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a  b  s  t  r  a  c  t

Synthesis,  thermoanalytical,  spectroscopic  study  and  pyrolysis  of some  solid-state  rare  earth  complexes
with  p-aminobenzoic  acid  (Eu,  Gd,  Tb  and  Dy)  were  performed.  All the  synthesized  complexes  were
obtained  as  monohydrated  state  and  the  thermal  decomposition  in  dynamic  dry  air  atmosphere  occurs
in  two,  three  or four  steps  with  the  formation  of the  respective  oxides,  Tb4O7 and  Ln2O3 (Ln  =  Eu,  Gd  and
Dy).  In dynamic  dry  nitrogen  atmosphere,  the  thermal  decomposition  occurs  in  three  or  four  consecu-
tive  and/or  overlapping  steps  and  the mass  loss  are  still  being  observed  up  to 1000 ◦C.  The  DSC curves
in  nitrogen  atmosphere  show  that  all complexes  presented  a  reversible  phase  transition.  EGA  results
permitted  to identify  the  gaseous  products  released  during  pyrolysis  and  thermal  oxidation  of the com-
plexes.  The  spectroscopic  study  provided  information  about  vibrational  and  electronic  transitions  of  the
complexes.  Middle  and  near  infrared  region  provided  information  about  the vibrational  modes  and  the
volved gases ligand’s  denticity  in these  complexes.  Moreover,  near  infrared  spectra  together  with  ultraviolet  and  visi-
ble  spectra  (diffuse  reflectance)  provided  information  regarding  the  4f-4f  transitions  of  the  rare  earth  ions.
The arithmetic  difference  between  the  diffuse  reflectance  spectra  in  the  solid  state  of  the  europium(III)
and  gadolinium(III)  complexes  reveals  the  presence  of a ligand-to-metal  (O2−→  Eu3+) charge  transfer
(LMCT)  in  the  305–470  nm  range.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

The complexes of rare earth ions have aroused much interest
n bioinorganic and coordination chemistry, with a variety of stud-
es on rare earth complexes showing biological activity, cytotoxic
ffects and luminescent and catalytic properties [1–9].

The p-aminobenzoic acid (H-pABA), molecular formula
7H7NO2, is a cyclic amino acid obtained as a crystalline powder
r white/white-yellowish needles, also known as vitamin Bx.
lthough human organism does not synthesize it, H-pABA is a
omponent present in foods, produced by essential symbiotic
acteria, and is metabolized constantly in our bodies [10–12]. In
ower concentrations is a precursor of folic acid and in high con-
entrations has been studied in the inhibition of various bacteria
nd viruses, showing anticoagulant, antioxidant and immunomod-

∗ Corresponding author.
E-mail address: massaoi@yahoo.com.br (M.  Ionashiro).

ttp://dx.doi.org/10.1016/j.jaap.2016.08.006
165-2370/© 2016 Elsevier B.V. All rights reserved.
ulatory properties, and is the one active ingredient in formulations
against ultra-violet radiation [10,12]. In vivo and in vitro assays
demonstrated the efficacy of H-pABA in the treatment of ocular
viral herpes, efficacy primarily related by capacity of inducing of
synthesis endogenous interferon in our bodies [10,12].

The interest in complexes formed between rare earth ions and
p-aminobenzoic acid is due to the fact that p-aminobenzoic acid, as
well as rare earth ions present biological activity. Structural inves-
tigations of H-pABA and rare earth (RE) complexes has already
been described. The literature describes coordination compounds
formed between Eu(III) and Tb(III) ions with aminobenzoate pre-
sented different luminescent properties due to the strong electron
donor effect of the NH2 group in the ortho, meta and para positions
of benzene ring [13]. A fluorescence time of 580 �s and quantum
emission 0.67 �a. was obtained for the [Tb(pABA)3(H2O)2]·2H2O

complex [13]. Single crystals were obtained by the association of
H-pABA and rare earths, except Gd(III), Nd(III) and Tm(III), form-
ing 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

dx.doi.org/10.1016/j.jaap.2016.08.006
http://www.sciencedirect.com/science/journal/01652370
http://www.elsevier.com/locate/jaap
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jaap.2016.08.006&domain=pdf
mailto:massaoi@yahoo.com.br
dx.doi.org/10.1016/j.jaap.2016.08.006
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olutions [14]. Nevertheless, a systematic investigation of thermal
ehavior, spectroscopics and pyrolysis study of these solid rare
arth complexes (Eu, Gd, Tb and Dy), which plays an important
ole for the possible potential applications with this ligand was  not
escribed in the literature.

