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New binuclear lanthanide (III) complexes of general formula [Ln,(hcin)s(phen),] (where Ln =Eu 1; Gd 2;
Tb 3; hcin = hydrocinnamate anion; phen = 1,10-phenanthroline) were synthesized and fully character-
ized by elemental analysis, vibrational spectroscopy (infrared and Raman), thermal analysis (TGA/
DTA), CP/MAS '3C NMR and powder X-ray diffraction. The crystal description based on powder X-ray
diffraction data reveals that all compounds are isostructural and that each lanthanide ion is nine coordi-
nated by oxygen and nitrogen atoms to form distorted tricapped trigonal-prismatic coordination polyhe-
dron. The photoluminescence behavior was studied based on the excitation and emission spectra and
luminescence decay curves. The emission spectra of Eu(Ill) and Th(IIl) complexes are composed of intense
and typical red and green emissions, respectively. Phosphorescence data of Gd(Ill) complex showed that
the triplet states (T;) of ligands have higher energy than the main emitting states of Eu(IIl) and Tb(III)
indicating the possibility of intramolecular energy transfer for these metal ions. To elucidate the energy
transfer process in the Eu(Ill) complex, spectroscopic properties as Q; intensity parameters (/1 =2 and 4),
radiative (A;ag) and nonradiative (Anraq) decay rates and quantum efficiency (1) of [Euy(hcin)s(phen),]
were determined. Such spectroscopic properties were compared with [Eu,(hcin)s(bpy).] complex proper-
ties recently reported. The high emission quantum efficiency (# = 72%) for Eu(Ill) complex 1 showed that
it is a potential candidate as emitter in photonic systems.
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1. Introduction

The chemistry and spectroscopy of lanthanide ions (Ln(III)) dif-
fer considerably from d-shell transition metal ions. The shielding of
4f orbitals by the filled 5p®6s® subshells results in special optical
features of lanthanide ions such as the minimal perturbation by
the external field generated by the ligands [1,2]. For example, lan-
thanide compounds are characterized as exhibiting narrow line-
like emissions of optical pure colors. All lanthanide ions, except
La(Ill) and Lu(Ill) are luminescent, but the investigation of Eu(III)
and Tb(IIl) ions luminescence properties has a special relevance
because their specific strong red (~615nm) and green
(~540 nm) emission, and also the long lifetimes of the excited
5Dy and Dy states, respectively. In this case, it is not surprising that
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these compounds are currently applied in different fields, ranging
from light emitting diodes to enable full-color and low-cost to flu-
oroimmunoassay reagents [3-5]. The search of new lanthanide
complexes has been an active area of research in coordination
chemistry mainly due to the possibility of designing novel photo-
luminescent materials [6-8]. However, the use of some lanthanide
ions systems with direct absorption of the f excited states is very
inefficient because the f-f transitions are parity forbidden, result-
ing in very low absorption coefficients. In order to overcome this
drawback, suitable chromophores have been employed as anten-
nas (or sensitizers) that have the capability of transferring energy
indirectly to lanthanide ions [9]. In general, the choice of the ligand
is important for the emission efficiency and in particular several
chromophoric antenna ligands, like p-diketonate [10,11] and car-
boxylate ligands [12-14], collect the photons and transfer their
energy towards the lanthanide center which gets indirectly excited
and emits light during the relaxation process. In particular, the
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hydrocinnamic acid (Hhcin) or 3-phenylpropanoic acid is an analog
of phenylalanine [15] and belongs to the class of phenylpropanoids
used as additives in food and pharmaceuticals products [16].
Despite its structural simplicity, there are very few studies of com-
plexes with the hydrocinnamic acid [17-20]. In addition, previous
studies show that the emission intensities and fluorescence life-
times of lanthanide complexes are enhanced after introducing
the second organic ligand as 2,2’-bipyridine (bpy) or 1,10-phenan-
throline (phen) [20-22]. These ligands act as energy donors and
enhance the fluorescence intensities of lanthanide complexes in a
so-called “synergistic effect”. The introduction of these ligands not
only reinforces the fluorescence emission, but also increases the
thermal stability and fulfills the coordination numbers of lan-
thanide complexes. In the present paper we report the one-step
synthesis, structural characterization and photoluminescence
study of three new binuclear lanthanide (III) complexes [Ln,
(hcin)g(phen),] (Ln=Eu 1; Gd 2; Tb 3; hcin = hydrocinnamate
anion; phen = 1,10-phenanthroline). Photoluminescence data were
obtained from the excitation, emission spectra and luminescence
decay curves. The energy transfer process from the excited states
of ligands to the intraconfigurational states of the Ln(III) ions was
also investigated. Spectroscopic properties as Q2; intensity param-
eters (A=2 and 4), radiative (A;.q) and nonradiative (Anaq) decay
rates and quantum efficiency (#) of [Euy(hcin)s(phen),] were deter-
mined and compared with those for the complex [Eu,(hcin)s(bpy)z]
recently reported [20].

