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Abstract

Glycine–(water)3 complexes have been studied by means of B3LYP density functional method using 6-311++G* basis set. In the
complex considered here, the three water molecule are either attached to the carboxylic group or bridge between the amino group
and carboxylic group of glycine. Four such complexes are studied. Relaxation energies, two-, three- and four-body interaction ener-
gies are obtained by applying many-body analysis to know their role in binding energy of the complex. The results are compared
with recent work on glycine–(water)3 complex with ð�NHþ

3 Þ group as proton donor [A. Chaudhari, P.K. Sahu, S.L. Lee, J. Chem.
Phys. 120 (2004) 170]. In the most stable structure of glycine–(water)3 complex, the three water molecules are attached to the car-
boxylic group of glycine and it is 5.3 kcal/mol lower in energy than that of the most stable structure reported earlier. The three-body
term from water–water–water interaction in the most stable in this work and that reported earlier is unique since the distances
between the water molecules are almost same. The two-body term from water–water interaction has significant contribution to
the total two-body term when the distance between water molecules is less than 3 Å.
� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Amino acids, the building blocks of proteins, are
bifunctional compounds containing a carboxylic acid
and an amine. Two oppositely charged functionalities
(carboxylate and ammonium) are considerably stabi-
lized by the mutual electrostatic forces. The amino acids
exist as heavily solvated zwitterionic forms in neutral
aqueous solution. Despite their familiarity and impor-
tance, the interactions of water and amino acids are un-
known territory. In aqueous solution or in crystalline
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media, amino acids adopt charge-separated, zwitterionic
structures, but it is generally agreed that they all exist as
neutral molecules when isolated in the gas phase [1–6].

In view of the role of water in the structural and func-
tional properties of macromolecules and their interac-
tions, much attention has been paid to the properties
of water in aqueous biomolecular system. The interac-
tions between the water and the amino acids play a cru-
cial role in the structure and function of proteins in
aqueous solution since amino acids are the basic build-
ing blocks of proteins. Several theoretical studies on
environmental effects on the molecular structure of gly-
cine have been performed [7–13].

As the difference in energy between the conformers of
the cluster containing biomolecule and water is usually
rather small, many biomolecules may exist in solution
as a number of conformers. Studying the effect of solva-
tion is usually quite difficult because the solute–solvent
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interactions are of a molecular nature and thus they
must be treated on the molecular level. The cluster mod-
el is quite useful in this regards in which specific solvent
effects such as hydrogen bonds are successfully repre-
sented. Detailed interactions between the functional
groups both in the biomolecule and in the solvent mol-
ecules may efficiently be probed by systematically exam-
ining the structure of the clusters consisting of the
biomolecule and a number of solvent molecules.

Recently, we have studied glycine–(water)3 complexes
using density functional theory (DFT) method [13] in
which three water molecules are attached to the amino
group of glycine (hereafter called paper I). In paper I,
five different conformers of glycine–(water)3 complex
with ð�NHþ

3 Þ group as proton donor are reported and
the BSSE corrected total energy of the lowest energy
conformer was �513.9179677 and binding energy
�27.28 kcal/mol. Through many-body analysis it has
been shown that relaxation energy, two-body and
three-body energies have significant contribution to the
binding energy of the complex whereas, four-body ener-
gies are negligible. But glycine–(water)3 complex with
(–COO�) group as proton acceptor and complex in
which ð�NHþ

3 Þ group as proton donor and (–COO�)
group as proton acceptor could also be relevant for this
type of complex. Therefore, in this work, we have stud-
ied glycine–(water)3 complex with three water molecules
either attached to the carboxylic group or bridge be-
tween the amino and carboxylic group of glycine. Thus
the present work can be considered as a continuation of
our previous study where the many-body analysis of gly-
cine–(water)3 complex with ð�NHþ

3 Þ as proton donor
was thoroughly examined. Similar to paper I, we have
applied many-body analysis to these complexes to study
their role in the binding energy. The results are com-
pared with that of paper I. Section 2 gives the computa-
tional details. In Section 3, results are discussed.
Conclusions are given in Section 4.
2. Computational details

We have employed the same theoretical approach to
that in paper I. Therefore all our calculations have been
made using the DFT method, in particular selecting the
B3LYP exchange correlation functionals [14–17] that
consist of the Hartree–Fock and non-local exchange
and correlation parts. In our B3LYP calculations, we
employed the same basis set to that of our earlier work
on glycine–(water)3 complex i.e. 6-311++G*.

