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Luminescent Hydrogel Composites Based on
Y(II), Eu(lll) and Th(lll) Complexes
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Spherical shaped photoluminescent hydrogels were prepared by introduction of Y(IIl), Eu(lll) and Tb(lll) complexes with
2-(1H-1,2,4-Triazol-3-yl)pyridine as ligand, in spherical shaped poly(acrylamide-co-acrylic acid) potassium salt beads. The
blue, green, red luminescence of the complexes and the dimensional characteristics of the prepared hydrogels were long
term preserved by using small adds of glycerol during the swelling stage of the preparation process. Before embedment,
the complexes prepared at 1/3 metal to ligand ratio were investigated through elemental chemical analysis, thermal
analysis, FT-IR, and fluorescence spectroscopy while the obtained hydrogels composites were investigated through SEM
and fluorescence spectroscopy. The remarkable emissive properties of the prepared hydrogels may recommend them as

photoluminescent probes in various applications.
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INTRODUCTION

Optical materials were always in the main area of
research interest due to their various applications ranging
from optics, optoelectronics to medical investigation tech-
niques. In this context various lanthanide compounds
became increasingly interesting for state of the art appli-
cations. Their characteristic narrow emission bands due to
the radiative transitions within 4f orbitals’:? are barely
affected by the molecular entities located in the vicinity
of the luminescent center. Efficient radiative transitions
within the shielded inner f orbitals, can be triggered
by an adequate energy transfer from the surroundings to
the emissive lanthanide center. One of the most conve-
nient approaches is the complexation of the lanthanides
with ligands able to efficiently harvest and further trans-
fer the energy to the lanthanide luminescent center.
A chromophore containing ligand which could complex
the lanthanide cations may provide an efficient path for
triggering the radiative transitions through an indirect
“antenna effect” of the chromophore. The sensitization
could be achieved directly by direct coordination of a
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chromophore to the central lanthanide cation. Although
yttrium is not part of the lanthanide group, it’s phys-
ical properties and chemical behavior are very similar?
fact also sustained by the investigations performed in this
work. Among various classes of ligands, carboxylates,
polyaminocarboxylates, 3-diketonates or pyrazole derived
compounds,>*> succinimide and derivatives® were suc-
cessfully used for obtaining photoluminescent lanthanide
complexes. As obtained, many of the lanthanide com-
plexes are not suitable for direct applications since a series
of drawbacks (sensitivity to moisture, poor thermal sta-
bility, toxicity) may be quite limiting. These limitations
could be addressed by embedding the complexes in var-
ious matrices. Besides decoupling the sensitive structure
of the complexes from various environmental factors, the
encapsulation may also provide the required compatibil-
ity with targeted applications. Among various approaches,
lanthanide complexes were embedded in silica matrix’ or
in polymer matrices aiming optoelectronic® and bioimag-
ing applications.” Hydrogel composites containing lan-
thanide compounds were reported as suitable materials
especially for bioimaging applications. Thus, by using lan-
thanum salts, agar-carbomer hydrogel composites were
prepared by microwave assisted co-polymerization and
used as “in vivo” agents for medical analyses.'® Various
lanthanide complexes used as prepared or introduced in
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silica matrices were further encapsulated in hydrogels for
detecting various organic compounds in water.'!:!2

In this work red, green and blue photolumines-
cent hydrogel composites were prepared through embed-
ment of new Eu(Ill), Tb(III) and Y(III) complexes
with 2-(1H-1,2,4-Triazol-3-yl)pyridine in spherical shaped
poly(acrylamide-co-acrylic acid) potassium salt beads.
Prior to embedment, the complexes prepared at 1/3 metal
to ligand ratio were investigated through elemental anal-
ysis, thermal analysis, FT-IR, fluorescence spectroscopy
while the obtained hydrogel composite monoliths were
supplementary investigated through SEM and fluorescence
spectroscopy.

EXPERIMENTAL DETAILS

Materials

2-(1H-1,2,4-Triazol-3-yl)pyridine (97%) and poly(acryl-
amide-co-acrylic acid) potassium salt (1 mm diameter
spherical shaped beads) were purchased from Sigma-
Aldrich while Yttrium chloride (YCl; x H,0, 99,99%),
Europium chloride (EuCly; x 6H,0, 99,9%) and Terbium
chloride (TbCl; x 6H,0, 99,9%) were purchased from
Alfa—Aesar. Absolute ethanol and high purity Milli-Q
water were used for preparation and washing operations.

