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The sequential bond dissociation energies (BDEs) of the mono- and bis-benzene complexes with alkali metal
cations (Li+, Na+, K+, Rb+, and Cs+) are determined experimentally by collision-induced dissociation (CID)
with Xe in a guided ion beam mass spectrometer and theoretically by ab initio calculations. The kinetic
energy dependence of the CID cross sections are analyzed to yield 0 and 298 K bond energies for (C6H6)x-1M+-
C6H6 (x ) 1-2) after accounting for the effects of the internal energies of the reactant ions, the multiple
collisions of the ions with xenon, and the dissociation lifetimes of the ionic complexes. Ab initio binding
energies are calculated at the MP2(full)/6-311+G(2d,2p)//MP2(full)/6-31G* level and corrected for zero-
point energies (ZPE) and basis set superposition errors (BSSE). The theoretical BDEs are in reasonably good
agreement with the experimentally determined 0 K bond energies when full electron correlation is included
(for Li+, Na+, and K+) but differ appreciably when effective core potentials (ECPs) are used for the K+, Rb+,
and Cs+ metal ions. The trends in M+(C6H6)x binding energies are explained in terms of varying magnitudes
of electrostatic interactions and ligand-ligand repulsions in the complexes. Agreement between our BDEs
and the few previous experimental M+(C6H6)x BDEs is found to be good in most cases. Comparisons are also
made to previous theoretical M+(C6H6)x BDEs in the literature and to the experimental BDEs of alkali-metal
ion-water and alkali-metal ion-dimethyl ether complexes.

Introduction

Molecular recognition has now become an extensively
researched field of chemistry.1,2 An important practical applica-
tion of molecular recognition is in the design and implementation
of new chemical separation strategies for the removal of
radioactive and heavy-metal ions from waste water streams.3

This generally involves the development of new ligands or host
systems that can effectively and efficiently bind the metal ions
of interest, thereby removing them from the aqueous environ-
ment. This strategy implies that the binding strength of the ligand
or host must be greater than or comparable to the aqueous
solvation energy of the metal ion.

Two classes of compounds which show potential in this
regard are calixarenes4-8 and cyclophanes.4,9 These compounds
are “cage-like” structures in which the “walls” are composed
of aromatic rings. It has been demonstrated that compounds of
this type can strongly bind cations, both organic and metallic
(including alkali metals), in both aqueous and organic environ-
ments and that the aromatic portions of these structures account
for a large portion of the binding.4,8 This type of noncovalent
cation-π interaction has also been implicated as a substantial
driving force in several biological systems involving the binding
of cations.4,10,11

To aid in the development of these types of hosts, funda-
mental insight into the nature and strength of cation-π
interactions is necessary. This can be accomplished with gas-
phase studies of ion-molecule complexes in which the neutral
ligand binds through itsπ electrons. Benzene is the simplest of
the aromatic ligands that could mimic the binding properties of
π ligands such as calixarenes and cyclophanes. Several earlier
gas-phase experimental studies have shown that the binding of
lithium,12,13 sodium,14,15 and potassium16 ions with benzene is

indeed strong and comparable to the bond strengths of these
metal ions with more typical coordinating functional groups,
such as amines, ethers, alcohols, and water. Complementary to
the gas-phase experimental studies are high-level theoretical
calculations, which have been performed for several of the
alkali-metal ion complexes with benzene at various levels of
theory.4

The present work was undertaken in order to obtain a more
comprehensive determination of the intrinsic bond strengths of
the alkali-metal ion (Li+ through Cs+) complexes with one and
two benzene ligands. This is because there are no previous
determinations of the bond energies for monobenzene complexes
with Rb+ or Cs+, and the only determination for bis-benzene
complexes with the alkali-metal ions is for K+.16 Here, the bond
dissociation energies (BDEs) are determined experimentally
using threshold collision-induced dissociation and theoretically
using ab initio calculations.

Experimental Methods

General. The guided ion beam instrument on which these
experiments were performed has been described in detail
previously,17,18 except for a modification of the octopole ion
guide, the experimental details of which will be described in a
future publication.19 Ions are created in a dc-discharge/flow tube
ion source, as described below. After being extracted from the
source, the ions are accelerated and passed through a magnetic
sector for mass analysis. The mass-selected ions are then
decelerated to the desired kinetic energy and focused into an
octopole ion beam guide. This device uses radio-frequency
electric fields to trap the ions in the radial direction and ensure
complete collection of reactant and product ions.20 The current
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arrangement consists of two consecutive octopole ion guides
rather than the single octopole present in the previous config-
uration. The lengths of the first and second octopoles are 22.9
and 63.5 cm, respectively, and the distance between them is
1.0 mm. The RF voltage is the same for the two octopoles, but
the DC voltage on the second octopole is slightly more negative
(by 0.3 V) for the current experiments. The first octopole passes
through a gas cell of effective length 8.26 cm that contains the
neutral collision partner, Xe, at a fairly low pressure (0.05-0.2
mTorr). The unreacted parent and product ions drift to the end
of the second octopole, from which they are extracted, passed
through a quadrupole mass filter for mass analysis, and detected
with a secondary electron scintillation ion detector using
standard pulse-counting techniques. Raw ion intensities are
converted to cross sections, as described previously.17 Absolute
cross section magnitudes are estimated to be accurate to(20%
for all ions other than Li+, while relative cross sections are
accurate to(5%. The cross sections for the formation of Li+

show more deviations in magnitude than is typical for this
apparatus, and therefore, the accuracy of the absolute magnitudes
of Li+ formation are likely to be(50%. This is because the
radio frequency used for the octopole does not trap light masses
with high efficiency, resulting in increased product losses. It
has been verified that the energy profiles (and thus the threshold
analyses) of the Li+ product cross sections are not affected by
these variations in magnitude.21,22

Laboratory (lab) energies are converted to center-of-mass
(CM) energies using the conversionECM ) ElabM/(M + m),
whereM and m are the neutral and ion masses, respectively.
All energies cited below are in the CM frame unless otherwise
noted. The absolute energy scale and corresponding full width
at half-maximum (fwhm) of the ion beam kinetic energy
distribution are determined using the octopole as a retarding
energy analyzer, as described previously.17 Because the reaction
zone and the energy analysis region are physically the same,
ambiguities in the energy analysis resulting from contact
potentials, space charge effects, and focusing aberrations are
minimized.17 The energy distributions are nearly Gaussian and
have typical fwhms of 0.20-0.35 eV (lab).

It has previously been shown23-25 that the shape of collision-
induced dissociation (CID) cross sections of ionic complexes
is often affected by multiple collisions with the neutral reactant
gas, even when the neutral gas pressure is fairly low. Because
the presence and magnitude of these pressure effects is difficult
to predict, we have performed pressure-dependent studies of
all cross sections examined here. In the present systems, we
found slight to marked dependence on the xenon pressure in
the collision cell. Data free from pressure effects are obtained

by extrapolating to zero reactant pressure, as described previ-
ously.24 In the case of the M+(C6H6) systems, three xenon
pressures were used, 0.20, 0.10, and 0.05 mTorr. For the
M+(C6H6)2 ions, only the latter two pressures were used because
at the highest pressure, the primary product intensity was greater
than 15% of the reactant ion beam intensity. At such high
product intensities, tertiary collisions can become important,
preventing a true linear extrapolation to zero pressure. All cross
sections shown below and all threshold analyses reported here
are for data that have been extrapolated to zero pressure and
therefore represent rigorously single-collision conditions.

Ion Source.The alkali-metal benzene ions are formed in a 1
m long flow tube18,24 operating at a pressure of 0.6-0.8 Torr
with helium flow rates of 6500-7500 sccm. Alkali metal ions
are generated in a continuous dc discharge by argon ion
sputtering of a tantalum cathode with a cavity containing the
alkali metal for Li, Na, and K or the alkali metal chloride salt
for Rb and Cs. Typical operating conditions of the discharge
source are 1.8-2.5 kV and 12-22 mA in a flow of roughly
10% argon in helium. Benzene vapor is introduced into the flow
approximately 50 cm downstream from the dc discharge, and
the M+(C6H6)x complexes are formed by associative reactions
of the alkali metal cations with benzene, which are stabilized
by collisions with the surrounding bath gas. The flow conditions
used in this ion source provide approximately 0.5-1 × 105

collisions with the He buffer gas, so the ions are believed to be
thermalized both vibrationally and rotationally to 300 K. In our
analysis of the data, we assume that the ions are in their ground
electronic states and that their internal energy is well character-
ized by a Maxwell-Boltzmann distribution of ro-vibrational
states at 300 K. Previous work from this laboratory has shown
that these assumptions are generally valid.23,25-28

