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Introduction

The electrospray ionization (ESI) process involves the creation 
of a fine aerosol of highly charged droplets in a strong electric 
field.  The liquid to be analyzed passes through a capillary and, 
at the tip, the high electric field induces the formation of a 
conical shape at the polarized air–liquid interface, called the 
Taylor cone.1,2  The solution then breaks up into a fine mist of 
charged droplets.  The Taylor cone is the locus of very large 
surface tension gradients resulting in a recirculating Marangoni 
flow generating a very active mixing in the solution.3,4

Biphasic liquid systems have found many applications ranging 
from the classical solvent extraction5–7 to the study of 
heterogeneous reactions.  Biphasic liquid systems have also 
been proposed to mimic biological interfaces.8,9  
Electrochemistry has been developed over the last decades as a 
very efficient tool to study polarized liquid–liquid interfaces, 
because it is important to accurately control the potential drop 
across the interface between two immiscible electrolyte 
solutions (ITIES).10,11  This control of the polarization can be 
used to drive or monitor adsorption or desorption processes8,9,12 
as well as to conduct and investigate ion7,13 and/or electron 
transfer reactions across the interface.14  Assisted ion transfer 
reactions are an important class of charge transfer reactions 
where ligands or ionophores in the organic phase can 
interfacially complex aqueous ions to extract them to the organic 
phase.5,6,15,16  The electrochemical methodology can be used to 
determine the stoichiometry of the organic complexes, as well 
as their lipophilicity.17–19  To gain more information on the 
interfacial reaction mechanisms, different spectroscopic 
techniques such as voltabsorptometry or voltfluorimetry have 
been developed.  On the other hand, the use of mass 
spectrometry (MS) has also been proposed in order to determine 
the stoichiometry of metal-ligand complexes formed at water–
1,2-dichloroethane (DCE) interfaces after centrifugal separation 

of the organic phase.20  Here we have used mass spectrometry to 
measure directly the mass of the complexes formed at a liquid–
liquid interface.

We follow the pioneering work of Watarai and coworkers, who 
have proposed the direct ESI-MS study of an oil/water 
system.21,22  For this purpose, they have built an electrospray 
interface with a two-phase micro-flow system where a toluene 
solution containing a ligand was injected in the inner capillary 
and an aqueous solution of a copper salt in an outer capillary.21  
In this way, organic droplets are formed in water; copper ion 
complexation was probed by MS.  In general, these kinds of 
complexes are usually analyzed after extraction in chloroform23 
or by dissolving the compounds in different methanol/water or 
methanol/chloroform solutions.24,25

Recently, our laboratory has developed different kind of 
microsprayers for ESI-MS based on various materials, 
geometries and configurations,26–28 with the aim to probe 
different chemical reactions, such as tagging reactions.29–31  In 
particular, we have shown that the use of a dual-channel 
microsprayer enables mixing and reacting two miscible 
solutions within the Taylor cone.32  Indeed, this dual-channel 
microsprayer comprises two separated microchannels connected 
only at the tip of the microchip.

In the present work, we report two interfacial complexation 
reactions performed at the water/DCE interface in ESI-MS, 
namely the extraction of aqueous lead ions by thioether ligands 
and the complexation of a dipeptide by dibenzo-18-crown-6.

Experimental

Reagents and chemicals
Dibenzo-18-crown-6 (DB18C6, M = 360.4 g/mol), 1,4,7,10-

tetrathiacyclododecane (TTCD, M = 240.5 g/mol), 
1,4,7,10,13,16-hexathiacyclooctadecane (HTCO, M = 360.7 
g/mol), 1,2-dichloroethane (DCE) and lead(II) chloride (PbCl2) 
were bought from Fluka (Buchs, Switzerland).  The dipeptide of 
phenylalanine (FF, M = 312.4 g/mol) was from Bachem 
(Bubendorf, Switzerland).  Acetic acid was from Sigma (St 
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Louis, MO) and deionized water (18.2 MW cm) was prepared 
using a Milli-Q system from Millipore (Bedford, MA).  All the 
compounds were used as received.  The salt was diluted in water 
(at 20, 100, 200 mM or 1 mM), the dipeptide at 200 mM was 
diluted in an acidified aqueous solution (1% of acetic acid), and 
TTCD, HTCO and DB18C6 were diluted in DCE at different 
concentrations.

