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ABSTRACT: The analytical performance and a suggested
mechanism for zero volt paper spray using chromatography
paper are presented. A spray is generated by the action of the
pneumatic force of the mass spectrometer (MS) vacuum at the
inlet. Positive and negative ion signals are observed, and
comparisons are made with standard kV paper spray (PS)
ionization and nanoelectrospray ionization (nESI). While the
range of analytes to which zero volt PS is applicable is very
similar to kV PS and nESI, diﬀerences in the mass spectra of
mixtures are interpreted in terms of the more signiﬁcant eﬀects
of analyte surface activity in the gentler zero volt experiment
than in the other methods due to the signiﬁcantly lower charge.
The signal intensity of zero volt PS is also lower than in the
other methods. A Monte Carlo simulation based on statistical ﬂuctuation of positive and negative ions in solution has been
implemented to explain the production of ions from initially uncharged droplets. Uncharged droplets ﬁrst break up due to
aerodynamics forces until they are in the 2−4 μm size range and then undergo Coulombic ﬁssion. A model involving statistical
charge ﬂuctuations in both phases predicts detection limits similar to those observed experimentally and explains the eﬀects of
binary mixture components on relative ionization eﬃciencies. The proposed mechanism may also play a role in ionization by
other voltage-free methods.

M

method. It represents a particular mode of operation of DESI
which removes the high voltage. In SSI and EASI ionization,
pneumatic forces play an important role. Another voltage-free
ionization method, solvent assisted inlet ionization (SAII) is
applicable in LC/MS.15−17 Here, as in thermospray, both
thermal energy and pneumatic forces appear to contribute to
ionization. In addition to these voltage-free spray ionization
methods, ultrasound produced by piezoelectric devices has also
been used for spray ionization.18,19 A low frequency ultrasonicator has been used to analyze biomolecules and monitor
organic reactions, reducing background noise by decreasing
interference from background electrochemical reactions.20,21 In
2013, Chung-Hsuan Chen et al. reported yet another new spray
ionization method, Kelvin spray ionization,22 which required no
external electric energy, the system itself producing a voltage.
Paper spray (PS), ﬁrst reported in 2009,23 has proven
practically useful for qualitative and quantitative analysis. The
use of paper as the substrate in PS allows ionization of
compounds of interest while leaving some of the other

ass spectrometry (MS) is a powerful analytical technique
because of its high sensitivity, selectivity, and speed.
Ionization, the ﬁrst step in MS analysis, plays a pivotal role in
the experiment. The applicability of MS to complex samples
examined without sample pretreatment is the key feature of
desorption electrospray ionization (DESI)1 and other ambient
ionization methods.2,3 These ionization methods have been
used in various ﬁelds including drug discovery, metabolomics,
forensic science, and bioﬂuid analysis. Ambient ionization
methods which avoid the use of a high voltage have obvious
advantages, especially for in vivo analysis.4
The ﬁrst voltage-free spray ionization method, thermospray,
was developed by Vestal et al. in the 1980s as an interface for
LC/MS.5,6 In this experiment thermal energy was used to help
release solvent and create ionized analytes. A few years later,
another important voltage-free spray ionization method (SSI)
was introduced by Hirabayashi.7,8 In this experiment a high
speed gas ﬂow is used to break up the bulk solution into
droplets, which go on to evaporate and generate gaseous ions.
A variety of compounds9−11 can be ionized by SSI, and it has
been used for in vivo analysis when combined with ultrasonic
aerosolization.4 Desorption sonic spray ionization12 (DeSSI,
also referred to as easy ambient sonic-spray ionization,
EASI13,14) is another example of a zero voltage spray ionization
© 2015 American Chemical Society
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components of complex matrices adsorbed to the paper; this
feature makes it suitable for the quantiﬁcation of therapeutic
drugs in blood.24,25 Paper cut to a sharp point ensures that a
kilovolt applied potential will generate an electric ﬁeld high
enough to cause emission of charged analyte-containing solvent
droplets; these droplets evaporate and undergo Coulomb
explosion and perhaps solvated ion emission to give ESI-like
mass spectra.26 A recent variant on the PS method uses paper
impregnated with carbon nanotubes as a way to achieve the
necessary ﬁeld strengths while applying only a low voltage.27
We show in this study that by removing the applied voltage
entirely, a zero volt form of PS can be performed. This
experiment, which is phenomenologically similar to the SAII
method, retains the advantages of the paper substrate by
allowing complex mixtures to be examined directly without
chromatography while removing the electric ﬁeld and
dispensing with the strong pneumatic forces needed in the
pneumatically assisted ionization methods of SSI and EASI. In
zero volt PS, as in SAII, the vacuum provides a suﬃcient
pneumatic force. Our results demonstrate that zero volt PS
gives both positive and negative ions just as does conventional
kV PS and nESI, albeit with much lower signal intensities. The
reduction in signal intensities roughly parallels that between
EASI and DESI. Qualitative mechanisms, which are not fully
understood, have been proposed for other zero volt methods,
but this paper seeks to develop a quantitative model for zero
volt paper spray. Simulations, based on the theory of Dodd,28
have been performed to gain insights into the ionization
mechanism. The proposed mechanism includes charge
separation during droplet formation due to statistical
ﬂuctuations in positive and negative ion distributions11 after
aerodynamic droplet breakup as described by Jarrold and coworkers.29 Subsequent solvent evaporation and Coulombic
ﬁssion processes follow the accepted ESI mechanisms.

