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Threshold collision-induced dissociation of K+(xBA) complexes with xenon is studied using guided ion beam
mass spectrometry. ThexBA ligands studied include benzoic acid and all of the mono- and dihydroxy-
substituted benzoic acids: 2-, 3-, and 4-hydroxybenzoic acid and 2,3-, 2,4-, 2,5-, 2,6-, 3,4-, and
3,5-dihydroxybenzoic acid. In all cases, the primary product corresponds to endothermic loss of the intact
xBA ligand. The cross section thresholds are interpreted to yield 0 and 298 K bond dissociation energies
(BDEs) for K+-xBA after accounting for the effects of multiple ion-neutral collisions, the kinetic and internal
energy distributions of the reactants, and dissociation lifetimes. Density functional theory calculations at the
B3LYP/6-31G* level of theory are used to determine the structures of thexBA ligands and their complexes
with K+. Theoretical BDEs are determined from single-point energy calculations at the B3LYP/6-311+G-
(2d,2p) and MP2(full)/6-311+G(2d,2p) levels using B3LYP/6-31G* optimized geometries. Four favorable
binding modes for the K+(xBA) complexes are found. In all complexes to anxBA ligand that does not have
a 2-hydroxyl substituent, the most favorable binding mode corresponds to a single interaction with the carbonyl
oxygen atom. Formation of a 4-membered ring via chelation interactions with both oxygen atoms of the
carboxylic acid group is found to be the most favorable binding mode for all of the 2-hydroxy-substituted
systems except K+(2,3-dihydroxybenzoic acid). In these complexes, a hydrogen-bonding interaction between
the hydrogen atom of the carboxylic acid moiety and the oxygen atom of the 2-hydroxy substituent provides
additional stabilization. Formation of a 5-membered chelation ring via interaction of K+ with the oxygen
atoms of adjacent hydroxyl substituents is also favorable and corresponds to the ground-state geometry for
the K+(23DHBA) complex. Formation of a 6-membered chelation ring via interaction of K+ with the carbonyl
and 2-hydroxyl oxygen atoms is also quite favorable but does not correspond to the ground-state geometry
for any of the systems examined here. The experimental BDEs determined here are in very good agreement
with the calculated values.

Introduction

Matrix assisted laser desorption ionization (MALDI) has
become a versatile ionization technique for mass analyses of
fragile nonvolatile macromolecules. The most significant ap-
plications of MALDI are for the accurate determination of the
molecular weight and primary sequence of proteins, carbohy-
drates, and nucleic acids; the molecular mass distribution,
repeating units, and end group identification of synthetic
polymers;1 and the characterization of large molecules such as
dendrimers,2-4 nanotubes,5 and fullerenes.6 Although MALDI
is widely used as a soft ionization method in mass spectrometry,
the ionization mechanisms are still poorly understood. Several
mechanisms have been proposed to explain the ionization
processes that occur in MALDI analyses. The most popular
mechanisms proposed to date involve excited-state acid-base
chemistry, proton transfer following matrix photoionization,
hydrogen atom transfer following analyte photoionization,
excited-state salt chemistry, protonation of the sodium salt of
the analyte, energy pooling, and gas-phase capture of a cation
by the analyte.7,8

These ion formation mechanisms can be divided into two
categories, ion formation in the condensed phase followed by

laser ablation and ion formation in the gas phase after laser
ablation. Other experiments suggest that some ions may be
formed as a natural consequence of the solid-to-gas-phase
transition.8 Ionization mechanisms involving matrix radical
cation formation have also been proposed.9,10 Ion formation in
the condensed phase (i.e., within the sample matrix) can be
accurately predicted only on the basis of condensed-phase
thermodynamics where many intermolecular interactions influ-
ence the binding. In contrast, gas-phase ion formation can be
predicted from gas-phase thermodynamics, where only indi-
vidual isolated interactions occur. However, experimental
evidence for gas-phase ion formation has been less reported11-15

compared to that of the condensed phase.
Cationization, protonation, deprotonation, and electron trans-

fer are the major ionization processes that occur in MALDI via
the proposed ionization mechanisms.16-18 Several reports of
experimental and theoretical determinations of gas-phase proton
affinities, basicities, and ionization energies of benzoic acid
derivatives and commonly used MALDI matrices have been
published.19-22 Studies of cationization processes have also
appeared in the literature.23,24However, these studies are based
on qualitative or semiquantitative studies of cationization of
MALDI matrices. Only a limited number of quantitative and
theoretical studies of cationization of MALDI matrices have
been published.25-29* Corresponding author.
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Cationization is largely the result of association of the analyte
or matrix molecules with alkali metal cations and is one of the
major secondary ionization processes that occur in MALDI.
Such cationization can lead to both advantages and disadvan-
tages for mass analyses. Alkali metal cations, primarily sodium
and potassium cations, arise from impurities present in matrix
chemicals and glassware and from the separation procedures
that are carried out to purify analytes. Synthetic polymers are
often observed as extensively sodiated or potassiated complexes
in MALDI mass spectra.30-35 In polymer analyses, metal salts
are generally intentionally added to MALDI samples to enhance
signal intensity. The association of Na+ and K+ with the matrix
and analyte molecules can be suppressed by adding comple-
mentary metal cations that bind more strongly, e.g., Li+, 36 Cu2+,
and Ag+.16

The major disadvantage of cationization by alkali metal
cations is that it generally leads to more complicated mass
spectra. Cationization reduces the intensity of each of the peaks
of interest and makes the mass spectra more crowded with less
desirable peaks by spreading the concentration of the analyte
(or fragments thereof) over several peaks (sodiated, potassiated,
and salt clustered). In extreme cases, cationization is even more
problematic because of the association of metal cation clusters
with the analyte.37,38 These clusters of peaks are normally
observed as closely spaced bunches of peaks. All of these
processes lead to complicated mass spectra and prevent rapid
identification and interpretation. Several attempts have been
made to reduce or suppress cationization. The addition of
ammonium salts to the matrix/analyte mixture, followed by post-
crystallization washing with citrate and phosphate buffer solu-
tion, has been shown to greatly suppress matrix-alkali metal
cation cluster formation.38 The addition of Li+ or Cu2+,36 the
use of sol-gel-assisted laser desorption ionization,37 and the
use of ionic liquids with popular MALDI matrix anions as
matrices39 have also been shown to reduce the complexity of
mass spectra due to alkali metal cation association with the
matrix or analytes. However, all reported attempts to improve
the quality of mass spectra have evolved on the basis of
qualitative observations and empirical studies. Very little
thermodynamic data that can be used to predict the cationization
behavior in MALDI processes has been reported in the
literature.26,29,40-42 The relative alkali metal cation affinities of
both matrix and analyte molecules are needed to understand
and predict the ionization processes that will occur in
MALDI analyses. Accurate thermodynamic data, that is, cation
affinities of both matrices and analyte molecules, would allow
MALDI analyses to be carried out in a more controllable
manner. However, empirical evidence also suggests that, in
addition to the alkali metal cation affinities, structural
features of the matrices and analyte also affect the ionization
mechanisms.7

In this study, the potassium cation affinities and stable binding
conformations of K+ to benzoic acid and all of its mono- and
dihydroxy-substituted derivatives are determined. This work is
a follow-up to an earlier study,29 where the analogous Na+

systems were examined. These ligands were chosen because
several are widely used as MALDI matrices43 and they have
also been used experimentally and theoretically to probe and
attempt to explain the ionization processes that occur in MALDI
analyses.7,17,44These molecules are also building blocks for other
MALDI matrices. Guided ion beam tandem mass spectrometry
techniques are used to collisionally excite complexes of K+

bound to 10 different benzoic acid derivatives: benzoic acid
(BA), 2-hydroxybenzoic acid (2HBA), 3-hydroxybenzoic acid

