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Abstract
With the passing of Prof. Robert C. Dunbar on 31 October 2017, the field of ion chemistry lost one of its modern heroes.
Throughout his career in mass spectrometry, two of his main research interests involved the interaction of trapped ions with
electromagnetic radiation and the chelation motifs of metal ions with organic ligands. The focus of his early career was on the
fundamental processes that take place in molecules upon ultraviolet and infrared excitation. From 2003 to 2017, his scientific
interests shifted to more structural questions, notably to resolving the structures and binding motifs of metal ion chelation
complexes by application of infrared photodissociation spectroscopy. These experiments were carried out during numerous visits
to the (Free Electron Laser for Infrared eXperiments) (FELIX) facility in the Netherlands and were complemented by extensive
theoretical investigations by Rob. As a tribute to our friend, we present in this contribution a brief review of this work.
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Introduction
Robert Copeland Dunbar—Rob, as he was known to
friends and colleagues—graduated from Harvard
University in 1965 with a B.A. degree in Chemistry. He
chose to do his graduate studies at Stanford University,
under the direction of Professor John D. Baldeschwieler,
and earned a Ph.D. in Chemical Physics in 1970. It was
during his later years at Stanford that Rob’s fascination
with the interaction of electromagnetic radiation and
charged particles began. His work in this area continued
throughout the remainder of his career at Case Western
Reserve University (CWRU), where he joined the faculty
in 1970 and progressed through the ranks, retiring as a
Professor Emeritus in 2012.
We will present a selective review of Rob’s research,
concentrating on infrared multiple photon dissociation
(IRMPD) of gaseous ions using (primarily) tunable
infrared lasers. After an overview of his work related
to this ﬁeld from 1970 to about 2000, we will focus on
the experiments he carried out during the past two decades using the Free Electron Laser for Infrared
eXperiments (FELIX) in The Netherlands.

Early studies involving ions and light
During his ﬁnal months at Stanford, Rob used an ion
cyclotron resonance (ICR) mass spectrometer modiﬁed

to permit trapping of gaseous ions to study the photodissociation of methyl chloride (CH3Clþ) and nitrous
oxide (N2Oþ) cations.1 He obtained photodissociation
cross sections for these two ions in the UV-visible wavelength region, ﬁnding a large peak for CH3Clþ at
3150 Å. He suggested that photodissociation of this
ion resulted from ion excitation that involved a
change in the occupation of bonding or antibonding
orbitals of the C–Cl bond.
Given the absence or extremely high cost of tunable
lasers in the early 1970s, especially those operating in
the infrared wavelength range, Rob’s initial studies at
Stanford involved only UV-visible radiation produced
by a xenon arc lamp coupled to a monochromator or
narrow bandpass interference ﬁlters. But even in those
days he had visions of much more sophisticated experiments in the future (see Figure 1).
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Figure 1. Rob in the High Sierras in 1968. Photo courtesy of Alan G. Marshall.

Rob rapidly expanded his work with photoinduced
processes as he began his professorial career at CWRU.
He published the ﬁrst of what would be many studies of
the photodissociation of metal-containing ions,2 analyzing the photodisappearance spectra of 10 transition
metal carbonyl anions. He argued that the optical transition giving rise to the dissociation arose from a charge
transfer process which promoted a metal 3D-electron
into a higher energy ligand orbital. Photodissociation
spectra were obtained for a group of mono- and disubstituted benzene compounds.3 As in his initial studies at
Stanford, an arc lamp—monochromator/interference
ﬁlter irradiation source—was used to provide wavelengths between 0.2 and 0.8 mm. After acquiring a tunable dye laser, much higher resolution spectra were
obtained in the visible and near-UV region for the cations of halogen-substituted toluene and 1,3,5-hexatriene.4,5 Rob’s interest in obtaining the vibrational
spectra of ions was undoubtedly reinforced by the
observation of two vibrational progressions in the hexatriene cation photodissociation spectrum, at 350
and 1200 cm1, attributed to framework bending and
stretching motions. In bromobenzeneþ two photondissociation experiments, Rob was able to exploit the
long trapping times in the ICR mass spectrometer to
study collisional relaxation which took place between
absorption of the ﬁrst and second photon,6 ﬁnding that
the rates were slower than what would be expected
from predictions of the orbiting collision model.
Rob’s initial studies of infrared laser-induced photodissociation involved carbon dioxide (CO2) lasers, tunable over only a limited wavelength range around
10.6 mm. In work coupling a CO2 laser and his dye
laser for irradiation of the iodobenzene cation, his
group found that a balance was rapidly established
between IR excitation and relaxation, allowing the
ion to remain in a reasonably narrow internal energy