Microspray interface and MS setup
The microspray interface consists of a double microchannel 

(20 mm ¥ 50 mm ¥ 1 cm) polyimide microchip developed by 
DiagnoSwiss SA (Monthey, Switzerland) and previously used 
for the tagging of phosphopeptides.32  A microchannel was 
plasma-etched on both sides of the microchip and thermally 
laminated.  Two reservoirs were thus formed above the plane.  
The chip was fixed in a holder connected to a syringe pump 
(KdScientific, Holliston, MA); two syringes (100 mL, Hamilton, 
Bonaduz, Switzerland) could be held to introduce two different 
solutions (see Fig. 1).  The upper part of the holder (in contact 
with DCE) was made with a polymer resistant to solvent 
(PEEK); the lower part made of Plexiglas that allowed us to 
adjust the microchip position and the O-rings made of Vitton®.  
Thus built, this dual-channel microsprayer allows mixing two 
fluids within the Taylor cone.  Two immiscible liquids are 
infused and a liquid–liquid interface is created within the Taylor 
cone.  Three model systems have been studied: thioether crowns 
HTCO-Pb2+, TTCD-Pb2+ and ether crown DB18C6-FF.  In order 
to avoid any contamination, one line is dedicated to the aqueous 
phase and the other line to the organic phase.

An LCQ DUO ion trap mass spectrometer (Thermo Fisher 
Scientific, San Jose, CA) was used in positive ionization mode.  
The heated capillary was kept at 200˚C.  The commercial 
electrospray interface was removed and the microchip fixed in a 
holder (as described above) was mounted on the probe slide 
adapter of the mass spectrometer.  The high voltage was usually 
connected to the stainless-steel needle of the syringe containing 
the aqueous solution; this acted as an anode since we worked in 
positive mode.  In order to test the influence of the locus of the 
electric field, we applied the high voltage to the DCE solution in 
special cases.  The pump was switched on (1 mL/min for each 
line, i.e., a total flow rate of 2 mL/min) and after the MS power 
supply onset (U = 4.5 kV) the chip was moved close to the 
entrance of the MS.  The current was monitored by a nano-
ammeter.  The mass spectra were averaged during 1 min.

Results

The spraying of two immiscible liquids was first tested without 
any target compound in the solution.  The upper line was filled 
with pure DCE and the lower line with pure water.  According to 
the setup, the flow rates were the same in each line and these 
two liquids were put in contact within the Taylor cone produced 
during the ESI process.  A stable spray was observed for several 
tens of minutes.  In general, when the high voltage is applied to 
the needle of the syringe containing the DCE, the spray current 
decreases by at least one order of magnitude, mainly as a result 
of the large voltage drop occurring in the resistive organic phase.  
Of course, the spray current depends, amongst other parameters, 
on the distance between the chip and the entrance of the MS.  
This distance was kept constant when the applied potential 
position was tested.  This effect results in a decrease of relative 
abundances when molecules of interest are sprayed.  We 
checked the vertical position of the liquids inside the chip (upper 
or lower channel, see Fig. 1); it seems that this does not induce 
important differences.  Indeed, the experiments are usually 
performed with DCE above and water below.  Nevertheless, 
when these positions are inversed, the spectra quality is almost 
identical and the reactions remain equivalent.

Lead extraction by thioether crowns
Crown compounds have been well studied for a long time; 

they are known to complex metallic cations.33  For this reason, 
they are commonly used to extract heavy metals, for 
instance.5,15,23  The complexation process depends on several 
parameters, but one of the most important is the size of the ring.  
HTCO is a thioether crown and has been widely employed.  It is 
also known to form a 1:1 (ligand to metal) complex with lead 
according to the number of sulfur atoms and the ring size, as 
reported by Katano et al. using cyclic voltammetry.6  The mass 
spectrum (Fig. 2a) obtained when one line is filled with HTCO 
(200 mM) in DCE and the other line with PbCl2 (200 mM) in 
water, shows the complexes [HTCO-PbIICl]+ at m/z = 602.9 Th 
and some derived oxidized products such as [HTCO-PbIIClO]+ 
at m/z = 618.9 Th.  The doubly charged species [HTCO-PbIIO]2+ 
and [HTCO-PbIIO2]2+ are also observed at m/z = 292.0 Th and 
m/z = 300.0 Th (round marker in Fig. 2).  In addition, and as it is 
also observed for TTCD (see next paragraph), the oxidation can 
take place on the thioether crown.  According to this, the organic 
ring seems to be the most probable site for oxidation to take 
place.  Copper ions were also found at m/z = 423.0 Th 

