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S. D. M. Chinthaka, Y. Chu, N. S. Rannulu, and M. T. Rodgers*
Department of Chemistry, Wayne State &dmsity, Detroit, Michigan 48202

Receied: August 19, 2005; In Final Form: Nember 11, 2005

Threshold collision-induced dissociation of NaBA) complexes with Xe 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
(BDESs) for Na—xBA after accounting for the effects of multiple iemeutral collisions, internal and kinetic
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 these complexes and provide the
molecular constants necessary for the thermodynamic analysis of the experimental data. Theoretical BDEs
are determined at the B3LYP/6-3t86(2d,2p) and MP2(full)/6-31+G(2d,2p) levels using the B3LYP/6-

31G* optimized geometries. The trends in the measured BDEs suggest two very different binding modes for

the Na (xBA) complexes, while theory finds four. In general, the most stable binding conformation involves
the formation of a six-membered chelation ring via interaction with the carbonyl and 2-hydroxyl oxygen
atoms. The ground state geometries of the’(XBA) complexes in which the ligand does not possess a
2-hydroxyl group generally involve binding of Nao either the carbonyl oxygen atom or to both oxygen
atoms of the carboxylic acid group. These binding modes tend to be competitive because the enhancement in
binding associated with the chelation interactions in the latter is mediated by steric repulsion between the
hydroxyl and ortho hydrogen atoms. When possible, hydrogen bonding interactions with the ring hydroxyl

group(s) enhance the stability of these complexes. The agreement between the theoretical and experimental

BDEs is quite good for B3LYP and somewhat less satisfactory for MP2(full).

Introduction The sodium ion affinities and basicities of a variety of MALDI
matrices have also been measured and calcutatéQualitative

Malrix a53|ste_d Iaser_ desorptlon lonization (_MA_LDI) has studies of cationization processes have also been reported in
become a versatile and increasingly popular ionization method the literature?s—2°

for mass spectrometry (MS) analyses. MALDI is most often
employed for the characterization of nonvolatile biological
molecules, for example, proteins, carbohydrates, and nucleic
acids. The direct analysis of synthetic polymers via MALDI

Cationization mainly occurs due to the presence of alkali
metal cations, for example, Naand K". These metal cations
are believed to come from impurities in the sample and
MS is also of significant interekt for the characterization of ~ dlassware or from the processes employed to extract the analyte
the molecular mass distributi&r® and end group analysést! from its native environmeri In other_cases, these ions are
MALDI is also used to characterize other types of macromol- deliberately added to enhance the quality of the mass sgiééfra.
ecules such as dendriméfsAlthough MALDI has seen The presence of even trace amounts of alkali metal cation salts
widespread use for the successful analysis of a wide variety of in MALDI samples can lead to a considerable decrease in the
species, the ionization processes that occur in MALDI are very Sensitivity of the analysis. Fragmentation of the analyte mol-
complex and are not fully understood. The ionization processesecules is also influenced by alkali metal cations. In general,
have been shown to be relatively independent of the matrix, the extent of fragmentation is greatest for small, high-binding-
solvent composition, solution pH, and analyte adihse affinity cations3334 However, derivatization by alkali metal
properties. Cationization, protonation, deprotonation, and elec- cations may increase the volatility of analytes, leading to higher
tron transfer are all major ionization processes that occur in sensitivity, and under such conditions, cationization is unavoid-
MALDI. Therefore, fundamental thermochemical properties able. In MALDI, the matrix functions as a mediator to provide
(i.e., proton affinities, acidities, electron affinities, and cations a controllable amount of energy to facilitate vaporization and
affinities) of MALDI matrices and analytes are needed for a ionization of the analyte. The presence of both protonated
better understanding of the ionization processes that occur inspecies and alkali metal cation adducts can lead to complications
MALDI. Examination of proton transfer processes and the in the identification of mixtures of compound@$These com-
determination of the proton affinities and basicities of MALDI  plications can partially be alleviated by adding cation suppres-
matrices is currently being pursued in several research gté#ds.  sion agents. The alkali metal cation affinities of the analyte and
potential matrices are major criteria for selecting an appropriate
T Part of the special issue “William Hase Festschrift”. matrix for a particular analyte. When the cation affinity of the
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H Comparison is also made to the literature values reported for

H H H H
b o, bo o | . the Na (25DHBA) complex232*
4
. Experimental Section
o
BA

General Procedures.Cross sections for collision-induced

2HBA 3HBA 23DHBA dissociation (CID) of Na(xBA) with Xe, wherexBA = BA,
s ey . il e 2HBA, 3HBA, 4HBA, 23DHBA, 24DHBA, 25DHBA, 26DHBA,
13.56 A3 34DHBA, and 35DHBA, are measured as a function of kinetic
1 i i i\ energy using a guided ion beam tandem mass spectrometer that
A Aoy = has been described in detail previou8lySodium ions are
generated by glow discharge via*Asputtering of a tantalum
or iron boat containing sodium metal operated-at-4 kV and
™ ,0)4 S ~15-30 mA. The Nd(xBA) complexes are formed by con-
SEDHBA J6DHBA ' 35DHBA densation of N& and the neutrakBA ligand in a 1.2 m long
24DHBA 278D 169D 34DHBA 152D flow tube operating at a pressure of 8.7 Torr. ThexBA
a0 14238 12A 110D, sk ligands are introduced by thermal vaporization of solid samples.

Figure 1. Structures of thexBA ligands. Properly scaled dipole The NB_TF(XBA) complexes are (?O'||ISIOna.||y stabilized and
moments (in D) are shown as arrows. The dipole moments are takenthermalized by greater than %1@ollisions with the He and Ar

from theoretical calculations performed here. Estimated polarizabilities bath gases, such that ions emerging from the source region have
(in A% are also showff internal energies that are well described by a Maxwell

matrix is greater than that of the analyte, the mass spectra tendBoltzmann (_jistribution of rovibrational states at room temper-
to be less complicatel. However, alkali metal cationization ~ &ture. The ions are effusively sampled, focused, accelerated,
of the matrix can suppress the assistance of ionization by the@nd focused into a magnetic sector momentum analyzer for
matrix by blocking proton transfer ionization pathways. Alkali "éactant ion selection. Mass-selected ions are decelerated to a
metal cation adducts are generally formed in one of two different desired kinetic energy and focused into an octopole ion guide.
ways: cationization may occur within the sample matrix and The octopole passes through a static gas cell containing Xe at
the matrix or analyte molecules are then desorbed as alkali metafOW pressure{0.05-0.20 mTorr) to ensure that multiple ien
cation adducts, or cationization may occur via association of neutral collisions are improbable. The octopole ion guide acts

the cation and matrix or analyte molecules in the gas phase.2s an efficient radial trap for ions such that scattered reactant
The latter process is believed to be dominant for adduct @nd product ions are not lost as they drift toward the end of the

formation. Gas phase cationization is a relatively controllable ©ctopole?*->2Product and unreacted beam ions are focused into

process, which can be employed to optimize MALDI analyses, & quadrup(_)le mass filter for mass an_alysis_ and subsequently
if the appropriate thermochemical and kinetic information is detected with a secondary electron_scmtlllatlpn detector (Daly
available. Therefore, the determination of the thermodynamic detector) and standard pulse counting techniques.
properties of MALDI matrices associated with alkali metal ~ Data Handling. Measured ion intensities are converted to
cations is important for the future understanding of the ionization absolute cross sections using a Beer’s law analysis as described
processes that occur in MALDI and the optimization of MALDI ~ Previously*® Absolute uncertainties in the cross section mag-
for analytical analyses. nitudes are estimated to he20%, which are derived largely

