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Substituent Effects in the Binding of Alkali Metal lons to Pyridines, Studied by Threshold
Collision-Induced Dissociation and ab Initio Theory: The Methylpyridines'
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Threshold collision-induced dissociation of f&-methylpyridine) with xenon is studied using a newly
constructed guided ion beam mass spectrometer, described in detail hemeclile the following alkali

metal ions: Li, Na', and K". All three structural isomers are examinedy= ortho, meta, and para. In all
cases, the primary product corresponds to endothermic loss of the xataethylpyridine molecule, with

minor production of MXe formed by ligand exchange. The cross section thresholds are interpreted to yield
zero and 298 K bond dissociation energies far-M-methylpyridine after accounting for the effects of multiple
ion—molecule collisions, internal energy of the reactant ions, and dissociation lifetimes. Ab initio calculations
at the MP2(full)/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 MP2(full}#85§2d,2p) level

using the MP2(full)/6-31G* geometries. Excellent agreement between theory and experiment is found for the
Na" and K systems, whereas the theoretical BDEs t6 &ystems are systematically low but still within
experimental error. Good agreement is found for the single previously measured bond dissociation energy of
Li* to mmethylpyridine.

Introduction H,
In recent work, we have developed methods to allow the H3C 0
application of quantitative threshold collision-induced dissocia- Q @ 1 l
tion methods to obtain accurate thermodynamic information on HAC Xy
increasingly large systems!® One of the driving forces behind 3
these developments is our interest in applying such techniques ortho meta para
to systems having biological relevance. In addition, we seek to 197D 2.62D 2.89D
perform accurate thermochemical measurements that provide 11.35 A® 11.35 A3 11.35 A3
absolute anchors for metal cation affinity scales over an ever- Figure 1. Structure of the-methylpyridine molecules. Properly scaled
broadening range of energies and systems. dipole moment in Debye are shown for each as an arrow. Values for

Among the systems examined in these earlier studies are gthe dipole moment are determined_ fro_n_1 theoretical calculations
number of nitrogen-based heterocycles and several of the nUCIeidaerformed here. The estimated polarizability is also shown (ref 11).
acid bases with alkali, alkaline earth, and transition metal
ions>710 These systems were chosen as models of nocovalent o i : .
interactions with nucleic acids and a wide variety of nitrogen- as welllas .the posmon of the substituent relative to the nitrogen
based heterocycles of biological importance. We began these?tom-binding site (ortho, meta, and para).
investigations with ligands possessing only a single functional  In the present study, we use guided ion beam mass spec-
group. This fundamental approach has allowed us to systemati-trometry to collisionally excite complexes ofMbound to the
cally examine the influence of the electronic structure of the structural isomers (ortho, meta, and paraxahethylpyridine
metal ion, the polarizability, the dipole moment, and the (x-MePyr), where M = Li*, Na', and K". The structures of
tautomeric form of the ligand, as well as the effects that the x-MePyr isomers are shown in Figure 1 along with their
chelation and steric interactions have upon the strength of calculated dipole moments (determined here) and estimated
binding in these systems. Because the nucleic acid basespolarizabilitiest! The kinetic energy-dependent cross sections
modified bases, and other biologically relevant systems possesgor the collision-induced dissociation (CID) processes are
amino, hydroxy, and methyl substituents, we have recently analyzed using methods developed previo@she analysis
initiated studies to extend this work by studying substituted expjicitly includes the effects of the internal and translational
pyridine systems. These theoretical and experimental studiesgnergy distributions of the reactants, multiple collisions, and
examine the intrinsic effects of varying the chemical identity e jifetime for dissociation. We derive M-x-MePyr bond

dissociation energies (BDEs) for all of the complexes, and

" Part of the special issue “Aron Kuppermann Festschrift”. In honor of - compare these results to ab initio calculations performed here.
Aron Kuppermann on the occasion of his'7birthday and in thanks for

his many contributions to both experimental and the theoretical studies of COMParison is also mac!e n t_he single casé;(i-MePyr),
chemical reaction dynamics. where a literature value is availadie14
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of both the metal ion and the substituent (CNH,, and OH)
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Figure 2. Schematic diagram of the guided ion beam tandem mass spectrometer.

Experimental Section tantalum or iron, with a cavity containing the alkali metal.
Typical operating conditions of the discharge are-13% kV
and 15-30 mA in a flow of roughly 10% argon in helium for
‘the experiments performed here. The (MePyr) complexes

Instrument Overview. A schematic of the guided ion beam
tandem mass spectrometer recently constructed in our labora
:g”?osnlss tshhacffwa?réni:clj?\z(rjisl.l Thir\;ace%gm(ls))/ ?rtwirr}lg\?vnlﬂgzeizlx are formed by associative reactions of the metal ion with the

9 Y Pumpec: neutral x-MePyr, which is introduced into the flow 50 cm

source, (2) the first differentially pumped chamber, (3) the : .
second differentially pumped region, (4) the magnetic sector glownstream from the dc discharge. The flow conditions used

o S PP
flight tube and third differentially pumped chamber, (5) the n th's |ond5(:tt:rcc; ;;frowde n eﬁ.cisshof d llrl]smnsl'betvtvheer'l

reaction chamber, and (6) the detector chamber. All regions are2" 10N and the butier gas, which snou ermailze the 1ons
pumped by diffusion pumps with integral water baffles except both vibrationally and rotationally. In our analysis of the data,

for the flow tube ion source, which is pumped by a roots blower. Wwe assume ‘h?‘ the ions produced.ln this source are in their
Base pressure in the apparatus is in the lowsIorr region, ground electronic states and that the internal energy of thig-M

whereas during operation, the pressure rises differently in MePYr) complexes is well described by a Maxwetfloltzmann

different parts of the apparatus. Details of these various regionsdistribution of ro-vibrationall states at 298 K. Previous work has
are provided in the following sections. shown that these assumptions are generally vValit.

