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The performance of advanced electronic ceramics is directly related to the synthesis route employed.
Sol-gel methods are widely used for this purpose. However, the physicochemical intermediate steps
are still not well understood. Better understanding and control of these processes can improve the final
quality of samples. In this work, we studied theoretically the formation of metal complexes between
citric acid and lithium or barium metal cations with different citric acid/metal proportions, using
Density Functional Theory electronic structure calculations. Infrared and Raman scattering spectra
were simulated for the more stable geometric configurations. Using this methodology, we identified
some features of complexes formed in the synthesis process. Our results show that the complexes can
be distinguished by changes in the bands assigned to C=0, COH-, and COO" group vibrations. An
estimate of the most stable complexes is made based on total energy.
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1. Introduction

The performance of advanced electronic ceramics is
highly dependent on their synthesis route. In the so-called
sol-gel process, there are many variations in the routes used
for preparing samples. A deeper understanding of complexes
between o-hydroxycarboxylic acids and metals (M) that are
formed on those routes is desirable, since these compounds
are highly effective in obtaining heterometallic advanced
ceramics'. Several metallic ions with different applications
have been employed in this kind of route, such as lithium
ion in the manufacturing of cathodes for fuel cells** and
barium ion in pellets of high temperature superconductors**,
magnetic materials’®, and multiferroic materials’.

The modified polymeric precursors method (MPPM)'+#
involves the polyesterification process of a metal
chelate complex using a hydroxycarboxylic acid and a
polyhydroxy alcohol in an aqueous solution, which turns
into a polymeric gel. In this method, the most commonly
employed carboxylic acid is citric acid (CA)*. The MPPM
method has been widely used, since it allows for the
preparation of polycrystalline samples of excellent quality,
obtaining a highly homogeneous ceramic powder with
nanometer-scale particles, and it is reactive at temperatures
up to 30% lower than the ceramic powders obtained by
traditional routes'>.

*e-mail: lavarda@fc.unesp.br

Several steps are involved in the MPPM procedure.
As mentioned, the main goal of this method is to obtain
a ceramic powder using polymeric precursors via
a-hydroxycarboxylic acid and ethylene glycol. There
are two sequential chemical reactions involved in these
methods'. The first, which is the purpose of our theoretical
studies, is the chelation between the o-hydroxycarboxylic
acid and metal ions obtained from simple salts, such as
oxides or carbonates. The second is the polyesterification
reaction with ethylene glycol, which results in a polymer.
These reactions occur in an aqueous medium to form a
sol. The gel is obtained after the evaporation of water by
raising the solution temperature to 90°C. Following this, heat
treatment at 400°C is carried out on the polymer, resulting
in a multicomponent oxide ceramic powder with extremely
homogeneous stoichiometry. The resulted powder is then
calcinated with several intermediate grindings in order to
remove the residual organic matter and form the desired final
phase. After calcination, the powder is pressed and sintered
to obtain ceramic pellets.

The polymer formed during synthesis is responsible for
both the intermediate and final structures, since it is believed
that the complexes tend not to break down during the
polymerization process. Consequently, better understanding
of the formation of metal complexes could provide valuable
information for improving the quality of the final samples.
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Although it is a widely used synthesis route, intermediate
physicochemical reactions and metal complexes are still
poorly known®, having been the subject of only a small
number of theoretical works'*!2,

In this report, we have studied theoretically the citric
acid complexes formed by the lithium and barium ions.
For the lithium complexes, one citric acid molecule was
chelated with one or two metallic ions, whereas one
barium ion was chelated with one, two, or three citric acid
molecules in the barium complexes. The identification of
geometry configurations, the associated bands for infrared
(IR) and Raman spectra and the stability of such metallic
ion complexes were investigated, providing additional
information that can aid the preparation of electronic
ceramics.

2. Methodology

Our work has two distinct steps for each system studied.
The first step is determining the most stable structure
(geometry optimization) and the second is simulating
infrared and Raman shift spectra.