In this study, we determine the sodium cation affinities from errors in the pressure measurement and length of the
(GNa*A’s), gas phase sodium basicities (G¥gis), and stable interaction region. Relative uncertainties are approximately
binding conformations of Nato benzoic acid and all of its ~ £5%.
mono- and dihydroxy-substituted derivatives. These ligands were lon kinetic energies in the laboratory frankgy, are converted
chosen because several are widely used as MALDI mafficés.  to energies in the center-of-mass frarfigw, using the formula
These molecules are also used as building block materials forEcm = EaV(m + M), whereM andm are the masses of the
other MALDI matrices and drug design. In this study, we use ionic and neutral reactants, respectively. All energies reported
guided ion beam tandem mass spectrometry to collisionally below are in the center-of-mass frame unless otherwise noted.
excite complexes of Nabound to 10 different benzoic acid The absolute zero and distribution of the ion kinetic energies
derivatives: benzoic acid (BA), 2-hydroxybenzoic acid (2HBA), are determined using the octopole ion guide as a retarding
3-hydroxybenzoic acid (3HBA), 4-hydroxybenzoic acid (4HBA), potential analyzer as previously descridédhe distribution
2,3-dihydroxybenzoic acid (23DHBA), 2,4-dihydroxybenzoic Of ion kinetic energies is nearly Gaussian with a full width at
acid (24DHBA), 2,5-dihydroxybenzoic acid (25DHBA), 2,6- half-maximum (fwhm) between 0.2 and 0.4 eV (lab) for these
dihydroxybenzoic acid (26DHBA), 3,4-dihydroxybenzoic acid experiments. The uncertainty in the absolute energy scale is
(34DHBA), and 3,5-dihydroxybenzoic acid (35DHBA). The +0.05 eV (lab).
structures of the ground state conformations ofBA matrices Because multiple ionneutral collisions can influence the
along with their calculated dipole moments (determined here) shape of CID cross sections, and the threshold regions are most
and estimated polarizabiliti#sare shown in Figure 1. The sensitive to these effects, each CID cross section was measured
kinetic energy dependent cross sections for the collision-inducedtwice at three nominal Xe pressures (0.05, 0.10, and 0.20
dissociation (CID) processes are analyzed using methodsmTorr). Data free from pressure effects are obtained by
developed previousl§?48 The internal and translational energy ~ extrapolating to zero reactant pressure, as previously deséfibed.
distributions of the reactants, multiple ieneutral collisions, The zero-pressure-extrapolated cross sections subjected to
and the kinetics of unimolecular dissociation are explicitly thermochemical analysis are therefore the result of single
included in the analysis. Bond dissociation energies (BDEs) of bimolecular encounters.
10 Na"(xBA) complexes are derived and compared with values  Theoretical Calculations. To obtain model structures, vi-
determined from ab initio and density functional theory. brational frequencies, rotational constants, and energetics for
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the neutralkBA ligands and their complexes to Naab initio Statistical theories for unimolecular dissociation, specifically
and density functional theory calculations were performed using the Rice-RamspergerKasset-Marcus (RRKM) theory, of the
Gaussian 98% Geometry optimizations were performed at the collisionally activated ions are also included in eq 1 to account
B3LYP/6-31G* level of theory. Vibrational analyses of the for the possibility that these ions may not have undergone
geometry-optimized structures were performed to determine thedissociation prior to arriving at the detector10™* s), as
vibrational frequencies of the optimized species. The vibrational described in detail elsewheté®?In our analysis, we assume
frequencies thus calculated were prescaled by a factor of 0.9804that the TS is loose and product-like because the interaction
for zero point energy corrections, thermal energy adjustments, between N& and thexBA ligand is largely electrostatic. The
and modeling of the experimental d&taThe prescaled vibra-  best model for the TS of such electrostatically bound complexes
tional frequencies are listed in the Supporting Information, Table is a loose phase space limit (PSL) model located at the
1S. The rotational constants of the ground state conformationscentrifugal barrier for the interaction of Nawith xBA, as
are provided in the Supporting Information, Table 2S. Single described in detail elsewaféThe parameters appropriate for
point energy calculations were performed at the B3LYP/6- the PSL model TS are the frequencies and rotational constants
311+G(2d,2p) and MP2(full)/6-31+G(2d,2p) levels of theory  of the products. The rovibrational frequencies appropriate for
using the B3LYP/6-31G* optimized geometries. Zero point the energized molecules and the TSs leading to dissociation are
energy (ZPE) and basis set superposition error (BSSE) correc-given in the Supporting Information, Tables 1S and 2S.
tions were included in the calculation of theoretical BDEs. The model represented by eq 1 is expected to be appropriate
As a result of the multiple orientations possible for the for translationally driven reactiofsand has been found to
carboxylic acid moiety and hydroxyl group(s), as well as the reproduce CID cross sections well. The model of eq 1 is
multiple favorable N& binding sites to theseBA ligands, convoluted with the kinetic energy distributions of both the
numerous low-energy conformations of these species arereactant N&(xBA) complex and neutral Xe atom, and a
possible. Therefore, we carefully consider all possible confor- nonlinear least-squares analysis of the data is performed to give
mations of thexBA ligands (i.e., 2 for BA, 4 for 4HBA, 8 for optimized values for the parameters, Eo, andn. The error
2HBA, 3HBA, 26DHBA, and 35DHBA, and 16 for 23DHBA,  associated with the measurementkgfis estimated from the
24DHBA, 25DHBA, and 34DHBA) and numerous conforma- range of threshold values determined for the eight zero-pressure-
tions of the Na(xBA) complexes (i.e., those that are likely to  extrapolated data sets, variations associated with uncertainties
exhibit strong binding) to determine their relative stabilities and in the vibrational frequencies (scaling as discussed above), and
the ground state conformations of these species. In several caseshe error in the absolute energy scale, 0.05 eV (lab). For analyses
transition states (TSs) between various conformations of the that include the RRKM lifetime analysis, the uncertainties in
neutral xBA ligands and the N&xBA) complexes are also the reportedEo(PSL) values also include the effects of increasing
calculated to determine the barriers for interconversion to and decreasing the assumed time available for dissociation
establish whether such conformational changes can occur undef~10-* s) by a factor of 2.
the experimental conditions employed. Equation 1 explicitly includes the internal energy of the
Thermochemical Analysis.The threshold regions of the CID  reactant ion,E;.. All energy available is treated statistically
cross sections are modeled using an empirical threshold energybecause the internal energy of the reactants is redistributed
law, eq 1 throughout the accessible rovibrational energy states of the
complex upon collision with Xe. The threshold for dissociation
o(E) =0—029i(E+ E — EO)”/E Q) is by definition the minimum energy required leading to
[ dissociation and thus corresponds to the formation of products
with no internal excitation. The assumption that products formed
where gg is an energy independent scaling factér,is the at threshold have an internal temperatur® & has been tested
relative translational energy of the reactalsis the threshold for a variety of system$/49.5356.63t has also been shown that
for reaction of the ground electronic and rovibrational state, and treating all energy of the ion (vibrational, rotational, and
nis an adjustable parameter that describes the efficiency of translational) as capable of coupling into the dissociation
kinetic to internal energy transfét The summation is over the  coordinate leads to accurate thermochemistfy.:53.56.62The
rovibrational states of the reactant ioris,where E; is the  threshold energie€,(PSL), obtained from these analyses can
excitation energy of each rovibrational state gnid the relative be equatedat 0 K BDEs by assuming thdiy(PSL) represents
population of each statg ¢ = 1). The relative reactivity of  the energy difference between reactants and products &0 K.
all rovibrational states, as reflected byandn, is assumed to  This assumption requires that there are no activation barriers
be equivalent. in excess of the endothermicity of dissociation. This is generally
The Beyer-Swinehart algorithifi~>%is used to evaluate the  true for ion—molecule reactiorf§ and should be valid for the
density of the rovibrational stateisand the relative populations,  simple noncovalent bond fission reactions examined ffere.
g, are calculated by a MaxwetBoltzmann distribution at 298
K, the internal temperature of the reactants. The average internalgagyits
energies of the ground state conformations of the nexBAl
ligands and N&a(xBA) complexes are also included in the Cross Sections for Collision-Induced DissociationExperi-
Supporting Information, Table 1S. To account for the inaccura- mental cross sections were obtained for the interaction of Xe
cies in the computed frequencies, we have increased andwith 10 Na"(xBA) complexes, wherexBA = BA, 2HBA,
decreased the prescaled frequencies by 10%. This encompasse&3HBA, 4HBA, 23DHBA, 24DHBA, 25DHBA, 26DHBA,
the range of scale factors needed to bring calculated frequencie84DHBA, and 35DHBA. Figure 2 shows representative data
into agreement with experimentally determined frequerféiés. for the Na(25DHBA) complex. The other NgxBA) com-
The corresponding change in the average vibrational energy isplexes exhibit similar behavior and are included in the Sup-
taken to be an estimate of one standard deviation of the porting Information, Figure 1S. Over the collision energy range
uncertainty in the vibrational energy (Supporting Information, examined, 6-7.5 eV, two types of processes are observed: loss
Table 1S). of the intactxBA ligand and ligand exchange with Xe. The most
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TABLE 1: Modeling Parameters of eq 1 and Entropies of Activation at 1000 K of Na(xBA)?2

