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ABSTRACT: Several biologically relevant glycine–Feþ/Fe2þ complexes with three different multiplicities were
studied for the first time by using the hybrid three-parameter B3LYP density functional method with different basis
sets. Single-point calculations were also carried out at the BHLYP level with a larger basis set to refine and calibrate
these energy values. The results show that the most stable glycine–Feþ isomer is the C1-symmetric sextet NO-16,
in which Feþ is interacted with both the amino nitrogen and carbonyl oxygen of the glycine ligand. The ground-state
structure of glycine–Fe2þ is the 5A00 state 2O-25, which generates from the interaction of Fe2þ with the two oxygen
terminus of the zwitterionic glycine. The calculations indicate that the binding energies mainly derive from the
contributions of electrostatic effects, for both the monovalent and divalent metal cation-chelated glycine complexes.
The differences in binding energies between these different multiple-state glycine–Feþ isomers with same
combination modes mainly derive from their different electrostatic and polarized effects, and those between the
isomers of different combination modes with the same multiple states mainly stem from their different deformation
effects. The differences in the relative stabilities of these glycine–Feþ isomers with different multiple states mainly
come from the fact that the more electrostatic contribution of the lower spin complex cannot compensate for the loss
of energy enhancement of its corresponding metal cation relative to that of the higher spin counterpart. The same is
true for the glycine–Fe2þ complexes. Copyright # 2004 John Wiley & Sons, Ltd.
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INTRODUCTION

The study of the interaction between a transition metal
cation and a glycine is an area of intense interest owing
to the importance of such interactions in life processes.
The cations involved with similar interactions include
Agþ, Niþ, Cuþ/2þ and Znþ/2þ.1–8 However, prior to this
work, there have not been any reports of the application
of density functional theory (DFT) to or other calcula-
tions on the interactions of a glycine and iron cations
except those on the interactions between an iron cation
and some small ligands, such as H2O9 and NH3,10 maybe
owing to the computational complexity of glycine–iron
cation systems.

Iron cations are very important and indispensable
materials in biological systems; the Fe cations in biolo-
gical systems are usually divalent or trivalent and the

coordination sphere is saturated. For example, the co-
ordination number at the active centers of enzymes is six
in most cases. This indicates that, in a real biological
system, less than one charge distribution of, for example,
a trivalent Fe cation contributes to the interaction with an
active site of a biological molecule. Hence both mono-
valent and divalent Fe cations as models are employed to
investigate the interactions with biological molecules.
Nitrogen and oxygen atoms in amino acids, peptides or
proteins are the main active sites, and glycine is the
simplest of the 20 common amino acids and holds the
basic characteristics of the others. Considering its ease of
manipulation in computations relative to other amino
acids, glycine would be a suitable model for the investi-
gation of interactions with Feþ/Fe2þ by using accurate
computational methods of quantum chemistry. A glycine
molecule has three different active sites, i.e. the amino
nitrogen (N3), hydrogen oxygen (O4) and carbonyl oxy-
gen (O5) sites. One or even both neighboring active sites
can bind with an Feþ/Fe2þ cation. Various studies1–7 had
concluded that the most stable combination modes for a
transition metal cation and glycine should not go beyond
two ones, i.e. the cation bound to both the N3 and O5 sites
of the neutral glycine or to both oxygen ends of the
zwitterionic glycine [see Fig. 1(I) and (II)]. A special
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study on the combination modes by Hoyau et al.11 also
confirmed this.

Feþ has five unpaired electrons in its outer shell orbitals,
which corresponds to a multiplicity of 2, 4 or 6. There-
fore, the corresponding multiplicity is also 2, 4 or 6 for
the Feþ-bound glycine molecule. Similarly to Feþ, the
multiplicities for the Fe2þ-bound complexes may be 1, 3
or 5. Hence there should be six different coupling cases
when Feþ/Fe2þ interacts with a glycine molecule. In-
cluding the two most stable combination modes men-
tioned above, 12 complexes can be obtained. Owing
to the many unpaired electrons and multiplicities in an
Feþ/Fe2þ cation, too much computational time is neces-
sary to elucidate these complexes. Fortunately, we have
finally obtained the optimized complexes. The major aim
of this work was to probe the interaction of an Feþ/Fe2þ

cation with two selected glycine molecules and to pro-
vide some valuable information for the study in the fields
of catalysis, atmospheric chemistry and biochemistry.
The effects of different valence states and multiplicities
on the geometries, stabilities and binding energies of
these iron cation-chelated glycine complexes represent a
very interesting unknown field which motivated us to
make a detailed examination.