range, from which single-photon photodissociation
produced by the visible laser could proceed.7 Rob
used this two-laser approach to obtain radiative relaxation lifetimes of iodo- and bromobenzene cations8
and for limited vibrational spectroscopy (over the
9.7–10.7 mm tunability range of the CO2 laser) of the
two halobenzene cations and m-iodotoluene.9 With an
approach similar to that employed earlier6 with bromobenzene he was able to determine the rates of both
collisional and infrared ﬂuorescence relaxation of the
one-photon excited ions,10 ﬁnding that the IR ﬂuorescence proceeded with a characteristic relaxation time of
about 0.5 s.
In the 1990s, Rob and his group continued their
studies of IRMPD processes11 and radiative relaxation,12 and also began work on radiative association
(RA) reactions13 of interest in interstellar modeling (Siþ
with the polycyclic aromatic hydrocarbons benzene,
naphthalene, and anthracene) and involving transition
metal ions (Feþ, Crþ, and Mnþ). Given the rapid
advances in theoretical chemistry in the late 1980s
and early 1990s, Rob combined calculations using
both density functional theory (DFT) and ab initio
methods (Hartree-Fock and second-order MøllerPlesset perturbation theory) with experimental results
to obtain absolute IR absorption intensities14 and metal
ion-neutral-binding energies.15. His group’s concentration on metal ions bonding with neutral molecules continued throughout the 1990s: reactions of Auþ and
Au16 and alkaline earth halide ions17 with aromatic
neutrals were studied and binding energies obtained
from RA kinetics. Rob’s interest in the bonding of
ions to heteroatoms versus the p cloud of aromatic
rings, explored in much greater detail at the FELIX
facility, is seen in work which again used RA kinetics
to determine the binding energies of a number of
metal cations with phenol and indole.18 And ﬁnally,

Oomens et al.
not directly related to his later work at FELIX, Rob
also was involved in studies of a diﬀerent IR source
used for photodissociation—blackbody infrared radiative dissociation of ruthenium complex ions,19 where no
laser was involved in the dissociation process.
Robert Dunbar was one of the early participants in
the gas-phase infrared ion spectroscopy experiments
using the FELIX laser. The wide tuning range and
high spectral intensity of a free electron laser allowed
‘‘action’’ infrared spectra on many complexes to be recorded for the ﬁrst time. Rob led many of the fundamental studies on ion structures involving metal ions. These
complexes pose a signiﬁcant challenge for computational
approaches. On one hand, the metal–ligand interactions
are poorly represented by molecular dynamics and semiempirical approaches, and thus brute-force computational approaches do not work to generate candidate
structures. On the other hand, quantum-chemical calculations are too expensive to allow a complete sampling of
the conformational space. It is a testament to Rob’s
great chemical intuition that he was able to generate
computational structures with theoretical spectra that
matched the experiment and thus facilitated a comprehension of the results.