b

reactant cation o n Ec (eV) Eo(PSLY (eV) kinetic shift (eV) AS(PSLY (J/(K mol))
Na*(BA) 13.4(0.7) 1.4 (0.1) 1.49 (0.04) 1.34 (0.04) 0.15 20 (2)
Na(2HBA) 2.7 (0.1) 1.1(0.1) 1.75 (0.03) 1.48 (0.04) 0.27 29 (1)
Na*(3HBA) 2.4(0.2) 1.2(0.1) 1.57 (0.03) 1.36 (0.03) 0.21 19 (1)
Na*(4HBA) 1.4(0.2) 1.3(0.1) 1.56 (0.06) 1.36 (0.05) 0.20 21 (1)
Nat(23DHBA) 8.3 (0.5) 1.4 (0.1) 1.88 (0.05) 1.50 (0.16) 0.38 21 (1)
Na'(24DHBA) 2.7(0.1) 1.2(0.1) 1.86 (0.06) 1.50 (0.04) 0.36 17 (2)
Nat(25DHBA) 15.7 (1.4) 1.3(0.1) 1.90 (0.06) 1.50 (0.05) 0.40 19 (1)
Na*(26DHBA) 2.5(0.4) 1.5(0.1) 1.80 (0.03) 1.50 (0.03) 0.30 29 (1)
Nat(34DHBA) 2.6 (0.3) 1.3(0.1) 1.78 (0.03) 1.42 (0.03) 0.36 19 (1)
Na'(35DHBA) 2.4 (0.6) 1.3(0.1) 1.70 (0.10) 1.41 (0.07) 0.31 34 (1)

aUncertainties are listed in parentheseaverage values for the loose PSL transition statéo RRKM analysis.
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Figure 2. Cross section for collision-induced dissociation of 'Na
(25DHBA) with Xe as a function of kinetic energy in the center-of-
mass frame (lowex-axis) and the laboratory frame (uppeaxis). Data
for the Na" product are shown for a Xe pressure~00.2 mTorr @)
and extrapolated to zer®yj.

Energy (eV, CM)

Figure 3. Zero-pressure-extrapolated cross section for collision-induced
dissociation of Na(25DHBA) with Xe in the threshold region as a
function of kinetic energy in the center-of-mass frame (lowixis)

and the laboratory frame (upprsaxis). The solid line shows the best

fit to the data using the model of eq 1 convoluted over the neutral and
ion kinetic and internal energy distributions. The dotted line shows
the model cross sections in the absence of experimental kinetic energy
broadening for reactants with an internal temperature of 0 K.

favorable process for all complexes is loss of the intdA
ligand in CID reactions 2.

) a measure of the kinetic shift associated with the finite
experimental time window, which should correlate with the
Ligand exchange processes to form*Xa are also observed  density of states at threshold. The kinetic shifts vary between
as very minor reaction pathways in several of the systems 0.15 and 0.40 eV for these systems. The kinetic shift is the
examined here, reaction 3. smallest for the N‘dBA) complex, increases for the Na'lBA)
complexes, and is largest for the NBHBA) complexes. This
() trend is easily understood because the number of vibrational
modes available to the complexes increases in that order: 42
Itis likely that this process occurs for all NgBA) complexes for Na(BA), 45 for the N&(HBA) complexes, and 48 for the
but that the signal-to-noise ratio in the other experiments was Na*(DHBA) complexes. Among the NgdHBA) complexes, the
not sufficient to differentiate the N&e product from back- kinetic shifts are similar for N§(BHBA) and N& (4HBA) and
ground noise. When observed, the cross sections for ligandlarger for Na (2HBA) as expected because this parallels the
exchange are approximately 2 orders of magnitude smaller thanmeasured BDEs. Among the N@HBA) complexes, the trend
those for the primary CID pathway. is not quite as simple but roughly parallels the measured BDEs.
Threshold Analysis. The model of eq 1 was used to analyze The entropy of activatiomAS, is a measure of the looseness
the thresholds for CID reactions 2 in 10 Na&BA) systems. of the TS and also a reflection of the complexity of the system.
The results of these analyses are provided in Table 1, andASFis largely determined by the molecular parameters used to
representative results for the N@5DHBA) complex are shown  model the energized molecule and TS for dissociation but also
in Figure 3. The analyses for the other NeBA) complexes depends on the threshold energy. A& (PSL) values at 1000
are shown in the Supporting Information, Figure 2S. In all cases, K are listed in Table 1 and vary from 17 to 34 J/(K mol) across
the experimental cross sections are accurately reproduced usinghese systems.
a loose PSL TS modél. Previous work has shown that this Theoretical Results. Theoretical structures for the neutral
model provides the most accurate assessment of the kinetic shiftsxBA ligands, Na(xBA) complexes, and in limited cases TSs
for CID of electrostatically bound iormolecule complexe¥.:67 for interconversion of various conformers of these species as
Good reproduction of the experimental data is obtained over well as theoretical BDEs for the Né&BA) complexes were
energy ranges exceeding 2.5 eV and cross section magnitudesalculated as described in the Theoretical Calculations section.
of at least a factor of 100. Table 1 also includes threshold values, Neutral xBA Ligands. Schematic diagrams of the ground
Eop, obtained without inclusion of the RRKM lifetime analysis. state conformations determined for tkiBA ligands and their
Comparison of these results with tBg(PSL) values provides  calculated dipole moments are shown in Figure 1. In all cases,

Na'(xBA) + Xe — Na" + xBA + Xe

Na'(xBA) + Xe — Na'Xe + xBA
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the ground state structures are nearly planar with the hydrogen H . Na.
atom of the carboxylic acid moiety oriented away from the (l) /o~'Na Oi ;o
phenyl ring. Intramolecular hydrogen bonds provide enhanced - ™
stability and are present in the ground state conformations in

all cases where the substituents (carboxylic acid moiety and

hydroxyl substituent(s)) occupy adjacent sites on the phenyl ring.

The geometry-optimized structures, calculated dipole moments,

and relative stabilities (including ZPE corrections) of all stable A B

conformations of the neutraBA ligands are provided in the
Supporting Information, Figure 3S. In cases where two sub-

H H
stituents occupy adjacent sites on the phenyl ring (i.e., 2HBA, (L\ /O"N;; (])\ /O“‘H
23DHBA, 24DHBA, 25DHBA, 26DHBA, and 34DHBA), fewer & (L
stable structures than the maximum possible are found because ~H \‘)\1 .
a
C D H

conformations in which the hydroxyl hydrogen atoms of the
adjacent substituents are oriented toward each other are unfavor-
able. Such conformations either never converged or more often
converged to one of the more favorable conformations via
rotation of one of the hydroxyl groups.

Insight into the factors that lead to stability in thed®A

ligands can be obtained by comparing the various conformations (] - ] (]

and their relative stabilities (Supporting Information, Figure 3S). [

As discussed above, the hydroxyl group of the carboxylic acid

moiety is oriented away from the phenyl ring in the ground O
state conformations of all of theBA ligands. Alternatively,

the hydroxyl group of the carboxylic acid moiety could point
toward the phenyl ring. The latter conformations are much less Na;‘f"") Na*@HBA)  Na'(3HBA)  Na*(4HBA)  Na'(23DHEA)
favorable as a result of steric repulsion between the hydrogen

C A A D
atom of the carboxylic acid moiety and the ortho hydrogen atom o (] (. ]
of the phenyl ring, which causes the carboxylic acid moiety to o O
rotate out of the plane. This leads to a reduction in the stability
gained via resonance delocalization of the carbanglectrons
with those of the aromatic ring and cost20—27 kJ/mol as

(

C

Figure 4. Energetically favorable stable binding modes of'Nathe
xBA ligands.

estimated from the relative stabilities of the corresponding

conformers of the various neutreBA ligands. Intramolecular Na*(24DHBA) Na*(25DHBA) Na*(26DHBA) Na*(34DHBA) Na*(35DHBA)
hydrogen bonds clearly provide enhanced stability to tkBge c B A A
ligands. Hydrogen bonds between the carbonyl oxygen atom Figuré 5. Ground state geometries of the N&BA) complexes
and the hydrogen atom of the 2-hydroxyl group, when present, optimized at the B3LYP/6-31G* level of theory.

