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ABSTRACT: Real-time in situ mass spectrometry analysis of airborne particles is
important in several applications, including exposure studies in ambient air, industrial
settings, and assessing impacts on visibility and climate. However, obtaining molecular
and 3D structural information is more challenging, especially for heterogeneous solid or
semisolid particles. We report a study of extractive electrospray ionization mass
spectrometry (EESI-MS) for the analysis of solid particles with an organic coating. The
goal is to elucidate how much of the overall particle content is sampled, and determine
the sensitivity of this technique to the surface layers. It is shown that, for NaNO;
particles coated with glutaric acid (GA), very little of the solid NaNOj core is sampled
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compared to the GA coating, whereas for GA particles coated with malonic acid (MA),

significant signals from both the MA coating and the GA core are observed. However, conventional ESI-MS of the same samples
collected on a Teflon filter (and then extracted) detects much more core material compared to EESI-MS in both cases. These
results show that, for the experimental conditions used here, EESI-MS does not sample the entire particle but, instead, is more
sensitive to surface layers. Separate experiments on single-component particles of NaNO3, GA, or citric acid show that there must
be a kinetics limitation to dissolution that is important in determining EESI-MS sensitivity. We propose a new mechanism of
EESI solvent droplet interaction with solid particles that is consistent with the experimental observations. In conjunction with
previous EESI-MS studies of organic particles, these results suggest that EESI does not necessarily sample the entire particle
when solid, and that not only solubility but also surface energies and the kinetics of dissolution play an important role.

he feasibility of extractive electrospray ionization mass

spectroscopy (EESI-MS), which has come into wide-
spread use,"” was first demonstrated about 20 years ago when
gases were ionized by mixing the gas stream with the flow of
ESI droplets.” It has since been used to explore a variety of
analytes in the gas phase and in solid and liquid particles.”>° In
EESI-MS, a solvent (typically a mixture of water, alcohol, and a
weak acid) is directed through a charged capillary toward the
entrance of a mass spectrometer, just as in conventional
electrospray ionization mass spectrometry (ESI-MS). However,
the analyte is not mixed with the solvent as in ESI but rather
meets the stream of charged solvent droplets near the entrance
to the mass spectrometer. Separating the solvent from the
analyte has the advantage that the sample can be generated and
studied in situ with little or no processing. A variety of organic
and inorganic compounds have been studied via EESI-MS,
ranging from aerosolized aqueous solutions’ to very compli-
cated matrices such as urine,' milk,' honey,8 human breath,”™"*
perfume,' " explosives,'”'” drugs,'® a variety of foods and
food components,'”™** electronic cigarette particles,” secon-
dary organic aerosol (SOA), and other atmospherically relevant
samples.”* > EESI-MS and similar approaches have also been
used to study reaction intermediates’’ and follow reaction
kinetics,”>>* demonstrating the capability of this technique to
study reactions in real time.
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Previous studies on the detection of gases by EESI-MS
suggest that the mechanism involves a gas-phase ion—molecule
ionization.*>*® However, it is not entirely clear how the solvent
droplets formed by the EESI solvent spray interact with liquid
or solid particles. Figure 1 is a schematic of four proposed
mechanisms of interaction between EESI spray droplets
(green) and liquid analyte droplets (red), adapted from the
work of Wang et al’” In general, interactions between two
droplets are dependent on many factors, including surface
tensions/energies, viscosities, and the relative sizes and the
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Figure 1. Schematic of proposed EESI-MS mechanisms for liquids.
Adapted from Wang et al.”’
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kinetic energies of the droplets.”**” Total coalescence (Figure
1, path b), in which the particles completely dissolve in the
electrospray droplet, is one possibility. Zenobi and co-workers*’
explored the interaction of liquid droplets containing dissolved
analyte with EESI solvent droplets and observed that the signal
strength of the analyte was dependent strongly on its solubility
in the EESI solvent. They also concluded that total coalescence
of the analyte with the EESI spray droplet is not the major
process, which was confirmed in a combined experimental and
theoretical study.”’ Furthermore, they calculated that the
solvent and sample droplets have <5 ys to interact, so a partial
extraction process must occur quickly.”” This could occur via
three types of interactions between the analyte and EESI
droplet: bounce, disruption, or fragmentation. The bounce
mechanism (Figure 1, path a) involves the transfer of some of
the analyte to the EESI droplet during the low kinetic energy
collision, without much disruption of either. Alternatively, the
collision could be sufficiently energetic that both the ESI
droplet and the particle are significantly distorted when they
separate into two droplets, the “disruption” mechanism (Figure
1, path ¢). Finally, in the mechanism favored by Wang et al,,”’
the collision results in fragmentation of the EESI droplet into
many droplets during the transfer of some of the analyte
(Figure 1, path d).