Prior to setting up initial geometries for further
optimization, Condensed-to-Atoms Fukui Indices analysis
(CAFIs)"® was carried out to evaluate the most likely
chelation sites for both metal ions on the CA structure. In
general, these indices describe how the frontier orbitals
are modified when the number of electrons is changed
and are employed to understand and predict the reactivity
of molecules and polymers'*'®. According to the type of
reaction, three distinct CAFIs are defined. In our case
(metal incorporation), we considered electrophilic attack
(f,") analysis:

f~=q, () - q,(N-1) 1)

for atom k as a nucleophile, where q,(n) and q, (N-1) are
the electronic populations on the k-th atom of the cationic
and neutral species of the system studied, calculated for
neutral specie geometry.

After CAFIs analysis, the initial geometries of the metal
complexes were then optimized using the semiempirical
Parametric Method 67 (PM6), implemented in package
MOPAC2009". This method provides a very good structure
to be the initial geometrical configuration from which to
start the following phase, the ab initio quality search for the
most stable structure, for which we employed the Density
Functional Theory (DFT)". For DFT calculations, the most
appropriate functional must be selected to ensure high-
quality results. Of the many available functionals, we chose
the hybrid functional B3LYP?’, which has already been
used successfully in similar compounds®*?!. Moreover, this
functional is widely used, since it has proven to be reliable,
generally yielding good-quality results®. The 6-31G basis
functions set? was adopted for all atoms except barium, for
which we adopted the set LANL2DZ-ECP**, owing to the
high number of electrons of this metallic element. CAFIs,
Raman, and IR spectra were calculated with the same DFT
approach used in the geometry optimization.

In CAFIs calculations, the electronic populations
were evaluated by electrostatic potential fitting (ESP)*
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and Mulliken population analysis?’, and the restricted
open-shell approach (ROKS) was employed to avoid spin
contamination problems.

After obtaining the most stable structure for each
complex, we simulated the infrared and Raman shift spectra
to compare with the experimental data. The calculated
frequency values are usually multiplied by a scaling factor,
which varies according to the theoretical model used. For
DFT/B3LYP/6-31G and DFT/B3LYP/LANL2DZ, the scale
factors are 0.962 and 0.961, respectively®®. The results
presented in this work were not multiplied by a scaling
factor.

All DFT calculations were performed with restricted
electronic orbitals, in vacuum, with the General Atomic
and Molecular Electronic Structure System (GAMESS)
package®. The software employed for the visualization of
complex structures and the evaluation of their properties
was Gabedit*® and Wxmacmolplt®'.

3. Results and Discussion

First, it was necessary to define an initial geometry for
each complex studied. For this purpose, we needed to know
the oxidation state of the metal ions and the deprotonation
sites of citric acid. It was considered that lithium could enter
as amonovalent cation (Li*') and barium as a divalent cation
(Ba*?)*2. Deprotonation of CA was made, such that the final
complex was a closed-shell system.

Figure 1 shows the structure of CA and the CAFIs
calculated for eletrophilic attack employing Mulliken
population analysis. Regions in red and blue represent
reactive and non-reactive sites, respectively. Other colors
indicate sites with intermediary reactivity. Similar results
were obtained via ESP charge partitioning.

As can be seen, the central carboxylic group shows
higher CAFIs for eletrophilic attacks, defining a susceptible
region for metal chelation. Based on this result, the first
proton (H*) was removed from this group in all calculations.

In the complexes of citric acid with lithium, one H* ion
was removed from CA for each lithium ion present. In the
case of CA/Li, after removing the first proton from CA, we
added one lithium ion Li*! near the molecule. The complex
CA/2Li was modelled after the complex CA/Li optimization
by subtracting a second H* from one of the side carboxylic
groups of the CA molecule. We then added a second lithium
ion near the complex. The obtained stable final structures
are shown in Figure 2 for both citric acid/metal ratios, and
agree well with previous results®.

