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a b s t r a c t

The influence of halogenation on cation–� interactions is investigated both experimentally and theo-
retically. Bond dissociation energies (BDEs) of alkali metal cation–halobenzene complexes, M+(C6H5X),
are determined using threshold collision-induced dissociation techniques in a guided ion beam tandem
mass spectrometer, where M+ = Na+ and K+, and X = Cl, Br, and I. The primary dissociation pathway for all
systems is endothermic loss of the neutral halobenzene from the cation–� complex. In addition, minor
production of the ligand exchange product, M+Xe, is also observed. At elevated energies elimination of NaX
is also observed for the Na+(C6H5Br) and Na+(C6H5I) systems. Ab initio calculations at the B3LYP/6-31+G*
level of theory are used to determine the structures of the neutral �-ligands and cation–� complexes.
Theoretical BDEs are determined from single point calculations at the MP2(full)/6-311+G(2d,2p) level
using the B3LYP/6-31+G* optimized geometries. Good agreement between the theoretical and experi-
mental BDEs is found in all cases. The trends in the BDEs of the M+(C6H5X) complexes are explained in
eywords:
lkali metal cations
ation–� interactions
ollision-induced dissociation
uided ion beam tandem mass

terms of the varying magnitude of the electrostatic interactions in these complexes elucidated from a
binding parameter model. Comparisons are also made to BDEs previously determined for the analogous
M+(C6H6) and M+(C6H5F) complexes to examine the inductive effects of the halogen substituent on the
strength of the cation–� interaction.

© 2009 Elsevier B.V. All rights reserved.
pectrometry
alobenzenes

. Introduction

As with hydrophobic interactions, van der Waals forces, and
ydrogen bonds, cation–� interactions represent another type
f noncovalent interaction that plays important roles in protein
tructure determination [1–4] and molecular recognition processes
ssociated with the functions of ion channels and enzymes [5–11].
ation–� interactions may occur between a cation and a neutral or
nionic �-electron system; however cation–� interactions involv-
ng neutral �-electron systems are of greater relevance to biological
rocesses [12]. To date numerous experimental studies have inves-
igated cation–� interactions, and in particular have been devoted
o the characterization of the strength of these interactions [13–31].
n addition, calculations of the structures and the bond dissociation
nergies (BDEs) of cation–� complexes [9,13–39] and electrostatic

otential maps [29,31] have often been performed to complement
he experimental work.

Most studies of cation–� interactions have been carried out in
he gas phase or in a pseudo aqueous environment simulated by

∗ Corresponding author. Tel.: +1 3135772431; fax: +1 3135778822.
E-mail address: mrodgers@chem.wayne.edu (M.T. Rodgers).

387-3806/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2009.01.006
partial hydration of the cation. In these studies, it has been found
that the more hydrated the metal cation, the less susceptible it is to
a cation–� interaction [40]. Cabarcos et al. used such partial hydra-
tion studies to demonstrate ion selectivity in ion channels [41].
They attributed the selectivity for K+ over Na+ in potassium ion
channels to differences in the energetics of solvation of these metal
cations. Their studies showed that K+ exhibits a greater binding
affinity for benzene than water molecules in the first solvation shell.
However, the sodium cation does not display such behavior, as the
water molecules are not as readily displaced by benzene. This differ-
ence in their interactions confers selectivity for potassium cations
over sodium cations [3]. Gas-phase studies also provide insight
into the intrinsic contributions to the binding in cation–� inter-
actions, which are dependent on both the specific metal cation and
�-electron system. Studies in the gas phase provide a measure of
the cation–� interaction in low polarity environments, which make
up the bulk of cation–� interactions operative in biological systems.

The strength and specificity of cation–� interactions are deter-

mined by the electrostatic forces between the cation and � system
involved, i.e., ion-dipole, ion-quadrupole, and ion-induced dipole
interactions. Of these three, the ion-quadrupole interaction has
been shown to dominate cation–� interactions in benzene systems
[10,18–31,42]. However the relative contributions to the binding

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:mrodgers@chem.wayne.edu
dx.doi.org/10.1016/j.ijms.2009.01.006
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ig. 1. Geometry-optimized structures of C6H6, C6H5F, C6H5Cl, C6H5Br, and C6H5I. M
riented dipole moment vectors are shown as arrows as determined from the theor
3 are also shown.

re likely to be strongly influenced by substituents. Electropositive
ubstituents enhance the cation–� interaction, while electronega-
ive substituents tend to destabilize it [43]. Therefore, fundamental
haracterization of the factors that influence the strength and speci-
city of cation–� interactions is necessary and will prove useful

n understanding the detailed roles these interactions play in bio-
ogical systems and for optimization of technological applications
hat make use of cation–� interactions. The halobenzenes pro-
ide a simple deviation from the idealized symmetric structures
f cation–� interactions between benzene and metal cations. In
ddition, halogen bonds occur naturally where they function as sta-
ilizing intermolecular interactions in a C–X· · ·O–Y bond fashion,
here X is a halogen substituent, and O–Y a carbonyl, hydroxyl,

harged carboxylate or phosphate group [44]. The electrostatic
otential energy maps for the halobenzenes reveal that the strength
f the X· · ·O interaction should increase as the size of the halogen
ncreases due to an increase in the polarizability [44], and to a lesser
xtent the dipole moment of the � system.

In this study, we explore the influence of inductive effects
n cation–� interactions by examining cation–� complexes to
everal aromatic ligands containing electron-withdrawing sub-
tituents, the halobenzenes, C6H5X, where X = Cl, Br, and I. The
lkali metal cations examined in the present study include Na+
nd K+, which were selected due to their abundance and signifi-
ance in biological systems. The present results are compared to
he analogous benzene [16] and fluorobenzene [21] systems previ-
usly examined. In addition, a binding parameter analysis designed
o elucidate the absolute and relative contributions that ion-dipole,
red [45] (and calculated) dipole moments in Debye are shown. Properly scaled and
calculations. Measured [45] (and calculated) isotropic molecular polarizabilities in

ion-quadrupole, and ion-induced dipole interactions contribute to
the binding is performed. In particular, the inductive effects of halo-
gen substituents on the cation–� interaction are examined. The
structures of benzene (C6H6), fluorobenzene (C6H5F), chloroben-
zene (C6H5Cl), bromobenzene (C6H5Br), and iodobenzene (C6H5I)
along with their measured [45] and calculated dipole moments and
isotropic molecular polarizabilities are shown in Fig. 1.

2. Experimental and theoretical

2.1. Experimental protocols

Cross sections for collision-induced dissociation (CID) of six
M+(C6H5X) complexes, where M+ = Na+ and K+, and X = Cl, Br, and I
are measured using a guided ion beam tandem mass spectrometer
that has been described in detail previously [46]. The complexes
are formed by condensation of the alkali metal cation and neu-
tral halobenzene ligand in a flow tube ion source operating at
pressures in the range of 0.5–0.8 Torr. These complexes are colli-
sionally stabilized and thermalized by in excess of 105 collisions
with the He and Ar bath gases such that the internal energies of
the ions emanating from the source region are expected to be well
described by a Maxwell–Boltzmann distribution at room temper-

ature. The ions are effusively sampled, focused, accelerated, and
focused into a magnetic sector momentum analyzer for mass anal-
ysis. Mass-selected ions are decelerated to a desired kinetic energy
and focused into an octopole ion guide. The octopole passes through
a static gas cell containing Xe [47–49] at sufficiently low pressure
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0.05–0.20 mTorr) to ensure that multiple ion-neutral collisions are
mprobable. The octopole ion guide acts as an efficient trap for ions
n the radial direction [50–52]. Therefore, loss of scattered reactant
nd product ions in the octopole region is almost entirely elimi-
ated. Products and unreacted beam ions drift to the end of the
ctopole, where they are focused into a quadrupole mass filter for
ass analysis, and subsequently detected with a secondary electron

cintillation detector and standard pulse counting techniques.

