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Introduction

The use of radiological isotopes, including 131I, 99
Mo, and

90Y, for medical imaging and the treatment of cancers has
undergone a rapid change in the last two decades with the
advent of radioimmunological treatment (RIT) and the in-
corporation of radioisotopes within monoclonal antibodies
(mAb).[1] RIT uses the high specificity of mAbs in conjunc-
tion with powerful b-emitters to target solid tumours, but
reduce the radiological toxicity to other organs and tis-
sue.[1c,f, 2] The most effective isotope for use in RIT is 90Y,
since the half-life time of the 90Y is short (64 h), it produces
only b- with no g-emissions, and the energy of these emis-
sions is high (2.2 MeV), resulting in increased penetration
into the tumour mass.[1c] The 90Y isotope can be acquired
through neutron-irradiation of yttrium metal oxide[3] or
through the isotopic decay of 90Sr.[4] Owing to its short half-
life and the expense of transporting radioactive material, an
in house 90Y generator is deemed preferable with several de-
signs having been proposed to use 90Sr as a perpetual feed

stock.[4] 90Sr can, in turn, be acquired during nuclear fuel re-
processing, since it is one of many uranium fission byprod-
ucts from nuclear power facilities.[3,5]

Several nuclear fuel reprocessing[5,6] technologies are cur-
rently being implemented around the world on an industrial
and laboratory scale, including the transuranic extraction
(TRUEX) process.[3,7] This method makes use of octyl-ACHTUNGTRENNUNG(phenyl)-N,N-diisobutylcarbamoylmethylphosphine oxide
(CMPO) as a chelating agent in a biphasic solvent extrac-
tion procedure between water and an organic solvent, typi-
cally n-dodecane;[3,7] this process can be summarized by
Equation (1); however, the stoichiometry for this reaction is
not clear.

Sr2þðaqÞþ2 NO3
�ðaqÞ þ 2 CMPOðorgÞ !

SrðNO3Þ2ðCMPOÞ2ðorgÞ
ð1Þ

Prompted by the pioneering work of Dai et al. ,[8] recent
research towards improving the TRUEX process[6,7b,c,i] and
other metal-extraction techniques[9] has focused on replacing
the organic solvent with a room-temperature ionic liquid
(RTIL); RTILs are organic salts with a melting point below
100 8C. In their paper, Dai et al.[8] showed a 5000 � greater
distribution ratio for a dicyclohexyl[18]crown-6-strontium
complex using an imidazolium-based RTIL versus a conven-
tional molecular solvent. Beyond this, RTILs also have sev-
eral properties that make them amiable replacements for or-
ganic solvents, including low volatility, good electrical con-
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ductivity, and the ability to tailor the RTIL to meet specific
physicochemical requirements.[10] The techniques used to
quantify the distribution ratios between phases have focused
on inductively coupled plasma (ICP) measurements of the
aqueous phase after extraction,[7a, 8,11] extended X-ray fine
structure (EXAFS) measurements,[7b] or through the use of
radioactive tracer isotopes.[7c,e]

Interestingly, an electrochemical technique employed at
the liquid j liquid interface between two immiscible electro-
lytic solutions (ITIES), typically between water and 1,2-di-
chloroethane (DCE), is able to acquire sensitive thermody-
namic data that can be used to further characterize the
metal–ligand extraction process.[12] Electrochemistry at a liq-
uid j liquid junction has been the subject of numerous excel-
lent reviews[13] and often involves simple ion transfer (IT)
through a push/pull mechanism, whereby the potential is in-
creased linearly within the aqueous phase (w) causing any
positive metal ions (i), with charge z, to be ejected into the
organic phase (o); this process is summarized below
[Eq. (2)]:

iz
w ! iz

o ð2Þ

When the potential scan is reversed, or proceeds towards
negative potentials, the ions are “pulled” back across the
ITIES or transferred from o to w. The current can be mea-
sured during this process and the current–potential curve
obtained is analogous to that obtained in conventional
redox electrochemistry. The potential at which IT takes
place is called the standard transfer potential and is denoted
as Dw

of
o; this, in turn, is related to the potential and the ac-

tivity of species i in each phase through the Nernst equation
[Eq. (3)], in which a and b refer generally to the two phases
(aqueous and DCE).
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If concentrations are used to approximate the activities,
then the term on the right of Eqution (3) is obtained and
the formal transfer potential, Dw

of
o’, is used in place of the

standard transfer potential. If the metal species is very hy-
drophilic, this will result in a high formal transfer potential
and thus a greater amount of applied potential required.
However, the transfer potential can be reduced through the
use of organic ligands and the transfer through interfacial
complexation (TIC), which can be generalized by the fol-
lowing reaction [Eq. (4)], in which n is the stoichiometric
ratio of the ligand to metal ion.

iz
wþ nLo ! iLz

n;o ð4Þ

Equation (4) is the electrochemical equivalent of Equa-

tion (1) when L=CMPO and i=Sr2+ . This type of electro-
chemical reaction is referred to as facilitated ion transfer
(FIT), and the thermodynamics have been thoroughly de-
scribed by Homolka et al. ,[14] Kakiuchi et al. ,[12f] and Girault
et al.[12g,h] In this context, the stoichiometry (n) and complex-
ation constant (b) for Equation (4) can be discerned through
the use of cyclic voltammetry (CV). Additionally, it has
been discovered that sensitive data, without the use of iR
compensation, can be obtained using micro-ITIES typically
held at the tip of a pulled micropipette,[9a,b, 12c,d,j,15] while also
reducing the amount of sample required.