In this paper, the authors report the study of thermal, spec-
roscopic and structural properties of rare earth (Eu, Gd, Tb and
y) complexes with p-aminobenzoic acid. This study is a continua-

ion of a previous publication [15], in which some rare earth metal
omplexes were also characterized.

The characterization was performed using thermoanalytical
TG-DTA, DSC, TG-DSC/FTIR), spectroscopic and complementary
echniques.

. Experimental

.1. Synthesis

The p-aminobenzoic acid (H-pABA, C7H7NO2) with 99% purity
as obtained from Sigma and it was used as received.

Europium, gadolinium, terbium and dysprosium chloride solu-
ions were prepared from the corresponding metal oxides (Sigma,
9,9%, analytical grade) by treatment with concentrated hydrochlo-
ic acid, following the procedure described in the literature [16].
he rare earth carbonates were prepared by adding slowly with
ontinuous stirring saturated sodium hydrogen carbonate solu-
ion to the corresponding metal chloride previously prepared. The
esulting solution was kept in a water bath until precipitation of the
etal ions and then cooled to room temperature. The precipitates
ere washed with distilled water until elimination of chloride ions

qualitative test with AgNO3/HNO3 solution for chloride ions) and
aintained in aqueous suspension.
Solid compounds were obtained by mixing the corresponding

etal carbonates suspension with p-aminobenzoic acid, in slight
xcess. The aqueous suspension was heated to ebullition until total
eutralization of the carbonate. The solutions of the respective
etal p-aminobenzoates were evaporated up to dryness in a water

ath, washed with ethanol, heated to near ebullition and filtered to
emove excess p-aminobenzoic acid, dried at 50 ◦C in a forced circu-
ation air over during 12 h, and kept in a desiccator over anhydrous
alcium chloride.

.2. Experimental equipment and conditions

In the solid-state, rare earth ions, hydration water and stoi-
hiometry were determined from TG curves. The metal ions were
lso determined by complexometry with standard EDTA solutions
fter igniting the compounds to the respective oxides and their
issolution in hydrochloric acid solution [17,18].

Carbon, hydrogen and nitrogen contents were determined by
icroanalytical procedures, with a CHN Elemental Analyzer from

erkin Elmer, model 2400.
X-ray powder patterns were obtained by using a Siemens D-

000 X-Ray Diffractometer employing CuK� radiation (� = 1.541 Å)
nd setting of 40 KV and 20 mA.

Infrared spectra were obtained by using a Nicolet iS10 FTIR spec-
rophotometer, using ATR accessory with Ge window. The FTIR
pectra were recorded with 32 scans per spectrum at resolution
f 4 cm−1.

Near infrared spectra were collected using a Thermo Sci-
ntific Antaris II spectrophotometer by reflectance, within the

000–2500 nm range.

Diffuse reflectance (DR) spectra were acquired using a Varian
ary 5000 spectrophotometer within the 200–1000 nm range with
pectral resolution of 0.5 nm.
Applied Pyrolysis 121 (2016) 267–274

Simultaneous TG-DTA and DSC curves were obtained with two
thermal analysis systems, model SDT 2960 and Q10 respectively,
both from TA Instruments. The purge gas was dry air or nitrogen, for
TG-DTA, and nitrogen for DSC both at a flow rate of 100 mL  min−1.
A heating rate of 10 ◦C min−1 was  adopted, with samples weighing
about 7 mg  for TG-DTA and 2 mg  for DSC. Alumina and aluminum
crucibles, the latter with perforated cover, were used for recording
the TG-DTA and DSC curves, respectively.

The identification of evolved gases (EGA) in dynamic dry air and
nitrogen atmospheres were carried out using a TG-DSC 1 Mettler
Toledo coupled to a Nicolet FTIR spectrophotometer 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
transfer line with diameter of 3.0 mm,  both purged with dry air
and nitrogen (50 mL  min−1). The FTIR spectra were recorded with
16 scans per spectrum at a resolution of 4 cm−1.