O. OH
m
O OH
OH

Figure 1. Citric acid structural formula and Condensed-to-Atoms
Fukui Indices analysis. The most likely site for an electrophilic
attack is shown in red (color online).
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Figure 2. Optimized structures of complexes formed by one
molecule of citric acid with (a) one and (b) two lithium atoms; the
citric acid model is also shown for each complex (color online).
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The results obtained for the infrared spectra are
shown in Figure 3. For a pure CA molecule, it is possible
to observe bands corresponding to the vibrations of the
groups O-H (stretching) at 3650 cm™, CH2 (stretching)
at 3140 cm™!, C=0 (stretching) at 1750 cm™!, COOH
(symmetrical stretching), O-H (in-plane bending), and
C-H (wagging) between 1550 cm™ and 1300 cm™!, C-OH
(stretching) at 1120 cm™', C-OH (wagging) at 685 cm’!
and COOH (scissoring) at 560 cm™'B4. Our results show
excellent agreement with experimental data®. For example,
the C=0, C-OH and COOH (1420 cm™') bands show a
deviation of less than 1%.

Figure 3 shows the influence of the number of lithium
ions in the complex. One effect of the addition of Li occurs
in bands associated with C=0 bonds. In pure CA, this strong
band is at 1750 cm’', shifting to 1714 cm™ and 1706 cm™!
when one or two lithium ions are added, respectively, owing
to the deprotonation of the carboxyl groups. Furthermore, it
is possible to see the presence of a new band at 1275 cm’!
for the CA/Li complex, corresponding to the symmetric
stretching of the COO- group. The band appears when
carboxyl acts as a monodentate ligand**¥’; this gives rise
at the same time to an asymmetric stretching of the COO
group at 1684 cm’!, which is hidden because of the strong
vibrational mode of the C=0. On the other hand, a carboxyl
group acts as a bidentate ligand in the CA/2Li complex, with
peaks at 1375 and 1631 cm™'***!, The difference between
the asymmetrical and symmetrical stretching of the COO
group for the CA/Li and CA/2Li is in agreement with the
criteria presented by Kakihana et al.”” for the bidentate or a
monodentate character of the carboxylic group, compared
with a free carboxylic group (COO"), the difference between
the asymmetric and symmetric stretching vibrations being
298 cm! (1702 cm! and 1404 cm™, respectively).
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Figure 3. Simulation of infrared spectra for pure citric acid and the
complexes with one and two lithium ions (color online).

Table 1. Bond orders for selected groups.

Bond C=0 OH
complex (hydrogen bond)
AC/Li 1.735 0.113
AC/2Li 1.506 0.202

Another clear case of the influence of lithium appears
in bands associated with O-H and COH bonds, owing to
a hydrogen bond that appears between the hydrogen of
the hydroxyl (-OH) group and the oxygen of the carbonyl
(C=0), which belongs to a carboxylic group’’, as shown in
Figure 2 by a dotted line. In the spectrum of CA, the band
associated with stretching vibrations of hydroxyl is located
at 3630 cm'. The introduction of one lithium ion causes a
molecule distortion and a new band associated with the OH
group appears at 3380 cm™. This group is bonded to the Li
ion (Li-O-H) and becomes weak bonded with the neighbor
carboxylate through a hydrogen bond. This influence
becomes stronger and shifts the band to 2860 cm™ when two
lithium ions are present. Moreover, there is an increase in
the CO stretching vibration. In CA, the band associated with
such bonds is located at 1129 cm™! and the maximum shift is
1147 cm™ and 1163 cm™ in CA/Li and CA/2Li complexes,
respectively. This means that there is competition between
the hydrogen bond and the COH bond. The calculated
bond order (which gives the strength of a bond) seems to
corroborate this conclusion. In Table 1, we can see that, as
the content of Li increases, the C=0 bond becomes weaker
and the hydrogen bond becomes stronger.