EESI-MS is very promising for real-time, in situ analysis of
atmospheric particles,”~*° since no collection or extraction is
needed. However, particles in the atmosphere can be liquid,
solid, or semisolid, and they can have nonuniform composition,
including solid cores with an organic coating.”' =" In order to
interpret EESI-MS spectra of such particles, it is important to
know how much of the particle is probed. If EESI-MS was more
sensitive to the surface than to the bulk, at least under some
conditions, it would provide an approach to investigating the
heterogeneous nature of such particles. On the other hand, if it
provided information on the average composition of the entire
particle, as suggested by a linear relationship between signal
intensity and mass in a model system,”” it could also be very
useful. In either event, it is important to understand what
controls this, i.e, to elucidate the mechanism of interaction of
the EESI solvent droplets with such particles.

To explore this issue, we prepared different two-component
systems with selected composition designed to provide insight
into the EESI droplet—particle interaction, and specifically, how
much of the particles is sampled. The systems chosen for in-
depth study were (1) glutaric acid (HOOC(CH,);COOH,
GA) coated on solid particles of sodium nitrate (NaNO;) as
the core; and (2) malonic acid (HOOCCH,COOH, MA)
coated on glutaric acid particles as the core. In addition, a few
studies were carried out using succinic or adipic acid
(HOOC(CH,),COOH, n = 2 or 4) coated on sodium chloride
(NaCl) and NaNO, particles. Some studies of single
component NaNOj; or citric acid particles were also carried
out for comparison to glutaric acid particles. The inorganic
components are often found in ambient particles, such as fresh
or aged sea salt.””>’ Similarly, dicarboxylic acids and multi-
functional acids are common components of particles in both
field and laboratory settings.”* ' Additional reasons for these
particular choices are discussed below, in conjunction with the
results. Based on these studies, we propose a new mechanism
for EESI-MS analysis of solid particles that should be useful in
applying this technique to complex atmospheric systems.
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B MATERIALS AND METHODS

A schematic diagram of the apparatus is shown in Figure S-1 in
the Supporting Information (SI). The particles used as the core
materials (NaNO;, glutaric acid, citric acid) were generated
with a constant output atomizer (TSI, Model 3076). As
discussed below, in separate studies, glutaric acid was also used
as a coating material. A solution (0.1% w:v for NaNOj; and 4.3
mM for each organic) of the core component in 18 MQ cm
water (Milli-Q, Millipore Corporation) was atomized with
nitrogen (Praxair, UHP, 99.999%), and the flow exiting the
atomizer at 1.7 L min™' was passed through two silica gel
diffusion dryers, which resulted in low relative humidity (RH)
values of the particle stream. For example, the RH of the
glutaric acid particle flow after the dryers was <5%. The
resulting particles were sent through the linear portion of a
glass “T”, which formed the main part of the coating assembly.
Special care was taken to change the desiccant in the diffusion
dryers every 4—5 h of run time, to ensure that the particles were
dry. Each coating material (malonic acid, succinic acid, glutaric
acid, and adipic acid) was heated in a cell that was attached to
the lower arm of the coating assembly and carried into the
linear portion with a flow of N, (0.5—1 L min™"'). The
temperature of the cell was controlled by heating tape and a
variable power transformer and monitored by a thermocouple
inserted between the heating tape and the outer wall of the
glass cell. Some of the organic vapor from the heated cell
condensed onto the particles and the mixture of gases and
coated particles was carried into a glass chamber (50 cm long X
2 cm outer diameter (OD) maintained at room temperature
and then into a 10 cm honeycomb monolith carbon denuder
(Novacarb; Mast Carbon, Ltd.) to remove the remaining
organic gas. A reference experiment was carried out where the
organic gas (without the core particles) from the heated cell
was passed through the denuder and measured with EESI-MS.
No gas-phase signal was observed, confirming that the denuder
efficiently removed the gas-phase organic material. From the
denuder, the coated particles flowed either to intersect the
stream of EESI droplets as described earlier’®®” or to a
scanning mobility particle sizer (SMPS) to measure the particle
size distribution (see the SI).

