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The internal energy deposition of a Venturi-assisted array of micromachined ultrasonic
electrosprays (AMUSE), with and without the application of a DC charging potential, is
compared with equivalent experiments for Venturi-assisted electrospray ionization (ESI) using
the “survival yield” method on a series of para-substituted benzylpyridinium salts. Under
conditions previously shown to provide maximum ion yields for standard compounds, the
observed mean internal energies were nearly identical (1.93-2.01 eV). Operation of AMUSE
without nitrogen flow to sustain the air amplifier focusing effect generated energetically colder
ions with mean internal energies that were up to 39% lower than those for ESI. A balance
between improved ion transfer, adequate desolvation, and favorable ion energetics was
achieved by selection of optimum operational ranges for the parameters that most strongly
influence the ion population: the air amplifier gas flow rate and API capillary temperature.
Examination of the energy landscapes obtained for combinations of these parameters showed
that a low internal energy region (=1.0 eV) was present at nitrogen flow rates between 2 and
4L min~" and capillary temperatures up to 250 °C using ESI (9% of all parameter combinations
tested). Using AMUSE, this region was present at nitrogen flow rates up to 2.5 L min™" and all
capillary temperatures (13% of combinations tested). The signal-to-noise (S/N) ratio of the
intact p-methylbenzylpyridinium ion obtained from a 5 uM mixture of thermometer com-
pounds using AMUSE at the extremes of the studied temperature range was at least fivefold
higher than that of ESI, demonstrating the potential of AMUSE ionization as a soft method for
the characterization of labile species by mass spectrometry. (J Am Soc Mass Spectrom 2008,
19, 1320-1329) © 2008 American Society for Mass Spectrometry

he generation of low internal energy ions is

important for the study of fragile organic com-

pounds and noncovalent biological species such
as protein complexes. The introduction of matrix-
assisted laser desorption ionization (MALDI) [1, 2] and
electrospray ionization (ESI) [3, 4] in the late 1980s
accelerated the growth of bioanalytical mass spectrom-
etry (MS) by enabling the routine analysis of large
biological molecules with minimum fragmentation. De-
spite the widespread appeal of these ionization tech-
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niques, there has been considerable activity toward the
development of even “softer” methods, including atmo-
spheric pressure-MALDI [5], sonic spray ionization
(SSI) [6], electrosonic spray ionization (ESSI) [7], and
cold spray ionization (CSI) [8], with the intent of explor-
ing improved ways for detecting biological species such
as peptides [9], proteins [10, 11], noncovalent complexes
[12], and nucleic acids [13].

The Array of Micromachined UltraSonic Electrosprays
(AMUSE) was invented by Fedorov and Degertekin for
high throughput, multiplexed MS [14] and was first
demonstrated on an MS system jointly by the Fedorov,
Degertekin, and Ferndndez groups [15]. In the AMUSE,
the processes of droplet formation and DC droplet
charging are decoupled. The application of a radio
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frequency (RF) signal to a piezoelectric transducer at a
resonant frequency of the sample-filled cavity generates
a standing ultrasonic wave within the sealed analyte
reservoir and forms a pressure gradient at the micron-
sized orifices of the array, thus enabling efficient ejec-
tion of multiple parallel droplet streams [16]. Droplet
charging is most commonly performed by directly
applying a DC charging potential to an electrode placed
within the analyte solution reservoir [15]. There are
several intrinsic advantages of this fundamentally dif-
ferent ionization method. First, unlike conventional
ESI—which requires the use of high DC potentials (1-5
kV) to both form and charge droplets—the AMUSE
provides sensitive ionization of biomolecules with only
several hundred volts [17]. The inclusion of organic
solvents to reduce the surface tension of the sprayed
solution in ESI analysis is beneficial for facilitating
Taylor cone formation but may perturb the native
conformation of the solutes [18]. The AMUSE does not
rely on Taylor cone formation; thus, ionization is pos-
sible from completely aqueous solutions, making it well
suited for the analysis of biological systems. Finally, the
array format of the AMUSE is ideally suited for multi-
plexing, as recently demonstrated by Forbes et al. [19].

