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Benzoic Acid Derivatives
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Threshold collision-induced dissociation of (¢kBA) complexes with xenon is studied using guided ion beam
mass spectrometry. TheBA 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 Kt—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 ofBi#eligands and their complexes

with K*. Theoretical BDEs are determined from single-point energy calculations at the B3LYP#85311
(2d,2p) and MP2(full)/6-312G(2d,2p) levels using B3LYP/6-31G* optimized geometries. Four favorable
binding modes for the K(xBA) complexes are found. In all complexes toxBA 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 K2,3-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™ofikh the oxygen

atoms of adjacent hydroxyl substituents is also favorable and corresponds to the ground-state geometry for
the Kt(23DHBA) complex. Formation of a 6-membered chelation ring via interactionfofih 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 laser ablation and ion formation in the gas phase after laser
) ) L ablation. Other experiments suggest that some ions may be
Matrix assisted laser desorption ionization (MALDI) has tgrmed as a natural consequence of the solid-to-gas-phase
become a versatile ionization technique for mass analyses ofiransition8 lonization mechanisms involving matrix radical
fragile nonvolatile macromolecules. The most significant ap- ation formation have also been propo&é8ilon formation in
plications of MALDI are for the accurate determination of the e condensed phase (i.e., within the sample matrix) can be
molecular weight and primary sequence of proteins, carbohy- 5ccyrately predicted only on the basis of condensed-phase
drates, and nucleic acids; the molecular mass distribution, {hermodynamics where many intermolecular interactions influ-
repeating units, and end group identification of synthetic gnce the binding. In contrast, gas-phase ion formation can be
polym.ers% and the characterization of large molecules such as predicted from gas-phase thermodynamics, where only indi-
dendrimers;™* nanotubes,and fullerene$.Although MALDI vidual isolated interactions occur. However, experimental

is widely used as a soft ionization method in mass spectrometry, avidence for gas-phase ion formation has been less reported
the ionization mechanisms are still poorly understood. Several compared to that of the condensed phase.

mechanlsmsh have been proposed lto explaﬂn the |on|zat||on Cationization, protonation, deprotonation, and electron trans-
processes that occur In MALD.I analyses. The most POPUIAT far are the major ionization processes that occur in MALDI via
mech_anlsms proposed to date |n\_/olve exc_:lted-stat_e—a_mdg the proposed ionization mechanistis® Several reports of
ﬁhemlstry, proton tranfsferf fﬁllowlng maltrlx phhot0|_on|_zat|_on, experimental and theoretical determinations of gas-phase proton
ydrogen atom transfer following analyte photoionization, ainities, basicities, and ionization energies of benzoic acid
excited-state salt chemistry, protonation of the sodium salt of derivatives and commonly used MALDI matrices have been
the analyte, ensergy pooling, and gas-phase capture of a Cat'orbublishedl.E’*22 Studies of cationization processes have also
by the analyté:® _ o appeared in the literatuf&2*However, these studies are based
These ion formation mechanisms can be divided into two on qualitative or semiquantitative studies of cationization of
categories, ion formation in the condensed phase followed by MALDI matrices. Only a limited number of quantitative and
theoretical studies of cationization of MALDI matrices have
* Corresponding author. been published>—2°
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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
BA

and potassium cations, arise from impurities present in matrix

. . 2HBA IHBA 4HBA 23DHBA
chemicals and glassware and from the separation procedure: 217p 0.84 D 0.91D 205D 187D
that are carried out to purify analytes. Synthetic polymers are 13.04A° 14.00 A® 13.90 A® 1411 A° 14.76 A*

and analyte molecules can be suppressed by adding comple:

often observed as extensively sodiated or potassiated complexe:

in MALDI mass spectr&®-35 In polymer analyses, metal salts -
are generally intentionally added to MALDI samples to enhance

signal intensity. The association of Nand K+ with the matrix

mentary metal cations that bind more strongly, e.g’, 8 Cu2™,

4 Adh 16 24DHBA 25DHBA 26DHBA 34DHBA 35DHBA
and Ag". 129D 277D 1.69D 1.10D 152D
The major disadvantage of cationization by alkali metal 15.04A° 14.84 A? 14.86 A 14.89 A2 14.74 A3

cations is that it generally leads to more complicated mass Figure 1. Ground-state geometries of thBA ligands optimized at

. . . . . * 1
spectra. Cationization reduces the intensity of each of the peakshe B3LYP/6-31G* level of theory. Properly scaled dipole moments
of interest and makes the mass spectra more crowded with Iesém debyes) are shown as arrows. Calculated isotropic molecular

. . . olarizabilities (in cubic angstroms) are also shown. Dipole moments
desirable peaks by spreading the concentration of the analyteIO ( g ) P

: ¢ and polarizabilities are taken from theoretical calculations performed
(or fragments thereof) over several peaks (sodiated, potassiatedsere.

and salt clustered). In extreme cases, cationization is even more

problematic because of the association of metal cation clusters(3HBA), 4-hydroxybenzoic acid (4HBA), 2,3-dihydroxybenzoic
with the analyte’”*8 These clusters of peaks are normally acid (23DHBA), 2,4-dihydroxybenzoic acid (24DHBA), 2,5-
observed as closely spaced bunches of peaks. All of thesedihydroxybenzoic acid (25DHBA), 2,6-dihydroxybenzoic acid
processes lead to complicated mass spectra and prevent rapi(jzeDHBA), 3,4-dihydroxybenzoic acid (34DHBA), and 3,5-
identification and interpretation. Several attempts have been dihydroxybenzoic acid (35DHBA). The ground-state structures
made to reduce or suppress cationization. The addition of of thexBA matrices along with their calculated dipole moments
ammonium salts to the matrix/analyte mixture, followed by post- and isotropic molecular polarizabilities (determined here) are
crystallization washing with citrate and phosphate buffer solu- shown in Figure 1. The kinetic energy-dependent cross sections

tion, has been shown to greatly suppress mataikali metal for the collision-induced dissociation (CID) processes are
cation cluster formatio® The addition of LI or Ci**,% the analyzed by methods developed previo#8i The kinetic and
use of sol-gel-assisted laser desorption ionizatfiérand the internal energy distributions of the reactants, multiple ion-neutral

use of ionic liquids with popular MALDI matrix anions as collisions, and the kinetics of unimolecular dissociation are
matrice$® have also been shown to reduce the complexity of explicitly included in the analyses. Bond dissociation energies
mass spectra due to alkali metal cation association with the (BDEs) of 10 Kf(xBA) complexes are derived and compared
matrix or analytes. However, all reported attempts to improve with values obtained from ab initio and density functional
the quality of mass spectra have evolved on the basis of theory. Comparison is also made to values previously reported
qualitative observations and empirical studies. Very little for the KF(25DHBA) complexX® and the analogous N&BA)
thermodynamic data that can be used to predict the cationizationcomplexeg?