Increasing amounts of coating were generated by increasing
the temperature of the coating material in the cell. This
increased the gas-phase concentration to which the core
particles were exposed and, hence, the amount of coating on
the particles. Although the SMPS measurements did not
provide definitive data on coating thickness because of the
nature of the polydisperse distribution and thin coatings, as
shown below, the mass spectrometry data consistently exhibit
increasing organic coating signals with increased coating
temperatures. The coating material was not detected when
the particles passed through an empty coater or at low
temperatures where the vapor pressure of the coating material
was too low to provide sufficient gas-phase concentrations for
condensation on the particles. The temperature at which the
coating materials self-nucleate to form undesired particles was
determined in separate experiments by increasing the temper-
ature of the coating cell until a significant number (a few
hundred/cm®) of particles appeared. The maximum temper-
ature for coating was then kept at least 5 °C below the self-
nucleating temperature.

The EESI solvent was a 1:1 (v:v) mixture of methanol (ACS
grade, Sigma—Aldrich) and 18 MQ cm water that was made
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slightly acidic by the addition of 0.2%—1% (v:v) of formic acid
(Certified ACS, 88%, Fisher Scientific). This EESI solvent
mixture was injected into a 100 ym ID silica capillary (IDEX
Health & Science or Postnova Analytics) at typical flow rates of
30—80 uL h™', using a syringe pump (NE 1000, New Era Pump
Systems, Inc.). A positive potential of 4.0—4.9 kV was applied
to the capillary from an external power supply (Model 248,
Keithley) to generate charged solvent droplets ~1 cm away
from a triple quadrupole mass spectrometer inlet (API-300, AB
Sciex). Varying the voltages and solvent flow rates was
necessary when the capillary burst and had to be recut or
replaced, since each new capillary produced a stable Taylor
cone at a slightly different flow rate—voltage combination, as
confirmed using a microscope. A curtain plate voltage of +1 kV
was used on the mass spectrometer. The instrument was mass-
calibrated using conventional ESI-MS with a standard
calibration mixture of poly(ethylene glycol) with an average
molecular weight (MW) of 200 Da (PEG-200, Sigma—
Aldrich). All measurements were performed in the positive-
ion mode, and Analyst 1.2 software (AB Sciex) was used to
acquire the mass spectra and time profile data.

To account for background signal from contamination in the
sample lines and in the air around the curtain plate of the mass
spectrometer,’” the sample flow was replaced with an identical
flow of nitrogen gas. Mass spectra of the nitrogen background
were recorded for several minutes (usually 2—4) and these
spectra were averaged. The average background spectrum was
subtracted from the average sample spectrum for the EESI
spectra. All subtractions were performed in Igor Pro (Wave-
metrics, Inc.). In addition, single-ion monitoring was used in
some experiments to provide better sensitivity for specific ions.
For comparison, ESI spectra of the coated particles were also
acquired. Details of the collection and extraction can be found
in the SI. No subtractions were carried out for ESI data.

The coating materials used in this study were as follows:
malonic acid (MW 104 Da; Sigma—Aldrich, >99%), succinic
acid (MW 118 Da, Sigma—Aldrich BioXtra, >99%), glutaric
acid (MW 132 Da; Sigma—Aldrich, 99%), and adipic acid (MW
146 Da; Sigma—Aldrich, BioXtra, >99.5%). The core materials
included sodium nitrate (FW 85 Da, Fisher Scientific, Certified
ACS grade, >99%), sodium chloride (FW 58 Da, Fisher
Scientific, Certified ACS grade, 99.9%), and citric acid (MW
192 Da, Fisher Scientific, Certified ACS grade, 99%). Note that,
in some experiments, glutaric acid was also used as a core. All
solids were used as received.

