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Influence of Substituents on Cation- Interactions. 2. Absolute Binding Energies of Alkali
Metal Cation—Fluorobenzene Complexes Determined by Threshold Collision-Induced
Dissociation and Theoretical Studies

Introduction

Recently, there has been a growing interest in a specific
noncovalent interaction, the cation interaction, and its role
in molecular recognition in biological systems. Comprehensive
reviews of catiorx interactions by Dougherty and co-work-
ers-? provide a detailed overview of catiemr interactions,
highlighting both the fundamental nature of such interactions
and their biological importance. The pioneering experimental
work by Kebarle and co-worketrshowed that the noncovalent
interaction of K~ with benzene, a nonpolar molecule, was
significant and stronger than the interaction df With a single
water molecule. It is believed that catiom interactions play
an important role in protein structural organizafiéfi® and
the functioning of ionic channels in membrarié&In addition,
a number of studies have established that catamomatic
interactions are very important in proteifigand interactions,
as well! Statistical analyses of the crystal structures of a variety However, C$
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Threshold collision-induced dissociation of ¥CsHsF) and M (CsHsF), with Xe is studied by guided ion

beam mass spectrometry.*Nihclude the following alkali metal ions: Li Na', K*, Rb*, and Cs. In all

cases, the primary and lowest energy dissociation channel observed is endothermic loss of an intact
fluorobenzene ligand. Sequential dissociation of a second fluorobenzene ligand is observed at elevated energies
in the bis complexes. Minor production of ligand exchange productXevand MH(CgHsF)Xe, is also observed.

The cross section thresholds for the primary dissociation channel are interpreted to yield 0 and 298 K bond
dissociation energies for §8sF),—1M*T—CeHsF, x = 1 and 2, after accounting for the effects of multiple
ion—neutral 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 energy calculations at the MP2(full)/6-
311+G(2d,2p) level 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 very good when full electron
correlation is included (for Li, Na*, and K"), except for the Li(CsHsF) complex, and reasonable when
effective core potentials are used (forRimd C<). The trends in M(CgHsF)x binding energies are explained

in terms of varying magnitudes of electrostatic interactions and ligéigednd repulsion in the complexes.
Comparisons are also made to previous theoretical and experimental BDE$@fHd)x and M"(CeHsCHz)x

to examine the influence of the fluoro substituent on the binding and the factors that control the strength of
cation—sx interactions.

protein as do more conventional noncovalent interactions.
Hence, catior interactions are now considered as important
as hydrogen bonds, salt bridges, and hydrophobic effects in
analyses of the stability of native protein structit€ation—x
interactions operative in biological systems may involve mono-
valent or divalent atomic metal ions or may involve closed-
shell nonmetallic molecular cations such as alkylammonium
ions12130f the alkali metal ions, catierr complexes involving
Na™ and K" are the most biologically relevatt.An example

of experimental evidence for catiewr interactions in proteins

is observed in the crystal structure of hen egg-white lysozyyme.
In this protein, the cations interaction is between Naand

the indole side chain of tryptophan (residue Trp 123). The
distance between the center of the indole ring of Trp123 and
Na' is 4.07 A. Systems involving the larger alkali metal cations,
Rb" and Cg, have thus far received much less attention.
is reported to have been useful in protein crystal

of proteins showed that the nitrogen atoms in the side chains Structure determinatiori8,where it is believed to coordinate
of arginine, lysine, asparagine, glutamine, and histidine pref- with aromatic residues through catien interactions. Thus, the

erentially position themselves close to the aromatic residues ofimportance of understanding catien interactions involving

phenylalanine, tyrosine, and tryptoph&n? It was also found
that energetically significant catienr interactions are common

alkali metal ions, both from a fundamental perspective and the
detailed role that they play in biological systems, is obvious.

in proteins and that they probably contribute to protein stability.
Certain favorable cationr interaction pairs contribute at least
as much to protein stability and the structural profile of a native

* To whom correspondence should be addressed.

To gain a better understanding of the interaction of alkali
metal ions with large biological molecules, knowledge of the
structure and energetics of binding to smaller model systems is
required. Furthermore, characterizing these interactions in the
gas phase is an important and essential part of building a
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database of information concerning the nature and strength of
cation—u interactions and the influence of the local environment
on such interactions. A number of model systé#is?4 as well

as the aromatic amino acié32?%in which the neutral ligand
binds through itsr electrons, have been studied in the gas phase.
Among the model systems examined, ben2éfié® and pyr-
role?122 and their derivatives such as toluetiegghenol, and
indole?® are of particular interest. These model systems
constitute the simplest groups of larger aromatic ligands that
mimic the binding properties of-donating ligands believed to
participate in cationsr interactions operative in biological
systems. Complementary to the gas-phase experimental studies
are high-level theoretical calculations, which have been per-

Fluorobenzene

formed for several of the above systems at various levels of
formed for seve y 1.60 D (1.91 D)
In an effort aimed at understanding the influence of substit- 9.86 A3

uents on cation interactions, we set out to determine the Eigyre 1. Structure of the fluorobenzene molecule. The properly scaled
absolute binding energies of alkali metal cations to several dipole moment is shown as an arrow. Values listed are taken from ex-
substituted benzene complexes. In this series of studies, we firsiperiment® and theoretical calculations performed here (in parentheses).
examined the influence of a methyl substitugin this case, The estimated polarizability is also sho#h.

toluene is actually a better model system than benzene for the

study of catior-7 interactions operative in biological systems analogous benzeffeand toluen& systems studied previously
because the side chain of each of the aromatic amino acids haso examine the influence of the fluoro substituent on the binding
a methylene group attached to the aromatic ring. In the presentand the factors that control the strength of catiarinteractions.
study, we examine the influence of a fluoro substituent by Finally, comparisons are made to other fluoro-substituted

examining catior-z interactions between the alkali metal ions  penzenes and toluenes binding to a variety of metal 3.
(Li*, Na*, KT, Rb", and Cg) and fluorobenzene. Although

fluorobenzene is not of direct biological interest, fluorinated
benzenes are found in the skeleton of some inhitficaad
certain antibiotic drugs such as Ciprofloxacin (cipro), which is

used for treatment of inhalation anthrax expostifEhere have di Genfe rtz.al Pr?(li;dg rflsl.:Cross sle ctions I]or co_ll;smn;r;ducgd
been several experimental and theoretical studies on the issociation of M (CsHsF)x complexes, where =1 and 2 an

interactions of N& 3! Cr+ 3233 Fer 3334 Co* 33 and Aut and M* = Li*, Na", K*, Rb", and C8, are measured using a guided
Au~35 complexed to fluoro-substituted benzenes and toluenes. N peam mass spectrometer that has been described in detail
Of the substituted flurobenzenes studied, 1,3,5-trif|uorobenzeneprev'OUSW‘-15 The M™(CsHsF)x complexes are generated in a
is of particular interest in the study of influence of the flow tube ion source by condensation of the alkali metal ion
quadrupole moment on the strength of the catiarinteraction, and neutral fluorobenzene molecule(s). These complexes are
because it is known to possess a nearly zero quadrupole momentcollisionally stabilized and thermalized bﬂOB collisions with
However, experimental studies on alkali metal catian the He and Ar bath gases such that the internal energies of the
interactions with fluorobenzene have not been reported in the ions emanating from the source region are well described by a
literature. Maxwell-Boltzmann distribution at room temperat#feThe