3. Results and discussion

3.1. Analytical results and characterization

The analytical and thermoanalytical (TG) data are shown in
Table 1. These results permitted to establish the stoichiometry of
the compounds, which are in agreement with the general formula
Ln(pABA)3

.H2O, where Ln represents Eu, Gd, Tb and Dy and pABA
are p-aminobenzoate.

The X-ray diffraction powder patterns, Fig. S1 Supplementary
material, show that all the synthesized complexes have a crystalline
structure and evidence of isomorphous complexes.

3.2. Thermal analysis

The simultaneous thermogravimetry and differential thermal
analysis (TG-DTA) of compounds in dynamic dry air and N2 atmo-
spheres are shown in Fig. 1a–d and a–d* respectively. These curves
show mass losses in two (air) and four (N2) steps for Tb complex;
three (air) and four (N2) for Dy complex; and four (air and N2)
steps for Eu and Gd complexes with or without thermal events cor-
responding to these losses in some cases (discussed ahead in more
details).

The thermal stability of the hydrate compounds (I) and anhy-
drous ones (II) in air and N2 atmospheres or the final temperature of
thermal decomposition (III) in air, as shown by the TG-DTA curves,
depends on the nature of the metal ion and atmosphere used and
they follow the order:

Air atmosphere

(I) Tb > Eu > Dy > Gd
(II) Tb > Eu > Dy > Gd

(III) Dy > Gd > Eu > Tb

N2 atmosphere

(I) Tb > Dy > Eu = Gd
(II) Gd > Dy > Eu > Tb

For the Eu and Gd complexes, a great similarity is noted concern-
ing their TG-DTA profiles in both atmospheres, so the features of
each of these compounds are discussed based on this similar ther-
mal  profiles. The TG-DTA of Tb and Dy complexes are discussed
separately in dynamic dry air atmosphere and together in dynamic

nitrogen atmosphere.

3.2.1. TG-DTA
3.2.1.1. TG-DTA in air atmosphere.
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Table  1
Analytical and thermoanalytical (TG)* data for Ln(pABA)3, Ln = Eu, Gd, Dy and Tb.

Compounds Ln (oxide)/% L (lost)/% H2O/% C/% H/% N/% Final Residue

Calc. EDTA TG Calc. TG Calc. TG Calc. EA Calc. EA Calc. EA

Eu(pABA)3·H2O 30.43 30.56 30.19 66.46 66.56 3.12 3.25 43.60 43.38 7.26 7.11 3.49 3.20 Eu2O3

Gd(pABA)3·H2O 31.05 30.91 31.16 65.86 65.62 3.09 3.22 43.21 43.21 7.20 7,01 3.46 3.25 Gd2O3

Tb(pABA)3·H2O 31.93 32.04 32.50 64.99 64.59 3.08 2.91 43.09 42.70 7.19 6.80 3.45 3.30 Tb4O7

Dy(pABA)3·H2O 31.67 31.55 31.40 65.27 65.45 3.06 3.15 42.82 43.01 7.14 7.37 3.43 3.50 Dy2O3

TG in air atmosphere, pABA = p-aminobenzoate.
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ig. 1. Simultaneous TG–DTA curves of the synthesized compounds in dynamic d
d(L)3·H2O (m = 7.0156 mg,  7,0310 mg*); (c), (c*) Tb(L)3·H2O (m = 7.0178 mg,  7;022

3.2.1.1.1. Europium and Gadolinium complexes. The simultane-
us TG-DTA curves of europium and gadolinium complexes in
ynamic dry air atmosphere are shown in Fig. 1a and b, respec-
ively. The first mass loss between 110–190C (Eu) and 105–190 ◦C
Gd), corresponding to an indicium of endothermic event at 185 ◦C
Eu and Gd) is attributed to dehydration with loss of 1H2O (Eu, Gd,
alcd. = 3.12%, 3.09%; TG = 3.25%, 3. 22%).

