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ABSTRACT

The characterization, thermal stability and thermal decomposition of some lighter trivalent lanthanide
p-aminobenzoates, Ln(C;HgNO;)3-H,0 (Ln=La, Ce, Pr, Nd, Sm), as well as the thermal behavior and spec-
troscopic study of p-aminobenzoic acid C;H;NO, and its sodium salt were investigated. The following
methods were utilized: simultaneous thermogravimetry and differential thermal analysis (TG-DTA) in
dynamic dry air and nitrogen atmospheres; differential scanning calorimetry (DSC); middle (MIR) and
near (NIR) infrared region spectroscopy; evolved gas analysis (EGA); elemental analysis; complexometry;
X-ray diffraction (XRD); and diffuse reflectance spectroscopy (DR) in the ultraviolet and visible regions.
All the compounds were obtained monohydrated and the thermal decomposition occurred in two, three
or four steps in an air atmosphere, and three or four steps in N, atmosphere. In both atmospheres (air
and N;) the final residues were CeO,, PrgO;1, Ln;03 (Ln=La, Nd, Sm). The results also provided informa-
tion concerning the coordination mode and thermal behavior, as well as the identification of the gaseous
products which evolved during the thermal decomposition of these compounds. The DR and NIR spectra
provided information about the ligand absorption bands and the f-ftransitions of the Nd3*, Pr3* and Sm3*

ions.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

p-Aminobenzoic acid (H-pABA), whose molecular formula is
C7H7NO;, and which has a molar mass of 137.14gmol"!, is a
cyclic amino acid obtained as a crystalline powder or white/white-
yellowish needles. It is also known as vitamin Bqg. Although the
human organism does not synthesize it, H-pABA is a component
which is present in foods. It is produced by essential symbiotic
bacteria and is metabolized constantly in the human body [1-3].
In lower concentrations it is a precursor of folic acid, and in high
concentrations its role has been studied in the inhibition of var-
ious bacteria and viruses, showing anticoagulant, antioxidant and
immunomodulatory properties. It is an one active ingredient in for-
mulations against ultra-violet radiation [2,3]. In vivo and in vitro
assays have demonstrated the efficacy of H-pABA in the treatment
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of ocular viral herpes; its efficacy is primarily related to its capac-
ity to induce the synthesis of endogenous interferon in the human
body [2,3].

Several studies of the coordination compounds formed by
metallic ions and organic substances, such as pharmaceuticals and
benzoic acid derivatives, have been reported [4-11]. These types
of compounds have a great structural variety and also the abil-
ity to be used in new technological applications. Such compounds
present great potential to be employed in the pharmaceutical area
as biomarkers and new drugs, as industrial lasers and luminescent
materials and in catalysis, among other applications [8-13].

The literature contains reports of the thermal decomposition
and the spectroscopic study of m-aminobenzoic acid coordina-
tion compounds with lanthanide ions and yttrium. One such study
indicates the formation of compounds presenting 4 to 6 water
molecules, with coordination occurring between the amino and
carboxylate groups, to form a polymeric structure [14]. The coor-
dination compounds formed between Eu(Ill) and Tb(III) ions with
aminobenzoates presented different luminescent properties due to
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the strong electron donor effect of the NH; group in the ortho, meta
and para positions of the benzene ring [15]. A fluorescence life-
time of 0.58 ms and emission quantum yield of 0.67 were obtained
for the [Tb(pABA)3(H,0),]-2H,0 complex [16]. Single crystals were
obtained by the association of H-pABA and lanthanides, except
Gd(III), Nd(III) and Tm(III), forming polymeric (La, Ce, Pr, Sm, Eu,
Tb, Dy and Er) and binuclear (Tb, Ho, Yb, Lu and Y) structures
depending on the pH of the prepared solutions. The structures were
determined by XRD, elemental analysis, infrared spectroscopy and
thermogravimetric analysis [17].

Although many studies in the literature describe the synthesis
and characterization of coordination compounds formed between
p-aminobenzoic acid and lanthanide ions, there is no system-
atic study investigating the thermal behavior of these materials
in the solid state. The present study describes the synthesis,
characterization and thermal behavior of p-aminobenzoic acid,
sodium p-aminobenzoate and some lighter trivalent lanthanide
p-aminobenzoates in the solid-state. The characterization was per-
formed using thermoanalytical techniques (TG-DTA, DSC, EGA) and
complementary techniques (complexometry, elemental analysis,
X-ray diffraction (XRD), diffuse reflectance (DR), mid-infrared spec-
troscopy (MID) and near-infrared region spectroscopy (NIR)).

2. Experimental
2.1. Synthesis

The p-aminobenzoic acid (H-pABA) C;H7NO; used in this study
was of 99% purity and was obtained from Sigma; it was used as
received. Aqueous solution of sodium p-aminobenzoate (Na-pABA)
0.1 mol L~ was prepared by neutralization of aqueous suspension
of H-pABA with sodium hydroxide solution 0.1 molL~1.

Lanthanide chloride solutions were prepared from the cor-
responding metal oxides (except for cerium) by treatment with
concentrated hydrochloric acid, following the procedure described
in the literature [18].

