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ABSTRACT: Calculations are presented for the glycine–(H2O)⫺
3 cluster anion, with
glycine in canonical or zwitterionic form. The zwitterionic anions are predicted to be
considerably lower in energy than the canonical anions, and the latter forms are found
to be prone to isomerization to the zwitterionic anions. Therefore, we predict that the
zwitterionic anions would be observed predominantly in the gas phase at low
temperature. In contrast, calculated stability of neutral glycine–(H2O)3 clusters indicates
that only the canonical forms of the anions would be observed in photoelectron
experiments, if anions are produced from preformed neutrals.
© 2006 Wiley Periodicals,
Inc. Int J Quantum Chem 107: 1316 –1327, 2007
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Introduction

A

mino acids [1– 8] are ideal systems in which to
study the effects of solvation on the biochemical activity due to their moderate size. The structures and stability of canonical [9 –13] and zwitterionic [11, 14 –20] amino acids in the presence of
solvent molecules are of fundamental interest. It is
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Contract grant sponsor: Korea Research Foundation.
Contract grant number: KRF-2005-015-C00197.

well known that amino acids exist in canonical
(nonzwitterionic) form in the gas phase, whereas
zwitterionic conformer is the predominant form in
aqueous solution [19, 21–24]. The cluster model
[1–7, 25–30] has proved very useful to study the
structures and reactions of amino acid–solvent system, by which the effects of microsolvation on the
thermodynamic and kinetic properties of the resulting amino acid are monitored as a function of the
number of solvent molecules. This approach may
also give invaluable information for the conﬁguration of solvent molecules around the amino acid in
the solution phase. The magnitude of barrier and
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GLYCINE–(H2O)3 CLUSTER AND ANION
TABLE I ______________________________________________________________________________________________
Energy (hartree), ZPE (kcal/mol), relative energy ⌬ (kcal/mol), and relative Gibbs function at 5 K ⌬ 5K (kcal/
mol), and vertical detachment energy (eV) of Gly–(H2O)3ⴚ anion with zwitterionic and canonical Gly core.
Conformer

ZPE

⌬

⌬

5K

VDE

Zwitterionic
a-zw-1
a-zw-2
a-zw-3
a-zw-4
a-zw-5
a-zw-6
a-zw-7
a-zw-8
a-zw-9
a-zw-10
a-zw-11
a-zw-12

⫺513.95475
⫺513.95553
⫺513.95506
⫺513.95245
⫺513.95239
⫺513.95207
⫺513.95062
⫺513.95019
⫺513.95094
⫺513.94967
⫺513.94943
⫺513.94397

95.8
96.7
96.6
95.4
95.4
95.4
95.1
95.6
96.1
95.8
95.7
94.9

0
0.37
0.64
1.05
1.06
1.27
1.84
2.71
2.72
3.18
3.19
5.91

0
0.08
0.27
1.35
1.36
1.57
2.38
2.59
2.80
3.26
3.39
6.20

2.89
2.88
2.86
2.94
3.02
2.99
2.99
3.47
3.14
3.14
2.86
2.97

Canonical
a-c-1
a-c-2
a-c-3
a-c-4
a-c-5
a-c-6

⫺513.95014
⫺513.94851
⫺513.94555
⫺513.94605
⫺513.94407
⫺513.94435

94.8
95.2
94.2
94.7
94.2
94.5

0a (1.89)b
1.43 (3.32)
2.32 (4.17)
2.46 (4.36)
3.17 (5.10)
3.34 (5.23)

0 (2.54)
0.92 (3.40)
2.69 (5.29)
2.53 (5.05)
3.63 (6.25)
3.50 (6.03)

3.38
3.56
3.61
3.62
3.56
3.59

a
b

Relative energy and Gibbs function with respect to (a-c-1).
Relative energy and Gibbs function with respect to (a-zw-1).