Recently, DFT/B3LYP has been accepted by the
ab initio quantum chemistry community as a cost effec-
tive approach for the computation of molecular struc-
tures, vibrational frequencies and energies of chemical
reactions. It has been shown that the molecular struc-
ture and vibrational frequencies calculated by DFT
methods are more reliable than MP2 methods [18–20].
DFT/B3LYP has been also used to study several hydro-
gen-bonded complexes [21–27] and shown to be effective
at accurately predicting structure and energies. The basis
set 6-311+G* has been used in this work since in hydro-
gen-bonded complex, it is expected that both diffuse and
polarization functions may be necessary in the basis set.
Recently a good agreement between DFT/B3LYP and
MP2 method is reported by Wang et. al. [27] for gly-
cine–water complex and concluded that DFT/B3LYP
can be used as a means to study the small amino acid
zwitterion–water cluster. The B3LYP/6-311+G* combi-
nation has been therefore used to analyze many-body
interaction in glycine–(water)3 complex.

The many-body analysis is carried out for all the
complexes. The optimized geometries for glycine–
(water)3 complex are shown in Fig. 1. The details of
the many-body analysis can be found in paper I and
in earlier work [28–33]. All calculations reported in this
work are carried out using the GAUSSIAN 98 program
package [34]. Energies are corrected for basis set super-
position error by counterpoise method and generalized
counterpoise method [35–37].
3. Results and discussion

The four conformers A–D of glycine–(water)3
complex studied in this work are shown in Fig. 1.
Selected optimized geometries for these conformers
are given in Table 1. The BSSE corrected total energy
is �513.9207352, �513.9263934, �513.8862906,
�513.9147212 Hartrees for conformers A, B, C and
D, respectively. On comparing total energies of the
conformers I–V in paper I and A–D in this work, it
can be seen that the lowest energy conformer of gly-
cine–(water)3 complex is not that reported in paper I
(conformer IV) but the conformer B in this work.
The conformer B is lower in energy by 5.3 kcal/mol
than that of conformer IV. It can be said that in
the lowest energy conformer of glycine–(water)3 com-
plex, the three water molecules are attached to the
carboxylic group of glycine. In conformer C also,
the three water molecules are attached to the carbox-
ylic group of glycine but it is 25.2 kcal/mol higher in
energy than the most stable conformer B.

In conformer A and D, one and two water molecules,
respectively, are bridging the amino and carboxylic
group of glycine. These two conformers differ in energy
by 3.8 kcal/mol. In conformer A, the remaining two
water molecules are attached to the amino group
whereas in conformer D, the third water molecule
bridges the two oxygen atom of the carboxylic group
of glycine through hydrogen bonding. These two con-
formers A and D are 3.6 and 7.3 kcal/mol higher in en-
ergy, respectively, than the most stable conformer B.



Fig. 1. Optimized structures of glycine–(water)3 complex at B3LYP/6-311++G* level.
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The conformers I, II, III and V in paper I are higher in
energy by 9.21, 23, 7.44 and 5.42 kcal/mol, respectively,
than the conformer B. It is found that three water mol-
ecules bridging between the amino and carboxylic group
of glycine does not stabilize the zwitterionic form of
glycine.

Many-body interaction energies for conformers A–D
are tabulated in Table 2. As reported in paper I, the gly-
cine–water interaction here also is attractive for all the
four conformers whereas, water–water interaction is
repulsive for conformer A and attractive for conformers
B, C and D. Out of these four conformers, the highest
total two-body interaction energy is for conformer A
(�49.48 kcal/mol) and the lowest for conformer C
(�22.33 kcal/mol). The total three-body interaction is
repulsive for conformer A and attractive for conformers
B, C and D. Also, glycine–water–water interaction is
repulsive for conformer A and attractive for other three
whereas, for water–water–water interaction the opposite
is true. The four-body interaction is repulsive for all the
four conformers but these energies are almost negligible
as compared to two- and three-body energies. The relax-
ation energy is also found repulsive for all the four con-
formers and is highest for conformer A (20.43 kcal/mol).