In recent work, we have developed methods to allow the ions are extracted from the source, accelerated, and focused into
application of quantitative threshold collision-induced dissocia- @ magnetic sector momentum analyzer for mass analysis. Mass-
tion (CID) methods to obtain accurate thermodynamic informa- selected ions are decelerated to a desired kinetic energy and
tion on increasingly large systertfs?2:24.3651 One of the driving focused into an octopole ion guide, which traps the ions in the
forces behind these developments is our interest in applying radial directior?* The octopole passes through a static gas cell
such techniques to systems having biological relevance. In containing Xe, used as the collision gas, for reasons described
addition, we seek to perform accurate thermochemical measure-elsewheré>57 Low gas pressures in the cell (typically 0-:05
ments that provide absolute anchors for metal cation affinity 0.20 mTorr) are used to ensure that multiple Gowutral
scales over an ever-broadening range of energies and moleculagollisions are improbable. Product and unreacted beam ions drift
systems. In the present paper, we examine catioimteractions  to the end of the octopole where they are focused into a
of fluorobenzene, @sF, with the alkali metal ions I, Na*,  quadrupole mass filter for mass analysis and subsequently
K*, Rb*, and Cs. The structure of fluorobenzene along with  getected with a secondary electron scintillation detector and
its mea_sure?:? and ca_lcul:_;\ted dipole moments (determlne_d hc_are) standard pulse counting techniques.
and estimated polarizabilftyare shown in Figure 1. The kinetic _ . .
energy-dependent cross sections for the primary CID process Ion_mtensme_s are converted to abs_oll_Jte Cross sectlops as
observed in each system are analyzed by methods developeéi’escr'_bed prewouslsﬁ Absolute uncertampes in cross section
previously?® The analysis explicitly includes the effects of the Magnitudes are estimated to B20%, which are largely the
internal and translational energy distributions of the reactants, 'esult of errors in the pressure measurement and the length of
multiple ion—neutral collisions, and the lifetime for dissociation. the interaction region. Relative uncertainties are approximately
We derive (GHsF)-1M*—CgHsF, x = 1 and 2, bond dissocia- ~ +5%. Because the radio frequency used for the octopole does
tion energies (BDEs) for all of the complexes and compare thesenot trap light masses with high efficiency, the cross sections
results to ab initio and density functional calculations performed for Li* products were more scattered and showed more
here and in the literatur@.Comparisons are also made to the variations in magnitude than is typical for heavier ions.

Experimental Section
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Therefore, absolute magnitudes of the cross sections forexperiment (about I@ s but energy-dependent) by including
production of Li" are probably accurate th50%. statistical theories for unimolecular dissociation, specifically
lon kinetic energies in the laboratory franty, are converted Rice—RamspergerKasset-Marcus (RRKM) theory, into eq 1
to energies in the center of mass frarigy, by the formula as described in detail elsewhéfé? This requires sets of
Ecm = Eian M/(m+ M), whereM andm are the masses of the  rovibrational frequencies appropriate for the energized molecules
ionic and neutral reactants, respectively. All energies reported and the transition states (TSs) leading to dissociation. The former
below are in the CM frame unless otherwise noted. The absolutesets are given in the Supporting Information in Tables S1 and
zero and distribution of the ion kinetic energies are determined S2, whereas we assume that the TSs are loose and productlike
using the octopole ion guide as a retarding potential analyzer because the interaction between the alkali metal ion and the
as previously describédThe distribution of ion kinetic energies  fluorobenzene ligand(s) is largely electrostatic tiafipole, ion—
is nearly Gaussian with a full width at half-maximum (fwhm) induced dipole, and ioaquadrupole interactions). Thus, the
typically between 0.2 and 0.4 eV (lab) for these experiments. most appropriate model for the TS is a loose association of the
The uncertainty in the absolute energy scalg&@05 eV (lab). alkali metal ion and neutral fluorobenzene fragments. This TS
Even when the pressure of the reactant neutral is low, it hasis located at the centrifugal barrier for the interaction of
previously been demonstrated that the effects of multiple M+(CgHsF)x—1 with CsHsF. In this case, the TS vibrations used
collisions can significantly influence the shape of CID cross are the frequencies corresponding to the products, which are
sectiong? We have performed pressure-dependent studies of also found in Table S1. The transitional frequencies, those that
all cross sections examined here. In the present systems, wehecome rotations of the completely dissociated products, are
observe small cross sections at low energies that have an obviougreated as rotors, a treatment that corresponds to a phase space
dependence upon pressure. We attribute this to multiple energiz4imit (PSL) and is described in detail elsewhéferiefly, two
ing collisions that lead to an enhanced probability of dissociation of the transitional mode rotors have rotational constants equal
below threshold as a result of the longer residence time of theseto those of the neutral ¢ElsF product with axes perpendicular
slower moving ions. Data free from pressure effects are obtainedto the reaction coordinate and correspond to its 2-D rotational
by extrapolating to zero reactant pressure, as described previconstant, 0.071 cnt. In the M(CgHsF) systems, which yield
ously®® Thus, results reported below are due to single bi- one atomic product, these are the only two translational modes.

molecular encounters. For M*(CgHsF), complexes, three additional transitional modes
Thermochemical Analysis. The threshold regions of the  exist. Two of these rotors are the rotational constants of the
reaction cross sections are modeled using eq 1, M (CeHsF) product, again those with axes perpendicular to the
reaction coordinate. Of the two rotational constants of the
o(E) = Oozgi(E +E — E)"E 1) products with axes lying along the reaction coordinate, one is

I

a transitional mode and is assigned as the remaining rotational
constant of the gHsF product (0.189 cmb). The other becomes
the 1-D external rotor of the TS. These are listed in Table S2.
The 2-D external rotational constant of the TS is determined
by assuming that the TS occurs at the centrifugal barrier for
interaction of M"(CsHsF) with the neutral gHsF molecule,
treated variationally as outlined elsewhé&?@he 2-D external
rotations are treated adiabatically but with centrifugal effects
included, consistent with the discussion of Waage and Rabino-
vitch 83 In the present work, the adiabatic 2-D rotational energy
is treated using a statistical distribution with explicit summation
over the possible values of the rotational quantum number, as
described in detail elsewhet@.

where gp is an energy-independent scaling factér,is the
relative translational energy of the reactafdsis the threshold

for reaction of the ground electronic and rovibrational state, and
n is an adjustable parameter. The summation is over the
rovibrational states of the reactant ions,where E; is the
excitation energy of each rovibrational state agdis the
population of those stateEg; = 1). The populations of excited
rovibrational levels are not negligible even at 298 K as a result
of the many low-frequency modes present in these ions. The
relative reactivity of all rovibrational states, as reflectedday
andn, is assumed to be equivalent.