(3HBA), 4-hydroxybenzoic acid (4HBA), 2,3-dihydroxybenzoic
acid (23DHBA), 2,4-dihydroxybenzoic acid (24DHBA), 2,5-
dihydroxybenzoic acid (25DHBA), 2,6-dihydroxybenzoic acid
(26DHBA), 3,4-dihydroxybenzoic acid (34DHBA), and 3,5-
dihydroxybenzoic acid (35DHBA). The ground-state structures
of thexBA matrices along with their calculated dipole moments
and isotropic molecular polarizabilities (determined here) are
shown in Figure 1. The kinetic energy-dependent cross sections
for the collision-induced dissociation (CID) processes are
analyzed by methods developed previously.45,46The kinetic and
internal energy distributions of the reactants, multiple ion-neutral
collisions, and the kinetics of unimolecular dissociation are
explicitly included in the analyses. Bond dissociation energies
(BDEs) of 10 K+(xBA) complexes are derived and compared
with values obtained from ab initio and density functional
theory. Comparison is also made to values previously reported
for the K+(25DHBA) complex26 and the analogous Na+(xBA)
complexes.29

Experimental Section

General Procedures.Cross sections for CID of K+(xBA)
with Xe, wherexBA ) BA, 2HBA, 3HBA, 4HBA, 23DHBA,
24DHBA, 25DHBA, 26DHBA, 34DHBA, and 35DHBA, were
measured as a function of kinetic energy with a guided ion beam
tandem mass spectrometer that has been described previously.47

Potassium cations are generated by glow discharge via Ar+

sputtering of a tantalum or iron boat containing potassium metal
operated at∼1-2 kV and ∼10-20 mA. The K+(xBA)
complexes are formed by condensation of K+ and the neutral
xBA ligands in a 1.2 m long flow tube operating at 0.6-0.8
Torr pressure. ThexBA ligands are introduced by thermal
vaporization of solid samples and required heating the neutral
xBA ligand to between 60 and 170°C depending upon the extent
of substitution and internal hydrogen bonding (i.e., the more
highly substituted thexBA ligand, the higher the temperature
required to vaporize it, and for the xBA ligands having
equivalent levels of substitution, those ligands capable of
forming internal hydrogen bonds required significantly lower
temperatures to vaporize). No evidence that this temperature
influenced the internal energy content of the ions emanating
from the flow tube source region was observed. The K+(xBA)
complexes are collisionally stabilized and thermalized by greater

Figure 1. Ground-state geometries of thexBA ligands optimized at
the B3LYP/6-31G* level of theory. Properly scaled dipole moments
(in debyes) are shown as arrows. Calculated isotropic molecular
polarizabilities (in cubic angstroms) are also shown. Dipole moments
and polarizabilities are taken from theoretical calculations performed
here.
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than 105 collisions with the He and Ar bath gases, such that
ions emerging from the source region are assumed to have
internal energies that are well described by a Maxwell-
Boltzmann distribution of rovibrational states at room temper-
ature.

The ions are effusively sampled, focused, accelerated, and
focused into a magnetic sector momentum analyzer for reactant
ion selection. Mass-selected ions are decelerated to a desired
kinetic energy and focused into an octopole ion beam guide.
The octopole passes through a static gas cell containing Xe at
low pressure (0.05-0.20 mTorr) to ensure that multiple ion-
neutral collisions are improbable. The octopole ion guide acts
as an efficient radial trap for ions such that scattered reactant
and products ions are not lost as they drift toward the end of
the octopole.48-50 The product and unreacted beam ions are
focused into a quadrupole mass filter for mass analysis and
subsequently detected with a secondary electron scintillation
(Daly) detector and standard pulse counting techniques.

Data Handling. The measured product ion intensities are
converted to absolute cross sections using a Beers’ law analysis
as described previously.46 Absolute uncertainties in the cross
section magnitudes are estimated to be(20% and are largely
derived from errors in the pressure measurement and the
effective length of the interaction region. Relative uncertainties
are(5%.

Ion kinetic energies in the laboratory frame,Elab, are converted
to energy in the center of mass frame,ECM, using the formula
ECM ) Elabm/(m + M), whereM andm are the masses of the
ionic and neutral reactants, respectively. All energies reported
here are in the center-of-mass 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.46 The distribution
of ion kinetic energies is nearly Gaussian with a full width at
half-maximum (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, each CID cross section was measured twice at
three nominal Xe pressures (0.05, 0.10, and 0.20 mTorr). Data
free from pressure effects are obtained as previously de-
scribed.51,52 Thus, cross sections subjected to thermochemical
analysis are the result of single bimolecular encounters.

Theoretical Calculations. To obtain model structures, vi-
brational frequencies, rotational constants, and energetics for
the neutralxBA ligands and their complexes to K+, ab initio
and density functional theory calculations were performed using
Gaussian 98.53 Geometry optimizations were performed at the
B3LYP/6-31G* level of theory. The optimized structures were
used to calculate the vibrational frequencies and rotational
constants necessary for modeling of the experimental data. The
vibrational frequencies were scaled by a factor of 0.9804 for
thermal energy adjustments and modeling of experimental data.54

The scaled vibrational frequencies are listed in the Supporting
Information in Table S1, and the rotational constants are given
in Table S2. Single-point energy calculations were performed
at the B3LYP/6-311+G(2d,2p) and MP2(full)/6-311+G(2d,-
2p) levels of theory with the B3LYP/6-31G* optimized geom-
etries. In previous work, we have found that K+-ligand BDEs
computed at the MP2//MP2 level are typically within 1 kJ/mol
of MP2//B3LYP values, and therefore we did not pursue
additional geometry optimizations at the MP2(full)/6-31G* level
of theory. Zero-point energy (ZPE) and basis-set superposition

error (BSSE) corrections were also included.54 As a result of
the multiple orientations possible for the carboxylic acid moiety
and the hydroxyl group(s) as well as the multiple favorable K+

binding sites to thesexBA ligands, numerous low-energy
conformations of these species are possible. Therefore, we
carefully consider all possible conformations of thexBA ligands
and K+(xBA) complexes to determine their relative stabilities
and the ground-state conformation of each of these species. In
several cases, transition states (TSs) between various conforma-
tions of the neutralxBA ligands and the K+(xBA) complexes
are also calculated to determine the barriers for interconversion
to establish whether or not such conformational changes are
possible under the experimental conditions employed.

The isotropic molecular polarizabilities of the ground-state
conformations of each of the neutralxBA ligands were
calculated at the PBE0/6-311+G(2d,2p) level of theory using
the B3LYP/6-31G* optimized geometries. This level of theory
has been shown to provide polarizabilities that are in much better
agreement with measured values than the B3LYP/6-311+G-
(2d,2p) and MP2(full)/6-311+G(2d,2p) levels of theory em-
ployed here for the energetic determinations.55

Thermochemical Analysis. The CID cross sections are
modeled using an empirical threshold energy law:

where σ0 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 rovibrational state, and
n is an adjustable parameter that describes the efficiency of
kinetic to internal energy transfer.56 The summation is over the
rovibrational states of the reactant ions,i, where Ei is the
excitation energy of each rovibrational state andgi is the relative
population of each state (Σgi ) 1). The relative reactivity of all
rovibrational states, as reflected byσ0 andn, is assumed to be
equivalent.