Mirroring the developments in solvent extraction re-
search, recent work surrounding liquid j liquid electrochemis-
try has focused on the aqueous jRTIL (w jRTIL) inter-ACHTUNGTRENNUNGface,[9,12j,15a, 16] whereby IT and FIT have both been observed.

Thus, using the theory of FIT,[12f–h,14] described herein is
the thermodynamics of strontium transfer through the use
of CMPO at the w jDCE and w jRTIL micro-ITIES. In
order to verify the ligand stoichiometries, biphasic electro-
spray ionization mass spectrometry (BESI-MS) and conven-
tional electrospray ionization mass spectrometry (ESI-MS)
have also been employed.

Recent tragic events in Japan, with the devastation of the
Fukushima nuclear power plant by a tsunami, prompt us to
point out that this type of electrochemical technology has
also the potential to be employed in environmental reme-
diation and the detection of specific toxic metals.

Experimental Section

Chemicals : Strontium nitrate (SrACHTUNGTRENNUNG(NO3)2), dichloromethane, tetradodecy-
lammonium tetrakis(4-chlorophenyl)borate (TDATPBCl), and 1,2-di-
chloroethane were purchased from Fluka/Sigma Aldrich (Sigma–Aldrich
Canada Ltd., Oakville, ON (Canada)). Octyl ACHTUNGTRENNUNG(phenyl)-N,N-diisobutylcar-
bamoylmethylphosphine oxide (CMPO) and trihexyltetradecylphospho-
nium chloride were obtained from Strem (Strem Chemicals Inc., News-
buryport, MA (USA)). Potassium tetrakis(pentafluorophenyl)borate was
bought from Boulder Scientific (Boulder Scientific Co., Longmont, CO
(USA)). Trihexyltetradecylphosphonium tetrakis(pentafluorophenyl)bo-
rate was prepared through a facile metathesis reaction of the their con-
stituent chloride and potassium salts respectively at a 1:1 ratio in di-
chloromethane as described elsewhere.[15a]

Micropipettes : The interface between two immiscible electrolytic solu-
tions (ITIES) was maintained at the tip orifice of a specially fabricated
borosilicate glass capillary (Figure 1). The capillary fabrication procedure
was described elsewhere.[12j, 15] In brief, a borosilicate glass tubing (1.0/
2.0 mm internal/external diameter, Sutter Instrument, Novato, CA
(USA)) was pulled at its center using an electric puller (Narishige, Model
PP-83 (Japan)) generating two capillaries with tapered tips. The tips of
the pulled capillaries were then flame annealed and a 0.5 to 1.0 cm
length of platinum wire (25 mm in diameter, Goodfellow Cambridge Ltd.
(UK)) was inserted into the back (open end) of each capillary. The Pt
wire was then annealed in place using the heating coil of the puller while
under vacuum suction. The tip of the capillary was then polished by
using diamond and alumina grinding pads (Buehler Canada, Markham,
ON (Canada)) until a cross-section of Pt wire was exposed. The glass and
Pt surfaces were polished, and the ratio of the outer glass radius (r) to Pt
disc radius (a), Rg (Rg = r/a) was greater than 50. The capillaries were
then immersed in a strong acid solution of 3:1 HCl to HNO3 (Aqua
regia) for seven days or until the Pt wire was etched out. What remains is
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a uniform, 25 mm diameter microcapillary convenient for maintaining the
ITIES at the orifice.

The prepared capillary was held in a HEKA capillary holder (HEKA
Electronics, Mahone Bay, NS (Canada)), specially modified by the Elec-
tronics Shop at the University of Western Ontario, and equipped with a
syringe which was used to maintain the aqueous phase at the tip of the
capillary; a Moticam 2000 CCD camera (Motic, Richmond, BC
(Canada)) attached to a Navitar 12 � magnification lens assembly (Navi-
tar, Rochester, NY (USA)) was used to monitor the interface. The
holder also possessed an integrated silver wire attached to a BNC con-
nector connected to the working electrode lead of the potentiostat. A
second silver wire, placed in the DCE or RTIL phase, was connected to
the counter and reference leads of the potentiostat. These silver wires
functioned as quasi-reference electrodes. The assembled micro-ITIES ap-
paratus is shown in Figure 1. The following electrochemical cells were
used:

Electrochemistry : All electrochemical experiments were performed using
the Modulab potentiostat system (Ametek Advanced Measurement
Technology, Farnborough, Hampshire (UK)) equipped with a femto-am-
meter. The vial containing the DCE or RTIL phase was placed in a vial
holder with a jacket for flow of temperature controlled water to/from a
heating circulator (VWR, Mississauga, ON (Canada)), which maintained
the system at (25�1) and (60�1) 8C for DCE and RTIL experiments, re-
spectively, unless otherwise stated.

