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Abstract

Gas-phase ion–molecule reactions of divalent metal complex ions are strongly affected by the coordination structure around the metal. This
review describes how association reactions between reagent ligands and complex ions proceed to extents that depend upon a metal complex’s
coordination number, types of coordinating functional groups and coordination geometry. The coordination number of a metal complex affects
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its reactivity because complexes of divalent metal ions will add reagent molecule(s) to fill vacant coordination sites. The thermodyn
kinetics of these reactions are very sensitive to both the types of functional groups bound to the metal and the geometry of the gro
the metal ion. Such a strong dependency on the coordination structure of a metal complex suggests that ion–molecule reactions
mass spectrometry suitable for elucidating a metal’s coordination structure. Given mass spectrometry’s inherent sensitivity and th
carefully control reaction conditions in a mass spectrometer, ion–molecule reactions have the potential, both analytically and fund
to provide greater insight into the chemistry of divalent metal complexes.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

It is axiomatic in chemistry that “structure controls func-
tion.” For transition metal complexes, the function of interest
is usually reactivity, and the structure that controls reactivity
is coordination structure, which refers to the number, type
and orientation of the ligand-donor groups around the metal
center. A key role of this coordination structure is to tune
the metal’s electronic structure and by doing so mediate any
bond making and bond breaking. Ligand structure around the
metal can also influence chemistry via steric control.

The relationship between a metal complex’s coordination
structure and its chemical properties has led to the develop-
ment of numerous spectroscopic techniques that can provide
this structural information. These techniques include ground-
state methods that use magnetic fields, valence excited-state
methods that rely on UV or visible radiation and core excited-
state methods based on X-ray radiation. This array of tech-
niques has been developed because no one method provides
all the desired information or is suitable for the analysis of
every given complex. Special cases still arise in which tradi-
tional methods are unsuitable. One situation in which current
methods often fail is when the complex of interest is present at
very low concentrations. Under such conditions, most estab-
lished techniques are unable to provide adequate signal for
gathering the information of interest.
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monovalent metal ions, but applications of these methods to
divalent metal ions will undoubtedly appear in the future[13].

An alternate approach to gather insight into divalent metal
coordination structure is reaction of metal complex ions with
neutral reagents at thermal energies. These thermal reactions
are much less likely than dissociation-based techniques to
disrupt an ion’s structure, and these reactions usually gen-
erate product ion spectra that are much simpler to interpret.
In addition, numerous potential reagents offer a broad scope
of chemical reactions from which a complex’s structure may
be deciphered. The use of such ion–molecule (I–M) reaction
chemistry relies on the idea that just as a complex’s coordi-
nation structure affects its reactivity, so should a complex’s
reactivity reflect its coordination structure. This review will
demonstrate ways in which our group has used gas-phase
I–M reactions to provide varying degrees of detail about a
divalent metal complex’s coordination structure by choosing
the appropriate reagent and collecting the proper experimen-
tal data. Furthermore, because these reactions are done in the
gas-phase, some intrinsic coordination chemistry can be gath-
ered at the same time. Of course, metal–ligand coordination
chemistry is a very mature field, but studying the chemistry of
divalent metal complexes without interferences from solvent
or counterions can, in the very least, provide confirmation of
well-developed theories (e.g. ligand field theory) especially
for coordinatively unsaturated complexes. In other cases,
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Because we are interested in studying the coordin
tructure of metal complexes present at trace levels in m
nvironments, we have begun to explore new ways to g

his information using mass spectrometry (MS). MS ha
any ways revolutionized the analysis of peptides and

eins because of its ability to provide structural informa
hile maintaining its exquisite sensitivity. A question that
ave recently pursued is whether MS can similarly pro
etailed structural information for metal complexes w
aintaining this sensitivity. For organic ions structural in
ation is typically obtained using a variety of dissocia

echniques, including most often collision-induced disso
ion (CID). For divalent metal–ligand complexes, struct
nformation is often more difficult to obtain unambiguou
sing analytical CID[1–8] as it is performed during rou

ine tandem MS (MS/MS) experiments on non-special
ass spectrometers. Metal–ligand interactions are typ
eaker than the covalent bonds in organic molecule
ollisional activation of metal complex ions can lead to
earrangement of the metal center, resulting in dissoci
hemistry that does not necessarily reflect the coordin
nvironment of the metal. Furthermore, while the dissocia
hemistry of a metal complex ion may still reflect its coo
ation structure in many cases, the relationship betwee

wo is not always obvious. On the contrary, for small mono
ent metal–ligand complexes, threshold CID measurem
an provide very detailed thermodynamic information,
hen combined with theoretical calculations, these mea
ents can also provide detailed structural insight[9–12]. Cur-

ently, though, threshold CID measurements are limite
ew insight into divalent metal complex chemistry can
athered.

. Experimental methods

All of the experiments described in this review were p
ormed on a modified Bruker Esquire-LC quadrupole ion
ass spectrometer (QITMS). The instrumental modifica
nd the details of how the QITMS is used have been desc
lsewhere[14]. Briefly, metal complex ions are generated
lectrospray ionization from solutions containing the c
lex of interest, and the ions are transferred via ion optics

he trapping volume of the QITMS. Ions of interest are t
solated in the gas-phase using supplementary wave
pplied to the endcap electrodes of the QITMS and allo

o react with neutral reagent gas(es) that are introduced
he vacuum system via a custom leak-valve system. Rea
imes with reagent gases can range from 10 to 10,000 ms
roduct ions formed from these reactions are then detec
mass-selective manner by steadily increasing the rf vo
pplied to the ring electrode while simultaneously appl
resonance ejection signal to the exit endcap electro

nhance ion ejection to an electron multiplier.

. Coordination structure

In the context of this review, coordination structure re
o the number, type and orientation of the ligands arou
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given metal. Another very important aspect of a complex’s
structure is the electronic structure of the metal center, that
is, the relative energy spacing and occupancy of the metal’s
5 d-orbitals. It is not obvious how I–M reactions in a mass
spectrometer might provide information about a metal’s elec-
tronic structure directly; however, coordination structure cer-
tainly influences a metal’s electronic structure. In this review,
we demonstrate how I–M reactions are sensitive to a com-
plex’s coordination number, coordinating functional groups
and coordination geometry.

