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ABSTRACT: Metal cation−amino acid interactions are key components controlling the
secondary structure and biological function of proteins, enzymes, and macromolecular
complexes comprising these species. Determination of pairwise interactions of alkali
metal cations with amino acids provides a thermodynamic vocabulary that begins to
quantify these fundamental processes. In the present work, we expand a systematic study
of such interactions by examining rubidium and cesium cations binding with the acidic
amino acids (AA), aspartic acid (Asp) and glutamic acid (Glu), and their amide
derivatives, asparagine (Asn) and glutamine (Gln). These eight complexes are formed
using electrospray ionization and their bond dissociation energies (BDEs) are
determined experimentally using threshold collision-induced dissociation with xenon in
a guided ion beam tandem mass spectrometer. Analyses of the energy-dependent cross
sections include consideration of unimolecular decay rates, internal energy of the reactant
ions, and multiple ion-neutral collisions. Quantum chemical calculations are conducted at
the B3LYP, MP2(full), and M06 levels of theory using def2-TZVPPD basis sets, with results showing reasonable agreement with
experiment. At 0 and 298 K, most levels of theory predict that the ground-state conformers for M+(Asp) and M+(Asn) involve
tridentate binding of the metal cation to the backbone carbonyl, amino, and side-chain carbonyl groups, although tridentate
binding to the carboxylic acid group and side-chain carbonyl is competitive for M+(Asn). For the two longer side-chain amino
acids, Glu and Gln, multiple structures are competitive. A comparison of these results to those for the smaller alkali cations, Na+

and K+, provides insight into the trends in binding energies associated with the molecular polarizability and dipole moment of the
side chain. For all four metal cations, the BDEs are inversely correlated with the size of the metal cation and follow the order Asp
< Glu < Asn < Gln.

■ INTRODUCTION

Sodium and potassium cations are essential nutrients and their
enzymatic transfer across cellular membranes is required for
homeostasis and cellular function. The heavier alkali metal
cations, Rb+ and Cs+, follow the same biological pathways and
bind at the same sites as K+,1,2 but have different transport and
accumulation rates.3−6 Indeed, these kinetic properties allow
rubidium and cesium isotopes to be used in imaging of tissue
and tumors without severe toxicity.7 In addition, because
atmospheric testing of thermonuclear devices and nuclear
reactor accidents have introduced radioactive cesium isotopes
into the environment, an understanding of how cesium
interacts with biological systems is useful, as reviewed by Gal
et al.8 Despite the potential utility of such studies, the number
of systems for which rubidium and cesium cation bond energies
are known is much smaller than for sodium and potassium.8

Although the interactions of alkali and other cations with all
relevant biological systems cannot be explicitly studied, a
quantitative examination of a representative set of such
interactions, for example with individual amino acids (AAs),
can provide substantial insight into more complex systems. This

approach creates a “thermodynamic vocabulary” of specific
pairwise interactions in small-scale systems9 that can then be
combined to understand systems of greater complexity, such as
peptides and even proteins. By working in the gas phase,
complications resulting from solvent effects are eliminated and
a quantitative measurement of the intrinsic bond strengths
between alkali metal cations and peptides can be directly
measured. By dealing with relatively small systems, the gas
phase experimental information can be directly compared with
high level theoretical results. Such comparisons help elucidate
subtle features in how metal cation affinities vary with the
identity of the metal cation and the variations in peptide side
chains. Previously, we have studied the pairwise interactions of
all five alkali-metal cations with glycine (Gly),10−14 proline
(Pro),13−15 serine (Ser),13,14,16 threonine (Thr),13,14,16 cysteine
(Cys),14,17 and methionine (Met)18,19 by examining their
threshold collision-induced dissociation (TCID) using guided
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ion beam tandem mass spectrometry (GIBMS). Except for the
Li+ complexes, TCID data are also available for histidine
(His),20 phenylalanine (Phe), tyrosine (Tyr), and tryptophan
(Trp).19,21 For the acidic amino acids, aspartic acid (Asp) and
glutamic acid (Glu), and their amide derivatives, asparagine
(Asn) and glutamine (Gln), TCID data for only the Na+ and
K+ complexes are available.22,23 In all cases, quantitative bond
dissociation energies (BDEs) were determined and found to be
consistent with theoretical values predicted for the ground-state
conformations. In previous work,9,19,21 these myriad studies are
drawn together by the observation that the binding energies for
Na+, K+, Rb+, and Cs+ to several amino acids correlate well with
the polarizabilities of Gly, Met, and the aromatic amino acids,
Phe, Tyr, and Trp. For amino acids containing more polar side
chains, the trends with polarizability are retained but appear to
be enhanced by the local dipole moment of the polar side
chain.18−20 The present study was initiated in order to explore
whether this correlation with polarizability and local dipole
moment continues for the heavier alkali metal cations binding
to Asp, Asn, Glu, and Gln.
Complementing the thermodynamic study of these com-

plexes are spectroscopic evaluations of their structures using
infrared multiple photon dissociation (IRMPD) action spec-
troscopy. For the four amino acids studied here, the entire
sequence of alkali metal cations has been examined using
IRMPD with only Asn,24 with all but Rb+ examined for Gln,25

and only Li+ and Cs+ examined for Asp and Glu.26 As for other
amino acids, for example, Ser,27 Thr,28 Cys,29 Met,30 Arg,31

Trp,32 Phe,33 and His,34 these studies find that the ground
geometries of metal cation−amino acid complexes vary with
the alkali metal cation identity. Generally, the smaller metal
cations, M+ = Li+ and Na+, bind preferentially in tridentate
conformers to the backbone amino, backbone carbonyl, and
side-chain heteroatom, whereas spectra for the heavier metal
cations, M+ = K+, Rb+, and Cs+, are more complicated and
involve overlapping spectra of several conformers. The results
of these spectroscopic studies are compared more thoroughly
to the present calculations below.
In the present work, we extend our previous TCID studies to

provide the first experimental values for Rb+ and Cs+ binding to
the acidic amino acids and their amide derivatives. Absolute
BDEs of the Rb+ (AA) and Cs+ (AA) complexes, where AA =
Asp, Glu, Asn, and Gln, are measured using TCID in a guided
ion beam tandem mass spectrometer. Quantum chemical
calculations at several levels of theory are carried out to provide
structures, vibrational frequencies, and rotational constants
needed for analysis of the TCID data as well as to yield
theoretical BDEs for comparison with experiment. The
combined experimental and computational studies achieve a
quantitative understanding of chelation effects, electron
delocalization, inductive effects, and conformational strain on
the binding strength of all four amino acids with the rubidium
and cesium cations and allow validation of appropriate levels of
theory. Comparison with similar results for the smaller alkali
metal cations reveals how these effects vary with the size of the
metal cation.

■ EXPERIMENTAL AND COMPUTATIONAL SECTION
General Experimental Procedures. Cross sections for

CID of the rubidium and cesium cation−amino acid complexes
are measured using the Wayne State University guided ion
beam tandem mass spectrometer that has been described in
detail previously.35 Experiments are conducted using an

electrospray ionization (ESI) source36,39 under conditions
similar to those described previously.14,36 Briefly, the ESI is
operated using a 50:50 by volume H2O/MeOH solution with
∼1 × 10−3 M amino acid and ∼1 × 10−3 M RbCl or CsCl (all
chemicals purchased from Sigma-Aldrich). All solutions were
acidified at a concentration of ∼1 × 10−5 M acid, using acetic
acid for Asn, Glu, and Gln and HCl for Asp solutions. The
electrospray needle was operated near 2 kV, with a flow rate of
∼0.8 μL/min, and a capillary temperature of 105 − 110 °C. All
other operating conditions are similar to those used previously.
Notably the ESI/ion funnel/radio frequency (rf) hexapole
source arrangement used here has been shown to produce ions
thermalized to 300 K.22,36−40

Rb+(AA) or Cs+(AA) complexes are extracted from the
source, focused, accelerated, and mass selected using a magnetic
momentum analyzer. The mass-selected ions are decelerated to
a well-defined kinetic energy and focused into a rf octopole ion
guide that traps the ions radially. The octopole passes through a
static gas cell containing xenon, which is used as the collision
gas because it is heavy and polarizable, leading to more efficient
kinetic to internal energy transfer.41,42 After collision, the
reactant and product ions drift to the end of the octopole where
they are extracted and focused into a quadrupole mass filter for
mass analysis. The ions are detected with a high voltage
dynode, scintillation ion detector43 and the signal is processed
using standard pulse counting techniques. Ion intensities,
measured as a function of collision energy, are converted to
absolute cross sections as described previously.44 The
uncertainty in relative cross sections is approximately ±5%
and that for the absolute cross sections is approximately ±20%.
The ion kinetic energy distribution is measured to be Gaussian
and has a typical fwhm of 0.2−0.4 eV (lab). Uncertainties in the
absolute energy scale are approximately ±0.05 eV (lab). Ion
kinetic energies in the laboratory frame are converted to
energies in the center-of-mass (CM) frame using
ECM = Elabm/(m+M), where M and m are the masses of the
ionic and neutral reactants, respectively. All energies herein are
reported in the CM frame unless otherwise noted.

