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Influence of Substituents on Cation- Interactions. 1. Absolute Binding Energies of Alkali
Metal Cation—Toluene Complexes Determined by Threshold Collision-Induced Dissociation
and Theoretical Studies
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Threshold collision-induced dissociation of CsHsCHz)x with Xe is studied using guided ion beam mass
spectrometry. M include the following alkali metal ions: L Na", K*, Rb*, and C$. Both mono- and
bis-complexes are examined (i.&.= 1 and 2). In all cases, the primary and lowest energy dissociation
channel observed is endothermic loss of an intact toluene ligand. Sequential dissociation of a second toluene
ligand is observed at elevated energies in the bis-complexes. Minor production of ligand exchange products,
M*Xe and M"(CsHsCHz)Xe, is also observed. The cross section thresholds for the primary dissociation channel
are interpreted to yield 0 and 298 K bond dissociation energies fgts@Hsz)x—1MT—CsHsCHg, x = 1-2,

after accounting for the effects of multiple iemeutral collisions, the kinetic and internal energies of the
reactants, and dissociation lifetimes. Density functional theory calculations at the B3LYP/6-31G* level of
theory are used to determine the structures of these complexes and provide molecular constants necessary for
the thermodynamic analysis of the experimental data. Theoretical binding energies are determined from single
point calculations at the MP2(full)/6-3%#%5(2d,2p) and B3LYP/6-31tG(2d,2p) levels using the B3LYP/
6-31G* geometries. Zero-point energy and basis set superposition error corrections are also included. The
agreement between theory and experiment is reasonably good when full electron correlation is included (for
Lit, Naf, and K") but is less satisfactory when effective core potentials are used (foraRth CS). In all

cases, the experimentally determined bond dissociation energies are greater than the theoretically determined
values. In most cases, better agreement is found for the MP2 values than the B3LYP values. The trends in
M*(CeHsCHz)x binding energies are explained in terms of varying magnitudes of electrostatic interactions
and ligand-ligand repulsion in the complexes. Comparisons are also made to previous experimental bond
dissociation energies of MCgsHe)x to examine the influence of the methyl substituent on the binding, and the
factors that control the strength of catiem interactions.

Introduction alkali metal ions, Na and K' are the most biologically
The interaction of metal ions with: surfaces of aromatic relevant!2 Metal cation-ur interacting systems involving these

molecules has become an active area of research interest. Receff"'s and some closed-shell nonmetallic cations such as alkyl-
reviews of cation- interactions by Dougherty and co-workers ammonium ions have been comprehensively reviewed.
provide a detailed overview of catienr interactions, highlight- Systems mvolvmg other aII_<aI| metal ions have thus far rgcelved
ing both the fundamental nature of such interactions and their much less attention. For instance, rhodanese, glutamine syn-
biological importancé:2 Experimental evidence for catienr thetase, an_d me_thylamlne de_hydrogenase are three proteln_crystal
interactions dates back to much earlier work by Kebarle and structures in which the coordination of a‘Gsation by aromatic _
co-workers. They found that the interaction of iith benzene, residues has been documented. In the structures .of glutamine
a nonpolar molecule, was stronger than the interaction of K Synthetase and methylamine dehydrogenase, thedton was

with water8 The interaction is fundamentally of electrostatic US€d as a heavy-atom replacement by the crystallographers to
nature, between a positively charged metal ion and the electrondocate the putative binding site of an Hcation, whereas the
that make up the delocalizedelectron cloud of the aromatic ~ 'ole of the C$ cation in rhodanese is not knowhThus, the
rings. This metal cationz interaction is recognized as a strong IMportance of understanding catien interactions involving
noncovalent binding force that plays a dominant role in a wide @lkali metal ions both from a fundamental perspective as well
variety of fields ranging from materials desfgto molecular as @he detailed role that they play in biological systems is
biology. Cation-x interactions are believed to play an important ©Obvious.

role in protein structural organizatibf*-8 and the functioning To gain a better understanding of the interaction of alkali
of ionic channels in membran&4?In the nonpolar interior of metal ions with large biological molecules, knowledge of the
a protein, these interactions may be significant. Statistically, structure and energetics of binding to smaller model systems is
the aromatic amino acids phenylalanine, tyrosine, and tryptophanrequired. Furthermore, characterizing these interactions in the
comprise 3.9%, 3.2%, and 1.3% of all known proteins, gas phase is an important and essential part of building a
respectively. Therefore, on average, 8.4% of the amino acidsdatabase of information concerning the nature and strength of
residues in any given protein may participate in catian cation—u interactions and the influence of the local environment
interactions! This implies that one in every 12 amino acid on such interactions. A number of model systéms? as well
residues could theoretically engage in such interactions. Of the as the aromatic amino acfd24in which the neutral ligand binds
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Maxwell—Boltzmann distribution at room temperati#feThe

ions are extracted from the source, accelerated, and focused into
a magnetic sector momentum analyzer for mass analysis. Mass-
selected ions are decelerated to a desired kinetic energy and

CH focused into an octopole ion guide, which traps the ions in the
toluenge radial directiort** The octopole passes through a static gas cell
containing Xe, used as the collision gas, for reasons described
0.36 D (0.41D) elsewhere> 47 Low gas pressures in the cell (typically 0:05
12.26 A3 0.20 mTorr) are used to ensure that multiple Howutral

Figure 1. Structure of the toluene molecule. The properly scaled dipole COlliSions are improbable. Product and unreacted beam ions drift
moment in Debyes is shown as an arrow. Values listed are taken fromt0 the end of the octopole where they are focused into a
experimerf? and theoretical calculations performed here (in parenthe- quadrupole mass filter for mass analysis and subsequently
ses). The estimated polarizability is also shdwn. detected with a secondary electron scintillation detector and
standard pulse counting techniques.
through itszt electrons, have been studied in the gas phase. lon intensities are converted to absolute cross sections as
Among the model systems, benz&hé® and pyrrole?®2t and described previous{# Absolute uncertainties in cross section
their derivatives such as phenol and ind&l@re of particular magnitudes are estimated to k0%, which are largely the
interest because they constitute the simplest groups of largerresult of errors in the pressure measurement and the length of
aromatic ligands that could mimic the binding properties of the interaction region. Relative uncertainties are approximately
complexa ligands that might participate in catiemr interac- +5%. Because the radio frequency used for the octopole does
tions operative in biological systems. Complementary to the gas- not trap light masses with high efficiency, absolute magnitudes
phase experimental studies are high-level theoretical calcula-of the cross sections for production offLare probably accurate
tions, which have been performed for several of the above to +£50%.
systems;20-22.25 including alkali metal ion complexes with lon kinetic energies in the laboratory frank®y, are converted
toluene?® at various levels of theory. However, to the best of to energies in the center of mass frarigy, using the formula
our knowledge experimental studies on alkali metal cation Ecm = EjaoV(m + M), whereM andm are the masses of the
interactions with toluene have not been reported in the literature. ionic and neutral reactants, respectively. All energies reported
In recent work, we have developed methods to allow the below are in the CM frame unless otherwise noted. The absolute
application of quantitative threshold collision-induced dissocia- zero and distribution of the ion kinetic energies are determined
tion (CID) methods to obtain accurate thermodynamic informa- using the octopole ion guide as a retarding potential analyzer
tion on increasingly large systeri&?1:2741 One of the driving as previously describef The distribution of ion kinetic energies
forces behind these developments is our interest in applyingis Gaussian with a fwhm between 0.2 and 0.4 eV (lab) for these
such techniques to systems having biological relevance. Inexperiments. The uncertainty in the absolute energy scale is
addition, we seek to perform accurate thermochemical measure—=-0.05 eV (lab).
ments that provide absolute anchors for metal cation affinity = Because multiple collisions can influence the shape of CID
scales over an ever-broadening range of energies and moleculatross sections and the threshold regions are most sensitive to
systems. In the present paper, we examine catiomteractions these effects, we have performed pressure-dependent studies of
of toluene, GHsCHa, with the alkali metal ions, L, Na", KT, all cross sections examined here. In the present systems, we
Rb", and Cs. The structure of toluene along with its measdfed  observe small cross sections at low energies that have an obvious
and calculated dipole moments (determined here) and estimatediependence upon pressure. We attribute this to multiple energiz-
polarizability*® are shown in Figure 1. The kinetic energy- ing collisions that lead to an enhanced probability of dissociation
dependent cross sections for CID processes are analyzed usin@elow threshold as a result of the longer residence time of these
methods developed previousyThe analysis explicitly includes  slower moving ions. Data free from pressure effects are obtained
the effects of the internal and translational energy distributions by extrapolating to zero reactant pressure, as described previ-