The Beyer-Swinehart algorithi#? is used to evaluate the . i
density of the rovibrational states, and the relative populations, € model represented by eq 1 is expected to be appropriate

g, are calculated by an appropriate MaxweBoltzmann 'for translationally driven reactiofsand has been found to
A . i 9,62,65-68 i
distribution at the 298 K temperature appropriate for the "€Produce CID cross sections weif?2656% The model is
reactants. The vibrational frequencies of the reactant complexesSonvoluted with the kinetic energy distributions of both the
are determined from density functional theory calculations as réactantion and neutral Xe atom, and a nonlinear least-squares
discussed in the Theoretical Calculations section. The average2nalysis of the data is performed to give optimized values for

vibrational energy at 298 K of the MCsHsF)x complexes is the parametersy, Eo an_d n. The error associated with the
given in the Supporting Information in Table S1. We have measurement oE; is estimated from the range of threshold

estimated the sensitivity of our analysis to the deviations from values determined for different zero-pressure extrapolated data
the true frequencies by scaling the calculated frequencies toSets. variations associated with uncertainties in the vibrational
encompass the range of average scaling factors needed to brin§f@guencies (scaling as discussed above), and the error in the
calculated frequencies into agreement with experimentally absolute energy scale, 0.05 eV (lab). For analyses that include
determined frequencies found by Pople eflalhus, the the RRKM lifetime effect, the uncertainties in the reported
originally calculated vibrational frequencies were increased and Values also include the effects of increasing and decreasing the
decreased by 10% for thet,iNa*, and K" complexes and by ~ time assumed available for dissociation by a factor of 2.
20% for the R, and C§ complexes. The corresponding change Equation 1 explicitly includes the internal energy of the ion,
in the average vibrational energy is taken to be an estimate of E;. All energy available is treated statistically, which should be
one standard deviation of the uncertainty in vibrational energy a reasonable assumption because the internal (rotational and
(Table S1). vibrational) energy of the reactants is redistributed throughout
We also consider the possibility that collisionally activated the ion upon impact with the Xe atom. The threshold for
complex ions do not dissociate on the time scale of our dissociation is by definition the minimum energy required
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leading to dissociation and thus corresponds to formation of a Energy (eV, Lab)
products with no internal excitation. The threshold energies for 0.0 4.0 8.0 12.0

dissociation reactions determined by analysis with eq 1 are Na"(CoHF) + Xe —>
converted® O K bond energies by assuming tizatrepresents ’
the energy difference between reactants and products &°0 K. 10"
This assumption requires that there are no activation barriers
in excess of the endothermicity of dissociation, which should
be valid for the simple noncovalent bond fission reactions
examined heré®

Theoretical Calculations. To obtain model structures, vi-
brational frequencies, rotational constants, and energetics for . .
the neutral GHsF ligand and for the M(CgHsF)x complexes, 107 %. ‘A‘tl‘:’&‘ﬂn_
ab initio and density functional theory calculations were ]
performed using Gaussian 38Geometry optimizations were 0.0 15 3.0 45 6.0 75
performed at the B3LYP/6-31G* lev@l"3for the M™(CsHsF)x Energy (eV, CM)
complexes where M = Li™, Na", and K". For complexes
containing R and Cg, geometry optimizations were per- b Energy (eV, Lab)
formed with a hybrid basis set in which the effective core 0.0 4.0 8.0 12.0 16.0
potentials (ECP) and valence basis sets of Hay and Wadt were "
used to describe the metal id¢hwhile 6-31G* basis sets were
used for C, F and H atoms. As suggested by Glendening et
al.,’® a single polarization (d) function was added to the Hay
Wadt valence basis set for Rb and Cs, with exponents of 0.24
and 0.19, respectively.

Vibrational analyses of the geometry-optimized structures
were performed to determine the vibrational frequencies for the

100 -

Cross Section (A?)

A 1 1 1 1

Cross Section (A?)

neutral GHsF ligand and the M(CgHsF), complexes for M 102 X
= LiT, Na", and K. The vibrational frequencies for the WIS - A% a2
M*(CgHsF)x complexes where M = Rb" and Cg§ were 103 >, M,":.“‘ adat oA 4

estimated by scaling the calculated frequencies for the analogous 0.0 1.5 3.0 45 6.0 75
K*(CeHsF)x complexes by a procedure described in detail Energy (CM,eV)

previously’® When used to model data or calculate thermal Figure 2. Cross sections for collision-induced dissociation of
energy corrections, the calculated vibrational frequencies wereNa"(CsHsF)x, X = 1 and 2 (panels a and b, respectively), with Xe as a

scaled by a factor of 0.9804.The vibrational frequencies and  function of kinetic energy in the center-of-mass frame (low-ixis)
rotational constants of neutralglsF and all M (CgHsF)x a?d the Iabgratory frame gupp:]eams). Dafja are sholwn for Xe pressulres
; ; : P of ~0.2 and~0.1 mTorr, for thex =1 and 2 complexes, respectively.
complexes are listed in the Supporting Information in Tables Primary and secondary product cross sections are shoWnzaasl A,

S1and S2, respectively. Single-point energy calculations were espectively. Primary and secondary ligand exchange product cross
performed at the MP2(full)/6-31G(2d,2p) level with the  sections are shown asand<, respectively. Data are also shown for
B3LYP/6-31G* and B3LYP/Hybrid (6-31G*, HayWadt) the primary product cross section, extrapolated to zero pressure of Xe,
optimized geometries. To obtain accurate BDEs, zero-point asO.

energy (ZPE) corrections were applied and basis-set super- . ) )
position errors (BSSE) were subtracted from the computed that of N&'(CeHsF), and are included in the Supporting
dissociation energies in the full counterpoise correctigiThe Information as Figure S1. The sequential loss of intact fluoro-

ZPE corrections are small and decrease with increasing size of?&nzene molecules and ligand exchange with Xe are the only
the alkali metal ion and are 6.2, 3.3, 2.2, 1.9, and 1.6 kJ/mol Processes observed in these systems over the collision energy

for the M*(CgHsF) complexes and 3.0, 2.7, 1.9, 1.9, and 2.0 'ange studied, typically from O t&5 eV. The primary (mo§t
kJ/mol for the MF(CgHsF), complexes, where M= Li*, Na*, favorable) process observed for all of these complexes is the
K+, Rb, and C¢, respectively. The BSSE corrections are loss _of a single intact fluorobenzene molecule in the CID
significantly larger, decrease with increasing size of the metal "€actions:

ion, and range from 4.3 to 21.6 kJ/mol. Calculations of the . 4

correspondingr-binding complexes were also performed for M7 (CeHsF) + Xe = M7 (CeHgF), -y + CeHsF + Xe  (2)

the M*(CsHsF) complexes. In these complexes, the ZPE . . .
corrections are somewhat smaller than for the cation The maximum cross section for reaction 2, as well as the total

complexes, and are 2.4, 1.0, 0.5, 0.5, and 0.8 kJ/mol, respec-C0SS section, roughly doubles in magnitud_e from the mono to
tively. The BSSE corrections are also smaller than for the 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

cation—zr complexes and range from 3.0 to 6.6 kJ/mol.