Flow Tube lon Source lons are generated in a flow tube Differential Focusing Stage lons are effusively sampled
ion sources17 The stainless steel flow tube has an inner from the flow tube through a 1.0 mm aperture in a nose cone
diameter of 4.7 cm and is 1.0 m long. It is made of three separateplate (molybdenum coated with colloidal graphite) and are
sections allowing the length to be varied between 0.2 and 1.0 gently focused by a series of aperture lenses in the differential
m depending upon the sections used. We routinely use the full focusing stage (DFS). Lens voltages in this region are typically
length to provide maximal thermalizing collisions with the buffer kept below about 25 V in order to avoid energetic collisions
gases. However, shorter lengths can be used to increase théhat might internally excite the ions. As nearly all of these
intensity of ions by minimizing losses due to radial diffusion collisions are with the He flow gas, the center-of-mass energy
toward the walls along the length of the tube. Helium is used available in such collisions is quite small. The DFS lenses have
as the buffer gas at a flow rate of 4000 to 6000 sccm, resulting an open design to maximize gas conductance, which reduces
in a stagnation pressure of 0.5 to 1.0 Torr. The flow is the probability of energetic collisions in this region. The pressure
maintained by a roots blower and mechanical pump (Edwardsin the differential region is maintained at 2 10°% Torr
model EH1200/E2 M175) with a combined pumping speed of (uncorrected for ion gauge sensitivity to helium) during opera-
approximately 258 L s over the range of typical operating tion of the flow tube by a 2000 L4 diffusion pump with water
pressures we employ. cooled baffles (Edwards Diffstak Mk2 250/2000P). At this

In the present work, metal ions are generated in a continuouspressure, the probability of a collision in this differential region
dc discharge by argon ion sputtering of a cathode, made from (assuming a cross section of 28)As only 0.2%. Differential
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pumping is maintained from the following region by a 5.0 mm from ground via glass to metal seals. These tubes are used to
diameter aperture. introduce the collision gas and measure pressure in the cell. A
lon Beam Formation (Momentum Analyzer and FS1, FS2, leak valve (Granville Phillips 203) is used to control the gas
and FS3) The beam formation optics are similar to those used pressure introduced to the cell. The collision cell pressure is
in the guided ion beam apparatus built by Armentrout and co- measured using a capacitance manometer (MKS Baratron
workers?4 lons emerging from the DFS are handled by focusing 690A). Assuming a trapezoidal pressure proffléhe effective
stage 1 (FS1), which is designed to shape and steer the beangell length is estimated to be 8.3 cm with a 10% uncertainty.
and accelerate it to the voltage used for momentum analysis.Gas cell pressures in the range of 0.05 to 0.20 mTorr are
In FS1, ions are extracted from the source and collimated by agenerally used for cross section measurements, low enough that
double aperture immersion lens, focused by an einzel lens, andsecondary reactions are minor contributors to the observed
then accelerated to the momentum analysis potential. An reactivity. In the present experiments, the collision gas is xenon,
electrostatic quadrupole doublet lens converts the beam fromused for reasons described elsewlté#8:3°During operation,
cylindrical symmetry to a ribbon shape appropriate for momen- a pressure difference ratio of approximately 70:1 can be
tum analysis. The quadrupole doublets focus the beam onto themaintained between the reaction cell and the main reaction
entrance slit of the momentum analyzer. A gate valve mounted vacuum chamber, which is continuously pumped by a 2000 L
on the flight tube of the analyzer (and biased at the mass analysiss * diffusion pump with water cooled baffles (Edwards Diffstak
potential during operation) allows isolation of the source end Mk2 250/2000P). To measure background signals arising from
of the instrument for changing source boats or for cleaning the collisions that occur outside of the reaction cell, the gas flow
source region without venting the entire instrument. can be diverted from the reaction cell directly to the main
The magnetic momentum analyzer consists of a magnetic 'éaction vacuum chamber by switching remotely controlled
sector (Nuclide Corporation) with a 30.5 cm radius ion flight €lectropneumatic valves on the gas inlet lines. In this config-
path and a 90deflection angle. The entrance and exit slit widths uration, the background pressure in the reaction chamber is the
are 1 mm. The analysis potential is typically 2800 V. Under Same as when the gas is flowing to the reaction cell. The
these conditions, the momentum analyzer serves as a mass filtepffective length for background reactions is approximately twice
providing a mass range from 1 to 1500 Da, with a mass as long as the reaction cell path length, resulting in a measured
resolution of approximately 500r{Am fwhm) for ions with foreground/background ion intensity ratio of nearly 40:1.
an initial energy spread of less than 1 eV. Quadrupole Mass Spectrometer and lon Detectarlons
After passing through the exit slit of the momentum analyzer, drift to the end of the octopole ion guide, where they are
the ion beam is reconverted to cylindrical symmetry by a second extracted from the octopole and injected into the quadrupole
electrostatic quadrupole doublet lens and focused by an einzelmass spectrometer by a series of five lenses of cylindrical
lens in FS2. A set of horizontal and vertical deflectors allows Symmetry in focusing stage 4 (FS4). The quadrupole mass
centering of the ion beam amfa 2 mmaperture, the entrance  spectrometer (ABB Extrel) has a mass range up to 1000 Da,
to the reaction vacuum chamber. This aperture also serves tovhich is achieved with rods that are 19 mm in diameter, 22.9
separate vacuum regions for differential pumping. The ions enter¢m long, and an oscillator frequency of 880 kHz. To achieve
an exponential retarder, which is 9.8 cm long and consists of maximum transmission of ions, the quadrupole ordinarily is
31 evenly spaced plates. The retarder plate potentials areoperated at a fairly low mass resolution.
determined by internally connected resistors that establish an lons emanating from the quadrupole mass filter are then
exponentially decreasing fiefd. The last three plates are focused by a series of three lenses of cylindrical symmetry in
connected and their voltage controlled externally. These final the detector focusing stage. lons are detected using a secondary
plates act as the first lens in a four element lens sequence (FS3glectron scintillation detector of the Daly typeoperated at an
that focuses and injects the ions into the octopole ion beamion target potential of 28 kV. This detector, combined with pulse
guide. counting electronics, provides high counting efficiency and low
Interaction Region. The key part of the instrument is the =~ mass discrimination. The scintillation photons are detected using
interaction region, comprising an octopole ion beam guide a photomultiplier tube (Burle model 8850). The output pulses
surrounded by a gas reaction cell. The octopole radio frequencyof the photomultiplier are directly discriminated from noise using
(rf) ion trap?® provides a radial effective potential well for highly ~ a constant fraction discriminator (Canberra model 2126) and
efficient collection of ionic reaction products. The octopole counted using a dual counter timer (Canberra model 2071A)
comprises eight rods of 3.2 mm diameter27.9 cm long, for digital data acquisition. A linear ratemeter (EG&G Ortec
equally spaced on a bolt circle of 11.7 mm diameter. Opposing model 661) is used for visual display during tuning of the ion
phases of the rf potential are applied to alternate rods. The rf isbeam. The counting response of the ion detection system is
generated using a high voltage rf generator described by Jonedinear up to~2 x 10’ s™%, and the counting noise background
et al?” The peak-to-peak amplitude of the rf potential is typically is less than 1078, providing a dynamic range in excess of 6
300 V, which provides a trapping well of 2.83% The dc bias orders of magnitude.
of the octopole (and surrounding gas cell) is also controlled in  Data Acquisition System The guided ion beam apparatus
order to vary the kinetic energy of the ions. This voltage is is controlled by a personal computer equipped with a Pentium
controlled by a Kepco BOP power supply under computer 133 MHz processor. Hardware control functions are provided

