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ABSTRACT: A novel bifunctional saponite clay incorporating gadolinium (Gd3+) and europium (Eu3+) in the inorganic framework
was prepared by one-pot hydrothermal synthesis. The material exhibited interesting luminescent and paramagnetic features derived
from the co-presence of the lanthanide ions in equivalent structural positions. Relaxometry and photoluminescence spectroscopy
shed light on the chemical environment surrounding the metal sites, the emission properties of Eu3+, and the dynamics of
interactions between Gd3+ and the inner-sphere water placed in the saponite gallery. The optical and paramagnetic properties of this
solid make it an attractive nanoplatform for bimodal diagnostic applications.

1. INTRODUCTION

In the last decade, there has been large interest in the
optimization and employment of synthetic clays for scientific
and technological applications.1−15 In particular, synthetic
saponite clays have been studied for their interesting
properties, in terms of high thermal stability, specific surface
area, tunable acidity, low costs, and excellent chemical
versatility.1−3

Their chemical properties can be easily tuned by modifying
the particle size2 and/or chemical composition of the interlayer
space4 and the inorganic framework.5,6 These modifications
can be achieved using specific post-synthetic treatments (i.e.,
intercalation of cationic organic and inorganic compounds) or
properly modifying the synthesis method and selecting
appropriate precursors for one-pot syntheses.
On this basis, with a proper choice of the intercalated

entities (i.e., metal ions, dyes, ...) or by modifying the synthetic
protocols, it is possible to design new functionalized saponites
with innovative features suitable for different applications.13−20

In particular, the introduction of one or more f-block elements
(i.e., Gd3+, Eu3+, Tb3+, ...), in the form of ions or complexes,
allows preparing novel versatile materials owning the chemical
and mechanical robustness of saponite clays and the peculiar
luminescent and magnetic properties conferred by the metal

ions. While the luminescent features make such clays suitable
for a variety of industrial applications as chemical sensors,
luminescent thermometers, or in bioimaging fields, their
magnetic properties are exploited in the medical fields, since
they render the materials suitable as probes for different
diagnostic imaging modalities.
Recently, we reported the intercalation of positively charged

paramagnetic Gd3+-chelates, with different hydration states,
within the interlayer space of saponite clays, following a
common post-synthetic procedure.4 The in-depth analysis of
the relaxometric properties of such functionalized solids
allowed access to the chemical environment of the confined
chelates and to the water diffusion processes within the
interlayer space.4

Lanthanide ions can also be directly included in the
inorganic framework of saponite during the gel synthesis.
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This alternative strategy was tested in our lab embedding in the
tetrahedral layer two luminescent Tb3+ and Eu3+ ions through a
modified one-pot hydrothermal procedure. The material
exhibited noteworthy photophysical features, due to the
occurrence of a Tb3+−Eu3+ energy transfer mechanism, and
interesting detection properties for chromate anions in water.21

The one-pot preparation of the inorganic framework shows
important advantages with respect to the post-synthesis
intercalation, such as low production costs, shorter synthesis
times, and high chemical stability, due to the lack of lanthanide
leaching.
Here, Eu3+ and Gd3+ ions were individually and simulta-

neously incorporated for the first time in the framework of a
nanosized synthetic clay by means of the above-quoted one-pot
hydrothermal procedure.22−24 The new material containing
Gd3+ and Eu3+ sites in the framework position is hereafter
named as Na-GdEuSAP (Figure 1); the materials containing

only Gd3+ or Eu3+ sites in the framework position and without
the lanthanide ions, prepared as references, are named as Na-
GdSAP, Na-EuSAP, and Na-SAP, respectively.
From one side, Eu3+ was selected as a luminescent probe due

to its well-defined emission profile in the visible range, high
photostability, and long luminescence lifetimes (from micro to
ms).25 Moreover, Gd3+ ions characterized by a great magnetic
moment (7.9 Bohr magneton) and suitable electronic
relaxation times (10−9 to 10−11 s) were selected as magnetic
resonance imaging reporters because they are able to enhance
the longitudinal relaxation rate (R1) of surrounding H2O
protons.26

A detailed multitechnique physicochemical characterization
was performed for all the prepared materials, devoting
particular attention to the investigation of their photophysical
and relaxometric properties.