.1.1. Data handling
Measured ion intensities are converted to absolute cross sections

sing a Beer’s law analysis as described previously [53]. Uncertain-
ies in the absolute cross-section magnitudes are estimated to be
20%, while the relative uncertainties are approximately ±5%, and

esult from errors in the pressure measurement and the length of
he interaction region.

Ion kinetic energies in the laboratory frame, Elab, are converted
o energies in the center-of-mass frame, ECM, using the formula
CM = Elabm/(m + M), where M and m are the masses of the ionic
nd neutral reactants, respectively. All energies reported below are
n the center-of-mass frame unless otherwise noted. The absolute
ero and distribution of the ion kinetic energies are determined
sing the octopole ion guide as a retarding potential analyzer as
reviously described [53]. The distribution of ion kinetic energies

s nearly Gaussian with a fwhm between 0.3 and 0.5 eV (lab) for
hese experiments. The uncertainly in the absolute energy scale is
0.05 eV (lab).

Because multiple ion-neutral collisions can alter the shape of
he CID cross sections, particularly in the threshold regions, the
ID cross section for each complex was measured twice at three
ominal pressures (0.05, 0.10, and 0.20 mTorr). Data free from
ressure effects are obtained by extrapolating to zero pressure of
he neutral reactant, Xe, as described previously [47]. The zero-
ressure-extrapolated cross sections subjected to thermochemical
nalysis are therefore the result of single bimolecular encounters.

.2. Theoretical calculations

To obtain model structures, vibrational frequencies, and ener-
etics for neutral benzene and the halobenzenes and the complexes
f benzene and the halobenzenes to the alkali metal cations, the-
retical calculations were performed using Gaussian 98 [54]. The
eometry optimizations and vibrational analyses were performed
t the B3LYP/6-31+G* level for all systems that do not contain iodine
55,56]. Note that while benzene and fluorobenzene were previ-
usly investigated both experimentally and theoretically, the level
f theory employed in those studies differed slightly from that
mployed here and thus calculations for these systems were also
erformed even though experiments for these systems were not
ursued here. The B3LYP/6-31+G* level of theory was chosen for
ptimizations, rather than the previously used B3LYP/6-31G* level,
ecause stable B3LYP/6-31G* geometries for all three of the bind-

ng conformations of the K+(C6H5Br) complex could not be found.
hen used to model the data or to calculate thermal energy cor-

ections the B3LYP/6-31+G* vibrational frequencies were scaled by
factor of 0.9804 [57–59]. The vibrational frequencies and rota-

ional constants for the ground state conformations are available
s Supplementary Information and are listed in Tables 1S and 2S,
espectively. Single point energy calculations were performed at
he MP2(full)/6-311+G(2d,2p) level using the B3LYP/6-31+G* opti-

ized geometries. Parameters for iodine are not available in the

bove basis sets; therefore, calculations for the C6H5I systems
ere performed using a hybrid basis set in which the effective

ore potentials (ECPs) and valence basis sets of Hay and Wadt
ere used to describe the halogen [60,61], while the standard
asis sets described above were used for all other atoms. These
Mass Spectrometry 283 (2009) 35–47 37

hybrid basis sets will hereafter be referred to as B3LYP/HW/6-31+G*
and MP2(full)/HW/6-311+G(2d,2p). To assess the accuracy of these
calculations, the C6H5Br systems were also computed using the cor-
responding ECPs for Br. To obtain accurate BDEs, zero point energy
(ZPE) corrections were applied and basis set superposition errors
(BSSE) were subtracted from the computed BDEs in the full counter-
poise correction [62,63]. We carefully considered various possible
alkali metal cation binding sites to the halobenzenes, specifically to
the �-electron density above the aromatic ring, to the �-electron
density above the C–X bond, and to the lone pair of electrons of the
halogen substituent, to determine their relative stabilities and the
ground state conformations of these complexes.

Polarizability is one of the key factors that influence the strength
of cation–� interactions. The experimental polarizabilities of ben-
zene and the halobenzenes have been reported; however, several
values have been reported for benzene, chlorobenzene, and bro-
mobenzene that are not in very good agreement. In addition, the
polarizabilities of several of the �-ligands used in our binding
parameter analysis have not been reported. Thus, to establish a
consistent set of polarizabilities for use in this study, the isotropic
molecular polarizabilities of benzene, the halobenzenes, and the
other �-ligands included in our binding parameter analysis were
calculated at the PBE0/6-311+G(2d,2p) level of theory. This level
of theory has been shown to accurately reproduce experimental
polarizabilities [64].

To more clearly visualize the electronic properties of these lig-
ands and understand the preferences for the various modes of
binding, electrostatic potential (ESP) maps of benzene and the
halobenzene ligands were calculated at the B3LYP/6-31+G* level of
theory. The computed ESP of each of these �-ligands were mapped
onto an isosurface of the total SCF electron density (0.005 a.u. for
the maps generated in this work). The electrostatic potential maps
generated via this procedure were then color-coded according to
potential with the regions of most negative electrostatic poten-
tial shown in red, and those with the most positive electrostatic
potential shown in blue.

2.3. Thermochemical analysis

The threshold regions of the reaction cross sections are modeled
using Eq. (1)

�(E) = �0

∑

i

gi(E + Ei − E0)n

E
(1)

where �0 is an energy-independent scaling factor, E is the rela-
tive translational energy of the reactants, E0 is the threshold for
reaction of the ground electronic and ro-vibrational state, and n
is an adjustable parameter that describes the efficiency of kinetic
to internal energy transfer [65]. The summation is over the ro-
vibrational states of the reactant ions, i, where Ei is the excitation
energy of each ro-vibrational state, and gi is the population of those
states (�gi = 1). The relative reactivity of all ro-vibrational states, as
reflected by �0 and n, is assumed to be equivalent.

The Beyer–Swinehart algorithm [66–68] is used to evaluate the
density of the ro-vibrational states, and the relative populations,
gi, are calculated for a Maxwell–Boltzmann distribution at 298 K,
the internal temperature of the reactants. The vibrational fre-
quencies of the reactant complexes are determined from density
functional theory calculations as discussed in Section 2.2. The
average vibrational energies at 298 K of the M+(C6H5X) complexes

are given in Table 1S in the Supplementary Information. We have
estimated the sensitivity of our analysis to the deviations from
the true frequencies by increasing and decreasing the computed
frequencies (pre-scaled 0.9804) by 10% to encompass the range
of average scaling factors needed to bring calculated frequencies
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Fig. 2. CID cross sections for Na+(C6H5Br) with Xe as a function of kinetic energy in
the center-of-mass frame (lower x-axis) and laboratory frame (upper x-axis). (a) Data
is shown for a Xe pressure of ∼0.2 mTorr. The Na+ and C6H5

+ products and Na+Xe
ligand exchange cross sections are shown as ©, �, and �, respectively. (b) Zero-
pressure-extrapolated cross section for the Na+ product in the threshold region. The
8 N. Hallowita et al. / International Jour

nto agreement with experimentally determined frequencies
69,70]. The corresponding change in the average vibrational
nergy is taken to be an estimate for one standard deviation of the
ncertainty in vibrational energy (Table 1S).

We also consider the possibility that the collisionally activated
omplex ions do not dissociate on the time scale of our experi-
ent (∼10−4 s) by including statistical theories for unimolecular

issociation, specifically Rice–Ramsperger–Kassel–Marcus (RRKM)
heory, into Eq. (1) as described in detail elsewhere [71,72]. The
ibrational frequencies appropriate for the energized molecules
nd the transition states (TSs) leading to dissociation are given
n Table 1S. In our analysis, we assume that the TSs are loose
nd product-like because the interaction between the alkali metal
ation and the halobenzene ligand is largely electrostatic (ion-
ipole, ion-induced dipole, and ion-quadrupole interactions). In
his case, the TS vibrations used are the frequencies corresponding
o the products, which are also found in Table 1S. The translational
requencies, those that become rotations of the completely dissoci-
ted products, are treated as rotors, a treatment that corresponds to
phase space limit (PSL) and is described in detail elsewhere [71].