B RESULTS AND DISCUSSION

EESI-MS was used to probe a polydisperse distribution of
particles consisting of a solid NaNO; core (a typical size
distribution is given in Figure S-2 in the SI) coated with
different amounts of glutaric acid obtained by maintaining the
temperature of the coating assembly between 50—80 °C,
depending on the desired amount of coating. Sodium nitrate
was chosen as the core, since it is highly soluble in water at
room temperature (~11 M) and high solubilities are
important for EESI-MS analysis, based on earlier EESI-MS
studies.””***" Glutaric acid itself is also quite soluble in water at
room temperature (~4 M)®* and has sufficient vapor pressure
(1.7 X 107 Pa)®® for coating the particles. If the EESI solvent
extracts the core, NaNO; should readily dissolve and provide
Na* ions to form adducts with the glutaric acid, assuming the
solubilities of the NaNO; and glutaric acid are as high in the
EESI solvent as in water. For example, ESI-MS of glutaric acid
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(Figure S-3 in the SI) shows that, upon the addition of Na*
ions, essentially all of the signal is found in the form of sodium
adducts [M + Na]* at m/z 155, as expected, given the great
sensitivity of ESI-MS to the presence of sodium.®® However, if
only the surface layers are extracted into the solvent droplets
and not the NaNOj; core, there would not be a significant
contribution from sodium adducts of glutaric acid to the mass
spectrum.

Figure 2a shows the EESI mass spectrum of glutaric acid
coated on NaNO; particles at 50 °C, the lowest temperature for
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Figure 2. EESI-MS spectra of glutaric acid (GA) coated on sodium
nitrate particles where the coating temperature was (a) S0 °C, to give a
thin coating, or (b) 80 °C, to give a thicker coating.

which any coating signal was observed, and Figure 2b at 80 °C,
the highest temperature which could be confidently used to
avoid self-nucleation of the glutaric acid. Signals at m/z 133 and
115, corresponding to glutaric acid [M + H]* and [M + H —
H,0]" ions, respectively, are clearly present at 80 °C (Figure
2b) but are very small for the coating formed at the lower
temperature (Figure 2a). This is more evident in Figure S-4 in
the SI, which shows increasing glutaric acid signals using single-
ion monitoring, as a function of the temperature of the coating
assembly and, hence, the amount of coating. At the lower
temperatures (Figure 2a), the signals are similar in magnitude
to the background signal, but as seen in the inset in Figure S-4,
there is an increase in the signals in switching from the
background to the coated particles. Under all conditions, the
peak at m/z 155 due to the sodium adduct is small and does
not change significantly with the amount of coating (note that,
as discussed below, while dry NaNO; particles are not
detectable, they can be detected if the particles are wet).
These data suggest that the entire particle is not dissolving,
since a significant sodium adduct peak is not observed for any
coating thickness.

Some experiments were also carried out using dry NaCl as
the core, and the results for glutaric-acid-coated NaCl particles
were similar, ie., there was a small sodium adduct signal, but
only the glutaric acid signal increased with temperature of the
coating cell. Dry NaCl particles coated with succinic acid or
adipic acid were also briefly studied. While the results were
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qualitatively consistent with the glutaric acid experiments, the
signals due to the organics were much smaller, as expected due
to their much lower aqueous solubilities (0.6 and 02 M,
respectively, at room temperature).”* In addition to solubility,
other parameters might contribute to the lack of signal
observed in these cases, as discussed below.

For comparison to the EESI-MS of coated particles, the
NaNOj particles coated with glutaric acid were also sampled
onto Teflon filters immediately after the EESI measurements,
extracted as described in the SI and the resulting solutions were
used to obtain ESI mass spectra. Complete dissolution of the
coated particles is expected to show the particle composition as
a whole and, given the high solubility of both glutaric acid and
NaNO;, all of the particle components should be readily
observed. If the mass spectrum obtained in this manner is the
same as that from EESI-MS, it would establish that EESI-MS
was also dissolving the entire particle. Figures 3a and 3b show
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Figure 3. ESI-MS spectra of glutaric acid (GA) coated on sodium
nitrate particles, where the coating temperature was (a) S0 °C, to give
a thin coating, (b) 80 °C, to give a thicker coating. The particles were
collected on filters and dissolved in acidified methanol:water (50:50)
solvent before ESI-MS spectra were obtained.

the ESI mass spectra of the extracted particles corresponding to
the samples in Figures 2a and 2b. The sodium nitrate core in
ESI mass spectra manifests itself in a series of peaks
corresponding to clusters of the salt with Na ijons, e.g,
[(NaNO;),Na]* where n = 1 is represented by the peak at m/z
108, n = 2 is represented by the peak at m/z 193, etc. A peak
due to the sodium adduct of the glutaric acid at m/z 155 is
evident for the lowest temperature/thinnest coating (Figure
3a), and it increases with coating temperature/thickness
(Figure 3b). All of the glutaric acid is in the form of sodium
adducts and no peaks for [GA + H]" are observed, suggesting
that sodium is not the limiting reagent in formation of the
adduct when the entire particle is sampled.

