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ABSTRACT: Theoretical and experimental band assignments for the Fourier transform infrared spectrum of the
[Ni(GAA)2] · 2 H2O (bis(guanidoacetate)nickel(II) complex) trans isomer has been made based on the DFT: B3LYP/6-
311G(d,p) procedure, second derivative spectrum, and band deconvolution analysis. Bond orbital analysis was used to
determine the effect of electronic delocalization involving Ni−O and Ni−N bonds and their neighbour groups. Also, natural
bond orbital analysis was extended to Ni−O and Ni−N interactions, indicating in both cases that the sp2.01d1.01 Ni(II)
hybridization is adequate for the planar structure around the Ni(II) cation. The calculated infrared spectrum, based on the
proposed geometrical structure of the trans bis(guanidoacetate)nickel(II) complex without crystallization water, shows an
excellent agreement with the experimental spectrum, and matches better than the calculated spectra for the [Ni(GAA)2] cis
isomer. The calculated energy for the [Ni(GAA)2] trans isomer complex is 21.75 kcal/mol more stable than that of the cis
isomer.
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INTRODUCTION

The importance of divalent nickel in biological and
bioinorganic compounds was summarized in previous
papers1–3. In Ref. 4, fourteen articles by leading
researchers are devoted exclusively to biological use
of nickel. The content ranges from the chemistry and
physics of nickel complexes in general to the roles of
this metal in cellular catalytic phenomena. A recent
article on synthesis, spectroscopic, and antimicrobial
studies of divalent nickel5, and another on nickel
ion reduction with applications to the analysis of
nutritional supplements6 are examples reflecting the
biological importance of divalent nickel.

Continuing our vibrational spectroscopic studies
on metal-amino acid complexes7–9, we have made a
full vibrational assignment based on the Fourier trans-
form infrared spectrum, second derivative spectrum,
band deconvolution analysis, and density functional
theory (DFT)/B3LYP:6-311G(d,p) calculations10. We
considered the structural geometry of the trans-

bis(guanidoacetate)Ni(II) complex, and the natural
bond orbital analysis to study Ni(II) hybridization
conducing to the planar geometry of the framework.

EXPERIMENTAL

Synthesis of the bis(guanidoacetate)nickel(II)
complex [Ni(GAA)2] · 2 H2O

Synthesis was done according to the procedure de-
scribed by Versiane11. Guanidoacetic acid (H3GAA)
dissolves poorly in water. Hot dissolution produces
immediate crystallization after freezing. In alka-
line solutions, decomposition occurs with loss of the
guanidinic group GAA3+. Fig. 1 shows a diagram of
species distribution as a function of pH. The synthesis
conditions for the low solubility of H3GAA were de-
termined based on the crossing of Ni(OH)2 solubility
curve with the curve on species distribution diagram
for H3GAA. Temperature was maintained below
47 °C to avoid H3GAA crystallization. The synthesis
of the [Ni(GAA)2] · 2 H2O complex is limited to the
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Fig. 1 Overlap between the species distribution diagram of
H3GAA and the Ni(OH)2 formation diagram.

proportion of 2 mmols of H3GAA (0.2342 g) in
50 ml of water. Any alteration whatsoever such as
higher concentration or higher temperature leads to a
contamination of the final product with H3GAA. For
this reason, the [Ni(GAA)2] · 2 H2O complex was pre-
pared by dissolving 2 mmols of H3GAA in 50 ml of
deionized water under strong stirring for 2 h at 28 °C
(room temperature). After the complete dissolution of
the ligand, the solution was frozen at 4 °C for 1 h, and
then left at room temperature for 3 days. Any pre-
cipitate formed was dissolved by water addition until
the system reached equilibrium and did not crystallize
any H3GAA under minor temperature variations. At
this stage of the synthesis, 1 mmol of Ni(NO3)2 was
added to the ligand solution under stirring for 4 h. The
temperature was adjusted to 45 °C and the system was
left under stirring for 19 h, after which the temperature
was lowered to room temperature. After two days, the
solution was warmed again to 45 °C and the pH was
adjusted to 3.4 by adding KOH 3 M. After the open
solution was left at room temperature for 7 days, a
green and clear solution of 1/3 of the initial volume
was obtained. After addition of 5 ml of ethanol the
solution was kept in a closed vessel for 3 days. Then,
the solution was evaporated at room temperature to
give a green amorphous solid. The yield was 48%.