Figure 1. a) Overview of the zero volt paper spray process. The
distance between the front edge of the paper and the MS inlet is 0.3−
0.5 mm. No voltage is applied to either the paper or the MS inlet
capillary. The suction force of the MS inlet causes the release of
analyte-containing droplets, which are sampled by the mass
spectrometer. b) Sampling and detections procedures. Photographs
of the inlet region c) without and d) with solvent. A solvent spray or
stream is generated when solvent is applied to the paper, as shown in
detail in a video in the Supporting Information.

positioning the paper and to observe the spray which was
illuminated by a red laser pointer. No voltage was applied to the
paper or the capillary of the MS, instead the spray was
generated by the pneumatic forces at play near the MS inlet.
Figure 1b depicts the typical workﬂow. Typically, 5 μL of
sample dissolved in methanol was loaded onto the paper and
allowed to dry. During drying, the paper was positioned
appropriately with respect to the MS. A methanol and water
solvent (1:1 v/v, applied to the paper in three 7 μL aliquots)
was used to generate the spray and detect signal. For each 7 μL
aliquot of solvent, the signal lasted for about 10 s. Micropipette
tips were used to load solvent onto the paper. Sample solutions
could also be directly applied to the paper to generate spray.
Figures 1c and 1d are photographs taken without and with
solvent on the paper, respectively. Clearly, droplets are
observed only in the presence of solvent. The spray process
was monitored using a 30 Hz camera and details are shown in
Figure S1 and the Supporting Information videos. Note that
there are similarities to the experiments described by Pagnotti
and co-workers.15,16
Computational Resources. All programs used in the
simulation of zero volt PS were coded in Python 3.4.2 and
computed using computational resources provided by Information Technology at Purdue Research Computing
(RCAC) on the Carter supercomputer. Smaller codes were
tested on a small desktop computer (core i3).
Instrumentation. Mass spectra were acquired using a
Thermo Fisher LTQ mass spectrometer (Thermo Scientiﬁc
Inc., San Jose, CA). The MS inlet capillary temperature was
kept between 150 and 200 °C except where noted, and the tube
lens voltage and the capillary voltage were held at zero volt for
both positive and negative ion detection. Collision-induced
dissociation (CID) was used to carry out tandem mass
spectrometry analysis on precursor ions mass-selected using
windows of 1.5 mass units. To record the corresponding kV PS
spectra, 3.5 kV and 2.0 kV were used in the positive and
negative ion modes, respectively, while for nESI 1.5 kV was
used in both polarities. The same CID conditions were used for
the analysis of the same sample regardless of the ionization
method.