The model represented by Eq. (1) is expected to be appropri-
te for translationally driven reactions [73] and has been found to
eproduce CID cross-sections well. The model of Eq. (1) is convo-
uted with the kinetic-energy distributions of both reactants, and
nonlinear least-squares analysis of the data is performed to give
ptimized values for the parameters �0, E0, and n. The error asso-
iated with the measurement of E0 is estimated from the range
f threshold values determined for the zero-pressure-extrapolated
ata sets, variations associated with uncertainties in the vibrational
requencies (±10% scaling as discussed above), and the error in the
bsolute energy scale, 0.05 eV (lab). For analyses that include the
RKM lifetime analysis, the uncertainties in the reported E0(PSL)
alues also include the effects of increasing and decreasing the time
ssumed available for dissociation (∼10−4 s) by a factor of 2.

Eq. (1) explicitly includes the internal energy of the ion, Ei. All
nergy available is treated statistically because the energy is redis-
ributed throughout the ro-vibrational modes of the M+(C6H5X)
omplex upon collision with Xe. Because the CID processes exam-
ned here are simple noncovalent bond cleavage reactions, the
0(PSL) values determined by analysis with Eq. (1) can be equated
o 0 K BDEs [74,75].

. Results

.1. Cross sections for collision-induced dissociation

Experimental cross sections were obtained for the interaction
f Xe with six M+(C6H5X) complexes, where M+ = Na+ and K+,
nd X = Cl, Br, and I. Fig. 2a shows representative data for the
a+(C6H5Br) complex. The other M+(C6H5X) complexes exhibit

imilar behavior and are shown in Figure 1S in the Supplemen-
ary Information. The most favorable process for all complexes over
he range of collision energies examined is the loss of the intact
alobenzene ligand in the CID reactions (2).

+(C6H5X) + Xe → M+ + C6H5X + Xe (2)

he magnitudes of the cross sections generally increase from Na+

o K+, largely because the thresholds decrease in that same order.
igand exchange processes to form M+Xe are also observed as minor
eaction pathways, reactions (3).
+(C6H5X) + Xe → MXe+ + C6H5X (3)

he cross sections for these M+Xe products are more than two
rders of magnitude smaller than those for the primary M+ product.
t elevated energies, loss of NaX thereby producing C6H5

+ as the
solid line shows the best fit to the data using the model of Eq. (1) convoluted over
the neutral and ion kinetic and internal energy distributions. The dashed line show
the model cross section in the absence of experimental kinetic-energy broadening
for reactants with an internal energy corresponding to 0 K.

ionic product is also observed for the Na+(C6H5Br) and Na+(C6H5I)
complexes, reaction (4).

M+(C6H5X) + Xe → C6H5
+ + MX + Xe (4)

3.2. Threshold analyses

The model of Eq. (1) was used to analyze the thresholds for reac-
tion (2) in six M+(C6H5X) systems. The results of these analyses are
given in Table 1 for all six M+(C6H5X) complexes. Representative
results using Eq. (1) for Na+(C6H5Br) are shown in Fig. 2b. The other
M+(C6H5X) complexes exhibit similar behavior and are shown in
Figure 2S of the Supplementary Information. Experimental cross
sections for the M+ primary dissociation product are accurately
reproduced using a loose PSL TS model [71]. This model has been

shown to provide the most accurate determination of kinetic shifts
for CID reactions of electrostatically bound metal–ligand com-
plexes [71,76]. The data is accurately reproduced over energy ranges
exceeding 1 eV and cross-section magnitudes of at least a factor of
100. Threshold values, E0 and E0(PSL), obtained from analyses of



N. Hallowita et al. / International Journal of Mass Spectrometry 283 (2009) 35–47 39

Table 1
Fitting parameters of Eq. (1), threshold dissociation energies at 0 K, and entropies of activation at 1000 Ka.

Reactant complex �0
b nb E0 (eV)c E0(PSL) (eV) Kinetic shift (eV) �S†(PSL) (J/(K mol))

Na+(C6H5Cl) 1.1 (0.2) 1.0 (0.1) 0.77 (0.04) 0.76 (0.03) 0.01 39 (2)
K+(C6H5Cl) 5.5 (0.6) 1.1 (0.3) 0.59 (0.03) 0.58 (0.03) 0.01 32 (2)
Na+(C6H5Br) 2.7 (0.1) 1.2 (0.1) 0.85 (0.03) 0.84 (0.03) 0.01 38 (2)
K+(C6H5Br) 8.4 (1.2) 1.1 (0.1) 0.69 (0.03) 0.68 (0.03) 0.01 27 (2)
Na+(C6H5I) 13.4 (1.2) 1.3 (0.1) 0.91 (0.04) 0.89 (0.04) 0.03 39 (2)
K+(C6H5I) 5.1 (0.1) 1.3 (0.1) 0.70 (0.03) 0.70 (0.03) 0.00 33 (2)
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a Uncertainties are listed in parentheses.
b Average values for loose PSL transition state.
c No RRKM analysis.

he data without and including explicit consideration of lifetime
ffects are also included in Table 1. The difference between these
hreshold values, the kinetic shift, is also given in Table 1. The kinetic
hifts observed for these systems are very small, 0.00–0.03 eV, and
ecrease with increasing size of the alkali metal cation such that
hey correlate with the strength of binding as expected. For the
ystems where the �x conformers are believed to be populated, we
lso fit the data using the parameters for this conformer. The fit-
ing parameters obtained for these latter analyses were virtually
dentical to those obtained for fits using the molecular parameters
ssociated with the ground state conformations, and in particular,
he E0(PSL) values differed by <0.01 eV. Thus, only results for the
nalyses based on the ground state conformations are provided in
able 1 and shown in Figures 2 and 2S.
The entropy of activation, �S†, is a measure of the looseness of
he TS, but also depends upon the threshold energy. The �S†(PSL)
alues at 1000 K are listed in Table 1 and vary between 27 and
9 J/(K mol). These entropies of activation compare favorably to an
xpanding range of noncovalently bound metal–ligand complexes

able 2
eometrical parameters of B3LYP/6-31+G* optimized structures of the neutral C6H5X liga

omplex M+–C (Å) M+–Rc
a (Å)

6H5F
a+(C6H5F) �c 2.812 2.436
a+(C6H5F) �
+(C6H5F) �c 3.293 2.979
+(C6H5F) �

6H5Cl
a+(C6H5Cl) �c 2.795 2.423
a+(C6H5Cl) �x

a+(C6H5Cl) �
+(C6H5Cl) �c 3.289 2.976
+(C6H5Cl) �x
+(C6H5Cl) �

6H5Br
6H5Brb

a+(C6H5Br) �c 2.806 2.432
a+(C6H5Br) �c

c 2.763 2.424
a+(C6H5Br) �x

a+(C6H5Br) �x
c

a+(C6H5Br) �
a+(C6H5Br) �c

+(C6H5Br) �c 3.290 2.987
+(C6H5Br) �c

c 3.249 2.933
+(C6H5Br) �x
+(C6H5Br) �x

c

+(C6H5Br) �
+(C6H5Br) �c

6H5Ib

a+(C6H5I) �c
c 2.743 2.413

a+(C6H5I) �b

+(C6H5I) �c
c 3.298 2.988

+(C6H5I) �c

a The metal-ring centroid distance is defined as the distance from the metal cation to t
he carbon atoms.

b The offset is defined as the in-plane (parallel) distance the metal atom is displaced fro
c Geometrical parameters of the B3LYP/HW/6-31+G* optimized structures.
previously measured in our laboratory [17,19–25,27–31,46] and to
those collected by Lifshitz for simple bond cleavage reactions of ions
[77].

