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the signal enhancement observed when using both hydrogen-doped argon and
hydrogen-doped helium. The hydrogen-doped argon was tested for five analytes
representing different classes of molecules. Addition of hydrogen to the argon plasma
gas enhanced signals for gas-phase analytes and for analytes coated onto glass
slides in positive and negative ion mode. The enhancements ranged from factors of 4
to 5 for gas-phase analytes and factors of 2 to 40 for coated slides. There was no

significant increase in the background. The limit of detection for caffeine was lowered
by a factor of 79 using Ho/Ar and 2 using Ho/He. Results are shown that help explain the fundamental differences
between the pure-gas discharges and those that are hydrogen-doped for both argon and helium. Experiments
with different discharge geometries and grounding schemes indicate that observed signal enhancements are

strongly dependent on discharge configuration.

Keywords: Ambient desorption/ionization, Hydrogen addition, Dielectric barrier discharge

Received: 5 November 2015/Revised: 6 June 2016/Accepted: 11 June 2016/Published Online: 5 July 2016

Introduction

he introductions of desorption electrospray ionization

(DESI) [1] and direct analysis in real time (DART) [2] in
2005 have led to explosive growth in the field of ambient
desorption/ionization mass spectrometry. Of particular interest
have been the plasma-based ADI sources [3—5] that require
little to no sample preparation, enable fast analysis times, and
feature simple source construction [6, 7]. Plasma-based ADI
sources usually use helium for the plasma gas because of its
high ionization potential and the high energies of its metastable
states, but other plasma gases have been utilized, including
argon, nitrogen, and air [3, 8]. However, little work has been
done to determine the effectiveness of using gas mixtures as
plasma gases for these ADI sources. Given that the predomi-
nant analyte ions formed when using these sources are [M +
H]" ions, the most attractive dopant gases would be hydrogen
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donors. The simplest hydrogen source is molecular hydrogen.
Previous work in our laboratory [9, 10] has shown the benefits
of using hydrogen-doped helium as the plasma gas for a high-
frequency dielectric barrier discharge (DBD) source. These
benefits included enhanced signals and faster desorption rise
times. Our experiments with hydrogen-doped helium plasmas
also pointed to a change in the desorption mechanism with the
addition of hydrogen.

The widespread use of helium as the support gas for plasma-
based ADI sources has presented some significant problems for
users. Helium is expensive, non-renewable, and it strains vac-
uum systems. Based on cost and availability, argon would
seem to be a good alternative to helium. However, experiments
with pure argon discharges have yielded sensitivities 10—100
times worse than those recorded with helium plasmas using the
LTP [8]. There is good reason to think that adding hydrogen to
argon could improve its performance as an ADI plasma gas.
The effects of hydrogen on argon plasmas have been studied
extensively by researchers in the field of inductively coupled
plasma mass spectrometry (ICP-MS) [11-15]. Hydrogen has
been found to be an effective way to remove argon ions from
the ion beam in ICP-MS. They undergo rapid and efficient
reactions with molecular hydrogen resulting in the formation of
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ions such as ArH", ArH,", H,", and H; " [11, 13]. Of these ions,
H;" is the most abundant. These ions, especially H; " and ArH™,
could react readily with analyte ions to produce [M + H]" ions
suitable for detection in a mass spectrometer. It has been
observed that the main water cluster ion present in radio fre-
quency (rf) plasma discharges is the H(H,0), " ion [16]. The
proton affinities of Ar, H,, and (H,0), are 369.2 kJ mol ',
423.8 kJ mol ', and 933 kJ mol ", respectively [17—19], sug-
gesting that the ArH" and H;" ions could act as more versatile
proton donors than H(H,0)," in an ADI source. The proton
affinities of different order water clusters are similarly higher
than those of ArH" and H;". We present here experimental
characterization of a hydrogen-doped argon plasma as an ADI
source for mass spectrometry.

It has been brought to our attention by two research labora-
tories through private communication that the results reported
previously showing signal enhancement with hydrogen-doped
helium [9] have not been successfully reproduced in their labs.
They report using different types of mass spectrometers with
presumably different voltage settings that did not exactly corre-
spond to those used in our lab. However, we have continued to
see the effect in the studies we have performed. One purpose of
this paper is to detail those circumstances under which the signal
enhancement occurs and does not occur such that the results
may be more successfully reproduced in other laboratories.

Experimental
Chemicals

The chemicals used in this study were chosen to match previ-
ous studies [9, 10, 20, 21] done with pure helium and
hydrogen-doped helium. They included caffeine (Sigma
Aldrich, Steinheim, Germany), diphenylamine (Brigham
Young University chemical surplus, source unknown), anthra-
cene (Spectrum Chemical Mfg. Corp., Gardena, CA, USA),
coumarin 460 (Exciton, Dayton, OH, USA), and 1,3-dinitro-
benzene (The Matheson Company, East Rutherford, NJ, USA).
HPLC grade methanol (Sigma Aldrich, St. Louis, MO, USA)
was used to create all of the solutions used in this study for
coating glass slides. HPLC grade acetonitrile (Fisher Chemical,
Waltham, MA, USA) was used in the experiments determining
the limit of detection for caffeine.