Experimental aspects
The recording of IR spectra of gaseous, mass-selected
ions in an ion-trapping device can be accomplished by
the application of tunable-laser based photodissociation spectroscopy. Already in the 1980s and 1990s,
this method had been demonstrated with the use of
line-tunable CO2 lasers,20 although their narrow
tuning range limited the usefulness of the technique in
ion chemistry. With the advent of free electron lasers
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widely tunable in the IR, new opportunities in ion spectroscopy arose at the turn of the millennium.
At the FELIX, laboratory at the time located at the
FOM Institute Rijnhuizen near Utrecht in the
Netherlands, a Fourier Transform ICR mass spectrometer was installed in a collaboration with the University of
Florida and the National High Magnetic Field
Laboratory in Tallahassee, FL.21 This instrument was
based on a 4.7 T superconducting magnet and was
equipped with an optically accessible ICR cell. In the original design, a ﬁlament located just outside the ICR cell
served as an electron ionization ion source, enabling the
study of mainly organic compounds having a reasonable
vapor pressure that could be admitted to the ICR vacuum
through a leak valve.
But Dunbar was interested in metal ion–ligand complexes and their spectroscopic investigation. He therefore suggested implementation of a relatively simple
laser ablation source, as depicted in Figure 2. The fundamental (1064 nm) beam of an Nd:YAG laser was directed over the axis of the instrument to strike a solid
metal target, liberating metal ions that drifted into the
ICR cell guided only by the magnetic ﬁeld. Vapor phase
organic molecules leaked into the mass spectrometer
through the leak valve formed complexes with the
metal ions trapped in the ICR cell. Mass isolation of
the precursor metal–ligand complex was accomplished
using a Stored Waveform Inverse Fourier Transform
(SWIFT).22 waveform supplied to the excite plates of
the ICR cell. The mass-selected ion cloud was then
irradiated with multiple pulses from FELIX, and this
procedure was repeated at a series of IR wavelengths.
The degree of wavelength-dependent IR-induced dissociation of the complex, resulting most commonly in
the detachment of the neutral ligand from the metal

Figure 2. Artist’s impression of the experimental set up used to conduct IR spectroscopic investigations on gaseous metal ion complexes
generated by laser vaporization of a metal target and mass-selected in an FTICR MS. In reality, the free electron laser installation is much
larger than the FTICR–MS and is located in an underground, radiation-shielded bunker.
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ion, was then monitored, and the dissociation yield was
plotted as function of the IR wavelength. This resulted
in a surrogate IR spectrum that was further analyzed
using predicted spectra for several possible geometrical
structures for the precursor ion, obtained via density
functional theory calculations.
Later experiments made use of an electrospray ionization (ESI) source to produce metal ion-ligand complexes from a solution of the organic ligand and the
metal salt—typically at 1 mM concentrations—in
water/methanol-solvent mixtures. In this experimental
setup, which has been described in detail elsewhere,23 a
Waters Z-spray ESI source was connected to the original FTICR instrument, and ions were guided from
the ESI to the ICR via a linear hexapole accumulation
trap, a quadrupole deﬂector, and an radiofrequency
octopole ion guide.

Results and discussion
Early studies on transition metal ions complexed
with small organics
Dunbar’s very ﬁrst study involving FEL-based IRMPD
spectroscopy was concerned with the question of
whether a Crþ ion coordinates to an aniline molecule
via the lone-pair orbital (n) on the nitrogen or via the
p-orbitals of the aromatic ring.24 This question, though
perhaps apparently simple, was particularly well chosen
since neither CID MS/MS experiments nor DFT calculations of the binding energies were able to distinguish
between the two coordination motifs; it was an excellent
challenge to test the capabilities of the recently developed method of FEL-based IRMPD spectroscopy.
Figure 3 shows the IRMPD spectrum recorded for
the Crþ-aniline complex compared with DFT computed spectra for the nitrogen-coordinated complex
and for the ring-coordinated complex. Although their
computed energies are identical to within a few kJ/
mol—the accuracy for these type of calculations as
derived from typical energy variations depending on
the choice of functional and basis set—the predicted
IR spectra display obvious diﬀerences. The strong
band near 1070 cm1 in the n-bound structure is due
to the frustrated inversion mode of the NH2 moiety,
which is clearly absent in the p-bound structure.
On the other hand, a signiﬁcant band is predicted
just above 1300 cm1 for the p-bound complex
(CN stretch), which is absent at that position in the
n-bound structure. Based on these and other diagnostic
spectral diﬀerences, the experimental spectrum was
assigned as being due to a p-bound complex, showcasing above all for one of the ﬁrst times the structurally
predictive powers of IR ion spectroscopy.
The atomic Cr(I) ion has a 3d5 electronic conﬁguration with a sextet (6S) electronic ground state.
Coordination of one or more ligands may, however,
induce spin promotion, so that the coordination complexes may possess a low-spin (quartet or doublet)

Figure 3. IRMPD spectrum of the Crþ-aniline complex compared
to computed IR vibrational mode frequencies for a complex having
a p-bound geometry and one having an n-bound geometry.
(Adapted with permission from Oomens et al.24 Copyright 2004
American Chemical Society).