Results . ) ; X
between the ligands, causing the distance between the cation
Cross Sections for Collision-Induced DissociationExperi- and ligands to increase. Such ideas have been noted in pre-
mental cross sections were obtained for the interaction of Xe vious experimental and theoretical studies of"(Nyand),
with 10 M*(C¢HsF), complexes, where M= Li*, Na*, K, clusters!9:50,80-83

Rb*, and C¢, andx = 1 and 2. Figure 2 shows representative =~ M*(CgHsF) + Xe. Results for the interaction of NéCgHsF)
data for the Na(CgHsF), complexes where = 1 and 2. The with Xe are shown in Figure 2a. The major product istNa
other M™(CgHsF)x complexes show relative behavior similar to  The Na" product cross section has an apparent threshold of 0.12
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TABLE 1: Fitting Parameters of Equation 1, Threshold Dissociation Energies at 0 K, and Entropies of Activation at 1000 K

kinetic shift ASH(PSL)
reactant complex oo® nb Eq (eV) Eq(PSL) (eV) (eV) (J moltK™?Y)
Li*(CeHsF) 1.14 (0.2) 1.5 (0.1) 1.57 (0.22) 1.52 (0.21) 0.05 45 (2)
Na"(CeHsF) 15.9 (0.5) 1.4 (0.1) 0.72 (0.03) 0.72(0.03) 0.00 39 (2)
K*+(CeHsF) 32.5(0.8) 1.1 (0.1) 0.57 (0.03) 0.57 (0.03) 0.00 32 (2)
Rb"(CeHsF) 24.0(0.7) 1.1(0.1) 0.55 (0.03) 0.55 (0.03) 0.00 40 (2)
CsH(CeHsF) 12.9 (0.2) 1.6 (0.1) 0.52 (0.03) 0.52 (0.02) 0.00 44 (2)
Li*(CeHsF) 72.2 (5.3) 1.2 (0.1) 1.03 (0.05) 0.99 (0.03) 0.04 39 (5)
Na*(CeHsF) 92.8 (3.4) 1.1(0.1) 0.69 (0.05) 0.68 (0.04) 0.01 24 (5)
K+(CeHsF)z 87.0 (1.7) 1.1(0.1) 0.54 (0.04) 0.52 (0.03) 0.02 5 (5)
Rb*(CeHsF). 23.7 (2.0) 1.2 (0.1) 0.51 (0.09) 0.49 (0.05) 0.02 5 (9)
CsH(CeHsF)z 28.1(0.8) 1.3(0.1) 0.48 (0.01) 0.46 (0.04) 0.02 9(9)

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

eV and exhibits a maximum cross section -o16 A2 The In addition to the CID processes, ligand exchange reactions
apparent thresholds for the analogous CID process in the otherare also observed, producing the primary ligand exchange
M*(CeHsF) complexes decrease regularly as the size of the product, Nd(CsHsF)Xe, as well as the secondary ligand
cation increases, such that™(C¢HsF) exhibits the largest  exchange product, NXe (Figure 2b). The primary ligand
apparent threshold of 1.1 eV, and 'Q8sHsF) exhibits the exchange product, NéCsHsF)Xe, has an apparent threshold
smallest apparent threshold 6.1 eV. In general, the cross  near 0.2 eV, reaches a maximum cross section@02 A2,
section maxima for other MCgHsF) increase with the size of  and then falls off rapidly due to competition with the primary
the cation, such that the cross section maximum is the smallestCID process as well as sequential dissociation to produce the
for Li*(CeHsF), ~2.5 A2, and the largest for K(CgHsF), ~23 secondary ligand exchange product,Ma. The secondary
A2 The Rb (CsHsF) and C$(CsHsF) complexes deviate from  ligand exchange product slowly grows in from an apparent
this simple trend, exhibiting maximum cross sections intermedi- threshold of~0.7 eV and reaches a maximum cross section of
ate between those observed for thetNmnd K™ complexes, 0.3 A2 at approximately 2.5 eV. At higher energies, it falls off
~20 and 19 A respectively. The ligand exchange product due to competition with the secondary CID process. The other
Na™Xe is observed with an apparent threshold of 0.6 eV and a M*(CgHsF), complexes show similar relative behavior; how-
maximum cross section of 1.124at 0.2 eV, which drops off ever, the reactant ion beam intensities were much smaller for
rapidly with energy due to competition with the primary CID the R (CsHsF), and Cs(CeHsF), complexes, making it
process. The apparent thresholds for the analogous ligandimpossible to distinguish the primary ligand exchange products,
exchange process in the other ({sHsF) complexes decrease M T (CgHsF)Xe, from noise in these systems. The cross section
regularly as the size of the cation increases, such thaXe.i magnitudes of the ligand exchange products are quite small.
exhibits the largest apparent threshold of 1.5 eV, and both The primary and secondary ligand exchange products are
Rb"(CsHsF) and C$(CgHsF) exhibit the smallest apparent approximately 3 and 2 orders of magnitude smaller than the
thresholds of<0.1 eV. The cross section maxima for other primary CID product, respectively.
M*Xe products are small and range from 1.0¢6.1 A? for Threshold Analysis. The model of eq 1 was used to analyze
the other M (CgHsF) complexes. the thresholds for reaction 2 in 10 CsHsF), Systems. As

M *(CeHsF)2 + Xe. Results for the interaction of NéCgHsF), previously discusse®;6265the analysis of the primary CID
with Xe are shown in Figure 2b. The primary product observed thresholds provides the most reliable thermochemistry for such
at all energies is Ng(CgHsF), corresponding to loss of anintact CID studies. This is because secondary and higher order
CeHsF molecule. The NRCgHsF) product has an apparent products are more sensitive to lifetime effects, and additional
threshold near or below 0 eV, such that the cross section isassumptions are needed to quantitatively include the multiple
nonzero at 0 eV. The apparent threshold for the analogous CID products formed. The results of these analyses are given in Table
process in the other MCgHsF), complexes exhibits similar 1 for all 10 M*(CgHsF)x complexes. Representative fits to eq 1
behavior in that the cross section magnitude is nonzero at 0 eVfor the Na'(CgHsF)x complexes are shown in Figure 3. A
for all of the alkali metal ions except tj which exhibits an comparable set of figures for the other §€sHsF)x complexes
apparent threshold of-0.1 eV. In fact, the cross section is available in the Supporting Information as Figure S2.
magnitude at 0 eV and at all energies is found to increase with Experimental cross sections for the primary dissociation proc-
increasing size of the metal ion and is more than twice as large esses of the M(CsHsF)x complexes are accurately reproduced
as that measured for the monoligated systems. However, theby a loose PSL TS modé?. This model has been shown to
Rb*™ and C¢ systems again deviate from this trend, exhibiting provide the most accurate determination of kinetic shifts for
a cross section that is smaller than those for the other metalCID reactions for electrostatically bound metéand com-
ions. The maximum cross section observed varies from 38 to plexes36:40.67.68.8487 The data are accurately reproduced over
66 A2 across these systems. The cross section for the primaryenergy ranges exceeding 1 eV and over cross section magnitudes
product is observed to decline as the secondary CID product,of a factor of at least 100 for all complexes except RiyHsF),
Na', is formed, indicating that this product is formed sequen- and C$(Ce¢HsF), because these cross sections are already
tially from the primary CID product. The Naproduct has an nonzero at 0 eV. Threshold valuds, obtained from analyses
apparent threshold of 0.4 eV and reaches a maximum crossof the data without consideration of lifetime effects are also
section of 10 A& at the highest energies examined. The other included in Table 1. The difference between these values and
M (CsHsF). complexes show similar relative behavior such that those obtained when lifetime effects are includégfPSL), the
the primary product declines as the secondary CID produtt, M kinetic shift, is also given in Table 1. Although the'CsHsF)
appears. The cross section maxima of the secondary CIDand M"(C¢HsF), complexes have 33 and 69 vibrational modes,
products vary from 1.2 to 12 Aacross these systems. respectively, the kinetic shifts observed for these systems are
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Na"(CgHsF),
‘%:400 Figure 4. Ground-state B3LYP/6-31G* optimized geometries of
s Na'(CeHsF)« complexes, wherex = 1 and 2. Two views of each
B3 optimized structure are shown.
®
123
L‘)320.0 aromatic ring of the fluorobenzene molecule, a catian