The anhydrous complexes are stable up to 320 ◦C (Eu) and
40 ◦C (Gd) and above this temperature the mass losses occur in
hree consecutives steps between 320 and 380 ◦C, 380–440 ◦C and
40–630 ◦C (Eu) or 340–415 ◦C, 415–480 ◦C and 480–630 ◦C (Gd)
ith losses of 58.20%, 5.23% and 3.13% (Eu) or 54.90%, 7.15% and

.57% (Gd), respectively. In correspondence with the mass losses of
G curves the DTA ones show a large and sharp exothermic peak

t 380 ◦C (Eu) and 415 ◦C (Gd), attributed to thermal oxidation of
he organic matter and/or of the gaseous products evolved during
he thermal oxidation and oxidation of the organic matter with the
 and N2* atmospheres: (a), (a*) Eu(L)3·H2O (m = 7.0142 mg, 7,0232 mg*); (b), (b*)
); Dy(L)3·H2O (m = 7.0108 mg,  m = 7.0112 mg*).

formation of a mixture of carbonaceous residue and a derivative of
carbonate, respectively. The formation of this mixture in the ther-
mal  oxidation process was  confirmed by test with hydrochloric acid
solution on sample heated up to 440 ◦C (Eu) and 480 ◦C (Gd) as indi-
cated by the TG-DTA curves, where evolution of CO2 and presence
of carbonaceous residue were observed.

In both complexes the TG-DTA profiles, corresponding to the
first mass loss of the anhydrous compound, show that the oxidation
of organic matter and/or of the gaseous products evolved during the
thermal oxidation occurs with combustion.

The last step between 440 and 630 ◦C (Eu) and 480–630 ◦C (Gd)
with loss of 3.14% and 3.57%, respectively without thermal event
is attributed to the oxidation of the carbonaceous residue together
with the thermal decomposition of the derivative of carbonate. No

thermal event corresponding to the last step is observed, probably
because the energy balance between oxidation of the carbonaceous
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esidue (exo) and thermal decomposition of derivative of carbonate
endo) is not sufficient to produce a thermal event.

The total mass loss up to 630 ◦C (Eu and Gd) is agreement
ith the formation of europium and gadolinium oxides (Eu2O3

nd Gd2O3), as final residue (Calcd. = 69.57%, 68.95%; TG = 68.81%,
8.84%, respectively.)

3.2.1.1.2. Terbium complex. The simultaneous TG-DTA curves
f the complex are shown in Fig. 1c. The first mass loss between
20 and 180 ◦C, corresponding to an endothermic peak at 175 ◦C

s attributed to dehydration whit loss of 1H2O (Calcd. = 3.08%,
G = 2.91%).

The anhydrous compound is stable up to 345 ◦C and above this
emperature the thermal decomposition occurs in a single step
etween 345 and 450 ◦C with loss of 64.59%, corresponding to a
harp exothermic peak at 430 ◦C, attributed to the oxidation of the
rganic matter and/or of the gaseous products evolved during the
hermal decomposition together with the oxidation of Tb(III) to
b4O7. The total mass loss up to 450 ◦C is in agreement with the
ormation of Tb4O7, as final residue (Calcd. = 68.07%, TG = 67.50%).
s already observed in TG curve of Eu and Gd compounds, the dis-
ontinuity in the final of the TG curves also shows that the thermal
ecomposition occurs with combustion.

3.2.1.1.3. Dysprosium complex. The simultaneous TG-DTA
urves of the dysprosium complex are shown in Fig. 1d. The first
as  loss between 95 and 175 ◦C, corresponding to endothermic

eak at 170 ◦C is attributed to dehydration with loss of 1H2O
Calcd. = 3.06%, TG = 3.15%).

The anhydrous complex is stable up to 340 ◦C and above this
emperature, the mass loss occurs in two consecutive steps. The
rst step that occurs through a fast process between 340 and 430 ◦C,
ith loss of 60.60% corresponding to a sharp exothermic peak at

30 ◦C, is attributed to oxidation of the organic matter and/or of
he gaseous products evolved during the thermal decomposition,
ith the formation of carbonaceous residue and a derivative of car-

onate. Test with hydrochloric acid solution on sample heated up
o the temperature of formation of this intermediate, as indicated
y the corresponding TG-DTA curves, confirmed evolution of CO2
nd presence of carbonaceous residue.

The last step that occurs slowly between 430 and 660 ◦C, with
oss of 4.85%, is attributed to oxidation of carbonaceous residue
exo) and thermal decomposition of derivative of carbonate (endo).
o thermal event is observed in this step because the generated
eat is not sufficient to produce a thermal event. The total mass

oss up to the minimum oxide level temperature is in agreement
ith the formation of Dy2O3 (Calcd. = 68.33%, TG = 68.60%). The dis-

ontinuity observed in the final of this mass loss event shows that
he thermal decomposition occurs with combustion.