of the reactants, multiple iermeutral collisions, and the lifetime
for dissociation. We derive @ElsCHz)x—1MT™—CgHsCHz, X =
1-2, bond dissociation energies (BDESs) for all of the complexes

ously#® Thus, results reported below are due to single bimo-
lecular encounters.
Thermochemical Analysis. The threshold regions of the

and compare these results to ab initio and density functional reaction cross sections are modeled using eq 1, whgisan

calculations performed here and in the literafif€omparisons

energy independent scaling facthris the relative translational

are also made to the analogous benzene systems studied

previously® to examine the influence of the methyl substituent
on the binding, and the factors that control the strength of
cation—u interactions.

Experimental Section

General Procedures.Cross sections for collision-induced
dissociation of M (CsHsCHz)x complexes, where= 1-2, and
M* = Li*, Na, K*, Rb", and C$ are measured using a guided

o(E) = 0oy G(E+E — E)VE 1)

energy of the reactantgy is the threshold for reaction of the
ground electronic and ro-vibrational state, and an adjustable
parameter. The summation is over the ro-vibrational states of
the reactant ions, whereE; is the excitation energy of each
ro-vibrational state andj, is the population of those states

ion beam mass spectrometer that has been described in detailZg; = 1). The populations of excited ro-vibrational levels are

previously36 The M*(CeHsCHs)x complexes are generated in a
flow tube ion source by condensation of the alkali metal ion

and neutral toluene molecule(s). These complexes are colli-

sionally stabilized and thermalized byL(? collisions with the

not negligible even at 298 K as a result of the many low-
frequency modes present in these ions. The relative reactivity
of all ro-vibrational states, as reflected byandn, is assumed

to be equivalent.

He and Ar bath gases such that the internal energies of the ions The Beyer-Swinehart algorith¥? is used to evaluate the
emanating from the source region are well described by a density of the ro-vibrational states, and the relative populations,
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g are calculated by an appropriate MaxweBoltzmann studies of CID processe$s#95558 The model is convoluted
distribution at the 298 K temperature appropriate for the with the kinetic energy distributions of both the reactant ion
reactants. The vibrational frequencies of the reactant complexesand neutral Xe atom, and a nonlinear least-squares analysis of
are determined from density functional theory calculations as the data is performed to give optimized values for the parameters
discussed in the Theoretical Calculations section. The averageg,, Ey, andn. The error associated with the measuremergf
vibrational energy at 298 K of the MCsHsCHs)x complexes is estimated from the range of threshold values determined for
is given in the Supporting Information in Table S1. We have different zero-pressure extrapolated data sets, variations associ-
estimated the sensitivity of our analysis to the deviations from ated with uncertainties in the vibrational frequencies, and the
the true frequencies by scaling the calculated frequencies toerror in the absolute energy scale, 0.05 eV (lab). For analyses
encompass the range of average scaling factors needed to bringhat include the RRKM lifetime effect, the uncertainties in the
calculated frequencies into agreement with experimentally reportedE, values also include the effects of increasing and
determined frequencies found by Pople ef'allhus, the  decreasing the time assumed available for dissociatidO(*
originally calculated vibrational frequencies were increased and s) by a factor of 2.

decreased by 10%. For the NCeHsCHz)x complexes with Equation 1 explicitly includes the internal energy of the ion,

M* = Rb’, and Cs, 20% variations were applied. The g Al energy available is treated statistically, which should be
correspondlng change in the average V'F’“’?‘“o”a' energy Is ta_kena reasonable assumption because the internal (rotational and
to be an estimate of one standard deviation of the uncertainty iy ational) energy of the reactants is redistributed throughout
in vibrational energy (Table S1). the ion upon impact with the collision gas. The threshold for
We also consider the possibility that collisionally activated gissociation is by definition the minimum energy required

complex ions do not dissociate on the time scale of our |eading to dissociation, and thus corresponds to formation of
experiment ¢107* s) by including statistical theories for  products with no internal excitation. The threshold energies for
unimolecular dissociation, specifically Rie®amsperger dissociation reactions determined by analysis with eq 1 are
Kasset-Marcus (RRKM) theory, into eq 1 as described in detail cqnyvertedd 0 K bond energies by assuming tiEtrepresents
elsewheré!->2The ro-vibrational frequencies appropriate for the o energy difference between reactants and products &€0 K.

energized molecules and the transition states (TSs) leading torpjs assumption requires that there are no activation barriers
dissociation are given in the Supporting Information in Tables j, excess of the endothermicity of dissociation. This is generally

S1 and S2. In our analysis, we assume that the TSs are 1005y ;e for jon-molecule reactior®€ and should be valid for the
and product-like because the interaction between the alkali metalsimple heterolytic bond fission reactions examined Kére.

lon and the toluene ligand(s) is largely electrostatic tidipole, Theoretical Calculations. To obtain model structures, vi-

lon—induced dipole, and ionquadrupole interactions). Thus, eprational frequencies, rotational constants, and energetics for
the most appropriate model for the TS is a loose phase spac ! !
pprop P P the neutral GHsCH;z ligand and for the M(CgHsCHz)x com-

limit (PSL) model located at the centrifugal barrier for the LS X - .
interaction of M-(CsHsCHs)y_1 with CeHsCHs as described in plexes, ab |n|t_|o and de_nS|ty leJnctlonaI theory_ cqlcu_lanons were
detail elsewherd! The TS vibrations appropriate for this model per;ormed usingzaussian 9? IG(;)&I(:try kcl)ptll\mlzatll_?nusere
are the frequencies of the products, which are also found in P€" ormed at B3LYP/6-31G* levei>*for the M"(CeHsCH)x