control. by a commercial GPIB interface board (Keithley PCI-488) and
Midway along its length, the octopole passes through a gasa custom digital I/O board. The GPIB board has 12-bit resolution
reaction cell. The gas cell consists of a 51 mm lon$1l mm and controls a Canberra dual counter timer 2071A (used in ion

diameter central body with smaller diameter extension tubes, detection) and a Kepco BOP 16QM power supply (used to
32 mm longx 17 mm diameter, extending from each end of control the dc voltage applied to the reaction region). The BOP
the gas cell along the octopole rods, designed to limit gas has two modes with high (6 £100 eV) and low (0— £10
conductance from the celt. Two stainless steel tubes emanating eV) ranges, such that the 12-bit resolution of the GPIB results
perpendicularly from the gas reaction cell are electrically isolated in a minimum energy step size of 0.002 eV below 10 and 0.024
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eV above 10 eV. The digital I/0 board contains a 16-bit optically that have an obvious dependence upon pressure. We attribute
isolated DAC used to set the mass for the quadrupole massthis to multiple energizing collisions that lead to an enhanced
spectrometer. The minimum step size is 0.0153 Da. The digital probability of dissociation below threshold. Data free from
I/0O board also has two digital outputs connected to solid-state pressure effects are obtained by extrapolating to zero reactant
relays, which control electropneumatic valves that direct the pressure, as described previou&lihus, results reported below
neutral reactant gas to the reaction cell or reaction chamber.are due to single bimolecular encounters.

The 1/0O board also interfaces to the Baratron through a SCSI  Thermochemical Analysis The threshold regions of the
cable such that the pressure output is read digitally. All other reaction cross sections are modeled using eq 1

ion lens potentials in the instrument and gas flow rates in the

source and interaction regions need not vary with ion interaction o(E) = UOZQi(E +E — E)"/E 1)
energy and are therefore not automated. Lens potentials are T

provided by custom-built voltage dividers powered by standard

dc power supplies. Gas flow rates are controlled manually with Where oo is an energy independent scaling factér,is the
variable leak valves. relative translational energy of the reactaBgis the threshold

Two full 32-bit multithreaded graphical user interface (GUI) for rea}ction of.the ground electronic and ro-vib.ratic_)nal state,
programs have been developed to control the instrument ang@"d N is an adjustable parameter. The summation is over the
acquire data during experiments. These programs are heavily!©-ViPrational states of the reactant ions,whereE; is the
modified and enhanced versions of the DOS-based predecessorEXcitation energy of each state agds the population of those
originally developed by Armentrout and co-worké?sThe statesEgi = 1). The populations of excited ro-vibrational levels

programs are written using Compaq Visual Fortran Version 6.1 &€ not negligible even at 298 K as a result of the many low-

with lower level device interfaces written in C. The first Tequéncy modes present in these ions. The relative reactivity
program, MSCAN, allows the quadrupole mass spectrometerOf all ro-wpratlonal states, as reflected byandn, is assumed

to be scanned at a fixed octopole interaction energy and recordd® be equivalent. o .

the intensity of detected ions as a function of mass. The second To obtain model structures, vibrational frequencies, and

program, EMP (energy, mass, and pressure) allows the octopoleenle'rglmi_CS for the neutrfal and dmet_alatddePyr_, a:?%nitio theory
interaction energy to be scanned and records the intensity of¢@/culations were performed using Gaussian-9&eometry

the specified reactant and product ions as a function of this OPtimizations were performed at the MP2(full)/6-31G* level.

energy. These programs have several features in common. Eacly iPrational analyses of the geometry-optimized structures were
program has real-time graphical display and 1/0 windows, a performed to determine the vibrational frequencies and rotational

control panel, and a color and symbol palette. The control panel constants of the molecules. When.used to model the data or*to
provides several functions: (1) it requires user input for c'alcul'ate thermal energy corrections, the MP2(full)/6-31G
instrument control and set up of a desired experiment, (2) in V|brat|on_al fr(_equenues are _scaled by a fgctor of 0.984khe

real time, it reports details and progress of the current experi- scaled vibrational frequencies thus obtained for the 9 systems

ment, and allows changes to be made in the graphical displaystudied are available as supplementary information and listed
window during data acquisition in Table S1, whereas Table S2 lists the rotational constants.

