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Abstract

Effects of electrospray emitter voltage on cluster size and abundance formed from
aqueous Csl were investigated with emitter tip diameters between 260 £ 7 nm and 2.45 £ 0.30
um. Cluster size increases with increasing voltage, increasing solution concentration and
increasing emitter diameter consistent with formation of larger initial droplet sizes. For emitters
with tip diameters above ~1 um, varying the voltage either up or down leads to reproducible
extents of cluster formation. In contrast, higher voltages with submicron diameter emitters can
lead to only Cs* and Cs(H20)" and no clusters. This change in ion formation reproducibly occurs
at spray potentials >1.3 kV for 260 nm emitters and appears to be induced by a corona discharge
and material build-up at the emitter tip. Under conditions where abundant Cs" is observed and no
clusters are formed, ions such as K* and Cu'" are also observed but ions with more negative
solvation energies, such as Ba?*, are not. Similarly, ions from bradykinin and ubiquitin are
observed pre-discharge but not post discharge. Ions with more positive solvation energies can
desorb directly from the air-water interface that is created at the tip of these emitters whereas
ions with more negative solvation energies as well as peptide and protein ions do not. These
results indicate that ion desorption directly from solution can occur and similar experiments with

even smaller emitters may lead to new insights into ion formation in electrospray ionization.



Introduction

The nanoflow regime of electrospray ionization (<1 uL min™! flow rates) can lead to higher
ionization efficiency and lower sample consumption than conventional electrospray ionization that
uses large bore capillaries.!> Nanospray also enables more reproducible ion formation from
solvents that have high surface tension, most notably aqueous solutions that contain volatile
buffers.!> These advantages make nanospray an indispensable technique in native mass
spectrometry. Nanospray emitters that have tips with inner diameters <1 um have some additional
advantages, including the ability to obtain charge-state resolved spectra of proteins and other
molecules in standard biochemical buffers, such as Tris or 1x phosphate buffered saline solutions,
that contain high concentrations of nonvolatile salts (e.g., >150 mM NaCl).*® The initial droplet
size formed by submicron emitters is less than 100 nm.*"~° At an initial droplet diameter of 100
nm, there will be, on average, only one analyte molecule per droplet at concentrations below 3
uM.!% At even lower concentrations or droplet diameters, the majority of nanodrops will not
contain an analyte molecule. Under these conditions, nonvolatile salts are separated from analytes
because most of the salts partition into nanodrops that do not contain an analyte ion. Nonspecific
aggregation of analytes within the ESI droplet can also be reduced or prevented using sufficiently
small diameter emitters. Narrow bore emitters have been used to investigate small molecule
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clusters, as well as ligand-protein,'* ¥ ligand-DNA,!%?° and protein-protein?! complexes

without interference from nonspecific aggregation during the ESI process.

The diameters and size distribution of droplets that are initially formed in electrospray

depends on many factors, including solution composition and surface tension,?>?* viscosity,??>

conductivity,?-%%7 sheath gas flow,?*?° electrospray voltage,?>23-263031 capillary diameter,?

t,23

distance from the capillary to the instrument inlet,? spray mode,*=*? and solution flow rate.?



Droplets produced during ESI from larger diameter capillaries (>20 um) can be characterized
using optical methods, including phase doppler anemometry/interferometry, flash shadowgraphy,
or microscope imaging and are typically on the 1 — 100 um size scale across a range of solution

and electrospray conditions.?® Lower solution flow rates??-*3-36

and lower electrospray
voltages?®3%37 have been correlated with the production of smaller initial droplet sizes, although
some deviations from this trend have been noted due to changes in the spray mode at different
spray potentials.’’

