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Departament de Quı́mica, UniVersitat Autònoma de Barcelona, Bellaterra 08193, Spain

ReceiVed: February 9, 2009; ReVised Manuscript ReceiVed: June 11, 2009

This paper analyses the interaction of Co+ (d8, 1G, and 3F) and Co2+ (d7, 4F) cations with (glycyl)nglycine (n
) 1-3) oligomers. The structure, relative energies, and binding energies of the complexes formed have been
theoretically determined by means of density functional methods. For all Co+ complexes the ground spin
state is the triplet one and the most stable structures show tricoordinated geometries. In contrast, for Co2+

systems the lowest energy structures are tricoordinated (n ) 1), tetracoordinated (n ) 2), and pentacoordinated
(n ) 3). For both cobalt cations, interaction energies increase with the peptide length. Differences in the
coordination properties of the ligands are discussed according to their length as well as to the electronic
configuration of the metal cation, and results are compared to those previously obtained for the analogous
Cu+/2+ systems. The IR spectra of the most stable and low energy conformers have been simulated, and a
discussion of the main vibrational features is provided.

Introduction

Many important biological processes ultimately involve an
interaction between metal cations and protein amino acid
residues. The study of these systems in the gas phase allows
information on their intrinsic physicochemical properties to be
obtained, which may help to understand their biological
relevance. As a result, and thanks to recent advances in mass
spectrometry, the gas phase study of complexes derived from
the interaction of metal cations with amino acids and peptides
has experienced significant growth during the last two decades.
Particularly interesting is the coupling of mass spectrometry with
infrared techniques in order to obtain the infrared spectra of
charged species in the gas phase. In this sense, IRMPD (infrared
multiphoton dissociation) action spectroscopy has been suc-
cessfully employed to obtain the IR spectra of different amino
acids1-19 and peptides12,20,21 attached to metal cations. These
spectra in combination with theoretical calculations allow, for
example, the determination of the more likely structures of each
complex. Theoretical methods can, in addition, supply relevant
information such as metal cation affinities or accurately describe
the nature of the bonding. Thus, the contribution of theoretical
methods to gas phase studies is indeed of great importance.

Polyglycines can be considered as the backbone of peptides
and so the use of glycine oligomers as models is a logical choice
for the initial analysis of the interaction of metal cations with
peptides. As a result, the interaction of polyglycines, mostly
glycylglycine (GG) and glycylglycylglycine (GGG), with metal
cations has been considered in several works. Some of these
works have been devoted to the experimental22-29 and theore-
tical23,24,26-31 study of the interaction of Li+, Na+, or K+ cation
with polyglycines, mainly to estimate cation affinities. Fewer
theoretical works have considered transition metal cations,
calculations being performed for GG, GGG, and GGGG
interacting with Ag+,32,33 Cu+/2+,33-35 Co+,34 Ni+,34,36 or Fe2+.37

Co2+ is an essential cation needed at trace level in organisms.
However, an excess concentration of this metal cation is toxic,
its accumulation or detoxification depending on the formation

of metal complexes with biological ligands such as peptides.38,39

Therefore, understanding the nature of the interaction between
cobalt cations with peptides becomes relevant. To our knowl-
edge, few studies on the interaction of Co cations with amino
acids and peptides have been carried out. Our group has
theoretically studied the interaction of Co+ and Co2+ with
glycine (G).40 This study showed that the ground-state structure
of Co+-G corresponds to the metal cation interacting with the
amino group and the carbonyl oxygen of neutral glycine. In
contrast, the most stable structure for Co2+-G corresponds to
the interaction with the carboxylate group of the zwitterionic
form of glycine. Other theoretical studies on the interaction of
Co2+ with cysteine,41 selenocysteine,41 and cysteine-containing
peptides42 have been carried out by Tortajada’s group. Moreover,
the complexes of Co2+ with cysteine,43 histidine,44,45 and
peptides46,47 have also been studied by means of mass spec-
trometry experiments.

In this work, we present a detailed study of the interaction
of Co+ and Co2+ metal cations with (glycyl)nglycine (n ) 1-3)
as a first step to achieving a deeper insight into the intrinsic
interaction between these metal cations and the backbone of
peptides. In particular, we seek to determine and analyze the
differences on the coordination properties of the ligands due
to, on the one hand, the number of metal interacting sites
(electron donor groups) and, on the other, the electronic
configuration of the metal cations. Additionally, we provide the
simulated IR spectra of some of the most stable structures
obtained, which may be useful for IRMPD studies.

Although Co2+ is biologically more relevant, in biological
systems transition metal ions can be found in multiple oxidation
states, including the +1 charge state for cobalt.48 The ground
electronic states of Co+ and Co2+ are 3F(3d8) and 4F(3d7),
respectively. Due to their open shell nature, the interaction of
these cations with amino acids can lead to several low-lying
electronic states which arise from different metal d occupation.
Moreover, depending on the degree of metal complexation, the
relative stability of different spin electronic states could vary.
Thus, in addition to the triplet states derived from the interaction
of the 3F(3d8) ground state of Co+, we have also considered
the singlet state that arises from the 1G (3d8) excited state of
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Co+. The quintet state, arising from the (s1d7) 5F state of Co+,
has not been considered since, as stated in our previous work
on Co+-glycine,40 it shows a much larger repulsion between
the metal and the ligand due to the 4s occupation of the metal.
Thus, it is reasonable to expect that the increase in the number
of basic centers coordinated to the metal cation will result in a
larger destabilization of the quintet state.