Elemental analysis

All the analysis was carried out in the same conditions
and with the same CHN column. After the stabiliza-
tion stage, we observed that any change in the column,
or the analysis of different samples, produced small
variations of the order of 2%. After three weeks, the
samples were analysed again. The final results reflect
the arithmetic mean of the results with fluctuations

lower than 2%. For the [Ni(GAA)2] · 2 H2O com-
plex we found the following values (the theoretical
composition is given in parentheses): C: 22.00%
(22.04%), H: 4.97% (4.90%), N: 25.61% (25.70%),
O: 29.44% (29.39%). Ni was analysed by atomic ab-
sorption spectrometry yielding the experimental value
of 17.95% (17.97%).

Thermo-gravimetric analysis

The thermo-gravimetric analysis was performed in
an inert N2 atmosphere. The results of the thermo-
gravimetric analysis in the temperature range of 100–
215 °C showed a mass loss of 36.4%, which cor-
responds to an experimental value of 122 g (119 g
calculated). This loss of mass corresponds to the
fragments: 2 (CN2H3) and 2 H2O. At temperatures
of 215–900 °C, the mass loss was of 27.6%, which
corresponds to the experimental value of 84 g (90 g
calculated). This mass loss is attributable to 2 (CO)
and 2 (CH2). At temperatures above 900 °C the mass
loss was 36 g, attributable to NiO2 and N2.

FT-IR spectrum

The Fourier transform infrared (FT-IR) spectra of
solid nickel(II) complex were recorded on a Perkin
Elmer 2000 FT-IR spectrometer. Data were collected
at a resolution of 4 cm−1. The scanning speed was
held at 0.2 cm−1s−1 and 120 scans were performed.
The solid sample was measured as a KBr pellet in
the 4000–370 cm−1 spectral range, and in the 700–
30 cm−1 region as polyethylene pellet. Observed
infrared spectra in both regions are given in Fig. 2.

Optimization of the geometrical parameters

The geometry optimization of the bis(guanidoacetate)
nickel(II) complex, [Ni(GAA)2] · 2 H2O, was done us-
ing the DFT procedure with the B3LYP/6-311G(d,p)
level10. The calculated energy for the complex in
the trans form is 21.75 kcal/mol more stable than
the cis isomer, so hereafter we are dealing only
with the trans-[Ni(GAA)2] · 2 H2O complex. The
calculated bond lengths for both Ni−N bonds are
1.965 Å, a value that can be compared with the
experimental Ni−N bond length of 2.047 Å found
in the [Ni(L−aspO)(H2O)2] ·H2O complex12, and
with the calculated values of the aspartate hydroxo-
aqua Ni(II) complex, [Ni(Asp)(OH)(H2O)], using the
DFT procedure with B3LYP/6-31G(d) and B3LYP-
6-311G(d,p) levels, which are 1.824 and 1.892 Å,
respectively1. For Ni−O bond lengths the cal-
culated value is 1.840 Å. The Ni−O calculated
bond lengths for [Ni(Gly)(GAA)] complex are 1.852
and 1.852 Å2, values that agree well with the
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Fig. 2 FT-IR spectra of [Ni(GAA)2] · 2 H2O in the (a) 4000–
400 cm−1 and (b) 700–30 cm−1 regions.

