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ABSTRACT: The novel effects resulting from the entrainment of low mobility ions during alternating current (ac) electrospray
ionization are examined through mass spectrometry and voltage/current measurements. Curious phenomena such as pH
modulation at high frequencies (>150 kHz) of an applied ac electric field are revealed and explained using simple mechanistic
arguments. Current measurements are utilized to supplement these observations, and a simplified one-dimensional transient
diffusion model for charge transport is used to arrive at a scaling law that provides better insight into the ac electrospray ionization
process. Moreover, because of the different pathway for ion formation in comparison to direct current (dc) electrospray, ac
electrospray (at frequencies >250 kHz) is shown to reduce the effects of ionization suppression in a mixture of two molecules with
different surface activities.

Over the past few decades, significant attention been directed
toward experimental and theoretical studies on direct

current (dc) electrosprays,1-4 in large part due to their produc-
tion of charged liquid aerosols and their application as a soft
ionization technique for large biomolecules in mass spectro-
metry.5,6 These efforts have resulted in the development of a
multitude of theories on the mechanism of dc electrosprays,
especially on the most predominantly used “cone-jet” mode.7,8

Apart from the development of electro-hydrodynamic models to
explain the static Taylor’s cone, scaling laws that estimate the
droplet size distribution and parametric dependence of current
have been important in optimization for mass spectrometry
applications.9,10 In contrast to the dc electrospray that is formed
on an application of a dc electric field, a fundamentally different
ac electrospray is formed by applying a high-frequency alternat-
ing current (ac) electric field,11-13 and it has been recently
demonstrated as an ionization source for mass spectrometry.14

Thus far, there has been no analysis on ac electrospray that
comprehensively aims at understanding the ionization mechan-
ism and correlating it with effects important for applications in
mass spectrometry.

dc electrosprays are formed as a consequence of the electro-
phoretic force due to the application of a high external dc electric
field, which separates positive and negative charges in an electro-
lyte solution. This electrophoretic force leads to the deformation
of the liquid meniscus into a sharp, conical tip known as a Taylor
cone, and all of the charges within the liquid cone are rapidly
ejected in the form of charged droplets. As such, there is no net
charge build-up in the cone itself, and the electrostatic stress
(often called Maxwell pressure) generated due to the interfacial
polarization balances the surface tension to further sustain the
cone.1,7 Analyte ionization, such as deprotonation/protonation,
ion-pair association/condensation, and adduct formation, then

predominantly occurs in the gas-phase via desorption of mole-
cules from the charged droplets (ion evaporation model) or
Rayleigh fission of the droplets. In contrast to this mechanism, an
ac electrospray is formed when a high-frequency ac electric field
is applied to the liquid, and the cone formation is dependent on
both the ionization and separation of analyte molecules in the
cone itself,11-14 a fundamentally different phenomenon than dc
electrospray ionization (ESI).

Themechanism that leads to the formation of ac electrosprays,
which we refer to as preferential entrainment, can be well
understood by examining the two ac half cycles, the anodic and
cathodic half cycle, separately (see Figure 1). We consider an
example of an acidified protein solution to analyze the ionization
process and themotion of ions under the action of two half cycles
of an ac electric field. During the anodic half cycle, the protons
migrate electrophoretically toward the meniscus while the pro-
tein molecules are driven hydrodynamically toward the meniscus
and associate with the protons to form a protonated protein ion
in the liquid phase, a phenomena which we refer to as “cone
ionization” that is distinct from the gas-phase dc ionization
pathway. During the cathodic half cycle, the free protons are
driven back away from the meniscus toward the counter elec-
trode. The low mobility protein ions, whose Maxwell relaxation
time scale (given by λ2/D, where λ is the double layer thickness
and D is the diffusion coefficient15) is much higher than the time
scale corresponding to the frequency of the ac electric field (given
by 1/f, where f is the frequency of the applied ac electric field) do
not relax toward the counter electrode. A detailed description on
the relative value of these time scales and its effect is provided in
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detail in the ensuing sections of this work. Therefore, because of
this phenomenon of “preferential entrainment”, the low mobility
protein ions remain confined in the vicinity of the meniscus , as
shown in Figure 1. Hence, during the complete ac cycle, there is
ionization and accumulation of large protein molecules in the
meniscus. After many such cycles, the electrostatic repulsion
between the net space charge (due to protein ions) balances the
capillary forces and results in an ac cone that not only has a more
slender half angle of∼12� than its dc Taylor counterpart (∼49�)
but that also continuously grows in time.12,13