Preparation of Photoluminescent

Hydrogel Composites

Prior to hydrogel composite obtaining, the [TbL,(H,0);]
[EuL;(H,0);] and [YL;(H,O);] free complexes were
prepared. Firstly, aqueous solutions of terbium chlo-
ride, europium chloride yttrium chloride and 2-(1H-1,2,4-
Triazol-3-yl)pyridine with concentrations corresponding to
1/3 metal to ligand were prepared by dissolving 1 mmol
of each TbCl; x 6H,0, EuCl; x 6H,0 and YCl; x H,O
in 2 mL high purity water while three identical ligand
solutions are prepared by dissolving 3 mmol of 2-(1H-
1,2,4-Triazol-3-yl)pyridine (denoted as HL) in a mixture
of 3 mL MiliQ water and 1 mL ethanol. The complexes
were obtained by mixing each prepared ligand solution
with the corresponding Y, Eu, Tb chloride solutions. The
complexation reactions were performed at 40—45 °C under
moderate stirring for about 120 minutes. For investiga-
tion purposes, the complexes were obtained in their solid
crystalline form by using aprox. 1/3 of the prepared aque-
ous solutions which were first dried at room tempera-
ture and then at 60-70 °C, under vacuum, till constant
weight. The rest of the aqueous solutions of prepared com-
plexes (4 mL each) were used for the preparation of the
hydrogel composites. Each of the complex aqueous solu-
tions were mixed with 2 mL of glycerol and then soaked
in aprox. 2 g Poly(acrylamide-co-acrylic acid) potassium
salt beads. The process may take between 3 to 7 days
till the entire mixture of aqueous complexes solutions
and glycerol is swallowed (aprox. 0.66 mmol of com-
plex in 2 g Poly(acrylamide-co-acrylic acid) potassium salt
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beads). At the end of the process the diameter of the spher-
ical polymer matrix beads increase to more then 800%.
For long term dimensional stabilization and for increas-
ing the photoluminescent emission intensity the retained
water is removed in an oven for 48-72 hours by heat-
ing at 40 °C under vacuum. The high boiling point of the
retained glycerol prevents evaporation, therefore, the shape
and dimensional characteristics of the hydrogel compos-
ite are long term preserved. After removal of the trapped
water, the mean diameter of the composite spheres is sta-
bilized at aprox. 500% compared with the initial polymer
spheres prior to soaking operation. The prepared photolu-
minescent hydrogel composites are presented in Figure 1,
each picture being taken under excitation with a 4 W UV-A
Philips TLAWBLB fluorescent lamp with a 360-380 nm
peak emission.

Characterization Techniques

For the free complexes investigation, elemental chem-
ical analysis was performed on Thermo Fisher Scien-
tific Flash EA-1112CHNS/O equipment provided with
Eager 300 software. The IR spectra were recorded in the
4000-400 cm™! range, using a Digilab FTS-2000 FT-IR
spectrometer, according to KBr pellet method. The thermal
stability was studied on a Mettler Toledo TGA-SDTAS8S51e,
under an airflow rate of 20 mL/min. The heating rate was
adjusted at 10 °C/min in the 50-900 °C range. SEM micro-
graphs were recorded with a Hitachi SU-1510 equipment,
working at 30 KV accelerating voltage. The fluorescent
emission and excitation spectra of free complexes and pre-
pared hydrogel composites were recorded on a Horiba Flu-
oromax 4P provided with a powder analysis adapter.

RESULTS AND DISCUSSION

Prior to soaking in the polymer matrix the structure of
the prepared complexes was investigated. The reaction
involved in formation of the prepared photoluminescent
complexes is presented in Figure 2. The coordination num-
ber of the Y3*, Eu*t and Tb*" cations used for prepar-
ing the investigated complexes is 9 through the bidentate
behavior of the 2-(1H-1,2,4-Triazol-3-yl)pyridine (HL) lig-
and and also by the participation of 3 water molecules
direct coordinated at the central cation.'>"

Figure 1. Prepared hydrogel composites with embedded (left
to right) [TbL;(H,0);], [EuL;(H,0),] and [YL;(H,0),] complexes
under excitation with a UV-A fluorescent lamp.
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Figure 2. Reaction involved in complexation of the Y3,
Eu* and Th3* cations with the 2-(1H-1,2,4-Triazol-3-yl)pyridine
ligand.

The proposed structure of the investigated complexes is
sustained by the following presented investigations.

