VOL. 20 NO. 4 (2008)

Mass spectrometric analysis
of supramolecular host-guest

complexes

Elina Kalenius and Pirjo Vainiotalo
Department of Chemistry, University of Joensuu, PO Box 111, 80100 Joensuu, Finland.

E-mail: elina.kalenius@joensuu.fi

During the last few decades, solution
and solid state techniques have been
utilised to obtain information about the
properties of supramolecular host-guest
complexes. Mass spectrometric analysis
of these fragile non-covalent complexes
has been focused on the determination
of the molecular mass of the interacting
molecules and the analysis has concen-
trated on the characterisation of cova-
lent compounds. Since the invention of
the soft ionisation techniques [namely
ESI (electospray ionisation) and MALDI
(matrix-assisted laser desorption/ionisa-
tion)] and their development for mass
spectrometry (MS) instruments, the area
and way that MS analysis is used have
greatly changed and expanded. In partic
ular, ESI' has attained a steady position
for the analysis of biomolecules, their
non-covalent complexes and other rather
fragile systems, which were earlier impos-
sible to study by mass spectrometric
methods.?® Today, MS can be employed
not only for molecular weight identifi-
cation purposes but also for sophisti-
cated analyses on versatile properties
of compounds.” In the area of supramo-
lecular chemistry, MS studies are becom-
ing more and more general, although MS
utilisation is still quite limited.

The main advantages of ESI-MS in
the case of supramolecular complexes
are its softness, sensitivity, specificity,
speed and versatility. Fragile supra-
molecular complexes can undergo
versatile analysis with low time and
material consumption. Soft ionisa-
tion techniques allow even remark-
ably weak non-covalent complexes to
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be transferred to the gas phase from a
variety of solvents as intact complexes
with minimal sample consumption,
and as a consequence their intrinsic
properties can be studied without the
interference of solvent. Properties such
as stoichiometry of the self-assembly,
relative binding affinities,” the stability
of the complexes and their gas-phase
properties can be revealed.® In fact,
mass spectrometry can be used as a
complete gas-phase “laboratory” cover-
ing the most important properties of
non-covalent complexes in the absence
of solvation interactions. Consequently,
this also enables one to determine the
importance of solvation interactions
present in the solution. Moreover, MS
analysis provides information about the
gas-phase properties of the complexes,
which is rather difficult or even impos-
sible to obtain by other methods, in
particular, for applications, in which
supramolecular complexes are utilised
in a gas-phase environment, this infor-
mation is clearly vital.”

In this article we wish to highlight a few
possibilities to exploit mass spectrometric
analysis in supramolecular chemistry. We
will give examples on competition exper-
iments, dissociative experiments and
ion—molecule reactions. Example spectra
given here have been obtained by using
a very sophisticated ESI-MS instrument,
namely ESI-FTICR MS (Fourier transform
ion cyclotron resonance mass spectrom-
eter).® However, it must be emphasised
that applications of these selected exper-
iments also exist for other instrumental
setups.

It has been stated that mass spectra
reflect the situation in the solution state.’
Consequently, measurement of a single
mass spectrum can, at best, reflect the
affinities of the interacting counterparts
and the thermodynamic equilibrium of
the non-covalent complex formation.
In Figure 1, ethanol complexation for
the case of two different phosphonate
cavitands is compared.'®

There is a clear difference in the
appearance of the spectra measured
from solutions containing either mono-
phosphonated cavitand 1 (Figure 1a)
or diphosphonated cavitand 2 (Figure
1b). Both cavitands form a non-cova-
lent complex [M+EtOH+H]* in acidic
acetonitrile solution containing ethanol.
However, the ethanol complex formed
with cavitand 2 clearly has a higher rela-
tive abundance as compared to cavitand
1. As shown in the competition experi-
ment (Figure 1¢), in which two cavitands
are present in the same solution, the
more abundant formation of the complex
[2+EtOH+H]" is even more distinct. As
mentioned, a simple spectrum can reflect
the affinities of the interacting species in
solution and experiments performed in
a competitive environment can produce
information about the affinities of the
host compounds towards the selected
guests. However, it must be emphasised
that careful attention must be paid to
the experimental arrangement and the
conclusions deduced from the resulting
spectra. There are several factors related
mainly to the electrospray process which
need to be taken into account. For reli-
able results, the competitive guests or