.2.2. TG-DTA in N2 atmospheres

.2.2.1. Europium and Gadolinium complexes. The simultaneous
G-DTA curves of europium and gadolinium complexes in dynamic
ry N2 atmosphere are shown in Fig. 1a* and b*, respectively. The
rst mass loss between 70 and 190 ◦C (Eu and Gd), corresponding to
mall endothermic peak at 180 ◦C (Eu) and 185 ◦C (Gd) is attributed
o dehydration with loss of 1H2O (TG = 3.20% for both compounds,
alcd. = 3.12% (Eu), 3.09% Gd).

The anhydrous complex is stable up to 348 ◦C (Eu) and
60 ◦C (Gd) and above this temperature the mass losses occur in
hree consecutive steps between 345 and 410 ◦C, 410–570 ◦C and
70 → 1000 ◦C (Eu); or 360–410 ◦C, 410–495 ◦Cand 495 → 1000 ◦C
Gd), with losses of 7.03%, 23.25% and 27.30% (Eu) or 7.06%, 17.38%
nd 29.87% (Gd), with the first two (Eu and Gd) corresponding to

ndothermic peaks at 390 ◦C and 490◦ C (Eu), 380 ◦C and 395 ◦C (Gd)
hat were attributed to pyrolysis the compound. In the last mass
oss the pyrolysis process occurs slowly and is still being observed
p to 1000 ◦C, with indicium of a broad endothermic event that
Applied Pyrolysis 121 (2016) 267–274

is attributed to the thermal decomposition of the carbonaceous
residue.

The endothermic peak at 350 ◦C (Eu) in the begin of the mass
losses of the TG curve and 355 ◦C (Gd), without mass loss in the
TG curve is attributed to the reversible phase transition, and this
was confirmed by X-ray diffractometry and DSC-photovisual heat-
ing and cooling curves, as shown in Figs. S2 and S3 , respectively
(Supplementary material). The imagens micrographs obtained in
the DSC-photovisual system showed no visual evidence related
to decomposition, oxidation and/or melting of the sample, only a
slight color change was  observed, characteristic of a phase transi-
tion (see video in Supplementary data).

3.2.2.2. Terbium and Dysprosium complexes. The first mass loss
observed in the simultaneous TG-DTA curves of these complexes
occurs between 110 and 180 ◦C (Tb) and 85–180 ◦C corresponding
to an endothermic peak at 175 ◦C is attributed to dehydration with
loss of 1H2O in both complexes (Calcd.: 3.08%, 3.06%; TG: 3.16%,
3.21%, respectively), see Fig. 1c* and d.

The anhydrous compound is stable up to 340 ◦C and 350 ◦C,
respectively, and above this temperature, the mass losses occur
in three consecutive steps, being the first two overlapping ones.
The first two  mass losses, observed between 340 and 480 ◦C and
480–590 ◦C (Tb), 350–475 ◦C and 475–574 ◦C (Dy), with loss of
30.68% and 14.94%, 28.01% and 17.40%, respectively, with endother-
mic  peaks at 385 ◦C and 435 ◦C, 380 and 435 ◦C (Dy) is attributed
to pyrolysis of the complexes, with the formation of carbonaceous
residue and a derivative of carbonate.

The last step that occurs slowly, with loss of 9.87% (Tb) and 8.40%
(Dy), with indicium or without endothermic event is attributed to
pyrolysis of carbonaceous residue and of derivative of carbonate.
For both complexes, the mass loss is still being observed up to
1000 ◦C.

The endothermic peak at 350 ◦C (Dy) without mass loss and
360 ◦C (Tb) in the beginning of the mass loss is attributed to
reversible phase transformation, also confirmed by X-ray diffrac-
tometry and the DSC-photovisual heating and cooling curves. The
X-ray diffraction powder pattern and DSC heating and cooling
curves for the gadolinium complex are representative of all the
compounds (see Fig. 2 and video in Supplementary material).