The initial nanodrops that are produced by nanoelectrospray ionization (nESI) emitters with
tip diameters of a few microns or less are too small to size using standard optical methods, but
some information about size and size distributions has been obtained from more indirect
methods. Davidson ef al. combined charge reduction with differential mobility analysis to
determine the size of sucrose clusters formed from an aqueous sucrose solution with emitters that
had 1 — 3 um diameter tips.” From these results, they concluded that the initial droplet size was
~60 nm, or ~1/17" the emitter tip diameter. The average droplet diameter increased to ~500 nm
with an increase in spray voltage from 0.8 kV to 1.5 kV. The initial size of droplets from
nanospray emitters with small diameter tips was also estimated based on trends in sodium
adduction to a protein as a function of emitter tip size. Sodium adduction to protein ions
significantly decreases when there is less than one protein molecule per droplet, from which an
estimate of the initial ESI droplet diameters of ~1/14% — 1/20% the emitter tip diameter was
reported.* Calculations from Li et al. based on the measured flow rate and ionization current
from submicron tips also resulted in droplet diameters that were 1/6" — 1/32™ the emitter
diameter.’ This relationship between tip diameter and droplet diameter also appears to be true for

solvents other than water. Cooks and coworkers formed droplets containing rhodamine B onto a



glass coverslip and used fluorescence microscopy to investigate the droplet sizes produced from
a solution of 9:1 methanol:glycerol with ~5 pm, ~10 um, and ~20 um diameter emitters.® The
droplet size distribution from ~5 pm emitters at 1.5 kV spray voltage was broad with a center at
335 nm, or ~1/15™ the emitter diameter, and the droplet diameter increased with increasing spray
voltage to 463 nm at 2.5 kV. Droplets produced from ~10 um and ~20 um diameter emitters
were larger than those produced from ~5 pm emitters.® These and other results indicate that there
is a clear trend toward smaller initial droplet sizes with decreasing emitter tip sizes and larger
initial droplet sizes with increasing spray voltage.

Here, effects of both voltage and emitter tip diameter are investigated for emitters with
inner diameters between 260 £ 7 nm and 2.45 £ 0.30 um. Emitters with diameters above ~1 pm
show expected trends in ion formation as a function of emitter tip size and voltage whereas
emitters with tip diameters below ~1 um show unusual behavior when the electrospray voltage
exceeds a threshold value that is commonly used with the larger emitters. Corona discharge and a
change in ion formation mechanism after discharge provides insights into different ways that

ions can be formed with electrostatic potentials.

Materials and Methods

Borosilicate nanoelectrospray emitters (1.0 mm outer diameter, 0.78 mm inner diameter,
with filament, Part #BF100-78-10, Sutter Instrument, Novato, CA) were pulled to final inner
diameters of 260 + 7 nm, 608 £ 17 nm, 1.75 £ 0.11 um, and 2.45 + 0.30 pum using a Sutter
Instrument Flaming/Brown P-87 pipette puller.?® Emitters were imaged without sputter coating
using a Hitachi TM-1000 scanning electron microscope (Tokyo, Japan) at the Electron

Microscopy Laboratory at the University of California, Berkeley.



All mass spectral data were acquired using a Waters Q-TOF Premier mass spectrometer
(Milford, MA). The pressure of argon in the collision cell was ~4 mbar and the sample cone,
extraction cone, and ion guide voltages were 20.0 V, 2.0 V, and 2.0 V, respectively. A
microscope consisting of a Dino-Lite digital camera and an objective lens (Olympus CK20,
Tokyo, Japan) was mounted to the source region of the mass spectrometer to monitor emitter tips
during electrospray. Emitters were positioned ~3 mm from the instrument inlet and a voltage
between 0.4 kV and 1.5 kV was applied to a platinum wire that was in contact with an aqueous
solution of 10 mM or 100 uM Csl (Sigma-Aldrich, St. Louis, MO). The voltage was increased or
decreased in increments of 100 V every 15 s and the cluster distribution was measured as a
function of spray voltage. All data were analyzed using MassLynx v. 4.1.

The emitter flow rate was determined by measuring the mass of the emitter loaded with
~10 uL of solution using an Ohaus Analytical Plus balance (Parsippany, NJ) before and after
electrospray at a voltage of 1.0 kV for 5 minutes.** To measure the solution flow rate after
corona discharge, the spray voltage was increased to ~1.5 kV until corona discharge was
observed and then reduced back to 1.0 kV for 5 minutes followed by a mass measurement. To
measure mass loss due to evaporation, the mass of the emitter and solution was measured before
and after 5 minutes in the source with no spray voltage applied. The same emitter was used for
measuring the mass loss due to evaporation, during electrospray, and after corona discharge to
reduce variability caused by tip-to-tip differences in size and shape. Reported flow rates are the
average of three replicate experiments.