COMPUTATIONAL METHODS

The combination of Becke’s three-parameter hybrid ex-
change functional12 with the Lee, Yang and Parr (LYP)
correction13 (B3LYP) functional of the DFT method have
successfully dealt with many transition metal cation-
chelated glycine systems.1,3–8 Recent studies on the con-
formational behavior of glycine and other amino acids14–16

had also shown that the B3LYP method could provide
structural parameters that were very similar those ob-
tained by the MP2 method17 and the vibrational frequen-
cies and intensities were in excellent agreement with the
experimental data.1 Hence full geometry optimization,
natural orbital analysis and harmonic vibrational fre-
quency calculations were performed with the same method.

The geometry optimizations and the corresponding
frequency calculations for these complexes have em-
ployed the 6–31G* basis set (basis1).18 Larger basis
sets, 6–31þG* (basis2)19 and 6–311þG* (basis3),20

have also been used in single-point calculations so that

the effects of diffusion and larger basis set are taken into
account. Owing to the possibly greater reliability of
basis3, the calculations on the relative energies included
unscaled zero point vibrational energy (ZPVE) correction
of basis1-optimized frequencies, and the energies of the
metal iron cations were treated with this basis set.

It is known that DFT methods tend to overstabilize
dnþ 1 occupations versus dns1 occupations. For example,
Baerends et al.21 reported that DFT calculations would
lead to uncertainties of 3–5 kcal mol�1 (1 kcal¼4.184 kJ)
in the atomic ground state energy of the transition metal
elements. B3LYP/basis2/3 methods also showed the
quartet state to be the most stable in our present calcula-
tions. Such errors can carry over to the complex in such a
way that the calculations for glycine–Feþ complexes are
artificially biased toward the quartet state. Hence this is
particularly problematic for Feþ because its electronic
ground state is the 3d64s1 (6D) state, whereas the d7 (4F)
state lies 0.25 eV above. All these factors imply that it is
of importance to investigate the reliability of energies
obtained at the B3LYP level and to calibrate these values.
Therefore, the ab initio methods MP2(full)/basis1–3
and the CCSD(T)/6–311þþG(2d,2p)(CCSD(T)/basis4)22

method were also employed for calculations on the
different valent-state Feþ/Fe2þ cations. The admixture
of exact exchange reduces the error and the DFT ap-
proach that is better than post-Hartree–Fock calculations
is the BHLYP method,23 for which the mixing is 50%.1,24

Moreover, the BHLYP calculations can save considerable
time relative to post-Hartree–Fock calculations for the
treatment of a complex system, so the BHLYP was also
used in this work for greater accuracy and efficiency. The
calculations in the following sections showed that this
method can offer relatively ideal results for treating
glycine–Feþ/Fe2þ systems, so the binding energies, elec-
trostatic effects and deformation energy calculations of
these systems were investigated with this method and
basis4. Basis set superposition error (BSSE)25 corrections
were considered in the binding energy calculations.

In order to gain further insight into the binding cases
for each individual system, we will discuss it in detail in
several separate respect,2,26 as proposed by Kitaura and
Morokuma27 and Glendening and Streitwieser:28

�E ¼ �Ee þ�Ep þ�Ect þ�Er þ�Ed þ BSSE ð1Þ

where �Ee denotes the electrostatic energy contribution,
i.e. the energy lowering of the deformed glycine in the
presence of a single (or two) point charge(s) at the same
glycine distance. As the electrostatic relaxation of gly-
cine was allowed, the actual lowering (listed in Table 4)
also includes the polarization term (�Ep). �Ect is the
charge-transfer term, �Er is the short-range repulsion
energy, calculated as the sum of bond–bond, bond–lone
pair and lone pair–lone pair interactions and �Ed denotes
the deformation energy term obtained from the difference
between glycine at the geometry of the complex and

Figure 1. Two selected stable combination modes for
glycine and cation (Cat) (Feþ /Fe2þ)
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the free glycine in its ground-state structure. Among
these terms, the first three contributions favor the stability
of the complex and the last two destabilize the complex.

All these calculations were performed using the
Gaussian 98 package of programs, version A.9.29

RESULTS AND DISCUSSION

Relative stability and geometries of six
glycine–Feþ isomers

Figure 2 shows the geometries of six glycine–Feþ isomers,
denoted NO-1n and 2O-1n (n¼ 2, 4 or 6). NO denotes
the combination of monovalent iron (Feþ) chelated by
both the amino nitrogen (N3) and carbonyl oxygen (O5)
sites of the neutral glycine and 2O stands for the Feþ

bound by both carbonyl oxygen (O5) and hydrogen
oxygen (O4) of the zwitterionic glycine. The number 1
in 1n denotes the valence of Fe and n denotes the
corresponding spin multiplicity. Hence for Feþ with
many unpaired electrons in its 3d4s orbitals, three corre-
sponding occupied modes of electron are taken into
account, corresponding to multiplicities of 2, 4 and 6.

