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Abstract

Threshold collision-induced dissociation (CID) techniques are employed to determine the bond dissociation energies of
cation–� complexes of anisole and the alkali metal cations. Both mono and sandwich complexes to Li+, Na+, K+, Rb+,
and Cs+ are examined. In every complex, the primary and lowest energy dissociation pathway observed is endothermic
loss of an intact anisole ligand. Sequential dissociation of a second anisole ligand is observed at elevated energies in the
sandwich complexes. Ligand exchange reactions to produce M+Xe and M+(C6H5OCH3)Xe are also observed as minor
reaction pathways. The molecular constants necessary for the thermodynamic analysis of the experimental data as well as the
structures of these complexes are determined from B3LYP/6-31G∗ calculations. Theoretical binding energies are determined
from single point calculations at the MP2(full)/6-311+G(2d, 2p) level using the B3LYP/6-31G∗ optimized geometries. The
agreement between theory and experiment is very good in all cases except for the Li+(C6H5OCH3) complex. The trends in
the bond dissociation energies of these complexes to anisole as well as those to other� ligands previously studied, aniline,
benzene, fluorobenzene, phenol, and toluene, confirm that these cation–� complexes are noncovalently bound. Comparisons
amongst these� ligands are made to examine the influence of the substituent on the binding, and the factors that control the
strength of cation–� interactions. (Int J Mass Spectrom 222 (2003) 431–450)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Cation–� interactions have become an increasingly
popular topic of study among chemists, biophysicists,
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and biologists. These studies have been motivated by
experimental evidence accumulated over the last 10
years that make it clear that cation–� interactions are
operative in complex biological systems[1–14]. In
biological systems such as proteins, cation–� interac-
tions exist between a positively charged species such
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as a metal cation (e.g., Na+ or K+) or a protonated
side chain of a basic amino acid (e.g., lysine or argi-
nine) and the� face of an aromatic amino acid. Such
cation–� interactions are believed to play a role in pro-
tein structural organization[3–10]and the functioning
of ionic channels in membranes[11,12]. In addition,
it is believed that cation–� interactions might also
play an important role in molecular recognition pro-
cesses[15,16]. Therefore, current studies of cation–�

interactions are aimed at achieving both a better un-
derstanding of these interactions from a fundamental
point of view as well as the specific roles they play in
biological systems. Fundamental studies of cation–�

interactions generally involve the examination of the
association or dissociation behavior of isolated com-
plexes of metal cations to aromatic ligands. Such gas
phase studies allow the extraction of the intrinsic en-
thalpy or free energy of binding and thus provide a
quantitative measure of the strength of the cation–�

interaction. By varying the cation and� ligands un-
der investigation, these studies seek to determine the
influence that the size and electron configuration of
the metal ion as well as the local environment of the
� ligand has upon the cation–� interaction. Since
the first thermochemical measurement of the strength
of the cation–� interaction between K+ and ben-
zene by Kebarle and coworkers using high pressure
mass spectrometry techniques[17], there have been
a number of experimental[18–34] and theoretical
[5,35–40] studies reported in the literature aimed at
determining the strength of cation–� interactions be-
tween a variety of metal cations and aromatic ligands.
These studies have examined a number of model sys-
tems [17–19,25–29,32–34]as well as the aromatic
amino acids[20,21]. Amongst these model systems,
benzene[17,25,26,32–34]and pyrrole[19,27], and
their derivatives such as toluene[28], fluorobenzene
[29], aniline [30], phenol [18,31], and indole[18]
are of particular interest because they constitute the
simplest groups of larger aromatic ligands that could
mimic the binding properties of complex� ligands
that participate in cation–� interactions operative in
biological systems. Amongst these studies, a great
deal of attention has been focused on cation–� in-

Fig. 1. Structure of the phenol molecule. The properly scaled dipole
moment in Debeye is shown as an arrow. Values listed are taken
from experiment[42] and theoretical calculations performed here
(in parentheses). The estimated polarizability is also shown[43].

teractions involving the alkali metal cations. These
include Na+ and K+, the most biologically relevant
alkali metal cations[41] as well as other alkali metal
cations whose involvement in biological systems has
been documented[2–4]. In the present study, we ex-
amine cation–� interactions of anisole, C6H5OCH3,
with the alkali metal cations, Li+, Na+, K+, Rb+,
and Cs+. No previous experimental investigations or
theoretical studies of cation–� interactions between
alkali metal cations and anisole have been reported
in the literature. The structure of anisole along with
its measured[42] and calculated dipole moments
(determined here) and estimated polarizability[43]
are shown inFig. 1. The kinetic energy-dependent
cross-sections for the collision-induced dissociation
(CID) processes are analyzed using methods devel-
oped previously[44]. The analysis explicitly includes
the effects of the internal and translational energy
distributions of the reactants, multiple ion–neutral
collisions, and the lifetime for dissociation. We derive
(C6H5OCH3)x−1M+–C6H5OCH3, x = 1−2, bond
dissociation energies (BDEs) for all of the complexes
and compare these results to ab initio and density
functional calculations performed here. Comparisons
are also made to the analogous benzene[26], toluene
[28], fluorobenzene[29], aniline [30], and phenol
[31] systems studied previously to examine the in-
fluence of the methoxy substituent on the binding,
and the factors that control the strength of cation–�

interactions.
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2. Experimental

2.1. General procedures

A guided ion beam mass spectrometer that has been
described in detail previously[45] was used to mea-
sure the cross-sections for CID of M+(C6H5OCH3)x
complexes, where M+ = Li+, Na+, K+, Rb+, and
Cs+ andx = 1−2. The M+(C6H5OCH3)x complexes
are generated in a flow tube ion source by conden-
sation of the alkali metal cation and neutral anisole
molecule(s). These complexes are collisionally stabi-
lized and thermalized by∼105 collisions with the He
and Ar bath gases such that the internal energies of
the ions emanating from the source region are well
described by a Maxwell–Boltzmann distribution at
room temperature[45]. The ions are extracted from
the source, accelerated, and focused into a mag-
netic sector momentum analyzer for mass analysis.
Mass-selected ions are decelerated to a desired kinetic
energy and focused into an octopole ion guide, which
acts as an efficient ion trap in the radial direction[46].
The octopole passes through a static gas cell contain-
ing Xe at low pressures (0.05–0.20 mTorr), to ensure
that multiple ion–neutral collisions are improbable.
The trapping field of the octopole efficiently focuses
scattered reactant and product ions. These ions drift
to the end of the octopole where they are focused into
a quadrupole mass filter for mass analysis and subse-
quently detected with a secondary electron scintilla-
tion detector and standard pulse counting techniques.

Ion intensities are converted to absolute cross-sec-
tions using a Beer’s law analysis[47]. Absolute uncer-
tainties in cross-section magnitudes are estimated to
be±20%, which are largely the result of errors in the
pressure measurement and the length of the interac-
tion region. Relative uncertainties are approximately
±5%. Because the radio frequency used for the oc-
topole does not trap light masses with high efficiency,
absolute magnitudes of the cross-sections for produc-
tion of Li+ are probably accurate to±50%.

Ion kinetic energies in the laboratory frame,Elab, are
converted to energies in the center of mass frame. All
energies reported below are in the CM frame unless

otherwise noted. The absolute zero and distribution
of the ion kinetic energies are determined using the
octopole ion guide as a retarding potential analyzer
as previously described[47]. The distribution of ion
kinetic energies is Gaussian with a fwhm between 0.2
and 0.4 eV (lab) for these experiments. The uncertainty
in the absolute energy scale is±0.05 eV (lab).

