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Threshold collision-induced dissociation of ipyrimidine) with xenon is studied using guided ion beam
tandem mass spectrometryfNhcludes the following metal ions: Mg AI*, Sc, Ti*, V*, Crt, Mn*, Fe',

Cof, Nif, Cu", and Zr. In all cases, the primary product corresponds to endothermic loss of the intact
pyrimidine molecule, with minor production of MXedormed by ligand exchange. Additional minor reaction
pathways, the result of a MAr), isobaric contaminant, are observed in several systemis @&, and Ni).

The cross-section thresholds are interpreted to yield 0 and 298 K bond dissociation energiesggriMidine

after accounting for the effects of multiple ion-molecule collisions, internal energy of the reactant ions, and
dissociation lifetimes. Density functional calculations at the B3LYP/6-31G* level of theory are used to
determine the structures of these complexes and provide molecular constants necessary for the thermodynamic
analysis of the experimental data. Theoretical bond dissociation energies are determined from single point
calculations at the B3LYP/6-3#1G(2d,2p) level using the B3LYP/6-31G* optimized geometries. Excellent
agreement between theory and experiment is found for th&, Mb", Sc', Mn*, Fe"(®D), Co", Ni*, and

Zn", whereas the theoretical bond dissociation energies'toVri, Cr", Fe"(*F), and Cd lie outside of the
experimental error bars. Trends in the binding energies of pyrimidine show behavior similar to that observed
for ammonia and pyridine.

Introduction and are softer than the alkali metal ions. Competition between

] ) ) ) the phosphate backbone and the bases for binding of transition
_Studies of the interactions between gas-phase metal ions angeta) jons is therefore much more likely. An understanding of
biologically relevant small molecules continue to attract the e jnteraction of various metal ions with nucleic acids is thus

attention of both experimentalists and theoreticians because such.ssential to understand the role and effects of metal ions in their
studies reveal useful insights into the properties of these biological activity

interactions in the absence of solvation. An area that has seen
a flurry of activity relates to studies directed toward an
understanding of metal ion-nucleic acid interactions. Motivation

In recent work, we have developed methods to allow the
application of quantitative threshold collision-induced dissocia-

for such studies comes from the fact that metal ions participate '_uon me_tholdsl to obtain ?];;cijorgte th(?rrr:]ogyngml;: mforrtr)]a;[]l_o Tj on
in all biological processes that involve nucleic acids. The role "¢reasingly large systems.” One of the driving forces behin

of metal ions in determining the structure and functioning of t1€S€ developments is our interest in applying such techniques
nucleic acids is influenced by the site at which binding occurs, to systems having biological reI_evance. In addition, we SGEK_tO
and the effects of metal ion binding vary from stabilization of Perform accurate thermochemical measurements that provide
the three-dimensional structure to transcription failure and even @Psolute anchors for metal cation affinity scales over an ever-
cell death. The presence, identity, and location of metal ions Proadening range of energies. In the present paper, we examine
strongly influence the conformation of a nucleic acid, which in the interactions of pyrimidine with a variety of metal ions. The
turn controls the activity of nucleic acids. Nonspecific binding Structure of pyrimidine is shown in Figure 1 along with its
of metal ions to the phosphate backbone gives rise to stabiliza-calculated" and measuréd dipole moments and estimated
tion of the double helix through neutralization of the negative Polarizability** Pyrimidine was chosen as a simple model of
charges residing on the phosphate backbone. Binding of a metanoncovalent interaction with metal ions for a wide variety of
ion to the base also neutralizes the negative charge on thehitrogen-containing heterocycles of biological importance and,
phosphate backbone through a zwitterion effect, but can interfereof particular interest, the nucleic acid bases.

with hydrogen bonding and stacking interactions between bases. Pyrimidines play a wide variety of roles in biochemical
Such metal ion-base interactions may destabilize the helix. systems. They are the building blocks of the nucleic acids, as
Erroneous pairing and subsequent transcription errors may occutvell as vitamin B, folic acid, barbiturates, antimalarials, oral

if the metal ion interferes with base-base interactions. Therefore, diuretics, and other pharmaceuticals. They fulfill a series of
the course of genetic information transfer may be altered by important functions in biochemical oxidation-reduction pro-

metal ion-nucleic acid interactions. cesses. They act as dehydrogenases, as one- and two-electron-
Metal ions that are hard and have a low tendency to form transfer reagents, and as activators of molecular The
covalent bonds, such as the alkali ions and#Mdend to bind interaction of pyrimidines with cations is particularly important

to the phosphate backbone. Other metal ions, such as transitioras o coordination andr redox reactivity may influence one
metal ions, have a greater likelihood to form covalent bonds anothef*
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4 Even when the pressure of the reactant neutral is low, it has
5. 3 previously been demonstrated that the effects of multiple
\l collisions can significantly influence the shape of CID cross
N ) sectiong® Because the presence and magnitude of these pressure
effects is difficult to predict, we have performed pressure-
1 dependent studies of all cross sections examined here. In the
pyrimidine present systems, we observe small cross sections at low engrgies
233D (2.31D) th_at have an obwous_ o!ependgn_ce upon pressure. We attribute
861 A3 this to multiple energizing collisions that lead to an enhanced

. - _ probability of dissociation below threshold as a result of the
Figure 1. Structure of the pyrimidine molecule. The dipole moment longer residence time of these slower moving ions. Data free
is shown as an arrow. Values for the dipole moment are taken from from pressure effects are obtained by extrapolating to zero
theory! and experiment? listed in parentheses. The estimated polar- . .

reactant pressure, as described previotslfhus, results

izability is also showrt? - )
reported below are due to single bimolecular encounters.
In the present study, we use guided ion beam mass spec- lon Source. The M™(pyrimidine) complexes are formed in

trometry to collisionally excite complexes of Mbound to al m_Iong ﬂQW tub& % operating at a pressure of 6:0.8
pyrimidine, where M = Mg™, A+, Sc, Tit, V*, Crt, Mn™, Torr with a helium flow rate of approximately 4060000 sccm.

