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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’
coordination number, types of coordinating functional groups and coordination geometry. The coordination number of a metal complex affects
its reactivity because complexes of divalent metal ions will add reagent molecule(s) to fill vacant coordination sites. The thermodynamics and
kinetics of these reactions are very sensitive to both the types of functional groups bound to the metal and the geometry of the groups around
the metal ion. Such a strong dependency on the coordination structure of a metal complex suggests that ion—molecule reactions might make
mass spectrometry suitable for elucidating a metal’s coordination structure. Given mass spectrometry’s inherent sensitivity and the ability to
carefully control reaction conditions in a mass spectrometer, ion—molecule reactions have the potential, both analytically and fundamentally,
to provide greater insight into the chemistry of divalent metal complexes.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction monovalent metal ions, but applications of these methods to
divalent metal ions will undoubtedly appear in the futiirg].
It is axiomatic in chemistry that “structure controls func- An alternate approach to gather insight into divalent metal

tion.” For transition metal complexes, the function of interest coordination structure is reaction of metal complex ions with
is usually reactivity, and the structure that controls reactivity neutral reagents at thermal energies. These thermal reactions
is coordination structure, which refers to the number, type are much less likely than dissociation-based techniques to
and orientation of the ligand-donor groups around the metal disrupt an ion’s structure, and these reactions usually gen-
center. A key role of this coordination structure is to tune erate product ion spectra that are much simpler to interpret.
the metal’s electronic structure and by doing so mediate anyIn addition, numerous potential reagents offer a broad scope
bond making and bond breaking. Ligand structure around the of chemical reactions from which a complex’s structure may
metal can also influence chemistry via steric control. be deciphered. The use of such ion—-molecule (I-M) reaction
The relationship between a metal complex’s coordination chemistry relies on the idea that just as a complex’s coordi-
structure and its chemical properties has led to the develop-nation structure affects its reactivity, so should a complex’s
ment of numerous spectroscopic techniques that can providereactivity reflect its coordination structure. This review will
this structural information. These techniques include ground- demonstrate ways in which our group has used gas-phase
state methods that use magnetic fields, valence excited-stat¢-M reactions to provide varying degrees of detail about a
methods that rely on UV or visible radiation and core excited- divalent metal complex’s coordination structure by choosing
state methods based on X-ray radiation. This array of tech-the appropriate reagent and collecting the proper experimen-
niques has been developed because no one method provideal data. Furthermore, because these reactions are done in the
all the desired information or is suitable for the analysis of gas-phase, some intrinsic coordination chemistry can be gath-
every given complex. Special cases still arise in which tradi- ered at the same time. Of course, metal-ligand coordination
tional methods are unsuitable. One situation in which current chemistry is a very mature field, but studying the chemistry of
methods often failis when the complex of interestis present at divalent metal complexes without interferences from solvent
very low concentrations. Under such conditions, most estab-or counterions can, in the very least, provide confirmation of
lished techniques are unable to provide adequate signal forwell-developed theories (e.g. ligand field theory) especially
gathering the information of interest. for coordinatively unsaturated complexes. In other cases,
Because we are interested in studying the coordination new insight into divalent metal complex chemistry can be
structure of metal complexes present at trace levels in marinegathered.
environments, we have begun to explore new ways to gather
this information using mass spectrometry (MS). MS has in
many ways revolutionized the analysis of peptides and pro- 2. Experimental methods
teins because of its ability to provide structural information
while maintaining its exquisite sensitivity. A question that we All of the experiments described in this review were per-
have recently pursued is whether MS can similarly provide formed on a modified Bruker Esquire-LC quadrupole ion trap
detailed structural information for metal complexes while mass spectrometer (QITMS). The instrumental modifications
maintaining this sensitivity. For organic ions structural infor- and the details of how the QITMS is used have been described
mation is typically obtained using a variety of dissociation elsewherg14]. Briefly, metal complex ions are generated by
technigues, including most often collision-induced dissocia- electrospray ionization from solutions containing the com-
tion (CID). For divalent metal-ligand complexes, structural plex of interest, and the ions are transferred via ion optics into
information is often more difficult to obtain unambiguously the trapping volume of the QITMS. lons of interest are then
using analytical CID[1-8] as it is performed during rou- isolated in the gas-phase using supplementary waveforms
tine tandem MS (MS/MS) experiments on non-specialized applied to the endcap electrodes of the QITMS and allowed
mass spectrometers. Metal-ligand interactions are typically to react with neutral reagent gas(es) that are introduced into
weaker than the covalent bonds in organic molecules, sothe vacuum system via a custom leak-valve system. Reaction
collisional activation of metal complex ions can lead to the times with reagent gases can range from 10to 10,000 ms. The
rearrangement of the metal center, resulting in dissociation product ions formed from these reactions are then detected in
chemistry that does not necessarily reflect the coordinationa mass-selective manner by steadily increasing the rf voltage
environment of the metal. Furthermore, while the dissociation applied to the ring electrode while simultaneously applying
chemistry of a metal complex ion may still reflect its coordi- a resonance ejection signal to the exit endcap electrode to
nation structure in many cases, the relationship between theenhance ion ejection to an electron multiplier.
two is not always obvious. On the contrary, for small monova-
lent metal-ligand complexes, threshold CID measurements
can provide very detailed thermodynamic information, and 3. Coordination structure
when combined with theoretical calculations, these measure-
ments can also provide detailed structural insjghi 2] Cur- In the context of this review, coordination structure refers
rently, though, threshold CID measurements are limited to to the number, type and orientation of the ligands around a
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given metal. Another very important aspect of a complex’s the analysis time window was short and ion temperatures
structure is the electronic structure of the metal center, thatwere very likely below 300 K, which enabled weakly bound
is, the relative energy spacing and occupancy of the metal’ssolvent molecules to remain bound so that mass analysis was
5 d-orbitals. It is not obvious how |-M reactions in a mass possible.

