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Abstract: Threshold collision-induced dissociation offfpyridine) with xenon is studied using guided ion
beam mass spectrometry."Mnclude the following metal ions: Mg Al*, Sct, Tit, V*, Crf, Mn*, Fet,

Co', Nit, Cut, and Zrt. In all cases, the primary product corresponds to endothermic loss of the intact pyridine
molecule, with minor production of MXeformed by ligand exchange. In the @pyridine) system, an additional

minor reaction pathway involving a ring-opening reaction with small neutral molecule loss is also observed.
The cross-section thresholds are interpreted to yield 0 and 298 K bond dissociation energiés fyrisline

after accounting for the effects of multiple iemolecule collisions, internal energy of the reactant ions, and
dissociation lifetimes. Density functional calculations at the B3LYP/6-31G(d,p) 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 at this level of theory are unreliable
as even the trends in the calculated values do not parallel measured values. MeaSui@gtitine bond
dissociation energies compare favorably to the four values previously determined by kinetic method or
photodissociation experiments.

Introduction In recent work, we have developed methods to allow the
application of quantitative threshold collision-induced dissocia-
tion methods to obtain accurate thermodynamic information on
increasingly large systemis® One of the driving forces behind
structure to transcription failure and even cell death. This these develkc])pmentbs_ 'T our ||nte|rest n aplplyl(rjlg_s_uch technlth(ues
variation in effect results from several possible sites where the to systems having biologica relevance. in a ltion, we see .to
perform accurate thermochemical measurements that provide

metal ion can interact with the nucleic acid: at the phosphate . -
backbone, at the sugar moiety, or at the base. The presenc ?bsolute anchors for metal cation affinity scales over an ever-

identity, and location of metal ions strongly influence the Proadeningrange of energies. In the present paper, we examine
conformation of a nucleic acid, which in turn controls the the interactions of pyridine, the simplest six-membered hetero-
activity of nucleic acids. Nonspecific binding of metal ions to ~ CYcle-containing nitrogen, with various metal ions. The structure
the phosphate backbone gives rise to stabilization of the doubleOf Pyridine is shown in Figure 1 along with its calculatemhd

helix through neutralization of the negative charges residing on measuret? dipole moments, and estimated polarizabitity.

the phosphate backbone. Binding of a metal ion to the basePyridine was chosen as a simple model of noncovalent interac-
also neutralizes the negative phosphate charge, but can interferéon with metal ions for a wide variety of nitrogen-containing
with hydrogen bonding and stacking interactions between bases heterocycles of biological importance, and of particular interest,
Such metatbase interactions may destabilize the helix. Er- the nucleic acid bases.

roneous pairing and subsequent transcription errors may occur
if the metal ion interferes with basdase interactions. The (2) Rodgers, M. T.; Armentrout, P. B. Phys. Chem. A997 101, 1238.
course of genetic information transfer may be altered by metal ~ (3) Rodgers, M. T.; Armentrout, P. B. Phys. Chem. A997 101, 2614.

. : L. . (4) Rodgers, M. T.; Ervin, K. M.; Armentrout, P. Bl. Chem. Phys
ion—nucleic acid interactions. 1997 106, 4499.

Metal ions that are “hard” and have a low tendency to form  (5) Rodgers, M. T.; Armentrout, P. Bnt. J. Mass Spectron1999 185/

; 186/187 359.
covalent bonds tend to bind to the phosphate backbone. The (6) Rodgers, M. T.. Armentrout, P. B. Phys. Chem. 4999 103 4955,

alkali metal ions and M behave in this mannérOther metal (7) Armentrout, P. B.; Rodgers, M. T. Phys. Chem. 2000 104, 2238.
ions, such as transition metal ions, have a greater likelihood to  (8) Amunugama, R.; Rodgers, M. Tht. J. Mass Spectron200Q 195/
form covalent bonds and are softer than the alkali metal ions. 196 439.

o (9) Métyus, P.; Fugi, K.; Tanaka, KTetrahedron1994 50, 2405.
Competition between the phosphate backbone and the bases for (10) (a) Boulton, A. J.- McKillop, A.Comprehensie Heterocyclic

binding of transition metal ions is therefore much more likely. Chemistry Katritzky, A. R., Rees, C. W., Eds.; Pergamon Press: Oxford;
An understanding of the interactions of various metals with 1984, Vol. 2, p 7. (b) Tisler, M.; Stanovnik, B:omprehensie Heterocyclic

; P : Chemistry Katritzky, A. R., Rees, C. W., Eds.; Pergamon Press: Oxford;
nucleic acids is essential to understand the role and effects of1984’ Vol. 3, pp 23. (c) Porter. A. E. AComprehensie Heterocyclic

Metal ions are involved in all biological processes that nucleic
acids participate in. The effects of binding a metal ion to a
nucleic acid vary from stabilization of the three-dimensional

metal ions in their biological activity. Chemistry Katritzky, A. R., Rees, C. W., Eds.; Pergamon Press: Oxford;
1984, Vol. 3, pp 158162.
(1) Eichhorn, G. L.Adv. Inorg. Biochem1981, 2, 1. (112) Miller, K. J.J. Am. Chem. Sod99Q 112 8533.
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Experimental Section

/
1 ’ General ProceduresCross sections for CID of Mpyridine), where
A M* = Mg*, Al*, Scf, Tit, V*, Crt, Mn*, Fe", Co", Nit, Cut, and
Zn*, are measured using a guided ion beam mass spectrometer that
1 has been described in detail previoud¥* The metat-ligand com-
plexes are generated as described below. The ions are extracted from
pyridine the source, accelerated, and focused into a magnetic sector momentum
analyzer for mass analysis. Mass-selected ions are decelerated to a
2.22 D (2.20 D) desired kinetic energy and focused into an octopole ion guide, which
9.51 A3 traps the ions in the radial directi8hThe octopole passes through a

static gas cell containing xenon, used as the collision gas, for reasons

Figure 1. Structure of the pyridine_molecule. The dipole moment is  §escribed elsewher&-28 Low gas pressures in the cell (typically 0.04
shown as an arrow. Values for the dipole moment are taken from theory 1o 0 20 mTorr) are used to ensure that multipleomolecule collisions

(ref 19) and experiment, listed in parentheses (ref 20). The estimatedare improbable. Product and unreacted beam ions drift to the end of
polarizability is also shown (ref 21). the octopole where they are focused into a quadrupole mass filter for
mass analysis and subsequently detected with a secondary electron
Pyridine is one of the most abundant and best known of the scintillation detector and standard pulse counting techniques.
aromatic heterocycles. Compounds containing the pyridine ring  lon intensities are converted to absolute cross sections as described
are widely distributed in nature, principally as enzymes and previously?® Absolute uncertainties in cross section magnitudes are
alkaloids. Others are obtained by degradation of complex naturalestimated to bet20%, which are largely the result of errors in the
materials such as coal, shale, and various alkaloids. Coal is thePressure measurement a_nd the length of the interaction region. Relative
only commercially important source of pyridine compoufls, ~ Uncertainties are approximately5%.
Of the naturally occurring pyridine compounds, those having lon kinetic energies in the laboratory frant&a,, are converted to