Methods

In order to explore the conformational space of these kinds
of systems, a previous conformational search based on
Li+-(glycyl)nglycine (n ) 1-3) complexes has been carried
out to model the electrostatic interaction of the metal cation
with the polyglycines. This primary study was conducted using
the Monte Carlo Multiple Minimum (MCMM) procedure,49 with
the AMBER* force field,50,51 as implemented in the Macromodel
7.0 package.52 In these calculations we have considered both
the neutral form of the peptides and different zwitterionic forms
(with NH3

+ amino moiety or COH+ amide groups). Among all
the possible structures obtained, only those lying within a
range of 10 kJ mol-1 have been used to setup the
Co+-(glycyl)nglycine starting geometries to be optimized at the
DFT level. Moreover, some structures not obtained in this initial
conformational search but chemically important and derived
from experience with other transition metal cation systems and
chemical intuition have also been computed. For Co2+, the
structures obtained for Co+ have been used as starting points.

Final molecular geometries and harmonic vibrational frequen-
cies of the considered structures have been obtained using the
nonlocal hybrid three-parameter B3LYP density functional
approach,53-55 as implemented in the Gaussian 03 program
package. Previous theoretical calculations have shown that the
B3LYP approach is a cost-effective method for studying
transition metal-ligand systems.56-59 However, recent studies
carried out in our group35,60-62 have demonstrated that for
systems in which the spin delocalization is important, functionals
with a larger percentage of exact exchange, such as BHLYP,63

may provide better results compared to the highly correlated
CCSD(T) method. Thus, for the most stable structures of Co2+

systems, in addition to B3LYP, we have also carried out BHLYP
calculations.

In contrast, it has been shown40 that the singlet-triplet
separation for Co+-containing systems is somewhat overesti-
mated at the B3LYP level. This overestimation is already
observed in free Co+ and deviation carries over the molecular
system. Therefore, we have corrected the relative energies
considering the experimental values for free Co+ (see ref 40).
The value of this correction is -8.5 kcal mol-1, which is the
difference between the experimental singlet-triplet separation
and that calculated at the B3LYP level.

Geometry optimizations and frequency calculations have been
performed using the following basis set. The Co basis is based
on the (14s9p5d) primitive set of Wachters64 supplemented with
one s, two p, one d diffuse functions65 and two f polarization
functions,66 the final contracted basis set being [10s7p4d2f]. For
C, N, O, and H we have used the 6-31++G(d,p) basis set.
Thermodynamic corrections have been obtained assuming an
ideal gas, unscaled harmonic vibrational frequencies, and the
rigid rotor approximation by standard statistical methods.67 Net
atomic charges and spin densities have been obtained using the
natural population analysis of Weinhold et al.68,69 Open shell
calculations have been performed using an unrestricted formal-
ism. All calculations have been performed with the Gaussian
03 package.70

Results and Discussion

The glycylglycine, glycylglycylglycine, and glycylglycylg-
lycylglycine peptides will be designated hereafter as GG, GGG,
and GGGG, respectively. In addition, the nitrogen atom of the
terminal amino group will be referred to as Nt, the oxygens
and nitrogens of the peptide bonds as Opn and Npn, respectively,
where n is the number of peptide bonds starting from the NH2

terminus, the terminal oxygen of the carbonyl group as OC, and
the oxygen of the hydroxyl group as OH.

Figure 1 shows the global B3LYP minima of the neutral
forms of the GG, GGG, and GGGG systems, which have been
located after considering the most stable and significant
structures arising from previous Monte Carlo and DFT calcula-
tions. The GG conformer has been described recently as the
most stable form.71 For this system as well as for the GGG and
GGGG cases, other conformations were found to lie very close
in energy (within a range of 1 kcal mol-1). However, since the
energy difference between them is very small, Co+/2+ binding
energies will not be substantially influenced whether we consider
one structure or another.

The interaction of GG, GGG, and GGGG with the Co+ and
Co2+ leads to a large number of conformers for each system.
In order to locate the preferred coordination, we have followed
the strategy described in the methods section. For the sake of
brevity we only show the three most stable structures of each
spin and charge state. The other considered structures can be
found in Figures S1-S10 of the Supporting Information.

Co+-GG, -GGG, -GGGG. For all systems, we considered
the electronic states arising from both the (d8) 3F and (d8) 1G
states of Co+. These atomic states interact with the 1A state of
(glycyl)nglycine leading to a triplet 3A and a singlet 1A electronic
state, respectively, of the Co+-(glycyl)nglycine complexes.
Tables 1 and 2 display the computed relative energies as well
as the natural population analysis of the metal cation for all the
obtained structures in the singlet and triplet states, respectively.
Figures 2 and 3 only show the three low-lying conformers of
each system (Co+-GG, Co+-GGG, or Co+-GGGG) and spin
state.

Tables 1 and 2 show that triplet states of Co+-(glycyl)n-
glycine complexes are more stable than the singlet ones as it
happens for free Co+ and Co+-G. For both spin states the most
stable structure of the GG complexes (CoGG1_T and CoGG1_S)
corresponds to the metal cation interacting with the amino
nitrogen atom, the terminal carbonyl oxygen, and the amide
carbonyl group (NtOp1OC coordination) of neutral GG. This
structure is somewhat different to that found for other singly
charged transition metal cations. For example, in the case of
Cu+-GG the cation is only coordinated to the terminal groups
in a linear-like dicoordination,34 due to the sd hybridization of
the dσ valence orbitals of Cu+.72 This hybridization reduces the
repulsion along the metal-ligand axis and makes the coordina-
tion of a third ligand unfavorable. Ni+-GG adopts a tricoor-
dinated T-shape geometry but the interaction with the peptide