For these Feþ-chelated glycine complexes, the optimi-
zations are performed without any symmetry by rotating
the iron cation 5–10� out of the symmetric plane of the
five heavy atoms of the glycine. Additional trial struc-
tures are generated by rotation dihedral angles selected
by chemical intuition. The optimizations show that all
these glycine–Feþ isomers are C1-symmetric structures,
but with six heavy atoms in almost a plane. Frequency
calculations reveal that all of these isomers are genuine
minima (i.e. having no imaginary frequencies).

Table 1 lists the relative energies of the six isomers.
The results show that all the different calculation methods
give reasonable agreement for the relative stability of
these complexes except for the quartet and sextet state
complexes. In detail, the B3LYP method with basis1
shows that the ground-state glycine–Feþ should be the
NO-16, which is in agreement with the ordering of the
relative stability of their corresponding metal ion with
same spin states. However, single-point calculations with
larger basis sets (basis2 and basis3) show that NO-14 is
the ground-state complex. The conflicting results derived
from the basis set effects are also observed in the 2O
mode counterparts. Hence for these problematic results,
detailed investigations are of great importance. Maybe
the error cases stemming from the level or basis set
expected above really occur. Now we will probe the
problem with different levels and basis sets by employing
the iron cation with different spin states.

Table 2 gives the relative energies of the three different
spin-state iron cations (Feþ/Fe2þ) obtained at different
levels and with different basis sets. We can observe
that the MP2(full) method with three different basis
sets offers a very consistent ordering of the relative
stability of the three different spin-state monovalent
iron ion. Calculated hS2i values with the three different
basis sets for the most stable doublet and quartet state
Fe cations after removing the spin contamination are 3.75
and 8.75, respectively, also indicating good reliability.
The obtained ordering of their relative energies is also
in agreement with the experimental results although
these relative values are somewhat overestimated by the

Table 1. Relative energies (kcalmol�1) of glycine-Feþ isomers obtained at the different levelsa

Level NO-16 NO-14 2O-16 2O-14 NO-12 2O-12

B3LYP/basis1 0.0(52.0) 5.0(51.9) 4.4(52.2) 8.3(52.1) 30.4(52.2) 37.0(52.3)
B3LYP/basis2//B3LYP/basis1 0.0 �9.7 �10.1 �3.3 27.1 39.8
B3LYP/basis3//B3LYP/basis1 0.0 �4.1 3.1 �3.4 20.1 31.0
BHLYP/basis4//B3LYP/basis1 0.0 1.6 18.2 18.9 28.9 46.8

a Values in parentheses are the ZPVEs of the corresponding complexes. The results in rows 3 and 4 are corrected with the ZPVEs.

Figure 2. B3LYP/basis1-optimized glycine–Feþ isomers.
Distances in ångstroms and angles in degree
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method. This also occurs with B3LYP/basis1. Surpris-
ingly, B3LYP/basis2/3 markedly underestimates the en-
ergies of quartet state Feþ. Table 2 reveals that CCSD(T)/
basis4 offers an excellent 4F–6D (Feþ) separation
(5.9 kcal mol�1) and the result agree very well with the
experimental result [5.8 kcal mol�1 (Refs 9 and 10)].
However, the level underestimates the energy of doublet
state Feþ, which seriously conflicts with the fact of 6D
being the ground state of Feþ. Hence including the
expensive cost of CPU time, CCSD(T) is also not the ideal
candidate to treat the complex glycine–Feþ systems. Rosi
and Bauschlicher9 treatment of the separation with the
correction using the modified coupled pair functional
(MCPF) method followed by a larger basis set provided
a 9.4 kcal mol�1 energy, which also showed a larger error.
Only the BHLYP method with a suitable basis set is the
optimum, as verified by its giving results close to the
experimental values for the monovalent Fe cation with
three different spin states. Also the results obtained at that
level are in agreement with those of CCSD(T) for the
treatment of the energies of divalent Fe cation with three
different spin states. In contrast to Feþ, B3LYP with
basis1–3 all give a reasonable ordering for the relative
stability of three different spin Fe2þ cations. In summary,
B3LYP/basis2/3 would give reasonable results for the
energies of Feþ(Fe2þ) with three different spin states
except for the 4F–6D (Feþ) separation. BHLYP/basis4
would be an ideal method to calibrate these errors, which
others cannot. Hence the following discussions on these
glycine–Feþ/Fe2þ complexes are mainly focused on the
BHLYP-calibrated results.

As expected, Table 1 shows that the B3LYP method
with basis2/3 also provides a ground-state glycine–Feþ

with a quartet not with a sextet state, which is carried over
from the errors of the 4F–6D (Feþ) separation obtained at
the same level and with the same basis sets.

From Table 1 and Fig. 2, we can observe that the most
stable complex is NO-16, in which a 2.233 Å N3—Fe
bond and 2.071 Å O5—Fe bond are generated. The
N3—Fe11—O5 angle is 77.0�. These parameters are
very similar to those of the most stable glycine–Cuþ

complex reported by Bertran et al.1 The most stable

glycine–Znþ30 and glycine–Niþ6 complexes also show
similar bond distances.