behavior in MALDI processes has been reported in the

literature26:29.4¢-42 The relative alkali metal cation affinities of ~ Experimental Section

both matrix and analyte molecules are needed to understand seneral Procedures.Cross sections for CID of K(xBA)

and pTEdiCt the ionization processes that will occur in with Xe, wherexBA = BA, 2HBA, 3HBA, 4HBA, 23DHBA,
MALDI analyses. Accurate thermodynamic data, that is, cation 24DHBA, 25DHBA, 26DHBA, 34DHBA, and 35DHBA, were
affinities of both matrices anq analyte.molecules, would allow easured as a function of kinetic energy with a guided ion beam
MALDI analyses to be carried out in a more controllable 3n4em mass spectrometer that has been described previbusly.
manner. However, empirical evidence also suggests that, inpgassium cations are generated by glow discharge via Ar
addition to the alkali metal cation affinities, structural gpttering of a tantalum or iron boat containing potassium metal
features of the matrices and analyte also affect the ionization operated at~1-2 kV and ~10-20 mA. The K- (xBA)
mechanisms. complexes are formed by condensation df &nd the neutral

In this study, the potassium cation affinities and stable binding xBA ligands in a 1.2 m long flow tube operating at 6:8.8
conformations of K to benzoic acid and all of its mono- and  Torr pressure. TheBA ligands are introduced by thermal
dihydroxy-substituted derivatives are determined. This work is vaporization of solid samples and required heating the neutral
a follow-up to an earlier studi?, where the analogous Na xBA ligand to between 60 and 17C depending upon the extent
systems were examined. These ligands were chosen becausef substitution and internal hydrogen bonding (i.e., the more
several are widely used as MALDI matri¢ésnd they have  highly substituted theBA ligand, the higher the temperature
also been used experimentally and theoretically to probe andrequired to vaporize it, and for the xBA ligands having
attempt to explain the ionization processes that occur in MALDI equivalent levels of substitution, those ligands capable of
analyseg:1"#4These molecules are also building blocks for other forming internal hydrogen bonds required significantly lower
MALDI matrices. Guided ion beam tandem mass spectrometry temperatures to vaporize). No evidence that this temperature
techniques are used to collisionally excite complexes of K influenced the internal energy content of the ions emanating
bound to 10 different benzoic acid derivatives: benzoic acid from the flow tube source region was observed. ThéxBA)
(BA), 2-hydroxybenzoic acid (2HBA), 3-hydroxybenzoic acid complexes are collisionally stabilized and thermalized by greater
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than 10 collisions with the He and Ar bath gases, such that error (BSSE) corrections were also inclu®dds a result of
ions emerging from the source region are assumed to havethe multiple orientations possible for the carboxylic acid moiety
internal energies that are well described by a Maxwell and the hydroxyl group(s) as well as the multiple favorabte K
Boltzmann distribution of rovibrational states at room temper- binding sites to thesexBA ligands, numerous low-energy
ature. conformations of these species are possible. Therefore, we

The ions are effusively sampled, focused, accelerated, andcarefully consider all possible conformations of #A ligands
focused into a magnetic sector momentum analyzer for reactantand K*(xBA) complexes to determine their relative stabilities
ion selection. Mass-selected ions are decelerated to a desired@nd the ground-state conformation of each of these species. In
kinetic energy and focused into an octopole ion beam guide. several cases, transition states (TSs) between various conforma-

The octopole passes through a static gas cell containing Xe attions of the neutrakBA ligands and the K(xBA) complexes

low pressure (0.050.20 mTorr) to ensure that multiple ion-  are also calculated to determine the barriers for interconversion
neutral collisions are improbable. The octopole ion guide acts to establish whether or not such conformational changes are
as an efficient radial trap for ions such that scattered reactantPossible under the experimental conditions employed.

and products ions are not lost as they drift toward the end of The isotropic molecular pOlarizabilitieS of the ground-state
the octopole®-50 The product and unreacted beam ions are conformations of each of the neutraBA ligands were
focused into a quadrupole mass filter for mass analysis andcalculated at the PBE0/6-3115(2d,2p) level of theory using
subsequently detected with a secondary electron scintillation the B3LYP/6-31G* optimized geometries. This level of theory

(Daly) detector and standard pulse counting techniques. has been shown to provide polarizabilities that are in much better
Data Handling. The measured product ion intensities are 29reement with measured values than the B3LYP/6+331

converted to absolute cross sections using a Beers’ law analysid2d:2P) and MP2(full)/6-311G(2d,2p) Ieye%s of theory em-

as described previous#j.Absolute uncertainties in the cross Ployed here for the energetic determinatiéhs. ,

section magnitudes are estimated to420% and are largely Thermochemical Analysis. The CID cross sections are

derived from errors in the pressure measurement and theModeled using an empirical threshold energy law:

effective length of the interaction region. Relative uncertainties n

are +5%. o(E) = 0y z GE+E-E)IE 1)
lon kinetic energies in the laboratory frank®y, are converted '

to energy in the center of mass franfig;,y, using the formula where oo is an energy-independent scaling factérjis the

Ecm = EapV(m + M), whereM andm are the masses of the ¢ |ative translational energy of the reactafisis the threshold
ionic and neutral reactants, respectively. All energies reported ¢, o4 ction of the ground electronic and rovibrational state, and
here are in the center-of-mass frame unless otherwise notedy, js an adjustable parameter that describes the efficiency of
The absolute zero and distribution of the ion kinetic energies |ieatic to internal energy transfét The summation is over the
are determined using the octopole ion guide as a retarding o \iprational states of the reactant ioris,where E; is the
potential analyzer as previously descridédhe distribution ¢ citation energy of each rovibrational state anis the relative

of ion kinetic energies is nearly Gaussian with a full width at population of each stat&¢; = 1). The relative reactivity of all
half-maximum (fwhm) between 0.2 and 0.4 eV (lab) for these o inrational states, as reflected byandn, is assumed to be
experiments. The uncertainty in the absolute energy scale ISequivalent.