interaction. The distortion of the fluorobenzene molecule that
occurs upon complexation to the alkali metal ion is minor. The
°-°[ ) ) ) ) change in geometry is largest for *Liand decreases with
0.0 15 3.0 45 6.0 75 increasing size of the metal ion. The-C bond lengths in the
Energy (eV, CM) aromatic ring of fluorobenzene were found to increase by
Figure 3. Zero-pressure extrapolated cross sections for the primary 0.004-0.010 A upon co_mplexatlon to the alkali m?tal ion as
collision-induced dissociation product of the N&sHsF), complexes, ~ compared to the free ligand (Table 2). The alkali metal ion
x =1 and 2 (panels a and b, respectively), with Xe in the threshold appears to have no influence on the aromaticHbond length
region as a function of kinetic energy in the center-of mass frame (lower (1.090 A). As summarized in Table 2,™C and M—ring
x-axis) and the laboratory frame (uppegxis). Solid lines show the  centroid distancé8and C-F bond lengths are found to increase
gﬁzt If(')tﬁ tlgr':gzcdztnad“fr:t”e%r:g?g:]cé‘:geiloéigﬁri%&?S‘%’g"g‘;‘:ﬁggr"t::S”SerL]‘é@' as the size of the metal ion increases for both the mono and bis
the model cross sections in the absence of experimental kinetic energycomplexes. These distances are §|SO found to increase on going
broadening for reactants with an internal energy of 0 K. from the mono to the corresponding bis complexes. In contrast
to that found for the analogous benzene syst&st-of-plane
quite small. In fact, of the monoligated complexes, only bending of the ring hydrogen atoms is found to decrease with
LiT(CgHsF), the most strongly bound complex, exhibits a kinetic increasing size of the metal ion for both the mono and bis
shift (0.05 eV). All of the bis complexes exhibit small kinetic complexes. Furthermore, out-of-plane bending of the ring
shifts that vary from 0.01 to 0.04 eV. The kinetic shifts decrease hydrogen atoms is smaller than for the analogous benzene
with increasing size of the cation, from'Lio Cs'. This is easily complexes and is smaller for the bis complexes than the for the
understood because the observed kinetic shift should directlymono complexes. This makes sense because the alkali metal
correlate with the density of states of the complex at threshold, ion is further away from the ring in the complexes to fluoro-
which depends on the measured BDE, as shown in Table 1. benzene than it is in the complexes to benzene. The same is
The entropy of activatiomAS', is a measure of the looseness true for the bisligated complexes as compared to the monoligated
of the TS. Itis also a reflection of the complexity of the system complexes. The longer M-ring centroid distance results in
because it is largely determined by the molecular parametersthe metal ion exerting a smaller influence on the ligand.
used to model the energized molecule and the TS but also As can be seen in Figure 4, the ground-state structure of
depends on the threshold energy. &(PSL) values at 1000  Na'(CgHsF) has the Na ion interacting with ther cloud of
K are listed in Table 1 and vary between 5 and 4573 iol™L. the aromatic ring. However, it is possible that the metal ion
These entropies of activation compare favorably to an expandingmight interact with a lone pair of electrons on the fluorine atom
range of noncovalently bound metdigand complexes previ-  through ao-type interaction. Stable-binding conformers were
ously measured in our laboratory and to those collected by calculated for the Lfi, Na", K™, Rb", and C$ complexes to
Lifshitz8® for simple bond cleavage reactions of ions. fluorobenzene at the B3LYP/6-31G* level. The optimized
Theoretical Results.Theoretical structures for neutral fluo-  structure of thes-binding conformer of N&(CgHsF) is shown
robenzene and for the mono- and bisligated complexes ofin Figure 5. In these-binding complexes, the metal ion lies in
fluorobenzene with Lfi, Na", K+, Rb*, and C3 were calculated the plane of ring and is oriented along the dipole moment of
as described above. Details of the geometry-optimized structureshe fluorobenzene ligand. At the MP2(full)/6-3tG(2d,2p)
for each of these species are given in Table 2. The most stablelevel of theory, ther-binding conformers are found to be 16.9,
structures for the NgCgHsF) and N&(CgHsF). complexes are 4.4, and 3.5 kJ/mol less stable than the corresponding cation
shown in Figure 4. The metal atom binds to theloud of the complexes for LT, Na", and K", respectively. In contrast, the
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TABLE 2: Geometrical Parameters of B3LYP/6-31G* Optimized Structures of the M™(CgHsF), Complexes

complex M—C (A) M*—centroid (A) M*—F (A) C-HA) CH OOP (deg) C-F(A) c-CcA
CsHsF 1.090 0.000 1.351 1.394
LiT(CeHsF) 2.384 1.932 1.090 0.601 1.329 1.404
Li*(CgHsF)° 1.729 1.090 0.089 1.440 1.391
Na'(CeHsF) 2.791 2.414 1.090 0.365 1.335 1.402
Nat(CsHsF)° 2.088 1.090 0.080 1.415 1.392
K*(CsHsF) 3.229 2.911 1.090 0.280 1.341 1.400
K*(CeHsF)e 2.483 1.090 0.073 1.398 1.393
Rb*(CeHsF)4 3.515 3.225 1.090 0.257 1.343 1.399
Rb™(CeHsF)cd 2.749 1.090 0.132 1.389 1.393
Cs"(CgHsF)? 3.788 3.517 1.090 0.214 1.345 1.398
Cs"(CeHsF)d 2.982 1.090 0.137 1.384 1.394
Li*t(CeHsF)2 2.498 2.067 1.090 0.368 1.335 1.402
Na'(CsHsF)2 2.842 2.472 1.090 0.342 1.338 1.401
K*(CeHsF)2 3.263 2.949 1.090 0.251 1.342 1.399
Rb"(CeHsF).? 3.541 3.255 1.090 0.233 1.344 1.399
Cs"(CgHsF).¢ 3.812 3.546 1.090 0.192 1.346 1.399

a2 The metal 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 atorfsOut-of-plane angleS Complexes in which the alkali metal cation binds to the fluorine atom viatype
interaction.d 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 H.