; . . . . energies in the center of mass frankgu, using the formuleEcy =
the greatest biochemical importance are Vitaminad two EiaoM/(m+M), whereM andm are the masses of the ionic and neutral

coenzymes containing nicotinamide: nicotinamide adenine reactants, respectively. All energies reported below are in the CM frame
dinucleotide (NAD’) and nicotinamide adenine dinucleotide unless otherwise noted. The absolute zero and distribution of the ion

phosphate (NADP).13 NAD™ and NADP' function as coen-  kinetic energies are determined using the octopole ion guide as a
zymes of more than 200 oxidoreductases, collectively called retarding potential analyzer as previously descritiékthe distribution
pyridine-linked dehydrogenases, which are known to function of ion kinetic energies is nearly Gaussian with a fwhm typically between
in different aspects of metabolisth.Pyridine enzymes have 0.2 and 0.4 eV (lab) for these experiments. The uncertainty in the
been found in the tissues of all plants and animals examinedaPsolute energy scale i50.05 eV (lab). _ _

thus far, and are derived from either nicotinic acid or Vitamin _ Even when the pressure of the reactant neutral is low, it has
Be.12 Pyridine is also the building block of many pharmaceuticals previously been demonstrated that the effects of multiple collisions can

ith functi lities that f ti-tub | d significantly influence the shape of CID cross sectiéhBecause the
with fTunctionalities that range from anti-tubércular compoundas, presence and magnitude of these pressure effects is difficult to predict,

antiviral and antitumor agents, central nervous system stimu-\ye have performed pressure-dependent studies of all cross-sections
lants, diagnostic agents, analgesics, antiinflammatory agents, anéxamined here. In the present systems, we observe small cross sections
antihistamineg>16 at low energies that have an obvious dependence upon pressure. We
In the present study, we use guided ion beam mass spec-attribute this to multiple energizing collisions that lead to an enhanced
trometry to collisionally excite complexes of Mbound to probability of dissociation below threshold as a result of the longer
pyridine, where M = Mg+, Al*, Sct, Ti+, V*, Crt, Mn*, Fe', residence time o_f these slower moving ions. Data free from pressure
Co', Ni*, Cut, and Zrt. The kinetic energy-dependent cross zﬁecte are ob@alned by extrapolating to zero reactant pressure, as
. o - 27 escribed previousl$? Thus, results reported below are due to single
sections for the collision-induced dissociation (CID) processes .. . \1a- encounters.
are analyzed using methods developed previatishe analysis lon Source.The M*(pyridine) complexes are formed & 1 mlong
explicitly includes the effects of the internal and translational fow tupe420 operating at a pressure of 6:0.8 Torr with a helium
energy distributions of the reactants, multiple collisions, and flow rate of approximately 600 sccm. Metal ions are generated in a
the lifetime for dissociation. We derive metal catigpyridine continuous dc discharge by argon ion sputtering of a cathode, made
bond dissociation energies (BDESs) for all of the complexes, and from the metal of interest. Operating conditions of the discharge are
compare these results to literature valt€s? and to ab initio ~ 0.8-2.3 kV and 5-25 mA in a flow of roughly 10% argon in helium
and density functional calculations performed here and in the for the experiments performed here. The (@yridine) complexes are
literature?919-22 (20) M6, O.; de Paz, J. L. G.; Y&z, M. J Mol. Struct. (THEOCHEM)
1987 150, 135.
(12) Brody, F.; Ruby, P. R. Iideterocyclic Compounds, Pyridine and (21) Sanz, J. F.; Anguiano, J.; VilarrasaJJComput. Cheml988 9,

Derivatives Klingsberg, E., Ed.; Interscience Publishers: New York, 1960; 784.
Part I, p 99. (22) Stakigt, D. Organometallics1999 18, 1050.

(13) Acheson, R. MAn Introduction to the Chemistry of Heterocyclic
Compoundsinterscience Publishers: John Wiley and Sons: New York,
1967; p 188.

(14) Lehninger, A. L.Biochemistry 2nd ed.; Worth Publishers: New
York, 1975.

(15) Coutts, R. T.; Casy, A. F. IPyridine and lts Dematives
Abramovitch, R. A., Ed.; John Wiley & Sons: New York, 1975; Suppl.
Part 4, p 445.

(16) Gilchrist, T. L.Heterocyclic Chemistry3rd ed.; Longman Singapore
Publishers Inc., Singapore, 1997; p 125.

(17) Ma, S.; Wong, P.; Yang, S. S.; Cooks, R. 5.Am. Chem. Soc
1996 118 6010.

(18) Wong, P. S. H.; Ma, S.; Wang, F.; Cooks, R. I.Organomet.
Chem 1997 539, 131.

(19) Yang, Y.-S.; Hsu, W.-Y.; Lee, H.-F.; Huang, Y.-C.; Yeh, C.-S;
Hu, C.-H.J. Phys. Chem. A999 103 11287.

(23) Ervin, K. M.; Armentrout, P. BJ. Chem. Phys1985 83, 166.

(24) Schultz, R. H.; Armentrout, P. Bint. J. Mass Spectrom. lon
Processed991, 107, 29.

(25) Teloy, E.; Gerlich, D.Chem. Phys1974 4, 417. Gerlich, D.,
Diplomarbeit, University of Freiburg, Federal Republic of Germany, 1971.
Gerlich, D. In State-Selected and State-to-State-tMplecule Reaction
Dynamics, Part |, Experimenhg, C.-Y., Baer, M., Eds.Adv. Chem Phys
1992 82, 1.

(26) Dalleska, N. F.; Honma, K.; Armentrout, P. 8.Am. Chem. Soc.
1993 115 12125.

(27) Aristov, N.; Armentrout, P. BJ. Phys. Chem1986 90, 5135.

(28) Hales, D. A.; Armentrout, P. Bl. Cluster Scil99Q 1, 127.

(29) Dalleska, N. F.; Honma, K.; Sunderlin, L. S.; Armentrout, PJB.
Am. Chem. Sod994 116, 3519.

(30) Schultz, R. H.; Crellin, K. C.; Armentrout, P. B. Am. Chem. Soc.
1991 113 8590.
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formed by associative reactions of the metal ion with the neutral corresponding change in the average vibrational energy is taken to be
pyridine, which is introduced into the flow 50 cm downstream from an estimate of one standard deviation of the uncertainty in vibrational
the dc discharge. The flow conditions used in this ion source provide energy (Table S1) and is included in the uncertainties, reported as one
in excess of 10collisions between an ion and the buffer gas, which standard deviation, listed with tH, values.

should thermalize the ions both vibrationally and rotationally. In our We also consider the possibility that collisionally activated complex
analysis of the data, we assume that the ions produced in this sourceions do not dissociate on the time scale of our experiment (abodt 10
are in their ground electronic states and that the internal energy of the s) by including statistical theories for unimolecular dissociation into

M™(pyridine) complexes is well described by a Maxweloltzmann eq 1 as described in detail elsewhéfé.This requires sets of

distribution of ro-vibrational states at 300 K. Previous work has shown ro-vibrational frequencies appropriate for the energized molecules and
that these assumptions are generally v&irs. 33 the transition states (TSs) leading to dissociation. The former are given
Thermochemical Analysis.The threshold regions of the reaction in Tables S1 and S2, while we assume that the TSs are loose and
cross sections are modeled using the equation product-like because the interaction between the metal ion and the

pyridine ligand is largely electrostatic. In this case, the TS vibrations
o(E) = Uozgi(E +E — Ey)VE 1) used are the frequencies corresponding to the products, which are also

| found in Table S1. The transitional frequencies, those that become

rotations of the completely dissociated products, are treated as rotors,

where oo is an energy-independent scaling factBrjs the relative a treatment that corresponds to a phase space limit (PSL) and is
translational energy of the reactarisis the threshold for reaction of ~ described in detail elsewheteor the M"(pyridine) complexes, the
the ground electronic and ro-vibrational state, ani$ an adjustable two transitional mode rotors have rotational constants equal to those

