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bstract

Absolute bond dissociation energies of water to sodium proline cations and proline to hydrated sodium cations are determined experimentally
y collision-induced dissociation of Na+Pro(H2O)x, where x = 1–4, complexes with xenon in a guided ion beam mass spectrometer. Experimental
esults show that the binding energies of water and proline to the complexes decrease monotonically with increasing number of water molecules.

b initio calculations at three different levels show reasonable agreement with the experimental bond energies of water and proline for x = 1–4

xcept the theoretical values are higher for losing proline from x = 3 and 4. The primary binding site for Na+ is at the C terminus of proline for
= 0–4, i.e., the solvated sodiated proline complexes are in their zwitterionic forms. Calculations suggest that the first solvent shell of Na+Pro is
ssentially complete at four waters.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Alkali metals are known to play an important role in bio-
ogical systems, including modulating enzyme activity [1]. The
tructures of biological macromolecules in solution are stabi-
ized by their interactions with water and their counter ions,
uch as Na+ and K+ [2,3]. The overall thermodynamic outcome
f all the multitude of interactions potentially can be understood
y careful examination of the intrinsic interactions on a pair-
ise basis. Gas-phase studies provide a means to quantitatively

ssess these interactions in systems small enough for meaningful
omparisons to theory.

The binding affinities of alkali metal cations with amino
cids, small peptides, and their analogues have been studied
xtensively in the past decade both experimentally and theo-
etically [4–16]. These interactions are mainly electrostatic and
herefore the strength decreases with increasing size of the alkali

etal ion [17]. The binding affinity between them can also be
trengthened by chelation with amino acids and peptide side

hains [18]. However, much less work exists for interactions
f these biological systems when solvated with water. William’s
roup investigated the hydration of metalated valine using black-

∗ Corresponding author. Tel.: +1 801 581 7885; fax: +1 801 581 8433.
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m
i

b
fi
a
a

387-3806/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2006.05.008
iation energies; Solvation energies

ody infrared radiative dissociation (BIRD). They find that the
nteraction between water and metalated valine also decreases
ith the size of the alkali metal ion. They reported first and

econd water room temperature binding energies of 85 and
8–61 kJ/mol to Li+Val, 66 and 52 kJ/mol to Na+Val, and a sec-
nd water binding energy of 31 kJ/mol to K+Val systems, respec-
ively [19–22]. In our laboratory, threshold collision-induced
issociation (TCID) experiments were used to determine the
onotonic decrease of water binding energies (75, 55, 40,

2 kJ/mol) with increasing number of water molecules for the
a+Gly(H2O)x system, x = 1–4 [23]. Because valine and glycine

re both aliphatic or hydrophobic amino acids, they behave sim-
larly in the gas phase when ionized by a sodium ion, leading
o comparable water binding energies. The sodium ion favors
N,CO] coordination to nonzwitterionic valine and glycine, but
hanges to CO coordination when hydrated by two or more water
olecules [4,19,21,23]. The hydrated sodium valine and glycine

ystems calculations show that their lowest energy structures
till favor charge solvated structure up to three and four water
olecules, respectively, whereas a zwitterionic form is favored

n aqueous solution.
Recently, systems involving proline have drawn attention
ecause of its unique structure containing a structurally rigid
ve-member ring that hinders torsional motions and a secondary
mine group that makes it more basic than most other amino
cids. Thus experiments and calculations show that sodium

mailto:armentrout@chem.utah.edu
dx.doi.org/10.1016/j.ijms.2006.05.008
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ation binds to the carboxylate acid group of zwitterionic proline
11,12,15,24]. Williams and co-workers recently investigated
he hydration of sodiated proline analogues [25]. They deter-

ined the first water binding energy to sodiated �-Me–Pro at
98 K to be 48 kJ/mol and concluded that the sodiated singly
ydrated proline is also zwitterionic because the proton affinity
f proline is 8 kJ/mol higher than that of �-Me–Pro. Their calcu-
ations show the water binds directly to the metal ion and makes
o difference to the Na+ (amino acid) structure. In the present
tudies, the absolute bond dissociation energies (BDEs) of water
o sodium proline cation and proline to hydrated sodium cations
re measured using competitive TCID methods. Complemen-
ary structural information about these systems is obtained by
heoretical studies.

. Experimental and computational section

.1. General experimental procedures

The instrument used to measure the cross-sections for TCID
f the hydrated sodium proline complexes is a guided ion beam
andem mass spectrometer (GIBMS), which has been described
reviously in detail [26,27]. Briefly, the instrument comprises
ve parts: ion source, momentum analyzer, collision region
urrounding an octopole ion beam guide, quadrupole mass fil-
er, and detector. Sodium ions are generated in the ion source
sing a continuous dc discharge where the cathode is a tanta-
um boat filled with sodium metal. Typical operating conditions
f the discharge are 1.6–2.2 kV and 15–25 mA. The sodium
ations produced are carried by a flow of buffer gas (∼10% Ar
n He) through a 1 m long flow tube at a rate of 4000–9000
tandard cm3/min, usually at a pressure of 0.4–0.9 Torr. At
0 cm downstream from the discharge, the neutral proline lig-
nd is introduced using a temperature controllable heated probe
145–180 ◦C). Water is then introduced about 50 cm from the
ischarge. The complex ions of interest are formed via three-
ody associative reactions of Na+ with the proline and water
igands in the flow of He/Ar. The complex ions are thermalized
o 300 K (the temperature of the flow tube) both vibrationally
nd rotationally by undergoing ∼105 collisions with the buffer
ases in the 1 m long flow tube [28–31]. Therefore, the rovi-
rational internal energies of all complex ions when exiting the
ow tube can be described by a Maxwell–Boltzmann distribu-

ion at 300 K. After exiting the flow tube, the ionic complexes
re focused through two differentially pumped regions, accel-
rated, and focused into a 66◦ magnetic momentum analyzer
hat acts as a mass selector. The resulting mass-selected ion
eam, Na+Pro(H2O)x, x = 1–4, is decelerated using an exponen-
ial retarder to a well-defined and variable kinetic energy and
njected into a radio frequency double octopole ion beam guide
egion [27,32–34]. The neutral reactant (here, Xe) is introduced
nto a gas collision cell that surrounds the octopole. All unre-
cted complex ions as well as product ions formed by reactions

ith the neutral gas are trapped by the octopole in the radial
irection. After drifting to the end of the octopole, all ions are
xtracted and focused into a quadrupole mass filter for mass
nalysis. Ions are efficiently detected with a 27 kV conversion

σ
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ynode-secondary electron scintillation detector interfaced with
ast pulse counting electronics [35].

Ions intensities, measured as a function of collision energy,
re converted to absolute cross-sections as described previ-
usly [32]. The absolute uncertainties in cross-section magni-
udes are estimated to be ±20% and the relative uncertainties
re approximately ±5%. Laboratory (lab) energies are con-
erted to center-of-mass (CM) energies using the equation
CM = Elab × M/(M + m), where M and m are the neutral and

on masses, respectively. All energies cited below are in the CM
rame unless otherwise noted. The absolute energy scale and the
orresponding full width at half-maximum (FWHM) of the ion
eam kinetic energy distribution are determined by using the
ctopole as a retarding energy analyzer [32]. The energy spread
s nearly Gaussian and has a typical FWHM of 0.2–0.4 eV (lab)
n the present experiments.

It has been shown previously that the pressure of the neutral
eactant can influence the shape of TCID cross-sections because
f the effects of multiple collisions [36]. At sufficiently low pres-
ure, the cross-sections are independent of the measured pressure
32]. In the present systems, we observe a slight dependence on
e pressure for the cross-section of the first dissociation prod-
ct and an obvious dependence for the secondary and higher
roducts. We attribute this to multiple energizing collisions that
ead to an enhanced probability of dissociation. In order to obtain
ata free from pressure effects (i.e., at rigorously single collision
onditions), we generally collect data at about 0.15, 0.08, and
.04 mTorr, and the cross-sections are extrapolated to zero reac-
ant pressure prior to threshold analysis, as described previously
36].

.2. Dissociation threshold analysis

To determine threshold energies for endothermic reactions,
ross-sections are modeled using Eq. (1),

(E) = σ0

∑
i

gi(E + Ei − E0)n

E
(1)

here σ0 is an adjustable parameter that is energy independent,
another adjustable parameter that describes the energy depo-

ition efficiency during collision [27], E is the relative kinetic
nergy, E0 represents the CID threshold energy at 0 K, and the
ummation is over the rovibrational states I of the reactant ion
aving energies, Ei, and relative populations gi, where

∑
gi = 1.

ibrational frequencies and rotational constants are taken from
he ab initio calculations detailed in the next section. The
eyer–Swinehart algorithm [37] is used to evaluate the density
f the rovibrational states and the relative populations gi are cal-
ulated for a Maxwell–Boltzmann distribution at 300 K. In the
resent studies, two parallel dissociation channels compete with
ne another such that we use a variant of Eq. (1) that considers
ompetitive CID, Eq. (2) as described in detail elsewhere [38].
j(E) =
(nσ0,j

E

) ∑
gi

∫ E

E0,j−Ei

[
kj(E∗)

ktot(E∗)

]
{1 − e−ktot(E∗)τ}

× (E − ε)n−1 d(ε) (2)
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ere σ0,j is a scaling factor for channel j, E0,j the CID threshold
t 0 K for channel j, τ the experimental time for dissociation
∼5 × 10−4 s in the extended dual octopole configuration
s measured by time-of-flight studies [27]), ε the energy
ransferred from translation during the collision and E* is
he internal energy of the energized molecule (EM) after the
ollision, i.e., E* = ε + Ei. The term kj(E*) is the unimolecular
ate constant for dissociation to channel j. This rate constant
nd ktot(E*) are defined by Rice–Ramsperger–Kassel–Marcus
RRKM) theory as in Eq. (3) [39],

tot(E
∗) =

∑
j

kj(E∗) =
∑

j

djN
†
j (E∗ − E0,j)

hρ(E∗)
(3)

here dj is the reaction degeneracy, N
†
j (E ∗ −E0,j) the sum

f rovibrational states of the transition state (TS) for channel
at an energy E* − E0,j, and ρ(E*) is the density of states of

he energized molecule (EM) at the available energy, E*. In the
imit that k(E*) is faster than the time-of-flight of the ions, the
ntegration in Eq. (2) recovers Eq. (1).