. " The BeyerSwinehart algorithd#? is used to evaluate the
General Procedureslon intensities are converted to absolute d

" d bed iod8Ibsolut taint ensity of the ro-vibrational states, and the relative populations
cross sections as described previod#$lfsbsolute uncertainties g are calculated by an appropriate MaxweRoltzmann

in cross section magnitudes are estimated te-t20%, which istribution at the 298 K temperature appropriate for the
are largely the result of errors in the pressure measurement ancfeactants. The average vibrational energy at 298 K of the metal
the Iength of the interaction region. Relative uncertainties are ion-bouncx-MePyr is also given in Table S1. We have estimated
approximately: 5%. Bec‘?‘”se the radio frequ_ency gs_ed for the the sensitivity of our analysis to the deviations from the true
octopole dpes not trap light masses with high efficiency, the frequencies by scaling the calculated frequencies to encompass
Cross sec.tlo'ns for Ii|prodgcts were more spattered and'shqwed the range of average scaling factors needed to bring calculated
more variations in magnitude than is typical for heavier ions. frequencies into agreement with experimentally determined
Therefore, absolute magnitudes of the cross sections forfrequencies found by Pople et %l.Thus, the originally
production of LI" are probably accurate t& 50%. calculated vibrational frequencies were increased and decreased
lon kinetic energies in the laboratory franfs, are converted  py 10%. The corresponding change in the average vibrational
to energies in the center of mass frarew, using the formula  energy is taken to be an estimate of one standard deviation of
Ecm = Eiap mV(m + M), whereM andm are the masses of the  the uncertainty in vibrational energy (Table S1) and is included
ionic and neutral reactants, respectively. All energies reportedin the uncertainties, also reported as one standard deviation,
below are in the CM frame unless otherwise noted. The absolutejisted with theE, values.
zero and distribution of the ion kinetic energies are determined e also consider the possibility that collisionally activated
using the octopole ion guide as a retarding potential analyzer complex ions do not dissociate on the time scale of our
as preViOUSIy describéd.The distribution of ion kinetic energies experiment (about 1‘6 S) by inc|uding statistical theories for
is nearly Gaussian with a fwhm typically between 0.2 and 0.4 ynimolecular dissociation, specifically Rie®amsperger
eV (lab) for these experiments. The uncertainty in the absolute Kasset-Marcus (RRKM) theory, into eq 1 as described in detail
energy scale is= 0.05 eV (lab). elsewheré:1® This requires sets of ro-vibrational frequencies
Even when the pressure of the reactant neutral is low, it has appropriate for the energized molecules and the transition states
previously been demonstrated that the effects of multiple (TSs) leading to dissociation. The former sets are given in Tables
collisions can significantly influence the shape of CID cross S1 and S2, whereas we assume that the TSs are loose and
sections® Because the presence and magnitude of these pressur@roduct-like because the interaction between the metal ion and
effects is difficult to predict, we have performed pressure- thex-MePyr ligand is largely electrostatic. In this case, the TS
dependent studies of all cross sections examined here. In thevibrations used are the frequencies corresponding to the
present systems, we observe small cross sections at low energieproducts, which are also found in Table S1. The transitional
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Figure 3. Cross sections for the collision-induced dissociation of the(ptanethylpyridine) complex with Xe as a function of the center-of-mass
frame collision energy (lowex-axis) and laboratory frame (upprtaxis). Data for the Naproduct channel are shown for a Xe pressure-6f2
mTorr (@) and extrapolated to zer®]. The cross section for the ligand exchange process to fori{eMs also shown4).

frequencies, those that become rotations of the completelyof increasing and decreasing the time assumed available for
dissociated products, are treated as rotors, a treatment thatlissociation (10* s) by a factor of 2.

corresponds to a phase space limit (PSL) and is described in Equation 1 explicitly includes the internal energy of the ion,
detail elsewheré.For the M (x-MePyr) complexes, the two  E;. All energy available is treated statistically, which should be
transitional mode rotors have rotational constants equal to thosea reasonable assumption because the internal (rotational and
of the neutralk-MePyr product with axes perpendicular to the vibrational) energy of the reactants is redistributed throughout
reaction coordinate. These are listed in Table S2. The externalthe ion upon impact with the collision gas. The threshold for
rotations of the energized molecule and TS are also includeddissociation is by definition the minimum energy required
in the modeling of the CID data. The external rotational leading to dissociation and thus corresponds to formation of
constants of the TS are determined by assuming that the TSproducts with no internal excitation. The assumption that
occurs at the centrifugal barrier for interaction ofMith the products formed at threshold have an internal temperature of O
neutral x-MePyr ligand, calculated variationally as outlined K has been tested for several systérh&192229t has also been
elsewheré.The 2-D external rotations are treated adiabatically shown that treating all energy of the ion (vibrational, rotational,
but with centrifugal effects included, consistent with the and translational) as capable of coupling into the dissociation
discussion of Waage and Rabinovifehin the present work,  coordinate leads to reasonable thermochemistry. The threshold
the adiabatic 2-D rotational energy is treated using a statistical energies for dissociation reactions determined by analysis with
distribution with explicit summation over the possible values €q 1 are convertectO K bond energies by assuming thizt

of the rotational quantum number, as described in detail represents the energy difference between reactants and products
elsewhersé. at 0 K44 This assumption requires that there are no activation
gharriers in excess of the endothermicity of dissociation. This is
generally true for ior-molecule reactior$8 and should be valid

for the simple heterolytic bond fission reactions examined #ere.