The solid-state compounds were obtained by slowly adding
(with stirring) 160.0mL of the ligand 0.1 molL~! heated up to
near ebullition to 50.0 mL of the respective metal ions solutions
0.1 mol L1, which were also heated. The solutions with the precipi-
tates were maintained at ambient temperature, filtered and washed
with ethanol (to eliminate the possible presence of H-pABA) and
distilled water until the elimination of chloride and nitrate ions
(qualitative test with AgNO3/HNOs3 solution for chloride ions or
diphenylamine/H,S0, solution for nitrate ions). The solid was then
dried at 50°C in a forced circulation air oven for 12 h and kept in a
desiccator over anhydrous calcium chloride.

2.2. Experimental equipment and conditions

In the solid-state, lanthanide ions, hydration water and ligand
contents were determined from TG curves. The metal ions were
also determined by complexometry with standard EDTA solutions
after igniting the compounds to the respective oxides and their
dissolution in hydrochloric acid solution [19,20].

Carbon, hydrogen and nitrogen contents were determined by
microanalytical procedures, with a CHN Elemental Analyzer from
Perkin Elmer, model 2400.

X-ray powder patterns were obtained by using a Siemens D-
5000 X-Ray Diffractometer employing CuKo radiation (A =1.541A)
and setting of 40 kV and 20 mA.

Mid-infrared spectra (MIR) for H-pABA, Na-pABA and for its
metal-ion compounds were run on a Nicolet iS 10 FTIR spectropho-
tometer, using ATR accessory with Ge window. The MIR spectra
were recorded in the region of 4000-600 cm~! with 32 scans per
spectrum at the resolution of 4cm~1.

Near infrared spectra (NIR) were collected using a Thermo
Scientific Antaris II spectrophotometer by reflectance, within the
1000-2500 nm range.

Diffuse reflectance (DR) spectra were acquired using a Varian
Cary 5000 spectrophotometer within the 200-1000 nm range with
spectral resolution of 0.5 nm.

Simultaneous TG-DTA and DSC curves were obtained with two
thermal analysis systems, model SDT 2960 and Q10, both from
TA Instruments. The purge gas was an air or nitrogen flow of
100mLmin~!. A heating rate of 10°Cmin~! was adopted, with
samples weighing about 4 mg for TG-DTA and 2 mg for DSC. Alu-
mina and aluminium crucibles, the latter with perforated cover,
were used for recording the TG-DTA and DSC curves, respectively.

The images were obtained on equipment Mettler-Toledo DSC
1 stare system coupled to OLYMPUS digital camera; model SC
30 which incorporates a 3.3 megapixel CMOS sensor, optical
sub-assembly mechanic Navitar 1-6232D with 6.5x zoom. The
experimental conditions were similar to those used to obtain the
DSC curve.

The measurements of evolved gaseous analysis (EGA) were
carried out using a TG-DSC 1 Mettler Toledo coupled to a FTIR
spectrophotometer Nicolet with gas cell and DTGS KBr detector.
The furnace and heated gas cell (250°C) were coupled through a
heated (225°C) 120 cm stainless steel line transform with diame-
ter of 3.0 mm, both purged with dry air and nitrogen (50 mL min~1).
The MIR spectra were recorded with 16 scans per spectrum at a
resolution of 4cm~1,

3. Results and discussion
3.1. Thermal analysis

3.1.1. H-pABA

Simultaneous TG-DTA curves in dynamic dry air and N, atmo-
spheres of H-pABA are shown in Fig. 1a (air) and b (Ny). In both
atmospheres, these curves showed total mass losses in two steps
between 120-550°C (air) and 120-510°C (N, ) with losses 0f 95.91
and 4.09% (air) or 96.05 and 3.95% (N;). In both atmospheres the
beginning of mass loss that occurred slowly between 120 and
180°C, with loss of 4.75% (air) and 4.69% (N;), and without any
thermal event on the DTA curve, was attributed to the partial subli-
mation of the compound, which was confirmed by visual inspection
of the sample heated on a heating plate. The endothermic peaks (air,
N,) at 188 and 240 °C observed in the DTA curves were attributed
to the melting and partial evaporation of the compound, respec-
tively. The samples were heated in a glass tube up to 188 and
240°C and, as indicated by the TG-DTA curves, melting followed
by evaporation of the compound was observed. The infrared spec-
tra of the recrystallized and condensed product from melting and
evaporation, respectively, were the same as the original sample, in
disagreement with Ref. [21].

In air atmosphere, the exothermic peak at 530 °C was attributed
to the oxidation of the carbonaceous residue. For the N, atmo-
sphere, the small endothermic event between 440 and 500 °C was
attributed to pyrolysis of the carbonaceous residue. The formation
of carbonaceous residue after the melting and partial evaporation
step was confirmed, by heating the samples up to 290°C, as indi-
cated by the TG-DTA curves.