parameter. The summation is over the ro-vibrational states of the of the neutral pyridine product with axes perpendicular to the reaction
reactant ionsi, whereE; is the excitation energy of each state apd coordinate. These are listed in Table S2. The external rotations of the

is the population of those statesg; = 1). The populations of excited energized molecule and TS_are also included in the modeling of_the
ro-vibrational levels are not negligible even at 300 K as a result of the CID data. The external rotational constants of the TS are determined
many low-frequency modes present in these ions. The relative reactivity by assuming thatthe TS occurs at _the centrifugal barrler_fo_r interaction
of all ro-vibrational states, as reflected byandn, is assumed to be ~ ©f M™ with the neutral pyridine ligand, calculated variationally as
equivalent. outhn(_ed elsevyheré]’he 2—D_externa| rotathns are t_reated a_dlabat!cally
To obtain model structures, vibrational frequencies, and energetics but with centnfuggl ef'fects included, consistent with the _dlscu_ssmn of
for the neutral and metalated pyridine, density functional theory Waage and Rabinovitch.In the present work, the adiabatic 2-D
calculations were performed using GaussiafdBeometry optimiza- rotatlona_ll energy is treate_d using a statistical dl_stnbutlon with explicit
tions were performed at the B3LYP/6-31G(d,p) level. Vibrational summatlpn over the possmle values of the rotational quantum number,
analyses of the geometry-optimized structures were performed to @S described in detail elsewhére. _
determine the vibrational frequencies and rotational constants of the ~1he model represented by eq 1 is expected to be appropriate for
molecules. When used to model the data or to calculate thermal energytranslationally driven reactioffsand has been found to reproduce
corrections, the B3LYP/6-31G(d,p) vibrational frequencies are scaled 'éaction cross sections well in a number of previous studies of
by a factor of 0.96135% The scaled vibrational frequencies thus POth atom-diatom and polyatomic reactiofs including CID
obtained for the 12 systems studied are available as Supporting Processes?26234345The model is convoluted with the kinetic energy
Information and listed in Table S1, while Table S2 lists the rotational distributions of both reactants, and a nonlinear least-squares analysis
constants. of the data is performed to give optimized values for the parameters
The Beyer-Swinehart algorithi is used to evaluate the density of ~ 9o Eo, andn. The error associated with the measuremenEgpfs
the ro-vibrational states and the relative populatignare calculated estimated from the range of threshold values determined for different
by an appropriate MaxweHBoltzmann distribution at the 300 K data set;, variations assoglated with uncertainties in the vibrational
temperature appropriate for the reactants. The average vibrational energjréduencies, and the error in the absolute energy scale, 0.05 eV (lab).
at 298 K of the metal ion-bound pyridine is also given in Table S1. For analyses that include the RRKM lifetime effect, the uncgrtalntles
We have estimated the sensitivity of our analysis to the deviations from N the reportedg, values also include the effects of increasing and
the true frequencies by scaling the calculated frequencies to encompasglécreasing the time assumed available for dissociation (€0by a
the range of average valence coordinate scale factors needed to brind@ctor of 2. o _ _
calculated frequencies into agreement with experimentally determined ~ Equation 1 explicitly includes the internal energy of the iBn All
frequencies found by Pople et #lThus, the originally calculated energy a_vallable is treate_d stat|st|cally,_ which sho_uld l_Je a reasonable
vibrational frequencies were increased and decreased by 10%. TheASsumption because the internal (rotational and vibrational) energy of
the reactants is redistributed throughout the ion upon impact with the
Ph(gl)cﬁhanigééo\a?c?ggger' D. C.; Schultz, R. H.; Armentrout, PJB. collision gas. The threshold for dissociation is by definition the
ys. Lhem ' : o minimum energy required leading to dissociation and thus corresponds
8%; Egﬂg:’zgﬁz?kiﬁ‘&g}?gﬁf}%fmtr%ﬂgn;'. ghgﬁig%gsniggg to formation of products with no internal excitation. The assumption
97, 10204. that products formed at threshold have an internal temperature of 0 K
(34) Gaussian 98, Revision A.7, Frisch, M. J.; Trucks, G. W.; Schlegel, has been tested for several syst@¥:2>3! |t has also been shown
H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; that treating all energy of the ion (vibrational, rotational, and transla-
Montgomery, J. A., Jr.; Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam,
J. M.; Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; (38) Pople, J. A.; Schlegel, H. B.; Raghavachari, K.; DeFrees, D. J.;
Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Binkley, J. F.; Frisch, M. J.; Whitesides, R. F.; Hout, R. F.; Hehre, W. J.
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Int. J. Quantum Chem. Symp981, 15 269. DeFrees, D. J.; McLean, A.
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, D. J. Chem. Phys1985 82, 333.

J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A; (39) Waage, E. V.; Rabinovitch, B. &hem. Re. 197Q 70, 377.
Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, (40) Chesnavich, W. J.; Bowers, M. TJ. Phys. Chem1979 83, 900.
T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; (41) Armentrout, P. B. IiAdvances in Gas-Phase lon ChemistAdams,

Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; N. G., Babcock, L. M., Eds.; JAl: Greenwich, 1992; Vol. 1, pp-839.
Andres, J. L.; Gonzales, C.; Head-Gordon, M.; Replogle, E. S.; Pople, J.  (42) See, for example: Sunderlin, L. S.; Armentrout, PIrB. J. Mass

A. Gaussian, Inc.: Pittsburgh, PA, 1998. Spectrom. lon Processd989 94, 149.

(35) Guo, B. C.; Conklin, B. J.; Castleman, A. W. Am Chem. Soc (43) More, M. B.; Glendening, E. D.; Ray, D.; Feller, D.; Armentrout,
1989 111, 6506. P. B.J. Phys. Cheml996 100, 1605.

(36) Foresman, J. B.; Frisch, AExploring Chemistry with Electronic (44) Ray, D.; Feller, D.; More, M. B.; Glendening, E. D.; Armentrout,
Structure Methods2nd ed.; Gaussian: Pittsburgh, 1996. P. B.J. Phys. Chem1996 100, 16116.

(37) Beyer, T. S.; Swinehart, D. Eomm. Assoc. Comput. Machines (45) Meyer, F.; Khan, F. A.; Armentrout, P. B. Am. Chem. So4995
1973 16, 379. Stein, S. E.; Rabinovitch, B. 3. Chem. Phys1973 58, 117, 9740.

2438. Stein, S. E.; Rabinovitch, B. 8hem. Phys. Lettl977 49, 1883. (46) See, for example, Figure 1 in ref 26.
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Figure 2. Cross sections for the collision-induced dissociation of the
Fet(pyridine) complex with Xe as a function of the center-of-mass
frame collision energy (lowek-axis) and laboratory frame (upper
x-axis). Data for the Feproduct channel are shown for a Xe pressure
of ~0.2 mTorr @), extrapolated to zerdX), and after subtraction of
the low-energy feature). The cross section for the ligand exchange
process to form Mt Xe is also shown4).

tional) as capable of coupling into the dissociation coordinate leads to

Rodgers et al.