dynamic paths of transformation between the two
forms of amino acid–solvent clusters are also of
fundamental importance along with the thermodynamic stability, since these properties describe the
ease with which they may transform to the other
form in low-temperature gas phase environments.
Examining the stability of amino acid with an
excess electron [26, 31–34] is interesting, because
the excess electron may stabilize the amino acid
zwitterion relative to the canonical form [35]. It is
also important concerning the experimental detection of zwitterionic neutral amino acid by the
photodetachment technique, which proved very
successful for elucidating the structures of glycine (Gly)–water clusters [35, 36]. In these experiments, a Gly–water cluster anion is produced,
and the excess electron is subsequently detached
by a photon. Two such experimental studies are
notable: Bowen and colleagues [35] prepared the
Gly–(H2O)n⫺ anion clusters within a supersonic
ion source, in which anions are produced by
3-body collisions between thermalized electrons,
Gly–water clusters and argon atoms. These investigators observed Gly–(H2O)n⫺ anion clusters only
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for n ⱖ 5 and they assigned them to zwitterionic
core anions. In the experiments by Johnson and
colleagues [36], the Gly–(H2O)n⫺ anions (n ⫽ 0 –2)
are produced by collision between Gly and water
dimer cluster anion and were found to possess
canonical Gly cores.
In the present work, we examine the Gly–(H2O)⫺
3
cluster anion, with the amino acid in canonical or in
zwitterionic form. Three zwitterionic conformers
are of very similar energy with a canonical structure. Since these thermodynamically stable conformers would not isomerize to the other form, we
suggest that both the zwitterionic and the canonical
forms of the Gly–(H2O)⫺
3 cluster anion should be
observed in the gas phase at low temperature. In
contrast, the zwitterionic conformers of neutral
Gly–(H2O)3 are calculated to be much higher in
energy than the canonical clusters, isomerizing to
the latter forms via very small barrier. We therefore
predict that, if anions are produced from low-energy conformers of preformed neutral clusters, only
the canonical conformers of Gly–(H2O)⫺
3 would be
observed in experiments.
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FIGURE 1. Structures of the low-energy conformers of zwitterionic Gly–(H2O)3⫺ anion.

COMPUTATIONAL METHODS
We employ the density functional theory methods (B3LYP) [37,38] with the 6-311⫹⫹G** basis set.

Intrinsic reaction coordinate (IRC) analysis is carried out to obtain the reaction path and to identify
the transition state for given dynamic path. All
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FIGURE 2. Structures of the low-energy conformers of canonical Gly- (H2O)3⫺ anion.

calculations are carried out with the Gaussian 03 set
of programs [39]. Default criteria are employed for
all optimizations. Calculations for the structures of
glycine–(H2O)3 clusters and anions proceeded by
adding a water molecule to the glycine–(H2O)2
clusters and anions obtained in Ref. [34] in a variety
of conﬁgurations.