Because multiple collisions can influence the shape
of CID cross-sections and the threshold regions are
most sensitive to these effects, we have performed
pressure-dependent studies of all cross-sections exam-
ined here. Data free from pressure effects are obtained
by extrapolating to zero reactant pressure, as described
previously[48]. Thus, results reported below are due
to single bimolecular encounters.

2.2. Thermochemical analysis

The threshold regions of the reaction cross-sections
are modeled usingEq. (1):

σ(E) = σ0

∑

i

gi(E + Ei − E0)
n/E (1)

whereσ 0 is an energy independent scaling factor,E
is the relative translational energy of the reactants,E0

is the threshold for reaction of the ground electronic
and ro-vibrational state, andn is an adjustable param-
eter. The summation is over the ro-vibrational states of
the reactant ions,i, whereEi is the excitation energy
of each ro-vibrational state, andgi is the population
of those states (
gi = 1). The populations of excited
ro-vibrational levels are not negligible even at 298 K
as a result of the many low-frequency modes present in
these ions. The relative reactivity of all ro-vibrational
states, as reflected byσ 0 andn, is assumed to be equiv-
alent.

The Beyer–Swinehart algorithm[49] is used to
evaluate the density of the ro-vibrational states, and
the relative populations,gi are calculated by an appro-
priate Maxwell–Boltzmann distribution at the 298 K
temperature appropriated for the reactants. The vibra-
tional frequencies of the reactant complexes are de-
termined from density functional theory calculations
as discussed inSection 2.3. The average vibrational
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energy at 298 K of the M+(C6H5OCH3)x complexes
is given inTable 1. To account for the inaccuracies in
the calculated frequencies, we have increased and de-
creased the scaled calculated frequencies by 10% for
the M+(C6H5OCH3)x complexes to Li+, Na+, and
K+. This scaling procedure encompasses the range of
scale factors needed to bring calculated frequencies
into agreement with experimentally determined fre-
quencies as found by Pople et al.[50]. For the com-
plexes to Rb+ and Cs+, 20% variations were applied.
The corresponding change in the average vibrational
energy is taken to be an estimate of one standard devi-
ation of the uncertainty in vibrational energy (Table 1).

We also include statistical theories for unimolecular
dissociation, specifically Rice–Ramsperger–Kassel–
Marcus (RRKM) theory, inEq. (1)to account for the
possibility that collisionally activated ions may not
have undergone dissociation prior to arriving at the
detector (∼10−4 s) [44,51]. The ro-vibrational fre-
quencies appropriate for the energized molecules and
the transition states (TSs) leading to dissociation are
given in Tables 1 and 2. In our analysis, we assume
that the TSs are loose and product-like because the
interaction between the alkali metal cation and the
anisole ligand(s) is largely electrostatic (ion-dipole,
ion quadrupole, and ion-induced dipole interactions).
The most appropriate model for the TS of such
electrostatically bound complexes is a loose phase
space limit (PSL) model located at the centrifugal
barrier for the interaction of M+(C6H5OCH3)x−1

with C6H5OCH3 as described in detail elsewhere
[44]. The TS vibrations appropriate for this model
are the frequencies of the products, which are also
found in Table 1. The transitional frequencies, those
that become rotations of the completely dissociated
products, are treated as rotors. The transitional mode
rotors and the 1-D external rotor of the TS are simply
the rotational constants of the molecular product(s)
formed in the CID reaction as previously discussed in
detail. These are listed inTable 2. The 2-D external
rotational constant of the TS is determined by assum-
ing that the TS occurs at the centrifugal barrier for
interaction of M+(C6H5OCH3)x−1 with the neutral
C6H5OCH3 molecule, treated variationally as out-

lined elsewhere[44]. The 2-D external rotations are
treated adiabatically with centrifugal effects included
using a statistical distribution with explicit summation
over the possible values of the rotational quantum
number, as described in detail elsewhere[44].

The model represented byEq. (1)is expected to be
appropriate for translationally driven reactions[52]
and has been found to reproduce CID cross-sections
well. The model is convoluted with the kinetic en-
ergy distributions of both reactants, and a nonlinear
least-squares analysis of the data is performed to give
optimized values for the parametersσ 0, E0, and n.
The error associated with the measurement ofE0 is
estimated from the range of threshold values deter-
mined for different zero-pressure extrapolated data
sets, variations associated with uncertainties in the
vibrational frequencies, and the error in the absolute
energy scale, 0.05 eV (lab). For analyses that include
the RRKM lifetime analysis, the uncertainties in the
reportedE0 values also include the effects of increas-
ing and decreasing the time assumed available for
dissociation (∼10−4 s) by a factor of 2.

Eq. (1) explicitly includes the internal energy of
the ion,Ei . All energy available is treated statistically
because the internal (rotational and vibrational) energy
of the reactants is redistributed throughout the ion in
the collision. Because the CID processes examined
here are simple noncovalent bond fission reactions, the
E0 values determined by analysis usingEq. (1) can
be equated to 0 K bond dissociation energies (see, for
example,Fig. 1) [53,54].

2.3. Theoretical calculations

To obtain model structures, vibrational frequencies,
rotational constants, and energetics for the neutral
C6H5OCH3 ligand and for the M+(C6H5OCH3)x
complexes, ab initio and density functional the-
ory calculations were performed using Gaussian
98 [55]. Geometry optimizations were performed
at B3LYP/6-31G∗ level [56,57] for the M+(C6H5-
OCH3)x complexes where M+ = Li+, Na+, and K+.
For complexes with Rb+ and Cs+, geometry opti-
mizations were performed using a hybrid basis set in
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Table 1
Vibrational frequencies and average vibrational energies at 298 Ka

Species Evib (eV)b Frequencies (cm−1)

C6H5OCH3 0.08 (0.02) 91, 210, 254, 275, 417, 439, 512, 550, 617, 689, 753, 787, 815, 875, 937, 963, 993, 1031, 1062,
1092, 1162, 1166, 1184, 1195, 1271, 1325, 1347, 1468, 1477, 1491, 1505, 1521, 1613, 1634,
2964, 3021, 3094, 3121, 3128, 3145, 3153, 3162

Li+(C6H5OCH3) 0.19 (0.02) 107, 180, 225, 240, 251, 284, 393, 420, 439, 528, 549, 612, 688, 786, 796, 864, 908, 983, 987,
995, 1014, 1029, 1081, 1154, 1169, 1181, 1190, 1293, 1319, 1341, 1455, 1466, 1491, 1495,
1512, 1569, 1604, 2999, 3074, 3139, 3151, 3155, 3166, 3172, 3177

Na+(C6H5OCH3) 0.21 (0.02) 78, 105, 129, 199, 209, 240, 262, 422, 437, 525, 550, 613, 694, 780, 790, 851, 898, 972, 981,
991, 1015, 1033, 1083, 1155, 1167, 1181, 1189, 1287, 1316, 1340, 1458, 1467, 1493, 1493,
1511, 1579, 1610, 2990, 3063, 3133, 3140, 3145, 3158, 3163, 3171

K+(C6H5OCH3) 0.21 (0.02) 57, 87, 114, 143, 202, 244, 266, 420, 437, 519, 550, 614, 688, 773, 788, 844, 893, 967, 977,
990, 1018, 1038, 1085, 1157, 1167, 1182, 1190, 1283, 1317, 1342, 1463, 1469, 1494, 1496,
1513, 1589, 1616, 2984, 3056, 3127, 3134, 3140, 3154, 3159, 3169