Thermochemical Analysis. The threshold regions of the
collision-induced dissociation cross sections are modeled using

where σ0 is an energy-independent scaling factor,E is the
relative translational energy of the reactant ion and neutral,E0

is the CID threshold at 0 K, and the exponentn is an adjustable
parameter. The summation is over the ro-vibrational states of
the reactant ion,i, where Ei and gi are the energy and the
population (Σgi ) 1) of each state, respectively. The populations
of ro-vibrational excited levels are not negligible at 300 K as a
result of the many low-frequency modes present in these alkali-
metal benzene ions. The relative reactivities of all ro-vibrational
states, as reflected by the parametersσ0 andn, are assumed to
be equivalent. Vibrational frequencies (Table 1S) and rotational

TABLE 1: Parameters Used in Eq 1 to Fit M+(C6H6)x CID Cross Sections, Threshold Dissociation Energies at 0 K, and
Entropies of Activation at 1000 Ka

complex σ0
b nb E0

c(eV) E0 (PSL) (eV) ∆Sq (PSL) (J mol-1 K-1)

Li+(C6H6) 3.0 (0.7) 1.5 (0.2) 1.69 (0.14) 1.67 (0.14) 47 (2)
Na+(C6H6) 12.5 (0.4) 1.3 (0.1) 0.96 (0.06) 0.96 (0.06) 43 (2)
Na+(C6H6)d 14.3 (1.3) 1.2 (0.1) 0.92 (0.05) 0.92 (0.05) 50 (3)
K+(C6H6) 30.6 (0.6) 1.0 (0.1) 0.76 (0.04) 0.76 (0.04) 33 (2)
Rb+(C6H6) 17.3 (0.7) 1.0 (0.1) 0.71 (0.04) 0.71 (0.04) 24 (2)
Cs+(C6H6) 23.1 (0.3) 1.0 (0.1) 0.67 (0.05) 0.67 (0.05) 20 (2)
Li +(C6H6)2 128 (10) 1.0 (0.1) 1.11 (0.07) 1.08 (0.07) 58 (4)
Na+(C6H6)2 230 (22) 1.0 (0.1) 0.84 (0.06) 0.83 (0.06) 64 (8)
K+(C6H6)2 146 (7) 0.70 (0.09) 0.71 (0.07) 0.70 (0.07) 68 (8)
Rb+(C6H6)2 92 (2) 0.61 (0.06) 0.66 (0.08) 0.65 (0.08) 70 (8)
Cs+(C6H6)2 105 (4) 0.63 (0.05) 0.62 (0.08) 0.61 (0.08) 71 (8)

a Uncertainties in parentheses.b Average values for the loose PSL transition state.c No RRKM analysis.d Values taken from previous CID
work, ref 15.

σ(E) ) σ0∑
i

gi (E + Ei - E0)
n/E (1)
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constants (Table 2S) are taken from ab initio calculations and
scaled appropriately, as described in detail below. The Beyer-
Swinehart algorithm29 is used to evaluate the ro-vibrational
density of states and the relative populations,gi, are calculated
by a Maxwell-Boltzmann distribution at 300 K. The scaled
vibrational frequencies were increased and decreased by 10%
to account for the range in scale factors needed to bring the
calculated frequencies into agreement with the experimentally
determined frequencies, as found by Pople and co-workers.30

For the M+(C6H6)2 complexes with M) Na through Cs, 20%
variations were applied. The uncertainty that this introduces into
the analysis is included in the final uncertainties listed for the
CID threshold,E0, and the other fitting parameters.

Another consideration in the analysis of CID cross sections
is whether dissociation occurs within the experimental time scale
of our instrument, approximately 5× 10-4 s in the extended
dual octopole. This effect is included in our analysis by
incorporating statistical theories into eq 1, as described in detail
elsewhere.26,27,31,32This requires ro-vibrational frequencies for
the energized molecules and the transition states (TSs) leading
to dissociation. Because the metal-ligand interactions in the
M+(C6H6)x complexes are largely electrostatic (ion-induced
dipole and ion-quadrupole interactions), the most appropriate
model for the TS is a loose association of the ion and neutral
benzene fragments. This TS is located at the centrifugal barrier
for the interaction of M+(C6H6)x-1 with C6H6. The TS vibrations
used here are the frequencies corresponding to the M+(C6H6)x-1

and C6H6 dissociation products, calculated as described below
and listed in Table 1S. The transitional modes, those that become
rotations of the completely dissociated products, are treated as
rotors, a treatment that corresponds to a phase space limit (PSL),
described in detail elsewhere.31,32For the M+(C6H6) complexes,
there are two transitional modes, with axes perpendicular to the
reaction coordinate, which are assigned as the 2-D rotor of
benzene. For M+(C6H6)2 complexes, there are three additional
transitional modes, two of which are assigned as the 2-D rotor
of the M+(C6H6) product, again with axes perpendicular to the
reaction coordinate. Of the two rotations of the dissociation
products with axes parallel to the reaction coordinate, one is
the third transitional mode, and the other becomes an external
rotation of the TS. These rotations are taken to be the 1-D rotors
of the M+(C6H6) and C6H6 products. Assignment of the external
rotor and the transitional mode is unnecessary, as both modes
are treated equivalently in the calculation of the kinetic rate
constant. The 2-D external rotational constant of the TS is

determined variationally, as detailed elsewhere,31,32and is treated
adiabatically but with centrifugal effects included, consistent
with the discussion of Waage and Rabinovitch.33 The rotational
constants of the energized molecule and the transition state for
each M+(C6H6)x complex are listed in Table 2S.

The form of eq 1 is expected to be appropriate for transla-
tionally driven reactions34 and has been found to reproduce
reaction cross sections well for a number of previous studies of
both atom-diatom and polyatomic reactions,35 including CID
processes.21,22,24-28,31,36-39 The model of eq 1 is convoluted with
the kinetic energy distribution of the reactants, and the
parametersσ0, n, andE0 are optimized by performing a nonlinear
least-squares analysis of the data. An estimate of the error
associated with the measurement ofE0 is determined from the
range of threshold values obtained for different data sets with
variations of the parametern, variations associated with the
(10% or 20% uncertainties in the vibrational frequencies, the
effect of increasing and decreasing the time available for the
ions to dissociate (5× 10-4 s) by a factor of 2, and the error in
the absolute energy scale,(0.05 eV (lab).

Because all sources of internal energy are included in the
data analysis of eq 1, the thresholds obtained correspond to the
minimum energy necessary for dissociation, in other words, the
0 K value. This assumption has been tested for several
systems.25-28 It has been shown that treating all of the ion energy
(vibrational, rotational, and translational) as capable of coupling
with the reaction coordinate leads to reasonable thermochem-
istry. The 0 K threshold energies for the CID reactions of
M+(C6H6)x with Xe, E0, are converted to 0 K bond dissociation
energies (BDEs),D0, by assuming thatE0 represents the energy
difference between reactants and products at 0 K.40 This
assumption requires that there are no activation barriers in excess
of the bond endothermicities, which is generally true for ion-
molecule reactions35 and should be true for the simple heterolytic
bond fission reactions examined here.41

Computational Details. Ab initio calculations were per-
formed using Gaussian 9842 for the alkali-metal benzene
complex ions, M+(C6H6)x, and neutral benzene to obtain
geometrical structures, vibrational frequencies, rotational con-
stants, and energetics of dissociation of the ions. Geometry
optimizations were performed first at the RHF/6-31G* level,
followed by optimization at both the MP2(full)/6-31G* and the
MP2(full)/6-311+G* levels for the M+(C6H6)x complexes where
M ) Li, Na, and K. For complexes containing K+, Rb+, and
Cs+, the computations were performed in the same sequence

TABLE 2: Geometrical Parameters of MP2(full)/6-31G* and MP2(full)/6-311+G* Optimized Structures of the M+(C6H6)x
Complexes