In the authors’ prior work,14 ac ESI was shown to be a soft
ionization technique for biomolecules in both positive and nega-
tive modemass spectrometry that generally produced higher signal
intensity than dc ESI. It was postulated that the increased signal
intensity in ac electrospray ionization (ac ESI) was due in large
part to the cone ionization and preferential entrainment phe-
nomena that increased the concentration of the target analyte in
the cone. A secondary effect the authors’ identified was the more
efficient transport of ions into the mass spectrometer because ac
ESI emits a more confined plume of droplets. However, both of
these potential effects need to be explored in more depth. The
present manuscript aims to provide greater insight into the
preferential entrainment and cone ionization processes by ex-
ploring the frequency-dependent characteristics of ac ESI. Fea-
tures including pH modulation, voltage-current relationships,
and ionization suppression are all presented.

’EXPERIMENTAL METHODS

The representative proteins cytochrome c (molecular mass
M∼ 12 400 Da) and myoglobin (molecular massM∼ 17 000 Da)
were obtained from Sigma Aldrich (St. Louis, MO). Tetrabutyl
ammonium iodide (molecular weight 369.4) and tetrapentyl
ammonium iodide (molecular weight 425.5) were purchased
from MP Biomedicals (Solon, OH). Stock solutions of myoglo-
bin and cytochrome c at a concentration 1 mM were prepared in
deionized (DI) water and further diluted in different mixtures
of acetonitrile (ACN) (Sigma Aldrich) and DI water in ratio 1:1
(v/v). The pH ranged from 2.75 to 4.5 (monitored using pH
meter) through the addition of varied quantities of formic acid
(HCOOH) to yield a 10 μM sample for mass spectrometric
analysis. Similarly, stock solutions of 1 mM tetrabutyl ammo-
nium iodide and tetrapentyl ammonium iodide were prepared in

ACN and diluted in 1:1 ACN/DI water solution to yield a sample
solution with a concentration of 20 μM, which was used for
experiments.

Mass spectra were collected on an Esquire 3000þ spectro-
meter (Bruker Daltonics Inc.) equipped with a quadrupole ion
trap (QiT)mass analyzer. A customized ionization chamber door
was developed so that the ESI emitter was oriented axially to the
mass spectrometer inlet, and this was used for back-to-back
comparison between ac and dc ESI experiments. Nitrogen gas
(N2) was used as a nebulizing gas at a pressure of 10 psi to aid
droplet formation and stabilize both the ac and dc electrosprays.
Counter-flow drying gas (N2) was used at a flow rate of 3 L/min
to enhance desolvation, and a sample flow rate of 0.3 mL/h was
used for all experiments. For dc ESI experiments, protein
samples with different pH were injected into the mass spectro-
meter by directly applying a dc potential ∼2 kV onto the
emitter using an external power supply (Matsusada Precision
ES-5R1.2), keeping the end plate at ground (0 V) and capillary
inlet to the mass spectrometer at an offset of -500 V. Mass
spectra were acquired for 10 min. For ac ESI experiments, the
protein sample at a single pH of∼2.95 was used at frequencies
and root-mean-square (rms) voltages ranging from 50 to 400
kHz and 0.6 to 1.4 kVrms. The ac potential was applied using a
function generator (Agilent 33220A) connected to a radio
frequency (rf) amplifier (Industrial Test Equipment 500A) and a
custom-made transformer (Industrial Test Equipment Co.). The
same procedure was employed for the analysis of quaternary
ammonium salts. It should be noted that for accuratemeasurements
of intensity, ion current gain was switched from an automatic acqui-
sition time of 200 ms/spectrum (and ion current target of 20 000)
to 10 ms/spectrum.

Current/voltage measurements were also conducted indepen-
dently of the mass spectrometry measurements using the same
electrospray emitter (at the same flow rate and nebulizer gas
pressure) and a copper plate counter electrode spaced ∼1 cm
apart. The copper plate was maintained at ground (0 V), and ac
potential was applied directly to the electrospray emitter. The
circuit was grounded to a hard-wired earth ground in the
laboratory that led outside of the building. The current was
recorded using a picoammeter (Keithley 6485), and the emitter
voltage was measured with an oscilloscope (Tectronix TDS2014)
coupled with a high voltage probe. Protein samples at pH 2.75
were studied at frequencies ranging from 50 to 170 kHz, and the
current was recorded at an interval of 0.2 s for∼5 min. After this
time period, the current magnitude started to reduce gradually
due to the deposition of unevaporated liquid on the counter
electrode and no further measurements were made.