Elemental Chemical Analysis

Table I presents the recorded experimental results for the
free complexes prior to soaking in the polymer matrix and
also the calculated theoretical values. As could be noted,
the recorded experimental results are in good concordance
with the calculated values and also with the data obtained
from thermal analysis (see below). The slightly higher val-
ues recorded for oxygen and hydrogen contents are most
probably due to the small amounts of physical bonded
water trapped in the structure.

Thermal Analysis

The thermal behavior of free complexes was evaluated,
the results being presented in Table II. The decomposition
parameters were provided by the accompanying software
of the investigation equipment calculated by the generic
methods as described here.'® In the earlier stages, the
decomposition of the free complexes are summarized by
the following processes:

(M(L);(H,0),) ) —> (M(L),) ) + 3(H,0)

where M = Y**, Eu*", Tb*" (1)

(M(L)3) ) s B, +M,0;, where B are volatiles (2)

In the first stage, physical bonded water and also in the
upper part of the interval the coordinated water is lost (1).
The existence of three water molecules coordinated at the
central cation is sustained by the mass loss values recorded
for each prepared complex. The activation energy is higher
in case of yttrium compared with the lanthanides due its

Table I.

smaller ionic radius (0.93 A compared to 1.04-1.00 A).
In the second stage, the percent of mass losses suggests
the elimination of the pyridine ring due to the breaking of
the covalent C—C bond between the two constituent rings
of the ligand (Fig. 2). The process is sustained by the
electromer effects occurring in the presence of the cen-
tral cation and its coordinative bond established with the
nitrogen atom in the pyridine ring. In the upper stages
the decomposition processes evolves with further destruc-
turation of the complexes accompanied by volatile exhaus-
tions (2).

Besides the volatile products, a series of intermediate
products like yttrium and lanthanide oxocarbonates'” may
occur (3) which further decomposes at more stable M,0;
products (4)."%" The recorded mass of the residue for
each prepared complex suggests the M,0; as final decom-
position product along with the presence of small amounts
of residue resulted from decomposition of the ligand.

300-650 °C

[(C,H,ON);M] —> M,0,CO; +volatiles  (3)
M,0,C0; "% "M, 0, + volatiles (4)
IR Analysis

Investigation of the recorded IR spectra emphasized the
interactions occurred between the ligand (HL) and the
Y3, Eu*t, Tb3* cations. Figure 3 presents the recorded
spectra for the free ligand and prepared complexes. The
initial investigation of the free ligand was required to
highlight the modifications occurred through complexa-
tion process. The recorded peaks of the functional groups
specific to the free ligand were assigned as follows:2-2!
3445 cm~'—wN-H, 3144 cm~'—»N-H; 3086, 3066,
2932, 2862, 3144 ¢cm~'—wC-H (pyridine and triazole
ring); 1798 cm~'—&PHNC; 1601 cm™'—»C=N (pyri-
dine ring); 1562 cm~!'—wC=C; 1477 cm'—wC-N;
1435 cm™'—8™C-H; 1400 cm™'—wC=N (both rings);
1323, 1204 cm~!—8C-H methylene, 1269, 1099 cm~!—
vC-N (both rings); 1053 cm~'—wN-N (triazole ring);
1003 cm~'—planar deformation pyridine ring; 903,
752 cm~'—8°PC-H; 802 cm™'—68°PC-N; 714 cm™'—y
(triazole ring) and yCN; 667 cm™~!— (triazole ring) and
yNH; 625 cm~!'— (triazole ring); 505 cm~'—&8°°’N-H;
467 cm™'—non-planar pyridine ring deformation. (where
v—stretching, d—deformation, ip—in plane, oop—out of
plane, y—out of plane bending).

Chemical analysis experimental results compared with calculated values.

Experimental values %

Calculated values %

Prepared complex C H N (0] M C H N (0]
[YLs(H,0)4] 43.48 4.20 30.45 9.07 15.37 43.61 3.66 29.06 8.3
[EuL,(H,0)s] 39.09 3.51 25.74 8.21 23.69 39.32 3.3 26.2 7.48
[TbLy(H,O),] 38.71 3.45 25.8 7.76 24.51 38.9 3.26 25.92 7.40
J. Hydrogels 1, 1-7, 2014 3
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Table Il. Kinetic parameters in thermal decomposition recorded for free complexes.