3.1. Coordination number

Using I–M reactions to determine a metal complex’s coor-
dination number relies on the idea that metal complexes will
react to an extent that depends upon their coordinative unsat-
uration. Indeed, the observation that coordinatively unsat-
urated metal complex ions react with neutral ligands in the
gas-phase has been reported by several investigators[14–35].
We have demonstrated using two different approaches how
I–M reactions can determine coordination numbers. The first
approach involves reagent gases that are selectively reac-
tive with complexes that have a given coordination number
[16,21–23,27]. In previous work, with complexes having
nitrogen-containing ligands, we showed that 6-coordinate
complexes of divalent metal ions are generally unreactive,
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the analysis time window was short and ion temperatures
were very likely below 300 K, which enabled weakly bound
solvent molecules to remain bound so that mass analysis was
possible.

Selective reactions with different reagent gases can pro-
vide coordination number, but a more analytically convenient
approach for determining this information is to use a single
reagent that is capable of “titrating” the open coordination
sites in a complex[14,34,35]. In this approach, the corre-
sponding mass increase (or the absence of a mass increase)
after the I–M reaction indicates the initial coordination num-
ber of the complex. An abundance of solution-phase and
solid-state data suggests that divalent cations of the late first-
row transition metals (i.e. Mn(II) through Cu(II)) have a
tendency to form 6-coordinate complexes. Thus, if a metal
complex ion has a coordination number less than six, then
one might expect the ion to react with a neutral reagent
gas to obtain a full coordination sphere. An example of this
approach is shown inFig. 1 for a series of 4-, 5- and 6-
coordinate complexes of Mn(II), which were reacted with
acetonitrile (pressure = 4.2± 0.4× 10−10 atm) for 100 ms.
The ligands bound to Mn(II) in these complexes are shown
in Fig. 2.

3.1.1. Reagent gas considerations
Titration of the open coordination sites in a metal complex
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ion to reacting with pyridine and ethylamine, 4-coordin
omplexes react with ammonia and 3-coordinate comp
eact with ammonia, water and methanol.

The ability of the more weakly electron-donating reag
e.g. ammonia, water and methanol) to only form add
ith the lower coordinate complexes is explained by
ature of the gas-phase environment in the QITMS an

he lower electropositive character of the metal center in
omplexes with higher coordination numbers. Reaction
he QITMS occur in the presence of∼1 mTorr of He, which
cts to effectively thermalize ions to a temperature th
lose to the vacuum chamber walls[36–38]; in our experi-
ents this temperature is about 300 K. These reactions

ver time periods that range from 10 to 10,000 ms. Am
ia, water and methanol evidently interact too weakly w
- and 6-coordinate complexes to overcome the unfavo
ntropy associated with adduct formation at 300 K. Simila

he interactions between 4-coordinate complexes and
r methanol must also be too weak to overcome the u
orable entropy associated with adduct formation. In o
ords, the magnitude ofT�Sexceeds the magnitude of�H,
o these reactions are unfavorable (i.e. +�G). Of course, sev
ral investigators have shown that divalent metal ions
e generated by ESI with solvent molecules that inc
mmonia, water and methanol, and these complexes c
nalyzed by MS[39–48]. Even complexes with good nitr
en donors, such as bipyridine, can be generated with b
olvent molecules[49–51]. In these previous cases, thou
on is possible when the appropriate reagent gas is ch
or example, in our experience with well over 100 metal c
lex ions, ammonia, water, methanol and ethanol do not
ignificantly enough to form adducts with most 5-coordin
omplexes, so these are not effective reagents for the titr
xperiments. Other reagent gases such as pyridine,

amine and acetonitrile, however, do form mono-adducts
ost 5-coordinate complexes and form di-adducts with m
-coordinate complexes.

While we have not thoroughly investigated the phys
hemical properties necessary for a reagent ligand to e
ively titrate a metal complex’s open coordination site
ew characteristics appear to be important.Table 1shows the
onization potentials (IP), dipole moments (DM), gas-ph
asicities (GPB) and polarizabilities of several reagent g

hat we have studied. For almost all of the complexes s
ed, the addition of reagents such as pyridine, ethylamine
cetonitrile are kinetically and thermodynamically favo
ver the addition of ammonia, water, methanol and eth
he relatively high reactivity of pyridine and ethylamine
ot unexpected given that these reagents are known
elatively good ligands in solution. The relatively high re
ivity of acetonitrile and low reactivity of ammonia, howev
re somewhat surprising. Ammonia is usually consider
etter ligand for divalent metal ions in solution than acet

rile. There are two notable differences between aceton
nd ammonia that may explain this observation. Differe
xist between the magnitudes of their DMs (3.925 D ve
.472 D) and polarizabilities (4.42̊A3 versus 2.22̊A3). Polar-

zability and DM are good indicators of a molecule’s ability
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Fig. 1. Mass spectra obtained after reacting: (a) Mn[EN-(imi)2]2+, (b)
Mn[DIEN-(imi)2]2+ and (c) Mn[TRIEN-(imi)2]2+ with acetonitrile (pres-
sure = 4.2± 0.4× 10−10 atm) for 100 ms.

donate electron density to a metal, and thus they appear to be
good indicators of a reagent’s intrinsic ligating abilities in the
gas-phase. Clearly, though, the combination of DM and polar-
izability is not the only gauge of ligating ability as ethylamine
has the lowest DM of the gases inTable 1, yet it is one of
the more reactive reagent ligands. Ethylamine has a relatively
high gas-phase basicity (GPB), which means it can readily
donate a lone-pair of electrons. Pyridine also has a relatively
high GPB, while having a high DM and large polarizability.
In our experiments, pyridine typically forms the most kinet-
ically and thermodynamically favorable adducts with metal
complex ions, which suggests a high GPB, DM and polar-
izability are important characteristics of a strong ligand for
divalent metal ions in the gas-phase. An inverse correlation

Fig. 2. Ligand structures for complexes whose reaction data are shown in
Fig. 1.

between IP and reaction rates has been demonstrated pre-
viously for reactions between C5H5Fe+ and various reagent
gases[53], implying the importance of IP as an indicator of
gas-phase ligand strength. While we do not have enough data
to comment on the importance of IP, the favorable reactivity
of acetonitrile indicates that this trend does not hold for the
divalent metal complex ions that we have studied.