ground state. Experiments on mono- and bis-complexes
of Crþ with a series of nitrogen, oxygen, and p-coordinating ligands were conducted to address not only the
binding geometry of the complexes, but also their electronic states.25 It was found that ligand ﬁeld-induced
spin promotion changes the IR spectrum suﬃciently for
the spin state to be determined. For instance, the IR
spectra clearly conﬁrmed that p-binding ligands such as
aniline and anisole generate sextet mono-complexes
(CrþL), whereas their bis-complexes (CrþL2) adopt a
low-spin electronic conﬁguration.
These exotic and reactive species were generated by
laser ablation and ion-molecule reactions inside the
vacuum chamber. The IR ‘‘action’’ spectra allowed
for a veriﬁcation of the binding patterns as well as
the metal cation spin states. The majority of Rob’s
studies focused on complexes generated by ESI, which
is a much softer means of ionization that generally
leads to metal oxidation states that are energetically
more favorable.

Periodic trends in the metal ion chelation
by amino acids
With the introduction of ESI ion sources on ion spectroscopy-enabled MS platforms, the study of metal ion
chelation by biochemically interesting ligands became
within reach. Spectroscopically investigated periodic
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trends in the alkali metal ion binding to amino acids
became a topic of signiﬁcant interest,26–40 initiated by
one of the ﬁrst studies of this type by Rob Dunbar
involving the spectroscopic characterization of the chelation preferences of tryptophan (Trp) around the
alkali metal ion series from Liþ to Csþ.40
From an electrostatic point of view, it is clear that a
ligand will try to maximize interactions with the metal
cation through its electron-rich groups to avoid energetically unfavorable exposure of the charge to the
vacuum. In amino-acid-based biomolecules, the binding anchors include p-electron clouds as well as Lewis
basic N- or O-atoms. A nominal association of the neutral ligand with the metal cation is referred to as a
charge solvation (CS) complex. Diﬀerent CS complex
structures are often feasible and strength and number
(denticity) of coordinating interactions along with steric
eﬀects determine their relative stabilities. An alternative
chelation motif involves one where the ligand rearranges by an intramolecular proton transfer to adopt
a zwitterionic structure, which forms a contact ion pair
with the metal ion; this motif is commonly referred to
as a salt-bridge (SB) structure. These diﬀerent chelation
motifs are summarized in Figure 4.
Although various ion chemistry methods41–45 had
been deployed to determine chelation structures and
especially to distinguish between CS and SB motifs,
IRMPD spectroscopy turned out to be a particularly
diagnostic probe.35,40,46 In particular, the frequency of
the carbonyl stretching vibration is very sensitive to
deprotonation of the carboxylic acid moiety as well as
to metal ion coordination to C¼O anchors in the
ligand. For complexes of Trp with one of the alkali
metal ions (MþTrp), two CS structures were found to
be energetically competitive and depending on the
alkali metal ion size, a transition from a tridentate CS
conformation for small Mþ to a bidentate CS conformation for larger Mþ was spectroscopically identiﬁed
(see Figure 5).40 Computations showed that the SB
chelation motif is out of reach energetically at room
temperature for any of the alkali metal ion complexes
with Trp.
In aqueous solutions, amino acids typically adopt
a zwitterionic structure, but in the gas phase, the
canonic—non-zwitterionic—structure is known to be
favored, although this had remained under debate for
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some of the most basic amino acids such as, in particular, arginine (Arg).47–49 Computations of relative stabilities of amino acid alkali metal ion complexes indicated
that ions of large ionic radius (and thus smaller binding
energies) and high charge were most likely to induce
zwitterionic structures in the amino acid and thus
form a SB complex structure.28,43 IRMPD spectroscopic investigations showed that this is indeed the
case for Arg, where complexes with Kþ, Rbþ, and
Csþ favor the SB conﬁguration, with Naþ being at
the cross-over from CS to SB structures.27,28
An early IRMPD spectroscopy study from the CLIO
free electron laser facility had actually shown that the
complex of proline with Naþ also has an SB structure,35
despite Pro being substantially less basic than Arg and
Naþ having a relatively small ionic radius. Apparently,
there are subtle diﬀerences in the behavior of aliphatic
amino acids compared with amino acids having at least
one additional Lewis basic metal ion-binding site in
their side chain, as revealed by a spectroscopic investigation of the periodic trends for alkali metal ion binding to Pro.31
Based on the computed trends for SB versus CS stability, large cations of high charge were most likely to
induce SB conﬁgurations. Dunbar was the ﬁrst to test
this using IRMPD spectroscopy, showing that the complex of Ba2þ with Trp adopts an SB structure (see
Figure 5).28 Later investigations conﬁrmed the generic
nature of this trend.50,51