M-C (Å) M-Centroid (Å)a C-C (Å) C-H OOP Angle (deg)b

complex 6-31G* 6-311+G* 6-31G* 6-311+G* 6-31G* 6-311+G* 6-31G* 6-311+G*

C6H6 1.395 1.399 0.00 0.00
Li+(C6H6) 2.371 2.318 1.910 1.842 1.405 1.407 0.95 0.49
Na+(C6H6) 2.757 2.775 2.373 2.394 1.403 1.405 2.19 1.90
K+(C6H6) 3.167 3.141 2.841 2.810 1.400 1.403 2.27 2.33
K+(C6H6)c 3.194 3.218 2.870 2.896 1.401 1.403 2.21 2.60
Rb+(C6H6)c 3.431 3.462 3.132 3.165 1.401 1.402 2.41 2.57
Cs+(C6H6)c 3.671 3.693 3.394 3.417 1.400 1.402 2.32 2.49
Li +(C6H6)2 2.402 2.376 1.950 1.917 1.402 1.405 0.92 0.32
Na+(C6H6)2 2.744 2.799 2.359 2.421 1.402 1.405 1.99 1.44
K+(C6H6)2 3.177 3.160 2.852 2.832 1.400 1.403 2.03 2.19
K+(C6H6)2

c 3.202 3.237 2.879 2.917 1.401 1.402 1.97 2.45
Rb+(C6H6)2

c 3.446 3.406 3.149 3.105 1.401 1.402 2.03 2.02
Cs+(C6H6)2

c 3.692 3.670 3.416 3.392 1.400 1.402 2.01 2.15

a The metal ring-centroid distance is defined as the distance from the metal atom to the central point within the benzene ring that is in the plane
of the carbon atoms.b Out-of-plane angle.c The Hay-Wadt ECP/valence basis set was used for the metal atom, as described in the text, and the
6-31G* or 6-311+G* basis set for C and H.
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given above (RHF followed by MP2), except that the effective
core potentials (ECP) and valence basis sets of Hay and Wadt
were used for the description of the metal atom43 while the
6-31G* and 6-311+G* basis sets were used for C and H atoms.
As suggested by Glendening et al.,44 a single-polarization (d)
function was added to the Hay-Wadt valence basis set for K,
Rb, and Cs, with exponents of 0.48, 0.24, and 0.19, respectively.
Both types of calculations were performed for systems involving
K+ in order to evaluate the accuracy of the Hay-Wadt ECP/
valence basis sets.

It was recently demonstrated that the MP2(full)/6-31G* level
provides a reasonably good geometrical description of sodium
cation complexes with various ligands.15,45 Geometries of the
benzene complexes were also optimized at the MP2(full)/6-
311+G* level for comparison because we found discontinuities
in the geometrical parameters of Na+(C6H6) and Na+(C6H6)2

(the details of which will be described below) compared to the
results for the other mono- and bis-benzene alkali-metal ion
complexes.

Vibrational frequencies and rotational constants were deter-
mined at the MP2(full)/6-31G* level for the MP2(full)/6-31G*
optimized structures for all the M+(C6H6) complexes and
Li+(C6H6)2. The vibrational frequencies for the M+(C6H6)2

complexes with M) Na, K, Rb, and Cs were estimated by
scaling the calculated frequencies for Li+(C6H6)2 using a
procedure described in detail previously.46 The lowest frequency
for the Li+(C6H6)2 complex was calculated to have a small
negative value (-8 cm-1) and corresponds to the synchronous
torsional motion of the two benzene ligands about the C6

symmetry axis. For all M+(C6H6)2 complexes, this motion was
treated as a one-dimensional internal rotor,Itorsion ) I1I2/(I1 +
I2), as described by Gilbert and Smith,47 with a rotational
constant equal to 0.19 cm-1. The vibrational frequencies and
rotational constants of all M+(C6H6)x species are listed in Tables
1S and 2S, respectively, available in the Supporting Information.
When used to model data or calculate thermal energy correc-
tions, the MP2(full)/6-31G* calculated vibrational frequencies
were scaled by a factor of 0.9646.48

To determine energetics, we performed single-point energy
calculations at the MP2(full)/6-311+G(2d,2p) level using both
the MP2(full)/6-31G* and the MP2(full)/6-311+G* optimized
geometries for the Li+, Na+, and K+ complexes. Calculations
involving K+, Rb+, and Cs+ atoms were performed at the MP2-
(full) level using the Hay-Wadt ECP/valence basis sets, adding
the Glendening polarization (d) functions for metal atoms and
the 6-311+G(2d,2p) basis set for C and H atoms. For simplicity,
we term the calculations at the MP2(full)/6-311+G(2d,2p)//
MP2(full)/6-31G* and MP2(full)/6-311+G(2d,2p)//MP2(full)/
6-311+G* levels of theory as MP2(TZ/DZ) and MP2(TZ/TZ),
respectively. For calculations of the Rb+ and Cs+ complexes,
these designations will also be used, with the implicit under-
standing that ECP/valence basis sets were used for the metals.
Use of an ECP/valence basis set for the metal in the K+(C6H6)x

calculations will be specifically noted. Basis set superposition
errors (BSSE) in the calculated binding energies were estimated
using the full counterpoise correction method49 for all M+-
(C6H6)x complexes at the MP2(TZ/DZ) level and also for M)
Li and Na at the MP2(TZ/TZ) level. The BSSE corrections
ranged from 4.3 kJ/mol for K+(C6H6) (Hay-Wadt ECP/valence
basis set for K+) to 19.5 kJ/mol for Li+(C6H6)2 at the MP2-
(TZ/DZ) level. At the MP2(TZ/TZ) level, the BSSE corrections
were 10.0, 9.5, 22.7, and 14.9 kJ/mol for Li+(C6H6), Na+(C6H6),
Li +(C6H6)2, and Na+(C6H6)2, respectively. These values are

comparable to the BSSE corrections of 9.3, 9.8, 19.5, and 16.1
kJ/mol, respectively, calculated at the MP2(TZ/DZ) level.

Results

Collision-Induced Dissociation of M+(C6H6)x. Collision-
induced dissociation cross sections were obtained for mono-
and bis-benzene complexes of the alkali-metal cations, Li+, Na+,
K+, Rb+, and Cs+, reacting with xenon. Representative CID
data are shown in Figure 1 for Li+(C6H6), Cs+(C6H6),
Li+(C6H6)2, and Cs+(C6H6)2. A complete set of figures for the
CID data of all other M+(C6H6)x systems examined can be
obtained from Figure 1S of the Supporting Information.

The dominant process observed for all systems is the loss of
a single intact benzene molecule, reaction 2, over the energy
ranges examined

Cross sections for the formation of M+ from the M+(C6H6)
complexes, reaction 2a, exhibit maxima of 4 Å2 for Li+(C6H6)
and 11-18 Å2 for M ) Na through Cs. The apparent thresholds
for this process decrease regularly from 1.2 eV for Li+(C6H6)
to 0.1 eV for Cs+(C6H6). It should be noted that the CID of
Na+(C6H6) with Xe has been reported previously by our group.15

The CID of this complex was repeated primarily to check the
accuracy of CID experiments using the double-octopole ap-
paratus (the previous experiment was performed on the single-
octopole apparatus) and to ensure the reproducibility of our
Na+(C6H6) BDE in light of differences with literature data.14

In the current experiments, both the shape and magnitude of
the Na+ cross section from the Na+(C6H6) complex were
equivalent to those reported in our previous study15 within the
quoted(20% accuracy of absolute cross section magnitudes.
This result confirms that the use of the double-octopole ion guide
apparatus for CID threshold measurements of ionic metal-
ligand complexes is appropriate and introduces no changes in
our experimental protocol other than a longer time scale for
dissociation.

For the M+(C6H6)2 complexes, the cross sections for the loss
of a single benzene ligand, reaction 2b, reach maxima between
60 and 115 Å2 and then begin to decline because of further
dissociation of the remaining benzene ligand to form M+. The
apparent thresholds for reaction 2b decrease from 0.5 eV for
Li +(C6H6)2 to 0.0 eV for K+(C6H6)2, Rb+(C6H6)2, and
Cs+(C6H6)2. The cross sections for the production of K+(C6H6),
Rb+(C6H6), and Cs+(C6H6) are nonzero at zero kinetic energy
(see Figure 1d and Figure 1S of the Supporting Information).
This results from the relatively low binding energies and
appreciable internal energy of the bis-benzene complexes.

For the M+(C6H6)2 complexes, the sequential loss of two
intact benzene molecules to form M+ was observed to reach a
maximum cross section of 3.3 Å2 for Li+(C6H6)2 and 7-15 Å2

for M ) Na through Cs. The energy of the onset for the M+

secondary product was found to roughly correspond to the
energy at which the cross section of the primary dissociation
product, M+(C6H6), declined. This behavior clearly indicates
that the benzene molecules are lost sequentially.

As can be seen in Figure 1, the only other products
observed50 are ligand exchange reactions to form M+(Xe) and
M+(C6H6)Xe, reaction 3.

M+(C6H6) + Xe f M+ + C6H6 + Xe (2a)

M+(C6H6)2 + Xe f M+(C6H6) + C6H6 + Xe (2b)

Alkali-Metal Cation-Benzene Complexes J. Phys. Chem. A, Vol. 104, No. 48, 200011423



These ligand exchange products were observed for all the
systems studied except Cs+(C6H6)2. Reactions 3b and 3c
probably occur in this system, but because the intensity of the
primary beam was low, these product channels were not
collected. The apparent thresholds for the M+(Xe) and
M+(C6H6)Xe ligand exchange products from the CID of
M+(C6H6) and M+(C6H6)2, respectively, are near those of the
primary dissociation products, M+ and M+(C6H6), respectively.
The thermodynamic thresholds of these channels must be lower
than those of the primary dissociation by the M+-Xe and
M+(C6H6)-Xe binding energies, respectively.51 This is not
always evident in the apparent thresholds because of the large
difference in the relative magnitudes of these channels.