One challenge commonly faced during atmospheric
pressure ion generation is the low ion transfer efficiency
within the spectrometer’s atmospheric pressure inter-
face (API) [20]. To mitigate this difficulty, several meth-
ods have been proposed including air amplifiers (also
known as Venturi devices) [21, 22], flared inlet capillar-
ies [23, 24], flared inlet capillaries coupled to air ampli-
fiers [25], and ion funnels [26, 27]. In previous work, we
incorporated an air amplifier into the AMUSE setup to
improve ion yields by increasing the linear velocity of
the droplet streams ejected by the device [17]. Air
amplifiers are devices that rely on the Venturi and
Coanda effects to focus a charged droplet cloud toward
the mass spectrometer inlet [28]. Voltage- and heat-
assisted operation of these air amplifiers has been
reported and it has been suggested that these devices
provide enhanced droplet desolvation [17, 29]. Previ-
ously, we reported that the coupling of an air amplifier
to the AMUSE resulted in a tenfold gain in signal-to-
noise (S/N) ratio of 10 uM reserpine accompanied by a
77% reduction in relative standard deviation (%RSD) of
the signal. The use of heated nitrogen (N,) flowing
through the air amplifier provided an additional 18-fold
improvement in signal intensity and a 4-fold gain in
S/N ratio for an aqueous 4 uM cytochrome C solution.
Comparison of the charge-state distributions of cyto-
chrome C obtained using Venturi-assisted AMUSE ion-
ization, conventional ESI, and nanoelectrospray ioniza-
tion showed a slight shift toward lower charge states for
AMUSE spectra [17]. Despite the analytical advantages
observed for AMUSE coupled to an air amplifier, its
intrinsic internal energy deposition, including the con-
tributions from the air amplifier, were unknown to
date. In addition, the internal energy of ions produced
by Venturi-assisted ESI was also unknown.

VENTURI-ASSISTED ESI AND A VENTURI-ASSISTED AMUSE 1321

In this work, we provide a comparison of the internal
energy deposition of Venturi-assisted AMUSE ioniza-
tion and Venturi-assisted ESI. The influence of the
parameters that most strongly affect desolvation—the
flow rate of ambient N, through the air amplifier and
the API capillary inlet temperature—are investigated to
determine their effect on internal energy deposition.
Our results demonstrate that AMUSE ionization is
softer than ESI at the assayed liquid flow rate using low
air amplifier N, flow rates and that the internal energy
deposition by both ion sources responds differently to
combinations of various experimental parameters.

Experimental

Synthesis and Preparation of Para-Substituted
Benzylpyridinium Salts

Pyridine, nitromethane, anhydrous diethyl ether, anhy-
drous ethanol, and the para-substituted benzyl halide
starting reagents were purchased from Sigma—-Aldrich
(St. Louis, MO, USA) and used without further purifi-
cation. All compounds except the methoxy-substituted
salt (OCHj;; Arkat USA, Inc., Gainesville, FL, USA) were
synthesized by condensation of the para-substituted
benzyl halide with pyridine followed by recrystalliza-
tion from diethyl ether using the method by Katritzky
et al. [30], resulting in para-substituted benzylpyri-
dinjum salts with tert-butyl- (tBu), methyl- (CHj;),
fluoro- (F), chloro- (Cl), cyano- (CN), and nitro- (NO,)
substituents. Following mass spectral analysis to assess
the purity of the synthesized compounds, all salts were
stored in a —80 °C freezer until needed. For all experi-
ments, an equimolar mixture (5 uM each) was freshly
prepared in either a 50% methanol solution (HPLC
grade, Sigma-Aldrich) or nanopure water (Barnstead
International, Dubuque, IA, USA) before analysis and
delivered to the ion source under investigation at a flow
rate of 20 uL min ™', the minimum flow rate possible for
this particular AMUSE device, using a liquid handling
pump (Valco Instruments Co., VICI M6, Houston, TX,
USA). No organic acids were used because the analytes
were precharged.

AMUSE Fabrication, Assembly, and Operation

Fabrication of the 20 X 20 array of 5-um nozzles in
silicon [31] and assembly of the AMUSE ion source [17]
have been described in detail elsewhere. Briefly, a
gold-coated piezoelectric transducer (American Piezo
Ceramics Inc., Mackeyville, PA, USA) was separated
from the silicon ejector array by a series of silicone
spacers (McMaster-Carr, Atlanta, GA, USA) that were
used to define the volume of the analyte reservoir. The
entire assembly was clamped using spring-loaded clips
and the sample was introduced to the AMUSE through
PEEK tubing (Upchurch, Oak Harbor, WA, USA),
which extended from the liquid handling pump to the
reservoir. The reservoir was primed with fresh solution
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before all experiments. An RF amplifier (T&C Power
Conversion Inc., Rochester, NY, USA) was used to
generate a 910-kHz RF sine wave as measured on an
oscilloscope (Tektronix, Beaverton, OR, USA). The am-
plified RF signal was applied to the metal-coated,
exterior surface of the piezoelectric transducer to bring
about acoustic ejection of liquid droplets with an aver-
age diameter of 5-7 um [31]. Experiments were per-
formed in two modes: (1) without an applied DC
potential (“RF-only AMUSE”) and (2) with a 100 Vpc
potential (Stanford Research Systems Inc., Sunnyvale,
CA, USA) directly applied to the analyte reservoir via a
connection to the electrode-coated, interior surface of
the piezoelectric crystal (“DC-AMUSE”).