3.3. Theoretical results

Theoretical structures for the neutral C6H5X ligands and
M+(C6H5X) complexes, where M+ = Na+ and K+, and X = H, F, Cl, Br,
and I, were calculated as described in Section 2.2. Key geometri-
cal parameters of the geometry-optimized structures for all of the
halobenzene containing species are given in Table 2. The stable
structures found for the Na+(C6H5X) complexes are shown in Fig. 3.

3.3.1. Dipole moments of the neutral �-ligands

The measured [45] and B3LYP/6-31+G* calculated dipole

moments of benzene and the halobenzenes are shown in Fig. 1.
As can be seen in the figure, the dipole moment of C6H5F is repro-
duced quite well, 1.63 D versus 1.60 ± 0.08 D. In contrast, the dipole
moments of the heavier halobenzenes all lie outside of the exper-

nds and M+(C6H5X) complexes.

M+–⊥ (Å) Offset (Å) M+–X (Å) C–X (Å)

1.361
2.434 0.000 1.344

2.119 1.422
2.979 0.000 1.350

2.545 1.408
1.760

2.423 0.000 1.742
2.539 1.869 1.780

2.626 1.812
2.970 0.189 1.749
3.052 1.971 1.774

3.075 1.798
1.904
1.962

2.427 0.156 1.900
2.423 0.000 1.942
2.577 2.206 1.934
2.567 1.812 1.981

2.760 1.957
2.797 2.020

2.964 0.366 1.896
2.926 0.203 1.958
3.014 2.027 1.930
3.068 1.515 1.960

3.206 1.940
3.100 1.954

2.140
2.412 0.000 2.123

3.010 2.187
2.965 0.370 2.130

3.539 2.172

he central point within the aromatic ring of the halobenzene that is in the plane of

m the center of the aromatic ring.
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ig. 3. B3LYP/6-31+G* optimized geometries of the Na+(C6H5X) complexes. Three
ation–� conformer in which Na+ binds to the halogen substituent (�x), and the �
iews of each optimized structure and their MP2(full)/6-311+G(2d,2p)//B3LYP/6-31
PE corrections are shown. For the Na+(C6H5Br) complex, the results using the ECP

mental error in the measured values, 1.81 D versus 1.69 ± 0.03 D,
.86 D versus 1.70 ± 0.03 D, 1.78 D versus 1.70 ± 0.03 D, and 1.50 D
ersus 1.70 ± 0.08 D for C6H5Cl, C6H5Br, C6H5Br (ECP), and C6H5I
ECP), respectively. It is interesting that the use of an ECP provides
better value for C6H5Br, but the poorest agreement is found for

6H5I, which also uses an ECP. As a result of the poor agreement
etween the measured and calculated dipole moments, the mea-
ured values were used in our binding parameter analyses.

.3.2. Isotropic molecular polarizabilities of the neutral �-ligands
The measured [45] and PBE0/6-311+G(2d,2p) calculated
sotropic molecular polarizabilities are also listed in Fig. 1. The mea-
ured values reported in the figure were all derived from one source
nd happened to be those in the best agreement with the values cal-
ulated here. As can be seen in the figure, the polarizability of C6H6
s reproduced exactly. Very good agreement between the measured
s of stable geometries are shown, the ground state cation–� conformer (�c), the
ng conformer in which Na+ binds to a lone pair of the halogen substituent (�) Two
nd MP2(full)/HW/6-311+G(2d,2p)// B3LYP/HW/6-31+G* relative energies including
en in parentheses.

and calculated polarizabilities is also found for C6H5F (10.3 Å3 vs.
10.00 Å3), C6H5Cl (12.3 Å3 vs. 12.06 Å3), and C6H5Br (13.62 Å3 vs.
13.39 Å3). The agreement is not quite as good for C6H5I (15.5 Å3 vs.
14.01 Å3), but is still within 10%. Because measured polarizabilities
are not available for all of the �-ligands included in our binding
parameter analyses, the calculated polarizabilities are used in the
thermochemical analysis of the experimental data as well as the
binding parameter analyses.

3.3.3. Electrostatic potential maps of the neutral �-ligands
The electrostatic potential maps of neutral C6H6, C6H5F, C6H5Cl,
C6H5Br, and C6H5I were calculated as described in Section 2.2 and
are shown in Fig. 4. As can be seen in the figure, the regions of great-
est electron density (color-coded in red) occur above and below
the plane of the aromatic ring as expected based upon the delo-
calized �-electron density of the aromatic system. In contrast, the
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relative stabilities of the �c and �x conformers are relatively insen-
sitive to the size of the alkali metal cation and halogen substituent.
ig. 4. Electrostatic potential maps of C6H6, C6H5F, C6H5Cl, C6H5Br, and C6H5I at an
sosurface of 0.005 a.u. of the total SCF electron density. Two views for each �-ligand
re shown. In the view from above, the molecules are oriented as in Fig. 1.

ost electropositive regions (color-coded in blue) occur near the
lane of the molecule around the hydrogen atoms. The electron
ensity in the region around the halogen substituent varies with the
ubstituent and is greatest for C6H5F due to the highly electroneg-
tive F atom, and gradually decreases with the size of the halogen
ubstituent. In addition, the electron density around the halogen
ubstituent is fairly isotropic for C6H5F, and becomes less isotropic
uch that the electron density along the C–X bond becomes increas-
ngly electropositive for the larger halogen substituents. On the
asis of the electrostatic potential maps, stable binding modes of
he alkali metal cations to the halobenzenes might be expected
o the �-electron density above the aromatic ring or C–X bond,
nd to the lone pairs of the halogen substituent. However, binding
n the plane to the halogen substituent becomes increasingly less
avorable for the larger halogens.

.3.4. M+(C6H5X) �c complexes
In the ground state conformations, �c, the alkali metal cation

inds to the � cloud of the aromatic ring of the C6H5X ligand via a
ation–� interaction. The C–X bond length was found to decrease
pon complexation to the alkali metal cation. The C–X bond lengths
hange more significantly in the Na+(C6H5X) complexes than the
orresponding K+(C6H5X) complexes as a result of the stronger
inding interaction. The calculations using full electron correlation
or the C6H5Br complexes exhibit a smaller decrease in the C–X
ond length than the calculations where the ECP is employed. As
ummarized in Table 2, the M+–C, M+–Rc [78], and M+–⊥ [79] dis-
ances are found to increase as the size of the metal cation increases
rom Na+ to K+. These distances are generally found to decrease on
oing from C6H5F to C6H5Cl to C6H5Br to C6H5I, although modest
eviations from these trends are observed. In addition, the M+–C,

+–Rc, and M+–⊥ distances of the structures determined using

ull electron correlation for the C6H5Br complexes are larger than
he values for the corresponding complexes computed using an
CP for the Br atom. With the exception of Na+(C6H5Br) computed
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with full electron correlation, the Na+(C6H5X) complexes exhibit
no offset of the metal cation from the ring centroid (see Fig. 3). In
contrast, the K+(C6H5X) complexes exhibit an offset of the metal
cation that follows the order: C6H5I > C6H5Br > C6H5Cl > C6H5F. As
found for the Na+(C6H5Br) complex, the offset of the metal cation is
larger for the K+(C6H5Br) complex when full electron correlation is
used.