Biphasic electrospray ionization mass spectrometry (BESI-MS): The
mass spectrometric interface for the measurement of the complexes has
been superbly described in previous reports.[17] In brief, a LTQ (velos)
linear ion trap mass spectrometer (Thermo Fisher Scientific, San Jose,
CA), operating in the positive ionization mode, was used with an excel-
lently fabricated polyimide (PI) dual-sprayer microchip (DiagnoSwiss
SA, Monthey (Switzerland)) fixed on a plate mounted opposite to the
spray cone intake; this assembly was situated in place of the commercial
ion source housing as shown in Figure 2. The aqueous and 1,2-dichloro-
ethane (DCE) phase was infused separately through two ports in the

micro ACHTUNGTRENNUNGchip which was held inside a microchip holder, fabricated in-house.
Two syringes (100 mL, Hamilton Co., Reno, NV (USA)) held by syringe
pumps (KdScientific, Hollistion, MA (USA)) regulating the flow rate of
each line at 2 mLmin�1; thus the final flow rate at the electrospray was
4 mLmin�1. These two immiscible phases in separated microchannels
(125 mm � 50 mm��1.5 cm each) were mixed right after ejection, inside
the Taylor cone (the ionized aerosol jet or plume), during electrospray.
The tip of the dual sprayer microchip is displayed in the image of a front
view at the bottom of Figure 2, which was obtained using a VK-8710
color 3D laser scanning microscope (Keyence Corp. (Japan)). For opera-
tion, after MS power supply onset (U=4–4.5 kV), the microchip was
moved close to the entrance of MS (the use of high voltage should be
handled under extreme caution). The current, set between 20 and 200 nA
by adjusting the distance between the dual-spray emitter and the en-
trance to the MS, was monitored by a custom-made nano-ammeter. The
temperature of the transfer capillary was set at 200 8C. The ion optics pa-
rameters were kept constant for each experiment.

Electrospray ionization, time-of-flight mass spectrometry (ESI-MS). Con-
ventional ESI-MS data was collected using a Micromass LCT Mass Spec-
trometer (Waters, Milford, MA (USA)) in the positive ion mode. The ca-

Figure 1. Modified HEKA capillary holder with pulled capillary contain-
ing the aqueous phase and a silver electrode attached to the WE lead of
the potentiostat through a BNC connector. The capillary is immersed
into the DCE or RTIL phase held in a 1.8 mL glass vial, which also con-
tains a silver electrode connected to the RE/CE leads of the potentiostat.

Figure 2. Top: Picture of the BESI-MS set-up with the microchip assem-
bly (top left) and the LCT intake (top right). Bottom: Front view of the
microchip ejection ports under a microscope.
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pillary, sample cone, and extraction cone voltages were 5000, 50, and
15 V, respectively, while the acquisition and interscan delay time were set
to 4.0 and 0.1 s. A 250 mL syringe (Hamilton Co.), placed inside a syringe
pump operating at 10 mLmin�1, was used to perform these injections.

Results and Discussion

Facilitated ion transfer (FIT) of Sr2+ at the w jDCE micro-
ITIES : Figure 3 A shows the cyclic voltammogram (CV) ob-
tained at the aqueous jDCE interface using Cell 1, with no

CMPO present and a scan rate of 0.020 V s�1. The CV was
acquired in two sections. In the first section, the cell was ini-
tially scanned in the positive direction from 0.271 V. At
0.718 V the limit of the polarizable potential window is
reached and is marked by the sudden increase in current
brought about by the transfer of the supporting electrolytes;
in this instance both Sr2+ transfer from w!o and tetrakis-ACHTUNGTRENNUNG(pentafluorophenyl)borate (TB�) transfer from o!w are
possible. The potential was then scanned in the reverse di-
rection, towards more negative potentials, from 0.718 to
�0.139 V. Finally the potential was scanned in the forward
direction again from �0.139 to 0.271 V. The last two scan
segments show no distinct features, indicating no detectable
adsorption or ion transfer (IT).

Cell 1 was then scanned from �0.086 V towards more
negative potentials, until �0.402 V, in the second section. A
wave can be observed with a peak potential at �0.342 V and
this is indicative of nitrate transfer from w!o. The potential
was then scanned towards more positive potentials, from
�0.402 to �0.086 V, and a sigmoidal or “s” shaped wave can
be observed with a steady-state current from �0.086 V; this
is indicative of nitrate transfer back across the ITIES from
o!w.

The IT and current response are in good agreement with
established IT voltammetry at a micro-ITIES hosted by a pi-
pette.[12c,d,j] The CV was broken down into the two sections
in order to limit the number of ions transferring, thus foster-
ing a greater interface stability and improved reproducibili-
ty. This is not so integral in the case of Cell 1, that is in the
absence of CMPO, but becomes so after its introduction to
the system. Figure 4 A illustrates the CV obtained with the

addition of the 33 mm of CMPO to the DCE phase. Analo-
gous to the blank experiment the CV was split into two re-
gions. The first scan was initiated at a calibrated potential of
�0.100 V in the forward direction towards more positive po-
tentials until the switching potential at 0.500 V was reached.
During this first segment two peaks can be observed with

Figure 3. Cyclic voltammograms of A) Cell 1 at a scan rate of 0.020 V s�1

in which the two sections were scanned with initial, upper, and lower po-
tentials of 0.271, 0.718, and �0.139 V for the first section and �0.086,
�0.086, and �0.402 V for the second section, respectively; and B) Cell 2
(b) with an initial potential of �0.106 V, a scan rate of 0.020 V s�1, and
a potential range of 0.442 to �0.283 V, and Cell 3 (c) with an initial,
upper, and lower potential of 0.131, 0.427, and �0.270 V, respectively, at
a scan rate of 0.020 V s�1.