The model represented by eq 1 is expected to be appropriat
for translationally driven reactiofsand has been found to
reproduce reaction cross sections well in a number of previous
studies of both atomdiatom and polyatomic reactiof%2°
including CID processek?18.19.22.23,4143 The model is convo-
luted with the kinetic energy distributions of both reactants, and  Cross Sections for Collision-Induced DissociationExperi-

a nonlinear least-squares analysis of the data is performed tomental cross sections were obtained for the interaction of Xe
give optimized values for the parameters Eo, andn. The with nine M*(x-MePyr) complexes, where V= Li*, Na*, and

error associated with the measuremenEgfs estimated from K* andx = ortho, meta, and para. Figure 3 shows representative
the range of threshold values determined for different data sets,data for the Na(p-MePyr) complex. As discussed above, the
variations associated with uncertainties in the vibrational dependence of the cross sections on pressure observed in the
frequencies, and the error in the absolute energy scale, 0.05 eMM™* product data at the lowest energies, Figure 3, are a
(lab). For analyses that include the RRKM lifetime effect, the consequence of multiple collisions. A true single collision cross
uncertainties in the reportdgh values also include the effects  section for CID is obtained when the data are extrapolated to

Results
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TABLE 1: Threshold Dissociation Energies @ 0 K and Entropies of Activation at 1000 K of M*L2

ML oo® n° Eq (eV) Eo(PSL) (eV) kinetic shift (eV) AS(PSL) (J mottK—1)
Li*(o-methylpyridine) 4.6 (0.6) 1.5(0.1) 2.33(0.11) 2.01(0.07) 0.32 31(2)
Nat(o-methylpyridine) 23.0(1.7) 1.2(0.1) 1.38 (0.06) 1.33(0.05) 0.05 35(2)
K*(o-methylpyridine) 27.0(1.4) 0.9 (0.1) 1.03 (0.04) 1.01 (0.03) 0.02 32(2)
Li*(m-methylpyridine) 7.2 (2.9) 1.3(0.2) 2.32(0.21) 2.04(0.14) 0.28 37(2)
Na*(m-methylpyridine) 21.4(0.9) 1.1(0.1) 1.45 (0.05) 1.38 (0.04) 0.07 32(2)
K*(m-methylpyridine) 20.8 (1.5) 0.9 (0.1) 1.05 (0.04) 1.03 (0.03) 0.02 24 (2)
Li*(p-methylpyridine) 6.7 (3.3) 1.6 (0.2) 2.35(0.19) 2.03 (0.14) 0.32 30(2)
Nat(p-methylpyridine) 21.9(2.5) 1.0(0.1) 1.47 (0.04) 1.39 (0.04) 0.08 25(2)
K*(p-methylpyridine) 33.9(1.5) 0.9 (0.1) 1.03 (0.04) 1.02 (0.04) 0.01 17 (2)

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

Energy (eV, Lab)
0.0 2.0 4.0 6.0 8.0 10.0 120

Na'(p-methylpyridine) # Xe . = | T=
15.0 | O - —>
g 12.0 :
C -
2 9.0 ;
O -
(D)
(D -
@ 6.0 ]
e -4
O -
3.0 -
0.0 |.|Il

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
Energy (eV, CM)

Figure 4. Zero pressure extrapolated cross section for collision-induced dissociation of tferNethylpyridine) complex with Xe in the threshold

region as a function of kinetic energy in the center-of-mass frame (Igwa&is) and the laboratory frame (uppeaxis). A solid line shows the best

fit to the data using eq 1 convoluted over the neutral and ion kinetic energy distributions. A dashed line shows the model cross sections in the
absence of experimental kinetic energy broadening for reactants with an internal energy corresponding to 0 K.

zero pressure of the Xe reactant as shown in Figure 3. The otherthreshold measurements in any of these systems for several
MT(x-MePyr) complexes show similar relative behavior. The reasons that have been detailed elsewffere.

most favorable process for all complexes is the loss of the intact  Threshold Analysis The model of eq 1 was used to analyze

X-MePyr molecule in the CID reactions 2. the thresholds for reactions 2 in nine*f-MePyr) systems.
The results of these analyses are provided in Table 1 for all
M (x-Mepyr) + Xe — M + x-Mepyr + Xe (2 nine complexes and a representative analysis is shown in Figure

4 for the Na (p-MePyr) complex. In all cases, the experimental
The magnitudes of the cross sections increase in size from M cross sections for reaction 2 are accurately reproduced using a
= Li™ to Na" to K™. This is largely because the thresholds loose PSL TS modélPrevious work has shown that this model
decrease in this same order. The only other product that isprovides the most accurate assessment of the kinetic shifts for
observed in the CID reactions is the result of a ligand exchange CID processes for electrostatic ismolecule complexes:441:42
process to form MXeé. The cross sections for the MXe Good reproduction of the data is obtained over energy ranges
products are approximately one to 3 orders of magnitude smallerexceeding 2.5 eV and cross section magnitudes of at least a
than those of the primary dissociation product!,Mand the factor of 100. Table 1 also includes values E&f obtained
thresholds are slightly lower (by the ™ Xe binding energy), without including the RRKM lifetime analysis. Comparison of
which is difficult to discern on the logarithmic scale. As little  these values with thEy(PSL) values shows that the kinetic shifts
systematic information can be gleaned from these products, theyobserved for these systems vary from 0:D2.01 eV for the
will not be discussed further. However, it is conceivable that K* systems, to 0.0% 0.02 eV for N&, and 0.314 0.02 eV
this ligand exchange process might cause a competitive shiftinfor Li*. The total number of vibrations, 39, and heavy atoms,
the observed thresholds. Within the quoted experimental errors,8, remains the same in all of theset®-MePyr) complexes
we do not believe such competition is likely to affect our and hence the number of low frequency vibrations remains the
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TABLE 2: Enthalpies and Free Energies of Metal lon Binding to Methylpyridines at 298 K in KJ/Mol 2