Dielectric Barrier Discharge

The dielectric barrier discharge (DBD) used has been described
previously [22]. A brief description will be provided here. The
discharge was created in a fused quartz capillary (3 mm o.d.,
1 mm i.d., 68 mm long) between a grounded needle electrode
inside the capillary and a copper ring electrode (7 mm o.d.,
3 mm i.d., 3 mm long) attached to the outside of the capillary.
The copper ring electrode was secured to the capillary 1 cm
from the end. The distance between the needle electrode and
the ring electrode was 10 mm when using argon and 42 mm
when using helium. A 1/8-inch stainless steel Swagelok-T was
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used to connect the discharge components. The support gases
used were ultra-high purity argon, 2.90% hydrogen in argon,
ultra-high purity helium, and 1.0% hydrogen in helium. All
gases were obtained from Airgas (Radnor, PA, USA); 2.90%
hydrogen in argon was used instead of any higher hydrogen
concentration to avoid treating the mixture as a flammable gas.
The flow rate for all plasma gases was 2 L min '. Flow rates
were controlled by a pair of MKS1170A mass flow controllers
with MKS246C power supplies/readouts (MKS Instruments,
Andover, MA, USA). Power was supplied to the copper ring
electrode with an ENI HPG-2 rf power supply (MKS Instru-
ments, Andover, MA, USA). Under these conditions, the plas-
ma plume protruded approximately 5 mm past the tip of the
capillary for argon and 2 c¢m for helium.

AC Discharge

The AC discharge used herein has also been described previ-
ously [22]. Briefly, a glass tube (6.3 mm o.d., 3.8 mm i.d.) had
a coaxial tungsten pin electrode (1 mm o.d.) to which high
voltage was applied, and a grounded copper plate (9.8 mm
diameter) with a 2 mm hole coaxial with the tube and tungsten
pin was attached to the end of the glass tube. Thus, the dis-
charge operated in a pin-to-plate mode. The distance between
the tungsten pin and the coper plate was 4 mm. Power was
applied to the tungsten pin using the same HPG-2 power
supply used for the DBD. The power applied was 10 W at
350 kHz. Gas was supplied at a rate of 2 L min™' using one of
the MKS1170A mass flow controllers with its corresponding
power supply.

Mass Spectrometer Setup

Mass spectra were collected using a MicrOTOF 1I (Bruker
Daltonics, Billerica, MA, USA) time-of-flight mass spectrom-
eter. MicrOTOF Control 3.0 software was used for instrument
control and data acquisition, and DataAnalysis 4.0 software
was used to process the acquired spectra.

The mass spectrometer was modified in the two ways. First,
the electrospray ionization (ESI) source and the spray shield
were removed so that the atmospheric pressure inlet was ex-
posed. Second, an extra mechanical vacuum pump was attached
to the first vacuum stage to reduce strain on the vacuum system
when helium is used as the plasma gas. The extra pump was
operational during all experiments regardless of plasma gas to
maintain consistent vacuum conditions. The mass spectrometer
operating parameters are presented in detail in Table 1.

Analyte was introduced into the mass spectrometer as illus-
trated schematically in Figure 1. First, to introduce analyte into
the mass spectrometer in a way that allowed both desorption
and ionization to occur, a glass slide was dipped in 25 mL of
100 ppm analyte-containing solution and withdrawn at a rate of
0.5 cm s™' to reproducibly and uniformly coat the slide with
target molecules. For 1,3-dinitrobenzene, a 1000 ppm solution
was used to coat the slides. At this withdrawal rate, a 100 ppm
solution has been shown to coat a slide with 0.44 ng cm 2 of
rhodamine-6G [23]. This coating was found to be uniform over
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Table 1. Mass Spectrometer Parameters for Positive Ion Mode. In Negative Ion
Mode, the Polarities of the Appropriate Voltages (e.g., capillary, skimmer
cones) Were Reversed

Parameter Value
End plate offset 500V
Capillary -500 V
Dry gas flow rate 4.0 L/min
Dry gas temperature 250 °C
Acquisition rate 10.0 Hz
Rolling average 2.0
Capillary exit 1400 V
Skimmer 1 46.7V
Hexapole 1 230V
Hexapole rf 100.0 Vp,
Skimmer 2 233V
Lens 1 transfer 37.6 us
Lens 1 pre pulse storage 1.0 ps

the entire surface when viewed using fluorescence spectrosco-
py in the reference cited. The slide dipping apparatus was
controlled using LabVIEW (National Instruments, Austin,
TX, USA).

Once coated, the slide was placed horizontally in front of the
mass spectrometer inlet. An x,y, z, 0 stage was used to position
the DBD above the slide at an angle of 35°. The tip of the DBD
capillary was positioned 1.5 mm above the slide and 14 mm
away from the mass spectrometer when using argon (Fig-
ure la), and 5 mm above the slide and 21 mm away from the
inlet when using helium (Figure 1c). The AC discharge was
also placed above the slide at an angle of 35°. The discharge
was positioned 10 mm from the inlet of the mass spectrometer
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and 1 mm above the slide. These parameters were chosen to
give the most intense signal at the mass spectrometer. Spectra
were recorded for 120 s.