Metal ion chelation by small peptides
From amino acid chelation complexes, the step toward
small peptides was an obvious one, but one with signiﬁcant implications for the possible binding motifs.
Most importantly, the N- and O-atoms of the amide
peptide linkage provide important new anchors for
metal ion chelation. Particularly, the amide carbonyl
O-atoms are potent metal ion chelators making structures with CS-type chelation favorable for many alkali
metal ion peptide complexes, as was for instance shown
by IRMPD spectroscopy studies by the group of
Ohanessian and coworkers.53,54
Can divalent metal cations also stabilize SB structures in complexes with peptides? Figure 6 illustrates
the switch from a SB motif for Ba2þAlaAla to a CS

Figure 4. Overview of binding motifs for metal cations Mnþ with an amino acid or peptide ligand.
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Figure 5. Spectroscopic investigations along with theoretical calculations reveal periodic trends in the relative stabilities of different
chelation motifs. Comparison of IRMPD spectra for MþTrp, where M is one of the alkali metals (left)40 and Ba2þTrp (middle).52 Diagnostic
bands are labeled by color coding. The spectroscopically identified tridentate SB structure for Ba2þTrp is shown. Computed enthalpy
preference for the CS motif over the SB motif as a function of metal cation and binding energy is plotted on the right. (Adapted
with permission from Dunbar et al.52 Copyright 2007 American Chemical Society).

Figure 6. Comparison of IRMPD spectra for Ba2þAlaAla and
Ba2þAlaAlaAla to theoretical spectra clearly suggests an SB motif
for the shorter ligand and a CS motif for the longer version.
Energetically favored structures are shown. (Reprinted with permission from Dunbar et al.55 Copyright 2009 American Chemical
Society).

motif for Ba2þAlaAlaAla. This switch is veriﬁed by a
complete change of the IR spectral signature, in accordance with the computed relative energies. The key difference between the di- and tripeptide lies in the number

of carbonyl O-atoms that can bind the metal cation.
While the strong electrostatic interaction between
CO2 and Ba2þ of the SB motif provides more stabilization than the two carbonyl C¼OBa2þ interactions of the CS structure for AlaAla, the three
carbonyl C¼OBa2þ interactions of the CS structure
for AlaAlaAla increase the stabilization energy of the
CS motif suﬃciently to outcompete the SB motif.
Among divalent cations (Ba2þ, Sr2þ, Ca2þ), there is a
trend that cations with lower charge density favor the
SB structure most.55
Particularly for short peptides such as dipeptides, the
preferences for either CS or SB conﬁgurations may
be very close in energy, and subtle alterations to the system can shift the balance from one structure to the
other. With energetic diﬀerences on the order of just
a few kJ/mol, it becomes of interest to spectroscopically
verify the computationally predicted structures.
Even though minimum energies may only diﬀer by a
small margin, the spectroscopic diﬀerences between
the diﬀerent chelation motifs—and often also between
diﬀerent denticities and coordination points within
one chelation motif—is usually substantial, enabling a
reliable identiﬁcation of the structures present experimentally. Rob found great pleasure in comparing systems that diﬀer only minutely, in order to see whether
the diﬀerence would inﬂuence the chelation. Periodic
trends using the series of alkali or alkaline earth
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metal ions were favorable subjects of study,56–57 but
also small changes in the chelating ligands. Peptide
length was already mentioned, but reversing the
sequence of a dipeptide55 or changing the chirality of
one of the residues58 was also spectroscopically found
to be able to tilt the balance between diﬀerent geometries, as a consequence of diﬀerences in the steric
arrangement of the metal-coordinating atoms in the
ligand.
Finally, incorporation of Lewis-basic anchors in the
residue side chains creates the possibility of competition
between backbone and side-chain chelation. Rob
was especially interested in the role of cation-p
interactions,59
so
that
peptides
including
Phe,23,26,55,56,58,60–62 Trp,28,63 and His51,62–68 ligands
were among his favorites to compare against Gly and
Ala. A particularly interesting chelation geometry was
identiﬁed for complexes of divalent alkaline earth metal
ions and the PhePhe dipeptide, where the complex
adopts a very compact, encapsulated sandwich structure involving coordination to the p-systems of both
phenyl rings.61 For more loosely chelating singly
charged ions, the cage opens up, and only one of the
phenyl rings coordinates to the metal ion.