— it + o+
Table S1. The transitional frequencies, those that becomeOmplexes where M = Li*, Na", and K. For complexes

rotations of the completely dissociated products, are treated ascONtaining R and Cs,, geometry optimizations were per-

rotors. Two of the transitional mode rotors have rotational ormed using a hybrid basis set in which the effective core

constants equal to those of the neutrgH@CHs product with potentials (ECP) and valence basis sets of Hay and Wadt were
axes perpendicular to the reaction coordinate, and correspond'Sed to describe the metal iBhwhile 6-31G* basis sets were
to its 2-D rotational constant (10.07 ci). In the M*(CeHs- used for C and H atoms. As suggested by Glendening &t al.,

CHa) systems, which yield one atomic product, these are the @ Single polarization (d) function was added to the Haadt
only two translational modes. For MCsHsCHs), complexes, valence ba3|§ set for Rb and Cs, with exponents of 0.24 and
three additional transitional modes exist. Two of these rotors 0-19, respectively.
are the rotational constants of the{€sHsCHs) product, again Vibrational analyses of the geometry-optimized structures
those with axes perpendicular to the reaction coordinate. Of thewere performed to determine the vibrational frequencies for the
two rotational constants of the products with axes lying along neutral GHsCHjs ligand and the M(CgHsCHs)x complexes for
the reaction coordinate, one is a transitional mode and is M™ = Li*, Na", and K. The vibrational frequencies for the
assigned as the remaining rotational constant of tki¢sCHs; M*(CsHsCHz)x complexes where M = Rb* and C¢ were
product (0.185 cm?b). The other becomes the 1-D external rotor estimated by scaling the calculated frequencies for the analogous
of the TS. These are listed in Table S2. The 2-D external K*(CgHsCHz)x complexes using a procedure described in detail
rotational constants of the TS are determined by assuming thatpreviously®” When used to model data or calculate thermal
the TS occurs at the centrifugal barrier for interaction of energy corrections, the calculated vibrational frequencies were
M*(Ce¢HsCHz) with the neutral @HsCHs; molecule, treated  scaled by a factor of 0.98(%.The vibrational frequencies and
variationally as outlined elsewheteThe 2-D external rotations  rotational constants of neutrakl@sCHs and all Mt (CgHsCHz)x
are treated adiabatically but with centrifugal effects included, complexes are listed in the Supporting Information in Tables
consistent with the discussion of Waage and Rabinovit¢h. S1 and S2, respectively. Single point energy calculations were
the present work, the adiabatic 2-D rotational energy is treated performed at the MP2(full)/6-3HG(2d,2p) and B3LYP/6-
using a statistical distribution with explicit summation over the 3114+G(2d,2p) levels using the B3LYP/6-31G* and B3LYP/
possible values of the rotational quantum number, as describedHybrid (6-31G*, Hay-Wadt) optimized geometries. To obtain
in detail elsewheré! accurate BDEs, zero point energy (ZPE) corrections were
The model represented by eq 1 is expected to be appropriateapplied and basis set superposition errors (BSSE) were sub-
for translationally driven reactiofsand has been found to tracted from the computed dissociation energies in the full
reproduce reaction cross sections well in a number of previous counterpoise correctidif:"°The ZPE corrections are small and
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a Energy (eV, Lab) M+(C6H5CH3)X + Xe—
0.0 40 8.0 12.0 i
T T M™(CgHCH,),_; + CH:CH; + Xe (2)

10" i . .
The maximum cross section for reaction 2, as well as the total

cross section, roughly doubles in magnitude from the mono- to
the bis-complexes. The threshold for reaction 2 also decreases
from the mono- to bis-complexes, consistent with conventional
ideas of ligation of gas-phase ions, i.e., stepwise sequential bond
energies decrease because of increasing electrostatic repulsion
between the ligands, causing the distance between the cation
and ligands to increase. Such ideas have been noted in previous

experimental and theoretical studies of*fligand), clus-
tersflo,4l,7l—74

Cross Section (A?)

0.0 15 3.0 45 6.0 75 _ _
Energy (eV, CM) M*(CeHsCH3) + Xe. Results for the interaction of NéCsHs-

CHs) with Xe are shown in Figure 2a. The major product is
Energy (eV, Lab) Na’. The Na product cross section has an apparent threshold
0.0 4.0 8.0 12.0 16.0 of 0.3 eV and exhibits a maximum cross section~df4 A2,
ENa'(CgHsCHa), + Xe —> ' E The apparent thresholds for the analogous CID process in the
A other M"(CsHsCH3) complexes decrease regularly as the size
10" b Na'(CgH5CH;) of the cation increases, such that"(C¢HsCHs) exhibits the
largest apparent threshold of 1.8 eV, and"(@HsCHs) the
smallest apparent threshold of 0.1 eV. In general, the cross
sections maxima for other MCsHsCHs) increase with the size
of the cation, such that cross section maxima is the smallest
< for LiT(CsHsCHs), ~3 A2, and the largest for G$CsHsCHs),
£ ~27 A2 The RIF(CsHsCHs) complex deviates from this simple
:“A%‘é’ — Na'(CgH5CHz)Xe trend, exhibiting a maximum cross section intermediate between
o . . ~ that observed for the Iti and Na complexes. The ligand

Cross section (A%)
> 2
‘:7'%85

102

0.0 15 3.0 45 6.0 7.5 exchange product N&e is observed with an apparent threshold
Energy (eV, CM) of 0.6 eV and a maximum cross section of 1.2 1.8 eV,
Figure 2. Cross sections for collision-induced dissociation of (GaHs- which drops off rapidly with energy due to competition with

CHg)x, x=1 and 2 (parts a and b, respectively), with Xe as a function the primary CID process. The apparent thresholds for the
of kinetic energy in the center-of-mass frame (loweaxis) and the analogous ligand exchange process in the othefQyHsCHs)
laboratory frame (uppex-axis). Data are shown for a Xe pressure of - complexes decrease regularly as the size of the cation increases,

~0.2 and~0.1 mTorr, for thex = 1 and 2 complexes, respectively. o
Primary and secondary product cross sections are shovnesia, such that LiXe exhibits the largest apparent threshold of 1.5

respectively. Primary and secondary ligand exchange product cross€Vs and Cg(C6H5CH3) the §mallest apparent threshold of 0.2
sections are shown asand<, respectively. Data are also shown for ~ €V. The cross section maxima for other"Xe products are all
the primary product cross section, extrapolated to zero pressure of Xesmall and range from 0.3 to 0.92&or other M"(CsHsCHsz)
asO. complexes. It is possible that competition between the primary
CID process and the ligand exchange reaction could shift the
decrease with increasing size of the alkali metal ion, and are apparent threshold for the primary CID process to higher
75, 41, 3.1, 25, and 2.3 kJ/mol for the "§CsHsCHs) energies than the true thermodynamic threshold, a competitive
complexes and 3.4, 2.8, 2.6, 2.8, and 2.8 kJ/mol for the shift. However, as the cross sections for ligand exchange
M*(CgHsCHz), complexes, where M= Li*, Na', K*, Rb", processes are at least an order of magnitude smaller than those
and Cs, respectively. The BSSE corrections are small and range for the primary CID processes, we do not believe this competi-
from 0.6 to 3.1 kJ/mol for the B3LYP values but are signifi- tion has an appreciable effect on the thresholds measured here
cantly larger and range from 5.8 to 21.2 kJ/mol for the MP2 for the primary dissociation processes of these complexes.