Venturi-Assisted ESI Setup

The needle assembly of a commercial ESI source
(ThermoFinnigan, Waltham, MA, USA) fitted with an
83 um i.d. spray capillary (Small Parts, Miramar, FL,
USA) was removed from the source housing and
mounted to a post using a clamp. The needle was
centered with respect to an air amplifier (HMC Brauer
Co., Milton Keynes, UK) and positioned so that the needle
tip to air amplifier distance was equal to that used for the
AMUSE. A 4-kV DC electric potential was applied to
the needle using the built-in power supply of a quadru-
polar ion trap (QiT) mass spectrometer (LCQ Deca XP+,
ThermoFinnigan) to produce a stable electrospray.

Air Amplifier Setup and Operation

Before mass spectrometric analysis, the ion source un-
der study was placed 4 mm in front of the inlet of the air
amplifier, the minimum distance possible using the
current AMUSE assembly. Unless otherwise specified,
the air amplifier was positioned so that its outlet was
flush relative to the API capillary inlet, resulting in a
total distance of 77 mm between the point of droplet
emission and the inlet orifice as shown in Figure 1. A
differential pressure flow controller (Bel-Art, Pequan-
nock, NJ, USA) was used to control the flow rate (0-10.6
L min~") of industrial-grade N, gas (130 psi; Airgas,
Radnor, PA, USA) used to provide suction of the
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Figure 1. Setup of the Venturi-assisted AMUSE experiment and
relevant components of the mass spectrometer’s APL. Venturi-
assisted ESI experiments used an identical setup whereby the
AMUSE was replaced by an ESI needle positioned so that the exit
of the source was about 4 mm from the air amplifier inlet (drawing
not to scale).
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droplet streams through the low-pressure region in the
center of the air amplifier. Supplementary Table S-1,
which can be found in the electronic version of this
article, provides the gas pressures that correspond to
the experimental flow rates observed if gas flow was
controlled solely by a pressure regulator. Droplet size
distributions were measured in triplicate with a laser
diffraction particle-size analyzer equipped with a
63-mm focal length optical collection system (Model
2600C, Malvern, Worcestershire, UK). The correct per-
formance of this instrument was verified by interrogat-
ing a calibrated graticule (46.5-um nominal particle
size), and particle-size measurements were found to be
accurate within 4%. All particle size measurements
were performed perpendicular to the ejection axis,
with the laser measurement area placed immediately
at the exit of the air amplifier. The area over which
time-averaged particle-size measurements were ob-
tained is approximately cylindrical in shape, and 22 mm
long X 7 mm diameter.

Mass Spectrometry

A commercial ESI source (ThermoFinnigan) was inter-
faced to the QiT and used to optimize the ion optics and
mass analyzer settings to obtain maximum signal inten-
sity for the base peak (m/z 226; precursor ion of the
p-tert-butyl substituted compound) using the autotune
function. These settings were used for all subsequent
experiments. For all experiments performed, the inlet
capillary voltage was set to —30 V, whereas the capil-
lary temperature was varied between 230 and 300 °C
and the tube lens potential offset (TL) was varied from
0 to 100 V to modify the desolvation/declustering
conditions. The automatic gain control was kept on and
set to a maximum of 5 X 107 ions, with a maximum trap
time of 100 ms (3 microscans) for all experiments. Mass
spectra were acquired for 1 min.

Survival Yield Method

Only a brief description of the survival yield method is
provided here. This method correlates the fragmenta-
tion extent of a thermometer molecule with the internal
energy deposited on it during the ionization process
[32]. This method is predicated on two assumptions: (1)
all ions having the same degrees of freedom (DOF) have
identical internal energy distributions and (2) ions do
not dissociate until their internal energy surpasses their
intrinsic dissociation threshold. The survival yield (SY)
of a thermometer ion (eq 1) can be determined experi-
mentally by measuring the fraction of ions below (prod-
uct ions) and above (precursor ions) the dissociation
threshold of a given molecule, according to

IntPrecursor
SYExp = (1 )

IntPreCursor + Intl’roduct
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This is theoretically equivalent to the value of the
integral below the internal energy distribution curve
[P(E)] evaluated from E = 0 to E,, the dissociation
energy of the molecule. Collette and De Pauw intro-
duced the use of substituted benzylpyridinium salts as
probe ions because they undergo a simple cleavage
reaction at known dissociation energies to form a ben-
zyl cation and pyridine (Scheme 1) [33].