The second sample introduction method was used to intro-
duce sample into the mass spectrometer in a way that eliminat-
ed the desorption step. Gaseous sample was transported to the
inlet by flowing dry nitrogen (AirGas) over solid sample
contained in a three-neck round bottom flask at a flow rate of
200 mL/min. The flow rate of the nitrogen was controlled using
a flow meter calibrated for air. The solid sample was heated by
a 100 °C sand bath. The gas swept gaseous molecules out of the
head space of the flask to the inlet of the mass spectrometer
using 1/8 inch polypropylene tubing. The plastic tubing posi-
tion was controlled by an x, y, z, 6 stage (Thorlabs, Newton,
NJ, USA).

The DBD or AC discharge was positioned pointing directly
at the inlet of the instrument at a distance of 10 mm from the
inlet when using argon (Figure 1b). When using helium, neither
discharge could be pointed directly at the inlet without over-
pressurizing the vacuum system of the mass spectrometer and
causing it to shut down. Therefore, the discharges were placed
at an angle in front of the mass spectrometer such that signal
could still be obtained without the main helium stream entering
the mass spectrometer (Figure 1d). All power, frequency, and
flow rate settings were the same as in the coated slide experi-
ments. As sample flowed with the discharge active, the support
gas was switched between pure and hydrogen-doped gas using
the mass flow controllers while spectra were recorded.

The power applied to the DBD was measured at 1.47 W for
the argon discharge and 2.71 W for the H,/Ar discharge at a
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Figure 1. Experimental setup for each experiment described. (a) Side view of the coated slide setup when using Ar or Ho/Ar. (b) Side
view of the gaseous analyte setup when using Ar and Ho/Ar. (c) View looking straight on the MS inlet of the coated slide setup when
using He or Hy/He. Note that the discharge is perpendicular to the orientation used with Ar. (d) Side view of the gaseous analyte
setup using He or Ho/He. The numbers represent the following: 1 — MS inlet, 2 — glass microscope slide coated in analyte, 3 —
discharge (either DBD or AC glow discharge), and 4 — tube used to introduce gaseous caffeine
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load power setting of 10 W on the power supply. The forward
power at this setting was 25 W. For helium and H,/He, the
power was measured at 1.53 W and 0.32 W, respectively at a
load power setting of 31 W. The frequency was 325 kHz for all
gases. The power measurements were made by monitoring the
voltage output of the power supply while monitoring the cur-
rent using a current transformer (CT-2; Tektronix, Inc., Bea-
verton, OR, USA). The current and voltage waveforms were
multiplied to get the power. The cause for the large differences
between load and applied powers is the loss of power to the
impedance matching network of the power supply. These
settings were chosen to provide the most stable discharge and
to minimize the difference between the load and forward
powers.

Signal enhancements were calculated as the ratio of the
signal produced by the hydrogen-doped discharge to the signal
produced by the pure noble gas discharge. In the case of the
gaseous sample introduction, the signal was the average
steady-state value. For the samples deposited on slides, the
signal was the integral of the selected ion count over the
duration of the acquisition, 1-2 min.

Thermal Images

Thermal images were taken of a glass microscope slide under
the active discharge using a thermal camera (Ti27; Fluke,
Everett, WA, USA). The emissivity setting (¢) was 0.95 with
a background setting of 20.0 and transmission of 100%. For
each image, the slide temperature was monitored until it
reached a consistent temperature before the image was taken.
The temperature was reported at center of the area heated by the
discharge.

Determination of the Optimal Amount of Hydrogen
in Argon

To determine if there was an optimum amount of hydrogen for
signal enhancement, separate mass flow controllers were at-
tached to the argon and argon/hydrogen gas cylinders. The
outputs came together to a single tube before going to the
discharge. The mass flow controllers were used to vary the
concentration of hydrogen in the plasma between 0% and
2.90%. Gaseous analyte was introduced with the DBD posi-
tioned 10 mm away from the MS inlet, and the concentration of
H, that yielded the highest raw averaged signal was considered
to be the best hydrogen concentration. Signal was acquired at
each percentage of H, for 90 seconds.

Determination of the Limits of Detection

To determine the limits of detection for the gases used, series of
solutions were created of caffeine in acetonitrile to obtain
concentrations that covered at least three decades in concentra-
tion above the minimum detectable quantity. The actual ranges
used depended on the gas composition in the discharge. Three
pL volumes of these solutions were placed on a glass slide
using a micropipette, allowed to dry, and placed in front of the
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mass spectrometer. This allowed a known amount of analyte to
be placed on the slide and removed by the plasma. Acetonitrile
was used as the solvent instead of methanol because it formed a
better bead of liquid on the surface of the hydrophilic slide,
which allowed for more precise placement and containment of
the droplet while still easily dissolving the caffeine.