Several effects that obscure the interpretation of the data
ust be accounted for during data analysis in order to produce

ccurate thermodynamic information. The first effect involves
nergy broadening resulting from the thermal motion of the
eutral collision gas and the kinetic energy distribution of the
eactant ion. This is accounted for by explicitly convoluting
he model over both kinetic energy distributions, as described
lsewhere in detail [32]. The second effect arises from the
ifetime for dissociation. As the size of reactant molecules
ncreases, so do the number of vibrational modes of the reac-
ant ion and thus the time for energy randomization into the
eaction coordinate after collision. At a certain point, some
nergized molecules may not dissociate during the time scale
f the experiment [31]. This leads to a delayed onset for the
ID threshold, a kinetic shift, which becomes more notice-
ble as the size of the molecule increases. These kinetic shifts
re estimated by the incorporation of RRKM theory in Eq.
2), as described in detail elsewhere [40]. To evaluate the rate
onstants in Eq. (2), sets of rovibrational frequencies for the
M and all TSs are required. Because the metal–ligand inter-
ctions in Na+Pro(H2O)x are mainly electrostatic (ion–dipole,
on–quadrupole, and ion-induced dipole interactions), the most
ppropriate model for the TS is a loose association of the ion
nd neutral ligand fragments. Therefore, the TSs are treated
s product-like, such that the TS frequencies are those of the
issociation products. The molecular parameters needed for
he RRKM calculation are taken from the ab initio calcula-
ions detailed in the next section. The transitional frequencies
re treated as rotors, a treatment that corresponds to a phase
pace limit (PSL), as described in detail elsewhere [38]. For
a+Pro(H2O)x complexes, the five transitional mode rotors have

otational constants equal to those of the Na+Pro(H2O)x−1 and

2O products or Na+(H2O)x and proline products. The 2D exter-
al rotations are treated adiabatically but with centrifugal effects
ncluded [41]. In the present work, the adiabatic 2D rotational
nergy is treated using a statistical distribution with an explicit

G
t
s
a
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ummation over all the possible values of the rotational quantum
umber.

The model cross-section of Eq. (2) is convoluted with the
inetic energy distribution of the reactants and compared to the
ata. A nonlinear least-squares analysis is used to provide opti-
ized values for σ0,j, E0,j, and n. The uncertainty associated with
0,j is estimated from the range of threshold values determined

rom different data sets with variations in vibrational frequen-
ies (±10% and a factor of 2 for the M+–L modes) and in the
arameter n, variations in τ by a factor of 2, and the uncertainty
n the absolute energy scale, 0.05 eV (lab).

In deriving the final optimized BDEs at 0 K, two assumptions
re made. First, we assume that there is no activation barrier in
xcess of the reaction endothermicity for the loss of ligands,
hich is generally true for ion–molecule reactions, especially

hose such as the heterolytic bond cleavages considered here
42]. Second, the measured threshold E0,j for dissociation is
rom ground state reactant to ground state ion products and neu-
ral ligands. Given the relatively long experimental time frame
∼5 × 10−4 s), dissociating products should be able to rearrange
o their low energy conformations after collisional excitation.

.3. Computational details

The systems we examine here have many low-lying confor-
ations. A simulated annealing procedure using the AMBER

rogram and the AMBER forcefield based on molecular
echanics [43] was used to search for possible stable structures

n each system’s conformational space. All possible structures
dentified in this way were further optimized using nwchem
44] at the HF/3-21G level [45,46]. Unique structures for each
ystem that are within about 30 kJ/mol of the lowest energy
tructure (about 30 for each complex) were further optimized
sing Gaussian 03W [47] at the B3LYP/6-31G* level [48,49]
ith the “loose” keyword to facilitate more rapid convergence.
he 10–15 lowest energy structures obtained from this procedure
ere then chosen for higher-level geometry optimizations and

requency calculations using density functional theory (DFT)
t the B3LYP/6-311 + G** level [50,51]. When used in internal
nergy determinations or for RRKM calculations, the vibrational
requencies were scaled by 0.99 [52]. We have shown in previ-
us work on the related Na+Gly(H2O)x systems that MP2(full)
nd B3LYP calculations using the same 6-31G** basis set gave
lmost identical structural and energy information [23]. There-
ore, MP2(full)/6-311 + G** geometry optimizations were not
erformed for the present systems. Single point energy calcu-
ations were carried out for the lowest 6–15 of these optimized
tructures at the B3LYP, B3P86, and MP2(full) levels using the
–311 + G(2d,2p) basis set [50]. Zero-point vibrational energy
ZPE) corrections were determined using scaled vibrational fre-
uencies calculated at the B3LYP/6-311 + G** level. Basis set
uperposition errors (BSSE) for all single point energy calcu-
ations were estimated using the full counterpoise method in

aussian 03W [47,53]. Previous work [4,23,54,55] has indicated

hat BSSE corrections on alkali metal systems are generally
mall for DFT calculations and we find this to be true here
s well. Both B3LYP and B3P86 calculations have BSSE cor-
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Fig. 1. Zero pressure extrapolated cross-section for CID of Na+Pro(H2O) with
Xe as a function of kinetic energy in the center-of-mass and laboratory frame.
The solid lines show the model cross-section convoluted over the neutral and ion
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Fig. 3. Zero pressure extrapolated cross-section for CID of Na+Pro(H2O)3 with
Xe as a function of kinetic energy in the center-of-mass and laboratory frame.
The solid lines show the model cross-section convoluted over the neutral and ion
k
i
e

N
r

N

m
w

inetic and internal energies. The dashed lines show the model cross-sections
n the absence of experimental energy broadening for reactants with an internal
nergy of 0 K.

ections less than 5 kJ/mol whereas the MP2(full) values have
SSEs of 6–20 kJ/mol depending on the size of the molecule.

. Results

.1. Cross-sections for collision-induced dissociation
Experimental cross-sections were obtained for the interac-
ion of Xe with Na+Pro(H2O)x, x = 1–4. Figs. 1–4 show rep-
esentative data for CID of these complexes. Over the energy
anges examined, the dominant dissociation process for all

ig. 2. Zero pressure extrapolated cross-section for CID of Na+Pro(H2O)2 with
e as a function of kinetic energy in the center-of-mass and laboratory frame.
he solid lines show the model cross-section convoluted over the neutral and ion
inetic and internal energies. The dashed lines show the model cross-sections
n the absence of experimental energy broadening for reactants with an internal
nergy of 0 K.

m
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inetic and internal energies. The dashed lines show the model cross-sections
n the absence of experimental energy broadening for reactants with an internal
nergy of 0 K.

a+Pro(H2O)x complexes is the loss of one water molecule in
eaction (4).

a+Pro(H2O)x + Xe → Na+Pro(H2O)x−1 + H2O + Xe (4)

The magnitudes of the cross-sections for losing one water
olecule from Na+Pro(H2O)x increase from x = 1 to x = 3,
hereas for x = 4, the cross-section is relatively small, which

ay indicate a different water binding pattern compared to
= 1–3. The primary cross-sections rise rapidly at low energy,

evel off, then generally decline at higher energies because of
urther dissociation of the primary product, as indicated by sub-

ig. 4. Zero pressure extrapolated cross-section for CID of Na+Pro(H2O)4 with
e as a function of kinetic energy in the center-of-mass and laboratory frame.
he solid lines show the model cross-section convoluted over the neutral and ion
inetic and internal energies. The dashed lines show the model cross-sections
n the absence of experimental energy broadening for reactants with an internal
nergy of 0 K.
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Table 1
Fitting parameters for Eq. (2) and entropies of activation at 1000 Ka

Reactant Ionic product σ0 n E0 (eV) �S
‡
1000 (J/mol K)

Na+Prob Na+ 15 (4) 1.40 (0.1) 1.93 (0.04) 30 (5)

Na+Pro(H2O)

Na+Proc 68 (28) 0.64 (0.11) 0.68 (0.05) −9 (1)
Na+(H2O)c 12 (4) 1.38 (0.09) 26 (1)
Na+Prod 84 (30) 0.82 (0.10) 0.64 (0.05) −9 (1)
Na+(H2O)d 2 (1) 2.14 (0.14) 1.97 (0.17) 24 (2)

Na+Pro(H2O)2

Na+Pro(H2O)c 99 (3) 1.00 (0.03) 0.46 (0.05) 39 (1)
Na+(H2O)2

c 27 (6) 0.99 (0.07) 75 (2)
Na+Pro(H2O)d 100 (2) 1.03 (0.04) 0.45 (0.06) 40 (1)
Na+(H2O)2

d 3 (1) 2.76 (0.12) 1.78 (0.09) 73 (2)

Na+Pro(H2O)3

Na+Pro(H2O)2
c 101 (14) 0.96 (0.07) 0.31 (0.04) 5(1)e, −1(1)f, 31 (1)g

Na+(H2O)3
c 101 (14) 0.85 (0.05) 78(2)e, 71(2)f, 103(2)g

Na+Pro(H2O)2
d 116 (7) 0.96 (0.02) 0.32 (0.04) 5(1)e, −1(1)f, 31 (1)g

Na+(H2O)3
d 10 (2) 1.62 (0.23) 1.62 (0.12) 77(2)e, 70(2)f, 100(2)g

Na+Pro(H2O)4 Na+Pro(H2O)3 24 (8) 0.88 (0.19) 0.21 (0.06) 32 (2)

a Uncertainties are listed in parentheses.
b From Moison and Armentrout [24].
c Competitive fitting.
d Single channel fitting.
e Values obtained using 3W[bNH, bO−]-ZW[CO]-C3u structure parameters. The listed σ0, n, and E0 values also utilize this structure, although the alternate

structures yield nearly identical values.

s
y
t
f
c

o
a

N

t
t
t
t
s
9
N
t
o

3

m
c
a
f
l
w

a
t
a
s
m
N
v
t
F
(
o
t
e
T
i
N

w
σ

d
y
n
b
o
f
e
s

f Values correspond to those from 3W[bO−]-ZW[CO]-C3u.
g Values correspond to those from 3W[bO−,bOH2]-ZW[CO]-C3u.

equent losses of water molecules to form Na+Pro(H2O)x−y,
= 2 and 3. The absolute intensities of the ion beams were found

o decrease with increasing solvation such that our sensitivity
or CID of Na+Pro(H2O)4 is rather poor, leading to the noisier
ross-sections in Fig. 4.