Solutions of 10 mM tetraethylammonium chloride (TEACI), RbCl, KCI, NaCl, LiCl,
CuCl (saturated solution), and BaCl, were mixed 1:1 with 10 mM CsCl (final concentration of 5

mM each) in MilliQ water. Bradykinin and ubiquitin solutions were prepared in 1:1 BaCl:CsCl



(5 mM each) to a final peptide or protein concentration of 10 uM. All reagents were obtained

from Sigma-Aldrich and were used without further purification.

Results and Discussion
Effects of Emitter Tip Size and Voltage on Csl Cluster Distributions

The effects of nanoelectrospray emitter tip size and electrospray voltage on the formation
of Csl clusters formed from either 100 uM or 10 mM aqueous solutions was investigated with
emitters that have tip diameters between 260 £ 7 nm and 2.45 + 0.30 um and with electrospray
voltages between 0.4 kV and 1.5 kV. At a given emitter tip diameter and solution concentration,
higher spray voltage results in greater abundances of [Csaln.x]*" (x = 1, 2, 3). This effect is
illustrated for singly charged clusters formed from a 10 mM aqueous Csl solution using an
emitter with a 2.45 um diameter tip (Figure la). Cs* and cluster ion abundances were normalized
to the total mass of Cs by weighting each cluster abundance by the number of Cs atoms in the
cluster (e.g., Cs2Cl abundance multiplied by two, Cs3Cl, abundance multiplied by three). The
abundance of the Cs" ion decreases from 8.4 + 2.3% of the Cs mass at 0.7 kV to 3.4 £ 0.4% at
1.5 kV. The fraction of singly charged clusters relative to multiply charged clusters decreases
from 74.0 £ 2.0% to 59.1 £ 1.7% of the total Cs mass at these respective spray voltages
reflecting the shift in the population to larger clusters (Figure 1a) that are more highly charged.
The cluster abundances shift to smaller size as voltage is reduced from the maximum of 1.5 kV
(Figure 1a) and the results at each voltage are highly reproducible. The difference between the
abundance of Cs" at 1.0 kV on the increasing and decreasing voltage ramp is only ~0.1%. A
similar trend occurs for emitters with diameters of 1.75 pm, 608 nm, and 260 nm (Figure 1b, Ic,

1d, respectively) when the initially low voltage is increased.
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Figure 1. Representative cluster distributions obtained from 10 mM CslI as a function of
electrospray voltage and emitter tip size of (a) ~2.45 um, (b) ~1.75 pm, (¢) 0.61 pm, and (d) 0.26
um. Larger tips show cluster size distributions that change reproducibly with spray voltage, but
the smallest tips in (¢) and (d), undergo a transition that results in only formation of Cs" and
Cs(H20)". The cluster distributions from submicron emitters have greater variability with

increasing spray voltage that may be related to changes in the electrospray mode.



For 260 nm emitters, Cs" is 47.6 = 3.7% and 15.3 £ 6.0% of the total Cs mass at 0.4 kV and 1.1
kV, respectively. The fractional mass of singly charged clusters increases from 52.0 £ 1.4% to
64.4 £ 3.2%, and the fraction of multiply (+2, +3) charged clusters increases from 0.4 + 0.5% to
21.1 £ 15.2% across the same range of spray voltages. The higher uncertainty in the fraction of
multiply charged clusters produced from 260 nm tips may be related to changes in the
electrospray mode that occur when spraying from submicron emitters (Figure 1c,d).

Csl is highly soluble in water (848 g/L or ~3.3 M at 25 °C)* so extensive clustering or
ion pairing in solution at the original solution concentrations is not expected. Both emitter tip
size and voltage can affect the initial droplet size that is formed by electrospray with larger
emitters and higher voltages leading to higher solution flow rates and larger initial droplet
sizes.”® Solvent evaporation can lead to nonspecific aggregation and cluster formation in the ESI
droplet prior to gaseous ion formation resulting in formation of salt clusters.”!%4! The
abundances and maximum size of these clusters can indicate the original size of an ESI droplet.”
The population and size of clusters decreases with emitter tip size at 1.0 kV, consistent with
smaller emitters producing smaller initial droplet sizes and hence less clustering (Figure 1a, 1b,
lc, 1d). At the lowest spray voltage for each emitter size and 100 uM concentrations, Cs* is
>90% of the total Cs mass across all tip sizes compared to values of 8.4 £ 2.3%, 7.7 £ 5.1 %,
54.4 £ 5.2% and 47.6 £ 3.7% from 2.45 um, 1.75 pm, 608 nm, and 260 nm at 10 mM
concentrations, respectively (Figure S1). These data are consistent with fewer Csl ions within
each initially formed electrospray droplet at lower solution concentrations, smaller emitter tip
diameters, and at lower electrospray voltages. All of these factors reduce non-specific cluster

