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Mass spectrometry has predominately been used as a qualitative
tool in the analysis of complexes with quantitative studies being
difficult to validate. Here, we present a method where electrospray
mass spectrometry is used to give both a qualitative and quantitat-
ive measure of ion binding with cross validation by solution 'H
NMR, demonstrating it is possible to utilize gas-phase electrospray
mass spectrometry continuous variation data to deduce binding
stoichiometries in solutions where artifacts and nonspecific com-
plexes are also observed.

The development of artificial synthetic receptors has been
expanding greatly over the past decade'™ as supramolecular
principles are applied across an ever increasing range of mole-
cules, materials, and systems.”” Over the past two decades
analysis of such supramolecular complexes has become
increasing straightforward with the utilization of soft ioniza-
tion techniques, such as fast atom bombardment (FAB),
matrix-assisted laser desorption (MALDI) and electrospray ion-
isation (ESI-MS)* ™ and studies using NMR methods such as
the continuous method of variation (Job plot) and NMR titra-
tion experiments.”>° In 2002, Miyake et al. used fast atom
bombardment mass spectrometry (FAB-MS) to provide evi-
dence of inclusion complex formation between a cyclophane
and an aromatic guest by constructing a Job plot from the
absolute intensity of the observed complexation.>"** Also, Van
Dorsselaer in 1996 conducted dilution based ESI studies to
provide insight into thermodynamic equilibrium in solution.>?
Surprisingly though, no method utilizing electrospray mass
spectrometry (ESI-MS) has been developed to form Job plots.
Given that ESI-MS is a soft ionisation technique, we hypo-
thesized that it may be possible to probe the formation of
certain coordination complexes with little perturbation. The
nature of mass spectrometry is such that peaks from artifacts
and nonspecific complexes may be observed along with the
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thermodynamically preferred species and so a clear indication
of the preferred stoichiometry of the complex is unattainable
from peak observation alone. With this method the true stoi-
chiometry can be found. To explore this, we set out to develop
an experiment protocol that utilizes the method of continuous
variation to evaluate the binding stoichiometries of three
receptor-ion pairings and compare both NMR and ESI-MS
methods to illustrate that ESI-MS can be used as a tool in the
quantitative and qualitative analysis of certain labile coordi-
nation complexes. This method also allowed the study of the
stoichiometry of paramagnetic complexes which, due to the
broadening and overlapping of peaks, has proven difficult
using conventional NMR techniques. It has also allowed low
concentration studies removing some of the issues that could
arise when carrying out quantitative studies at higher concen-
trations. The soft nature of the ionization may also allow the
observation of weak interactions that may not be seen with
more harsh conditions.

The first receptor that was examined was the receptor cis,
cis-1,3,5-tris-acetylamino-cyclohexane 1 which was synthesised
from a ligand that has been extensively studied, cis,cis-1,3,5-
triaminocyclohexane (cis-tach),>*">° and acetic anhydride (see
Scheme 1). As the aim of the research was to evaluate the use
of ESI-MS as a quantitative analytical tool, the ligand was
designed to be simple and also to be able to bind spherical
anions such as chloride, bromide and iodide.
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Scheme 1 A simple tripodal cis-tach anion receptor 1 synthesised from
cis-tach and acetic anhydride refluxed with triethylamine in methanol
for 24 hours.
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Fig. 1 (A) MS (CH3OH) Job plot of 1 + Cl™ showing a 1:1 (1: CL7) stoichiometry; (B) *H NMR (dg-DMSO) Job plot of 1 + Cl™ showinga 1:1 (1: Cl7)
stoichiometry; (C) MS (CHsOH) Job plot of 1 + Br~ showing a 1:1 (1:Br") stoichiometry; (D) *H NMR (dg-DMSO) Job plot of 1 + Br~ showing a

1:1(1:Br") stoichiometry.