DFT/B3LYP-6-31G(d) calculated Ni−O bond lengths
for the [Ni(Ser)2] complex, whose values are 1.844
and 1.853 Å3. For the [Ni(Asp)(OH)(H2O)] complex
the DFT values for Ni−O bonds are 1.751, 1.818,
and 1.854, 1.906 Å, with the same basis set indicated
above. Experimental values for Ni−O bonds for
[Ni(L−aspO)(H2O)2] ·H2O are 2.063 and 2.064 Å.
Concerning the calculated bond angles, the mean
value of the ratio between NNiN (179.20°) and ONiO
(177.38°) divided by two gives a factor β = 89.15°13,
indicating a slight deviation from the planar frame-
work structure. Selected bond lengths and bond
angles are given in Table 1. Full [Ni(GAA)2] complex
structure is given in Fig. 3.

Natural bond orbital analysis (NBO)

NBO analysis14 at the B3LPY/6-311G(d,p) level was
carried out to rationalize the factors contributing to
the total conformational energy. The NBO analysis
for the isolated complex shows that the nickel(II)
ion interacts more strongly with oxygen than with
nitrogen. The calculated second-order perturbation

Table 1 DFT/B3LYP:6-311G(d,p) calculated framework
geometrical parameters for the bis(guanidoacetate)nickel(II)
complex.

Bond lengths (Å) Bond angles (°)

Ni(1)−N(2) 1.966 N(2)−Ni(1)−N(17) 179.20
Ni(1)−O(15) 1.840 Ni(1)−N(2)−C(10) 108.50
Ni(1)−O(16) 1.840 O(15)−Ni(1)−O(16) 177.38
Ni(1)−N(17) 1.966 Ni(1)−O(15)−C(13) 116.81
N(2)−C(10) 1.494 O(16)−Ni(1)−N(17) 86.82
C(10)−C(13) 1.485 Ni(1)−N(17)−C(25) 108.50
C(13)−O(15) 1.363 N(2)−C(10)−C(13) 112.83
O(16)−C(28) 1.363 C(10)−C(13)−O(15) 113.58
N(17)−C(25) 1.494 O(16)−C(28)−C(25) 113.58
C(25)−C(28) 1.485 N(17)−C(25)−C(28) 112.83
O(15)−H(21)* 1.787
O(16)−H(9)* 1.821

* Hydrogen bonding

Fig. 3 DFT:B3LYP/6-311G(d,p) calculated structure of the
[Ni(GAA)2] complex with atom numbering. (Crystalliza-
tion water was omitted).

energy for the Ni(1)−O(16) interaction is 8.4 kcal/mol
greater than for Ni(1)−N(17) (41.3 versus 32.9 kcal/-
mol, respectively). The Ni−O bond is formed by
interaction between a sp2.04d1.04 (24.47% s, 50.01%
p, and 25.53% d) orbital centred on the nickel ion
and a sp1.8 (35.76% s and 64.24% p) orbital on the
oxygen atom (Fig. 4b). The Ni−N bonding is formed
by the interaction between a sp2.01d1.01 (24.91% s,
50.02% p, and 25.06% d) orbital centred on the nickel
and a sp4.33 (18.77% s and 81.23% p) orbital on the
nitrogen atom (Fig. 4c). The polarization coefficient
for the formation of the bonding is 8.84% on the
nickel ion and 91.16% on the oxygen atom of the
Ni−O bond, and 7.31% on the nickel ion and 92.69%
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Fig. 4 Natural bond orbital analysis: (a) overlap between a π *C−−O antibonding orbital and a pz orbital on the oxygen
atom of the Ni−O bond; (b) natural bond orbital between nickel and nitrogen atom; and (c) natural bond orbital between
nickel and oxygen atom.