For these experiments, the argon DBD was placed in the
same configuration as for the coated slide experiments. The
helium DBD was placed perpendicular to the axis of the mass
spectrometer inlet so that the stream of helium did not disrupt
the vacuum system. For helium, the discharge was placed
12 mm above the slide, 10 mm away from the inlet, and
7 mm off center at an angle of 45° relative to the glass slide.
The inlet capillary voltage was increased from 500 to 1000 V
for the helium experiments.

The signal was integrated over 1 min. The LOD was deter-
mined by multiplying the standard deviation of the blank
replicates by 3 and dividing the results by the slope of the
calibration curve. Blank measurements were taken of 3 uL of
acetonitrile placed on the slide and allowed to dry.

Determination of the Area of Glass Slide Sampled
by Plasma

To observe any correlation between the sensitivity of the source
and the amount of analyte sampled, we determined what area of
the slide was affected by the plasma while being analyzed. To
do this, a 1000 ppm solution of coumarin 460 was made, and
several slides were coated. The slides were then exposed to the
DBD plasma for 30 s. Two slides were exposed to each support
gas and the results averaged. Coumarin 460 is a dye that
absorbs light strongly in the range of 365 to 375 nm, and
subsequently fluoresces with a peak at 460 nm. The coated
slides were bathed in light from a UV lamp, and non-
fluorescent areas indicated where dye had been removed from
the surface by the plasma. The non-fluorescent area was then
measured with a ruler to approximate the sampled area.

Grounding Experiments

In order to observe the effects of alternate grounding pathways
on the signal enhancement while using hydrogen-doped gases,
a grounded nichrome wire was placed in the path of the DBD.
The experiments using gaseous caffeine were then repeated,
with the caffeine being introduced downstream of the wire.
This was done for both the argon and helium DBDs.

These experiments were also repeated while applying a
voltage to the wire using a DC power supply (Model IP-17;
Heathkit, Santa Cruz, CA, USA). A resistor (3.3 kQ) and
capacitor (20 puF) in series with the wire isolated the applied
voltage from ground. Positive and negative voltages were
applied to the wire in separate experiments.

Background lon Mass Spectra

The background ions emitted from each source were detected
for the different plasma gas compositions to observe the
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differences caused by hydrogen addition. To do this, the dis-
charge was directed at the MS inlet as described in the gaseous
analyte experiments except no gaseous analyte was introduced.
The parameters of the mass spectrometer were changed as
follows: hexapole rf from 100.0 to 5.0 V,_,, lens 1 transfer
from 37.6 to 11.0 ps. The observable mass range was thus
extended down to 30 m/z.

Atomic Absorption Measurements of Helium Meta-
stable Atoms

Measurements of the absolute number densities of helium
metastable atoms (He,,) were taken with and without the
grounded wire in place. The spectrometer used has been de-
scribed previously [22]. In brief, a tunable diode laser (TLB-
6900 VortexTM II; New Focus, Santa Clara, CA, USA) with a
nominal wavelength of 1083 nm was used to excite three
transitions between 1082.85 and 1083.15 nm from the He 2s
3S, state to the 2p 3Py, Py, or °P, states. An InGaAs photodi-
ode (SMO5PD5A; ThorLabs, Newton, NJ, USA) was used as
the detector. The signal was amplified using a differential
amplifier (AMS501; Tektronix, Beaverton, OR, USA), and data
were collected using a digital oscilloscope (Wavesurfer;
LeCroy, Chestnut Ridge, NY, USA). For detailed information
on the spectrometer setup and how the number densities were
calculated, please refer to reference 22.

Results and Discussion
Optimal Amount of Hydrogen in Argon

By performing experiments with differing ratios of hydrogen in
argon, we were able to ascertain the best point at which to
perform other analyses. As can be seen from the data presented
in Figure 2, the signal increased for caffeine until approximate-
ly 1.5% hydrogen, after which a plateau of enhancement was
reached. For anthracene, the signal increased gradually
throughout the range of concentrations tested, reaching a max-
imum value at 2.9% H,. Finally, the coumarin 460 signal
plateaued initially like the caffeine signal, but then fell off at
H, percentages above 2.2. The lack of a plateau in the anthra-
cene data emphasizes that the enhancement of M" ion of
anthracene by the addition of hydrogen proceeds by a different
mechanism than the enhancement of the [M + 1] ions of
caffeine and coumarin 460. Based on these data, the remaining
experiments were performed at 2.90% hydrogen so that only
one mass flow controller was required. Diphenylamine was not
included in these experiments because it is thermally labile and
decomposition of the gaseous analyte before it reached the
discharge muddled the results.