Figure 4. Cyclic voltammograms with instrument parameters similar to
those described for Figure 3A and by using Cell 1 in the presences of
CMPO with y =33, 65, 82, 106, and 142 mm for curves A–E, respectively.
This in turn demonstrates that strontium is a hydrophilic metal species.

Chem. Eur. J. 2011, 17, 13206 – 13216 � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 13209

FULL PAPERInterfacial Complexation Reactions

www.chemeurj.org


current maximums at 0.266 and 0.410 V; these are indicative
of the ion transfer through interfacial complexation of Sr2+

from the aqueous to organic phase assisted by CMPO. As
the potential was scanned from 0.500 to �0.100 V, two sig-
moidal shaped waves can be observed with half-wave poten-
tials at approximately 0.166 and 0.369 V; this is indicative of
the transfer of metal ions through interfacial decomplexa-
tion (TID) reactions at the ITIES. Similar to the blank
curve in Figure 3 A, the IT of nitrate was then observed
while scanning the potential from �0.086 to �0.402 V and
back. All CVs acquired at the w jDCE interface were cali-
brated using the NO3

� formal transfer potential, Dw
o�

o0

NO�3
as

�0.314 V,[12e] based on the TATB[12a,13a] assumption (TATB=

tetraphenylarsoniumtetraphenylborate).
As the concentration of CMPO is increased in the DCE

phase from the 33 mm shown in Figure 4 A to 65, 82, 106,
and 142 mm in Figure 4 B–E, respectively, the peak poten-
tials of the multiple peaks shift towards less positive poten-
tials such that peak 1 is observed at 0.388, 0.378, 0.374, and
0.374 V, respectively. The shift in peak 2 is more dramatic
eliciting changes of 0.266 to 0.248, 0.237, 0.231, and 0.206 V
for Figure 4 A–E, respectively. Shifting peak potentials with
increasing ligand concentration is in good agreement with
established theory concerning facilitated ion transfer
(FIT).[12f–h] The potential shift of the two peaks shown in
Figure 4 were examined individually using the theory of FIT
described by Girault et al. ,[12g] whereby the stoichiometry
(n) and overall complexation constant (b) are related to the
initial ligand concentration (cL,initial) in the organic phase by
Equation (5), in which z, F, R, and T are the charge of the
free metal species, Faraday�s constant, the universal gas con-
stant, and the temperature of the system in Kelvin, respec-
tively.

� zF
RT

Dw
o�

o0

ML2þ
n
� Dw

o�
o0

M2þ

� �
¼ n ln cL;initial

� �
þ ln bnð Þ þ ln xð Þ

ð5Þ

Dw
o�

o0

M2þ is the formal transfer potential of free strontium
metal ion, Sr2+ , and was taken to be 0.900 V;[18] this was de-
termined from a microhole experiment described recently.[19]

Dw
o�

o0

ML2þ
n

is the formal transfer potential of the metal–ligand
complex, at a given ligand concentration, and was consid-
ered equivalent to the calibrated half-wave potential of the
metal–ligand complex, Dw

o�
o0

1=2;ML2þ
n

. The half-wave potential
was obtained from the CVs shown in Figure 4 using their
peak potentials, Dw

ofp, and the following equation from Bard
and Faulkner [Eq. (6)]:[20]

Dw
o�1=2;ML2þ

n
¼ Dw

o�p �
0:028

z
ð6Þ

In the final term in Equation (5), x is equivalent to the
square root of the ratio of diffusion coefficients between
each phase, x ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Do=Dw

p
.[12g,h] In the case of the aqueous j

DCE interface and for the purposes of simplification, the
diffusion coefficients for each phase were considered equiv-

alent and thus, x=1, and the final term in Equation (5) re-
duces to zero. In this way the change in potential versus the
change in ligand concentration can be graphed as a linear
relationship with the slope and y intercept providing the
stoi ACHTUNGTRENNUNGchiometry and complexation constant of the interfacial
complexation reaction. Figure 5 shows the linear graphs of
� zF

RT Dw
o�

o0

ML2þ
n
� Dw

o�
o0

M2þ

� �
versus ln(cL,initial), and Table 1 sum-

marizes the data obtained after linear regression analysis.
The R2 values shown in Table 1, 0.9615 and 0.9674 for
peaks 1 and 2 respectively, illustrate the good linear fitting
obtained. The stoichiometry for peaks 1 and 2 were deter-
mined to be 2 and 3, whilst the complexation constants were
4.5 � 1019 and 5.5 � 1025, respectively. The two electrochemi-
cally induced complexation reactions can be described for
peaks 1 and 2 using Equations (7) and (8), respectively:

Sr2þ
w þ 2 CMPOþ 2 H2O! ½SrðCMPOÞ2ðH2OÞ2�2þo ð7Þ

Sr2þ
w þ 3 CMPO! ½SrðCMPOÞ3�2þo ð8Þ

The presence of two stoichiometries agrees well with the
extraction data obtained by Makrlik et al.[7g,h] during their
recent work concerning Sr2+ from an aqueous solution to ni-
trobenzene; in these reports they described strontium com-
plexes such as [SrACHTUNGTRENNUNG(CMPO)2]

2+ , [SrACHTUNGTRENNUNG(CMPO)3]
2+ , and even

[SrACHTUNGTRENNUNG(CMPO)4]
2+ in the nitrobenzene phase. In their publica-

tion, Makrlik et al.[7g] used the radioisotope of strontium,
85Sr, determining the distribution ratios of the radioactive
species between the aqueous and nitrobenzene phases by
means of g emission and then portraying the result as a
function of ligand concentration in the organic phase. This

Figure 5. Plot of � zF
RT Dw

o�
o0

ML2þ
n
� Dw

o�
o0

M2þ

� �
versus ln(cL,initial) with data ob-

tained from the curves shown in Figure 4.