The infrared spectra of the gases which evolved during the ther-
mal decomposition of the H-pABA in both the atmospheres are
shownin Fig. 1cand d. The IR spectra obtained were compared with
library FTIR spectra contained in the software of the spectrometer,
and also literature data. In both atmospheres, the FTIR spectrum
obtained at 242°C (Fig. 1c¢) showed bands at 2356cm~! (vcgo),
668 cm™! (Scoo ), 3045cm™! (Uc,Har), ‘1622/‘15‘100‘1‘171 (VC:C“ ),
1273em~! (ve_n, ;) 1173-1085cm ! (8cec,, ) 875 cm™! (Be_,,)
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Fig. 1. Simultaneous TG-DTA curves in dynamic dry air (a) and N, (b) atmospheres of the H-pABA (m,i;) = 4.6160, m(n,) = 4.3649 mg) and FTIR spectra of the gaseous
products evolved during thermal decomposition of the H-pABA at 242 °C (c) and 485°C (d).

and 746 (8ccn) cm~1, which were assigned to the vibration modes
of CO, and aniline molecules, respectively [22]. As previously dis-
cussed, the acid lost mass mainly due to physical phenomena, thus
the EGA results suggest that decarboxylation should have occurred
in the gaseous state, probably in the heated transfer line (225 °C).
CO, was detected in the last step of mass loss (Fig. 1d), which was
attributed to the oxidation (air) or pyrolysis (N ) of the carbonized
residue.

3.1.2. Na-pABA

The TG-DTA curves in dynamic dry air and N, atmospheres for
Na-pABA are shown in Fig. 2a and b. These curves showed mass
losses in three steps between 60-780°C (air) and 60-800°C (N;)
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Fig. 2. Simultaneous TG-DTA curves in dynamic dry air (a) and N; (b) atmospheres
of the Na-pABA (mairy = 4.0309E, m(y,) = 4.0924 mg).

and thermal events corresponding to these losses or the absence
of a thermal event. In both atmospheres the first mass loss that
occurred slowly, between 60-240°C (air) or 60-250°C (N, ) with
an indicium of endothermic event at 145 °C (air) or without a ther-
mal event (N, ), was attributed to dehydration, with loss of 0.5H,0
(Calcd.=5.36%; TG=5.28% (air), 5.58% (N3)).

The anhydrous compound was stable up to 335°C (air) and
370°C (Ny); above this temperature in both atmospheres thermal
decomposition occurred in two consecutive steps.

In air atmosphere, the mass loss occurred between 335-485 °C
and 485-780°C, with a loss of 49.52% and 14.42%, correspond-
ing to an exothermic event with three peaks at 355°C, 375°C,
400°C (first step) and 630°C (second step). This was attributed
to oxidation of the organic matter and/or of the gaseous products
which evolved during the thermal decomposition and oxidation
of the carbonaceous residue, respectively. The total mass loss up
to 780°C suggests the formation of sodium carbonate as residue
(Calcd. = 68.45%; TG =68.22%), which was confirmed by testing with
hydrochloric acid solution on the final residue of the thermal
decomposition.

For the N, atmosphere, the mass loss occurred between
370-470°Cand 470->795 °C, with losses of 59.33% and 13.41%, cor-
responding to an endothermic peak at 395 °C (first step anhydrous
salt) and without a thermal event (second step anhydrous salt). This
was attributed to the thermal decomposition and pyrolysis of the
carbonaceous residue, in spite of mass loss still being observed up
to 795 °C.The endothermic peak at 330 °C(Fig. 2), without mass loss
in the TG curves in both atmospheres, was attributed to reversible
phase transformation, and this was confirmed by X-ray diffrac-
tometry and the DSC-photovisual heating and cooling curves (see
Figs. 1S and 2S Supplementary material). The images obtained in
the DSC-photovisual system showed no visual evidence related to
decomposition, oxidation and/or melting of the sample, was only
observed aslight color change. This allows to state that the observed
endothermic peak at 330°C is due to a phase transformation intrin-
sic of the compound. The DSC heating and cooling curve of the
Na-pABA heated up to 350 °C (Fig. 3S Supplementary material) also
showed an endothermic peak at 280 °C (heating) and an exothermic
peak at 264 °C (cooling), confirming the reversibility of the phase
transformation.



62

Table 1
Analytical and thermoanalytical (TG) data for Ln(L)3;-H,0 compounds.
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Compound Ln oxide (%) L (lost) (%) Water (%) C(%) N (%) H (%) Final Residue
Calcd. EDTA TG Calcd. TG Calcd. TG Calcd. EA Calcd. EA Calcd. EA

La(L);-H,0 28.82 29.01 28.86 67.99 67.87 3.19 3.27 44.61 44.42 7.43 7.50 3.75 3.78 Lay03

Ce(L)3-H,0 30.38 30.22 30.16 66.44 66.74 3.18 3.10 44,52 44,72 7.42 7.35 3.74 3.80 CeO,

Pr(L);-H,0 30.01 29.81 30.26 66.81 66.44 3.18 3.30 44.45 44.21 7.41 7.50 3.74 3.85 PrgO14

Nd(L);-H,0 29.49 29.36 29.26 66.74 67.09 3.77 3.65 44.19 44.43 7.36 7.30 3.72 3.80 Nd, 05

Sm(L);-H,0 30.23 30.14 30.47 65.54 65.54 4.03 3.99 43.73 43.59 7.29 7.21 3.68 3.90 Sm; 03

" TG in air atmosphere, L= p-aminobenzoate.

The gaseous products which evolved during thermal decompo-
sition were also monitored by FTIR (see Fig. 4S (air) and 4S* (N5)
Supplementary material). In both the atmospheres H,0 (dehydra-
tion) ca. 170°C; CO, CO,, NH3 and aniline were released during
thermal decomposition.

3.1.3. Lanthanide compounds

The analytical and thermoanalytical (TG) data for the synthe-
sized compounds are shown in Table 1. These results established
the stoichiometry of the compounds, which were in agreement
with the general formula: Ln(L)3-H,0, where Ln represents lighter
trivalent lanthanides and L is p-aminobenzoate.