Figure 1. B3LYP optimized geometries of the most stable conformers
of GG, GGG, and GGGG systems. Distances are in angstroms.
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bond takes place through the nitrogen atom (Np1).34 Finally,
Ag+-GG is dicoordinated and the metal cation interacts with
the amino nitrogen and the amide carbonyl oxygen (Nt Op1).33

These differences arise from the different d occupation and size
of each metal cation. In contrast, in the case of the alkali metal

cations the preferred structure always corresponds to the
interaction of the metal cation with both carbonyl groups (Op

and OC atoms).28,29

The second most stable structure for both spin states is also
tricoordinated, but the interaction with the peptide bond is
established through Np1. This NtNp1OC structure is very close
in energy to the NtOp1OC one, the energy difference being 2.0
kcal mol-1 for the triplet state and 0.7 kcal mol-1 for the singlet
state. The third structure is dicoordinated through Nt and Op1,
and it becomes significantly less stable in the singlet state,
around 10 kcal mol-1 higher in energy than the tricoordinated
NtOp1OC structure. The other computed isomers are higher in
energy and are shown in Figures S1 and S4 of the Supporting
Information. In particular, the zwitterionic forms correspond to
the most unstable forms computed.

The ground-state structure of Co+-GGG is also tricoordi-
nated in both spin states (CoGGG1_T and CoGGG1_S) but the
interaction of the metal cation occurs through the three carbonyl
oxygens of the peptide, similarly to alkali metal cations.28,29 In
this case the preferred geometry is also different from that found
for other singly charged transition metal cations. For Cu+ the
global minimum is dicoordinated with the metal cation interact-
ing with the OC and Op1 atoms.33,35 In contrast, Ag+ prefers to
interact with the three available carbonyl oxygens and the amino
nitrogen. A similar tetracoordinated structure has been found
in Co+-GGG (CoGGG2_T), which, for the triplet state, lies
only 1.2 kcal mol-1 above CoGGG1_T.

The second and third most stable structures are different for
the singlet and triplet spin states due to the different metal d
occupation in both states. In the case of the singlet state these
structures show slightly distorted square planar-like geometry
because in this spin state the metal cation has an empty d orbital
in the coordination plane. This fact allows an efficient interaction
between four basic centers of the peptide and the metal cation
which is accompanied by a significant electron donation from
the ligand to the empty d orbital. This donation is reflected in
the lower metal charge of the singlet complexes in front of the
triplet ones as shown in Tables 1 and 2. In contrast, in the triplet
state all the d metal orbitals are occupied and the square planar
coordination is not found.

The ground-state structure of Co+-GGGG differs from the
singlet to the triplet state. In the triplet state the metal cation
interacts with the three carbonyl oxygens of the peptide bonds,
the coordination environment of Co+ being very similar to
CoGGG1_T. However, in the singlet state, the increased peptide
length allows the formation of a very favorable square planar
coordination with the metal cation interacting with Nt, Op1, Op3,
and OC.

In summary, the preferred environment for Co+ in the triplet
state is always tricoordinated. In the singlet state, as commented
above, the metal cation has an empty d orbital, and in this case
the square planar coordination allows the repulsion between the
lone pairs of the basic centers of the ligand and the metal cation
to be reduced. Therefore, when possible, the preferred coordina-
tion for the singlet state is the square planar one. That is, for
Co+-GG the metal cation cannot adopt this type of coordination
due to the short size of the ligand, but when the peptide length
is increased, the tetracoordinated square planar complexes are
found to be stable (Co+-GGG) and for the largest one,
Co+-GGGG, the square planar coordination becomes the most
stable structure. It should also be noted that the zwitterionic
forms for Co+-polyglycines, when found, are the most unstable
forms for each system (see Tables 1 and 2 and Figures S1 and
S4 of the Supporting Information).

TABLE 1: Relative Energies Including Zero Point
Corrections (∆G298° in parentheses) of the Triplet State of
Co+-(Glycyl)nglycine (kcal mol-1) and Population Analysis
at the B3LYP Level

structure coordination Erel q(Co) spin (Co)

CoGG1_T Nt, Op1, OC 0.0 (0.0) 0.90 1.96
CoGG2_T Nt, Np1, OC 2.0 (1.6) 0.77 1.94
CoGG3_T Nt, Op1 3.3 (1.4) 0.86 1.94
CoGG4_T Op1, OC 5.0 (4.0) 0.90 1.95
CoGG5_T Nt, Op1 5.1 (3.7) 0.87 1.94
CoGG6_T Nt, Op1 7.2 (5.8) 0.86 1.94
CoGG7_T Nt, Np1, OC 8.3 (7.9) 0.79 1.93
CoGG8_T OC, O- 16.2 (14.9) 0.87 1.96
CoGG9_T OC, O- 20.4 (18.8) 0.84 1.94
CoGG10_T OC, O- 25.3 (24.4) 0.85 1.95
CoGGG1_T Op1, Op2, OC 0.0 (0.0) 0.95 1.98
CoGGG2_T Nt, Op1, Op2, OC 1.2 (2.0) 0.85 1.94
CoGGG3_T Nt, Op1, OC 1.8 (1.6) 0.84 1.96
CoGGG4_T Nt, Op1, OC 4.1 (4.0) 0.80 1.93
CoGGG5_T Nt, Op1, Op2 4.5 (4.4) 0.92 1.97
CoGGG6_T Op1, Np2, OC 4.9 (4.6) 0.82 1.94
CoGGG7_T Nt, Np1, Op2 5.5 (4.7) 0.75 1.94
CoGGG8_T Op1, Op2 8.7 (7.6) 0.87 1.94
CoGGG9_T Nt, Np1, Op2, OC 9.3 (9.8) 0.88 1.95
CoGGG10_T Op1, Op2, OC 14.9 (15.3) 1.03 1.99
CoGGGG1_T Op1, Op2, Op3 0.0 (0.0) 0.97 1.99
CoGGGG2_T Op1, Op2, Op3, OC 0.6 (2.2) 1.07 2.03
CoGGGG3_T Nt, Op1, Op3, OC 2.0 (2.9) 0.85 1.92
CoGGGG4_T Nt, Op1, Op3 2.8 (2.7) 0.80 1.94
CoGGGG5_T Nt, Op1, Op2, Op3 3.2 (3.8) 0.80 1.94
CoGGGG6_T Nt, Op2, Op3, OC 12.0 (14.2) 0.85 1.91