spectrometer might provide information about a metal'selec-  Selective reactions with different reagent gases can pro-
tronic structure directly; however, coordination structure cer- vide coordination number, but a more analytically convenient
tainly influences a metal’s electronic structure. In this review, approach for determining this information is to use a single
we demonstrate how I-M reactions are sensitive to a com-reagent that is capable of “titrating” the open coordination
plex’s coordination number, coordinating functional groups sites in a comple)14,34,35] In this approach, the corre-

and coordination geometry. sponding mass increase (or the absence of a mass increase)
after the I-M reaction indicates the initial coordination num-
3.1. Coordination number ber of the complex. An abundance of solution-phase and

solid-state data suggests that divalent cations of the late first-

Using I-M reactions to determine a metal complex’s coor- row transition metals (i.e. Mn(ll) through Cu(ll)) have a
dination number relies on the idea that metal complexes will tendency to form 6-coordinate complexes. Thus, if a metal
react to an extent that depends upon their coordinative unsatcomplex ion has a coordination number less than six, then
uration. Indeed, the observation that coordinatively unsat- one might expect the ion to react with a neutral reagent
urated metal complex ions react with neutral ligands in the gas to obtain a full coordination sphere. An example of this
gas-phase has been reported by several investidatb+35] approach is shown ifrig. 1 for a series of 4-, 5- and 6-
We have demonstrated using two different approaches howcoordinate complexes of Mn(ll), which were reacted with
I-M reactions can determine coordination numbers. The first acetonitrile (pressure =4:20.4x 10-1%atm) for 100 ms.
approach involves reagent gases that are selectively reacThe ligands bound to Mn(ll) in these complexes are shown
tive with complexes that have a given coordination number in Fig. 2
[16,21-23,27] In previous work, with complexes having
nitrogen-containing ligands, we showed that 6-coordinate 3.1.1. Reagent gas considerations
complexes of divalent metal ions are generally unreactive,  Titration of the open coordination sites in a metal complex
while 5-coordinate complexes react with reagents such asion is possible when the appropriate reagent gas is chosen.
pyridine or ethylamine to add one reagent molecule. In addi- For example, in our experience with well over 100 metal com-
tion to reacting with pyridine and ethylamine, 4-coordinate plexions, ammonia, water, methanol and ethanol do not react
complexes react with ammonia and 3-coordinate complexessignificantly enough to form adducts with most 5-coordinate
react with ammonia, water and methanol. complexes, so these are not effective reagents for the titration

The ability of the more weakly electron-donating reagents experiments. Other reagent gases such as pyridine, ethy-
(e.g. ammonia, water and methanol) to only form adducts lamine and acetonitrile, however, do form mono-adducts with
with the lower coordinate complexes is explained by the most 5-coordinate complexes and form di-adducts with most
nature of the gas-phase environment in the QITMS and by 4-coordinate complexes.
the lower electropositive character of the metal center inthe  While we have not thoroughly investigated the physico-
complexes with higher coordination numbers. Reactions in chemical properties necessary for a reagent ligand to effec-
the QITMS occur in the presence oflL mTorr of He, which tively titrate a metal complex’s open coordination sites, a
acts to effectively thermalize ions to a temperature that is few characteristics appear to be importdiatble 1shows the
close to the vacuum chamber wal&—38} in our experi- ionization potentials (IP), dipole moments (DM), gas-phase
ments this temperature is about 300 K. These reactions occubasicities (GPB) and polarizabilities of several reagent gases
over time periods that range from 10 to 10,000 ms. Ammo- that we have studied. For almost all of the complexes stud-
nia, water and methanol evidently interact too weakly with ied, the addition of reagents such as pyridine, ethylamine and
5- and 6-coordinate complexes to overcome the unfavorableacetonitrile are kinetically and thermodynamically favored
entropy associated with adduct formation at 300 K. Similarly, over the addition of ammonia, water, methanol and ethanol.
the interactions between 4-coordinate complexes and waterThe relatively high reactivity of pyridine and ethylamine is
or methanol must also be too weak to overcome the unfa- not unexpected given that these reagents are known to be
vorable entropy associated with adduct formation. In other relatively good ligands in solution. The relatively high reac-
words, the magnitude GfA Sexceeds the magnitude aH, tivity of acetonitrile and low reactivity of ammonia, however,
so these reactions are unfavorable (i£G). Of course, sev-  are somewhat surprising. Ammonia is usually considered a
eral investigators have shown that divalent metal ions can better ligand for divalent metal ions in solution than acetoni-
be generated by ESI with solvent molecules that include trile. There are two notable differences between acetonitrile
ammonia, water and methanol, and these complexes can band ammonia that may explain this observation. Differences
analyzed by M§39-48] Even complexes with good nitro-  exist between the magnitudes of their DMs (3.925 D versus
gen donors, such as bipyridine, can be generated with boundl.472 D) and polarizabilities (4.41323 versus 2.223\3). Polar-
solvent molecule§49-51] In these previous cases, though, izability and DM are good indicators of a molecule’s ability to
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Fig. 1. Mass spectra obtained after reacting: (a) Mn[EN-@Ht) (b)
Mn[DIEN-(imi)2]2* and (c) Mn[TRIEN-(imi»]2* with acetonitrile (pres-
sure =4.2+ 0.4x 10~1%atm) for 100 ms.
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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 betweensElsFe" and various reagent
gased53], 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(ll) com-
plex of the ligand AM-(pyr} (structure shown irFig. 3).

Upon reaction of Mn[AM-(pyr}]?* (m/z 226.5) with pyri-
dine, product ions atn/z 452 andm/z 80 are observed.
Proton transfer is the dominant reaction observed and is pos-
sible because ligation of Mn(ll) 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

donate electron density to a metal, and thus they appear to be

good indicators of a reagent’s intrinsic ligating abilities in the

Table 1

gas-phase. C|ear|y, though, the combination of DM and po|ar_ lonization potentials (IP), gas-phase basicities (GPB), dipole moments (DM)

izability is not the only gauge of ligating ability as ethylamine

and polarizabilities of several reagent gases

has the lowest DM of the gases Tiable 1 yet it is one of Reagent IP(ev)  GPB DM (D)  Polarizability
the more reactive reagent ligands. Ethylamine has a relatively'igands (kcal/mol) A%
high gas-phase basicity (GPB), which means it can readily Water 1262 157.7 1855 148
donate a lone-pair of electrons. Pyridine also has a relatively Methanol 1084 1732 170 323
high GPB, while having a high DM and large polarizability. ~ Sa"°! 1048 178.0 169 S11%