The simultaneous thermogravimetry and differential thermal
analysis (TG-DTA) curves of the synthesized compounds in dry air
and N, atmospheres are shown in Fig. 3a-e and a*-e*, respectively.
In air atmosphere these curves exhibited mass losses in two (Ce),
three (Pr, Nd, Sm) and four (La) steps and indicated an endother-
mic event and exothermic peaks or without thermal events. For

T T T
400 600 800

Temperature/ °C

T
200 1000

N, atmosphere, these curves showed mass loss in three (La, Ce, Pr,
Sm) and four (Nd) steps and endothermic peaks, or the absence of
thermal events. Because the TG-DTA profiles were characteristic
of each atmosphere, they are presented based on the atmosphere
which was used.

3.1.3.1. TG-DTA in air atmosphere. A great similarity was noted
concerning the TG-DTA curves of these compounds up to 370°C
(Ce),395°C(La) and 410°C (Pr, Nd and Sm). Above these tempera-
tures similarity was only observed for neodymium and samarium.

These curves also showed that, except for cerium, the first mass
loss occurred within the same temperature range (i.e. 90-190°C)
and the second mass loss also began at the same temperature,
showing that the thermal behavior up to this temperature was not
dependent on the nature of the lanthanide ion. However, the fea-
tures shown by the next steps of thermal decomposition, as well
as the mass loss in each of the steps, were characteristic of each
compound and depends on the lanthanide ion present.
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Fig. 3. Simultaneous TG-DTA curves of the synthesized compounds in dynamic dry air and N, * atmospheres: (a), (a*) La(L)3-H2 0 (4.0030 mg, 3.9940 mg*); (b), (b*) Ce(L)3-H,0
(4.0270 mg, 3.9922 mg*); (c), (c*) Pr(L);-H,0 (4.0381 mg, 4.0346 mg*); (d) (d*) Nd(L)3-H,0 (4.0572 mg, 4.0180 mg*); (e), (e*) Sm(L);-H,0 (4.0763 mg, 4.0560 mg*).
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Thus, the features of each of these compounds are discussed on
the basis of their similar thermal profiles.

3.1.3.1.1. Lanthanum compound. The TG-DTA curves are
shown in Fig. 3a. The first mass loss that occurred through a
slow process between 90 and 190 °C (TG), corresponded to a small
endothermic peak at 175°C (DTA) was attributed to dehydration,
with the loss of TH,0 (Calcd.=3.19%; TG=3.27%).

The anhydrous compound was stable up to 330 °C and above this
temperature up to 680 °C, the thermal decomposition occurred in
three consecutive steps. The first one occurred between 330 and
400°C, which corresponded to a sharp exothermic peak at 395°C
and which was attributed to oxidation of organic matter and/or of
the gaseous products that evolved during thermal decomposition,
with loss of 58.08% and the formation of a mixture of carbonaceous
residue and a derivative of carbonate. The formation of this mixture
was confirmed by tests with hydrochloric acid solution on samples
heated up to 400°C, as indicated by the TG-DTA curves, con-
firming the elimination of CO, and the presence of carbonaceous
residue.

The second step, between 400 and 500°C and with loss of
4.42% corresponding to a small exothermic event, was attributed
to the partial oxidation of the carbonaceous residue, which was
formed in the former step. The last step, between 500 and 680 °C,
began through a slow process, followed by a fast one, with loss of
5.37% and without any thermal event. It was attributed to the final
oxidation of the carbonaceous residue together with the thermal
decomposition of the derivative of carbonate, probably dioxycar-
bonate, as already observed for other lanthanide compounds [18].
No thermal event corresponding to the last mass loss (TG) was
observed in the DTA curve, probably because in this step occurred
the oxidation of carbonaceous residue (exo) and thermal decom-
position of derivative of carbonate (endo), and the produced heat
was not sufficient to produce a thermal event. The total mass loss
up to 690°C was in agreement with the formation of lanthanide
oxide (Lay03) as final residue (Calcd.=71.18%; TG =71.14%).

3.1.3.1.2. Cerium compound. The TG-DTA curves are shown in
Fig. 3b. The first mass loss was observed between 90 and 180°C,
corresponding to an indicium of an endothermic event at 170°C,
was attributed to dehydration, with loss of 1TH,0 (Calcd.=3.18%;
TG=3.10%).

The anhydrous compound was stable up to 250°C and above
this temperature up to 370 °C. Thermal decomposition occurred in
a single step, with loss of 66.74%, which corresponding to a sharp
exothermic peak, which was attributed to the oxidation reaction
of the Ce(Ill) to Ce(IV), of organic matter and/or of the gaseous
products that evolved during the thermal decomposition. The total
mass loss up to 370°C was in agreement with the formation of
cerium oxide (CeO,) as final residue (Calcd. =69.62%; TG =69.84%).
The lower thermal stability of the cerium compound, as well as
the thermal decomposition of the anhydrous compound in a sin-
gle step, was undoubtedly due to the oxidation reaction of Ce(III) to
Ce(IV), of the organic matter and/or of the gaseous products evolved
during the thermal decomposition. This behavior has already been
observed in other cerium compounds [23].