on the nitrogen atom of the Ni−N bond. These
results show a high polarization directed to the oxygen
and nitrogen atoms in the Ni−O and Ni−N bonding,
respectively, indicating a strong ionic character on
both bonds. In addition, analysis performed over the
electronic effects of the ligands on the nickel complex
shows that, after the complex was formed, the energy
involved in electronic delocalization between the O
(15 or 16) and N (2 or 17) atoms and its C−−O and
C−−N neighbour groups, respectively, diminish if we
compare with this delocalization effect in the free
ligand. The NBO calculations show that the energy
involved in the overlapping between a pz orbital on
the O of the Ni−O bond and the π *C−−O antibond-
ing orbital (Fig. 4a) is about 30.0 kcal/mol less than
that of the isolated ligand (21.86 vs 51.73 kcal/mol,
respectively). The same behaviour was found in the
overlapping of a pz orbital on the nitrogen atom of
the Ni−N bond with the π *C−−N antibonding orbital.
The energy was 6.0 kcal/mol lower than that of the
isolated ligand (6.28 vs 12.65 kcal/mol, respectively).
This decrease in the electronic delocalization energy
must be a consequence of the increase in the charge
density over the oxygen and nitrogen atoms as they
bind to the nickel metal. The increase in charge
density on O(16) and N(17) (and in its symmetric
ones) causes an elongation in the O(16)−C(28) and
N(17)−C(28) bonding (complex: O(16)−C(28) =
1.363 Å and N(17)−C(28) = 1.493 Å; ligand free:
O(16)−C(28) = 1.298 Å and N(17)−C(28) =
1.411 Å). These elongations reduce the overlap degree
accountable to electronic delocalization. Also, in
connection with the NBO analysis, the stabilization
energies of the LP(1) O(16) with the LP*(1) H(9), and
LP(1) O(15) with the LP*(1) H(21), were found to be
both of 6.32 kcal/mol.

RESULTS AND DISCUSSION

The 3n − 6 = 81 normal modes of the [Ni(GAA)2]
complex can be described by 32 stretching, 58 bend-
ing, and 20 torsion internal co-ordinates, including re-
dundant co-ordinates. With the exception of the N−H
and C−H stretching of higher vibrational energy,
the remaining stretching modes, including the C−−O
stretching, can be found as coupled modes because
there are other internal co-ordinates which describes
the normal modes as a whole, such as H−N−H
bending. Overlapped bands are expected in the high
energy region of the spectrum (3500–2700 cm−1), and
also in the whole mid-IR spectrum. To characterize
these bands we used deconvolution analysis, and we
have also calculated the second derivative of the band
spectrum. A plot between the calculated and the
experimental wavenumbers generates a straight line
with a correlation coefficient R = 0.9939, showing
a very good agreement.

N−H and C−H stretching

The −NH2 and −NH groups in the molecular struc-
ture of [Ni(GAA)2] complex provide 8 stretching
normal modes. The pairs of infrared bands found at
3603/3526 cm−1 and 3444/3367 cm−1 by deconvolu-
tion analysis can be assigned to the νas(NH)/νs(NH)
stretching vibrational modes as this pair of bands
follows the Bellamy-Williams wavenumber relation
νs(NH) = 345.53 + 0.876νas(NH)15. The other
bands found at 3289, 3187, 3087, and 3039 cm−1

can be assigned to the ν(NH) stretching of the imine
and R2NH groups present in the complex structure.
In Table 2 the experimental assignments disagree
with the wavenumber assignment obtained by the
DFT/B3LYP:6-311G(d,p) calculations.
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Table 2 DFT:B3LYP/6-311G(d,p) calculated and FT-IR experimental wavenumbers of [Ni(GAA)2]. (Units: cm−1).