Thermochemical Analysis. Threshold regions of the CID
reaction cross sections are modeled using eq 145−48

∫σ σ ε ε= Σ −
−

−E n E g P E( ) ( / ) ( ) d( )i E E

E
n

0 D
1

i0 (1)

where σ0 is an energy-independent scaling factor, n is an
adjustable parameter that describes the efficiency of collisional
energy transfer,49 E is the relative kinetic energy of the
reactants, E0 is the threshold for dissociation of the ground
electronic and rovibrational state of the reactant ion at 0 K, τ is
the experimental time for dissociation (∼10−4 s), ε is the
energy transferred from translation during the collision, and E*
is the internal energy of the energized molecule (EM) after the
collision, that is, E* = ε + Ei. The summation is over the
rovibrational states of the reactant ions, i, where Ei is the
excitation energy of each state and gi is the fractional population
of those states (∑gi = 1). The Beyer−Swinehart algorithm50−52

is used to evaluate the number and density of the rovibrational
states and the relative populations gi are calculated for a
Maxwell−Boltzmann distribution at 300 K.
The term PD, the dissociation probability, is given by

PD = 1 − e−k(E*)τ, where k(E*) is the unimolecular rate constant
for dissociation of the energized molecule. This is defined by
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Rice−Ramsperger−Kassel−Marcus (RRKM) theory, as in eq
253,54

ρ* = * − *†k E dN E E h E( ) ( )/ ( )vr 0 vr (2)

where d is the reaction degeneracy (determined using rotational
symmetry numbers), N†

vr(E* − E0) is the sum of rovibrational
states of the transition state (TS) at an energy E* − E0, and
ρvr(E*) is the density of states of the energized molecule (EM)
at the available energy, E*. These rate constants allow kinetic
shifts to be modeled as discussed below.47,55

Several effects that obscure the interpretation of the data
must be accounted for during data analysis in order to produce
accurate thermodynamic information. These effects include
multiple collisions, kinetic shifts, and energy broadening
resulting from the thermal motion of the neutral collision gas
and the kinetic energy distribution of the reactant ion. These
effects are handled as detailed in previous work.23 For all eight
systems, data at nominal Xe pressures of 0.2, 0.1, and 0.05
mTorr were obtained in duplicate and used to extrapolate to
zero pressure, corresponding to truly single collision conditions.
For a couple of systems, Cs+(Asp), Cs+(Glu), and Cs+(Asn),
additional sets of data were obtained. In the former case, the
original data set had a cross section that differed in shape from
that of other systems, whereas the repeated data acquisition
yielded a cross section shape that paralleled other systems and
hence was used exclusively. For Cs+(Glu), both sets of data
agreed with only differences in absolute magnitude observed
(∼30%). For Cs+(Asn), two of three data sets agreed well and
their average results are reported below. (The third data set
shows evidence of hot ions and was therefore discarded.) As
discussed previously, kinetic shifts are estimated by the
incorporation of RRKM theory, as shown in eq 1, which
requires sets of rovibrational frequencies for the EM and TS.
These molecular parameters are taken from the quantum
chemical calculations detailed in the next section. Because the
metal−ligand interactions in the M+(AA) complexes are mainly
electrostatic, the most appropriate model for the TS for
dissociation of the intact ligand is a loose association of the ion
and neutral ligand fragments in a phase space limit (PSL).47,55

The appropriateness of this assumption for multidentate
ligands has been verified previously for crown ethers39,40,56−58

and small peptides,37 and the sodiated and potassiated
complexes of the four amino acids studied here.22,23

Model cross sections calculated using eq 1 are convoluted
with the kinetic energy distribution of both reactants,44,59 then
compared to the zero pressure extrapolated reaction cross
sections60 using a nonlinear least-squares routine allowing
parameters for σ0, n, and E0 to be optimized. The uncertainty
associated with E0 is estimated from the range of threshold
values determined from different data sets with variations in the
parameter n, ±10% variations in vibrational frequencies,
changes in the experimental time for dissociation by factors
of two, and the uncertainty of the absolute energy scale, ±0.05
eV (lab). All other details regarding data interpretation and
necessary assumptions in the modeling have been fully
described previously.22,23

In deriving the final experimental BDEs at 0 K, two
assumptions are made. First, we assume that there is no
activation barrier in excess of the reaction endothermicity for
the loss of the AA ligand, which is generally true for ion−
molecule reactions and for heterolytic noncovalent bond
dissociations such as those considered here.61 Second, the

measured threshold E0 values for dissociation are from ground
state reactant to ground state ion and neutral ligand products.
Given the relatively long experimental time frame (∼10−4 s),
dissociating products should be able to rearrange to their low-
energy conformations after collisional excitation.

Computational Details. All theoretical calculations were
performed using Gaussian09.62 Ground-state conformers of the
four amino acids calculated at the B3LYP/6-311+G(d,p) level
of theory have been described previously22 and, in all cases,
were reoptimized here at the B3LYP/def2-TZVPPD level of
theory.63,64 This level of theory is needed because it provides
accurate BDEs for complexes of the larger alkali cations.13,14,19

Previous studies have shown that a HW*/6-311+G(d,p) basis
set, where HW* indicates that Rb and Cs were described using
the effective core potentials (ECPs) and valence basis sets of
Hay and Wadt65 (equivalent to the LANL2DZ basis set) with a
single d polarization function added,66 is inadequate to describe
the energetics of Rb+ and Cs+ complexes.13,14,17,20,58 The
def2-TZVPPD basis set67,68 is a balanced basis set on all atoms
at the triple-ζ level including polarization and diffuse functions
and uses ECPs on rubidium and cesium developed by Leininger
et al.69 The def2-TZVPPD basis set was obtained from the
EMSL basis set exchange library.70,71 Likely low-energy
conformers of Asp, Asn, Glu, and Gln complexed with Rb+

and Cs+ utilized those structures previously found for K+(AA)
as starting points for the present work.23 For all complexes and
free AAs, geometry optimizations and vibrational frequencies
were calculated at the B3LYP/def2-TZVPPD level, with zero
point energies being scaled by 0.989.72 Single point energies at
this level as well as the M06/def2-TZVPPD73 and
MP2(full)/def2-TZVPPD74 levels using the B3LYP geometries
were also calculated. Basis set superposition errors (BSSE)
corrections at the full counterpoise (cp) level75,76 were applied
in all cases and ranged from <0.7 kJ/mol for the DFT
calculations to 13−22 kJ/mol for Rb+ complexes and
7−14 kJ/mol for Cs+ complexes for the MP2(full) results.
Previous work indicates that the large BSSE corrections for
MP2 can be attributed primarily to a decrease in the energy of
the metal cation.19 Previous experience with complexes of Cs+

finds that cp corrections for the MP2(full) results are needed in
order to provide reasonable agreement with experiment.14,19

Here, we find that without cp corrections, the MP2 values for
both Rb+ and Cs+ complexes greatly exceed experimental
values.
In previous work on complexes of Rb+ and Cs+ with other

amino acids, geometries were also calculated at the M06 and
M06-2X levels.19 The former results provided very similar
geometries and relative energies as the M06//B3LYP results
with an average difference of 1.1 ± 1.0 kJ/mol. Results
calculated using the M06-2X approach, designed for main
group elements in particular but not transition metals,73 yielded
bond energies 6−14 kJ/mol higher in energy than the M06
results, making the M06-2X results in the poorest agreement
with experiment of all levels of theory examined. Here, the
lowest energy structures for each complex were reoptimized at
the M06/def2-TZVPPD level, but again very similar geometries
and relative energies compared to the B3LYP/def2-TZVPPD
results were obtained.
For Cs+(Asp), Cs+(Glu), and Cs+(Gln), vibrational frequen-

cies and intensities were calculated using the harmonic
oscillator approximation and analytical derivatives of the
e n e r g y -m i n im i z e d He s s i a n c a l c u l a t e d a t t h e
B3LYP/def2-TZVPPD level of theory. For comparison to
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IRMPD spectra, frequencies were scaled by 0.98 as this scaling
factor leads to good agreement between calculated and
experimentally well-resolved peaks. Calculated vibrational
frequencies are broadened using a 20 (Asp and Glu complexes)
or 30 (Gln complex) cm−1 fwhm Gaussian line shape for
comparison with experimental spectra.
Conversion from 0 to 298 K and Excited Conformers.

Relative energies calculated at 0 K are converted to free
energies at 298 K using the rigid rotor/harmonic oscillator
approximation. The needed rotational constants and vibrational
frequencies are calculated at the B3LYP/def2-TZVPPD level.
The relative ΔG298 excitation energies reported below are
comparable to the analogous differences in the ΔH0 values with
differences not exceeding 5 kJ/mol (and most differences less
than 2 kJ/mol). The experimental 0 K bond energies are also
converted to ΔH298 and ΔG298 values, with uncertainties
estimated by varying most vibrational frequencies by ±10%
along with 2-fold variations in the metal cation-AA frequencies.

■ RESULTS

Cross Sections for Collision-Induced Dissociation.
Experimental kinetic energy-dependent cross sections were
obtained for the interaction of Xe with M+(AA), where M+ =
Rb+ and Cs+ and AA = Asp, Glu, Asn, and Gln. Figure 1
compares results for Rb+ (part a) and Cs+ (part b). Data shown
are zero-pressure extrapolated results because, although the
pressure dependence of these cross sections is small in all cases,
there is a measurable effect on the thresholds. In all cases, the
simple collision-induced dissociation (CID) reactions, eq 1, are
the only dissociation pathway observed.