Titration as a means of determining a complex’s coordi-
nation number is attractive because of its simplicity, but our
experience shows that reactions that compete with simple lig-
and addition can complicate the experimental measurements.
Because some of the good titrating reagents are strong bases,
proton transfer can compete with ligation. An example in
which proton transfer can occur involves the Mn(II) com-
plex of the ligand AM-(pyr)2 (structure shown inFig. 3).
Upon reaction of Mn[AM-(pyr)2]2+ (m/z 226.5) with pyri-
dine, product ions atm/z 452 andm/z 80 are observed.
Proton transfer is the dominant reaction observed and is pos-
sible because ligation of Mn(II) to the amine nitrogen of
AM-(pyr)2 reduces the basicity of this site. This complex
is 6-coordinate, so it is not expected to form an adduct with
pyridine, but if this complex’s coordination number had been

Table 1
Ionization potentials (IP), gas-phase basicities (GPB), dipole moments (DM)
and polarizabilities of several reagent gases

R
l

W
M
E
A
E
P
A

and
S

eagent
igands

IP (eV) GPB
(kcal/mol)

DM (D) Polarizability
(Å3)

ater 12.62 157.7 1.855 1.48
ethanol 10.84 173.2 1.70 3.23
thanol 10.48 178.0 1.69 5.11a

mmonia 10.07 195.7 1.472 2.22
thylamine 8.7 210.0 1.22 4.11a

yridine 9.26 214.7 2.215 13.33a

cetonitrile 12.20 179.0 3.925 4.42a

a These polarizabilities were calculated using the method of Miller
avchik[52].
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Fig. 3. Structure of AM-(pyr)2.

unknown, the observed deprotonation reaction would have
added ambiguity to the coordination number determination.
A more troublesome competing reaction can arise when the
proton affinity of a site in a metal complex is very similar to
the proton affinity of the reagent ligand. In such a case, the
reaction might result in stabilization of a proton-bound com-
plex. Collisional stabilization of such proton-bound species
can be facilitated by the relatively high pressure of He that is
present in the QITMS during the experiment. Distinguishing
between proton-mediated addition and metal-mediated addi-
tion is difficult, so without insight into the chemical nature
of the metal-bound ligand, an incorrect coordination number
could be assigned. In our experience, choosing a good titrat-
ing ligand with a low gas-phase basicity, such as acetonitrile,
allows the proton-bound products and proton transfer reac-
tions to be avoided.

3.1.2. Ligand-donor groups
Another reaction that can be competitive with ligand addi-

tion is ligand-group displacement, and this reaction can be
difficult to avoid. Ligand-group displacement can occur when
a functional group in a ligand is bound to the metal rela-
tively weakly. An example of such a reaction is illustrated
by the data inFig. 4. When Co(II) complexes of the two lig-
ands shown inFig. 5are reacted with acetonitrile for 100 ms,
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Fig. 4. Mass spectra obtained after reacting: (a) Co[DIEN-(THF)2]2+ and
(b) Co[DIEN-(fur)2]2+ with acetonitrile (pressure = 4.2± 0.4× 10−10 atm)
for 100 ms.

Fig. 5. Ligand structures for complexes whose reaction data are shown in
Fig. 4.

Fig. 6. Kinetic plot for the association reaction of Co[DIEN-(THF)2]2+ with
acetonitrile (pressure = 4.2± 0.4× 10−10 atm).
he reactions proceed to noticeably different extents de
ach ligand having five donor groups. The Co(II) comp
f DIEN-(THF)2 reacts as expected for a 5-coordinate c
lex to add just a single acetonitrile, whereas the DIEN-(f2
omplex adds two acetonitriles. In the latter case, aceton
robably displaces one of the furan groups that are we
ound to Co(II). Furan binds to Co(II) mainly via we
interactions[54,55], whereas the tetrahydrofuran gro

f DIEN-(THF)2 binds to Co(II) via a stronger� interac-
ion. This � interaction makes ligand displacement m
ess favorable. In general, we have found that the titra
xperiments are effective for determining the coordina
umber of complexes when the ligand-donor groups are
donors, regardless of the donating heteroatom. For e

le, the coordination numbers of complexes with thioe
nd/or ether functionality can be successfully determine

ong as there is strong� character to their bonding as oppo
o � character[14,28]. Of course, the�-bonding capacity o

functional group can vary significantly, and so in so
ases, ligand-group displacement can still occur to a s
xtent if the reaction is allowed to proceed long enough.Fig. 6
hows an example of this with a kinetic plot of the reac
f acetonitrile with Co(DIEN-(THF)2)2+. If this reaction is
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allowed to reach equilibrium, a second acetonitrile will add
to the complex, but its relative abundance is below 5%. As
far as coordination number determinations are concerned, we
typically choose an arbitrary threshold of 20% relative abun-
dance for determining whether a ligand addition reaction is
indicative of coordinative unsaturation. This arbitrary level is
based upon our experience with >100 complexes of known
coordination numbers. So, while this level is a useful opera-
tional threshold for our experiments, it is not clearly rooted in
any properties of divalent metal–ligand complexes or reagent
ligands, nor is it tied to any obvious instrumental parameter.

3.1.3. Metal center
As mentioned earlier, using a titration reaction to deter-

mine coordination number relies on solution- and solid-
phase observations that indicate the tendency of diva-
lent metal complexes to form 6-coordinate complexes;
however, this tendency is not equal for all metal ions.
Table 2 shows the equilibrium constants for the reac-
tions of acetonitrile (4.2± 0.4× 10−10 atm) with the Mn(II),
Fe(II), Co(II), Ni(II), Cu(II) and Zn(II) complexes of
DIEN-(pyr)2. The general trend in equilibrium constants
is Ni(II) > Mn(II) > Fe(II) > Co(II) > Cu(II), Zn(II). What
explains these differences in reactivity? One possible expla-
nation might be found in the 18-electron rule, which states
that stable metal complexes will be those that attain a total of
1 rons
f the
l ve
9 ected
t with
a N-
( a 2-
e u(II)
a One
m the
C ent
r e and
t ble.

A difficulty with invoking the 18-electron rule comes
when trying to explain the results with Ni[DIEN-(pyr)2]2+,
which reacts more extensively than all other complexes
shown in Table 2. According to the 18-electron rule,
Ni[DIEN-(pyr)2]2+ should be fairly unreactive as the addition
of acetonitrile results in a total of 20 valence electrons (8 from
Ni(II), 10 from DIEN-(pyr)2, 2 from acetonitrile). In the case
of the Ni(II) complexes, ligand-donor group displacement or
an acetonitrile–ligand interaction are not attractive explana-
tions because the reaction with acetonitrile happens so read-
ily. The ligand-donor groups in DIEN-(pyr)2 are expected to
interact strongly with the metal, thus lowering the tendency
for ligand-group displacement. Also, an interaction between
acetonitrile and DIEN-(pyr)2 is expected to be very weak and
metal independent. The 18-electron formalism then is proba-
bly not the best way to explain the trends observed inTable 2,
and furthermore, we feel its general utility for complexes
between first-row metals and ligands with good� donors is
very minimal, although its applicability for ligands that are
� acceptors is more definite. Indeed, the 18-electron rule is
known to fail altogether when first-row metals are complexed
to bipyridine ligands[56], which are very good� donors.
Also, a search of the Cambridge Structural Database shows
that about 50% of Ni(II) complexes, 30% of Cu(II) complexes
and 20% of Zn(II) complexes are 6-coordinate[57], which
further suggests the low applicability of the 18-electron rule
f
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8 electrons in their valence shell upon acquiring elect
rom ligand-donor groups. This would seem to explain
ow reactivity of the Cu(II) and Zn(II) complexes, which ha