formation or aggregation during ESI owing to the formation of smaller initial droplets.
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Figure 2. (a) Representative total ion current resulting from electrospray of a 10 mM CslI
solution as a function of time from an emitter with ~608 nm diameter tip showing a significant
reduction in total ion current that occurs upon corona discharge. The numbers above each time
increment indicate the spray voltage in kV. Representative mass spectra from time periods
labeled B and C are shown in (b) and (c), respectively. The abundance values on the y-axis are
the same in (b) and (¢), indicating that the abundance of Cs* is similar before and after corona

discharge.
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For emitters with tips larger than 1 pm, the change in cluster distributions with increasing
voltage were the same as those observed when the voltage was decreased (Figures 1a, 1b).
However, for emitters with diameters smaller than 1 um, decreasing the voltage after reaching
1.5 kV results in the disappearance of Csl clusters from the mass spectra (Figures Ic, 1d). With
the 608 nm emitters, increasing the spray voltage from 0.8 kV to 1.5 kV can lead to a large drop
(typically ~50-80%) in the total ion signal (Figure 2a, between points labeled B and C). The
time at which this drop in current occurs upon reaching voltages >0.8 kV is highly variable
between emitters, with the fastest occurring immediately upon reaching 0.8 kV (~1.1 min from
the start of spray) and the latest occurring upon a second ramp in voltage at 0.9 kV (~7 min from
start of spray). This reduction in current occurred upon the first voltage ramp in 12 out of 15
replicates with different 608 nm emitters, typically at voltages of ~1.0 — 1.5 kV. In contrast, this
drop in current occurred for every 260 nm emitter upon the first voltage ramp. Across all
experiments using submicron diameter tips, the onset voltage for ion formation (0.4 kV) is not
significantly different before and after this transition (Figure S2). The change in ion current
between ~1.3 — 2.2 min (Figure 2a) is likely a result of a change in the spraying mode. Abundant
Csl clusters are observed during this time period. When spraying 10 mM CslI from 608 nm
diameter emitters at 1.2 kV, abundant CsI clusters were observed prior to this drop in current
(Figure 2b). After this transition, there is abundant Cs™ and some Cs(H20)* but no clusters of CsI
(Figure 2c). Experiments were performed under gentle conditions to minimize gas-phase
dissociation, as demonstrated by the abundant water adduct to Cs* at m/z ~151 (Figure 2b and
2c¢). Dissociation of this ion results in formation of Cs" confirming the identity of this ion.

In order to determine if the large drop in ion current initiated by higher voltages in the

emitters with the small tips is accompanied by a change in the solution flow rate, the flow rate of
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a 608 nm emitter was determined by measuring the change in the mass of the emitter over 5 min
while spraying at 1.0 kV.**** Solvent loss also occurs due to evaporation, the rate of which can
be determined from changes in mass without an applied voltage. Solvent evaporation occurs at a
rate of 2.0 £ 0.2 nL min"!. The flow rates before and after the significant drop in total ion current
with voltage applied after subtracting the water lost to evaporation were 5.0 + 3.6 nL min'! and
0.1 £0.3 nL min’!, respectively. The higher uncertainty during standard spray is due to variations
in flow from the different emitters and could be due to small differences in emitter position or
morphology, which are not factors in evaporative loss. After the transition, the mass loss due to
solution flow is indistinguishable from the evaporation rate, yet the abundance of the Cs* ion

indicates that ion formation from the emitter still occurs.