2. Experimental
2.1. Materials and measurements

All synthetic procedures were performed in air and TbCl;-6H,0,
hydrocinnamic acid (Hhcin) and 1,10-phenanthroline (phen) were
obtained either from Aldrich® or Fluka® and used as received.
EuCl3-6H,0 and GdCl3-6H,0 were prepared by dissolving europium
and gadolinium oxide in hydrochloric acid solution and then dried.
Elemental analyses for C, H and N were carried out using a Perkin-
Elmer 2400CHN analyzer. FTIR spectra were recorded with a Perkin
Elmer (Spectrum One model) FTIR spectrophotometer using KBr
pellets in the wavenumber range of 4000-400 cm~! with an aver-
age of 128 scans and 4 cm™! of spectral resolution. Fourier-Trans-
form Raman spectroscopy was carried out using a Bruker RFS
100 instrument, Nd>*/YAG laser operating at 1064 nm in the
near-infrared and CCD detector cooled with liquid N,. Good sig-
nal-to-noise ratios were obtained from 2000 scans accumulated
over a period of about 30 min, using 4 cm~! as spectral resolution.
Thermal analysis (TG and DTA curves) were obtained on a Shi-
madzu TG-60 equipment where about 6-10 mg of samples were
heated at 10 °C/min from room temperature to 800 °C in a dynamic
argon atmosphere (flow rate = 100 mL/min). The CP/MAS >C NMR
experiments were performed on a Bruker Avance III HD 300 spec-
trometer (7.04 T), operated at a Larmor frequency of 75.00 MHz.
The analyses were performed on a MAS probe in ZrO, rotors (and
Kel-F caps) of 4 mm. The spectra were obtained using MAS, at a fre-
quency of 10000 Hz, and cross polarization. The chemical shifts
were indirectly standardized on a sample of glycine with respect
to the carbonyl signal at 176.00 ppm relative to TMS which is the
primary standard. The luminescence excitation and emission spec-
tra were recorded using a Jobin-Yvon Model Fluorolog FL3-22
spectrophotometer equipped with a R928 Hamamatsu photomul-
tiplier and 450 W xenon lamp as excitation source and the spectra
were corrected with respect to the Xe lamp intensity and spec-
trometer response. Measurements of emission decay were per-
formed with the same equipment by using a pulsed Xe (3 us
bandwidth) source.

2.2. X-ray powder diffraction data collection and structure
determination

To perform the full powder X-ray diffraction analysis the three
polycrystalline lanthanides complexes were gently grounded in an
agate mortar. Then, the powder of each compound was deposited
in the hollow of very thin glass sample holder which has nearly
zero background plate. The X-ray diffraction data were collected
by overnight scans in the 20 range of 7-105° with steps of 0.02°
and 0.5 s per step using a Bruker AXS D8 da Vinci diffractometer,
equipped with Ni-filtered CuKol radiation (1=1.5418A) and a
Lynxeye linear position-sensitive detector. The following optics
were set up: primary beam Soller slits (2.94°), fixed divergence slit
(0.3°) and receiving slit (8 mm). The generator was set at 40 kV and
40 mA. Approximate unit cell parameters were determined using
20 first standard peaks, followed by indexing through the single-
value decomposition approach [23] implemented in TOPAS [24].
In all cases, space group P2:/n was chosen after careful analysis
of systematic absences and the cell parameters were refined using
7-55 260 range by Pawley method [25]. The successful structure
solution processes were performed by the simulated annealing
technique [26] also implemented in TOPAS. No higher symmetric
system was suggested by pLaToN [27]. The structure solution of each
complex was carried out using four full rigid bodies, being one for
neutral phen ligand and three for the anionic hcin ligands, all of
them with free location and orientation and three refinable torsion
angles (74, 7o, T3,) for hcin anions, see Chart 1. Rigid bodies of
ligands were defined by the Z-matrix formalism using standard
distances and angle bonds already reported in literature [28,29].
Ln(IIT) ions (Ln = Eu, Gd and Tb) were also left free in translation.
It is worth noting that in the structure solution step there are 36
parameters to be determined and it is the beyond of powder
X-ray diffraction state-of-art. However, using some soft restrains
as Eu-O below than 2.8 A, feasible and robust crystallographic
models were afforded in this step after some hours of computation
procedures.

In all cases, the final crystal model refinements afforded in for-
mer step were carried out by the well-known Rietveld method [30]
where the rigid body description introduced at the solution stage
was maintained, but without any restrains. The background was
modeled by a Chebyshev polynomial function. Isotropic thermal
parameters set up as 3.3 (0.1) A2 for 1, 0.95 (0.1) A for 2 and 2.7
(0.1) A2 for 3 were assigned to all atoms. A summary of crystal data
and data collection parameters are presented in Table 1. The final
Rietveld refinement plots are supplied as Supplementary Materials
S1-S3 for 1, 2 and 3 complexes, respectively.

Chart 1. Sketch of hydrocinnamate-hcin ion. The 7; to 3 illustrate the torsion
angles defining the conformation of the organic moiety in describing the full
conformation of the whole ligand.



L.F. Marques et al./Inorganica Chimica Acta 441 (2016) 67-77

Table 1
Main crystallographic data of [Lny(hcin)s(phen),] complexes.

69

1 [Euy(hcin)s(phen),]

Empirical formula Eu,(CoHg02)s(C12HsN2)2

Formula weight 1559.34

T (K) 295

7 (Cu Ka) (A) 1.5418
Crystal system monoclinic
Space group P24/n

a(A) 13.551(3)
b (A) 22.355(4)
c(A) 12.333(3)
B(°) 66.14(2)

V (A%) 3416.9(1)
V4 4

Dca]c (g/CmB) 1.516

u (mm~1) 12.27
F(000) 1632
Number of parameters 59

Rgragg: Rwp 0.022/0.033

2 [Gd(hcin)s(phen),] 3 [Tby(hcin)g(phen),]
Gdy(CoHg02)6(C12HsN2 )2 Tby(CoHg02)6(C12HsN2 )2
1569.92 1573.26

295 295

1.5418 1.5418

monoclinic monoclinic

P24/n P24/n

13.530(4) 13.507(4)

22.340(6) 22.346(6)

12.316(4) 12.301(4)

66.12(2) 66.09(2)

3304.1(2) 3394.0(2)

4 4

1.532 1.539

12.98 10.27

1640 1644

54 53

0.024/0.030 0.019/0.032

2.3. Synthesis of [Lny(hcin)s(phen),]

An ethanolic solution (10 mL) containing 24 mg (0.13 mmol) of
1,10-phenanthroline was slowly added to an aqueous suspension
(30 mL) containing 60 mg of Hhcin (0.40 mmol), 50 mg of LnCls-
-6H,0 (0.13 mmol) and NaOH aqueous solution (0.40 mL,
1 mol L™1). The mixture was stirred at room temperature for 24 h
and a white solid was formed. The solid was filtered, washed three
times with ethanol and acetone and dried in air.