Rb+(C6H5OCH3) 0.22 (0.04) 49, 75, 114, 123, 202, 244, 266, 420, 437, 519, 550, 614, 688, 773, 788, 844, 893, 967, 977,
990, 1018, 1038, 1085, 1157, 1167, 1182, 1190, 1283, 1317, 1342, 1463, 1469, 1494, 1496,
1513, 1589, 1616, 2984, 3056, 3127, 3134, 3140, 3154, 3159, 3169

Cs+(C6H5OCH3) 0.22 (0.04) 47, 71, 114, 117, 202, 244, 266, 420, 437, 519, 550, 614, 688, 773, 788, 844, 893, 967, 977,
990, 1018, 1038, 1085, 1157, 1167, 1182, 1190, 1283, 1317, 1342, 1463, 1469, 1494, 1496,
1513, 1589, 1616, 2984, 3056, 3127, 3134, 3140, 3154, 3159, 3169

Li+(C6H5OCH3)2 0.44 (0.04) 9, 32, 42, 61, 75, 105, 109, 120, 188, 196, 201, 215, 243, 245, 262, 265, 390, 418, 418, 438, 439,
523, 524, 550(2), 613, 614, 691(2), 782, 783, 791, 793, 850, 856, 900, 903, 976, 978, 985, 986,
991, 992, 1018(2), 1036, 1037, 1084, 1085, 1156, 1157, 1167(2), 1182, 1183, 1191(2), 1290(2),
1318, 1319, 1342, 1343, 1460, 1461, 1468, 1469, 1493, 1494, 1495, 1496, 1513, 1514, 1582,
1583, 1612, 1613, 2991(2), 3062(2), 3130(2), 3146(2), 3150, 3151, 3163, 3164, 3168(2), 3176(2)

Na+(C6H5OCH3)2 0.46 (0.04) 7, 20, 28, 40, 73, 88, 95, 108, 114, 126, 197, 207, 237, 244, 245, 262, 266, 422(2), 438(2), 522,
523, 550(2), 614, 615, 694, 695, 775, 776, 789, 790, 843, 847, 895, 897, 968, 970, 980, 981,
990(2), 1018(2), 1038(2), 1084, 1085, 1157(2), 1166(2), 1182(2), 1191(2), 1285, 1286, 1317(2),
1341(2), 1461, 1462, 1468, 1469, 1493, 1494, 1495, 1496, 1513(2), 1585, 1586, 1614(2),
2986(2), 3057(2), 3127(2), 3138(2), 3143(2), 3157(2), 3162(2), 3172(2)

K+(C6H5OCH3)2 0.47 (0.03) 4, 5, 7, 35, 64, 74, 80, 89, 110, 113, 163, 203, 204, 246, 247, 266(2), 419, 420, 437(2), 518(2),
550(2), 614(2), 687(2), 768, 770, 788(2), 838, 840, 889, 890, 963, 964, 975, 976, 990(2),
1020(2), 1041(2), 1086(2), 1157(2), 1166(2), 1182(2), 1190(2), 1281, 1282, 1317(2), 1343(2),
1463(2), 1469(2), 1493(2), 1497(2), 1514(2), 1591(2), 1618(2), 2981(2), 3051, 3052, 3123(2),
3133(2), 3139(2), 3153(2), 3159(2), 3169(2)

Rb+(C6H5OCH3)2 0.48 (0.07) 3, 4, 6, 30, 64, 74, 80, 89, 110, 113, 140, 203, 204, 246, 247, 266(2), 419, 420, 437(2), 518(2),
550(2), 614(2), 687(2), 768, 770, 788(2), 838, 840, 889, 890, 963, 964, 975, 976, 990(2),
1020(2), 1041(2), 1086(2), 1157(2), 1166(2), 1182(2), 1190(2), 1281, 1282, 1317(2), 1343(2),
1463(2), 1469(2), 1493(2), 1497(2), 1514(2), 1591(2), 1618(2), 2981(2), 3051, 3052, 3123(2),
3133(2), 3139(2), 3153(2), 3159(2), 3169(2)

Cs+(C6H5OCH3)2 0.48 (0.07) 3, 4, 6, 29, 64, 74, 80, 89, 110, 113, 134, 203, 204, 246, 247, 266(2), 419, 420, 437(2), 518(2),
550(2), 614(2), 687(2), 768, 770, 788(2), 838, 840, 889, 890, 963, 964, 975, 976, 990(2),
1020(2), 1041(2), 1086(2), 1157(2), 1166(2), 1182(2), 1190(2), 1281, 1282, 1317(2), 1343(2),
1463(2), 1469(2), 1493(2), 1497(2), 1514(2), 1591(2), 1618(2), 2981(2), 3051, 3052, 3123(2),
3133(2), 3139(2), 3153(2), 3159(2), 3169(2)

a Vibrational frequencies are obtained from a vibrational analysis of the density functional theory B3LYP/6-31G∗ geometry optimized
structures for neutral C6H5OCH3 and M+(C6H5OCH3)x , where M+ = Li+, Na+, and K+ and scaled by 0.9804. For M+ = Rb+ and Cs+,
vibrational frequencies were estimated by scaling the calculated frequencies for the analogous K+(C6H5OCH3)x complexes as described
in the text. The metal–ligand stretches and bends, corresponding to the transitional modes, are indicated in bold typeface, where the largest
of these frequencies is the reaction coordinate.

b Uncertainties listed in parentheses are determined as described in the text.
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Table 2
Rotational constants of the reactant M+(C6H5OCH3)x complexes and their transition states for collision-induced dissociation in cm−1

Reactant Energized molecule Transition state

1-Da 2-Db 1-Dc 2-Dc 2-Dd

Li+(C6H5OCH3) 0.136 0.043 0.17 0.046 0.038
Na+(C6H5OCH3) 0.085 0.037 0.17 0.046 0.0038
K+(C6H5OCH3) 0.059 0.031 0.17 0.046 0.0016
Rb+(C6H5OCH3) 0.059 0.031 0.17 0.046 0.0006
Cs+(C6H5OCH3) 0.059 0.031 0.17 0.046 0.0003
Li+(C6H5OCH3)2 0.028 0.010 0.14, 0.17 0.043, 0.046 0.0012
Na+(C6H5OCH3)2 0.025 0.0081 0.085, 0.17 0.037, 0.046 0.0010
K+(C6H5OCH3)2 0.023 0.0066 0.059, 0.17 0.031, 0.046 0.0010
Rb+(C6H5OCH3)2 0.023 0.0065 0.059, 0.17 0.031, 0.046 0.0008
Cs+(C6H5OCH3)2 0.023 0.0065 0.059, 0.17 0.031, 0.046 0.0005

a Active external.
b Inactive external.
c Rotational constants of the transition state treated as free internal rotors.
d Two-dimensional rotational constant of the transition state at threshold, treated variationally and statistically.

which the effective core potentials (ECPs) and valence
basis sets of Hay and Wadt were used to describe the
metal cation[58], while 6-31G∗ basis sets were used
for C, O, and H atoms. As suggested by Glenden-
ing et al.[59], a single polarization (d) function was
added to the Hay–Wadt valence basis set for Rb and
Cs, with exponents of 0.24 and 0.19, respectively.