The Beyer-Swinehart algorithm57-59 is used to evaluate the
density of the rovibrational states and the relative populations,
gi are calculated by a Maxwell-Boltzmann distribution at 298
K, the internal temperature of the reactants. The average internal
energy of the ground-state conformation of the neutralxBA
ligands and K+(xBA) complexes are also included in the
Supporting Information, Table 1S. To account for the inaccura-
cies in the computed frequencies, we have increased and
decreased the prescaled frequencies (0.9804) by 10%. The
corresponding change in the average vibrational energy is taken
to be an estimate of 1 standard deviation of the uncertainty in
the vibrational energy (Table 1S).

Statistical theories for unimolecular dissociation (RRKM
theory) of the collisionally activated ions are also included in
our analyses using a modified form of eq 1 to account for ions
that may not have undergone dissociation prior to arriving at
the detector (∼10-4 s) as described in detail elsewhere.45,60 A
loose phase space limit (PSL) TS model located at the
centrifugal barrier for the interaction of K+ with the neutral
xBA ligand is used as described in detail elseware.45 The
rovibrational frequencies appropriate for the energized molecules
and the PSL TSs leading to dissociation are given in the
Supporting Information in Tables 1S and 2S.

The model represented by eq 1 is expected to be appropriate
for translationally driven reactions61 and has been found to
reproduce CID cross-sections well. The model of eq 1 is
convoluted with the kinetic energy distributions of both the
reactant K+(xBA) complex and neutral Xe atom, and a nonlinear

σ(E) ) σ0 ∑
i

gi(E + Ei - E0)
n/E (1)
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least-squares analysis of the data is performed to give optimized
values for the parametersσ0, E0, andn. The error associated
with the measurement ofE0 is estimated from the range of
threshold values determined for the eight zero-pressure-
extrapolated data sets, variations associated with uncertainties
in the vibrational frequencies ((10% scaling as discussed
above), 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(PSL) values also include the
effects of increasing and decreasing the time assumed available
for dissociation (10-4 s) by a factor of 2.

Equation 1 explicitly includes the internal energy of the
reactant ion,Ei. All energy available is treated statistically
because the internal energy of the reactants is redistributed
throughout the accessible rovibrational energy states of the
complex upon collision with Xe. The threshold energies,
E0(PSL), obtained from these analyses are equated to 0 K BDEs
because the CID processes examined here are simple nonco-
valent bond fission reactions that have no barrier in excess of
the asymptotic energy.62,63

Results

Cross Sections for Collision-Induced Dissociation.Experi-
mental cross sections were obtained for the interaction of Xe
with 10 K+(xBA) complexes, wherexBA ) BA, 2HBA, 3HBA,
4HBA, 23DHBA, 24DHBA, 25DHBA, 26DHBA, 34DHBA,
and 35DHBA. Figure 2 shows representative data for the
K+(25DHBA) complex. The other K+(xBA) complexes exhibit
similar behavior and are included in the Supporting Information
as Figure 1S. The most favorable process for all complexes is
loss of the intactxBA ligand in the CID reactions:

Ligand exchange processes to form K+Xe are also observed as
very minor reaction pathways in several of the K+(xBA) systems
examined here:

It is likely that this ligand exchange process occurs for all K+-
(xBA) complexes, but that the signal-to-noise in the other
experiments was not sufficient to differentiate the K+Xe product
from background noise. The cross sections for ligand exchange
are 2 orders of magnitude smaller than that observed for the
corresponding primary CID pathway. At elevated energies, the
loss of neutral KOH is observed as a minor dissociation pathway
in the CID of the K+(3HBA) complex. The analogous reaction
pathway was not observed for any of the other K+(xBA)
complexes.

Threshold Analysis.The model of eq 1 was used to analyze
the thresholds for CID reactions (eq 2) in 10 K+(xBA) systems.
The results of these analyses are provided in Table 1, and
representative results for the K+(25DHBA) complex are shown
in Figure 3. Analyses for the other K+(xBA) complexes are
shown in Figure 2S of the Supporting Information. In all cases,
the experimental cross sections are accurately reproduced
using a loose PSL TS model.45 Previous work has shown that
this model provides the most accurate assessment of the kinetic
shifts for CID of electrostatically bound ion-molecule com-
plexes.45 Good reproduction of the experimental data is obtained
over energy ranges exceeding 2.0 eV and cross section
magnitudes of at least a factor of 100. Table 1 also includes
threshold values,E0, obtained without inclusion of the RRKM
lifetime analysis. The difference between theE0 andE0(PSL)
threshold values provides a measure of the kinetic shift
associated with the finite experimental time window, which
should correlate with the density of states at threshold. The
kinetic shifts vary between 0.03 and 0.13 eV for these systems.
The kinetic shift is the smallest for the K+(BA) complex,
increases for the K+(HBA) complexes, and increases slightly
more for the K+(DHBA) complexes except K+(23DHBA) and
K+(26DHBA) complexes, which exhibit somewhat smaller
kinetic shifts. This trend is easily understood because the number
of vibrational modes available to the complexes increases in
that order: 42 for K+(BA), 45 for the K+(HBA) complexes,
and 48 for the K+(DHBA) complexes. The smaller kinetic shifts
observed for the K+(23DHBA) and K+(26DHBA) complexes
are likely the result of extensive hydrogen bonding in the
complexes and neutrals.

The entropy of activation,∆S†, is a measure of the looseness
of the TS and also a reflection of the complexity of the system.
∆S† is largely determined by molecular parameters used to

Figure 2. Cross section for collision-induced dissociation of
K+(25DHBA) 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 mTorr.

TABLE 1: Modeling Parameters of Eq 1 and Entropies of Activation at 1000 K of K+(xBA)a

reactant cation σ0
b nb E0

c (eV) E0(PSL) (eV) kinetic shift (eV) ∆S†(PSL), J mol-1 K-1

K+(BA) 27.4 (1.7) 1.1 (0.1) 0.98 (0.03) 0.95 (0.03) 0.03 15 (2)
K+(2HBA) 9.7 (0.5) 1.1 (0.1) 1.12 (0.04) 1.05 (0.03) 0.07 15 (2)
K+(3HBA) 15.4 (1.0) 1.1 (0.1) 1.09 (0.06) 1.02 (0.04) 0.07 18 (2)
K+(4HBA) 4.4 (0.1) 1.2 (0.1) 1.16 (0.04) 1.07 (0.03) 0.09 18 (2)
K+(23DHBA) 5.3 (1.4) 1.0 (0.1) 1.10 (0.06) 1.01 (0.04) 0.09 23 (2)
K+(24DHBA) 11.2 (1.7) 1.1 (0.1) 1.23 (0.08) 1.12 (0.03) 0.11 15 (2)
K+(25DHBA) 1.7 (0.1) 1.2 (0.1) 1.17 (0.03) 1.05 (0.02) 0.12 16 (1)
K+(26DHBA) 29.3 (1.7) 1.1 (0.1) 1.06 (0.04) 1.00 (0.02) 0.06 23 (2)
K+(34DHBA) 8.8 (0.6) 1.1 (0.1) 1.20 (0.14) 1.08 (0.09) 0.12 19 (2)
K+(35DHBA) 1.9 (0.1) 1.2 (0.1) 1.15 (0.04) 1.02 (0.03) 0.13 22 (2)

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

K+(xBA) + Xe f K+ + xBA + Xe (2)

K+(xBA) + Xe f K+Xe + xBA (3)
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model the energized molecule and TS for dissociation, but also
depends on the threshold energy. The∆S†(PSL) values at 1000
K are listed in Table 1 and vary from 15 to 23 J K-1 mol-1

across these systems. These entropies are indicative of relatively
weakly bound complexes that dissociate via loose transition
states, as modeled.