3.3.5. M+(C6H5X) �x complexes
As can be seen in Fig. 3, the ground state structures of

Na+(C6H5X) complexes involve interaction of the Na+ cation with
the � cloud of the aromatic ring such that Na+ sits at or near
the center of the ring, the �c conformer. However, it is possi-
ble that the alkali metal cation might interact with the halogen
substituent. Because the halogen substituent is very nearly pla-
nar, the lone pair of electrons on the halogen atom are oriented
in the direction perpendicular to the plane of the molecule, the
direction of the � space. This allows the halogen substituent to
delocalize some of its electron density into the � system and
increases the resonance stabilization of the halobenzene ligand.
Thus, complexes in which the alkali metal cation interacts with the
electron density above the C–X bond are also cation–� complexes.
Stable cation–� conformers in which the alkali metal cation inter-
acts with the substituent (�x) were also found for the M+(C6H5X)
complexes, where M+ = Na+ and K+, and X = Cl and Br. The opti-
mized �x structures of the Na+(C6H5X) complexes, where X = Cl
and Br are also shown in Fig. 3. It is interesting to note that in
the �x complexes, the alkali metal cation is oriented to allow
efficient interaction with the dipole moment of the halobenzene
ligand. At the MP2(full)/6-311+G(2d,2p) level of theory, the �x

conformers are found to be less stable than the ground state
�c conformers by 5.9 and 4.0 kJ/mol for the M+(C6H5Cl) com-
plexes, 5.7 and 3.8 kJ/mol for the M+(C6H5Br) complexes when
full electron correlation is used, and 9.7 and 6.9 kJ/mol when the
ECP is used, where M+ = Na+ and K+, respectively. The difference
in stability of the ground state �c conformers and the excited
�x conformers suggests that the ion beams generated under our
experimental conditions are likely composed of an equilibrium
mixture of both conformers (see Table 1S of the Supplementary
Information).

3.3.6. M+(C6H5X) � complexes
It is also possible for the alkali metal cation to interact with a

lone pair of electrons on the halogen substituent via a �-type inter-
action. Stable �-binding conformers were also found for all of the
M+(C6H5X) complexes. The optimized structures of the �-binding
conformers of the Na+(C6H5X) complexes are also shown in Fig. 3.
In the �-binding complexes, the metal cation lies in the plane of
the ring and is oriented along the dipole moment of the haloben-
zene ligand. At the MP2(full)/6-311+G(2d,2p) level of theory, the
�-binding conformers are found to be 5.8, 37.3, and 45.6 kJ/mol less
stable for the Na+(C6H5X) complexes using full electron correla-
tion, where X = F, Cl, and Br, and 65.9 and 82.5 kJ/mol less favorable
when an ECP is used to describe the halogen substituent, where
X = Br and I, respectively. The �-binding conformers are found to
be 3.6, 28.5, and 34.4 kJ/mol less stable for the K+(C6H5X) com-
plexes using full electron correlation, where X = F, Cl, and Br, and
52.5 and 66.2 kJ/mol less favorable when an ECP is used to describe
the halogen substituent, where X = Br and I, respectively. Thus, the
In contrast, the relative stabilities of the �c and �-binding con-
formers are relatively insensitive to the size of the alkali metal
cation, but are extremely sensitive to the size of the halogen sub-
stituent.
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Table 3
Bond dissociation enthalpies of M+(C6H5X), where X = H, F, Cl, Br, and I at 0 K (kJ/mol).

Complex Experiment (TCID)a Conformer Theory

De
b D0

b,c D0,BSSE
b,d

Na+(C6H6) 92.6 (5.8)e 88.3 (4.3)f �c 104.8 101.0 91.4
K+(C6H6) 73.3 (3.8)e �c 79.9 77.0 71.8
Na+(C6H5F) 69.7 (3.3)g �c 87.1 85.0 75.4

� 80.5 79.2 72.9
K+(C6H5F) 55.1 (3.0)g �c 64.7 62.6 57.5

� 59.7 59.0 55.5
Na+(C6H5Cl) 73.7 (3.4) �c 89.3 86.3 76.5

�x 82.3 80.4 70.6
� 49.3 49.0 43.5

K+(C6H5Cl) 56.3 (2.9) �c 67.8 65.9 60.3
�x 63.0 61.9 56.3
� 37.6 37.4 34.2

Na+(C6H5Br) 80.6 (3.1) �c 90.8 88.7 78.4
�c

h 97.8 94.6 82.6
�x 84.3 83.0 73.4
�x

h 87.0 84.9 69.3
� 43.1 43.1 37.7
�h 29.0 28.7 21.9

K+(C6H5Br) 65.9 (2.9) �c 69.3 67.6 61.8
�c

h 74.9 72.8 65.6
�x 65.2 63.8 57.7
�x

h 67.6 65.9 57.5
�h 33.3 33.2 30.4
� 20.4 20.3 15.9

Na+(C6H5I) 86.0 (4.2) �c
h 103.7 100.6 87.6

�h 18.3 18.1 11.0
K+(C6H5I) 67.2 (3.0) �c

h 79.2 77.5 69.4
�h 11.4 11.3 7.6

a Threshold collision-induced dissociation, present results except as noted. Uncer-
tainties are listed in parentheses.

b Calculated at the MP2(full)/6-311+G(2d,2p)//B3LYP/6-31+G* level of theory.
c Including ZPE corrections with B3LYP/6-31+G* or B3LYP/HW/6-31+G* frequen-

cies scaled by 0.9804.
d Also includes BSSE corrections.
e Amicangelo and Armentrout, Ref. [16].
f
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Armentrout and Rodgers, Ref. [17].
g Amunugama and Rodgers, Ref. [21].
h Calculated at the MP2(full)/HW/6-311+G(2d,2p)//B3LYP/HW/6-31+G* level of

heory.

. Discussion

.1. Cation–� complexes: �c versus �x binding

As discussed in the Theoretical Results section, both �c and
x conformers are found for the M+(C6H5X) complexes, where
+ = Na+ and K+, and X = Cl and Br. The relative stabilities of the
c versus �x complexes is such that a mixture of the two conform-
rs is likely generated in our source for these M+(C6H5X) complexes
ecause the �x conformers are only 3.8 to 5.9 kJ/mol less stable than
he analogous �c complexes. However, the calculations performed
sing the ECP for Br suggest that the relative stabilities differ by a

ew kJ/mol more and may be as large as 9.7 kJ/mol. The population
f the �x conformers present in our ion beams will tend to lower
he measured threshold for CID of these complexes, as can be seen
y comparing the measured and calculated BDEs listed in Table 3
BDEs including ZPE corrections).

The BDEs measured for the M+(C6H5Cl) complexes suggest that
he ion beams were composed of a mixture of the �c and �x

onformers, and that the �x conformers are present in sufficient
bundance to influence the measured threshold. The presence of
he �x conformers does not appear to have significantly influenced

he CID threshold for the M+(C6H5Br) complexes (Table 3). The �x

onformers are 9.7 and 6.9 kJ/mol less stable than the �c com-
lexes for the complexes to Na+ and K+ when an ECP is used to
escribe the Br atom, respectively. The full electron correlation cal-
ulations for these complexes suggest that the �x conformers are
Mass Spectrometry 283 (2009) 35–47

relatively more stable such that these conformers are only 4.0 and
3.8 kJ/mol less stable than the ground state �c conformers, respec-
tively. It is also interesting to note that no �x conformers for the
M+(C6H5Br) complexes were found when optimizations were per-
formed at the B3LYP/6-31G* level of theory. Stable �x conformers
were not found for the C6H5F and C6H5I complexes for either level
of theory, B3LYP/6-31G* or B3LYP/6-31+G*. Computations for the
C6H5I complex always converged to the more stable �c conformer.
This result is not surprising based upon the ESP maps, which show
that the electron density in the region above the C–X bond is much
reduced as compared to that of C6H5Cl and C6H5Br. In contrast, the
C6H5F complexes always converged to � conformers. This result is
again consistent with the ESP map of C6H5F, which shows greater
electron density near the fluoro-substituent than above the C–F
bond.

4.2. �-Binding versus cation–� complexes

Stable conformers in which the alkali metal cation binds to the
lone pair of electrons of the halogen substituent, � conformers,
were found for all the M+(C6H5X) complexes. The � conformers
become increasingly less stable as the size of the halogen increases,
and are 5.8, 37.3, and 45.6 kJ/mol less stable for the Na+(C6H5X)
complexes calculated using full electron correlation, and 65.9 and
82.5 kJ/mol less favorable when an ECP is used to describe the
halogen substituent. Similarly, the � conformers are 3.6, 28.5, and
34.4 kJ/mol less stable for the K+(C6H5X) complexes using full elec-
tron correlation, and 52.5 and 66.2 kJ/mol less stable when an ECP is
used to describe the halogen substituent. The measured threshold
for CID of the M+(C6H5F) systems [21] are lowered due to the pres-
ence of the � conformers in the ion beams generated (Table 3). The
� conformers for the other systems are not expected to have such
an effect on the measured threshold for CID, because they are more
than 28 kJ/mol less stable than the corresponding �c complexes,
and thus should not be present in an appreciable population for
these systems.