+0.05 eV (lab). The Beyer-Swinehart algorith’f7-5%is used to evaluate the
Because multiple collisions can influence the shape of CID density of the rovibrational states and the relative populations,
cross sections and the threshold regions are most sensitive tqy; are calculated by a MaxwetBoltzmann distribution at 298
these effects, each CID cross section was measured twice ak| the internal temperature of the reactants. The average internal
three nominal Xe pressures (0.05, 0.10, and 0.20 mTorr). Dataenergy of the ground-state conformation of the neutBA
free from pressure effects are obtained as previously de- |igands and K(XBA) Comp|exes are also included in the
scribed?'52 Thus, cross sections subjected to thermochemical Supporting Information, Table 1S. To account for the inaccura-
analysis are the result of single bimolecular encounters. cies in the computed frequencies, we have increased and
Theoretical Calculations. To obtain model structures, vi- decreased the prescaled frequencies (0.9804) by 10%. The
brational frequencies, rotational constants, and energetics forcorresponding change in the average vibrational energy is taken
the neutralxBA ligands and their complexes to*Kab initio to be an estimate of 1 standard deviation of the uncertainty in
and density functional theory calculations were performed using the vibrational energy (Table 1S).
Gaussian 982 Geometry optimizations were performed at the Statistical theories for unimolecular dissociation (RRKM
B3LYP/6-31G* level of theory. The optimized structures were theory) of the collisionally activated ions are also included in
used to calculate the vibrational frequencies and rotational our analyses using a modified form of eq 1 to account for ions
constants necessary for modeling of the experimental data. Thethat may not have undergone dissociation prior to arriving at
vibrational frequencies were scaled by a factor of 0.9804 for the detector{10*s) as described in detail elsewhé?&® A
thermal energy adjustments and modeling of experimentaPtiata. loose phase space limit (PSL) TS model located at the
The scaled vibrational frequencies are listed in the Supporting centrifugal barrier for the interaction of 'Kwith the neutral
Information in Table S1, and the rotational constants are given xBA ligand is used as described in detail elsew&r&he
in Table S2. Single-point energy calculations were performed rovibrational frequencies appropriate for the energized molecules

at the B3LYP/6-311G(2d,2p) and MP2(full)/6-31:tG(2d,- and the PSL TSs leading to dissociation are given in the
2p) levels of theory with the B3LYP/6-31G* optimized geom- Supporting Information in Tables 1S and 2S.
etries. In previous work, we have found thatHgand BDEs The model represented by eq 1 is expected to be appropriate

computed at the MP2//MP2 level are typically within 1 kJ/mol for translationally driven reactiofsand has been found to

of MP2//B3LYP values, and therefore we did not pursue reproduce CID cross-sections well. The model of eq 1 is
additional geometry optimizations at the MP2(full)/6-31G* level convoluted with the kinetic energy distributions of both the
of theory. Zero-point energy (ZPE) and basis-set superposition reactant K(xBA) complex and neutral Xe atom, and a nonlinear
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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 (lowex-axis) and the laboratory frame (uppegxis).
Data are shown for a Xe pressuree0.2 mTorr.
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K*(xBA) + Xe — K" + xBA + Xe 2)
Ligand exchange processes to formXe are also observed as
very minor reaction pathways in several of th&(kBA) systems
examined here:

K*(xBA) + Xe — K*Xe + xBA (3)
It is likely that this ligand exchange process occurs for alt K
(xBA) complexes, but that the signal-to-noise in the other
experiments was not sufficient to differentiate theX¢ 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(*BA)
complexes.

Threshold Analysis. The model of eq 1 was used to analyze

least-squares analysis of the data is performed to give optimizedhe thresholds for CID reactions (eq 2) in 10(BA) systems.

values for the parameters, Eo, andn. The error associated
with the measurement d, is estimated from the range of

The results of these analyses are provided in Table 1, and
representative results for the"R5DHBA) complex are shown

threshold values determined for the eight zero-pressure-jn Figure 3. Analyses for the otherxBA) complexes are
extrapolated data sets, variations associated with uncertaintiesshown in Figure 2S of the Supporting Information. In all cases,

in the vibrational frequenciest{10% scaling as discussed

the experimental cross sections are accurately reproduced

above), and the error in the absolute energy scale, 0.05 eV (lab) ysing a loose PSL TS mod#l Previous work has shown that
For analyses that include the RRKM lifetime analysis, the this model provides the most accurate assessment of the kinetic

uncertainties in the reporteh(PSL) values also include the

shifts for CID of electrostatically bound iermolecule com-

effects of increasing and decreasing the time assumed availableylexes®s Good reproduction of the experimental data is obtained

for dissociation (10* s) by a factor of 2.