’RESULTS AND DISCUSSION

Frequency Dependence and pH Modulation. Figure 2a
shows a characteristic ac rms voltage-frequency phase space for
the mass spectrometry (MS) experiments. Three distinct regimes
can be identified in Figure 2a: (i) below onset regime, the regime
below the onset rms voltage in which no signals were observed
and only noise was recorded. (ii) Operating regime, the stable
operation regime, with voltage greater than the onset voltage, in
whichMS signals corresponding to the analyte ions, distinct from
noise, were observed as shown in Figure 2b. (iii) Discharge
regime, the regime beyond the threshold rms voltage in which
the peaks corresponding to the apo myoglobin ions disappeared

Figure 1. Schematic of the ionization and entrainment phenomenon in
ac electrospray ionization.
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and only the heme group was observed, as evident in Figure 2c.
Thus two critical voltages, onset and discharge, bound the
operating regime for ac ESI mass spectrometry. The discharge
regime in ac ESI is characterized by a corona discharge with a
strong confined glow at the tip of the emitter, which can be

directly visualized in the dark. The disappearance of apo-myo-
globin peaks duringMS in the discharge regime can be compared
with corona discharge-driven atmospheric pressure chemical
ionization (APCI) MS, where only low molecular weight pro-
teins (∼600 Da) are observed while higher molecular weight

Figure 2. (a) Frequency-voltage phase space for myoglobin (10 μM) indicating the operating regime bounded by onset voltage and discharge voltage.
(b)Mass spectrum showing the multiple peaks of apo-myoglobin (10 μM) at 80 kHz and 0.35 kVrms. (c)Mass spectrum showing the intense peak of the
heme group (m/z ∼ 616) at 80 kHz and 1.38 kVrms.
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proteins do not appear at all.16 This is possibly the case observed
here with ac ESI MS in the discharge regime where only the low
molecular weight species, heme group (m/z ∼ 616) was obser-
ved, while the peaks corresponding to the large apo-myoglobin
disappear completely. The alternate plausible mechanism for the
disappearance of apo-myoglobin peaks in the discharge regime is
due to the creation of bigger charged droplets when the corona
discharge is formed.11 Given that the heme group is highly
hydrophobic and that the remaining apo-myoglobin is hydro-
philic in nature, it is hence more favored for the formation of the
ion during the flight of the charged droplet and hence is recorded
in the mass spectrum. On the other hand, the apo-myoglobin
molecule occupies the liquid bulk of a charged droplet and there-
fore cannot form a gas phase molecular ion, potentially leading to
its disappearance in the discharge regime.
Apart from the strange disappearance of the apo-myoglobin

peak from the mass spectra in the discharge regime, there was
also anomalous behavior of the mass spectra by varying the
frequency in the stable operating regime. For apo-myoglobin, a
near symmetric Gaussian distribution of the multiply charged
peaks, centered at a charge state value ofþ13, is typically obser-
ved for dc ESI at pH of 4.1. As the pH is reduced, the symmetric
Gaussian distribution becomes skewed; with the mode moving
toward higher charge states and the peak of the charge state
distribution shifting to a value of þ16 at a pH of 2.75.17 This
occurs because at lower pH the protein molecule unfolds, which

allows for a larger degree of protonation and consequently leads
to higher charged states in the mass spectrum.18,19When using ac
ESI for myoglobin at a pH of 2.95, a behavior similar to dc ESI
is observed at low frequencies (∼50 kHz), with the peak of
the distribution centered atþ16. However, as the frequency is
increased, the distribution continues to skew and the peak
shifts toward higher charge state values as shown in Figures 3
and 4. For example, at frequencies ∼350 kHz or higher, the
peak of the charge state distribution is þ19 (Figure 3c). This
curious frequency-dependent behavior may again be attribu-
ted to the entrainment characteristic of ac ESI. As the frequency
increases, a greater number of half cycles occur over a given
time window, and more protons are periodically driven into
and out of the cone, while the low mobility charged protein
molecules accumulate near the meniscus after every cathodic
half cycle. As such, this to and fro motion of protons enhances
their chance to attach to an already protonated protein molec-
ule, thereby increasing its charge state. Effectively, as the
frequency increases, the local pH at the tip of the cone is
reduced because of a greater influx of protons into the cone, thus
resulting in the significant shift of analyte peaks in the mass spectra.
Similar effects for cytochrome-c (not shown)were also observed to
confirm this charge state effect.
Current Measurements and Scaling Analysis. To further

clarify how the entrainment effect may modulate pH, current
measurements were carried out at different frequencies but