Fe", Co*, Ni*, Cut, and Zrt. The kinetic energy-dependent Metal ions are generated in a continuous dc discharge by argon
cross sections for the collision-induced dissociation (CID) [ON SPuttering of a cathode, made from the metal of interest, or
processes are analyzed using methods developed prev'i'?ously.atf"‘malurn boat containing a powder or crimpings of the metal
The analysis explicitly includes the effects of the internal and of interest. Operatlng conditions of the dlschargg afé:B kv
translational energy distributions of the reactants, multiple and 18—2,7 mA in a flow of roughly 10%'ar.g.0n in helium for
collisions, and the lifetime for dissociation. We derive metal "€ experiments performed here. The (yrimidine) complexes

cation-pyrimidine bond dissociation energies (BDESs) for all of are formed by associative reactions of the metal ion with the

the complexes, and compare these results to the theoreticapeu'[ral pyrimidine, Wh'Ch.'s introduced into the flow 50 cm
values determined here and those in the literatitas 16 downstream from the dc discharge. The complexes thus formed

encounter in excess of 10ollisions with the bath gases, while
traversing the remainder of the length of the flow tube. These

Experimental Section conditions should thermalize the ions both vibrationally and
General Procedures. Cross sections for CID of Nt rotationally. In our analysis of the data, we assume that the ions
(pyrimidine), where M _ Mg*, Al*, Sct, Tit, V*, Crt, Mn* produced in this source are in their ground electronic states and

Fe', Co", Nit, Cu*, and Z are measured using a guided ion that the internal energy of the Npyrimidine) complexes is

beam mass spectrometer that has been described in detaiWe” qlescrlbed by a Maxwell-BoItzmann distribution of ro-
previously!”18 The metal-ligand complexes are generated as V|brat|on_al states at 300 K. PI’EVI203£,|237WOI’k has shown that these
described below. The ions are extracted from the source,"’lssumm'onS are generally_vaﬁ‘d. .
accelerated, and focused into a magnetic sector momentum ThgrmochemlcaI_Analyss.The threshold regions of the
analyzer for mass analysis. Mass-selected ions are deceleratefffaction cross sections are modeled using eq 1,
to a desired kinetic energy and focused into an octopole ion n
guide, which traps the ions in the radial directi8iThe octopole o(E) = Oozgi(E tE-E)I/E @)
passes through a static gas cell containing xenon, used as the '
collision gas, for reasons described elsewleré& Low gas
pressures in the cell (typically 0.6®.20 mTorr) are used to
ensure that multiple ion-molecule collisions are improbable.
Product and unreacted beam ions drift to the end of the octopole
where _they are focused into a quadrup_ole mass filter for Mass ., vinrational states of the reactant ioris,where E; is the
an_aI)_/S|s_ and subsequently detected with a seqondary e_leCtroqexcitation energy of each state agdis the population of those
scintillation detector and standard pulse counting teChn'ques'statesEgi = 1). The populations of excited ro-vibrational levels
lon intensities are converted to absolute cross sections asyre not negligible even at 300 K as a result of the many low-
described pl’eVIOUS|§/7 Absolute uncertainties in cross section frequency modes present in these ions. The relative reactivity
magnitudes are estimated to£20%, which is largely the result  of a|| ro-vibrational states, as reflected byandn, is assumed
of errors in the pressure measurement and the length of theig pe equivalent.
interaction region. Relative uncertainties are approximately  To obtain model structures and vibrational frequencies for
+5%. the neutral and metalated pyrimidine, density functional theory
lon kinetic energies in the laboratory frankgy, are converted calculations were performed usir@aussian98® Geometry
to energies in the center of mass frarey, using the formula optimizations were performed at the B3LYP/6-31G* level. In
Ecvw = EapV/(m + M), whereM andm are the masses of the  the calculations performed for all of the complexes, the spin
ionic and neutral reactants, respectively. All energies reported state was assumed to be the same as the ground state for the
below are in the CM frame unless otherwise noted. The absolutebare metal ion (i.e. Mg doublet, Al" singlet, S¢ triplet, Ti*
zero and distribution of the ion kinetic energies are determined quartet, \' quintet, Ctt sextet, Mt septet, Co triplet, Nit
using the octopole ion guide as a retarding potential analyzer doublet, Cu singlet, and Zn doublet), except for Fewhere
as previously describéd The distribution of ion kinetic energies  calculations were performed for both the sextet ground state
is nearly Gaussian with a fwhm typically between 0.2 and 0.3 and the quartet first excited state. Vibrational analyses of the
eV (lab) for these experiments. The uncertainty in the absolute geometry-optimized structures were performed to determine the
energy scale is£0.05 eV (lab). vibrational frequencies of the reactant ions and product mol-

where 0y is an energy-independent scaling factér,is the
relative translational energy of the reactalgis the threshold
for reaction of the ground electronic and ro-vibrational state,
andn is an adjustable parameter. The summation is over the
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ecules. When used to model the data or to calculate thermal Energy (eV, Lab)
energy corrections, the B3LYP/6-31G* vibrational frequencies 0.0 5.0 100 15.0 20.0
are scaled by a factor of 0.986%.The scaled vibrational 10— ' ' "
frequencies thus obtained for the 12 systems studied are Zn (pyrimidine) + Xe 2
available in Table S1 in Supporting Information, whereas Table
S2 lists the rotational constants obtained from the geometry-
optimized structures.

The Beyer-Swinehart algorithihis used to evaluate the
density of the ro-vibrational states, and the relative populations
g are calculated by an appropriate Maxwell-Boltzmann distribu-
tion at the 300 K temperature appropriate for the reactants. The /
average vibrational energy at 298 K of the metal ion-bound 102 @00 ©
pyrimidine is also given in Table S1. We have estimated the o8
sensitivity of our analysis to the deviations from the true L% L, L L L
frequencies by scaling the calculated frequencies to encompass 0.0 20 4.0 6.0 8.0 100
the range of average valence coordinate scale factors needed to Energy (eV, CM)
bring calculated frequencies into agreement with experimentally Figure 2. Cross sections for the collision-induced dissociation of the
determined frequencies found by Pople eflallhus, the Zn*(pyrimidine) complex with Xe as a function of the center-of-mass
originally calculated vibrational frequencies were increased and frame collision energy (lowew-axis) and laboratory frame (upper
decreased by 10% The cortesponding change in the averag® X2, Cas oune Spordhet el e sjom o & Xepessyre
V|br_at|pnal energy Is tak_en tq be_ an _est|mate of one St"’md""rdthe low-energy feétureso. The cross secti’on for the ligand exchange
deviation of the uncertainty in vibrational energy (Table S1) process to form zhXe is also shown £).
and is included in the uncertainties listed with tBgvalues.