TABLE 2: Relative Energies Including Zero Point
Corrections (∆G298° in parentheses) of the Singlet State of
Co+-(glycyl)nglycine (kcal mol-1) Calculated with Respect to
the Triplet Global Minimum and Population Analysis at the
B3LYP Level

structure coordination Erel q(Co)

CoGG1_S Nt, Op1, OC 17.9 (19.7) 0.86
CoGG2_S Nt, Np1, OC 18.6 (19.6) 0.61
CoGG3_S Nt, Op1 27.5 (27.1) 0.66
CoGG5_S Nt, Op1 29.6 (29.0) 0.66
CoGG4_S Op1, OC 31.9 (32.0) 0.76
CoGG6_S Nt, Op1 31.0 (30.7) 0.66
CoGG8_S OC, O- 48.3 (48.1) 0.72
CoGG9_S OC, O- 48.9 (47.7) 0.66
CoGG10_S OC, O- 54.8 (54.7) 0.67
CoGGG1_S Op1, Op2, OC 14.4 (16.5) 0.94
CoGGG11_S Nt, Np1, Np2, OC 18.0 (20.1) 0.50
CoGGG9_S Nt, Np1, Op2, OC 19.0 (21.9) 0.71
CoGGG4_S Nt, Op1, Np2,OC 20.2 (23.2) 0.72
CoGGG5_S Nt, Op1, Op2 21.8 (23.3) 0.86
CoGGG7_S Nt, Np1, Op2 22.4 (23.1) 0.61
CoGGG3_S Nt, Op1, OC 23.0 (24.2) 0.69
CoGGG6_S Op1, Np2, OC 23.0 (24.8) 0.80
CoGGG8_S Op1, Op2 34.7 (34.5) 0.72
CoGGG10_S Op1, Op2, OC 45.6 (48.9) 1.02
CoGGGG3_S Nt, Op1, Op3, OC 12.1 (14.7) 0.64
CoGGGG1_S Op1, Op2, Op3 13.9 (15.8) 0.95
CoGGGG4_S Nt, Op1, Op3 23.9 (25.7) 0.76
CoGGGG7_S Nt, Op1, Np3, OC 16.9 (20.3) 0.58
CoGGGG2_S Op1, Op2, OC 28.4 (30.2) 0.75
CoGGGG8_S Nt, Np1, Np3, OC 26.3 (30.4) 0.52
CoGGGG5_S Nt, Op2, Op3 30.3 (32.2) 0.78
CoGGGG6_S Nt, Op2, Op3, OC 30.3 (35.5) 0.86
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The main difference between the singlet and triplet structures
corresponds to the metal-ligand distances. Due to the smaller
repulsion between the singlet state of Co+ and the peptide,
metal-ligand distances are shorter than in the triplet state. The
interaction with the metal cation induces changes in the
backbone of the peptide. Particularly interesting are the changes
produced in the peptide bond, which are somewhat more
important in the singlet than in the triplet state due to the larger
interaction of the basic centers of the ligand with the metal cation
in the first case. Analysis of the structures shown in Figures 2
and 3 for each spin state of Co+-GG reflects different types of
activation of the peptide bond. That is, if the interaction of the
metal cation takes place with the lone pair of the amide nitrogen
(CoGG2_T and CoGG2_S), the neutral resonant form of the
peptide bond is stabilized, inducing a lengthening of the peptide
bond distance compared to that of the isolated GG. Similarly,
CoGG1_T and CoGG1_S structures, in which the interaction
of the metal cation occurs through the π system of the CdO
bond, show a slight lengthening of the peptide bond. However,
when the interaction of the metal cation with the peptide unit

takes place with the lone pairs of the carbonyl amide oxygen
(CoGG3_T and CoGG3_S) the resonant zwitterionic form of
the peptide bond is stabilized resulting in the shortening of the
bond.

If we consider the energy difference between the triplet and
singlet states of free Co+ (3F-1G separation, 52.8 kcal mol-1),
Co+-glycine (26.0 kcal mol-1),40 and the Co+(glycyl)nglycine
complexes considered in our study (see Table 2), it can be
observed that coordination of one glycine molecule drastically
reduces the energy difference (Figure S7 of the Supporting
Information). As noted above, the most repulsive d orbital of
the singlet state of Co+ is empty, thus allowing a better
interaction between the basic centers of the amino acid and the
metal cation. The coordination of a GG molecule causes a
remarkable lowering in the singlet-triplet separation because
the coordination number is increased from 2 to 3. However, a
further increase in the length of the peptide decreases the
singlet-triplet difference to a lesser extent, the energy difference
asymptotically approaching about 10 kcal mol-1. Therefore, it
appears that increasing the number of amino acids beyond four

Figure 2. B3LYP optimized geometries for the low-lying conformers of the triplet state of Co+-(glycyl)nglycine and relative energies including
zero point corrections (∆G298° in parentheses). Distances are in angstroms and energies in kcal mol-1.
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will not result in an inversion of the stability between the singlet
and the triplet states.