It should be noted that the optimal amount of hydrogen may
vary as operating parameters such as power, frequency, source
configuration, and source geometry relative to the mass spec-
trometer change [9].
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Figure 2. Mass spectrometric signal intensities for different
percentages of hydrogen in argon for (a) caffeine, (b) anthracene,
and (c) coumarin 460. For (a) and (c), the traces are of the [M +
H]* peak. For (b) the trace is of the M* peak. The error bars are
the standard deviations of sixty one-second integrations, and are
indicative of the short-term stability of the signal. Each curve was
measured twice to check the reproducibility of the shape

Coated Slide Experiments

Dielectric Barrier Discharge The chronograms for the four
analytes tested using the coated slide setup in positive ion mode
are presented in Figure 3. The [M + H]" peak was monitored
for caffeine, diphenylamine, and coumarin 460. The M" peak
was monitored for anthracene. The m/z ratios monitored for
caffeine, anthracene, diphenylamine, and coumarin 460 were
195.09, 178.23, 170.23, and 232.30, respectively, in positive
ion mode. The signal enhancements were approximately six
times for caffeine, two times for anthracene, three times for
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Figure 3. Chronograms for (a) caffeine, (b) anthracene, (c)
diphenylamine, and (d) coumarin 460. For (a), (c), and (d), the
traces are of the [M + HJ* peak. For (b) the trace is of the M*
peak. Zero time is the beginning of data acquisition. The plasma
was ignited at 6 s

diphenylamine, and 40 times for coumarin 460 in positive ion
mode using the integrated signals. Because the hydrogen addi-
tion enhanced the signal for both molecules that produce [M +
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H]" ions and those that produce M" ions, it appears that the
addition of hydrogen influences both the mechanism that ion-
izes via proton addition and the one that ionizes via charge
transfer.

In negative ion mode, the peaks observed for 1,3-dinitro-
benzene were [M — H + O] (183.00 m/z) and [M] (168.01
m/z), with the peak at 183 m/z being most abundant. As
reported in reference 9, no signal enhancement was observed
of the peaks when using H,/He. In fact, the signal when using
H,/He was lower than that obtained when using pure helium by
a factor of 5. However, when using H,/Ar, a signal enhance-
ment of six times over that of pure argon was observed based
on the integrated signal of the 183 m/z peak. This suggests that
the addition of hydrogen to helium quenches or removes the
species responsible for generating negative ions. The opposite
appears to be true of hydrogen-doped argon.

As was the case with the helium plasma gas, the addition of
hydrogen to argon alters the temporal desorption profile of
most analytes. The sharp peak corresponding to plasma igni-
tion disappears and the signal peaks later in time. The dramatic
changes in temporal profiles with changes in gas composition,
also seen with the addition of H, to He [9], suggest that the
analyte molecules are not simply desorbed by heating up the
glass substrate. Thermal images of glass slides exposed to the
discharge add evidence that there is a non-thermal component
of the desorption process. The temperature data are summa-
rized in Table 2. The temperature of the slide exposed to the
argon discharge was cooler than that of the Hy/Ar discharge.
However, the opposite was true of the He and Hp/He plasma
with the latter gas composition giving a lower slide tempera-
ture. There is no correlation between the measured surface
temperature and either the signal level or signal rise time [9].
The data do not indicate what the non-thermal process may be.
Possibilities include chemical sputtering and field desorption.

For some analytes, the absolute intensity of the analyte
signal in Hy/Ar is comparable to that in helium. For slides
dipped in 100 ppm caffeine in methanol solution, both
hydrogen/argon and helium are in the range of 10° counts per
second. Not all analytes perform comparably, but there is a
significant improvement for all analytes over pure argon when
using H,/Ar. H,/He is still far superior in terms of absolute
signal intensity than either helium or Hy/Ar.

As noted in the Experimental section, the power applied to
the discharge changes with the addition of hydrogen. For Hy/Ar,
the power is higher than that of pure argon at the same settings,
as noted in the Experimental section. The reverse is true for the
H,/He and helium DBDs. Although the power increase for the

Table 2. Temperatures Obtained from Thermal Images of Slides Exposed to
the Plasma

Plasma Gas Slide temperature (°C)
Argon 352

Ho/Ar 435

Helium 101.1

H,/He 82.1
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argon and Hy/Ar DBD’s may account for some of the signal
increase, we do not believe it is responsible for all of it due to the
signal enhancement observed with the Hy/He discharge with its
corresponding decrease in power compared to pure helium.

AC Discharge The AC discharge gave signal comparable to
the argon DBD for the [M + H]" peak of gaseous caffeine.
However, when using the H,/Ar gas with samples deposited on
glass slides, no signal enhancement was observed.

Limits of Detection

The addition of hydrogen to plasma gas increases the sensitiv-
ity of the DBD source without proportional increases in the
background. Under our experimental conditions, the absolute
limits of detection obtained for caffeine were 18 ng and 230 pg
for argon and H,/Ar and 290 pg and 150 pg for the helium and
H,/He gases. The determined detection limits are within the
range of those found for several compounds using the He LTP.
Detection limits for the He LTP have been found to be in the
range of 30 pg to 30 ng in a study from the Cooks laboratory
[24]. The analytes tested in their study included amphetamine,
benzoylecgonine, caffeine, cannabidiol, cocaine, codeine, di-
azepam, ephedrine hydrochloride, heroin, ketamine, metha-
done, methamphetamine, morphine, and tetrahydrocannabinol.
Specifically, the limit of detection for caffeine was found to be
90 pg in that study. Although the limit of detection using H,/Ar
DBD is not as low as that found for the He LTP, there is an
obvious improvement in limit of detection with the addition of
hydrogen for both argon and helium.