■

EXPERIMENTAL DETAILS
Chemicals and Materials. Deionized water was provided
by a Milli-Q Integral water puriﬁcation system (Barnstead Easy
Pure II). Morphine and cocaine were purchased from Cerilliant
(Round Rock, Texas). Methanol was from Mallinckrodt Baker
Inc. (Phillipsburg, NJ). Deuterated methanol and water were
provided by Cambridge Isotope Laboratories (Tewksbury,
MA). The paper used as the spray substrate was Whatman 1
chromatography paper (Whatman International Ltd., Maidstone, England). All samples were examined in methanol
solution except where noted.
Zero Volt Paper Spray. As is shown in Figure 1, the
experimental details of zero volt PS were a little diﬀerent from
those previously reported for kV PS.23 The choice of paper
shape for kV PS is important to generate the required electric
ﬁelds for ionization; however, the choice of paper shape for
zero volt PS is less important than the orientation of the paper
relative to the MS inlet. Therefore, a rectangular piece of paper
cut to 8 mm × 4 mm and held in place by a toothless alligator
clip (McMaster-Carr, USA Part 7236K51) was used, with the
center of a straight edge being placed closest to the inlet and on
the ion optical axis. This arrangement made it easier to control
the distance between the paper and the inlet than in the case of
a paper triangle (Figure 1a), increasing the reproducibility of
the experiment. A xyz-micrometer moving stage (Parker
Automation, USA) was used to set the distance between the
front edge of the paper and the MS inlet in the range 0.3 mm to
0.5 mm. A camera (Watec Wat-704R) was used to help in
6787

DOI: 10.1021/acs.analchem.5b01225
Anal. Chem. 2015, 87, 6786−6793

Article

Analytical Chemistry

■

Downloaded by INDIAN INST OF TECHNOLOGY MADRAS on September 9, 2015 | http://pubs.acs.org
Publication Date (Web): June 9, 2015 | doi: 10.1021/acs.analchem.5b01225

RESULTS AND DISCUSSION
Characteristics of Zero Volt PS Mass Spectra. A variety
of samples was used to test the ionization capabilities of zero
volt PS. As shown in Figure 2, both positive and negative

camera in an experiment that used 50 ppm of tributylamine fed
continuously onto the paper at a ﬂow rate of 15 μL/min. The
emission of individual droplets occurs rapidly enough that the
chronogram appears to be continuous when observed using an
ion injection time of 100 ms (Figure S 1f). By illuminating the
spray with a hand-held red laser pointer the spray process could
be videographed. Figure S1 a-d shows the suction of one
droplet over the course of 4 consecutive images. This indicates
that a single suction event occurs in a time on the order of
∼100 ms. This experiment was repeated using manual additions
of solvent (7 μL), and similar droplet events are observed.
Movies of the continuous and discrete methods of analysis are
included in the Supporting Information. The important ﬁnding
is that signal is observed only when a droplet event is recorded
by the camera, indicating that droplets are necessary to produce
gas phase ions.
Source of Protons, pH Eﬀect, and Low Voltage Eﬀect.
Figure 3 shows the zero volt PS spectrum of 1 ppm

Figure 2. Mass spectra recorded using zero volt PS of three samples
examined in the positive ion mode: a) 1 ppm tributylamine; b) 8 ppm
cocaine, and c) 1 ppm terabutylammonium iodide and three samples
examined in the negative ion mode: d) 10 ppm 3,5-dinitrobenzoic
acid, e) 10 ppm ﬂudioxonil, and f) 10 ppm sodium tetraphenylborate.
Methanol and water (v/v 1:1) were used as spray solvent for all
samples. Both positive and negative signals were recorded with much
lower intensities compared with kV PS and nESI. * Indicates the
presence of background species.