Co2+-GG, -GGG, -GGGG. As in the case of Co2+-gly-
cine,40 we have only considered the quartet spin state (d7) of
Co2+ since doublet states are much higher in energy and
coordination is not expected to reverse the doublet-quartet
relative energy. In order to find the most stable structures for
each coordination environment, we have followed the same
procedure as for Co+-(glycyl)nglycine.

Co2+ is a doubly charged cation, and thus the electrostatic
interaction is much larger than that for Co+ complexes, which
leads to smaller metal-ligand distances. Moreover, Co2+ is a
d7 cation with three monooccupied d orbitals. In these condi-
tions, the repulsion between the metal and the ligand is smaller
than those for 3F Co+ (a d8 cation). Therefore, the interaction
with more than three donor centers is expected to become more
favorable. Table 3 lists the computed relative energies as well
as the natural population analysis of the metal cation for all the
obtained structures in the quartet state, whereas Figure 5 shows
the three low-lying conformers of each system (Co2+-GG,
Co2+-GGG, or Co2+-GGGG).

Contrary to Co+, for Co2+ the coordination number of the
most stable structure increases with the number of amino acids
that constitute the peptide. In fact, the most stable isomer found
for each system is tricoordinated for Co2+-GG (CoGG1_Q),
tetracoordinated for Co2+-GGG (CoGGG2_Q) and pentaco-
ordinated for Co2+-GGGG (CoGGGG3_Q). This behavior was
also observed for Cu2+-(glycyl)nglycine35 complexes. A further
increase in the peptide length is expected to result in an
octahedral coordination environment as found frequently for
Co2+ complexes.73,74 In these systems, in addition to the terminal
Nt and OC atoms, the nitrogen Np or oxygen Op of the peptide
bonds can take part of the coordination sphere. In Figure 5 it
can be observed that structures in which Co2+ interacts with Op

are preferred to those in which Co2+ interacts with Np. Indeed,
the most stable conformer always involves coordination with
the terminal amino group and all the available carbonyl groups,
two for CoGG1_Q, three for CoGGG2_Q, and four for
CoGGGG3_Q. This preference for the oxygen atom of the
peptide bond was also observed for Cu2+-(glycyl)nglycine35

systems and is due to the fact that this interaction strengthens

Figure 3. B3LYP optimized geometries for the low-lying conformers of the singlet state of Co+-(glycyl)nglycine and relative energies including
zero point corrections (∆G298° in parentheses) calculated with respect to the triplet global minimum. Distances are in angstroms and energies in kcal
mol-1.
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the peptide bond, as noted above for Co+ complexes, contrary
to Co2+-Np binding that shortens this bond.

As has already been noted, zwitterionic forms of
Co+-polyglycines are the most unstable forms. However, due
to the increase in the electrostatic interaction in Co2+ systems,
for Co2+-GG, the salt bridge CoGG11_Q isomer is the second
most stable structure; its relative energy being only 1.6 kcal
mol-1 higher than that for CoGG1_Q. For Co2+-GGG the
zwitterionic CoGGG7_Q isomer lies 26.5 kcal mol-1 above the
most stable one and for Co2+-GGGG no zwitterionic structures
were located in the considered range of energy. Therefore, it
can be concluded that as the peptide chain increases, these forms
become more and more unstable. This is probably due to the
fact that upon enlarging the peptide, Co2+ becomes more
coordinated in such a way that the electrostatic interaction is
reduced by a significant screening effect. Obviously, the
instability shown by the Co2+-zwitterion isomers may be
modified by solvent effects.

It can be observed in Figure 5 that, in general, metal-ligand
distances for the Co2+ complexes lie between those of the triplet
and singlet states of Co+ structures. This is not surprising since
electrostatic interaction is greater for the Co2+ complexes,
allowing a closer interaction between the metal and the ligand
than in the triplet state of Co+ ones. However, the presence of
an empty d orbital in the singlet state of Co+ results in shorter
bonds for the triplet complexes than for the Co2+ ones.

Binding Energies of Co+/2+-GG, -GGG, -GGGG Sys-
tems. Table 4 shows the computed De, D0, ∆H298°, and ∆G298°
values for the most stable Co+/2+-GG, -GGG, and -GGGG
structures. In addition, the calculated interaction energies of the
Co+/2+-G systems are also shown.

For both metal cations the binding energy increases with the
number of glycine residues. Although for Co+ the most stable
structures are always tricoordinated, they differ on their
metal-ligand distances. Overall, as the peptide length increases
the metal-ligand distances decrease and, thus, the stabilizing
electrostatic interaction is enhanced. Moreover, increasing the
number of amino acid residues in the peptide chain increases

the number of Co-Opn interactions (1 for CoGG1_T, 2 for
CoGGG1_T, and 3 for CoGGGG1_T). As a consequence, more
peptide bonds are strengthened which contributes to the increase
in binding energy. It can also be observed that the value obtained
for Co+-glycine in our previous calibration study at the B3LYP
level is in good agreement with the CCSD(T) value, supporting
the accuracy of the B3LYP values for the larger systems
computed in this study.

In contrast, for the Co2+ systems, the increase in the binding
energies is related to the adopted coordination geometry of the
most stable isomer. As mentioned, Co2+ prefers to saturate its
coordination environment. That is, for Co2+-G, the most stable
isomer is dicoordinated, for Co2+-GG1_Q tricoordinated, for
CoGGG2_Q tetracoordinated, and for CoGGGG3_Q pentaco-
ordinated. Accordingly, it is not surprising to find that the
binding energy follows the order of CoGGGG3_Q > CoGGG2_Q
> Co2+-GG1_Q.