Fig. 1 Right: bar of 5 dual-channel microsprayers mounted onto a holder.  Left: scanning electron 
microscopy picture of a cross section of a microchip tip (bigger microchannels are used as example).
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([HTCO-CuI]+).  This contamination can be attributed to copper 
impurity in PbCl2, as reported by Williams et al.,23 or to the 
syringe needle oxidation (where the high voltage is applied) that 
is known to produce some metallic ions.34  At lower 
concentrations of lead chloride (20 mM), no complexation was 
observed, and at higher concentrations (e.g., 1 mM) the major 
peaks are [HTCO-CuI]+ and [HTCO-PbIICl]+.  As for the 
compounds observed at m/z = 394.9 Th, this can correspond to 
the fragment [C4H8S3

··-PbIICl]+ or [C10H20S6
··-CuI]+ according to 

different MSMS experiments.  As well as the fragmentation of 
[HTCO-CuI]+, the fragmentation of [HTCO-PbIICl]+ gives a 
peak at m/z = 394.9 Th, corresponding to [C10H20S6

··-CuI]+ and 
[C4H8S3

··-PbIICl]+, respectively.  The isotopic distribution around 
m/z = 394.9 Th seems to fit with an overlap of these two 
compounds.  Moreover, the tandem mass spectra of compounds 
such as [HTCO-PbIICl]+ or [HTCO-PbIIO]2+ shows the recurrent 
loss of 28 and 32 Da (and 14 and 16 Th for doubly charged 
species), which corresponds to C2H4 and S, respectively.35  
[HTCO-PbIICl]+ clearly loses 28 and 32 Da at 27% of collision 
energy until the fragment [C4H8S3

··-PbIICl]+ is obtained at m/z = 
394.9 Th.  Then, this systematic loss is repeated with a lower 
relative abundance (<5%) down to m/z = 242.9 Th, i.e., PbCl+.  
The other tandem mass spectra of thioether crown complexes 
induced the same fragmentation.

As mentioned before, crown compounds have the ability to 
discriminate metal ions based either on the cavity size or the 
cation size.  However, the complex conformation plays also a 

determining role.  One case that probes this role is 1,4,7,10-
tetrathiacyclododecane, another thioether crown that is known to 
form a 2:1 complex with lead.15  Thus, TTCD was chosen as a 
model system to analyze the 2:1 complex formation at the 
liquid–liquid interface created in ESI.  The reaction was first 
performed with 100 mM of PbCl2 in water and 200 mM of TTCD 
in DCE.  Under these conditions only a 1:1 complex was 
observed.  Figure 2b shows the mass spectrum obtained with a 
concentration of 100 mM PbCl2 and 1 mM TTCD.  As the 
HTCO-lead system, the 1:1 complex [TTCD-PbIICl]+ at m/z = 
482.9 Th represents the most intense peak; some oxidations are 
also observed.  With this excess of TTCD, [2TTCD-PbII]2+ at 
m/z = 343.9 Th is formed and oxidations are again observed at 
m/z = 359.9 Th and m/z = 375.9 Th.  This 2:1 complex is not 
enhanced and it is very dim, which can be explained by the 
mechanism of the reaction under these conditions (see 
Discussion section).  This mass spectrum also shows a peak at 
m/z = 240.9 Th that is assigned to the protonated TTCD (also 
present at 200 mM of thioether crown).  Moreover, oxidation of 
TTCD itself is also observed.  MSMS experiments induced the 
loss of 28 and 32 Da, like the HTCO complex fragmentation.

Until now, all the experiments were performed by applying the 
high voltage to the aqueous solution (via the syringe needle).  
On the contrary, if the high voltage is applied to the DCE, a 
decrease of current and lower relative abundances are observed 
(from 70 to 5 nA and from 106 to 105 counts, respectively).  In 
this experiment, the distance was kept constant and the applied 
voltage was just switched between one needle and the other one.  
This effect can be explained by the poor conductivity and low 
electroactivity of DCE when compared to water.  Indeed, to 
support the charge loss in positive ionization mode, an oxidation 
must be performed at the electrode.36  Usually, the solvent is 
oxidized but this oxidation could also come from the electrode 
itself or from other species in solution.  In the case of DCE, the 
oxidation of the solvent does not seem possible but water traces 
and/or complexing compounds oxidation could support the 
spray current.  As a result, in the mass spectra, a higher 
oxidation of TTCD is observed either on the protonated TTCD 
or on the TTCD-lead complexes.  The latter stems from oxidized 
TTCD after having reacted with lead.