are the most favorable. Such hydrogen bonding leads to 23.4t5 Ngt and in fact are among the low-energy conformers of all
kJ/mol stabilization in 2HBA, whereas the stabilization gained f the Na (xBA) complexes that could engage in such hydrogen
in the dihydroxy-substituted systems (i.e., 22DHBA, 24DHBA, pon(s, (i.e., 2HBA, 23DHBA, 24DHBA, 25DHBA, and
25DHBA, and 26DHBA) is significantly larger, 41-69.1 kJ/ 26DHBA).

mol. It is unknown why so much less stabilization is gained  Naf(xBA) Complexes.Four distinct favorable Nabinding
upon formation of this hydrogen bond in 2HBA as compared modes to thexBA ligands are found, as shown schematically
to the DHBA ligands. Clearly, other factors play a role; for for several of thexBA ligands in Figure 4. Clearly, stable
example, the dipole moments of the various conformers, but pinding geometries in which Nainteracts with a single

no systematic differences in the dipole moments of the corre- hydroxyl oxygen atom also exist. However, the binding in such
sponding conformers are found. Hydrogen bonds between thecomplexes is much weaker than that of the four binding modes
hydroxyl oxygen atom of the carboxylic moiety and the shown in Figure 4. For the N&BA) complex, binding to the
hydrogen atom of the 2-hydroxyl group when present are the hydroxyl oxygen atom of the carboxylic acid moiety is less
next most favorable. Such hydrogen bonding leads t0-20.9 favorable than the ground state A conformer by 48.7 kJ/mol.
31.6 kJ/mol stabilization. Hydrogen bonds between adjacent For the N&(3HBA) complex, binding to the 3-hydroxyl oxygen
hydroxyl groups when present (i.e., 23DHBA and 34DHBA) atom is less favorable than the ground state A conformer by
are the next most favorable, providing 1222.4 kJ/mol 41.3 kJ/mol. Similar or larger differences in stability are
stabilization. The least favorable hydrogen bonding interactions expected for the analogous binding modes to the oxi
occur between the hydrogen atom of the carboxylic acid moiety ligands, and therefore, such binding conformations were not
and the oxygen atom of the 2-hydroxyl group when present, considered further.

which provide 0.5-6.2 kJ/mol stabilization. The most likely The ground state conformations of all 10 &BA) com-
reason for the small differences in stability upon breaking of plexes are shown in Figure 5. In all cases except BA, the neutral
the latter hydrogen bonds is that conformers possessing suctxBA ligand undergoes a change in conformation to achieve
hydrogen bonds exhibit very large dipole moments. In all cases optimal binding to Na (compare Figures 1 and 5). All low-
except 26DHBA, conformers engaging in such hydrogen bonds energy conformations of the N&BA) complexes that might
are much less stable (by30 kJ/mol) than the ground state be expected to be populated under our experimental conditions
conformations and therefore are unimportant for the neutral (i.e., 298 K internal energy distribution, and therefore within
species. However, such conformations are likely to bind strongly 10 kJ/mol of the ground state structures) and their relative
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TABLE 2: Measured and Calculated Enthalpies of Sodium lon Binding toxBA at 0 K in kJ/mol

theory
experiment MP2 B3LYP®
Na+(XBA) TCID blndlng mode ,L{a (D) De Dod Do gssé De Dod Do gssé
Na(BA) 130.1 (4.0) A 2.50 126.8 124.0 116.4 138.1 135.4 132.8
B 5.30 120.3 119.0 110.0 135.7 134.4 131.8
Na"(2HBA) 143.3 (3.8) C 3.32 139.5 137.3 126.8 144.5 142.3 139.0
B 7.14 136.6 136.2 127.2 141.5 141.0 138.3
Na"(3HBA) 131.2 (3.1) Al 3.71 129.8 127.3 120.0 140.3 137.8 135.3
A2 3.21 126.6 124.3 117.5 137.5 135.2 132.7
Bl 6.24 129.1 127.8 119.6 136.5 135.2 132.6
B2 6.59 128.8 127.7 119.6 136.2 135.1 132.6
B3 4.04 126.3 125.9 117.6 134.5 134.0 131.4
A3 2.52 125.1 122.7 1155 136.1 133.7 131.2
A4 1.22 119.1 116.9 109.5 130.5 128.3 125.7
B4 4.85 121.0 119.8 117.7 128.7 127.6 125.0
Na*(4HBA) 131.5(4.7) Al 3.90 132.9 129.8 122.5 146.6 143.5 140.9
Bl 551 133.9 132.5 124.1 144.6 143.2 140.6
B2 6.56 132.8 131.5 123.2 143.5 142.1 139.5
A2 2.54 130.8 127.8 120.4 144.7 141.7 139.2
Na"(23DHBA) 145.2 (4.1) D 3.47 150.2 149.9 139.8 152.7 152.3 149.2
C 4.73 147.1 145.0 134.2 152.5 150.4 147.0
B 8.19 138.1 137.5 128.8 143.6 142.9 140.2
Na"(24DHBA) 145.3 (3.7) C 4.43 143.2 140.7 130.3 149.4 146.8 143.5
B1 7.19 140.8 139.9 131.1 147.0 146.1 143.3
B2 8.38 136.6 136.0 127.2 142.8 142.1 139.4
Na*(25DHBA) 145.4 (4.6) C1 2.74 142.2 139.7 129.4 148.1 145.6 142.4
C2 4.38 141.8 139.6 129.3 147.6 145.5 142.2
Bl 8.42 138.7 138.5 129.7 143.9 143.7 141.0
B2 5.88 138.1 137.7 129.1 143.6 143.2 140.4
Na"(26DHBA) 145.0 (3.7) B 6.45 146.4 145.1 136.2 151.8 150.5 147.5
Na'(34DHBA) 138.0 (3.0) Al 5.16 135.0 132.2 124.7 146.8 144.0 141.4
Bl 4.30 133.3 132.0 121.5 144.1 142.8 140.2
B2 6.59 134.2 133.4 124.9 143.7 142.8 140.2
B3 7.91 132.9 132.3 123.9 142.1 141.5 138.8
A2 3.65 129.4 126.8 119.5 141.8 139.1 136.6
A3 1.53 123.9 121.4 114.0 138.1 135.7 133.1
Na"(35DHBA) 136.4 (7.1) Al 3.49 129.8 127.3 120.0 140.1 137.6 136.4
A2 4.44 128.4 126.1 118.7 138.7 136.5 134.2
Bl 5.03 129.3 127.6 1195 137.0 135.3 132.8
B2 7.51 128.8 127.2 119.0 136.5 134.9 132.3
B3 6.04 123.7 122.3 114.1 131.6 130.1 127.5
A3 1.98 120.7 118.3 1111 131.8 129.5 126.9
MAD 4.5 (2.5) 12.2(3.9) 3.5(2.4)

2 Calculated dipole moment of the neutral conformer in the geometry it exists in the corm@alculated at the MP2(full)/6-311G(2d,2p)
level of theory using B3LYP/6-31G* optimized geometries and assuming that the complex dissociates to the ground state neutral conformer.
¢ Calculated at the B3LYP/6-3#1G(2d,2p) level of theory using B3LYP/6-31G* optimized geometries and assuming that the complex dissociates
to the ground state neutral conforméAlso includes ZPE corrections with frequencies scaled by 0.988o0 includes BSSE corrections.