Table 1. Thermodynamic data obtained from the linear fitting generated
in Figure 4 for peaks 1 and 2, including the metal to ligand ratio (1:n),
the overall complexation constant (b). The success of the linear fitting
was described using the R2 value as shown.

n b R2

peak 1 2 4.5� 1019 0.9615
peak 2 3 5.5� 1025 0.9647
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report[7g] is evidence towards the stoichiometries observed;
however, it should be noted, in the present report no radio-
active species were used and this certainly points to a bene-
fit of this as a diagnostic technique, although radioactive iso-
topes can certainly be used should there be a need.

The appearance of two or more metal-to-ligand stoichi-ACHTUNGTRENNUNGometries has been observed previously using cyclic voltam-
metry at a liquid j liquid interace.[9b, 12b,f,i, 15b] The first time was
by Homolka et al.[12b] for transfer of FeII, FeIII, NiII, and ZnII

complexes with bipyridine and phenanthroline from water
to nitrobenzene; in that paper, however, the complexes
were introduced as a methanolic/aqueous mixture to the
aqueous phase, followed by ion transfer through the use of
an applied electric field. The next series of reports surround-
ed the cesium FIT using crown ethers as the ligand and were
studied by Kakiuchi et al.[9b, 12f] and Dassie et al.[12i] at w j
RTIL and w jDCE interfaces, respectively. Finally, the emer-
gence of multiple peaks within a CV, indicative of multiple
FIT stoichiometries, was demonstrated recently by our
group[15b] for dioxouranium and CMPO at w jDCE interfa-
ces. Thus, the appearance and analysis of multiple peaks are
in good agreement with previously published voltammetric
results.[9b, 12b,f,i, 15b]

Mass spectrometry : To further verify the presence of these
two Sr–CMPO complexes, the w jDCE solvent system was
studied by BESI-MS by means of in-situ mixing of Sr2+ in
water and CMPO in DCE, along with conventional ESI-MS
by means of a “shaking flask” mixing and direct injection.

Shown in Figure 6 A is the mass spectrum obtained by
using BESI-MS, with 15 mm CMPO in DCE and 100 mm Sr-ACHTUNGTRENNUNG(NO3)2 in the aqueous phase for which four main peaks
were obtained; doubly charged complexes were observed at
m/z= 451.3 and 654.9 and they were identified as [Sr-ACHTUNGTRENNUNG(CMPO)2]

2+ and [SrACHTUNGTRENNUNG(CMPO)3]
2+ , respectively. The isotope

distribution patterns of these two peaks are an excellent
match for the characteristic isotopes of strontium and other
elements in these two complexes towards the theoretically
calculated m/z= 451.25 and 654.90. Two other peaks were
observed and attributed to [CMPO+H]+ and
[NaICMPO2]

+ . The BESI-MS spectrum confirms the forma-
tion of the Sr2+–CMPO complexes observed by the above
electrochemical methods at the w jDCE interface.

Tandem MS, or MS/MS, was performed on these two
complexes to further explore the coordination strength. MS/
MS involves the linear combination of quadrupole mass ana-
lyzers; the mass spectrum is first scanned, the ion stream un-
dergoes collision with an inert gas, and finally the fragments
are analyzed with the second MS. According to tandem MS
spectra, [SrACHTUNGTRENNUNG(CMPO)3]

2+ easily lost one CMPO during colli-
sion-induced dissociation with very low collision energy,
while the other two CMPO complexes, including [Sr-ACHTUNGTRENNUNG(CMPO)2]

2+ , displayed much stronger binding force and
continued binding even with the introduction of a 2 � higher
collision energy than in the previous case of [SrACHTUNGTRENNUNG(CMPO)3]

2+ .
The “shake flask” experiment consisted of combining

100 mL of an aqueous solution of Sr ACHTUNGTRENNUNG(NO3)2 (2.1 mm) with a
solution of CMPO in DCE (100 mm) into a small vial and
shaking. The emulsified solution was then drawn up into a
250 mL syringe and injected into the ESI-MS. The complete
mass spectrum obtained is shown in Figure 6 B. Four major
mass peaks can be observed at m/z of 408.1, 430.0, 450.9,
and 654.6; these peaks have been identified as [CMPO+

H]+ , [NaI ACHTUNGTRENNUNG(CMPO)+ H]+ , [SrII ACHTUNGTRENNUNG(CMPO)2]
2+ , and [SrII-ACHTUNGTRENNUNG(CMPO)3]

2+ , respectively. The peak at 408.1 m/z is in very
good agreement with the CMPO peak observed in the
BESI-MS measurements, while the peak at 430.0 m/z is pro-
posed to be a sodium–CMPO complex. Sodium is often a
contaminant in metal salts with the manufacturer indicating
a 0.05 % Na content and this is in good agreement with the
result obtained for the BESI-MS experiment, in which a
similar Na–CMPO complex, [NaI ACHTUNGTRENNUNG(CMPO)2]

+ , was observed.
The observed peaks at m/z=450.9 and 654.6 were isolated,
as shown inset in Figure 6 B, along with their respective cal-
culated isotopic distribution profiles (shown above each
inset spectrum) for the proposed strontium–CMPO com-
plexes: [SrII ACHTUNGTRENNUNG(CMPO)2]

2+ , and [SrII ACHTUNGTRENNUNG(CMPO)3]
2+ . There is a

small difference (0.3) between the BESI-MS and ESI-MS
spectra and this is most likely the result of a variation in cal-
ibration.