SPECTROSCOPYEUROPE 13



VOL. 20 NO. 4 (2008)

a)

b)
1 [MeH] 2 4
2 [M#Nal' 4
3 [MK[
4 [M+EtOH+H]’
5 [M+NH,] 3
; 1
cavitand 1 3
l , " ) A R
1300 1400 m/z 1400 1500 m/z
c)

100 [2+EtOH+H]

80 [2+EtOH+H]

60

]
40
[1+EtOH+H]’

[+EtOH+H]"

w

1290 1340 1390

rn'.'z

Figure 1. (a) Profile spectrum: cavitand 1 (2uM) in TFA/EtOH/ACN (0.5/10/100), (b) profile spectrum: cavitand 2 (2pM) in TFA/EtOH/ACN
(0.5/10/100), and (c) right: competition spectra of cavitands 1 and 2 2uM, 1:1in TFA/EtOH/ACN), left: averaged relative abundances of the

competing complexes.”®

hosts should be chemically and physi-
cally very similar and a set of analytes
should be selected, where a particular
property of the analytes can be strictly
controlled. Differences in solvation,
surface-activities, proton affinities, mass,
unspecific complexation etc., can cause
dramatic variation in the response of
the complexes in electrospray ionisation
and thereby results might be mislead-
ing.®"" Moreover, compounds, such as
additives and impurities present in solu-
tion, can alter the intensities of peaks as
a consequence of a suppression effect
or chemical interaction with analytes. In
addition, it must be remembered that
a mass spectrum never represents the
universal truth about the characteristics
of the sample solution—it only reflects
characteristics of the ions present in the
solution. However, as long as the experi-
mental arrangement has been selected
with great care, the competition experi-
ments can reveal interesting information
about the complex formation.

Today, there are several dissocia-
tive techniques available, which can
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be employed to study non-covalent
supramolecular complexes: collision
induced dissociation (CID), sustained
off-resonance collision induced dissoci-
ation (SORI-CID), infrared multiphoton
dissociation (IRMPD), electron capture
dissociation (ECD) and electron transfer
dissociation (ETD)." The choice of which
technique depends mainly on the avail-
able instrumentation and on the infor-
mation sought. All these techniques are
able to give structural information on the
interacting molecules, e.g. information
about the sub-structures the host or the
guest molecule consists of. Additionally
dissociative techniques can produce
information on the relative kinetic stabili-
ties of the complexes or possibly infor-
mation on the site where the interaction
takes place. Here we wish to highlight the
information attainable by using CID, the
most generally used dissociation tech-
nique. The CID experiment consists of
four stages: 1, the ion of interest (prede-
termined m/z value) is selected and
isolated from the profile spectrum; 2,
the kinetic energy of the ion is increased

by excitation; 3, the excited ion collides
with inert background gas (i.e. Ar) and
as a consequence a fraction of kinetic
energy is transformed to internal energy,
which induces the dissociation of the
ion; 4, detection of the fragment ions.
Depending on the instrumentation avail-
able, the kinetic energy increase can be
controlled, which allows us to follow the
dissociation of the ion as a function of
energy. The dissociations of glucose and
cellobiose complexes of tetraethyl resor-
cinarene are compared in Figure 2.
The resorcinarene forms easily depro-
tonated [M+ saccharide —H]~ ions with a
variety of mono- and oligosaccharides.
In the CID experiment, the increase in
internal energy causes the dissociation of
the non-covalent complex and the peak
corresponding to [M—H]~ appears in the
spectrum (Figure 2a). As the energy is
further increased the covalent bonds
dissociate and also the fragment ions
originating from the dissociation of the
resorcinarene emerge. The dissociation of
the complexes can be followed as a func
tion of energy. The comparison between
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Figure 2. (a) CID of [R+Glu—H]~ complex, and (b) comparison between the dissociation curves for [R+Glu—H]~ and [R+Glc2—H]~ complexes.”