Vibrational analyses of the geometry-optimized
structures were performed to determine the vibra-
tional frequencies for the neutral C6H5OCH3 ligand
and the M+(C6H5OCH3)x complexes for M+ = Li+,
Na+, and K+. The vibrational frequencies for the
complexes to Rb+ and Cs+ were estimated by scal-
ing the calculated frequencies for the analogous
K+ complexes using a procedure described in de-
tail previously [60]. When used to model data or
calculate thermal energy corrections, the calculated
vibrational frequencies were scaled by a factor of
0.9804 [61]. The vibrational frequencies and rota-
tional constants of neutral C6H5OCH3 and all 10
M+(C6H5OCH3)x complexes are listed inTables 1
and 2, respectively. Single point energy calculations
were performed at the MP2(full)/6-311+G(2d,2p)
level using the B3LYP/6-31G∗ and B3LYP/Hybrid
(6-31G∗, Hay–Wadt) optimized geometries. To ob-
tain accurate BDEs, zero-point energy (ZPE) and
basis set superposition errors (BSSE) corrections

were applied[62,63]. The ZPE corrections are small
and decrease with increasing size of the alkali metal
ion. The BSSE corrections are somewhat larger. Cal-
culations in which the alkali metal cation interacts
with the oxygen atom of methoxy group through a
�-binding interaction were also performed for the
M+(C6H5OCH3) complexes. Two different stable
conformations were found, hereafter referred to as�1
and�2. In these complexes, the ZPE corrections are
somewhat smaller than for the complexes in which
the alkali metal cation interactions with the� electron
density of the aromatic ring. The BSSE corrections
for these complexes are comparable to those for the
cation–� complexes.

3. Results

3.1. Cross-sections for collision-induced
dissociation

Experimental cross-sections were obtained for
the interaction of 10 M+(C6H5OCH3)x complexes
with Xe, where M+ = Li+, Na+, K+, Rb+, and
Cs+, and x = 1 and 2. Representative data for the
Na+(C6H5OCH3)x , x = 1 and 2 complexes are shown
in Fig. 2. The behavior of the other M+(C6H5OCH3)x
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Fig. 2. Cross-sections for collision-induced dissociation of Na+(C6H5OCH3)x , x = 1 and 2 (parts (a) and (b), respectively), with Xe as
a function of kinetic energy in the center-of-mass frame (lowerx-axis) and the laboratory frame (upperx-axis). Data are shown for a Xe
pressure of∼0.2 and∼0.1 mTorr, for thex = 1 and 2 complexes, respectively. The open symbols for all M+(C6H5OH)x represent data
extrapolated to zero pressure. Primary and secondary product cross-sections are shown as () and ( ), respectively. Primary and secondary
ligand exchange product cross-sections are shown as () and ( ), respectively. Data are also shown for the primary product cross-section
extrapolated to zero pressure of Xe as ().
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complexes is quite similar to that observed for the
Na+(C6H5OCH3)x complexes. Over the collision
energy range studied, 0 to >5 eV, only two types of
processes are observed; simple CID resulting in the
loss of intact anisole molecules and ligand exchange
with Xe. The dominant reaction pathway observed for
all of the M+(C6H5OCH3)x complexes is the loss of a
single intact anisole molecule in the CID reactions 2.

M+(C6H5OCH3)x + Xe

→ M+(C6H5OCH3)x−1 + C6H5OCH3 + Xe (2)

In the mono-complexes, the thresholds for reaction
2 decrease and the maximum cross-section increases
as the size of the cation increases; behavior indicative
of electrostatic binding. The Rb+(C6H5OCH3) and
Cs+(C6H5OCH3) complexes deviate from this simple
trend exhibiting cross-section maxima intermediate
between that observed for the Na+ and K+ com-
plexes. The M+(C6H5OCH3)2 sandwich complexes
exhibit similar behavior. The thresholds for reactions
2 again decrease and the maximum cross-section
increases with increasing size of the cation. The
Rb+(C6H5OCH3)2 and Cs+(C6H5OCH3)2 complexes
again deviate from these simple trend, exhibiting
cross-sections that are smaller than for the other al-
kali metal cations. The maximum cross-section for
reaction 2, as well as the total cross-section, roughly
doubles in magnitude from the mono to the sand-
wich complexes. The threshold for reaction 2 also

Table 3
Fitting parameters ofEq. (1), threshold dissociation energies at 0 K, and entropies of activation at 1000 Ka

Reactant complex σ 0
b nb E0

c (eV) E0(PSL) (eV) Kinetic shift (eV) �S† (PSL) (J K−1 mol−1)

Li+(C6H5OCH3) 1.3 (0.1) 1.6 (0.1) 2.20 (0.21) 1.91 (0.19) 0.29 42 (2)
Na+(C6H5OCH3) 15.3 (1.4) 1.2 (0.1) 1.20 (0.1) 1.18 (0.06) 0.02 38 (2)
K+(C6H5OCH3) 23.9 (0.5) 1.2 (0.1) 0.82 (0.03) 0.81 (0.03) 0.01 34 (2)
Rb+(C6H5OCH3) 23.4 (0.7) 1.2 (0.1) 0.75 (0.06) 0.75 (0.04) 0.00 38 (3)
Cs+(C6H5OCH3) 27.9 (4.1) 1.2 (0.1) 0.69 (0.06) 0.69 (0.05) 0.00 43 (5)
Li+(C6H5OCH3)2 52.6 (2.2) 1.3 (0.1) 1.60 (0.04) 1.26 (0.04) 0.34 37 (4)
Na+(C6H5OCH3)2 54.6 (4.2) 1.3 (0.1) 1.06 (0.05) 0.93 (0.02) 0.13 30 (5)
K+(C6H5OCH3)2 113.9 (3.5) 1.0 (0.1) 0.80 (0.07) 0.72 (0.03) 0.08 0.8 (5)
Rb+(C6H5OCH3)2 77.1 (2.2) 1.1 (0.1) 0.73 (0.1) 0.66 (0.03) 0.07 3 (9)
Cs+(C6H5OCH3)2 57.2 (2.6) 1.3 (0.1) 0.68 (0.1) 0.64 (0.06) 0.04 7 (9)

a Uncertainties are listed in parentheses.
b Average values for loose PSL transition state.
c No RRKM analysis.

decreases from the mono to the sandwich complexes,
behavior that is again indicative of electrostatic bind-
ing. At elevated energies, sequential dissociation of a
second anisole molecule is observed in the sandwich
complexes. As this reaction pathway becomes ener-
getically accessible, the cross-section for the primary
CID process declines indicating that loss of both
anisole ligands occurs sequentially rather than via a
direct mechanism.

In addition to the CID processes, ligand ex-
change reactions are also observed. The apparent
thresholds for the ligand exchange processes in the
M+(C6H5OCH3)x complexes decrease regularly as
the size of the cation increases and are smaller for the
sandwich complexes than for the mono-complexes.
The cross-section magnitudes of the ligand exchange
products are quite small. The primary and secondary
ligand exchange products are approximately 3 and 2
orders of magnitude smaller than the primary CID
product, respectively.