than for B3LYP/6-31%G(2d,2p) resultd* These results are
O’W ° listed in Table 3, along with the experimental determinations
performed here for fluorobenzene and other theoretical results
found in the literaturé! Results shown in Table 3 also include
ZPE and BSSE corrections. The mean absolute deviation (MAD)
between the experimental and theoretical values for all 10
o complexes is 6.8 7.4 kd/mol. This is slightly larger than the
average experimental error of 5455.2 kJ/mol. The MAD is
larger for the mono complexes, 1G409.0 kJ/mol, than for the
bis complexes, 3.# 4.3 kJ/mol. Inspection of the data makes
it clear than the L complex is the principal contributor to the
i large deviations for the mono complexes. Excluding thé Li
Na'(CsHsF) complex, the mono complexes exhibit a MAD of 642 3.2
Figure 5. B3LYP/6-31G* optimized geometry of the-type binding kJ/mol. The poorer agreement for the' (€gHsF) complex most
conformer of the N&(CsHsF) complex. Two views of the optimized  likely results from the difficulty associated with efficient
structure are shown. detection of this low-mass ion as described eaffid?revious
calculations for the NHCsHsF) complex performed at MP2/
o-binding conformers for Rband Cg are found to be 3.2 and  -31G**//HF/6-31G** and HFE/6-31G**//HF/6-31G** levels of
0.8 kJ/mol more stable than the corresponding cation  theory by Dougherty and co-workétgdiffer from the value
complexes, respectively. If ZPE and BSSE corrections are not calculated here and are in poorer agreement with our measured
included, the cationsr complexes of Rband Cs are 0.9 and  yalue. Both of their values are higher than that calculated here,
1.5 kJ/mol more stable than tlebinding conformers, respec- by 18.5 and 5.1 kJ/mol, respectively. The higher level of theory
tively. Thus the relative Stablllty of these-binding and emp]oyed here provides a BDE for N@GHSF) that is in much
cation—s conformers varies with the size of the cation. better agreement with the experimental value and is only 4.1
As can also be seen in Figure 4, the lowest energy structurekJ/mol higher than the measured value.
for the Na'(CgHsF), complex has the fluorine atoms oriented
anti to one another to minimize repulsive ligafidyand Discussion
interactions associated with the fluorine atoms. The anti
configuration was found to be the lowest energy structure for ~ Trends in Experimental M (CgHsF)x Bond Dissociation
all of the bis complexes. To estimate the barrier to free rotation Energies. The 0 K experimental BDEs of the MCsHsF)x
of the aromatic ring in the bisligated complexes, optimizations complexes are summarized in Table 3. The variation in the
were performed for Lfi(CsHsF), with the fluorine atoms oriented =~ measured BDEs with the size of the alkali metal ion is shown
syn, “ortho”, and “meta” to one another. The complexes with in Figure 6 for both the mono and bis complexes. Thé-M
the fluorine atoms oriented syn, “ortho”, and “meta” to one (CeHsF) and (GHsF)M™—(CgHsF) BDEs are found to decrease
another were found to be 0.8, 1.0, and 1.0 kJ/mol less stablemonotonically as the size of the metal ion increases from Li
than the ground-state anti complex, respectively. Therefore, atto Cs'. This is the expected trend for binding based primarily
room temperature these complexes should have sufficient energyon electrostatic interactions. The increasing size of the alkali
to freely interconvert (see Table S1). metal iorf° leads to larger metalligand bond distances (see
Theoretical estimates for the NICsHsF), BDEs were deter- Table 2), and the nonlinear distance dependencies of the
mined using the B3LYP/6-31G* geometries and single-point €lectrostatic interactions fall off rapidly, &2 for ion—dipole,
energy calculations at MP2(full)/6-3315(2d,2p). In earlier ~ R~2for the ion—quadrupole, and&k* for ion—induced dipole
work in which we measured and calculated the strength of interactions, resulting in weaker binding interactions in the
cation—s interactions in M(toluene) complexes, we found  cation—z complexes for the larger alkali metal ions.
better correlation between the theoretical and experimental The BDEs of the bis complexes are smaller than the
results for energetics based on MP2(full)/6-313(2d,2p) theory corresponding mono complexes in all cases. The decrease in
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TABLE 3: Bond Dissociation Enthalpies of MT(C¢HsF), (x = 1 and 2) at 0 K

experiment (TCID), kd/mol theory, % F, kJ/mol
complex X=F2 X =Hb D¢ Dgod DogssE® De
LiT(CeHsX) 146.9 (20.1) 161.1 (13.5) 138.6 132.4 121.7
113.2 110.8 104.8
Nat(CeHsX) 69.7 (3.3) 92.6 (5.8) 86.9 83.6 73.8 105.4
88.3 (4.3) 92.0
77.0 76.0 69.4
K*(CsHsX) 55.1(3.0) 73.3(3.8) 65.4 63.2 57.8
58.5 58.0 54.3
Rb"(CgHsX)" 53.6 (5.2) 68.5 (3.8) 52.7 50.8 45.0
51.8 51.3 48.2
Cs"(CsHsX)" 50.2 (5.0) 64.6 (4.8) 46.8 452 40.9
45.3 44.7 41.7
LiT(CeHsX)2 95.1 (2.7) 104.2 (6.8) 120.1 117.1 95.5
Na*(CeHsX)2 65.9 (3.8) 80.0 (5.8) 84.3 81.6 65.6
K*(CsHsX)2 50.4 (3.0) 67.5(6.8) 63.5 61.6 51.7
Rb"(CeHsX) " 47.1(4.8) 62.7 (7.7) 51.1 49.2 40.0
Cs"(CgHsX)" 44.6 (4.3) 58.8 (7.7) 45.0 43.0 35.2

aPresent results, threshold collision-induced dissociation. Uncertainties are listed in parefthakes.from Amicangelo and Armentrout,
except as note®. °Calculated at the MP2(full)/6-311G(2d, 2p) level of theory using B3LYP/6-31G* optimized geometridscluding zero-
point energy corrections with B3LYP/6-31G* frequencies scaled by 0.98@l0 includes basis set superposition error correctibasbinding
conformer.9 Armentrout and Rodger8. " 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 calculations, respectively.
" Mecozzi et al. calculated at the MP2/6-31G**//6-31G*HF/6-31G**//6-31G** levels of theory!
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Figure 7. Theoretical versus experimental bond dissociation energies

Figure 6. Bond dissociation energiest & K (in kJ/mol) of the at 0 K (in kd/mol) of the M(CsHsF), complexes. The diagonal line
M™(CsHsF)x complexes plotted versus the ionic radius of MData indicates the values for which the calculated and measured bond

are shown foxx = 1 and 2 asa and A, respectively. All values are  dissociation energies are equal. All values are taken from Table 3.
taken from Table 3.

are listed in Table 3. The agreement between the experimental

the measured BDE on going from the mono- to the bisligated BDEs and theoretical values determined at MP2(full)/6-
system is largest for the ticomplex and is fairly small and  311+G(2d,2p)//B3LYP/6-31G* level is illustrated in Figure 7.
similar for the other alkali metal ions. The sequential BDEs The theoretical calculations are in qualitative agreement with
are found to decrease by 51.8, 3.8, 4.7, 6.5, and 5.6 kJ/mol forthe observed trends in experimental BDEs discussed in the
the Lit, Na, K*, Rb", and Cg systems, respectively. This  previous section. Quantitatively, the agreement between the
trend is believed to be the result of Coulombic and dipole  experimental BDEs and the six theoretical (@¢HsF)x BDES
dipole repulsions between ligantfsThe distance between calculated including all electrons (M= Li*, Na*, and K*; x
the aromatic rings is found to increase with increasing size of = 1 and 2) is very good, with a mean absolute deviation (MAD)
the metal ion, from~4.13 A in Lit(CeHsF), to 7.09 A in of 5.7+ 9.7 kJ/mol. These differences are slightly smaller than
Cs"(CsHsF), (Table 2, twice the M-—centroid distance). the average experimental error in these values oft6@9 kJ/
Clearly, the magnitude of the repulsive ligarnieggand interac- mol. The low theoretical BDE for Li(C¢HsF) as compared to
tions for Lit(CeHsF), should be larger than those of the other the experimental value (a difference of 25.2 kJ/mol) is disap-
M™(CsHsF), complexes and should also decrease with increasing pointing. If this value is not included, the MAD drops to H8
size of the alkali metal ion. This should result in smaller 1.7 kJ/mol, well within the average experimental error of 3.2
differences in the BDES for the mono- and bisligated complexes =+ 0.4 kJ/mol. This poorer agreement may arise for two reasons.
as the size of the alkali metal ion increases. The very small One is the experimental difficulty in measuring cross sections
difference observed for Na K", Rbt, and C¢ suggests that  for Li* as a result of the difficulty associated with efficient
the ligand-ligand repulsions are very similar and minor for these detection of this light mas®.An alternative explanation is that
complexes. theory may systematically underestimate the bond energies for