Figure 3. Mass spectra indicating the shift in charge states of apo-myoglobin (10 μM) at pH 3 and (a) 80 kHz and 0.95 kVrms, (b) 250 kHz and 0.7
kVrms, and (c) 350 kHz and 0. 55 kVrms.
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constant rms voltage. These measurements showed a monoto-
nically increasing trend of current with frequency (Figure 5). In
order to investigate this trend, we carry out a simplified scaling
analysis of ion transport in the ac cone. To arrive at the governing
equations, we return to the mechanism of formation of ac elec-
trosprays described earlier in the present report. While the ioni-
zation of apo-myoglobin molecules primarily occurs during the
anodic half cycle, diffusion can be assumed to be the primary
means of transport of charged apo-myoglobin molecules during
the cathodic half cycle owing to their lowmobility, while the high
mobility free protons are electrophoretically driven toward the
counter electrode. Therefore, the distribution of protein ions in
the cone during the cathodic half cycle can be described by the
classical diffusion equation,

DF
Dt

¼ D
D2F
Dx2

ð1Þ

where F is the charge density corresponding to that of protonated
protein ions, t is the time, D is the diffusion coefficient of the
proteins, and x is the coordinate direction along the axis of the
cone. Additionally, it is assumed that the protonation occurs at
the tip of cone so that the resulting charge q that is generated by
ionization after each anodic half cycle can be considered to be a
point charge. This serves as the initial condition when the cathodic
half cycle begins and can be mathematically represented by a
Dirac delta function of value q. Additionally, since the dimension
of the fluid into the bulk is much greater than the length of the
cone, this problem can be treated as an infinite domain (axially)
where the charge density goes to zero at long distances. The
solution of eq 1 in an infinite domain is given by20

Fðx, tÞ ¼ q
ffiffiffiffiffiffiffiffiffiffi

4πDt
p e-x2=4Dt ð2Þ

The two relevant scales in this equation are the length scale λ and
the time scale 1/f, corresponding to the period of an ac cycle. For
an acidified solution containing protein molecules, with a diffu-
sion coefficient D ∼ 10-6 cm2/s21 and conductivity ∼100 μS/
cm, the double layer thickness is λ∼ 10-5 cm. The correspond-
ing Maxwell relaxation time scale (or alternatively, the diffusion
time scale) is given by λ2/D and is approximately 10-4 s, an order

of magnitude less than the time scale corresponding to the
inverse of frequency (f∼ 100 kHz). Thus, in the limit 1/f, λ2/
D, the pre-exponential factor dominates the exponential term in
eq 2. Therefore, for these ac fields the charge density, F, should
scale as the inverse of the square root of the half period,

F ∼ 1=
ffiffi

t
p ð3Þ

Since the frequency f is the reciprocal of this time scale t, f∼ t-1,
the charge distribution in the cone after each cathodic half cycle
will scale as

F ∼ f 1=2 ð4Þ
Over the course of N ac periods (or half periods), the total
accumulated ion concentration in the cone can be approximated
by a summation

FN ¼ ∑
N
F ¼ NF ð5Þ

For a given time T, the number of periods is proportional to the
ac frequency, N ∼ f. Thus, the net ion accumulation over many
periods will be the product of FN ∼ ff1/2 or

FN ∼ f 3=2 ð6Þ
From earlier visualization, droplets eject from the cone at a
frequency of ∼100-1000 Hz, corresponding to approximately
∼100-1000 ac periods. These droplets will eject the accumu-
lated charge FN of the many ac periods, leading to a current i. The
current, therefore, should follow a similar scaling behavior as the
ion concentration such that

i ∼ f 3=2 ð7Þ
The inset of Figure 5 shows a measured current plotted as a
function of f3/2 along with linear curve fits, confirming this scaling
theory and lending confidence to the mechanism that charges are
created and entrained in the ac cone.
Frequency Effect on Ionization Suppression. One impor-

tant potential application of this frequency-dependent entrain-
ment in ac ESI could come in the form of reducing problems
induced by ionization suppression widely observed in dc ESI

Figure 5. Current-frequency (i-f) characteristic for myoglobin and
cytochrome c. The inset shows the linear fit of iwith respect to f3/2, each
with regression coefficients of determination R2 > 0.98.