From a methodological point of view, it is worth mentioning
that the computed B3LYP and CCSD(T) binding energies are
in reasonable agreement for Co+-G and Cu+-G, whereas for
Co2+-G and Cu2+-G differences are found to be significantly
larger. The large difference found in the case of Cu2+ is
attributed to the fact that some functionals (LDA, GGA, and
also B3LYP) overstabilize situations in which the degree of
charge and spin delocalization is important due to a bad
cancellation of the self-interaction part by the exchange func-
tional.76 Since the admixture of exact exchange, which rigorously
corrects the self-interaction, reduces the error and results with
BHLYP are found to be in better agreement with the CCSD(T),
we have also performed calculations using the Becke’s Half
and Half exchange functional for the Co2+ complexes. For these
systems delocalization is somewhat more important than for Co+

systems, as shown by the spin densities of Tables 1, 2, and 3.
The computed BHLYP binding energies for Co2+ complexes
are smaller than the B3LYP ones, the BHLYP value computed
for Co2+-G being in very good agreement with the CCSD(T)
one. For Co2+, the observed CCSD(T)-B3LYP variation (15
kcal mol-1 for Co2+-G) is, however, significantly smaller than
that observed for Cu2+ (28 kcal mol-1 for Cu2+-G),75 because
in Co2+ systems the delocalization is less pronounced (the value
of the spin density for the metal is 2.73) and therefore, the
overestimation of the B3LYP value is smaller. Moreover,
the difference between BHLYP and B3LYP decreases according
to the length of the peptide, being only 7 kcal mol-1 for the
largest system. Thus, as described for Cu2+, in situations in
which the coordination environment of the metal cation is
saturated, differences between B3LYP and BHLYP are smaller
and the two functionals behave similarly.

Infrared Spectra. Figure 5 shows the IR spectra of the most
stable structures of the triplet state of Co+-(glycyl)nglycine and
Co2+-(glycyl)nglycine complexes. The vibrational frequencies
have been scaled by a 0.96 factor.77 The most important features
observed in these spectra are the following:

(i) The coordination of the terminal carbonylic oxygen (Ot)
to Co+ induces a red shift of 93 cm-1 for Co+-GG and 86
cm-1 for Go+-GGG, with respect to free glycine (Figure S10
of the Supporting Information), leading to an intense ν(CO)
stretching band. This band is not shifted in the case of
Co+-GGGG, appearing at the same frequency of glycine (1748
cm-1), because the Ot atom is not coordinated to the metal
cation. For Co2+ complexes Ot is always coordinated to the metal
cation and a red shift is observed in all cases (156 cm-1 for n
) 1, 120 cm-1 for n ) 2, and 97 cm-1 for n ) 3). It can be
observed that the shift decreases significantly with the number

TABLE 3: Relative Energies Including Zero Point
Corrections (∆G298° in parentheses) of Co2+-(Glycyl)nglycine
(kcal mol-1) and Population Analysis at the B3LYP Level

structure coordination Erel q(Co) spin (Co)

CoGG1_Q Nt, Op1, OC 0.0 (0.0) 1.55 2.73
CoGG11_Q OC, O- 4.3 (1.6) 1.55 2.71
CoGG2_Q Nt, Np1, OC 7.7 (7.1) 1.49 2.73
CoGG4_Q Op1, OC 11.9 (11.0) 1.56 2.66
CoGG3_Q Nt, Op1 15.4 (13.9) 1.53 2.69
CoGG6_Q Nt, Op1 16.6 (15.8) 1.54 2.70
CoGG8_Q OC, O- 26.0 (24.1) 1.55 2.71
CoGGG2_Q Nt, Op1, Op2, OC 0.0 (0.0) 1.54 2.74
CoGGG1_Q Op1, Op2, OC 10.6 (10.0) 1.56 2.70
CoGGG4_Q Nt, Op1, Np2, OC 16.0 (15.6) 1.48 2.70
CoGGG9_Q Nt, Np1, Op2, OC 22.1 (22.4) 1.47 2.69
CoGGG5_Q Nt, Op1, Op2 22.3 (21.4) 1.52 2.70
CoGGG6_Q Op1, Np2, OC 24.2 (23.2) 1.50 2.71
CoGGG10_Q Op1, Op2, OC 24.5 (25.5) 1.54 2.65
CoGGG11_Q Nt, Np1, Np2, OC 27.3 (26.1) 1.43 2.70
CoGGG7_Q Nt, Np1, Op2 28.1 (26.5) 1.46 2.70
CoGGG8_Q Op1, Op2 30.9 (29.3) 1.54 2.65
CoGGGG3_Q Nt, Op1, Op3, Op3, OC 0.0 (0.0) 1.54 2.73
CoGGGG2_Q Op1, Op2, Op3, OC 5.9 (5.1) 1.57 2.72
CoGGGG6_Q Nt, Op1, Op2, Op3, OC 9.1 (9.3) 1.53 2.72
CoGGGG4_Q Nt, Op1, Op2, Op3 11.9 (10.9) 1.52 2.73
CoGGGG5_Q Nt, Op1, Op2, Op3 11.9 (10.9) 1.52 2.73
CoGGGG7_Q Nt, Op1, Op2, Np3, Oc 13.2 (12.3) 1.49 2.69
CoGGGG1_Q Op1, Op2, Op3 20.3 (18.2) 1.54 2.69
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of glycine residues because the interaction of Ot with the metal
cation decreases when the peptide is enlarged. On the other hand,
the intensity of the band is double in the case of Co2+ systems
pointing out the importance of the electrostatic effects.