stabilities are also provided in the Supporting Information, A, Figure 4). The &0—Na' bond angle is very nearly linear
Figure 4S. Theoretical BDEs for the ground state and low- but shifted slightly away from the hydroxyl group. An alternative
energy conformations of the N&BA) complexes calculated  binding mode is possible when the hydrogen atom of the
at the B3LYP/6-311G(2d,2p) and MP2(full)/6-31:tG(2d,- carboxylic acid moiety is oriented toward the phenyl ring,
2p) levels of theory (using geometries optimized at the B3LYP/ thereby allowing Na& to interact with both oxygen atoms of
6-31G* level of theory and assuming that the complexes the carboxylic acid moiety and forming a four-membered
dissociate to produce the neutr®A ligand in its ground state  chelation ring (binding mode B, Figure 4). The relative stability
conformation) are summarized along with the measured valuesof the A and B conformations of N4BA) is found to depend
in Table 2. The calculated energies of the associateqXB#\) on the level of theory employed. B3LYP calculations favor
complexes, Na, and thexBA ligands are provided in the  mode A over mode B by 1.0 kJ/mol, whereas MP2 calculations
Supporting Information, Tables 3S and 4S. To understand the suggest that mode A is favored by 6.4 kJ/mol. These results
trends in the binding of Nato thesexBA ligands, the dipole suggest that a single interaction with the carbonyl oxygen atom
moments of theBA ligands in the conformations they assume is more favorable than chelation interactions with both oxygen
in the Na"(xBA) complexes are also provided in Table 2. atoms of the carboxylic acid moiety. At first, this result appears
Comparison of these dipole moment values to those for the somewhat surprising. However, the most likely reason for the
analogous neutral conformers shows that the dipole momentpreference of binding mode A over binding mode B is that the
always increases upon Nainding (compare Table 2 and Figure  steric repulsion between the hydrogen atom of the carboxylic
3S of the Supporting Information). acid moiety and the ortho hydrogen atom of the phenyl ring
The calculations find two favorable binding modes for'Na  that occurs in mode B causes the carboxylic acid moiety to rotate
to BA. Binding of Na" to the ground state conformation of out of the plane. This leads to a reduction in the stability gained
neutral BA occurs at the carbonyl oxygen atom (binding mode via resonance delocalization of the carbonyélectrons with
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Figure 6. Reaction coordinate diagrams for the interconversion of the
two stable conformers of (a) BA and (b) NBA).

those of aromatic ring and costs25.4 kJ/mol, as estimated

from the relative stabilities of the corresponding conformers of
neutral BA. Interconversion of these conformers is not feasible
for neutral BA because the TS for interconversion lies 45.7 kJ/

mol higher in energy than the ground state neutral conformer,
almost 3 times as large as the internal energy of BA (Supporting

Information, Table 1S). However, complexation to™Nacili-

Chinthaka et al.

acid moiety and therefore should not significantly impact such
interconversion. Similarly, changes in the orientation(s) of the
hydroxyl group(s) attached to the phenyl ring may not be
feasible for the neutrakBA ligands because the TSs for
interconversion lie~14—25 kJ/mol higher in energy than the
lower energy conformer (e.g., 13.8 kJ/mol for 3HBA and 24.9
kJ/mol for 4HBA) when no hydrogen bonds are involved and
~26—28 kJ/mol higher in energy than the lower energy
conformer (e.g., 26.1 and 28.1 kJ/mol for 34DHBA) when
hydrogen bonds must be broken during the change in conforma-
tion, and thus roughly equal or exceed the internal energy of
thexBA ligands (Supporting Information, Table 1S). Similarly,
changes in the orientation of the carboxylic acid moiety relative
to the hydroxyl groups may not be feasible for the neuBs
ligands because the TSs for interconversiomiiz6.9 kJ/mol
higher in energy than the ground state conformer as estimated
for 3HBA. Again, complexation to Nafacilitates such con-
formational changes by providing the energy associated with
complexation, which significantly exceeds these barriers. In all
other cases where binding mode B is favored over binding mode
A (i.e., Na"(2HBA), Na"(23DHBA), Na'(24DHBA), Na'-
(25DHBA), and Nd&(26DHBA)), this preference arises as a
result of hydrogen bonding interactions between the hydrogen
atom of the 2-hydroxyl substituent and the carbonyl oxygen
atom that help stabilize binding mode B relative to binding mode
A.

The calculations find two very favorable binding modes for
Na' to 2HBA. Binding of Na to the ground state conformation
of neutral 2HBA again occurs at the carbonyl oxygen atom,
producing an A conformer. However, this structure does not
correspond to either of the most favorable binding modes and
lies 36.9 kJ/mol higher in energy than the ground state
conformation. Rotation of the Nabound carboxylic acid moiety
by 18C, thereby breaking the original hydrogen bond and
creating a new hydrogen bond between the 2-hydroxyl group
and the oxygen atom of the hydroxyl group of the carboxylic
acid moiety, produces a second A conformer that is slightly
more stable but still lies 31.1 kJ/mol higher in energy than the
ground state conformer. In contrast to that found for BA, 3HBA,
4HBA, 34DHBA, and 35DHBA, the B conformer of Na
(2HBA) is much more stable than the A conformers. Clearly,

tates this geometry change by providing the energy associatedSteric repulsion between Neand the hydrogen atom of the
with complexation (135.4 kJ/mol, B3LYP excluding BSSE 2-Nydroxyl group in the A conformers weakens the hydrogen

corrections) as well as slightly reducing the barrier to intercon-
version (40.3 kJ/mol) of the A and B conformers of NBA).

bonding and Na& binding interactions, thereby destabilizing
these species. For NE2HBA), the B conformer lies 1.3 kJ/

The calculated potential energy surfaces (PESs) for theseMol higher in energy than the ground state conformation. An

processes for BA and NéBA) are provided in Figure 6.

The preference for binding mode A over binding mode B is
also found for the N&(3HBA), Na"(4HBA), Na"(34DHBA),
and Na(35DHBA) complexes for B3LYP and MP2 calcula-
tions, except for the Ng4HBA) complex where MP2 suggests
that binding mode B is favored over binding mode A by 1.6

alternative binding mode is possible when the 2-hydroxyl group
rotates 180, thereby breaking the original hydrogen bond and
allowing Na" to simultaneously interact with the carbonyl
oxygen atom and the 2-hydroxyl oxygen atom and forming a
six-membered chelation ring (binding mode C, Figure 4). Thus,
the binding geometry of Nain the six-membered chelation

kJ/mol. In all of these complexes, multiple low-energy A and fing is more favorable than that of the four-membered chelation
B type conformers are found that differ only in the relative fing because conformer C is more stable than conformer B even
orientations of the carboxylic acid moiety and hydroxyl groups though the former requires that the hydrogen bond between the
(compare Figure 5 and Figure 4S of the Supporting Information). carbonyl oxygen atom and the 2-hydroxyl hydrogen atom be
Although not explicitly calculated, interconversion of the Aand Proken. The calculated PES for the interconversion of A, B,
B conformers in these latter systems should also be facile @d C type conformers of 2HBA is provided in Figure 7. The

because complexation to Narovides a slightly greater amount
of energy than for the BA system (137 &44.0 kJ/mol, B3LYP
excluding BSSE corrections). In addition, the energy required
for interconversion of the A and B type conformers of these
systems should be similar to that calculated for*{(BA)

analogous TSs for interconversion of the conformers of the Na
(2HBA) complex are expected to be similar, or slightly smaller,
and thus were not explicitly calculated here.

The preference for binding mode C over binding mode B is
found for the Na(2HBA), Nat(23DHBA), Na"(24DHBA), and