+ → + ++ +M (AA) Xe M AA Xe (1)

Loss of H2O and NH3 was specifically looked for as one or both
pathways were observed for Na+(Asn), Na+(Glu), Na+(Gln),
and K+(Gln).22,23 The failure to observe these channels here
can be attributed to the weaker binding of the metal cation to
the amino acid, such that reaction 1 is both energetically and
entropically favored over the more complex elimination
reactions.77,78 Figure 1 demonstrates that the thresholds
increase in the order Asp, Glu, Asn, and Gln for both metal
cations along with a commensurate decrease in the absolute
magnitude of the cross sections. Thus, the relative order of the
binding among these four amino acids is unambiguous.
The zero pressure extrapolated cross sections for all eight

M+(AA) systems were analyzed using the models of eq 1
(lifetime effects included) and without lifetime effects (eq 1
with PD set to unity). Figure 2 shows a representative data set
for Cs+(Gln), and Figure S1 shows results for all eight M+(AA)
systems. It can be seen in both figures that the experimental
cross sections are reproduced by eq 1 (including lifetime
effects) over a large range of energies (>3 eV) and cross section
magnitudes (>2 orders of magnitude). In all eight systems,
analyses were performed using molecular parameters for all
structures that theory indicates could be the ground state (see
Discussion). Table 1 lists the optimized fitting parameters of eq
1 for a variety of combinations of reactant and product
conformations. Combinations with threshold energy differences
less than 0.02 eV are not included but can be found in Table S1
of the Supporting Information. Comparison of threshold
energies obtained with and without lifetime effects shows that
kinetic shifts occur in all systems, ranging from 0.12 eV for
Cs+(Asp), the most weakly bound system, to 0.42 eV for
Rb+(Gln), the most strongly bound system. The values of the
entropy of activation at 1000 K, ΔS†1000, are also listed in
Tables 1 and S1 and give some idea of the looseness of the
transition states. Varying from 16 to 63 J/K·mol, these values
are in the range suggested by Lifshitz79 as corresponding to
simple bond cleavage dissociations. Given that the TSs are
assumed to lie at the centrifugal barrier for the association of
M+ + AA, this is an expected result.

Figure 1. Zero-pressure extrapolated cross sections for collision-
induced dissociation of Rb+(AA) (part a) and Cs+(AA) (part b), where
AA = Asp, Glu, Asn, and Gln with xenon as a function of kinetic
energy in the center-of-mass frame.

Figure 2. Cross section for collision-induced dissociation of Cs+(Gln)
with xenon as a function of kinetic energy in the center-of-mass frame
(lower x-axis) and the laboratory frame (upper x-axis). Solid lines
show the best fit to the data using the model of eq 1 convoluted over
the neutral and ion kinetic and internal energy distributions. Dashed
lines show the model cross section in the absence of experimental
kinetic energy broadening for reactant ions with an internal energy of
0 K. The data and models are also shown expanded by a factor of 10
and offset from zero.
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The effect of having different conformers populating the
M+(AA) cation beams was investigated thoroughly. In addition,
the possibility that different conformers of the AA product were
formed was also considered. The only fitting parameter of eq 1
to change significantly is the threshold energy, E0. For the
shorter side-chain Asp and Asn amino acids, differences in the
threshold energies among different M+(AA) and AA con-
formers are ≤0.02 eV, Tables 1 and S1, except for Cs+(Asp)
[COOHs] (see definition of nomenclature in the next section)
where the shift is 0.04 eV and dissociation of Rb+(Asn) to the
N2 conformer of Asn (0.03 eV shift). These differences are well
within the overall experimental uncertainty of any individual
measurement, ∼0.07 eV. For Glu and Gln, the shifts associated
with different M+(AA) conformers range from 0.00 to 0.05 eV,
whereas those for different conformers of the AA product are
0.00 to 0.08 eV, still less than or comparable to the
experimental uncertainty. These shifts occur because of
differences in the kinetics of dissociation, as can also be seen
by examining the entropies of activation. Lower entropies of
activation are directly correlated with lower thresholds because
there is a larger kinetic shift associated with the more restricted
dissociation process. Overall, as indicated by IRMPD results
reviewed below,24−26 multiple conformations of the M+(AA)
complexes are probably formed in the source, but the bond
energies obtained experimentally are largely insensitive to this
variation because the energy content of the different con-
formers (both before and after collision) is approximately equal
and differences in the unimolecular dissociation kinetics are
small. In contrast, the dissociation behavior will be dominated
by formation of the entropically most favorable AA product
conformer as long as it lies within a couple of kJ/mol of the
ground conformer. This conclusion was verified by direct
examination of the calculated RRKM rates for these
dissociations. Specific considerations for each system are
discussed further in the sections below.

Theoretical Results for AA. Structures of the four neutral
amino acids were calculated using the B3LYP/def2-TZVPPD
approach with single point energies calculated at the B3LYP,
M06, and MP2(full) levels including zero point energy
corrections. The results obtained here are very similar to
those calculated at the R/6-311+G(2d,2p)//B3LYP/6-311+G-
(d,p) level, where R = B3LYP, B3P86, and MP2(full).22 These
results are summarized in Table 2, where the conformers are
identified by designating the approximate dihedral angles of the
side chains (c for cis, <50°; t for trans, >130°; and g for gauche,
all intermediate angles) with “+” and “−” subscripts to indicate
the sign on gauche angles when needed to differentiate
conformers. For the two shorter side-chain amino acids, Asp
and Asn, the angle designations start at the C-terminus and
specify ∠HOCC, ∠OCCC, ∠CCCC, and ∠CCCX, where X is
the hydroxyl oxygen or amide nitrogen of the side chain, with
the ∠CCOH orientation of the side-chain carboxylic acid
included as the last designation for Asp. For the longer side-
chain amino acids, Glu and Gln, there is an additional ∠CCCC
angle, listed before ∠CCCX, and again Glu includes the
∠CCOH orientation of the side-chain. For conciseness later on,
we also designate these conformers using a simple Nx
nomenclature as well (see below). Results were also obtained
with M06 theory being used for geometry optimizations, that is,
at the R/def2-TZVPPD//M06/def2-TZVPPD levels, but
largely parallel those listed in Table 2. Table S2 of the
Supporting Information contains the energetic details of these
calculations.
For aspartic acid, the ctttt (N1), ctgtt (N2), and tcgtt (N4)

conformers are either the ground state or within 1 kJ/mol of
the ground state at some level of theory. The tgtcc (N3)
conformer (mislabeled as cctgt previously)22 is generally higher
in energy at all levels. For asparagine, the ctgg (N1) conformer
is the clear ground state with other conformers lying
2−10 kJ/mol higher in energy. The ground state for glutamic

Table 1. Fitting Parameters of Eq 1 and Entropies of Activation at 1000 K for CID of Rb+(AA) and Cs+(AA) for AA = Asp, Glu,
Asn, and Glna

reactant M+(AA)/AA structures σ0 n E0 (no RRKM) (eV) E0(PSL)
b ( eV) ΔS†1000 (J/K·mol)

Rb+(Asp) [N,CO,CO]/N1 10.2 (0.4) 1.3 (0.1) 1.49 (0.07) 1.31 (0.07) 39 (2)
Rb+(Glu) [N,CO,CO]/N1 9.8 (1.7) 1.2 (0.1) 1.66 (0.08) 1.35 (0.08) 40 (2)

[N,CO,CO]/N3 +0.031 58 (2)
[N,CO,CO]/N4 +0.041 63 (2)
[CO,CO]cgtgtt/N1 −0.021 32 (2)

Rb+(Asn) [N,CO,CO]/N1 4.9 (0.6) 1.3 (0.1) 1.74 (0.07) 1.43 (0.07) 30 (2)
[N,CO,CO]/N2 +0.029 44 (2)

Rb+(Gln) [COOH,CO]cgg+g−t/N1 4.4 (0.6) 1.1 (0.1) 1.88 (0.07) 1.46 (0.07) 37 (2)
[COOH,CO]cgg+g−t/N3 −0.066 18 (2)
[COOH,CO]cgg+g−t/N4 −0.080 16 (2)
[COOH,CO]cgg−g+t/N1 +0.042 49 (2)
[CO,CO]cgggt/N1 +0.034 46 (2)

Cs+(Asp) [N,CO,CO]/N1 11.8 (1.1) 1.5 (0.1) 1.25 (0.07) 1.13 (0.07) 36 (2)
[COOHs]/N1 −0.038 20 (2)

Cs+(Glu) [N,CO,CO]/N1 6.5 (1.4) 1.5 (0.2) 1.33 (0.07) 1.14 (0.07) 35 (2)
[N,CO,CO]/N3 +0.020 54 (2)
[N,CO,CO]/N4 +0.026 58 (2)

Cs+(Asn) [N,CO,CO]/N1 4.7 (2.4) 1.5 (0.2) 1.38 (0.07) 1.20 (0.07) 27 (2)
Cs+(Gln) [COOH,CO]cgg+g−t/N1 2.8 (0.4) 1.4 (0.1) 1.61 (0.07) 1.33 (0.07) 44 (2)