Figure 3. Zero volt PS mass spectra of 1 ppm tributylamine using a)
methanol/water (v/v 1:1) and b) deuterated methanol/water (v/v
1:1) as solvent. When deuterated solvent is used, [M + D]+ becomes
the major peak.

spectra were obtained, although the signal intensities were
about 2 orders of magnitude lower than those of nESI and kV
PS spectra. The MS/MS results for zero volt PS were almost
identical to those for the same ions generated by nESI and kV
PS (Figures S2 and S3). These results show that the range of
analytes to which zero volt PS is applicable is very similar to kV
PS and nESI, but the ionization eﬃciency is much lower.
As noted at the beginning of the paper, ionization without
application of a voltage has been observed using several
methods. This makes it important to seek to understand the
fundamental processes that lead to the formation of ions at zero
volts. It is expected that such an enquiry for zero volt PS might
be of some later use in guiding mechanistic studies of the other
methods. A simple experiment was performed to determine the
maximum distance between the paper and MS inlet that still
allows observation of signal. It was found that without external
forces and with the instrument and paper used, the paper must
be within 1 mm of the inlet for the observation of a spray and
the corresponding ion signal. At larger distances, an external
force such as an applied voltage or additional pneumatic force is
needed. A distance of 0.3−0.5 mm was chosen for subsequent
experiments to optimize signal intensity and lower its
ﬂuctuations. The spray process was monitored using a 30 Hz

tributylamine using methanol:water 1:1 and deuterated
methanol:water 1:1 as solvents, respectively (Figure 3a and
3b). When methanol/water was used, m/z 186 ([M + H]+) was
the dominant peak, accompanied by an isotopic signal at m/z
187. However, when deuterated methanol/water was used, m/z
187, [M + D]+, was dominant, and m/z 188 is its isotopic peak.
These results indicate that the protons mainly come from the
solvent and that the normal acid/base equilibria occurring in
bulk solution are ultimately responsible for the ions seen in the
mass spectra. In Figure 3b, there is still a small peak of m/z 186,
while in Figure 3a ions of m/z 185 are virtually absent,
indicating that a small proportion of tributylamine is still
ionized as [M + H]+ when deuterated solvents are used.
Possible sources of the proton include autoionization (2 M ⇌
[M + H]+ + [M − H]−), gas phase water molecules, and
residual protic compounds in the instrument.
The eﬀects of solvent pH on the spectra have been tested
using a representative compound, tributylamine. The intensity
of the signal for the protonated molecule is high at pH 7, but
when the pH is raised to 10, the intensity drops to zero. Further
tests were done by using a series of aromatic heterocyclic
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compounds (pyridine, guanine, thymine, and adenine) at
neutral and acidic pH (Figure S4). The results show that all
four compounds ionize well from acidic solution; pyridine and
adenine also ionize at neutral pH, while guanine and thymine
do not. These observations are consistent with expectations
based on acid/base solution equilibria. The pKa values of the
conjugate acids of thymine and guanine are 0 and 3.2,
respectively, while the pyridine and adenine values are
signiﬁcantly higher, 5.25 and 4.1, respectively.30 A series of
basic amines including tetramethyl-1,4-butanediamine, diisopropylamine, and methyl amine was also analyzed to investigate
the eﬀect of proton aﬃnity (Figure S5). Tetramethyl-1,4butanediamine has the highest proton aﬃnity (1046.3 kJ/mol)
among these analytes and also the highest absolute MS signal
intensity. Diisopropyl amine (971.9 kJ/mol) is second in PA,
and methyl amine (899 kJ/mol) has the lowest PA and MS
signal. Basicity in the gas phase and in solution appear to play
important roles in determining the types of ions and conditions
(pH) under which they will be observed, similar to the eﬀects
observed in electrospray.31
To investigate the role low - as opposed to zero - voltages
can have on ionization, paper spray experiments were
performed using diphenylamine and low and zero volts. The
results demonstrate that the small signal at zero volts rises
measurably (by a factor of 1.5) upon providing 1 V on the
paper (Figure S6) and increases by a factor of 2.5 on raising the
potential to 10 V (data not shown). The addition of even a low
voltage supplies additional charges, which increases ionization
eﬃciency.
Analyzing Organic Salt/Organic Analyte Mixtures by
Zero Volt PS, kV PS, and nESI. A mixture containing 9 ppm
cocaine and 0.1 ppm tetrabutylammonium iodide was examined
by nESI, kV PS, and zero volt PS. The results are shown in
Figure 4a-c. For nESI and kV PS, cocaine (protonated
molecule, m/z 304) is the dominant peak, while the signal
intensity of tetrabutylammonium (m/z 242) is only about 2%
of that of cocaine. For zero volt PS, m/z 304 is still dominant,
but the relative intensity of tetrabutylammonium (m/z 242) is
much higher than in nESI and kV PS (about 50% relative
abundance). The trend is even more obvious in the results of 9
ppm morphine/0.1 ppm tetrabutylammonium iodide (Figure
S7a,b,c). The data for nESI (Figure S7a) and kV PS (Figure
S7b) show the signal for morphine (m/z 286) to be the base
peak, while the relative abundance of tetrabutylammonium (m/
z 242) is only about 2% in both cases. By contrast, in the zero
volt PS result, it is the ion m/z 242 that constitutes the base
peak, while the relative abundance of the protonated morphine
ion is only about 10% (Figure S7c). An analogous eﬀect was
observed in the negative ion mode, by analyzing a mixture of 36
ppm sodium tetraphenylborate and 3,5-dinitrobenzoic acid
(Figure S7 d,e,f).
To account for these results we note the well-known fact
both in nESI and in conventional kV PS that the signal intensity
is closely related to the concentration of the analyte, at least in
the lower concentration range where the available number of
charges is suﬃcient to convert all analyte into the ionic form.
The observation that zero volt PS is ca. 2 orders of magnitude
less eﬃcient than kV PS and nESI is interpreted simply as the
result of the limited number of charges provided by the
statistical droplet breakup process versus direct solvent
charging. However, this does not explain the large diﬀerences
between the cocaine/tetrabutylammonium and morphine/
tetrabutylammonium ion signals in zero volt PS vs the