Table 1. Modeling Parameters of Eq 1 and Entropies of Activation
at 1000 K of M (pyridinep

kinetic AS'(PSL)

E° Eo(PSL) shift (I mol?
M oo® nP (eV) (eV) (eV) K1
Mg* 9.3(0.8) 1.5(0.1) 2.23(0.05) 2.07(0.07) 0.16  32(2)
Al*  95(1.7) 1.5(0.1) 2.07(0.11) 1.97(0.11) 0.10  32(3)
Sc-  8.7(0.8) 1.2(0.1) 2.63(0.09) 2.40(0.11) 0.23  32(2)
Tit+  5.8(0.4) 1.3(0.1) 2.45(0.07) 2.25(0.10) 0.20  32(3)
vVt 8.6(3.1) 1.2(0.2) 2.42(0.16) 2.27(0.14) 0.15  40(2)
crt  3.7(0.3) 1.2(0.1) 2.16(0.15) 2.04(0.12) 0.12  36(2)
Mn* 12.2(2.3) 1.6(0.2) 1.98(0.10) 1.88(0.09) 0.10  30(3)
Fe" 13.4(0.6) 1.3(0.1) 2.53(0.23) 2.32(0.09) 0.21  35(3)
Cot 8.6(1.2) 1.4(0.2) 2.85(0.11) 2.56(0.13) 0.29  38(3)
Ni*  5.4(1.4) 1.5(0.2) 2.94(0.18) 2.64(0.16) 0.30  40(3)
Cut 4.8(0.2) 1.2(0.1) 2.83(0.06) 2.55(0.10) 0.28  40(3)
Zn*  4.3(0.1) 0.9(0.1) 2.87(0.03) 2.56(0.07) 0.31  34(2)

aUncertainties are listed in parentheseAverage values for loose
PSL transition state. No RRKM analysis.

As discussed above, the nonzero cross sections observed in
the M™ product data at the lowest energies are generally a
consequence of multiple collisions and disappear when the data
are extrapolated to zero pressure of the Xe reactant. In the
present work, this is only true for the Cand Zn" systems.
Even after pressure extrapolation, the remainder of the systems
examined here continue to show a nonzero cross section at
kinetic energies below the CID thresholds. This behavior is
shown in Figure 2, and is typical for the other™yridine)

reasonable thermochemistry. The threshold energies for dissociationcomplexes. In these cases, the low-energy features for all ions

reactions determined by analysis with eq 1 are conveddédK bond
energies by assuming thag represents the energy difference between
reactants and products at 0*KThis assumption requires that there
are no activation barriers in excess of the endothermicity of dissociation.
This is generally true for ionmolecule reactiort$and should be valid

for the simple heterolytic bond fission reactions examined fere.

Results

Cross Sections for Collision-Induced DissociationExperi-
mental cross sections were obtained for the interaction of Xe
with 12 M*(pyridine) complexes, where M= Mg™*, Al*, Sc",

Ti*, V*, Crt, Mn*, Fet, Co", Ni*, Cu", and Znf. Figure 2
shows representative data for the"fgyridine) complex. The

are much smaller than the dominant cross section feature
(typically less than 2%), and the two features are quite distinct
from one another. Such low-energy features can be attributed
either to contamination of the ion beam or to excited states of
the Mt (pyridine) species. If the former were true, then we would
expect to observe other product ions formed by CID at low
energies. No such products were observed except in the case
of Crt(pyridine). It is possible that a ligand other than pyridine
also having a mass of 79 Da might be present, but we can think
of no species that should be so weakly bound to metal ions.
We therefore believe that these low-energy features can be
attributed to electronically excited Mpyridine) species. Vi-
brational and rotational excitation (which should exhibit broad

most favorable process for all complexes is the loss of the intact distributions, given the large excitation energies of-139 eV)

pyridine molecule in the collision-induced dissociation reactions
2.

M (pyridine)+ Xe — M™ + pyridine+ Xe  (2)

For all metal ions except Cr the only other product that is

is excluded by the distinct difference between the low- and high-
energy features (Figure 2). Similar features, also attributed to
electronic excitation, were previously observed in the CID
reactions of M(benzene) and Mbenzene) systems'?
Threshold Analysis.The model of eq 1 was used to analyze
the thresholds for reactions 2 in 12" pyridine) systems. The

observed in the CID reactions is the result of a ligand exchange Presence of the low-energy features in many of the systems
process to form MXe. (For Cr-(pyridine), a product with a  complicates the data analysis. In each case, the data are analyzed

mass consistent with either Crtér C4Hs™ was also generated,
the former being more likely than cleaving the ring to form
CrCN.) The cross sections for the MXeproducts are ap-
proximately 1 to 2 orders of magnitude smaller than those of
the primary dissociation product, M and the thresholds are
slightly lower (by the M—Xe binding energy). As little

before and after subtraction of the low-energy feature (also
analyzed using eq 1 with internal energies but no lifetime effect
included). The reported values represent the average values
determined. The variations in the measured thresholds are
included in the uncertainties reported. The results of these
analyses are provided in Table 1 for all 12 metal ions and

systematic information can be gleaned from these products, they'epresentative results are shown in Figure 3 for theieidine)

will not be discussed further. However, it is conceivable that complex. In all cases, the experimental cross sections for
this ligand exchange process might cause a competitive shift inreactions 2 are accurately reproduced using a loose PSL TS
the observed thresholds. Within the quoted experimental errors,model? Previous work has shown that this model provides the
we do not believe such competition is likely to affect our Mostaccurate assessment of the kinetic shifts for CID processes

threshold measurements in any of these systems for several™ (4g)veyer, F.; Khan, F. A.; Armentrout, P. B. Am. Chem. Sod 995

reasons that have been detailed elsewtfere. 117, 9740.
(49) Meyer, F.; Khan, F. A.; Armentrout, P. B. Am. Chem. So4995
(47) Armentrout, P. B.; Simons, J. Am. Chem. S0d.992 114, 8627. 117, 9740.
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Figure 3. Zero pressure extrapolated cross section for collision-induced M*—Pyridine at 298 K (in kJ/mof)

0.0

Table 2. Enthalpies and Free Energies of Metal lon Binding of

dissociation of the Fegpyridine) complex with Xe in the threshold M+ AHg AHpes— AH®  AHzgs  TASed  AGoes
regic_m as a function of kinetic energy in th_e center-of-mass frame (lower Mg* 200.0(6.4) 1.3(0.2) 201.3(6.4) 30.5(0.7) 170.8(6.4)
x-axis) and the laboratory frame (uppeaxis). (Note: The low-energy % 199'3(103)  1.2(0.2)  191.5(10.3) 30.4(0.7) 161.1(10.3)
feature has not been subtracted.) A solid line show_s the.bes.t fit to the g 231.5(10.3) 0.9(0.2) 232.4(10.3) 29.8(0.7) 202.6(10.3)
dgta_ using eq 1 convquFed over the neutral and ion kln(_etlc energy T+ 217.2(9.3) 1.2(0.2) 218.4(9.3) 31.1(0.7) 187.3(9.3)
distributions. A dashed line shows the model cross sections in the v+ 218.7(13.5)  1.4(0.2)  220.1(13.5) 31.9(0.7) 188.2(13.5)
absence of experimental kinetic energy broadening for reactants with crt  197.1(11.3) 1.3(0.2) 198.4(11.3) 31.9(0.7) 166.5(11.3)
an internal energy corresponding to 0 K. Mn* 181.7(8.6) 0.9(0.2) 182.6(8.6) 30.2(0.7) 152.4(8.6)
Fet 223.7(8.9) 1.3(0.2) 225.0(8.9) 31.7(0.7) 193.3(8.9)
for electrostatic iorrmolecule complexe%.44344Good repro- Co" 246.8(12.3)  1.5(0.1)  248.3(12.3) 32.7(0.4) 215.6(12.3)
duction of the data is obtained over energy ranges exceeding(’\':'J+ %2‘5‘-388-3 igggg %232883 ggggg% gﬁg&gi;
3.5 eV and cross section magnitudes of at least a factor of 100. . 246:9(6_5) 1_'2(0_'2) 248_'1(6_9') 31_'7(0_'7) 216_'4(6_9')
Table 1 also includes values Bf obtained without including
the RRKM ||fet|me analysisl Comparison Of these Values W|th a2 Uncertainties al'.e listed in parenthes‘é@.ensity functional theory.
the Eo(PSL) values shows that the kinetic shifts observed for }’fe"“j:rfg?erg Zi'g;é'gtgmg %téyg B3LYP/6-31G(d,p) level of theory with
these systems vary from 0.10 to 0.30 eV. The total number of g e '
vibrations, 30, and heavy atoms, 7, remains the same in all of
these M (pyridine) complexes and hence the number of low-
frequency vibrations remains the same. This implies that the
observed kinetic shift should directly correlate with the density - -
of states of the complex at threshold, which depends on the calculate stabler-complex geometries, but the startingzom-

measured BDE. This is exactly what is found, as shown in Table plex geometries always Convgrged_ to the ene_rgetlcall_y more
1 favorable planar geometry. This indicates thatdtieteraction

with the lone pair of electrons on the nitrogen atom is indeed
stronger than that with the cloud. Overall, we conclude that