DB18C6-FF complex
Dibenzo-18-crown-6 can facilitate the transfer of peptides at 

the oil/water interface.7,37  Here, DB18C6 was used in DCE in 
order to extract the dipeptide FF from an aqueous solution.  The 
mass spectrum (Fig. 3) of the reaction between FF (200 mM) 
and DB18C6 (200 mM) points out mainly three peaks: [FF+H]+ 
at m/z = 313.1 Th, the iminiun ion of phenylalanine at m/z = 
120.0 Th and [DB18C6-FF+H]+ at m/z = 673.0 Th.  This 
complex is formed by the complexation of the amine group 
NH3

+ by the oxygen of the ether crown.7  This spectrum shows a 
yield of complexation of roughly 15%.  Of course, this yield 
depends on the MS optics parameters used (the optimization 
was performed on m/z = 313.1 Th).  As reported for the thioether 
crown experiments, the relative abundance and spray current 
decrease when the high voltage is applied to the DCE solution.  
However, the yield is improved under this condition and the 
protonated DB18C6 appears with a weak relative abundance at 
m/z = 360.9 Th.  This effect could be explained by a lower 
ionization of FF.  The same amount reacts with DB18C6, 
allowing one to observe the complexation, but a part of FF 
cannot be ionized correctly.  In addition, the variation of the 
DB18C6 concentration influences the conversion rate.  The 
higher the DB18C6 concentration, the higher the extraction is.

Fig. 2 Mass spectra of the reaction between (a) HTCO 200 mM in 
DCE and PbCl2 200 mM in water, and (b) TTCD 1 mM in DCE and 
PbCl2 100 mM in water at the liquid–liquid interface.  *, [C10H20S6

··-
CuI]+ or [C4H8S3

··-PbIICl]+; a, [HTCOPbIIO]2+ and [HTCOPbO2]2+ 
(see text for details).



1402 ANALYTICAL SCIENCES   NOVEMBER 2008, VOL. 24

Discussion

Taylor cone and droplets formation
The aim of this study is to perform reactions at the liquid–

liquid interface in ESI-MS.  The particular region of the ESI 
process, the Taylor cone, is known to induce different 
recirculating convections, as reported by Hayati et al.38  Due to 
the tangential electrical field acting at the liquid surface, a 
recirculating meridional motion is observed.  For liquids with 
high conductivity and viscosity, the motion in the cone 
corresponds to that of a sink flow.  When the conductivity and 
the viscosity are sufficiently low (as it is the case for DCE), 
intense swirls are produced.39  In addition, the difference of 
viscosity and conductivity between the aqueous solution and the 
organic solution will enhance these motions.

On the other hand, electro-emulsification processes could also 
take place.  As a matter of fact, when the potential applied 
between the two phases exceeds a critical value, the interfacial 
tension drastically decreases and then emulsification occurs.40  
This latter might also eventually lead to the avalanche-type 
transfer of emulsion particles across the interface.41  In our 
particular case, this process could be relevant because of the 
presence of a potential difference inherent to the electrospray 
generation.  Thus, this externally applied potential difference 
and convective flow regime inside the Taylor cone could 
contribute to the formation of an electro-emulsion and probably 
to the spraying of mixed droplets.

Right after droplets are sprayed, leaving the Taylor cone, the 
ion formation occurs.  In principle, this process can follow two 
pathways.  The first one is the charge residue model (CRM) 
proposed by Dole et al.,42,43 where the droplets reduce by solvent 
evaporation and explosion (when the coulombic repulsion is 
higher than the surface tension) down to the formation of gas-
phase ions; the second one is the ion evaporation model (IEM) 
suggested by Iribarne and Thomson,44 where the gas-phase ions 
are formed by the expulsion of ions from the surface of the 
charged droplets.  Recently, Nguyen and Fenn have indicated 
that the ion formation follows this former model.45