and 10 d-electrons, respectively, and so are not exp
o readily form 6-coordinate complexes upon reaction
cetonitrile. Assuming that the five nitrogen donors of DIE
pyr)2 are each 2-electron donors and acetonitrile is
lectron donor, then the 6-coordinate complexes of C
nd Zn(II) would have 21 and 22 electrons, respectively.
ight then conclude that any reactions observed with
u(II) and Zn(II) complexes are due to ligand displacem

eactions or are due to an interaction between acetonitril
he metal-bound ligand, both of which are not very favora

able 2
quilibrium constants determined experimentally and molecular orbita

pyr)2]2+ complexes reacting with acetonitrile (pressure of 4.2± 0.4× 10−1

etal (M) Equilibrium constanta (×1010 atm−1)

n 19 ± 7
e 5± 2
o 0.7± 0.3
i 33 ± 15
u 0.21± 0.05
n 0.14± 0.07
a Equilibrium constants for the addition of a single acetonitrile.
b These MOSE values are calculated by only considering the� interactio

rigonal bipyramidal complex reacting to form a high-spin octahedral c
o be the same for each metal in each coordination environment.

c These MOSE values are calculated by considering the� interactions
cetonitrile. These values are calculated by considering a high-spin tr
re given in terms of�-overlap integrals (e�) for simplicity. The magnitud
verlap integral (i.e.e�/e� = 0.083).
or such complexes.
So, what explains the trend in reactivity observed

able 2? In recent work[58], we showed that the tren
an be explained by calculating molecular orbital st
ization energies (MOSE) using the angular overlap m
AOM). The AOM can be used to obtain the energy s
ration of the metal d-orbitals for any symmetrical co
lex structure while taking into account� and � interac-

ions, metal spin-state and metal complex geometry[59–61].
OSE values in terms of�- (e�) and/or �-orbital over-

ap integrals (e�) can be determined using molecular orb
nergy level diagrams like those shown inFig. 7. MOSE
alues can be separately obtained for 5- and 6-coord

ization energies (MOSE) calculated from the angular overlap model for M[DIEN-

�MOSE (�)b (e�) �MOSE (� + �)c (e�)

−1 −2
−1 −1.67
−1 −1.33
−2.125 −2.125
−0.25 −0.25

0 0

ween the metal and the ligand and are calculated by considering a h
. The values are listed in terms of the�-overlap integrals (e�), which are assume

en the metal and the ligand and the� interactions between the metal a
bipyramidal complex reacting to form a high-spin octahedral complex. The value
-overlap integral (e�) is assumed to be 1/12 of the magnitude of the si
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Fig. 7. Molecular orbital energy level diagrams for: (a) a high-spin trigonal
bipyramidal complex of Mn(II) and (b) a high-spin octahedral complex of
Mn(II), considering in both cases only the� contributions from the ligand.
The molecular orbital stabilization energy (MOSE) is determined by sum-
ming the appropriate�-orbital overlap integrals for each filled or partially
filled orbital.

complexes of each metal after considering all possible spin
states, geometries and combinations of� and � interac-
tions. Changes in MOSE (�MOSE) can then be calculated
and compared to the experimentally determined�G val-
ues, which are estimated from the equilibrium constants
shown inTable 2. Just as a more negative�G value cor-
responds to a more favorable reaction, a more negative
�MOSE value also corresponds to a more favorable reac-
tion. In determining the MOSE values, the overlap integrals
were assumed to be the same for each metal, which should
be a fairly valid assumption given the identical ligand in each
complex.

Upon considering all the numerous possible geometries,
spin states and donor interactions, the qualitative trend in
Table 2can be explained by considering that each metal com-
plex reacts from a high-spin trigonal bipyramidal state to form
a high-spin octahedral complex[58]. The Cu(II) and Zn(II)

complexes gain essentially no stabilization upon adding ace-
tonitrile, whereas the Ni(II) complex and to lesser extents
the Mn(II), Fe(II) and Co(II) complexes are stabilized by the
addition of acetonitrile (Table 2). The significant stabilization
observed in the Ni(II) complex arises from the unfavorable
electron configuration associated with a high-spin trigonal
bipyramidal structure relative to a high-spin octahedral struc-
ture. Interestingly, the relative reactivity of the Mn(II), Fe(II)
and Co(II) complexes can be explained by recognizing that
the interaction of acetonitrile with these complexes has a sub-
tle, yet important,� character (seeTable 2). The dxy, dyz
and dxz orbitals of these metals have favorable symmetry
(t2g) to overlap with the p orbitals of acetonitrile, and so the
partially filled character of these orbitals for Mn(II) (t2g

3),
Fe(II) (t2g

4) and Co(II) (t2g
5) in an octahedral environment

results in additional stabilization that is not seen in the Ni(II),
Cu(II) or Zn(II) complexes. This additional stabilization fol-
lows the trend Mn(II) > Fe(II) > Co(II), and as such the Mn(II)
complex reacts more extensively than the Fe(II) and Co(II)
complexes.

3.1.4. Coordination number determination—summary
In summary, I–M reactions of divalent metal complexes

have the potential to provide coordination number by using
a reagent gas to titrate open coordination sites on a metal,
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ut several factors affect reactivity such that one mus
areful when interpreting the results. The coordination n
er determination is based upon a binary result—rea
r no reaction. This result is convenient analytically, but

dentity of the reagent gas used, the nature of the bon
etween the metal and ligand-donor atoms and the elec
tructure of the metal center can all affect the outcome o
eaction.

.2. Types of coordinating functional groups

A simple increase inm/z ratio after reaction of a diva
ent metal complex ion with a reagent ligand provides a m
pectrometric response that provides insight into a comp
oordination number, but kinetic and thermodynamic
an provide additional information. The chemical natur
he ligand-groups bound to a metal ion exerts an impo
nfluence on the reactivity of that metal by tuning its e
ronic structure. Indeed, the coordination structure arou
etal ion is of interest because of this tuning. The ki

cs and thermodynamics of a metal complex reaction sh
eflect the chemical nature of the functional groups bo
o the metal ion. This idea was demonstrated recently
eries of 5-coordinate complexes of Co(II) and Ni(II) with

igands shown inFig. 8 [14]. If these complexes are reac
ith acetonitrile for varying time periods, then data like t
hown inFig. 9 is generated. From this data, both equi
ium and rate constants can be extracted (Table 3). Fig. 9and
able 3clearly show that changes to the ligand functio
roups bound to a given metal lead to significant chang
eactivity.
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Fig. 8. Ligands used to generate the data that are shown inTable 3.