Not surprisingly, the calculations find that the metal ion
prefers to be bound to the nitrogen atom rather thamrttleud
of the aromatic ring of pyridine. Attempts were made to

The entropy of activatiomS', is a measure of the looseness
of the TS and also a reflection of the complexity of the system. . . -
It is largely determined by the molecular parameters used to therells Onl)é aﬂ;slng:)e stable ?ic])mitry fq‘rj.th?*(nab/rédlme)
model the energized molecule and the TS, but also depends orf OMPIEXES. FUriner, because ot the strongroipole and 1on-

the threshold energy. Listed in TableAS'(PSL) values at 1000 mducgo! dipole interactions, t.he potential energy surface for M
K show little variation, as expected based upon the similarity + pyridine should be attractive such that there are no barriers

of these systems, and range between 32 and 40 J'rHol* in excess of the bond_energy for diss_ociation of (blyridine).
across these systems. These entropies of activation can bd" 9eneral, the distortion of the pyridine molecule that occurs
favorably compared ta\S'1p00 values in the range of 2946 J upon complexation to a metal ion is minor, Table S3.
K1 mol1 collected by Lifshitz for several simple bond cleavage ~ Conversion from 0 to 298 K. To allow comparison to
dissociations of iong° previous literature values and commonly used experimental
conditions, we convert 810 K bond energies determined here
Theoretical Results to 298 K bond enthalpies and free energies. The enthalpy and
Theoretical structures for neutral pyridine and for the ENtropy conversions are calculated using standard formulas
complexes of pyridine with Mg, Al*, Sct, Ti+, v+, Crt, Mn*, (assuming harmonic oscillator and rigid rotor models) and the

Fet, Cot, Ni*, Cu*, and Zrt were calculated as described vibrational and rotational constants determined for the B3LYP/

above. Table S3 gives details of the final geometries for each 6-31G(d,p) optimized geometries, which are given in Tables
of these species. Results for the most stable conformation ofS1 and S2. Table 2 lists 0 and 298 K enthalpy, free energy,
the Fe (pyridine) complex are shown in Figures4. and enthalpic and entropic corrections for all systems experi-
mentally determined (from Table 1). Uncertainties in the
(50) Lifshitz, C.Adv. Mass Spectroml989 11, 113. i i ; ; 0
(51) Figures were generated using the output of Gaussian98 geometryenthalplc and entropic corrections are determined by 10%

optimizations in the Hyperchem Computational Chemistry Software Pack- variatioq in the molecular constants. Using these values, we
age, Version 5.0, Hypercube Inc., 1997. have adjusted enthalpy and free energy values taken from the
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Table 3. Experimental and Literature Enthalpies of Proton and the energetic information derived from these calculations is
Metal lon Binding to Pyridine &0 K (in kJ/mol) unreliable. This belief is further supported by the inability to

experiment properly reproduce ionization energies of the bare transition

reactant GIBMS literature theory metals at this level of theory. However, the accuracy of

structures and molecular parameters (vibrational frequencies and

Ei:((%rrliddlir;]i)) 181.0(14.5) 924.0(16.0) igg:g rotational constants) is not nearly as sensitive to the level of
Na(pyridine) 126.7(2.9) 123.9 theory employed. Thus, these computational results still allow
K*(pyridine) 90.3(3.9) 91.1 us to extract accurate thermochemical information from our
Mg*(pyridine) 200.0(6.4) experimental results. Because we would like to determine what
Al*(pyridine) 190.3(10.3) 1953 level of theory and basis set size are needed to accurately
$S((S)¥:i'gi'2§)) %i%:ggoéf) reproduce binding energies in these and related systems, we
V+(pyridine) 218.7 (13.5) are cur_ren_tly pursuing h|gh_er level ca_lculatlo_ns. Prel_lmlnar_y
Cr(pyridine) 197.1 (11.3) results indicate that increasing the basis set size and including
Mn*(pyridine) 181.7 (8.6) additional diffuse functions (e.g. 6-3+15(2d,2p)) produces
Fe'(pyridine) 223.7 (8.9) 203.7 (119) almost insignificant changes in calculated geometries and leads
Co* (pyridine) 246.8 (12.3) 249.5 (20:9) to much better agreement with experimental results. These
Ni*(pyridine) 254.8 (15.2) 249.3 (15'7) . . . -
Cu*(pyridine) 245.9 (10.1) 274.1(7512) 2418 results will be discussed in more detail in a future paper.
274.% Comparison with Theoretical Literature Values. Previous

. 205.0 calculations of pyridine have been limited to studies of its

Zn*(pyridine) 246.9 (6.9) interactions with proton%20-2'alkali metal cation§,Al+,22 Cu*,

a This work except as notedl All literature values adjusted to 0 K.~ and Ag.? In all of these previous studies, the optimized
¢References 52 and 53Reference 8¢ Reference 8, MP2(full)/6- structures of these complexes are very similar to that found for
311+G(2d,2p)//MP2(full)/6-31G(d): Reference 22¢Reference 17,  the complexes examined here with the cation binding to the

kinetic method! Reference 18, kinetic methodReference 19, pho- . .
todissociation! Reference 19, MP2/[HW(f),6-31G(d,pfjReference 19, lone pair electrons on the nitrogen atom. Attempts were also

B3LYP/[HW(f),6-31G(d,p)]. Reference 19, HF/[HW(f),6-31G(d,p)]. made to calculate stabfecomplex geometries, with the aI_kaIi
metal ion§ and Al",22 but the startingz-complex geometries

JW————— T T always converged to the more energetically favorable planar
geometry, as found in this study.
300 F i In the previous work, the proton affinity of pyridine was

calculated and compared to the experimentally determined value

j_ at several levels of theory ranging from semiempirical methods
:0r 2 1 MNDO, INDO, and AMZ to ab initio and density functional
calculations with varying sized basis s&f02! The best
200 1 ] previous calculations performed are ab initio calculations at the
%/\Q MP2(full)/6-311+G(2d,2p)//MP2(full)/6-31G* level of theory
|+
a+

M*(pyridine) BDE (kJ/mol)

