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Abstract: Ab initio molecular orbital calculations using the 4-3IG atomic orbital basis set have been carried out for various 
conformations of the glycine zwitterion. The equilibrium conformation based on standard bond lengths and bond angles is 
characterized by a planar framework involving an intramolecular NH- • -O hydrogen bond and lies 29 kcal/mol above the 
equilibrium conformation for the nonzwitterionic form, implying a hydration energy of ~50 kcal/mol for the gas-phase zwit
terion. Examination of the energetics of intramolecular proton transfer indicates that the zwitterionic form is associated with 
a very shallow local minimum characterized by an elongated NH bond (1.075 A) and separated from the nonzwitterion by a 
very small barrier (<0.5 kcal/mol). Thus the gas-phase zwitterion is not expected to have an observable lifetime, and it is not 
even clear that a vibrational state would exist within the local minimum which defines it. 

Glycine in the isolated state (gas phase or matrix)2 is con
sidered to exist as the nonzwitterionic structure, 
NH2CH2COOH, whose conformational energetics have been 
the subject of a recent detailed study.3 The conformational 
angles are defined in structure I.3 In many condensed phase 
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environments, however, e.g., the crystalline state4 or aqueous 
solution,5 the molecule adopts a preferred zwitterionic ar
rangement, N H 3

+ C ^ C O O - , whose conformational angles 
are defined by structure II, analogously to I.3 Little is known 
experimentally about the molecular structure of the isolated 
zwitterion. The conformation of the zwitterions of glycine and 
other amino acids in the crystal state is generally dominated 
by /fl/ermolecular hydrogen bonds,6 and accordingly ab initio 
theory offers a useful tool for examining the intrinsic confor
mational energetics of the free glycine zwitterion as well as its 
energy relative to that of the nonzwitterion. As noted pre-
viously,2b this relative energy in conjunction with experimental 
sublimation and hydration enthalpies for the solid allows one 
to estimate the hydration enthalpy of the gas-phase zwitterion, 
which can then be compared with the corresponding hydration 
enthalpy (~20 kcal/mol) for the nonionic species. A recent 
semiempirical CNDO/2 calculation7 yielded a separation of 
~100 kcal/mol between glycine and its zwitterion. This dif

ference is undoubtedly exaggerated since combination of the 
gas-phase proton affinities of methylamine and the formate 
anion and the coulombic interaction between the two zwit
terionic charge centers over a distance of ~ 3 A8 implies a 
separation of only ~20 kcal/mol. We may expect the true 
energy difference to lie somewhere between these extremes. 

A further question of interest regards the existence of a local 
minimum for the gas-phase glycine zwitterion and the expected 
residence lifetime in such a minimum if it exists. Calculations 
to date7-9 have constrained the N H 3

+ group to have a normal 
geometry (tetrahedral angles and NH bond lengths of ~1 A), 
and the relative energies discussed above were based upon such 
an assumed structure. 

Computational Details 

In the present report we employ ab initio molecular orbital 
theory to address the above questions, using the same split 
valence basis set (4-3 IG) ' 0 as in the previous study of glycine3 

and related species." The conformational energetics of the 
zwitterion are first studied, using standard bond lengths and 
angles.12 The relative energies of the equilibrium conformers 
for glycine and its zwitterion are then discussed and the ac
curacies estimated by comparison with related species of 
known energy. Finally, the molecular geometry of the zwit
terion is allowed to relax, and a limited search is carried out 
for the minimum energy zwitterion structure and for the proton 
transfer pathway to the nonzwitterionic structure. The geo
metrical parameters which were varied are labeled in Figure 
1. 