over energy ranges exceeding 2.0 eV and cross section

Equation 1 explicitly includes the internal energy of the magnitudes of at least a factor of 100. Table 1 also includes

reactant ion,E. All energy available is treated statistically

threshold valued;y, obtained without inclusion of the RRKM

because the internal energy of the reactants is redistributedlifetime analysis. The difference between tBgand Eq(PSL)
throughout the accessible rovibrational energy states of thethreshold values provides a measure of the kinetic shift

complex upon collision with Xe. The threshold energies,

Eo(PSL), obtained from these analyses are equat@dki BDES

associated with the finite experimental time window, which
should correlate with the density of states at threshold. The

because the CID processes examined here are simple noncokinetic shifts vary between 0.03 and 0.13 eV for these systems.
valent bond fission reactions that have no barrier in excess of The kinetic shift is the smallest for the ' BA) complex,

the asymptotic energf}?.53

Results

Cross Sections for Collision-Induced DissociationExperi-

increases for the KKHBA) complexes, and increases slightly
more for the K'(DHBA) complexes except K23DHBA) 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

mental cross sections were obtained for the interaction of Xe that order: 42 for K(BA), 45 for the K"(HBA) complexes,

with 10 K*(xBA) complexes, whergBA = BA, 2HBA, 3HBA,
4HBA, 23DHBA, 24DHBA, 25DHBA, 26DHBA, 34DHBA,

and 48 for the K(DHBA) complexes. The smaller kinetic shifts
observed for the K(23DHBA) and K"(26DHBA) complexes

and 35DHBA. Figure 2 shows representative data for the are likely the result of extensive hydrogen bonding in the

K*(25DHBA) complex. The other K(xBA) complexes exhibit

similar behavior and are included in the Supporting Information

complexes and neutrals.
The entropy of activationAS', is a measure of the looseness

as Figure 1S. The most favorable process for all complexes isof the TS and also a reflection of the complexity of the system.

loss of the intackBA ligand in the CID reactions:

AS' is largely determined by molecular parameters used to

TABLE 1: Modeling Parameters of Eq 1 and Entropies of Activation at 1000 K of K*(xBA)2

reactant cation oo® ne Ec (eV) Eq(PSL) (eV) kinetic shift (eV) AS(PSL), J moft K1
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)

aUncertainties are listed in parenthest8verage values for loose PSL transition statsio RRKM analysis.
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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 (low@ixis) Figure 4. The four energetlcally favorable stable binding modes of
and the laboratory frame (uppriaxis). () Best fit to the data using K* to the xBA ligands. Binding mode A is shown for the*(BA)

the model of eq 1 convoluted over the neutral and ion kinetic and complex but is possible for all 1XBA ligands. Binding modes B and
internal energy distributions:+¢) Model cross section in the absence C are shown for the K(2HBA) complex but are possible for all
of experimental kinetic energy broadening for reactants with an internal 2-hydroxy-substituteddBA ligands. Binding mode D is shown for the
temperature of 0 K. K*(23DHBA) complex but is also possible for the 34DHBA ligand.

model the energized molecule and TS for dissociation, but also

o0
depends on the threshold energy. & (PSL) values at 1000
K are listed in Table 1 and vary from 15 to 23 J¥Xmol™!
across these systems. These entropies are indicative of relatively
weakly bound complexes that dissociate via loose transition

states, as.modeled. . ) K'(BA) K'(2HBA) K‘(SHBA) K'(4HBA) K‘(23DHBA)
Theoretical Results. Theoretical structures and relative

stabilities of the various conformers of the neus®A 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 N{xBA) systems?® As this work involves the - 24DHBA ) ZSDHBA . J—— 34|:)HBA p 35DHBA
same 1xBA ligands, only a brief summary of the theoretical ( ) 408 % ) ) (

results for these neutral ligands is given here. The ground-state
conformations of all 1&BA ligands along with their calculated
dipole moments and isotropic molecular polarizabilities are
shovxlm '? Flgur(_athl.”:n all Easels_,, tkl]we dground-{c,tate s_tru;:tgres arecomplexes and therefore were not pursued in detail. The ground-
nearly planar wi € carboxylic hydrogen atom oriented away: qiqiq conformations of all 10 KxBA) complexes are shown
from the phenyl ring. Whenever possible, intramolecular in Figure 5. In all cases except BA, the neutkA ligand
fogmgzntﬁgngzuft?gﬁgietﬁv Z?]ré:d].?ﬁ:m jgasettlﬁui?tin?igi dhelpundergoes a change in conformation to achieve optimal binding
19 ' 9 y-op . to KT (compare Figures 1 and 5). All low-energy conformations
structures, calculated dipole moments, and relative stabilities i .
. . h - of the K(xBA) complexes that might be expected to be
(including ZPE corrections) of all of the stable conformations ; S . .
of the neutralxBA ligands are provided in the Supporting populateq u_nde_r our experimental go_ndmona i.e., 208 K internal
Information, Figure 3S. The factors that influence the relative energy distribution and therefore within 10 kJ/mol of the ground-
stabilities 011 the various conformations available to theRa state structures, and their relative stabilities are also provided

ligands, i.e., intramolecular hydrogen bonding interactions, in the Supporting Information in Figure 4S.
resonance stabilization, and steric repulsion between atoms on Theoretical BDEs for the ground-state and low-energy
adjacent substituents, have been discussed in detail previ8usly. conformations of the K(xBA) complexes calculated at the
K*(xBA) Complexes. Four distinct very favorable K B3LYP/6-31H-G(2d,2p) and MP2(full)/6-311G(2d,2p) levels
binding modes of thexBA ligands are found and shown of theory (using geometne_s optimized at the B3LY_P/6 316*
schematically for several of théBA ligands in Figure 4. Stable level of theory and assuming that the complexes dlssoc'late to
binding geometries in which K binds to a single hydroxyl produce the neutraBA ligand in its ground-state conformation)
oxygen atom also exist but are significantly less favorable than ¢ summarized along with the measured values in Table 2.
the other four binding modes. For example, for the(BHBA) The calculated energies of thesé(KBA) complexes, theBA
complex, binding of K to the carbonyl oxygen atom of the ligands, and K are provided in the Supporting Information in
carboxylic acid moiety (mode A, Figure 4) is 48.9 kJ/mol more Tables 3S and 4S.
favorable at the B3LYP level of theory than binding to the Two different favorable binding modes were found for
3-hydroxyl oxygen atom. Similar differences in the stabilities binding of K* to BA. In the ground-state conformation,”K
of such binding modes are expected for the othe(xBA) binds directly to the carbonyl oxygen of carboxylic acid moiety