values. The apparent thresholds for the "Me ligand exchange
product from the CID of all M(CsHsCHs) complexes, are near
Results or above those of the primary dissociation products,(Migure
2a and S1). The true thermodynamic thresholds of these
Cross Sections for Collision-Induced DissociationExperi- channels are lower than those of the primary dissociation channel
mental cross sections were obtained for the interaction of Xe by the M*—Xe binding energy® However, this is not always
with ten M*(CegHsCHs)x complexes, where M= Li*, Nar, evident in the apparent thresholds, because of the large

K*, Rb", and C8, and x = 1 and 2. Figure 2 shows difference in the relative magnitudes of the cross sections for
representative data for the N&sHsCHs)y, x = 1 and 2 these channels.

complexes. The other MCsHsCHs)x complexes show relative M*(CeHsCH3), + Xe. Results of the interaction of NéCsHs-
behavior similar to that of N§CsHsCHg)x, and are included in ~ CHg), with Xe are shown in Figure 2b. The primary product
the Supporting Information as Figure S1. The sequential loss observed at all energies is N&sHsCHs), corresponding to loss

of intact toluene molecules and ligand exchange with Xe are of an intact GHsCHs; molecule. The Na(CeHsCHs) product

the only processes observed in these systems over the collisiorhas an apparent threshold near or below 0 eV, such that the
energy range studied, typically O teb eV. The primary (most  cross section is nonzero at 0 eV. The apparent threshold for the
favorable) process observed for all of these complexes is theanalogous CID process in the othef €sHsCHs), complexes
loss of a single intact toluene molecule in the CID reactions 2. exhibit similar behavior in that the cross section magnitude is
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TABLE 1: Fitting Parameters of Eq 1, Threshold Dissociation Energies at 0 K, and Entropies of Activation at 1000 K

reactant complex oo° n° Eo° (eV) Eo(PSL) (eV) kinetic shift (eV) AS'(PSL) (J mottK—1)
Li*+(CeHsCHs) 1.1(0.1) 1.7(0.1) 2.09(0.16) 1.90(0.17) 0.19 55(2)
Na*(CeHsCHs) 15.6(0.2) 1.2(0.1) 1.18(0.04) 1.16(0.03) 0.02 50(2)
K*(CeHsCH) 21.8(0.4) 1.1(0.1) 0.84(0.04) 0.83(0.03) 0.01 44(2)
Rb*(CeHsCHs) 10.8(0.6) 1.1(0.1) 0.74(0.03) 0.74(0.04) 0.00 53(2)
Cs"(CsHsCHa) 21.0(1.7) 1.3(0.1) 0.66(0.03) 0.66(0.03) 0.00 57(2)
Li*(CsHsCHs), 58.3(1.5) 1.0(0.1) 1.36(0.04) 1.21(0.02) 0.15 59(4)
Nat(CsHsCHs)2 63.5(1.4) 1.1(0.1) 0.97(0.04) 0.90(0.02) 0.07 40(5)
K+(CeHsCHa)2 74.4(3.9) 0.9(0.1) 0.82(0.04) 0.78(0.05) 0.04 25(5)
Rb*(CsHsCHs)2 43.9(0.7) 0.9(0.1) 0.72(0.04) 0.70(0.02) 0.02 27(5)
Cs"(CeHsCHa)2 58.2(1.7) 1.0(0.2) 0.66(0.03) 0.64(0.03) 0.02 29(5)

aUncertainties are listed in parentheseaverage values for loose PSL transition st&to RRKM analysis.

nonzero at 0 eV for all of the alkali metal ions except,Livhich a Energy (eV, Lab)
exhibits an apparent threshold of0.3 eV. In fact, the cross
. ) o ; 0.0 4.0 8.0 12.0

section magnitude at 0 eV and all energies is found to increase 15.0 —
with increasing size of the metal ion and is more than twice as
large as that measured for the monoligated systems. However,
the Rb™ system again deviates from this trend, exhibiting a cross
section that is smaller than for any of the other metal ions. The
maximum cross section observed varies from 32 to 26dkoss
these systems. The cross section for the primary product is
observed to decline as the secondary CID product;, N&
formed indicating that this product is formed sequentially from
the primary CID product. The Naproduct has an apparent
threshold of 0.9 A and reaches a maximum cross section of 0.0 & -
~7 A? at the highest energies examined. The otheé{G4Hs- ' ; : .
CHa), complexes show similar relative behavior such that the 0.0 15 E3'° v tﬁﬁ 60 75
primary product declines as the secondary CID product, M nergy (V. CM)
appears. The cross sections maxima of the secondary CID Energy (eV, Lab)
products vary from 2 to 14 Aacross these systems. 0.0 4.0 8.0 12.0 16.0

In addition to the CID processes, ligand exchange reactions T
are also observed, producing both the primary ligand exchange 40.0
product, Nd(CgHsCHgz)Xe, as well as the secondary ligand
exchange product N&Xe (Figure 2b). The primary ligand
exchange product, NéCsHsCHz)Xe has an apparent threshold
near 0.5 eV, reaches a maximum cross section-@03 A2,
and then falls off rapidly due to competition with the primary
CID process as well as sequential dissociation to produce the
secondary ligand exchange product,*™Xa. The secondary
ligand exchange product, NXe, slowly grows in from an

9

N

o

<)
T

o
S

Cross Section (A

Na*(CgHsCHy), + Xe —>

Cross Section (A%)
N [55]
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=] o

N
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T
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apparent threshold of1.4 A2, and reaches a maximum cross 0.0 - " , ,
section of~0.3 A2 at approximately 3.3 eV. At higher energies, 0.0 15 3.0 45 6.0 75
it falls off due to competition with the secondary CID process. Energy (eV, CM)

The other M(C6H5CH3)2, CF)mpIexes show similar r.elatlve Figure 3. Zero-pressure extrapolated cross sections for the primary
ligand exchange behavior; however, the reactant ion beam_gjjision-induced dissociation product of the N@sHsCHs)x complexes,

intensities were much smaller for the REeHsCHs), and x =1 and 2 (parts a and b, respectively), with Xe in the threshold
Cs*(CsHsCHa), complexes making it impossible to distinguish  region as a function of kinetic energy in the center-of mass frame (lower
the primary ligand exchange product,"§CsHsCHz)Xe, from x-axis) and the laboratory frame (uppegxis). Solid lines show the

noise in these systems. The cross sections magnitudes of thdest fits to the data using the model of eq 1 convoluted over the neutral