Fig. 9. Kinetic plot for the association reaction of Co[DIEN-(imi)2]2+ with
acetonitrile (pressure = 4.2± 0.4× 10−10 atm).

Because acetonitrile adduct formation occurs via an asso-
ciation reaction, both the equilibrium and rate constants in
Table 3reflect the binding strength of acetonitrile to a given
complex. The overall observed reaction is shown in Eq.(1).

The equilibrium constant is

M[DIEN − (R)(R′)]2+ + CH3CN

kf
�
kr

M[DIEN − (R)(R′) + CH3CN]2+ (1)

related to�G of the reaction, and because�S is similar in
every case, the equilibrium constant predominantly reflects
the product–reactant enthalpy difference, to which the main
contribution is acetonitrile binding. Our contention that the
reaction rate reflects acetonitrile binding strength can be
understood by considering the dynamics of association reac-
tions. Because association reactions are generally considered
to occur via a two-step process (Eqs.(2)and(3)), the forward
reaction rate constant (kf ) reflects several reaction character-
istics. An important

M[DIEN − (R)(R′)]2+ + CH3CN

ka
�
kb

(M[DIEN − (R)(R′)] + CH3CN)∗2+ (2)

(M[DIEN − (R)(R′)] + CH3CN)∗2+

ks[He]
�

kac[He]
M[DIEN − (R)(R′) + CH3CN]2+ (3)

c d
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Table 3
Association rate and equilibrium constants for the addition of one a acetoni-
trile = 4.3± 0.4× 10−10 atm)

Ligand Rate constants (×10−10 cm3 molecule−1 s−

Co(II) Ni(II)

DIEN-(THF)2 6 ± 1 10 ± 1
DIEN-(THF)(thio) 4.1± 0.6 8.1± 0.1
DIEN-(thio)2 3.5 ± 0.4 5.9± 0.9
DIEN-(THF)(pyr) 3 ± 1 –
DIEN-(THF)(imi) 2.8 ± 0.1 5.8± 0.1
DIEN-(pyr)2 2.3 ± 0.4 4.5± 1.0
DIEN-(thio)(pyr) 1.7± 0.2 –
DIEN-(imi)2 1.0 ± 0.3 2.5± 0.9
DIEN-(thio)(imi) 0.8 ± 0.2 2.3± 0.2

a Equilibrium constants above 6.0× 1011 atm−1 are difficult to confidently dete
haracteristic that affectskf is the lifetime of the excite
ntermediate, which is controlled by the relative rates of
ociation (kb) and stabilization. Stabilization of the interm
iate can occur via collisions with He and/or radiative em
ion. The relatively high pressure of He (∼1× 10−4 Torr)
n the QITMS suggests that collisional stabilization play

ore important role than radiative stabilization. Indeed, f
ecent experiments in which the He pressure was varie
ave estimated that the contribution from radiative stabi

ion of the intermediate is only about 1% under our reac
onditions [Leeson, Vachet, unpublished]. Considering
ollisional stabilization and invoking the steady-state app
mation, we can determinekf

f = kaks[He]

kb + ks[He]
(4)

cetonitrile to various Co(II) and Ni(II) complexes (pressure of

1) Equilibrium constants (×1010 atm−1)

Co(II) Ni(II)

50 ± 15 >60a

31± 6 >60a

2.3± 0.5 >60a

18± 7 –
15± 5 >60a

0.7± 0.3 33± 15
1.12± 0.07 –
0.33± 0.05 1.0± 0.4
0.29± 0.02 2.1± 0.9

rmine with our mass spectrometer.
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(Eq. (4)) as a function of the rate constants shown in Eqs.
(2) and (3). Because the complexes inTable 3are all sim-
ilar in size and the initial encounters between the diva-
lent metal complex ion and acetonitrile are controlled by
ion–dipole interactions,ka is expected to be similar for all
complexes. This assumes that every acetonitrile–metal com-
plex encounter leads to the excited intermediate. Also, the
collisional stabilization term,ks[He], is expected to be simi-
lar for each complex as it is controlled by ion-induced dipole
interactions. Thus, differences in the magnitude ofkb directly
control the experimentally measured differences inkf (rate
constants inTable 3). The magnitude ofkb is described by
RRKM theory, and its magnitude is inversely proportional to
the acetonitrile binding strength.

The data shown inTable 3generally indicate that metal
complexes with more nitrogen donor groups bind acetonitrile
more weakly than complexes with sulfur or oxygen donor
groups. For example, the Co(II) complex of DIEN-(imi)2
with its low equilibrium and rate constants binds acetoni-
trile more weakly than the Co(II) complexes of DIEN-(thio)2
or DIEN-(THF)2. An explanation for this observation can
be found by considering the Hard and Soft Acid and Base
(HSAB) principle[62]. The HSAB principle states that hard
acids (i.e. metal ions) more favorably interact with hard bases
(i.e. ligand-donor groups), and soft acids more favorably
interact with soft bases. According to the HSAB principle
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are observed. The exceptions, though, provide some interest-
ing insight into the intrinsic chemistry of the complexes that
react anomalously. From the data inTable 3, the reactivity of
the complexes of DIEN-(imi)(thio) are most clearly inconsis-
tent. The equilibrium constant for Co[DIEN-(imi)(thio)]2+,
for example, would be expected to fall between the equi-
librium constants of Co[DIEN-(imi)2]2+ and Co[DIEN-
(thio)2]2+, but in fact the value for this complex is the lowest
of all the Co(II) complexes. In previous work[14], we argued
that this was do to the “softening” of the metal center by the
presence of a strongly interacting imidazole group, which
makes the interaction with the soft base thioether more favor-
able. Because the hard and soft descriptors are related to
the polarizability of a metal or donor group, extensive elec-
tron donation by imidazole to Co(II) makes the metal more
polarizable (i.e. “softer”). While this exception weakens the
analytically utility of I–M reactions, it does provide an exam-
ple of some new insight into coordination chemistry that is
available from such gas-phase reactions.

3.3. Reagent gas considerations

Information about the coordinating functional groups that
is available from the I–M reactions depends on the nature of
the reagent gas and the experimental He pressure. The dif-
ferences in reactivity shown inTable 3basically arise from
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o(II) and Ni(II) are borderline acids and thus interact m
avorably with borderline bases such as pyridine and im
ole groups. Oxygen-containing groups are classified as
ases, and sulfur-containing groups are typically classifi
oft bases. Thus, the interactions between Co(II) or Ni(II)
he nitrogen-containing bases (e.g. pyridine and imidaz
re more favorable than the interactions with either the
e.g. THF) or soft (e.g. thioether) bases. The more favo
nteractions result in more electron density on the meta
hus weaker acetonitrile binding.