Results 

A. Relative Energies Based on Standard Geometries. The 
minimum energy conformation for the zwitterion is found to 
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Figure 1. Structural diagram of the zwitterion (<£i = <t>2 = 0), 
displaying geometrical parameters varied in the energy minimization. 
The HCH and NCC planes are perpendicular, and the bisectors of 
the HCH and NCC angles are colinear. The HCH angle was kept at 
109.47°. 

be the <$>\ = <t>2 = 0° structure II, characterized by an intra
molecular hydrogen bond between a single NH bond and one 
of the carboxylate oxygen atoms. This is in contrast to the 
equilibrium for the nonzwitterion, III,3 where the 0: = 180°, 
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02 = 0° conformation has two N H bonds symmetrically hy
drogen bonded to the carbonyl oxygen. The energy of the 
analogous conformation for the zwitterion, structure IV, is 2 
kcal/mol above that for structure II. The equilibrium con-
formers of the zwitterionic and nonzwitterionic isomers are 
separated by 29 kcal/mol.13 To assess the accuracy of this 
calculated energy, we note that the calculated proton affinities 
of the formate anion and ammonia (or methylamine) are ex
aggerated by very similar amounts (17 and 15 kcal/mol, re
spectively), as summarized in Table I. Thus the calculated 
relative energies of II and III are probably accurate to within 
a few kilocalories per mole, indicating that the gas-phase 
zwitterion is separated by ~ 1 eV from the nonionic structure 
and is not an energetically important species at room tem
perature, a result consistent with previous expectations.2 The 
29-kcal/mol separation implies a hydration energy of ~50 
kcal/mol for the gas-phase zwitterion.2b This magnitude for 
the zwitterion hydration enthalpy is perhaps smaller than one 
might anticipate based on the expected occurrence of strong 
hydrogen bonds at the NH3 + and C O 2

- groups.17,18 In this 
regard, we note that in terms of population analysis, the charge 
separation in glycine is calculated to be appreciably less (q = 
+0.5, +0.2, and -0 .7 on the NH 3 , CH2 , and CO2 groups, re
spectively) than the idealized unit values implied by the 
N H 3

+ C H 2 C O 2
- structure. This attenuation in charge sepa

ration combined with the relatively close proximity of the 
separated charges (~3 A) would help to account for reduced 
hydrogen-bonded stabilization by the solvent, relative to that 
for isolated N H 3

+ and C O 2 - groups. The tendency for a 
zwitterionic N H 3

+ group to shield a carboxylate oxygen atom 
and reduce its tendency to act as a proton acceptor has been 
inferred from high-precision neutron diffraction data.6 

B. Geometry of the Zwitterion. 1. Equilibrium Geometry. 
With the standard geometry12 as a starting point, the geo
metrical parameters in Figure 1 were optimized sequentially 
in the order R, 8, a, f3,r, r', and 7.19 In the second cycle, it was 
not felt necessary to include r' and 7. The optimal parameters 
found were 1.073 A, 99.3°, 112.0°, 116.3°, 1.27 A, 1.23, and 
106.2°, for R, 8, a, /3, r, r'', and 7, respectively. A third cycle 
of variation on the two most important parameters for the 
excess proton, R and 0, led to virtually no change (1.075 A and 

Table I. Proton Affinities (PA) 

Species 

HCOO-
NH3 

CH3NH2 

"Acalcd 

359* 
222rf 

230rf 

PAe.p,," 

342'' 
207 <• 
216c 

"AcalCfi "AeXpti 

17 
15 
14 

a kcal/mol. The calculated (4-31 G) quantities do not include the 
zero-point correction, but this should have little effect on the quantities 
of interest (i.e., the difference between (PAcaicd — PAcxpti) for C O 2

-

and NH 2 ) . * Present work, based on experimental geometries (ref 16). 
c Reference 14. d Reference 15. 

Table II. Calculated Equilibrium Geometry for Glycine 
Zwitterion" 

Parameter* Magnitude' Parameter* Magnitude*1 

R 1.075rf r 1.27 
B 99.3 r' 1.23 
a 112.0 7 106.2 

_ _ / 3 116.3 

" Parameters not specified were assigned standard values.12 * De
fined in Figure 1. c Units of A and degrees for distances and angles, 
respectively. 