On comparing conformers A and D in which one and
two water molecules, respectively, bridge between amino
and carboxylic group of glycine, it can be seen that the
total two-body interaction is attractive for both the con-
formers but is more attractive for the former than the
latter. The total three-body interaction is repulsive for
the former and is attractive for the latter. The relaxation
energy is repulsive for both the conformers but the geo-
metrical changes are larger in the former.

On comparing many-body energies for conformers B
and C in which three water molecules are attached to the
carboxylic group of glycine, it can be seen that the gly-
cine–water interaction energy for the former is much
greater (�36.13 kcal/mol) than the latter (�11.35 kcal/
mol). But the water–water interaction for the latter is
greater (�10.98 kcal/mol) than the former (�7.54
kcal/mol). Total two-body interaction of conformer B
is almost twice than that of C. Similarly glycine–
water–water interaction energy (�8.85 kcal/mol) is
much greater than that of C (�3.62 kcal/mol) which re-
sult in total three-body interaction energy for the former
is much greater than that of the latter. The relaxation
energy is attractive for both the conformers but differ
by 5.7 kcal/mol.

From two-body water–water interaction energies in
these four conformers A–D, it can be seen that the
water–water interactions are repulsive for conformer A
and attractive for rest of the conformers except W1–W2

for conformer B and D. In conformer A there is no
hydrogen bonding between the water molecules whereas,
in conformers B and C two and three hydrogen bonds
are formed, respectively, between three water molecules.
In conformer D, W2 and W3 are hydrogen bonded. The
water–water interaction can be related to the distance be-
tween water molecules. The W1–W2, W1–W3, and W2–
W3 distances (Å) in these four conformers are (5.084,



Table 1
Selected optimized geometries for glycine–(water)3 complexes A–D
using B3LYP/6-311++G* level

Parameter A B C D

N1–H2 1.035 1.017 1.017 1.049
N1–C3 1.505 1.500 1.509 1.502
C3–C4 1.564 1.562 1.566 1.562
C4–O7 1.223 1.259 1.275 1.250
C4–O9 1.279 1.240 1.225 1.249
H2–O11 1.818 – – –
H2–O17 – – – 1.717
O7–H12 – – 2.037 2.235
O7–H15 – 1.803 – –
H8–O14 1.878 – – –
O9–H13 1.762 1.818 2.113 2.139
O9–H15 – – – 1.775
H10–O17 1.797 – – –
H16–O17 – – 2.083 –
H18–O14 – – – 1.727
O11–H12 0.961 0.961 0.971 0.967
O11–H13 0.988 0.982 0.971 0.969
O11–H15 – – 2.144 –
O11–H19 – – 1.838 –
O11–H18 – 1.822 – –
O14–H15 0.963 0.982 0.968 0.986
O14–H16 0.963 0.962 0.970 0.961
O14–H1 – 1.810 – –
O17–H13 – – – –
O17–H18 0.961 0.980 0.962 0.988
O17–H19 0.987 0.982 0.978 0.962
N1–C3–C4 113.45 105.85 104.54 105.07
H2–N1–C3 109.67 114.87 114.06 107.32
C3–C4–O7 114.49 113.11 111.99 113.47
C3–C4–O9 115.74 116.79 117.48 116.36
H12–O11-H13 108.76 108.60 102.60 102.20
H16–O14–H15 107.53 108.17 103.40 109.07
H18–O17–H19 109.32 106.69 107.58 107.71
N1–C3–C4–O7 �174.95 �32.49 0.88 31.25
N1–C3–C4–O9 5.19 146.03 �178.95 �147.95

Bond length in Å and bond angles in degrees.