o < . X Ammonia 1007 195.7 1472 222
In our experiments, pyridine typically forms the most kinet-  gihylamine a7 210.0 122 4112
ically and thermodynamically favorable adducts with metal Pyridine 926 214.7 215 1333
complex ions, which suggests a high GPB, DM and polar- Acetonitrile 1220 179.0 3925 442

izability are important characteristics of a strong ligand for

@ These polarizabilities were calculated using the method of Miller and

divalent metal ions in the gas-phase. An inverse correlation Savchik[52].
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A more troublesome competing reaction can arise when the 150 180 y 210 240
proton affinity of a site in a metal complex is very similar to (@) mz
the proton affinity of the reagent ligand. In such a case, the Co[DIEN-(fur),P*
reaction might result in stabilization of a proton-bound com- 100 [ COIDIEN-(fun, + CHLONF
plex. Collisional stabilization of such proton-bound species "
can be facilitated by the relatively high pressure of He that is 2 80
: ; : S, ] Co[DIEN-(fur), + 2CH,CNJ*
present in the QITMS during the experiment. Distinguishing g 60
between proton-mediated addition and metal-mediated addi- &
tion is difficult, so without insight into the chemical nature 2 401
of the metal-bound ligand, an incorrect coordination number %
could be assigned. In our experience, choosing a good titrat- e &R !
ing ligand with a low gas-phase basicity, such as acetonitrile, 0 ) : ‘
allows the proton-bound products and proton transfer reac- ®) 150 180 i 210 240
m/iz

tions to be avoided.
Fig. 4. Mass spectra obtained after reacting: (a) Co[DIEN-(BH#)and
3.1.2. Ligand-donor groups (b) Co[DIEN-(fur)]2* with acetonitrile (pressure =4:20.4 x 10-10atm)
Another reaction that can be competitive with ligand addi- for 100ms.
tion is ligand-group displacement, and this reaction can be

difficultto avoid. Ligand-group displacement can occur when H

a functional group in a ligand is bound to the metal rela- N/\/N\/\N

tively weakly. An example of such a reaction is illustrated CK\ H H/\O
6} O

by the data irFig. 4 When Co(ll) complexes of the two lig-

ands shown ifffig. 5are reacted with acetonitrile for 100 ms, DIEN-(THF),

the reactions proceed to noticeably different extents despite

each ligand having five donor groups. The Co(ll) complex H

of DIEN-(THF), reacts as expected for a 5-coordinate com- S N/\/N\/\N =

plex to add just a single acetonitrile, whereas the DIEN-fur) \ H H /
L L e} O

complex adds two acetonitriles. In the latter case, acetonitrile

probably displaces one of the furan groups that are weakly DIEN-(fur),

bound to Co(ll). Furan binds to Co(ll) mainly via weak

7 interactions[54,55], whereas the tetrahydrofuran group Fig. 5. Ligand structures for complexes whose reaction data are shown in
of DIEN-(THF), binds to Co(ll) via a stronges interac- ~ F9-4

tion. This ¢ interaction makes ligand displacement much

less favorable. In general, we have found that the titration 1.0 1 GO[DIEN-(THF), + CH,CNJZ*

experiments are effective for determining the coordination Q

number of complexes when the ligand-donor groups are good § R

o donors, regardless of the donating heteroatom. For exam- 5 061

ple, the coordination numbers of complexes with thioether <

and/or ether functionality can be successfully determined as £ 041 COIDIEN-(THF),F*

long as there is strongcharacter to their bonding as opposed 3 021

to w charactef14,28]. Of course, ther-bonding capacity of - Co[DIEN-(THF), + 2CH,CNJ*

i ianifi i 0.0 = T * 7 "
a functlpnal group can vary S|gn|f|cantly,' and so in some 2 Zab, 008 1B BoD
cases, ligand-group displacement can still occur to a small Reaction Time (ms)
extentifthe reaction is allowed to proceed long enorign.6
shows an example of this with a kinetic plot of the reaction Fig. 6. Kinetic plot for the association reaction of Co[DIEN-(THP) with