The next most stable complex in energy is NO-14,
in which, just as in NO-16, Feþ is bound to both the
carboxyl oxygen and the amino nitrogen of the glycine,
with a relative short O5—Fe bond (2.037 Å) and N3—Fe
bond (2.072Å). The complex lies only 1.6 kcal mol�1 in
energy higher than NO-16. Single-point calculation at the
B3LYP/basis3 level, however, shows that this complex
(NO-14) is the ground state of its isomers, which in-
dicates the importance of the choice of basis set and
methods for calculations on this kind of sensitive system.
In comparison with NO-16, we can observe that NO-14
has a more compact structure, which favors its stability.
However, the 4F–6D (Feþ) separation (3.7 kcal mol�1)
makes its complex energy still higher than the former.

The third most stable complex is 2O-16, which shows
the combination mode II in Fig. 1, in which the Fe cation
is bound to both oxygen ends of the zwitterionic glycine.
The O4—Fe and O5—Fe bond distances in the complex
are 2.104 and 2.265 Å, respectively. Table 1 shows that
the complex has energy 18.2 kcal mol�1 higher than the
ground-state NO-16. The higher energy mainly stems
from its larger deformation. The phenomenon can also be
observed intuitively from Table 3, which gives the charge
distribution (Feþ/Fe2þ) and the dipole moment of differ-
ent glycine–Feþ/Fe2þ complexes obtained at the B3LYP/
basis1 level. Both of the two sextet state glycine–Feþ

complexes have similar charge populations on each Fe
cation [0.70 (2O) vs 0.65 (NO)]. However, the calculated
results for the binding energies and its two main con-
tributions listed in Table 4 show that the deformation
energy in the 2O mode is 27.4 kcal mol�1 higher than that
(7.6 kcal mol�1) in the NO mode. The larger electrostatic
effect of the former (�89.4 kcal mol�1) relative to the
latter (�79.8 kcal mol�1) cannot compensate for its de-
formation loss, which results in its poorer stability.

The fourth most stable complex is 2O-14 isomer,
which shows similar to the corresponding 2O-16 isomer
in structure. Table 1 shows that the 2O-14 isomer is
energetically higher by 18.9 kcal mol�1 than NO-16 and
by 0.7 kcal mol�1 than 2O-16. The O5—Fe and O4—Fe

Table 2. Relative energies (kcalmol�1) of the three different spin state Feþ /Fe2þ obtained at different levels and basis sets

Method Fe-16 Fe-14 Fe-12 Fe-25 Fe-23 Fe-21

B3LYP/basis1 0.0 15.0 52.4 0.0 58.3 123.4
B3LYP/basis2 0.0 �2.2 24.3
B3LYP/basis3 0.0 �4.7 21.8 0.0 57.4 120.4
MP2(full)/basis1 0.0 72.1 159.1
MP2(full)/basis2 0.0 26.8 158.1
MP2(full)/basis3 0.0 21.0 155.9
BHLYP/basis4 0.0 3.7 34.0 0.0 41.9 96.7
CCSD(T)/basis4 0.0 5.9 �14.7 0.0 68.2 98.8
MCPFa 0.0 9.4 —
Experimental resulta 0.0 5.8 44.8b

a Results are from Ref. 9.
b Energy is from a statistically average.31
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bond distances of 2O-14 are shortened by 0.055 and
0.053 Å, respectively, relative to those of 2O-16. As a
more compact structure, 2O-14 should be also more
stable than 2O-16; however, the result is the opposite.
The reason is similar to that for the NO-14–NO-16 pairs.

The least stable complexes are NO-12 and 2O-12.
Comparing their geometries with the corresponding
structures of NO-14(6) and 2O-14(6), we can observe
that both of the two doublet state complexes have the
shortest chelated bonds between Feþ and each corre-
sponding glycine. For NO-12, it has lower energy than
the corresponding 2O-12 isomer. In comparison with the
ground-state NO-16, we can observe that the NO-12
isomer has a smaller dipole moment (2.1 vs 3.4 D).
However, the energy calculations show that NO-12 is
28.9 kcal mol�1 in energy higher than NO-16 one. The
reason for this lies in the larger energy gap of their cor-
responding spin-state metal cations, which makes NO-12
higher in energy than NO-16.

In contrast to the electron configurations of the metal
cation in the 2O-12(4) and the 2O-16 complexes, we can
also observe a similar phenomenon to that analyzed
above for NO-12(4) and the NO-16. In addition, the 4s
occupation (0.63) of 2O-12 is higher than that (0.47) of
the NO-12 (see Table 5), which confirms reveals the
better stability of NO-12 than 2O-12 from another angle.
The larger deformation energy of 2O-12 would destabi-
lize its geometry.