Figure 4. Mass spectra of a mixture of 9 ppm cocaine and 0.1 ppm
tetrabutylammonium iodide using a) nESI, b) kV PS, and c) zero volt
PS.

conventional PS and nESI methods. The aqueous pKb of
cocaine is 5.39 (15 °C), and morphine is slightly higher, 5.79
(25 °C). This means that morphine should produce somewhat
fewer ions than cocaine even when their absolute concentrations are the same. However, the main reason for the low
relative intensity of morphine in zero volt PS is likely the lower
surface activity of morphine compared to cocaine.32 Evidence
for this comes from the fact that when mixed with the very
surface active compound tetrabutylammonium iodide, suppression of ionization is much more obvious for morphine than for
cocaine in zero volt PS. In kV PS and nESI, the inﬂuence of
surface activity is not as severe as in zero volt PS since their
ionization eﬃciencies are so high that most of the analytes in
the droplets can be ionized and pushed to the droplet surface. A
parallel result is observed in negative ion mode where the
surface active tetraphenylborate signal is relatively enhanced in
zero volt PS as compared to the kV PS and nESI experiments.
Given these qualitative explanations we can now test them
using a quantitative model of the ionization mechanism.
Overview of Ionization Mechanism for Zero Volt PS. It
is well-known that most analytes that can be ionized by ESI (or
nESI) or by PS are Bronsted acids or bases. For a basic
compound M dissolved in a solvent (S), a certain amount of M
exists in the ion pair form (normally as solvent-separated ion
pairs) because of the equilibrium:
M + S ⇌ [M + H]+ + [S − H]−
6789
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Scheme 1. Overview of the Ionization Mechanism of Zero Volt PS Ionization Including Representations of the Aerodynamic
Breakup Process and the Droplet Evaporation/Coulombic Fissiona

a

In both steps statistical distribution of charge to the fragments is assumed.