The experimental and calculated mass peak profiles are in
excellent agreement and are characteristic of the stable
strontium isotopes 86Sr, 87Sr, and 88Sr which have an abun-
dance of 9.86, 7.00, and 82.58 %,[21] respectively. Since only
one strontium atom is found each complex, these isotopic
ratios result in two short peaks, preceding a large main

Figure 6. A) BESI-MS of interfacial reactions using 15 mm CMPO in
DCE and 100 mm Sr ACHTUNGTRENNUNG(NO3)2 in aqueous solution; B) ESI-MS obtained
from direct injection after “shake flask” experiment, that is by mixing
100 mL each of a 2.1 mm Sr ACHTUNGTRENNUNG(NO3)2 aqueous phase and 100 mm CMPO
DCE phase to form an emulsion. Close-ups of the [SrACHTUNGTRENNUNG(CMPO)2]

2+ and
[Sr ACHTUNGTRENNUNG(CMPO)3]

2+ peaks are shown inset in each spectrum with calculated
isotopic profiles shown in B).
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peak; these were faithfully reproduced in the calculated and
experimental profiles. The trailing peaks are common MS
features associated with hydrocarbon species.

Therefore, the BESI-MS/ESI-MS data are in good agree-
ment with each other and have confirmed the stoichiometry
of the Sr2+–CMPO complexes observed electrochemically at
the w jDCE interface.

Facilitated ion transfer (FIT) of Sr2+ using CMPO at the
micro w jRTIL interface : Next the FIT of strontium was in-
vestigated at the w jRTIL interface using our newly discov-
ered ionic liquid, trihexyltetradecylphosphonium tetrakis-ACHTUNGTRENNUNG(pentafluorophenyl)borate (P66614TB). Figure 3 B shows the
CV obtained by using Cell 2, in the absence of CMPO (y=

0), and constituted a “blank” CV; this is overlaid with a CV
taken using Cell 3 in which 2 mm of tetramethylammonium
nitrate (TMA ACHTUNGTRENNUNG(NO3)) were added to the aqueous phase.

The blank curve in Figure 3 B was initiated at 0.131 V, a
point at which the current was almost zero, and scanned in
the forward direction toward more positive potentials at a
scan rate of 0.020 V s�1. The potential was scanned to a
switching potential of 0.427 V, at which point the scan direc-
tion was reversed and scanned to the lower potential limit
of �0.270 V. The final scan segment was from the lower
limit, �0.270 V, back to the initial potential of 0.131 V. This
blank curve shows an increase in the current response
during the forward scan at 0.427 V and a decrease in the cur-
rent response at �0.270 V during the reverse scan; this is in-
dicative of supporting electrolyte ion transfer, specifically
Sr2+ from w!o and TB� from o!w for the former current
response and NO3

� from w!o and P66614 from o!w for the
latter. Aside from these two features the blank curve is
devoid of any peaks and this is an excellent indication of the
purity of the prepared ionic liquid. Noticeably, the potential
window spanned more than 0.8 V. It should be noted that
the polarized potential window (PPW) is limited predomi-
nantly by TB� at the positive end and NO3

� at the negative
end[19a] and since the estimated RTIL bulk concentration of
the potential-limiting TB� is 1.0 m, this is a good indication
considering the PPWs size.

The CV of Cell 3 in Figure 3 B used similar parameters as
those chosen for the blank; the initial potential was
�0.106 V with the upper and lower potential range set at
0.442 and �0.283 V. During the initial forward scan an
anodic wave with a peak at 0.321 V can be observed and
this is indicative of TMA+ transfer from w!o, while a
cathodic peak is shown with at current maximum 0.179 V
during the reverse scan; this is TMA+ transferring from the
ionic liquid phase back to the aqueous phase. This descrip-
tion concerning the transfer of TMA+ across the ITIES
formed at the tip of a micropipette agrees well with our pre-
vious results[15a] and with the results of Kakiuchi et al.[9a,16a]

The peak-to-peak separation between the forward and re-
verse peak-shaped waves was 0.142 V. This large peak sepa-
ration was observed previously at the w jRTIL micro-
ITIES[9c,15a,16a] and in homogeneous RTIL electrochemis-
try;[22] it has been explained as owing to either uncompen-

sated resistance or slow IT/electron-transfer kinetics. TMA+

IT was used to calibrate the potential scale at the w j
P66614TB ITIES by using the TATB assumption;[12a, 13a] with
Dw

RTIL�
TMAþ

o0 =0.293 V.[15a] The half-wave potential was deter-
mined by using Equation (6) and the peak potential of the
forward scan, that is, TMA+ transfer from w!o.