We also consider the possibility that collisionally activated variations associated with uncertainties in the vibrational
complex ions do not dissociate on the time scale of our frequencies, and the error in the absolute energy scale, 0.05 eV
experiment (about 1@ s) by including statistical theories for  (lab). For analyses that include the RRKM lifetime effect, the
unimolecular dissociation into eq 1 as described in detail uncertainties in the reporte#h values also include the effects
elsewheré:?> This requires sets of ro-vibrational frequencies of increasing and decreasing the time assumed available for
appropriate for the energized molecules and the transition stateslissociation (or equivalently, the distance traveled between the
(TSs) leading to dissociation. The former are given in Tables collision and detection) by a factor of two.

S1and S2, while we assume that the TSs are loose and product- Equation 1 explicitly includes the internal energy of the ion,
like because the interaction between the metal ion and theg, All energy available is treated statistically, which should be
pyrimidine ligand is largely electrostatic. In this case, the TS 3 reasonable assumption because the internal (rotational and
vibrations used are the frequencies corresponding to theyiprational) energy of the reactants is redistributed throughout
products, which are also found in Table S1. The transitional the ion upon impact with the collision gas. The threshold for
frequencies, those that become rotations of the completely dissociation is by definition the minimum energy required
dissociated products, are treated as rotors, a treatment thafeading to dissociation and thus corresponds to formation of
corresponds to a phase space limit (PSL) and is described inproducts with no internal excitation. The assumption that
detail elsewheré.For the M"(pyrimidine) complexes, the two  products formed at threshold have an internal temperature of 0
transitional mode rotors have rotational constants equal to thoseK has been tested for several systérad2325 |t has also been

of the neutral pyrimidine product with axes perpendicular to shown that treating all energy of the ion (vibrational, rotational,
the reaction coordinate. These are listed in Table S2. Theand translational) as capable of coupling into the dissociation
external rotations of the energized molecule and TS are alsocoordinate leads to reasonable thermochemistry. The threshold
included in the modeling of the CID data. The external rotational energies for dissociation reactions determined by analysis with
constants of the TS are determined by assuming that the TSeq 1 are convertedtO K bond energies by assuming thzt
occurs at the centrifugal barrier for interaction of Mith the represents the energy difference between reactants and products
neutral pyrimidine ligand, calculated variationally as outlined at 0 K3° This assumption requires that there are no activation
elsewheré.The 2-D external rotations are treated adiabatically barriers in excess of the endothermicity of dissociation. This is
but with centrifugal effects included, consistent with the generally true for ion-molecule reactiddsind should be valid

discussion of Waage and Rabinoviféhin the present work,  for the simple heterolytic bond fission reactions examined #ere.
the adiabatic 2-D rotational energy is treated using a statistical

distribution with explicit summation over the possible values Regyits
of the rotational quantum number, as described in detail
elsewheré. Cross Sections for Collision-Induced DissociationExperi-

The model represented by eq 1 is expected to be appropriatem.e”tal Cross s.ecFio'ns were obtained for the interaction of Xe
for translationally-driven reactiofsand has been found to ~ With 12 M*(pyrimidine) complexes, where M= Mg, AI™,
reproduce reaction cross sections well in a number of previous SC', Ti*, V™, Cr", Mn*, Fe', Co", Ni*, Cu”, and Zr7". Figure
studies of both atom-diatom and polyatomic react®frs, 2 shows representative data for the*pryrllmldlne.) complex.
including CID processek?2023-25,36-38 The model is convoluted Results _for aI_I 12 metal ions are available in Supporting
with the kinetic energy distributions of both reactants, and a Information (Figure S1). The most favorable process for all
nonlinear least-squares analysis of the data is performed to givecOmplexes is the loss of the intact pyrimidine molecule in the
optimized values for the parameters, Eo, andn. The error collision-induced dissociation, reactions 2.
associated with the measurementkgfis estimated from the
range of threshold values determined for different data sets, M (pyrimidine)+ Xe — M™ + pyrimidine+ Xe (2)

100 F

107 ¢

Cross Section (A%)
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TABLE 1: Modeling Parameters of Eq 1 and Entropies of Activation at 1000 K of M*(pyrimidine) 2

Eo(PSL) kinetic AS(PSL)
M+ oP nP Eq (eV) (eV) shift (eV) (I moFtK™Y
Mg+ 15.0 (0.3) 1.2 (0.1) 1.83 (0.05) 1.80 (0.06) 0.03 31 (3)
Al 11.2 (0.5) 1.3(0.1) 1.67 (0.05) 1.65 (0.06) 0.02 30 (3)
Sct 3.0(0.2) 1.2(0.1) 2.37 (0.07) 2.22 (0.09) 0.15 27 (2)
Ti+ 5.9 (0.5) 1.1 (0.1) 2.35(0.10) 2.21(0.11) 0.14 30 (3)
A 13.5 (0.6) 1.3(0.1) 2.21(0.04) 2.12(0.07) 0.09 34 (3)
crt 2.7 (1.7) 1.3(0.1) 1.88 (0.05) 1.84 (0.06) 0.04 37 (3)
Mn* 16.9 (1.4) 1.0 (0.1) 1.67 (0.10) 1.65 (0.10) 0.02 28 (2)
Fe 13.6 (0.7) 1.2 (0.1) 2.17 (0.05) 2.06 (0.08) 0.11 27 (3)
Co* 8.9 (1.8) 1.5(0.2) 2.74(0.15) 2.54 (0.14) 0.20 37 (3)
Ni* 5.8 (0.6) 1.4 (0.1) 2.71(0.09) 2.53(0.10) 0.18 39 (3)
cu 4.4(0.3) 1.2(0.1) 2.79 (0.07) 2.59 (0.10) 0.20 39 (3)
Zn* 5.0 (0.2) 1.2 (0.1) 2.27 (0.05) 2.16 (0.08) 0.11 33(3)

aUncertainties are listed in parenthest8verage values for loose PSL transition statsio RRKM analysis.