[COOH,CO]cgg+g−t/N3 −0.053 26 (2)
[COOH,CO]cgg+g−t/N4 −0.068 24 (2)
[CO,CO]cgtgt/N1 −0.023 35 (2)

aUncertainties (1 std dev) in parentheses. bValues for alternative conformations list shifts from the baseline E0 value.
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acid varies according to the level of theory with ctggtt (N1)
being favored by B3P86, M06, and MP2(full)/def2-TZVPPD
calculations, whereas MP2(full)/6-311+G(2d,2p) calculations
favor tgtgtt (N3) and B3LYP calculations indicate tgtttt (N4)
as the ground conformer. Even the cgtgtt (N2) conformer lies
within 1 kJ/mol of the ground state at several levels of theory
(and is the B3LYP/def2-TZVPPD//M06/def2-TZVPPD
ground state, Table S2). Similar diversity is found for glutamine
with ctggt (N1) generally being favored by B3LYP and B3P86
calculations and cg+ggg (N3) being favored by MP2(full) and
M06 calculations. The other two conformers, cgtgt (N2) and
cg−ggg (N4) are consistently higher in energy, by 1.4−6.5 kJ/
mol (with the exception that N2 is the B3LYP/def2-
TZVPPD//M06/def2-TZVPPD ground state, Table S2).
Theoretical Results for M+(AA) and Comparison to

IRMPD Spectra. Structures of the complexes of the four
neutral amino acids with Rb+ and Cs+ experimentally studied
here were calculated as described above. Figure 3 shows the
possible ground-state conformers for the cesiated complexes.
The nomenclature adopted here identifies the binding sites of
the metal ion in brackets: the backbone amino nitrogen (N),
the backbone or sidechain carbonyl (CO), both oxygens of the
backbone carboxylic acid (COOH), both oxygens of a
backbone zwitterionic carboxylate (CO2

−), or both oxygens
of the side-chain carboxylic acid [COOHs]. This is followed by
the same designation of dihedral angles of the AA noted above.
Table 3 provides energetic information for the key low-lying

conformers of the M+(AA) complexes as both 0 and 298 K free
energies, with the latter providing the basis for which structures
might be populated experimentally. Tables S3 and S4 of the
Supporting Information list energetic and geometric informa-
tion, respectively, on all conformers located. We also optimized
the geometries of several low-energy conformers for each

complex at the M06/def2-TZVPPD level, with relative energies
compared to the B3LYP geometries in Table S5. The M06
geometries lead to relative energies in general agreement with
those from B3LYP geometries, with most ground states being
the same and relative energies generally within 1 kJ/mol, but
differences of up to 5 kJ/mol are observed. Previous theoretical
work on these systems has been reported in conjunction with
IRMPD experimental studies for Asn and Gln,22,23,25 whereas
for Asp and Glu, only the cesium complexes have been
explored.25,26 Relative energies from these previous studies are
included in Tables 3 and S3. Related work includes the
structures of the Na+(AA) and K+(AA) complexes with all four
amino acids.22,23,25 As the present calculations parallel many of
these previous results, only an abbreviated discussion is
provided here.
IRMPD spectra of aspartic and glutamic acids with alkali

metal cations are available only for M+ = Li+ and Cs+. In parallel
with other amino acids having oxygen containing side chains
(Ser, Thr),27,28 the spectra for complexes of Asp and Glu with
Li+ can be assigned to the tridentate [N,CO,CO] conformers.
For Cs+(Asp) and Cs+(Glu), the spectra are very similar,
suggesting that these complexes have similar structures.
Cs+(Asp) was assigned largely to a [COOH,CO] structure,
with possible contributions from [N,CO,CO] and [CO,CO]
conformers. In contrast, Cs+(Glu) was assigned to likely
contributions from all three of these conformers: [CO,CO],
[COOH,CO], and [N,CO,CO]. One of the reasons for the
disparity in assignments compared to Cs+(Asp) is that the
calculated Cs+(Glu) [COOH,CO] structure no longer
reproduced an intense band observed at ∼1140 cm−1,
attributed to an OH bend, because this intensity is dispersed
by coupling this motion with CH and NH twists. As discussed
below, the present calculations remove this discrepancy in
assignments.
IRMPD spectra for M+(Gln), where M+ = Li+, Na+, K+, and

Cs+, are available.25 Relative intensities of several bands evolve
with the metal cations, but most of the bands persist for all four
metal cations. A notable difference between the spectrum of
Cs+(Gln) and those for the other three metal cations is the
lower relative intensity of the carbonyl stretch for the carboxylic
acid group. For the smaller alkali cations, Bush et al. assign the
predominant structure as [N,CO,CO] with additional con-
tributions from [CO,CO] and possibly [COOH,CO] as the
metal gets larger. For Cs+(Gln), the authors rule out
contributions from zwitterionic structures (their calculated
ground state at the B3LYP level and the 0 K MP2 ground state,
Table 3) and attribute the observed spectrum to [COOH,CO]
and [N,CO,CO] (their MP2 ground state at 298 K) structures.

Experimental and Theoretical Results for M+(Asp). At
0 K, all levels of theory used here indicate that the aspartic acid
complexes have a tridentate binding pattern, [N,CO,CO],
Table 3. At 298 K, this remains the ground state for Rb+(Asp)
and for both M06 and MP2(full) calculations for Cs+(Asp), but
the B3LYP results indicate that the Cs+(Asp) [COOHs]
conformer lies 0.3 kJ/mol lower in energy. The [COOH,CO]
structure is low-lying, 2−7 kJ/mol above the ground state, with
all other conformers lying >9 kJ/mol higher at the M06 and
MP2(full) levels, Table S3. These higher-lying conformers
include two zwitterionic structures, [CO2

− ]ctgtt and
[CO2

− ]cgttt, and their charge solvated analogues,
[COOH]ctgtt and [COOH]cgttt. B3LYP results suggest that
two [CO,CO] conformers and the [COOH]ctgtt conformer
are also low-lying, 5−9 (2−4) kJ/mol above the ground state

Table 2. Relative Free Energies (kJ/mol) at 0 K for Low-
Energy Structures of Asp, Asn, Glu, and Gln Calculated at
the Indicated Levels of Theorya

6-311+G(2d,2p)b def2-TZVPPDc

structure B3LYP B3P86 MP2(full) B3LYP M06 MP2(full)

Asp
ctttt (N1) 0.0 0.0 1.4 0.0 0.7 1.6
ctgtt (N2) 2.0 1.7 0.0 1.6 0.0 0.0
tgtcc (N3) 3.6 3.4 4.3 3.6 7.0 4.4
tcgtt (N4) 4.5 7.5 0.4 4.4 1.8 1.4
Asn
ctgg (N1) 0.0 0.0 0.0 0.0 0.0 0.0
cttt (N2) 2.2 3.2 7.6 2.3 4.1 8.2
cggt (N3) 3.1d 4.9d 9.5d 3.0 6.4 10.1
cgtg (N4) 4.0d 5.1d 8.7d 4.2 7.4 8.8
Glu
ctggtt (N1) 0.7 0.0 1.3 1.1 0.0 0.0
cgtgtt (N2) 0.9 0.6 3.5 1.0 1.1 2.2
tgtgtt (N3) 0.3 4.0 0.0 0.1 0.1 0.3
tgtttt (N4) 0.0 5.0 2.7 0.0 1.5 2.9
Gln
ctggt (N1) 0.0 0.0 2.5 0.0 0.7 2.2
cgtgt (N2) 1.8 1.8 6.5 1.4 3.5 6.5
cg+ggg (N3) 2.1 2.5 0.0 2.0 0.0 0.0
cg−ggg (N4) 3.8 4.8 1.9 2.8 3.7 2.9

aGround state conformers in bold. bValues from ref 22. cThis work.
dValues for the N3 and N4 conformers of Asn were inadvertently
switched in ref 22.
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for Rb+ (Cs+). It is notable that our B3LYP results do not
parallel those from O’Brien et al. for Cs+(Asp), performed at
the B3LYP/CRENBL/6-31++G(d,p) level of theory.26 They
found a ground state of [COOH,CO] with [COOHs] lying
only 2 (2) kJ/mol higher at 0 (298) K and [N,CO,CO] lying
7 (10) kJ/mol higher. The [CO,CO]ctg+g+t and [CO2

− ]ctgtt
conformers were also located by O’Brien et al. but lie 11 (18)
and 11 (14) kJ/mol above the ground state. Neither the
[CO,CO]ctg−g−t nor the [COOH]ctgtt, [CO2

− ]cgttt, and
[COOH]cgttt conformers, were located by O’Brien et al., even
though the former lies below the [CO,CO]ctg+g+t conformer
that they did describe.
IRMPD studies of Cs+(Asp) were concluded by O’Brien et

al.26 to be most consistent with the [COOH,CO] structure,
with contributions from [CO,CO]ctg+g+t and [N,CO,CO]
being possible. The [COOHs] structure is inconsistent with the
observed spectrum. These assignments are nicely consistent
with the present M06 and MP2(full) relative energetics but are
inconsistent with the B3LYP and previous calculations that find
the [COOHs] structure to be low-lying. In light of the present
results, a re-examination of the spectrum shows three strong
bands at ∼1150, 1400, and 1780 cm−1. The [COOHs] structure
exhibits a medium intensity band at ∼1500 cm−1 that is
inconsistent with experiment (in agreement with the
conclusions of O’Brien et al.).26 Both [N,CO,CO] and
[COOH,CO] structures exhibit similar bands (previous and
present calculations yield very similar IR spectra), but the band

at 1780 cm−1 is too broad in the [COOH,CO] spectrum, and
the observed intensity of the 1400 cm−1 band lies in between
that of the two predicted spectra. Interestingly, the average of
the [N,CO,CO] and [COOH,CO] spectra yields a result in
good agreement with the observed spectrum in positions,
shapes, and relative intensities of all bands, as shown in Figure
S2. This suggests that the relative energies of these two
conformers are similar with other conformers not contributing
appreciably, a result most consistent with the present MP2(full)
results where an equilibrium distribution at 298 K would have
66% [N,CO,CO], 27% [COOH,CO], and <7% of all other
conformations.
In the analysis of the TCID data, results were interpreted

assuming the [N,CO,CO] ground state for Rb+(Asp) and both
[N,CO,CO] and [COOH,CO] conformers for Cs+(Asp),
Table 1. The thresholds obtained for the latter differ by only
0.005 eV, Table S1, in concert with very similar ΔS†1000 values.
If the Cs+(Asp) [COOHs] B3LYP ground conformer is
assumed, the threshold obtained shifts down by 0.04 eV,
Table 1, but the ΔS†1000 value is much lower than for the other
two conformers. As there is no evidence for this species in the
IRMPD spectra, this species is presumed not to contribute.
Dissociations to both the N1 and N2 conformers of Asp were
checked and differed from one another by less than 0.01 eV for
both metal cations, with N1 having the larger ΔS†1000 value.
Likewise, interpretation assuming dissociation to the N3 and
N4 conformers of Asp yields thresholds and ΔS†1000 values