of acetonitrile with Co(DIEN-(THR))2". If this reaction is  acetonitrile (pressure = 4:20.4x 10-'%atm).
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allowed to reach equilibrium, a second acetonitrile will add A difficulty with invoking the 18-electron rule comes
to the complex, but its relative abundance is below 5%. As when trying to explain the results with Ni[DIEN-(pyif*,
far as coordination number determinations are concerned, wewhich reacts more extensively than all other complexes
typically choose an arbitrary threshold of 20% relative abun- shown in Table 2 According to the 18-electron rule,
dance for determining whether a ligand addition reaction is Ni[DIEN-(pyr).]%* should be fairly unreactive as the addition
indicative of coordinative unsaturation. This arbitrary level is of acetonitrile results in a total of 20 valence electrons (8 from
based upon our experience with >100 complexes of known Ni(ll), 10 from DIEN-(pyr)., 2 from acetonitrile). In the case
coordination numbers. So, while this level is a useful opera- of the Ni(ll) complexes, ligand-donor group displacement or
tional threshold for our experiments, itis not clearly rooted in an acetonitrile—ligand interaction are not attractive explana-
any properties of divalent metal-ligand complexes or reagenttions because the reaction with acetonitrile happens so read-
ligands, nor is it tied to any obvious instrumental parameter. ily. The ligand-donor groups in DIEN-(pyr)are expected to
interact strongly with the metal, thus lowering the tendency
3.1.3. Metal center for ligand-group displacement. Also, an interaction between
As mentioned earlier, using a titration reaction to deter- acetonitrile and DIEN-(pyg)is expected to be very weak and
mine coordination number relies on solution- and solid- metal independent. The 18-electron formalism then is proba-
phase observations that indicate the tendency of diva-bly notthe bestway to explain the trends observelhinle 2
lent metal complexes to form 6-coordinate complexes; and furthermore, we feel its general utility for complexes
however, this tendency is not equal for all metal ions. between first-row metals and ligands with gaedonors is
Table 2 shows the equilibrium constants for the reac- very minimal, although its applicability for ligands that are
tions of acetonitrile (4.2 0.4 x 10~1%atm) with the Mn(ll), ™ acceptors is more definite. Indeed, the 18-electron rule is
Fe(ll), Co(ll), Ni(ll), Cu(ll) and Zn(ll) complexes of knownto fail altogether when first-row metals are complexed
DIEN-(pyr),. The general trend in equilibrium constants to bipyridine ligandg56], which are very goodr donors.
is Ni(l)>Mn(Il) > Fe(l) > Co(Il) > Cu(ll), zZn(Il). What Also, a search of the Cambridge Structural Database shows
explains these differences in reactivity? One possible expla-thatabout50% of Ni(Il) complexes, 30% of Cu(ll) complexes
nation might be found in the 18-electron rule, which states and 20% of Zn(ll) complexes are 6-coordingb&], which
that stable metal complexes will be those that attain a total of further suggests the low applicability of the 18-electron rule
18 electrons in their valence shell upon acquiring electrons for such complexes.
from ligand-donor groups. This would seem to explain the ~ So, what explains the trend in reactivity observed in
low reactivity of the Cu(ll) and Zn(ll) complexes, whichhave Table 2 In recent work[58], we showed that the trend
9 and 10 d-electrons, respectively, and so are not expecteccan be explained by calculating molecular orbital stabi-
to readily form 6-coordinate complexes upon reaction with lization energies (MOSE) using the angular overlap model
acetonitrile. Assuming that the five nitrogen donors of DIEN- (AOM). The AOM can be used to obtain the energy sep-
(pyr), are each 2-electron donors and acetonitrile is a 2- aration of the metal d-orbitals for any symmetrical com-
electron donor, then the 6-coordinate complexes of Cu(ll) plex structure while taking into account and = interac-
and Zn(ll) would have 21 and 22 electrons, respectively. One tions, metal spin-state and metal complex geom&®y-61]
might then conclude that any reactions observed with the MOSE values in terms o&- (e;) and/or w-orbital over-
Cu(ll) and Zn(Il) complexes are due to ligand displacement lap integrals ¢;) can be determined using molecular orbital
reactions or are due to an interaction between acetonitrile andenergy level diagrams like those shownFkig. 7. MOSE
the metal-bound ligand, both of which are not very favorable. values can be separately obtained for 5- and 6-coordinate

Table 2
Equilibrium constants determined experimentally and molecular orbital stabilization energies (MOSE) calculated from the angular overtapM{iD HeNF
(pyr)2]%* complexes reacting with acetonitrile (pressure of4@24 x 10~ atm)

Metal (M) Equilibrium constarft(x 1010 atmi1) AMOSE ©)° (&) AMOSE (@ +)° (&;)
Mn 19+ 7 -1 -2

Fe 5+ 2 -1 -167

Co 0.7+ 0.3 -1 —-1.33

Ni 33+15 —2.125 —-2.125

Cu 0.21+ 0.05 —-0.25 —-0.25

zn 0.14+ 0.07 0 0

a Equilibrium constants for the addition of a single acetonitrile.

b These MOSE values are calculated by only consideringrtimteractions between the metal and the ligand and are calculated by considering a high-spin
trigonal bipyramidal complex reacting to form a high-spin octahedral complex. The values are listed in terness@f¢hiap integralsg;), which are assumed
to be the same for each metal in each coordination environment.

¢ These MOSE values are calculated by consideringotligteractions between the metal and the ligand andrthieteractions between the metal and
acetonitrile. These values are calculated by considering a high-spin trigonal bipyramidal complex reacting to form a high-spin octahedrallte vadlees
are given in terms of-overlap integralse;) for simplicity. The magnitude of the-overlap integral€;) is assumed to be 1/12 of the magnitude of the sigma
overlap integral (i.ee;/e; =0.083).
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The molecular orbital stabilization energy (MOSE) is determined by sum-
ming the appropriate-orbital overlap integrals for each filled or partially
filled orbital.

115

complexes gain essentially no stabilization upon adding ace-
tonitrile, whereas the Ni(ll) complex and to lesser extents
the Mn(ll), Fe(ll) and Co(ll) complexes are stabilized by the
addition of acetonitrileTable 9. The significant stabilization
observed in the Ni(ll) 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(ll), Fe(Il)
and Co(ll) complexes can be explained by recognizing that
the interaction of acetonitrile with these complexes has a sub-
tle, yet important,m character (sedable 3. The dy, dy,

and d; orbitals of these metals have favorable symmetry
(tog) to overlap with the p orbitals of acetonitrile, and so the
partially filled character of these orbitals for Mn(ll)zﬁ),
Fe(ll) (tzg“) and Co(ll) (§g5) in an octahedral environment
results in additional stabilization that is not seen in the Ni(ll),
Cu(ll) or Zn(Il) complexes. This additional stabilization fol-
lows the trend Mn(lIl) > Fe(ll) > Co(ll), and as such the Mn(ll)
complex reacts more extensively than the Fe(ll) and Co(ll)
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,
but several factors affect reactivity such that one must be
careful when interpreting the results. The coordination num-
ber determination is based upon a binary result—reaction
or no reaction. This result is convenient analytically, but the
identity of the reagent gas used, the nature of the bonding
between the metal and ligand-donor atoms and the electronic
structure of the metal center can all affect the outcome of the
reaction.