Relative stability and geometries of
six glycine–Fe2þ isomers

As when dealing with the glycine–Feþ isomers, the same
optimization schemes were also applied to the Fe2þ-
chelated glycine complexes. Figure 3 shows the six
glycine–Fe2þ isomers with different multiplicities. Their
relative energies are given in Table 6. They are denoted as

2O-2m and NO-2m (m¼ 1, 3 or 5), in which the mean-
ings of 2O and NO are as defined above; the number 2
denotes the valence state of these complexes and m
stands for the multiplicity, as for n above. Table 6 implies
that the most stable mode corresponds to the metal ion
with a quintet state interacting with the two oxygen
ends of zwitterionic glycine, as obtained for the most
stable glycine–Cu2þ (Ref. 1) and glycine–Zn2þ (Refs 2
and 27).

The second most stable mode is NO-25 also with the
quintet state, in which Fe2þ is bound to both the amino
nitrogen and carbonyl oxygen of glycine, similarly to the
NO-16 in structure. The results show that the energy
ordering of these different glycine–Fe2þ isomers is very
different from that of the glycine–Feþ systems, in which
the ordering is NO-16<NO-14< 2O-16< 2O-14<
NO-12< 2O-12, whereas for glycine–Fe2þ the following
ordering is observed: 2O-25<NO-25<NO-23< 2O-
23< 2O-21<NO-21. That is, the ground state of gly-
cine–Fe2þ derives from ionization of the zwitterionic
glycine–Feþ, not from ionization of the neutral glycine–
Feþ(NO-1n).

In addition, the marked distinction between the geo-
metry features of 2O-1n and 2O-2m isomers is due to the
different NH3 orientations in their corresponding com-
plexes. Turning the tetrahedral NH3 geometry of 2O-1n
180� around the C2—N3 bond, we can obtain the cor-
responding 2O-2m complex structures. It is noted that
H6 in the 2O-1n isomers has an obvious hydrogen bond
effect, e.g. O5 � � �H6¼ 1.882 Å in 2O-12. However, the
effects in 2O-2m disappear owing to the longer contact
distance between H6 (in the NO-2m isomers) or H9 and
H10 (in the 2O-2m isomers) and the O5 sites of the
corresponding complexes, e.g. O5 � � �H10¼ 2.727 Å in
2O-25. They all have Cs-symmetric geometries except
for the triplet state ones for these glycine–Fe2þ isomers,
also different from those C1-symmetric glycine–Feþ

complexes.

Table 4. Binding energies (kcalmol�1) and main contributions of glycine–Feþ isomers obtained at the BHLYP/basis4//B3LYP/
basis1 levela

2O-12 2O-14 2O-16 NO-12 NO-14 NO-16

�E �50.1 �47.4 �44.5(�43.7) �67.7 �64.5 �62.4(�61.5)
�Ed 28.4 27.1 27.4 7.4 7.1 7.6
�Ee �97.9 �92.9 �89.4 �91.9 �89.3 �79.8

a The values in parentheses are corrected by BSSEs.

Table 3. Charge distribution (Feþ /Fe2þ) and the dipole moments of glycine–Feþ /Fe2þ complexes obtained at the B3LYP/basis1
level

2O-12 2O-14 2O-16 NO-12 NO-14 NO-16

Feþ 0.62 0.65 0.70 0.63 0.64 0.65
Dipole moment (D) 8.7 8.5 9.0 2.1 2.7 3.4

2O-21 2O-23 2O-25 NO-21 NO-23 NO-25
Fe2þ 1.26 1.28 1.41 1.26 1.39 1.42
Dipole moment (D) 5.9 5.6 4.4 3.5 3.7 4.0
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Binding energy and main contributions
of glycine–Feþ isomers

Table 4 reports the binding energy (�E) and its two main
contributions, deformation energy (�Ed) and electro-
static energy (�Ee), of the six different glycine–Feþ

isomers. Unexpected by, the largest binding energy of
�67.7 kcal mol�1 belongs to the NO-12 isomer. The
smallest binding energy (�44.5 kcal mol�1), however,
belongs to 2O-16, the third most stable isomer. The
BSSE corrected result shows that the value is
�43.7 kcal mol�1. In general, the binding strengths of

NO-1n isomers are stronger than those of the 2O-1n
counterparts with corresponding multiple states, such as
NO-14> 2O-14 and NO-16> 2O-16, which are in
agreement with the fact that the NO mode is preferred
to the 2O mode for these glycine–Feþ isomers. However,
the ordering of binding energies of these isomers is
almost the reverse of that of their relative energies,
and the following discussions focus on this interesting
difference.

The contributions of the binding energies listed in
Table 4 indicate that the binding energies are still elec-
trostatic in origin. For the 2O-1n isomers, the deforma-
tion energy also plays an important role, whereas that in
NO-1n is smaller.