In addition to reaction (4), loss of the proline ligand is
bserved in the competitive reaction (5) at higher energies in
ll cases except x = 4, where our sensitivity is reduced.

a+Pro(H2O)x + Xe → Na+(H2O)x + Pro + Xe (5)

The Na+(H2O)x cross-sections are much smaller than
hose of the Na+Pro(H2O)x−1 products and have apparent
hresholds that are more than 1 eV higher. This indicates
hat the interaction between proline and Na+ is stronger
han that of H2O and Na+, consistent with previous mea-
urements, D0(Na+–Pro) = 186 ± 4 kJ/mol and D0(Na+–H2O) =
8 ± 8 kJ/mol [24,56]. Loss of water molecules from the
a+(H2O)x products were also found for x = 1–3. In no sys-

em was a ligand exchange process forming a Xe containing ion
bserved.

.2. Threshold analysis and results

We have shown previously [24,38,57] that the best measure-
ents of the thresholds for competitive dissociation processes

ome from the simultaneous analysis of the cross-sections. The

pparent threshold for the higher energy process is elevated
rom its thermodynamic value because of competition with the
ower energy channel. In the present Na+Pro(H2O)x systems,
e carried out both simultaneous analysis and single channel

r
m

n

nalysis on these competitive processes with x = 1–3 for fur-
her comparison. The competitive model of Eq. (2) was used to
nalyze the competitive processes 4 and 5 for Na+Pro(H2O)x

ystems with x = 1–3 and the single channel cross-sections were
odeled using Eq. (2) with only one channel (kj = ktot). For
a+Pro(H2O)4, the weak ion intensity did not permit obser-
ation of the competitive channel, Na+(H2O)4, therefore only
he cross-section for losing water in process 4 was modeled.
igs. 1–4 show that all experimental cross-sections for reactions
4) and (5) are reproduced well by Eq. (2) over energy ranges
f 1–3 eV. Eq. (2) with only one channel is able to reproduce
he individual cross-sections for processes 4 and 5 over similar
nergy ranges with comparable fits to those shown in Figs. 1–4.
he optimized parameters of Eq. (2) in both cases are reported

n Table 1 along with results from previous work on CID of the
a+Pro complex [24].
In previous studies of competitive dissociations [23,38,57],

e found that independent scaling factors (different values of
0,j for each channel) are sometimes needed in order to repro-
uce the experimental data when using the competitive anal-
sis. The use of independent scaling factors compensates for
eglected factors, such as reaction degeneracies, symmetry num-
ers of the reactant and product molecules, dipole moments
f neutral products, and inaccurate estimations of metal–ligand
requencies, although all of these factors are included in the mod-
ling to the best of our ability to estimate them. In the present
tudy, independent scaling factors were used for x = 1 and 2 with

elative σ0,j values of 5.7 and 3.7, respectively, whereas a com-
on scaling factor could be used for x = 3 (Table 1).
The threshold values for losing water are almost unchanged

o matter which method (competitive modeling or single chan-



S.J. Ye et al. / International Journal of Mas

F
D

n
v
v
l
c
v
i
o
t
w
i
u

v
u
P
E
w
b
c
t
r
t
t

v
A
w
e
c
b
t
v
t
x
a
l
a
t
c
t
t
c
t
c
l
r
b
t
w
v
N

b
p
t
a
i
N
f
F
m
m
t
e

T
S

R

N
N
N
N

ig. 5. Sequential hydration energies (kJ/mol) of Na+ and Na+(Pro)

0(Na+–Pro) is taken from [24]. D0[(H2O)x Na+–H2O] values are from [55].

el modeling) is used, as indicated in Table 1. However, the
alues for losing proline obtained using these two methods are
ery different from each other. For example, the E0 value for
osing proline from the Na+Pro(H2O) complex using the single
hannel fitting method is even larger than the experimental E0
alue for losing proline from Na+Pro [24]. This result clearly
ndicates that the E0 values for the higher energy process 5
btained by single channel modeling are elevated from their
hermodynamic values because of the neglect of competition
ith the lower energy channel. Therefore, the E0 values for los-

ng proline obtained by single channel fitting can be treated as
pper limits to the true thresholds.

For the competitive modeling results, the accuracy of the
alues can be checked by comparing to values obtained
sing a thermodynamic cycle, namely: E0[Na+Pro(H2O)x →
ro + Na+(H2O)x] = E0[Na+Pro(H2O)x → Na+Pro + xH2O] +
0[Na+Pro → Pro + Na+] − E0[Na+(H2O)x → Na+ + xH2O]
here the three E0 values on the right of the equation have
een independently measured either here or elsewhere [56]. This
ycle is illustrated in Fig. 5, where starting with any complex on

he left, the energy required to lose proline equals the energy of
emoving all the waters, then proline from Na+Pro, then adding
he waters back to bare Na+. The results from these calcula-
ions are listed in Table 2 and compared with the threshold

e
e
b
w

able 2
ummary of E0 (kJ/mol) for losing proline from Na+Pro(H2O)x

eactant Single channel fita Competitive fitb

a+Pro(H2O) 190 (17) 133 (9)
a+Pro(H2O)2 172 (9) 95 (7)
a+Pro(H2O)3 156 (12) 82 (5)
a+Pro(H2O)4 – –

a Values from single channel modeling from Table 1.
b Values from competitive modeling from Table 1.
c Using D0(Na+–Pro) as the reference value.
d Using D0(Na+(H2O)3–Pro) as the reference value.
e Weighted average of cycle 1 and cycle 2. Uncertainties are two standard deviation
s Spectrometry 253 (2006) 288–304 293

alues obtained by competitive and single channel modeling.
s concluded above, the single channel threshold values are
ell in excess of the thermodynamic cycle values with differ-

nces that gradually increase as x increases. In contrast, the
ompetitive fitting thresholds for x = 1 and 2 are found to lie
elow the thermodynamic cycle values by 24 kJ/mol (close to
he sum of the uncertainties in the two values), whereas the
alues for x = 3 are in reasonable agreement. As noted above,
he competitive modeling results for losing proline from the
= 1 and 2 complexes required relative scaling factors of ∼5.7
nd 3.7, respectively, whereas the x = 3 complex could be ana-
yzed using a common scaling factor. If a common scaling factor
nd thresholds obtained from the thermodynamic cycle are used
o predict the results for x = 1 and 2, the predicted Na+(H2O)x

ross-sections are smaller than the experimental results by fac-
ors of about 30. Thus, the competitive fit lowers the thresholds
o increase the relative magnitude of these cross-sections. We
an think of no statistical factors to include in our modeling
hat might be used to enhance the probability of the proline loss
hannel. Indeed, one might have anticipated that because the
owest energy channel for losing proline from these complexes
equires changing from a zwitterionic structure (see discussion
elow) to neutral proline, reaction (5) would be less efficient
han a statistical prediction. Likewise, if collection efficiency
ere a problem, the lighter Na+(H2O)x ions (which have larger
elocities at the same energy) should be harder to collect than
a+Pro(H2O)x−1.
Another indication that a statistical approach may not

e adequate for the Na+Pro(H2O) and Na+Pro(H2O)2 com-
lexes is the Na+ cross-sections. For Na+Pro(H2O), Fig. 1,
he experimental cross-section for Na+ is about twice as big
s that of Na+(H2O), which indicates that the Na+ primar-
ly comes from the primary Na+Pro product ion. Likewise for
a+Pro(H2O)2, Fig. 2, the Na+ cross-section exceeds those

or Na+(H2O) and Na+(H2O)2, whereas for Na+Pro(H2O)3,
ig. 3, the Na+ cross-section is the smallest of all products. Ulti-
ately, we believe that the statistical competitive fitting model
ay begin to fail when the threshold difference between the

wo channels is too large. In such circumstances, the higher
nergy channel may not start until energies where dynamic

ffects begin to become important. Thus, competitive mod-
ling worked well for Na+Gly(H2O)x because the Na+Gly
ond energy is weaker than that of Na+Pro [23,24], and may
ork well for Na+Pro(H2O)3 because the bond to proline

Cycle 1c Cycle 2d Averagee

157 (10) 160 (12) 158 (15)
119 (13) 122 (9) 121 (15)
79 (15) 82 (5) 82 (10)
44 (17) 47 (10) 46 (17)

s of the mean.
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as been weakened sufficiently by the addition of three water
olecules.
On the basis of the good agreement between the

a+(H2O)3–Pro bond energies obtained by competitive
tting and the thermodynamic cycle anchored by D0(Na+–Pro),

he former value can also be used as a reference value
n a second thermodynamic cycle: E0[Na+Pro(H2O)x →
a+(H2O)x + Pro] = E0[Na+Pro(H2O)x → Na+Pro(H2O)3 +

x − 3)H2O] + E0[Na+Pro(H2O)3 → Na+(H2O)3 + Pro] −
0[Na+(H2O)x → Na+(H2O)3 + (x − 3)H2O]. These values
long with the weighted average of the Na+(H2O)x–Pro bond
nergies obtained from the two thermodynamic cycles (where
he uncertainties listed are two standard deviations of the mean)
re reported in Table 2. These values are our best determinations
f this thermochemistry and used throughout the remainder
f the paper along with bond energies for water loss taken
rom the competitive E0 results. These values are the ones
ndicated in Fig. 5. The reliability of the final derived BDEs
an be tested by examining the many thermodynamics cycles
ontained in Fig. 5. One finds that for any cycle (loss of proline
rom Na+Pro(H2O)x followed by sequential loss of 1–4 water
olecules versus sequential loss of these water molecules

ollowed by loss of proline) the deviations are between 0 and
kJ/mol, well below the uncertainties involved. In all cases,

hese comparisons confirm that the BDEs recommended in the
resent study are self-consistent and compatible with previous
ork in our lab [24,56].
The experimental results in Table 1 were obtained using

olecular parameters for the ground state structures calculated
t the B3LYP/6-311 + G** level in all cases (see next section).

e checked whether using different molecular structures for the
a+Pro(H2O)x complexes, x = 1–4 (especially for x = 3 where

here are three structures predicted to be the ground state struc-
ure by different theoretical methods), changed any of the fitting

l
s
r
(

ig. 6. Optimized structures of Na+Pro(H2O) calculated at the B3LYP/6-311 + G**

ingle point energy calculations including zero point energies are indicated.
s Spectrometry 253 (2006) 288–304

arameters. In all cases, values for σ0,j, n, and E0,j were nearly
nchanged. The only factors that did change appreciably were
ntropies of activation, �S‡, which characterize the looseness
f the transition states involved. Thus, for the x = 1 and 2 com-
lexes, the analysis presented in Table 1 uses the ground state
somers identified below, however, for x = 3, the data were ana-
yzed using all three possible ground state structures (and their
ssociated vibrational and rotational constants) and the resul-
ant �S‡ values listed. For all complexes, the �S‡ values for
osing water range from −9 to about 40 J/(mol K). The �S‡
alues for losing proline increase from around 25–30 J/(mol K)
or x = 0 and 1 to 70–100 J/(mol K) for x = 2 and 3. No mat-
er what molecular parameters we use, the entropy of activa-
ion for water loss is much smaller, by 30–70 J/(mol K), than
or proline loss, which reflects the constraints on the torsional
otions of proline when complexed to the sodium ion. For

he x = 3 complex, two of the possible structures yield small
S‡ values for H2O loss (similar to x = 1), implying the struc-

ure of the transition state is more similar to the reactant ion
han the product (a relatively tight transition state), whereas
he third structure gives a much larger �S‡ value for losing
ater that is more similar to x = 2 and 4. If the trends are mono-

onic, which need not be the case, this may indicate that the
W[bO−,bOH2]-ZW[CO]-C3u structure is the dominant one
xperimentally.