Comparison of Theory and Experiment. The experimen- monoligated Li complexes, as a result of the higher degree of
tally determined and theoretically calculated (@sHsF)x BDESs covalency in the metalligand bond. This is shown by the
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TABLE 4: Enthalpies and Free Energies of Binding of M™(CgHsF)x (x = 1 and 2) at 0 and 298 K

reactant complex AHgP AHaes — AH? AHags TASsof AGaos
Li*(CeHsF) 146.9 (20.1) 2.7 (2.9) 149.6 (20.3) 32.9 (6.6) 116.7 (21.4)
Na*(CeHsF) 69.7 (3.3) 1.0 (2.3) 70.7 (4.1) 28.0 (6.7) 427 (7.9)
K*+(CeHsF) 55.1 (3.0) 0.4 (2.0) 55.5 (3.6) 26.0 (6.9) 29.4 (7.8)
Rb* (CoHsF) 53.6 (5.2) 0.4 (1.8) 53.9 (5.5) 27.7(7.0) 26.2 (8.9)
Cs+(CeHsF) 50.2 (5.0) 0.4 (1.8) 50.5 (5.3) 28.4 (6.5) 22.1(8.4)
Li*(CeHsF)z 95.1 (2.7) —-3.0(2.2) 92.1(3.5) 34.8 (12.2) 57.2 (12.7)
Na*(CeHsF)z 65.9 (3.8) —3.1(2.1) 62.8 (4.3) 30.9 (12.3) 31.9 (13.0)
K*+(CeHsF)z 50.4 (3.0) ~3.4(1.6) 47.0 (3.5) 25.8 (11.2) 21.2 (11.7)
Rb*(CeHsF)z 47.1(4.8) —-3.5(1.1) 43.6 (4.9) 25.4 (13.8) 18.2 (14.6)
Cs"(CeHsF) 44.6 (4.3) -3.7(1.1) 40.9 (4.4) 26.4 (13.8) 14.5 (14.5)

aValues are given in kJ/mol. Uncertainties are listed in parenthégesent experimental results (Table 3Pensity functional values from
calculations at the B3LYP/6-31G* level of theory with frequencies scaled by 0.9804. The\Magit ECP/valence basis set was used fot Rid
Cs'.

calculated partial charge onMwhich is 0.80e for Lt (CeHsF) 190 frrrrr

and varies between 0.90e and 0.99e for all otheX®4HsF), 3 170 =12 oH ]

complexes. Therefore, higher levels of theory may be required £ o e X=F 8

to accurately describe the binding in this complex, a conclusion = 150} ° ]

also drawn for LI complexes with a variety of other %

ligands?2.2443.45.47 LISQ 130 | 1
The agreement between the experimental BDEs and the +§Y 1ok a 4 ]

theoretical values calculated from the Hayadt ECP/valence o .

basis set for the metal ions (Rland Cg) is not as good. A X, or A 1

MAD of 8.6 &+ 1.1 kJ/mol is found. This is nearly twice as 3«» . A‘A o ]

large as the average experimental error in these values of 4.8 2 *

+ 0.4 kJ/mol. It is clear from Table 3 and Figure 7 that the O sof .;90 ]

Hay—Wadt ECP/valence basis set results in calculated BDEs
that are too low. The deviations between the theoretical and
experimental values are slightly larger for'Cthan for R
These observations suggest that the Hajadt ECP/valence  Figure 8. Bond dissociation energies (in kJ/moly @ K of the
basis set introduces systematic errors in the determination ofgcszﬁza)‘x)—lx];_écaﬁ?%)xr?rf d(GM*HG)fi'\iA: _,\(Igf"'%""g%ie ;(n:dclgb
alkali metal binding affinities to fluorobenzene. Similar results 572 - o chown fox = 1 and 2. respect'ively.' Values fors are
were found for the analogous benz&hand toluene systentS.  (aken from Amicangelo and ArmentrofitValues for GHsCHs are
Conversion from 0 to 298 K. To allow comparison to taken from Amunugama and Rodgéfs.
commonly used experimental conditions, we convert the 0 K
bond energies determined here to 298 K bond enthalpies andcontrast, fluoro substitution perturbs the molecule to a much
free energies. The enthalpy and entropy conversions aregreater extent and results in a relatively large dipole moment
calculated using standard formulas (assuming harmonic oscil-for fluorobenzene. The measured value for the dipole moment
lator and rigid rotor models) and the vibrational and rotational of fluorobenzene is 1.68- 0.08 D32 significantly lower than
constants determined for the B3LYP/6-31G* optimized geom- the value calculated here, 1.91 D. However, the dipole moments
etries, which are given in the Supporting Information in Tables of toluene and fluorobenzene lie in the plane of the aromatic
S1 and S2. Table 4 lists 0 and 298 K enthalpies, free energiesring, perpendicular to the binding interaction in the catian
and enthalpic and entropic corrections for all systems experi- complexes. Therefore, an effective iedipole interaction of
mentally determined (from Table 1). The uncertainties in the the alkali metal cation with these ligands is not possible.
enthalpic and entropic corrections are determined by 10% The polarizability of benzene is estimated using the additivity
variation in the molecular constants for complexes with,Li  method of Millef3 to be 9.99 & and increases to 12.2634or
Na®, and K" and by 20% variation in the molecular constants toluene and slightly decreases to 9.88 fr fluorobenzene.
for complexes with Rb and C4g. Because the metaligand Therefore, the ion-induced dipole interaction should result in
frequencies are very low and may not be adequately describedstronger binding to toluene and weaker binding in fluorobenzene
by theory, the listed uncertainties also include contributions from compared to that to benzene. If the ion-induced dipole interac-
scaling these frequencies up and down by a factor of 2. Thetion plays an important role in determining the strength of the
latter provides a conservative estimate of the computational cation—s interaction, then the BDEs should follow the order
errors in these low-frequency modes and is the dominant sourcefluorobenzene< benzene< toluene in agreement with the

50 70 90 110 130 150 170 190
Dol(CeHg),.4M*~(CgHg)1, kd/mol

of error in the uncertainties listed. measured and calculated BDEs for these ligands.

Influence of the Fluoro Substituent. The effect of the fluoro Dougherty and co-worketd3thave argued that the catiem
substituent on the catienrt interaction can be examined by interactions are dominated by the interaction of the cation with
comparing the results obtained here for fluorobenzegesc the permanent quadrupole moment of the aromatic ligand. The
to those obtained in earlier studies for benzeng{«2° and qguadrupole moment is a measure of the distribution of charge

toluene, GHsCH3?* (Figure 8). Benzene is a highly symmetric  within the molecule relative to a particular axis. In the case of
molecule and has no dipole moment. Substitution breaks up thearomatic ligands, the relevant axis is the axis that passes through
symmetry in the molecule and results in a dipole moment for the center of the aromatic ring and is perpendicular to the plane
both toluene and fluorobenzene. The methyl substituent has onlyof the aromatic ring. The experimental technique established
a minor effect and results in measured and calculated dipolefor measuring the quadrupole moment of a molecule requires
moments of 0.36+ 0.05 and 0.41 D, respectivel§32 In that the molecule have no dipole moment. Therefore, the
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quadrupole moment has been measured for benzehi6@ DA) Cs" are nearly equal, the effect on the threshold determination
but cannot be measured for toluene or fluorobenzene. However,should be almost negligible. The presence of a significant
we can estimate the influence of the substituent on the permanenpopulation ofo-binding complexes to Rband Cg is likely
quadrupole moment of the aromatic ring by considering the the reason for the smaller cross sections measured in these
inductive effects of the substituent. The methyl substituent of systems as compared to the smaller alkali metal cations. The
toluene acts as an electron donor and therefore leads to aru-binding complexes are nearly 2-D structures and would be
increase in ther electron density of the aromatic ring and the expected to have a smaller cross section than the analogous
quadrupole moment. In contrast, the fluoro substituent of cation—z complexes. Thus, it seems likely that Rand C¢
fluorobenzene acts as an electron-withdrawing agent andwould take on whichever conformation the local environment

therefore leads to a decrease in thelectron density of the

allowed, whereas the smaller alkali metal ionst,UNa*, and

aromatic ring and the quadrupole moment. Thus, the quadrupoleK*, would preferentially bind via a catienr interaction.