Theoretical Results. Theoretical structures and relative
stabilities of the various conformers of the neutralxBA ligands
and K+(xBA) complexes as well as theoretical BDEs for the
K+(xBA) complexes were calculated as described in the
Theoretical Calculations Section.

Neutral xBA Ligands. As mentioned in the Introduction,
this work is a follow-up to an earlier study, where we examined
the analogous Na+(xBA) systems.29 As this work involves the
same 10xBA ligands, only a brief summary of the theoretical
results for these neutral ligands is given here. The ground-state
conformations of all 10xBA ligands along with their calculated
dipole moments and isotropic molecular polarizabilities are
shown in Figure 1. In all cases, the ground-state structures are
nearly planar with the carboxylic hydrogen atom oriented away
from the phenyl ring. Whenever possible, intramolecular
hydrogen bonds form between adjacent substituents and help
stabilize the neutralxBA ligands. The geometry-optimized
structures, calculated dipole moments, and relative stabilities
(including ZPE corrections) of all of the stable conformations
of the neutralxBA ligands are provided in the Supporting
Information, Figure 3S. The factors that influence the relative
stabilities of the various conformations available to thesexBA
ligands, i.e., intramolecular hydrogen bonding interactions,π
resonance stabilization, and steric repulsion between atoms on
adjacent substituents, have been discussed in detail previously.29

K+(xBA) Complexes. Four distinct very favorable K+

binding modes of thexBA ligands are found and shown
schematically for several of thexBA ligands in Figure 4. Stable
binding geometries in which K+ binds to a single hydroxyl
oxygen atom also exist but are significantly less favorable than
the other four binding modes. For example, for the K+(3HBA)
complex, binding of K+ to the carbonyl oxygen atom of the
carboxylic acid moiety (mode A, Figure 4) is 48.9 kJ/mol more
favorable at the B3LYP level of theory than binding to the
3-hydroxyl oxygen atom. Similar differences in the stabilities
of such binding modes are expected for the other K+(xBA)

complexes and therefore were not pursued in detail. The ground-
state conformations of all 10 K+(xBA) complexes are shown
in Figure 5. In all cases except BA, the neutralxBA ligand
undergoes a change in conformation to achieve optimal binding
to K+ (compare Figures 1 and 5). All low-energy conformations
of the K+(xBA) complexes that might be expected to be
populated under our experimental conditions, i.e., 298 K internal
energy distribution and therefore within 10 kJ/mol of the ground-
state structures, and their relative stabilities are also provided
in the Supporting Information in Figure 4S.

Theoretical BDEs for the ground-state and low-energy
conformations of the K+(xBA) complexes calculated at the
B3LYP/6-311+G(2d,2p) and MP2(full)/6-311+G(2d,2p) levels
of theory (using geometries optimized at the B3LYP/6-31G*
level of theory and assuming that the complexes dissociate to
produce the neutralxBA ligand in its ground-state conformation)
are summarized along with the measured values in Table 2.
The calculated energies of these K+(xBA) complexes, thexBA
ligands, and K+ are provided in the Supporting Information in
Tables 3S and 4S.

Two different favorable binding modes were found for
binding of K+ to BA. In the ground-state conformation, K+

binds directly to the carbonyl oxygen of carboxylic acid moiety

Figure 3. Zero-pressure-extrapolated cross-section for collision-induced
dissociation of K+(25DHBA) with Xe in the threshold region as a
function of kinetic energy in the center-of-mass frame (lowerx-axis)
and the laboratory frame (upperx-axis). (s) Best fit to the data using
the model of eq 1 convoluted over the neutral and ion kinetic and
internal energy distributions. (‚‚‚) Model cross section in the absence
of experimental kinetic energy broadening for reactants with an internal
temperature of 0 K.

Figure 4. The four energetically favorable stable binding modes of
K+ to the xBA ligands. Binding mode A is shown for the K+(BA)
complex but is possible for all 10xBA ligands. Binding modes B and
C are shown for the K+(2HBA) complex but are possible for all
2-hydroxy-substitutedxBA ligands. Binding mode D is shown for the
K+(23DHBA) complex but is also possible for the 34DHBA ligand.

Figure 5. Ground-state geometries of the K+(xBA) complexes
optimized at the B3LYP/6-31G* level of theory.
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(binding mode A, Figure 4). The CdO-K+ bond angle is nearly
linear but shifted slightly away from the hydroxyl group. An
alternative binding mode is possible when the hydrogen atom
of the carboxylic acid moiety is oriented toward the phenyl ring,
thereby allowing K+ to interact with both oxygen atoms of the
carboxylic acid moiety and forming a 4-membered chelation
ring (binding mode B, Figure 4). The relative stability of the A
and B conformations of K+(BA) depends upon the level of
theory employed. B3LYP calculations favor A over B by 4.5
kJ/mol, while MP2 calculations suggest a smaller difference in
stability, with A favored over B by only 0.6 kJ/mol. In the B
conformer, steric repulsion between the hydrogen atom of the
carboxylic acid moiety and the ortho hydrogen atom of the
phenyl ring causes the carboxylic acid moiety to rotate out of
the plane by 16.2°. This leads to a reduction in the stability
gained via resonance delocalization of the carbonylπ electrons
with those of the aromatic ring, and costs∼25.4 kJ/mol as
estimated from the relative stabilities of the corresponding
conformers of neutral BA (at the B3LYP level of theory). The

favoring of binding mode A over B suggests that the enhanced
binding associated with the formation of the 4-membered
chelation ring (as compared to a single interaction with the
carbonyl oxygen atom) provides just slightly less stabilization
than the energetic cost associated with the loss ofπ electron
delocalization, or about 20.9 kJ/mol (at the B3LYP level of
theory). The interconversion of the A and B conformers of
neutral BA is not feasible because the TS for this interconversion
lies 45.7 kJ/mol higher in energy than the ground-state
conformer (at the B3LYP level of theory), almost 3 times as
large as the internal energy of BA at 298 K, the internal
temperature of the reactants (Table 1S).29 However, complex-
ation to K+ facilitates this geometry change by providing the
energy associated with complexation (96.5 kJ/mol at the B3LYP
level of theory, Table 2).