.3. Theoretical results

As described above, 6–10 of the lowest energy structures
f Na+Pro(H2O)x were optimized at the B3LYP/6-311 + G**
evel of theory. Among these, pairs of structures that involve
lightly different puckering in the five-member pyrrolidine
ing of proline (detailed below) show little energy difference
∼1–5 kJ/mol), such that we only discuss and show the lower

level of theory. Relative energies in kJ/mol from MP2(full)/6-311 + G(2d,2p)
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ig. 7. Optimized structures of Na+Pro(H2O)2 calculated at the B3LYP/6-311
ingle point energy calculations including zero point energies are indicated.

nergy conformer of each pair. The optimized structures of
hese lower energy conformers are displayed in Figs. 6–9. The
ingle point energy values including 0 point energy (ZPE) cor-
ections calculated at three different levels of theory relative
o the lowest energy isomer are given in Table 3. All relative
nergies mentioned below are determined at the MP2(full)/6-

**
11 + G(2d,2p)//B3LYP/6-311 + G level if not otherwise spec-
fied.

To identify the structures of the complex, we start with the
omenclature established previously for Na+Pro [24]. Briefly,

u
t
t
a

ig. 8. Optimized structures of Na+Pro(H2O)3 calculated at the B3LYP/6-311 + G**

ingle point energy calculations including zero point energies are indicated.
level of theory. Relative energies in kJ/mol from MP2(full)/6-311 + G(2d,2p)

or neutral proline, the � carbon is labeled as C1 with the
emaining carbon atoms along the ring towards the nitrogen atom
abeled as C2–4. All possible puckerings of the five member ring
eads to structures in which carbon C3 is out of the plane of the
ve-member ring [24]. We use a C3u (short for C3-up) to desig-
ate when C3 is cis relative to the COOH or COO− group. We

se C3d (short for C3-down) to label when these groups are trans
o one another. The zwitterion is designated as ZW and nonzwit-
erionic structures as My (where y refers to a specific structure
s first designated by Jensen [6]). The notation in brackets after

level of theory. Relative energies in kJ/mol from MP2(full)/6-311 + G(2d,2p)



296 S.J. Ye et al. / International Journal of Mass Spectrometry 253 (2006) 288–304

F + G**

s

t
W
a
c

T
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t

ig. 9. Optimized structures of Na+Pro(H2O)4 calculated at the B3LYP/6-311
ingle point energy calculations including zero point energies are indicated.
hese describes the sodium-binding site for each isomer. The x
before ZW or My indicates the number of water molecules

ttached to Na+Pro, and the notation in brackets after x W indi-
ates the water binding site unless the water molecule simply

b
t
p
t

able 3
elative energy of Na+Pro(H2O)x in kJ/mola

ame Structure

a+Pro(H2O)

1W-ZW[CO2
−]-C3u

1W[bO−]-ZW[CO]-C3u
1W-M1[N,CO]-C3d
1W-M3[CO,OH]-C3u
1W[NH]-ZW[CO2

−]-C3u
1W[bOH]-M6[CO]-C3u

a+Pro(H2O)2

2W[bO−]-ZW[CO]-C3u
2W[bCO]-ZW[CO2

−]-C3u
2W[bCO]-ZW[O−]-C3u
2W[bOH]-M6[CO]-C3u
2W[NH]-ZW[CO2

−]-C3u
2W-M1[N,CO]-C3d

a+Pro(H2O)3

3W[NH, bO−]-ZW[CO]-C3u
3W[bO−]-ZW[CO]-C3u
3W[bO−,bOH2]-ZW[CO]-C3u
3W[bO−,bCO]-ZW[CO]-C3u
3W[NH,bCO]-ZW[CO2

−]-C3u
3W[bOH]-M6[CO]-C3u
3W-M1[N,CO]-C3d

a+Pro(H2O)4

4W[NH,bO−,bOH2]-ZW[CO]-C3u
4W[bO−,b(OH2)2]-ZW[CO]-C3u
4W[NH,(bOH2)2,bCO]-ZW[CO2

−]-C3d
4W[NH,bCO,bOH2]-ZW[O−]-C3u
4W[bO−,bOH2,bOH2]-ZW[CO]-C3u
4W[bOH,b(OH2)2]-M6[CO]-C3u

a Structures optimized at the B3LYP/6-311 + G** level and all single point energie
heory. Zero point energies are included in all values.
level of theory. Relative energies in kJ/mol from MP2(full)/6-311 + G(2d,2p)
inds to the sodium ion through the oxygen atom. Several impor-
ant geometric parameters for the Na+Pro(H2O)x complexes are
rovided in Table 4. For comparison purposes, we optimized the
hree lowest energy structures of Na+Pro at the same levels of

Theory

B3LYP B3P86 MP2(full)

0 0 0
5.1 2.6 4.2

15.9 18.0 17.3
20.2 16.6 19.5
23.1 19.5 19.0
23.5 19.2 22.2

0 0 0
4.6 5.9 2.1
8.5 9.3 8.8

13.3 11.9 13.1
13.7 12.6 11.1
21.6 25.2 19.3

0 0 0.8
0 3.0 0.1
0.4 2.1 0
0.4 2.8 4.4
7.6 7.7 4.4
8.0 10.3 8.3

25.1 31.4 19.6

0 0 0
2.7 3.5 1.9
6.4 5.4 1.0
7.2 5.9 6.5
8.5 5.7 7.6

12.5 13.1 11.0

s are calculated using the 6-311 + G(2d,2p) basis set and the indicated level of
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Table 4
Geometric parameters of Na+Pro(H2O)x structures optimized at B3LYP/6-311 + G**

Speciesa r(Na+–OC) (Å) r(Na+–OH2) (Å) ∠Na+OC
(◦)

∠Na+OCC
(◦)

∠NCCO
(◦)

∠CONa+(OH2)
dihedral (◦)

ZW[CO2
−]-C3u 2.276 – 89.2 177.7 178.4 –

M3[CO,OH]-C3u 2.279 – 97.1 178.5 179.1 –
M1[N,CO]-C3d 2.225, 2.427b – 118.5 7.0 3.3 –

1W-ZW[CO2
−]-C3u 2.302 2.274 89.5 177.5 178.3 179.4

1W[bO−]-ZW[CO]-C3u 2.208 2.203 124.8 176.3 179.6 2.1
1W-M1[N,CO]-C3d 2.253, 2.458b 2.272 119.0 8.1 4.1 174.8
1W-M3[CO,OH]-C3u 2.297 2.259 98.8 178.6 179.2 179.2
1W[NH]-ZW[CO2

−]-C3u 2.265 1.821c 89.1 178.2 177.3 –
1W[bOH]-M6[CO]-C3u 2.219 2.226 133.4 177.2 178.7 1.6

2W[bO−]-ZW[CO]-C3u 2.240 2.231, 2.287 126.3 176.5 179.0 2.4, 178.1
2W[bCO]-ZW[CO2

−]-C3u 2.489 2.266, 2.291 86.4 177.7 178.3 70.2, 163.3
2W[bCO]-ZW[O−]-C3u 3.276 2.216, 2.289 69.9 177.5 177.1 160.7, 179.1
2W[bOH]-M6[CO]-C3u 2.254 2.253, 2.277 134.9 177.3 178.9 1.1, 179.9
2W[NH]-ZW[CO2

−]-C3u 2.293 2.277, 1.830c 89.3 178.1 177.2 179.0
2W-M1[N,CO]-C3d 2.291, 2.496b 2.306, 2.306 119.3 10.6 5.2 106.2, 129.0

3W[NH, bO−]-ZW[CO]-C3u 2.232 2.228, 2.288, 1.833c 125.8 177.4 178.6 1.8, 179.0
3W[bO−]-ZW[CO]-C3u 2.282 2.273, 2.313, 2.316 127.9 178.8 177.8 1.3, 105.4, 132.2
3W[bO−,bOH2]-ZW[CO]-C3u 2.266 2.286, 2.299, 2.393 128.1 179.4 178.2 4.6, 63.9, 145.9
3W[bO−,bCO]-ZW[CO]-C3u 2.358 2.260, 2.289, 2.301 126.3 179.5 178.9 5.3, 108.2, 156.2
3W[NH,bCO]-ZW[CO2

−]-C3u 2.479 2.268, 2.293, 1.831c 86.2 178.4 178.0 77.5, 161.7
3W[bOH]-M6[CO]-C3u 2.300 2.290, 2.305, 2.306 136 179.4 179.6 4.8, 102.5, 135.0
3W-M1[N,CO]-C3d 2.391, 2.515b 2.309, 2.327, 2.428 119.2 8.6 5.7 88.6, 111.4, 174.2

4W[bNH,bO−,bOH2]-ZW[CO]-C3u 2.257 2.288, 2.301, 2.396, 1.834c 127.7 178.1 178.0 4.4, 63.7, 145.1
4W[bO−,b(OH2)2]-ZW[CO]-C3u 2.267 2.294, 2.300, 2.315, 3.447d 140.2 178.3 178.2 1.1, 48.9, 45.3, 177.9
4W[bNH,(bOH2)2,bCO]-ZW[CO2

−]-C3d 2.402 2.286, 2.297, 3.857, 1.820c 88.0 172.4 145.7 107.1, 112.2
4W[bNH,bCO,bOH2]-ZW[O−]-C3u 3.327 2.269, 2.370, 2.408, 1.836c 69.0 176.7 177.1 130.6, 167.5, 174.3
4W[bO−,bOH2,bOH2]-ZW[CO]-C3u 2.267 2.405, 2.362, 2.277, 3.557d 128.5 173.1 179.0 5.2, 42.7, 96.8, 144.6
4W[bOH,b(OH2)2]-M6[CO]-C3u 2.297 2.288, 2.290, 2.306, 3.562d 148.0 179.3 179.7 0.8, 45.8, 47.7, 178.0
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Values in bold indicate the lowest energy structures.
b The Na+–N distance.
c The NH–OH2 distance.
d Second solvent shell bridging water.

heory used here, B3LYP/6-311 + G**, and include these results
n Table 4 as well. These structures and their relative energies are
omparable to those elucidated previously at the B3LYP/6-31G*

evel [24].