Interestingly, the acetonitrile binding strengths for co
lexes having a mix of nitrogen-, oxygen- and/or sul
ontaining groups indicate that the effects of differ
roups are additive somewhat. For example, the equilib
onstants for Co[DIEN-(THF)2]2+ and Co[DIEN-(thio)2]2+

re 50± 15× 1010 and 2.3± 0.5× 1010 atm−1, respectively
hile at 31± 6× 1010 atm−1 the equilibrium constant fo
o[DIEN-(THF)(thio)]2+ is almost the average of the tw
nalytically speaking, this additive effect is encourag
ecause it would suggest that one might be able deter

he number and type of each functional group in a com
y reacting it with acetonitrile (or other suitable reage
nd measuring the reaction rate or equilibrium constant.
ight envision a collection of complexes that act as a cal

ion set. By comparing the reactivity of an unknown comp
o this calibration set, the identity and number of differ
unctional groups bound to the metal could be determin

While our results are generally consistent with the HS
rinciple and the effect of different donor groups on acet

rile binding strength is somewhat additive, some excep
he different magnitudes ofkb in Eq. (2). If kb is very smal
elative toks[He], then the observed formation constantkf ,
ill approach the value ofka (see Eq.(4)). The magnitud
f ka is essentially the collision rate constant between
omplex ion and reagent gas, which is mostly depen
pon ion–dipole interactions between the ion and the ne
eagent. In other words,ka contains essentially no inform
ion about the coordination structure of the metal comp
o, if the He pressure is too high or the reagent gas f
very strong adduct with the metal complex such thatkb is

mall, then the results of the I–M reactions will not refl
he functional groups bound to the metal.

An example of improper reagent gas usage is a s
xperiments in which acetonitrile is reacted with a se
f 4-coordinate Zn complexes (Table 4andFig. 10). Ace-

onitrile forms such a strong adduct with these 4-coordi

able 4
ssociation rate and equilibrium constants for the addition of
cetonitrile to several Zn(II) complexes (pressure of acetonit
.3± 0.4× 10−10 atm)

igand Rate constants
(×1010 cm3 molecule−1 s−1)

Equilibrium
constants
(×1010 atm−1)

N-(THF)(imi) 23 ± 3 >60a

N-(pyr)(NH2) 22 ± 2 >60a

N-(imi)(NH2) 19 ± 2 >60a

N-(pyr)(imi) 19 ± 1 >60a

N-(pyr)2 15 ± 3 >60a

a Equilibrium constants above 6.0× 1011 atm−1 are difficult to confidently
etermine with our mass spectrometer.
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Fig. 10. Ligands used to generate the data that are shown inTable 4.

complexes that all the equilibrium constants for the addition
of a single acetonitrile exceed values that can be confidently
measured with our experimental setup. In addition, the rate
constants approach the collision rate for each of the com-
plexes, and so the measured rate constants are very similar
despite significant differences in the coordinating functional
groups. The solution to this problem is to use a reagent gas,
such as ammonia, that binds the Zn complexes less avidly.

3.3.1. Coordinating functional group
determination—summary

In summary, the kinetics and thermodynamics of adduct
formation reactions in the gas-phase are influenced by the
functional groups bound to a given divalent metal ion. Not
surprisingly, the reaction extent is related to how effec-
tively a given functional group can donate electron density
to the metal center. For divalent first-row metals, nitrogen-
containing groups are more effective than sulfur- or oxygen-
containing functional groups at donating electron density, and
so divalent metal complexes with nitrogen donors are the least
reactive with reagent ligands. This observation is consistent
with the HSAB principle. The significant differences in reac-
tivity that are observed for the divalent metal complexes as
a function of the ligand-donor groups suggest that I–M reac-
tions in a mass spectrometer could be used analytically to
p ion.
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f on

Fig. 11. Ligands used to generate the data that are shown inTables 5 and 6.

metal chemistry arises because different ligand arrangements
produce different energy splitting patterns for the normally
degenerate five d-orbitals. The relationship between the d-
orbital splitting patterns and orbital occupancy can lead to
interesting chemical reactivity, magnetic properties and/or
redox properties. Thus, just as changes to ligand functional
groups exert an influence on gas-phase reactivity, so might
changes to coordination geometry exert an influence on gas-
phase reactivity.

As an illustration of how coordination geometry can influ-
ence gas-phase reactivity, we recently reported the significant
changes in reactivity undergone by 4-coordinate Ni(II) com-
plexes as the ligand set is changed[63]. Consider the Mn(II),
Co(II) and Ni(II) complexes of the three ligands shown in
Fig. 11. The donor-groups in these ligands are not substan-
tially different, so they are not expected to lead to significant
changes in complex reactivity, and in fact the equilibrium
constants for the reactions of the Mn(II) and Co(II) complexes
with NH3 are fairly similar (Table 5). For Ni(II), however, the
equilibrium constant for Ni(phen)2

2+ is three to four orders of
magnitude higher than the equilibrium constants of the other
two Ni(II) complexes.

The reason for the significant change in the equilibrium
constant becomes evident upon considering the coordination
geometry of each of the Mn(II), Co(II) and Ni(II) com-
plexes. Density functional theory (DFT) calculations using
t on-
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rovide some insight into the groups bound to a metal
uch an approach, however, would likely require deve
ent of a sufficient reaction database of known compl

or comparison with unknown complexes.