and diameter for each droplet were speciﬁed, but the charge of
each droplet was randomly assigned based on a theory
described by Dodd.28 To determine the initial charge, the
number of ions an analyte forms in solution was calculated
based on the initial concentration and dissociation constant of
the analyte. Statistical ﬂuctuations in the number of positive
and negative ions in each droplet were modeled by a binomial
distribution
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For negative ion generation from of an acidic compound N, the
equilibrium is
N + S ⇌ [N − H]− + [S + H]+

For an ionic compound, say CA, there exists a dissociation
equilibrium:
CA ⇌ C+ + A−

It is these solution-phase ion pairs which can go on to be
evaporated and detected in zero volt PS as positively or
negatively charged ions.
In zero volt PS, a droplet experiences aerodynamic forces as
it is pulled into the mass spectrometer by the suction of the
vacuum system. These aerodynamic forces break apart droplets
until they reach a size on the order of 1 to 4 μm where the
aerodynamic forces are no longer strong enough to cause
further droplet breakup.29,33 Aerodynamics forces are described
by the Weber number, which is deﬁned as
We =

f (z ; n , p) =

z

n−z

(2)

where p is the probability of an ion being charged (either
positive or negative), n is the number of ions, and z is number
of positive charges. The diﬀerence in ion polarity count
determines the initial charge. It should be noted that charge is
assumed to be carried only by analytes added to the solution.
The droplet then evaporates until its diameter reaches the
Rayleigh limit (3).38,41

ρg (Vg − Vd)2 Dd
σ

(nz)p (1 − p)

⎛
⎞1/3
Dq2*e 2
⎜
⎟
DR = ⎜ 2
⎟
⎝ (π *8*ε0*σ ) ⎠

(1)

where ρg is the gas density, Vg is the gas velocity, Vd is the
droplet velocity, Dd is the diameter of the droplet, and σ is the
surface tension of the solvent.34 The droplet will continue to
break up while its Weber number is larger than 10 (Figure
S8).34,35 During the aerodynamic breakup process, there is a
very large chance that the positive charges and negative charges
will be unevenly separated, that is to say, many of these progeny
droplets will be (slightly) charged. The extent of charging is
unknown. However, because the initial Weber number in zero
volt paper spray is larger than 1000 a catastrophic breakup of
the initial droplet occurs to produce progeny droplets (Figure
S8).34,36 After aerodynamic breakup it is assumed that droplets
will undergo multiple rounds of evaporation and Coulombic
ﬁssion until they are ionized by either of the main ESI models,
the charge residue model or the ion evaporation model37,38 or
its close analog, solvated ion emission.26 A schematic of the
overall mechanism is shown in Scheme 1. The model used here
to describe evaporation and ﬁssion is similar to other
approaches used to model nESI based on Monte Carlo
methods,39 except that droplet charging is determined by
nonsymmetrical fragmentation as described by Dodd.28 While
the charging calculated by Dodd is small,28,40 there is enough
charge to allow for the Coulombic ﬁssion of most 1 to 4 μm
droplets to occur after an appropriate evaporation time. Note,
too, that we assume statistical breakup and resulting charge
distributions in the fragments during the early aerodynamic
phase of bulk breakup but are aware of the fact that this is
simply a ﬁrst approximation. Simulations have been done based
on the above postulated mechanism. The initial concentration

(3)

Here DR is the diameter of the droplet at the Rayleigh limit, Dq
is the charge on the droplet, e is elementary charge, ε0 is the
permittivity of a vacuum, and σ is the solvent surface tension.
At the Rayleigh limit a droplet undergoes ﬁssion and
produces progeny droplets. Accordingly the size of precursor
and progeny droplets was calculated according to these
equations
Dd = (1 − Δm)1/3 *DR

(4)