. . . and ion kinetic and internal energy distributions. Dashed lines show
ligand exchange products are quite small. The primary and the model cross sections in the absence of experimental kinetic energy

secondary “ga”‘?' exchange products are qpproximately 3and 2broadening for reactants with an internal energy of 0 K.
orders of magnitude smaller than the primary CID product,

respectively. complexes are available in the Supporting Information as Figure
Threshold Analysis. The model of eq 1 was used to analyze S2. Experimental cross sections for the primary dissociation
the thresholds for reactions 2 in ten™{CsHsCHz)x Systems. processes of the MCsHsCHs)x complexes are accurately

As previously discusset;’® the analysis of the primary CID  reproduced using a loose PSL TS motiéThis model has been
thresholds provides the most reliable thermochemistry for such shown to provide the most accurate determination of kinetic
CID studies. This is because secondary and higher ordershifts for CID reactions for electrostatically bound metigand
products are more sensitive to lifetime effects, and additional complexeg’31.57.58.7780 The data are accurately reproduced over
assumptions are needed to quantitatively include the multiple energy ranges exceeding 1 eV and over cross section magnitudes
products formed. The results of these analyses are given in Tableof a factor of at least 100 for all complexes exceptRizHs-

1 for all ten M"(CsHsCHs), complexes. Representative fits using CHz), and Cg(CegHsCHs),. Threshold valueds, obtained from

eq 1 for Na(CgHsCHz)x, X = 1 and 2, are shown in Figure 3. analyses of the data without consideration of lifetime effects
A comparable set of figures for the other eight (@sHsCHz)x are also included in Table 1. The difference between these values
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TABLE 2: Geometrical Parameters of B3LYP/6-31G* Optimized Structures of the M™(CgHsCH3)x Complexes

complex M-C (A) M—centroid (A}  C—C (A) C-HA) C—HOOP angle (de§) C—CHs(A) C—H (A
CgHsCH3 1.398 1.080 0.04 1.510 1.090
LiT(CeHsCHy) 2.335 1.867 1.408 1.080 0.32 1.510 1.090
Na(CsHsCHs) 2.747 2.366 1.406 1.080 0.30 1.510 1.090
K*(CsHsCHs) 3.186 2.865 1.403 1.080 0.24 1.510 1.090
Rb"(CsHsCHs)© 3.466 3.167 1.403 1.080 0.20 1.510 1.090
Cs"(CeHsCHy)® 3.736 3.456 1.402 1.080 0.15 1.510 1.090
Li*(CeHsCHs)2 2.481 2.051 1.404 1.080 0.26 1.510 1.090
Na"(CsHsCHs)2 2.816 2.444 1.404 1.080 0.21 1.510 1.090
K*(CeHsCHs), 3.233 2.917 1.403 1.080 0.23 1.510 1.090
Rb"(CsHsCHa)2¢ 3.498 3.208 1.402 1.080 0.17 1.510 1.090
Cs"(CeHsCHa).° 3.759 3.490 1.402 1.080 0.15 1.510 1.090

a2 The metat-ring-centroid distance is defined as the distance from the metal atom to the central point within the aromatic ring of toluene that
is in the plane of the carbon atontOut-of-plane angleS The Hay-Wadt ECP/valence basis set was used for the metal ion, as described in the
text, and the 6-31G* basis set for C and HBond length of G-H in methyl group.

and those obtained when lifetime effects are includg(?SL),

the kinetic shift, is also given in Table 1. The kinetic shifts
observed for these systems vary from 0.0 to 0.19 eV for the
M*(CsHsCHz) complexes with 42 vibrational modes, and from

0.02 to 0.15 eV for the M(CsHsCHz), complexes that have 87
vibrational modes. The kinetic shifts decrease with increasing
size of the cation, from Ui to Cs, in both the mono- and bis-

ligated complexes. This is easily understood because the
observed kinetic shift should directly correlate with the density
of states of the complex at threshold, which depends on the
measured BDE, as shown in Table 1.

We also examined the influence of treating the vibrations
associated with the methyl torsions as free rotors. This treatment
produced a very small effect on the threshold values determined
as a result of cancellation of competing effects. Treating the
methyl torsions as free rotors increases the amount of energy
available to the complex, increases the number of states available
at the transition state, and increases the density of states of
reactant complex. The first two effects tend to lead to an increase
in the threshold, while the third leads to a decrease in the
threshold. Overall, these effects nearly cancel and produce a
negligible effect on the threshold determined.

Na+ (CGH 5CH3)2

The entropy of activatiom\S', is a measure of the looseness Figure 4. B3LYP/6-31G* optimized geometries of NECeHsCHs)x

complexes, wherg = 1—-2. Two views of each optimized structure

of the transition state. It is also a reflection of the complexity
are shown.

of the system because it is largely determined by the molecular
parameters used to model the energized molecule and the TSC—CHs bond length (1.510 A). As summarized in Table 2, the
but also depends on the threshold energy. ABEPSL) values M*—C and M"—ring-centroid distancé3are found to increase
at 1000 K are listed in Table 1 and vary between 25 and 59 J as the size of the metal ion increases from ta Cs' for both
K~1 mol~. These entropies of activation compare favorably to the mono- and bis-ligated complexes. The-MC and M —
an expanding range of noncovalently bound meligland ring-centroid distances are also found to increase on going from
complexes previously measured in our laboratory and to thosethe mono-ligated to the corresponding bis-ligated complex for
collected by Lifshitz for simple bond cleavage reactions of all metal ions as expected for electrostatically bound complexes.
ions81 In contrast to that found for the analogous benzene syst&ms,
Theoretical Results.Theoretical structures for neutral toluene out of plane bending of the ring hydrogen atoms is found to
and for the mono- and bis-ligated complexes of toluene with decrease with increasing size of the alkali metal ion, and is larger
Li*, Naf, KT, Rbt, and C¢ were calculated as described above. for the mono-ligated complexes that for the bis-ligated com-
Details of the geometry-optimized structures for each of these plexes. This makes sense because the alkali metal ion is further
species are given in Table 2. The most stable structures foraway from the ring and, therefore, these hydrogen atoms in the
Na*(CsHsCHs) and Na (CeHsCHz), are shown in Figure 4. The  complexes to the larger metal ions. The metal ion is also further
metal atom binds to the cloud of the aromatic ring of toluene  from these atoms in the bis-ligated complexes than in the mono-
molecule, a catior interaction. The distortion of the toluene ligated complexes, and should therefore exert a smaller influ-
molecule that occurs upon complexation to the alkali metal ion ence.
is minor. The change in geometry is largest for" Land As can be seen in Figure 4, the lowest energy structure for
decreases with increasing size of the metal ion. ThR€®ond the Na(CgHsCHz), complex has the methyl substituents
lengths in the aromatic ring of toluene were found to increase oriented anti to one another to minimize repulsive ligalgland
by 0.004-0.010 A upon complexation to the alkali metal ion interactions associated with the methyl substituents. The anti
as compared to the free ligand, Table 2. The alkali metal ion configuration was found to be the lowest energy structure for
appears to have no influence on the aromatic rirgHbond all of the bis-ligated complexes. To estimate the barrier to free
length (1.080 A), methyl €H bond length (1.090 A), and rotation of the aromatic ring in the bis-ligated complex,
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TABLE 3: Bond Dissociation Enthalpies of MT(CgHsCH3)y, x = 1—2, at 0 K in kJ/mol
theory, X= CHjs