because the hydroxyl groups are distant from the carboxylic Na®(25DHBA) complexes for both B3LYP and MP2 results.
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Figure 8. Theoretical B3LYP/6-311G(2d,2p) versus experimental
Naf—xBA BDEs (in kJ/mol). All values aretad K and taken from
Table 2. The boxes indicate the range of values that are appropriately
However, the B and C conformations are of very similar stability ;ﬁg%?rﬁq?ﬁuTshtigéﬁ%l?ﬁ?ﬁ:ﬁ&?fe%ﬁ;’p\?vﬂﬂz :ﬁgt‘ﬁe?ree"’t‘%;erir%'f
in all of the abc_)ve_ (_:omplexes. In contrast, the C conformers of corresponds to the calculated BDEs for the g]round and low-lying (within
26DHBA are significantly less stable (byl5 kJ/mol) thanthe 5 \3/mol) excited state conformers. The diagonal line indicates the
ground state B conformer. A likely reason for this difference values for which calculated and measured BDEs are equal.
in behavior is that in the B conformer 26DHBA is able to engage
in two hydrogen bonds and the conformation of the neutral
ligand exhibits a very large dipole moment, whereas the C enthalpies and free energies. The enthalpy and entropy conver-
conformer engages in only a single hydrogen bond and the sions are calculated using standard formulas and the vibrational
conformation of the neutral ligand exhibits a much smaller and rotational constants determined for the B3LYP/6-31G*
dipole moment. optimized geometries given in the Supporting Information,
The calculations find a third very favorable binding mode Tables 1S and 2S. Table 3 shows 0 and 298 K enthalpy, free
for Na* to 23DHBA. In this case, Nabinds to both of the energy, and enthalpic and entropic corrections for all of the
oxygen atoms of the adjacent hydroxyl groups and forms a five- systems. Uncertainties in the enthalpic and entropic corrections
membered chelation ring (binding mode D, Figure 4). In general, are determined by 10% variation in the molecular constants.
theoretical calculations show that this binding mode is less For the N&(xBA) complexes, where the Na-xBA frequencies
favorable than the formation of the six-membered ring (binding are very low and may not be adequately described by theory,
mode C). However, in this case, the five-membered chelation the listed uncertainties also include changing the three metal
ring structure is stabilized by a hydrogen bond between the ligand frequencies by a factor of 2. This provides a conservative
carbonyl oxygen atom and the 2-hydroxyl hydrogen atom. estimate of the computational errors in these low-frequency
B3LYP calculations favor conformer D over conformer C by modes and is the dominant source of the uncertainties listed
2.2 kd/mol, whereas MP2 calculations suggest that conformerhere.
D is favored by 5.6 kJ/mol. Binding via such a five-membered
chelation ring is also possible in 34DHBA. However, without
the enhanced stability associated with the hydrogen bonding
that occurs in Na(23DHBA), conformer D is not nearly as Comparison of Theoretical and Experimental ResultsThe
stable as the various A and B conformers of this complex. experimentally measured BDEs of the \¢BA) complexes at
B3LYP calculations find that conformer D of NEgB4DHBA) 0 K are summarized in Table 2. Also listed in Table 2 are the
lies 15.1 kJ/mol above the ground state A conformer. In contrast, corresponding theoretical BDEs calculated at the B3LYP/6-
MP?2 calculations suggest that conformer D is somewhat more 311+G(2d,2p) and MP2(full)/6-31:£G(2d,2p) levels of theory.
stable and only lies 5.5 kJ/mol above the ground state conformer.The agreement between B3LYP theory and experiment is
Conversion from 0 to 298 K. To allow comparison to illustrated in Figure 8, while the MP2 theory and measured
literature values and commonly used experimental conditions, BDEs are compared in Figure 9. As seen in Table 2, our
we convert te 0 K BDEs determined here to 298 K bond theoretical results suggest that multiple low-energy conformers

Figure 7. Reaction coordinate diagram for the interconversion of three
of the low-energy conformers of 2HBA.

Discussion

TABLE 3: Enthalpies and Free Energies of Sodium lon Binding toxBA at 298 K in kJ/mol?

Na*(xBA) AHo AHg AHass — AHGP AHaos AHood TASs o AGass AGood
Na(BA) 130.1 (4.0) 132.8 0.7 (1.7) 130.8 (4.3) 1335 26.5 (4.3) 104.3 (5.9) 107.0
Na*(2BA) 143.3 (3.8) 139.0 0.9 (1.4) 144.2 (4.0) 139.9 28.6 (3.4) 115.6 (5.5) 111.3
Na(3HBA) 131.2 (3.1) 135.3 0.7 (1.2) 131.9 (3.3) 136.0 26.2 (3.7) 105.7 (4.9) 109.8
Na*(4HBA) 131.5 (4.7) 140.9 0.9 (1.3) 132.4 (4.9) 141.8 27.0 (3.6) 105.4 (6.1) 114.8
Na(23DHBA) 145.2 (4.1) 149.2 1.3(1.3) 146.5 (4.3) 150.5 30.6 (3.6) 115.9 (5.6) 119.9
Na(24DHBA) 145.3 (3.7) 1435 0.6 (1.5) 145.9 (4.0) 144.1 28.5(3.2) 117.4 (5.1) 115.6
Na(25DHBA) 145.4 (4.6) 142.4 0.6 (1.5) 146.0 (4.8) 143.0 27.9(3.2) 118.1 (5.8) 115.1
Na'(26DHBA) 145.0 (3.7) 1475 0.7 (1.2) 145.7 (3.9) 148.2 29.4 (3.7) 116.3 (5.4) 118.8
Na(34DHBA) 138.0 (3.0) 141.4 0.7 (1.1) 137.9(3.2) 142.1 24.3 (3.9) 114.4 (5.0) 117.8
Na*(35DHBA) 136.4 (7.1) 136.4 0.9 (1.1) 137.3(7.2) 137.3 30.7 (3.9) 106.6 (8.2) 106.6

aUncertainties are listed in parentheseBensity functional theory values from calculations at the B3LYP/643&({2d,2p) level of theory
using B3LYP/6-31G* optimized geometries with frequencies scaled by 0.9804.
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[ MP2(full), no BSSE energy Nd(xBA) conformers that are likely to be present in

§150 reasonable abundance. In this case, the MAD between the

S 269| 2y | experimental BDEs and B3LYP remains unchanged at43.5

E 24 2.4 kJ/mol because the agreement improves for half of the

D 140 | [ﬁ] 1 complexes and degrades for the others. In contrast, the

= performance of MP2 theory degrades whether or not BSSE

é LFZ' corrections are included. The MAD between experiment and

o 34 MP2 theory becomes 155 4.2 kJ/mol when BSSE corrections

z 1301 4 ] are included and 6.8 4.5 kJ/mol when BSSE corrections are

% |3—5—' not included. Therefore, it is somewhat difficult to definitively

S state that a mixture of conformations is actually accessed in

F 120 BA our experiments, but if theory does a reasonable job estimating
1é0 150 1‘;0 150 the relative stabilities of the various conformations of the Na

(xBA) complexes and the barriers to interconversion, then a

+
Experimental Na -xBA 0 K BDE (kJ/mol) mixture must certainly be present.

Figure 9. Theoretical MP2(full)6-31+G(2d,2p) versus experimental : : ot
Na'—xBA BDE (in ka/mol). All values aretz0 K and taken from As discussed above, the only dissociation pathway observed

Table 2. The experimental range corresponds to the measured BDE'" the interaction of the NgxBA) complexes with Xe corre-
plus or minus the experimental uncertainty, while the theoretical range SPONds to simple CID to produce Nand the neutrakBA
corresponds to the calculated BDEs for the ground and low-lying (within ligand. In addition, theoretical calculations find that the binding
~5 kJ/mol) excited state conformers. The diagonal line indicates the in these complexes arises from interaction of"Math the lone
values for which calculated and measured BDEs are equal. pair(s) of electrons on the oxygen atoms(s) of the carboxylic
acid moiety and/or the hydroxyl substituents. These results
suggest that the binding in these complexes is largely electro-
ostatic in nature. Therefore, the strength of the binding in these
complexes should be controlled by the nature of the binding
interactions, ior-dipole and ion-induced dipole interactions. The
effects that the hydroxyl substituent(s) have upon the binding
can be examined by comparing tkldBA andxDHBA ligands