⎛ Δm ⎞1/3
⎟⎟ DR
= ⎜⎜
⎝ Npd ⎠

(5)

DpD

where Npd is the number of progeny droplets taken to be 10,
Dpd is the diameter of the progeny droplets, and Δm = 0.02.
The number of analytes in each progeny droplet was
determined from two Poisson distributions: the concentration
of ions, Nanal‑IP (both positive and negative), and the
concentration of free ions in the outer region of the droplet,
Nanal‑q. The position of a solvated ion within the droplet is
determined by its surface activity, S. Surface activity is a number
between 0 and 1 describing the probability of a molecule being
at the surface or the interior of the droplet. Larger values of
surface activity means the analyte competes more strongly for
surface sites. Surface activity is modeled by a binomial
distribution, similar to eq 2, except that p = S, n is the number
of ions, and z is the number of ions found in the outer region of
6790

DOI: 10.1021/acs.analchem.5b01225
Anal. Chem. 2015, 87, 6786−6793

Article

Downloaded by INDIAN INST OF TECHNOLOGY MADRAS on September 9, 2015 | http://pubs.acs.org
Publication Date (Web): June 9, 2015 | doi: 10.1021/acs.analchem.5b01225

Analytical Chemistry

Figure 5. a) Cocaine to tetrabutylammonium cation ratio dependence in positive ion mode for zero volt PS and nESI. Cocaine concentration is held
constant at 1 ppm, while tetrabutylammonium iodide concentration changes. b) The relative surface activity of cocaine calculated according to the
experimental data in a). c) Ratio dependence of 3,5-dinitrobenzoate to tetraphenylborate in negative ion mode for zero volt PS and nESI. 3,5Dinitrobenzoic acid concentration is held constant at 20 ppm, while the sodium tetraphenylborate concentration changes. d) Relative surface activity
of 3,5-dinitrobenzoic acid calculated according to the experimental data in c). Surface activity of the salt is assumed to be 1 for all simulations.

the droplet.39 The number of ions, Nanal‑IP, and charges, Nanal‑q,
is chosen randomly from a Poisson distribution.
f (Nanal ‐ IP ; NIP) =

e−NIP*NIPNanal ‐ IP
Nanal ‐ IP!

There are diﬀerences, but there are also strong similarities in
the ionization mechanism of zero volt PS and conventional kV
PS. Both processes involve the key steps of (i) droplet
formation and (ii) droplet breakup. Droplet formation is mostly
due to pneumatic forces in zero volt paper spray, whereas it is
mostly due to electrical forces at kV paper spray. There exists a
continuum in behavior between zero volt PS and kV PS as
evidenced by the low voltage PS data cited above. Droplet
breakup starts with a mechanical breakup process which may or
may not occur in kV PS and is then followed by processes
analogous to those of kV PS.
Single Analyte Simulation. Simulations were run with 2
μm droplets to investigate the possible limits of detection of
zero volt PS. Both sizes lead to indicated limits of detection
between 10−7 and 10−8 M (Figure S8), based on the
assumption of being able to detect a single ion. The detection
limit determined from simulation is calculated from the
ionization eﬃciency, which is deﬁned as the ratio of the
number of ions generated vs the total number of molecules
used. 42 Qualitatively, 18 ppb (4.87 × 10 −8 M) of
tetrabutylammonium iodide could be detected experimentally,

(6)