In most systems, the only other product that is observed in the Energy (eV, Lab)
CID reactions is the result of a ligand exchange process to form 0.0 5.0 100 15.0 20.0
MXe*. The cross sections for the MXeproducts are ap- 40 ]

proximately -2 orders of magnitude smaller than those of,M

the primary dissociation product. For most metals, the thresholds
of this cross section are slightly lower (by the"MXe binding
energy), although this is not always evident on the logarithmic
scaled used. For a few metals (discussed further below),"MXe
is observed at very low energies in a cross section exhibiting
behavior characteristic of a near thermoneutral reaction. As little
systematic information can be gleaned from these products, they
will not be discussed further. However, it is conceivable that
this ligand exchange process might cause a competitive shift in

bt
o

Cross Section (A?)
5 5

the observed thresholds. Within the quoted experimental errors, 0.0 o " " .

we do not believe such competition is likely to affect our 0.0 2.0 4.0 6.0 8.0 10.0
threshold measurements in any of these systems for several Energy (eV, CM)

reasons that have been detailed elsewPfere. Figure 3. Zero pressure extrapolated cross section for collision-induced

Additional complexity was observed with several metals'(Fe  dissociation of the Zhpyrimidine) complex with Xe in the threshold
Co', and Ni"). Specifically, a minor reaction pathway in which  region as a function of kinetic energy in the center-of-mass frame (lower
the reactant ion dissociates by loss of 40 amu beginning at veryx-axis) and the laboratory frame (uppeaxis). (Note: the low-energy
low energies,< 0.5 eV, was observed. Such a low-energy feature has not been subtracted.) A solid line shows the best fit to the

; . data using eq 1 convoluted over the neutral and ion kinetic energy
pathway cannot be attributed to any decomposition of the distributions. A dashed line shows the model cross sections in the

pyrimidine ligand, 80 amu. Therefore, this product can be apsence of experimental kinetic energy broadening for reactants with
assigned to decomposition of a small amount of (At),, an internal energy corresponding to 0 K.

isobaric with the desired Mpyrimidine) complex. This as-
signment then provides a ready explanation for the low-energy M*(pyrimidine) species are also possible. Similar features in
features observed in the Mcross sections, which are similar  the M* cross sections (but not alternate products or a low-energy
in size to the M(Ar) product cross sections. Further, the feature in the MXeé cross sections) were previously observed
exothermic feature in the MXecross section can now be in the CID reactions of M(benzene) and Mbenzene)3 and
attributed to a near thermoneutral ligand exchange process,M*(pyridine) systemsand were attributed to electronic excita-
reactions 3. tion.
Threshold Analysis.The model of eq 1 was used to analyze
MJr(Ar)2 + Xe— MXe" + 2 Ar (©) the thresholds for reactions 2 in 12*pyrimidine) systems.
The presence of the low-energy features in many of these
As discussed above, one contribution to nonzero cross systems complicates the data analysis. In each case, the data
sections observed in thevproduct data at the lowest energies are analyzed before and after subtraction of the low-energy
can be multiple collisions. Such effects are straightforwardly feature (also analyzed using eq 1 with internal energies but no
removed by extrapolating the data to zero pressure of the Xelifetime effect included). The reported values represent the
reactant. This provides cross sections for single collisions average values determined. The variations in the measured
between the ion and Xe, as shown in Figure 2, behavior typical thresholds are included in the uncertainties reported. The results
for the other M (pyrimidine) complexes. Even after pressure of these analyses are provided in Table 1 for all 12 metal ions,
extrapolation, several of the systems examined here continueand representative results are shown in Figure 3 for the Zn
to show a nonzero cross section at kinetic energies below the(pyrimidine) complex. Results for all 12 metal ions are available
CID thresholds. In these cases, the low-energy features for allin Figure S2 in Supporting Information. In all cases, the
ions are much smaller than the dominant cross-sectional featureexperimental cross sections for reactions 2 are accurately
(typically less than 2%), and the two features are generally reproduced using a loose PSL TS motl€ltevious work has
distinct from one another. As noted above, these low-energy shown that this model provides the most accurate assessment
features can probably be attributed to contamination of the ion of the kinetic shifts for CID processes for electrostatic ion-
beam by M (Ar),, but contributions from excited states of the molecule complexek:#36:37 Good reproduction of the data is
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constants determined for the B3LYP/6-31G* optimized geom-
etries, which are given in Tables S1 and S2. Table 2 lists 0 and
298 K enthalpy, free energy, and enthalpic and entropic
corrections for all systems experimentally determined (from
Table 1). Uncertainties in the enthalpic and entropic corrections
are determined by 10% variation in the molecular constants.
Because the metal-ligand frequencies are very low and may not
be adequately described by theory, the listed uncertainties also
include changing the three metal-ligand frequencies by a factor
‘ of two. The latter provides a conservative estimate of computa-

tion errors in these low-frequency modes and is the dominant
source of the uncertainties listed.

Zn"(pyrimidine)
Zn"—N=199A Discussion
Figure 4. Optimized B3LYP/6-31G* geometry of Zifpyrimidine). . . .
Comparison of Theory and Experiment. The metal cation

obtained over energy ranges exceeding 3.0 eV and cross sectioffinities of pyrimidine & 0 K measured here by guided ion
magnitudes of at least a factor of 100. Table 1 also includes P€am mass spectrometry are summarized in Table 3. Also listed
values of E, obtained without including the RRKM lifetime ~ here are ta 0 K proton and metal binding energies calculated
analysis. Comparison of these values with EaPSL) values at the BSLYP/6-311-G(2d{Zp)//BSLYP/G.-BlG* level |ncIij|ng
shows that the kinetic shifts observed for these systems varyZ€ro point energy corrections, and basis set superposition error
from 0.02 to 0.20 eV. The total number of vibrations, 27, and corrections'344Experimental and theoretical values for proton
heavy atoms, 7, remains the same in all of thegggyrimidine) and _alkali metal ion b_indin_g to pyrimidine taken_from previous
complexes, and hence the number of low-frequency vibrations Studies are also provided in Table 3 for comparisén:® The
remains the same. This implies that the observed kinetic shift 2@dreement between theory and experiment for the alkali metal
should directly correlate with the density of states at threshold, ions as well as those examined here is illustrated in Figure 5. It
which depends on the measured BDE. This is exactly what is €N be seen that the agreement between theory and experiment
found, as shown in Table 1. is quite reasonable over the 180 kJ/mol variation in binding