.4. Coordination geometry

The spatial arrangement of ligand-donor groups arou
ransition metal can have a significant effect on the ch
stry of a given metal center, and so this information is
ul when characterizing a metal complex. This influence
he B3LYP method with the LANL2DZ basis set, which c
ains effective core potentials, was used to generate geo
ptimized structures for each of the complexes repres

n Table 5. Fig. 12shows the geometry optimized structu
f Ni[EN-(pyr)2]2+ and Ni(phen)22+ to illustrate some struc

able 5
quilibrium constants for the reactions of M(EN-(pyr)2)2+,
(en)(phen)2+ and M(phen)22+ complexes with NH3 (pressure o
H3 = 2.6± 0.1× 10−9 atm)

etal (M) Equilibrium constantsa (×1010 atm−1)

EN-(pyr)2 (en)(phen) (phen)2

n 1.4 ± 0.7 3± 2 5 ± 3
o 1.1± 0.4 1.9± 0.6 0.3± 0.1
i 0.002± 0.001 0.03± 0.01 12± 4
a Equilibrium constants for the addition of a single NH3.
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Fig. 12. DFT geometry optimized structures of Ni[EN-(pyr)2]2+ (left) and Ni(phen)22+ (right).

tural features of the complexes. Four-coordinate complexes
have two idealized geometries—square planar and tetrahe-
dral. A convenient means of characterizing the degree to
which a given 4-coordinate complex represents one of these
geometries is to consider the dihedral angle between the two
planes containing the metal and two of the cis donor atoms. In
Fig. 12, one plane consists of the metal and nitrogens N1 and
N2, and the other plane consists of the metal and nitrogens
N3 and N4. For perfectly tetrahedral complexes the dihe-
dral angle is 90◦, and for perfectly square planar complexes
the dihedral angle is 0◦. The dihedral angles for each of the
complexes inTable 5are listed inTable 6. Clearly, each of
the Mn(II) and Co(II) complexes are predominantly tetrahe-
dral, but the coordination geometry of the Ni(II) complexes
depends on the ligands around the metal. The Ni(II) com-
plexes of EN-(pyr)2 and (en)(phen) are square planar, and the
more highly reactive Ni(phen)2

2+ is tetrahedral. The tetrahe-
dral geometry of the Ni(phen)2

2+ complex is likely enforced
by steric interactions between hydrogens on the C2 and C9
positions of the phen groups. These steric interactions prevent
d8 Ni(II) from adopting its preferred square planar coordina-
tion geometry.

Table 6
Dihedral angles for M(EN-(pyr)2)2+, M(en)(phen)2+ and M(phen)22+ com-
p
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The DFT calculations clearly indicate differences in coor-
dination geometries for the three Ni(II) complexes, but why
is the tetrahedral complex of Ni(II) so much more reactive
than the square planar complexes of this metal? To answer
this question, we again calculated MOSE using the same pro-
cedure described earlier.Table 7shows the�MOSE values
obtained for various coordination geometries and spin states
for Mn(II), Co(II) and Ni(II). Three conclusions can be drawn
from the MOSE calculations. First, low-spin square planar
complexes of Ni(II) are not expected to react extensively to
form high-spin 5-coordinate complexes of either geometry
(i.e. D3h or C4v) as indicated by�MOSE values of 1e� and

Table 7
The change in the molecular orbital stabilization energies (�MOSE) calcu-
lated from the angular overlap model for the conversion of a 4-coordinate
complex to a 5-coordinate complex considering all possible geometries and
spin states but only� contributions from the ligands and NH3

�MOSE (e�)a

D4h → C4v
b D4h → D3h

b Td → C4v
b Td → D3h

b

High-spin ML4 to high-spin ML5

Mn −1 −1 −1 −1
Co −1 −1 −1 −1
Ni −1 0.125 −2.33 −1.21

Low-spin ML4 to low-spin ML5

M
C
N

L
M
C
N

H
M
C
N

b

lexes, which were obtained from the DFT optimized structures

etal (M) Dihedral anglesa (◦)

EN-(pyr)2 (en)(phen) (phen)2

n 76.3 73.7 72.0
o 73.1 75.6 74.5
i 29.1b 4.1b 68.0
a The dihedral angles are for the two planes containing the metal an
f the cis donor atoms. One plane consists of the metal and nitrogens N
2 (from Fig. 12), and the other plane consists of the metal and nitro
3 and N4 (Fig. 12). For perfectly tetrahedral complexes the dihedral a

s 90◦, and for perfectly square planar complexes the dihedral angle is◦.
b The lowest energy structures for these complexes are low-spin. Th
st energy structures for all other complexes are high-spin.
n −2 −0.88 −3.33 −2.21
o −1 0.37 −4 −2.63
i 0 0.5 −3.33 −2.83

ow-spin ML4 to high-spin ML5

n 3 3 1.67 1.67
o 2 2 −1 −1
i 1 2.12 −2.33 −1.21

igh-spin ML4 to low-spin ML5

n −6 −4.88 −6 −4.88
o −4 −2.63 −4 −2.63
i −2 −1.5 −3.33 −2.83
a The�MOSE values are given in terms of�-overlap integrals (e�).
b D4h, square planar; C4v, square pyramidal; Td, tetrahedral; D3h, trigonal
ipyramidal.
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2.12e�. This explains the low reactivity of the Ni(II) com-
plexes of EN-(pyr)2 and (en)(phen) (seeTable 5). The lowest
energy structures for these complexes are low-spin square
planar according to the DFT calculations (Table 6). Further-
more, most 5-coordinate complexes of first-row transition
metals having ligands with good� donors are high-spin[64],
so the product ion is likely a high-spin complex.

A second conclusion from the data inTable 7 is that
high-spin tetrahedral complexes of Ni(II) are expected to
react extensively to form high-spin 5-coordinate complexes
of either geometry (i.e. D3h or C4v) as indicated by�MOSE
values of−2.33e� and−1.21e�. This prediction is in accord
with the experimental and calculated data for Ni(phen)2

2+.
The experimentally measured equilibrium constant for this
complex is the highest of those shown inTable 5, and the
DFT calculations indicate that the lowest energy conformer
of this species is a high-spin tetrahedral complex.

A third conclusion from the data inTable 7is that high-
spin tetrahedral complexes of Mn(II) and Co(II) are expected
to react favorably to form high-spin 5-coordinate complexes
of either geometry (i.e. D3h or C4v). �MOSE values of
−1e� for both Mn(II) and Co(II) indicate this expectation.
Interestingly, tetrahedral complexes of Mn(II) and Co(II) are
expected to react less extensively than tetrahedral Ni(II) com-
plexes, and in fact this is observed experimentally.

The�MOSE values inTable 7also allow other predictions
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In summary, the coordination geometry around a given
metal ion influences the d-orbital splitting patterns for that
metal, which in turn influences its chemistry. Gas-phase reac-
tions are sensitive to these changes in d-orbital energy levels
such that square planar and tetrahedral complexes of metals
such as Ni(II) and Co(II) react to noticeably different extents.
MOSE calculations provide a convenient means of explain-
ing this reactivity and predicting how coordination geometry
in general will affect metal complex reactivity.

3.5. The effect of steric interactions

In the previous sections of this review, we have demon-
strated that divalent metal complex ions react in ways that
reflect their coordination number, coordinating functional
groups and coordination geometry. While this is true in many
cases, steric effects can conceal the correlations between
reactivity and coordination structure in other cases. Because
the information content available from I–M reactions comes
from reagent gas binding to the metal, steric effects that
impact either the approach or the effective binding of the
reagent to the metal center will minimize the information
that is available.