[Eux(hcin)g(phen),] (1): Yield: 73%. Anal. Calc. for C;gH70012N4-
Euy: C, 60.08; H, 4.52; N, 3.59. Found: C. 59.8; H, 4.51; N, 3.63%.

[Gdx(hcin)s(phen),] (2): Yield: 74%. Anal. Calc. for C;gH70012N4-
Gd,: C, 59.6; H, 4.49; N, 3.57. Found: C. 59.4; H, 4.49; N, 3.64%.

[Tby(hcin)g(phen);](3): Yield of 77%. Anal. Calc. for C;gH70012N4-
Tb,: C, 59.5; H, 4.48; N, 3.56%. Found: C, 60.2; H, 4.47; N, 3.59%.

All the compounds are stable in air and exhibited intense lumi-
nescence in the primary colors: red (for the compound 1) and
green (for the compound 3), when exposed to UV light.

Our research group has some experience on solvothermal syn-
thesis and crystal structures, and recently binuclear hydrocinna-
mates of Eu(Ill), Gd(Ill) and Tb(Ill) of general formula
[Lny(hcin)g(bpy),], similar to those studied here, were reported
[20]. In this sense, several efforts have been made, including
solvothermal synthesis, to obtain single crystals for structural
determination through single crystal X-ray diffraction analysis.
Fortunately, the obtained solids were crystalline powders and we
also have same expertise in solving crystal structures using powder
X-ray diffraction (PXRD) data [31-33]. Therefore, in absence of sin-
gle crystals, the crystallographic models of present lanthanides
complexes were provided by PXRD studies and once again, it has
been shown that this method can supply relevant and otherwise
inaccessible structural information that can be obtained from sin-
gle crystal analyses [34].

3. Results and discussion

All the new complexes described here were confirmed by satis-
factory elemental analysis, vibrational spectroscopy (infrared and
Raman), CP/MAS '3C NMR, thermal analysis (TG/DTA), X-ray
diffraction and photoluminescence study.

From the reaction between LnCl3-6H,0 (Ln=Eu, Gd and Tb),
hydrocinnamic acid (Hhcin) and 1,10-phenanthroline (phen) in
1:4:1 molar quantities, using the conventional agitation method,
compounds of general formula [Ln,(hcin)s(phen),] were obtained.
Elemental analysis data of C, H and N indicates the (1:3:1)/(Ln

(Ill):hcin:phen) stoichiometric proportion that is not the same
used in the synthetic procedure.

3.1. Crystal Structures of [Lny(hcin)g(phen),]

Powder X-ray diffraction analysis reveals that the three lan-
thanides complexes belong to monoclinic system and space group
P24/n. Since the complexes are isostructural (see Figs. S1-S3 in
Supplementary Material), the crystal structure of Eu(Ill) complex
was chosen to be described herein as a representative example.
The asymmetric unit of Eu(Ill) complex is shown in Fig. 1(a) and
in Fig. 1(b) is possible to see that the crystal structure, in fact, con-
sists of a discrete dimeric neutral molecule, with molecular for-
mula [Euy(hcin)g(phen),]. It is interesting to observe that the
dimeric system of Eu(Ill) complex has an inversion center of sym-
metry located between two Eu(lll) ions indicating that the Eu(III)
ions are both equivalent in the coordination environment. Eu(III)
ions are surrounded by seven oxygen atoms from hydrocinnamate
ligands and two nitrogen atoms from phenanthroline ligand com-
pleting the coordination number nine. The coordination geometry
of Eu(Ill) is well described as a distorted tricapped trigonal prism
(Fig. 1c¢). The main lengths bonds found in Ln(Ill) complexes are
listed in Table 2.

The carboxylate groups from three crystallographically inde-
pendent hcin ligands present three different coordination modes
as can see in Chart 2. Carboxylate oxygen atoms can act as biden-
tate chelating, Chart 2(a), and, one of the oxygen atoms O (or Oi) is
coordinated to another Ln(III) ion forming a monoatomic bridge or
p-oxo bridge. The carboxylate group can also connect a pair of Eu
(1) ions in a synsyn-n':n':u, bidentate bridging fashion, as
depicted in Chart 2(b), In coordination mode (c), hcin acts as sim-
ple bidentate chelating ligand toward one Eu(lIIl) center with two
oxygen atoms from carboxylate group.

Besides the Ln-N and Ln-0 lengths, an important value is the
distance of Ln---Ln ions. For 1, Eu(Ill)- - -Eu(Ill)’ distance is 4.063 A
and it is slightly larger than in 2 with Gd(III)- - -Gd(III)’ distance of
4.032 A. As expected the Th(III). - -Tb(Ill)' distance, about 3.992 A,
is slightly shorter than in 1 and 2 since their ionic radii are
0.95 A Eu(Ill) versus 0.94 A Gd(III) vs 0.92 A Tb(III). Based on the lit-
erature [20], Ln-N and Ln-0 bond lengths are about 2.6 and 2.4 A,
respectively, and Ln-N and Ln-O distances in compounds 1-3 vary
from 2.59 to 2.75 and from 2.38 to 2.79 A (see Table 2).

As discussed previously [20], lanthanide complexes of
monoacids can form coordination polymers with bridging
carboxylate groups including cinnamate [36], nitrobenzoate [37],
2,3-dimethoxybenzoates [38] and 2-thiopheneacetate [39]. On
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Fig. 1. Asymmetric unit of compound 1 (a) and its dimer complex [Eu,(hcin)s(phen),] (b) drawn using scHakaL [35] Color codes: C, dark-gray; H, light-gray, O, red; N, blue and
Eu, pink. The inversion center, highlighted in (b) by a circle, is centered between two Eu(lll) ions and all atoms of dimer were generated applying inversion symmetric code.
Polyhedra formed by [EuOgN;] units are shown in (c¢) and they are connected through cin anions. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)

Table 2
Selected values of bond distances of the Ln(IIl) complexes 1, 2 and 3.