By using a series of para-substituted benzylpyri-
dinium salts that have a similar number of DOF but
differing dissociation energies [34], the simultaneous
measurement of the survival yield of each molecule
under controlled experimental conditions is obtained.
The survival yields of these compounds plotted against
their respective dissociation energies can then be fitted
to a sigmoidal function with the general form described
in the following equation, which is differentiated to
yield the internal energy distribution:

a o
SYiiues = g = |, PE)E @
1+ ef(T)

The parameters a, b, and x,, in eq 2 are variables fitted
to the experimental data. Finally, the mean internal
energy ((E)) of the ions is calculated by finding the
centroid of the internal energy distribution, according to

“E-P(E)dE
O
P(E)dE

0

©)

The observed mean internal energy deposited not
only depends on the intrinsic dissociation rate constant
and activation energy, but is also strongly influenced by
the timescale of the mass spectrometric experiment,
manifested as the excess energy (“kinetic shift”) re-
quired to observe dissociation products. For absolute
measurements, correction for this kinetic shift is neces-
sary, but can be a challenging task because it requires
knowledge of the ions’ residence times as they are
transported and analyzed within the different stages of
the mass spectrometer. However, a comparison of the
relative changes in the internal energy distribution as a
result of using different ionization techniques can be
accurately obtained if the residence time remains con-
sistent throughout all experiments or/and if the sur-
vival yields of the ions used in calculating internal
energy distributions do not vary significantly within the
experimental timescale. Experiments performed at trap-
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ping times ranging from 2 to 100 ms showed that the
survival yields remained constant within experimental
error for all thermometer molecules, except the tBu
compound, resulting in mean internal energies that
varied by <1% for each ionization technique (Supple-
mentary Figure S-1). This indicated that, even if fluctu-
ations in ion source intensity caused the trapping time
to be automatically adjusted by the instrument’s soft-
ware, the P(E) curves would not be significantly af-
fected. The survival yield values for the tBu thermom-
eter compound were not used in the internal energy
calculations.

Data Analysis

Each mass spectrum was averaged for 1 min using the
built-in mass spectrometer software (Xcalibur 2.0, Thermo-
Finnigan) and exported into Excel (Microsoft, Auburn,
WA, USA). A macro was used to identify the peak
maxima for each of the ions of interest and to calculate the
survival yields of each species that were then exported
into SigmaPlot (Systat Software Inc., San Jose, CA, USA)
and plotted against their respective appearance energies
(1.508, 1.767, 1.867, 1.899, 2.097, and 2.352 eV for OCHj,
CHs, F, Cl, CN, and NO, p-substituents, respectively [34]).
A series of SigmaPlot macros were used to fit the experi-
mental survival yields to a sigmoidal curve and to calcu-
late the residual error of the fit, internal energy distribu-
tion, mean internal energy, and the full width half-
maximum (FWHM) of the distribution. Two alternate
methods of fitting the experimental survival yield curves
were applied to the data as described in detail by Gabelica
et al. [34], and the simplest model providing the highest
correlation coefficient was chosen.

Results and Discussion

Internal Energy Deposition Under Optimized
Desolvation Conditions

In our prior studies of Venturi-assisted AMUSE ioniza-
tion, it was found that maximum ion yields for a variety
of test compounds were obtained using an API capillary
temperature of 300 °C and an air amplifier N, flow rate
of 8.76 L min~ "' [17]. The internal energy distributions
observed for ESI, RF-only AMUSE, and DC-AMUSE
ionization of a 5-uM mixture of thermometer molecules
prepared in 50% methanol /water, with and without the
use of ambient N, flowing through the air amplifier, are
shown in Figure 2a and b. Corresponding mass spectra
are shown in Figure S-2. Examination of the ESI spectra
(Figure S-2a and b) showed a relatively small difference
in mean internal energy for operation with and without
N, flowing through the air amplifier (Figure 2a versus
2b), and a clear improvement in signal intensity. This
effect was not as obvious for the AMUSE spectra
(Figure S-2c—f) because there was also a marked in-
crease in the mean internal energy (Figure 2a versus 2b),
which caused a corresponding decrease in signal inten-
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Figure 2. Internal energy distributions for ESI, RF-only AMUSE, and DC-AMUSE ionization of a