L which include both zero point energy corrections (ZPE) and
1501 ] basis set superposition error corrections (BSSEje proton
N S Roreshold CID affinity calculated at this level of theory is 908.9 kJ/mol, 15.1
100 F v Photodissociation 4 kJ/mol lower than the experimentally determined value of 924.0
KP + 16.0 kJ/moPR253 but it does lie within the somewhat large
L experimental error in this measurement.
Alkali Mgt A S¢" Ti* v* Cr* Mn* Fe* Co™ Ni* Cu' zn* The binding energies of alkali metal ions*,.iNa", and K"
0 st 2 sla's'd? gt o sld®s'd® B o 4'0s'¢™® to pyridine have also been calculated at the MP2(full)/6-3%&1
Figure 5. Experimental bond dissociation energies (in ki/mol) gtM  (2d,2p)//MP2(full)/6-31G* level of theory including ZPE and
EnDash-(pyridine), where M = Li*, Na*, K*, Mg*, Al+, Sct, Tit, BSSE corrections, and have been experimentally determined

V*, Crt, Mn™, Fet, Cot, Nit, Cut, and Zrt. All CID values Q) are by threshold collision-induced dissociatidMuch better agree-

at 0 K. Experimental results include values from ref 8 (alkali metal ment between the theoretical binding energies determined at

ions). Kinetic method £, refs 17 and 18) and photodissociation, ( this level of theory (179.1, 123.9, and 91.1 kJ/mol) and the

ref 19) results are also shown. Ground-state electron configurations experimentally determined values (181.0, 126.7, and 90.3 kJ/

are provided for each metal ion. mol, respectively) was found. The alkali-metalated complexes
are electrostatic in nature with most of the charge localized on

literaturé "9 (listed at 298 K) to 0 K. These are compared t0 the metal center, whereas protonated complexes are more

the present results in Table 3 and Figure 5. covalent in nature and the charge is highly delocalized. Hence,
) ) correlation effects are probably more severe, requiring the use
Discussion of larger basis sets and higher levels of correlation to achieve

accurate enthalpies of protonatighThe higher degree of
covalency expected in metaligand complexes involving
{ransition metal ions suggests that accurate determination of

Comparison of Theory and Experiment. The metal cation
affinities of pyridine 40 K measured here by guided ion beam
mass spectrometry are summarized in Table 3. The agreemen
between calculated bond energies at the I.33LYP/6-311G(d,p) level (52) Meot-Ner, M.J. Am. Chem. Sod979 101, 2396.
of theory and those determined experimentally is poor and (53) Hunter, E. P.; Lias, S. G. Proton Affinity Evaluation. NiST
highly dependent upon the d-orbital population. Present results Chemistry WebBook, NIST Standard Reference Database Number 69
indicate that this level of theory is insufficient to obtain accurate Mallard, W. G., Lindstrom, P. J., Eds.; National Institute of Standards and

. . . . Technology: Gaithersburg, MD, November, 1998 (http://webbook.nist.gov.).
energetics for systems that involve transition metal ions. (54) Del Bene, J. E.; Shavitt, Int. J. Quantum Chem. Symp. Quantum
Theoretical values are not reported here because we believe thathem. Symp1989 23, 445.
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binding energies for such systems might also require high levels metal-ligand bond length is determined primarily by the size
of correlation to obtain values consistent with the experimental of the cation such that the larger the cation radius, the longer
results obtained here. the bond length and the weaker the electrostatic interaction, as
Yang et al*® calculated the Ct—pyridine BDE at HF, MP2, observed.
and B3LYP levels of theory using several basis sets, the most The interaction of pyridine with the monocations examined
accurate being HW(f),6-31G(d,p) which employs an effective here is not quite as simple as it is for the alkali metal ions. All
core potential developed by Hay and Wedbith additional f of the metal ions examined here possess valence electrons. As
polarization functions for Cu The calculatd 0 K BDE is quite a result, comparison of trends in the observed binding as the
sensitive to the level of theory employed and varied from 206 electron configuration is varied allows a systematic evaluation
kJ/mol at the HF level to 242 kJ/mol at the MP2 level of theory, 0f the influence of the valence electronic structure of the metal
and 274 kJ/mol at the B3LYP level. The HF BDE is obviously ion. In any metat-ligand complex, the bonding between the
much too low (Table 3). The MP2 results are in good agreement metal ion and the ligand is dominated by two factors: the-ion
with the threshold CID BDE of 245.9- 10.1 kJ/mol reported  dipole electrostatic attraction and the repulsion between the

here, while their B3LYP results are somewhat higherckg electrons donated to the metal ion and electrons already present.
performed calculations on the Apyridine) system to inves-  Ligand-to-metal donation and metal-to-ligand back-donation
tigate the out-of-plane motion of the Alon, moving from the increases the covalent nature of the bond, while retention of
Cyv planar geometry to am-interaction-type geometdz.Similar electrons promotes ionic character in the bond. The pyridine

to that observed here, thecomplex geometry was found to  ligand has three types of orbitals that it can use for bonding at
be unstable for the pyridine ligand, such that dissociation was the N atom. The nitrogen lone pair is a donor of electron density,
the only path observed. On the basis of thermodynamic dataOccupiedr orbitals may also act as donors of electron density,
reported there, a BDE for Al-pyridine of 195.3 kJ/mol is and the delocalized* antibonding orbitals may act as acceptors
calculated with G2MP2. This value is 5.0 kdJ/mol lower than of electron density.
that measured here, Table 3, well within our experimental s Orbital Occupation. Magnesium and aluminum ions have
uncertainty of 10.3 kJ/mol. 3s!t and 38 electron configurations, respectively. As the oc-
Comparison with Experimental Literature Values. Table cupation of the s orbital increases, Pauli repulsion between the
3 and Figure 5 also compare the present experimental resultselectron(s) on the metal ion and the nitrogen lone pair increases
to those of Cooks and co-workerst8used a multi-quadrupole ~ and it might be expected that the bond energies would also
mass spectrometer and the kinetic method to measure thedecrease. In contrast, the bond energies are observed to increase
pyridine affinities of several cations. As can easily be seen in from Na" to Mg* and then to decrease somewhat for" Al
the figure, excellent agreement is obtained for the @od Ni although it is still more strongly bound than NaThe
systems. The value they measure fot F£20.0 kd/mol lower ~ enhancement in the bonding in the Mand Al* systems arises
than that measured here, but still lies within the combined @s @ result of 3s3p hybridizatior?™® Such hybridization
experimental uncertainties of these two measurements. ThePolarizes the electron density away from the ligand, which
difference in the measured Fenay be the result of a spin effect  'equires energy but exposes a higher nuclear charge to the
that arises as a result of the difference in the way binding ligand. In the limit of complete removal of the valence electrons,
affinities are measured. Cooks and co-workers used benzendhis would correspond to binding to Mgand AP*. However,
as the reference base. Benzene binds to metal ionszn a €lectron removal is not complete and sp-hybridization requires
complex and acts as a 6-electron donor. Th&(pgridine)- more energy for At than for Mg, resulting in less enhancement
(benzene) complex is therefore a 15-electron complex and ©Of the binding in the At system.
almost certainly in a quartet state. Adiabatic dissociation of this ~ S.d Orbital Occupation. Noncovalent bonds to transition
complex will form Fe (benzene) in its quartet ground state, but Metal monocations are controlled by a balance between ion
formation of Fé (pyridine)+ benzene could occur diabatically, dipole attraction and Pauli repulsion between the metal ion and
also producing FE(pyridine) in the quartet state. However, if the ligand. Because the ionic radius of the metal decreases from
the ground state of F¢pyridine) is a sextet, then the bond left to right across the periodic table, the electrostatic contribu-
energy measured by the kinetic method would be too low by tion to bonding also increases. Therefore, the later transition
the sextet-quartet excitation energy. As a rough estimate, this Metal ions generally bind more strongly than the early metal

excitation energy could be approximately the same alhe ~ i0NS, as can be seen in Figure 5. Also obvious in the figure is
“F splitting in Fe, 22 kJ/mol5 the significant role that s,d orbital occupation plays. All of the

first row transition metal ions bind pyridine much more strongly
(by at least a factor of 2) than™ the 48 ion of the same
periodic row. However, strong variations in the binding across
the onset of the charge-transfer products, €wpyridine’, the first row indi.calte that the binding is influencgd by other
combined with the ionization energies. The value they derive factors. Such variations have previously been explained for other

is somewhat larger than that determined here but well within Meta-ligand complexes by examining the electron configura-
the large uncertainty in their measurement. tion of each of the metal iorfd-%4 These other factors arise as

Periodic Trends in the Binding of Metal lons to Pyridine. (57) Bauschlicher, C. W., Jr.; Langhoff, S. R.; Partridge,JHChem.