The entropy of activatioAS', is a measure of the looseness  affinities measured. For the 15 Npyrimidine) systems, the
of the TS and a reflection of the complexity of the system. Itis Mean absolute deviation (MAD) between experiment and
largely determined by the molecular parameters used to modelB3LYP theory is 9.0+ 5.0 kJ/mol. This is slightly larger than
the energized molecule and the TS, but also depends on thehe average experimental error of 92.6 kJ/mol. When the
threshold energy. Listed in Table AS/(PSL) values at 1000 alkali metal ions are not |_ncluded, the MAD between experiment
K show little variation, as expected based upon the similarity @nd B3LYP theory is slightly larger and is 98 5.5 kJ/mol,

of these systems, and range between 27 and 39 J'riof! while the average experimental error is also somewhat larger,
across these systems. These entropies of activation can b&-4 = 2.3 kJ/mol. The MAD between experiment and B3LYP
favorably compared taS'1q00 values in the range of 2946 J theory for the alkali metal ions is somewhat smaller, £.8.1
K~1mol-* collected by Lifshitz for several simple bond cleavage kJ/mol. The average experimental error for the alkali metal ions
dissociations of ion4! is 6.2 £ 3.7 kd/mol. Better agreement between theory and

Theoretical Results. Theoretical structures for neutral py- ~ €XPeriment is found for the alkali metal ions using MP2 theory
rimidine and for the complexes of pyrimidine with MgAI™, where the MAD is 1.5+ 1.8 kJ/mol. The higher degree of
Sct, Tit, V*, Crt, Mn™, Fet, Co', Nit, Cu*, and Zn were covalency expected in metal-ligand complexes involving transi-
calculated as described above. Table S3 in Supporting Informa-tion metal ions suggests that accurate determination of binding
tion gives details of the final geometries for each of these
species. Results for the most stable conformation of the
Zn™(pyrimidine) complex is shown in Figure“4.Not surpris-
ingly, the calculations find that the metal ion prefers to be bound
to the nitrogen atom rather than thecloud of the aromatic
ring of pyrimidine. This indicates that the interaction with
the lone pair of electrons on the nitrogen atom is indeed stronger
than with thex cloud. Further, because of the strong ion-dipole
and ion-induced dipole interactions, the potential energy surface
for M™ + pyrimidine should be attractive such that there are
no barriers in excess of the bond energy for dissociation of
M™*(pyrimidine). In general, the distortion of the pyrimidine
molecule that occurs upon complexation to a metal ion is minor,
Table S3. The change in geometry is largest for the late
transition metals. Bond lengths and angles change in the most
extreme cases by less than 0.02 A and 2rdspectively.

Conversion from 0 to 298 K. To allow comparison to F_igure 5. Theoretica_ll versus experimental _bond dissociation energies
commonly used experimental conditions, we convert the 0 K (in kJ/mol) of M*(pyrimidine), where M = Li", Na', K*, Mg", Al",

. . . ct, Tit, V*, Crt, Mn™, Fef, Co", Ni*, Cu", and Zr. All values are
bond energies determined here to 298 K bond enthalpies andzto K and taken from Table 3. Experiment@)@nd MP2 ) values

free energies. The enthalpy and entropy conversions arefo the alkali metal ion systems are taken from Amunugama and
calculated using standard formulas (assuming harmonic oscil-Rodgers. The diagonal line indicates the values for which calculated
lator and rigid rotor models) and the vibrational and rotational and measured bond dissociation energies are equal.
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TABLE 2: Enthalpies and Free Energies of Metal lon Binding of M (pyrimidine) at 298 K in kJ/mol &

M* AHo AHP AHags-AHP AHaos AHaeg TASed AGgos AGaed

Mg+ 173.6 (5.7) 165.3 1.3(2.2) 174.9 (6.1) 166.6 30.5 (6.9) 144.4(9.2) 136.1
Al* 159.0 (5.7) 151.5 1.1(2.1) 160.1 (6.1) 152.6 30.3 (7.0) 129.8 (9.3) 122.3
Sc 214.2 (8.8) 212.6 1.0 (2.0) 215.2 (9.0) 213.6 30.1 (7.0) 185.1 (11.4) 183.5
Tit 213.7 (10.3) 199.4 1.1(2.2) 214.8 (10.5) 200.5 31.8(6.9) 183.0 (12.6) 168.7
\Vas 204.1 (7.0) 186.2 1.3(2.2) 205.4 (7.3) 187.5 31.8 (6.9) 173.6 (10.0 155.7
cr 177.5 (6.0) 192.1 1.3(2.2) 178.8 (6.4) 193.4 31.9 (6.9) 146.9 (9.4) 161.5
Mn* 159.1 (9.5) 159.4 0.8 (1.9) 159.9 (9.7) 160.2 29.9 (7.1) 130.0 (12.0) 130.3
Fet 199.0 (7.6) 193.2 0.8 (1.9) 199.8 (7.8) 194.0 27.5(7.0) 172.3 (10.5 166.5
Co* 245.1 (13.5) 234.8 1.5(2.3) 246.6 (13.7) 236.3 32.9 (6.8) 213.7 (15.3) 203.4
Ni* 244.2 (9.3) 253.8 1.7 (2.4) 245.9 (9.6) 255.5 33.4 (6.7) 212.5(11.7) 222.1
cu 249.6 (9.5) 234.4 1.7 (2.3) 251.3 (9.8) 236.1 33.2(6.7) 218.1 (11.9) 202.9
zn* 208.4 (7.4) 202.2 1.2 (2.1) 209.6 (7.7) 203.4 31.7 (6.9) 177.9 (10.3 171.7

aUncertainties are listed in parentheseBensity functional theory values from calculations at the B3LYP/643&({2d,2p) level of theory
using B3LYP/6-31G* optimized geometries with frequencies scaled by 0.9804.