.4. Na+Pro and Na+Pro(H2O)

As reported elsewhere for Na+Pro [11,12,15,24,25], Na+

avors CO2
− coordination to zwitterionic proline in the gas

hase. The current calculations yield the same results, with
W[CO2

−]-C3u being the ground state structure, 21–29 kJ/mol
ower than its corresponding nonzwitterion form, M3[CO,OH]-
3u. This is driven by the fact that the secondary amine

s more basic than the primary amine available in glycine
nd all other aliphatic amino acids. The transition state (TS)
etween ZW[CO2

−]-C3u and its nonzwitterionic counterpart,
3[CO,OH]-C3u was localized using the synchronous transit-

uided quasi-Newton (STQN) method of Schlegel and co-

orkers [58] at the B3LYP/6-311 + G** level [24]. Single point

nergies (including ZPE correction) from all three methods
isted above using the 6–311 + G(2d,2p) basis set place the TS
5–22 kJ/mol higher in energy relative to ZW[CO2

−]-C3u and

s
a
1

–8 kJ/mol lower in energy relative to M3[CO,OH]-C3u. Thus,
here is no barrier to the hydrogen transfer once zero point ener-
ies are included.

M1[N,CO]-C3d is a nonzwitterion where Na+ binds in a
identate configuration to the amino nitrogen and carbonyl oxy-
en atoms and is aligned approximately with the molecular
ipole of proline. It is 19–21 kJ/mol higher than the zwitte-
ion ground state and 2–8 kJ/mol more stable than the M3
tructure. Note that for Na+Gly, the corresponding [N,CO] coor-
ination structure is the global minimum on potential energy
urface [4]. We find that the proline backbone molecular struc-
ure of M1[N,CO]-C3d is more planar than in Na+Gly (the
NCCO dihedral angles are 3.3◦ for Na+Pro and 14.5◦ for
a+Gly, respectively) [24]. This implies that the energy of

he M1 structure for proline is elevated because of the ener-
etic cost of maintaining the hydrogen atoms on the amine
nd carbon in an eclipsed conformation and of the constraints
mposed on the amino acid backbone by the five-member ring
24].
For Na+Pro(H2O), all levels of theory (Table 3) predict the
ame ground zwitterionic isomer in which the water molecule
ttaches directly to Na+ in the Na+Pro ground isomer to form
W-ZW[CO2

−]-C3u, such that the metal ion is three coordinate,
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Fig. 6. In both 1W-ZW[CO2
−]-C3u and the ground zwitte-

rion of Na+Pro, Na+ binds in a bidentate configuration to the
carboxylic oxygen atoms (CO2

− coordination) and is approxi-
mately aligned with the axis of the molecular dipole of proline.
The Na+–OC distance for Na+Pro(H2O) is elongated by 0.026 Å
compared to that of Na+Pro, whereas the ∠Na+OC bond angle
and ∠Na+OCC and ∠NCCO dihedral angles stay about the
same (Table 4). Clearly electron delocalization from the water
molecule to Na+ weakens the binding to proline, but the addi-
tion of a water molecule does not change the Na+Pro structure
significantly.

1W[bO−]-ZW[CO]-C3u is a low-lying zwitterion isomer
where the water molecule attaches directly to Na+ while bridg-
ing to the hydroxyl oxygen, forming a pseudo-six member ring,
which allows Na+ to have better alignment with the C O dipole,
the most favorable functional group for binding [4]. (Here and in
the following discussion, we use the terms “hydroxyl oxygen”
to indicate the oxygen in the CO2

− group that is in position
to accept a proton from the amine and “carbonyl oxygen” to
indicate the other oxygen, even though the oxygens no longer
retain their identity from the CO2H moiety.) Thus, this structure
lies only 3–5 kJ/mol higher than the ground isomer. The M3
and M6 nonzwitterions, 1W-M3[CO,OH]-C3u and 1W[bOH]-
M6[CO]-C3u, are 17–20 kJ/mol above their corresponding zwit-
terions (5–7 kJ/mol relatively more stable than for Na+Pro). The
increased relative stability of these species is mainly because
electron delocalization from water to Na+ reduces the electro-
static interaction with proline, allowing the proton to return
to the oxygen more easily. This is further verified by finding
that the transition states between the M3 and M6 isomers and
their zwitterion counterparts are 10–16 and 9–17 kJ/mol, respec-
tively, above the zwitterions. This is 5–6 kJ/mol less than for the
Na+Pro ground isomer. Again the proton transfer is barrierless
once ZPEs are included, such that M3 and M6 are not actually
stable minima.

If the water molecule solvates the positively charged NH2
+

group instead of binding directly to sodium, the 1W[NH]-
ZW[CO2

−]-C3u structure is formed and lies 19–23 kJ/mol
above the ground isomer. The electron delocalization of water
on –NH2

+ reduces the strength of the intramolecular hydrogen
bond and strengthens the Na+–CO2

− interaction. As a result,
the Na+–OC distance is only 2.265 Å, which is shorter than
that of the ground isomer (2.302 Å), and the O···H bond is
1.860 Å versus 1.777 Å in the ground state. The correspond-
ing nonzwitterion of 1W[NH]-ZW[CO2

−]-C3u is structurally
unstable when optimized at the B3LYP/6-311 + G** level and
collapses to its zwitterionic form. This is because electron delo-
calization from the water molecule to the protonated amino
nitrogen leads to an even larger basicity of the secondary amine
group.

The final low energy structure identified is 1W-M1[N,CO]-
C3d, a nonzwitterionic structure where the water molecule binds
directly to the sodium ion in the M1[N,CO]-C3d isomer of
Na+Pro, Fig. 6. The M1 structure changes little upon addition of
the water (Table 4). This species is located 16–18 kJ/mol higher
than the zwitterionic ground isomer. For Na+Gly(H2O), this M1
isomer is the lowest energy structure [23].
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.5. Na+Pro(H2O)2

Three different levels of theory predict the same ground iso-
er, 2W[bO−]-ZW[CO]-C3u, Fig. 7, which can be regarded

s the further hydration of the sodium ion in 1W[bO−]-
W[CO]-C3u. Further hydration of the sodium ion in the
round isomer of Na+Pro(H2O), 1W-ZW[CO2

−]-C3u, leads
o 2W[bCO]-ZW[CO2

−]-C3u, which lies 2–6 kJ/mol higher in
nergy. Presumably, these isomers interchange order because of
he larger ligand–ligand repulsion (∠H2O–Na+–OH2 of 115◦
ersus 134◦). The ∠Na+OCC and ∠NCCO dihedral angles of
hese two isomers are close to those of the comparable iso-

ers of Na+Pro(H2O); however, the Na+–OC distances are
longated by 0.032 and 0.187 Å, respectively, and the aver-
ge Na+–OH2 bond distances increase (by 0.056 and 0.005 Å,
espectively, Table 4) because of enhanced electron delocaliza-
ion from water to Na+. The nonzwitterionic counterpart of the
round isomer is 2W-M6[CO]-C3u, which lies 12–13 kJ/mol
igher in energy, compared to 17–20 kJ/mol for Na+Pro(H2O)
nd 21–29 kJ/mol for Na+Pro. The transition state between them
ies 6–12 kJ/mol above 2W[bO−]-ZW[CO]-C3u and 2–7 kJ/mol
elow 2W-M6[CO]-C3u when ZPE corrections are included.
gain these numbers indicate that transport of the hydrogen

tom from the hydroxyl oxygen to the amino nitrogen has no
arrier in this configuration.

Another low-lying zwitterion structure is 2W[bCO]-
W[O−]-C3u, where the Na+ now binds to the hydroxyl oxygen
tom in the CO2

− group (the one with the intramolecular hydro-
en bond to –NH2

+) and one water molecule bridges to the
arbonyl oxygen atom. Because the bridging water interacts with
he carbonyl oxygen, the O···H bridging distance of this struc-
ure is 0.021 Å shorter than that of 2W[bO−]-ZW[CO]-C3u.
owever, because the Na+ and –NH2

+ groups share the electron
ensity of one oxygen atom, this structure lies about ∼9 kJ/mol
bove the ground structure.

2W[NH]-ZW[CO2
−]-C3u is a zwitterionic isomer that can

e regarded as further hydration of the Na+ in 1W[NH]-
W[CO2

−]-C3u. The Na+–OC and NH–OH2 distances are
longated by 0.028 and 0.009 Å, respectively when compared
o 1W[NH]-ZW[CO2

−]-C3u, because of the additional elec-
ron delocalization from the water molecule to the charge cen-
ers. However, the energy difference (11–14 kJ/mol) relative
o the ground isomer is smaller than that for Na+Pro(H2O)
19–23 kJ/mol), consistent with better solvation of the Na+

harge center. The final structure depicted in Fig. 7 is 2W-
1[N,CO]-C3d, which is included for comparison purposes

ven though it is not among the lowest six energy structures.
his M1 isomer maintains a [N,CO] coordination but lies higher

n energy (19–25 kJ/mol) compared to analogous structures for
a+Pro and Na+Pro(H2O).