Results
GLY–(H2O)ⴚ
3 ANION
The dipole bound excess electron in amino acid
or amino acid–solvent cluster is known to stabilize
the zwitterionic form of the amino acid relative to
the canonical form. Bowen and coworkers [40] recently observed that arginine plus an excess electron exists as a zwitterion in low-temperature gas
phase environment, as predicted by Gutowski and
coworkers [32a]. Table I lists the calculated electronic energy, relative energy, and relative Gibbs
function of the Gly–(H2O)⫺
3 cluster anions with
zwitterionic and canonical Gly. Three zwitterionic
conformers (a-zw-1), (a-zw-2), and (a-zw-3) presented in Figure 1 are calculated to be of lowest
energy, indicating that an excess electron may in-
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deed stabilize the zwitterion relative to the canonical form, in contrast with Gly–(H2O)n⫺ (n ⱕ 2) for
which the canonical forms have been predicted [35]
to be thermodynamically much more stable. The
energies of these three conformers are very close
(within 1 kcal/mol). Three water molecules are
clustered in the vicinity of the carboxylate group,
indicating that interactions between the water molecules are stronger than those with the functional
groups in the Gly moiety. In the fourth lowestenergy conformer (a-zw-4), a water molecule interacts with the ammonium group, while the other
two water molecules bind to the carboxylate side.
This structural feature of (a-zw-4) gives notable
differences in the infrared (IR) spectra as discussed
below. The lowest-energy Gly–(H2O)⫺
3 conformer
with canonical Gly is (a-c-1) [Fig. 2(a)], and it is
calculated to be 1.89 kcal/mol higher in energy
than the lowest-energy zwitterionic conformer (azw-1). In this conformer, three water molecules
form a ring, interacting with the amino group. In
other conformers, at least a water molecule forms
hydrogen bond with the carboxyl group. Although
the structure (a-c-1) is much lower (by ⬎1.5 kcal/
mol) in energy than other anionic canonical conformers, it lies considerably higher in energy than
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the low-energy zwitterionic ones. Estimating that
the relative energies calculated by the B3LYP/6311⫹⫹G** method to be accurate to within 1 kcal/
mol, we predict that the three zwitterionic conformers (a-zw-1), (a-zw-2) and (a-zw-3) would be
predominantly observed, although small amount of
the lowest-energy canonical conformer (a-c-1) (note
the kinetic stability of the latter conformer discussed below) may also be present in low-temperature experiments.
Calculated vertical detachment energies
(VDEs) are given in Table I. Since the VDE (3.4
eV) of the lowest-energy canonical conformer (ac-1) is somewhat larger than those (⬃2.9 eV) of
the three lowest-energy zwitterionic conformers,
measuring this property may help distinguish the
two forms. Because of the very similar VDEs of
the three zwitterionic conformers, however, it
would be rather difﬁcult to identify them. Differences in the IR frequencies of these conformers
may be useful in this regard. Figure 3 presents the
calculated IR spectra (calculated frequencies are
scaled by a factor of 0.9613) of the ﬁve (four
zwitterionic and one canonical) lowest-energy
conformers listed in Table I. For the low-energy
zwitterionic anions, the features below 2000 cm⫺1
are quite similar, but some differences are to be
noted for strong bands near or above 3000 cm⫺1,
most of which represent the OH and NH stretch
modes. The intense bands at 2910 –2925 cm⫺1 representing the antisymmetric stretch of the ammonium group are shared among the conformers
(a-zw-1), (a-zw-2), and (a-zw-3). In the IR spectra
of (a-zw-4), however, this band is absent, and a
strong band at 2994 cm⫺1 is obtained instead due
to the interactions of the ammonium group with
a water molecule. An intense band at 3218 cm⫺1,
representing the symmetric stretch mode of the
ammonium, is also a feature of the IR spectra of
this zwitterionic anion. The conformer (a-zw-1) is
characterized by a strong band at 3317 cm⫺1 (OH
stretch mode of the water molecule binding to the
carboxylate). As expected, the IR spectrum for the
canonical conformer (a-c-1) is very different, with
an intense band at ⬃3070 cm⫺1 (stretch of OH in
the carboxyl group) and two close lying strong
bands (OH stretching of water in the vicinity of
the amino group) in the high-frequency region
(3600 –3650 cm⫺1).
Figure 4 depicts the isomerization (zwitterionic
canonical) by proton transfer processes
of Gly–(H2O)⫺
3 cluster anions. Many of them
isomerize either by barrierless process or via very

small barrier. In some higher-lying conformers of
Gly–(H2O)⫺
3 the proton transfer is more difﬁcult.
For example, the zwitterionic (a-zw-10), and the
canonical conformer (a-c-2) are separated by a
barrier of ⬃4 kcal/mol due to the bridging water
molecule, with the isomerization occurring by a
double proton transfer process via the water molecule [Fig. 4(a)] bridging the amino and the carboxyl groups. This multiple proton transfer pathway is similar to that for the zwitterionic
canonical transformation in the alanine–water
clusters [8a,b]. Other conformers are found to
isomerize almost spontaneously to the other
form. Figure 4(b)–(e) depict the calculated
isomerization processes of the three canonical [(ac-4), (a-c-6), and (a-c-3)] and a zwitterionic (a-zw12) anion. Isomerizations from (a-c-4) and (a-c-3)
proceed by direct (single) proton transfer from
the carboxyl to the amino group via very small
ZPE-corrected barrier (0.25 and 0.56 kcal/mol,
respectively). The conformers (a-c-6) and (a-zw12) are predicted to isomerize without any barrier, because the transition state is calculated to
be lower in energy than these structures. Therefore, these Gly–(H2O)⫺
3 cluster anions are unstable, and will not be observed in experiments.
These low barriers of isomerization are to be
understood by the fact that the water molecules
do not bridge the amino and the carboxyl groups
in these clusters, allowing the proton to transfer
almost freely. The barrierless isomerization of the
high-energy zwitterionic anion (a-zw-12) to the
canonical one (a-c-1) described in Figure 4(e) is
important, with regard to the stability of the latter
conformer. Since the zwitterionic conformer (azw-12) is higher in energy than (a-c-1), the canonical conformer is stable against the isomerization,
once it is formed in experiments. Combined with
the fact that the energy of the canonical conformer (a-c-1) is higher than the lower-energy
zwitterionic conformers, we thus predict that it
may exist in small amount in gas phase at low
temperature.
NEUTRAL GLY–(H2O)3 CLUSTER
In photoelectron spectroscopy experiments,
the excess electron is detached to give the neutral
species. For the Gly–water clusters studied in this
work, the neutral Gly–(H2O)3 cluster [28] is produced with Gly either in zwitterionic or canonical
form, depending on several factors. If the incumbent cluster anion Gly–(H2O)⫺
3 is zwitterionic (ca-
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FIGURE 3. IR spectra of the four lowest-energy conformers of Gly–(H2O)3⫺ anion (scaling factor of 0.9613 is employed).
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FIGURE 4. Isomerization of some higher-energy conformers of Gly–(H2O)3⫺ anion (barrier in kcal/mol).