For NO-16, Table 3 shows that the charge-transfer
contribution of Feþ is similar to that in NO-14 (0.35 vs
0.36). NO-14 readily promotes 4s-3d transition to reduce
the repulsion due to its relatively higher 3d population
(6.34) and lower 4s population (0.79< 1), whereas NO-
16 mainly reduces the repulsion by 4s4p hybridization.
Hence we can conclude that the Pauli repulsion in NO-16
would be larger than the latter, evidenced by its longer
bonding distances. Table 4 shows that the deformation
energy contributions for the two different multiple-state
complexes are almost in identical (7.1 vs 7.6 kcal mol�1).
In addition, the lower electrostatic contribution (�79.8 kcal
mol�1) of NO-16 [relative to that of NO-14 (�89.3 kcal
mol�1)] also makes NO-16 have a lower binding
strength. The 3.7 kcal mol�1 [5.8 kcal mol�1 (Refs 9 and
10)] 4F–6D atomic (Feþ) separation, however, makes it
more stable. In summary, the stronger electrostatic and
polarized effects and less Pauli repulsion and deformation
of NO-14 favor its binding strength. However, the more
stable metal cation (6D) in NO-16 makes it more stable
than NO-14.

In comparison with the five contributions of the bind-
ing energies of the lower spin NO-12 and NO-14, we can
observe that both complexes have almost the same
deformation energies (7.4 vs 7.1 kcal mol�1). The lower
spin complex shows a stronger electrostatic energy
(�91.9 kcal mol�1) and shorter bonding distances owing

Table 5. Electron populations of metal ions in the six glycine–Feþ isomers obtained at the B3LYP/basis1 level

2O-12 2O-14 2O-16

3d 4s 4p 3d 4s 4p 3d 4s 4p

Total 6.56 0.63 0.02 6.34 0.79 0.03 6.00 1.09 0.05
� 3.54 0.55 0.01 4.97 0.10 0.02 4.99 0.97 0.04
� 3.01 0.08 0.01 1.38 0.70 0.01 1.01 0.13 0.01

NO-12 NO-14 NO-16

3d 4s 4p 3d 4s 4p 3d 4s 4p

Total 6.65 0.47 0.02 6.34 0.77 0.03 6.00 1.07 0.05
� 3.64 0.41 0.01 4.95 0.10 0.02 4.98 0.95 0.04
� 3.01 0.06 0.01 1.39 0.67 0.01 1.02 0.12 0.01

Figure 3. B3LYP/basis1-optimized glycine–Fe2þ isomers.
Distances in ångstroms and angles in degree
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to less Pauli repulsion, evidenced by its greater 4s (0.47,
see Table 5) electron promotion to the 3d orbital10 (6.65)
relative to those (4s 0.77, 3d 6.34) in the NO-14 complex.
The slightly greater charge transfer (0.37 vs 0.36) of the
lower spin metal cation listed in Table 3 also favors the
binding of NO-12. Hence, its binding strength is stronger
than that of NO-14. However, NO-14 is also more stable
than NO-12 in energy. The origin of this can also be
attributed to the significantly greater atomic energy
separation (2G–4F¼ 34.0 kcal mol�1) between the two
different multiple-state metal cations, i.e. all the energy
lowering resulting from the metal–ligand coupling cannot
compensate for the loss of the energy enhancement of
the metal cation. Hence the compositive effects give
the lower spin NO-12 isomer hold a stronger binding
strength but poorer stability.

A similar comparison can be made between the NO-12
and NO-16 isomers, and similar comparisons between
these different multiple-state 2O-1n isomers can also be
made as above for the NO-1n isomers.

Now we discuss the difference between the NO-1n
complex and the corresponding multiple-state 2O-1n
complexes. Taking the comparison between the most
stable NO-16 and 2O-16 as an example, a comparison
with the several contributions in 2O-16 and in NO-16
reveals that higher electrostatic and polarized energies
(�89.4 vs �79.8 kcal mol�1), similar electron transfer
(0.30 vs 0.35) and similar electron populations [3d
(6.00 vs 6.00), 4s (1.09 vs 1.07), 4p (0.05 vs 0.05)] will
be favorable to the binding of 2O-16. However, the
larger deformation effect [27.4 kcal mol�1 (2O) vs
7.6 kcal mol�1 (NO)] of 2O-16 would greatly destabilize
the complex. Hence the electrostatic energy difference
(�9.6 kcal mol�1) canot compensate for the loss of defor-
mation difference (19.8 kcal mol�1) and thus results in a
lower binding energy and poorer stability of 2O-16.