experiment (TCID) MP2 B3LYP literature (MP2)
complex X= CHgz? X =Hp D¢ Do DogssE® Dd Do Do gssé Do¥ Do,gss#
Li*(CeHsX) 183.1(16.0)  161.1(135) 1733 1658 155.8 173.8  166.4 164.8 160.2 159.0
Na(CsHsX) 112.3(3.5) 92.6(5.8) 112.8 108.7 98.3 109.8 105.7 102.7 97.9 96.7
88.3(4.3)
K*+(CoHsX) 79.9(5.0) 73.3(3.8) 86.5  83.4 77.6 739 708 69.8
Rb" (CeHsX)’ 71.3(4.2) 68.5(3.8) 712 687 61.3 547 522 51.6
CsH(CeHsX)' 64.0(4.4) 64.6(4.8) 629 606 53.4 447 42.4 40.3
Li*(CeHsX),  116.5(2.7)  104.2(6.8)  137.7  134.3 113.1 959 926 90.0
Na"(CeHsX)» 86.6(2.3) 80.0(58)  102.4  99.6 83.9 81.3 785 75.4
K+(CeHsX)2 75.1(4.6) 67.5(6.8) 791 765 66.3 583  55.6 54.0
Rb'(CeHsX)si  67.7(4.2) 62.7(7.7) 715 687 57.4 454 426 41.9
CsH(CeHsX) 2l 61.6(4.0) 58.8(7.7) 614 586 49.3 37.7 3438 34.2

aPresent results, threshold collision-induced dissociation. Uncertainties are listed in parefitiiaken. from Amicangelo and Armentrout,
except as notet?.© Calculated at the MP2(full)/6-3HG(2d, 2p) level of theory using B3LYP/-31G* optimized geometrigisicluding zero point
energy corrections with B3LYP/6-31G* frequencies scaled by 0.988K0 includes basis set superposition error correctio@slculated at B3LYP/
6-311+G(2d, 2p) level of theory using B3LYP/6-31G* optimized geometrieEsuzuki et al. calculated at the MP2/6-311G**//MP2/6-311G**
level of theory?® " Armentrout and Rodgers.! The Hay-Wadt ECP/valence basis set was used for the metal ion, as described in the text, and the
6-31G* basis set and 6-3%15(2d, 2p) basis set were used for C and H in geometry optimization and single point energy calculation, respectively.

optimizations were also performed for'i{CsHsCHs), with the 200
methyl groups oreinted syn, “ortho”, and “meta” to one another.
These complexes were found to be 0.4, 1.2, and 0.1 kJ/mol less
stable than the ground state complex, respectively. Therefore,
at room temperature these complexes should have sufficient
energy to freely interconvert (see Table S1).

Theoretical estimates for the WIC¢HsCHz)x BDES were
determined using the B3LYP/6-31G* geometries and single
point energy calculations at both the MP2(full)/6-31G(2d,
2p) and B3LYP/6-311G(2d, 2p) levels of theory. These results
are listed in Table 3 along with the experimental determinations
performed here for toluene, and other theoretical results found
in the literature®* Results shown in Table 3 also include ZPE : : : -
and BSSE corrections. The values calculated at these levels of 0.75 100 125  1.50 1.75
theory differ somewhat and are greater for the bis-ligated lonic Radius of M" (A)
complexes than for the mono-ligated complexes. The meanFigure 5. Bond dissociation energies & K (in kJ/mol) of the
absolute deviation (MAD) for all 10 complexes is 1H95.3 M (CeHsCHa)x complexes plotted versus the ionic radius of Nbata
kJ/mol, whereas it is somewhat smaller for the mono-ligated are shown fox =1 and 2 asv and v, respectively. All values are
complexes, 8.8t 3.2 kJ/mol, and larger for the bis-ligated t@ken from Table 3.
complexes, 14.% 5.4 kJ/mol. In general, the MP2 values are o . . o .
larger than the B3LYP values except for theé (GgHsCHs) and based primarily on electrostatic interactions fiatipole, ion—
Na*(CsHsCHs) complexes. Previous calculations for these two induced dipole and ionquadrupole}, because the increasing
complexes performed at the MP2/6-311G** level of theory Size of the alkali metal idt leads to larger metadligand bond
employing optimized structures calculated at the same level of distances (see Table 2). Also, the difference in BDEs for
theory by Tsuzuki et & differ somewhat from the values adjacent metals becomes smaller as the size of the metal ion
obtained here. Their BDE for the ticomplex lies 3.2 kJ/mol  increases from Li to Cs" for both the M (CeHsCHs) and
above our MP2 value and 5.8 kJ/mol below our B3LYP value. M(CeHsCHz), complexes. This trend results from a combina-
In contrast, the BDE they determine for the Neomplex lies tion of two factors. First, the relative changes in ionic radii for
below both values computed here, by 1.6 kd/mol below the MP2 the alkali-metal cations becomes smaller as the size of the alkali
value and 6.0 kJ/mol below the B3LYP value. These differences Mmetal ion increases (0.68, 0.97, 1.33, 1.47, and 1.67 A foy Li

are quite reasonable, based upon the expected accuracy of thedda’, K*, Rb*, and Cs, respectively}* Second, the nonlinear
levels of theory. distance dependencies of the electrostatic interactions fall off

rapidly asr—2 for ion—dipole, asr—2 for the ion—quadrupole
and asr— for ion—induced dipole interactions.

175 |

150 |

125

100 iz2 \Na

5T

Dol(CeHsCHs), {M*-CgHgCHS], kd/mol

Discussion S
The BDEs of the bis-ligated complexes are smaller than the
Trends in Experimental M *(Ce¢HsCH3)x Bond Dissociation BDEs for the corresponding mono-ligated complexes in all
Energies. The experimental BDEs of the MCsHsCHs)x cases. The decrease in the measured BDE on going from the

complexes 80 K are summarized in Table 3. The variation in  mono- to bis-ligated system is largest for the complex, and

the measured BDEs with the size of the alkali metal ion are decreases with increasing size of the alkali metal ion. The
shown in Figure 5 for both the mono- and bis-complexes. The sequential BDE is observed to decrease by 66.6, 25.7, 4.8, 3.6,
M*—(CeHsCHz) and (GHsCH3)M*™—(Ce¢HsCH3) BDES are and 2.4 kJ/mol for the i, Nat, K*, Rb*, and Cg systems,
found to decrease monotonically as the size of the alkali metal respectively. This trend is believed to be the result of Coulombic
increases from Lito Cs'. This is the expected trend for binding and dipole-dipole repulsion between the ligantisUsing the