GLYCINE–(H2O)3 CLUSTER AND ANION
TABLE II ______________________________________________________________________________________________
Energy (hartree), ZPE (kcal/mol), relative energy ⌬ (kcal/mol), and relative Gibbs function at 5 K ⌬ 5K
(kcal/mol) of neutral Gly–(H2O)3 with canonical and zwitterionic Gly core.
Conformer

ZPE

⌬

⌬

5K

Canonical
n-c-1
n-c-2
n-c-3
n-c-4
n-c-5
n-c-6
n-c-7
n-c-8

⫺513.95680
⫺513.95302
⫺513.95207
⫺513.95151
⫺513.95158
⫺513.95188
⫺513.95085
⫺513.94995

97.1
97.3
97.4
97.3
97.4
97.7
97.2
97.2

0
2.57
3.27
3.52
3.58
3.69
3.83
4.40

0
2.47
3021
3.52
3.52
3.28
3.91
4.48

Zwitterionic
n-zw-1
n-zw-2
n-zw-3
n-zw-4
n-zw-5
n-zw-6
n-zw-7
n-zw-8
n-zw-9
n-zw-10
n-zw-11

⫺513.94335
⫺513.94194
⫺513.94288
⫺513.94178
⫺513.94279
⫺513.94258
⫺513.94117
⫺513.94091
⫺513.94199
⫺513.94199
⫺513.94145

98.2
97.6
98.2
97.5
98.2
98.1
97.3
97.4
98.2
98.2
98.2

0a (9.54)b
0.28 (9.82)
0.29 (9.83)
0.29 (9.83)
0.35 (9.89)
0.38 (9.92)
0.47 (10.01)
0.73 (10.27)
0.85 (10.39)
0.85 (10.39)
1.19 (10.73)

0.04 (8.76)
0.48 (9.20)
0 (8.73)
0.62 (9.35)
0.44 (9.16)
0.46 (9.18)
0.88 (9.61)
1.09 (9.82)
0.90 (9.62)
0.86 (9.59)
1.27 (10.00)

a
b

Relative energy and Gibbs function with respect to (n-zw-1).
Relative energy and Gibbs function with respect to (n-c-1).