Sample Area Versus Sensitivity

From the experiments to determine the size of the area sampled
by each support gas when using the DBD, we observed that the
argon plasma sampled an area on the slide of ~1.1 cm?. The H,/
Ar plasma sampled an area of ~0.77 cm®. The same discharge
geometry was used in both cases. The sampled areas of the
helium-based discharges were also determined. For helium and
H,/He, areas of ~1.85 cm? and ~1.14 cm? were sampled,
respectively. For both noble gases, the more sensitive
hydrogen-doped plasma sampled a smaller area of the slide.
The hydrogen-doped plasmas appear to generate more analyte
ions from a smaller sample.

Gas Phase Analyte Experiments

DBD  The results of the experiments in which caffeine and
anthracene were introduced as a gas into the DBD are
presented in Figure 4. Addition of hydrogen increased the
signals by a factor of 5 for caffeine and 4 for anthracene.
These gas-phase experiments and the data presented in
Figure 2, combined with the measurements of sampled area,
indicate that the major source of signal enhancement is in
the gas-phase chemistry for caffeine and anthracene, and
not in the desorption process. In contrast, the change in
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Figure 4. The results from the experiments in which gaseous
analyte was introduced directly at the inlet for caffeine (a) and
anthracene (b). The support gas was changed every 60 s from
argon to argon/hydrogen, starting with argon at time zero

signal from coumarin 460 from the glass slide is much
larger than that observed in the gas phase, suggesting that
the added hydrogen is changing the desorption process in
addition to the ionization efficiency.

A variety of analytes have been tested with the argon-
based discharges, both with hydrogen and without, and not
all generated detectable signals. The tested analytes that
were not detectable included cholesterol, benzo(a)pyrene,
naphthalene, phenanthrene, perylene, and acenaphthene.
Test analytes that generated signals included amitriptyline,
nortriptyline, anthrone, acetanilide, xanthone, and nicotine.
Generally speaking, the analytes that were successfully
detected were nitrogen- or oxygen-containing compounds
with relatively high proton affinities.
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AC Discharge When using the AC discharge with argon and
with gaseous analytes, an enhancement was observed that
depended on the distance between the discharge outlet and
the mass spectrometer inlet. When the discharge was placed
1 cm away from the inlet, the addition of hydrogen reduced the
signal. However, at 2 cm away from the inlet, enhancement
was seen similar to that obtained with the H,/Ar DBD. At a
distance of 3 c¢cm from the inlet, the enhancement was not
observed. The interplay among atmospheric entrainment, flow
into the MS inlet, and gas-phase kinetics is affecting the ioni-
zation process in a manner that warrants further study.

With the addition of H, to the helium AC discharge, no
signal enhancement could be seen regardless of the position of
the discharge relative to the MS inlet. This led us to experiment
with the electrical environment of the discharge to determine
the effect it has on signal enhancement. These results are
discussed later in the paper.

Changes to Analyte lonization Mechanism

Potential Causes for [M]" Ion Signal Enhancement The
mechanism by which M ions are generated in the hydrogen-
doped plasmas is still unclear. The creation of M" ions via
charge transfer in pure helium discharges has been attributed to
charge transfer with species such as N,",NO", and O," [6, 25].
However, neither N, nor O," has been observed in great
abundance in a pure argon discharge [8], and neither ion is in
the mass range observable with our instrument. Within the
range that we have observed (=35 < m/z < 110), there are no
changes in the background spectra that would account for the
increase in sensitivity via charge transfer ionization with the
addition of H, to the discharge. The relevant background
spectra are included in the Supplemental Information as
Figure S1.

Potential Causes of [M + H]" lon Signal Enhancement The
observed signal enhancement for [M + H]" peaks can most
readily be attributed to an increase in proton donors in the
plasma. As noted in the introduction, hydrogen added to noble
gas plasmas leads to the formation of highly acidic H;", ArH",
and HeH" ions. Additional support for the formation of possible
proton donors is found in a modeling study of an argon-
hydrogen glow discharge by Bogaerts and Gijbels [26]. Rele-
vant rate constants for Hy/Ar discharges are given in Table 3.
Without a detailed model of gas mixing and of the kinetics of

Table 3. Selected Reaction Rate Constants for Important Reactions in the
Argon/Hydrogen plasma [12]

Chemical reaction Rate constant

7.4 x 10710 cm’/s + 25%
1.4 x 10° cm®/s £ 100%
1.4 x 107 cm®/s + 25%
1.7 x 107 ecm?/s + 30%

Art +H,—ArH" + H
ArH" + Hy—H3 ™ + Ar
Ar™ 4+ H,0—H,0" + Ar
H,O" + H,O —products
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reagent ion formation, it is impossible to say whether the ArH"
and H; " ions are protonating analyte ions directly or providing a
more efficient path for the formation of protonated water clus-
ters. Bogaerts and Gijbels did not include either water or nitro-
gen in their model, and both clearly are important for ADI
sources, either as support gas contaminants or components of
the atmosphere. The lack of fragmentation of analyte species
argues against the highly acidic ions acting as the direct proton
transfer reagents. The large difference between the proton af-
finity of H;" and most analytes would lead to fragmentation of
the analytes if H;" were the proton transfer reagent [27, 28].
However, the background spectra, if one assumes that they are
representative of what is seen by the analyte, argue against
water clusters being the ultimate proton transfer reagents. In
all cases, the addition of H, lowers the intensities of the water
cluster peaks in the background spectra.