Imaging submicron diameter emitters during electrospray

Emitter tips were visually monitored during electrospray using a Dino-Lite digital
microscope camera (50x maximum magnification) and a 20x objective lens mounted to the mass
spectrometer source housing. lons were formed from a 10 mM aqueous Csl solution and emitters
with a tip diameter of 608 nm at voltages between 0.8 and 1.5 kV. Below 1.0 kV, the emitter tips
are clear (Figure 3a). The large drop in the total ion current corresponds to what appears to be the
onset of corona discharge at the end of the emitter (Figure 3b, supporting video 1). Light
emission is commonly observed at the onset of corona discharge initiated at high voltages.**7
Material is observed at the end of the emitter after discharge occurs (Figure 3¢, supporting video
1). Scanning electron microscopy images of these emitters after drying overnight indicate that

there is no observable change to the inner diameter of the emitters (Figure 3d). The resolution of

the SEM at 10000x magnification is ~16.3 nm/pixel, indicating that any changes to the tip size
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Figure 3. Optical and scanning electron microscope images of a single emitter with a 608 nm
diameter tip used to spray a 10 mM Csl aqueous solution: (a) at low spray voltages (<1 kV),
emitters appear to have transparent tips and mass spectra show a distribution of Csnla-1 clusters
(Figure 2b). At voltages between 1 and 1.5 kV, (b) corona discharge may occur, resulting in
mass spectra where Cs™ is the most abundant ion (Figure 2c). After corona discharge, (c) visible
material is present at the tip of the emitter. (d) scanning electron microscopy image obtained
from an emitter that was dried overnight reveals no change to the inner diameter or to the rest of
the tip, indicating that corona discharge does not damage the borosilicate glass. Material can
often be dislodged at higher voltages and a return to normal electrospray occurs further

indicating that the emitters are not damaged by the discharge.
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and shape that may have occurred are less than ~16 nm. The image shows material at the end of
the capillary, consistent with what was observed optically after discharge. However, crystallized
CslI after water evaporation may also contribute significantly to the deposited material in this
image.

The SEM data indicate that the corona discharge process does not irreversibly damage
the emitters, but that material build-up at the end of the emitter disrupts the spray process. This
material appears after corona discharge even when a blank containing just pure milliQ water was
used. Passing the milliQ water through a 0.22 pm filter did not affect the appearance of this
material indicating that if any microorganisms or particles larger than this are present in the
water, they do not contribute to this material buildup. Increasing the spray voltage by ~500 V can
dislodge the material, restoring spray along with formation of clusters.

The abundant signal for Cs* post-discharge shows that ions are still generated from the
ESI emitter despite a flow rate too low to measure. The disappearance of Csl clusters indicates
that larger droplets capable of containing multiple Cs* and I" are not being formed consistent
with the unmeasureable flow rate. The discharge may partially block the aperture of the emitter
with debris, resulting in the production of small droplets such that each droplet contains few ions
preventing the formation of CslI clusters. lons can also be produced by desorption from crystals.
In field desorption mass spectrometry (FD-MS), ions are produced by applying a high voltage (8
—20kV) and heat (>100 °C) to crystalline samples deposited onto a filament. For inorganic salts,
the most abundant ions tend to be the bare cation and clusters of the form [C + (CA).]", where C
and A are the cation and anion, respectively.*®*° Schulten and Rollgen observed clusters with up
to six sodium acetate molecules are formed from sodium acetate crystals and Rollgen et al.

reported Ca>Cl>>* in FD mass spectra of CaCl, crystals.*®> The absence of cluster ions after
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corona discharge from submicron emitters suggests that the ions are not desorbed from a solid
crystal.

A change to the emitter opening may also affect the electric field at the air-water
interface, potentially resulting in the desorption of ions directly from the tip of the emitter. In this
case, the abundance of ions after discharge are expected to follow trends in the solvation energy
of the cations. To investigate this apparent desorption process after corona discharge, solutions
containing Cs" and other cations of varying solvation energies were formed by electrospray and

the abundance of these cations before and after discharge were compared.