nonical), the neutral cluster formed would also be
zwitterionic (canonical), because the photodetachment processes do not induce much change
in the nuclear conﬁguration. The neutral species
thus formed may subsequently survive long
enough for experimental detection, or may evolve
to the other form by zwitterion
canonical
transformation. Both the thermodynamic (relative Gibbs function) and the kinetic (magnitude
of barrier) factors should be considered to determine which forms (zwitterionic or canonical)
would be more stable. Table II presents the electronic energy, relative energy and relative Gibbs
function, and Figures 5 and 6 depict the structures of the neutral Gly–(H2O)3 cluster. Several
observations are to be noted. First, the energy and
the Gibbs function of the conformers with zwitterionic Gly are much higher (by ⬎9 kcal/mol)
than those with canonical Gly. This is high, in
contrast with the case of the Gly–(H2O)⫺
3 anion
presented in Table I, for which the reverse is true.
Therefore, once the neutral zwitterionic Gly–
(H2O)3 cluster is produced by photodetaching the
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stable zwitterionic cluster anion given in Table I,
it may isomerize to the canonical form, unless the
barrier is sufﬁciently high. Second, one of the
canonical conformers, (n-c-1), is much lower in
energy than the others. In this lowest-energy neutral canonical conformer depicted in Figure 5,
three water molecules bridge the carboxyl group,
whereas in all the other conformers three water
molecules form a chain connecting the amino and
the carboxyl group. In the second lowest-energy
conformer (n-c-2), a water molecule interacts
with the hydrogen atom in the OH group of the
Gly moiety, whereas in other conformers [with
the exception of (n-c-6)] it forms a hydrogen bond
either with the carbonyl oxygen or with the oxygen atom in the OH group of the amino acid. In
all the Gly–(H2O)3 conformers with zwitterionic
Gly presented in Figure 6, water molecules connect the ammonium and the carboxylate group.
When the three water molecules form a chain in
the conformer, the ammonium group is close to
the carboxylate. In contrast, these two functional
groups are bridged by water molecule(s) in some
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FIGURE 5. Structures of the low-energy conformers of neutral canonical Gly–(H2O)3.
conformers [(n-zw-5), (n-zw-9), (n-zw-10), and
(n-zw-11)].
Figure 7 describes the calculated dynamic paths
of zwitterionic
canonical transformation of
Gly–(H2O)3. Since the transition states for isomerization from (n-zw-1), (n-zw-3), and (n-zw-4) lie
lower in ZPE-corrected energy than the zwitterionic
conformers, we predict that they will transform to
the canonical conformers [(n-zw-1), (n-zw-3), and
(n-zw-4), respectively] by a barrierless single proton transfer. The zwitterionic conformer (n-zw-2)
may isomerize to the canonical form (n-c-6) by a
triple proton transfer pathway with the barrier of
8.7 kcal/mol, or to (n-c-3) by a single proton trans-

fer process. Since the latter pathway is barrierless,
the conformer (n-zw-2) is also considered unstable.
Therefore, these lower-energy conformers of neutral zwitterionic Gly–(H2O)3 cluster, which lie much
higher in energy than the neutral canonical clusters,
may not be observed in the gas phase at low temperature. We ﬁnd that the barriers of isomerization
from some higher-energy neutral zwitterionic conformers may be large enough to exhibit some degree of kinetic stability. The zwitterionic neutral
conformer (n-zw-5), for example, may transform to
the canonical forms via two competing pathways
with the barrier of 3.6 and 7.6 kcal/mol by the
concerted double and triple proton transfer process,
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FIGURE 6. Structures of the low-energy conformers of neutral zwitterionic Gly–(H2O)3.
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FIGURE 7. Isomerization from the low-energy conformers of zwitterionic forms of neutral Gly–(H2O)3 to canonical
forms (barrier in kcal/mol).
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respectively. Due to the high relative energy, they
may be present in the low-temperature gas phase as
a nascent species, if they are produced by photodetaching a zwitterionic anion.
Our calculated results suggest that the zwitterionic Gly–(H2O)⫺
3 anion is predicted to be the most
stable anionic form of the Gly–(H2O)3 system in the
gas phase; however, the canonical rather than the
zwitterionic Gly–(H2O)3 neutral form is predicted
to be its most stable neutral form. If zwitterionic
Gly–(H2O)⫺
3 anions are dipole bound, then they
would almost have to be made by electron attachment to their corresponding neutral. Since that neutral is not a zwitterion, forming dipole bound zwitterionic Gly–(H2O)⫺
3 anions in this way is unlikely,
and thus, this may not be the mechanism of zwitterionic Gly–(H2O)⫺
3 anion formation. Microsolvation by three water molecules is not sufﬁcient to
stabilize the zwitterionic form of neutral Gly. In
glycine/water clusters with even more water molecules [35], neutral Gly–(H2O)3 may well be zwitterionic, making the formation of dipole bound,
zwitterionic Gly–(H2O)⫺
3 anions feasible.
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