The differences between the spectra obtained by EESI-MS
for particles sampled on the fly and by ESI-MS for a sample
collected on a filter and extracted are striking. The ESI-MS
spectra for particles completely dissolved in solution show
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prominent peaks for the sodium adducts of glutaric acid and
numerous peaks for sodium nitrate clusters (see Figures 3a and
3b). If these particles were completely dissolved by the solvent
spray in EESI-MS, then the resulting spectra should show
similar peaks. However, the EESI-MS spectra (Figure 2) show
no peaks for sodium nitrate clusters and only very small peaks
for the sodium adducts (Figure S-4 in the SI). The contrast in
these spectra indicate that the entire particle is not dissolving
when the solid particle interacts with the EESI droplets.

An ESI-MS spectrum of a NaNOj solution in the absence of
glutaric acid, in which the same [(NaNO;),Na]" cluster peaks
are observed, is presented in Figure S-Sa in the SI. For
comparison, EESI-MS of wet NaNOj particles was also carried
out. In this case, the wet NaNOj; particles/droplets formed in
the atomizer were directed into the EESI region directly,
bypassing the diffusion dryers, coating assembly, and denuder.
Figure S-Sb in the SI shows that the same clusters of
[(NaNO,;),Na]* are clearly observed. However, no signal was
observed for dry NaNO; by EESI-MS. Disruption of the surface
of liquid and/or wet particles appears to be facilitated,
compared to the dry surface, allowing penetration of the
EESI droplets into the particles.

Given this comparison between the EESI and ESI spectra,
and in light of the high solubilities of both the core and coating
constituents, there must be factors other than bulk solubility
that come into play in determining the small sodium adduct
signal observed for dry, coated, solid NaNO; particles in EESI-
MS. These include (1) the possibility that the electrospray
droplets are only probing the outermost surface layers of the
particles even at the thinnest coatings; and/or (2) solid NaNO,
is not efficient in providing Na* ions to form the adducts with
the glutaric acid coating. Given the very small organic signals at
the lowest coating temperature, it seems unlikely that the
electrospray droplets would not sample at least some of the
core.

The second explanation, i.e., that Na* ions in the core are not
readily available, seems most likely and may arise from a
combination of factors. First, bulk solubility, which is clearly
important in EESL>"*** is determined by thermodynamic
equilibrium. However, dissolution may be kinetically limited,
ie,, there may not be sufficient time to disrupt the NaNO;
surface and dissolve the core prior to the MS inlet. Chemical
reactions are often much faster in small droplets compared to
bulk solution.”” If the same was true for dissolution processes in
the present system, the generation of Na® ions and their
adducts would have been favored, which is clearly not the case.

A second factor limiting the availability of sodium from the
NaNOj core involves the nature of the interaction of the
electrospray solvent with the solid salt. If the sodium embedded
in the core surface layer cannot be easily mobilized, it will not
be available for forming adducts with the diacid as happens
when the Na* jons are freely available in solution. However, this
would again suggest that the core itself is not dissolving. Finally,
a third possibility is that the diacid forms a salt with NaNOj;
(Na*~COO(CH,);COO™Na*), and this forms a barrier that
prevents or slows penetration into the core. Although the
reaction in aqueous solution is known to form the salt,®® the
sodium salts of the diacids were observed to be quite soluble, as
seen in the ESI-MS spectra and hence do not seem likely to
form such a barrier. In short, the EESI droplets clearly do not
sample much of the dry NaNO; core, whether coated or
uncoated with glutaric acid, indicating that factors other than
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bulk solubility can be important in determining sensitivity to
EESI-MS for heterogeneous solid particles.