Binding energy and main contributions
of glycine–Fe2þ isomers

Table 7 gives the binding energies of these divalent iron
cation-chelated glycine isomers. The binding energy
order is 2O-21>NO-21>NO-23> 2O-23> 2O-25>
NO-25, not consistent with their relative energy (absolute
value) ordering. In comparison with those of glycine–Feþ

isomers, we find that all the terms in Table 7 are larger

than their counterparts in Table 4 for the glycine–Feþ

systems.
In contrast with 2O-23 and the 5A00 state 2O-25, we can

observe that the former has a larger deformation energy
(46.1 vs 41.5 kcal mol�1), which disfavors the stability of
the complex. However, the former also has an electro-
static energy contribution 22.0 kcal mol�1 higher than
that of the latter and more electron transfer (0.72 vs
0.59, see Table 3), which is advantageous for its binding
strength and stability. Table 8 shows that both complexes
have similar electron populations in the 4s4p orbital, but
different 3d occupancies. Owing to the Fe2þ lying in an
excited state in 2O-23, there would be a stronger electro-
static attraction between the 3d holes of the metal ion and
the pairs of the two oxygens in the zwitterionic glycine
ligand, which favors the combination of 2O-23 relative to
the 2O-25. Natural bonding orbital analysis at the B3LYP/
basis1 level shows that 2O-25 belongs to a bidentate
complex, in which 89.4% 2p electron of O4 and 10.4%
3d4s electron of the metal cation in the � orbital form
the O4—Fe bond, while the hybridization of 90.8% 2p
electron of O5 and 9.2% 3d4s electron of Fe2þ in the
same orbital generates the O5—Fe bond. Owing to the
attraction effect of empty 3d orbitals, the 2O-23 complex
is also a bidentated one with O5—Fe and O4—Fe bonds
formed, respectively, by the hybridization of 87.4% 2p
electron of O5 and 12.6% 3d4s electron of Fe2þ and by
hybridization of 85.5% 2p electron of O4 and 14.5% 3d4s
electron in the � orbital. We can observe that there
are more components of Fe cation participating in the
bonding in the 2O-23 complex. Hence both the O5—Fe
and O4—Fe bonds in 2O-23 are shorter than those in
2O-25. All these factors indicate that 2O-23 should
have a binding energy similar to or even larger than
that of 2O-25. However, the considerable energy gap
(41.9 kcal mol�1) between the triplet and the quintet state
metal cations also cannot be compensated by all the

Table 7. BSSE-corrected binding energies (kcalmol�1) and
main contributions of glycine–Fe2þ isomers obtained at the
BHLYP/basis4//B3LYP/basis1 level

2O-21 2O-23 2O-25 NO-21 NO-23 NO-25

�E �228.1 �179.3 �178.4 �225.6 �195.1 �175.0
�Ed 46.8 46.1 41.5 17.2 16.0 13.9
�Ee �328.2 �324.2 �302.2 �320.3 �312.7 �292.1

Table 6. Relative energies (kcalmol�1) of glycine–Fe2þ isomers obtained at the different levelsa

Level 2O-25 NO-25 2O-23 NO-23 2O-21 NO-21

B3LYP/basis1 0.0(53.4) 4.3(52.4) 22.4(52.8) 29.5(52.3) 40.9(52.9) 62.2(52.6)
B3LYP/basis2//B3LYP/basis1 0.0 5.5 19.9 28.3 60.7 58.3
B3LYP/basis3//B3LYP/basis1 0.0 4.8 20.1 21.8 61.3 58.1
BHLYP/basis4//B3LYP/basis1 0.0 2.3 63.1 48.4 76.1 78.7

a The values in parentheses are the ZPVEs of the corresponding complexes. The results in the rows 3 and 4 are corrected with the unscaled ZPVEs.
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favorable factors mentioned above and results in a poorer
stability of 2O-23 relative to 2O-25.

The Cs-symmetric 2O-21 (1A0) has more 3d holes than
2O-23. These holes will have a stronger attraction to the
lone electron pairs of the two oxygens of the glycine
ligand. Hence it has shorter O4—Fe and O5—Fe bonds
than those in 2O-23. Compared with 2O-23, 2O-21 has
a higher electrostatic energy (�328.2 vs �324.2 kcal
mol�1), a slightly greater electron transfer (0.74 vs 0.72)
contribution and a similar deformation energy (46.8 vs
46.1 kcal mol�1), which favor its stability. Although the
less 3d4s mixing can increase the Pauli repulsion, 2O-21
should still have a stronger binding strength. Its poorer
stability relative to 2O-23 also stems from the larger
energy gap (54.8 kcal mol�1) between the singlet state
metal cation and the triplet state cation.

Similar comparisons can also be made for the different
multiple-state NO-2m isomers.

For the Cs-symmetric 2O-25 and Cs-symmetric NO-
25, analysis indicates that the former has more elec-
trostatic and polarized energy and equivalent 3d4s4p
electron population and electron transfer but a larger
deformation energy relative to the latter. Hence we can
also mainly ascribe the larger binding energy and stron-
ger stability of the former to its stronger electrostatic and
polarized effects.