Effects of lon Solvation Energy

nESI mass spectra of an aqueous solution containing BaCl, and CsClI from an emitter
with a 608 nm tip show abundant Ba(H>0)o.4>" in addition to clusters of the form CsyCly.1™,
BanClan-1*, BanClon-2?" and mixed clusters containing both Ba?>* and Cs* (Figure 4a). After
discharge is induced at a voltage of 1.5 kV, Cs™ and Cs(H20)" are over 97% of the ion signal and
no Ba?" or Ba-containing cluster ions are detected (Figure 4b). Some minor peaks (<2.5% of the
total ion abundance) are attributed to Cs-adducted background organic contaminants also present
in the solvent blank, which may contribute to material build up at the end of the emitter. The
abundances of Ba?* and Ba(H,0).4>" relative to the abundances of Cs* and Cs(H,0)" before and
after discharge were determined. This value prior to discharge was 2.66 and after discharge was
less than 1.46 x 10, The value after discharge is an upper limit determined from the noise level
in these spectra. The ratio of these values before and after discharge, abbreviated as the ratio of
relative abundances (RRA), is <0.00035. The absence of detectable Ba?* and Ba(H,0)-4>" after

discharge indicates that droplets are not formed, yet abundant Cs* signal shows that selective ion
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Figure 4. nESI mass spectra of an aqueous solution of 5 mM BaCl, and 5 mM CsCl obtained

with an emitter with a 608 nm diameter tip (a) before and (b) after corona discharge.
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formation still occurs. The Gibbs solvation free energy (GSFE) of Cs* is 800 kJ mol™! compared
to -200 kJ mol! for Ba?" (all values are referenced to H"),’! indicating that the energetic cost to
remove Ba®* from water is substantially larger than for Cs*. These data are consistent with
desorption of Cs* directly from solution at the tip of the emitter whereas Ba®" is retained in water
due to its more negative GSFE value.

Tetracthylammonium, TEA®, has a higher Gibbs solvation free energy (GSFE = 1050 kJ
mol')’! than Cs*. A nESI spectrum of an equimolar aqueous solution of TEACI and CsCl
obtained using emitters with 608 nm tip diameters results in TEA™, Cs* and Cs(H>0O)" in nearly
equal abundances (Figure S3a). Singly charged clusters with CsCl and TEACI are also observed.
After discharge, TEA™, Cs* and Cs(H20)" are the dominant ion signal (Figure S3b) and no
clusters are observed. The RRATea value of 0.77 indicates that TEA™ relative to Cs* does not
change significantly after discharge. There are many differences in the physical properties of
Ba?* compared to TEA", but the striking difference in RRA values for Ba?" (<0.00035)
compared to TEA* (0.77) suggests that this may be due to their large difference in GSFE values
(~1250 kJ mol ™).

The effects of Gibbs solvation free energy on RRA values for cations with intermediate
GSFE values were investigated. Results for Rb*, K*, Na*, Li*, and Cu!*, along with Cs*, Ba*",
and TEA™ are shown in Figure 5. Results for ions with low m/z are more challenging to detect in
the Q-TOF instrument due to poor transmission efficiency. To account for this, the instrument
settings were tuned to favor lower m/z ions and favor the transmission of hydrated clusters that
have higher m/z by increasing the sample cone voltage. The GSFE value for Rb" (GSFE = 775 kJ
mol!)°! is similar to Cs* and Rb" has a RRA of ~1 (Figure 5, Figure S4). RRA values for K*

(GSFE = 755 kJ mol'"), Na* (GSFE = 685 kJ mol") and Li* (GSFE = 575 kJ mol™") determined
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from the abundances of X(H20)o.4" (X =K, Na, Li) are 0.97, 1.03, and 1.00 respectively (Figures
S5, S6, and S7, respectively).’! The RRA for Cu!* (GSFE = 521 kJ mol!)’! determined from the
abundances of Cu(H20)o-3'" is 0.28, suggesting that this ion is near the energetic threshold for
desorption (Figure S8). A corona discharge reproducibly occurred at ~0.7 kV with the
CuCl:CsCl solution. This may be related to the saturated concentration of CuCl that was used in
these samples. The presence of undissolved solids or crystallization near the tip of the emitter
could create an irregular surface more prone to corona discharge at lower voltages. Further
increasing the spray voltage from 0.7 kV to 1.5 kV resulted in no significant change in the RRA.
Tons corresponding to Cu(H20)02(OH)" were also observed before and after discharge with an
RRA of 0.21. No doubly charged copper or copper clusters (GSFE = -960 kJ mol!)>! were
observed, consistent with results from Ba?* that indicate doubly charged ions do not desorb from
the emitter due to more negative solvation energies. These data suggest that Cu(IT)(OH)" desorbs
from the emitter as a singly charged ion and likely has a similar GSFE to Cu®. Ions with GSFE
values higher than ~540 kJ mol™! (where the RRA = 0.5 between Cu!* and Li") are formed both
before and after discharge occurs whereas below this value, ions are significantly suppressed or
eliminated after discharge occurs.