Figure 4. Charge state distributions of apo-myoglobin (10 μM) for
different frequencies using the same nominal pH.
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mass spectrometry.22,23 In dc ESI, the conventional understand-
ing is that molecular ions are formed either through desorption
from charged droplets (the ion evaporation model) or through
Rayleigh fission. In either of these two mechanisms, if there are
two (or more) analyte molecules in a droplet, there is competi-
tion between the molecules for ion formation, which leads to
suppression of ion peaks in the mass spectrum. This is often
attributed to differences in the surface activities and/or sizes of
the two molecules. The finite number of charges in the droplet
are often assumed to relax perfectly to the surface, and the more
hydrophobic molecule screens the more hydrophilic molecule
from access to the charges, limiting ionization.24 On the other
hand, current understanding of ac ESI is that the ionization
reactions occur predominantly in the cone itself, as opposed to
through droplet chemistry. One potential implication of this
“cone ionization”mechanism is that it could mitigate the droplet
chemistry that results in ionization suppression.
To study this effect, an equi-molar mixture of two surfactant

molecules (Butyl)4N
þI- (m/z=241.7) and (Pentyl)4N

þI- (m/z=
297.7) with different surface activities was studied. For small
molecules, ion evaporation has been proposed as the dominant
ionization mechanism in dc ESI. On the basis of this mechanism,
the Thomson-Irabarne model23 predicts that the ratio of the
mass spectrum intensities for two analyte molecules should be
the ratio of their gas phase ion sensitivity coefficients, which is
directly proportional to the surface activity of the respective

molecular ions. That is, the ratio of intensities I of the tetraalk-
ylammonium ions should be

I½ðPentylÞ4Nþ�
I½ðButylÞ4Nþ� ¼ kp

kb
ð8Þ

where kp and kb are the gas phase ion sensitivity coefficients of the
pentyl and butyl tetraalkylammoniums, respectively. If the
molecule with higher surface activity, and thus a greater tendency
to ionize, is in the numerator, eq 8 will give a ratio >1. If surface
activity plays no role, then this ratio should tend toward 1 for an
equimolar mixture, implying no ionization suppression. Since
(Pentyl)4N

þI- has a greater surface activity than (Butyl)4N
þI-,

it should suppress the (Butyl)4N
þI- signal, and this is clearly

evident in the dc ESI mass sprectum shown in Figure 6a, in
which the ratio of intensity of the two ions (I[(Pentyl)4N

þ])/
(I[(Butyl)4N

þ]) ∼ 10. Low frequency (<150 kHz) ac ESI
behavior, as shown in Figure 6b closely resembles the dc ESI
spectra. However, as evident from Figure 6c and Table 1, at much
higher frequencies (>250 kHz), the ratio reduces to (I[(Pentyl)4-
Nþ])/(I[(Butyl)4N

þ]) ∼ 4. This suggests that at high fre-
quency, ac ESI reduces the role that surface activity plays during
ionization. Since the ac field would play little role in ion evapo-
ration ionization from the droplets, these results imply that the
ionization is not occurring in the droplets emitted by ac electrospray
and that “cone-ionization” mechanism is at play. Conceptually,

Figure 6. Mass spectra of equimolar mix of (Butyl)4N
þI- (m/z = 241.7) and (Pentyl)4N

þI- (m/z = 297.7) at (a) dc voltage of 2 kV, (b) 50 kHz and
1.1 kVrms, and (c) 400 kHz and ∼0.6 kVrms.
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this can be explained in the followingmanner. In droplet chemistry,
ionization suppression is due to analyte molecules competing for a
finite number of charges in the droplet. In the cone chemistry of an
ac electrospray, however, the analytemolecules have access tomore
charges since they are replenished from the bulk solution every half
cycle at a much faster rate (∼100 kHz) than droplets are ejected
(∼100-1000 Hz). As such, surface activity plays a smaller role in
ac ESI and ionization suppression is reduced. However, it should be
noted that since the ratio did not decrease to a ratio of unity but
only decreased by a factor of 2, there is likely still droplet chemistry
occurring to create analyte ions in ac ESI but that the predominant
ionization is likely occurring in the cone itself.

’CONCLUSIONS

Higher order qualitative features of frequency dependent
characteristics of ac ESI mass spectrometry are reported and are
supplemented by voltage and current measurements and appro-
priate scaling laws. Three distinct voltage/frequency regimes of
ac ESI behavior are identified, including the disappearance of
analyte peaks at voltages higher than a threshold voltage. In
addition, the charge state distribution in the resulting mass spectra
can be distorted by the operating frequency, and at higher
frequencies, a skewed Gaussian profile is obtained. By compar-
ison to dc ESI at varying pH, the ac ESI effect is attributed to a
local pH modulation in the cone itself that occurs due to the
increased number of half cycles at higher frequencies. The effect
of increased frequency is affirmed through current/voltage mea-
surements that showed a distinct dependence on frequency as f3/2,
which is a result from the preferential entrainment of low
mobility ions in the ac cone. Additionally, by ionizing predomi-
nantly in the cone itself, ac ESI reduces the detrimental effects of
ion suppression frequently observed in dc ESI. This likely will
form the pivotal role of ac ESI in MS applications in the future.
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