In the CID of the M+(C6H6) complexes, the cross sections
for the M+(Xe) product were observed to have maximum
magnitudes between 0.2 and 0.9 Å2. The cross sections begin
to decline rapidly at somewhat higher energies because the
product decomposes to M+ + Xe. Compared to these processes,
the cross sections for the M+(C6H6)Xe product in the CID of
the M+(C6H6)2 complexes have maximum magnitudes about 1

order of magnitude smaller. These cross sections also begin to
decline rapidly after reaching their maxima because they
dissociate to M+(C6H6) + Xe. Loss of C6H6 to form M+(Xe) is
also possible but is a higher-energy process. The cross sections
for the M+(Xe) product in the CID of the M+(C6H6)2 complexes
reach maximum values between 0.05 and 0.4 Å2 and decline
as the M+ cross sections grow in.

It is possible that the ligand exchange reactions represented
in reactions 3a and 3b could cause competitive shifts in the
observed thresholds for the primary dissociation products. This
competition is unlikely to have an appreciable affect (smaller
than the reported experimental error limits) on the primary
dissociation threshold measurements of the current systems
because their cross section magnitudes are at least 1 order of
magnitude smaller than those of the primary product ion for all
M+(C6H6) systems and at least 2 orders of magnitude smaller
for all M+(C6H6)2 systems. Several other reasons have been
discussed in detail elsewhere.52 As little systematic and reliable
information can be obtained from the cross sections for these
ligand exchange products, they will not be discussed further.

Thermochemical Results.Previous CID studies using guided
ion beam mass spectrometry24,25,27,53have shown that the best
measure of bond dissociation energies for metal-ligand complex
ions comes from the analysis of the cross sections for the
primary dissociation products, reaction 2 in the current

Figure 1. Cross sections for collision-induced dissociation of (a) Li+(C6H6), (b) Cs+(C6H6), (c) Li+(C6H6)2, and (d) Cs+(C6H6)2 with Xe as a
function of kinetic energy in the center-of-mass frame (lower axis) and the laboratory frame (upper axis). For M+(C6H6) and M+(C6H6)2, the closed
symbols represent data at a xenon pressure of∼0.2 and∼0.1 mTorr, respectively. The open symbols for all M+(C6H6)x represent data extrapolated
to zero pressure.

M+(C6H6) + Xe f M+(Xe) + C6H6 (3a)

M+(C6H6)2 + Xe f M+(C6H6)Xe + C6H6 (3b)

M+(C6H6)2 + Xe f M+(Xe) + 2C6H6 (3c)
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M+(C6H6)x systems. Therefore, only these CID processes were
analyzed using eq 1. The results of these analyses are listed in
Table 1 for all M+(C6H6)x systems, and the representative
fits using eq 1 for Li+(C6H6), Cs+(C6H6), Li+(C6H6)2, and
Cs+(C6H6)2 are shown in Figure 2. The representative fits using
eq 1 for all other M+(C6H6)x complexes are given in Figure
2S, available in the Supporting Information. Experimental cross
sections for the primary dissociation processes of the M+(C6H6)x

complexes are accurately reproduced over energy ranges that
exceed 1 eV in all cases and over cross section magnitudes of
a factor of at least 100 for all complexes except Rb+(C6H6)2

and Cs+(C6H6)2. For these two systems, only a factor of 10 in
magnitude is available in the data as a result of the nonzero
cross section magnitudes for the product ions at zero kinetic
energy. In the analysis of the cross sections using eq 1 for
K+(C6H6)2, Rb+(C6H6)2, and Cs+(C6H6)2, the lowest energy data
points (below 0.1 eV) were not included, as can be seen in
Figure 2d for Cs+(C6H6)2 and Figure 2S for K+(C6H6)2 and
Rb+(C6H6)2. The deviations at low energies are believed to be
a result of metastable ions in the M+(C6H6)2 ion beams, which
lead to a depletion of M+(C6H6) product intensity at these low
kinetic energies. Even so, the data are still reproduced reasonably
well in these low-energy regions.

As mentioned above, the effect of kinetic shifts on the CID
thresholds was examined using an RRKM treatment with a loose

phase space limit (PSL) model for the dissociation transition
state. Previous studies have demonstrated that this model
provides the most accurate determination of the magnitude of
kinetic shifts for CID processes of metal-ligand comp-
lexes.21,22,31,32,36-39,52As is evident by an examination of Table
1, the kinetic shifts for the present systems were found to be
very small, ranging from 0 to 0.03 eV. Even though the number
of vibrational modes is fairly high for these complexes, 33 for
M+(C6H6) and 69 for M+(C6H6)2, the low magnitude of the
kinetic shifts is understandable because the bond dissociation
energies for these complexes are fairly low.

A general measure of the looseness of the transition state is
reflected in the entropies of activation,∆Sq, listed in Table 1 at
1000 K. The magnitudes of∆Sq

1000calculated in this study are
comparable to those determined by Lifshitz, 29-46 J K-1 mol-1,
for several simple ionic bond cleavage dissociation reactions,54

although slightly higher in the case of M+(C6H6)2. The∆Sq
1000

values for the dissociation of the M+(C6H6)2 complexes increase
as the dissociation threshold decreases on going from Li+(C6H6)2

to Cs+(C6H6)2. This seems sensible and implies that the
transition state is getting looser. For the M+(C6H6) complexes,
however, the trend is contrary to that intuitively expected, with
∆Sq

1000 decreasing as the dissociation threshold decreases on
going from Li+(C6H6) to Cs+(C6H6). Closer analysis shows that,
while the rotational contribution to the entropy of activation is

Figure 2. Zero pressure extrapolated cross sections for the primary collision-induced dissociation processes of (a) Li+(C6H6), (b) Cs+(C6H6), (c)
Li+(C6H6)2, and (d) Cs+(C6H6)2 with Xe in the threshold region as a function of kinetic energy in the center-of-mass frame (lower axis) and the
laboratory frame (upper axis). Solid lines show the best fits to the data using the model of eq 1 convoluted over the neutral and ion kinetic energies
and the internal energy distributions of the ions. Dashed lines show the model cross sections in the absence of experimental kinetic energy broadening
for reactants with an internal energy of 0 K. In parts a-c, the data and models expanded by a factor of 10 and offset from zero are also shown.
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approximately constant, the vibrational contribution becomes a
larger negative number as the metal is changed from Li+ to
Cs+ for the M+(C6H6) complexes. This is because the metal-
ligand frequencies decrease as the metal gets heavier (see Table
1S). This type of behavior has been observed in a previous study
involving Li+, Na+, and K+ complexes with several azoles55

and is most likely a general trend for different alkali-metal ions
bound to a single ligand.

It should be noted that the magnitudes of∆Sq
1000 listed in

Table 1 were determined by treating the transitional modes of
the M+(C6H6)x transition state (i.e., dissociated products in the
PSL model) with axes perpendicular to the reaction coordi-
nate as 2-D internal rotors (see Table 2S), consistent with other
recent studies.15,56 In previous studies utilizing the PSL
model,21,22,31,32,36-39,46,55these perpendicular transitional modes
were described as two 1-D internal rotors, even those that would
typically be considered as 2-D rotations of the free ligands,
assuming that the free ligands can be approximated as symmetric
tops. For systems with small kinetic shifts, such as the current
M+(C6H6)x systems, the only difference in the results between
the two treatments will be an increase ofR ln π (9.5 J K-1

mol-1) in the magnitude of∆Sq
1000 for every 2-D internal rotor

that is treated as two 1-D internal rotors in the dissociation
products. In the present systems, this would amount to increases
of 9.5 and 19.0 J K-1 mol-1 for M+(C6H6) and M+(C6H6)2,
respectively, between the values of∆Sq

1000calculated using the
current and previous methods. For systems with a significant
kinetic shift, there may also be a change in the predicted
magnitude of the kinetic shift between the two treatments
because the RRKM rate constant will change by a factor ofπ
for every 2-D internal rotor in the dissociated products.57 We
presently believe that using the 2-D rotors is more appropriate,
and work is currently in progress to verify this.

In a previous report concerning the BDEs of Na+(L)
complexes,15 a value of 50 J K-1 mol-1 was reported for the
∆Sq

1000of Na+(C6H6), which differs slightly from the currently
reported value in Table 3, 43 J K-1 mol-1. Both studies treat
the perpendicular internal rotations as a 2-D internal rotor, and
the difference in∆Sq

1000 values results from differences in
reaction degeneracies, 1.0 and 0.5 in the former and present

studies, respectively. For systems in which there is no optical
isomerism, the reaction degeneracy is given by the ratio of
rotational symmetry numbers of the energized molecule and
transition state.47 In the PSL model, which assumes that the
transition state is represented by the fully dissociated products,
a reaction degeneracy of 0.5 is the correct value for the
dissociation of Na+(C6H6), given the rotational symmetry
numbers of 6 and 12 for Na+(C6H6) and C6H6, respectively.58

This difference in reaction degeneracy only affects the magni-
tude of∆Sq

1000and not the value of the threshold energy because
the kinetic shift is negligible for Na+(C6H6).