The preference for binding mode A over B is found for
all the K+(xBA) complexes that do not possess a 2-hydroxyl
group, i.e., K+(BA), K+(3HBA), K+(4HBA), K+(34DHBA),
and K+(35DHBA) complexes for both B3LYP and MP2

TABLE 2: Measured and Calculated Enthalpies of Potassium Cation Binding toxBA at 0 Ka

experiment theory, MP2b theory, B3LYPc

K+(xBA) TCID binding mode De D0
d D0,BSSE

e De D0
d D0,BSSE

e

K+(BA) 92.3 (2.6) A1 94.6 92.7 88.6 99.3 97.4 96.5
B1 93.0 92.1 88.0 93.8 92.9 92.1

K+(2HBA) 101.5 (2.6) B1 99.0 99.1 94.3 96.8 96.7 96.0
C1 92.8 91.8 85.8 89.8 88.7 87.5

K+(3HBA) 99.2 (3.6) A1 97.7 95.9 91.7 101.4 99.6 98.8
A2 94.2 92.8 88.6 98.5 97.1 96.2
A3 93.0 91.4 87.2 97.3 95.7 94.9
B1 93.4 93.4 90.5 94.8 94.8 94.0
B2 94.0 93.2 88.9 94.7 93.9 93.1
B3 91.6 90.8 88.0 92.4 91.7 91.0
A4 86.8 85.4 81.2 91.6 90.2 89.4

K+(4HBA) 103.4 (2.8) A1 99.8 97.7 93.5 106.3 104.2 103.3
A2 97.4 95.3 91.1 104.2 102.1 101.3
B1 97.8 96.9 92.6 100.6 99.7 98.9
B2 96.9 96.0 91.8 99.6 98.7 98.0

K+(23DHBA) 98.2 (4.1) D1 107.4 105.7 100.2 102.5 100.8 99.8
B1 100.2 100.2 95.7 98.5 98.6 97.8
C1 99.6 98.7 92.7 96.9 95.9 94.7

K+(24DHBA) 108.3 (3.2) B1 102.0 102.0 97.3 100.5 100.4 99.6
B2 97.9 98.1 93.6 96.3 96.5 95.7
C1 95.9 94.8 89.4 93.8 92.6 91.4

K+(25DHBA) 101.5 (2.4) B1 100.8 101.2 96.8 99.0 99.4 98.6
B2 100.3 100.6 95.9 98.6 98.9 98.1
C1 95.0 94.0 89.4 92.7 91.7 90.5
C2 94.5 93.6 88.2 92.1 91.2 90.0

K+(26DHBA) 96.4 (2.3) B1 108.4 107.8 103.0 107.0 106.4 105.4

K+(34DHBA) 104.3 (8.4) A1 102.2 100.1 95.9 106.8 104.8 103.9
A2 98.5 96.6 92.4 105.0 103.1 102.2
A3 93.0 91.2 87.1 101.4 99.8 98.9
B1 97.0 96.2 92.0 99.9 99.1 98.3
B2 98.2 97.2 92.8 99.8 98.8 97.9
B3 97.1 96.3 92.0 98.4 97.7 96.9
A4 90.4 88.7 84.6 97.7 96.1 95.4

K+(35DHBA) 99.1 (2.5) A1 97.8 96.0 91.8 101.3 99.5 99.1
A2 96.0 94.6 90.4 99.7 98.3 97.5
B1 94.1 92.9 88.7 95.0 93.8 93.1
B2 93.5 92.4 88.1 94.6 93.4 92.7
A3 88.1 86.7 82.5 92.7 91.3 90.4

AEU/MAD f 3.4 (1.8) 4.8 (3.6) 5.2 (3.2) 7.5 (3.2) 4.9 (3.6) 4.0 (3.6) 3.9 (3.7)

a Values are given in kilojoules per mole. Uncertainties are listed in parentheses.b Calculated at the MP2(full)/6-311+G(2d,2p) level of theory
using B3LYP/6-31G* optimized geometries and assuming that the complex dissociates to the ground state neutral conformer.c Calculated at the
B3LYP/6-311+G(2d,2p) level of theory using B3LYP/6-31G* optimized geometries assuming that the complex dissociates to the ground state
neutral conformer.d Also includes ZPE corrections with frequencies scaled by 0.9804.e Also includes BSSE corrections.f Average experimental
uncertainty (AEU) and mean absolute deviation (MAD) between the measured and calculated values.
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calculations. For all of the hydroxy- and dihydroxy-substituted
systems, several low-energy A and B conformers are found
that differ only in the relative orientations of the carboxylic
acid moiety and hydroxyl groups (compare Figures 5 and 4S).
Although not explicitly calculated, interconversion of the A
and B conformers in these latter systems should also be
facile because complexation to K+ provides a similar amount
of energy as for the BA system (96.5 to 103.9 kJ/mol at the
B3LYP level of theory, Table 2). The energy required for
interconversion of the A- and B-type conformers of these
systems is expected to be similar to that calculated for K+(BA)
because the hydroxyl groups are distant from the carboxylic
acid moiety and therefore should not significantly impact
such interconversion. In all cases where binding mode B is
favored over A [i.e., K+(2HBA), K+(23DHBA), K+(24DHBA),
K+(25DHBA) and K+(26DHBA)], this preference arises as a
result of hydrogen-bonding interactions between the carboxylic
acid moiety (either carbonyl or hydroxyl group) and the
2-hydroxyl substituent.

The calculations find three very favorable binding modes for
K+ to 2HBA: a single binding interaction with the carbonyl
oxygen atom (mode A, Figure 4); 4-membered chelation ring
formation with both oxygen atoms of the carboxylic acid group
(mode B, Figure 4); and 6-membered chelation ring formation
between K+ and the oxygen atoms of carboxylic acid and
2-hydroxyl groups (mode C, Figure 4). For 2HBA, mode B is
significantly favored over mode A because, although both
binding geometries require that the hydrogen bond between the
carbonyl oxygen atom and the 2-hydroxyl hydrogen atom be
broken, a new hydrogen bond between the hydrogen atom of
the carboxylic acid moiety and the 2-hydroxyl oxygen atom
is formed in the B conformer. Mode B is calculated to be 8.0
kJ/mol more favorable than mode C for binding of K+ to 2HBA
(B3LYP calculations). In the ground-state conformation of
neutral 2HBA, there is a strong hydrogen bond (23.4 kJ/mol at
the B3LYP level of theory) between the carbonyl oxygen and
hydroxyl hydrogen atoms. To allow 6-membered ring formation,
this hydrogen bond must be broken and the hydroxyl group must
rotate 180°. This creates a relatively large activation energy
barrier of∼54 kJ/mol as compared to the ground state of neutral
2HBA (at the B3LYP level of theory). The interconversion of
the B and C conformers is clearly feasible because the
exothermicity of K+ binding (96.0 kJ/mol at the B3LYP level
of theory) easily exceeds the energy barrier. The favoring of
binding mode B over C suggests that the enhanced binding
associated with the formation of the 6-membered chelation ring
(as compared to the 4-membered ring) provides slightly less
stabilization than the energetic cost associated with breaking
the hydrogen bond between the between the carbonyl oxygen
and hydroxyl hydrogen atoms, or about 15.4 kJ/mol (at the
B3LYP level of theory). Several other stable but less energeti-

cally favorable binding conformations are also possible. How-
ever, the relative stabilities of such conformations are such that
they are unlikely to be accessed under our experimental
conditions and thus will not be discussed further.

The preference for binding mode B over C is found for all
of the 2-hydroxy-substituted systems: K+(2HBA), K+(23DHBA),
K+(24DHBA), K+(25DHBA), and K+(26DHBA) for both
B3LYP and MP2 theories. The energy difference between
the most favorable B and C conformers is smallest for
K+(23DHBA), 2.7 kJ/mol, and somewhat larger and fairly
similar for the K+(2HBA), K+(24DHBA), and K+(25DHBA)
complexes, 7.7-8.0 kJ/mol, but is significantly larger for the
K+(26DHBA) complex, 25.3 kJ/mol (at the B3LYP level of
theory). A possible reason for the larger difference observed
for the K+(26DHBA) system is that the B conformer is stabilized
by two hydrogen bonds rather than a single hydrogen bond (as
is the case for the other complexes), which likely leads to greater
electron delocalization that must be given up to form the C
conformer.