3.2. Types of coordinating functional groups
A simple increase im'z ratio after reaction of a diva-

lent metal complex ion with a reagent ligand provides a mass
spectrometric response that provides insight into a complex’s

complexes of each metal after considering all possible spin coordination number, but kinetic and thermodynamic data

states, geometries and combinationscofind 7 interac-
tions. Changes in MOSEAMOSE) can then be calculated
and compared to the experimentally determine@ val-

can provide additional information. The chemical nature of

the ligand-groups bound to a metal ion exerts an important

influence on the reactivity of that metal by tuning its elec-

ues, which are estimated from the equilibrium constants tronic structure. Indeed, the coordination structure around a
shown inTable 2 Just as a more negativeG value cor- metal ion is of interest because of this tuning. The kinet-
responds to a more favorable reaction, a more negativeics and thermodynamics of a metal complex reaction should
AMOSE value also corresponds to a more favorable reac-reflect the chemical nature of the functional groups bound
tion. In determining the MOSE values, the overlap integrals to the metal ion. This idea was demonstrated recently for a
were assumed to be the same for each metal, which shouldseries of 5-coordinate complexes of Co(ll) and Ni(ll) with the
be a fairly valid assumption given the identical ligand in each ligands shown irig. 8 [14] If these complexes are reacted
complex. with acetonitrile for varying time periods, then data like that

Upon considering all the numerous possible geometries, shown inFig. 9is generated. From this data, both equilib-
spin states and donor interactions, the qualitative trend in rium and rate constants can be extractab(e 3. Fig. 9and
Table 2can be explained by considering that each metal com- Table 3clearly show that changes to the ligand functional
plex reacts from a high-spin trigonal bipyramidal state toform groups bound to a given metal lead to significant changes in
a high-spin octahedral compl¢x8]. The Cu(ll) and Zn(ll) reactivity.
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Fig. 9. Kinetic plot for the association reaction of Co[DIEN-(ig}f)* with
acetonitrile (pressure =4:20.4x 10~ 10atm).

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@&j.

Table 3

of Mass Spectrometry 244 (2005) 109-124

The equilibrium constant is

M[DIEN — (R)(R)]*" + CHsCN

kf 24
= M[DIEN — (R)(R) + CH3CN]
ki

1)

related toAG of the reaction, and becaudeSis 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 (E(®).and(3)), the forward
reaction rate constarits] reflects several reaction character-
istics. An important

M[DIEN — (R)(R)]*" + CHsCN

E *2+
e (M[DIEN — (R)(R)] + CHsCN) )
(M[DIEN — (R)(R)] + CHsCN)**"
ks[He] o
= MIDIEN — (R)(R) + CHsCN] A3)

kadHe]

characteristic that affects is the lifetime of the excited
intermediate, which is controlled by the relative rates of dis-
sociation kp) and stabilization. Stabilization of the interme-
diate can occur via collisions with He and/or radiative emis-
sion. The relatively high pressure of He-{ x 10~* Torr)

in the QITMS suggests that collisional stabilization plays a
more important role than radiative stabilization. Indeed, from
recent experiments in which the He pressure was varied, we
have estimated that the contribution from radiative stabiliza-
tion of the intermediate is only about 1% under our reaction
conditions [Leeson, Vachet, unpublished]. Considering only
collisional stabilization and invoking the steady-state approx-
imation, we can determirig

kaks[He]

~ ko + ke[He] @

Association rate and equilibrium constants for the addition of one acetonitrile to various Co(ll) and Ni(ll) complexes (pressure of acetoni-

trile=4.3+ 0.4x 10 1%atm)

Ligand Rate constants«0~%cm? molecule'l s71) Equilibrium constantsx 10t atm1)
Co(lly Ni(ll) Co(ll) Ni(I1)
DIEN-(THF)2 6+1 10+ 1 50+ 15 >60
DIEN-(THF)(thio) 4.1+ 0.6 8.1+ 0.1 31+ 6 >60%
DIEN-(thio), 35+ 04 59+ 0.9 23+ 05 >66G
DIEN-(THF)(pyr) 3+1 - 18+ 7 -
DIEN-(THF)(imi) 2.8+ 0.1 5.8+ 0.1 15+ 5 >60%
DIEN-(pyr)z 2.3+04 45+ 1.0 0.7+ 0.3 33+15
DIEN-(thio)(pyr) 1.7+ 0.2 - 1.12+ 0.07 -
DIEN-(imi)2 1.0+ 0.3 25+ 0.9 0.33+ 0.05 1.0£0.4
DIEN-(thio)(imi) 0.8+ 0.2 2.3+ 0.2 0.29+ 0.02 2.1+0.9