The amount of lithium interferes with the bands in the
region between 500 and 1000 cm™. In CA, the bands in
this region are well defined, with vibrations at 560 cm™ and
685 cm! (COOH and COH), whereas new medium peaks
can be observed at 630 cm™! owing to the LiO stretching
modes. As the number of lithium ions increases, there is an
increase in the number of bands, which will then overlap.

Figure 4 shows the Raman bands for the CA molecule.
The intense vibration at 3506 cm™ is associated with the
asymmetric stretching of OH. It is also possible to observe
the CH2 symmetric and asymmetric stretching at 3120 cm’!
and 3085 cm, respectively. Other minor bands are also
observed near 1480 cm™ for the CH, symmetric stretching
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Figure 4. Simulation of Raman spectra for pure citric acid and
complexes with one and two lithium ions (color online).

and further bands appear at 1444 cm™ and 1175 cm™ that
are also associated with CH,. In the spectra of complexes of
CA/Li and CA/2Li, we observe LiO vibrations in the region
between 300 and 600 cm™ (see Figure 4).

Comparison of the simulated Raman spectra of lithium
and CA complexes with pure CA shows that the intense
bands located in the region between 3600 and 3000 cm'!
in pure CA practically disappear in the complexes. The
interval 600-300 cm™!, which in pure CA shows some bands
that are rather weak and not well defined, in the complexes
has well defined and intense bands; as the amount of metal
increases, these bands become more intense. The bands are
attributed to the vibrations of the bonds between the lithium
and oxygen atoms, as previously stated.

The marked differences between the complexes CA/Li
and CA/2Li are better observed in the infrared spectra. The
Raman spectra are very similar, revealing few distinctions
except with regard to the intensities of the bands, which it
is not possible to determine experimentally. Finally, from
these observations we can say that the band that better
distinguishes the complexes CA/Li and CA/2Li is located
at 1275 cm™ and 1355 cm™, respectively, which refers to the
ligand character of the carboxylate group. Moreover, the
band at 2851 cm™ in the infrared spectrum of the complex
CA/2Li indicates a stronger hydrogen bond of the OH
stretching vibration. However, it is known that this region is
experimentally masked because of the interference of H,O
present in the air or absorbed on the surface of the sample
while spectroscopy is performed.

In complexes between citric acid and barium, two H*
were subtracted from carboxyl groups for each barium ion
present. Considering the metallic ion size, as expected, the
CA molecule was less distorted with Ba?* than it was with Li*
(1.35 and 0.68 A atomic radii, respectively), which allowed
for the formation of hydrogen bonds to fully minimize the
energy. Figure 5 presents the optimized structures of the
different ratios between CA/Ba complexes, which are 1/1,
2/1, and 3/1. Kakihana and Yoshimura®® found that the CA/
Metal ratio 3/1 is the most stable.

Figure 6 shows a comparison of the simulated
infrared spectra of pure CA, CA/Ba, 2CA/Ba, and 3CA/
Ba complexes. Note that each proportion has its own
characteristics. The region between 3500 cm™' and 2250 cm'!
refers to the OH stretching vibrations. The band around
3600 cm™ is due to free OH bonds, whereas the peaks
at 3500 cm, 3000 cm!, and 2500 cm’! for the 2CA/Ba
complex and at 3500-3250 cm™ and 2245 cm! refer to
OH influenced by hydrogen bonds. Experimentally, these
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Figure 5. Optimized structure for the complex of a barium atom

with (a) one, (b) two, and (c) three molecules of citric acid; the
citric acid model is also shown for each complex (color online).
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Figure 6. Simulation of IR absorption spectra for pure citric acid
and complexes of barium (color online).

bands are hidden because of the water vibrations and
adsorbed CO,P". Furthermore, the spectrum for the CA/
Ba complex shows the same shift towards smaller values
of wavenumbers for the C=0 bond at 1730 cm™ as in the
CA/Li complex, and 2AC/Ba and 3AC/Ba show a defined
peak at 1750 cm’!, associated with the presence of more
COOH groups. The asymmetrical and symmetrical COO
stretching shows a characteristic monodentate ligand for
CA/Ba (1683 cm™ and 1269 cm™), monodentate for 2AC/
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Figure 7. Simulation of Raman spectra for pure citric acid and
complexes of barium (color online).