3.2.3. DSC
The DSC curves in nitrogen atmosphere of the rare earth com-

plexes studied in this work are shown in Fig. 2.
These curves show endothermic peaks in agreement with the

thermal events observed in the DTA curves up to 360 ◦C. The
endothermic peaks at 180 ◦C (Eu), 186 ◦C (Gd), 175 ◦C (Tb) and
170 (Dy) are attributed to dehydration. The difference observed
in the peak temperature of dehydration in the DTA and DSC curves,
undoubtedly is due to the experimental conditions, which were not
the same. The dehydration enthalpies found for the compounds
were: 75.1 (Eu), 76.6 (Gd), 68.6 (Tb) and 68.2 (Dy) kJ mol−1. The
endothermic peak at 351 ◦C (Eu), 356 ◦C (Gd), 356 ◦C (Tb) and 354 ◦C
(Dy) is attributed to reversible phase transformation and the mea-
sured enthalpies was: 2.9, 14.7, 4,1 and 6.9 kJ mol−1, respectively.

3.2.4. EGA (TG-FTIR)
The MIR  spectra of the gases evolved during decomposition of

terbium complex are shown as representative of the gases evolved
during decomposition of all the complexes under dry air and nitro-
gen atmospheres in Fig. 3a (air) and b (N2), respectively.

The EGA (TG-FTIR) spectra of the synthesized complexes

obtained in dynamic dry air atmosphere shows the evolution of
gases in three main steps. In the first step (160 ◦C) was observed
the release of H2O associated with the dehydration step, charac-
terized by the presence of bands between 3985 and 3352 cm−1
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Fig. 2. DSC curves of the (a) Eu(L)3·H2O (m = 2.0900 mg); (b) Gd(L)3·H2O
(m  = 2.0100 mg); (c) Tb(L)3·H2O (m = 2.0030 mg); (d) Dy(L)3·H2O (m = 1.990 mg).

Fig. 3. MIR  spectra from the gaseous products evolved during the thermal decom
pplied Pyrolysis 121 (2016) 267–274 271

and 2128–1212 cm−1. In the following steps (390 ◦C and 425 ◦C),
the FTIR spectra show bands at 2356 cm−1 (�COO), 668 cm−1 (�COO,
2227–2037 cm−1 associated to the release of CO2 and CO [15,19].
These gases are related to degradation and oxidation of ligand.

For the dynamic nitrogen atmosphere, the main gaseous prod-
ucts released during pyrolysis of complexes were H2O, CO2,
CO, NH3 and Aniline, due to the presence of bands in FTIR
spectra related to the release of the aforementioned gases.
Bands in 3045 cm−1 (�C−Har ), 1622/1510 cm−1 (�C=Car ), 1273 cm−1

(�C−Namine
), 1173–1085 cm−1 (�CCCar ), 875 cm−1 (�C−Har

) 746 (�CCN)
cm−1(�CO) and 987 and 930 �N−H cm−1 were assigned to the
vibration modes groups presents of aniline and NH3 molecules
[15,19,20], see Fig. 3b.

3.3. Vibrational spectroscopy

Vibrational transitions of H-pABA, Na-pABA and compounds
with Eu(III), Gd(III), Tb(III) and Dy(III) were studied in middle (MIR)
and near (NIR) region, see Figs. 4 and 5, respectively.

The strong band at 1662 cm −1 in the MIR  spectra of H-pABA
was attributed to C O stretching of free acid, bands in 3460 cm−1,
3364 cm−1 (harmonic band at 3381 cm −1) and a strong band in
1623 cm−1 were related to the vibrational modes of −NH2 group
(stretching asymmetric, symmetric and bending, respectively)., C −
N, and C − OH stretches were characterized by the occurrence of
the bands in MIR  spectrum of H-pABA in 1310 cm−1 (C − N) and
1289 cm−1 (C − OH) [19–25].

For the sodium salt and synthetized complexes the MIR  spectra
do not showed the strong band in 1663 cm−1, (�C O). Nevertheless,
intense bands found for the sodium salt at 1538 and 1392 cm−1
were attributed to the asymmetrical and symmetrical stretching
frequencies of the carboxylate groups, respectively [15,23]. The
asymmetrical and symmetrical stretching of carboxylate groups
of europium, gadolinium, terbium and dysprosium complexes (see

position of terbium complex in dynamic dry air (a) and N2 (b) atmospheres.
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Table  2
Main vibrational data (MIR) for the p-aminobenzoic acid, their sodium salt and rare earth complexes.