5536 J. . Chem. A, Vol. 106, No. 22, 2002 Amunugama and Rodgers

&y
=

<
(2]

190 ———— values and 15.%# 7.7 kJ/mol for the B3LYP values. This poorer

= x=1 2 agreement may arise for two reasons. The first is the experi-

E R a] mental difficulty in measuring cross sections for las a result

210 4 ° Mp2 “ of the difficulty associated with efficient detection of this light

B 130 o © B3LYP(ECP) ] mass?* An alternative explanation is that theory may systemati-

Lﬂé s & MP2(ECP) cally underestimate the bond energies for cbomplexes, as a

- 10 ] result of the higher degree of covalency in the metigland

| 9 b ﬁo i bond. This is shown by the calculated partial charge oh M

3 e which is 0.7 for Li*(CsHsCHs) and varies between 0.89 and

‘g 70r o ] 0.9% for all of the other M (CgHsCHz)x complexes at the MP2

§ 50 | ’fp ) level. Therefore, higher levels of theory may be required to

& accurately describe the binding in this complex, a conclusion

30 e also drawn for LI complexes with a variety of other

30 50 70 90 110 130 150 170 190

ligands34:36.38
Experimental Bond Energy (kJ/mol) 9a ds

The agreement between the experimental BDEs and the

Figure 6. Theoretical versus experimental bond dissociation energies theoretical values calculated using the Hayadt ECP/valence

at 0 K (in kJ/mol) of the M(CsHsCHs)x complexes. The diagonal line . . :
indicates the values for which the calculated and measured bondP@SiS et for the metal ions (Riand Cs) is not as good. A
dissociation energies are equal. All values are taken from Table 3. MAD of 10.8 + 1.0 kJ/mol is found for the MP2 values,

whereas a MAD of 24.2- 3.3 kJ/mol is found for the B3LYP
M+*—centroid distances provided in Table 2, the distances values. It is clear from Table 3 and Figure 6 that the Hay
between the aromatic rings are found to increase with increasingWadt ECP/valence basis set results in calculated BDEs that are
size of the alkali metal ion, from-4.10 A in Lit(CsHsCHs). too low and that the deviations are larger forfGhan R
to 7.00 A in Cg(CsHsCHs)2. Thus, the magnitude of the These observations suggest that, the Hafadt ECP/valence
repulsive ligane-ligand interactions should also decrease with basis set introduces systematic errors in the determination of
increasing size of the alkali metal ion. This should result in a alkali metal binding affinities to toluene. Similar results were
smaller difference in the BDEs for the mono- and bis-complexes found for the analogous benzene systéh@verall, these results
with increasing size of the alkali metal ion as observed. The suggest that the level of theory employed here is inadequate

very small differences observed for thet KRb", and C$ for determination of accurate alkali metal binding affinities of

systems suggest that the ligariyand repulsion is very similar ~ ligands to Rb and Cs ions.

and minor for these complexes. Conversion from 0 to 298 K. To allow comparison to
Comparison of Theory and Experiment. The experimen- commonly used experimental conditions, we convert the 0 K

tally determined and theoretically calculated"(@sHsCHs)x bond energies determined here to 298 K bond enthalpies and

BDEs are listed in Table 3. The agreement between the free energies. The enthalpy and entropy conversions are
experimental BDEs and theoretical values determined at the calculated using standard formulas (assuming harmonic oscil-
MP2(full)/6-311+G(2d, 2p)//B3LYP/6-31G* and B3LYP/6-  lator and rigid rotor models) and the vibrational and rotational
311+G(2d,2p)//B3LYP/6-31G* levels is illustrated in Figure constants determined for the B3LYP/6-31G* optimized geom-
6. In general, the theoretical calculations are in qualitative etries, which are given in the Supporting Information in Tables
agreement with all of the observed trends in the experimental S1 and S2. Table 4 lists 0 and 298 K enthalpies, free energies,
BDEs discussed in the previous section. Quantitatively, the and enthalpic and entropic corrections for all systems experi-
agreement between the experimental and the six theoreticalmentally determined (from Table 1). The uncertainties in the
M*(CeHsCH3)x BDEs calculated including all electrons enthalpic and entropic corrections are determined by 10%
(Mt =Li*, Na, KT, x =1 and 2) is reasonably good, with a variation in the molecular constants for complexes to Nat,
mean absolute deviation (MAD) of 9& 9.7 kJ/mol for the and K", and by 20% variation in the molecular constants for
MP2 BDEs and 16.% 6.9 kJ/mol for the B3LYP BDEs. These complexes to Rband Cs. Because the metaligand frequen-
differences are somewhat larger than the average experimentaties are very low and may not be adequately described by
error in these values of 5% 5.2 kJ/mol. The low theoretical  theory, the listed uncertainties also include contributions from
BDEs for Li*(CsHsCHg) as compared to the experimental value scaling these frequencies up and down by a factor of 2. The
(a difference of 27.3 and 18.3 kJ/mol for the MP2 and B3LYP latter provides a conservative estimate of the computational
values, respectively) is disappointing. If these values are not errors in these low-frequency modes and is the dominant source
included, the MAD drops to is 6.2 5.1 kJ/mol for the MP2 of the uncertainties listed.

TABLE 4: Enthalpies and Free Energies Binding of M™(Ce¢HsCH3)y, X = 1—2, at 0 and 298 K in kJ/moF

reactant complex AHg AHa05— AH® AHaos TASos AGags
Li*(CeHsCHs) 183.1(16.0) 3.3(3.0) 186.4(16.3) 36.3(6.4) 150.1(17.5)
Na*(CeHsCHs) 112.3(3.5) 1.5(3.0) 113.8(4.6) 33.9(9.1) 79.9(10.2)
K*+(CsHsCHs) 79.9(5.0) 0.9(1.7) 80.8(5.3) 31.9(7.8) 48.9(9.4)
Rb*(CeHsCHs) 71.3(4.2) 0.9(1.7) 72.2(4.6) 33.7(7.8) 38.5(9.0)
Cs"(CsHsCHs) 64.0(4.4) 0.9(1.7) 64.9(4.7) 34.5(7.8) 30.4(9.1)
Li+(CeHsCHa)2 116.5(2.7) —2.8(2.1) 113.7(3.4) 43.5(12.9) 70.2(13.3)
Na*(CeHsCHa)z 86.6(2.3) -3.0(1.7) 83.6(2.8) 38.0(13.3) 45.6(13.6)
K*+(CsHsCHs)2 75.1(4.6) -3.0(1.3) 72.1(4.8) 33.8(13.4) 38.3(14.3)
Rb* (CeHsCHs)z 67.7(4.2) ~3.6(1.2) 64.1(4.4) 30.1(13.5) 34.0(14.2)
Cs"(CeHsCHs)2 61.6(4.0) -3.0(1.2) 58.6(4.2) 34.5(13.4) 24.1(14.1)

aUncertainties are listed in parentheseBresent experimental results (Table @ensity functional values from calculations at the B3LYP/
6-31G* level of theory with frequencies scaled by 0.9804. The-Hatadt ECP/valence basis set was used for Rbd C<.
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_ 190 T — T T T the measured BDE of C§CeHg) is 64.6 + 4.8 kd/mol. The

g a x=1 4 difference in the measured BDEs, 0.6 kJ/mol, is significantly
3 170} A x=2 8 smaller than the experimental errors in these measurements
= suggesting that we cannot conclusively establish that the binding
I 150 - 1 in the complex to toluene is weaker. To examine this in more
(@) . ) . )
£ detail, we performed ligand exchange experiments to establish
& 130 . which complex binds more strongly. These experiments are
s A analogous to the CID experiments discussed in the Experimental
EF, 10 4 T Section except that, the neutral CID gas, Xe, was replaced by
- benzene and toluene as shown in reactions 3a and 3b.