5 uM mixture prepared in 50% methanol (a, b) or water (¢, d) without Venturi focusing (a, ¢) or with
8.76 L min~' N, flowing through the air amplifier (b, d). TL = 40 V and 6 mm between the air
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amplifier outlet and MS capillary inlet for all experiments.

sity of the precursor ions. However, an improvement in
signal intensity upon using the air amplifier with
AMUSE was previously observed for the analysis of
less labile compounds [17]. In the absence of N, flowing
through the air amplifier (Figure 2a), RF-only AMUSE
ionization was the softest of all techniques, with a mean
internal energy of 1.38 eV, which is 39% lower than
what was observed for ESI (1.92 eV). The mean internal
energy obtained by DC-AMUSE ionization was slightly
higher at 1.60 eV, possibly as a result of decreased mass
transfer arising from condensation buildup, as subse-
quently discussed in more detail, but was still lower
than that for ESI.

Flowing N, through the air amplifier at 8.76 L min™~
resulted in a marked increase in the mean internal
energies for AMUSE ionization, and only a 4% increase
for ESI. The mean internal energy for RF-only AMUSE
was only marginally lower than that of DC-AMUSE and
Venturi-assisted ESI: 1.93, 1.96, and 2.01 eV, respec-
tively. The slight increase in the mean internal energy
observed for ESI when utilizing Venturi focusing indi-
cates that, under optimum focusing conditions, the use
of an air amplifier does not have a detrimental effect on
the internal energy deposition. The increase in internal
energy observed for the ionization methods can be
attributed to changes in droplet size distribution upon
use of the air amplifier. In ESI, droplet size is an
important factor in determining internal energy depo-
sition [35]. The decreased droplet size arising from use
of the air amplifier can be attributed to the increase in
droplet velocity, which causes a reduction of droplet/

1

ion residence time before entering the mass spectrom-
eter heated inlet and results in an effective decrease in
ion subcooling associated with solvent evaporation.
Increased frictional droplet heating attributed to hydro-
dynamic friction within the flowing nitrogen is not
expected to be of any significance because nitrogen
viscosity is very small and there are no significant
velocity gradients along the center axis (parallel to the
walls) of the air amplifier. Even if there is any small gas
heating, the heat capacity of the liquid is much larger
than that of the gas, so no appreciable increase in
droplet temperature arising from this effect could be
expected. Since droplets are carried by the flowing air
because of their low inertia attributed to small size, the
relative tangential droplet-to-nitrogen velocity is zero.
In other words, no slip is expected because droplet and
flowing nitrogen gas are moving at the same velocity,
resulting in minimal frictional heating.

The ESI droplet size distribution produced in this
configuration is shown in Figure S-3a and b. Without
the use of Venturi focusing, the mean droplet diameter
was 46.0 um with an FWHM value of 16.3 um for ESI
(Figure S-3a), which is indicative of considerable drop-
let coalescence during the transit from the ESI capillary
to the MS inlet. Close examination of the droplet size
distribution obtained by ESI shows the additional pres-
ence of a low-abundance droplet population with a
wide diameter distribution ranging from 5 to 20 um.
The presence of multiple droplet size distributions
when the air amplifier is off is not unexpected and can
be attributed to the long residence time of droplets,
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which allows for some droplets to emerge individually,
whereas others coalesce and exit as larger droplets. The
distribution obtained when N, was allowed to flow
through the air amplifier (Figure S-3b) shows a more
uniform droplet population with a significantly lower
mean diameter and FWHM, 16.1 and 3.5 um, respec-
tively, than that obtained without Venturi-assisted
droplet entrainment. Because the probability of gener-
ating ions via desolvation of the more abundant large-
diameter population is low, likely the mass spectromet-
ric signal observed during the non-Venturi focusing
experiment is attributed mostly to the low abundant
small-diameter droplet population mentioned earlier.
This would explain the similarities observed for ESI
internal energy distributions between Figure 2a and 2b
because the spectrometer is sampling from droplet
populations having similar diameters.