DFT(calc) x0.9613 IIR
b IR (%T) 2d.der.c BDAd Approximate assignmenta

3646 ν(OH).cryst.water*

3511 3616 3572 ν(OH).cryst.water*

3681 3539 49.2 νas(NH)
3664 3522 43.7 3511 (29) νas(NH)/νs(NH)
3484 3349 9.5 3436 (33) 3440 3444 ν(NH) imine/νas(NH)
3482 3347 8.5 3366 (34) 3367 3367 ν(NH) imine/νs(NH)
3465 3331 17.9 3293 (35) 3287 3289 ν(NH)−(R2NH)
3452 3318 16.8 3201 (28) 3162 3187 ν(NH)−(R2NH)
3347 3217 441.6 3103 3087 νs(NH)
3319 3191 419.0 3060 (26) 3050 3039 νs(NH)
3139 3018 7.2 2989 2987 νas(CH)
3118 2997 17.1 2939 (18) 2939 2934 νas(CH)
3070 2951 17.4 2891 (15) 2883 2883 νs(CH)
3063 2944 33.4 2850 νs(CH)
1739 1671 222.5 1701 (15) 1702 1690 δ(HNH) sciss.
1733 1666 82.9 1676 1670 Q(C−−N)
1731 1664 298.4 1649 (24) 1649 1650 Q(C−−N)
1727 1660 485.2 1621 (24) 1620 1621 δ(HNH) + Q(C−−O)
1685 1620 170.0 1598 1595 Q(C−−O) + δ(HNH)
1679 1614 420.0 1552 (6) 1550 1542 Q(C−−O) + δ(HNH)
1513 1454 14.5 1526 1521 δ(HCH) sciss.
1480 1423 30.3 1477 (12) 1477 1479 δ(HCH) sciss.
1467 1410 54.0 1420 (21) 1422 1423 δ(HCH) wagg.
1460 1403 54.0 1399 (19) 1391 1402 δ(NH)
1399 1345 62.6 1345 δ(HCH) + δ(NH)
1390 1336 70. 1336 δ(HCH) + δ(NH)
1378 1325 41.2 1316 (12) 1315 1316 δ(HCH) + δ(NH)
1365 1312 15.5 1306 δ(HCH) + δ(NH)
1307 1256 18.4 1262 (4) 1258 1258 δ(HCH) twist
1297 1247 36.6 1234 1228 δ(HCH) twist
1277 1228 88.0 1190 p(CO) + p(CC)
1264 1215 484.5 1177 p(CO) + p(CC)
1198 1152 128.6 1177 (7) 1171 1156 δ(HNH) wagg.
1174 1129 64.1 1115 (8) 1116 1114 δ(HNH) wagg.
1153 1108 45.5 1088 δ(NH) + δ(HCH)
1132 1088 37.1 1051 (6) 1050 1066 δ(NH) + δ(HCH)
1079 1037 87.7 1047 p(CN) + δ(NH)
1076 1034 135.1 1008 (7) 1007 1008 p(CN) + δ(NH)
1029 989 63.7 p(CN) + δ(NH)
1024 984 61.4 p(CN) + δ(NH)
1015 976 36.8 ρ(CH2) + p(CN)
1002 963 3.4 943 (7) 944 944 ρ(CH2) + ρ(NH)
927 891 53.1 910 905 p(CC) + p(CO)
912 877 15.5 876 (8) 876 875 p(CC) + p
864 831 115.6 829 824 p(CN) + ρ(NH)
839 807 10.3 ρ(NH)as
830 798 128.7 ρ(NH)s
823 791 83.2 ρ(NH)
814 782 256.6 773 (1) 782 766 ρ(NH)
800 769 395.8 722 (3) 721 720 ρ(NH)(−NH2)
780 750 8.2 706 (14) 703 712 p(CN) + δ(CNC)
740 711 2.1 700 δ(CONi) + δ(CCO)
712 684 15.4 672 (18) 669 664 ρ(NH2)
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Table 2 (Cont.)