The calculations find another very favorable binding mode
for K+ to 23DHBA, where K+ binds to the oxygen atoms of
the adjacent 2- and 3-hydroxyl substituents and forms a
5-membered chelation ring (binding mode D, Figure 4). This
conformer is further stabilized by a hydrogen bond between
the carbonyl oxygen and 2-hydroxyl hydrogen atoms. This D
conformer is found to be the ground-state geometry for the
K+(23DHBA) complex and is favored over the most stable B
and C conformers by 2.2 and 4.9 kJ/mol (B3LYP) and 5.5 and
7.0 kJ/mol (MP2), respectively. Binding mode D is also possible
for 34DHBA. However, without the enhanced stability gained
by hydrogen bond formation that occurs for K+(23DHBA), con-
former D is less favorable than the various A and B conformers.
B3LYP calculations find that conformer D of K+(34DHBA)
lies 22.5 kJ/mol above the ground-state A conformer, whereas
MP2 calculations suggest that it is somewhat more stable and
lies 11.2 kJ/mol above the ground-state structure.

Conversion from 0 to 298 K. To allow comparison to
literature values and commonly used experimental conditions,
we convert the measured and B3LYP calculated BDEs deter-
mined here at 0 K into 298 K bond enthalpies and free energies.
The enthalpy and entropy conversions are calculated using
standard formulas and the vibrational and rotational constants
determined for the B3LYP/6-31G* optimized geometries given
in Tables 1S and 2S. Table 3 provides the 0 and 298 K enthalpy,
free energy, and enthalpic and entropic corrections for all the
systems based upon the ground-state conformations of both the
K+(xBA) complex andxBA ligand. The theoretical values listed
in Table 3 correspond to those determined at the B3LYP level
of theory, as this provides better agreement with the measured
values than the MP2 results, and is therefore deemed more
reliable; see below. Uncertainties in the enthalpic and entropic

TABLE 3: Enthalpies and Free Energies of Potassium Cation Binding toxBA at 0 and 298 Ka

K+(xBA) ∆H0 ∆H0
b ∆H298 - ∆H0

b ∆H298 ∆H298
b T∆S298

b ∆G298 ∆G298
b

K+(BA) 92.3 (2.6) 96.5 0.2 (0.8) 92.5 (2.7) 96.7 25.4 (4.2) 67.1 (5.0) 71.3
K+(2HBA) 101.5 (2.6) 96.0 0.5 (1.0) 102.0 (2.8) 96.5 25.8 (4.0) 76.2 (4.9) 70.7
K+(3HBA) 99.2 (3.6) 98.8 0.4 (0.9) 99.6 (3.7) 99.2 25.8 (4.0) 73.8 (5.4) 73.4
K+(4HBA) 103.4 (2.8) 103.3 0.4 (0.8) 103.8 (2.9) 103.7 25.8 (4.2) 78.0 (5.1) 77.9
K+(23DHBA) 98.2 (4.1) 99.8 0.6 (1.1) 98.8 (4.2) 100.4 29.2 (4.0) 69.6 (5.8) 71.2
K+(24DHBA) 108.3 (3.2) 99.6 -0.4 (1.0) 107.9 (3.4) 99.2 26.6 (4.0) 81.3 (5.2) 72.6
K+(25DHBA) 101.5 (2.4) 98.6 -0.7 (0.9) 100.8 (2.6) 97.9 26.5 (4.2) 74.3 (4.9) 71.4
K+(26DHBA) 96.4 (2.3) 105.4 -0.1 (0.9) 96.3 (2.5) 105.3 27.8 (4.1) 68.5 (4.8) 77.5
K+(34DHBA) 104.3 (8.4) 103.9 0.3 (0.9) 104.6 (8.4) 104.2 27.3 (4.2) 77.3 (9.4) 76.9
K+(35DHBA) 99.1 (2.5) 99.1 0.3 (0.8) 99.4 (2.6) 99.4 27.8 (4.2) 71.6 (4.9) 71.6

a Values are given in kilojoules per mole. Uncertainties are listed in parentheses.b Density functional theory values from calculations at the
B3LYP/6-311+G(2d,2p) level of theory using B3LYP/6-31G* optimized geometries with frequencies scaled by 0.9804.
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corrections are determined by 10% variation in all molecular
constants and additionally by 50% variation in the metal-ligand
frequencies. Such scaling provides a reasonable estimate of the
computational errors in these modes, while the latter is the
dominant source of the uncertainties listed here. Thermal correc-
tions were also computed for all of the low-lying excited con-
formations of the K+(xBA). The order of relative stability among
the various low-energy conformations for all of the K+(xBA)
complexes at 298 K is unchanged from that at 0 K.

Discussion

Comparison of Theoretical and Experimental Results.The
BDEs of the 10 K+(xBA) complexes measured here at 0 K are
summarized in Table 2. Also listed in Table 2 are the
corresponding theoretical BDEs for all low-energy conformers
calculated at the B3LYP/6-311+G(2d,2p) and MP2(full)/
311+G(2d,2p) levels of theory. The agreement between the
theoretical (B3LYP and MP2 theories) and measured BDEs is
illustrated in Figure 6. As can be seen in Figure 6, the agreement
between the measured and at least one of the theoretical BDEs
is very good for most complexes, but both theories lie outside
of the experimental uncertainly for the K+(24DHBA) and
K+(26DHBA) systems. The mean absolute deviation (MAD)
between the experimental BDEs and those for the ground-state
conformations calculated at the B3LYP level of theory for
all 10 K+(xBA) complexes is 3.9( 3.7 kJ/mol, slightly higher
than the average experimental uncertainty (AEU) of 3.4( 1.8
kJ/mol in these measurements. MP2 theory does not perform
quite as well and provides BDEs that are generally lower that
the experimental values. The MAD between MP2 theory and
experiment is 7.5( 3.2 kJ/mol, and decreases to 5.2( 3.2
kJ/mol when BSSE corrections are not included. It has previ-
ously been suggested that BSSE corrections overestimate the
effect associated with the differing sizes of the basis sets used
to calculate the complexes verses dissociation products and can
lead to binding energies that are too low, particularly for MP2
theory.64 In our previous study of the corresponding Na+(xBA)
complexes, similar behavior was also observed but was even
more pronounced because BSSE corrections generally scale with
the binding energy. It is interesting to note that, in most cases,
B3LYP theory does a better job describing the bonding in these
K+(xBA) complexes than MP2. However, in several cases, MP2
outperforms B3LYP theory. Thus, the B3LYP and MP2 (no
BSSE corrections) calculated BDEs are compared in Figure 7.

As can be seen in the figure, the MP2 BDEs of systems having
a 2-hydroxy substituent are greater than those found with
B3LYP theory. In contrast, the opposite trend is found for
systems without a 2-hydroxy substituent, where the B3LYP
BDEs exceed those computed with MP2 theory. This behavior
suggests that while both levels of theory do a reasonable job of
describing the binding in these systems, neither produces the
systematic trends in binding expected among these systems.