2. EXPERIMENTAL SECTION
2.1. Materials. 2.1.1. Synthesis of Na-GdEuSAP. The synthetic

saponite clay, containing both Gd3+ and Eu3+ ions, was prepared with
a modified one-pot hydrothermal method adapted from the literature
(Scheme S1).22−24 A gel with the molar composition of [SiO2/MgO/
Al2O3/Na2O/GdCl3/EuCl3/H2O] 1:0.835:0.056:0.056:0.01:0.01:20
and H2O/Si molar ratio of 20 was prepared. In detail, 6.68 g (0.10
mol) of amorphous silica (SiO2 fumed, 99.8%) was gradually
dispersed in a solution prepared by dissolving 0.63 g (0.01 mol) of
sodium hydroxide (NaOH) in 45.00 g (2.50 mol) of ultrapure water
(equal to 5/6 of the total water content). The obtained gel was then
mixed accurately. After 30 min, 24.86 g (0.09 mol) of magnesium

acetate tetrahydrate [Mg(CH3COO)2·4H2O, 99%] and 3.20 g (0.01
mol) of aluminum isopropoxide {Al[OCH-(CH3)2]3, 98%} were
added to the reaction mixture. In parallel, in a second flask, a
suspension composed of anhydrous gadolinium chloride (GdCl3;
0.373 g, 0.001 mol), europium chloride (EuCl3; 0.353 g, 0.001 mol),
tetraethyl orthosilicate (6 mL, 0.03 mol), and 0.50 g of ultrapure
water was stirred for 10 min at room temperature (RT), and the pH
was corrected between 2 and 3 with 1−2 drops of concentrated
sulfuric acid (H2SO4). This suspension was then mixed with the gel
containing aluminum isopropoxide, magnesium acetate, and silica.
The remaining ultrapure water (5.00 g, 0.28 mol) was then added to
the reaction mixture. After 4 h, the gel, with a pH between 8 and 9,
was introduced in a Teflon cup (125 mL capacity) of an autoclave
(Anton Paar 4748) and heated in an oven for 72 h at 240 °C. After
hydrothermal treatment, the product was filtered, washed with hot
ultrapure water up to neutral pH, and dried in an oven overnight at
100 °C. The as-produced material (called as GdEuSAP) was
submitted to a cation-exchange procedure in order to ensure the
chemical uniformity of the exchange sites. In detail, 2.50 g of
GdEuSAP was dispersed in 250 mL of saturated sodium chloride
(NaCl) solution for 36 h at RT to replace the cations present in the
interlayer space (i.e., Al3+, Mg2+, and H+) with Na+. The final solid
(Na-GdEuSAP) was filtered, washed with hot ultrapure water until
complete elimination of chlorides (confirmed by a silver nitrate spot
test), and finally dried in an oven overnight at 100 °C.

2.1.2. Synthesis of Na-GdSAP and Na-EuSAP Clays. The
preparation of nanosized Na-GdSAP and Na-EuSAP samples followed
the same procedure described above.

2.1.3. Synthesis of Na-SAP Clays. Nanosized synthetic saponite
with a cationic exchange capacity (CEC) of 87.9 ± 2.3 mequiv/100 g
was synthesized following the classical hydrothermal method.1 A gel
with the molar composition of [SiO2/MgO/Al2O3/Na2O/H2O]
1:0.835:0.056:0.056:20 and H2O/Si molar ratio of 20 was prepared.
In detail, 11.91 g (0.19 mol) of fumed SiO2 (99.8%) was gradually
dispersed in a solution prepared by dissolving 0.93 g (0.02 mol) of
NaOH in 58.20 g (3.23 mol) of ultrapure water. The obtained gel was
then mixed accurately. After 1 h, 37.78 g (0.18 mol) of
Mg(CH3COO)2·4H2O (99%) and 4.71 g (0.02 mol) of Al[OCH-
(CH3)2]3 (98%) were added to the reaction mixture, along with the
remaining ultrapure water (16.36 g, 0.91 mol). After 2 h, the gel was
introduced in a Teflon cup of an autoclave and heated in an oven for
72 h at 240 °C. After hydrothermal treatment, the product was
filtered, washed with hot ultrapure water up to neutral pH, and dried
in an oven overnight at 100 °C. The as-produced material, called as
SAP, was submitted to a cation-exchange procedure in order to ensure
the chemical uniformity of the exchange sites. A total of 2.50 g of SAP
was dispersed in 250 mL of saturated NaCl solution for 36 h at RT.
The final solid (named as Na-SAP) was filtered, washed with hot
ultrapure water until complete elimination of chlorides, and finally
dried in an oven overnight at 100 °C.

2.2. Experimental Methods. The elemental analyses were
performed on a Thermo Fisher Scientific X5 Series inductively
coupled plasma mass spectrometer (ICP-MS) (Waltham, MA, USA).
Prior to the analyses, the solids were mineralized by treatment with a
mixture of nitric acid (HNO3, 5 mL) and hydrofluoric acid (HF, 5
mL) at 100 °C for 8 h.

X-ray powder (XRPD) diffractograms were collected with a
ThermoARL X’TRA-048 powder diffractometer with a Cu Kα1 (λ =
1.54062 Å) monochromatic radiation. Diffractograms were recorded
at RT in the 2−65° 2θ range with a step size of 0.02° and a rate of
1.0°/min. The X-ray profiles at low angles (2−15° 2θ) were collected
with narrower slits and a rate of 0.25°/min.