Complex Lengths (A)
Ln.--Ln'  Ln-N Ln-0 and Ln'-0
Mode (a) Mode (b) Mode (c)
1 4.063 2593(2)  2.776(1) 2.385(2)  2.515(3)
2.747(1)  2.497(1) 2.499(3) 2.480(4)
2.492(1)
2 4.032 2.688 (1)  2.708(2) 2.541(1)  2.499(1)
2.609(1)  2.555(1) 2.459(1) 2.511(2)
2.478(1)
3 3.992 2.621(7)  2.696(1) 2.588(8) 2.487(1)
2.587(8)  2.583(1) 2.543(1) 2.488(1)
2.542(1)
Symmetry code i=2 —x,1—-y,1—2z
p Ln
@) O—Ln
A AN 1,7
C\\\ 7 Ln C‘\
\
(@ o (b)  O—Ln
/7 N\
C:. /Ln
© o

Chart 2. Three possible coordination modes of hydrocinammate ion.

the other hand, dimeric complexes can be achieved when
carboxylate ligands along with 2,2’-bipyridine (bpy) or 1,10-
phenanthroline (phen) are used as exemplified by {[Eux(2-BrBA)s
(bpy )2]>-CH3CH3OH-H,0}[54]  (2BrBA = 2-bromobenzoate)  and
[Euy(3,4-DMBA )¢(phen),][55] (3,4-DMBA = 3,4-dimethylbenzoate).
Results on the synthesis and crystal structures of complexes with

hydrocinnamate anion are unusual [25,26]. However, our group
has reported the first crystal structures of lanthanide hydrocinna-
mates [19,20], and to the best of our knowledge, these are still
the first structures these compounds. A supramolecular one-
dimensional (1D) array along c axis has been built by weak non-
classical hydrogen bonds (CH- - -O) between the oxygen atom from
carboxylate group and aromatic ring CH groups from the phen
ligands d(C65---021) =3.364 A as well CH from cin-d(C34---022)
=3.828 A as shown in Fig. 2. Other hydrogen bonds between
C12-011 are responsible for the formation of a supramolecular
network along a and b axes, and together with hydrogen bonds
on c axis, a 3D network has been created. Although these interac-
tions are weaker than those of the coordinative bonds, they play an
essential role in the construction of multi-dimensional networks in
the solid state, as in the present case.

3.2. Vibrational spectroscopy (infrared and Raman)

The infrared and Raman spectra of all ligands and complexes
were investigated in this work. The similarity of lanthanide com-
plexes IR and Raman spectra indicates that these compounds are
isostructural, as have been proved by X-ray diffraction analysis
results. The main vibrational modes are summarized in Table 3,
as well as the tentative assignment.

Particular attention was paid to the separation between asym-
metric and symmetric stretching frequency values of COO™ groups.
In this class of compounds, the difference (Av) between v,sym
(CO07) and vsy,(COO™) in comparison to the corresponding values
in ionic species is currently employed to propose the carboxylate
group coordination mode [40]. This is an important tool, since lan-
thanoid carboxylates usually contain a variety of different coordi-
nation modes as a result of their large coordination numbers. In
the IR spectrum of hcin™ ligand in ionic form Nahcin, two absorp-
tion bands at 1553 and 1418 cm™! are attributed t0 Va5ym(CO0™)
and  vey,(COO™) stretching modes, respectively, providing
Av=135cm™!. The FTIR and Raman spectra of the complexes
show a band attributed to V,,m(COO™) vibrational mode at
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hydrogen bonds
(CH---0)

a

supramolecular 1D array

Fig. 2. The supramolecular 1D net of (1) complex where the CH. - -0 hydrogen bonds were highlighted. The emphasis of core metal center of two dimer molecules is shown as

inset.

Table 3
Infrared (IR) and Raman (R) wavenumbers (in cm~!) and tentative assignment of the most important bands for ligands (Nahcin and 1,10-phen) and 1-3 complexes.
Nahcin 1,10-phen (1) (2) 3) Assignment
IR R IR R IR R IR R IR R
- - - - 475 (w) 473 (w) 475 (w) 473 (w) 475 (w) 473 (w) v(Ln-N)
- - - - 545 (w) 548 (w) 545 (w) 548 (w) 545 (w) 548 (w) v(Ln-0)
825 (w) 819 (w) 856 (s) 857 (w) 845 (m) - 845 (m) - 845 (m) - op(CH)
- - 1598 (m) 1598 (m) 1606 (vs) 1606 (m) 1606 (vs) 1606 (m) 1606 (vs) 1606 (m) v(C=N)
1418 (vs) 1416 (vs) - - 1421 (vs) 1421 (vs) 1421 (vs) 1421 (vs) 1421 (vs) 1421 (vs) Vsym(COO™)
1553 (s) 1552 (s) - - 1521 (w) 1521 (w) 1521 (w) 1521 (w) 1521 (w) 1521 (w) Vasym(COO™)
2922 (s) 2917 (s) 2986 (w) 2992 (w) 2919 (w) 2917 (s) 2919 (w) 2917 (s) 2919 (w) 2917 (s) V(CH)atiph,
3032 (m) 3030 (m) 3064 (w) 3058 (m) 3021 (w) 3030 (s) 3021 (w) 3030 (s) 3021 (w) 3030 (s) V(CH)atom.
Abbreviations: vs, very strong; s, strong; m, medium; w, weak; o.p, out-of-plane; asym, asymmetric; sym, symmetric; aliph, aliphatic; arom, aromatic.
1521 cm™!, while the vgy,(COO™) appears in 1421 cm ™. The calcu- TGA/% DTA/uV
lated value of Av=100cm™" is close to the value expected for a 100.00f
chelate coordination mode of the carboxylate moiety, in agreement 600.00
with by X-ray diffraction analysis results. Additionally, the absorp-
tion at 1598 cm~! of the C=N stretching frequencies in the free
phen spectrum are shifted to higher wavenumbers (1606 cm ')
in [Lny(hcin)g(phen),] complexes. This indicates the nitrogen ligand 50,00 400.00
coordination to the lanthanide centers through the pyridine nitro- :
gen atom, as observed for previous structurally characterized com-
pounds containing pyridil rings [20]. 200.00
3.3. Thermal analysis -0.0 e :‘I£28°C ~~~~~~ -
. . N N - 0.00
Thermal behavior, particular stability and volatility, is impor- 0.00 200.00 400.00 600.00 800.00
tant for practical applications in luminescent materials. The ther- Temperature/°C

mal analysis (TGA/DTA) was carried out using 1-3 polycrystalline
samples in the temperature range of 19-800 °C under argon atmo-
sphere. Because complexes 1-3 are isomorphous, their TGA curves
are similar (Fig. S4 in Supplementary Material). Therefore only
complex 3 will be discussed in detail as a representative compound
for this group. As can be seen in TG/DTA curves (Fig. 3), the com-
pound is stable up to 238 °C, indicating the absence of water