(ii) As regards both Co+ and Co2+ complexes, a band between
1500 and 1600 cm-1 corresponding to the stretchings of the
peptide bond carbonyls (ν(COpn)) can be observed. The intensity
of this band increases with the number of residues, as the
metal-Op bond length decreases.

(iii) In the same region, but at somewhat lower frequencies,
between 1470 and 1530 cm-1, an intense band corresponding
to the in-plane CNH bendings of the peptide bond (δ(CNpnH))
can be observed, both for Co+ and for Co2+ complexes. If this
band is not observed, for example in Co2+-GGG, the peaks
associated to these vibrational modes are masked by the broad
band of the ν(COpn).

(iv) The peak corresponding to the OH stretching (ν(OH)) is
always of moderate intensity and red-shifted with respect to
free glycine (3604 cm-1). The shifts in Co+ complexes are
smaller (between 11 and 38 cm-1) than in Co2+ (between 53
and 91 cm-1) due to the large electrostatic effects in the latter
systems.

(v) The region between 3300 and 3500 cm-1 show bands
corresponding to the symmetric and asymmetric stretchings of

the terminal NH2 group (ν(NH2)a/s) and the NH of the peptide
bond ν(NpnH). It can be observed that while the intensity of the
ν(NH2)a/s bands remains more or less constant, the intensity of
the ν(NpnH) ones increases with the number of residues, so that
in the spectra of the larger peptides the NH2 stretchings are
masked by the peaks of the NpnH ones.

In order to facilitate the interpretation of the experimental
spectra of the related system, the calculated spectra of the
conformers that would likely be populated at room temperature
in IRMPD experiments are included in the Supporting Informa-
tion. In these spectra several features, useful to distinguish
between different conformers, can be emphasized.

Co+-GG. The most stable structure, CoGG1_T, corresponds
to the metal cation interacting with both CO groups, and
consequently, the associated ν(CO) and ν(COp) bands are
considerably red-shifted compared to free glycine. In CoGG2_T,
the metal cation interacts through the terminal carbonylic oxygen
and the red shift of the ν(CO) (1646 cm-1) is similar to that
found for CoGG2_T. However, the peak corresponding to
ν(COp) (1751 cm-1) is not shifted with respect to free glycine.
Finally, in CoGG3_T, metal cation interaction is through the
peptide carbonyl oxygen resulting in an unshifted ν(CO) band
(1748 cm-1) and a considerably red-shifted peak for ν(COp)

Figure 4. B3LYP optimized geometries for the low-lying conformers of Co2+ (glycyl)nglycine and relative energies including zero point corrections
(∆G298° in parentheses). Distances are in angstroms and energies in kcal mol-1.
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(1576 cm-1), which can be used as a diagnostic of the presence
of this conformation.

Co+-GGG. In this case, the spectra for the most stable
conformers are very similar. The fact that the NH2 group is not
attached to Co in CoGGG1_T leads to a band associated to the
wagging motion of this group (δ(NH2)wg ) 829 cm-1). Note
that this peak is also seen in the Gly spectrum (785 cm-1). In
contrast, both CoGGG2_T and CoGGG3_T exhibit a direct
Co-NH2 interaction so that such a motion is not observed in
their spectra. Accordingly, the presence or not of δ(NH2)wg
could be useful for the identification of the isomer formed in
gas phase. On the other hand, the H-bond between Nt and the
proton of Np1H occurring in CoGGG1_T leads to a bathochro-
mic shift of the band associated to ν(Np1H) compared to

CoGGG2_T and CoGGG3_T (3310 vs 3485 and 3486 cm-1,
respectively), which in addition is more intense in the former
case. The presence of this ν(Np1H) intense band indicates that
the NH2 group is not interacting with Co.

Co+-GGGG. As in the previous case, the IR spectra in the
fingerprint region are quite similar for all the conformations
and could it be hard to differentiate between them using IRMPD.
Distinction between CoGGGG1_T and the other conformations
is possible through the shift undergone by CO stretching. In
the former isomer the terminal CO group is free, the ν(CO)
band being at 1748 cm-1, as in free glycine, whereas in the
others isomer CO is attached to Co, so that the ν(CO) value is
bathochromic shifted. On the other hand, CoGGGG1_T and
CoGGGG2_T do not have the terminal NH2 interacting with

Figure 5. Computed infrared spectra for the most stable structures of the triplet state of Co+-(glycyl)nglycine and Co2+-(glycyl)nglycine.
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Co but establishing a H-bond with the proton of Np1H, so that
bands associated to δ(NH2)wg (824 and 821 cm-1, respectively)
are present in both spectra. This is not the case in CoGGGG3_T
because NH2 is attached to Co, so that these two bands may
help differentiate the formation of the first two isomers with
respect to the third one.

Co2+-GG. According to our calculations, only two structures
are likely to be populated at room temperature for this system.
The most stable structure corresponds to the neutral form of
GG attached to the metal cation (CoGG1_Q) and the other to
the zwitterionic one (CoGG11_Q). The presence of the zwit-
terionic structure can be easily distinguished by the δ(NH3) band
at 1422 cm-1 and the absence of the δ(COH)ip band in the 1150
cm-1 region, typical of the neutral conformation. Additionally,
in CoGG1_Q the peptide COp group is attached to Co whereas
in CoGG11_Q it is free, so that in the former the ν(COp) band
is found at 1595 cm-1 whereas in the latter at 1698 cm-1.