.6. Na+Pro(H2O)3
3W[bO−,bOH2]-ZW[CO]-C3u and 3W[bO−]-ZW[CO]-
3u, zwitterions where the Na+ is hydrated by three water
olecules, are predicted to be the ground structures of
a+Pro(H2O)3 by MP2(full) and B3LYP, respectively (Table 3
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and Fig. 8). Four coordination of Na+ is present in both struc-
tures with the Na+ located in a more tetrahedral-like environ-
ment in 3W[bO−]-ZW[CO]-C3u, an environment disrupted by
a hydrogen bond between water molecules in 3W[bO−,bOH2]-
ZW[CO]-C3u. Their proline backbone structures are nearly the
same (evident by their similar values for ∠Na+OC, ∠Na+OCC,
and ∠NCCO, Table 4), except 3W[bO−,bOH2]-ZW[CO]-C3u
has a Na+–OC distance shorter by 0.016 Å and 3W[bO−]-
ZW[CO]-C3u has an average Na+–OH2 distance longer by
0.023 Å. The Na+–OC distance in Na+Pro(H2O)x increases from
2.240 Å for x = 2–2.266 or 2.282 Å for x = 3 and the average
Na+–H2O bond distance increases from 2.059 Å to 2.301 or
2.326 Å, consistent with weakening bonds.

A similar structure to these is 3W[bO−,bCO]-ZW[CO]-C3u,
where the Na+ is also hydrated by three water molecules but now
one of them bridges to the carbonyl oxygen atom (O···H bond
length = 2.163 Å). The Na+–OC distance is 0.092 Å longer and
the average Na+–OH2 distance is 0.043 Å shorter than those
of 3W[bO−,bOH2]-ZW[CO]-C3u. As might be expected for
the subtle geometric changes, this structure lies very low in
energy (0–4 kJ/mol higher than the ground isomer, Table 3).
Investigations at the B3LYP/6-311 + G** level of the nonzwit-
terionic forms of these three isomers find that only one is
stable, 3W[bOH]-M6[CO]-C3u (not shown in Fig. 8). This
M6 structure lies only 8–10 kJ/mol higher than its 3W[bO−]-
ZW[CO]-C3u zwitterionic counterpart, a smaller difference than
for x = 0–2 (25–27, 17–20, 12–13 kJ/mol, respectively) because
less electron density is delocalized from the carboxylic group to
Na+ as the number of water molecules increases. The transition
state between this zwitterion/charge solvated ion pair is found to
be 3–8 kJ/mol higher than the zwitterion and 0–5 kJ/mol lower
than the nonzwitterion counterpart when ZPE corrections are
included.

3W[NH,bO−]-ZW[CO]-C3u is predicted to be the lowest
energy isomer by both B3LYP and B3P86 methods and its
excitation energy is only 0.8 kJ/mol at the MP2(full) level.
This zwitterion can be regarded as the addition of the third
water molecule to the N-terminus of 2W[bO−]-ZW[CO]-C3u.
This addition decreases the Na+–OC distance from 2.240 to
2.232 Å, because solvation of the –NH2

+ center strengthens the
Na+–CO2

− interaction. The average Na+–OH2 bond distance
and ∠Na+OC, ∠Na+OCC, and ∠NCCO angles (Table 4) stay
nearly unchanged. In addition, when comparing the three ground
isomers predicted by the different theoretical methods, we find
that the proline backbone structures are similar, as indicated by
these angles. Note that addition of the water molecule to the
–NH2

+ and Na+ positions of 2W[bO−]-ZW[CO]-C3u is essen-
tially isoenergetic (0–2 kJ/mol difference). This observation is
the first suggestion that a fourth water molecule may complete
the first solvation shell in the Na+Pro complex.

Further hydration of the sodium ion in 2W[bCO]-
ZW[CO2

−]-C3u, leads to 3W[NH,bCO]-ZW[CO2
−]-C3u,

which lies 4–8 kJ/mol above the ground isomer (2–3 kJ/mol
larger than the analogous difference for x = 2). When com-
pared to 2W[bCO]-ZW[CO2

−]-C3u, the Na+–OC distance
decreases by 0.01 Å and the average Na+–OH2 bond distance
and ∠Na+OC, ∠Na+OCC, and ∠NCCO angles stay nearly
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nchanged (Table 4). Such small changes in the proline back-
one indicate that the two positively charged sites are largely
ndependent of one another.

The [N,CO] structure, 3W-M1[N,CO]-C3d, lies 20–31 kJ/
ol above the ground structure because of the steric crowd-

ng around the five-coordinate Na+. The Na+–OC distance is
longated by 0.100 Å in the M1 structures of x = 3 versus 2.
he increasing energy difference of this [N,CO] configuration
tructure relative to the ground isomer from x = 0 to 3 indicates
hat further solvation of Na+ in the nonzwitterionic [N,CO] con-
guration destabilizes it compared to the ground zwitterionic
tructure.

.7. Na+Pro(H2O)4

All three levels of theory predict the same ground state
tructure (Table 3 and Fig. 9), 4W[NH,bO−,bOH2]-ZW[CO]-
3u. This geometry can be viewed as attachment of the fourth
ater to –NH2

+ of 3W[bO−,bOH2]-ZW[CO]-C3u or to Na+

f 3W[NH,bO−]-ZW[CO]-C3u. When comparing the structural
arameters to those of 3W[NH,bO−]-ZW[CO]-C3u, we find that
he Na+–OC and the average Na+–OH2 bond distances increase
rom 2.232 and 2.258 Å for x = 3 to 2.257 and 2.328 Å for
= 4, respectively, while the NH–OH2 hydrogen bond distance

s almost unchanged. Compared to 3W[bO−,bOH2]-ZW[CO]-
3u, the Na+–OC distance decreases slightly (from 2.266 Å for
= 3–2.257 Å for x = 4), while the average Na+–OH2 bond dis-

ance remains nearly unchanged. Overall, these changes indicate
hat the NH2

+ and Na+ charge sites are relatively decoupled at
his level of solvation.

Another low-lying zwitterion in which both positive charge
enters are solvated is 4W[NH,bCO,bOH2]-ZW[O−]-C3u,
hich lies 6–7 kJ/mol higher than the ground structure. Here,

he Na+ attaches to the hydroxyl oxygen and uses a water bridge
ack to the CO group, and the three water molecules attached
o Na+ form two hydrogen bonds to one another. As found
or 2W[bCO]-ZW[O−]-C3u, this structure is energetically less
avorable than binding Na+ to the carbonyl oxygen of the CO2

−
roup.

In the remaining low energy structures of Na+Pro(H2O)4,
he additional water molecule binds in the second solvent shell
round the sodium ion. 4W[bO−,b(OH2)2]-ZW[CO]-C3u is a
witterion where three water molecules solvate the Na+ which
inds to proline at the carbonyl oxygen. The fourth water simul-
aneously hydrogen bonds to two of these water molecules
sing its two lone pairs of electrons and then bridges to the
ydroxyl oxygen atom. The Na+–O distance of this structure is
early unchanged when compared to that of 3W[bO−,bOH2]-
W[CO]-C3u, but the ∠Na+OC bond angle is more linear, 140◦
ersus 128◦. This isomer lies only 2–4 kJ/mol above the ground
tate isomer. The energy difference between this structure and its
orresponding nonzwitterionic structure, 4W[bOH,b(OH2)2]-
6[CO]-C3u, is 9–10 kJ/mol, nearly the same as that for the
nalogous x = 3 complexes. The transition state between this
witterion/charge solvated pair was not located at the present
evel of theory, probably because of the very floppy motions
ssociated with four water molecules. On the basis of the
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maller complexes, it seems likely that the proton transfer
o form the zwitterion is barrierless once ZPE corrections
re included. Another structure that exhibits hydrogen bonds
etween water molecules solvating the Na+ charge center is
W[bO−,bOH2,bOH2]-ZW[CO]-C3u, which can be formed
y moving the water from the NH position in the ground
W[NH,bO−,bOH2]-ZW[CO]-C3u isomer to Na+. Here the
dditional water molecule is in the second solvent shell but
ydrogen bonds using one of its covalently bound hydrogens.
his species lies 6–9 kJ/mol higher in energy, showing that sol-
ation of the NH2

+ charge center is now more favorable than
dditional solvation of Na+.

Perhaps the most surprising low energy isomer is
W[NH,(bOH2)2,bCO]-ZW[CO2

−]-C3d, which is only
–6 kJ/mol higher than the ground isomer. This structure can be
iewed as starting with 2W[bCO]-ZW[CO2

−]-C3d, solvating
he NH2

+ center, and then using the last water in a second
olvent shell to hydrogen bond simultaneously to the water on
H2

+, a water on Na+, and the carbonyl oxygen. This leads to
seudo six and seven-membered rings and causes the C�–CO
ingle bond of proline to rotate ∼32◦ relative to the ground
tructure (as evidenced by the change of ∠NCCO from about
78◦ to 146◦, Table 4). Note that the NH–OH2 bond distance
s 0.014 Å shorter while the NH–O bond distance is 0.168 Å
onger in this structure compared to that of the ground isomer.
his indicates that more electron density is delocalized onto
NH2

+ through the second bridging water molecule, leading
o a stronger electrostatic interaction between the bridging
ater and –NH2

+ charge center and a weaker intramolecular
ydrogen bond.

. Discussion

.1. Trends in experimental bond dissociation energies

Our best results for the energies required to remove water
nd proline from Na+Pro(H2O)x, x = 1–4, are shown in Fig. 5
competitive analysis thresholds for losing water, Table 1, and
he weighted average for losing proline from Table 2) along with
revious experimental results for both D0(Na+–Pro) [24] and the
ydration energies of Na+ [56]. Similar to the Na+(H2O)x sys-
em, the BDEs of water to sodiated proline decrease (from 66 ± 5
o 20 ± 6 kJ/mol) with increasing number of water molecules
ecause of increasing steric effects and decreasing effective
harge on the sodium ion. The first and second water BDEs
o sodiated proline (66 ± 5 and 45 ± 5 kJ/mol) are comparable
o those of the third and fourth water to sodium ion (70 ± 6
nd 55 ± 8 kJ/mol) in the Na+(H2O)x system [56]. This cor-
espondence implies that the solvation effect of proline on a
odium ion is slightly larger than that of two water molecules.
ndeed, the BDE of proline to sodium ion is 186 ± 4 kJ/mol
24], slightly larger than the sum of the BDEs for the first and
econd water on Na+ (177 ± 10 kJ/mol) [56]. In addition, exper-

mental BDEs of proline to Na+(H2O)x also decrease (from
86 ± 4 to 46 ± 17 kJ/mol) with increasing solvation from x = 0
o 4. Clearly, the experimental BDEs for losing water or pro-
ine decrease monotonically with increasing number of water

t
t
Z
t
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olecules. The BDE for losing proline is larger than that for
osing water from each Na+Pro(H2O)x complex, x = 1–4, con-
istent with the qualitative dissociation behavior exhibited in
igs. 1–4.