Theoretical Results. Energy optimized structures for all
M+(C6H6)x complexes were calculated as described above. The
geometrical parameters of these optimized structures determined
at the MP2(full)/6-31G* and the MP2(full)/6-311+G* levels
are given in Table 2. The most stable structures for M+(C6H6)
and M+(C6H6)2 were those withC6V and D6h symmetries,
respectively. These symmetrical structures are displayed in
Figure 3 for the Li+(C6H6) and Li+(C6H6)2 complexes calculated
at the MP2(full)/6-31G* level of theory.

As can be seen in Table 2, the calculations predict that the
metal carbon and therefore the metal ring-centroid distances59

increase as the metal is changed from Li+ to Cs+ for both the
M+(C6H6) and M+(C6H6)2 complexes at both levels of theory.
The use of the Hay-Wadt ECP/valence basis set for K+ in the
K+(C6H6)x complexes resulted in increases of the metal-carbon
and metal-centroid distances by an average of 0.027 and 0.081
Å, respectively, compared to the distances calculated when the
6-31G* and the 6-311+G* basis sets were used for all atoms.
The metal-carbon and metal-centroid distances increased at
the MP2(full)/6-31G* level as the second benzene was added
to M+(C6H6), as expected for electrostatically bound complexes,
except when the metal was Na+. At the MP2(full)/6-311+G*
level, these distances were found to increase for Li+, Na+, and
K+, but decreased for Rb+ and Cs+, from one to two benzene
rings in the complex. The calculations for the K+(C6H6)x

complexes using the Hay-Wadt ECP/valence basis set followed
the same trends and possessed similar magnitudes for the
differences in distances between the mono- and bis-benzene
complexes as was predicted for the all-electron calculations.

TABLE 3: Experimental and Calculated M +(C6H6)x Bond Dissociation Energies (in kJ/mol) at 0 K

theory

experiment D0 (TZ/DZ)a,c D0 (TZ/DZ)a,d literature

bond GIBMSa literatureb no BSSE BSSE no BSSE BSSE MP2e SVWNf BP86g CBSh

Li +-C6H6 161.1 (13.5) 151.9 (8.0)i 152.6 143.3 153.5 143.5 143.5 159.4 138.1 151.0 (0.8)
Na+-C6H6 92.6 (5.8) 115.8 (6.3)j 99.1 89.4 99.4 89.9 87.9 110.4 87.0 102.1 (1.2)

88.3 (4.3)k 90.4l

K+-C6H6 73.3 (3.8) 76.2 (6)m 76.9 71.5 77.0 76.6 54.4 83.7 (1.7)
71.3n 67.0n 71.4n 67.4

Rb+-C6H6 68.5 (3.8) 60.3n 53.2n 62.7n 55.6 65.7 46.0 68.2 (0.8)
Cs+-C6H6 64.6 (4.8) 55.3n 47.7n 55.5n 48.5 56.9 37.6 51.9 (0.8)
(C6H6)Li +-C6H6 104.2 (6.8) 127.7 108.2 127.1 104.5
(C6H6)Na+-C6H6 80.0 (5.8) 87.9 71.8 88.0 73.1
(C6H6)K+-C6H6 67.5 (6.8) 71.0 (6)m 65.7 56.1 65.6

61.6n 53.1n 61.7n

(C6H6)Rb+-C6H6 62.7 (7.7) 62.0n 45.8n 60.9n

(C6H6)Cs+-C6H6 58.8 (7.7) 48.5n 36.2n 49.1n

a Present results. Uncertainties in parentheses.b All literature values adjusted to 0 K, as described in text. Uncertainties in parentheses.c MP2(full)/
6-311+G(2d,2p)//MP2(full)/6-31G*; corrected for zero-point energies.d MP2(full)/6-311+G(2d,2p)//MP2(full)/6-311+G*; corrected for zero-point
energies.e Ref 69, MP2(FC)/6-311+G*//MP2(FC)/6-311+G*; corrected for zero-point energies and BSSE. Hay-Wadt ECP/valence basis set for
K+, Rb+, Cs+. f Ref 69, SWVN/TZ94p; uncorrected for BSSE. Hay-Wadt ECP/valence basis set for Rb+ and Cs+. g Ref 69, BP86/TZ94p; uncorrected
for BSSE. Hay-Wadt ECP/valence basis set for Rb+ and Cs+. h Ref 70, MP2 complete basis set (CBS) extrapolations using aug-cc-pVxZ, x) D,
T, and Q, with core/valence and CCSD(T) corrections. Hay-Wadt ECP used for Rb+ and Cs+ core electrons. Uncertainties in parentheses.i Ref
12. j Ref 14.k Value obtained in previous CID work, ref 15.l MP2(full)/6-311+G*//MP2(full)/6-311+G*. m Ref 16.n Hay-Wadt ECP/valence
basis set for the metal atom, as described in the text.
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The unexpected decreases in the metal-carbon and metal-
centroid distances for Na+(C6H6)x, Rb+(C6H6)x, and Cs+(C6H6)x

probably reflect slight inaccuracies in the ability of the theoreti-
cal methods used here to describe the subtle bonding changes
that are occurring in the bis-benzene complexes compared to
those in the monobenzene complexes. However, it is interest-
ing to note that the metal-centroid distance calculated for
Cs+(C6H6)2 (∼3.4 Å) is fairly close to an experimentally
determined metal-centroid distance (3.57 Å) for a cesium
complex ofp-tert-butylcalix[4]arene.5

The C-C bond lengths in the benzene rings were found to
increase very slightly for the metal complexes (<0.010 Å)
compared to those for the free ligand (Table 2). The largest
effect of the metal ion on the benzene ring structure is the
bending of the hydrogen atoms out of the plane of the benzene
ring and away from the metal ion. The magnitude of this bending
is predicted to be the smallest for the Li+ complexes and
generally increases as the size of the metal ion is increased at
both levels of theory. Also, the bending is smaller for the bis-
benzene complexes than for the monobenzene systems.

An optimization was also performed for Na+(C6H6)2 at the
MP2(full)/6-31G* level, in which the symmetry was fixed in
theD6d point group (the staggered orientation with the benzene
rings rotated 30° from one another) but all other degrees of
freedom were allowed to vary. This optimized structure was
found to have exactly the same geometrical parameters as those
listed in Table 2 for the Na+(C6H6)2 D6h structure and an energy
that was slightly higher by 0.0008 kJ/mol but essentially
equivalent to that of theD6h structure at the MP2(full)/6-31G*
level. A single-point calculation at the MP2(full)/6-311+G(2d,-
2p) level (not corrected for zero-point energy or BSSE) at the
MP2(full)/6-31G* optimizedD6d geometry indicated that this
structure was lower in energy than that of theD6h structure by
0.10 kJ/mol. Given that the energy difference between these
structures at the MP2(TZ/DZ) level is well below the accuracy
of the computational methods, the two structures are energeti-
cally equivalent. These results corroborate the assignment of
the lowest calculated vibrational frequency of the M+(C6H6)2

complexes as corresponding to an unhindered torsional motion
of the benzene rings about theC6 symmetry axis.

Theoretical values of the BDEs of the M+(C6H6)x complexes
were determined using both the MP2(full)/6-31G* and the MP2-

(full)/6-311+G* geometries and single-point energy calculations
at the MP2(full)/6-311+G(2d,2p) level. These results are listed
in Table 3 along with the current experimental determinations.
The values determined at the MP2(TZ/DZ) level were corrected
for zero-point energies (ZPEs) and BSSE for all M+(C6H6)x

complexes. The BDEs calculated at the MP2(TZ/TZ) level were
corrected for ZPEs for all M+(C6H6)x complexes but corrected
for BSSE only for the Li+(C6H6), Na+(C6H6), Li+(C6H6)2, and
Na+(C6H6)2 complexes. The single-point energy calculations
involving the MP2(full)/6-311+G* optimized geometries were
primarily performed in order to determine if the differences in
the calculated metal-carbon and metal-centroid distances
described above would affect the theoretical BDEs. As can be
seen from an examination of Table 3, the BDEs calculated using
the two different optimized geometries are essentially identical,
with a mean absolute deviation (MAD) of only 0.6( 0.7 kJ/
mol for the 12 values without BSSE correction. The agreement
between the four BDEs where BSSE was included is also
excellent with a MAD of 1.4( 1.6 kJ/mol. Given the good
agreement observed between the BDEs using the two optimized
geometries and the relatively large amount of computational
time that would be required to perform the calculations at the
MP2(TZ/TZ) level, BSSE corrections were not performed for
the larger complexes. Also, to simplify the following discussion,
we will make comparisons to the theoretical values with the
ZPE- and BSSE-corrected MP2(TZ/DZ) BDEs and the ZPE-
corrected, but not BSSE-corrected, MP2(TZ/TZ) BDEs. These
BDEs shall be referred to as the MP2(TZ/DZ)BSSE and MP2-
(TZ/TZ)NoBSSE values, respectively.

