs of an electrospray (a) in the atmospheric pressure and (b) in the vacuum.

Figure 4. The current of water droplet ion beam monitored and

recorded for 60 min.

Figure 5. Photographs of the ion image on the image detector.
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Figure 5 shows the images as a function of the voltage

amplitude of the objective lens. The image detector was

installed at the same height as the sample on the sample

stage, as shown on the right side of Figure 2. By adjusting

the voltage of the objective lens, we monitored the image

from the image detector to determined the optimal condi-

tions for reducing the size of the water-droplet ion beam.

Because the diameter of one MCP channel is 12 μm, and

only one MCP used, the size visible on the phosphor screen

can reflect the size of the ion beam. However, the image on

the phosphor screen cannot be the size of the actual ion

beam. If the ion beam is sufficiently insignificant than one

channel of the MCP, accurate measurement will not be pos-

sible. If the ion beam is more significant for one channel, it

will be overmeasure because neighboring channels will

appear as amplified signals. Therefore, the current experi-

ment aims to optimize the objective lens of the ion beam.

For future imaging mass spectrometry, imaging mass spec-

trometry resolution with a water droplet ion beam must be

improved using grid samples with accurate distances.

Finally, the secondary ion mass spectrum of rhodamine

6G (R6G), shown in Figure 6, was sputtered with a 10 keV

water droplet ion projectile. The largest peak on the right

side of the spectrum was at m/z 443, which was the parent

ion of R6G. The R6G secondary ion generated by the water

droplet ion obtained a relatively intact parent ion compared

to that obtained in the previous experiment. As previously

reported,24 m/z 415, which is the characteristic main frag-

ment ion of R6G, was observed.

Conclusions

The field of organic molecules and biological sample

analysis using secondary ion mass spectrometry (SIMS), a

mass-spectrometry imaging technique, is expanding. The

primary technology of SIMS for biological sample analysis

is the primary ion beam, which determines how well intact

organic molecules in the sample can be ionized. In this

study, we generated a water droplet ion beam apparatus that

can effortlessly ionize organic biomolecules and confirmed

its performance for use in ToF-SIMS analysis. A current of

approximately 2 nA for the ion beam, its stability, and the

shape of the beam were characterized. Finally, the mass

spectrum of the R6G ion, a representative organic dye mol-

ecule, produced from the thin film was obtained using ToF-

SIMS in combination with a water droplet ion beam appa-

ratus to confirm the possibility of its use as a primary ion

beam. The water droplet ion beam device introduced here is

smaller than the previously published one and has relatively

less interference between other equipment such as ToFMS

so it is expected to be easily applied to various ToF-SIMS.

And It was designed to use the acceleration energy of the

water droplet ion beam up to 20 kV. This means that it can

be used as a surface analysis equipment to generate and

analyze various organic molecules under more diverse

conditions. In future, we plan to optimize the water droplet

ion beam and apply it to mass spectrometry image analysis.

Furthermore, this combined equipment will be able to pro-

duce more diverse results in organic surface analysis, which

and significantly contribute to connectivity between the

developed equipment and bio-mass spectrometric analysis.
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