After discharge, the absence of cluster ions and ions that have GSFE values below ~540
kJ mol! indicates that droplets are no longer being formed. If droplet formation still occurred
after discharge, then ions with low GSFE values should still incorporate into the droplets and
result in ion formation. The absence of these ions and cluster ions indicates that ions with GSFE
values above ~540 kJ mol! are formed by desorption directly from the emitter after discharge.
To desorb, ions must overcome an energy barrier due to the GSFE. Energy related to any surface

deformation that may be necessary to emit ions also contributes to this energetic barrier. High
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electric fields at the air-water interface, which depend on interface size and applied voltage, may
drive this process. After corona discharge, the appearance of material at the end of the emitter
could reduce the effective diameter of the emitter or may lead to uneven surface morphology that
may promote distortion of water at the interface. In both cases, the result is a much larger
effective electric field at the air-water interface, which may drive desorption directly from the
solution contained within the emitter without the formation of nanodroplets. Thomson and
Iribarne® noted that multiply charged cations showed no evidence of evaporation, consistent
with the more negative solvation energies of these analytes.’!

Cooks and coworkers have suggested that the strong electric fields and irregular
morphology at the tip of paper emitters could cause ions to desorb from solution during paper
spray ionization.>*->* It is possible that a similar mechanism occurs for submicron emitters due to
material build-up at the emitter tip after corona discharge, which may form an irregular surface

with strong electric fields at the tip that allows ions to desorb directly from solution.

Desorption of peptides and proteins from a charged air-liquid interface

In order to investigate whether desorption of peptides and proteins can also occur directly
from charged air-water interfaces, mass spectra of aqueous solutions of 5 mM BaCl,, 5 mM CsCl
and 10 uM bradykinin or ubiquitin were acquired using emitters with 608 nm diameter tips both
pre- and post-corona discharge. The presence or absence of Ba?* in the mass spectra along with
the presence or absence of Cs(CsCl)," was used to indicate whether droplets were formed after
discharge. For solutions with bradykinin, both Ba?* and Cs(CsCl)," are observed at voltages
below 1 kV indicating that ion formation from droplets occurs. Protonated, Cs-adducted, and Ba-

adducted bradykinin ions with charge states between +1 and +3 are also observed (Figure 6a).
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Figure 6. nESI mass spectra of a 10 um solution of bradykinin (a,b) or ubiquitin (c,d) in 1:1
CsCl:BaCl; obtained from an emitter with a 608 nm diameter tip before and after corona
discharge. Light red and green regions indicate Ba?>" and BaCl" ions, respectively, and associated
hydrates. Prior to discharge, bradykinin and ubiquitin ions are observed with cesium and barium
adduction, consistent with formation of these ions from nanodrops. After discharge, abundant
Cs" is observed, but bradykinin, ubiquitin or barium ions are not, consistent with desorption of
Cs*, but not Ba?*, bradykinin, or ubiquitin. Asterisk indicates Cs-adducted organic contaminants

that were confirmed by MS/MS. Regions from 800 — 2000 m/z are expanded by 50x in (c) and

(d).
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Cs- and Ba-adduction to bradykinin only occurs for the +2 and +3 charge states. Increasing the
spray voltage to ~1.3 kV induced corona-discharge. After discharge, there are no bradykinin ions
of any form, nor are Ba?>* or Cs(CsCl)," formed. However, abundant Cs* and Cs(H,0)," are
observed indicating selective ion formation continues after the discharge (Figure 6b). After
discharge, several ions corresponding to Cs-adducted organic contaminant ions are also observed
at low abundance (<10% relative to Cs*) as confirmed by MS/MS experiments. These results
indicate that under conditions where Cs* appears to readily desorb from the emitter tip after
discharge, bradykinin ions do not. Prior measurements during sustained corona discharge for
large metal electrospray emitters indicate that there can be more consistent peptide signal during
the discharge, but the spectra are otherwise unaffected.*