The mean diameter and FWHM of droplets pro-
duced by RF-AMUSE (Figure S-3c) without Venturi-
assisted transmission were 13.4 and 2.8 um, respec-
tively, with a tail reaching values as high as 20 um.
Since upon ejection AMUSE-generated droplets have
a uniform size of 5-7 um (defined by the nozzle
aperture) [31], this increase in the mean diameter
suggests droplet coalescence during transport to the
MS inlet capillary. These larger droplets could be
responsible for the lower mean internal energy distri-
butions observed in Figure 2a. The mean droplet diam-
eter and FWHM decreased to 12.7 and 1.8 um when
8.76 L min~' N, was allowed to flow through the air
amplifier (Figure S-3d) with a concomitant increase in
the mean internal energy distribution (Figure 2b). The
intensity of scattered light increased for ESI upon use of
the air amplifier (Figure S-3a and b, lower panels),
following the creation of a spatially concentrated pop-
ulation of smaller droplets. The scattering intensity
correlates with the total number of scatterers/droplets
per unit volume and relative size of the droplets com-
pared to the wavelength of light. For RF-only AMUSE,
the intensity of light scattered by the spray (Figure S-3c
and d, lower panels) was reduced when N, was al-
lowed to flow through the air amplifier, indicating that
desolvation is enhanced by the air amplifier.

To investigate the behavior of Venturi-assisted
AMUSE and ESI with solvent systems that are fully
compatible with biological species, the previous ex-
periments were repeated using pure water solutions.
The results are shown in Figure 2c and d, respec-
tively, and corresponding mass spectra are shown in
Figure S-4. The analyte signal intensities in the ESI
mass spectra (Figure S-4a and b) are one order of
magnitude lower for the aqueous samples than for
the methanol-containing samples (Figure S-2a and b),
which is likely the result of insufficient desolvation,
whereas that for the AMUSE mass spectra (Figure
S-4c—f) are approximately one order of magnitude
higher, which can be attributed to the more effective
pressure-based, rather than Taylor-cone-based mech-
anism of liquid atomization. Comparison of the in-
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ternal energy distributions shown in Figure 2a versus
2c¢ and Figure 2b versus 2d shows that the mean
internal energies for aqueous ESI, RF-only AMUSE,
and DC-AMUSE were within 5% of the values ob-
tained using a 50% methanol solution. The slightly
higher mean internal energy observed for DC-
AMUSE, relative to that for RF-only AMUSE, when
operating in non-Venturi mode (Figure 2a and c), can
be attributed to decreased mass transfer caused by
the buildup of condensation on the external surface
of the ejector nozzle array, possibly resulting from
electrowetting [36]. This led to significant variations in
the ejection flow rate as a result of sporadic blockage of
ejector orifices and thus experiments using this ap-
proach were not further pursued. Hydrophobic surface
functionalization to prevent this effect is now being
investigated.

The most salient difference upon changing the
solvent system was the 0.5-eV increase in FWHM of
the P(E) curve for Venturi-assisted ESI (Figure 2b
versus 2d). The explanation of this observation is not
straightforward. This is possibly caused either by a
decreased evaporative droplet cooling rate [37] or by
variations in the droplet size distribution upon
changes in solvent composition. There has been only
one report on the influence of solvent composition on
the internal energy distribution of electrospray drop-
lets that has shown a shift to higher mean energies
and wider P(E) distributions when less volatile sol-
vents with lower vapor pressures are used [33].
However, this is not an obvious result of general
value because, although less volatile solvents do
indeed evaporate at the lower rates, their latent heat
of vaporization is generally much higher and thus
capable of inducing more significant subcooling.
Droplet size distributions produced for the aqueous
solvent by ESI (Figure S-5a and b) show bimodal
behavior with two distinct droplet populations. The
smaller-size population showed a mean droplet di-
ameter and FWHM of 12.9 and 1.8 um, respectively
(Figure S-5b), whereas the more abundant population
overlaps with the distribution measured without
Venturi assistance (Figure S-5a). The presence of
these multiple droplet size populations possibly ex-
plains the broader internal energy distribution ob-
served for ESI (Figure 2d). The lower desolvation
efficiency observed for aqueous ESI is also reflected
by the increase in scattered light intensity (Figure
S-3b versus Figure S-5b, lower panels), indicative of
the presence of a higher volume concentration of
droplets. The droplet size distributions and scattered
light intensities obtained for RF-only AMUSE ioniza-
tion of an aqueous solution (Figure S-5c and d) were
found to be similar to those obtained for the methan-
olic solution. The focus of all further experiments was
on measuring the effect of the API capillary temper-
ature and nitrogen flow rate on the internal energy
landscapes of ESI and RF-only AMUSE.
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Combined Influence of API Capillary Temperature
and Air Amplifier Nitrogen Flow Rate on the
Internal Energy Deposition