In order to obtain the stoichiometries of the 1-anion com-
plexes, an ESI-MS method was developed analogous to the
method of continuous variation (or Job plots)*” used with
NMR where standard solutions (0.02 M) of 1 and the salt (KCl/
KBr/KI) were made up in methanol and varying ratios of each
solution were taken and mixed together (with the overall con-
centration remaining the same) e.g. 1 mL of 1 solution mixed
with 9 mL of the salt solution, 2 mL of 1 solution mixed with
2 mL of the salt solution, 3 mL of 1 solution mixed with 7 mL
of the salt solution up to 9 mL of 1 solution mixed with 1 mL
of the salt solution. ESI-MS at 30 °C of the reaction mixtures
was then carried out (where the acquisition parameters were
kept the same for each experiment) and the intensity of the
corresponding peak recorded. The recorded change in inten-
sity multiplied by the mole fraction (where mole fraction is
[Host]/[Host] + [Guest]) was then plotted against mole fraction
to give a maximum value at 0.5 mole fraction and therefore a
stoichiometry of 1:1 (1:A) for each guest e.g. the Job plot of 1
with KCI in methanol was achieved by plotting the recorded
change in intensity of the [C¢H;,N3(C,H30)5Cl]™ (290.1 m/z)
peak (see Fig. 2) multiplied by mole fraction ([Host]/[Host] +
[Guest])*” against mole fraction to give a maximum at 0.5,
indicative of a 1:1 stoichiometry (see Fig. 1, part A). It should
be noted here that a small abundance of higher order stoichio-
metries were also present in the spectrum but applying the
same method to these species did not give a continued vari-
ation and so we can postulate that this method will only work
on the species with the correct thermodynamically preferred
stoichiometry. This method was also applied to 1 in the pres-
ence of KBr (see Fig. 1 parts C and D) and KI to produce
ESI-MS Job plots both with maxima at 0.5 (see ESIf for experi-
mental details and MS parameters).
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By using conventional "H NMR methods, the complexation
of the receptor 1 to the three different anions C17, Br~ and I"
was also studied and compared. The experimental set up was
as before, with the mass spectrometry experiment where stan-
dard solutions (0.02 M) of 1 and the salt (KCI/KBr/KI) were
made up in de-DMSO. Varying ratios of each solution were
then taken and mixed together (with the overall concen-
tration remaining the same). 'H NMR experiments were
carried out for each of the mixtures and the receptor where a
plot of AS (where AS = the shift of the receptor — (shift of the
receptor + guest)) multiplied by the mole fraction was then
plotted against mole fraction. It was observed that the NH
chemical shifts of the receptor shifted upfield in the presence
of the anionic guest, indicating that complexation had
occurred (see Fig. 3). A Job plot was then produced for each
anion with the maximum at 0.5 for each, corresponding to a
stoichiometry of 1:1 (see Fig. 1 parts B and D, Fig. 3 and
the ESIT).
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Fig. 2 Mass spectrum at 30 °C of the receptor 1 in the presence of KCl
giving the species [C¢H12N3(C2H30)3Cl™ (290.1 m/z).
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Fig. 3 H NMR (dg-DMSO) showing the shift of the amide NH when
hydrogen bonding to chloride occurs; ratio is receptor to anion.
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Fig. 4 Reaction scheme and Job plot of [Co(C1oHgN;)>(NO3)~ 2 in the
presence of Co(NOsz),:6H,O in methanol at 30 °C showing a 2:1
receptor : metal stoichiometry.

Job plot studies of 12-crown-4 with Na' and Li" were then
carried out using ESI-MS and 'H NMR to demonstrate the
observation of more complex stoichiometries. Both ESI-MS
and "H NMR job plots showed a 1:1 (12-crown-4 : cation) stoi-
chiometry when Li" was coordinated to the crown ether and a
stoichiometry of 2:1 (12-crown-4:Na) was found with both
methods when Na* was coordinated (see ESI{ for the Job plots
of 12-crown-4 with Na" and Li").

The method developed for the mass spectrometry experi-
ments was then applied to a complex whose stoichiometry
could not be obtained using 'H NMR methods due to its
paramagnetic behavior. A Job plot of the complex [Co-
(C10HN,),(NOZ)|"*® 2 (433.1 m/z) (see Fig. 4), which was
formed when 2,2"-bipyridine was reacted in the presence of Co-
(NO3),-6H,0 in methanol, was produced where the maximum
of the normalized intensity was at 0.67 mole fraction therefore
showing a 2 : 1 receptor to metal stoichiometry (see Fig. 4).

Conclusions

In conclusion, this research has shown that mass spec-
trometry, in the case of the above coordination complexes, can
be used as both a qualitative and quantitative analytical tool.
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It can be used to demonstrate binding stoichiometries not
only through observation of a species, but also through a con-
tinuous variation method. Often, with the conventional 'H
NMR method, confirmation of complex formation can be pro-
blematic with broadening and overlapping of peaks, and so
the use of ESI-MS to analyse the data removes some of the
ambiguity that comes with using NMR methods.
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