4.3. Comparison of theory and experiment

The experimentally determined and theoretically calculated
M+-C6H5X BDEs at 0 K, where X = H, F, Cl, Br, and I and M+ = Na+

and K+ are summarized in Table 3. The agreement between
the experimental BDEs and theoretical values determined at the
MP2(full)/6-311+G(2d,2p)//B3LYP/6-31+G* and MP2(full)/HW/6-
311+G(2d,2p)//B3LYP/HW/6-31+G* levels is illustrated in Fig. 5. The
theoretical values plotted in Fig. 5 represent the thermally weighted
averages of the BDEs calculated for a 298 K Maxwell–Boltzmann
distribution. Thus, in addition to the ground state �c conforma-
tions, the � conformer for the M+(C6H5F) complexes and the
�x conformers for M+(C6H5Cl) and M+(C6H5Br) complexes are
included because the ion beams generated under our experimen-
tal conditions should be comprised of a statistical mixture of these
ground state and low energy conformations. Consistent with the
halouracil systems previously studied [80], the agreement between
the experimental BDEs and the theoretical values using the ECP
for the C6H5Br complexes is better than that found for the val-
ues computed using full electron correlation. The mean absolute
deviation (MAD) [81] between the measured BDEs and the val-
ues calculated using full electron correlation, (i.e., the M+(C6H5Cl)
and M+(C6H5Br) complexes) for the ground state �c conformers is
3.3 ± 0.9 kJ/mol. The MAD is almost unaffected when the thermally

weighted values are used, and becomes 3.3 ± 1.1 kJ/mol. The MAD
is somewhat better for the values calculated using the ECP, (i.e.,
the M+(C6H5Br) and M+(C6H5I) complexes) for the ground state
�c conformers is 1.5 ± 0.9 kJ/mol, and improves slightly when the
thermally weighted values are used and becomes 1.3 ± 0.9 kJ/mol.
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Fig. 5. Weighted theoretical versus experimental BDEs at 0 K (in kJ/mol) of the
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(C6H5X) complexes. The diagonal line indicates the values for which the calcu-
ated and measured BDEs are equal. Values obtained from MP2(full)/6-311+G(2d,2p)
nd MP2(full)/HW/6-311+G(2d,2p) level of theory are shown as � and �, respec-
ively.

hen the best computed values are used for all six complexes (i.e.,
he thermally weighted values and those computed using the ECP
s appropriate) is quite good, 2.0 ± 0.9 kJ/mol. In all cases, these
ADs are similar or better than the average experimental uncer-

ainty (AEU) in these values of 3.3 ± 0.5 kJ/mol. Thus, the M+-C6H5X
DEs measured here provide reliable anchors for the alkali metal
ation affinity scales.

.4. Conversion from 0 to 298 K

The 0 K BDEs determined here are converted to 298 K bond
nthalpies and free energies. The enthalpy and entropy conversions
re calculated using standard formulas (assuming harmonic oscil-
ator and rigid rotor models), and the vibrational and rotational
onstants determined for the B3LYP/6-31+G* optimized geome-
ries given in Tables 1S and 2S in the Supplementary Information.
able 4 lists 0 and 298 K enthalpies, free energies, and enthalpic
nd entropic corrections for all systems experimentally determined
nd taken from Table 3. The uncertainties in the enthalpic and
ntropic corrections are determined by 10% variation in the molecu-
ar constants. Because the metal cation–ligand frequencies are very

ow and may not be adequately described by theory, the listed
ncertainties also include contributions from scaling these low-
requency modes up and down by a factor of two. The latter provides
conservative estimate of the computational error in the uncertain-

ies listed.

able 4
nthalpies and free energies of binding of M+(C6H5X), where X = Cl, Br, and I, at 0 and 298

eactant complex �H0
b �H298 − �H0

c

a+(C6H5Cl) 73.7 (3.4) 1.0 (0.7)
+(C6H5Cl) 56.3 (2.9) 0.3 (1.6)
a+(C6H5Br)d 80.6 (3.1) 0.9 (1.2)
+(C6H5Br)d 65.9 (2.9) 0.3 (0.7)
a+(C6H5I)d 86.0 (4.2) 1.0 (1.3)
+(C6H5I)d 67.2 (3.0) 0.3 (1.0)

a Uncertainties are listed in parentheses.
b Present experimental results taken from Table 3.
c Density functional values from calculations at B3LYP/6-31+G* level of theory with fre
d Values from calculations at the B3LYP/HW/6-31+G* level of theory with frequencies s
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4.5. Influence of the size of the alkali metal cation

The experimental BDEs of the M+(C6H5X) complexes are sum-
marized in Table 3. The BDEs for these complexes are found
to decrease as the size of the alkali metal cation increases
from Na+ to K+. Similar behavior was also found for the anal-
ogous cation–� complexes to C6H6 [14,76], toluene (C6H5CH3)
[20], C6H5F [21], phenol (C6H5OH) [22], anisole (C6H5OCH3) [23],
naphthalene (C10H8) [24], indole (C8H7N) [28], pyrrole (C4H4NH)
[15,18,29], 1-methylpyrrole (C4H4NCH3) [19], aniline (C6H5NH2)
[25], N-methylaniline (C6H5NHCH3) [31], and N,N-dimethylaniline
(C6H5N(CH3)2) [31] previously investigated. This is the expected
trend for binding based primarily on electrostatic interactions (ion-
dipole, ion-quadrupole, and ion-induced dipole) [9,82,83], because
the increasing size of the alkali metal cation leads to larger metal
cation–ligand bond distances (see Table 2).

4.6. The influence of the halogen substituent

The effect of the halogen substituent on the cation–� inter-
action can be examined by comparing the results obtained here
for C6H5Cl, C6H5Br, and C6H5I, to those obtained in earlier stud-
ies for C6H6 [15] and C6H5F [21]. As a result of the high degree
of symmetry, benzene exhibits no dipole moment. The halogens
are electron-withdrawing substituents that reduce the symme-
try of the molecule and result in a fairly large dipole moment
for all of the halobenzenes, Fig. 1. As a result of the reduction
in the �-electron density of the aromatic ring, cation–� com-
plexes of the halobenzenes are expected to exhibit weaker binding
than benzene. Indeed, both the measured and calculated BDEs
of the M+(C6H5F)x complexes previously determined are weaker
than the corresponding M+(C6H6)x complexes, where M+ = Li+, Na+,
K+, Rb+ and Cs+ and x = 1–2 [21]. As can be seen in Fig. 6, the
M+(C6H5X) complexes examined here also exhibit weaker bind-
ing than the corresponding M+(C6H6) complexes, where M+ = Na+

and K+ and X = Cl, Br, and I. The anticipated trend in the binding
among the halobenzenes is not quite as obvious. The electron-
withdrawing character of the halogen substituents should correlate
with their electronegativities, which follow the order F (3.98) > Cl
(3.16) > Br (2.96) > I (2.66) [45]. Indeed, both the measured and cal-
culated M+–C6H5X BDEs exhibit an inverse correlation with the
electronegativities of the halogen substituent as can be seen in
Fig. 7. Earlier work by Dougherty and co-workers [9,10,84,85] and
our group [18–31] has shown that cation–� interactions are dom-
inated by the ion-quadrupole interaction, which depends upon
the �-electron density. Therefore, the M+-C6H5X BDEs might be
expected to follow the order F < Cl < Br < I. However, the measured

dipole moments of the halobenzenes exhibit less variation than
might be expected based on the electronegativities of the halogen
substituents and follow the order, C6H5F (1.60 ± 0.08 D) < C6H5Cl
(1.69 ± 0.03 D) < C6H5Br (1.70 ± 0.03 D) ≈ C6H5I (1.70 ± 0.09 D) [45].
Thus, the �-electron density of all of the halobenzenes should

K (kJ/mol)a.