Flgure 5. Ground-state geometries of the*do’(BA) complexes
optimized at the B3LYP/6-31G* level of theory.
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TABLE 2: Measured and Calculated Enthalpies of Potassium Cation Binding toxBA at 0 K2

experiment theory, MP2 theory, B3LYP
K+(XBA) TCID blndlng mode De Dod D()'Bssr:e De Dod DO,BSSEe
K*(BA) 92.3 (2.6) Al 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) Al 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
Ad 86.8 85.4 81.2 91.6 90.2 89.4
K*(4HBA) 103.4 (2.8) Al 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
Cc2 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) Al 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
Ad 90.4 88.7 84.6 97.7 96.1 95.4
K*(35DHBA) 99.1 (2.5) Al 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 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)

aValues are given in kilojoules per mole. Uncertainties are listed in parentfeSekulated at the MP2(full)/6-3HG(2d,2p) level of theory
using B3LYP/6-31G* optimized geometries and assuming that the complex dissociates to the ground state neutral coGfioukated at the
B3LYP/6-31H-G(2d,2p) level of theory using B3LYP/6-31G* optimized geometries assuming that the complex dissociates to the ground state
neutral conformer? Also includes ZPE corrections with frequencies scaled by 0.988ko0 includes BSSE correctionsAverage experimental
uncertainty (AEU) and mean absolute deviation (MAD) between the measured and calculated values.

(binding mode A, Figure 4). The=€0—K™ bond angle is nearly
linear but shifted slightly away from the hydroxyl group. An

favoring of binding mode A over B suggests that the enhanced
binding associated with the formation of the 4-membered

alternative binding mode is possible when the hydrogen atom chelation ring (as compared to a single interaction with the

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

carbonyl oxygen atom) provides just slightly less stabilization
than the energetic cost associated with the loss efectron
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

conformer, steric repulsion between the hydrogen atom of the temperature of the reactants (Table #Sjowever, complex-

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 carbanglectrons
with those of the aromatic ring, and cost®5.4 kJ/mol as
estimated from the relative stabilities of the corresponding
conformers of neutral BA (at the B3LYP level of theory). The

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), KT(4HBA), K"(34DHBA),
and KT(35DHBA) complexes for both B3LYP and MP2
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TABLE 3: Enthalpies and Free Energies of Potassium Cation Binding taxBA at 0 and 298 K2

K+(xBA) AHo AHgP AHa0s — AHP AHaos AHaod TASsod AGaos AGosd
K*+(BA) 92.3(2.6) 96.5 0.2 (0.8) 925 (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) 775
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) 716

aValues are given in kilojoules per mole. Uncertainties are listed in parentteBeasity 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.

calculations. For all of the hydroxy- and dihydroxy-substituted cally favorable binding conformations are also possible. How-
systems, several low-energy A and B conformers are found ever, the relative stabilities of such conformations are such that
that differ only in the relative orientations of the carboxylic they are unlikely to be accessed under our experimental
acid moiety and hydroxyl groups (compare Figures 5 and 4S). conditions and thus will not be discussed further.

Although not explicitly calculated, interconversion of the A The preference for binding mode B over C is found for all
and B conformers in these latter systems should also be of the 2-hydroxy-substituted systems:r(BHBA), K™(23DHBA),
facile because complexation to"Korovides a similar amount ~ K*(24DHBA), K*(25DHBA), and K"(26DHBA) for both

of energy as for the BA system (96.5 to 103.9 kJ/mol at the B3LYP and MP2 theories. The energy difference between
B3LYP level of theory, Table 2). The energy required for the most favorable B and C conformers is smallest for

interconversion of the A- and B-type conformers of these
systems is expected to be similar to that calculated foiBR)
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

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 kd/mol, but is significantly larger for the
K*(26DHBA) complex, 25.3 kd/mol (at the B3LYP level of
theory). A possible reason for the larger difference observed
for the KF(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

binding geometries require that the hydrogen bond between theand C conformers by 2.2 and 4.9 kJ/mol (B3LYP) and 5.5 and
carbonyl oxygen atom and the 2-hydroxyl hydrogen atom be 7.0 kJ/mol (MP2), respectively. Binding mode D is also possible
broken, a new hydrogen bond between the hydrogen atom offor 34DHBA. However, without the enhanced stability gained
the carboxylic acid moiety and the 2-hydroxyl oxygen atom by hydrogen bond formation that occurs fot @3DHBA), con-

is formed in the B conformer. Mode B is calculated to be 8.0 former D is less favorable than the various A and B conformers.
kJ/mol more favorable than mode C for binding of £ 2HBA B3LYP calculations find that conformer D of '{34DHBA)
(B3LYP calculations). In the ground-state conformation of lies 22.5 kJ/mol above the ground-state A conformer, whereas
neutral 2HBA, there is a strong hydrogen bond (23.4 kJ/mol at MP2 calculations suggest that it is somewhat more stable and
the B3LYP level of theory) between the carbonyl oxygen and lies 11.2 kJ/mol above the ground-state structure.

hydroxyl hydrogen atoms. To allow 6-membered ring formation,  Conversion from 0 to 298 K. To allow comparison to
this hydrogen bond must be broken and the hydroxyl group must literature values and commonly used experimental conditions,
rotate 180. This creates a relatively large activation energy we convert the measured and B3LYP calculated BDEs deter-
barrier of~54 kJ/mol as compared to the ground state of neutral mined here 80 K into 298 K bond enthalpies and free energies.
2HBA (at the B3LYP level of theory). The interconversion of The enthalpy and entropy conversions are calculated using
the B and C conformers is clearly feasible because the standard formulas and the vibrational and rotational constants
exothermicity of K™ binding (96.0 kd/mol at the B3LYP level  determined for the B3LYP/6-31G* optimized geometries given
of theory) easily exceeds the energy barrier. The favoring of in Tables 1S and 2S. Table 3 provides the 0 and 298 K enthalpy,
binding mode B over C suggests that the enhanced bindingfree energy, and enthalpic and entropic corrections for all the
associated with the formation of the 6-membered chelation ring systems based upon the ground-state conformations of both the
(as compared to the 4-membered ring) provides slightly less KT(xBA) complex andBA ligand. The theoretical values listed
stabilization than the energetic cost associated with breakingin Table 3 correspond to those determined at the B3LYP level
the hydrogen bond between the between the carbonyl oxygenof theory, as this provides better agreement with the measured
and hydroxyl hydrogen atoms, or about 15.4 kJ/mol (at the values than the MP2 results, and is therefore deemed more
B3LYP level of theory). Several other stable but less energeti- reliable; see below. Uncertainties in the enthalpic and entropic
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Figure 6. Theoretical versus TCID experimental KxBA BDEs (in Figure 7. Comparison of the MP2 and B3LYP calculated BDEs of
kilojoules per mole). All values aret @ K and are taken from Table 2; K*(xBA) complexes (in kilojoules per mole). All values are at 0 K
the B3LYP values®) include BSSE corrections, while the MP2 values and are taken from Table 2; the B3LYP values include BSSE
(®) do not. The diagonal line indicates the values for which calculated corrections, while the MP2 values do not. The diagonal line indicates
and measured BDEs are equal. the values for which the MP2 and B3LYP BDEs are equal.

