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Abstract

The instability of the zwitterion structure of glycine is signi�cantly reduced by the at-

tachment of an excess electron and a local minimum develops on the anionic potential

energy surface for the zwitterion structure. However, the global anionic minimum, that

is lower by 9 kcal/mol, corresponds to a singly hydrogen-bonded non-zwitterion struc-

ture. The vertical electron detachment energies for these two dipole-bound zwitterion

and non-zwitterion structures are 3175 and 668 cm�1, respectively.
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In aqueous solutions, the ionic form of amino acids predominates at pH 7, with

the �-amino group protonated and the carboxyl deprotonated. Therefore, most amino

acids at neutral pH have no net charge, but they exist as zwitterions NH+
3 -CHR-COO

�

which clearly have large dipole moments 1. In contrast, in the gas phase the zwitteri-

onic charge separation is not stabilized by the environment and a non-charge-separated

con�guration is likely to be more stable.

It was demonstrated in millimeter wave spectroscopy experiments 2 and by mea-

surements of substituent e�ects on gas-phase basicity3 that glicyne is not a zwitterion

in the gas phase. These results are consistent with ab initio calculations that indicate

the non-ionic tautomer is lower in energy 4�8. On the basis of kinetic experiments,

it was suggested that arginine, with its extremely basic guanidine group, might be

stable as a zwitterion in the gas phase 9. However, this result was not con�rmed in

later spectroscopic measurements 10, although it was pointed out that there may be a

signi�cant barrier that separates the neutral and zwitterion forms of arginine and the

thermodynamically unstable form may have a suÆciently long lifetime to be observed

experimentally.

With no experimental or theoretical proof of the thermodynamic stability of the

zwitterion of an amino acid in the gas phase, newer e�orts concentrated on protonated

9, alkali cationized 11, and hydrated 8 amino acids. For instance, it was found that

two water molecules can stabilize the zwitterion of glycine suÆciently to render it

geometrically stable 7. In the present contribution, we study the e�ect of attaching an

excess electron on the relative stabilities of the zwitterion and non-ionic structures of

the simplest amino acid, glycine. We demonstrate that the instability of the zwitterion

structure of the neutral glycine is signi�cantly reduced by the attachment of an excess

electron and a local minimum develops on the anionic potential energy surface. These

e�ects are related to the fact that the anionic state is dipole-bound and the dipole

moment for the zwitterion structure is larger than that of the non-ionic structure.
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In agreement with earlier studies 4�8, we �nd that the zwitterion structure of the

neutral glycine A (see Fig. 1) is not even a minimum on the electronic ground state

potential energy surface. Rather, geometry optimization based on ab initio calculated

forces moves downhill in energy fromA and collapses to the non-ionic structure Bn (see

Fig. 2). The stationary point Bn is separated from a symmetry-equivalent Bn structure

by a small barrier (19 cm�1) at the top of which is a Cs-symmetry structure Bp. The

Bn minimum is only 1 kcal/mol higher in energy than the neutral global minimum, C,

which is geometrically quite distinct 12. Moreover, there is a signi�cant di�erence in

the polarity of Bn and C; the MP2 dipole moment of Bn is 5.52 D, whereas that of C

is only 1.18 D.

To the best of our knowledge, the glycine molecule does not form a valence type

anion in the gas phase because it has no vacant or half-�lled valence orbital available.

However, the dipole moment of Bn;p is more than suÆcient to support a dipole-bound

anionic state and the dipole moment of the zwitterion structure A is expected to be

even larger than that of Bn;p. On the other hand, structure C has such a small dipole

moment that it can not bind an electron. Let us therefore turn to our study of the

stability of dipole-bound anions of glycine derived from the non-ionic (Bp or Bn) and

zwitterion (A) structures.

As demonstrated by others, the calculated relative energetics of di�erent isomers of

the neutral glycine is sensitive to the level of theory 12. Moreover, electron correlation

e�ects proved to be important for dipole-bound anions 13. Therefore, the results re-

ported in this study were obtained at the coupled cluster level of theory with single,

double and non-iterative triple excitations 14. We have used aug-cc-pVDZ basis sets

15 supplemented with additional even-tempered �ve s and �ve p symmetry functions

centered on the N atom. The geometric progression ratio for this extra di�use set was

equal to 3.2, and we started to build up the exponents from the lowest s and p expo-

nents included in the aug-cc-pVDZ basis set designed for N. Stationary points on the
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potential energy surfaces of the neutral and the anion as well as harmonic vibrational

frequencies were determined at the MP2 level. In calculations for the doublet anion,

the value of < S2 > never exceeded 0.7501 for the SCF wavefunction.

The vertical electron detachment energy (D) for the excess electron was �rst de-

termined at the Koopmans' theorem level (DKT ) and then supplemented with orbital

relaxation �DSCF
ind and electron correlation e�ects estimated at the CCSD(T) level 16.