DFT(calc) x0.9613 IIR
b IR (%T) 2d.der.c BDAd Approximate assignmenta

699 672 2.1 648 (17) 637 637 ρ(NH2)
667 641 36.0 632 (15) 622 626 δ(CNC)
657 632 7.1 600 (6) 594 593 δ(CNC)
593 570 45.7 569 (7) 568 569 δ(NC−−N)
582 559 2.2 551 (4) 547 547 δ(NC−−N)
535 514 6.0 529 (1) 527 522 ρ(C−−O)
528 508 4.6 500 ρ(C−−O)
508 488 37.5 470 (5) 468 480 ρ(NH)
493 474 27.6 469 ρ(NH)
475 457 51.0 452 r(NiO) 27% + β(NNiO)25%
463 445 21.7 427 (2) 425 425 r(NiN) 14% + β(NNiO) 10%
454 436 77.0 409 r(NiN) 29% + β(NNiO) 17%
434 417 4.0 β(NNiO) 36%
418 402 4.6 382 (8) 391 β(NNiO) 18% + r(NiO) 14%
383 368 44.0 373 373 β(NNiO) 26% + β(NiNC) 14%
360 346 5.6 r(NiN) 26% + r(NiO) 21%
336 323 6.2 313 (9) 359 τ(bent N(2)−C(13) axis)
315 303 4.5 313 317 τ(bent N(17)−C(25) axis)
278 267 0.9 255 (8) 305 r(NiO) 27% + β(NNiO) 18%
249 239 19.1 246 (9) 259 256 β(NNiO) 37% + β(NiNC) 12%
238 229 2.9 240 240 β(NNiO) 47% + β(NiNC) 13%
209 201 1.3 199 (3) 200 204 β(NNiO) 43% + β(NiNC) 14%
136 131 19.9 153 (12) 154 154 τ+ β(NNiO)
113 109 5.0 112 (6) 108 108 τ(NiOCC)
101 97 0.6 89 (8) 84 82 τ(NiOC−−O)
82 79 0.2 69 τ(NiNCN)
59 57 5.6 56 (12) 56 59 τ(O=CCN)
52 50 .0 τ(CNC−−NH)
40 38 7.0 33 (1) τ(NCCO)
17 16 0.3 τ(NiNCC)

a means participation of different internal coordinates in the normal mode composition, according to the geometrical
parameter variation that composes it;

b IIR mean infrared intensities;
c 2d.der. mean second derivatives;
d BDA means band deconvolution analysis.

Concerning the C−H stretching we expected only
four infrared absorptions which were found at 2987,
2934, and 2883, and at 2850 cm−1 by deconvolution
analysis, the last one being observed in the second
derivative spectrum. The two higher wavenumbers
were assigned to the νas(CH) stretching and the re-
mainder to the νs(CH) stretching. Fig. 5 shows the
band deconvoluted spectra in the 3700–2700 cm−1

spectral region.

C−−N stretching

The C−−N stretching was found at 1670 and at
1650 cm−1 by deconvolution infrared band analysis,
and these wavenumbers agree well with the DFT
calculations.

C−−O stretching and H−N−H bending

In the vibrational spectrum of the [Ni(GAA)2] com-
plex we expected to observe two δ(HNH) scissor-
ing (sciss.) and two ν(C−−O). Four wavenum-
bers can be assigned to the following vibrational
modes: 1701 cm−1, δ(HNH) sciss., 1621 cm−1,
and δ(HNH) + Q(C−−O) indicating the coupling of
the H−N−H bending and with the C−−O stretching
internal coordinates in the normal mode description.
The 1595 cm−1 and 1542 cm−1 bands visualized by
band deconvolution, assigned as Q(C−−O) + δ(HNH)
indicating that the internal coordinates of the C−−O
stretching and the H−N−H bending participate in the
description of the normal mode. Fig. 5 shows the band
deconvoluted spectra in the 1850–1525 cm−1 spectral
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Fig. 5 Band deconvolution analysis in the (a) 3700–2700,
(b) 1850–1545, (c) 1500–1200, (d) 1200–900, (e) 950–500,
(f) 530–320, (g) 330–200, and (h) 220–40 cm−1 spectral
regions.

region. Deconvolution bands were calculated using
the MICROCAL ORIGIN 6 package16.