a Equilibrium constants above 6:010' atm™1 are difficult to confidently determine with our mass spectrometer.
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(Eq. (4)) as a function of the rate constants shown in Eqgs. are observed. The exceptions, though, provide some interest-
(2) and (3) Because the complexes Table 3are all sim- ing insight into the intrinsic chemistry of the complexes that
ilar in size and the initial encounters between the diva- react anomalously. From the dataliable 3 the reactivity of
lent metal complex ion and acetonitrile are controlled by the complexes of DIEN-(imi)(thio) are most clearly inconsis-
ion—dipole interactionsk, is expected to be similar for all  tent. The equilibrium constant for Co[DIEN-(imi)(thid}],
complexes. This assumes that every acetonitrile—metal com-for example, would be expected to fall between the equi-
plex encounter leads to the excited intermediate. Also, the librium constants of Co[DIEN-(imp]?* and Co[DIEN-
collisional stabilization termks[He], is expected to be simi-  (thio),]*, but in fact the value for this complex is the lowest
lar for each complex as it is controlled by ion-induced dipole of all the Co(ll) complexes. In previous wofk4], we argued
interactions. Thus, differences in the magnitudigafirectly that this was do to the “softening” of the metal center by the
control the experimentally measured differencegifrate presence of a strongly interacting imidazole group, which
constants infable 3. The magnitude ok is described by makes the interaction with the soft base thioether more favor-
RRKM theory, and its magnitude is inversely proportional to able. Because the hard and soft descriptors are related to
the acetonitrile binding strength. the polarizability of a metal or donor group, extensive elec-
The data shown ifable 3generally indicate that metal tron donation by imidazole to Co(ll) makes the metal more
complexes with more nitrogen donor groups bind acetonitrile polarizable (i.e. “softer”). While this exception weakens the
more weakly than complexes with sulfur or oxygen donor analytically utility of I-M reactions, it does provide an exam-
groups. For example, the Co(ll) complex of DIEN-(imi)  ple of some new insight into coordination chemistry that is
with its low equilibrium and rate constants binds acetoni- available from such gas-phase reactions.
trile more weakly than the Co(ll) complexes of DIEN-(thio)
or DIEN-(THF). An explanation for this observation can 3.3. Reagent gas considerations
be found by considering the Hard and Soft Acid and Base
(HSAB) principle[62]. The HSAB principle states that hard Information about the coordinating functional groups that
acids (i.e. metal ions) more favorably interact with hard bases is available from the I-M reactions depends on the nature of
(i.e. ligand-donor groups), and soft acids more favorably the reagent gas and the experimental He pressure. The dif-
interact with soft bases. According to the HSAB principle ferences in reactivity shown ifiable 3basically arise from
Co(ll) and Ni(ll) are borderline acids and thus interact more the different magnitudes &, in Eq. (2). If ky is very small
favorably with borderline bases such as pyridine and imida- relative toks[He], then the observed formation constdat,
zole groups. Oxygen-containing groups are classified as hardwill approach the value o, (see Eq(4)). The magnitude
bases, and sulfur-containing groups are typically classified asof k, is essentially the collision rate constant between the
soft bases. Thus, the interactions between Co(ll) or Ni(ll) and complex ion and reagent gas, which is mostly dependent
the nitrogen-containing bases (e.g. pyridine and imidazole) upon ion—dipole interactions between the ion and the neutral
are more favorable than the interactions with either the hard reagent. In other word&, contains essentially no informa-
(e.g. THF) or soft (e.g. thioether) bases. The more favorable tion about the coordination structure of the metal complex.
interactions result in more electron density on the metal and So, if the He pressure is too high or the reagent gas forms
thus weaker acetonitrile binding. a very strong adduct with the metal complex such #pas
Interestingly, the acetonitrile binding strengths for com- small, then the results of the I-M reactions will not reflect
plexes having a mix of nitrogen-, oxygen- and/or sulfur- the functional groups bound to the metal.
containing groups indicate that the effects of different ~ An example of improper reagent gas usage is a set of
groups are additive somewhat. For example, the equilibrium experiments in which acetonitrile is reacted with a series
constants for Co[DIEN-(THFR)?* and Co[DIEN-(thio}]%* of 4-coordinate Zn complexeggble 4andFig. 10. Ace-
are 504+ 15x 10'%and 2.3+ 0.5x 10'%atnr %, respectively,  tonitrile forms such a strong adduct with these 4-coordinate
while at 3146 x 10%atm ! the equilibrium constant for
Co[DIEN-(THF)(thio)* is almost the average of the two. Table 4
Analytically speaking, this additive effect is encouraging Associgti_on rate and equilibrium constants for the addition of one
because it would suggest that one might be able determineacetomtrlle toloseveral Zn(ll) complexes (pressure of acetonitrile=
the number and type of each functional group in a complex 3:34+04x 107" atm)

: : : s : Ligand Rate constants Equilibrium
by reactlng_|t with acet(_)nltrlle (or oth_e_r s_wtable reagent) (x 101 e molecule L s-1) constants
and measuring the reaction rate or equilibrium constant. One (x 101 atnr?)
r_nlght envision a co[lecuon of com_plexes that act as a calibra- EN-(THF)(imi) 2313 ~60°
tion set. By comparing the reactivity of an unknown complex gy (oyr)(NHy) 2242 ~60
to this calibration set, the identity and number of different EN-(imi)(NH.) 19+ 2 >60%
functional groups bound to the metal could be determined. EN-(pyr)(imi) 19+ 1 >60

While our results are generally consistent with the HSAB EN-(pyrk 15+£3 >60°

principle and the effect of different donor groups on acetoni- 2 Equilibrium constants above 6:010* atm are difficult to confidently
trile binding strength is somewhat additive, some exceptions determine with our mass spectrometer.
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NS o) metal chemistry arises because different ligand arrangements
NH THF produce different energy splitting patterns for the normally
2

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-

Fig. 10. Ligands used to generate the data that are shoWadbie 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 o

- phase reactivity.
constants approach the collision rate for each of the com-

plexes, and so the measured rate constants are very similar As anillustration of how coordination geometry can influ-
N . . L ; ence gas-phase reactivity, we recently reported the significant
despite significant differences in the coordinating functional gas-p W yrep 9

groups. The solution to this problem is to use a reagent gas,Changes in reactivity undergone by 4-coordinate Ni(ll) com-

: . . plexes as the ligand set is chand@8d]. Consider the Mn(ll),
such as ammonia, that binds the Zn complexes less avidly. Co(ll) and Ni(ll) complexes of the three ligands shown in

o _ Fig. 11 The donor-groups in these ligands are not substan-
3.3.1L _Coo_rdlnatmg functional group tially different, so they are not expected to lead to significant
determination—summary _ changes in complex reactivity, and in fact the equilibrium

In summary, the kinetics and thermodynamics of adduct ¢onstants for the reactions of the Mn(11) and Co(ll) complexes
formation reactions in the gas-phase are influenced by theith NH3 are fairly similar Table 5. For Ni(Il), however, the
functional groups bound to a given divalent metal ion. Not equilibrium constant for Ni(phep$* is three to four orders of
surprisingly, the reaction extent is related to how effec- magnitude higher than the equilibrium constants of the other
tively a given functional group can donate electron density 0 Ni(ll) complexes.
to the_ metal center. For divalent f_irst—row metals, nitrogen-  The reason for the significant change in the equilibrium
containing groups are more effective than sulfur- or oxygen- constant becomes evident upon considering the coordination
containing functional groups at donating electron density, and geometry of each of the Mn(ll), Co(ll) and Ni(ll) com-
so divalent metal complexes with nitrogen donors are theleastp|exes_ Density functional theory (DFT) calculations using
reactive with reagent ligands. This observation is consistentine B3LYP method with the LANL2DZ basis set, which con-
with the HSAB principle. The significant differences inreac- i3jns effective core potentials, was used to generate geometry
tivity that are observed for the divalent metal complexes as optimized structures for each of the complexes represented
a function of the ligand-donor groups suggest that I-M reac- j, Taple 5 Fig. 12shows the geometry optimized structures

tions in a mass spectrometer could be used analytically to o NI[EN-(pyr)2]2* and Ni(phen?* to illustrate some struc-
provide some insight into the groups bound to a metal ion.