Figure 3. Low-energy structures of Cs+(AA) calculated at the B3LYP/def2-TZVPPD level. Relative free energies at 298 K in kJ/mol calculated at the
B3LYP, M06, and MP2(full) (top to bottom) levels of theory using the def2-TZVPPD basis sets are shown.
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similar to N2 and N1, respectively, such that the shifts in
thresholds are less than the computed excitation energies in all
cases. Overall, our final BDEs are taken from the
[N,CO,CO]/N1 analyses of the data.

Experimental and Theoretical Results for M+(Asn).
The present def2-TZVPPD results indicate that the Rb+(Asn)
complex has a [N,CO,CO] structure at both 0 and 298 K, with
the [COOH,CO] conformer being low-lying and all other

Table 3. Relative Free Energies (kJ/mol) at 0 (298) K for Low-Energy Structures of Rubidium and Cesium-Cation Bound Asp,
Asn, Glu, and Glna

relative energies (kJ/mol)b

structure B3LYP M06 MP2(full) literature

M+(Asp) B3LYP/CRENBLc

[N,CO,CO]tggtt 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)
0.0 (0.3) 0.0 (0.0) 0.0 (0.0) 7 (10)

[COOH,CO]ctgtt 5.9 (4.8) 7.2 (6.0) 6.4 (5.2)
2.2 (1.7) 4.7 (4.0) 2.9 (2.2) 0 (0)

[COOHs]tgtcc 9.0 (5.2) 22.0 (18.3) 21.4 (17.6)
4.2 (0.0) 20.2 (15.8) 16.3 (11.9) 2 (2)

M+(Asn) B3P86/def2d

[N,CO,CO]tggt 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 2.4 (2.3)
0.6 (0.3) 0.0 (0.0) 0.7 (0.4) 6.9 (6.3)

[COOH,CO]ctgt 2.7 (2.7) 4.8 (4.8) 2.3 (2.3) 0.0 (0.0)
0.0 (0.0) 2.8 (3.2) 0.0 (0.0) 0.0 (0.0)

M+(Glu) B3LYP/CRENBLc

[N,CO,CO]tggg+g−t 3.0 (5.0) 0.0 (0.0) 0.0 (0.0)
5.6 (11.0) 0.0 (0.5) 1.2 (1.4) 13 (12)

[COOH,CO]cgggtt 2.6 (5.0) 1.3 (1.7) 0.2 (0.7)
3.3 (8.5) 0.1 (0.4) 0.0 (0.0)

[CO,CO]cgggtt 1.6 (2.0) 2.7 (1.1) 3.5 (1.9)
2.3 (5.6) 1.6 (0.0) 2.3 (0.4) 1 (4)

[CO,CO]cgtgtt 0.0 (0.0) 4.3 (2.3) 8.0 (6.0)
1.0 (3.7) 4.2 (2.0) 7.7 (5.2)

[COOH,CO]ctccgt 14.4 (17.4) 13.2 (14.2) 8.4 (9.4)
14.6 (20.2) 11.0 (11.7) 7.4 (7.8) 9 (12)

[CO2
−]cgtgtt 0.2 (1.9) 11.6 (11.4) 8.5 (8.3)

0.7 (5.1) 12.5 (12.0) 9.7 (8.9) 0 (0)
[CO2

−]ctggtt 0.5 (2.0) 14.5 (14.1) 12.2 (11.8)
0.0 (4.8) 10.1 (10.0) 5.7 (5.3)

[COOHs]tgtgcc 2.2 (2.2) 14.6 (12.5) 14.3 (12.3)
0.5 (0.0) 13.2 (7.8) 13.1 (7.4)

[COOHs]ttggcc 14.3 (13.2) 24.9 (21.9) 24.3 (21.3)
12.2 (13.0) 23.3 (19.1) 22.9 (18.5) 10 (11)

M+(Gln) B3LYP/MP2/CRENBLe

[COOH,CO]cgg+g−t 5.0 (5.0) 0.0 (1.8) 0.0 (0.3) 6.8 (6.6)/3.2 (3.1)
6.5 (5.7) 0.0 (0.1) 0.0 (0.0) 6.0 (2.2)/5.2 (5.3)

[N,CO,CO]tcggg 8.8 (10.3) 1.2 (4.5) 0.9 (2.7) 11.6 (10.3)/6.7 (5.4)
11.9 (12.3) 2.0 (3.3) 2.3 (3.5) 8.7 (3.8)/1.0 (0.0)

[CO,CO]cgggt 4.3 (3.7) 0.9 (2.1) 1.8 (1.5)
5.7 (4.4) 0.7 (0.3) 0.9 (0.4)

[COOH,CO]cgg−g+t 6.6 (3.4) 1.4 (0.0) 2.9 (0.0)
13.9 (14.4)f 1.0 (2.4)f 3.0 (4.3)f

[CO,CO]cgtgt 1.5 (0.05) 1.2 (1.6) 5.4 (4.3)
3.2 (0.5) 1.7 (0.0) 5.4 (3.5)

[CO2
−]ctggt 0.0 (0.0) 9.1 (10.9) 6.0 (6.3) 0.0 (0.0)/0.0 (0.0)

0.0 (0.0) 8.3 (9.3) 3.3 (4.1) 0.0 (0.0)/0.0 (3.9)
[CO,CO]cgggg 6.9 (5.9) 6.2 (7.0) 8.2 (7.5) 9.5 (8.3)/3.5 (2.4)

8.7 (6.8) 6.8 (5.8) 7.8 (6.8) 19.0 (15.3)/16.2 (16.3)
[CO2

−]cgtgt 0.4 (0.6) 11.9 (13.9) 9.8 (10.3)
0.7 (0.2) 10.7 (11.1) 7.0 (7.3)

aUpper and lower values correspond to Rb+ and Cs+, respectively. Ground-state conformers in bold. bRelative free energies at 0 (298) K determined
at the indicated level of theory with the def2-TZVPPD basis set using the associated B3LYP/def2-TZVPPD geometry. cB3LYP/CRENBL/6-31+
+G(d,p) results from ref 26. dB3P86/HW*/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) values from ref 24. e(B3LYP/MP2)/CRENBL/6-311+
+G(2d,2p)//B3LYP/6-31++G(d,p) free energies at 0 (298) K from ref 25. fCollapses to [CO,CO]cgggt at the B3LYP level. Values shown
correspond to geometries calculated at the M06 level.
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structures >11 kJ/mol higher in energy, Table S3. These results
parallel those previously obtained using several different basis
sets, with the only exception being B3P86 calculations (using
any basis set),24 as shown in Tables 3 and S3. For Cs+(Asn),
M06 retains the [N,CO,CO] ground state, but [COOH,CO]
becomes the ground structure for B3LYP and MP2(full)
calculations with [N,CO,CO] lying within 1 kJ/mol at both 0
and 298 K. Again this parallels previous calculations, with the
B3P86 difference in energy being much greater than other
levels of theory. In general, the present results stabilize the
[N,CO,CO] conformer by 2−3 kJ/mol compared to the
previous calculations, which used the HW*/6-311+G(2d,2p)
basis set.
IRMPD spectra of M+(Asn) are available for all five alkali

metal cation complexes. The results are most consistent with
[N,CO,CO] structures for all alkali metal cations. Contribu-
tions from [COOH,CO] cannot be ruled out for Rb+(Asn) and
Cs+(Asn) but are not needed to explain the IRMPD spectra.24