Assignment [13–15,20–25] H-pABA Na-pABA·0·5H2O Eu(L)3·H2O Gd(L)3·H2O Dy(L)3·H2O Tb(L)3·H2O

�asNH2 3460w 3377w 3457 vw 3457 vw 3459vw 3458vw

�sNH2 3363w 3315w 3393/3373w 3392/3372w 3391/3373w 3391/3373w

�OH 3000–3250w 3223w 3288w 3290w 3290w 3300w

�CH 3010–3050w 3045/3012w 3137w 3139w 3145w 3142w

N H· · ·O/O H· · ·N 2300–3000w

�C O 1663s

�NH2 1623m 1598m 1609m 1609m 1608m 1609m

�C C 1598s 1590m 1591m 1591m 1591m

�C C 1574m

�asCOO− 1538vs 1516/1504vs 1518/1506vs 1518/1506vs 1518/1504vs

�C C 1522w

�C C 1441m

�OH 1421m

�sCOO− 1398vs 1409/1396vs 1410/1398vs 1409/1398 1409/1398vs

�C N 1310s 1264m 1293m 1293m 1293m 1293m

�C OH 1289vs

�outNH2 1072vw 1084vw 1087vw 1088vw 1087vw 187vw

�CH 1018vw 1014w 1014w 1014 w 1014w

�outCH 842m 845m 850m 848m 847m 847m

�outCH 770vs 782vs 787vs 787vs 786vs 787vs

�C C C 699w 692m 701s 701s 700s 700s

vs: very strong; s: strong; m:  medium; w: weak; vw:  very weak; �: stretching vibrations; �as: asymmetrical stretching vibration; �as(COO–): asymmetric carboxyl stretching
frequency; �s(COO–): symmetric carboxyl stretching frequency; �: in plane bending vibration. �out: out of plane bending vibration; L: p-aminobenzoate

Fig. 4. MIR  spectra of (a) H-pABA, (b) Na-pABA, (c) Eu(L)3·H2O, (d) Gd(L)3·H2O, (e)
T

T
r

f
d
b
[

thanum complex [15]. Terbium and dysprosium complexes, also
exhibited bands that were assigned to f-f transitions (discussed
b(L)3·H2O and (f) Dy(L)3·H2O.

able 2) are located between 1504 and 1501 and 1393–1387 cm−1,
espectively.

The difference between stretching frequencies (��COO/�as − �s)
or rare earth complexes (�� = 107 to 120 cm−1) compared to the
ifference observed for the sodium salt (�� = 146 cm−1) indicate

identate and/or bridged interaction of ligand with rare earth ions
13,15,22,23].
Fig. 5. NIR spectra of (a) europium, (b) gadolinium, (c) terbium and (d) dysprosium
complexes.

The vibrational modes of the amino group of rare earth com-
pounds and sodium salt were compared with H-pABA. It was
observed a displacement in the wavenumber for the C − N stretch in
the spectrum of rare earth complexes, compared to the acid. These
changes suggest the interaction of the −NH2 group with metal ion,
which was in agreement with references [13–15].

The NIR spectra of H-pABA, their sodium salt and compounds
with lighter trivalent rare earths (La-Sm) were studied in details in
a previous work [15] and provided information about the combi-
nation and overtone bands of the compounds. Fig. 5 shows the NIR
spectra of europium, gadolinium, terbium and dysprosium com-
plexes and the assignments of the vibrational transitions of the
complexes are in agreement with the previous related to the lan-
below). Characteristics water bands appeared in the complexes
spectra, in agreement with the TG-DTA results. Characteristics
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ig. 6. DR spectra of (a) europium, (b) gadolinium, (c) terbium and (d) dysprosium
omplexes.

ands of carboxylic acid [15] do not appear in the complexes spec-
ra, confirming the total deprotonation and the absence of acid
ontamination in the complexes.

.4. Electronic spectroscopy

Electronic transitions of the complexes were studied in the
ltraviolet, visible and near infrared regions.