corrections are determined by 10% variation in all molecular
constants and additionally by 50% variation in the meligland
frequencies. Such scaling provides a reasonable estimate of th
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 (XBA)
complexes at 298 K is unchanged from that at 0 K.

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

Discussion of the K"(xBA) complexes with Xe is simple CID to produce
Comparison of Theoretical and Experimental ResultsThe K* and the neutratBA ligand. In addition, theoretical calcula-
BDEs of the 10 K(xBA) complexes measured here(aK are tions suggest that the binding primarily arises from interactions

summarized in Table 2. Also listed in Table 2 are the of K* with the lone pair(s) of electrons on the oxygen atom(s)
corresponding theoretical BDEs for all low-energy conformers of the carboxylic acid moiety and/or the hydroxyl substituents.
calculated at the B3LYP/6-3#1G(2d,2p) and MP2(full)/ Therefore, the binding in these complexes is largely electrostatic,
311+G(2d,2p) levels of theory. The agreement between the arising from ion-dipole and ion-induced dipole interactions.
theoretical (B3LYP and MP2 theories) and measured BDEs is The effects of the hydroxyl substituents upon the binding may
illustrated in Figure 6. As can be seen in Figure 6, the agreementbe examined by comparing th&lBA and xXDHBA ligands to
between the measured and at least one of the theoretical BDE®BA. The addition of hydroxyl groups increases the polarizability
is very good for most complexes, but both theories lie outside of the ligands. The polarizability of the ground-state conforma-
of the experimental uncertainly for the 'K4DHBA) and tion of neutral BA is calculated to be 13.08:At increases to
K*(26DHBA) systems. The mean absolute deviation (MAD) between 13.90 and 14.18 for thexHBA ligands and increases
between the experimental BDEs and those for the ground-statefurther to between 14.74 and 15.04 far the xDHBA ligands.
conformations calculated at the B3LYP level of theory for As can be seen in Figure 1, the polarizability varies only slightly
all 10 K*(xBA) complexes is 3.9 3.7 kJ/mol, slightly higher with the position(s) or orientations of the hydroxyl substituents.
than the average experimental uncertainty (AEU) of-8.4.8 Therefore, the ion-induced dipole attractions should roughly
kJ/mol in these measurements. MP2 theory does not performcorrelate with the extent of hydroxylation. This trend was clearly
quite as well and provides BDEs that are generally lower that seen in our previous study of the interactions of Neth these

the experimental values. The MAD between MP2 theory and same ligand$? However, this trend is not quite as evident for
experiment is 7.5+ 3.2 kJ/mol, and decreases to 523.2 the Kt(xBA) systems. Because Kis larger than N&, the
kJ/mol when BSSE corrections are not included. It has previ- MT—0O bonds are longer in the {xBA) complexes than in
ously been suggested that BSSE corrections overestimate theéhe analogous NgxBA) complexes. The primary effect of the
effect associated with the differing sizes of the basis sets usedlonger Mt—O bonds is weaker binding. The effect on the
to calculate the complexes verses dissociation products and carbinding produced by the small enhancement of the ion-induced
lead to binding energies that are too low, particularly for MP2 dipole interaction upon hydroxylation of BA or HBA appears
theory®4 In our previous study of the correspondingN¢eBA) to be of a similar size or even smaller than the experimental
complexes, similar behavior was also observed but was evenerror in these measurements. tatipole interactions should also
more pronounced because BSSE corrections generally scale wittbe important in determining the binding in these complexes.
the binding energy. It is interesting to note that, in most cases, The ion—dipole attractions should correlate with the dipole
B3LYP theory does a better job describing the bonding in these moments of these ligands. However, the dipole moments of these
K*+(xBA) complexes than MP2. However, in several cases, MP2 ligands are very sensitive to conformation. In many cases, very
outperforms B3LYP theory. Thus, the B3LYP and MP2 (no similar theoretical BDEs are calculated for different conforma-
BSSE corrections) calculated BDEs are compared in Figure 7.tions and binding geometries. Thus, both the magnitude of the
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dipole moment and its projection along the binding direction " " "

must be considered. The dipole moment of the neuwts 150 r T

ligand appropriate for binding mode A is generally relatively T 1 1 . I

low. However, a single linear interaction of "fKwith the ' Jl -/ l
I I

carboxylic acid oxygen atom provides maximum overlap and
thus a strong interaction is achieved. Wheh Kinds 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, i
although both binding geometries require that the hydrogen bondEé%;‘r?eiéf(?r?“kelzr.f&gSOf giﬁg:gfiﬁgii;ﬂé%@:;‘i gﬁéﬁ@m
between the carbonyl oxygen atom and the 2-hydroxyl hydrogen Tablz 2, while thJe Na—prA vaILies are taken from our previous
atom be broken, a new hydrogen bond between the hydrogengy,qy2o  linear regression fit to all of the data is shown and provides
atom of the carboxylic acid moiety and the 2-hydroxyl oxygen a slope of 1.375.@) 2-Hydroxy-substituteckBA ligands; ©) xBA
atom is formed in the B conformers. The preference of mode B ligands with a 2-hydroxyl group.