TABLE 3: Experimental and Calculated Enthalpies of Proton and Metal lon Binding to Pyrimidine at O K in kJ/mol

experiment theory
Mp2ed B3LYPa®

M+ GIBMS? Iiteraturé’ De Do DO,BSSE De Do DO,BSSE
Ht 879.9 (16.0) 907.5 872.6 862.9 921.9 887.0 886.1
Li* 154.3 (10.5) 158.7 (8.4Y 164.3 158.9 153.3 171.3 165.6 164.7
Na* 102.7 (3.9 111.8 108.8 102.7 116.3 113.0 111.2
K+ 69.4 (4.3Y 78.5 76.4 72.9 76.8 74.4 73.8
Mg* 173.6 (5.7) 171.5 167.5 165.3
Al™ 159.0 (5.7) 156.1 152.5 151.5
Sc” 214.2 (8.8) 218.2 214.7 212.6
Ti* 213.7 (10.3) 203.6 200.0 199.4
A 204.1 (7.0) 191.2 187.3 186.2
Crt 177.5 (6.0) 197.0 192.9 192.1
Mn* 159.1 (9.5) 164.9 161.7 159.4
Fe" 199.0 (7.6) 197._'0 193.7‘ 193.2_‘

215.0 211.8 211.3
Co" 245.1 (13.5) 240.4 235.8 234.8
Ni+* 244.2 (9.3) 259.8 254.8 253.8
Cu* 249.6 (9.5) 241.5 236.4 234.4
Zn* 208.4 (7.4) 208.0 204.0 202.2

aThis work except as noted All literature values adjusted to 0 K.Calculated at the MP2(full)/6-31#1G(2d,2p) level of theory using MP2(full)/
6-31G* optimized geometries with frequencies scaled by 0.9646 and including zero point energy and basis set superposition error corrections.
4 Amunugama and Rodgefs¢ Calculated at the BSLYP/6-3#1G(2d,2p) level of theory using B3LYP/6-31G* optimized geometries with frequencies
scaled by 0.9804 and including zero point energy and basis set superposition error corrediats\ers>4¢ 9 Taft and co-workeré?#8 " Fe*(s'dS,
D). ' Fet(d’, “F).

energies for such systems might also require high levels of of the metal ions examined here possess valence electrons. As
correlation to obtain values consistent with the experimental a result, comparison of trends in the observed binding as the
results obtained here. Because calculations at the level performecatlectron configuration is varied allows a systematic evaluation
here were extremely time intensive with the hardware currently of the influence of the valence electronic structure of the metal
available to us, higher level calculations (using full MP2 ion. In any metal-ligand complex, the bonding between the metal
correlation) to obtain reliable theoretical values were not ion and the ligand is dominated by three factors: the ion-dipole
pursued. However, the accuracy of structures and molecularelectrostatic attraction, the ion-induced dipole polarization
parameters (vibrational frequencies and rotational constants) isattraction, and the repulsion between the metal ions valence
not nearly as sensitive to the level of theory employed. Thus, electrons and those donated by the ligand. Ligand-to-metal
these computational results still allow us to extract accurate donation and metal-to-ligand back-donation increases the co-
thermochemical information from our experimental results.  valent nature of the bond, whereas retention of electrons
Periodic Trends in the Binding of Metal lons to Pyrimi- promotes ionic character in the bond. The pyrimidine ligand
dine. In a previous study, the interaction of pyrimidine with has three types of orbitals that it can use for bonding at the N
the alkali metal cations was examinédhe bond energy is  atom. The nitrogen lone pair is a donor of electron density,
largest for Li" and decreases from Nado K*. This was not occupiedr orbitals may also act as donors of electron density,
unexpected as this trend has been observed for a wide varietyand the delocalized* antibonding orbitals may act as acceptors
of ligands, and it can easily be explained based upon simple of electron density.
electrostatic ideas. Alkali metal ions haeetectron configura- s Orbital Occupation. The series of ions, Ng Mg*, and
tions, and therefore have spherically symmetric electron densi- Al+ having 8, !, and 8 occupations, respectively, allows
ties. The metal-ligand bond length is determined primarily by examination of the influence of s orbital occupation upon the
the size of the cation such that the larger the cation radius, thebinding energy. As the occupation of the s orbital increases,
longer the bond and the weaker the electrostatic interaction, asPauli repulsion between the electron(s) on the metal ion and
observed. the nitrogen lone pair increases, and it might be expected that
The interaction of pyrimidine with the monocations examined the bond energies would also decrease. In contrast, the bond
here is not quite as simple as it is for the alkali metal ions. All energies are observed to increase fromt MaMg™ and then to
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Promotion to an electronically excited state is a third

] mechanism by which Pauli repulsion can be reduced. In the
discussion above, 4s-@dhybridization involves 3™ and

] 45'3d" states of the same spin. The thermodynamic consequences
of changing spin state to optimize metal-ligand bonding can
also be observed, particularly when 4s53t/bridization is not
possible (e.g., when = 5, there are no 34! states of the same
spin as high-spin coupled %I states). In such cases, promo-
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200

M+(pyrimidine) BDE (kJ/mol)
@
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O  Experiment, TCID . ;
100 A Theory, B3LYP ] tion to a state of lower spin must occur before 4s-3d
v Theory, MP2 hybridization can occur. Such promotion becomes more likely
sl w0y as the strength of the ligand field increases. This generally occurs
Akali Mg* A" Sc* Ti* V' G Mn® Fe* Co™ Ni* Cu® Zn* as a result of multiple ligation, which is not examined here,
s s7 §? s'q" s"d? d* ® s'd® s'd® d® f d"0s'™® although pyrimidine is a stronger field ligand than many of the
Figure 6. Experimental and theoretical bond dissociation energies (in SyStems previously examined.
kJ/mol) of M*(pyrimidine), where M = Li*, Naf, K*, Mg*, Al*, The measured NM—pyrimidine BDEs decrease for the early

Sc, Tit, V7, Cr', Mn', Fe', Co’, Ni*, Cu', and Zrf. All values CID transition metals from Scto Mn*. The ground-state electron
(©), MP2 (v), and B3LYP @) are at 0 K. Experimental and theoretical

results include values from Amunugama and Rodgétkali metal configuration of S¢ is a triplet 483d', and promotion of the

ions). Ground-state electron configurations are provided for each metal 10N into a triplet 3d configuration, emptying the 4s orbital,
ion. would decrease the Pauli repulsion but requires 57.5 kJmol.