Table 2
Many body interaction energies (two, three and four body) for glycine–
(water)3 complexes using B3LYP/6-311++G* level

Complex A B C D

Two body

G–W1 �20.92 �11.80 �7.77 �9.31
G–W2 �10.91 �11.00 �1.89 �12.00
G–W3 �20.60 �13.33 �1.69 �12.38
W1–W2 0.62 1.14 �4.63 0.78
W1–W3 1.61 �4.37 �4.25 �0.18
W2–W3 0.72 �4.31 �2.10 �4.51

Total 2B �49.48 �43.67 �22.33 �37.60

Three body

G–W1–W2 0.46 0.78 �1.62 0.33
G–W1–W3 1.35 �4.56 �2.07 �0.63
G–W2–W3 0.54 �5.07 0.07 �5.56
W1–W2–W3 �0.04 1.41 0.39 0.08

Total 3B 2.31 �7.44 �3.23 �5.78

Four body

G–W1–W2-W3 0.06 0.46 0.08 0.07
ERelaxation 20.43 17.13 11.44 16.58
BE �26.68 �33.52 �14.04 �26.73

All energies are in kcal/mol and BSSE corrected.
G is glycine and Wi denotes ith water molecule in a complex according
to Fig. 1.
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3.903, 5.052) in A, (4.295, 2.768, 2.747) in B, (2.998,
2.777, 2.923) in C and (4.791, 5.578, 2.695) in D. It can
be seen that when the distance between the water mole-
cules is less than 3 Å it contributes significantly to the to-
tal two-body energy in all the four conformers and when
it is greater than 5 Å, it has very less contribution. As in
conformer A, the distances between the water molecules
are greater than 3 Å they have attractive contribution to
the total two-body energy.

On comparing all the five conformers in paper I and
conformers A–D in this work, it is observed that gly-
cine–water interaction is attractive for all the nine con-
formers and is highest for conformer I (�60 kcal/mol)
and lowest for conformer C (�11.35 kcal/mol). The
water–water interaction is repulsive for conformer I
and A whereas, it is attractive for rest of the conformers.
The highest contribution from water–water interaction
is found for conformer C (�10.98 kcal/mol). The gly-
cine–water–water interaction is repulsive for conformer
I and A, and attractive for rest of the conformers. The
water–water–water interaction is attractive for conform-
ers I, IV, V and A, and repulsive for all other conform-
ers. The highest contribution from glycine–water–water
and water–water–water interaction is found for the most
stable conformer B. The highest relaxation energy is still
for the conformer I (27.47 kcal/mol) and is repulsive for
all the nine conformers. The binding energy is now high-
est for the most stable conformer B and is �33.5 kcal/
mol.

In the most stable conformer B here and that re-
ported in paper I, the three-body energy is contributing
(attractive) significantly to the binding energy. In con-
former B the three water molecules are hydrogen
bonded to each other and with glycine such that a ten-
member ring is formed and the structure is monocyclic.
Conformer IV in paper I is also a monocyclic structure
with two water molecules hydrogen bonded to glycine to
form a six member ring. In both these complexes, the
two-body term from W1–W3 and W2–W3 contributing
significantly. It is due to that they have almost same dis-
tances between water molecules. In B and IV, W1–W2,
W1–W3, and W2–W3 distances are (4.295, 2.768, 2.747
Å) and (4.295, 2.726 and 2.718 Å), respectively. The
three-body term from water–water–water interaction is
unique in these two conformers since the distances be-
tween the water molecules are almost same. But it is
attractive in conformer IV and repulsive in conformer
B. It may be due to that in former all the three water
molecules are proton acceptor whereas, in latter all these
are proton donors. In both these conformers the total
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three-body term contributing significantly to the binding
energy because in both the conformers the three body
terms from G–W1–W3, G–W2–W3 and W1–W2-W3 con-
tributing more. The contribution from G–W1–W2 inter-
action is less as compare to other three-body terms in
both these conformers.

The chemical hardness [38,39] is found to be 2.93 eV
for the most stable conformer B, which also supports the
stability of the conformer B.
4. Conclusions

In this work, we describe theoretical results on gly-
cine–(water)3 complex and their many-body interaction
energies. We have shown that the most stable conformer
is not that reported earlier. The most stable conformer
of glycine–(water)3 complex has BSSE corrected total
energy �513.9263934 and binding energy �33.5 kcal/
mol. The relaxation energy, two- and three-body ener-
gies have significant contribution to the binding energy.
The four-body energies are almost negligible.
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