The following two examples illustrate the impact that ster-
ics can have on the gas-phase reactivity of metal complexes.
First,Fig. 14shows plots of the reactions of acetonitrile with
N
t ups

Fig. 14. Kinetic plots for the association reactions of (a) Ni[DIEN-
(pyr)2]2+ and (b) Ni[DIEN-(2-Me-pyr)2]2+ with acetonitrile (pressure =
4.2± 0.4× 10−10 atm).
o be made about the gas-phase reactivity of divalent m
omplexes. For example, square planar complexes of C
re expected to be fairly unreactive. Square planar comp
f Co(II) are invariably low-spin because of the relativ
igh energy of the dx2− y2 and dxy orbitals, and a�MOSE
alue of 2e� is calculated for the conversion of a low-s
quare planar complex to a high-spin 5-coordinate com
o see if this prediction holds, a Co(II) complex of cycl
Fig. 13) and a Co(II) complex with two ethylenediamine (
igands were reacted with ammonia. The measured eq
ium constants were 0.009× 1010 and 0.9× 1010 atm−1 for
o(cyclam)2+ and Co(en)22+, respectively. The equilibrium
onstant for Co(cyclam)2+, which is a square planar co
lex, is two orders of magnitude lower than the equilibr
onstant of the Co(en)2

2+ complex, which has essentia
he same ligand-donor groups but a different coordina
eometry.

Fig. 13. Structure of cyclam (1,4,8,11-tetraazacyclotetradecane)
i[DIEN-(pyr)2]2+ and Ni[DIEN-(2-Me-pyr)2]2+. These
wo complexes differ only by the presence of methyl gro
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Fig. 15. Ligands used to generate the data that are shown inFig. 14.

on the two position of each pyridine ring (Fig. 15), but the
extent of reaction is noticeably different in each case[65].
Steric hindrance by the methyl group circled inFig. 16
causes acetonitrile to bind less favorably to Ni[DIEN-
(2-Me-pyr)2]2+. In the geometry optimized structure of
the acetonitrile adduct, Ni[DIEN-(2-Me-pyr)2+CH3CN]2+

(structure not shown), acetonitrile binds trans to N2, which
is clearly hindered by the presence of the methyl group
indicated inFig. 16. Another possible explanation for the less
favorable reaction of Ni[DIEN-(2-Me-pyr)2]2+ is electron
donation by the methyl groups on the pyridine rings, which
would cause the pyridine nitrogens to donate electron density

more effectively to the metal. This effect is expected to be
small, however, given that methyl groups are weak electron
donors. We find it unlikely that such a weak inductive effect
would decrease the measured equilibrium constant by a
factor of∼150 (from 33× 1010 to 0.23× 1010 atm−1).

An even more obvious example of steric effects can
be seen in a comparison of the reactions of acetonitrile
with Ni(4,7-dmphen)22+ and Ni(2,9-dmphen)2

2+, where 4,7-
dmphen is 4,7-dimethylphenanthroline and 2,9-dmphen is
2,9-dimethylphenanthroline (Fig. 17). Both of these com-
plexes are high-spin tetrahedral species, and based upon
MOSE calculations shown earlier (Table 7), these complexes
should be very reactive. Indeed, Ni(4,7-dmphen)2

2+ is very
reactive with an equilibrium constant for the addition of one
acetonitrile that is too high to confidently determine with our
instrument setup. Furthermore, a second acetonitrile readily
adds to this species as expected for a four-coordinate com-
plex. In contrast, however, Ni(2,9-dmphen)2

2+ is essentially
unreactive with acetonitrile. After 4000 ms, no ion corre-
sponding to the acetonitrile adduct of Ni(2,9-dmphen)2

2+ is
observed. The very low reactivity of this complex is most
easily explained by considering the methyl groups in the C2
and C9 positions of the phenanthroline rings. These methyl
groups prevent the approach of acetonitrile to the metal center
and may also make it difficult for the complex to reorganize
to accommodate the acetonitrile ligand.

F
c

ig. 16. DFT geometry optimized structures for the Ni complexes of the DIEN
omplexes, acetonitrile binds to the metal trans to N2. In the structure on the
-(pyr)2 (left) and DIEN-(2-Me-pyr)2 (right). In the acetonitrile adducts of these
right the circled methyl group sterically interferes with the additionof acetonitrile.



122 M.Y. Combariza et al. / International Journal of Mass Spectrometry 244 (2005) 109–124

Fig. 17. DFT geometry optimized structures of Ni(2,9-dmphen)2
2+ (top) and Ni(4,7-dmphen)2

2+ (bottom).

4. Concluding remarks

Gas-phase I–M reactions of divalent metal complex ions
are noticeably affected by the coordination structure around
the metal ion. Thus, from an analytical perspective, I–M reac-
tions may have the potential to provide coordination structure
information for such complexes. I–M reactions seem to give
information than is not accessible from typical analytical CID
experiments that are performed on commonly used mass
spectrometers. The extent of a complex’s reactivity with a
neutral reagent molecule is dependent on the coordination
number of the complex, the type of functional groups bound
to the metal and the geometry of the ligands around the metal
ion. Gas-phase dissociation experiments of divalent metal

complexes have yet to show a clear connection to such prop-
erties. The general analytical utility of these I–M reactions
still remains to be seen, but such an approach appears to be
useful for relatively small divalent metal–ligand complexes
like the ones illustrated in this report. Investigations into the
reactivity of a wider variety of metal–ligand complexes are
necessary to more fully establish the value of this approach. In
the very least, I–M reactions of divalent metal complex ions
will provide structural information that is complementary to
analytical CID experiments. In comparison to threshold CID
measurements, which are currently limited to monovalent
metal complex ions, I–M reactions in a QITMS may not pro-
vide as detailed and precise thermodynamic information, but
they do provide access to coordination structure information
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and some thermodynamic information using less-specialized
equipment. In addition, because analytical CID experiments
are readily performed in a QITMS along with I–M reactions,
the complementary information provided by these two meth-
ods may offer access to more diverse information than is
possible with threshold CID measurements.

Even if such I–M reactions are only analytically useful
under special circumstances, gas-phase reactions of coordi-
natively unsaturated metal complex ions have the potential to
provide some fundamentally interesting information. Many
catalytic intermediates contain coordinatively unsaturated
metal ions, and the ability to study such short-lived species in
the controlled environment of a mass spectrometer could lead
to greater insight into a catalyst’s chemistry. Obtaining infor-
mation about the coordination structure of such intermediates
might give important insight into how coordination struc-
ture controls the chemical transformations that these species
undergo.
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