Rodgers

SyStem AHO AHQb AHggg-AHob AHzgg AHzggb TA&ggb Anga AGgggb

H (o-methylpyridine) 9257  5.8(0.5) 931.5(05) 23.3(0.5) 908.2 (0.5)
Li*(o-methylpyridine) ~ 194.3(6.5) 1853  19(1.6)  196.2(6.7) 187.2(1.6) 27.8(3.5) 168.4(7.6)  159.4 (3.8)
Na'(o-methylpyridine) ~ 128.2 (4.5) 1293  1.0(L4)  129.2(47)  130.3(L4) 295(43) 99.7(6.4)  100.8 (4.5)
K*(o-methylpyridine) 97.8 (3.3) 938  0.7(L3) 98.5 (3.5) 94.5(1.3) 28.9(4.4)  69.6(5.7) 65.6 (4.6)
H(m-methylpyridine) 9233  6.1(0.5) 929.4 (05) 27.7(0.5) 901.7 (0.5)
Li*(mmethylpyridine) ~ 196.6 (14.7) 187.3  2.1(1.7)  198.7(14.8) 189.4 (1.6) 29.6(3.4) 169.1(15.2) 159.8 (3.8)
Na'(m-methylpyridine) ~ 133.3 (4.2) 1306 0.9(1.4)  1342(44)  1315(L4) 292 (44) 105.0(6.2) 1023 (4.6)
K*(m-methylpyridine) 99.8 (3.3) 96.7  0.3(1.3)  100.1(3.5) 97.0(1.3) 27.6(45)  725(5.7) 69.4 (4.7)
H (p-methylpyridine) 9255  5.9(0.5) 931.4 (05) 26.0(0.5) 905.4 (0.5)
Li*(p-methylpyridine) ~ 196.2 (13.4) 1889  2.0(1.6)  198.2(135) 190.9(1.6) 27.9(3.5) 170.3(13.9) 163.0(3.8)
Na'(p-methylpyridine) 133.7 (3.8) 132.0 0.7 (1.3) 134.4 (4.0) 132.7 (1.3) 27.5(4.4) 106.9 (6.0) 105.2 (4.6)
K*(p-methylpyridine) 98.8 (3.9) 977  0.2(L0) 99.0 (4.0) 97.9(1.0) 26.0(45  73.0(6.0) 71.9 (4.6)

a Uncertainties are listed in parentheseab initio values from calculations at the MP2(full)/6-3£G(2d,2p)//MP2(full)/6-31G* level of theory

with frequencies scaled by 0.9646.

ortho

meta para

Figure 5. Optimized MP2(full)/6-31G* geometries of Né&-meth-
ylpyridine), wherex = ortho, meta, and para.

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 measured BDE. This is exactly what is

found, as shown in Table 1.

The entropy of activatiom\S', 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
model the energized molecule and the TS, but also depends on

the threshold energy. Listed in TableAS/(PSL) values at 1000

K show modest variation, as expected on the basis of the
similarity of these systems, and range between 17 and 37 J
mol~1 K~1 across these systems. These entropies of activation

can be favorably compared tS';p90values in the range of 29
to 46 J K1 mol~ collected by Lifshitz for several simple bond
cleavage dissociations of ioA5.

Theoretical Results Theoretical structures for neutrat
MePyr ligands and for the complexes of these ligands with H
Li*, Na", and K" were calculated as described above. Table

S3 gives details of the final geometries for each of these species.

The results for the most stable conformation of each (Xa
MePyr) complex are shown in Figure*s.

Not surprisingly, the calculations find that the metal ions and
proton prefer to be bound to the nitrogen atom in the plane of
x-MePyr rather than to the-cloud of the aromatic ring. In
general, the distortion of theMePyr molecule that occurs upon

metals havd]C4—N—M bond angles that are within C.2f
linear.

Conversion from 0 to 298 K To allow comparison to
previous literature valués144° and commonly used experi-
mental conditions, we convertdld K bond energies determined
here experimentally and theoretically to 298 K bond enthalpies
and free energies. The enthalpy and entropy conversions are
calculated using standard formulas (assuming harmonic oscil-
lator and rigid rotor models) and the vibrational and rotational
constants determined for the MP2(full)/6-31G* optimized
geometries, 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.
For the metal systems where the metiggand frequencies are
very low and may not be adequately described by theory, the
listed uncertainties also include changing the three mégdnd
frequencies by a factor of 2. The latter provides a conservative
estimate of the computational errors in these low-frequency
modes and is the dominant source of the uncertainties listed.
In addition, we have adjusted the free energy value for
Li+(m-MePyr) of 152.7+ 8.0 kJ/mol taken from the work of
Taft and co-workers (listed at 373 K) to 0 R4 The
uncertainty in this value is the uncertainty of the anchor used,
Li*(H,0) taken from work of Rodgers and Armentrduthe
conversion values required here 8i&S;73 = 37.6 + 4.7 kJ/
mol and thatAHs73 — AHg = 2.0+ 1.9 kJ/mol. The resultant
value of 188.3+ 9.5 kJ/mol is compared to the present results
in Table 3 and Figure 6 and discussed further below.

Discussion

Comparison of Theory and Experiment The metal cation
affinities of the three structural isomers gfMePyr at 0 K
measured here by guided ion beam mass spectrometry are
summarized in Table 3. Also listed here are thK proton and
metal binding energies calculated at the MP2(full)/6-811
G(2d,2p)//MP2(full)/6-31G* level including full MP2 correla-

complexation to a metal ion or proton is minor. The change in tion, zero point energy corrections, and basis set superposition
geometry is largest for the protonated systems and decreasesrror correction§8®-52 Previous theoretical results for the un-
with increasing size of the cation. Bond lengths and angles substituted pyridine molecule taken from previous studies are
change in the most extreme cases by less than 0.01 A afd 8.1 also provided in Table 3 for comparison. The agreement between
respectively. An interesting result is observed in the ortho theory and experiment is illustrated in Figure 6. It can be seen
complexes in that the metal ion is displaced slightly toward the that the agreement is very good over the nearly 100 kJ/mol
methyl group, see Figure 5. The displacement is metal ion variation in binding affinities measure here. For the nine methyl-

dependent with @1C4—N—M angle of 175.9, 176.4, and
179.2 for the ortho complexes to tj Na, and K", respec-
tively. In contrast, the meta and para complexes to all of the

substituted systems, the mean absolute deviation (MAD)
between experiment and theory is 443.3 kJ/mol. This is
slightly smaller than the average experimental error of 6.4
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TABLE 3: Calculated Enthalpies of Proton and Alkali Metal lon Binding to Methyl Pyridines at 0 K in KJ/Mol

experiment theory (MP2)

complex TCID literature D D¢* Dogsst
H*(o-methylpyridine) 943.3 971.6 935.4 925.7
Li*(o-methylpyridine) 194.3 (6.5) 197.1 191.5 185.3
Na'(o-methylpyridine) 128.2 (4.5) 139.1 135.4 129.3
K*(o-methylpyridine) 97.8 (3.3) 101.2 98.0 93.8
H*(m-methylpyridine) 937.3(16.6) 968.9 932.7 923.3