the decay of the peaks corresponding to
the glucose and cellobiose complexes
in an energy-resolved CID experiment is
presented in Figure 2b. The dissociation
curves reveal a clear stability difference
between these two complexes. In that
case, the stability difference originated
from the number of hydrogen bonds
formed in each complex, which was
rationalised by using theoretical calcula-
tions. According to calculations the inter-
action energies (AE) for glucose and
cellobiose complexes were 120kJ mol™
and 158 kImol™!, respectively. The differ-
ence between the interaction energies
corresponds to the formation of one
hydrogen bond more in the cellobiose
complex as compared to the complex
formed with glucose (Figure 2b).
lon—molecule reactions have so far
been only limitedly applied for studies
of supramolecular complexes, although
this type of experiment can produce
significant and unique information about
the reactivity, stability and conforma-
tions of supramolecular complexes in
the gas phase.”* The ion—molecule reac
tions performed for supramolecular
complexes can be divided into two cate-
gories: ligand-exchange reactions (guest-
exchange) and H/D-exchange reactions.
In ligand-exchange reactions an isolated
complex ion reacts with a neutral reagent
in the gas-phase and the ionic reaction
products can be observed in the resulting
spectrum. The stages of the experiment
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are: 1, isolation of the ion of interest; 2,
its reaction with the neutral regent intro-
duced to the reaction chamber (e.g. ICR
cell or quadrupole); 3, the detection of
the product ions. lon—molecule reactions
have been commonly performed using
FT-ICR instruments, which allow the
completion of long-time scale reactions.
However, recently ion—molecule reac
tions have been increasingly performed
by using other analysers, especially quad-
rupole ion traps (QIT), although in these
instruments only relatively fast reactions
can be studied.” Depending on instru-
mentation the reactions can be followed
as a function of time or as a function of
the pressure of the neutral reagent. The
selection of potential reagents is limited
mainly by their volatility and reactivity.
Ligand-exchange reactions can
produce information not only about
the reactivity of the complexes, but also
about the interactions involved, rela-
tive stability of the complexes and the
steric factors related to complexation.
Gas-phase H/D-exchange reactions are
ion—molecule reactions performed using
volatile deuterated reagents (commonly
ND;, MeOD, D,0). As compared to
H/D-exchange performed in solution,
gas-phase H/D-exchange is more selec
tive in reaction of labile hydrogens. It is
expected that the H/D-exchange rate for
hydrogen bonded or a shielded hydro-
gen is decreased or the reaction is even
inhibited.'®"” Therefore, H/D-exchange in

the gas-phase can be applied to study
intra- or inter-molecular interactions of
the labile hydrogens.

Figure 3 presents two examples from
ion—molecule reactions of cavitand
complexes with alkylammonium ions."” In
Figure 3a the ethylammonium complex
of the monophosphonated cavitand
reacts with neutral propylamine. In this
reaction, a proton transfer occurs and as
a product propylammonium complex
of the cavitand is observed. Reactions
were followed for 3005s. According to
the acquired data, the reaction curves
were drawn and the reaction rates were
calculated. The cavitand complexes
were also studied by using gas-phase
H/D-exchange reactions (Figure 3b).
Depending on the complex, all labile
hydrogens were exchanged or the reac
tion did not occur.

In both reaction types there were clear
differences in reactions between different
cavitand complexes. The ion—molecule
reactions revealed that stabile, non-
dynamic hydrogen bonding occurs only
if the number of the available H-bonding
donor sites equals the number of the
acceptor sites. It was also discovered that
the cavitands are able to utilise only two
adjacent phosphonate groups simulta-
neously for interaction with alkyl ammo-
nium ions. When this is not the case, the
interaction resembles either a pendulum
or a gyroscope, both compatible with the
gas-phase ion—molecule reaction. The
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Figure 3. a) Ligand-exchange reaction with propylamine and b) H/D-exchange reaction with ND."

comparison gave vital information about
the gas-phase reactivity and behaviour of
these receptor systems, which are used in
sensors operating on gas—solid interface.
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Until now, gathering remote analysis data meant getting ‘the answer’
from the lab later - or, living with an ‘opinion’ from less sensitive on-line,
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