Nature of the K+-xBA Interaction. As discussed above,
the dominant dissociation pathway observed in the interaction
of the K+(xBA) complexes with Xe is simple CID to produce
K+ and the neutralxBA ligand. In addition, theoretical calcula-
tions suggest that the binding primarily arises from interactions
of K+ with the lone pair(s) of electrons on the oxygen atom(s)
of the carboxylic acid moiety and/or the hydroxyl substituents.
Therefore, the binding in these complexes is largely electrostatic,
arising from ion-dipole and ion-induced dipole interactions.
The effects of the hydroxyl substituents upon the binding may
be examined by comparing thexHBA and xDHBA ligands to
BA. The addition of hydroxyl groups increases the polarizability
of the ligands. The polarizability of the ground-state conforma-
tion of neutral BA is calculated to be 13.04 Å3; it increases to
between 13.90 and 14.11 Å3 for thexHBA ligands and increases
further to between 14.74 and 15.04 Å3 for thexDHBA ligands.
As can be seen in Figure 1, the polarizability varies only slightly
with the position(s) or orientations of the hydroxyl substituents.
Therefore, the ion-induced dipole attractions should roughly
correlate with the extent of hydroxylation. This trend was clearly
seen in our previous study of the interactions of Na+ with these
same ligands.29 However, this trend is not quite as evident for
the K+(xBA) systems. Because K+ is larger than Na+, the
M+-O bonds are longer in the K+(xBA) complexes than in
the analogous Na+(xBA) complexes. The primary effect of the
longer M+-O bonds is weaker binding. The effect on the
binding produced by the small enhancement of the ion-induced
dipole interaction upon hydroxylation of BA or HBA appears
to be of a similar size or even smaller than the experimental
error in these measurements. Ion-dipole interactions should also
be important in determining the binding in these complexes.
The ion-dipole attractions should correlate with the dipole
moments of these ligands. However, the dipole moments of these
ligands are very sensitive to conformation. In many cases, very
similar theoretical BDEs are calculated for different conforma-
tions and binding geometries. Thus, both the magnitude of the

Figure 6. Theoretical versus TCID experimental K+-xBA BDEs (in
kilojoules per mole). All values are at 0 K and are taken from Table 2;
the B3LYP values (O) include BSSE corrections, while the MP2 values
(b) do not. The diagonal line indicates the values for which calculated
and measured BDEs are equal.

Figure 7. Comparison of the MP2 and B3LYP calculated BDEs of
K+(xBA) complexes (in kilojoules per mole). All values are at 0 K
and are taken from Table 2; the B3LYP values include BSSE
corrections, while the MP2 values do not. The diagonal line indicates
the values for which the MP2 and B3LYP BDEs are equal.
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dipole moment and its projection along the binding direction
must be considered. The dipole moment of the neutralxBA
ligand appropriate for binding mode A is generally relatively
low. However, a single linear interaction of K+ with the
carboxylic acid oxygen atom provides maximum overlap and
thus a strong interaction is achieved. When K+ binds to the
xBA ligands via binding mode B, the dipole moment of the
neutral ligand is much larger and the chelation interactions lead
to stronger binding, thereby favoring mode B over A. However,
steric repulsion between the ortho hydrogen atom and the
carboxylic hydrogen atom (ligands without a 2-hydroxyl group)
makes these conformations (mode B) less stable than mode A.
Indeed, this behavior is found for the complexes of BA, 3HBA,
4HBA, 34DHBA, and 35DHBA. In the 2-hydroxy-substituted
ligands, mode B is likely favored over mode A because,
although both binding geometries require that the hydrogen bond
between the carbonyl oxygen atom and the 2-hydroxyl hydrogen
atom be broken, a new hydrogen bond between the hydrogen
atom of the carboxylic acid moiety and the 2-hydroxyl oxygen
atom is formed in the B conformers. The preference of mode B
over C for the 2-hydroxy-substitutedxBA ligands suggests that
formation of the 4-membered chelation ring coupled with
retention of a hydrogen-bonding interaction provides more
stability than 6-membered chelation ring formation.

Comparison to Literature Values.The present experimental
results are also compared to those of Zenobi and co-workers,26

who measured the gas-phase potassium basicities (GK+B) of
four commonly used MALDI matrices, including 25DHBA,
using equilibrium and reaction kinetic methods in a Fourier
transform ion cyclotron resonance (FT-ICR) mass spectrometer.
They measured a GK+B for 25DHBA of 99( 2 kJ/mol, while
their theoretical calculations at the B3LYP/6-31+G* level of
theory provide a GK+B of 69.4 kJ/mol. To compare these results
with those obtained in this study, GK+Bs must be converted to
0 K potassium ion affinities, GK+A (i.e., ∆G298 f ∆H0). Using
the thermal corrections determined here, their measured value
corresponds to a GK+A or BDE for the K+(25DHBA) complex
of 126 ( 4 kJ/mol, while the calculated value is 96.4 kJ/mol.
The BDE of the K+(25DHBA) complex measured here is 101.5
( 2.4 kJ/mol, almost 25 kJ/mol lower the value determined by
Zenobi and co-workers. Similarly, the values calculated here
at the B3LYP/6-311+G(2d,2p)//B3LYP/6-31G* and MP2(full)/
6-311+G(2d,2p)//B3LYP/6-31G* levels of theory are 99.4 and
100.6 kJ/mol, respectively, when BSSE corrections are not
included, in excellent agreement with the value measured here.
Moreover, our theoretical and experimental values are in good
agreement with the theoretical value determined by Zenobi and
co-workers (96.4 kJ/mol). Therefore, the level of theory
employed cannot explain the discrepancy in the measured
values.

Zenobi and co-workers tried to explain the discrepancy
between their theoretical and experimental values by assuming
that during the cation transfer reaction, the conformation of
25DHBA does not change; i.e., that K+(25DHBA) dissociates
to an excited-state asymptote such that the measured value
corresponds to a diabatic BDE. Our calculations indicate that
this conformation of 25DHBA lies 38.4 kJ/mol higher in energy
than the ground-state conformation (Supporting Information,
Figure 3S). Thus our calculations suggest a diabatic BDE for
K+(25DHBA) of 136.5 kJ/mol at the B3LYP level of theory.
This value is in excellent agreement with the theoretical value
for diabatic dissociation reported by Zenobi and co-workers,
138.5 kJ/mol. However, the calculated diabatic BDEs are still
10-12 kJ/mol higher than the experimental value measured by

Zenobi and co-workers, 126( 4 kJ/mol. Thus, the appropriate
interpretation of their measured value is still uncertain.

The assumption that 25DHBA retains the same geometry it
possesses in the K+(25DHBA) complex after dissociation may
be reasonable for the study performed by Zenobi and co-workers
because the measured values are determined via cation transfer
reaction kinetics and equilibrium methods. In these methods, the
reference base must be chosen such that the difference in GK+B
is small enough to rapidly achieve equilibrium and provide
measurable populations of both the K+(25DHBA) and K+(Bref)
complexes. This requirement generally means that the GK+B
values must be within about 10 kJ/mol. Therefore, sufficient
energy to overcome the barrier to conformational changes may
not be available and true equilibrium cannot be achieved. In
contrast, threshold CID (TCID) measurements performed here
lead to the ground-state neutral conformation of 25DHBA
because the barrier to the conformational change is much smaller
than the enthalpy of dissociation. Therefore, the present study
directly measures the adiabatic BDE. The adiabatic 0 K BDEs
for these K+(xBA) complexes are given in Table 2, while
adiabatic 298 K BDEs and GK+B values are reported in
Table 3.