5 9 a .

[fel

= ol RY ] M™(CgHg) + CHsCH; — M7 (CgHsCHy) + CgHg (3a)
SN M (CgH<CHy) + CHg — M*(C4Hg) + CsHsCH; (3Db)

50 70 90 110 130 150 170 190

The measured rate for the ligand exchange cross section is
converted to a rate constant as described previdd8fThe
ratio of the rate constants for reactions 3a and 3b can then be
equated to the equilibrium constant for ligand exchatges
kso/ksp and thus provides a direct measure of the differences in
the free energy of binding to these ligand$,9sk. In this way,
we measure an equilibrium constantkof= 3.2 + 1.6, which
can be converted to a free energy differenceA@bygsx =

Dol(CgHg), sM"-(CgHg)], kd/mol

Figure 7. Experimental bond dissociation energies (in kJ/mol) at 0 K
of the (QHsCHg)X71M+_(C6H5CH3) VS (Q»;He)xflMJr_(CsHe), where
M* = Li*, Na, K*, Rb", and K'. Data are shown fox =1 and 2 as

A and a, respectively. All values are taken from Table 3.

Influence of the Methyl Substituent. The effect of the
methyl substituent on the catiemr interaction can be examined ) e 8K T
by comparing the results obtained here for toluengd<CHs, 29+ 1.0 _kJ/moI in favor of Foluene. This d|fferen_ce is W|th|n_
to those obtained in an earlier study for benzengHe3? the expe_rlmental error of either measurement, is well within
Benzene is a highly symmetric molecule and has no dipole the com_bl_n_ed experlm_ental errors of the two CID measurements,
moment. Methyl substitution breaks up the symmetry in the and definitively establishes that toluene binds more strongly.to
molecule, resulting in a modest dipole moment for toluene. The CS” than benzene. Thus, we can conclude that methyl substitu-
measured value for the dipole moment of toluene is Gt36 tion leads to an enhancement in the catianinteraction in all
0.05 D2 in good agreement with the value determined from Cases as expected based upon the dipole moments, quadrupole

the theoretical calculations performed here, 0.41 D. However, Moments, and polarizabilities of benzene and toluene. The
the dipole moment lies in the plane of the aromatic ring and is €nhancement in the binding energy is greatest for the Li
therefore an effective interaction of the alkali metal ion with COmMplexes and decreases with increasing size of the cation.
the dipole moment is not possible in catiem complexes to Il_|keW|se, the enhancement in pm_dmg is greater for the mono-
toluene. The polarizability of benzene is estimated using the !i9ated complexes than for the bis-ligated complexes, particularly
additivity method of Millef® to be 9.99 & and increases to  fof the complexes to Liand N&'. Because only two aromatic
12.26 & for toluene. Therefore, the ierinduced dipole systems are compared here, it is impossible to separate out the

interaction should be slightly stronger for complexes to toluene INfluence that each of these effects, the dipole moment,
than to benzene. Dougherty and co-workers have argued tha°larizability, and quadrupole moment, has on the cation

to first order, the major aspect of the catieminteraction results interaction. To better understand the re_latlve m_fluence that each
from interaction of the cation with the large permanent quad- ©f these effects have upon catien interactions, we are
rupole moment of the aromatic ligadd®Benzene is found to ~ €Ndaging in parallel studies involving of a variety of other
have a large negative quadrupole moment-68.69 DA) that aromatic ligands that will be the subject of future manuscripts.
results from the delocalized electron density above and below
the plane of the aromatic rirf§. Established techniques for
measuring the quadrupole moment require that the molecule The kinetic energy dependence of the collision-induced
has no dipole moment, and therefore, the quadrupole momentdissociation of M (CsHsCHs)x complexes (M = Li*, Nat, K™,

of toluene has not been measured. However, methyl substituent)kb*, and Cg, x = 1 and 2), with Xe is examined in a guided
are generally referred to as electron donors because theirion beam tandem mass spectrometer. The dominant dissociation
presence leads to an increase in the electron density of thepathway observed for all complexes, mono- and bis-ligated, is
aromaticr system. Therefore, methyl substitution should result loss of an intact toluene molecule. Thresholds for these
in a larger quadrupole moment for toluene as compared to dissociation reactions are determined after careful consideration
benzene. As discussed above, a catigrinteraction between  of the effects of reactant internal energy, multiple collisions with
an alkali metal ion and an aromatic ligand is expected to be Xe, and the lifetime of the ionic reactants (using a loose phase
largely electrostatic, arising from ierdipole, ion—induced space limit transition state model). Molecular parameters needed
dipole, and ior-quadrupole interactions, but dominated by the for the analysis of experimental data as well as structures and
ion—quadrupole interaction. Thus, all three of the above effects theoretical estimates of the bond dissociation energies for the
of methyl substitution should act in concert to increase the M*(CsHsCHs)x complexes are obtained from theoretical cal-
strength of the cations interaction in the complexes examined culations performed at the MP2(full)/6-3t%G(2d,2p)//B3LYP/
here. Indeed, this is exactly what is observed as shown in Table6-31G* and B3LYP/6-31+G(2d,2p)//B3LYP/6-31G* levels.

Conclusions

3 and Figure 7. The measured BDEs of thé (sHsCHs)x
complexes are observed to be larger than those of tHEMis)x
complexes in all cases except'@SsHsCHj). In this case, the
measured BDE of C§CsHsCHj) is 64.0+ 4.4 kJ/mol, whereas

The absolute M—(CGH5CH3) and (QH5CH3)M+—(C6H5CH3)

bond dissociation energies as well as the change in sequential
M*(CeHsCHs)x (x = 1—2) bond dissociation energies are
observed to decrease monotonically as the size of the alkali
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metal ion increases from tito Cs'. These trends are explained (15) Taft, R. W.; Anvia, F.; Gal, J.-F.; Walsh, S.; Capon, M.; Holmes,
in terms of the electrostatic nature of the bonding in the M:C. Hosn, K. Oloumi, G.; Vasanwala, R.; YazdaniFsire Appl. Chem.

) . 199Q 62, 17.
M+(C5H5CH3)X complexe§ and th.e chgnges in magnitude of the (16) Guo, B. C.; Purnell, J. W.; Castleman, Jr., A. @hem. Phys. Lett.
repulsive ligand-ligand interactions in the MCsHsCHa), 199Q 168, 155.
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