Other HNH, HCH, and rocking vibrations

In the spectral region of 1530–1420 cm−1 infrared
bands were mainly assigned to δ(HCH) sciss. and
δ(HCH) wagging (wagg.) vibrational modes, practi-
cally without presenting any coupling. Between 1390
and 1100 cm−1 the H−C−H bending was not identi-
fied as pure vibrational modes, which are constituted
by coupling NH bending internal coordinates. Two
δ(HNH) wagg. vibrational modes can be assigned at
1171 and at 1116 cm−1 as being the second band
confirmed in the second derivative spectrum and by
deconvolution band analysis. Bands at 1113 and
1063 cm−1 can be assigned according to DFT cal-
culations to: ρ(CH2) + p(CN) and ρ(CH2) + ρ(NH),

respectively. Rocking of the −CH2 group was as-
signed at 941 cm−1, and for the −NH group at 773
and 721 cm−1. In both cases not all the rocking
vibrational modes could be assigned. Band decon-
volution analysis of the region discussed above, that
were obtained using the MICROCAL ORIGIN (Version
6.0) software16, are depicted in Fig. 5.

C−O, C−N, and C−C stretching

In the geometrical parameters of the [Ni(GAA)2]
structure we can determine two C−O, two C−C,
and four C−N stretching internal coordinates (desig-
nated with the Latin character p). In the vibrational
spectra of this complex we could observe only five
bands which can be assigned to the following coupled
modes: 1180 cm−1, p(CO) + p(CC); 1007 cm−1,
p(CN) + δ(NH); 910 cm−1, p(CN) + δ(NH) and
876 cm−1, p(CC) + p(CO).

Framework vibrations

Assignments that involve the Ni atom coordinate in
a distorted square planar geometry of C1 symmetry
are based strictly on the DFT: B3LYP/6-311G(d,p)
analysis. The normal modes of this framework can be
described as νas(NiN), νs(NiN), νas(NiO), νs(NiO),
δ(ONiO), δ(NNiN), and δ(ONiN). The framework of
the [Ni(GAA)2] complex is formed by two rings of
five members, therefore no pure NiN or NiO stretching
mode, as well as no pure bending mode could be
found. All the normal modes of the framework
structure must be defined as coupled modes formed
by different internal coordinates.

For an accurate description of the normal modes
in the metal-ligand spectral range, we used the per-
centage of deviation of the geometrical parameters
(PDPG) from its equilibrium position, which consti-
tutes the definition of the internal coordinates17. As
we have pointed out earlier, the PDPG can also be
normalized to obtain the percentage of participation
of each internal vibrational coordinate that describes
the framework vibrations.

In the description of the normal modes we used
Greek letters, as usual, and in parentheses we indicate
a pair of atoms for stretching or three atoms for bend-
ing, which are included in the definition of the internal
coordinates. A coupled normal mode can be repre-
sented as an infinitesimal variation of single bonds or
angles in time, which are the definitions of the internal
coordinates that participates in the vibrational move-
ment. A coupled normal mode is not composed of
other normal modes, it is composed of several internal
coordinates that describes the vibrational movement.
For discussion, we have selected the spectral region
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at 480–200 cm−1 in which we can find the metal-
ligand vibrations. Naturally they are all normal modes
composed of several internal coordinates and none can
be considered as a pure stretching or bending. In
our procedure, in which fundamental modes can be
assigned, we have considered carefully the Cartesian
L matrix obtained for each normal mode, used it to
calculate the percentage of variation of the geometri-
cal parameters (PDPG) values, and used these values
in the description of the vibrational assignment. For
the PDPG analysis, we have chosen 22 internal co-
ordinates: 10 stretchings define the two five member
rings formed by the guanidoacetic acid ligand, being
represented with Latin characters: r for the Ni−N and
Ni−O stretching, p for the C−C, C−O, and C−N
stretching; Q for the C−−N and C−−O stretching, and
there are 12 bending internal coordinates inside and
outside the five member rings, all of them symbolized
by β. Percentage contributions lower than 10% of the
internal coordinates in the description of the normal
mode are not indicated in the vibrational assignment.