As for the present results, this conclusion is consistent with the
calculations for Rb+(Asn) (except for B3P86), which clearly
establish [N,CO,CO] as the ground structure. In contrast, all
levels of theory previously used identify [COOH,CO] as the
ground structure of Cs+(Asn) with [N,CO,CO] being very low-
lying, consistent with the present results for B3LYP and
MP2(full) calculations, Table 3. Interestingly, M06 finds that
[N,CO,CO] is the ground-state structure for both Rb+(Asn)
and Cs+(Asn), consistent with the IRMPD observations. Thus,
the present theoretical results point to the M06 calculations as
perhaps providing the best description of the relative energetics
for M+(Asn) complexes. Notably, the use of the large
def2-TZVPPD basis set stabilizes the [N,CO,CO] conformer
relative to the [COOH,CO] conformer, in agreement with the
spectral results.
In the analysis of the TCID data, results were interpreted

assuming the [N,CO,CO] ground state for Rb+(Asn) and both
[N,CO,CO] and [COOH,CO] conformers for Cs+(Asn),
Tables 1 and S1. The thresholds obtained for the latter differ
by only 0.005 eV. We also checked whether dissociation to
conformers of Asn other than the N1 ground state would
influence the results. For all three excited conformers, the
thresholds increase slightly, with N2 having the largest
thresholds (1.46 and 1.22 eV for Rb+ and Cs+, respectively)
and ΔS†1000 (44 and 41 J/mol K) values; however, the shifts in
thresholds are less than the computed excitation energies in all
but one case. For B3LYP calculations, N2 lies 2.3 kJ/mol above
N1 and the threshold shift for Rb+(Asn) is 2.8 kJ/mol, such
that the difference in thresholds would be only 0.5 kJ/mol.
Thus, our final bond energies can be taken from the
[N,CO,CO]/N1 analyses of the TCID data.
Experimental and Theoretical Results for M+(Glu). At

the M06 and MP2(full) levels of theory, Rb+(Glu) is predicted
to have the [N,CO,CO]tggg+g−t tridentate structure at both 0
and 298 K, with the [COOH,CO]cgggtt and [CO,CO]cgggtt
structures being low-lying, within 4 kJ/mol, Table 3. For
Cs+(Glu), these three structures remain low in energy with
[COOH,CO]cgggtt favored by MP2(full) at both 0 and 298 K,
and M06 changing from [N,CO,CO]tggg+g−t at 0 K to
[CO,CO]cgggtt at 298 K. All three structures of Cs+(Glu) lie
within 2.3 kJ/mol of one another, with two alternate
conformations [N,CO,CO]tggg−g+t and [CO,CO]cgtgtt lying
3−8 kJ/mol above the ground state. In contrast, B3LYP results
indicate that Rb+(Glu) has the [CO,CO]cgtgtt structure at 0
and 298 K with two zwitterionic conformers, [CO2

− ]cgtgtt and

[CO2
− ]ctggtt, as well as [CO,CO]cgggtt and [COOHs]tgtgcc

lying within ∼2 kJ/mol. For Cs+(Glu), [CO2
− ]ctggtt and

[COOHs]tgtgcc are the 0 and 298 K ground structures,
respectively. The B3LYP results in Table 3 are similar to the
c o m p u t a t i o n s o f O ’ B r i e n e t a l . a t t h e
B3LYP/CRENBL/6-31++G(d,p) level,26 although the present
calculations put the [N,CO,CO]tggg+g−t conformer about 7
kJ/mol lower in relative energy and the [COOH,CO]ctccgt
conformer about 5 kJ/mol higher. Notably, these authors
identified only the [N,CO,CO]tggg+g−t, [CO,CO]cgggtt,
[COOH,CO]ctccgt, [CO2

− ]cgtgtt, and [COOHs]ttggcc con-
formers, thereby missing several important low-energy
structures, including the [COOH,CO]cgggtt structure, the
MP2 ground state.
In their IRMPD spectra of Cs+(Glu), O’Brien et al. find a

spectrum similar to that of Cs+(Asp) with major peaks at
∼1150, 1400, and 1750 cm−1.26 The spectrum is inconsistent
with both zwitterionic [CO2

− ] (their calculated ground state)
and [COOHs] complexes and most closely resembled their
calculated spectrum for [CO,CO]cgggtt. They concluded that
this structure along with [N,CO,CO]tggg+g−t and
[COOH,CO]ctccgt were likely to contribute to the observed
spectrum. The fact that the experimental spectrum is
inconsistent with [CO2

− ] and [COOHs] structures demon-
strates that the present B3LYP calculations do not adequately
represent the relative energies of the Cs+(Glu) complexes.
However, the M06 and MP2(full) calculations indicate that the
[N,CO,CO]tggg+g−t and [COOH,CO]cgggtt structures, where
the latter was not located by O’Brien et al., are the ground state
(the former for M06 at 0 K and the latter for MP2) or lie within
1.5 kJ/mol of the ground state, with [CO,CO]cgggtt being the
ground state (M06 at 298 K) or lying within 2.3 kJ/mol of the
ground state. Importantly, the calculated spectrum of this
[COOH,CO]cgggtt structure shows intense bands at the same
positions observed experimentally, Figure 4. This is in contrast
with the [COOH,CO]ctccgt structure found by O’Brien et
al.,24 which has no strong band at 1150 cm−1. Thus, we
conclude with the same statement as O’Brien et al. that all three
structures probably contribute to the observed spectrum,
recognizing now that the [COOH,CO]cgggtt conformer is
the form actually populated. Thus, the present M06 and
MP2(full) calculations seem to predict the relative energies of
these conformations well. Indeed, a superposition of the
calculated spectra for these three structures reproduces the
experimental spectrum reasonably well in terms of position,
relative magnitudes, and shapes, Figure 4. (Such a super-
position is in approximate agreement with an equilibrium
distribution of these three conformers at 298 K calculated using
the M06(MP2(full)) energetics: 32 (31)% [CO,CO]cgggtt,
27 (36)% [COOH,CO]cgggtt, 26 (21)% [N,CO,CO]tggggt,
14 (4)% [CO,CO]cgtgtt, and <1 (8)% all other conformers.)
In our analysis of the M+(Glu) TCID data, variations

associated with the different low-energy conformers of
M+(Glu) change the threshold energies by <0.02 eV for Rb+

and by <0.003 eV for Cs+, consistent with similar ΔS†1000
values, Table S1. For dissociation to conformers of Glu other
than N1, the M06 and MP2 ground state, dissociation to N2
has a negligible effect on the threshold. For the B3LYP ground
state, N3, the thresholds shift to higher energies by 0.031 and
0.020 eV for Rb+(Glu) and Cs+(Glu), respectively. Likewise,
N4, which lies within 0.3 kJ/mol of the ground state at all three
levels of theory, yields threshold energies lying 0.041 and 0.026
eV higher, respectively. In the latter two cases, the ΔS†1000
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values increase substantially from 40 (N1) to 58 (N3) and 63
(N4) J/K·mol for Rb+(Glu) and from 35 to 54 and 58 J/K·mol

for Cs+(Glu). Hence, dissociation will be dominated by the
latter pathways (as demonstrated by an explicit examination of
the rates of dissociation) and an average of these values is used
as our best values, that is, our final bond energies are taken
from the [N,CO,CO]/N3−N4 threshold energies.

Experimental and Theoretical Results for M+(Gln). At
the B3LYP level of theory, the zwitterionic [CO2

− ] complexes
are the lowest energy structures at both 0 and 298 K, with the
ctggt and cgtgt conformers lying within 1 kJ/mol of one
another, Table 3. The B3LYP results in Table 3 are similar to
t h e c o m p u t a t i o n s o f B u s h e t a l . a t t h e
B3LYP/CRENBL/6-311++G(2d,2p)//B3LYP/6-31++G(d,p)
level.25 Notably they elucidated only one member of each type
of binding site and therefore did not consider alternative
[CO,CO], [COOH,CO], [N,CO,CO], [COOH], [CO2

− ],
and [CO2

−,CO] conformers included in Tables 3 and S3. They
also performed MP2/CRENBL/6-311++G(2d,2p)//B3LYP/6-
31++G(d,p) calculations, Table 3, which again identify the
zwitterion as the ground structure, in contrast to the present
MP2 results. We identify several additional low-energy
conformations, most notably the [CO,CO]cgggt geometry
lying within 1 kJ/mol of the ground state, and the
[COOH,CO]cgg+g−t structure is now the ground state (or
near ground state) at both 0 and 298 K. Notably, the previous
MP2 calculations do find an increased stability of the
[N,CO,CO] and [COOH,CO] structures compared to the
B3LYP calculations.
Bush et al. measured the IRMPD spectra of Li+(Gln),

Na+(Gln), K+(Gln), and Cs+(Gln), with the tridentate
[N,CO,CO] conformer being the dominant contributor to
the complexes of the three smaller metal cations, along with
contributions from [CO,CO] and possibly [COOH,CO] for
Na+(Gln) and K+(Gln).25 For Cs+(Gln), the latter structures
probably dominate with smaller contributions from the
[N,CO,CO] structure, the presence of which is confirmed by

Figure 4. Comparison of the experimental IRMPD action spectrum
for Cs+(Glu)26 (gray line, all panels) with IR spectra for three low-
lying conformations predicted at the B3LYP/def2-TZVPPD level of
theory and their average (bottom panel).