Decomposition stage Parameter [YL;(H,0)s5] [Eul,(H,0),] [TbLs(H,0)s5]
Stage 1 Pre-exponential factor 7.6-10" 2.5.10" 2.8-10"
Activation energy (kJ/mol) 62.3 47.89 48.07
Reaction order 0.68 1.61 1.03
Temp. interval (°C) 91-156 78-155 80-144
% loss 11.7/79.33 10.93/28.41 11.2/28.32
Stage 2 Pre-exponential factor 1.77-10" 6.26-10' 5.59.10'®
Activation energy (kJ/mol) 72.8 68.10 59.13
Reaction order 0.71 0.48 0.69
Temp. interval (°C) 220-336 249-449 229-481
% loss 36.25 34.5 34.12
Stage 3 Pre-exponential factor 3.15.10'® 3.35-10" 8.62.10™
Activation energy (kJ/mol) 52.07 45.72 73.99
Reaction order 0.81 0.28 0.69
Temp. interval (°C) 349-464 510-648 550-756
% loss 11.19 25.52 25.02
Stage 4 Pre-exponential factor 2.57-10'° - -
Activation energy (kJ/mol) 63.8 = =
Reaction order 0.52 - =
Temp. interval (°C) 500-851 = =
% loss 20.67 - -
Residue % 20.2/°19.52 29.07/°27,28 29.65/°28.07

Notes: 2Calculated value for the presence of three water molecules coordinated at the central atom; 2Calculated value for the final
product; M = Y3+, Eudt, Tb3+.

[TbL3(H,0)4]

i I ' I ' I ' I ' 1 ' I ' I i I v I
3600 3200 2800 2400 2000 1600 1200 800 400
cm™

T
4000

Figure 3. Recorded spectra for the free ligand and prepared complexes.

M,O5; decomposition
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For a better view, in Table IIl are presented a series
of significant changes occurred through complexation pro-
cess. Besides the shifting of various peaks due to the
rearrangements of various groups, through complexation
a series of peaks as —NH specific stretching or deforma-
tion vibrations recorded in case of free ligand are no more
present in the spectra of prepared complexes while new
absorption peaks appear due to the establishment of the
covalent bonds between the central trivalent cation and
nitrogen atom from the former —-NH group located in the
triazole ring of the free ligand. These new established
covalent bonds are sustained by the presence of new mod-
erate intensity peaks located in the 403, 409, 419 cm~!,%
while in case of the free ligand these peaks are absent. The
vC=N in the pyridine ring which occurs at 1601 cm™
in the free ligand, appear displaced in case of all prepared
complexes due to the involvement in coordinative bonding
with the central cation.

These new established bonds (coordinative and cova-
lent) also triggers further planar or non-planar deforma-
tion of the pyridine ring which also tend to be displaced
to higher wavenumbers (991, 991, 995 and 474, 476,
480 cm™') due to decreasing of the ionic radii leading
to a higher ionic strength. The skeletal vibrations like
stretching or bending of CH groups located both in pyri-
dine and triazole rings are also influenced through com-
plexation some of their specific peaks being broaden and
slightly displaced. The diffuse broadening accompanied by
the increasing of absorption intensity in the upper region
of the spectra (3600-3000 cm™!) is attributed of the pres-
ence of various types of water in the structure of the
complexes.

The results confirm the proposed structure of the
complexes (Fig. 1) through the bidentate behavior of
the 2-(1H-1,2,4-Triazol-3-yl)pyridine ligand, the presence
of coordinated water in the structure of the prepared
complexes being in accordance with the results pro-
vided through chemical analysis and thermal behavior
investigations.

Table lII.
process.

Significant changes occurred through complexation

) HL  [YL3(H,0)5] [EuLs(H,0);] [TbLg(H,O)s]
Functional group/

assignment (cm™)

86"HNC 1798 - - -

yNH 667 - - =

8°°°N-H 505 = = =

vM-N = 409 413 419

vC=—N (pyridine 1601 1601 1603 1607
ring)

Non-planar pyridine 467 474 476 480
ring def.

Planar pyridine 1003 988 991 99
ring def.

J. Hydrogels 1, 1-7, 2014

Fluorescence Spectroscopy

The optical properties of the hydrogel composites rely
exclusively on the photoluminescent properties of the
embedded complexes. The radiative transitions responsible

393
612

589

11 R
\JU ﬁ'u \ll h

i o
3 3
A I
J”|
[
’ \
|
|
|\
| \
I,' \
f
/ o
/ Ex r e
o Em ©
i
/
T
T T T T T T T
300 350 400 450 500 550 600 650
nm

4 -

+ T ' o

T T T T T T
300 350 400 450 500 550 600 650 700

nm

Figure 4. Excitation/emission spectra of hydrogel com-
posites containing (a) [EuL;(H,0);], (b) [TbL,(H,0),] and
(c) [YL,;(H,0),] complexes.
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Figure 5.

for this property are based on different mechanisms
and may be divided into two main categories. For the
[EuL,;(H,0);] and [TbL,(H,0),] complexes, characteristic
metal centered, narrow emission bands arising from inner
transitions within 4 f orbitals are observed while in case of
[YL,;(H,0);] complex the luminescence is rather a result
of influence of the heavy cation vicinity (Y3*) over the
excited states of the ligand.