In a previous study, the interaction of pyridine with the alkali Ph{;é%%%]hgfﬁlizc?\%% C Wo Langhoff. S. R Partidae. He Rice. 3. E.
metal cations was examinédlhe bond energy is largest for  «omornicki. A. J. Chem. Ph,yslgggl 95 5142, ge. - A

Comparison is also made to the work of Yang et’dh this
study, they employed a photodissociation technique in which
they were able to derive the Ct-pyridine binding energy from

Li* and decreases from Nao K*. This was not unexpected (59) Bauschlicher, C. W.; Partridge, Bl Phys. Chenil991, 95, 9694.
as it can easily be explained based upon simple electrostatic _(60) gaUSCh“Chef, C.W.; Sodupe, M.; Partridge,JHChem. Phys1992
ideas. Alkali metal ions have? ®lectron configurations, and (61) Rosi, M.. Bauschlicher, C. WL Chem. Phys1989 90, 7264.

therefore have spherically symmetric electron densities. The  (62) Rosi, M.; Bauschlicher, C. W. Chem. Phys199Q 92, 1876.
(63) Dalleska, N. F.; Honma, K.; Sunderlin, L. S.; Armentrout, PJB.
(55) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 299. Am. Chem. Sod 994 116, 3519.

(56) Sugar, J.; Corliss, d. Phys. Chem. Ref. Daf085 14, Suppl. 2. (64) Armentrout, P. BAcc. Chem. Red995 28, 430.
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a result of the mechanisms by which the transition metal ion is

Rodgers et al.

the very stable 48cP electronic configuration of ground-state

capable of decreasing Pauli repulsion between the metal andMn™ (7S). Because both the 4s ando3drbitals are occupied

the ligand. These mechanisms include-4p polarization, 4s

3do hybridization, and promotion to a more favorable electronic
state. Because the 4p orbitals lie higher in energy than the 3d
orbitals, 4s-4p polarization is more energetic than—&do
hybridization. 4s-4p polarization is analogous to the mechanism
observed in the Mgand Al* systems in that it polarizes electron
density to the opposite side of the metal ion, away from the
ligand, allowing the ligand to experience a larger effective
nuclear charge. 4s3do hybridization also hybridizes electron
density away from the ligand, but is less energetic and places
electron density in a direction perpendicular to the bonding axis.
When 4s-3d o hybridization occurs, the transition metal center
exists in a state that is a combination of 438 configuration

and a 36" configuration. Therefore, the promotion energy to

and high-spin coupled, the Pauli repulsion between the metal
and ligand is the greatest for this complex. The high-spin state
of Mn™ is incapable of 4s3do hybridization without promotion.
Such promotion would require a minimum of 113.3 kJ/mol to
access the lowest lying quintet electronic state,>$1¢433P)
state3® As a result, the charge retained by the metal and the
metal-ligand bond distance is quite large. Of the transition
metal ions, only St retains more charge and has a longer
metak-ligand bond length.

The M™—pyridine BDE increases for the late transition metal
ions starting from F&, reaching a maximum for Nj and falling
off slightly for Cut and Zn'. The ground-state electron
configurations of the Cg Nif, and Cu ions have 3d
populations. This allows for direct donation of the electron pair

the higher lying of these two states must be considered no matterinto the empty 4s orbital of the metal ion. Further, the size of

which of these corresponds to the ground state of the metal
ion.

Promotion to an electronically excited state is a third
mechanism by which Pauli repulsion can be reduced. In the
discussion above, 48do hybridization involves 3t and 43-

the metal ion decreases with increasing d orbital population
resulting in stronger binding. The decrease in BDE froni Ni
to Cu™ most likely results from an increased occupation of the
3do orbital, similar to that observed for*ws Crt.

Iron ion has an excited statéf;, that lies only 22.4 kJ/mol

3d" states of the same spin. The thermodynamic consequencegbove the®D ground staté® The excited state has an "3d

of changing spin state to optimize metdigand bonding can
also be observed, particularly when—4do hybridization is
not possible (e.g., whem > 5, there are no 3d? states of the
same spin as high-spin coupled'3d' states). In such cases,
promotion to a state of lower spin must occur before-3do
hybridization can occur. Such promotion becomes more likely
as the strength of the ligand field increases. This generally occurs
as a result of multiple ligation, which is again not examined
here, although pyridine is a stronger field ligand than many of
the systems previously examined.

The measured NM—pyridine BDEs decrease for the early
transition metals from Scto Mn*. The ground-state electron
configuration of St is a triplet 433d!, and promotion of the
ion into a triplet 3d configuration, emptying the 4s orbital,
would decrease the Pauli repulsion, but requires 57.5 kXmol.
The calculated bond distance, 2.233 A (Table S3), and charge
retained by the metal (0.91e) are the largest of all the transition
metal complexes studied.

Tit has two low-lying quartet states; the33cbnfiguration
is 10.9 kJ/mol higher in energy than the'3& ground staté’

The empty 4s orbital of the excited configuration would be the
most straightforward acceptor of lone pair electron density,
resulting in stronger binding. If the ground state of the-Ti
(pyridine) complex has appreciable33tharacter, then dissocia-
tion to a ground-state T{4s'3c?) ion would reduce the apparent
BDE by the promotion energy. This possibility is suggested by
the observation that the trend in the measuret-dyridine
BDE would show a monotonic decrease fron1 S0 Mn* if
10.9 kd/mol were added to the measured BDE offyridine).

We observe that there is a systematic decrease in the BDE
as one moves from Tito V' to Cr. Both bare metal ions
have high-spin ground states,“3ahd 3&, 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 Cr" would bind more tightly, opposite of that observed.
This decrease is most likely the result of the 8dnfiguration
of Cr* forcing occupation of the 3dorbital, leading to repulsive
interactions with the pyridine ligand.

The Mn"—pyridine BDE is the weakest of all of the first-
row transition metal ions. The low BDE can be attributed to

configuration that should decrease the Pauli repulsion between
the metal and the pyridine ligand. The'Heond energy is just
about 22 kJ/mol weaker than the Cbond energy. The relative
bond energies are very comparable to those observed for
ammonia complexes by Walter and ArmentréuThe weaker
bond is consistent with either a sextet ground state (weaker
because of the 4s orbital occupation) or a quartet ground state
(weaker because it dissociates adiabatically to the%pg, 22
kJ/mol lower than the diabatic asymptote).

Copper ion has a 3fconfiguration and its BDE is consistent
with the other late transition metals. However, the decrease in
ionic radius upon filling the d shell should increase the charge
density and strengthen the iedipole interaction. This is
supported by calculations that find that the'Cypyridine bond
length is the smallest of all systems studied here.