Table 4. Experimental and Theoretical Rubidium and Cesium Cation Bond Dissociation Energies to Asp, Glu, Asn, and Gln at 0
K (kJ/mol)

complex expta B3LYPb M06b MP2(full)b

Rb+(Asp) 126.1 ± 6.8 119.9 (120.2) 130.8 (131.0) 126.8 (146.3)
Cs+(Asp) 108.9 ± 6.7 104.8 (105.0) 120.4 (120.7) 116.7 (129.0)
Rb+(Glu) 134.2 ± 7.7 121.9 (122.2) 135.0 (135.0) 131.1 (150.9)

125.0 (125.1)c

Cs+(Glu) 112.6 ± 6.5 109.9 (110.0)c 123.8 (124.2) 120.6 (133.0)
108.9 (109.1)d 123.6 (124.1)d 121.8 (134.2)d

112.2 (112.4)e

Rb+(Asn) 138.4 ± 7.1 133.4 (133.8) 143.6 (143.8) 136.8 (157.2)
Cs+(Asn) 115.3 ± 6.9 117.8 (118.0) 132.7 (133.4) 126.2 (139.4)

118.2 (118.6)d 130.0 (130.5)d 127.6 (140.1)d

Rb+(Gln) 144.2 ± 9.2 137.6 (137.8)d 146.1 (146.3)d 142.2 (162.7)d

142.6 (142.8)e

Cs+(Gln) 128.1 ± 8.5 123.1 (123.3)d 135.3 (135.7)d 132.1 (145.4)d

126.5 (126.6)c

129.5 (129.8)e

MAD(Rb)f 6.7 (6.5) 3.2 (3.3) 1.9 (18.6)
MAD(Cs)f 2.7 (2.7) 11.8 (12.3) 8.0 (20.8)
MAD(all)f 4.7 (4.6) 7.5 (7.8) 4.9 (19.7)

aPresent experimental values from Tables 1 and S1 as detailed in the text. Uncertainties are one standard deviation. bCalculations performed at the
stated level of theory using the def2-TZVPPD basis set on all atoms with geometries and vibrational frequencies calculated at the
B3LYP/def2-TZVPPD level. All values counterpoise corrected with uncorrected values in parentheses. Values correspond to the [N,CO,CO]
conformer, except as noted. c[COOH,CO] conformer. d[CO,CO] conformer. e[CO2

− ] conformer. fMean absolute deviation from the underlined
or unique experimental values.
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characteristic bands at about 1100 and 1150 cm−1. In
agreement with the observed spectrum, the [COOH,CO]
structure inverts the intensities of the two carbonyl stretch
peaks compared with other structures, consistent with this
species being a dominant contributor to the experimental
spectrum (see Figure S3). This assignment agrees nicely with
the present M06 and MP2 calculations, which place these three
structures within 3.5 kJ/mol of the ground state, either
[COOH,CO]cgg+g−t, [COOH,CO]cgg−g+t, or [CO,CO]cgtgt.
Calculated spectra for the two [COOH,CO] and two
[CO,CO] structures are similar, although [CO,CO]cgtgt is
broader and less intense at the band near 1380 cm−1. A
superposition of the calculated spectra for [COOH,CO]-
cgg+g−t, [CO,CO]cgtgt, and [N,CO,CO]tcggg reproduces the
experimental spectrum with reasonable accuracy, Figure S3.
(Such a superposition is in approximate agreement with an
equilibrium distribution of these three conformers at 298 K
calculated using the M06(MP2(full)) energetics: 27 (35)%
[COOH,CO]cgg+g−t, 28 (9)% [CO,CO]cgtgt, 24 (30)%
[CO,CO]cgggt, 7 (9)% [N,CO,CO]tcggg, 10 (6)%
[COOH,CO]cgg−g+t, and <4 (11)% all other conformers.)
None of the experimental spectra, including that for Cs+(Gln),
are consistent with zwitterionic [CO2

− ] or [COOHs]
structures, which demonstrates that B3LYP calculations do
not accurately represent the Cs+(Gln) relative energies.
Analyses of the M+(Gln) TCID data show variations in the

threshold energies as different conformers of M+(Gln) are
assumed, with changes of <0.06 eV for Rb+ and <0.03 eV for
Cs+, consistent with similar ΔS†1000 values. For dissociation to
conformers of Gln other than N1 (the B3LYP ground state),
dissociation to N3 (the M06 and MP2 ground state) has a
larger kinetic shift by 0.05 − 0.07 eV with a ΔS†1000 value lower
by 18 J/(mol K). Dissociation to N2 behaves similarly to N1,
and that to N4 is comparable to dissociation to N3. In this
system, the dissociation kinetics should be dominated by the
channel with the largest ΔS†1000 value and the lowest energy,
N1. On the basis of the IRMPD results, our final bond energies
for both Rb+(Gln) and Cs+(Gln) are taken as an average of the
[COOH,CO]/N1 (two structures), [CO,CO]/N1 (two
structures), and [N,CO,CO]/N1 analyses of the data. The
use of this average leads to slightly larger experimental
uncertainties in the final bond energies than those determined
for the other systems.

■ DISCUSSION
Our final experimental BDEs for the eight complexes
investigated here are provided in Table 4. We also convert
these 0 K BDEs to 298 K bond enthalpies and free energies of
dissociation, as listed in Table S6 of the Supporting
Information. Notably, these conversions depend on the specific
conformers involved, so multiple values are provided.
Comparison of Theoretical and Experimental Bond

Dissociation Energies. Table 4 compares the experimental
and theoretical BDEs for the Rb+(AA) and Cs+(AA) complexes,
where AA = Asp, Glu, Asn, and Gln. For M06 and MP2(full)
values, the BDEs of the most stable conformers are shown in all
cases, whereas in the case of the B3LYP values, the most stable
conformers include zwitterionic structures (Glu and Gln),
which IRMPD results demonstrate are not present. Thus,
B3LYP results used for comparison correspond to the most
strongly bound species that has a confirmed population. For
rubidium and cesium, experiments indicate that the relative
BDEs increase in the order Asp < Glu < Asn < Gln, in

agreement with theory. The predicted range between the Asp
and Gln experimental BDEs is 18 kJ/mol for Rb+, compared to
theoretical ranges at the B3LYP, M06, and MP2(full) levels of
18, 15, and 15 kJ/mol, respectively. For Cs+, the experimental
range is 19 kJ/mol compared to 22, 15, and 15 kJ/mol,
respectively. M06 results are systematically high compared to
experiment, whereas B3LYP is systematically lower than
experiment except for Cs+(Asn), which is only 2.5 kJ/mol
above experiment. (This trend remains true even if the more
strongly bound zwitterionic species are considered, except that
the computed BDE for Cs+(Gln) [CO2

− ] is 1.4 kJ/mol above
experiment.) MP2(full) yields results both above and below
experiment with values for Rb+ complexes being slightly low
and those for Cs+ complexes being high. These trends for the
MP2(full) values are shown in Figure 5, with comparable
results for the B3LYP and M06 levels of theory shown in Figure
S4 of the Supporting Information. The lowest overall mean
absolute deviation (MAD) between experiment and theory is
similar for B3LYP and MP2(full) calculations at about
5 kJ/mol, whereas that for M06 is 7.5 kJ/mol. These deviations
are comparable to the experimental uncertainties. MADs for
theoretical values without counterpoise corrections are virtually
the same as those with counterpoise for the two DFT
approaches, whereas the counterpoise corrections are clearly
needed for the MP2(full) approach as the MAD without them
increases to 20 kJ/mol, with all theoretical values being
systematically high.
It is worth noting that MP2(full) calculations reproduce the

Rb+ values particularly well (MAD = 2 kJ/mol), whereas
B3LYP reproduces the Cs+ values better (MAD = 3 kJ/mol)
than the other two approaches. These results parallel those
obtained in our previous studies of other Rb+(AA) and
Cs+(AA) BDEs, where AA = Gly, Pro, Ser, Thr, Cys, Met, Phe,
Tyr, Trp, and His.13,14,17,19,20 For these 10 amino acids, the
MADs for the Rb+ complexes are 5 ± 3, 6 ± 3, and
4 ± 3 kJ/mol at the B3LYP, M06, and MP2(full) levels,
respectively, and 5 ± 4, 8 ± 4, and 8 ± 4 kJ/mol, respectively,
for the Cs+ complexes. Overall, for both metal cations and all
14 amino acids, the MADs are 5 ± 3, 7 ± 4, and 6 ± 4 kJ/mol,
respectively.
Figure 5 illustrates the overall agreement between experi-

ment and the MP2(full)/def2-TZVPPD results for the present

Figure 5. Experimental 0 K bond dissociation energies (in kJ/mol) for
M+(Asp), M+(Glu), M+(Asn), and M+(Gln) for M+ = Rb+ (solid
symbols) and Cs+ (open symbols) plotted vs MP2(full)/def2-
TZVPPD//B3LYP/def2-TZVPPD theoretical values for the calculated
ground-state species. The diagonal line shows perfect agreement.
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systems. It can be seen that these results are nearly within
experimental error for most values and the same is true for
B3LYP results, Figure S4. The M06 level of theory is similar to
the MP2(full) results except being systematically higher by
4.3 ± 1.6 kJ/mol. All levels of theory correctly predict the
relative values among these four amino acids for a particular
metal cation.
Trends in Bond Energies: Metal Cation Identity and