In case of [EulL,;(H,0),] and [TbL,(H,0),] complexes,
the chemical structure of the ligand and also the configu-
ration achieved through complexation sustain the efficient
sensitization of the Eu** and Tb*" cations due to an indi-
rect sensitization through the “antenna effect”! of the pyri-
dine ring coupled to the triazole ring coordination site
which subsequently transfers its excited states to the cova-
lently bonded trivalent cation. The efficient sensitization
process may be further aided by the presence of the coor-
dinative bond between the nitrogen in the pyridine ring
with the trivalent lanthanide cation. In Figures 4(a)—(c)
are presented recorded and excitation spectra of the pre-
pared hydrogel composites which are essentially similar to
those recorded in case of corresponding free complexes.
The only difference is noted in the intensities of the peaks
which in case of hydrogel composites are slightly lower
due to the reduced transparency of the polymer matrix.

The hydrogel composite containing [EuL,(H,0);] com-
plex (Fig. 4(a)) presents the most significant emission
peaks located at 589 and 612 nm due to the °D, — ’F, and
D, — 'F, transitions. The barely observable peak located
at 647 nm is due to the 3D, — ’F; transition while the
medium intensity peak centered at 695 nm is attributed
to the D, — ’F, radiative transition.”> All the excitation
peaks were recorded in the UV-A region, with the most
intense peak located at 393 nm.

As for the [TbL;(H,0);] contained hydrogel compos-
ite (Fig. 4(b)) same metal centered radiative transitions
occurring within 4 f orbitals were recorded, with the most
intense emission peak located at 542 nm due to °D, —
"Fs transition and a medium intensity peak recorded at
488 nm attributed to the D, — F, transition. The less
intense 582 nm peak is due to the D, — 'F, transition

6

SEM images recorded for prepared hydrogel composite containing [TbL,(H,0),] at 85x and 5000x magnifications.

while the lowest intensity 619 nm peak is assigned to the
5D, — F, radiative transition.”?> The recorded excitation
spectra revealed an intense broader peak centered around
381 nm.

For the case of hydrogel composite containing the
[YL;(H,0);] complex (Fig. 4(c)) the situation is differ-
ent since the luminescence is a result of influence of the
heavy cation vicinity (Y3*) over the excited states of the
ligand.?* In its case, there is just one intense emission peak
centered at 482 nm, significantly broader compared with
the lanthanide prepared complexes. The recorded excita-
tion spectra also revealed a wider peak, this time located
in the upper region of the visible spectrum, at 418 nm.

Scanning Electron Microscopy (SEM)

Figure 5 shows microphotographs of the prepared hydrogel
composite containing [TbL,(H,0),] at two different reso-
Iutions. Both images show a relatively compact morphol-
ogy with no evidence of complexes located at the surface
of the hydrogel composites. The [TbL;(H,0);] complex
seems to be trapped within the polymer matrix.

CONCLUSIONS

The paper reports the obtaining and investigation of new
photoluminescent hydrogel composites in which Y(III),
Eu(Il) and Tb(IIl) complexes with 2-(1H-1,2,4-Triazol-
3-yl)pyridine as ligand are trapped in spherical shaped
poly(acrylamide-co-acrylic acid) potassium salt beads.
It was found that the addition of small amounts of glyc-
erol provides long term dimensional stabilization of the
hydrogel composites along with preservation of photolu-
minescent properties of the trapped complexes. Prior to
embedment, the chemical structure of complexes was con-
firmed by elemental, thermal and FT-IR analyses. The
photoluminescent properties of the resulting red, green
and blue emitting hydrogel composites were investigated
through fluorescence spectroscopy which revealed the
most significant peaks located at 612, 542 and 482 nm
while the excitation wavelengths are located in the UV-A
region for the hydrogel composites containing the Eu(III)

J. Hydrogels 1, 1-7, 2014
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and Tb(IIT) complexes and in the upper region of the visi-
ble spectrum for hydrogel composites containing the Y (III)
complex.
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