To further probe the mechanism, particles of glutaric acid
were generated as the core (see Figures S-6a and S-6b in the SI
for a typical size distribution and EESI-MS spectrum). They
were coated with malonic acid which has a high aqueous
solubility at room temperature (6 M)®* and sufficient vapor
pressure (1.7 X 107 Pa)® to provide a good coating. The
temperature range over which malonic acid could be heated
without decomposition was limited to 70 °C. The EESI-MS
spectrum of pure malonic acid particles (Figure 4a) was first
obtained and shows peaks at m/z 105, 87, and 122,
corresponding to [M + H]*, [M + H — H,0]" and [M +
NH,]*, characteristic of malonic acid.
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Figure 4. EESI-MS spectra of (a) malonic acid (MA) particles; (b)
malonic acid coated on glutaric acid (GA) particles at 50 °C, to give a
thin coating; (c) malonic acid coated on glutaric acid particles at 70 °C
to give a thicker coating. The inset in panel (b) shows there is no
malonic acid detected in the background, with small but detectable
levels in the sample at 50 °C.

Figures 4b and 4c show the EESI-MS spectra of glutaric acid
particles coated with malonic acid heated at 50 and 70 °C,
respectively. The malonic acid signal at m/z 105 increases with
coating temperature, relative to those for the glutaric acid core
signal, as expected (the same is true of m/z 87 but there is also
a contribution from glutaric acid at this mass). However, in
contrast to the case of glutaric acid on NaNOj, the glutaric acid
core is now clearly sampled at both amounts of coating. The
particles were again collected for ESI-MS analysis and the
corresponding ESI mass spectra are shown in Figures Sa and
Sb. Comparing the EESI-MS (Figure 4) to the ESI-MS (Figure
S) at the same temperatures shows that much more of the
glutaric acid core is observed in ESI-MS, as expected for
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Figure S. ESI-MS spectra of malonic acid (MA) coated on glutaric
acid (GA) particles, where the coating temperature was (a) S0 °C, to
give a thin coating, or (b) 70 °C, to give a thicker coating. The
particles were collected on filters and dissolved in acidified
methanol:water (50:50) solvent before ESI-MS spectra were obtained.

complete dissolution of the particles in the ESI solvent during
extraction. For example, at 70 °C, the ratio of the [M + H]*
signals for the core glutaric acid to the malonic acid coating is
0.6 in EESI but 9 in ESL Clearly only part of the core is being
sampled by EESI-MS.

To explain the experimental data, we propose a new
mechanism shown schematically in Figure 6. The first step is
adsorption of the charged EESI droplets onto the surface of the
solid particle. The size of the droplets initially exiting the
capillary is on the order of 1 #m but they rapidly shrink (within
S us)”” due to evaporation and fission. It is likely that in these
experiments the EESI dro;)lets at the point of intersection are
smaller than the particles’” whose size extends out to ~0.6 um
(see the SI). If the surface of the particle is soluble in the EESI
solvent, the EESI droplet will start to dissolve into the surface
(paths a and b). This creates a “crater” in the particle surface
layer while the solvent continues to evaporate from the charged
droplet, concentrating the charge in the crater. Then, there are
two possibilities, depending on the nature of the core. In path a,
the core is not significantly penetrated on these time scales,
whereas in path b, the droplet penetrates the core. In either
case, when the droplet reaches its Rayleigh limit and undergoes
Coulombic explosion, it carries with it some of the material
immediately adjacent to the exploding droplet in the crater.
The depth of penetration of the adsorbed droplet will be
dependent not only on bulk solubility (which is an equilibrium
phenomenon) but also on how easily the surface of the solid
can be disrupted to start the dissolution process (which is
kinetically determined). However, if the surface is not easily
penetrated by the solvent, the charged droplet can spread on
the particle, dispersing the charges and inhibiting significant
ionization of the analyte (path c). Note that although the
coated particles are shown as a core—shell configuration in
Figure 6, the coating may not be uniform. However, elemental
mapping using scanning electron microscopy of NaNO;
particles coated with glutaric acid at 80 °C showed the carbon
was co-located with sodium, nitrogen, and oxygen (see Figure
S-7 in the SI), suggesting that the organic is distributed over the
NaNOj particle. In any event, uneven distribution would not
change the model or conclusions.
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Figure 6. Schematic of proposed EESI mechanism for solid particles. S = coating material, C = core material. Note that it is likely that the particles in
the experiments (which extend to 0.6 ym in diameter) are larger than the impinging EESI droplets. S* represents ions formed from surface coating
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including [S + Na]* in the case of NaNOj; core or [C + H]*, [C + H — H,0]", and [C + H — H,0 — CO]" in the case of organic cores where Cis a

molecule from the core of the particle.