The experimental binding energy of the fourth water
olecule is measured to be 20 ± 6 kJ/mol, nearly equal to the

nergy associated with the hydrogen bonding network in pure
ater, 23 kJ/mol [59]. This result implies that the fourth water is

ither hydrogen bonding to proline or other water molecules that
elong to the first solvent shell of Na+. Indeed, all levels of theory
redict the same zwitterionic ground isomer of Na+Pro(H2O)4,
W[NH,bO−,bOH2]-ZW[CO]-C3u, Fig. 9, where one of the
ater molecules hydrogen bonds to –NH2

+ and Na+ is tetra-
oordinate with its first solvent shell formed by the carbonyl
xygen and the other three water molecules. One imagines that
ny additional water molecules will hydrogen bond primarily
o the water molecules already present, leading to BDEs that
re comparable to that of the fourth water ligand bond, while
ontinuing to favor the zwitterionic form of proline.

.2. Conversion from 0 to 298 K

Conversion from 0 K bond energies to 298 K bond enthalpies
nd free energies is accomplished using the rigid rotor/harmonic
scillator approximation and the frequencies calculated at the
3LYP/6-311 + G** level. These �H298 and �G298 values along
ith the conversion factors and the 0 K enthalpies are reported

n Table 5. The uncertainties listed are determined by scaling
ost of the vibrational frequencies by ±10% along with two-

old variations in the metal–ligand frequencies.
Our calculations of �H298 − �H0 and T�S298 show little dif-

erence (∼1 kJ/mol) between the C3-up and C3-down conformer
airs, such that the resulting difference in the �G298 values
emain similar to the �H0 values. Calculating the equilibrium
opulation at room temperature, the ground C3-up conformer is
ominant (70–90% for x = 1, 2, and 4, 50–70% for x = 3, depend-
ng on the level of theory). In order to simplify the discussion
elow, we will only compare the �H298 and �G298 values of
he zwitterionic C3-up conformer for each x. In general, the
oom temperature enthalpies, �H298, are nearly the same as
he 0 K values, �H0, with a maximum difference of ∼3 kJ/mol
n case of x = 2. The �G298 values decrease from 155.4 ± 5.4
o −6.4 ± 14.5 kJ/mol for losing proline and from 37.5 ± 8.7
o −17.0 ± 10.2 kJ/mol for losing water. Note that the �G298
alues for losing water and proline from Na+Pro(H2O)4 are neg-
tive, which indicates that the equilibrium for generating this ion
ies to the smaller Na+Pro(H2O)3 complex. This is consistent
ith the low absolute intensities found for the Na+Pro(H2O)4
eams. It is possible that this adversely affects our threshold
easurements for the Na+Pro(H2O)4 complex although such an

ffect was not evident in our previous work on Na+Gly(H2O)4,
hich also has a negative free energy of dissociation [23].
We also calculated the �G298 values for all low-lying struc-
ures of x = 1–4. For x = 1, we find that the calculated �G298 exci-
ation energies of the second lowest energy structure, 1W[bO−]-
W[CO]-C3u, are >12 kJ/mol, compared to only 2–5 kJ/mol in

he �H0 values (Table 3). This is because the bridging water
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Table 5
Enthalpies and free energies of H2O and proline binding energies (kJ/mol) for Na+Pro(H2O)x at 0 and 298 Ka

Complex Ionic product �H0
a �H298 − �H0

b �H298 T�S298
b �G298

Na+Pro Na+ 186.0 (4) 1.7 (0.8) 187.7 (4.1) 32.4 (3.5) 155.4 (5.4)

Na+Pro(H2O)
Na+Pro 66.3 (5) −0.2 (1.2) 66.1 (5.1) 28.6 (7.1) 37.5 (8.7)
Na+(H2O) 158(15) −2.1 (1.7) 156 (15) 33.8 (10.0) 122 (18)

Na+Pro(H2O)2
Na+Pro(H2O) 44.5 (5) 2.6 (1.5) 47.1 (5.1) 41.9 (5.4) 5.3 (7.5)
Na+(H2O)2 121(15) 0.3 (1.9) 121 (15) 47.4 (8.3) 74 (17)

Na+Pro(H2O)3
Na+Pro(H2O)2 30.2 (4) 1.8 (2.5) 32.1 (4.7) 39.3 (7.8) −7.3 (9.1)c

Na+(H2O)3 82(10) 1.5 (2.1) 82.5 (10) 54.9 (8.1) 27.6 (13)c

Na+Pro(H2O)4
Na+Pro(H2O)3 20.3 (6) 1.8 (2.5) 22.1 (6.5) 39.2 (7.8) −17.0 (10.2)
Na+(H2O)4 46(17) 1.5 (2.4) 48.5 (17) 54.9 (9.3) −6.4 (17)

a Experimental values from this work (Table 1).
b Values were computed using standard formulas and molecular constants calculated at the B3LYP/6-311 + G** level. The uncertainties correspond to 10% variations
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n the vibrational frequencies of the ligands and two-fold variations in the meta
c Values using 3W[bO−,bOH2]-ZW[CO]-C3u structure parameters. T�S298

re 32.1 (8.3) and 30.6 (10.6), −2.8 (9.1) and −0.8 (11.7) for losing water, 47.6

ives a larger T�S298 value for 1W[bO−]-ZW[CO]-C3u. This
arge �G298 difference means that the population of the second
owest isomer is calculated to be <1% in the flow tube at room
emperature. For x = 2, the �G298 excitation energies of the sec-
nd lowest energy structure, 2W[bCO]-ZW[CO2

−]-C3u, are −1
MP2) or 3 (B3P86) kJ/mol, compared to 2–6 kJ/mol for �H0
Table 3). Thus, this “excited” isomer comprises 20–60% of the
= 2 complexes found in our flow tube system with the ground

somer making up the remainder. If the data are reanalyzed using
olecular parameters of both low energy structures, the �H0

hifts lower by ∼1 kJ/mol than the value reported in Table 5.
mong the five low-lying structures for x = 3 (Table 3), we find

hat the �H298 and �G298 values for losing water and proline
emain close to each other except for 3W[bO−,bOH2]-ZW[CO]-

3u, which lies relatively high in free energy (6–8 kJ/mol). The

mall energy differences among the remaining four isomers
ndicate that there is likely to be a mixture of these low-lying
tructures in our flow tube. Reanalysis of the data for losing
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able 6

2O and proline binding energies (kJ/mol) for Na+Pro(H2O)x at 0 Ka

omplex Ionic product Experiment

a+ Pro Na+ 186 (4)b

a+Pro(H2O)
Na+Pro 66 (5)c

Na+(H2O) 158 (15)d

a+Pro(H2O)2
Na+Pro(H2O) 45 (5)c

Na+(H2O)2 121 (15)d

a+Pro(H2O)3
Na+Pro(H2O)2 30 (4)c

Na+(H2O)3 82 (10)d

a+Pro(H2O)4
Na+Pro(H2O)3 20 (6)
Na+(H2O)4 46 (17)d

ADe –H2O
–Pro

a Energies calculated at the corresponding 6-311 + G(2d,2p)//B3LYP/6-311 + G** l
b From Moision and Armentrout [24].
c From competitive fitting.
d Weighted average values.
e Mean absolute deviation from the experimental values.
nd-frequencies.
G298 values for 3W[bNH, bO−]-ZW[CO]-C3u and 3W[bO−]-ZW[CO]-C3u
and 46.1 (10.9), 32.1 (12) and 34.1 (15) for losing proline, respectively.

ater and proline using the parameters of these low energy struc-
ures show almost identical results as those reported in Table 5,
hich use the structural parameters of 3W[NH, bO−]-ZW[CO]-
3u. For x = 4, calculations show that the ground structure,
W[bNH,bO−,bOH2]-ZW[CO]-C3u, is dominant (over 90% in
opulation) at room temperature.

.3. Comparison of theoretical and experimental bond
issociation energies

In addition to our calculations of the Na+Pro(H2O)x com-
lexes, we also performed parallel calculations for Na+(H2O)x,
= 1–4, using the B3LYP/6-311 + G** level of theory for the
eometries and single point energy calculations using B3LYP,

3P86, and MP2(full) levels with the 6-311 + G(2d,2p) basis

et, including ZPE and BSSE corrections. This yields BDEs (in
J/mol) at these three levels of theory of 94.3, 91.0, and 88.9
or x = 1; 82.8, 79.9, and 78.6 for x = 2; 65.0, 63.0, and 63.5 for

B3LYP B3P86 MP2(full)

196.1 188.3 184.1

66.6 64.4 63.4
167.6 162.8 159.2

54.5 54.5 54.2
138.7 136.5 132.7

40.9 42.1 41.8
113.1 113.8 106.1

38.9 38.7 38.1
99.2 103.1 94.8

10 (8) 10 (7) 10 (6)
24 (18) 22 (23) 18 (20)

evel. Zero point energies and BSSE corrections are included for all.
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Fig. 10. Comparison of experimental (open symbols) and theoretical (closed
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configurations have similar absolute BDEs for both proline and
ymbols) 0 K BDE values in kJ/mol for loss of proline (upper values) and water
lower values) from Na+Pro(H2O)x as a function of x.