Of course this process can be much more complex, especially 
when two immiscible solvents are mixed, because some other 
factors must be taken into account.  For example, in this type of 
biphasic system, four kinds of droplets could be formed: pure 
water, pure DCE, water drop covered by a DCE shell and the 
inverse.  However, since the surface tension of DCE is lower 

than that of water, the fourth possibility is improbable.  In 
addition to this, Watanabe et al. have observed that, in an 
electro-emulsion, the inner phase conductivity must be higher 
than that of the outer continuous phase in order for this process 
to take place.40  According to this, and also due to the fact that in 
our particular case the conductivity of the aqueous phase is 
always higher, small aqueous droplets covered by organic 
solvent would be more likely to exist.  Thus, charged complexes, 
such as TTCD- and HTCO-lead complexes, in the organic phase 
could be expelled to the mass spectrometer, which is in 
agreement with the IEM model.

Liquid–liquid interface
As we explained above, an intense mixing is achieved within 

the Taylor cone, which would suggest the expulsion of biphasic 
droplets.  The formation of the liquid–liquid interface and the 
reactions can mostly occur within the Taylor cone, the locus of 
the mixing.  Two different possible pathways are proposed for 
the ion complexation process (Fig. 4).

1) Adsorption and/or extraction of the aqueous ion pairs 
present in the aqueous phase to the organic phase.  The partition 
coefficient for the aqueous ion pair plays an important role in 
this process.  Thus, the more hydrophobic an ion pair is, the 
higher the concentration of this ion pair in the organic phase will 
be.  For example, the ion [PbCl]+ as well as the complexes 
[HTCO-PbIICl]+ and [TTCD-PbIICl]+ are probably formed in this 
way.  Thus, the ions stem from organic or mixed droplets.

2) Ion-ionophore complex formation, adsorption and ion 
transfer across the liquid–liquid interface.  This process could 
also account for the obtained results due to the fact that, after 
mixing two immiscible liquids, a discontinuity zone is created 
(an interface) where ions, ion pairs and ion-ionophore 
complexes adsorption can proceed.46–48  Ion transfer processes 
across the interface to the organic phase of the ionic species 
present in the aqueous phase (e.g., Pb2+, FF+) have also to be 
taken into account: the latter not only because a significant 
voltage drop that has to be applied in order to obtain a stable 
electrospray, but also because the presence of an ionophore in 
the organic phase usually facilitates the ion transfer processes 
across the interface via complex formation, as has been shown 
previously in numerous studies.5–7

Finally, after the desolvation processes inherent to the 
electrospray ionization process, that are still not very clear under 
these conditions, the products are posteriorly analyzed by MS.  
As expected, this type of pathway would enhance the reaction of 
compounds with a high affinity for the interface, such as 
phospholipids or porphyrins.12,49  As a result, on this hypothesis, 
a biphasic droplet could be expelled from the Taylor cone.

Fig. 3 Mass spectrum of the reaction between DB18C6 200 mM in 
DCE and FF 200 mM in acidified water.  Parameter optimization on 
FF.

Fig. 4 Possible pathways for the ion complexation process.
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Conclusions

Watarai and coworkers proposed a few years ago a new 
technique to study solvent-extraction systems at the liquid–liquid 
interfaces in ESI-MS.  We follow here the same methodology 
but with a different microsprayer device, where the two 
immiscible liquids have been put into contact and mixed within 
the Taylor cone.  This kind of microchip has small channels (few 
micrometers) and has shown a better sensitivity than the 
commercial electrospray sources.32,50,51  Moreover, this design 
allows us to probe reactions within the Taylor cone.  Thus, the 
reactions of thioether crowns with lead and ether crown with a 
dipeptide were studied, showing different type of complexes, 
which can be related to two different mechanisms, i.e., the 
adsorption and/or extraction of an ion pairs, and the 
complexation formation and adsorption at the interface.  More 
experiments with compounds adsorbed at the interface such as 
lipids are presently under investigation.

Beyond the advantage of filling different liquids in on-line 
ESI-MS, these dual-channel microsprayers used in the present 
study point out the reactivity of compounds from two different 
phases in ESI-MS.  This system implies several questions 
concerning either reaction at the liquid–liquid interface, the 
reaction within the Taylor cone in ESI-MS, desolvation 
processes or even the Taylor cone nature in itself.  Such a design 
is helpful as well to follow reactions at liquid–liquid interfaces 
in mass spectrometry so as to conduct reactions inside the 
Taylor cone.
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