Side-Chain Substituent Effects. The functional groups of
amino acids solvate the charge of metal cations by electrostatic
forces, including ion induced-dipole, ion-quadrupole, and ion-
dipole forces. Experimental results for the M+(AA) BDEs,
where M+ = Rb+ and Cs+ and AA = Asp, Glu, Asn, and Gln
(Table 4), are smaller than the values for the analogous
complexes with M+ = Na+ and K+,22,23 as shown in Figure 6, as
is also true for all other AAs.13,14,17−21 Because the radii of the
metal cations increases from Na+ to Cs+ (0.98, 1.33, 1.49, and
1.69 Å, respectively80), the bond distances necessarily increase
leading to reduced electrostatic interactions, approximately
linearly as the inverse of the ionic radius. (Note that such a
dependence could imply a long-range Coulombic potential;
however, the true interactions must be combinations of ion-
dipole (r−2), ion-quadrupole (r−3), and ion-induced dipole
(r−4) forces along with complex chelation effects that alter these
long-range forces at the shorter bond distances associated with
these complexes. Accordingly, plots of the BDEs versus r−2 and
r−4 are no longer linear.) The lines shown in Figure 6 are linear
regression fits (constrained to pass through the origin) for the
Gly, Asp, and Gln data. Similar fits to the Glu and Asn data lie
in between those for Asp and Gln. Slopes for the Gly, Asp, Glu,
Asn, and Gln complexes are 158 ± 6, 191 ± 8, 197 ± 8,
204 ± 7, and 212 ± 6 Å kJ/mol, respectively. The trends are
nicely systematic in that the K+(AA), Rb+(AA), and Cs+(AA)
BDEs for these four amino acids are 76 ± 1%, 66 ± 2%, and 57
± 2% of the Na+(AA) BDEs, with average differences of
50 ± 3 kJ/mol between Na+(AA) and K+(AA), 19 ± 2 kJ/mol
between K+(AA) and Rb+(AA), and 20 ± 3 kJ/mol between
Rb+(AA) and Cs+(AA).
Trends in Bond Energies: Effects of Polarizability and

Polar Side Chains on Rb+(AA) and Cs+(AA). Figure 6 also
illustrates the effect of the side chain on the M+(AA) BDEs

studied here. Clearly, the longer side chains of Glu and Gln
bind more strongly than the shorter side chains of Asp and Asn,
respectively, an effect that is largely attributable to the increased
polarizability of the longer side chain. The present experimental
studies determine that the longer chain length of Glx compared
to Asx increases the Rb+ and Cs+ binding affinities by
8 ± 4 kJ/mol, comparable to the predictions of theory:
5 ± 3 (B3LYP), 3 ± 1 (M06), and 5 ± 1 (MP2) kJ/mol. These
increases are somewhat greater than those observed for the
comparable complexes of Na+ and K+, where systematic
increases of 4 ± 1 and 5 ± 1 kJ/mol were observed.22,23 It is
also apparent from Figure 6 that the amide side chains of Asn
and Gln bind more tightly than the acidic acid side chains of
Asp and Glu for all four metal cations. Previously, the increases
for the Na+ and K+ complexes were measured as 14 ± 1 and
9 ± 1 kJ/mol, respectively,22,23 whereas here Rb+ and Cs+ bind
to the amides more strongly than the acids by 11 ± 2 and
11 ± 6 kJ/mol, respectively. Clearly, the effect is nearly the
same for all four metal cations. Previously, this has been
explained by an inductive effect of the hydroxyl group of the
carboxylic acid side chain, which removes electron density from
the carbonyl binding site compared to the amide group of the
carboxamide side chain.22,23

As noted above, we have previously found a correlation
between the polarizabilities of the amino acids Gly, Met, Phe,
Tyr, and Trp and their BDEs to Na+ and K+.9,21 This
correlation then allows a more accurate assessment of the
enhanced binding derived from more polar side chains for these
two metal cations.16,20,22,23 For Na+ and K+, it was found that
Ser, Thr, Asp, Asn, Glu, Gln, and His all showed enhanced
binding compared to values predicted from the polarizability
correlation. BDEs to Ser, Thr, Asn, Gln, and His form series
that parallel those for the aliphatic amino acids. For these
amino acids, the average enhancement is approximately 28 and
24 kJ/mol for Na+ and K+, respectively.18,20 Asp and Glu form a
separate series in between the polar and aliphatic series
(enhancements of about 15 kJ/mol for both Na+ and K+),
consistent with the reduced binding resulting from the
inductive effect of the hydroxyl group.
We recently established this same correlation for both Rb+

and Cs+ with these amino acids, as shown in Figure 7.19 Using
this as a baseline for the influence of polarizability on the BDEs,
the influence of polar side chains can now be quantitatively
examined. (All isotropic molecular polarizabilities used here
were calculated at the PBE0/6-311+G(2d,2p) level of theory
using the B3LYP/6-311G(d,p) optimized geometries of the
neutral amino acid in the metal cationized complexes. This level
of theory has been shown to provide polarizabilities that are in
good agreement with measured values.81) Figure 7 shows that
the polar side chains of Ser, Thr, Asp, Asn, Glu, Gln, and His
also lead to enhanced binding to Rb+ and Cs+, although the
different side chains behave somewhat differently compared to
the lighter metal cations. For Rb+, Ser and Thr show an
enhancement of only 5−7 kJ/mol,13,14 with Asp, Glu, and His
showing an average enhancement of ∼15 kJ/mol,20 and Asn
and Gln are higher than the polarizability trend by ∼24 kJ/mol.
For Cs+, Ser and Thr lie ∼7 kJ/mol above the trend line,13,14

with Asp, Glu, and His forming a consistent series lying
10 kJ/mol above the polarizability trend,20 and Asn and Gln are
higher still, by 15 and 24 kJ/mol, respectively. Thus, the
enhancement for the shortest polar side chains (only two atoms
long) of Ser and Thr change as a function of the metal,
dropping from 28 to 24 to 10 to 7 kJ/mol in going from Na+ to

Figure 6. Experimental 0 K bond dissociation energies (in kJ/mol) for
M+(Gly) (blue diamonds), M+(Asp) (red circles), M+(Glu) (magenta
triangles), M+(Asn) (green inverted triangles), and M+(Gln) (blue
circles) for M+ = Na+, K+, Rb+, and Cs+ are plotted vs the inverse metal
cation radius (in Å−1). The lines are linear regression fits to the
M+(Gly), M+(Asp), and M+(Gln) data constrained to pass through the
origin.
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K+ to Rb+ to Cs+. Such a decrease is presumably a consequence
of both the larger metal cation radius and the fact that the larger
cations cannot take advantage of binding in a tridentate
conformation as well as the smaller cations, as previously
demonstrated elsewhere.13,14 In contrast, for Gln with a side
chain length of four atoms, the enhancement is largely
independent of the metal, being 24 − 28 kJ/mol for all four
metal cations, suggesting that the longer side chain allows
better tridentate binding for the strongly binding carbonyl
group of the carboxamide. For Asp, Glu, and His, with three,
four, and three atom side chain lengths, the enhancements drop
from 28 (Na+) to 24 (K+) to 15 (Rb+) and 15 (Cs+) kJ/mol,
again consistent with better tridentate binding than the short
side chain AAs. However, binding is less effective than with Gln
because the side chain moieties of Asp, Glu, and His do not
bind as tightly as the carboxamide. Asn, with the same but
shorter side chain group than Gln, shows a trend of 28 (Na+),
24 (K+), 24 (Rb+), and 15 (Cs+) kJ/mol, intermediate between
the strong effect of Gln and the weaker effects of Asp, Glu, and
His.

■ CONCLUSIONS
The kinetic energy dependences of the collision-induced
dissociation of Rb+(AA) and Cs+(AA), where AA = Asp, Glu,
Asn, and Gln, with Xe are examined in a guided ion beam
tandem mass spectrometer. Loss of the intact amino acid from
the complex is the only dissociation pathway observed in all
eight systems. Detailed modeling of the experimental cross
sections yields BDEs for Rb+−AA and Cs+−AA at 0 K and

values at 298 K are calculated using the computed molecular
parameters for the ground-state conformations. The energy
thresholds for binding to the amino acids follow the order of
M+(Asp) < M+(Glu) < M+(Asn) < M+(Gln), in agreement with
quantum chemical calculations. When the def2-TZVPPD basis
set is used, B3LYP, M06, and MP2(full) approaches including
zero point energy corrections and counterpoise corrections for
basis set superposition errors generally agree well with our
experimental values, Table 4. M06 values tend to be high, with
MP2 providing particularly good agreement for the Rb+(AA)
complexes and B3LYP for the Cs+(AA) complexes, similar to
previous work.19

As expected, the binding energies for these four amino acids
to Na+, K+, Rb+, and Cs+ decrease as the metal cation increases
in size, Figure 6. When compared with previous work that
establishes a baseline correlation between M+−AA BDEs and
the polarizability of the amino acid,19 the present work
demonstrates that the carboxylic acid and carboxamide side
chains enhance the binding, as previously found for the smaller
alkali metal cations.22,23 The average enhancement for Gln is
found to be fairly uniform for all four alkali metal cations,
whereas Asp, Glu, and Asn exhibit a modest decline as the
metal cation gets larger. This is attributed to differences
associated with the side chain length along with the difficulty
that the larger rubidium and cesium cations cannot take full
advantage of binding in a tridentate conformation, as
demonstrated previously.13,14 Overall, the trends elucidated in
these studies provide a powerful means of ascertaining the
effects of individual side chain functional groups on their
binding affinities to metal cations, which should prove useful in
quantitatively assessing alkali metal cation−protein interactions
as well as those that occur in even more complex biological
systems.
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Figure 7. Experimental 0 K bond dissociation energies (in kJ/mol) for
M+(Gly), M+(Met), M+(Phe), M+(Tyr), and M+(Trp) (in blue) and
M+(Ser), M+(Thr), M+(Asp), M+(Asn), M+(Glu), M+(Gln), and
M+(His) (in red) for M+ = Rb+ (a) and Cs+ (b) are plotted vs the
calculated polarizability volume of the amino acid (in Å3). Lines (blue)
through the aliphatic amino acids are linear regression fits to the data
for each metal cation. Lines (red) through the polar amino acids have
the same slope but are displaced upward by 13 and 24 (Rb+) and 8 and
22 (Cs+) kJ/mol.
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