Such an approach, however, would likely require develop- Table s
ment of a sufficient reaction database of known complexes Equilibrium  constants for the reactions of M(EN-(py)?,

for comparison with unknown complexes. M(en)(phenf* and M(pheny®* complexes with NH (pressure of
NH3z=2.640.1x 10~% atm)
3.4. Coordination geometry Metal (M) Equilibrium constanfs(x 101° atm1)
EN-(pyr) (en)(phen) (phen)
The spatial arrangement of ligand-donor groups around amn 1.4+ 0.7 3+2 543
transition metal can have a significant effect on the chem- Co 11+ 04 1.9+ 06 0.3+ 0.1
istry of a given metal center, and so this information is use- Ni 0.002+ 0.001 0.03+ 0.01 12+ 4

ful when characterizing a metal complex. This influence on 2 Equilibrium constants for the addition of a single hiH
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Fig. 12. DFT geometry optimized structures of NifEN-(p¥f) (left) and Ni(pheny?* (right).

tural features of the complexes. Four-coordinate complexes The DFT calculations clearly indicate differences in coor-
have two idealized geometries—square planar and tetrahe-dination geometries for the three Ni(ll) complexes, but why
dral. A convenient means of characterizing the degree tois the tetrahedral complex of Ni(ll) so much more reactive
which a given 4-coordinate complex represents one of thesethan the square planar complexes of this metal? To answer
geometries is to consider the dihedral angle between the twothis question, we again calculated MOSE using the same pro-
planes containing the metal and two of the cis donor atoms. Incedure described earliefable 7shows theAMOSE values

Fig. 12 one plane consists of the metal and nitrogens N1 and obtained for various coordination geometries and spin states
N2, and the other plane consists of the metal and nitrogensfor Mn(I1), Co(ll) and Ni(ll). Three conclusions can be drawn
N3 and N4. For perfectly tetrahedral complexes the dihe- from the MOSE calculations. First, low-spin square planar
dral angle is 99, and for perfectly square planar complexes complexes of Ni(ll) are not expected to react extensively to
the dihedral angle is°0 The dihedral angles for each of the form high-spin 5-coordinate complexes of either geometry
complexes inTable 5are listed inTable 6 Clearly, each of  (i.e. D3 or Cgy) as indicated byAMOSE values of &, and

the Mn(ll) and Co(ll) complexes are predominantly tetrahe-

dral, but the coordination geometry of the Ni(ll) complexes

depends on the ligands around the metal. The Ni(ll) com- The change in the molecular orbital stabilization energield QSE) calcu-
plexes of EN-(pyrj and (en)(phen) are square planar, and the lated from the angular overlap model for the conversion of a 4-coordinate

more highly reactive Ni(phep}* is tetrahedral. The tetrahe- complex to a 5-coordinate complex considering all possible geometries and
dral geometry of the Ni(phepd*™ complex is likely enforced  spin states but only contributions from the ligands and NH

by steric interactions between hydrogens on the C2 and C9 AMOSE )2
positions of the phen groups. These steric interactions prevent

Table 7

b b b b
d® Ni(Il) from adopting its preferred square planar coordina- Dan—> Cav Dan > Dan Ta— Cav Td— Dan
tion geometry. High-spin MLy to high-spin MLs

Mn -1 -1 —1 _1
Co -1 -1 -1 -1
NP -1 0.125 ~2.33 -121

Table 6

Low-spin MLy to low-spin M
Dihedral angles for M(EN-(pyp)?*, M(en)(phen§* and M(phern)?* com- ow-spin ML to low-spin MLs

) - - Mn -2 —0.88 —-3.33 —-2.21

plexes, which were obtained from the DFT optimized structures Co _1 037 _a 263

Metal (M) Dihedral angles(°) Ni 0 0.5 —-3.33 —2.83
EN-(pyr) (en)(phen) (phen) Low-spin MLy to high-spin MLs

Mn 76.3 737 72.0 '\C/'g 2 3; - 1167 71167

Co 73.1 756 745 .

Ni 29.1b a1b 65.0 Ni 1 212 —-2.33 —-121

High-spin ML4 to low-spin MLs

2 The dihedral angles are for the two planes containing the metal and two

of the cis donor atoms. One plane consists of the metal and nitrogens N1 andMn —6 —4.88 —6 —4.88
N2 (from Fig. 12, and the other plane consists of the metal and nitrogens C_o _‘21 _i‘gg _‘31 33 _ggg

N3 and N4 Fig. 12). For perfectly tetrahedral complexes the dihedral angle
is 907, and for perfectly square planar complexes the dihedral angfe is 0 2 The AMOSE values are given in terms efoverlap integralse;).

b The lowest energy structures for these complexes are low-spin. The low- ° Dy, square planar; £, square pyramidal; 4 tetrahedral; By, trigonal
est energy structures for all other complexes are high-spin. bipyramidal.
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2.12%;. This explains the low reactivity of the Ni(ll) com- In summary, the coordination geometry around a given
plexes of EN-(pyr) and (en)(phen) (s€kable 5. The lowest metal ion influences the d-orbital splitting patterns for that
energy structures for these complexes are low-spin squaremetal, which in turn influences its chemistry. Gas-phase reac-

planar according to the DFT calculatiori&ble §. Further- tions are sensitive to these changes in d-orbital energy levels
more, most 5-coordinate complexes of first-row transition such that square planar and tetrahedral complexes of metals
metals having ligands with goatddonors are high-spif64], such as Ni(ll) and Co(ll) react to noticeably different extents.
so the product ion is likely a high-spin complex. MOSE calculations provide a convenient means of explain-
A second conclusion from the data Trable 7is that ing this reactivity and predicting how coordination geometry

high-spin tetrahedral complexes of Ni(ll) are expected to in general will affect metal complex reactivity.

react extensively to form high-spin 5-coordinate complexes

of either geometry (i.e. B or Cyy) as indicated byA MOSE 3.5. The effect of steric interactions

values of—2.33; and—1.21e;. This prediction is in accord

with the experimental and calculated data for Ni(phé&h) In the previous sections of this review, we have demon-

The experimentally measured equilibrium constant for this strated that divalent metal complex ions react in ways that

complex is the highest of those shownTable 5 and the reflect their coordination number, coordinating functional