3.2. Threshold analysis

The model ofEq. (1) was used to analyze the
thresholds for reactions 2 in 10 M+(C6H5OCH3)x
systems. The results of these analyses are given in
Table 3 for all 10 M+(C6H5OCH3)x complexes.
Representative fits usingEq. (1) for the Na+(C6H5-
OCH3)x complexes are shown inFig. 3. Experimental
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Fig. 3. Zero-pressure extrapolated cross-sections for the primary collision-induced dissociation product of the Na+(C6H5OCH3)x complexes,
x = 1 and 2 (parts (a) and (b), respectively), with Xe in the threshold region as a function of kinetic energy in the center-of mass frame
(lower x-axis) and the laboratory frame (upperx-axis). Solid lines show the best fits to the data using the model ofEq. (1)convoluted over
the neutral and ion kinetic and internal energy distributions. Dashed lines show the model cross-sections in the absence of experimental
kinetic energy broadening for reactants with an internal energy of 0 K.
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cross-sections for the primary dissociation processes
of the M+(C6H5OCH3)x complexes are accurately
reproduced using a loose PSL TS model[44]. This
model has been shown to provide the most accu-
rate determination of kinetic shifts for CID reactions
for electrostatically bound metal–ligand complexes
[44,64]. The data are accurately reproduced over en-
ergy ranges exceeding 1 eV and over cross-section
magnitudes of a factor of at least 100 for all complexes
except Rb+(C6H5OCH3)2 and Cs+(C6H5OCH3)2 be-
cause the cross-sections for the primary product are
already nonzero at 0 eV in these complexes. Thresh-
old values,E0(PSL) andE0, obtained from analyses
of the data with and without explicit consideration of
lifetime effects are also included inTable 3. The differ-
ence between these threshold values, the kinetic shift,
is also given inTable 3. The kinetic shifts observed
for these systems vary from 0.0 to 0.25 eV for the
mono-complexes which possess 45 vibrational modes,
and from 0.04 to 0.34 eV for the sandwich complexes
which have 93 vibrational modes. The kinetic shifts
decrease with increasing size of the cation, from Li+

to Cs+, in both the mono and sandwich complexes.
This is easily understood because the observed ki-
netic shift should directly correlate with the density
of states of the complex at threshold, which depends
upon the measured BDE as observed (Table 3).

The entropy of activation,�S†, is a measure of the
looseness of the transition state. It is also a reflection
of the complexity of the system because it is largely
determined by the molecular parameters used to model
the energized molecule and the TS, but also depends
upon the threshold energy. The�S†(PSL) values at
1000 K are listed inTable 3and vary between 1 and
43 J K−1 mol−1. These entropies of activation com-
pare favorably to an expanding range of noncovalently
bound metal–ligand complexes previously measured
in our laboratory and to those collected by Lifshitz for
simple bond cleavage reactions of ions[65].

3.3. Theoretical results

Theoretical structures for neutral C6H5OCH3

and for the M+(C6H5OCH3)x complexes, where

Fig. 4. B3LYP/6-31G∗ optimized geometries of the ground state
Na+(C6H5OCH3)x cation–� complexes, wherex = 1–2. Two
views of each optimized structure are shown.

M+ = Li+, Na+, K+, Rb+, and Cs+ and x = 1
and 2, were calculated as described above. Details of
the geometry-optimized structures for each of these
species are given inTable 4. The most stable structures
for the Na+(C6H5OCH3) and Na+(C6H5OCH3)2
complexes are shown inFig. 4. The metal cation binds
to the � cloud of the aromatic ring of the anisole
molecule, a cation–� interaction. The distortion of the
anisole molecule that occurs upon complexation to the
alkali metal cation is minor. The change in geometry
is largest for Li+ and decreases with increasing size
of the metal cation. As summarized inTable 4, the
ring C–O bond distance decreases by 0.010–0.031 Å
upon complexation to the alkali metal cation. Similar
behavior was observed in the analogous fluoroben-
zene[29], aniline [30], and phenol[31] complexes.
Thus complexation to the alkali metal cation results
in the ring C–X bond taking on more double bond
character. The influence of alkali metal cation com-
plexation is larger for the mono-complexes than for
the sandwich complexes, and decreases in magnitude
with increasing size of the alkali metal cation. The
M+–C and M+–ring-centroid distances[66] increase
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with increasing size of the metal cation for both the
mono and sandwich complexes. These distances are
also found to increase on going from the mono to the
corresponding sandwich complex.

As can be seen inFig. 4, the ground state struc-
ture of Na+(C6H5OCH3) has the Na+ ion interacting
with the � cloud of the aromatic ring such that it sits
very close to the center of the ring. However, it is
also possible that the alkali metal cation might interact
with the lone pairs of electrons on the oxygen atom
of the methoxy substituent. Two different stable con-
formers (�1 and�2) in which the alkali metal cation
interacts with the methoxy substituent were found for
the M+(C6H5OCH3) complexes with all five alkali
metal cations. The primary difference between the�1
and �2 conformers is the M+–O bond distance and
the orientation of the M+–OCH3 moiety relative to
the aromatic ring. The optimized structures of the�1
and�2 conformers of the Na+(C6H5OCH3) complex
are shown inFig. 5. In all of the �1 conformers, the
M+–O bond distance is shorter than that found for
the corresponding�2 conformer. In the�1 conform-
ers, the methoxy group rotates out of the plane of
the aromatic ring to allow the alkali metal cation to
sit almost directly above the oxygen atom such that
the∠M+OC1C2 and∠MeOC1C2 dihedral angles are
both close to 90◦. The�2 conformers are very similar
to those found for the analogous phenol complexes. In
these complexes the rotation of the substituent out of
the plane is much smaller such that the∠MeOC1C2
dihedral angles are∼35◦, and the alkali metal cation
is oriented above and to the side of the substituent
oxygen atom such that the∠M+OC1C2 dihedral an-
gles are∼60◦. In order to understand why two dif-
ferent �-binding conformers are found for anisole,
whereas only one was found for phenol, we compared
the energies of these ligands in their ground state con-
figurations to those where the substituent is rotated
in the same fashion as observed in the�1 conform-
ers, i.e., nearly perpendicular to the plane of the aro-
matic ring. The energetic cost of this rotation is only
2.7 kJ mol−1 in anisole; whereas it is somewhat higher
in phenol, 16.0 kJ mol−1. Thus, the repulsive interac-
tions between the hydroxyl H atom and the aromatic

Fig. 5. B3LYP/6-31G∗ optimized geometries of�-binding con-
formers of Na+(C6H5OCH3) complex, three views of each
�-binding conformer,�1 (1.7 kJ mol−1) and�2 (1.9 kJ mol−1) are
shown. Energies are relative to the ground state conformer shown
in Fig. 4.

ring are greater than between the methyl group and
the aromatic ring. This makes the�1 conformation
in which the plane containing the M+–OH moiety is
perpendicular to the aromatic ring less favorable and
not a local minimum on the potential energy surface.
The �-binding conformers of M+(C6H5OCH3) and
M+(C6H5OH) also differ from that observed for the
corresponding M+(C6H5NH2) complexes where the
alkali metal cation sits above the C–N bond rather than
directly above the N atom, making it seem appropri-
ate to also think of these M+(C6H5NH2) conformers
as cation–� complexes.