�H298 T�S298
c �G298

74.7 (3.5) 29.6 (2.1) 45.1 (4.1)
56.6 (3.3) 27.9 (4.9) 28.7 (5.9)
81.5 (3.3) 29.5 (3.7) 52.0 (5.0)
66.2 (3.0) 27.1 (4.2) 39.1 (5.2)
87.0 (4.4) 29.8 (3.7) 57.2 (5.7)
67.5 (3.2) 28.1 (4.1) 39.4 (5.2)

quencies scaled by 0.9804.
caled by 0.9804.
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ig. 6. Bond dissociation energies (in kJ/mol) at 0 K of the M (C6H5X) versus
+(C6H6) complexes, where X = F, Cl, Br, and I, and M+ = Na+ and K+. Measured values

re shown as circles, while calculated values are shown as squares. Values for C6H6

re taken from Ref. [16]. Values for C6H5F are taken from Ref. [21].

e depleted relative to benzene, but fluorobenzene would be
xpected to the least � deficient, while the other halobenzenes
ould be expected to exhibit very similar � deficiencies. In this

ase, the M+-C6H5X BDEs might be expected to follow the order
≈ Br ≈ Cl < F. However, to completely rationalize the trends in the
inding among the halobenzenes, ion-induced dipole interactions,
hich depend upon the polarizability of the �-ligand, must also

e considered. The measured polarizabilities of the halobenzenes
ncrease with increasing size of the halogen substituent, C6H5F
10.3 Å3) < C6H5Cl (12.3 Å3) < C6H5Br (13.62 Å3) < C6H5I (15.5 Å3)
45]. Thus, the strength of the ion-induced dipole interaction should
ncrease in this same order. As can be seen in Figs. 6 and 7,
he M+-C6H5X BDEs follow the order F < Cl < Br < I, in agreement
ith expectations based upon the electronegativities of the halo-

ens and polarizabilities of the halobenzenes. However, the dipole

oments of the halobenzenes should be more indicative of the

trength of the ion-quadrupole interactions within these com-
lexes, and thus the observed trend in the M+-C6H5X BDEs arises
s a result of the cumulative ion-quadrupole and ion-induced

ig. 7. Bond dissociation energies (in kJ/mol) at 0 K of the M+(C6H5X) complexes
ersus the Pauling electronegativity of the halogen substituent. Experimental values
re shown as closed symbols and solid lines, while theoretical values are shown as
pen symbols and dashed lines. The lines are linear regression fits to the data.
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dipole contributions to the binding and lead to an increase in
the strength of the binding as the size of the halogen substituent
increases.

4.7. Nature of the cation–� interaction

Noncovalent interactions such as cation–� interactions are the
result of a combination of ion-quadrupole, ion-dipole, and ion-
induced dipole interactions. In order to elucidate the detailed
contributions that each of the above interactions contribute to the
strength of the binding in cation–� complexes, we have carried out
studies in which the alkali metal cation and �-ligands were system-
atically varied. By performing a detailed numerical analysis based
upon the binding parameter model of Eq. (5), estimates for the rel-
ative and absolute contributions of these three interactions to the
binding were determined.

BDE (M+-�-ligand) = e(M+) {a[Q (B) + b × D//(�-ligand)]

+ c × D⊥(�-ligand) + d × ˛(�-ligand)} (5)

In this equation, the fitting parameters a, b, c, and d are all indepen-
dent of the metal cation and the total BDE is scaled for each metal
cation using the parameter e(M+). This yields a family of equiv-
alent fits to the data for which we arbitrarily set e(Li+) to unity.
The first term, a[Q(B) + b × D//(�-ligand)] represents the contribu-
tion of the ion-quadrupole interaction to the binding, where Q(B)
is the quadrupole moment of benzene (−8.69 D Å) [86], the only
ligand amongst this set that has been experimentally determined,
and D// is the in-plane (parallel) component of the dipole moment
of the �-ligand. The electron donating (or withdrawing) effects of
the substituent lead to an increase or decrease in the �-electron
density of the aromatic ring and thereby enhance (or reduce) the
quadrupole moment of the �-ligand. Similarly, the contributions
of ion-dipole and ion-induced dipole interactions are estimated
by the c × D⊥(�-ligand) and d × ˛ (�-ligand) terms, respectively,
where D⊥ is the perpendicular component of the dipole moment
and ˛ is the polarizability of each �-ligand. Measured values for the
dipole moments of each ligand were used, while the parallel and
perpendicular components of the dipole moments of aniline, N-
methylaniline, and N,N-dimethylaniline were calculated using the
measured dipole moments and the dipole orientations obtained
from theoretical calculations. Similarly, calculated �-ligand polar-
izabilities were used as measured values were not available for the
entire �-ligand set. The measured dipole moments, and D//, D⊥,
and ˛ values for all �-ligands investigated to date are summarized
in Table 3S of the Supporting Information. The absolute and rel-
ative contributions of these three cation–� interactions for each
M+(�-ligand) complex were determined using a weighted analysis
of the experimental and theoretical bond energies. For the analysis
based on the theoretical results, the uncertainties assumed were
14, 8, 8, 12, and 12 kJ/mol for the complexes to Li+, Na+, K+, Rb+, and
Cs+, respectively. The values for Li+ and Na+ are representative of
the uncertainties previously found in comparisons between exper-
iment and theory [17,87]. Values for K+ were estimated to match
those of Na+, whereas those for Rb+ and Cs+ were set higher because
of the use of the effective core potentials.

Our published work to date [19–25,28,29,31] has examined five
alkali metal cations including: Li+, Na+, K+, Rb+ and Cs+ and 11 �-
ligands including: toluene, fluorobenzene, aniline, phenol, anisole,
naphthalene, indole, pyrrole, 1-methylpyrrole, N-methylaniline,
and N,N-dimethylaniline. Results from Amicangelo and Armentrout

[16] for benzene are also included in our analyses. In the present
study, the set of �-ligands is extended to include chlorobenzene,
bromobenzene, and iodobenzene to further elucidate the inductive
effects of halogenation on the strength of cation–� interactions. The
analysis carried out here includes a total of 64 distinct M+(�-ligand)
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Fig. 8. TCID measured (a) and MP2(full)/6-311+G(2d,2p) (b) BDEs versus BDEs pre-
dicted using the binding parameter model of Eq. (5) for 64 M+(�-ligand) complexes,
where M+ = Li+ ( ), Na+ ( ) K+ ( ), Rb+ ( ), and Cs+ ( ) and �-ligand = benzene
[17], toluene [20], fluorobenzene [21], chlorobenzene, bromobenzene, iodoben-
z
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ene, phenol [22], anisole [23], naphthalene [24], indole [28], pyrrole [19,29],
-methylpyrrole [19], aniline [25], N-methylaniline [31], and N,N-dimethylaniline
31]. The diagonal line indicates the values for which the measure (or calculated)
nd predicted values are equal.

omplexes. The fitting parameters thus obtained are summarized in
able 4S of the Supplementary Information. Overall, this approach
eproduces the experimental data with a MAD of 4.6 ± 4.5 kJ/mol
nd a mean deviation of 0.3 ± 6.5 kJ/mol. The AEU in these values,
.1 ± 4.9 kJ/mol, is somewhat larger than the MAD for the fit to the
ata. Predictions for the MP2(full)/6-311+G(2d,2p) calculated BDEs

ead to an even smaller MAD of 2.0 ± 1.6 kJ/mol and a mean devi-
tion of −0.1 ± 2.6 kJ/mol. The overall reproduction of the data is
llustrated in Fig. 8. As can be seen in the figure, the calculated val-
es are reproduced with high fidelity using this model. The fit to
he experimental results shows evidence of a few outliers, a likely
esults of the independent nature of each measurement and vari-

ble magnitudes of the experimental error for each measurement.