Figure 7 illustrates the CVs obtained using Cell 2 with y=

35, 50, 62, 85, and 111 mm for curves A, B, C, D, and E, re-
spectively. In Figure 7 A, the CV was initiated at �0.083 V

and scanned in the forward direction towards positive po-
tentials at a rate of 0.020 V s�1. A peak-shaped wave showed
a maximum current at 0.099 V and this is indicative of the
transfer through interfacial complexation (TIC) of Sr2+

from w!o with CMPO. The scan continued until 0.356 V at
which point the scan direction was reversed and headed to-
wards negative potentials until �0.190 V. During this scan
segment a peak-shaped wave was observed with a peak po-
tential at �0.080 V and this has been attributed to the trans-
fer of Sr2+ back across the ITIES through interfacial decom-
plexation of the Sr2+–CMPO complex. Interestingly, only
one pair of peaks was observed in contrast to two at the w j
DCE interface.

To verify that only one stoichiometry is present at the w j
RTIL interface, differential pulse voltammetry (DPV) was

Figure 7. Cyclic voltammograms obtained by using Cell 2 with similar in-
strument parameters as described for Figure 3B, in the presence of
CMPO with y =35, 50, 62, 85, and 111 mm for curves A–E, respectively.
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applied to Cell 2 with [CMPO] =111 mm using the following
parameters: step potential, pulse amplitude, pulse period,
pulse width, initial and final potentials equal to 0.010 V,
0.050 V, 0.5 s, 0.1 s, �0.090 and 0.400 V, respectively; a re-
verse scan was also obtained with initial and final potentials
of 0.400 and �0.090 V. The DPV obtained is shown in
Figure 8 with only one peak potential at 0.157 V during the

forward scan, thus indicating that only a single ion transfer
has taken place. It should be noted, however, that this peak
is broad and may be the result of two stoichiometries having
effectively merged; that is to say, the difference in the nomi-
nal, overall complexation constant between the complexes
with n=2 and n=3 may be small. Additionally, a CV was
taken using Cell 2 and [CMPO] = 111 mm but at a scan rate
of 0.001 V s�1 (data not shown). In this CV a single ion trans-
fer was observed with one peak on the forward scan, indica-
tive of TIC, and another on the reverse scan, typical of TID.
However, the peak-to-peak separation becomes very large
(>0.300 V), and this may be indicative of the system transi-
tion from one controlled by diffusion of the ligand in the
RTIL phase to one in which it is controlled by the consump-
tion of species at the interface, that is, a system that gener-
ates a steady-state current response. Both of these experi-
ments point to a scenario in which the kinetics of the inter-
facial reactions is slow although the Gibbs energy is favor-ACHTUNGTRENNUNGable. Moving forward, as the concentration of the ligand in-
creases, in Figure 7 the peak potential of the forward wave
shifts to less positive potentials; Dw

RTILfp equal to 0.088,
0.085, 0.065, and 0.050 V for curves B–E, respectively. Anal-
ogous to strontium FIT at the w jDCE interface, the series
of CVs obtained at the w jP66614TB interface were analyzed
by using Equation (5). Two critical points concerning the
analysis of the present case must be made initially.

First, the x term in Equation (5) cannot be neglected,
therefore the diffusion coefficient for the ionic liquid was es-
timated based on our recent publication,[15a] concerning dif-
fusion in RTILs using the ferrocene/ferrocenium redox

couple as a probe. In this previous work, ferrocene was oxi-
dized to ferrocenium and the diffusion coefficient was ob-
tained through two electrochemical techniques: cyclic vol-
tammetry, by altering the scan rate, and chronoamperometry
in conjunction with two curve fitting methods described by
Shoup and Szabo[23] and Aoki and Osteryoung;[24] ferrocene
is a relatively large organic molecule which we considered
analogous to CMPO and the Sr–CMPO complex. In this
way the diffusion coefficient for the RTIL phase was esti-
mated to be 3.5 � 10�8 cm2 s�1.[15a] The diffusion coefficient
for strontium in the aqueous phase was obtained from the
literature;[25] 1.2 � 10�5 cm2 s�1. Secondly, the formal free-
metal transfer potential of Sr2+ at the w jP66614TB ITIES
could not be measured, therefore, the formal transfer poten-
tial at the w jDCE interface[19b] was used to approximate its
value. It was noted that the formal transfer potential of
TMA+ at the w jP66614TB interface was shifted positively by
0.133 V relative to its transfer at the w jDCE interface,
therefore, considering this a general trend, it was incorporat-
ed such that: Dw

DCE�
o0

Sr2þ þ 0:133V � Dw
RTIL�

o0

Sr2þ � 1:033V.
This assumption was based on three factors. First, the

recent work by Samec et al.[9c] and Kakiuchi et al.[16a]

showed a correlation between the trends in formal transfer
potentials of ions at the w jDCE and w jRTIL interfaces;
each ion showed distinct transfer potentials, but the trends
in hydrophilicity between w jDCE and w jRTIL paralleled
each other. Secondly, our recent work[15b] surrounding
UO2

2+ FIT and IT, in conjunction with Sr2+ IT at the w j
DCE, point to the extreme hydrophilicity of these ions and
thus a large formal transfer potential is expected. Finally,
the size and position of the calibrated PPW suggests that
this value is a good approximation. Therefore, continuing
with the analysis, the plot of � zF

RT Dw
o�

o0

ML2þ
n
� Dw

o�
o0

M2þ

� �
versus ln(cL,initial) is shown in Figure 9 with a linear fit giving
a slope equal to 3 and a y intercept of 75; the linear plot
shows good correlation to the FIT theory with an R2 =

0.9777. It is interesting to note, looking at Equation (5), the
slope of the line is independent of the formal transfer coeffi-
cient and x, therefore, it is also independent of the assump-
tions made surrounding the diffusion coefficients and formal

Figure 8. DPV using Cell 2, in the presence of CMPO with y=111 mm,
with an initial and final potential of �0.090 and 0.400 V; step, pulse am-
plitude, pulse period, and pulse width of 0.010 V, 0.050 V, 0.5 s, and 0.1 s,
respectively. For the reverse scan the initial and final potentials have
simply been switched.