Here NIP is the average number of ions close to the surface.
The same equation is used for Nanal‑q with the appropriate
substitutions. For the progeny droplets, additional charging can
arise from the statistical ﬂuctuations in the number of positive
and negative ions, and this is modeled in the same manner as
above (2). The evaporation/Coulombic ﬁssion process
continues until all droplets reach a size of 10 nm. At 10 nm,
ions free of their counter charge are considered ionized (i.e.,
considered to undergo subsequent rapid desolvation), which is
a simpliﬁcation of the actual processes that leads to ion
formation. Ions are produced from droplet smaller than 10 nm
by the ion emission mechanism or by the charge residue
model.26 The formation of gas-phase ions from 10 nm droplets
is not explicitly modeled here. A more detailed explanation is
provided in the Supporting Information.
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ﬂuctuation of positive and negative ions in droplet solutions
during the course of droplet breakup. This model (developed in
detail in the Supporting Information) has been used to predict
a detection limit similar to that observed experimentally. In the
case of multiple analytes, the simulation is also able to calculate
the relative surface activity of both positive and negative ions,
such as cocaine and 3,5-dinitrobenzoic acid. The relationship of
this model to other zero volt spray ionization mechanisms is
not known but is of great future interest, especially for the inlet
ionization experiments15,16 and the nanowire spray47 methods.
Besides the understanding of its mechanism, zero volt PS also
has potential application advantages: it could be used to study
systems where there is a need to avoid the inﬂuence of external
electric ﬁelds and at the same time to use paper to eliminate the
complex matrix, such as in living organisms analysis. In the
course of this work we have learned of related unpublished
paper spray ionization experiments done by Dr. Akira
Motoyama of Shiseido Company.

which is in good agreement with the estimate of detectability by
simulation. The simulation was also repeated at three diﬀerent
surface activities, and it was found that the number of ionized
molecules decreases as the surface activity decreases (Figure
S10). Surface activity has been reported to have a similar eﬀect
on the ionization eﬃciency.43,44
Experimental and Simulated Results and Mechanistic
Considerations for Multianalyte Mixtures. A series of
mixtures of cocaine and tetrabutylammonium iodide were
analyzed with zero volt PS. In Figure 5a the amount of
tetrabutylammonium iodide was varied, while the amount of
cocaine was held constant at 1 ppm. A similar experiment was
performed using 3,5-dinitrobenzoic acid and sodium tetraphenylborate but analyzed in negative ion mode. In Figure 5c the
amount of sodium tetraphenylborate was changed, while the
concentration of 3,5-dinitrobenzoic acid was held constant at
20 ppm. At each point, the ratio of (de)protonated molecular
ion to salt was calculated. Simulations were run in which the
more surface active compound (salts in this case) was assumed
to have a surface activity of 1 and surface activity of
(de)protonated molecular ion relative to the salt was varied
until the simulated ratio matched within 1% error of the
experimental ratio.
In Figure 5a, as the amount of tetrabutylammoiun iodide
decreases the ratio of cocaine to tetrabutylammoiun iodide
increases for both zero volt PS and nESI. Note that nESI has
larger ratios than zero volt PS. This is because the kV applied
voltage provides protons38,45 which can serve to ionize the
cocaine but will not cause additional ionization of the
tetrabutylammonium iodide salt. Thus, the measured ratio
becomes closer to the concentration ratio, with diﬀerences
being due to intrinsic ionization and detection eﬃciency. We
applied the experimental intensity ratios of zero volt PS to our
simulation and calculated the relative surface activity trend. The
results are shown in Figure 5b. As the amount of
tetrabutylammonium iodide decreases the relative surface
activity of cocaine is calculated to increase. This makes sense
since as the amount of tetrabutylammoium idodie decreases
more cocaine will move toward the droplet surface and can
compete against the tetrabutylammonium cation for surface
sites.46 Tang et al. developed a model, which suggests that at
low concentrations, 10−8 to 5 × 10−6 M, the ratio of analyte ion
signals is dependent upon the relative surface activities of the
two analytes.32 This agrees with our simulation results very
well. Figure 5c,d display the same general trend observed in
Figure 5a,b. As the concentration of sodium tetraphenylborate
decreases the ratio of 3,5-dinitrobenzoic acid to sodium
tetrphenylborate decreases (Figure 5c), while the relative
surface activity of 3,5-dinitrobenzoic acid increases (Figure
5d). A similar set of experiments was performed except that the
concentration of the analyte was varied, and the salt
concentration was held constant (Figure S11). This produced
similar conclusions, and a detailed explanation is provided in
the Supporting Information.
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