3.1.3.1.3. Praseodymium compound. The TG-DTA curves are
shown in Fig. 3c. The first mass loss occurred slowly between
90 and 190°C, without a definite endothermic peak (DTA) and
was attributed to dehydration with loss of 1H,0 (Calcd.=3.18%;
TG =3.30%).

The anhydrous compound was stable up to 330°C and above
this temperature up to 520 °C; thermal decomposition occurred in
two consecutive steps. The first step between 330 and 410 °C, with
loss of 60.37%, corresponding to a sharp exothermic peak at 410°C,
was attributed to the oxidation of the organic matter and/or of the
gaseous products that evolved during thermal decomposition and
of Pr(IIl) to Prg0q7.

The second step between 410 and 520°C, with loss of 6.07%
corresponding to an exothermic peak, was attributed to the oxi-
dation of the carbonaceous residue formed in the former step.
No derivative of carbonate was observed in the decomposition of
this compound, probably due to the oxidation reaction of Pr(III)
to PrgO17 and of the carbonaceous residue. The total mass loss up
to 520°C was in agreement with the formation of praseodymium
oxide (PrgOq1) as final residue (Calcd. =69.99 X; TG = 69.74%).

3.1.3.1.4. Neodymium and samarium compounds. The TG-DTA
curves are shown in Fig. 3d and e. In both compounds, the first mass
loss between 90 and 190 °C(Nd), 195 °C(Sm) occurred slowly, with-
out adefined endothermic peak. This was attributed to dehydration
with the loss of 1H;0 for both compounds (Nd: Calcd.=3.77%,
TG =3.65%; Sm: Calcd.=4.03%, TG =3.99%).

The anhydrous compounds were stable up to 330°C and above
this temperature up to 690 °C. The thermal decomposition occurred
in two consecutive steps. The first step was a fast process, between
330-405°C (Nd) and 330-410°C (Sm), with loss of 57.63% (Nd)
and 60.01% (Sm). This corresponded to a sharp exothermic peak at
405°C(Nd) and 410°C (Sm), which was attributed to the oxidation
of organic matter and/or of the gaseous products which evolved
during thermal decomposition. The last step between 405-690 °C
(Nd) and 410-690°C (Sm), with loss of 9.46% and 5.53%, corre-
sponded to small exothermic events in the beginning of the mass
loss at 445°C and 450°C, respectively, and without no thermal
event above this temperature suggests that the last mass loss
occurred through two overlapping steps attributed to oxidation of
carbonaceous residue and the thermal decomposition of a derivate
of carbonate, which was formed in the former step. The total
mass losses up to 690°C were in agreement with the formation
of the respective oxides, Nd,03 and Sm303, (Nd: Calcd.=70.51%,
TG=70.74%; Sm: Calcd.=69.77%, TG =69.53%).

For all the compounds, the discontinuity observed in the TG
curves and the inclination of the DTA curves, which were observed
in the final of the first mass loss of anhydrous compounds, were
undoubtedly due to the oxidation of organic matter and/or of the
gaseous products that evolved during the thermal decomposition,
which occurred with combustion.

3.1.3.2. TG-DTA in nitrogen atmosphere. For all the compounds, the
first mass loss up to 180°C (La, Ce) or 190°C (Pr, Nd, Sm) began
with a slow process, followed by a fast one, which corresponded
to an indicium of an endothermic event at 140°C (La, Ce, Pr) or
145°C(Nd, Sm) and an endothermic peak at 170°C (Ce), 175°C (La,
Pr) and 180°C (Nd, Sm). This was attributed to dehydration with
loss of 1H,0 (La to Sm: Calcd.=3.19%, 3.18%, 3.18%, 3.77%, 4.03%;
TG=3.20%, 3.15%, 3.25%, 3.85% and 3.90%, respectively).

The anhydrous compounds were stable up to 275°C(Ce), 365°C
(Pr, Nd, Sm) and 370°C (La), and above this temperature the ther-
mal decomposition occurred in two (La, Ce, Pr, Sm) and three
(Nd) consecutives steps. A great similarity was observed regarding
the TG profiles of the lanthanum, praseodymium and samarium
compounds, (Fig. 3a* ¢* and e*). On the other hand, cerium and
neodymium displayed TG profiles that were characteristic of each
compound (Fig. 3b* and d*).

3.1.3.2.1. Lanthanum compound. For the lanthanum com-
pound, the mass loss occurred between 370-450 °C and 450-990 °C
withloss 0f 20.10% and 47.91% corresponding to endothermic peaks
at 395°C and 480°C, which was attributed to the thermal decom-
position and pyrolysis of the carbonaceous residue, respectively.
The total mass loss up to 990 °C was in agreement with the forma-
tion of lanthanum oxide, La,;03, as final residue (Calcd.=71.18%;
TG=71.21%).

3.1.3.2.2. Praseodymium and Samarium compounds. In the case
of the praseodymium and samarium compounds, the mass losses
occurred between 365-490°C and 490->990°C with losses of
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Fig. 4. MIR spectra from the gaseous products evolved during the thermal decomposition of Lanthanum compound in dynamic dry air (a) and N; (b) atmospheres.

21.82% and 40.96% (Pr) and 27.89% and 36.18% (Sm), correspond-
ing to an endothermic peak at 390°C (Pr) and 385°C (Sm), which
was attributed to thermal decomposition. No thermal event corre-
sponding to the last mass loss was observed in the DTA curves,
probably because the mass loss occurred slowly and the heat
involved in the pyrolysis of the carbonaceous residue was not suf-
ficient to produce a thermal event. In both compounds, mass loss
was still being observed up to 990°C.