Recent experiments by Dixon et al. [28] indicated that
the use of an air amplifier in combination with ESI
provides both a focusing effect and improved droplet
desolvation. Varying the air amplifier gas flow rate
provides control over both the desolvation efficiency
and the aerodynamic focusing of the droplets, resulting
in improved ion transport. These two effects are
strongly coupled and are expected to influence both
internal energy deposition and S/N ratio. Drahos and
colleagues have shown that for various instruments,
including quadrupole and Fourier transform mass spec-
trometers operated at various ion source temperatures
(25-150 °C) the internal energy distribution of ESI ions
can be approximated by Boltzmann distribution with
different characteristic temperatures [38]. For capillary
temperatures of 50-75 °C, Gabelica et al. [34] showed
that P(E) curves exhibit a low-energy tail, indicating the
presence of partially solvated ions reaching the capil-
lary-skimmer region of the mass spectrometer.

These previous reports prompted us to perform
additional experiments to determine the combined ef-
fect of the API capillary temperature and N, flow rates
on the mean internal energy deposited by Venturi-
assisted ESI and AMUSE and to explore the internal
energy landscapes of these techniques. Figure 3 shows
contour plots of the mean internal energies for ions
produced by either Venturi-assisted ESI (Figure 3a) or
RF-only AMUSE (Figure 3b). The overall shape of these
surfaces differs in several aspects. Venturi-assisted ESI
is characterized by the presence of a low-internal-
energy ((E) < 1.5 eV) valley in the regime map, occur-
ring at conditions with capillary temperatures of 230-
275 °C and N, flow rates between 0 and 7 L min~'. A
region with mean internal energy = 1.0 eV was present
at capillary temperatures up to 250 °C and N, flow rates
between 2 and 4 L min~'. The RF-only AMUSE land-
scape was characterized by a low-internal-energy ((E) <
1.5 eV) region present at all capillary temperatures
tested with N, flow rates up to 5L min™". A region with
mean internal energy = 1.0 eV was present at capillary
temperatures up to 280 °C and N, flow rates up to 2.5 L
min~'. [ons with a mean internal energy < 1.5 eV were
obtained in 42% of the conditions tested by ESI and in
46% of conditions tested by RF-only AMUSE. Ions with
a mean internal energy = 1.0 eV were obtained in 9 and
13% of conditions tested by ESI and RF-only AMUSE,
respectively. The average internal energy obtained by
RF-only AMUSE was 7% lower than that obtained by
ESI under all conditions examined.

The shape of the ESI landscape implies that ions of
high internal energy can be produced at either high
capillary temperatures or high N, flow rates (Figure 3a).
The fact that flow rates between 7 and 10 L min™" also
result in higher mean internal energy ions, even for
capillary temperatures as low as 250 °C, is inherently
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Figure 3. Mean internal energy deposited on ions produced from
an aqueous mixture using (a) ESI and (b) RF-only AMUSE
ionization at varying capillary temperatures and N, flow rates
from 0 to 10.6 L min~". TL = 30 V for all experiments.

related to the decrease in residence time as the flow rate
of N, is increased. Shortening the droplet/ion residence
time causes a reduction in evaporative cooling, and
thus leads to a higher internal energy. The characteristic
droplet temperature [38] increases with increasing
droplet velocity, resulting in ions being ejected with
higher internal energies. Interestingly, at low N, flow
rates and high capillary temperatures, a region of high
mean internal energy ESI ions is also observed. In this
case, the sensible heat convectively transferred to the
droplets during their transit in the heated capillary
seems to be sufficient to significantly elevate the ion’s
internal energy.

The generation of AMUSE ions with high mean
internal energy requires conditions combining both
high temperatures and high flow rates (Figure 3b).
Because of the different principle used for liquid atom-
ization in AMUSE, the droplets produced are uniform
in size [31], even at the extremes of air amplifier flow
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rates (Figure S-5¢ and d). These droplets are also
expected to have lower charge density because of the
lower charging potential effectively applied to the lig-
uid reservoir during each RF half-period, resulting in
lower coulombic explosion rates. This translates into
larger AMUSE droplets surviving longer within the
heated capillary. The increase in mean internal energy
measured for AMUSE ionization can be attributed to:
(1) the increase in capillary temperature, resulting in an
equivalent increase in the rate of convective heat trans-
fer to the droplet in combination with (2) the increase in
flow rate, resulting in an increase in the convective heat
transfer coefficient, which in turn results in increased
sensible heat transfer to the droplets. At high flow rates
but lower capillary temperatures, the energy trans-
ferred at the API inlet results in ions with intermediate
mean internal energies.