= 3; and 53.0, 50.3, and 53.3 for x = 4. Almost all the calculated
alues are within the experimental uncertainties [56], with mean
bsolute deviations (MADs) of 2 ± 2, 4 ± 2, and 4 ± 2 kJ/mol,
espectively, at the three levels of theory (B3LYP, B3P86, and

P2).
The theoretical BDEs for the Na+Pro(H2O)x complexes cal-

ulated at three levels of theory are compared to the experimental
alues in Table 6. We find that all three theoretical methods
B3LYP, B3P86, and MP2) yield BDE values of Na+Pro(H2O)x

ystem that differ little from one another and overall show
easonable agreement with our experimental values, Fig. 10,
lthough with notable exceptions. MADs from experiment are
0 ± 8, 10 ± 7, and 10 ± 6 kJ/mol, respectively, for losing water
nd 24 ± 18, 22 ± 23, and 18 ± 20 kJ/mol, respectively, for los-
ng proline. The MP2(full) results give marginally the best com-
arison to experiment. In contrast to the Na+ (H2O)x results, the
heoretical values for loss of water overestimate our experimen-
al results by ∼10 kJ/mol for x = 2 and 3 and by ∼19 kJ/mol for
= 4, where the latter discrepancy exceeds any reasonable exper-

mental uncertainty. The calculated BDEs for losing proline
rom the Na+Pro [24] and Na+Pro(H2O) complexes show good
greement with the experimental values although the B3LYP
alues are high by about 10 kJ/mol (a result typical for this
evel of theory [54]). For the x = 2–4 complexes, the calcu-
ated BDEs for losing proline from Na+Pro(H2O)x are again
ystematically higher than the experimental values by about
0, 20, and 50 kJ/mol, respectively, well outside the experi-
ental uncertainty in the latter case. Note that the agreement

etween experiment and theory would degrade even further if the
esults from single channel or competitive fitting (Table 2) were
sed as our best experimental results instead of those from the
hermodynamic cycles. Overall the agreement between experi-

ental and theoretical BDEs is reasonable, except for the case
f Na+Pro(H2O)4 where both experiment and theory may be
eaching their limits of accuracy.
As depicted in Fig. 10, the BDEs obtained from our exper-
ments and calculations for Na+Pro(H2O)x, x = 0–3, qualita-
ively follow the same trends, decreasing monotonically at a

g
g
z

ig. 11. Comparison of experimental (open symbols) and MP2 (closed symbols)
alues for loss of the amino acid (AA, upper values) and water (lower values)
rom Na+Gly(H2O)x and Na+Pro(H2O)x as a function of x.

omewhat faster rate experimentally than theoretically. How-
ver, the calculated BDEs for losing one water and proline
rom the Na+Pro(H2O)4 complex are just slightly smaller than
hose for the Na+Pro(H2O)3 complex, and therefore are much
arger than the corresponding experimental BDEs. The mono-
onic decrease in the BDEs for Na+Pro(H2O)x with increasing

is primarily a result of the increasing ligand–ligand repul-
ion and increased charge solvation. The more water molecules
round Na+, the more weakly Na+ interacts with H2O and
roline.

.4. Comparison of two systems: Na+Pro(H2O)x and
a+Gly(H2O)x

The experimental and MP2(full) theoretical BDEs of
ydrated Na+Gly and Na+Pro complexes are compared in
ig. 11. Similar to the Na+Gly(H2O)x system [4,23,56], the
DEs for losing proline from Na+Pro(H2O)x are much higher

han the BDEs for losing water at each x, where x = 0–4 [24,56].
DEs for losing water from Na+Pro(H2O)x are 9–12 kJ/mol

ower than the corresponding BDEs for Na+Gly(H2O)x system
t all x, x = 1–4. This is consistent with proline being a bet-
er ligand than glycine, as reflected by the experimental BDE
f Na+ to proline being 22 kJ/mol larger than that to glycine
4,24]. Theory finds a similar trend for x = 1–3, although with
maller differences of 3–11 kJ/mol, except for x = 4, where the
ourth water binds more tightly in the proline system by 8–9
J/mol.

For proline, Na+ chelates to the CO2
− group of zwitterionic

roline, whereas Na+ binds to glycine in a [N,CO] config-
ration. Calculations find that the BDE of proline to Na+ is
6–30 kJ/mol larger than that of glycine, a difference that is
omparable to the calculated excitation energy of the [N,CO]
somer of Na+Pro, 19–21 kJ/mol [12,24]. Thus, the [N,CO]
lycine, suggesting that the enhanced binding of proline versus
lycine can be attributed to the charge separation inherent in the
witterion. As water molecules are added to these complexes,
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e find that the experimental BDEs of the amino acid to
a+(H2O)x decrease monotonically with increasing solvation

rom x = 0 to 4, Fig. 11. However, the BDEs for the proline
ystem decline more rapidly such that the BDEs are comparable
or x = 3 (81 ± 10 and 82 ± 6 kJ/mol for proline and glycine,
espectively) and the BDE for proline is slightly smaller for
= 4. Theory finds a similar trend for x = 0–3 except that the
roline binding remains stronger throughout. Thus, the faster
ecrease in the amino acid BDEs for proline versus glycine
ppears to be the result of solvation decreasing the extent of the
harge separation in the zwitterion. This is consistent with the
bservation that the NH···OC intramolecular hydrogen bond
engths in Na+Pro(H2O)x decrease as x increases, 1.805, 1.777,
.752, and 1.732 Å for x = 0–3, respectively, in the structures
here only Na+ is solvated.
Theoretical calculations show that the ground state struc-

ures are nonzwitterionic for Na+Gly(H2O)x and zwitterionic
or Na+Pro(H2O)x, where x = 0–4. As noted above, Na+ binds
o glycine with a [N,CO] configuration and to proline at the
O2

− group. The first water binds directly to Na+ for both amino
cids. For x = 2–4, the most favorable binding sites for Na+ to
oth amino acids change to CO coordination with one water
olecule bridging to the hydroxyl oxygen. In the glycine system,

he ground state isomers for x = 1–4 have all water molecules sol-
ating Na+. In the proline system, this is also true for x = 1 and 2,
hereas solvation of the –NH2

+ group leads to isomers at a much
igher energies (19–23 and 11–14 kJ/mol for proline, Table 3,
ersus 34–45 and 24–26 kJ/mol for glycine, respectively). For
= 3, structures of Na+Pro(H2O)3 in which only Na+ is sol-
ated and both –NH2

+ and Na+ are solvated are predicted to be
omparable in energy, whereas for Na+Gly(H2O)3, the struc-
ure in which both charge centers are solvated is 8–13 kJ/mol
igher in energy than the ground structure where only Na+ is
olvated. For Na+Pro(H2O)4, the structure where both –NH2

+

nd Na+ are solvated becomes the most stable configuration
or zwitterionic proline, and this completes the first solvent
hell for Na+Pro. In other words, these four water molecules
nteract electrostatically and directly with zwitterionic Na+Pro,
hereas additional water molecules are likely to preferentially
ind to these inner shell water molecules. In the glycine sys-
em, zwitterionic isomers in which both charge centers are
olvated become favorable at about x = 4 (0–10 kJ/mol higher
han the ground isomer) although we have projected that such
tructures will not be the clear ground states until the first sol-
ent shell is completed at about five or six water molecules
23]. These comparisons indicate that the more basic secondary
mine group of proline and the resultant charge separation of
he zwitterionic complex formed induce a smaller first sol-
ent shell (four waters) for Na+Pro versus that for Na+Gly
5–6 waters). In part, this is because the cyclic structure of
roline allows only an NH2

+ group in its zwitterionic state,
hereas glycine has an NH3

+ group. In both sodiated com-
lexes, one of the NH bonds is involved in an intramolecular

ydrogen bond back to an oxygen on the CO2

− group, which
eans that inner shell solvation of the protonated nitrogen center

equires only one water molecule for proline compared to two for
lycine.

r
s
(
f

s Spectrometry 253 (2006) 288–304 303

. Conclusions

The kinetic energy dependences of the collision-induced dis-
ociation (CID) of Na+Pro(H2O)x, where x = 1–4, are examined
n a guided ion beam mass spectrometer. The primary process
bserved in all cases is the loss of water from the complex.
equential losses of water ligands are also observed for x = 2–4.
he cross-sections for losing proline from the complex are also
bserved at much higher energies for x = 1–3 and are about 1
rder of magnitude smaller than those for losing water. BDEs at
K for losing water from the complexes are measured from the

hreshold behavior and those for losing proline are derived from
hermodynamic cycles. The resulting experimental results show
hat the sequential binding energies for losing water or proline
rom Na+Pro(H2O)x decrease monotonically with increasing x.
hese trends are explained by increasing ligand–ligand repul-
ion and decreasing effective charge on the sodium ion as water
olecules are added to the complex.
Three different levels of ab initio calculations including zero

oint energy corrections and basis set superposition errors were
erformed for Na+Pro(H2O)x, x = 0–4. Both experiment and cal-
ulations find the same general trends in the BDEs with increas-
ng solvation, Fig. 10. The calculated BDEs for losing water
nd proline agree reasonably well with our absolute experimen-
al values for x = 0–3, but fall well outside of our experimental
ncertainties for x = 4. It is unclear whether this is a limitation
n the experiments for these weakly bound complexes or in the
heory for such a floppy molecule.

In the Na+Pro complex, theory indicates that the sodium ion
refers to bind in a bidentate configuration to the carboxylic
cid oxygen atoms of zwitterionic proline (CO2

− coordination)
24]. The first water attaches directly to the sodium ion without
nfluencing the proline conformation. However, for x = 2–4, the
a+ binding site changes CO coordination with one of the water
olecules bridging to the hydroxyl oxygen. For x = 3, there are

our isomers lying sufficiently low in energy that they could be
opulated in our experiment, which emphasizes that the third
ater can bind to Na+ or –NH2

+ with nearly equal facility.
or x = 4, the unique ground structure has a completely sol-
ated tetracoordinate Na+ and solvated –NH2

+ group. Low-lying
tructures of this complex all involve additional water molecules
inding in the second solvent shell.

When comparing Na+Pro(H2O)x, x = 1–4, to the analogous
lycine system [23], we find that the BDEs for losing water
rom Na+Gly(H2O)x are 9–12 kJ/mol larger than those of
a+Pro(H2O)x at each x. Such correspondence is consistent with

he fact that Na+ binds to zwitterionic proline more strongly
han to nonzwitterionic glycine. BDEs for losing glycine are
2 ± 7, 27 ± 13 and 18 ± 13 kJ/mol smaller than those for losing
roline for x = 0–2, respectively, nearly equal to each other for
= 3, and the glycine BDE is slightly larger for x = 4. This trend

ndicates that the charge separated zwitterionic Na+Pro system
s more strongly influenced by solvation than the nonzwitte-

ionic Na+Gly complex. Indeed, theory finds that all ground
tate structures for Na+Gly(H2O)x, x = 0–4, are nonzwitterionic
charge solvated) [23], whereas Na+Pro(H2O)x is zwitterionic
or x = 0–4.
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