The calculated bond distance, 2.26 A (Table S3), is the largest
of all the transition metal complexes studied. Fot,Twe find

a comparable bond energy and a somewhat shortelMond
distance. Ti has two low-lying*F states: a 48c? ground state
and a 3d configuration that lies only 10.9 kJ/mol higher in
energy?® These two states can mix to hybridize the 4s and 3d
orbital, allowing an empty acceptor orbital. This could increase
the bonding slightly at the cost of hybridization, apparently
resulting in a shorter but comparably strong bond. A decrease
in the BDE is observed from Vto Crt. Both bare metal ions
have high-spin ground states,“3ahd 3d, respectively, with
zero occupation of the 4s orbital. With the empty 4s orbital,
the primary difference between the two is decreasing ionic radius
and consequently increasing charge density, which would predict
that Crt would bind more tightly, opposite of that observed
experimentally, but in agreement with the theoretical trend. This
measured decrease is most likely the result of the high-sgin 3d
(8S) configuration of Cr forcing occupation of the 3dorbital,

decrease somewhat for Alalthough it is still more strongly
bound than N& The enhancement in the bonding in the Mg
and Al systems arises as a result of 3s-3p hybridizatfop?
Such hybridization polarizes the electron density away from the
ligand, which requires energy but exposes a higher nuclear
charge to the ligand, resulting in a stronger electrostatic
interaction. In the limit of complete removal of the valence
electrons, this would correspond to binding to Wand AR+,

Less enhancement of the binding in the" Alystem is observed
because electron removal is not complete, two electrons must
be hybridized, and sp-hybridization requires more energy for
Al* than for Mg'.

s,d Orbital Occupation. Because the ionic radius of the metal
decreases from left to right across the periodic table, the
electrostatic contribution to bonding also increases. Therefore,
the late transition metal ions generally bind more strongly than
the early metal ions, as can be seen in Figure 6. Also obvious
in the figure is the significant role that s,d orbital occupation leadi T X . L

) - . . C eading to some repulsive interactions with the pyrimidine
plays. All of the first-row transition metal ions bind pyrimidine livand
much more strongly (by at least a factor of 2) thah, khe 48 9 ) o ) ]
ion of the same periodic row. However, strong variations in "€ Mn*—pyrimidine BDE is the weakest of all of the first-
the binding across the first row indicate that the binding is OW transition metal ions. The low BDE can be attributed to
influenced by other factors. Such variations have previously beenthe very stable 48c° electronic configuration of ground-state
explained for other metal-ligand complexes by examining the MN" (S). Because both the 4s ando3drbitals are occupied
electron configuration of each of the metal id¥3:53-55 These and hlgh-spln coupled, the Paqll repulsion between the metal
other factors arise as a result of the mechanisms by which the@nd ligand is the greatest for this complex. The high-spin state
transition metal ion is capable of decreasing Pauli repulsion Of Mn™ is incapable of 4s-3dhybridization without promotion.
between the metal and the ligand. These mechanisms includeSuch promotion would require a minimum of 113.3 kJ/mol to
the following: 4s-4p polarization, 4s-achybridization, and ~ access the lowest-lying quintet electronic state *$1¢4S3cP)
promotion to a more favorable electronic state. Because the 4pState2®As aresult, the charge retained by the metal is the largest
orbitals lie higher in energy than the 3d orbitals, 4s-4p (_)f all of the transition .meta.ll complexes stud|ed,. gnd the m.etal-
polarization is more energetic than 4ss3uybridization. 4s-4p ligand bond (_jlstance is quite large. .Of the traquuon metal ions,
polarization is analogous to the mechanism observed in the Mg ©nly S¢ (which also has an occupied 4s orbital) has a longer
and Al systems in that it polarizes electron density to the Metal-ligand bond length.
opposite side of the metal ion, away from the ligand, allowing ~ The M*—pyrimidine BDE increases for the late transition
the ligand to experience a larger effective nuclear charge. metal ions starting from Fereaching a relatively constant value
4s3a hybridization also hybridizes electron density away from for Co', Nit, and Cu’, and then falling off for Zr. The ground-
the ligand but requires less energy and places electron densitystate electron configurations of the GdNi*, and Cd ions have
in a direction perpendicular to the bonding axis. When 4s-3d  3d" populations. This allows for direct donation of the electron
hybridization occurs, the transition metal center exists in a pair into the empty 4s orbital of the metal ion. Further, the
combination of low-spin states having '8€" and 3d*?! size of the metal ion decreases with increasing d orbital
configurations. Therefore, the promotion energy to the higher population because of the stronger nuclear charge, resulting in
lying of these two states must be considered no matter which stronger binding. This is illustrated by the three shortestNM
(if either) of these corresponds to the ground state of the metalbonds among the various transition metal cation-pyrimidine
ion. complexes, Table S3.
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Figure 7. Comparison of the periodic trends in the*ML bond
dissociation energies determined by collision-induced dissociation.
Ligands, L, include pyrimidine), pyridine @), and ammoniax).
Values are taken from present work and Amunugama and Rodgers,
Rodgers et aP,and Walter and Armentrodt. Ground-state electron
configurations are provided for each metal ion.
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Iron ion has an excited statéf;, that lies only 22.4 kJ/mol
above the®D ground staté® The excited state has a 3d

Amunugama and Rodgers

binding to ligands capable of bothandsr donation is enhanced
relative to that ofo donor, oro donor andr acceptor ligands.
For the late transition metals with high d-orbital occupation, a
greater enhancement in binding is expected Afoacceptor
ligands, overs andsr donor, ando donor ligands.

Ammonia is ac donor, water is both a and sz donor,
carbonyl is as donor andr acceptor, and ethene and benzene
are w donor andsx acceptor ligands. On the basis of a
comparison to these ligands, considering both symmetry and
energy arguments, pyrimidine may participate in all three types
of interactions. Ao donation interaction arises from donation
of electron density from the pyrimidine 11Arbital, which is
essentially the lone pair on the nitrogen atom of the ligand. A
st donation interaction could involve the 2B bonding orbital
that is heavily localized on the nitrogen atom.s7Aacceptor
interaction should be possible by donation of electron density
from the metal d orbitals into the 3Br* antibonding orbital,
which is also heavily localized on the nitrogen atom. Indeed,
this orbital is calculated to be more stable, (lower in energy)
than ther* acceptor orbitals on knows acceptor ligands, CO,
ethene, and benzefiélt is therefore conceivable that the trends
in the Mt—pyrimidine BDEs might parallel any of these ligands.