Comparison to Na+ Affinities. In previous work, we
determined the Na+ affinities of all 10 of thexBA ligands
examined here.29 Those results are compared to the present
results in Figure 8. A linear regression analysis of these data
provides a slope of 1.375, indicating that Na+ binds 37.5% more
strongly than K+ to thesexBA ligands. The primary reason for
the enhanced binding is that Na+ is smaller than K+. The
nonlinear distance dependencies of the electrostatic interactions
that control the binding in these complexes fall off rapidly, as
R-2 for an ion-aligned dipole andR-4 for ion-induced dipole
interactions, resulting in weaker binding interactions in the
complexes to the larger alkali metal cation, K+. The larger size
of K+ not only leads to weaker binding but also alters the
preferred binding geometries in the complexes to thexBA
ligands that have a 2-hydroxy substituent. Na+ forms a very
stable 6-membered chelation ring with the 2-hydroxy-substituted
ligands. In contrast, K+ is considerably larger and binds less
strongly. As a result, the K+(xBA) complexes involving ligands
with a 2-hydroxy substituent achieve greater stability by
preserving the hydrogen-bonding interaction and forming a
4-membered chelation ring with the oxygen atoms of the

Figure 8. Comparison of measured BDEs of K+(xBA) and Na+(xBA)
complexes (in kilojoules per mole). The K+-xBA BDEs are taken from
Table 2, while the Na+-xBA values are taken from our previous
study.29 A linear regression fit to all of the data is shown and provides
a slope of 1.375. (b) 2-Hydroxy-substitutedxBA ligands; (O) xBA
ligands with a 2-hydroxyl group.
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carboxylic acid moiety. As can be seen in Figure 8, the Na+

and K+ affinities of thesexBA ligands are not highly correlated.
In general, the BDEs increase with increasing hydroxylation,
but the minor variations in the BDEs with structure differ for
the Na+ and K+ complexes. The 2-hydroxy-substituted systems
show greater relative variation in their BDEs to K+ than to Na+

(Figure 8, b), whereas those systems without a 2-hydroxy
substituent exhibit more systematic behavior. Thus, a likely
reason for the less than optimal correlation is that the mode of
binding for half of these systems differs from the Na+(xBA) to
the corresponding K+ (xBA) complex.

Implications for MALDI Analyses. As discussed in the
Introduction, the relative alkali metal cation affinities of both
matrix and analyte molecules are needed to understand and
predict the ionization processes that will occur in MALDI
analyses. In turn, the availability of such thermochemical data
will help facilitate rational optimization of MALDI analyses.
The thermodynamic data reported here and in our previous study
of the Na+ affinities of thesexBA ligands begin to provide the
information needed for the optimization of MALDI analyses.
The high temperatures and pressures that occur within the
MALDI plume provide sufficient internal energy to the vapor-
ized matrix molecules to overcome barriers to conformational
relaxation. Therefore, the adiabatic values measured here are
likely to be more relevant to actual MALDI conditions than
the apparent diabatic values reported by Zenobi and co-workers
and thus provide thermochemical data needed to understand and
optimize MALDI cationization processes. However, the sodium
and potassium cation affinities of the analytes of interest are
also necessary and are the subject of additional studies being
pursued in our laboratory.

In addition to the relative cation binding affinities of the
matrix and analyte molecules, structural features of the matrix
must also be considered to achieve control over the ionization
processes in MALDI analyses.7 Thus the structural information
derived from the theoretical calculations performed here is also
useful for understanding and optimizing MALDI analyses. As
described by Zenobi and Knochenmuss,17 compounds that
exhibit an excited-state proton-transfer mechanism (ESPT) must
possess a hydroxyl group ortho to a carbonyl moiety [i.e.,
-C(O)CH3, -C(O)OH, or-C(O)NH2] that forms a hydrogen
bond with the carbonyl oxygen atom. Upon photon absorption,
the hydroxyl proton is transferred to the carbonyl oxygen,
increasing the acidity of the hydrogen atom and thereby
facilitating proton transfer. Among thexBA ligands examined
here, half possess a 2-hydroxyl group (i.e., 2HBA, 23DHBA,
24DHBA, 25DHBA, and 26DHBA). We previously found that
Na+ prefers to bind to these 2-hydroxy-substituted benzoic acids
via binding mode B (a 6-membered chelation ring between the
carbonyl and the 2-hydroxyl oxygen atoms). To accommodate
the sodium cation, the hydroxyl hydrogen atom rotates away
from the carbonyl oxygen atom, thereby breaking the hydrogen
bond. This structural change blocks the ESPT mechanism and
prevents proton transfer between the hydroxyl and carbonyl
groups. Karbach and Knochenmuss65 have shown that 25DHBA
is not always ESPT-active; the presence of Na+ diminishes the
ESPT activity. When K+ is complexed to 25DHBA, it retains
the hydrogen-bonding interaction and binds to the ligand via
formation of a 4-membered chelation ring to the oxygen atoms
of the carboxylic acid moiety. While such binding would still
likely diminish proton transfer between the 2-hydroxyl group
and the carboxylic acid moiety, it should not completely shut it
down. Therefore, the presence of K+ may reduce the efficiency

of proton transfer between the matrix and analyte molecules
but should not eliminate this ionization pathway for 25DHBA
or structurally related matrices. In contrast, the presence of Na+

will likely eliminate proton-transfer ionization of the analyte
by such matrices.

On the basis of the structural and energetic factors that
influence cationization in MALDI analyses, it will be preferable
to choose a matrix that binds cations more strongly than the
analyte and for which cation binding does not shut down proton-
transfer mechanisms to minimize cationization/maximize pro-
tonation of the analyte. In contrast, it will be preferable to choose
a matrix with a lower cation affinity than the analyte and
potentially one that interferes with proton-transfer ionization
to maximize cationization of the analyte. Because Na+ binds
more strongly than K+ and shuts down the ESPT transfer
pathway in the 2-hydroxy-substituted benzoic acid ligands, it
can be more effectively employed with these matrices to favor
cationization of the analyte, particularly for analyte molecules
having sodium cation affinities that exceed that of the matrix
used.

Conclusions

The kinetic energy dependence of the CID of K+(xBA), where
xBA includes benzoic acid and all mono- and dihydroxy-
substituted benzoic acids, with Xe are examined in guided ion
beam tandem mass spectrometer. The dominant dissociation
process in all cases is loss of the intactxBA ligand. Thresholds
for these processes are determined after consideration of the
effects of reactant kinetic and internal energy distributions,
multiple collisions with Xe, and lifetime effects. To obtain
molecular constants needed for modeling experimental data and
to facilitate appropriate interpretation of experimental results,
ab initio calculations at the B3LYP/6-311+G(2d,2p)//B3LYP/
6-31G* and MP2(full)/6-311+G(2d,2p)//B3LYP/6-31G* levels
of theory are performed. Very good agreement between
experimentally determined K+ affinities and B3LYP values is
found in most cases. The agreement between MP2 theory and
experiment is not quite as good but is still quite reasonable when
BSSE corrections are not included. Various binding modes and
the relative dipole moments of the various conformations
available to thesexBA ligands are major factors that govern
the strength of binding to K+. Theoretical calculations suggest
that there are four very favorable K+ binding modes to these
xBA ligands. However, only two binding modes are represented
in the ground state geometries of 9 of the 10 K+(xBA)
complexes. Binding mode A, a single direct interaction with
the lone pair of electrons on the carbonyl oxygen, is favored
for the complexes with BA, 3HBA, 4HBA, 34DHBA, and
35DHBA, while binding mode B, formation of a 4-membered
chelation ring with both oxygen atoms of the carboxylic acid
group, is favored for the complexes with 2HBA, 24DHBA,
25DHBA, and 26DHBA. The stability of these K+(xBA)
complexes is enhanced by additional intramolecular hydrogen
bonds whenever possible, and in particular, leads to the
preference for mode B over A and C for the 2-hydroxy-
substitutedxBA ligands. The absolute BDEs measured here for
the K+(xBA) complexes provide reliable anchors for the
potassium cation affinity scale. These thermochemical data,
combined with structural information obtained from theoretical
calculations, provide insight into means by which the ionization
processes that occur in MALDI can be effectively controlled.
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