Discovery of a new metal ion chelation motif: Iminol
Robert Dunbar discovered a more profound diﬀerence
between metal ion chelation by amino acids and by peptides: the possibility for peptides to bind the metal ion
via a hitherto unknown gas-phase chelation motif, which
was coined the iminol motif69 (see Figure 4 and 7(c)).
Migration of the peptide-bond proton from the NH to
the carbonyl oxygen tautomerizes the amide linkage to
an enol imine. The imine nitrogen atom is a strong Lewis
base that is stabilized by coordination to a positively
charged metal ion. The iminol motif competes with CS
and SB motifs and can become energetically favored for
strongly binding divalent transition metal ions.69
Figure 8 highlights the ﬁrst IRMPD spectra revealing the iminol binding motif.69 In the spectra for a
series of metal cations chelated by PhePhe, some of
the complexes exhibit an amide II (NH bending)
mode at 1550 cm1, whereas this band is missing for
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other complexes. The absence of an NH-bending
mode is rationalized by the iminol structure, where
the amide proton has migrated to the carbonyl Oatom. Correspondingly, new bands around 1400–
1500 cm1 associated with CO–Hþ bending vibrations
are observed. Once again, one observes a trend that the
monovalent cation favors the CS motif, while some
divalent cations favor the iminol structure. This trend
is illustrated more clearly in Figure 8(b), where the
computed energetic preference for the CS motif over
the iminol motif for various metal cations bound to
AlaAlaAla is plotted as a function of binding energy.
None of the monovalent cations is capable of stabilizing the iminol structure, in contrast to some of the
divalent cations, especially late transition metals.
In this case, the preference for the CS structure
decreases with binding energy. Thus, a more strongly
bound divalent metal cation preferentially leads to stabilization of the iminol complex. The bond distances
between the metal and the Lewis base are very small
for the iminol structure, and square-planar geometries
are typically formed.
The occurrence of the iminol motif and its competition with CS structures was further addressed in a series
of more recent studies by Dunbar.62,66,70–72 Strongly
binding ions, notably Ni2þ, Co2þ, and Cu2þ, favor
the iminol motif in the majority of peptide ligands,
with Mg2þ being a borderline case.62 When weaker
binding ions (Ca2þ and Ba2þ) were added to this
series of ions, the transitions from iminol to CS and
from CS to SB could be observed for selected dipeptides.66 A number of other factors can inﬂuence the
relative energetics between CS and iminol motifs. As the
carbonyl O-atoms are not very basic, stabilizing the protons at this location requires hydrogen-bonding interactions.
This
explains,
for
instance,
why
Ni2þGlyGlyGlyGly does not adopt an iminol structure,
because interactions with side-chain groups stabilizing the
proton are lacking.71

The connection with the solution phase
The vast inorganic biochemistry literature extensively
describes metal ion chelation by organic molecules of

Figure 7. Identified chelation structures for the PhePhe dipeptide with 1þ alkali metal ions (a), with 2þ alkaline earth metal ions (b),61
and with a very strongly binding transition metal ion, Ni2þ (c).69 The latter structure shows the iminol-chelation motif, in which the amide
peptide linkage has tautomerized to an enol–imine structure, with the deprotonated N-atom coordinating to the metal ion.
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Figure 8. Spectroscopic characterization of the iminol-chelation motif (left) with diagnostic amide NH and iminol OH-bending modes
highlighted. To the right, computed relative stabilities of CS versus iminol motifs are plotted for a range of MnþAlaAlaAla complexes,
showing a clear trend toward iminol binding with increasing binding energy. (Adapted with permission from Dunbar et al.69 Copyright
Elsevier.