CONCLUSIONS

Studies of several Feþ/Fe2þ-chelated glycine complexes
with different multiple states have been reported. Each
with three kinds of possible multiplicities, the two most
stable coordination modes of the metal–glycine ligand
were taken into account. The results indicate that the
most stable glycine–Feþ isomer is NO-16, in which sextet
state Feþ is bound to both amino nitrogen and carbonyl
oxygen, and it has a binding energy of �61.5 kcal mol�1.
The binding and relative energies indicate that those
complexes with less spin states would have larger binding
strength’ owing to the greater electrostatic and polarized
contributions but poorer stability relative to those with

higher spin state owing to the larger metal atomic energy
gap. Compared with the NO-1n isomers, the 2O-1n
isomers have poorer stability. For the glycine–Fe2þ

isomers, the ground-state structure is very different
from that of glycine–Feþ, derived from the interaction
of the quintet state metal cation with the ends of two
oxygens of the Cs-symmetric zwitterionic glycine with
the binding energy of �178.4 kcal mol�1. The relative
energies of these complexes increase with the reduction
of the corresponding multiplicity. In contrast to the order-
ing of the monovalent glycine–Feþ complexes, the diva-
lent metal ion-chelated glycine complexes prefer the 2O
combination mode to the corresponding multiple-state
NO mode.

The binding energy analysis implies that the electro-
static effect plays a dominant role in the glycine–Feþ

combination, and also affects the deformation of the
glycine moiety in these different complexes. The origin
of the binding energy differences among the different
multiple-state glycine–Feþ isomers but with the same
combination mode mainly lies in the different electro-
static and polarized effects. For the glycine–Feþ isomers
with two different combination modes but same multiple
states, the difference in binding strength mainly stems
from the different deformation effects. For the glycine–
Feþ complexes with same combination mode but differ-
ent multiple states, the higher the multiple state is, the
lower is the binding energy but the stronger the stability.
This phenomenon arises because the greater electrostatic
contribution of the lower spin complex cannot com-
pensate for the loss of energy enhancement of its corre-
sponding metal cation relative to that of the higher spin
counterpart. The same applies to the glycine–Fe2þ iso-
mers, but these have higher deformation energies result-
ing from their larger electrostatic and polarized effects
relative to those glycine–Feþ isomers.

A suitable method followed by larger and suitable basis
sets for the energy calculations of these more unpaired-
electron glycine–Feþ/Fe2þ systems are indispensable,
otherwise a larger error would occur and even a wrong
conclusion could be drawn. By comparisons and compo-
sitive considerations regarding both the accuracy and

Table 8. Electron populations of metal ions in the six glycine–Fe2þ isomers obtained at the B3LYP/basis1 level

2O-21 2O-23 2O-25

3d 4s 4p 3d 4s 4p 3d 4s 4p

Total 6.30 0.19 0.01 6.33 0.15 0.01 6.15 0.17 0.02
� 4.17 0.10 0.01 4.98 0.10 0.01
� 2.16 0.05 1.18 0.06

NO-21 NO-23 NO-25

3d 4s 4p 3d 4s 4p 3d 4s 4p

Total 6.36 0.10 0.01 6.28 0.15 0.01 6.15 0.17 0.02
� 4.14 0.10 0.01 4.98 0.10 0.01
� 2.14 0.06 0.01 1.18 0.06
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computation cost, the BHLYP/basis4 method is relatively
ideal, although it underestimates the energies of the
systems to some extent.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (20273040) and the Natural Science
Foundation of Shandong Province (Key Project Z2003B01).
The support from SRFDP is also acknowledged.

REFERENCES

1. Bertran J, Rodriguez-Santiago L, Sodupe M. J. Phys. Chem. B
1999; 103: 2310–2317.

2. Rogalewicz F, Ohanessian G, Gresh N. J. Comput. Chem. 2000;
21: 963–973.

3. Hoyau S, Ohanessian G. J. Am. Chem. Soc. 1997; 119: 2016–
2024.

4. Remko M, Rode BM. Chem. Phys. Lett. 2000; 316: 489–494.
5. Marino T, Russo N, Toscano M. J. Inorg. Biochem. 2000; 79: 179–

185.
6. Rodriguez-Santiago L, Sodupe M, Tortajada J. J. Phys. Chem. A

2001; 105: 5340–5347.
7. Shoeib T, Rodriquez CF, Siu M, Hopkinson AC. Phys. Chem.

Chem. Phys. 2001; 3: 853.
8. Rulisek L, Havlas Z. J. Am. Chem. Soc. 2000; 122: 10428–

10439.
9. Rosi M, Bauschlicher CW Jr. J. Chem. Phys. 1989; 90: 7264.

10. Langboff SR, Bauschlicher CW Jr, Partridge H, Sodupe M. J.
Phys. Chem. 1991; 95: 10677.
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