Discussion

Trends in Experimental M+(C6H6)x Bond Dissociation
Energies. The 0 K experimental BDEs of the M+(C6H6)x

complexes are listed in Table 3 and pictorially represented in
Figure 4. Both the M+-C6H6 and (C6H6)M+-C6H6 BDEs are
found to decrease monotonically as the metal is changed from
Li+ to Cs+. This is the expected trend for a bonding scheme
based primarily on electrostatic interactions (ion-induced dipole
and ion-quadrupole)4 because the increasing size of the ion60

leads to inherently increasing metal-ligand bond distances (see
Table 2). Also, the difference in BDEs for adjacent metals
becomes smaller as the metal ion is changed from Li+ to Cs+

for both the M+(C6H6) and M+(C6H6)2 complexes. This results
from a combination of two factors: the relative changes in ionic

Figure 3. Ground-state geometries of the Li+(C6H6) (upper) and
Li +(C6H6)2 (lower) complexes viewed from the side and from above,
optimized at the MP2(full)/6-31G* level of theory.

Figure 4. Bond dissociation energies at 0 K for the mono-benzene
(closed symbols) and bis-benzene (open symbols) complexes of the
alkali-metal ions. The plot shows results from the present experimental
work (circles, Table 3), Woodin and Beauchamp (square, ref 12),
Castleman and co-workers (triangle, ref 14), and Kebarle and co-
workers (inverted triangles, ref 16).
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radii for the alkali-metal cations becomes smaller,60 and the
nonlinear distance dependencies of the electrostatic interactions
fall off rapidly asr-3 andr-4 for the ion-quadrupole and ion-
induced dipole interactions, respectively.

The (C6H6)M+-C6H6 BDE compared to the M+-C6H6 BDE
is smaller for M) Li and reaches a nearly constant value for
M ) K through Cs. In a recent study involving the trends in
BDEs for Li+-[O(CH3)2]x complexes,21 it was suggested that
such a trend is primarily due to Coulombic and dipole-dipole
repulsions between the ligands. Using the M+-centroid
distances in Table 2, we calculate the distance between the
benzene rings to be∼3.90 Å in Li+(C6H6)2, whereas this
distance increases to 6.8 Å in Cs+(C6H6)2. Clearly, the
magnitude of the repulsive ligand-ligand interactions for
Li+(C6H6)2 will be larger than those of the other M+(C6H6)x

complexes, leading to a (C6H6)Li+-C6H6 bond weaker than the
Li+-C6H6 bond. The constancy of the changes in sequential
M+(C6H6)x BDEs when M) K through Cs suggests that the
magnitude of the ligand-ligand interactions are comparable in
these systems.

Comparison of Experimental and Theoretical M+(C6H6)x

Bond Dissociation Energies.The theoretically calculated M+-
(C6H6)x BDEs are listed in Table 3, and the comparison between
the experimental BDEs and theoretical values at the MP2(TZ/
DZ) level is shown in Figure 5. In general, the theoretical
calculations are in qualitative agreement with the observed
experimental trends in BDEs discussed above. Both find that
the primary BDEs decrease monotonically as the metal is
changed from Li+ to Cs+ for the M+(C6H6)x complexes. Also,
the calculations predict that the difference in sequential BDEs
is largest for the species containing Li+ and gradually becomes
smaller as the size of the metal ion increases.

Quantitatively, the agreement between the six experimental
BDEs and the theoretical M+(C6H6)x (x ) 1 and 2) BDEs
calculated including all electrons (M) Li, Na, K) is reasonably
good, with a mean absolute deviation (MAD) of 7.7( 6.1 kJ/
mol for the MP2(TZ/DZ)BSSE BDEs (six values) and 8.5(
7.5 kJ/mol for the MP2(TZ/TZ)NoBSSE BDEs (six values). The
low MP2(TZ/DZ)BSSE BDE for Li+(C6H6) compared to the

experimental value (difference of 17.8 kJ/mol) is disappointing.
Given that Li+ has the least number of electrons of all the alkali
metals, the theoretical description of compounds containing Li+

might be expected to be fairly accurate. However, Li+ possesses
the most covalent character in its bonding to benzene. This is
shown by the calculated partial charge on M+: 0.77 for Li+-
(C6H6) compared to∼0.9-1.0 for all other M+(C6H6) at the
MP2(TZ/DZ) level. Hence, higher levels of theory may be
required to describe this complex accurately, a conclusion we
also reached for Li+ complexes with the nucleic acid bases
uracil, thymine, and adenine.61

The agreement between the experimental BDEs and the
theoretical values calculated using the Hay-Wadt ECP/valence
basis set for the metal atoms (K, Rb, and Cs) is not as good,
with a MAD of 14.1 ( 5.8 kJ/mol at the MP2(TZ/DZ)BSSE
level (six values). For the MP2(TZ/TZ)NoBSSE BDEs (six
values), the agreement between experiment and theory using
the ECPs is improved, with a MAD of 5.7( 3.4 kJ/mol. It is
clear from Table 3 and Figure 5 that the calculated values using
the Hay-Wadt ECP/valence basis sets, both with and without
BSSE corrections, are all low compared the experimental values
and that the deviations become worse as the metal becomes
heavier. A comparison of the theoretical BDEs for the
K+(C6H6)x complexes calculated with all electrons and using
the ECP shows that the failure to include all electrons lowers
the calculated BDE. These observations suggest that systematic
inaccuracies are introduced by the use of ECP/valence basis
sets for the computation of the BDEs of alkali-metal cations
with benzene.

In general, the theoretical results imply that the current theory
levels are inadequate for an accurate description of the bonding
between the heavier alkali-metal ions and the diffuseπ cloud
of benzene in both the M+(C6H6) and M+(C6H6)2 complexes.
Also, in light of the possibility that the counterpoise correction
method may overestimate the magnitude of BSSE,62-64 it may
be more appropriate to consider the MP2(TZ/TZ)NoBSSE and
the MP2(TZ/DZ)BSSE BDEs as upper and lower limits,
respectively.

We have considered the possibility that our experimental
BDEs for complexes with the heavy alkali metals (Rb+ and
Cs+) are too high. To check this, we modeled the CID cross
sections for the Rb+ and Cs+ complexes using eq 1, but with
E0 fixed at the value of the theoretically calculated BDE and
allowing the parametersσ0 and n to optimize. The protocol
established in our laboratory is to model and reproduce the data
using eq 1 over as large an energy range as possible while
simultaneously maintaining a good fit to the data in the threshold
region. To obtain fits which satisfactorily reproduced the data
in the threshold region and in whichE0 was fixed at the
calculated BDEs, we had to reduce the energy ranges consider-
ably compared to the energy ranges shown in Figures 2 and
2S. Concomitantly, the value of the parametern was found to
increase by approximately a factor of 2 compared to the values
listed in Table 1. AllowingE0, σ0, andn to reoptimize from the
values of these fixedE0 fits over the reduced energy ranges
generally resulted in a return to higher values ofE0 and lower
values ofn. From these results and from the quality of the fits
shown in Figures 2 and 2S, we believe that the BDEs for the
Rb+ and Cs+ complexes with benzene determined here are
accurate and lower values outside our quoted error limits are
inconsistent with the data.

Conversion from 0 to 298 K.To allow comparison to some
of the previous literature values and commonly used experi-
mental conditions, we convert the 0 K bond energies determined

Figure 5. Theoretical vs experimental bond dissociation energies at 0
K for the mono-benzene (closed symbols) and bis-benzene (open
symbols) complexes of the alkali-metal ions. All values are taken from
Table 3. The theory is represented by the present calculations at the
MP2(full)/6-311+G(2d,2p)//MP2(full)/6-31G* level for all electron
calculations (circles) and with the use of the Hay-Wadt ECP and
valence basis set for the K, Rb, and Cs metal ions (triangles). The
diagonal line indicates the values for which calculated and measured
bond dissociation energies are equal.
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here to 298 K bond enthalpies and free energies. The enthalpy
conversions and the entropies are calculated using a rigid rotor/
harmonic oscillator approximation and molecular constants
calculated at the MP2(full)/6-31G* level (Tables 1S and 2S).
Table 4 lists the 298 K enthalpies, free energies, and enthalpic
and entropic corrections along with the 0 K enthalpies for
systems examined here. The uncertainties in these values are
determined by increasing and decreasing the metal-ligand
frequencies by a factor of 2 and(10% variations in the benzene
frequencies for all M+(C6H6)x complexes. Overall, the enthalpy
and entropy corrections and the derived∆G298 values listed in
Table 4 should be viewed as first approximations.