The alkali metal cation exerts a lesser influ-
ence on the aromatic ring and a greater influence
on the methoxy substituent in the�-binding com-
plexes than in the cation–� complexes as might
be expected. In contrast to that observed for the
cation–� complexes, the ring C–O bond distance
increases by 0.029–0.053 Å for the�1 conformers
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and by 0.017–0.039 Å for the�2 conformers. At the
MP2(full)/6-311+G(2d,2p) level of theory, the�1
conformers of Li+, Na+, and K+ are found to be 9.2,
1.7, and 2.6 kJ mol−1 less stable than the analogous
cation–� ground state conformers, respectively. The
�2 conformers are found to be 8.5, 1.9, and 4.1 less
stable than the corresponding cation–� ground state
conformers, respectively. In contrast, the�1 conform-
ers of the Rb+ and Cs+ complexes are found to be 0.9
and 1.5 kJ mol−1 more stable than the corresponding
cation–� complexes. The�2 conformers of the Rb+

and Cs+ complexes are found to be less stable than
the corresponding cation–� complexes by 0.8 and
1.4 kJ mol−1, respectively. The small difference in
stability of �-binding and cation–� complexes sug-
gests that the ion beams generated in our experiments
are likely to be composed of a mixture of all three
conformers. Because the technique employed here to
determine the BDEs of these complexes is a threshold
technique, our results should correlate with the least
strongly bound conformer present in reasonable abun-
dance. The population of the�-binding conformers of
the Li+(C6H5OCH3) complex should be very small
and are therefore unlikely to significantly influence
the threshold determination.

As can be seen inFig. 4, the lowest energy struc-
ture for the Na+(C6H5OCH3)2 complex has the Na+

cation interacting with the� clouds of the aromatic
rings and has the methoxy substituents oriented anti to
one another to minimize repulsive ligand–ligand inter-
actions associated with the methoxy substituents. The
anti configuration was found to be the lowest energy
structure for all of the sandwich complexes. To esti-
mate the barrier to free rotation of the aromatic ring
in the sandwich complexes, optimizations were also
performed for Li+(C6H5OCH3)2 with the methoxy
groups orientedsyn, “ortho” and “meta” to one an-
other. These complexes were found to be 4.7, 4.5, and
3.0 kJ mol−1 less stable than when oriented anti to one
another (excluding BSSE corrections). Therefore, at
room temperature these complexes should have suffi-
cient energy to freely interconvert (seeTable 1).

Theoretical estimates for the M+(C6H5OCH3)x
BDEs were determined using the B3LYP/6-31G∗ ge-

Fig. 6. Bond dissociation energies at 0 K (in kJ mol−1) of the
M+(C6H5OCH3)x complexes plotted versus the ionic radius of
M+. Data are shown forx = 1 and 2 as ( ) and ( ), respectively.
All values are taken fromTable 5.

ometries and single point energy calculations at both
the MP2(full)/6-311+G(2d,2p) level of theory. In ear-
lier work in which we measured and calculated the
strength of cation–� interactions of M+(C6H5CH3)x
complexes[28], we found better correlation between
theoretical and experimental results for energetics
based on MP2(full)/6-311+G(2d,2p) theory than for
B3LYP/6-311+G(2d,2p) theory and have therefore
employed the former in the present work. To obtain
accurate BDEs, ZPE and BSSE corrections are also
included. These results are listed inTable 5 along
with the experimental determinations performed here
for anisole.

4. Discussion

4.1. Trends in experimental M+(C6H5OCH3)x
bond dissociation energies

The experimental BDEs of the M+(C6H5OCH3)x
complexes at 0 K are summarized inTable 5. The vari-
ation in the measured BDEs with the size of the al-
kali metal cation is shown inFig. 6 for both the mono
and sandwich complexes. The M+–(C6H5OCH3) and
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Table 5
Bond dissociation enthalpies of M+(C6H5OCH3)x x = 1–2 at 0 K in kJ mol−1

Complex Experiment (TCID) Theory, X= OCH3vv

X = OCH3
a X = Hb Conformer De

c D0
c,d D0,BSSE

c,e

Li+(C6H5X) 184.4 (18.3) 161.1 (13.5) � 174.3 167.5 157.3
�1 161.9 158.4 148.1
�2 161.6 157.3 148.8

Na+(C6H5X) 113.5 (8.4) 92.6 (5.8) � 114.1 110.8 100.3
88.3 (4.3)f �

�1 110.3 109.0 98.6
�2 109.6 107.7 98.4

K+(C6H5X) 79.0 (2.9) 73.3 (3.8) � 88.3 85.8 79.8
�1 83.9 83.3 77.2
�2 82.5 81.3 75.7

Rb+(C6H5X)g 72.4 (3.9) 68.5 (3.8) � 73.2 71.2 64.3
�1 72.4 72.1 65.2
�2 71.2 70.2 63.5

Cs+(C6H5X)g 66.4 (5.2) 64.6 (4.8) � 65.4 63.7 57.0
�1 65.4 65.3 58.5
�2 63.3 62.6 55.6

Li+(C6H5X)2 121.6 (3.6) 104.2 (6.8) � 138.1 135.4 113.4
Na+(C6H5X)2 89.4 (2.3) 80.0 (5.8) � 103.3 100.5 84.7
K+(C6H5X)2 69.9 (2.5) 67.5 (6.8) � 80.6 78.8 68.3
Rb+(C6H5X)2

g 63.5 (3.2) 62.7 (7.7) � 72.8 71.0 60.2
Cs+(C6H5X)2

g 61.5 (3.7) 58.8 (7.7) � 63.4 61.6 52.3

a Present results. Uncertainties are listed in parenthesis.
b Taken from Amicangelo and Armentrout, except noted[26].
c Calculated at the MP2(full)/6-311+G(2d,2p) level of theory using B3LYP/-31G∗ optimized geometries.
d Including zero-point energy corrections with B3LYP/6-31G∗ frequencies scaled by 0.9804.
e Also includes basis set superposition error corrections.
f Taken from Armentrout and Rodgers[25].
g The Hay–Wadt ECP/valence basis set was used for the metal ion, as described in the text.

(C6H5OCH3)M+–(C6H5OCH3) BDEs are found to
decrease monotonically as the size of the alkali metal
increases from Li+ to Cs+. Similar trends were ob-
served for the analogous complexes to other aromatic
ligands[26,28–31]. This behavior supports the conclu-
sion that the binding in these cation–� complexes re-
sults primarily from electrostatic interactions[3]. The
BDE decreases with increasing size of the alkali metal
cation because the metal–ligand bond distances are
larger (seeTable 4) and the electrostatic interactions
fall off rapidly asR−2 for ion–dipole, asR−3 for the
ion–quadrupole, and asR−4 for ion-induced dipole in-
teractions.

The BDEs of the sandwich complexes are smaller
than the BDEs for the corresponding mono-complexes
in all cases. The decrease in the measured BDE on

going from the mono to the sandwich complex is
largest for Li+, and decreases with increasing size
of the alkali metal cation. The sequential BDE is
observed to decrease by 43.9, 15.6, 4.9, 4.4, and
4.7 kJ mol−1 for the Li+, Na+, K+, Rb+, and Cs+ sys-
tems, respectively. Similar trends were observed for
the analogous cation–� complexes to other aromatic
ligands[26,28–31]systems. This trend is believed to
be the result of Coulombic and dipole–dipole repul-
sions between the ligands[64]. The distance between
the aromatic rings is found to increase with increas-
ing size of the alkali metal cation, from∼4.1 Å in
Li+(C6H5OCH3)2 to 6.968 Å in Cs+(C6H5OCH3)2
(Table 4, 2 × M+-centroid distance). The magnitude
of the repulsive ligand–ligand interactions decreases
with increasing separation of the ligands. Thus, the
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differences in the BDEs for the mono and sandwich
complexes decrease with increasing size of the alkali
metal cation as observed. The small and similar dif-
ferences observed for the K+, Rb+, and Cs+ systems
suggest that the ligands are distant enough to make
the ligand–ligand repulsions minor and very similar
for these complexes.