The absolute and relative ion-quadrupole, ion-induced dipole,
nd ion-dipole contributions to the cation–� interactions obtained
rom the analyses of the measured and calculated M+–�-ligand
DEs are listed in Tables 5S and 6S of the Supplementary Infor-
Mass Spectrometry 283 (2009) 35–47 45

mation, respectively. As a result of the nature of the binding
parameter model of Eq. (5) used to analyze the data, the absolute
ion-quadrupole, ion-induced dipole, and ion-dipole contributions
to the cation–� interaction are constrained to increase linearly with
increasing estimated quadrupole moment, polarizability, and the
magnitude of the perpendicular component of the dipole moment
of the �-ligand, respectively. The model also ensures that the con-
tributions of each of these interactions to the M+–�-ligand BDE
are zero when the quadrupole moment, polarizability, or dipole
moment are zero. As can be seen in Tables 5S and 6S, each of
these interactions decrease with the size of the alkali metal cation
for all ligands. This behavior is expected because the alkali metal
cation–�-ligand bond distance increases with the size of the alkali
metal cation, and these interactions scale as R−3, R−4, and R−2,
respectively. The e parameter of Eq. (5) indicates that the average
ratio of the BDEs for the complexes to Li+, Na+, K+, Rb+, and Cs+

are 1.0:0.60:0.46:0.42:0.38 from the analysis of the experimental
data, and 1:0:0.64:0.51:0.40:0.36 from the analyses of the calcu-
lated BDEs. These are remarkably similar to the ratios obtained for
a wide variety of ligands previously investigated [82,83].

The results of this binding parameter model suggest that the
binding is indeed dominated by the ion-quadrupole interaction.
The relative contributions derived from fits to the experimental
data vary between 63 and 86%, while theory suggests that this
interaction is even more important, and varies between 71 and
88% across these 15 �-ligands. The ion-quadrupole contributions
for chlorobenzene (69 and 75%), bromobenzene (66 and 73%), and
iodobenzene (63 and 72%) are amongst the smallest, a result of the
electron-withdrawing (inductive) effects of the halogen substituent
(experiment and theory, respectively). Ion-induced dipole interac-
tions are also found to be important contributors to the binding
and account for 15 to 37% and 12 to 28% of the measured and cal-
culated BDEs, respectively. The ion-induced dipole contributions
for chlorobenzene (31 and 25%), bromobenzene (34 and 27%) and
iodobenzene (37 and 28%) are amongst the largest, as a result of
the enhancement in the polarizability induced by the halogen sub-
stituent. The trends amongst the other �-ligands are very similar to
that found in our previous analysis of the smaller �-ligand set [31].
Ion-dipole effects on the binding depend strongly on the orientation
of the molecular dipole moment. The parallel (in-plane) component
of the dipole moment serves to increase or decrease the �-electron
density of the aromatic ring and thus results in an increase or
decrease in the strength of the ion-quadrupole interaction. For the
�-ligands with a nonzero perpendicular component of the dipole
moment, (i.e., aniline, N-methylaniline, and N,N-dimethylaniline)
ion-dipole interactions also contribute to the binding. The rela-
tive contributions derived from fits to the experimental data vary
between 2 and 6%, while theory suggests that this interaction is
somewhat more important and varies between 3 and 12%, across
these three �-ligands. It should be noted that the ion-perpendicular
dipole interactions appear to reduce the relative contributions of
the ion-quadrupole interactions but not the ion-induced dipole
interactions.

The binding parameter model analyses also allow estimates
of the quadrupole moments of these �-ligands to be extracted.
Estimated quadrupole moments based upon the analyses of the
experimental and calculated values are listed in Table 5. The
estimated quadrupole moments for these �-ligands exhibit good
agreement with quantitative and semi-quantitative predictions of
the influence of the substituent on the �-electron density of the
aromatic ring, supporting the validity of the model. The values

estimated here are all within the estimated uncertainties of the
quadrupole moments previously determined for the smaller �-
ligand set. The inclusion of chlorobenzene, bromobenzene, and
iodobenzene (as well as 1-methylpyrrole) in the binding param-
eter analysis, led to a modest increase in the estimated quadrupole
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Table 5
Estimated quadrupole moments of the neutral �-ligands (in D Å)a.

Ligand Estimated quadrupole moment

TCIDb MP2(full)c

C6H5I −6.30 (0.26) −6.88 (0.24)
C6H5Br −6.30 (0.26) −6.88 (0.24)
C6H5Cl −6.31 (0.26) −6.89 (0.24)
C6H5F −6.44 (0.24) −6.98 (0.23)
C6H5OH −8.61 (0.01) −8.63 (0.01)
C6H5CH3 −9.21 (0.06) −9.09 (0.05)
C6H5OCH3 −9.61 (0.10) −9.38 (0.09)
C6H5NH2 −9.68 (0.11) −9.44 (0.10)
C6H5NHCH3 −10.53 (0.20) −10.09 (0.19)
C8H7N −10.79 (0.23) −10.28 (0.21)
C6H5N(CH3)2 −11.03 (0.26) −10.46 (0.24)
C4H4NH −11.18 (0.27) −10.58 (0.26)
C4H4NCH3 −11.77 (0.33) −11.03 (0.31)

a Uncertainties are listed in parentheses.
b Values estimated using TCID measured BDEs.
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Values estimated using BDEs computed at the MP2(full)/6-311+G(2d,2p) or
P2(full)/HW/6-311+G(2d,2p) levels of theory for all M+(�-ligand) complexes

xcept the Li+(C6H5NH2), Li+(C6H5NHCH3), and Li+(C6H5N(CH3)2) complexes, where
3 values are used.

oment of fluorobenzene and very slight decreases for the nitro-
en containing �-ligands that are �-enhanced relative to benzene.
he estimated quadrupole moments of C6H5Cl, C6H5Br, and C6H5I
re essentially equal, a result of the nearly equal dipole moments
f these �-ligands.

. Conclusions

The kinetic-energy dependences of the CID of M+(C6H5X) com-
lexes, where M+ = Na+, and K+, and X = Cl, Br, and I, with Xe are
xamined in a guided ion beam tandem mass spectrometer. The
ominant dissociation pathway observed for all complexes is loss
f the intact halobenzene ligand. The thresholds for these primary
issociation reactions are interpreted to extract 0 and 298 K BDEs.
he molecular parameters needed for analysis of experimental data,
s well as structures and theoretical estimates of the BDEs for the

+(C6H5X) complexes are obtained from theoretical calculations
erformed at the MP2(full)/6-311+G(2d,2p)//B3LYP/6-31+G* and
P2(full)/HW-6-311+G(2d,2p)//B3LYP/HW/6-31+G* levels of the-

ry. The agreement between theory and experiment is very good
or all complexes. The absolute M+-C6H5X BDEs are observed to
ecrease as the size of the alkali metal cation increases from Na+

o K+, and increase as the size of the halogen increases from F to I.
hese trends arise from the electrostatic nature of the bonding and
he inductive and polarization effects of the halogen substituent.
he absolute and relative contributions of the ion-quadrupole and
on-induced dipole interactions to the binding of these M+(C6H5X)
omplexes are determined via numerical analysis, and vary from 63
o 69% and 31 to 37% based on the measured BDEs, and 72 to 75% and
5 to 28% based on the calculated BDEs, respectively. Estimates for
he quadrupole moments of C6H5Cl, C6H5Br, and C6H5I are obtained
rom the same numerical analysis and exhibit good agreement with
ualitative and semi-quantitative predictions of the inductive effect
f the halogen substituents. Comparison of the present results to
he analogous benzene and fluorobenzene systems reveals that the
nductive effects of the halogen substituent result in cation–� inter-
ctions that are intermediary between benzene and fluorobenzene
or both alkali metal cations.
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