Comparison with Experimental Literature Values. For
most of the alkali-metal benzene complexes examined in the
present work, there are no previous experimental determinations
of the binding energies. Previous experimental values have been
reported for Na+(C6H6)14 and K+(C6H6)x (x ) 1 and 2),16

determined in high-pressure mass spectrometry (HPMS) experi-
ments. For Li+(C6H6), there are two previous experimental
studies in which the relative free energy of binding was
measured using ion cyclotron resonance (ICR) mass spectrom-
etry.12,13For these previous experimental values to be compared
to the present experimental 0 K bond enthalpies, various
temperatures conversions and other corrective factors need to
be applied.

The previous experimental values of the bond enthalpy of
Na+(C6H6) was reported by Castleman and co-workers as 117.2
( 6.3 kJ/mol,14 and Kebarle and co-workers reported 76.6 and
71.1 kJ/mol for K+(C6H6) and K+(C6H6)2, respectively.16 These
values were determined from the slope of van’t Hoff plots for
metal ion-benzene equilibria using HPMS. Kebarle and co-
workers did not report error limits for the K+(C6H6) and
K+(C6H6)2 bond enthalpies, but an estimate (6 kJ/mol) can be
taken from the error in the Na+(C6H6) bond enthalpy reported
by Castleman and co-workers. To convert these∆H values to
∆H0 values, it is appropriate to consider the average of the
experimental temperature range as the representative temperature
for the reported enthalpy change: 600, 500, and 400 K for
Na+(C6H6), K+(C6H6), and K+(C6H6)2, respectively. Accord-
ingly, the literature∆H0 values reported in Table 3 and displayed
in Figure 4 were obtained by subtracting 1.4, 0.4, and 0.1 kJ/
mol, respectively, from the reported∆H values.65

Woodin and Beauchamp (WB)12 reported an absolute free
energy of binding of 124.3( 8.4 kJ/mol at 298 K, while Taft
and co-workers13 reported an identical value of 124.3( 8.4
kJ/mol at 373 K. Both of these experimental studies used ICR
mass spectrometry to measure the relative free energies of Li+

binding with neutral ligands, including benzene, which were

then converted to absolute free energies of binding by the use
of anchor values whose absolute free energy of binding was
known. Because these values are essentially equivalent (the final
0 K BDEs derived from these studies differ by less than 1 kJ/
mol), only the value of WB will be discussed further.

WB used the∆G298[Li +(H2O)] value reported by Dzidic and
Kebarle,66 which was actually an extrapolated value based on
the measured values for Li+(H2O)x (x ) 2-5) as an absolute
anchor. A direct measurement of∆H298[Li +(H2O)] in our
laboratory37,67finds that the∆G298[Li +(H2O)] reported by Dzidic
and Kebarle is slightly too high by 3.0 kJ/mol. Adjusting∆G298-
[Li +(C6H6)] for this revision and using the value ofT∆S298-
[Li +(C6H6)] given in Table 4 (comparable to the value estimated
by WB), we obtain a revised estimate of 155.2( 8.0 kJ/mol
for ∆H298[Li +(C6H6)] (WB reported 158.6( 8.4 kJ/mol). Using
the enthalpy correction given in Table 4, we can then convert
this revised 298 K bond enthalpy to a 0 K value, as listed in
Table 3 and shown in Figure 4.

As can be seen from Figure 4 and Table 3, the agreement
between the present results and the previous experimental
determinations is quite good for Li+(C6H6), K+(C6H6), and
K+(C6H6)2, with deviations that are within the experimental
errors (MAD of 5.2( 3.5 kJ/mol for the three values). The
agreement between the current and previous experimental
Na+(C6H6) BDE is, however, quite poor, as previously dis-
cussed.15 Although the exact reason for the apparently systematic
deviations is unclear, one possibility is the presence of Na atoms
with electrons in high Rydberg states, formed in the thermionic
emission source, which autoionize upon complexation with the
neutral ligand.68 This would artificially shift the equilibrium
toward the Na+(C6H6) complex side and result in a higher
apparent bond enthalpy for the complex.

Comparison with Theoretical Literature Values. There
have been a number of previous ab initio theoretical studies of
the binding energies of various alkali-ion mono-benzene com-
plexes, M+(C6H6), most of which were performed using basis
sets of double-ú quality at the RHF and MP2 levels. The details
and results from all of these different studies will not be
discussed in detail here, but the reader is referred to the review
article of Ma and Dougherty4 for a complete listing. Also, in a
previous report on Na+(L) binding energies from our labora-
tory,15 a series of theoretical calculations were performed for
the Na+(C6H6) complex, which include MP2 (equivalent to the
current method) calculations, DFT (B3LYP and B3P86) calcula-
tions, and various compound methods (CBS-4, CBS-4M, CBS-
Q, and G2), and the reader is referred to that paper for a
discussion of these results. The most extensive theoretical
calculations concerning the BDEs of the alkali-metal cation-

TABLE 4: Enthalpies and Free Energies (in kJ/mol)a for M +(C6H6)x at 0 and 298 K

system ∆H0
b ∆H298- ∆H0

c ∆H298 T∆S298
c ∆G298

Li +(C6H6) 161.1 (13.5) 3.3 (2.0) 164.4 (13.6) 32.2 (4.4) 132.2 (14.3)
Na+(C6H6) 92.6 (5.8) 1.7 (1.8) 94.3 (6.1) 30.5 (5.5) 63.8 (8.2)
K+(C6H6) 73.3 (3.8) 0.9 (1.5) 74.2 (4.1) 28.3 (5.8) 45.9 (7.1)
Rb+(C6H6) 68.5 (3.8) 0.3 (1.3) 68.8 (4.0) 26.5 (6.0) 42.3 (7.2)
Cs+(C6H6) 64.6 (4.8) 0.1 (1.2) 64.7 (4.9) 25.8 (6.0) 38.9 (7.7)
Li +(C6H6)2 104.2 (6.8) -0.5 (2.0) 103.7 (7.1) 39.6 (9.5) 64.1 (11.9)
Na+(C6H6)2 80.0 (5.8) 0.3 (2.1) 80.3 (6.2) 41.5 (8.9) 38.8 (10.8)
K+(C6H6)2 67.5 (6.8) 0.7 (2.2) 68.2 (7.1) 42.9 (8.9) 25.3 (11.4)
Rb+(C6H6)2 62.7 (7.7) 0.6 (2.2) 63.3 (8.0) 43.6 (9.0) 19.7 (12.0)
Cs+(C6H6)2 58.8 (7.7) 0.5 (2.2) 59.3 (8.0) 43.9 (9.1) 15.4 (12.1)

a Uncertainties in parentheses.b Present experimental results (Table 3).c Calculated using standard formulas and molecular constants determined
at the MP2(full)/6-31G* level, except those for M+(C6H6)2 where M) Na through Cs, which were determined using the calculated Li+(C6H6)2

frequencies and a relative scaling procedure described in the text. The molecular constants for all M+(C6H6)x complexes are given in Tables S1 and
S2. Uncertainties correspond to increases and decreases in the metal-ligand frequencies by a factor of 2 and(10% variations in the benzene
vibrational frequencies.
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monobenzene complexes are the studies of Nicholas et al.69 and
Feller et al.64,70

In the study of Nicholas et al.,69 BDEs corrected for ZPE
and BSSE for the M+(C6H6) complexes (M) Li through Cs)
were calculated at the MP2(FC)/6-311+G*//MP2(FC)/6-
311+G* level of theory, and they used the Hay-Wadt ECP/
valence basis sets for K+, Rb+, and Cs+. In addition, they
performed calculations using density functional theory (DFT)
at the local (SVWN/TZ94p) and nonlocal (BP86/TZ94p) levels
and corrected the BDEs for ZPE but not for BSSE. These results
are listed in Table 3. These MP2 calculations are comparable
to the present MP2(TZ/DZ)BSSE calculations (MAD of 1.5(
1.4 kJ/mol, six values). Comparing the DFT calculations to our
MP2(TZ/TZ)NoBSSE BDEs, we find that the BP86/TZ94p
calculations are all lower than the current calculations, with a
MAD of 17.0 ( 3.3 kJ/mol, while the SVWN/TZ94p calcula-
tions are in general higher than, but in better agreement with,
the present calculations, with a MAD of 4.5( 3.8 kJ/mol. If
we compare the DFT results to our MP2(TZ/DZ)BSSE calcula-
tions, the same trends are observed; however, the agreement is
better for the BP86/TZ94p BDEs (MAD of 9.1( 5.3 kJ/mol)
and worse for the SVWN/TZ94p BDEs (MAD of 12.2( 5.6
kJ/mol).