to BA. The polarizability of BA is estimated to be 12.9B A

of the Na"(xBA) complexes exist that lie within 10 kJ/mol of
the ground state conformation. These species should be able t
rapidly interconvert upon association of Nand thexBA ligand
in our flow tube ion source such that the ion beams generated
in our experiments are likely composed of a mixture of low-
energy conformations of the N&BA) complexes. Thermal-
ization of these complexes via collisions with the He and Ar . A e
bath gases should then provide a Maxw&bltzmann distribu- ~ 2nd increases to 13.56 Aipon hydroxyl substitution and to
tion of these species. Therefore, the BDEs measured in ourt4-23 A upon dihydroxyl substitutioff? The polarizability is
experiments should correspond to the most-weakly bound N0t expected to vary significantly with the position(s) or
species present in reasonable abundance (i.e., at least a feWfientations of the hydroxyl substituent(s), and the additivity
percent, or within~5 kJ/mol of the ground state conformation). method we used to estimate these polarlzablll_tles_ls not sensitive
Thus, in comparing our theoretical and measured BDEs, it is to such structural differences. Therefqre, the ion-induced dipole
appropriate to include a range of theoretical values correspond-attractions should roughly correlate with the extent of hydroxy-
ing to those of the ground state and the low-energy conformers lation. Indeed, the bmdmg gfﬁmty of BAis observed_to_lncrease
which may be present and a range of experimental valuesUPOn hydr_oxyl substitution in all cases (Table 2). Similarly, the
associated with the measured values and the uncertainties ifncrease in the Na-xBA BDE is generally larger for the
our measurements. Therefore, the agreement between theoryDHBAS than thexHBAs. However, the BDE for the Na
and experiment is illustrated using rectangular boxes, rather than(2HBA) complex strongly deviates from this trend, suggesting
points, in Figures 8 and 9. As can be seen in Figure 8, the that other factors are important in determining the binding in
agreement between B3LYP theory and experiment is excellentthese complexes. lerdipole interactions should also be im-
(note the very narrow range of values plotted). The mean portant in determining the strength of these complexes. The ion
absolute deviation (MAD) between the experimental BDEs and dipole attractions should correlate with the dipole moments of
those for the ground state conformations calculated at the these ligands. However, the dipole moments of these ligands
B3LYP level of theory for all 10 N&(xBA) complexes is 3.5 are very sensitive to the conformation, yet in many cases, very
+ 2.4 kJ/mol, slightly smaller than the average experimental Similar theoretical BDEs are found for different conformations/
uncertainty (AEU) of 4.2+ 1.2 kJ/mol in these measurements. binding geometries. The neutral conformers associated with
In contrast, MP2 theory does not perform as well and provides binding mode A tend to have relatively small dipole moments,
BDEs that are systematically lower than the experimental values.and binding occurs via a single interaction with the lone pair
The MAD between experiment and MP2 theory is 123.9 of electrons on the carbonyl oxygen atom; however; Savell
kJ/mol. It has previously been suggested that BSSE correctionsaligned to provide good overlap and thus a strong interaction
overestimate the effects associated with the differing sizes of is still achieved. The neutral conformers, associated with binding
the basis sets used to calculate the complexes versus the product®ode B, tend to have relatively large dipole moments, and
and can lead to binding energies that are too low, particularly binding occurs via a four-membered chelation ring; therefore,
for MP2 theory®® Indeed, much better agreement is obtained the ion—dipole attractions in these complexes should be even
when BSSE corrections are not included. In this case, the MAD more favorable than those for the A conformers. However, this
drops to 4.5+ 2.5 kd/mol, similar to the AEU of 4.2 1.2 binding geometry is not as ideal for maximal overlap and steric
kJ/mol in these measurements. repulsion between the hydroxyl hydrogen atom and the ortho
As discussed above, because multiple low-energy conformershydrogen atom of the phenyl ring mediates the enhancement in
of the Na"(xBA) complexes are likely generated under our binding associated with dipole and chelation effects. Therefore,
experimental conditions, it may be more appropriate to comparein general, the A conformers tend to be more stable than the B
the measured BDEs to those calculated for the least stable low-conformers except in cases where hydrogen bonding helps
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further stabilize the B conformers but is not possible in the A 23
conformers. The neutral conformers, associated with binding €145 r 8%}‘,
mode C, tend to have dipole moments that are intermediate E 02 26
between those of the A and B conformers, but binding occurs <

. . ; . T DHBA
via a very favorable six-membered chelation ring. Therefore, Q1401
the ion—dipole attractions should be more favorable than those x HBA 034
for the A and B conformers. Similarly, the neutral conformers, < 035
associated with binding mode D, tend to have dipole moments JF 135
that are similar to those of the C conformers and bind via a 2 4
five-membered chelation ring. However, interactions with the BA 93

130 b D N

hydroxyl oxygen atoms are somewhat less favorable than those . : : : :
with the carbonyl oxygen atom. Therefore, the +atipole 2.8 13.2 136 . 14.0 14.4
attractions should be somewhat less favorable than those for Polarizability(A”)

the C conformers. Indeed, all of thk&A ligands that can bind Figure 10. Measured BDEs of NZxBA) in kJ/mol versus the
via mode C (i.e., 2HBA, 23DHBA, 24DHBA, 25DHBA, and  estimated polarizability okBA in Az e

26DHBA) exhibit a very similar measured BDE, that is greater

than those of ligands that can only bind via mode A, B, or D ligands is an important factor in determining the strength of
(i.e., BA, 3HBA, 4HBA, 34DHBA, and 35DHBA) by 6.9 the binding to N&. However, the enhanced stability associated
14.9 kJ/mol. In addition, the BDE of 2HBA is observed to With the larger polarizability of these ligands is overshadowed
increase upon hydroxy substitution in all cases, as expected orPY the relatively large stabilization gained via six-membered
the basis of the increased polarizability of these ligands. chelation ring formation.

Likewise, the BDEs of 3HBA and 4HBA are observed to Comparison to Literature Values. We compare our results
increase upon hydroxy substitution in all cases. to those of Zenobi and co-workers who measured the ' @\a

of a variety of MALDI matrixes, including 25DHBA, using
equilibrium and reaction kinetics methods in a Fourier trans-
form ion cyclotron resonance (FT-ICR) mass spectrontéter.
The equilibrium measurements provided a GRaf 25DHBA

of 159 + 2 kJ/mol, while the reaction kinetics measurements
suggest a value of 158 3 kJ/mol. The reaction kinetics value
was deemed more reliable because the problem of competing
reactions, that is, formation of sodium bound dimers, compli-
cates the direct determination of the equilibrium constant. In

It is interesting that theory suggests that the ground state
conformations of N&23DHBA) and N&(26DHBA) are not
C conformers even though the measured BDEs of these
complexes are essentially equal to those fot (24dDHBA) and
Na"(25DHBA), whose ground state geometries are C conform-
ers. The additional hydrogen bond stabilization available in the
Nat(23DHBA) and N&(26DHBA) complexes makes generally
less favorable B and D conformations more favorable than or

competitive with the C conformers. o . N
. . any case, both the equilibrium and reaction kinetics GBla

In comparing the BDEs for the ground state conformations ¢ >5pHBA measured compare well to the value they calculated
of Na"(3HBA) and Na(4HBA), it should be noted that the 5t the B3LYP/6-33G* level of theory, 160.1 kJ/mol. To
dipole moments associated with the conformations of the ¢ompare these results with those obtained in the present study,
corresponding neutrals are similar, 3.71 versus 3.90 D, respec+he GNaB’s must be convertecbto K GNarA’'s (i.e., AGass
tively (Table 2), while the polarizabilities of these ligands are _, AHo). Using the thermal corrections determined here, the
essentially equal (Figure 1); thus, the iedipole and ion-  neagyred value corresponds to a GNaor BDE of the
induced dipole attractions should be roughly equivalent in these Na*(25DHBA) complex of 185t 5 kJ/mol, while the calculated
complexes. Therefore, the N@HBA) complex likely binds 4y is 187 kd/mol. In contrast, the BDE of the N@SDHBA)
slightly more strongly than the N&8HBA) complex as aresult  ¢omplex measured here is 145:44.6 kd/mol, some 40 kJ/mol
of resonance effects that make the carbonyl oxygen atom moreg, more lower than the value determined by Zenobi and co-
basic and therefore a better binder. In comparing the BDES of \yokers. Similarly, the value calculated here at the B3LYP/6-
Na'(34DHBA) and N&(35DHBA), it should be noted that the 311G (2d,2p)//B3LYP/6-31G* level of theory including ZPE
dipole moments associated with the conformations of the anq BSSE corrections is 142.4 kJ/mol, in excellent agreement
corresponding neutrals are much larger for 34DHBA than yith our measured value. Thus, the experimental and theoretical
35DHBA (i.e., 5.16 versus 3.49 D, respectively, for the ground ok of each research group exhibits good internal agreement;
state complexes), while the polarizabilities of these ligands are however, the discrepancies between the values reported by
essentially equal. In addition, resonance effects in 34DHBA also zenobi and co-workers and those determined here are clearly
make the carbonyl oxygen atom more basic an_d therefore agtside of the experimental error of either study.
better binder. As a result, the BDE of N@4DHBA) is greater One possible explanation for the difference in theoretical
than that of N&(35DHBA). The hydrogen bonding between yajues was that the basis sets employed by Zenobi and
the hydroxyl substituents possible for 34DHBA, but not for co-workers for geometry optimization and energy calculations
35DHBA, may also play a role. differ from those employed in the present study. As detailed in