The electron configuration of Znis 483d. Occupation of
the 4s orbital results in an increase in Pauli repulsion, yet the
measured BDEs to Cuand Zn" are equal to within experi-
mental error. The effect is much smaller (and appears to be
within the experimental uncertainties of these measurements)
than that observed for Mnas a result of the much smaller size
and consequently higher charge density of Zn

Comparison to Other Ligands. Collision-induced dissocia-
tion studies have been made of transition metal complexes with
ammoniat® water2® carbonyl3931.66 etheneé’’” and benzerfé
ligands. The binding energies of ammonia and water show trends
similar to that observed here for pyridine. The behavior observed
with benzene, carbonyl, and ethene ligands is somewhat
different. Figure 6 compares the trends in the -Mpyridine
BDEs measured here to those previously measured for the
ligands mentioned above.

The bond between the metal ion and the ligand consists of
ligand-to-metalo electron density and electron density. The
relative ease with which a metal ion can accept electron density

(65) Walter, D.; Armentrout, P. Bl. Am. Chem. S0d.998 120, 3176.

(66) Sievers, M. R.; Armentrout, P. B. Phys. Chem1995 99, 8135.
Schultz, R. H.; Crellin, K. C.; Armentrout, P. B. Am. Chem. Sod.991
113 8590. Goebel, S.; Haynes, C. L.; Khan, F. A.; Armentrout, PJ.B.
Am. Chem. Sod.995 117, 6994. Khan, F. A,; Steele, D. A.; Armentrout,
P. B.J. Phys. Cheml995 99, 7819. Meyer, F.; Chen, Y.-M.; Armentrout,
P. B.J. Am. Chem. S0d.995 117, 4071.
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Figure 6. Comparison of the periodic trends in the*ML bond
dissociation energies determined by collision-induced dissociation.
Ligands, L, include pyridine®), ammonia @), benzene4), carbonyl

(a), ethene ¥), and water ¥). Values are taken from present work
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most closely parallels that of ammonia and water. The largest
deviations in behavior are observed for Mmand the late
transition metal ions. For all ligands, the Nnligand BDE is
the lowest measured of all of the transition metal ions. However,
water does not show a highly pronounced dip forfyias all
the other ligands do. For the late metals, the carbonyl and water
trends parallel the pyridine in all respects, while ammonia,
benzene, and ethene fail to track the peak in BDE for &fid
decline for Cd.

In their study of the binding of transition metal ions to
ammonia, Walter and Armentrdatnoted distinct differences
in the average percent increase observed in bonding from the
early to the late transition metal ions depending on whether the
ligand was asx donor, w acceptor, or neither. Relative to
ammonia, which shows a 32% increase associated primarily with
the relative sizes of the metal ions, water ig donor and shows
only a 16% increase. A much larger increase of 60% was
observed for CO, ar acceptor, as expected based upon the
argument above. An 18% increase is measured here for pyridine.

and refs 8, 29, 30, 31, 45, 64, 65, and 66. Ground-state electron (This excludes St which was also not included in earlier work;

configurations are provided for each metal ion.

changes relatively little with the ligand, but is strongest when

the donor and acceptor orbitals lie closest in energy, or when
more than two electrons are donated as in benzene. However

the ease of additional ligand-to-metal donationdonor) or
metal-to-ligand back-donatiomr @cceptor) 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
ot donor/acceptor behavior of the ligand. For the early transition
metals, with partially occupied d orbitals, binding to ligands
capable of botlv andr donation is enhanced relative to that
of ¢ donor, oro donor andz acceptor ligands. For the late
transition metals with high d-orbital occupation, a greater
enhancement in binding is expected feacceptor ligands, over
o ands donor, ands donor ligands.

Ammonia is ac donor, water is both a and & donor,
carbonyl and ethene avedonors andr acceptors, while benzene
is azr donor andr acceptor ligand. On the basis of a comparison

to these ligands, considering both symmetry and energy argu-

ments, pyridine may participate in all three types of interactions.
A o donation interaction arises from donation of electron density
from the pyridine 11A orbital, which is essentially the lone
pair on the nitrogen atom of the ligand.zAdonation interaction
could involve the 2B bonding orbital that is heavily localized
on the nitrogen atom and the carbon atom para to itr A

a 15% increase is measured when' $g included.) This is
comparable to that observed for water, indicating that the
binding in these pyridine complexes probably results primarily
from ¢ andsr donor interactions with no obvious enhancement
in binding as a result of the acceptor interaction. It is a little
difficult to understand why ther acceptor interaction is not
more important, as the* antibonding orbitals are slightly lower

in energy for pyridine than they are for C3®.Hence, the
difference in the measured BDEs to ammonia and pyridine
(Figure 6) results from the increased polarizability of the ligand
and & back-donation in the pyridine complexes. A nearly
constant difference in BDE is observed for Tthrough Nit, a

26 = 9 kJ/mol increase from ammonia to pyridine. The
difference in measured BDE to €us much smaller, 9+ 18
kJ/mol, because Cucannot accept ang donation from the
ligand, whereas all earlier metal ions can. This small difference
is a rough measure of the enhanced binding resulting from the
increased polarizability of the pyridine ligand. This suggests
that theszr donation interaction increases the binding in the
pyridine complexes to Ti—Ni™ by 17 &+ 20 kJ/mol.

Conclusions

The kinetic energy dependence of the collision-induced
dissociation of M (pyridine), where M = Mg™, Al*, Sct, Tit,
V*, Crt, Mn*, Fe", Co", Nit, Cu", and Zrn, with Xe is
examined in a guided ion beam mass spectrometer. The
dominant dissociation process in all cases is loss of the intact
pyridine ligand. Thresholds for these processes are determined

acceptor interaction should be possible by donation of electron after consideration of the effects of reactant internal energy,

density from the metal d orbitals into the 38" antibonding

multiple collisions with Xe, and lifetime effects (using meth-

orbital, which is also heavily localized on the nitrogen atom odology described in detail elsewhefe)nsight into the
and the carbon atom para to it. Indeed this orbital is calculated stryctures and binding of the metal ions to pyridine is provided

to be more stable (lower in energy) than theacceptor orbitals
on known z acceptor ligands, CO, ethene, and benZ&ne.
However, CO can accept electron density in two orthogonal
orbitals that are only slightly less stable than that in pyridine

by density functional theory calculations of these complexes
performed at the B3LYP/6-31G(d,p) level of theory. Theoretical
calculations with such a small basis set are unable to reproduce
the trends observed in the experimentally determined BDEs.

and these orbitals are more highly localized than those in However, the accuracy of structures and molecular parameters

pyridine and thus CO should exhibit the strongesicceptor
behavior. It is therefore conceivable that the trends in tHe-M
pyridine BDEs might parallel any of these ligands. The trends
observed in the M—ligand BDEs to the early transition metal

(vibrational frequencies and rotational constants) should be
adequate for use in extracting accurate thermochemical informa-
tion from our experimental results. The trends in measured
BDEs may be explained by examining the electron population

ions are similar for all ligands except benzene, although pyridine of the valence orbitals on the metal ion such that binding is the

(68) Jorgensen, W. L.; Salem, The Organic Chemist's book of Orbitals
Academic Press: New York, 1973.

strongest for ions withdtype configurations. Further, binding
is strongest when the d orbitals are nearly full, primarily a result
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of the decreasing size of the metal ion with increasing nuclear  Supporting Information Available: Tables of vibrational
charge and ofr back-donation. Periodic trends in the™M frequencies and average vibrational energies, rotational con-
pyridine BDEs are similar to those seen for ligands with similar stants, and B3LYP/6-31G(d,p) geometry optimized structures
binding modes and most closely parallel those observed for of neutral and metalated pyridine and figures showing cross
ammonia ligands. sections for the collision-induced dissociation of (dyrdine)
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