Some comparative number densities are useful in thinking
about the effects of added hydrogen. Water is typically present
in ultra-high purity helium and argon at a level below 1 ppm, or
~3.4 x 10" molecules cm . Atmospheric water is present at a
density about 2.4 x 10'7 ¢cm™, but it is not present in the
primary discharge. 2.9% H, corresponds to 7.1 x 10'7 ecm™.
It is safe to assume that Ar-H, reactions are dominant in the
primary discharge.

Clearly, the gas-phase chemistry of these systems is com-
plex. We cannot, based on the experimental information avail-
able to us, assign a detailed ionization mechanism that accounts
for the sensitivity increases that we observe.

Alternate Grounding Pathway

Our experimental results mentioned above indicated that the way
the plasma was grounded significantly affected whether signal
enhancement was observed or not. By grounding, we refer to
whether the plasma is grounded to the needle electrode in the
DBBD, the inlet of the mass spectrometer, to the open air, or any
combination of these. For instance, when using the He AC
discharge, which is always grounded through the plate electrode,
no signal enhancement was observed when using H,/He as the
plasma gas. However, when using the Hy/Ar AC discharge,
signal enhancement was still observable. Based on these findings,
we determined to provide a forced alternate grounding pathway
for the DBD to see how the signal enhancement was affected.
For the He DBD, the grounded wire was placed 4 mm
downstream from the DBD exit. Under these conditions, the
visible plasma was attracted to the wire, and did not propagate
beyond it. Experiments were conducted using gaseous caffeine
and switching the plasma gas, but no signal enhancement was
seen. Upon removal of the wire, and without changing the
position of either the DBD or the gaseous caffeine outlet, the
experiments were repeated and signal enhancement was ob-
served as reported previously [9]. The experiment were repeat-
ed with the wire in place, but with voltage applied to the wire.
Again, signal enhancement was not seen while either positive
or negative bias was applied to the wire. The range of voltages
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applied was 0 to =100 V and 0 to +100 V in separate experi-
ments. The capacitor used was rated only to 150 VDC, so
higher voltages were not explored.

These experiments were repeated using the Ar DBD. In
these cases, the wire was placed 1 mm downstream of the
DBD exit because of the shorter plasma plume obtained when
using argon as the support gas. When using the grounded wire,
signal enhancement was still observed; although the overall
signal intensity was lower by a factor of 2, and the enhance-
ment when using H,/Ar was two times instead of five as
observed before. This could be due in part to the wire
interrupting the gas flow towards the MS inlet. However, when
the RC circuit was used, the signal enhancement was eliminat-
ed by applying a bias of only 25 V positive or negative.

We also observed that the signal enhancement decreased as
we increased the voltage applied to the inlet of the mass
spectrometer. The MicrOTOF II has an inlet voltage range of
500 to 6000 V. When set to 6000 V, a signal enhancement was
still seen, but it was small compared with that seen at 500 V.

Background Ion Changes

DBD The mass spectra of the background ions revealed that
there are significant differences between the pure helium or
argon discharges and the hydrogen-doped discharges. See the
Supplemental Information Figure S1 for background mass spec-
tra for the He and Ar DBD as well as the He AC discharge and
their Hp-doped counterparts. Although the mass calibration of
the mass spectrometer is good enough to identify many of the
ions, not all were identified successfully. However, some gen-
eral identification could be done based on what has been ob-
served in other similar discharges [16, 29]. For both the pure
argon and pure helium DBD, the predominant ions were pro-
tonated water clusters (H(H,0),"). The most abundant ion in
each case was the n = 3 water cluster, butthe n=2,4, 5, and 6
ions were also observed. With the addition of hydrogen, in each
case the abundance of all the water clusters decreased. The main
water cluster ion remained the # = 3 ion, but its abundance was
significantly smaller than in the pure-gas discharge. This could
be due to the production of other species such as ArH", HeH",
and H; ", but none of these were detected by the mass spectrom-
eter. Both HeH" and H; " were outside the available mass range.
Assuming that almost all ArH" formed would quickly react to
form Hs", it is reasonable that it would not show up in the mass
spectra even though it was in the observable mass range.

Significant background ions in the spectra also included the
[M + H]" ions of acetone, CH;CN(H,0), CH;CN(CH;0H),
methyl acetate, and ethyl acetate. These are all solvents present
in our laboratory, so were likely ionized from the lab air.
Without MS/MS capability, the other background ions in the
spectra were unidentifiable.