moments of these aromatic ligands should follow the order

fluorobenzene< benzene< toluene. Therefore, if the ion
quadrupole interaction dominates the cattaninteraction, then
the strength of the catienr interaction and the BDEs should

Comparison to Other Fluorinated Aromatic Ligands. As
mentioned in the Introduction, studies of catiominteractions
of fluoro-substituted benzenes and toluenes have been fairly
limited. In fact, previous studies of the alkali metal ions have

follow this same order, in agreement with the measured and peen |imited to theoretical calculations for Nainding to

calculated BDEs for these ligands.
As discussed above, a catienr interaction between an alkali

fluorobenzene, 1,4-difluorobenzene, and 1,3,5-trifluoroben-
zened! As these calculations were performed at lower levels of

metal ion and an aromatic ligand is expected to be largely theory than employed here, the calculated values are not as
electrostatic, arising from ieadipole, ion—induced dipole, and  reliable, but the relative BDEs should be fairly accurate. Mecozzi
ion—quadrupole interactions, but dominated by the -Hon et al3!find that the binding to these fluoro-substituted benzenes
quadrupole interaction. The ietdipole interaction is ineffective  is weaker than to benzene. In fact, the catianinteraction
for the catior-m complexes examined here and should have becomes increasingly weaker as more fluoro substituents are
very little influence upon the strength of the binding in these added to the ring, such that the BDEs follow the order benzene
systems. However, the ierinduced dipole and ionquadrupole > fluorobenzene> 1,4-difluorobenzene- 1,3,5-trifluoroben-
interactions act in concert to increase the strength of the zene. These results are not surprising because each of the fluoro
cation—z interaction in the toluene complexes and decrease the substituents will tend to remove electron density from the
strength of these interactions in the fluorobenzene complexescloud and therefore result in weaker cation binding. The
as compared to the benzene complexes. The measured BDEgelative binding energies calculated for the and zz-binding
of the M"(CsHsX)x complexes correlate directly with the  conformers of the alkali metal ions to fluorobenzene performed
influence of the substituent on the electron density of the here suggest that the weakening of the cationinteraction
aromaticr system and the polarizability of the aromatic ligand. that occurs for the more highly substituted fluorobenzenes may
From these results it is difficult to ascertain whether the make thes-binding complexes more stable than the cation
quadrupole moment or the polarizability of the aromatic ligand complexes. Other studies of catien interactions to fluoro-
is more influential in determining the strength of the cation substituted benzenes and toluenes have been limitedtp Cr
interaction, but it is likely that both of these interactions play Fe", Co*, and Aut.31-35In addition, the binding of At to CsFs
some role. The BDEs to toluene show a slight increase, andhas also been examinédThe binding in these complexes
those to fluorobenzene show a modest decrease, compared tghould be somewnhat different than to the alkali metal ions
the analogous benzene complexes. The measured BDEs thecause these ions possess valence electrons that participate in
M*(CgHsF), are smaller than the analogous"(&sHe)x BDEs the binding interaction, resulting in much stronger BDESs. In
in all cases. The decrement in the binding energy varies betweenthe studies by Schwarz and co-worké¥34 fluorobenzene is
9.1 and 22.9 kJ/mol but is actually very similar for most found to bind to all three metal ions, €rFet, and Cd, less
complexes, 15.5 3.4 kJ/mol. This contrasts with the behavior = strongly than to benzene by 18.4, 18.8, and 20.5 kJ/mol,
observed for the toluene complexes, where the increase inrespectively. A similar decrease in the binding energies is
binding was largest for L'i and decreased with increasing size observed upon fluoro substitution of toluene, where the decrease
of the catiorg? in binding affinity varies between 15.9 and 20.1 kJ/mol
o-Binding versus Cation—z Complexes.As discussed in depending upon the site of substitution and the transition metal
the Theoretical Results sectiombinding conformers are also  cation. In all cases, the BDES to a given ligand follow the order
found for these systems. The relative stabilities ofdHgnding Crt < Fet < Co". Similar trends have been observed for other
versus catiorz complexes is such that at 298 K, the temper- o- andz-binding ligands!#46.48.68|n the study by Dunbar and
ature of the reactant ions, the distribution of ions created in our co-workerg? on Crt binding to substituted fluorobenzenes, they
source is probably a mixture of thebinding and catior examined all possible fluoro-substituted variants. The trends in
complexes for all metal ions except'LiThe relative populations  the strength of the catienr interaction were similar to that
of the o-binding complexes for the Naand Kt systems is summarized above for the N@omplexes. The strength of the
probably quite small, on the order of-80%. The small cation—u interaction decreases as the extent of fluoro substitu-
population of theo-binding complexes present in our beam tion increases. Small variations in the binding strength occur
would tend to lower the measured threshold for the CID of these for the various isomers of difluoro-, trifluoro-, and tetrafluoro-
complexes. This effect should be fairly small as a result of the benzene. More significant is that when two or more fluorine
small differences in binding affinities and small population of atoms are located at adjacent sites on the wrlginding to the
o-binding complexes. In contrast, tieebinding and catior fluorine atoms becomes more favorable than the cation
complexes are nearly degenerate for the" Rnd CS com- interaction. In addition, the greater stability of thebinding
plexes, such that our ion beams may contain nearly equal conformer compared to the catiomw conformer increases with
populations of each of these conformers. Because the bindinghigher levels of fluoro substitution. Again, these observations
energies in the-binding and catiorsr complexes to Rband are not surprising as each fluoro substituent withdraws electron
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density from ther cloud and weakens the catiom interaction. favored over cationsr conformers whenever there are two or
The study by Ho and Dunb®ron Au™ and Au binding to more adjacent fluorine atoms substituted on the ring.
substituted fluorobenzenes was much more limited in scope. In
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to be quite strong compared to both the alkali and first-row

transition metal ions. The binding is also much stronger to  Supporting Information Available: Tables of vibrational
benzene than pentafluorobenzene, by 163 kd/mol. Although notfrequencies, average vibrational energies and rotational con-
particularly relevant to the study of catiemr binding to stants, and B3LYP/6-31G* geometry-optimized structures for
aromatic species, the measurement of binding energy of theneutral GHsF and the M(CesHsF)« complexes, and figures
Au~(CsFs) complex represents the first determination of Showing cross sections for the collision-induced dissociation
anion-z binding. In this case, the binding is weaker than Of M*(CgHsF)x complexes with Xe as well as empirical fits to
cation—z binding but may suggest that electronegative groups the primary product channels (where M= Li*, K*, Rb", and
may also participate in the stabilization of protein structures. Cs") (PDF). This material is available free of charge via the
Thus, this observation suggests that additional stabilization of Internet at http://pubs.acs.org.
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