The Ni−O stretching internal coordinate partic-
ipates with different percentage in the vibrational
modes found at: 457 cm−1 (calculated wavenumber),
assigned as a composed mode in which mostly the
internal coordinates r(NiO) 27% + β(NNiO) 25%
participate. The infrared band observed at 373 cm−1

can be assigned as a vibrational mode which coupled
with different internal coordinates; β(NNiO) 18% +
r(NiO) 14%+r(NiN) 14%+p(NC) 13%+p(CC) 10%.
Similarly, the observed band at 313 cm−1 can be de-
scribed as the association of the following internal co-
ordinates: r(NiN) 26%+r(NiO) 21%+β (NNiO) 16%.
The deconvoluted infrared band at 240 cm−1, can be
described as: r(NiO) 27%+β(NNiO) 18%+β(ONiO)
21%. Finally, the band observed at 194 cm−1 can be
assigned as a composition of the following internal
coordinates: β(NNiO) 37%+β(NiNC) 12%+ r(NiO)
12%.

The Ni−N stretching internal coordinate partici-
pation was found in different normal modes which can
be described as: 427 cm−1, r(NiN) 14% + β(NNiO)
10%; 436 cm−1 (calculated wavenumber), r(NiN)
29%+β(NNiO) 17%+β(CCO) 14%+β(NiNC) 12%;
377 cm−1 (deconvoluted band), β(NNiO) 18% +
r(NiO) 14%+r(NiN) 14%+p (NC) 13%+p(CC) 10%;
313 cm−1, r(NiN) 26% + r(NiO) 21% + β(NNiO)
16%; 153 cm−1, β(NNiO) 47% + β(NiNC) 13% +
r(NiN) 11%. As we can see, in the bands observed
at 377 cm−1 and at 313 cm−1 the stretching character
predominates.

The total assignment of the skeletal vibrational
modes is presented in Table 2. Normal modes in

Fig. 6 Distorted geometries of some skeletal normal modes:
(a) 475 (449) cm−1: r(NiO) 27% + β(NNiO) 25%; (b) 454
(409) cm−1: r(NiN) 29% + β(NNiO) 17% + β(CCO)
14% + β(NiNC) 12%; (c) 383 (359) cm−1: β(NNiO)
26% + β(NiNC) 14% + r(NiN) 11%; and (d) 278 (241)
cm−1: r(NiO) 27% + β(NNiO) 18% + β(ONiO) 21%.

which mainly the Ni−O and Ni−N stretching internal
coordinates participate, are depicted in Fig. 6. The
figures were obtained using the CHEMCRAFT soft-
ware18.

CONCLUSIONS

Synthesis, elementary CHN−O analysis, thermogra-
vimetry and infrared spectrum of [Ni(GAA)2] · 2 H2O
complex were presented. Theoretical calculations
concerning structural analysis confirmed that the
trans-[Ni(GAA)2] complex is more stable than the
cis conformation. Also, infrared spectrum through
vibrational analysis and detailed comparison of the
calculated IR-spectra in the low metal-ligand region
for both isomers with the experimental spectrum,
has confirmed the trans Ni−N and Ni−O coordina-
tion in the complex with the ligand guanidoacetic
acid. Vibrational assignments of bands in the infrared
spectrum of the [Ni(GAA)2] · 2 H2O complex have
been done based on the DFT: B3LYP/6-311G(d,p)
quantum mechanical calculation. For the skeletal
vibrations the most probable assignment was based
on the interpretation of the distorted geometry of the
normal modes, having as a focus the study of the
percentage of deviation of the geometrical parameters.
The results suggest the structure depicted in Fig. 3 as
the most probable, and the full assignment for the
complex is presented in Table 2. The NBO results
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indicate that the Ni−O and Ni−N bonds are formed
by the interaction of the sp1.8 (35.76% s and 64.24%
p) orbital on the oxygen atom, and the sp4.33 (18.77%
s and 81.23% p) orbital on the nitrogen atom with the
sp2.04d1.04 hybrid orbital of Ni.
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