Glutaric acid cores and coatings were easily observed by
EESI-MS. On the other hand, the lack of signals from the dry
NaNO; core either alone or diacid-coated suggests that
disruption of the NaNO; surface and formation of a “crater”
did not occur, at least on the time scale of the droplet—particle
interactions. While the core would be expected to dissolve,
based on bulk solubility, it clearly did not.

This proposed EESI mechanism for solids is different from
that proposed for liquid analytes (Figure 1) in that adsorption
of the liquid EESI droplet on the solid surface is the initial step
and further mixing of the charged solvent droplet with the
analyte is dependent on how easily the surface is disrupted in
the interaction. This adds a kinetics aspect to the sensitivity of
the technique, in addition to the well-known importance of
solubility.””**** The ease of surface penetration by the EESI
droplet reflects differences in surface free energy, defined as the
work required to form a unit area of surface.”” Vapor pressures
are related to surface free energies and, hence, provide a
measure of the ease of disruption of the surface.”””" The vapor
pressure of glutaric acid at room temperature is 1.7 X 10~ Pa,*®
clearly much greater than for the solid NaNOs; salt, indicative of
a higher surface free energy for the organic acid. As a result,
penetration into the less-stable surface of glutaric acid should be
faster, in effect digging a “crater” in the surface. In the case of a
more-stable solid particle surface such as dry NaNO;,
penetration may not be as fast and the EESI droplet may
then initially spread across the surface. If this is the case, then
the charges may be less concentrated than in the case of the
crater mechanism, and either carry less of the underlying
material with them when they explode or may not undergo
repulsive Coulombic explosion at all. This may be responsible
for the lack of EESI-MS signal from dry NaNOj particles.

Consistent with this, there are some organics whose surfaces
are not as readily disrupted as glutaric acid (and malonic acid)
on the time scale for interaction with EESI droplets, resulting in
much less sensitivity in EESI-MS compared to glutaric acid.
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This is the case, for example, with citric acid, which has a
strongly hydrogen-bonded structure.”””* Although the citric
acid solubility in water (~6 M)®* is similar to that of glutaric
acid, its room-temperature vapor pressure (3.8 X 107° Pa)”* is
lower, consistent with a lower surface free energy and, hence,
more-stable surface. However, the presence of small amounts of
water (generated by bypassing the diffusion dryers) improved
the signal intensities (see Figure S-8 in the SI). This also
supports the proposed mechanism, in that water is known to
mobilize surface species” and, hence, facilitate disruption of the
surface. The low EESI-MS signals observed in experiments on
succinic or adipic acids on NaCl could also be explained by
their lower surface free energies,” as indicated by their lower
vapor pressures (7.7 X 107 Pa and 1.9 X 1075 DPa,
respectively),” in addition to their much lower solubilities in
the EESI solvent.**

Overall, these studies are consistent with earlier studies that
showed the importance of solubility for analysis using EESI-
MS.>"*% However, our results show that solubility alone may
not be the sole parameter governing the EESI process for solid
particles.

The use of coated particles demonstrates that our EESI-MS
system does not sample the entire particle. Previous studies of
tartaric acid particles”” showed that there was a linear
dependence of the signal on mass, rather than surface area,
which was interpreted as the total dissolution of the particles. In
the context of our proposed mechanism, this could be the case
for the homogeneous, highly soluble, small particles used in
that study, where the EESI solvent flow was also approximately
an order of magnitude higher than that used here. In that case,
there may have been many more EESI droplets and/or larger
droplets impinging on a smaller surface area,”’ forming many
craters and deep craters that, in effect, led to sampling of the
entire particle. Another contributing factor could be the contact
time between the EESI solvent drops and the analyte particles;
this is not well-defined for these systems, but if it was longer in
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those studies, there would be more time to disrupt the surface
prior to the mass spectrometer entrance.

B CONCLUSIONS

EESI-MS is clearly a very promising, but somewhat complex,
technique. As shown here, the sensitivity to various analytes
may be dependent not only on their bulk solubility in the EESI
solvent, but also on kinetic factors that determine whether
dissolution occurs on the time scales over which the solvent
droplets and particles are in contact. This provides a potential
opportunity to selectively probe particles having heterogeneous
composition and structure, as demonstrated here. On the other
hand, the experimental conditions for EESI-MS may be
adjustable to sample the entire particle under appropriate
conditions. More work is needed to explore this and the
proposed mechanism shown in Figure 6 in more detail.
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