Fig. 3. TGA (—) and DTA (----) traces in Ar atmosphere for compound 3.

molecules in its structure. The first endothermic event centered
at 228 °C is probably related to the melting point for the complex.
After the fusion of complex, three consecutive exothermic events
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occur (centered at: 325, 375 and 445 °C) which are related to con-
secutive thermal decomposition steps. The first one, between 238
and 313 °C, corresponds to the release of two phen ligands (Obsd:
22.0%, Calcd: 22.8%). The second and third mass losses, observed
from 313 to 459 °C, are consistent with the decomposition of
approximately six hydrocinnamate ligands (Obsd: 55.1%, Calcd:
56.8%). At 800 °C, the residual percentage weight is consistent with
half a mol of Th40; (Obsd. 22.9%, Calcd: 23.7%).

3.4. CP/MAS C NMR spectra analysis

The CP/MAS '3C NMR spectra of complex 1 and Hhcin and phen
ligands are shown in Fig. S5 in Supplementary Material. Through
the analysis of complex 1 spectrum, signals between d 24.4 and
34.0 ppm, attributed to methylene carbons of hcin ligand were
observed. The presence of four signals in this region indicates dif-
ferent hcin ligands in the complex 1 structure, which is in accor-
dance with vibrational spectroscopy (infrared and Raman) and
PXRD analysis. The signals between § 91.8 and 156.3 ppm were
attributed to aromatic carbons from phen and hcin structure. The
spectrum of complex 1, in comparison with the ligands spectra
shows a shielding of some aromatic carbons, more precisely, the
peaks between 6 90.0 and 105.0 ppm. Probably, this is due to the
HALA Effect (Heavy Atom on the Light Atom Effect), where a heavy
atom, Eu(Ill) in this case, induces a shielding (or deshielding) on
close light nuclei [41]. Finally, the signal around 6 210.0 ppm refers
to the carboxylate carbon which appears deshielding when com-
pared with the free Hhcin ligand spectrum, because of the decreas-
ing on electron density, as a result of the complex formation.

Unfortunately, it was not possible to obtain CP/MAS '>C NMR
spectra of Gd(III) and Tb(III) complexes, probably due to their large
paramagnetic effect [42], since the cross-polarization technique is
susceptible to signal loss in the presence of paramagnetic species
[42,43]. In addition, lanthanides may influence the relaxation time,
also inducing the NMR signal loss.

3.5. Photoluminescence study

3.5.1. Phosphorescence of the Gd(Ill) complex

The corresponding gadolinium complex was used as a model
complex for the determination of the first triplet state energies of
the organic ligands (T; — Sq transitions) owing to their high phos-
phorescence/fluorescence ratio compared to those of other Ln(III)
complexes and because of their structural similarity with Eu(lII)
and Tb(Ill) complexes. The Gd(IIl) complexes are proper for this
determination due to the high energy gap (approximately
32,000 cm™") between the ground (®S;;) and excited (°Py,) levels
within the 4f configuration which avoids the energy transfer from
the ligand triplet to the metal excited levels. In this context, the
larger probability of ligand phosphorescence is due to a combina-
tion of both paramagnetic [44| and heavy-atom effects [45]. The
steady-state phosphorescence spectrum of gadolinium complex
recorded at liquid nitrogen temperature from 385 to 480 nm with
excitation at 330 nm is shown inset in Fig. 4. This spectrum is char-
acterized by one very low intensity broad band in the spectral
range of 380-450 nm and the strongest band which are assigned
to So — S; (fluorescence band) and to T; — Sg (phosphorescence
band) transitions of the ligands, respectively. This behavior has
been observed for other lanthanide carboxylate complexes
reported in the literature [20]. The phosphorescence band extends
to longer wavelengths values presenting a high intensity due to an
efficient energy transfer process to Eu(IIl) ion. This fact is caused by
natural percentage of europium contained in gadolinium oxide
used to synthesize the compound [Gd,(hcin)g(phen),]. In order to
determine unequivocally the energy due to the 0-0 phonon transi-
tion for the Gd(Ill) complex, the time-resolved spectrum (Fig. 4)

(time-resolved)

(steady-state) % =330nm
fluorescence band exc

Intensity/a.u

400 425 450 475

Phosphorescence band <~

(0-0 phonon: 451 nm) |

T . T T T B T
400 425 450 475
Wavelength/nm

Fig. 4. Time-resolved luminescence spectrum of Gd(Ill) complex in solid state at
77 K, upon excitation at 330 nm. (Inset: Phosphorescence data using the steady-
state technique).

was recorded at liquid nitrogen temperature with the excitation
and emission monitored at 330 and 495 nm, respectively, using
1.0 ms delay. In this case, the fluorescence bands decrease very fast
as the flash delay is increased and only the phosphorescence spec-
trum from the ligands is displayed. As can be seen, this spectrum
presents only a broad band that may be attributed to the triplet
to singlet transition. The lowest ligand T; state energy was deter-
mined as the shortest wavelength phosphorescence band (0-0
phonon transition) for the complex [Gdx(hcin)s(phen),] and appears
at approximately 451 nm (22,172 cm™!). So, the high emission
intensity observed for the [Eu,(hcin)s(phen),jand [Tb,(hcin)s
(phen),] complexes can be explained by an efficient antenna effect
with this triplet state having higher energy than the main emitting
states of Eu(Ill) (°Dy) and Tb(III) (°D,), indicating the possibility of
intramolecular energy transfer for these ions.