over C for the 2-hydroxy-substitute®A ligands suggests that

formation of the 4-membered chelation ring coupled with . .
retention of a hydrogen-bonding interaction provides more Z€nobiand co-workers, 126 4 kJ/mol. Thus, the appropriate

stability than 6-membered chelation ring formation. interpretation of their measured value is still uncertain.
Comparison to Literature Values. The present experimental ozggsaszzuirr??;'g&ztgngzéAD)HC%f‘n r?;i' ;ié?%izzgnga%iﬂm;gy It
results are also compared to those of Zenobi and co-wofRers, p P Y

) o be reasonable for the study performed by Zenobi and co-workers
who measured the gas-phase potassium basicities BEKf because the measured values are determined via cation transfer
four commonly used MALDI matrices, including 25DHBA,

using equilibrium and reaction kinetic methods in a Fourier reaction kinetics and equilibrium methods. In these methods, the
g equ reference base must be chosen such that the differenceiB GK
transform ion cyclotron resonance (FT-ICR) mass spectrometer.

They measured a Gi8 for 25DHBA of 99+ 2 kJ/mol, while 's smal slnough Itof rapldlfybatct?lti\ée ggﬂlgﬂum ;{}S’ E|;orowde
their theoretical calculations at the B3LYP/6-8G* level of meas:Jra e_;lj_g_pu anons o (i (R” )ar;h tt(héegsK
theory provide a GKB of 69.4 kJ/mol. To compare these results complexes. ThiS requirement generatly means fha

with those obtained in this study, GBs must be converted to values must be within about 10 kJ/mol. Therefore, sufficient
: . _— . ) energy to overcome the barrier to conformational changes ma
0 K potassium ion affinities, GKA (i.e., AGpeg— AHg). Using gy 9 y

the th | " determined h thei d val not be available and true equilibrium cannot be achieved. In
co?res?&?jsct%rraeg;ngr BeD?Err;:JTfhe lgr(ezéDE'éAn\q)e;S;ﬁexva U€contrast, threshold CID (TCID) measurements performed here

: . lead to the ground-state neutral conformation of 25DHBA
of 126 &+ 4 kJ/mol, while the calculated value is 96.4 kJ/mol. d

h fthe K- | here i because the barrier to the conformational change is much smaller
The BDE of the K'(25DHBA) complex measured here is 1015 yo the enthalpy of dissociation. Therefore, the present study

+ 2.4 kd/mol, almost 25 kJ/mol lower the value determined by directly measures the adiabatic BDE. The adiabatk BDES
Zenobi and co-workers. Similarly, the values calculated here ¢, hase K (XBA) complexes are given in Table 2, while

at the B3LYP/6-313G(2d,2p)//B3LYP/6-31G* and MP2(full)/  _qiabatic 298 K BDEs and GH values are reported in
6-311+G(2d,2p)//B3LYP/6-31G* levels of theory are 99.4 and  1pje 3.
100.6 kJ/mol, respectively, when BSSE corrections are not Comparison to Na- Affinities. In previous work, we
included, in excellent agreement with the value measured here.qatermined the Na affinities of all 10 of thexBA ligands
Moreover, our theoretical and experimental values are in good oyamined heré® Those results are compared to the present
agreement with the theoretical value determined by Zenobi and gqits in Figure 8. A linear regression analysis of these data
co-workers (96.4 kJ/mol). Therefore, the level of theory provides a slope of 1.375, indicating thatNainds 37.5% more
employed cannot explain the discrepancy in the measuredsirongly than K to thesexBA ligands. The primary reason for
values. the enhanced binding is that Nds smaller than K. The
Zenobi and co-workers tried to explain the discrepancy nonlinear distance dependencies of the electrostatic interactions
between their theoretical and experimental values by assumingthat control the binding in these complexes fall off rapidly, as
that during the cation transfer reaction, the conformation of R~2 for an ion-aligned dipole an&* for ion-induced dipole
25DHBA does not change; i.e., that R5DHBA) dissociates interactions, resulting in weaker binding interactions in the
to an excited-state asymptote such that the measured value&omplexes to the larger alkali metal cation;.Khe larger size
corresponds to a diabatic BDE. Our calculations indicate that of K™ not only leads to weaker binding but also alters the
this conformation of 25DHBA lies 38.4 kJ/mol higher in energy preferred binding geometries in the complexes to xBA
than the ground-state conformation (Supporting Information, ligands that have a 2-hydroxy substituent.fNarms a very
Figure 3S). Thus our calculations suggest a diabatic BDE for stable 6-membered chelation ring with the 2-hydroxy-substituted
K*(25DHBA) of 136.5 kJ/mol at the B3LYP level of theory. ligands. In contrast, K is considerably larger and binds less
This value is in excellent agreement with the theoretical value strongly. As a result, the KxBA) complexes involving ligands
for diabatic dissociation reported by Zenobi and co-workers, with a 2-hydroxy substituent achieve greater stability by
138.5 kJ/mol. However, the calculated diabatic BDEs are still preserving the hydrogen-bonding interaction and forming a
10—12 kJ/mol higher than the experimental value measured by 4-membered chelation ring with the oxygen atoms of the

140
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carboxylic acid moiety. As can be seen in Figure 8, thé Na of proton transfer between the matrix and analyte molecules
and K affinities of thesexBA ligands are not highly correlated.  but should not eliminate this ionization pathway for 25DHBA
In general, the BDEs increase with increasing hydroxylation, or structurally related matrices. In contrast, the presence 0f Na
but the minor variations in the BDEs with structure differ for will likely eliminate proton-transfer ionization of the analyte
the Na" and K" complexes. The 2-hydroxy-substituted systems by such matrices.

show greater relative variation in their BDESs t0 khan to N& On the basis of the structural and energetic factors that
(Figure 8,®), whereas those systems without a 2-hydroxy influence cationization in MALDI analyses, it will be preferable
substituent exhibit more systematic behavior. Thus, a likely to choose a matrix that binds cations more strongly than the
reason for the less than optimal correlation is that the mode of analyte and for which cation binding does not shut down proton-

binding for half of these systems differs from theteBA) to transfer mechanisms to minimize cationization/maximize pro-
the corresponding K (xBA) complex. tonation of the analyte. In contrast, it will be preferable to choose