Feller et al.70 conducted a theoretical study to estimate the
MP2 complete basis set limit (CBS) for the BDEs of the
M+(C6H6) complexes (M) Li through Cs) using a series of
well-defined basis sets that are known to approach the CBS
limit. This was accomplished using three diffuse-function-
augmented correlation-consistent basis sets of double-, triple-,
and quadruple-ú quality (aug-cc-pVxZ, x) D, T, Q, respec-
tively) with the use of the Hay-Wadt ECP for the Rb+ and
Cs+ core electrons. The CBS limits, which were also corrected
for core/valence and higher-order correlation [CCSD(T)] effects,
are listed in Table 3. The CBS limits were derived from
calculated binding energies that were not corrected for BSSE.
A comparison to our MP2(TZ/DZ)BSSE and MP2(TZ/TZ)-
NoBSSE calculations yields reasonable agreement, with MADs
of 11.4( 4.7 and 5.6( 3.7 kJ/mol, respectively. The agreement
between the CBS limits and our experimentally determined
BDEs for M+(C6H6) is somewhat disappointing, with a MAD
of 9.4 ( 5.3 kJ/mol (five values). There are no systematic
trends: some calculated values are higher than experimental
values, and some are lower. Surprisingly, the agreement between
our calculated BDEs and the experimental BDEs is slightly
better, with MADs of 9.0( 6.5 and 5.8( 2.6 kJ/mol for the
MP2(TZ/DZ)BSSE (six values) and MP2(TZ/TZ)NoBSSE (six
values) BDEs, respectively. It therefore seems apparent that even
highly sophisticated CBS extrapolation methods cannot com-
pletely reproduce the experimental BDEs of the alkali-metal
ion-mono-benzene complexes. This may be because of limita-
tions in the degree of electron correlation and the need to rely
on ECPs for the larger ions.

To our knowledge, Bauschlicher and Partridge (BP)71 have
reported the only previous theoretical study involving a bis-
benzene complex of an alkali-metal ion, Na+(C6H6)2, performed
using a small basis set (RHF/4-31G*//RHF/STO-3G) and no
electron correlation. Also, it was not specified whether the
calculated BDE was corrected for ZPE or BSSE. Surprisingly,
and perhaps somewhat fortuitously, the Na+(C6H6)2 BDE
calculated by BP (72.0 kJ/mol) is very close to our MP2(TZ/
DZ)BSSE value, Table 3, and in reasonable agreement with
the experimental BDE.

Comparison with Bond Dissociation Energies of Alkali-
Metal-Water, Alkali-Metal -Dimethyl Ether (DME), and
Transition Metal -Benzene Complexes.A comparison of the

alkali-metal ion-benzene BDEs with previously determined
experimental BDEs for M+(H2O)x and M+[O(CH3)2]x complexes
(M ) Li through Cs,x ) 1-2) is displayed in Figure 6. The
BDEs for the M+[O(CH3)2]x complexes21,36-39 and M+(H2O)x
complexes where M) Li37,72and Na73 are taken from previous
CID studies in our laboratory. The BDEs for the M+(H2O)x
complexes where M) K through Cs are taken from HPMS
studies of Kebarle and co-workers.16,66

It can be seen from Figure 6 that the M+(H2O)x and
M+[O(CH3)2]x BDEs possess trends similar to those observed
for the M+(C6H6)x systems, i.e., a monotonic decrease in the
BDE as the metal is changed from Li+ to Cs+. Furthermore,
the decrease in sequential BDE is largest for Li+ complexes.
The BDEs of the M+(C6H6)x complexes are observed to be
comparable to or slightly lower than those of the M+(H2O)x
and M+[O(CH3)2]x complexes when M) Li through K, with
the obvious exception of Li+(H2O), but are larger when M)
Rb and Cs. The former observation illustrates the strength of
the ion-quadrupole and ion-induced dipole interactions in the
M+(C6H6)x complexes, comparable to the ion-dipole and ion-
induced dipole interactions in the M+(H2O)x and M+[O(CH3)2]x

complexes. Just as the large difference in the BDE of
Li+[O(CH3)2] relative to that of Li+(H2O) was explained in
terms of polarizability differences,21 the stronger BDE for
Li+(C6H6) compared to that for Li+(H2O) is also believed to
reflect the much larger polarizability of C6H6, 9.99 Å3, relative
to that of H2O, 1.45 Å3.74 On the basis of the distance scaling
of ion-dipole, ion-quadrupole, and ion-induced dipole interac-
tions, r-2, r-3, andr-4, respectively, and the inherently larger
metal-ligand distances in the M+(C6H6)x, M+(H2O)x, and
M+[O(CH3)2]x complexes with M) Rb and Cs, lower BDEs
might have been expected for the Rb+ and Cs+ complexes with
benzene compared to the BDEs for the complexes with polar
water and dimethyl ether ligands. The observed trend can be
rationalized by the larger diameter of the Rb+ and Cs+ metal
ions,60 which can overlap better with the diffuseπ cloud of the
benzene ring. This could enhance the bonding of these
complexes relative to the bonding of water and dimethyl ether
ligands (two-electron donors) by making C6H6 a more effective
six-electron donor.

Figure 6. Experimental bond dissociation energies at 298 K of alkali-
metal (C6H6)x-1M+-C6H6 vs (L)x-1M+-L complexes, forx ) 1 (closed
symbols),x ) 2 (open symbols), L) H2O (circles), and L) O(CH3)2

(triangles). The bond dissociation energies for (C6H6)x-1M+-C6H6 are
taken from Table 4, while the bond dissociation energies for (L)x-1M+-
L (L ) H2O and O(CH3)2) are taken from various references described
in the text.
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It is also instructive to compare the M+(C6H6)x BDEs when
M is an alkali metal to those when M is a transition metal. The
sum of the sequential 0 K transition metal benzene BDEs,
D0[M+-C6H6] + D0[(C6H6)M+-C6H6], determined from a
previous study in our laboratory,52 were found to possess mag-
nitudes between 511( 20 (M ) Ti) and 336( 18 kJ/mol
(M ) Mn). In contrast to this, the sum of the sequential 0 K
alkali-metal benzene BDEs (Table 3) is largest for the Li+

complexes, 265( 15 kJ/mol, and decreases down the periodic
column (123( 9 kJ/mol for the Cs+ complexes). This clearly
demonstrates the enhancement of the bond strengths from the
donation of the transition metal 3d electrons into theπ* orbitals
of benzene, i.e., metal-ligand back-bonding.

Conclusions

Bond dissociation energies of M+(C6H6)x complexes (M)
Li through Cs,x ) 1-2) are determined by threshold collision-
induced dissociation using a guided ion beam mass spectrometer
after careful consideration of the effects of the reactant internal
energy, the multiple collisions with Xe, and the lifetime of the
ionic reactants (phase space limit transition state model). Both
the absolute M+-C6H6 and (C6H6)M+-C6H6 bond dissociation
energies and the change in sequential M+(C6H6)x bond dis-
sociation energies are observed to decrease monotonically upon
changing the metal ion from Li+ to Cs+. These trends are
explained in terms of the electrostatic nature of the bonding in
the M+(C6H6)x complexes and the changes in magnitude of the
ligand-ligand interactions in the M+(C6H6)2 complexes, re-
spectively. Theoretical values of the M+(C6H6)x bond energies
are also determined by ab initio calculations performed at the
MP2(full)/6-311+G(2d,2p)//MP2(full)/6-31G* and MP2(full)/
6-311+G(2d,2p)//MP2(full)/6-311+G* levels of theory for M
) Li through K and with effective core potential/valence basis
sets for K, Rb, and Cs. The agreement between experiment and
theory is reasonably good for the all electron calculations, but
significant, systematic deviations are observed with the use of
the ECP basis sets for the metals. Similar observations hold for
comparisons between the M+(C6H6)x bond dissociation energies
of the current work and the theoretical BDEs in literature. Our
experimental M+(C6H6)x BDEs agree well with previous
literature values where data are available, except for the BDE
of Na+(C6H6) reported previously by Castleman and co-
workers.14 Comparisons made to experimental BDEs of alkali-
metal-water complexes, M+(H2O)x, and alkali-metal-dimethyl
ether complexes, M+[O(CH3)2]x, reveal comparable BDEs for
M+(C6H6)x when M+ ) Li+, Na+, and K+ and larger BDEs
when M+ ) Rb+, Cs+. The former observation is a result of
comparable strengths of the electrostatic interactions in the
M+(C6H6)x, M+(H2O)x, and M+[O(CH3)2]x complexes, whereas
the latter observation indicates enhanced overlap of the larger
ions with the aromaticπ orbitals of benzene compared to those
of the smaller metal ions.
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