3.5.2. Photoluminescence of [Lny(hcin)g¢(phen),] (Ln = Eu(Ill) (1) and
Th(IlI) (3))

Fig. 5a shows the excitation spectrum of the [Eu,(hcin)g(phen),]
1 recorded at 303 K in the 250-500 range by monitoring the Eu(III)
emission at 616 nm. This spectrum exhibits a broad band between
250 and 360 nm which is attributable to the ligand centered
So — S1 (m, *) transition of the aromatic moiety or with a possible
charge transfer (LMCT). The absorption bands are originated from
the “Fo ground state to the excited levels °L;: G (363 nm), >H,
(379 nm), °L; (385nm), °Lg (394nm), °D; (415nm) and °D,
(464 nm) excited states. The ’Fy — °Lg transition exhibits the high-
est absorption intensity among the 4f° intraconfigurational transi-
tions of Eu(Ill) ion, indicating that this transition is more efficient
for the direct excitation in this metal center. However, these tran-
sitions are less intense than those attributable to the ligands levels,
which proves that luminescence sensitization is more efficient
than the direct excitation of the Eu(lll) ion absorption levels.

The emission spectrum of Eu(Ill) complex, showed in Fig. 5b,
provides a lot of information about the point symmetry the Eu
(IIT) ion [46]. Complex 1 exhibits several characteristic emission
bands ®Dy — ’F; (J = 0-4) upon excitation in the ligand absorption
band, at 330 nm. The presence of the °Dy — “Fy transition indicates
that Eu(Ill) ion may be located at a symmetry site of the type C;, C,
or C,, as the selection rules for the electric dipole transition
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Fig. 5. Photoluminescence excitation (a) and emission (b) spectra for [Eu,(hcin)s(phen),] 1. Excitation spectrum was obtained for the emission maxima, while the emission

spectrum was monitored on the ligands band, at 330 nm.
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Fig. 6. Photoluminescence excitation (a) and emission spectra (b) for [Thy(hcin)s(phen),] 3. Excitation spectrum was obtained at emission maximum, while the emission

spectrum was obtained in the solid state, upon excitation at 330 nm.

provides. This transition (582 nm) consists of only one peak, which
gives a strong indication that the Eu(Ill) ions experience the same
crystal-field strength and occupy sites of same symmetry. To con-
firm these results, an emission spectrum in °Dy — Fg region was
obtained at 77 K (inset in Fig. 7b), and no splitting of this band
was observed, corroborating with the crystallographic data. Addi-
tionally, a prominent feature that may be observed in this spec-
trum is the high intensity of >Dy — ’F, transition, which indicates
that a highly polarizable chemical environment around the Eu
(1I1) ion of this complex was responsible for the strong brilliant
red emission.

Fig. 6a shows the excitation spectrum of the [Tbx(hcin)s(phen),]
3 complex recorded at 303 K in the 250-500 range, monitoring the
emission from the °D, — ’Fs transition at around 546 nm. As
shown in Fig. 6a, a broad band was noted between 250 and
345 nm, which was assigned to intraligand transitions. Several
Laporte-forbidden f-f transition bands at 355-500 nm range, cor-
responding to characteristic transitions of Tb(Ill) ion can be
noticed. These bands were assigned to “Fg — °Lg (353 nm),
"Fg - L1 (367 nm), "Fg - °Gg (378 nm) and "Fg — °D, (485 nm)
transitions. Complex 3 exhibits several characteristic emission
bands upon excitation in the ligand absorption band, at 330 nm
(Fig. 6b). The emission spectrum is composed of the typical Tb
(II) green emission, corresponding to °D, — ’Fg (488 and

491 nm), °D, — “F5 (543 and 546 nm), °D4 — 'F, (583, 585 and
589 nm), °D4 — “F3 (623 nm), °D4 — 'F, (644, 648 and 652 nm)
and °D4 — “F; (685 nm). The compound was also excited in the
intense transition (“Fs — °Lg transition), but no difference in 4f-4f
transitions profile was observed, indicating that the same emission
mechanism takes place. These results suggest a high photolumi-
nescence emission of complex 3 when excited directly at the Tb
(IIT) ion, unlike the complex [Eu(hcin)s(phen),] (1) where the sen-
sitization through the ligands is more efficient.

One of factors that governs the luminescence efficiency of lan-
thanide complexes is the energy-level match between the ligand
triplet states and Ln(IIl) ion °D; state. Thus, the back energy-trans-
fer process is one of the major mechanism of luminescence
quenching in Tb(IIl) complexes. In this context, Latva’s empirical
rule states [47] show that an efficient ligand-to-metal energy
transfer process for Ln(Ill) needs AECrn* —°Dy) > 2000 cm ™! for
Tb(III). In complex 3, the energy gap, AECrrn* —c°D,) is lower
(1798 cm™1) than the optimal value, however the ligand-to-metal
energy transfer process is still effective, despite the back energy
transfer between °D, levels of Th(IIl) ion and 3nn*. Marques et al.
recently reported the [Tby(hcin)s(bpy).] [20] complex, in which
the energy gap is 2173 cm™!, and thus the back energy-transfer
process has no significant importance in this compound. The small-
est energy gap in [Thy(hcin)s(phen),] compound, studied here, can
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Fig. 7. (a) Normalized emission spectra of [Eu,(hcin)s(bpy).] [20] and [Eu,(hcin)s(phen),] 1 in the solid state at 77 K, upon excitation at 310 and 330 nm, respectively. (Inset:

the transitions from °D, excited state to “Fo, ’F; and ’F, states in the complex 1).