The experimental BDEs are also plotted against the estimatedthe Supporting Information, Tables 5S and 6S, calculations at
polarizabilities of the corresponding neutral ligands in Figure the lowest level of theory, 6-31G* for optimization, frequency
10. As can be seen in the figure, a roughly linear relationship analysis, energy calculations, and BSSE corrections, provide a
is observed between the BDEs and the polarizabilities of BA, BDE of 151.9 kJ/mol, whereas the 6-8G* and 6-31H-G-
3HBA, 4HBA, 34DHBA, and 35DHBA. These results suggest (2d,2p) basis sets yield BDEs between 142.0 and 143.1 kJ/mol,
that the polarizability is indeed a considerable factor in which are in excellent agreement with the value measured here.
determining the strength of binding in the N#BA) complexes. Thus, the level of theory cannot explain the discrepancy in
A good linear relationship is also observed between the BDESs theoretical values. We also considered whether the reference
and polarizabilities of 2HBA, 23DHBA, 24DHBA, 25DHBA,  base used in the study of Zenobi and co-workers might explain
and 26DHBA, again indicating that the polarizability of these the difference, but it is hard to understand how this could lead



1436 J. Phys. Chem. A, Vol. 110, No. 4, 2006 Chinthaka et al.

to a 40 kJ/mol difference. Rather, Zenobi and co-worKers one laser for multiple applications, there may be situations where
explain in a later study that the theoretical value reported for it would be useful to perform MALDI analyses with other lasers.
the GNaB of 25DHBA in the first study assumes that the Those appropriate for use with tRBA ligands examined here
complex dissociates without a change in conformation of the include Ti:sapphire and a variety of eximer lasers (i.e., KCl,
25DHBA ligand; that is, dissociation occurs to an excited state KrF, XeF, and XeCl). Assuming that the laser to be employed
asymptote such that the BDE is a diabatic value. Indeed, for a given MALDI analysis can be optimally chosen to match
calculations performed here indicate that this conformation of the absorption characteristics of tiBA ligands and that
25DHBA lies 43.0 kJ/mol higher in energy than the ground sufficient ion signals can be generated, then the choice of which
state conformation (Supporting Information, Figure 3S). Using ligand to use would depend on the analyte being examined and
the 6-3H-G* and 6-311-G(2d,2p) basis sets, we calculate that whether protonated or cationized analyte is desired. The lower
the diabatic BDE lies between 184.9 and 187.4 kJ/mol, in GNa"A’s of BA, 3HBA, 4HBA, 34DHBA, and 35DHBA
excellent agreement with the value calculated by Zenobi and ligands would tend to lead to greater cationization of the analyte.
co-workers?® Thus, the discrepancy in the reported theoretical In contrast, the larger GN&'s of 2HBA, 23DHBA, 24DHBA,
values is now understood. On the basis of a comparison of the25DHBA, and 26DHBA would tend to suppress cationization
“GNa*B” measured for 25DHBA and the results of their of the analyte. Clearly, knowledge of the GMaof the analyte
theoretical calculations, Zenobi and co-workémiggested that ~ molecules to be examined would further facilitate the appropriate
25DHBA does not undergo a change in conformation. This choice of matrix.

assumption is reasonable for their experimental results because

the measured value was determined via proton transfer reactionConclusions

kinetics/equilibria with a reference base of known GBa N
chosen such that the difference in G was smaller than The klne.tlc energy depgndence of the CID. of RiBA),
wherexBA includes benzoic acid and all possible mono- and

the barrier t i tional ch f 25DHBA. | trast, . : . : . ) . .
© barmer to conformational change o n contras, dihydroxy-substituted benzoic acids, with Xe is examined in a

the threshold CID measurements performed here lead to the ided ion beam tandem mass spectrometer. The dominant
production of 25DHBA in its ground state conformation because guidec Ic pect S !
dissociation pathway for all complexes is loss of the inkBz

the barrier to conformational change is much smaller than the ligand. Thresholds for these processes are determined after

enthalpy for dissociation to produce Nand 25DHBA. Thus, consideration of the effects of the reactant kinetic and internal
the present study directly measures the adiabatic BDE. Our TR . S .
energy distributions, multiple collisions with Xe, and the

results also suggest that the thermochemistry measured by AT g .
. . . -’dissociation lifetime of the collisionally activated complexes.
Zenobi and co-workers does indeed correspond to the diabatic . ;
. . \ . Details of the ground state structures of the nexBa ligands
value. The adiabati0O K GNa"A’s for thesexBA ligands are - -y
and N&(xBA) complexes are determined from ab initio

glr\tleerr:agno-rl;gzlfnz'l"zflanlg gd:gsggmc Zmiiged vaﬁjes féist\éill;iﬁébaﬂccalcuIations at the B3LYP/6-311G(2d,2p)//B3LYP/6-31G*
" L - *
GNa'A and GNaB of 25DHBA are 145 4+ 4.6 and 118.1 and MP2(full)/6-313#G(2d,2p)//B3LYP/6-31G* levels of theory.

5.8 kJ/mol, respectively Very good agreement between t_he B3LYP theoretically calcu-

' o ) ) ) lated and experimentally determined BDEs was found in most

It might be argued that the diabatic “GNB's” measured  cases. The agreement between MP2 theory and experiment is
by Zenobi and co-workers are more relevant to understanding ot quite as good as that found for the B3LYP results, but is
and predicting behavior associated with cationization processesgi|| quite reasonable when BSSE corrections are ignored. The
that occur in MALDI because cationization occurs via gas phase trends in the measured BDEs are easy to understand on the basis
cation transfer in the MALDI plume and the value they of the various binding modes, dipole moments, and polariz-
measured was based on cation transfer reaction kinetics/gpjlities of these ligands and suggest two very different binding
equilibrium. However, their measurements were made at 298 jodes of N& to the xBA ligands. In contrast, theoretical
K and in a very low-pressure environment. Additionally, the calculations indicate that there are four very favorable binding
reference base was chosen to exhibit a similar @a choice  modes for N4 to thesexBA ligands. Further, both theoretical
necessary as a result of the dynamic range of the FT-ICR and experimental results suggest that-ioipole and ion-
instrumentation. In contrast, the temperature and pressure in the@nduced dipole attractions are major factors in determining the
MALDI plume are much greater such that the internal energies strength of binding in the NgxBA) complexes. The stability
of the Vaporized SpeCieS should prOVide sufficient energy to of these Comp|exes is greaﬂy enhanced by six-membered
overcome barriers to conformational relaxation of the matrix chelation ring formation and/or the formation of additional
and analyte molecules. intramolecular hydrogen bonds. The BDEs measured here for

Implications for MALDI Analyses. The accurate thermo-  the Na (xBA) complexes suggest that thBA ligands can act
chemical data provided by the present study should be usefulas reliable anchors for the sodium cation affinity scale and
for the optimization of MALDI analyses. Clearly, the matrix broaden the range of ligands available as absolute thermochemi-
employed for a given MALDI analysis must absorb strongly at cal anchors. This thermochemical data should be useful for the
the output wavelength of the laser used, typically aldser optimization of MALDI analyses. In addition, this thermo-
with an output wavelength of 337 nm or, somewhat less chemical data combined with the structural information obtained
commonly employed, the fourth harmonic of a Nd:YAG laser from the theoretical calculations may provide insight into the

with an output wavelength at 266 nm. All of tk&A ligands ionization processes that occur in MALDI.
examined here can be used with one or both of these
lasers®>%9-71 Among thexBA ligands examined here, 25DHBA Acknowledgment. This work was supported by the National

has seen the most widespread use because it provides excellerficience Foundation (Grant No. 0518262).

ion signals with a Mlaser, whereas the performance of several

of the othexBA ligands with this laser has been rated as air. Supporting Information Available: Tables of vibrational
However, with the advancing technology, decreasing cost, andfrequencies, average vibrational energies at 298 K, and rotational
growing popularity of other lasers, and the possibility of using constants of N&a(xBA) andxBA in their ground state conforma-



Sodium Cation Affinities of MALDI Matrices

tions, MP2(full)/6-31#G(2d,2p) and B3LYP/6-31tG(2d,2p)
energies of all low-energy conformers of N&BA) and ground
state conformers ofBA, and adiabatic and diabatic BDEs and
GNa'B'’s for the Na"(25DHBA) complex calculated at the
B3LYP/6-31G*, B3LYP/6-3%G*, and B3LYP/6-31%#+G(2d,-

2p) levels of theory. Figures showing cross sections for CID of
Na"(xBA) with Xe, as well as empirical fits to the primary
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