Similar results were obtained from these same experiments where ubiquitin was added in
place of bradykinin. Prior to discharge, ubiquitin ions with charge states between +5 and +8 and
extensive Cs-adduction are observed (Figure 6c¢). After discharge, there are no ubiquitin ions,
Ba?* or Cs(CsCl)," but abundant Cs* and Cs(H20): 2" remain (Figure 6d). The absence of protein
ion signal after discharge indicates that ubiquitin does not desorb from solution at the tip of the
emitter under the voltages and tip diameters employed here (Figure 6¢,d). It has been speculated
that proteins can desorb directly from the air-water interface from much larger emitters at higher
spray voltages.>> Li et al. reported the disappearance of cytochrome ¢ signal during
femtoelectrospray of a mixture of cytochrome ¢ and the peptide MRFA from 30 — 160 nm
emitters at spray voltages between 0.4 — 2.0 kV.? Interestingly, solvent evaporation was not
blocked and MRFA signal was still observed after the loss of protein signal. This effect was
attributed to size-selective partial clogging of the emitter that preferentially filtered out larger

protein molecules. The ionic diameters of Cu'*, Ba**, Cs*, TEA", bradykinin, and ubiquitin are
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~0.09 nm (coordination II),’® ~0.27 nm (coordination VI),>® ~0.33 nm (coordination VI),%¢ ~0.77
nm,>’ ~1.14 nm (approximated from calculated topological surface area and assuming a sphere),
and ~2.64 nm (native form, calculated from radius of gyration),® respectively. Ba** and Cu!* are
among the smallest ions, yet they have the lowest RRA values. The hydrated diameter of ions
can be significantly larger than the ionic diameter. The hydrated diameter of Ba* (0.81 nm)*, is
nearly the same as that of TEA" (0.80 nm),> yet these two ions have significantly different RRA
values of ~0 and ~0.77, respectively. These data indicate that size-selective partial clogging of
the emitters is not the cause for the absence of Ba?" or peptide and protein signal in our
experiments. The high solubility limit of ubiquitin and bradykinin (>1 mM) suggests that these
molecules have significant negative solvation energies, consistent with desorption being an

unfavorable process for their transfer into the gas-phase.

Conclusion

The electrospray voltage and emitter tip diameter have a significant effect on the size
distribution of Csl clusters indicating a significant effect on the size of the initial droplets that are
formed. The least clustering occurs at the lowest voltage where stable spray is obtained at any tip
size and clustering increases with larger diameter tips and higher solution concentrations.
Changing the voltage on emitters with tip diameters greater than ~1 um leads to a reproducible
change in cluster size independent of raising or lowering the voltage between 0.4 kV and 1.5 kV.
In contrast, corona discharge reproducibly occurred for emitters with 260 nm diameter tips at
voltages >1.2 kV. Material deposition at the emitter tip occurs and leads to a flow rate that is too
low to measure despite continued formation of Cs* but no CsI clusters. Under these conditions,

ions such as Ba?" are not observed nor are ions of bradykinin or ubiquitin which are readily
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ionized pre-discharge. These results indicate that ions with more positive solvation energies can
be desorbed directly from the solution-air interface whereas those with negative and less positive
(<540 kJ mol!) solvation energies are not.

Results from some molecular dynamics simulations indicate that peptides and proteins
can be desorbed from charged droplets either as an extended chain or as intact, folded
complexes.®-62 Our results indicate that under conditions where ion desorption from the liquid-
air interface occurs for Cs*, Rb", K, Na*, Li"and Cu", desorption of peptides and proteins does
not occur consistent with a large negative solvation energy for these ions. Future work with
emitters with even smaller tip diameters may shed additional light into ion formation

mechanisms in electrospray ionization.

Supporting Information

Video showing corona discharge and material buildup at the end of a 608 nm emitter; Cluster
distributions from 100 uM CslI as a function of spray voltage; Representative TIC collected from
10 mM Csl from a 608 nm emitter; Mass spectra of XCl:CsCl (X = TEA, Rb, K, Na, Li, Cu)
solutions before and after corona discharge was observed. Table containing m/z and charge of

recurring organic contaminant ions.
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