be explained checking triplet states energy: 22,172 cm ™' in [Gd.
(hcin)g(phen),] and 22,573 cm™! in [Gd,(hcin)g(bpy)2] [20]. In order
to get further information on the Eu(lIIl) ion chemical environment
for the [Eu,(hcin)s(phen),] 1 complex, the experimental Q, and Q4
intensity parameters were determined. According to the theory
model developed for the 4f-4f transitions, the calculus to obtain
the intensity parameters (Q, and Q4), called Judd-Ofelt parame-
ters, are determined through the transition band intensities of
the ®Dy to the “F; (J=2 and 4) levels. The luminescence intensity
(D) of the Eu(Ill) ion transitions is given by Eq. (1):
I()H] = hCOoj ~A()Hj . No = SOH] (])
where Ag_; is the Einstein spontaneous emission coefficient, Ny is
the population of the emitter level (°Dg), and hay is the transition
energy. Ao, is the Einstein spontaneous emission coefficient (for
the °Dy — “F, and °Dy — F, electronic transitions). For Ay_; calcula-
tion, the bellow equation is considered [48]:

Oo-1 So-y

Aoy = 0—1 (2)

So—1 Ooy ’

where 6y_; and g¢_; correspond to energy baricenters of 5Dy - 'F
and °Dg — 7FJ, respectively. So_; and §,_,; are emission curve areas
corresponding to Dy — “F; and Dy — ’F; transitions, respectively
[49]. As known, the magnetic dipole allowed °Dy — ’F; transition
was taken as reference [50], since Ap_; rate is almost insensitive
to chemical environment changes around the Eu(Ill) ion with
Ao_1 = 50s71. The experimental intensity parameters Q; (4 =2 and
4) are estimated from the °Dy — ’F, and °Dy — ’F4 transitions,
respectively, in the emission spectrum of the Eu(Ill) complex. The
experimental intensities parameters were calculated from the

spontaneous emission coefficients (Ao_;), according to the following
expression [51]:
- 3hC3A0HJ
" 4e2wdy < 7F||UY |5Dy>2

3)

where x is the Lorentz local field correction term, given by

7 ="2 and < 7F|UY|5Dy>? is a squared reduced matrix ele-
ment with value of 0.0032 for the °Dy — ’F, transition and 0.0023
for the °Dy — “F,4 one and Q; are the Judd-Ofelt intensity parame-
ters [52,53]. The refraction index (n) has been assumed equal to
1.5. In this work, the Dy — “Fg transition was not observed exper-
imentally; consequently, the experimental Qg parameter could not
be estimated. In particular, Q, is more sensitive to symmetry and
sequence of ligands fields. Based on the emission spectrum and life-
time of °Dy emitting level, the emission quantum efficiency (1) of
europium ion in compound [Euy(hcin)s(phen),] 1 was determined.
Initially the emission coefficients Ag, and Ags corresponding to
Dy — ’F, and °Dy — ’F, transitions, respectively, were calculated
according to the Eq. (2). Considering the ratio between the emitting
state lifetime and total decay rate, (Atota1 = 1/T = Arad + Anraa), the 17
value can be calculated by the Eq. (4) [54]:

A rad

= 4
Arad +Anrad ( )

The values of spectroscopic properties as Q, intensity parame-
ters (4 =2 and 4), radiative (A;.q) and nonradiative (An.q) decay
rates, luminescence lifetimes (t) and quantum efficiency (#) of
[Eus(hcin)s(phen),] 1 complex, together with those for complex
[Eus(hcin)g(bpy)2] [20] are shown in Table 4. The signal intensities
of these complexes are compared in Fig. 7. Additionally, from the
comparison between the emission spectra obtained at 300

Table 4

Photoluminescence data of [Eup(hcin)s(phen),] 1 complex and [Euy(hcin)g(bpy).] [20] complex, both in the solid state.
Eu(IlI) complexes Q, (1072° cm?) Q4 (1072° cm?) Araa (s71) Anrad (571 Acotal (s71) 7 (ms) n (%)
[Euy(hcin)s(phen),] 7.91 8.33 383.5 145.6 529.1 1.89° 72
[Euy(hcin)s(bpy)»] Ref. [20] 7.17 8.96 412.5 204.7 617.2 1.62° 67

@ Error: £0.001 ms.
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Fig. 8. Typical luminescence decay profiles observed for [Eu,(hcin)s(phen),] 1 and [Tba(hcin)s(phen)z] 3 in the solid state at low temperature (77 K) and room temperature

(303 K), with excitation at 330 nm.

(Fig. 5b) and 77 K (Fig. 7), a better resolution of spectral lines at low
temperature with significant difference due to Stark levels was
observed. In this spectrum the transitions from °D; excited state
to “Fo, ’F; and F, states can be also observed (inset in Fig. 9). Such
transitions exhibit extremely low intensity because °Dy and °D;
levels have small energy gap, and so, the energy transfer
°D; > °Dg is preferred in relation to electronic transitions
SD] - 7F_] (] = 0—6).

The intensity parameters values (Q, and 4) for the [Eu,
(hcin)g(phen),] complex are similar to those found for [Eu,(hcin)s
(bpy)2] complex (Table 4) leading to the conclusion that the local
geometry and the ligating atoms polarizabilities are relatively sim-
ilar in both complexes. The Q4 parameter is influenced by the
ion-ligand and ion-ion bond distances. The smaller emitter ions
distance the greater the value Q,, indicating that there are long-
range interactions between luminescent ions. In [Euy(hcin)s(phen)s]
complex the Eu---Eu distance of 4.063 A is slightly larger than the
Eu.--Eu distance of 3.951 A in [Euy(hcin)s(bpy)-]. These values are
consistent with those €, values found for the complexes: 8.33 for
the [Euy(hcin)s(phen),] and 8.96 for the [Euy(hcin)s(bpy).]. The
5Dy — ’Fy transition energy can be correlated with the covalence
degree of Eu-L bonds and the red shift of this transition is due to
the nephelauxetic effect [55-57]. In order to promote a comparison
between [Eu,(hcin)g(bpy),] and [Eux(hcin)s(phen),] complexes, the
5Dy — F, transition centroid energy was determined and these val-
ues are: 580 nm (17,241 cm™!) for [Euu(cin)s(bpy)>] complex and
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Fig. 9. Schematic energy level diagram and the possible energy transfer process in
the systems of [Eu,(hcin)s(phen),] 1 and [Tb,(hcin)s(phen),] 3. Ty, the first excited
triplet state; BT, back-energy transfer; ET, energy transfer.