The background mass spectra with the addition of a ground-
ed wire show significant changes for all gases used. The peaks
corresponding to the water cluster ions were reduced dramati-
cally. We have not successfully identified the peaks that appear
instead of the water cluster ions. However, it is significant to
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note that the mass spectrum for the grounded pure helium DBD
does not differ from that of the grounded H,/He DBD. This is
understandable considering that they yield signals of the same
intensity—without any signal enhancement when using H,/He.
However, the background mass spectrum of the grounded, pure
argon DBD did show differences from the grounded Hy/Ar
DBD background spectrum. Again, we were unable to identify
all the ions.

There were also significant differences between the back-
ground mass spectra obtained with the grounded H,/Ar DBD
and those obtained with voltage applied to the wire. These
background spectra are shown in the Supplemental Information,
Figure S2. These significant differences correspond to the loss
of signal enhancement when the voltage is applied to the wire.

AC Discharge The background spectra for the AC discharge
included the protonated water clusters and many of the solvent-
based ions recorded from the DBD. In addition, we identified a
series of copper-containing ions: Cu’, CuNH;", Cu(NH3),",
CuNH;H,0", and Cu(H,0),", presumably products of sputtering
of the grounded copper end cap electrode. Of these ions,
CuNH;H,0" was the most intense and was the base peak in both
the He and H,/He AC discharge background spectra. These two
spectra were essentially the same, consistent with the lack of
signal enhancement when using H,/He as the plasma gas. Ta-
ble S1 in the Supplemental Information section details the iden-
tification of copper-containing ions based on accurate masses.

Somewhat surprisingly, the intensities of the copper-
containing ions were lower in the pure argon AC discharge
than they were in either the He or Hy/He discharges. One would
expect more efficient sputtering from more massive Ar ion than
from He. However, the addition of H, to the Ar discharge
changes the picture completely. The addition of H, to the Ar
discharge increased the intensity of the CuNH;H,O" peak
relative to the pure Ar discharge by factors of 4 to 30, depend-
ing on the distance between the ground electrode and the
entrance to the mass spectrometer. This change is consistent
with reported increases in sputtering efficiency with the addi-
tion of low percentages of H, to low-pressure Ar glow dis-
charges [30]. The background spectra for the Ar AC discharges
are included in the Supplemental Information as Figure S3.

The intensity of the CuNH;H,O" peak in the Hy/Ar AC
discharge background spectra increased by more than an order
of magnitude as the distance between source and inlet was
increased from 1 to 3 cm. This dramatic change reemphasizes
the strong dependence of plasma plume chemistry on position
in the plume, and the importance of the relative positions of
source, sample, and MS inlet in determining the effects of
changes in plasma gas composition.

Absorption Measurements

As noted in the introduction, the grounds for the pin-to-ring
DBD used in these experiments and for the similar LTP dis-
charge are poorly defined. The discharge anchors itself readily
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Figure 5. Absolute number densities of helium metastable
atoms (He.,) in the helium DBD with and without a grounded
wire in place. The red line shows the location of the wire when
the grounded DBD measurements were taken. The point down-
stream from the wire was below the detection limit
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to any conductor placed in the downstream volume and appears
more robust to the naked eye. To provide a more quantitative
measure of the effect of the added ground, we measured num-
ber densities of He,, atoms at 0.5 mm intervals starting at the
capillary exit and working downstream. Results are shown in
Figure 5. The ground wire increased the He,, density by a
factor of ~2 between the capillary exit and the ground wire,
but no He,, atoms were detectable downstream from the wire.
These observations suggest that the enhancing effect of H, on
the He discharges requires the interaction of the analyte with an
active discharge. There is no enhancement when a ground is
placed upstream from the analyte or in the case of the AC
discharge, in which only a weak afterglow comes in contact
with the analyte.

In contrast, with an argon plasma gas, the enhancement is
observable both with a grounding wire in place and with the
AC discharge. The two plasma gases operate by different
mechanisms.

Conclusions

We have demonstrated the enhancement in mass spectrometric
signal obtained when using hydrogen-doped argon as the sup-
port gas in an ADI source compared with the signal obtained
with the pure gas discharge. These positive results highlight the
possibilities of using mixed gases in plasma-based ADI-MS.
There is a wide variety of gas mixtures that could be tested to
enhance the ionization efficiency when using plasma gases
such as helium, argon, and nitrogen. More research is needed
in this field to exploit the many potential advantages.

The lack of correlation between surface temperatures and
signal levels suggest the contribution of a non-thermal desorp-
tion mechanism when using H,/Ar as the plasma gas. Experi-
ments with downstream grounds emphasize the complex na-
ture of the interaction of the discharges, particularly the DBDs,
with their surroundings. Their performance depends strongly

W. C. Ellis et al.: The Effects of Hydrogen Addition in ADI-MS

on the environment in which they are operated. The operating
conditions of the mass spectrometer as well as interactions with
conducting surfaces present while operating ADI plasma
sources have significant effects on the signal enhancement with
added H.,.
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