3.1.3.2.3. Cerium compound. For the cerium compound, the
mass loss occurred in two steps between 275-590°C and
590-970°C with losses of 40.0% and 26.39%, corresponding to
an endothermic peak at 395 °C, which was attributed to thermal
decomposition. No thermal event was observed in the DTA curve
corresponding to the last mass loss. The total mass loss up to 970°C
was in agreement with the formation of cerium oxide, CeO,, as
final residue (Calcd. = 69.62%; TG = 69.54%). The exothermic peak at
970°C was attributed to the oxidation reaction of Ce(III) to Ce(IV).

3.1.3.2.4. Neodymium compound. For the neodymium com-
pound, the mass loss occurred in three steps, between 400-470°C,
470-580°C and 580->990°C, with losses of 27.78%, 17.41% and
16.07%. The first two steps corresponded to endothermic peaks at
400°C and 550°C, which was attributed to thermal decomposi-
tion. The last step occurred slowly with two endothermic events at
885°C and 960 °C and was attributed to pyrolysis of the carbona-
ceous residue, in spite of the fact that mass loss was still being
observed up to 990 °C.

The endothermic peak at 335°C(La)and 340°C(Pr, Nd), without
mass loss in the TG curve, was attributed to areversible phase trans-
formation, which was confirmed by the DSC-photovisual (heating
and cooling curve) and X-ray diffractometry (see Figs. 55-7S (DSC)
and 8S (DRX) Supplementary material and video (La)). As for the
Na-pABA the imagens obtained in the DSC-photovisual system

showed no visual evidence related to decomposition, oxidation
and/or melting of the sample for the La, Pr and Nd compounds.
However, a change in color of the sample after endothermic peak
was observed, which can be an evidence for a change in the crys-
talline structure. The exothermic event related to the reversible
process was not observed, probably because the transition occurred
so slowly that the heat released in this event was not sufficient to
produce a thermal event in the DSC curve [24]. Furthermore, the X-
ray diffraction powder patterns for anhydrous compounds (La, Pr
and Nd) were the same after being heated up to 350 °C and cooled to
ambient temperature. The X-ray diffraction powder pattern for the
neodymium compound are representative of all the compounds,
see Fig. 8S Supplementary material.

3.1.4. EGA

The IR spectra, which were selected at different temperatures
for the gaseous products that evolved during the thermal decom-
position of the lanthanum compound in air and N, atmospheres, are
presented in Fig. 4a (air) and b (N, ), respectively; they are represen-
tative of all the compounds because the gases that were released
were the same. The main gaseous products that evolved in both
atmospheres were H, 0 in the dehydration step, and CO, CO,, NH3
and aniline during the thermal decomposition of the compounds.

3.1.5. DSC

The DSC curves in nitrogen atmosphere of Na-pABA and the
synthesized compounds are shown in Fig. 5.

These curves show endothermic peaks, which were all in accor-
dance with the thermal events observed in the DTA curves up to
350°C. The endothermic peaks at 182°C (La), 176°C (Ce), 180°C
(Pr), 181°C (Nd) and 183°C (Sm), as well as the thermal event
between 166 and 260 °C (Na) were attributed to dehydration. The
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Fig. 5. DSC curves of (a) Na-pABA, (b) La(L);-H,0, (c) Ce(L)3-H>0, (d) Pr(L)3-H>O0, (e)
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difference observed in the peak temperature of dehydration in the
DTA and DSC curves was undoubtedly due to the experimental
conditions, which were not the same. The dehydration enthalpies
found for the compounds were: 80.4 (La), 78.8 (Ce), 80.5 (Pr), 78.5
(Nd), 76.2 (Sm) and 2.6 (Na)k] mol~!. The endothermic peaks at
337°C(La, Pr),341°C(Nd)and 331 °C(Na) were attributed to phase
transformation, and the enthalpies found were: 4.2, 3.8, 4.2 and
4.4k mol-1, respectively.

3.2. XRD

The X-ray diffraction powder patterns showed that all the syn-
thesized compounds had a crystalline structure and there was
evidence of the formation of an isomorphous series (see Fig. 9S
Supplementary material).

3.3. Vibrational spectroscopy

The vibrational transitions of H-pABA and its sodium salt and
compounds with lighter trivalent lanthanides were studied in the
middle (Table 2) and near (Table 3) infrared regions (see Figs. 10S
and 11S in Supplementary material).

The strong band at 1662cm~! in the MIR spectra of H-
pPABA was attributed to C=0 stretching of free acid. The bands
at 3460cm~!, 3364cm~! (harmonic band at 3381cm™!) and
a strong band at 1623cm~! were related to the vibrational
modes of the —NH;, group (stretching asymmetric, symmetric,
and bending, respectively). The C—N and C—OH stretches were
characterized by the occurrence of the bands in the MIR spec-
trum of H-pABA at 1310cm~! (C—N) and 1289cm~! (C—OH)
[25-27]. Bands in the region of 3000-2300 cm~"! are related to the
intermolecular interactions between the carboxyl and the amino
group.