582 nm (17,182 cm™ ') for [Euu(hcin)g(phen),] 1 (Fig. S6 in Supple-
mentary Material). These results indicate that the complexes cova-
lence depends on the ancillary ligand nature, being higher for
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Fig. 10. Left: CIE chromaticity diagram showing the (x,y) emission color coordinates for [Lny(hcin)s(phen),] complexes (where: Ln = Eu (III) and Tb(III)). Right: Photographs of
complexes (with a digital camera) displaying the intense photoluminescence in red and green regions, respectively, under UV irradiation at 330 nm. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

L=1,10 phenanthroline (phen) than for 2,2’-bipyridine (bpy),
although both complexes present close 2, intensity parameters val-
ues. Similar results were reported for [Eu(Et;NCS,)sbpy] and [Eu(Et,-
NCS,)sphen] complexes [58]| and for several other complexes in
chloroformic solutions [59]. Complexes 1 and 3 luminescence life-
times (7) in the solid state have been determined at 300 and 77 K,
under excitation at 330 nm, with emission monitored at °Dy — ’F,
and °D4 — ’Fs transitions for Eu(Ill) and Tb(Ill), respectively. Each
of the decay curves (Fig. 8) follows monoexponential decay law,
and the equation intensity = Aj.exp(—x/t;) +yo was used for fitting
the fluorescence decay curves.

These data are also consistent with only one symmetry site for
both complexes, in agreement with Eu(Ill) complex emission spec-
trum and X-ray diffraction analysis. The lifetimes values, at 303 K,
are 1.83 ms for [Eux(hcin)s(phen),] 1 and 1.48 ms for [Th(hcin)s
(phen),] 3,and at liquid nitrogen temperature (77 K) are greater,
1.89 and 1.70 ms, respectively. This fact is related to the decrease
in vibrational contributions caused by the decrease in the temper-
ature. As expected, the highest lifetime values obtained for the
compounds are due the absence of water in first coordination
sphere, in accordance with FTIR and thermal analysis data. The
emission lifetime value for the [Euy(hcin)g(phen),] 1 complex
(T =1.89 ms) is greater than the value obtained for the [Eu,(hcin)s
(bpy).] (t=1.62 ms) [20], reflecting on a greater quantum effi-
ciency (#) value for complex 1, containing phen ligand. The stronger
luminescence observed for [Eu,(hcin)s(phen),] can be associated to
a greater structural rigidity of phen ligand, allowing a better energy
transfer. The rigid structure restricts the thermal vibration of the
ligand and reduces the energy loss by radiationless decay. Yang
et al. [60] reported similar fact, comparing a more intense emission
for [Eu(tta)s(phen)] than for [Eu(tta)s;(bpy)]. Also, the optimum
energy gap between the triplet (T;) energy levels and °Dy states
in [Euy(hcin)s(phen),] complex in relation to the [Euy(hcin)s(bpy)2]
complex (according to the phosphorescence spectra) provides high
values of intramolecular energy transfer minimizing the back-
energy transfer process. According to the above experimental
results, the schematic energy level diagram and the most probable
channels for the intramolecular energy transfer process are shown
in Fig. 9.

The [Lny(hcin)s(phen),] (Ln = Eu (1) and Tb (3)) complexes show
(x,y) color coordinates for Eu(IIl) (0.689, 0.308) and Tb(III) (0.323,
0.557) in the red and green regions of the CIE chromaticity diagram
(Commission Internationale de I'Eclairage), respectively, as exhibited
in Fig. 10. Therefore, these complexes act as light conversion
molecular devices (LCMDs) producing intense monochromatic
emission colors and can be applied in bicolor devices.

4. Conclusions

In this work, new binuclear complexes of lanthanide ions with
the hydrocinnamate ligand are presented. The complexes, of
general formula [Euy(hcin)s(phen);], (Ln=Eu 1; Gd 2; Tb 3;
hcin = hydrocinnamate anion; phen = 1,10-phenanthroline) were
synthesized, fully characterized and their photophysical properties
were studied in detail. The crystal structures of complexes were
solved and refined using powder X-ray diffraction patterns, reveal-
ing that all compounds are isostructural and that each lanthanide
ion is nine coordinated by oxygen and nitrogen atoms to form dis-
torted tricapped trigonal-prismatic coordination polyhedron.
According to the photoluminescence study, the phosphorescence
broad bands from ligands are not present in any spectra, which
suggest that the intramolecular ligand-to-metal energy transfer is
efficient. This fact was reinforced by measuring the first triplet
state (T;) energies of the organic ligands that is above >Dq Eu(IIl)
and °D, Tb(III) energy levels. The values of spectroscopic properties
as Q, intensity parameters (4 = 2 and 4), radiative (A;.4) and nonra-
diative (Anraq) decay rates, luminescence lifetimes (7) and quantum
efficiency (1) of [Eux(hcin)s(phen),] 1 complex was calculated from
the experimental data and compared to those values for the similar
complex [Euy(hcin)g(bpy).] previously reported. The [Eux(hcin)g(-
phen),] 1 displays a quantum yield about 73% suggesting that the
system can act as efficient light-conversion molecular devices
(LCMDs). According to our studies in the binuclear hydrocinna-
mates, the phen ligand could be a better candidate on sensitizing
Eu(IIl) ion luminescence than bpy ligand. These results have moti-
vated us to synthesize and develop new highly photoluminescent
binuclear hydrocinnamates of lanthanides given a scarcity of these
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compounds in the literature. This class of compounds has shown
great promise in the development of electroluminescent devices.
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