configuration that should decrease the Pauli repulsion betweenThe trends observed in the Mligand BDEs to the early

the metal and the pyrimidine ligand. The'Fbeond energy is
about 46 kJ/mol weaker than the Cbond energy. The relative

transition metal ions are similar for all ligands except benzene,
although pyrimidine most closely parallels that of ammonia and

bond energies are Comparab|e to those observed for ammonidvater. The Iargest deviations in behavior are observed for Mn

complexes by Walter and Armentrout, where the difference is

and the late transition metal ions. For all ligands, thetMn

354 20 kd/molP” The weaker bond measured here lies between ||gand BDE is the lowest measured of all of the transition metal

the theoretical values for tH® ground state and the first excited
4F state, but is within experimental error of the value for the

ions. However, water does not show a highly pronounced dip
for Mn*, as all the other ligands do. For the late metals, the

ground state. The weaker bond is either consistent with a sextetcarbonyl and water trends parallel the pyrimidine in all respects,
ground state (weaker because of the 4s orbital occupation andvhereas ammonia, benzene, and ethene fail to track the peak

the inability to use 4s-3d hybridization) or with a quartet

in BDE for Ni* and decline for Cut.

ground state (weaker because it dissociates adiabatically to the In their study of the binding of transition metal ions to

Fe™(°D), 22 kJ/mol lower than the diabatic asymptote).
The electron configuration of Znis 483d'°. Occupation of

ammonia, Walter and Armentrdtitnoted distinct differences
in the percent increase observed in bonding from the early to

the 4s orbital results in an increase in Pauli repulsion. The effect the late transition metal ions depending on whether the ligand

is smaller than that observed for Mas a result of the smaller
size and consequently higher charge density of.ZFhis is
demonstrated by the difference in-NN bond lengths given in
Table S3.

Comparison to Other Ligands. Collision-induced dissocia-

was asr donor, st acceptor or neither. Relative to ammonia,
which shows a 32% increase associated primarily with the
relative sizes of the metal ions, water istalonor and shows
only a 16% increase. A much larger increase of 60% was
observed for CO, ar acceptor, as expected based upon the

tion studies have been made of transition metal complexes withabove argument. Pyridine showed an 18% increase, whereas a

ammonia’ water23 carbonyl242558 ethene’® benzené?® and
pyridin€® ligands. The binding energies of ammonia and pyridine
show trends similar to that observed here for pyrimidine, as

24% increase is measured here for pyrimidine<Cr vs Co-
Cu). (This excludes S¢ which was also not included in earlier
work. A 15% increase was measured for pyridine, and a 22%

shown in Figure 7. The other ligands show somewhat different increase is measured for pyrimidine, when*Ss included.)
trends that have previously been compared to those observedrhis is between the results for ammonia and water, and most

in the pyridine systems.

similar to that for pyridine. This indicates that the binding in

The bond between the metal ion and the ligand consists of these pyrimidine complexes probably results primarily from

ligand-to-metalr electron density and electron density. The

donor interactions with some enhancement in binding (for the

electron density changes relatively little with the ligand, but is

The larger increase seen for the late transition metals compared

strongest when the donor and acceptor orbitals lie closest into pyridine suggests that the donor interaction is not as
energy, or when more than two electrons are donated as inimportantin the pyrimidine complexes. Itis a somewhat difficult
benzene. However, the ease of additional ligand-to-metal to understand why ther acceptor interaction is not more

donation  donor) or metal-to-ligand back-donatiam &ccep-
tor) interaction depends on both the ligand and the d-orbital
population of the metal ion. If all other factors (charge density
and electron polarizability of the metal ion, and dipole moment
and polarizability of the ligand) are the same, then the trend in
binding energies will be controlled by the d-orbital population
of the metal ion, and the donor/acceptor behavior of the ligand.
For the early transition metals, with partially occupied d orbitals,

important, as ther* antibonding orbitals are slightly lower in
energy for pyridine and pyrazine than they are for ©@nd it
can be expected that the orbital energies for pyrimidine should
be very similar to those in these molecules and in particular,
pyrazine.

The difference in the measured BDEs to ammonia, pyridine,
and pyrimidine (Figure 7) results from the differences in the
polarizability of the ligand and the extent afback-donation.
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For most metals, there is a nearly constant difference of aboutions with d' type configurations. Further, binding is strongest
15+ 3 kJ/mol increase from ammonia to pyrimidine (excluding when the d orbitals are nearly full, primarily a result of the
Scf, Crf, and Cad, an increase of 14 9 kJ/mol is measured  decreasing size of the metal ion with increasing d population
when Cr and Cad are included). For ammonia vs pyridine, and ofz back-donation. Periodic trends in the"Mpyrimidine
there is a 26+ 9 kJ/mol increase. These general trends reflect BDEs are similar to those seen for ligands with similar binding
the polarizability of these three nitrogen based ligands: 2.16 modes and closely parallel those observed for ammonia, water,
A3 for ammonia, 8.61 A for pyrimidine, and 9.51 A for and pyridine ligands.

pyridine. Given the validity of these relative values for all

complexes, the trends shown in Figure 7 indicate a couple of Acknowledgment. We thank P. B. Armentrout for allowing
values that appear anomalous. However, it should be realizedus to use the guided ion beam mass spectrometer with which
that each of these points is a completely independent experi-these experiments were conducted. This work was supported
mental determination such that the experimental errors in thesein part by an ASMS Research Award from Micromass.

values easily allow the “correct” or “expected” trend to be

observed. For Ti, either the pyrimidine value is a little high Supporting Information Available: Tables of vibrational

(as Suggested by Comparison to theory) or the pyridine value isfrequenCieS and average vibrational energies, rotational con-
a little low. The Cr pyrimidine value appears to be low, butit ~stants, and B3LYP/6-31G* geometry optimized structures of
is also possible that the ©NH3 bond energy is a little lower. ~ neutral and metalated pyridine and figures showing cross
An alternative experimental value from Marinelli and Squires Sections for the collision-induced dissociation of (dyrimidine)

is 157+ 19 kJ/molf 26 kJ/mol lower than the value of Walter complexes (PDF). This material is available free of charge via
and Armentrout used in Figure 7, and a theoretical value is 163 the Internet at http://pubs/acs/org.

+ 13 kJ/mol®?2 20 kJ/mol lower. For C6, the present value for
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