Implications for MALDI Analyses. As discussed in the & Matrix with a lower cation affinity than the analyte and
Introduction, the relative alkali metal cation affinities of both Potentially one that interferes with proton-transfer ionization

matrix and analyte molecules are needed to understand and® Maximize cationization of the analyte. Because’ Minds
predict the ionization processes that will occur in MALDI more strqngly than K and shu_ts down the_ ESPT _transfer_
analyses. In turn, the availability of such thermochemical data pathway in the 2-h_ydroxy—subst|tute.d benzoic aqd ligands, it
will help facilitate rational optimization of MALDI analyses. can be. more effectively employe.d with these matrices to favor
The thermodynamic data reported here and in our previous studyc""t'pn'Zatlo.n of the_ analy_te_,_parncularly for analyte molecule_‘s
of the N affinities of these®A ligands begin to provide the hav:jng sodium cation affinities that exceed that of the matrix
information needed for the optimization of MALDI analyses. used.
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  The kinetic energy dependence of the CID 6f{(kBA), where
relaxation. Therefore, the adiabatic values measured here arexBA includes benzoic acid and all mono- and dihydroxy-
likely to be more relevant to actual MALDI conditions than substituted benzoic acids, with Xe are examined in guided ion
the apparent diabatic values reported by Zenobi and co-workersbeam tandem mass spectrometer. The dominant dissociation
and thus provide thermochemical data needed to understand ang@rocess in all cases is loss of the intaBA ligand. Thresholds
optimize MALDI cationization processes. However, the sodium for these processes are determined after consideration of the
and potassium cation affinities of the analytes of interest are effects of reactant kinetic and internal energy distributions,
also necessary and are the subject of additional studies beingnultiple collisions with Xe, and lifetime effects. To obtain
pursued in our laboratory. molecular constants needed for modeling experimental data and
In addition to the relative cation binding affinities of the O facilitate appropriate interpretation of experimental results,
matrix and analyte molecules, structural features of the matrix &b initio calculations at the B3LYP/6-3315(2d,2p)/B3LYP/
must also be considered to achieve control over the ionization :31CG* and MP2(iull)/6-313G(2d,2p)//B3LYP/6-31G* levels

processes in MALDI analysésThus the structural information theory are performed. Very good agreement between

derived from the theoretical calculations performed here is also fexpecglr_nentallty determTlrr]]ed *Kafﬂnltles:[ %ngNBBLYhI;P\/ZaLﬁeS IS d
useful for understanding and optimizing MALDI analyses. As ound In Most cases. The agreement between eory an

described by Zenobi and Knochenmddszompounds that experiment is not quite as good but is still quite reasonable when

o . ; BSSE corrections are not included. Various binding modes and
exhibit an excited-state proton-transfer mechanism (ESPT) must h lative dipol f th ; f X
possess a hydroxyl group ortho to a carbonyl moiety [i.e., t e_lreb?tlve hlpo % Am|c_> mer&ts of the valflous cohn ormations
~C(O)CHs, —C(O)OH. or—C(O)NH] that forms a hydrogen available to theseBA ligands are major factors that govern

. . the strength of binding to K Theoretical calculations suggest
bond with the carbonyl oxygen atom. Upon photon absorption, that there are four very favorabletkbinding modes to these
the hydroxyl proton is transferred to the carbonyl oxygen

. . h idi f the hvd d th b’ xBA ligands. However, only two binding modes are represented
Increasing the acidity of the hydrogen atom and thereby j, yhq ground state geometries of 9 of the 10(XBA)

facilitating proton transfer. Among theBA ligands examined ) heves Binding mode A, a single direct interaction with
here, half possess a 2-hydroxyl group (i.e., 2HBA, 23DHBA, ¢ |one pair of electrons on the carbonyl oxygen, is favored
24DHBA, 25DHBA, and 26DHBA). We prewously found that for the complexes with BA, 3HBA, 4HBA, 34DHBA, and
Na* prefers to bind to these 2-hydroxy-substituted benzoic acids 35DHBA, while binding mode B, formation of a 4-membered
via binding mode B (a 6-membered chelation ring between the chelation ring with both oxygen atoms of the carboxylic acid
carbonyl and the 2-hydroxyl oxygen atoms). To accommodate group, is favored for the complexes with 2HBA, 24DHBA,
the sodium cation, the hydroxyl hydrogen atom rotates away 25pHBA, and 26DHBA. The stability of these "xBA)
from the carbonyl oxygen atom, thereby breaking the hydrogen complexes is enhanced by additional intramolecular hydrogen
bond. This structural change blocks the ESPT mechanism andphonds whenever possible, and in particular, leads to the
prevents proton transfer between the hydroxyl and carbonyl preference for mode B over A and C for the 2-hydroxy-
groups. Karbach and Knochenmtfdsave shown that 25DHBA  substituted®BA ligands. The absolute BDEs measured here for
is not always ESPT-active; the presence of Maminishes the the K'(xBA) complexes provide reliable anchors for the
ESPT activity. When K is complexed to 25DHBA, it retains  potassium cation affinity scale. These thermochemical data,
the hydrogen-bonding interaction and binds to the ligand via combined with structural information obtained from theoretical
formation of a 4-membered chelation ring to the oxygen atoms calculations, provide insight into means by which the ionization
of the carboxylic acid moiety. While such binding would still processes that occur in MALDI can be effectively controlled.
likely diminish proton transfer between the 2-hydroxyl group

and the carboxylic acid moiety, it should not completely shutit  Acknowledgment. This work was supported by the National
down. Therefore, the presence of khay reduce the efficiency ~ Science Foundation, Grant CHE-0518262.
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Supporting Information Available: Tables of vibrational

frequencies, average vibrational energies at 298 K, rotationa

constants of K(xBA) andxBA in their ground-state conforma-
tions, and MP2(full)/6-31+G(2d,2p) and B3LYP/6-31tG-
(2d,2p) energies of all low-energy conformers of(KBA) and
ground-state conformers oBA; and figures showing cross
sections for CID of K (xBA) with Xe, as well as empirical fits
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