DFT calculations indicate that the lowest energy conformer groups and coordination geometry. While this is true in many

of this species is a high-spin tetrahedral complex. cases, steric effects can conceal the correlations between
A third conclusion from the data ifable 7is that high- reactivity and coordination structure in other cases. Because

spin tetrahedral complexes of Mn(Il) and Co(ll) are expected the information content available from I-M reactions comes

to react favorably to form high-spin 5-coordinate complexes from reagent gas binding to the metal, steric effects that

of either geometry (i.e. gy or Csy). AMOSE values of impact either the approach or the effective binding of the

—1e, for both Mn(ll) and Co(ll) indicate this expectation. reagent to the metal center will minimize the information

Interestingly, tetrahedral complexes of Mn(ll) and Co(ll) are that is available.

expected to react less extensively than tetrahedral Ni(ll) com-  The following two examples illustrate the impact that ster-

plexes, and in fact this is observed experimentally. ics can have on the gas-phase reactivity of metal complexes.
TheAMOSE values iTable 7also allow other predictions  First, Fig. 14shows plots of the reactions of acetonitrile with

to be made about the gas-phase reactivity of divalent metalNi[DIEN-(pyr)2]?* and Ni[DIEN-(2-Me-pyr}]?*. These

complexes. For example, square planar complexes of Co(ll)two complexes differ only by the presence of methyl groups

are expected to be fairly unreactive. Square planar complexes

of Co(ll) are invariably low-spin because of the relatively

high energy of the @ _y» and dy orbitals, and sAMOSE ' N
value of 2, is calculated for the conversion of a low-spin % 08 NI[DIEN-(pyr), + CHsCN]
square planar complex to a high-spin 5-coordinate complex. =
To see if this prediction holds, a Co(ll) complex of cyclam E 0.6 A
(Fig. 13 and a Co(ll) complex with two ethylenediamine (en) 2 Ni[DIEN-(pyr),J?*
ligands were reacted with ammonia. The measured equilib- o e 4
rium constants were 0.00910'° and 0.9x 10" atm? for S oo DRDIEN: i eCkent
Co(cyclam§* and Co(eny?*, respectively. The equilibrium T :
constant for Co(cyclam), which is a square planar com- 0.0 ‘ : '
plex, is two orders of magnitude lower than the equilibrium R
. . eaction Time (ms)
constant of the Co(ep* complex, which has essentially (@)
the same ligand-donor groups but a different coordination ‘o
geometry. ’
g 0.8
m g 061 Ni[DIEN-(2-Me-pyr), + CH,CNJ2*
=1
Kol
H Y N~ H E 0.41 Ni[DIEN-(2-Me-pyr),J2*
[ j E 024
H /U \H CLOO 10IOO EObO SOIOO 4600
(b) Reaction Time (ms)

cyclam Fig. 14. Kinetic plots for the association reactions of (a) Ni[DIEN-

(pyn)2]?* and (b) Ni[DIEN-(2-Me-pyr}]?* with acetonitrile (pressure =
Fig. 13. Structure of cyclam (1,4,8,11-tetraazacyclotetradecane). 4.24+0.4x 100 atm).
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on the two position of each pyridine ringi@. 15, but the
extent of reaction is noticeably different in each cigs.
Steric hindrance by the methyl group circled Fig. 16
causes acetonitrile to bind less favorably to Ni[DIEN-
(2-Me-pyrp]?*. In the geometry optimized structure of
the acetonitrile adduct, Ni[DIEN-(2-Me-py}CHsCN]?*

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 33x 10'°to 0.23x 10%atrm1).

An even more obvious example of steric effects can
be seen in a comparison of the reactions of acetonitrile
with Ni(4,7-dmpheny?* and Ni(2,9-dmphen¥*, where 4,7-
dmphen is 4,7-dimethylphenanthroline and 2,9-dmphen is
2,9-dimethylphenanthroline=~{g. 17). Both of these com-
plexes are high-spin tetrahedral species, and based upon
MOSE calculations shown earli€fdble 7, these complexes
should be very reactive. Indeed, Ni(4,7-dmphéh)s 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-dmphe#) is essentially
unreactive with acetonitrile. After 4000 ms, no ion corre-
sponding to the acetonitrile adduct of Ni(2,9-dmphéh)s

(structure not shown), acetonitrile binds trans to N2, which observed. The very low reactivity of this complex is most
is clearly hindered by the presence of the methyl group easily explained by considering the methyl groups in the C2

indicated inFig. 16 Another possible explanation for the less
favorable reaction of Ni[DIEN-(2-Me-pys)?* is electron

and C9 positions of the phenanthroline rings. These methyl
groups preventthe approach of acetonitrile to the metal center

donation by the methyl groups on the pyridine rings, which and may also make it difficult for the complex to reorganize
would cause the pyridine nitrogens to donate electron densityto accommodate the acetonitrile ligand.

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



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-dmph&hnjtop) and Ni(4,7-dmphen$* (bottom).

4. Concluding remarks complexes have yet to show a clear connection to such prop-
erties. The general analytical utility of these |-M reactions
Gas-phase |I-M reactions of divalent metal complex ions still remains to be seen, but such an approach appears to be
are noticeably affected by the coordination structure around useful for relatively small divalent metal-ligand complexes
the metalion. Thus, from an analytical perspective, I-M reac- like the ones illustrated in this report. Investigations into the
tions may have the potential to provide coordination structure reactivity of a wider variety of metal-ligand complexes are
information for such complexes. I-M reactions seem to give necessary to more fully establish the value of this approach. In
information than is not accessible from typical analytical CID the very least, I-M reactions of divalent metal complex ions
experiments that are performed on commonly used masswill provide structural information that is complementary to
spectrometers. The extent of a complex’s reactivity with a analytical CID experiments. In comparison to threshold CID
neutral reagent molecule is dependent on the coordinationmeasurements, which are currently limited to monovalent
number of the complex, the type of functional groups bound metal complex ions, I-M reactions in a QITMS may not pro-
to the metal and the geometry of the ligands around the metalvide as detailed and precise thermodynamic information, but
ion. Gas-phase dissociation experiments of divalent metalthey do provide access to coordination structure information
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