For the MIR spectra of the sodium salt and synthesized com-
pounds, the strong band at 1663 cm~!, (vVC=0) was not observed.
However, the intense bands which were found for the sodium
salt at 1538 and 1392 cm~! were attributed to the asymmetrical
and symmetrical frequencies of the carboxylate groups, respec-
tively [28]. The asymmetrical and symmetrical stretching of the
carboxylate groups of lanthanide compounds (see Table 2) were
located between 1504-1501 and 1393-1387 cm™!, respectively.
The Avcoo/vas — Vs (109-115cm~1) of the lanthanide compounds
and sodium salt (Av=146cm~') were compared, and the differ-
ence observed between them indicated bidentate and/or bridged
interaction of ligand with the lanthanide ion [15,17,29].

The vibrational modes of the amino group of lanthanide com-
pounds and sodium salt were compared with H-pABA. The results
showed changes in wavenumber for the metal compounds (see
Table 2). The —C—N stretch of lanthanide compounds occurred at
1293cm~! and at 1310cm~! for H-pABA. These changes suggest

Table 2

Main vibrational data (MIR) for the p-aminobenzoic acid, their sodium salt and lanthanide compounds.
Assignment [23-26] H-pABA Na-pABA.0.5H,0 La(L);-H,0 Ce(L);-H,0 Pr(L);-H,0 Nd(L);-H,0 Sm(L);-H,0
vasNH, 3460, 3377w 3456, 3457, 3457, 3457 3457,
vsNH, 3363, 3315, 3373, 3372, 3373, 3374y, 3372,
vOH 3000-3250, 3223, 3312, 3318y 3317w 3320 3289y
vCH 3010-3050, 3045/3012y 3119y 3124, 3124, 3126y 3135y
N—H...0/0—H. N 2300-3000y
vC=0 16635
ONH; 1623, 1598, 1608, 1608, 1608, 1608, 1608,
vC=C 15985 1587m 1589 1589 1589 15901,
vC=C 1574m
vasCO0~ 1538 1502y 1501y 1501y 1502y 1504y
vC=C 1522,
vC=C 1441,
S0H 1421y
vsCOO~ 1398ys 1387y 1391y 1391y 13935 13955
vC—N 1310 1264, 1293, 1294, 1294, 1294, 1293,
vC—OH 1289y
SoutNH2 1072w 1084w 1088w 1088w 1088w 1087w 1087w
S6CH 1018w 1014yw 1013w 1014yw 1015w 1014w
SoutCH 842, 845 850m 849, 850m 852, 852
SoutCH 770ys 782y 787ys 786y 786y 787ys 786y
8C—C—C 699 6921, 701 701 701 701 7005

vs: very strong; s: strong; m: medium; w: weak; vw: very weak; v: stretching vibrations; vas: asymmetrical stretching vibration; vas(COO~): asymmetric carboxyl stretching
frequency; vs(COO~): symmetric carboxyl stretching frequency; §: in plane bending vibration. dout: out of plane bending vibration
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Table 3

Near infrared bands of the p-aminobenzoic acid, their sodium salt and lanthanum compound.

Assignment H-pABA (cm™1) Na-pABA (cm~1) La(L)3-H,0 (cm™1)

3v NH 9792 9582 9730
31 CHaromatic 8798 8848, 8755 8798
50 C=0,4 8460, 8304 - -
OHwater CB - 8200 8281
2v, NH 6885, 6852 - 6854
4p C=0,iq 6719 - -
2vs NH 6680, 6632 - 6655, 6558
2v CH;romatic 6003 6025 6009
OHWJTEI' CB - 5482 5509
NH CB 5002, 4958, 4904 4995 5046, 4989
CCCB 4622, 4599, 4536 4642, 4570, 4528 4631, 4582, 4530

CHaromatic CB 4433, 4360, 4231, 4179, 4056

4495, 4370, 4250, 4144, 4065 4486, 4275, 4237, 4150, 4060

5v=4th overtone band, 4v =3rd overtone band, 3v=2nd overtone band, 2v = 1st overtone band, CB = combination bands.

the interaction of the —NH, group with metal ion, which was in
agreement with Refs. [15,17].

The near infrared region (NIR) spectra of H-pABA, its sodium
salt and compounds with lighter trivalent lanthanides, provided
information about the combination and overtone bands of the com-
pounds (see Table 3 and Supplementary material). The assignments

Table 4

of the bands were shown for the acid form, the sodium salt and the
lanthanum compound. For the other compounds, the assignment
of the bands was the same as for lanthanum, differing only for the
praseodymium and samarium compounds, which exhibited bands
that were assigned to f-f transitions (shown in Table 4). Character-
istic water bands appeared in the sodium salt and in the spectra of

Absorption bands of the f-f transitions in visible and near infrared regions of the praseodymium, neodymium and samarium compounds.