An investigation of the S/N ratio of ions produced
by Venturi-assisted ESI and RF-only AMUSE at the upper
and lower limits of the investigated capillary temperatures
was also performed. The methyl-substituted thermome-
ter compound was selected for this experiment because
it has the second lowest critical energy of the com-
pounds tested and can be easily fragmented while still
providing a measurable signal for the intact ion (m/z
184). The S/N ratio for this ion at increasing N, flow
rates and capillary temperatures of 230 °C (Figure 4a)
and 300 °C (Figure 4b) is presented in Figure 4. Exam-
ination of the ESI energy landscape at 230 °C suggests
that the S/N ratio of the intact ion should be relatively
constant at most of the flow rates tested and should
have a maximum value that corresponds to the flow
rates that provide the minimum mean internal energy
(2-5 L min"). The observed S/N ratio values appear to
follow this trend reasonably well, with a maximum
S/N ratio observed between 4 and 6 L min~'. The S/N
ratio obtained by AMUSE ionization at 230 °C increases
with flow rates up to 2.5 L min~!, where it levels off.
This correlates well with the AMUSE energy landscape.
The observed S/N ratio differences between the two
ionization techniques cannot be explained solely based
on the ESI and AMUSE internal energy landscapes, but
require consideration of the differences in spray diver-
gence and electrochemical processes between these two
methods. ESI droplets have a significantly higher
charge density than that of AMUSE droplets and thus
experience a greater degree of spray divergence. In the
case of AMUSE, the increase in signal with N, flow rate
is less dramatic as a result of the lower spray diver-
gence. In addition, the higher potential used in ESI
causes higher background intensity than that in
AMUSE because of the increased rate of solvent oxida-
tion processes [39] and possibly because of ionization of
volatile contaminants present in the laboratory air [40].
As the air amplifier N, flow rate is increased, the ESI
diverging plume is focused toward the mass spectrom-
eter inlet [28], causing an increase not only in the
analyte signal intensity but also in the background
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Figure 4. S/N ratio of m/z 184 peak (precursor ion of methyl-
substituted thermometer compound) for Venturi-assisted ESI and
RF-only AMUSE ionization of an aqueous mixture at varying N,
flow rates and capillary temperatures of (a) 230 °C and (b) 300 °C.
TL = 30 V for all experiments.

intensity, as shown in Figures S-2 and S-4. These effects
result in a lower S/N ratio for ESI at all assayed flow
rates. An examination of the S/N ratio changes with air
amplifier gas flow rate when the capillary is kept at
300 °C (Figure 4b) shows that the S/N ratio for both
ionization methods also correlates well with the trends
suggested by the respective internal energy landscapes
(Figure 3). The ESI S/N ratio has a local maximum
between 1 and 3.5 L min~}, which levels off at higher
flow rates, whereas the AMUSE S/N ratio decreases
sharply as the flow rate is increased up to 3.5 L min ™"
and exhibits a slower decrease at higher flow rates. The
average S/N ratio obtained using AMUSE ionization
was fivefold higher using a capillary temperature of
230 °C and eightfold higher than that of ESI at 300 °C.

Conclusions

We have shown that soft ionization of a series of
benzylpyridinium compounds from an aqueous solvent
by Venturi-assisted AMUSE and Venturi-assisted ESI
ion sources is possible. Our results showed that
AMUSE ionization without Venturi assistance is inher-
ently softer than ESI with a mean internal energy that is
39% lower. AMUSE internal energy deposition was
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significantly modified by increasing the air amplifier
gas flow rate, but a less marked effect was observed for
ESI. Modulation of the internal energy distribution was
accomplished by tuning the N, gas flow rate in the air
amplifier and the API capillary temperature because
these parameters most strongly influence desolvation
and droplet residence times. Examination of the energy
landscapes obtained demonstrated that ions with a
mean internal energy < 1.5 eV could be obtained using
46% of the conditions tested during RF-only AMUSE
ionization compared to 42% of those tested during ESI.
A low-internal-energy region ((E) = 1 eV) was observed
at capillary temperatures up to 250 °C and N, flow rates
between 2 and 4 L min~' for ESI and at capillary
temperatures up to 280 °C and N, flow rates up to 2.5 L
min~' for AMUSE. Finally, it was shown that at all air
amplifier gas flow rates tested, the average S/N ratio of
the intact methyl-substituted thermometer ion by
AMUSE was fivefold higher than that of ESI at 230 °C
and eightfold higher at 300 °C because of the difference
in background noise observed between AMUSE and
ESI spectra.
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