905.6(16.09

Li*(m-methylpyridine) 196.6 (14.7) 188.3 (9f5) 198.8 192.9 187.3
Nat(m-methylpyridine) 133.3(4.2) 140.5 137.0 130.6
K*(m-methylpyridine) 99.8 (3.3) 103.0 100.5 96.7
H*(p-methylpyridine) 941.3 (16.6) 970.7 934.9 925.5
Li*(p-methylpyridine) 196.2 (13.4) 200.2 194.5 188.9
Na*(p-methylpyridine) 133.7 (3.8) 141.6 138.3 132.0
K*(p-methylpyridine) 98.8 (3.9) 104.0 101.3 97.7
H*(pyridine) 924.0 (16.0) 954.8 918.4 908.9
Li*(pyridine) 181.0 (14.5) 181.2 (9.5) 190.7 185.7 179.¥
Na'(pyridine) 126.7 (2.9) 133.6 130.¥ 122.9
K*(pyridine) 90.3 (3.9 97.2 94.6 91.1

a Present results, threshold collision-induced dissociati@alculated at the MP2(full)/6-311G(2d,2p) level of theory using MP2(full)/6-31G*
optimized geometries.Including zero point energy corrections with frequencies scaled by 0.98480 includes basis set superposition error
corrections® Ref 50. Adjusted to 0 KfRef 12-14. Adjusted ® 0 K asdescribed in the texg Ref 8.

L L LA BN IR B experimental values for the protonated systems, Table 3, which
are clearly covalent. However, it is also possible that this
additional covalency means that the transition states for dis-
sociation of the Lt complexes are not adequately described
by the PSL model. If the transition states were tighter in the
Lit cases, then the kinetic shifts would be larger and the
thresholds measured smaller, in better agreement with theory.
For the N& and K* complexes, the kinetic shifts are much
smaller and the metaligand bonds less electrostatic, such that
the treatment here is probably appropriate and would not change
greatly with different assumptions about the transition state.

Comparison with Literature Values. Table 3 and Figure 6
also compare the present experimental results to those of Taft
and co-workers on Li(m-MePyr)12-14 Using ion cyclotron
resonance (ICR) mass spectrometry, Anvia € aheasured
the Gibbs free energy for tibinding tom-MePyr relative to
pyridine, finding a difference of 6.3 kJ/mol in favor of the
A R BRI B B substituted pyridine. Taft et &f.placed these values (and many

100 125 150 175 200 others) on an absolute scale by using results of Woodin and

Beauchamp§2 who in turn referenced their values to that for

Experimental M*—L BDE (kJ/mol) Li*(H»0) taken from Dzidic and Kebarfé.Recently, Rodgers
Figure 6. Experimental bond dissociation energies (in kJ/mol) 6fM and Armentrout have noted that the anchorlng process used
(xmethylpyridine), where M = Li+, Na', and K", andx = ortho by Taft et al'® was flawed, a conclusion that has been
(<), meta ), and paray). Experimental results include values from  substantiated by work of Burk et #.In this latter work, the
ref 8 (@) and ref 12-14 (a). All values are at 0 K. early results of Taft et al. have been revised and placed on an

4.5 kJimol. However, more careful inspection of the data makes a°solute scale using the bond energy for(HO) taken from
it clear that Li+ is the principal contributor to the deviations. dgers and ArmentrotiThis agrees well with a revised value

For the three Lf systems, the MAD is 8.5 1.1 kJ/mol, published subsequentlyput with a smaller uncertainty of 8.0
whereas the Naand K+ systems have a MAD of 2.3 1.2 kJ/moI._V\/_e assig_n this Ia\_ttgr value as the absolute uncertainty
kJ/mol. The poorer agreement for thetLsystems may result of the Il.thlum c.atlon baS|C|ty scale given by Burk et al. and
from the experimental difficulty in measuring cross sections for then adjust their value for L{m-MePyr) b 0 K asdiscussed

Li+ as a result of the difficulty associated with efficient detection @P0ve. The resulting value is in good agreement with theory
of this light mass as discussed in the Experimental Section. An @nd the value measured here.

alternative explanation was proposed in an earlier Studhere Trends in the Binding of Metal lons te-Methylpyridines.

it was also observed that theory systematically underestimatesin all of thex-MePyr systems, the binding strength varies with
the bond energies for the . complexes, which may be aresult the metal ion such that Libinds ~35% more strongly than

of the higher degree of covalency in the metiiddand bond Nat, which in turn binds~50% more strongly than K As

(see discussion below). The additional covalency of the metal these complexes are largely electrostatic in nature, this trend is
ligand bonds in the Li systems compared to those forNa a consequence of the varying size or equivalently the charge
and K' suggests that this level of theory may be inadequate density of the metal ion. Smaller metal ions lead to stronger
for a complete description of the former systems. Some evidenceion—dipole and ion-induced dipole interactions in these systems
for this is the even larger discrepancy between theoretical andbecause the metaligand bond distances are smaller. Calcula-
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tions indicate that the charge retained on the metal follows the already been established in the ortho systems that the dipole
order Li* (~0.72) < Na' (~0.9Je) < K* (~0.98). The shorter moment has a greater influence on the binding than inductive
bond distance and greater charge density in the smaller cationsffects of the substituent. Therefore, the observed relative order
allows the metal ion to more effectively withdraw electron is likely the result of the dipole moment of these ligands. In
density from the neutral ligand, thus reducing the charge retainedcontrast, the measured binding affinities for the meta and para
on the metal and increasing the covalency of the mdigéand systems are essentially equal. This suggests that the influence
interaction. of the dipole moment and inductive effects on the binding to