Complex Wavenumber (cm~1) Wavelength (nm) Assignments Covalent parameters
Pr(L);-H,0 22,371 447 3H, — 3P, B=0.9659
21,142 473 3Hy — 3Py, s §=3.53
20,661 484 3Hgq — 3P b'2=0.1306
16,891 592 3Hy— D,
9,941 1005 3Hy— Gy
6,771 1477 3Hy — 3F4
6,406 1561 3Hy — 3F3
5,038 1985 3Hy—3Fy
Nd(L);-H,0 28,409 352 4[9/2 — 4D5/z ﬂ =0.9942
28,011 357 g — D3y 8=0.58
23,810 420 4lg;, > 2Dspy b112=0.0538
22,988 435 4[9/2 N 2P1/2
21,739 460 4[9/2 - 4G11/2
21,231 471 419 > 2Goyp, 2Dajz, 2Pspa
20,964 477 gz — 2Kysp2
19,455 514 g2 > 4Gop
19,048 525 g > 4Gy
17,094 585 4lg;; > 4Gsy ', 2Gypa
15,974 626 4192 > 2Hy12
14,599 685 492 — *Fop
13,569, 13,333 737,750 419/2 — 4F7/2, 253/2
12,453 803 Hgp — 4Fsp ", 2Hopp
11,455 873 g — 4F3pp
Sm(L);-H,0 28,902 346 6Hs/, — “Hopa B=0.9961
27,548 363 6H5/2 %4D3/2 +4D52 §=0.39
26,525 377 Hs)y — 4Dqj +4Pypa b2 =0.0442
25,575 391 6H5/2 — 4L15/2
24,752 404 6H5/2 — 4].]3/2 +4F7/2
23,923 418 6Hsjy — Pgj +4Ps
22,727 440 SHsjy — Gopp + 4115
22,173 451 6Hs;, — 4Fs)
21,551 464 5Hspy — I3
21,053 475 Hsp — 41112
20,877 479 6H5/2 — 4M15/2
20,575 486 Hspa — %o
19,960 501 SHsp — 4Gy
18,868 530 SHsp — *Fap
17,857 560 SHsja — 4Gs)
10,493 953 6Hspy — 6Fy1)
9,156 1092 6Hs/, — 6Fo)
7,976 1253 6Hs;, — SFyp
7,112 1406 6Hsjy — SFs)
6,622 1510 SHsyp — 6Fs)
6,557 1525 SHsj, — ®Hysp
6,345 1576 5Hsp — OFypp

" Hypersensitive transitions.
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Fig. 6. DR spectra of (a) La(L);-H0, (b) Ce(L)3-H,0, (c¢) Pr(L)3-H,0, (d) Nd(L);-H,0O
and (e) Sm(L)s-H,O0.

the compounds, which was in agreement with the TG-DSC results.
Characteristic bands of carboxylic acid only appeared in the acid
form, confirming the total deprotonation and the absence of acid
contamination in the sodium salt and in the synthesized com-
pounds.

3.4. Electronic spectroscopy

The diffuse reflectance (DR) spectra (200-1000 nm) of the Ln3*
compounds (Ln=La, Ce, Pr, Nd and Sm) are shown in Fig. 6.

The DR spectra the Ln3* compounds (Ln=La, Ce, Pr, Nd and
Sm) exhibited a broad intra-ligand (IL) band in the UV and visible
region (200-400 nm). In addition, the spectra of Pr3*,Nd3* and Sm3*
also showed the typical absorption bands due to 4f-4f transitions
from the ground states to the excited ones of the Ln3* ions in the
346-1000 nm spectral range. The lanthanum compound does not
present transitions in this region because its core electronic struc-
ture has filled shells; consequently, high energies are necessary for
to the promotion of an electron from these filled shells. The Ce3*
ion presented characteristic bands in the UV region, which were
related to 4f-5d transitions, but these rarely appear in compounds
due to the overlap of the ligand bands [30]. The absorption spec-
tra of the praseodymium compound showed peaks corresponding
to the transitions from the 3H, ground state to the excited states.
Characteristic absorption bands were also observed in the spec-
tra of the neodymium compound within this spectral range due to
transitions from the 419/2 ground state to the excited states. The
samarium compound spectra showed peaks corresponding to the
transitions from the 6H5/2 ground state to the excited states. These
peaks are presented in Table 4 with the assignment of transitions,
and they exhibited shifts in their position compared with the free
ions [31]. This shift was related to covalence in the metal-ligand
bond, and the parameters related to the covalence, Sinha’s param-
eter (8), nephelauxetic ratio () and bonding parameter (b'/2) are
presented in Table 4. The positive values and the magnitude of these

parameters suggest a weak metal-ligand covalent bonding [31].
The higher value of 8 and b'/2 for the praseodymium compound
suggests a higher degree of covalence for this compound compared
to the neodymium and samarium compounds.

4. Conclusion

Using TG, complexometry and elemental analysis results it was
possible to establish a general formula for the synthesized com-
pounds.

The simultaneous TG-DTA and DSC curves provided previously
unreported information about the thermal stability and thermal
decomposition of these compounds in dynamic dry air and nitrogen
atmospheres.

The X-ray powder patterns showed that all the compounds have
a crystalline structure, with evidence of the formation of isomor-
phous compounds.

The middle and near infrared spectroscopic data suggested that
both amine and carboxyl groups act as coordination sites.

The DR spectra provided information about the ligand absorp-
tion bands and the f-f transitions of Pr3*, Nd3* and Sm3*. The
shifts in these bands, compared to the free ions, indicated a weak
metal-ligand covalent bonding, but the praseodymium complex
has a higher degree of covalence when compared to the neodymium
and samarium compounds. Praseodymium and samarium also
showed f-f transitions in the NIR region.

Using TG-DSC coupled with FTIR (EGA) was possible to identity
the gaseous products which evolved during the thermal decom-
position of H-pABA, its sodium salt and the lighter trivalent
compounds.
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