Figure 9. Plot of � zF
RT Dw

RTIL�
o0

ML2þ
n
� Dw

RTIL�
o0

M2þ

� �
versus ln(cL,initial) with

data obtained from the curves shown in Figure 7.
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transfer potential of the free strontium metal species. Using
these estimations, however, the accumulated complexation
constant was calculated to be 1.5 �1034.

Figure 10 A and B show proposed structures of [Sr-ACHTUNGTRENNUNG(CMPO)2ACHTUNGTRENNUNG(H2O)2]
2+ and [Sr ACHTUNGTRENNUNG(CMPO)3]

2+ , respectively, with
an octahedral geometry; solvent molecules in the case of

[SrACHTUNGTRENNUNG(CMPO)3]
2+ have been neglected for simplicity. In a

recent publication by Cole et al.,[26] they described the crys-
tal structures of several strontium complexes with a maxi-
mum coordination number to the strontium center of seven.
The octahedral geometry shown in Figure 10 B has a coordi-
nation number of six; while this geometry minimizes steric
hindrance, a trigonal bipyramidal geometry may also be pos-
sible with two CMPOs in a bidentate configuration and one
monodentate. In this case, the monodentate CMPO would
most likely coordinate through the oxygen of the phosphine
oxide.[7d,27] Junk and Steed[28] recrystallized the strontium ni-
trate salt from an aqueous solution of [18]crown-6 (18C6)
and obtained the complex [SrACHTUNGTRENNUNG(NO3)2ACHTUNGTRENNUNG(18C6)] with strontium

held within the ring of the crown ether, coordinated to the
six ring oxygen atoms, and the two nitrates located on oppo-
site sides of the ring plane with O,O’-bidendate coordina-
tion; therefore the total coordination number of their crystal
structure was ten.

The structure in Figure 10 A was proposed with the work
of Junk and Steed[28] in mind, as the CMPO molecules lie in
a plane around the strontium metal with two solvent water
molecules on opposite sides; thus, an octahedral geometry is
formed. While no water molecules were observed during
either the BESI-MS or ESI-MS experiment, it is possible
they are only weakly coordinated and easily removed during
the harsh ionization conditions. The total number of ligands
participating in the interfacial complexation reaction is in
agreement with the results shown by Makrlik et al.[7g,h] and
these previous structural reports[26,28] are also in evidence to-
wards two or three CMPO molecules participating in the in-
terfacial complexation.

Interestingly, the complexation constant at the w jRTIL
interface is nine magnitudes greater that that observed at
the w jDCE interface. This large equilibrium constant fur-
ther explains why [Sr ACHTUNGTRENNUNG(CMPO)3]

2+ can be formed at the in-
terface at which the reaction kinetics are very slow; thermo-
dynamics, in this case, is dominant. This is in agreement
with the large increase in distribution ratios observed using
RTILs versus molecular solvents in conventional solvent ex-
tractions.[7b,c,8]

Conclusion

The FIT of Sr2+ assisted by the CMPO ligand at the w j
DCE and w jRTIL interface was investigated for the first
time. At the w jDCE interface two metal:ligand stoichiome-
tries of 2 and 3 for the interfacial complexation reactions
were observed with accumulated equilibrium constants (b)
of 4.5 � 1019 and 5.5 � 1025, respectively. These stoichiometries
have been confirmed through the use of BESI-MS and ESI-
MS by means of a “shake flask” experiment; mass peaks ob-
served at 451.3 and 654.9 have an isotopic finger print that
suggests they belong to [SrACHTUNGTRENNUNG(CMPO)2]

2+ and [Sr ACHTUNGTRENNUNG(CMPO)3]
2+

complexes, respectively. Comparing these two MS experie-
ments, BESI-MS is valuable for short-lived chemical species;
however, the “shake flask” technique, while not experimen-
tally sophisticated, was able to obtain similar data and this is
most likely owing to the strength of the metal–ligand com-
plexes.

Only one stoichiometry was observed at the w jRTIL in-
terface, with n=3 and b= 1.5 �1034. Interestingly the com-
plexation constant is 273 million times greater than that ob-
served using molecular solvent, but it should be noted that,
because of the assumptions made concerning the diffusion
coefficients in the aqueous and RTIL phases, along with
Dw

RTIL�
Sr2þ

o0 , that this is an estimation. The high b value, how-
ever, may be an additional explanation as to why the report-
ed distribution constants for RTIL extractions are higher
than those of conventional organic solvents.

Figure 10. Proposed structures for A) [Sr ACHTUNGTRENNUNG(CMPO)2 ACHTUNGTRENNUNG(H2O)2]
2+ and B)

[Sr ACHTUNGTRENNUNG(CMPO)3]
2+ .
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The above studies will provide guidelines in reprocessing
spent nuclear fuels to obtain Sr to be used in radioimmunol-
ogy. As well it should be noted that, while a non-radiogenic,
stable form of strontium (88Sr) was used, this was only for
convenience of handling and is shown here as a model
system; these data are assumed to be transferrable to any
isotopic form of strontium.
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