The primary effect that the methyl substituent has upon the these_ systems are _quite small. Overall, the observed trends in
binding can be examined by comparing these systems to thethe t_)lndlng of alkali metal ions to these systems are therefore
unsubstituted pyridine molecule. The polarizability of pyridine dominated by the charge density of the metal ion and secondarily
is estimated to be 9.513%nd increases to 11.35A&pon methyl DY the polarizability of the ligand. The dipole moment of the
substitutiont! The polarizability is not expected to vary I|ge_1nd, inductive effeqts, (_:helatlon, and steric interactions appear
significantly with the position of the methyl substituent, and 0 influence the binding in these systems very little.
the additivity method we used to estimate these polarizabilities
is not sensitive to such structural differences. The binding
affinity of all nine complexes is observed to increase upon  The kinetic energy dependences of the collision-induced
methyl substitution relative to that observed for the correspond- dissociations of M(x-MePyr), where M = Li*, Na*, and K,
ing pyridine complexes, Table 3 and Figure 6. This suggests andx = ortho, meta, and para with Xe are examined in a guided

that the polarizability of the ligand is a key factor in determining i0n beam mass spectrometer. The dominant dissociation process
the strength of binding. in all cases is loss of the intaxtMePyr ligand. Thresholds for
Much smaller variations in the strength of the binding are these processes are determined after consideration of the effects

observed as the position of the substituent is varied. These®f reactant internal energy, multiple collisions with Xe, and
variations can be attributed to several possible effects; the dipolel'fe“me effects (using methodology described in detail else-

moment of the molecule, resonance or inductive effects, and yvhere)? Insight into the structures and binding of the metal

steric effects. As seen in Figure 1, the dipole moment of these lons to 'Fhex-MePyr molecules is provided by ab initio theory

systems follows the order orthe meta< para. The calculated calculations of these complexes performed at the MP2(full)/6-
. *

dipole moment of pyridine is 2.22 D, implying that if the dipole 311+G(2di2bp)t//MPZ(:#”)IG Sl.G Ietvﬁl gf ttheqrye.uiéelgent

moment plays an important role in determining the binding agreement between he experimentally aetermin

strength, that the ortho substituted complexes should have Iowefaﬁm't'es and ab initio calculations is obtained. However, within

binding affinities than pyridine. This is not the case in Table 3, experlmental error, the agreement for t.hé Isystems Is not
suggesting that the polarizability is more important than the quite as good. Several plausible explanations for this discrepancy

dipole moment of the ligand in determining the strength of are proposed. Good agreement is also found for the single

S . ; - previously measured BDE for ti-m-Mepyr determined by
binding as mentioned above. The dipole moment may still play ! . o .
. S . "2 ion—molecule reaction equilibrium measurements in a FT-ICR
a role, albeit less significant, and suggests that the binding

2-14 ; idali ;
affinities should follow the order orthe meta< para. Because spectrometef:* The high fidelity of our experimental and

of the electron donating properties of the methyl substituent, theoretical results and the single previously measured value

resonance or inductive effects suggest that the binding affinities suggests that these ligands can act as reliable anchors for the
99 g aftir alkali metal cation affinity scales. These systems broaden the
should follow the order meta ortho ~ para. (Indeed, this is

. ran f ligan vailabl | hermochemical anchors.
the order observed in the protonated complexes, where the ange of ligands available as absolute thermochemical anchors

o : Further, the combined theoretical and experimental results
longer-range electrostatic interactions are not expected to playSuggest that the charge density of the metal ion and the

r]oolarizability of the ligand are the dominant factors that
Stdetermine the strength of these noncovalent interactions. The
dipole moment of the ligand, inductive effects, and steric
interactions appear to influence the binding in these systems
very little.

Conclusions

between the methyl substituent and the metal ion would sugge
that the binding affinities should follow the order orthometa

~ para, but a chelation interaction with the adjacent methyl
group would predict a meta para< ortho order. Both theory
and experiment find that the ortho substituted complexes are
the most weakly bound for all three metal ions, Table 3. This  Acknowledgment. This work was supported in part by an
suggests that either the dipole moment of the ligand or steric ASMS Research Award from Micromass.

effects are more important than inductive effects. In all three

ortho substituted complexes, the metal ion orients itself such ~ Supporting Information Available: Vibrational frequencies
that it is actually slightly tilted toward the methyl substituent and vibrational energies at 298 K (Table S1), rotational constants
(by 4.7°, 3.6°, and 0.8 for the Lit, Na" and K" systems, (Table S2), MP2(full)/6-31G* geometry optimized structures
respectively), Figure 5. This suggests there is chelation (attrac-(Table S3), cross sections (Fig S1), and zero pressure extrapo-
tive interaction) with the adjacent methyl group rather than a lated cross sections (Fig S2) of the methylpyridines discussed
steric effect (repulsive interaction), but that steric interactions in the text. This material is available free of charge via the
between the metal ion and the substituent increase with the sizénternet at http://pubs.acs.org.

of the metal ion as might be expected. Especially considering  Note Added after ASAP Posting: This manuscript was
the structural evidence for chelation, the weaker binding originally posted to the web on 02/14/01 without reference to

Obsel’ved.for the ortho Complexes can thus be attri-buted to thethe Supporting Information. The corrected version was posted
smaller dipole moment of this molecule. The case is not quite gn 3/15/01.

so clear-cut for the meta and para systems. Theory finds that

the meta systems bind more weakly than the para systems, inReferences and Notes
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