99.5°). The final parameters are summarized in Table II and 
imply that the zwitterionic structure does correspond to a local 
potential energy minimum. The N H bond associated with the 
excess proton is extended by 0.065 A from the reference value 
of 1.01 A',12'20 indicative of strong intramolecular hydrogen 
bonding. The N - H - O distance of 1.60 A can be compared 
with typical values of ~1.8 A observed for intermolecular 
N H - O distances in crystalline amino acids.6 Of course, the 
internal hydrogen bond in the zwitterion departs appreciably 
from linearity ( Z N H - O = 130°). The calculated force con
stant for the NH stretching mode (~4 mdyn/A) indicates the 
expected weakening of the NH bond; e.g., the force constant 
for symmetric stretching in NH4 + is 8.3 mdyn/A.20 

The equilibrium structure exhibits an N - O distance, 2.42 
A, well within the van der Waals contact distance (2.9 A),21 

reflecting in part the effect of the electrostatic attraction be
tween the two changed moieties. 

The significance of the local minimum discussed above is 
clearly related to the magnitude of the barrier separating the 
zwitterion from the nonionic structure V. Furthermore it must 
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V 

be recognized that since this barrier is found to be quite small 
(see below), more elaborate calculations including larger basis 
sets and configuration interaction20 and allowing for the re
laxation of all internal coordinates19 might result in the 
washing out of this local minimum. 

2. Pathways for Proton Transfer. To provide an initial es
timate of the proton transfer barrier, the proton was moved in 
a least motion (linear) path from the calculated equilibrium 
position in the zwitterion to that corresponding to the 
nonzwitterionic species (structure V) with standard HOC 
geometry (/"OH = 0.96 A and / H O C = 109.47°).23 The 
framework geometry was frozen at the equilibrium configu
ration for the zwitterion. A barrier of 2.0 kcal/mol was ob
tained at an NH distance of 1.25 A. However, maintaining r N H 

at 1.25 A and relaxing other geometrical parameters caused 
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the total energy to drop below that for the calculated equilib
rium zwitterionic structure. Shorter NH distances (from 1.12 
to 1.21 A) were then considered, with 6, r, and a being opti
mized for each point. This procedure yielded a very small 
barrier (~0.5 kcal/mol) at an NH distance of 1.18 A ( H - O 
= 1.41 A). The calculations thus indicate that the gas-phase 
zwitterion most likely corresponds at best to a very shallow 
potential energy minimum with respect to proton transfer, and 
its expected lifetime would be of the order of a vibrational time 
scale (10 - 1 4 -10 _ 1 3 s ) at most.24 In view of the shallowness of 
the barrier it is not even clear that a vibrational state would be 
contained within the local minimum which defines the zwit
terion. 
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Abstract: We present ab initio calculations on most of the major classes of hydrolytic reactions of high-energy molecules of im
portance in biological processes. Although intramolecular (opposing resonance and electrostatic) effects play an important 
roie in determining the energy of hydrolysis in some of these reactions, it is concluded that in those hydrolyses of most impor
tance in energy storage and transduction (ATP -* ADP + orthophosphate and phosphocreatine + ADP —• creatine + ATP), 
relative solvation energies of reactants and products are by far the most important factors in determining these energies. We 
applied simple reaction field equations to estimate solvation energies. By doing so, we are able to reproduce the fact that phos-
phoguanidinium and pyrophosphate ions have similar free energies of hydrolysis in f-bO. despite the huge calculated difference 
between the corresponding energies of hydrolysis in the gas phase. 

Biologically important compounds with large negative 
free energies of hydrolysis at physiological pH have been de
scribed as "high-energy" compounds. Because of their im
portance in processes fundamental to the maintenance of life, 
these compounds have received much attention from both 
experimentalists and theoreticians. One of the first to consider 
these reactions from a theoretical viewpoint was Kalckar,2 who 
suggested that "opposing resonance" played an important role 
in the large negative free energy of hydrolysis of high-energy 
compounds. For example, in the hydrolytic reaction 

H ̂ C ^ Q / C 
+ H,0 2HCOOH 

^H 

there are three important resonance structures for the anhy
dride reactant, 
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