Ba (1707 cm! and 1290 cm™), and bidentate for 3AC/Ba
(1606 cm™ and 1383 cm™)¥. Moreover, when the number
of citric acid molecules increases, the quantity of BaO
and hydrogen bonds also increases, which creates a larger
distortion of the complex.

Another effect occurs in the bands associated with the
OH, CH, and COH bonds spread in the interval from 1000
to 1500 cm™. In pure CA, these bands are well defined and
intense once all bonds are vibrating with nearly the same
frequency, as described above. With the addition of Ba**
ion, some bonds experience more interference than others,
and this causes them to vibrate at different frequencies. This
effect can be observed in the spectra of the 2CA/Ba and 3CA/
Ba complexes through the spreading and decreasing of band
intensities related to these bonds. Further, vibrations below
1000 cm™' due to COOH (scissoring), COH (wagging), and
BaO are spread out in this region.

Figure 7 shows a comparison of the Raman spectra
for the three simulated proportions. We can identify some
unique features in each case. In the CA/Ba case, unlike the
other cases, the spectrum shows the most intense bands in
the region within the range of 7501500 cm™'. These bands,
as previously stated, are related to COH, CCO, and BaO
vibrations. As we have concluded for the CA+Li complexes,
the identification of the different types of CA+Ba complexes
can be better accomplished by comparisons of IR spectra.

An estimate for the most stable lithium and barium
citrates based on the total energy of the complexes was done
using the following expressions:

AE = (CA/nLi)mlal energy - n'(Li+)lola] energy b I(l (2)
and
AE = (nCA/Ba)lmal energy - n'(CA)mlal energy - KZ (3)

where n is the number of Li* ions (1, 2) or is the
number of CA molecules (1, 2, 3) in the complexes.
As K, and K, are constants, which are irrelevant to
comparison of the different complexes, they were
set to zero; K, = (CA)_ enerey T n.(H") . enerey and
KZ = 2'(H+)lola] energy + (Baﬂ)tmal energy (Where (H+)1mal energy is
equal to zero). AE is the variation of total energy between
the complex and the complex’s components: the larger |AE|
indicates the most stable complex. The results, shown in
Figure 8, indicate that AC/Li and 3CA/Ba are probably the
most stable complexes, which in the case of barium citrates
is in agreement with experimental findings®.
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Figure 8. Total energy difterence estimate for the most stable lithium
and barium citrates complexes (color online).

Altogether, our results provide information about the
intermediate complexes formed in the MPPM synthesis
route. However, it is well known that in an experimental
spectrum certain factors have an influence, which were
not taken into account in our simulations, such as the
interference of the solvent, the presence of impurities, and
contaminants such as H,0O and CO,. Thus, we believe that,
although the bands we mention may be disguised by these
interferences, they remain prominent in experimental results
and help to distinguish the different complexes.

4. Conclusions

In this study, we presented a set of features for lithium
and barium citric acid complexes that allow geometric
configurations to be identified from comparisons with the
associated bands for infrared and Raman spectra. In this
context, IR is preferred over Raman spectra, as it offers
features that enable better comparisons. The main features
are associated with the vibrations of the groups OH, C=0,
COOH, COOr, COH and M-O (M=metal). In comparing the
spectra, we focused our attention on the vibrations of the
groups of C=0, COO- and COH when they are in the region
1000 to 2000 cm™, which is less susceptible to interference
from contaminants.

Further, the most stable complex was estimated based
on total energy calculations. For lithium citrates, the CA:Li
proportion 1:1 should be the most stable. For barium
citrates, the estimate indicates that the CA:Ba ratio 3:1 is
probably the most stable complex, which is supported by
experimental results.
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