The second-order dispersion interaction between the excess electron and the neutral

molecule (�DMP2
disp ) was extracted from the latter term 16 and the remaining higher-

order correlation contribution to D, denoted �DHO, is de�ned as

�DHO = DCCSD(T )
�D

KT
��DSCF

ind ��DMP2
disp (1)

The energy pro�le for the transition between the zwitterion (A) and neutral (B)

structures of the glycine anion is also displayed in Fig. 2 as a function of the distance

between the nitrogen atom and the H1 hydrogen atom that is displaced as tautomer-

ization occurs. A broad plateau develops for RNH1
in the 1.0-1.3 �A range. Speci�cally,

a local MP2 minimum is present at RNH1
=1.12 �A, but the depth of this minimum with

respect to the barrier at RNH1
=1.13 �A is only 1 cm�1. Higher order CCSD(T) single

point calculations performed at the stationary points on the MP2 potential energy sur-

face led to a deeper minimum (27 cm�1), but this stability is so weak that we do not

expect this zwitterion form of the anionic glicyne to exist in the gas phase at any but

the lowest temperatures.

The relative energies of the neutral and anionic glycine structures calculated at the

CCSD(T) level of theory and corrected for the MP2 zero-point vibrational energies

are collected in Table 1. In agreement with previous studies for the neutral glicyne

12, the low-dipole-moment C structure is lower in energy than the high-dipole-moment

structure Bn, but the di�erence is only 394 cm
�1. Geometry optimization for the anion

starting from the Bn structure of the neutral converged to a structure with Cs symmetry
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denoted B�p , which is the lowest energy stationary point that we found on the potential

energy surface of the anion. It is even lower than the C structure of the neutral, by

279 cm�1. In addition to the B�p species, we found, as noted above, a shallow local

minimum structure A� having zwitterionic type bonding. The A� structure is 2888

cm�1 higher than the B�p structure.

The vertical electron detachment energies for the anion of glycine at the B�n and

A� stationary points are collected in Table 2. The values of the MP2 dipole moments

of the neutral at the anionic B�p and A� stationary points are 5.7 and 9.3 D, respec-

tively. As expected, the larger the dipole moment of the neutral, the larger the value

of DKT and the more compact the charge distribution of the excess electron is (see Fig.

3). The SCF orbital polarization term, �DSCF
ind , does not exceed 15% of DKT . The

�DMP2
disp contribution describes dynamical correlation between the excess electron and

the electrons of the neutral molecule. This stabilizing e�ect is as large as DKT for B�p

and it represents 62% of DKT for A�. The higher-order correlation term, �DHO, con-

tributes less than 9% to DCCSD(T ), but this relatively small contribution results from

a cancellation of di�erent electron correlation components. The values of DCCSD(T ) for

the B�p and A� structures are 668 and 3175 cm�1, respectively.

We conclude that the instability of the zwitterion structure of glycine is signi�cantly

reduced by the attachment of an excess electron but not suÆciently to render this the

lowest energy structure of the anion. The issue of whether electron attachment can

o�set the instability of the zwitterion form of amino acids with more signi�cant proton

aÆnities (such as arginine) will be explored in a future study. The lowest energy B�p

anion of glycine is vertically stable with respect to the neutral by 668 cm�1 and is

adiabatically stable with respect to the global minimum C of the neutral by 279 cm�1.
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Captions for Figures

Figure 1. The equilibrium structures, relative CCSD(T) energies without zero-point

vibrational energies (in parentheses, given in cm�1), and MP2 dipole moments of the

neutral glycine (in Debyes). For the neutral A, the geometry of A� is used and the

energy level is indicated by a dashed line since it does not correspond to a stationary

point on the potential energy surface of the neutral.

Figure 2. The energy pro�le for the neutral (circles) and anionic (squares) glycine for

proton transfer.

Figure 3. Singly occupied molecular orbital of the anionic glycine at the A� (contour

spacing 0.021) and B�p (contour spacing 0.0087) stationary points.
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Table 1: The CCSD(T) energies (E in cm�1) of the neutral and anionic species cal-
culated with respect to the C tautomer of the neutral. The energies, also in cm�1,
corrected for the MP2 zero-point vibrational energies are denoted E + Eo

vib.

System E E + Eo
vib

Neutral(C)a;b 0 0
Neutral(Bp) 304 368
Neutral(Bn) 285 394
Anion(B�p ) -321 -279
Anion(A�) 3238 2888
aThe CCSD(T) energy is -283.79681153
aThe MP2 value of Eo

vib is 50.051 kcal/mol

Table 2: The components of the vertical electron detachment energy (in cm�1) calcu-
lated for the anion of glycine at its B�p and A� structures.

Structure B�p A�

D
KT 290 1920

�DSCF
ind 33 284

�DMP2
disp 287 1199

�DHO 58 -229
D
CCSD(T ) 668 3175
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