4.2. Comparison of theory and experiment

The experimentally determined and theoretically
calculated M+(C6H5OCH3)x BDEs are listed in
Table 5. The agreement between the experimental
and theoretical BDEs determined at the MP2(full)/
6-311+G(2d,2p)//B3LYP/6-31G∗ level is illustrated
in Fig. 7. The mean absolute deviation (MAD) be-
tween the experimental and theoretical values for
all 10 complexes is 8.6 ± 7.6 kJ mol−1 [67]. This is
somewhat greater than the average experimental error
of 5.4 ± 4.9 kJ mol−1. The MAD is larger for the
M+(C6H5OCH3) complexes, 11.7 ± 9.7 kJ mol−1,
than for the M+(C6H5OCH3)2 complexes, 5.4 ±
3.2 kJ mol−1. The agreement between the experimen-
tal and the six theoretical M+(C6H5OCH3)x BDEs
calculated including all electrons (M+ = Li+, Na+,

Fig. 7. Theoretical versus experimental bond dissociation energies
at 0 K (in kJ mol−1) of the M+(C6H5OCH3)x complexes. The
diagonal line indicates the values for which the calculated and
measured bond dissociation energies are equal. All values are
taken fromTable 5.

K+, x = 1 and 2) is reasonably good, with a MAD of
9.3 ± 9.9 kJ mol−1. These differences are somewhat
larger than the average experimental error in these
values of 6.3 ± 6.3 kJ mol−1. The principal contrib-
utor to the MAD for these complexes is clearly the
Li+ complex. The poorer agreement between theory
and experiment for Li+(C6H5OCH3) may arise for
two reasons: the experimental difficulty associated
with efficient detection of Li+ [45], and the possibil-
ity that theory may systematically underestimate the
bond energies for Li+ complexes as a result of the
higher degree of covalency in the metal–ligand bond.
The calculated partial charge on M+ is 0.79e for
Li+(C6H5OCH3) and varies between 0.90 and 0.99e
for all of the other M+(C6H5OCH3)x complexes at
the MP2(full)/6-311+G(2d,2p) level, indicating that
the metal–ligand interaction has more covalency in the
complex to Li+ than to the other alkali metal cations.
Higher levels of theory may be required to accurately
describe the binding in this complex, a conclusion
also drawn for Li+ complexes with a variety of other
ligands[27–31,45]. If the Li+(C6H5OCH3) complex
is not included, the MAD drops to 5.7± 5.1 kJ mol−1

and the average experimental error decreases to
3.9 ± 2.5 kJ mol−1.

The agreement between the experimental and
theoretical BDEs calculated using the Hay–Wadt
ECP/valence basis set for the Rb+ and Cs+ complexes
is surprisingly good. A MAD of 7.5 ± 2.9 kJ mol−1

is found. This is slightly larger than the average ex-
perimental error in these values 4.0 ± 0.9 kJ mol−1.
Consistent with the analogous cation–� complexes
to other aromatic ligands[26,28–31] systems, the
Hay–Wadt ECP/valence basis set results in calculated
BDEs that are reasonably accurate, but systematically
lower than the experimental values.

4.3. Conversion from 0 to 298 K

The 0 K bond energies determined here are con-
verted to 298 K bond enthalpies and free energies to
allow comparison to commonly used experimental
conditions. The enthalpy and entropy conversions
are calculated using standard formulas (assuming
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Table 6
Enthalpies and free energies of alkali metal cation binding of M+(C6H5OCH3)x x = 1–2 at 298 K in kJ mol−1a

Reactant complex �H0
b �H298–�H0

c �H298 T�S298
c �G298

Li+(C6H5OCH3) 184.4 (18.3) 2.8 (2.4) 187.2 (18.5) 33.4 (7.2) 153.8 (19.8)
Na+(C6H5OCH3) 113.5 (8.4) 1.0 (2.0) 114.5 (8.7) 31.0 (7.6) 83.5 (11.5)
K+(C6H5OCH3) 79.0 (2.9) 0.4 (1.7) 79.4 (3.3) 29.2 (7.7) 50.2 (8.4)
Rb+(C6H5OCH3) 72.4 (3.9) 0.2 (2.0) 72.6 (4.4) 30.0 (8.1) 42.6 (9.2)
Cs+(C6H5OCH3) 66.4 (5.2) 0.2 (2.0) 66.6 (5.6) 30.8 (8.6) 35.8 (10.2)
Li+(C6H5OCH3)2 121.6 (3.6) −3.1 (1.8) 118.5 (4.0) 37.7 (13.4) 80.8 (13.9)
Na+(C6H5OCH3)2 89.4 (2.3) −3.2 (1.5) 86.2 (2.8) 35.4 (13.4) 50.8 (13.6)
K+(C6H5OCH3)2 69.9 (2.5) −3.6 (1.4) 66.3 (2.9) 27.0 (13.3) 39.4 (13.6)
Rb+(C6H5OCH3)2 63.5 (3.2) −3.6 (1.3) 59.9 (3.5) 27.4 (14.9) 32.5 (15.3)
Cs+(C6H5OCH3)2 61.5 (3.7) −3.6 (1.4) 57.9 (4.0) 28.2 (14.9) 29.7 (15.4)

a Uncertainties are listed in parentheses.
b Present experimental results (Table 5).
c Density functional values from calculations at the B3LYP/6-31G∗ level of theory with frequencies scaled by 0.9804. The Hay–Wadt

ECP/valence basis set was used for Rb+ and Cs+.

harmonic oscillator and rigid rotor models) and the
vibrational and rotational constants determined for
the B3LYP/6-31G∗ optimized geometries, which are
given in Tables 1 and 2. Table 6 lists 0 and 298 K
enthalpies, free energies, and enthalpic and entropic
corrections for all systems experimentally determined
(from Table 5). The uncertainties in the enthalpic
and entropic corrections are determined by 10%
variation in the molecular constants for complexes
to Li+, Na+, and K+, and by 20% variation in the
molecular constants for complexes to Rb+ and Cs+.
Because the metal-ligand frequencies are very low
and may not be adequately described by theory, the
listed uncertainties also include contributions from
scaling these frequencies up and down by a fac-
tor of 2. The latter provides a conservative estimate
of the computational errors in these low frequency
modes and is the dominant source of the uncertainties
listed.

4.4. Influence of the methoxy substituent

The effect of the methoxy substituent on the
cation–� interaction can be examined by comparing
the results obtained here for anisole, C6H5OCH3, to
those obtained in earlier studies for benzene[26],
toluene [28], fluorobenzene[29], aniline [30], and
phenol [31]. In these earlier studies, it was found

that the influence of the substituent on the strength of
the cation–� interaction could be understood by con-
sidering the change in the quadrupole moment and
polarizability of the aromatic ligand induced by the
substituent. In all of the cation–� complexes studied
to date, except those to aniline, the dipole moment
of the aromatic ligand lies in the plane of the aro-
matic ring and therefore an effective interaction of
the alkali metal cation with the dipole moment is not
possible.