The Diffuse Reflectance (DR) spectra (200–1000 nm)  of the RE3+

omplexes (Ln = Eu, Gd, Tb and Dy) are shown in Fig. 6. They exhib-
ted a broad intra-ligand (IL) band in the UV and visible region
200–430 nm). In addition, the spectra of the europium and dys-
rosium complexes also showed the typical absorption bands due
o 4f-4f transitions from the ground-states to the excited ones of the
n3+ ions. In the case of the europium complex, in addition to transi-
ions from the ground state, it was possible to observe the transition
rom the first excited level of the ground multiplet because this
evel have low energy values and can be populated at room tem-
erature [26]. The europium spectra showed peaks of transitions
rom the ground state 7F0 and the 7F1 ground multiplets to excited
tates. The peaks at 464, 526, 536 and 591 nm are assigned to
D2←− 7F0, 5D1←− 7F0, 5D1←− 7F1 and 5D0←− 7F1 transitions,
espectively. 5D2←− 7F0 and 5D1←− 7F1 transitions have induced
agnetic dipole character, while, 5D1←− 7F0 and 5D0←− 7F1 have
agnetic dipole character [27]. The apparent low intensity absorp-

ion in the ∼200–350 nm region of terbium complex is an effect
f the equipment registration of the intense visible luminescence
xcited in this region [13].

Dysprosium complex spectra shows peaks correspond-
ng to the transitions from the 6H15/2 ground state to
he excited states. The peaks located at 352, 365, 378,
89, 427, 452, 474, 757, 809 and 910 nm are assigned to
P7/2←− 6H15/2, 6P5/2←− 6H15/2, 4I13/2←− 6H15/2, 4F7/2←− 6H15/2,
G11/2←− 6H15/2, 4I15/2←− 6H15/2, 4F9/2←− 6H15/2, 6F3/2←− 6H15/2,
F5/2←− 6H15/2 and 6F7/2←− 6H15/2 transitions, respectively.

In the NIR spectra (Fig. 5), terbium and dysprosium com-
lexes shown characteristics 4f-4f transitions. Terbium complex

−1
IR spectra shows two peaks located at 5500 cm (1818 nm)  and
313 cm−1 (1882 nm)  assigned to the 7F0←− 7F6 and 7F1←− 7F6
ransition, respectively. Dysprosium complex NIR spectra shows
eaks located at 9062 and 7704 cm−1 (1103 and 1298 nm), assigned
Fig. 7. DR spectra (in absorbance) of the arithmetic difference between the
europium(III) and gadolinium(III) complexes diffuse reflectance spectra showing
the LMCT band.

to the 6F9/2 + 6H7/2←− 6H15/2 and 6F11/2 + 6H9/2←− 6H15/2, respec-
tively. The transition 6F11/2←− 6H15/2 is hypersensitive.

To study the nature of the europium complex transition at ultra-
violet and visible region, the arithmetic difference between the
diffuse reflectance spectra in the solid state of the europium(III)
and gadolinium(III) complexes was done (Fig. 7) [28]. The
arithmetic difference reveals the presence of a ligand-to-metal
(O2−→ Eu3+) charge transfer (LMCT) in the range 305–470 nm
(32787–21277 cm−1). For europium complex, the presence of LMCT
state in the 22000–24000 cm−1 region promotes a strong quench-
ing in the luminescence [29], in agreement with the low intensity of
the europium p-aminobenzoate complex related in several studies
[30,31].

4. Conclusions

From the TG, complexometry and elemental analysis data, a gen-
eral formula could be stablished for europium, gadolinium, terbium
and dysprosium complexes in the solid-state. For the all complexes
synthesized, the dehydration occurred in a single step with release
of 1H2O.

The TG-DTA curves provided previously unreported informa-
tion regarding the thermal stability, thermal decomposition, and
physical characteristics of these complexes in dynamic dry air
and nitrogen atmosphere. The DSC curves in nitrogen atmosphere
provided information on the phase transition enthalpy for the com-
plexes.

The gaseous products released during thermal decomposition
and pyrolysis of the complexes were reported using EGA analysis,
the gases released were CO, CO2 and NH3 in air atmosphere and CO,

CO2, NH3 and Aniline in nitrogen atmosphere.
The X-ray powder patterns showed that all the compounds have

a crystalline structure, with evidence of the formation of isomor-
phous complexes.

The MIR  spectroscopic data suggest the assignment of the vibra-
tional modes for the complexes and which both amine and carboxyl
groups acts a coordination site, while the NIR spectroscopic data
confirms the presence of water in the complexes structure and the
absence of acid contamination.
Electronic transitions of the complexes were studied in UV,
visible and near infrared regions. Characteristics 4f-4f transitions
are seen in visible region for europium and dysprosium com-
plexes, while characteristics 4f-4f transitions appear in terbium
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[31] S. Panadero, A. Gómez-Hens, D. Pérez-Bendito, Use of time-resolved
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