As aforementioned, very few IRMPD studies, mainly with alkali
metal cations, have been carried out on metal cationized
peptides.12,20,21 Among these, the work of Prell et al.21 addressing
the interaction of alkali metal cations with ArgGly and GlyArg
should be mentioned. In that study, experimental IR spectra
recorded in the range of 500-2000 cm-1 and theoretical calcula-
tions show that for all cases except Li+-ArgGly and Na+-ArgGly,
the structure that mainly contributes to the spectrum is the
zwitterionic structure of the peptide. Thereby, in these cases the
recorded IR spectra are remarkably different from those calculated
in our case for the most stable conformers of Co+-GG. In the
case of Na+-ArgGly, both the neutral and zwitterionic structures
contribute to the experimental spectrum, and theoretical calculations
confirm that both structures differ by less than 1 kcal mol-1 in
energy. Finally, the spectrum of Li+-ArgGly is mainly due to the
neutral conformer of the peptide. The coordination of the metal
cation in this structure is very similar to that found in our case for
CoGG1_T and corresponds to the interaction of the metal with
the carboxylic acid carbonyl oxygen, the amide carbonyl group,
and the side chain NH group of Arg. The experimental spectrum
of Li+-ArgGly in the recorded range is similar to that found for
the ground-state structure of Co+-GG, showing the typical bands
of the nonzwitterionic structures, that is, a band at ∼1150 cm-1

corresponding to the in-plane COH bending and a band at 1740
cm-1 corresponding to the terminal CO stretching. This band is
somewhat less red-shifted (about 40 cm-1) than those observed in
CoGG1_T and CoGG2_T, probably due to the larger screening

effect of the NH group or to the larger charge transfer of the
transition metal cations compared to the alkali ones.

However, it should be noted that, to date, these kinds of transition
metal systems have not been experimentally addressed by means
of the IRMPD technique so that no experimental values are
available. In that respect, new experimental measurements such
as those carried out by Oomens group would be welcome in order
to confirm the most stable structures predicted by this work.

Conclusions

This paper analyses the interaction of Co+ (d8, 1G, and 3F)
and Co2+ (d7, 4F) cations with (glycyl)nglycine (n ) 1-3)
oligomers. The structure, relative energies, and binding energies
of the complexes formed have been theoretically determined
by means of density functional methods. Results indicate that
for all Co+ complexes the ground spin state is the triplet one
and the most stable structure shows tricoordinated geometry.
In particular, for Co+-GG, coordination takes place through
the amino, the amide carbonyl, and the terminal carbonyl groups
(Nt, Op1, OC). For Co+-GGG and Co+-GGGG, however,
tricoordination takes place through three oxygen atoms, (Op1,
Op2, OC) and (Op1, Op2, Op3), respectively. In contrast, for Co2+

systems the lowest energy structure is tricoordinated (Nt, Op1,
OC) for Co2+-GG, tetracoordinated (Nt, Op1, Op2, OC) for
Co2+-GGG, and pentacoordinated (Nt, Op1, Op2, Op3, OC) for
Co2+-GGGG. For both cobalt cations, interaction energies
increase with the peptide length. Longer (glycyl)nglycyl peptides
(n > 3) will probably tend to have similar binding energies, as
a consequence of a saturated metal coordination environment.

The infrared spectra of the low-lying structures of
Co+-(glycyl)nglycine and Co2+-(glycyl)nglycine have been simu-
lated. In general, it should be noted that the coordination of the
carbonyl groups to the metal cation (Co+ or Co2+) induces an
important red shift of the corresponding CO stretching frequency.
Thereby, the presence of an unshifted peak in the region of 1750
cm-1 can be used as a signature of the population of conformers
with one of the carbonyl groups not coordinated to the metal cation.
This is the case of Co+-GG where the spectra of the excited
conformers, CoGG2_T and CoGG3_T, show peaks at 1751 and
1748 cm-1, respectively. For Co+-GGG and Co+-GGGG, the
computed spectra of the different low-energy conformers are similar
in the fingerprint region. For the former case, the most stable
structure can be distinguished by the presence of the band
associated to the wagging motion of the NH2 group (δ(NH2)wg )
829 cm-1), due to the fact that the NH2 group is not attached to
Co in CoGGG1_T. For Co+-GGGG, the low-energy structure is
characterized by the unshifted ν(CO) band at 1748 cm-1 not present
in the rest of the conformers. Finally, for Co2+ complexes, only
Co2+GG shows more than one structure that is likely to be
populated at room temperature. In this case the excited conformer
(CoGG11_Q) corresponds to the zwitterionic form of the ligand
and can be easily identified by the presence of the δ(NH3) band at
1422 cm-1 and the absence of the δ(COH)ip band in the 1150 cm-1

region.
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TABLE 4: Binding Energies (De, D0, ∆H298°, ∆G298°) (kcal
mol-1) of the Co+/2+-(Glycyl)nglycine Systems (BSSE
Corrected Values are in parentheses)

Ga GG GGG GGGG

Co+ De B3LYP 74.2 87.2 98.5 106.0
(85.0) (96.7) (104.1)

BHLYP 68.8
CCSD(T) 72.4

D0
b 85.7 97.7 106.0

∆H298°b 86.5 98.3 106.2
∆G298°b 76.8 87.9 98.6

Co2+ De B3LYP 203.3 243.5 287.2 316.8
(241.5) (284.5) (313.7)

BHLYP 188.7 231.6 277.1 309.7
CCSD(T) 190.5

D0
b 241.1 284.5 314.4

∆H0
298

b 242.3 285.9 315.6
∆G0

298
b 231.6 273.2 304.0

a Reference 40.
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