As can be seen inFig. 8, the methoxy substituent
results in an increase in the strength of the cation–�

interaction as compared to benzene. This enhance-
ment in the cation–� interaction can be understood by
examining the influence of the methoxy substituent on
the dipole moment, quadrupole moment, and polariz-
ability. Benzene possesses a center of symmetry and
therefore has no permanent dipole moment. Methoxy
substitution eliminates the center of symmetry and
results in a dipole moment of 1.38±0.07 D[42]. This
measured value is in good agreement with the value
calculated here, 1.37 D. However, as for toluene, fluo-
robenzene, and phenol, the dipole moment lies in the
plane of the aromatic ring. Therefore, the ion–dipole
interaction should have little or no effect on the
strength of the binding in the cation–� complexes
to anisole. The delocalized� electron density above
and below the plane of the aromatic ring produces
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Fig. 8. Experimental bond dissociation energies (in kJ mol−1)
at 0 K of the (C6H5OCH3)x−1M+–(C6H5OCH3) vs.
(C6H6)x−1M+–(C6H6), where M+ = Li+, Na+, K+, Rb+, and
Cs+ and x = 1 (�) and 2 (�). Values for C6H6 are taken from
Amicangelo and Armentrout[26].

a quadrupole moment for benzene of−8.69 D Å
[68]. The quadrupole moment however, can only be
measured for molecules that have no permanent
dipole moment. An estimate of the influence of the
methoxy substituent on the quadrupole moment of
the aromatic ring can be obtained by considering the
inductive effects of the substituent. Methoxy sub-
stituents are known to have both electron donating
(mesomeric) and electron withdrawing (inductive)
effects on the aromatic ring. The mesomeric effect
is somewhat greater than the inductive effect for
anisole resulting in a small increase in the electron
density of the aromatic� system. The mesomeric ef-
fect arises from one of the lone pairs of electrons on
the O atom being partially delocalized over the aro-
matic ring as shown in the Lewis structures of anisole
below.

The latter three resonance structures are less favor-
able than the first two structures because oxygen is
quite electronegative, but the electron donating prop-
erties of the methyl group help to stabilize the partial
positive charge on the O atom. The delocalization
of electron density into the ring results in the C–O
bond taking on partial double bond character; the
C–O bond distance in anisole is∼0.05 Å shorter than
that found in aliphatic alcohols such as methanol and
ethanol. Therefore, a small increase in the quadrupole
moment and the strength of the cation–� interaction
occurs upon methoxy substitution. The polarizability
of benzene is estimated using the additivity method of
Miller [43] to be 9.99 Å3 and increases to 12.84 Å3 for
anisole. Therefore the ion-induced dipole interaction
should result in stronger binding to anisole compared
to that observed for benzene. As discussed above, a
cation–� interaction between an alkali metal cation
and an aromatic ligand is expected to be largely elec-
trostatic, arising from ion–dipole, ion–quadrupole, and
ion-induced dipole interactions, but dominated by the
ion–quadrupole interaction. The ion–quadrupole and
ion-induced dipole effects act in concert to increase
the strength of the cation–� interaction in the anisole
complexes. The increase in the cation–� BDEs to
anisole, relative to those of benzene, varies between
1.8 and 23.3 kJ mol−1 for the mono-complexes and
0.8–17.4 for the sandwich complexes. The enhance-
ment in the binding energy is greatest for the Li+ com-
plexes and decreases with increasing size of the cation.
Likewise, the enhancement in binding is greater for
the mono-complexes than for the sandwich complexes
for Li+, Na+, and K+, but is slightly smaller for Rb+

and Cs+.

4.5. σ -Binding vs. cation–π complexes

As discussed inSection 2.3, �-binding conformers
are also found for these systems. The relative stabil-
ities of the�-binding vs. cation–� complexes is such
that at 298 K, the temperature of the reactant ions, the
distribution of ions created in our source is probably
a mixture of all three conformers (�, �1, and �2)
for all metal cations. The relative populations of the
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�-binding complexes for the Li+(C6H5OCH3)x com-
plexes is probably quite small and<3%. The small
population of the�-binding conformers that may be
present would tend to lower the measured threshold
for the CID of these complexes. However, this effect
should be very small for the Li+(C6H5OCH3)x sys-
tems because the population of the�-binding conform-
ers is expected to be quite small. The ground states
of the Na+(C6H5OCH3) and K+(C6H5OCH3) com-
plexes are also cation–� complexes. However, these
conformers are only favored by 1.7 and 2.6 kJ mol−1

over the�1 conformer, and by 1.9 and 4.1 kJ mol−1

over the�2 conformer, respectively. This suggests that
at 298 K only about 51 and 65% of the ions are likely
to be the cation–� complexes, respectively. In con-
trast, the calculations find that the ground states of the
Rb+(C6H5OCH3) and Cs+(C6H5OCH3) complexes
are �-binding conformers. The�1 conformers are
more stable than the cation–� conformers by 0.9 and
1.5 kJ mol−1, and more stable than the�2 conformers
by 1.7 and 2.9 kJ mol−1, respectively. This suggests
that only about 32 and 29% of the ions are likely to be
the cation–� complexes at 298 K, respectively. How-
ever, because the binding energies of the�-binding
and cation–� complexes are very nearly equal for
all but the Li+ systems, the affect on the threshold
determination should again be quite small and less
than the experimental uncertainly in the measured
quantities.

5. Conclusions

The kinetic energy dependence of the collision-
induced dissociation of M+(C6H5OCH3)x complexes
(M+ = Li+, Na+, K+, Rb+, and Cs+, x = 1 and
2), with Xe is examined in a guided ion beam tan-
dem mass spectrometer. The dominant dissociation
pathway observed for all complexes is loss of an
intact anisole ligand. Thresholds for the primary
dissociation pathway are determined after careful
consideration of the effects of reactant internal en-
ergy, multiple collisions with Xe, and the lifetime of
the ionic reactants (using a loose PSL TS model).

Molecular parameters needed for the analysis of
experimental data as well as structures and theoret-
ical estimates of the bond dissociation energies for
the M+(C6H5OCH3)x complexes are obtained from
theoretical calculations performed at the MP2(full)/
6-311+G(2d,2p)//B3LYP/6–31G∗ level. The agree-
ment between theory and experiment is quite good
in all cases except for the Li+(C6H5OCH3) complex.
The absolute M+–(C6H5OCH3) and (C6H5OCH3)
M+–(C6H5OCH3) bond dissociation energies as
well as the change in sequential M+(C6H5OCH3)x
(x = 1–2) bond dissociation energies are observed
to decrease monotonically as the size of the alkali
metal ion increases from Li+ to Cs+. These trends
are explained in terms of the electrostatic nature of
the bonding, primarily an ion–quadrupole interaction,
in the M+(C6H5OCH3)x complexes and the changes
in magnitude of the repulsive ligand–ligand inter-
actions in the sandwich complexes. An interesting
observation is that the�-binding and cation–� com-
plexes of Na+, K+, Rb+, and Cs+ are calculated to
be of very similar stability. Therefore, a mixture of
these three conformers is probably accessed in our
experiments. Because of the very small differences in
the BDEs of the�-binding and cation–� complexes
of anisole, the effects on our threshold measurements
should be small. Further, the thresholds measured
should correspond to the BDEs of the most-weakly
bound conformer present in appreciable abundance.
Comparisons made to experimental BDEs of the
analogous benzene, toluene, fluorobenzene, aniline,
and phenol complexes reveal that the methoxy sub-
stituent leads to moderate increase in the strength of
the cation–� interaction, in both the mono and sand-
wich complexes, to all of the alkali metal cations.
This observation is in accord with the influence of the
methoxy substituent on the quadrupole moment and
polarizability of the ligand as compared to benzene.
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