Figure 9. The bare Ni2þGlyGlyGly forms an iminol-type chelate (a), but addition of a single H2O molecule converts the minimum energy
structure to a CS-type chelate (b). With the tetrapeptide GlyGlyGlyGly, the complex adopts a CS structure (c), even without H2O, due to the
additional C ¼ O anchor. (Adapted with permission from Dunbar et al.72 Copyright 2017 American Chemical Society).

biological interest in (aqueous) solution. An issue that
is often raised is whether or not results from gas-phase
experiments in the vacuum of a mass spectrometer have
any bearing on metal ion chelation in more biologically
relevant environments. In some of his most recent
investigations, Rob addressed speciﬁcally the question
of the role of solvent, in particular water.
Microsolvation46,73–75—condensing a single water molecule onto a metal ion-ligand complex—is particularly
eﬃcient for under-coordinated systems in the

environment of a quadrupole ion-trap mass spectrometer. The bare Ni2þGlyGlyGly complex forms an
iminol structure with the two deprotonated amide Natoms together with the amino N- and the carboxylic
carbonyl O-atom forming a square planar tetradentate
geometry (structure a in Figure 9).72 However, adding
one water molecule to the complex inverts the structure
to a CS geometry with the amide carbonyl O-atoms
coordinating to the metal ion (structure b). The more
open CS structure can accommodate water
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what led him to these investigations. With these studies,
he has not only advanced our understanding of gasphase metal ion chelation, but also the emerging ﬁeld
of infrared ion spectroscopy as a whole. The results of
his studies at FELIX are documented in more than 30
journal articles as a lasting legacy of his impact in this
ﬁeld. Rob has been a prominent member of the ion
spectroscopy community at FELIX and of the ion
chemistry community in general. With his passing, he
leaves a void in these communities and in our hearts.

Figure 10. The ATCUN type motif for the [Ni(AlaAlaHis–3H)]
anion on the right and the gas-phase energetic minimum on the
left, where the fourth coordination anchor is not the deprotonated
imidazole but the C-terminal carboxylate. For the isomers with His
in the first and second position, the ATCUN-type motif is not
present.68

coordination to the metal ion more readily compared to
the square-planar iminol structure.
Metal ion coordination to deprotonated amide
nitrogen atoms, as observed in the gas-phase iminol
motif, is a well-known mode of coordination in condensed phases, although tautomerization of the proton
to the amide carbonyl oxygen does not occur in solution. Instead, outright deprotonation results in a negatively charged peptide (bound to a positively charged
metal ion) and the formation of these chelates is
strongly pH dependent.74,77 In MS-based experiments,
one can selectively study the metal ion–ligand complex
in a particular charge state, thus selectively addressing a
particular deprotonation state of the ligand as a proxy
for the solution pH.68
One example of this amide nitrogen bound chelation
geometry that occurs in several proteins is the so-called
Amino Terminal Cu(II) and Ni(II)—or ATCUN–
motif:77 peptides or proteins with a His residue in the
third position bind Ni(II) and Cu(II) exceptionally well.
A square-planar tetradentate chelation was identiﬁed
involving the four nitrogen atoms of the N-terminus,
the ﬁrst two amide linkages (deprotonated) and the
deprotonated imidazole side chain of His.76,77 Dunbar
studied the net singly negatively charged complexes of
Ni2þ and Cu2þ with the triply deprotonated peptides
AlaAlaHis, AlaHisAla, and HisAlaAla.68 Indeed, the
complexes form tetradentate square-planar chelation
structures, but for all three peptide ligands, the fourth
coordination anchor is the deprotonated C-terminal
carboxylate instead of the deprotonated imidazole.
However, only for the isomer with His in the third position (AlaAlaHis), Rob identiﬁed a minority population
of the ATCUN motif in the gas phase (see Figure 10),
reﬂecting the particular stability of this complex as
known from solution-phase studies.

Conclusions
In this contribution, we have tried to give a brief overview, incomplete as it may be, of the studies that Rob
Dunbar carried out over the last 15 years of his life and
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