High-resolution transmission electron microscopy (HRTEM)
micrographs were collected on a Zeiss libra200 FE3010 high-
resolution transmission electron microscope operating at 200 kV.
Specimens were prepared by depositing the samples on carbon-coated
grids.

The CEC parameter was determined by the ultraviolet−visible
(UV−Vis) method reported in the literature.2 0.300 g of Na-SAP was
exchanged with 10 mL of 0.02 M solution of [Co(NH3)6]

3+ at RT for

Figure 1. Representative schematic structure of the Na-GdEuSAP
sample.
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60 h. After separation by centrifugation (5000 rpm for 5 min, two
times), the solution was analyzed by UV−Vis spectroscopy. UV−Vis
spectra were recorded at RT in the range 300−600 nm with a
resolution of 1 nm, using a double-beam PerkinElmer Lambda 900
spectrophotometer. The absorbance of the band at 475 nm (1A1g →
1T1g), relative to a d−d spin-allowed Laporte-forbidden transition of
Co3+, was evaluated to quantify the amount of Co3+ ions free in
solution.
Dynamic light scattering (DLS) experiments were carried out at 25

°C using a Malvern Zetasizer Nano ZS operating in a particle size
range from 0.6 nm to 6 mm and equipped with a He−Ne laser with λ
= 633 nm. The samples were dispersed in ultrapure water (5 mg in 3
mL) in the presence of xanthan gum (0.1 wt %) to improve particle
dispersion. Before measurements, the suspensions were sonicated for
10 min. The particles dispersed in water tend to form large aggregates.
In the solution stabilized with xanthan gum, this effect is strongly
limited, and no precipitation is observed after hours. The pH of
suspensions was 7.0.
Photoexcitation and photoluminescence (PL) emission spectra

were recorded on a HORIBA Jobin Yvon model IBH FL-322
Fluorolog-3 spectrometer equipped with a 450 W xenon arc lamp,
double-grating excitation and emission monochromators (2.1 nm·
mm−1 dispersion; 1200 grooves per mm), and a Hamamatsu model
R928 photomultiplier tube. For Na-EuSAP and Na-GdEuSAP
samples, excitation spectra were monitored at 615 nm, while emission
spectra were recorded under irradiation at 273 and 395 nm. The
samples analyzed were characterized at the solid state and in aqueous
suspension (5 mg/mL, in the presence of 0.1 wt % of xanthan gum).
Time-resolved measurements were performed using the time-
correlated single-photon counting option. A 370 nm SpectraLED
laser was used to excite Na-EuSAP and Na-GdEuSAP, monitoring the
emission band of Eu3+ at 615 nm. Signals were collected using an IBH
DataStation Hub photon counting module. Data analysis was
performed using commercially available DAS6 software (HORIBA
Jobin Yvon IBH).
The water proton longitudinal relaxation rates (R1 = 1/T1) were

measured using a variable-field relaxometer equipped with an HTS-
110 3 T metrology cryogen-f ree superconducting magnet (Mede,
Italy), operating in the overall range of proton Larmor frequencies of
20−120 MHz (0.47−3.00 T). The measurements were performed
using the standard inversion recovery sequence (20 experiments, two
scans) with a typical 90° pulse width of 3.5 μs, and the reproducibility
of the data was within ±0.5%. The temperature was controlled with a
Stelar VTC-91 heater airflow equipped with a copper−constantan
thermocouple (uncertainty of ±0.1 °C). Additional points in the
0.01−10 MHz frequency range were collected on a fast-field cycling
Stelar SmarTracer relaxometer. Na-GdEuSAP and Na-GdSAP solids
(10 mg) were dispersed in 1.5 mL of ultrapure water in the presence
of xanthan gum (0.1 wt %) to improve particle dispersion. Before
measurements, the suspensions were sonicated for 30 min. The pH of
the suspensions was 7.0.

3. RESULTS AND DISCUSSION

3.1. Structure and Morphology. Na-GdEuSAP and the
reference samples (Na-EuSAP and Na-GdSAP) were prepared
by adapting a one-pot hydrothermal procedure reported in the
literature (Scheme S1).22−24 Eu3+ and Gd3+ were inserted as
chloride salts during the preparation of the gel, in the presence
of silicon, aluminum, and magnesium sources. The solids were
then exchanged through a cationic-exchange process to replace
intercalated ions (i.e., Al3+, Mg2+, and H3O

+) by Na+ ions.
The Gd3+ and Eu3+ loadings in the bifunctional GdEuSAP

clay, determined by ICP−MS after mineralization of the solid
in acidic solutions, were found to be ca. 0.03 mmol/g, prior to
the treatment in the saturated solution of NaCl. No
concentration change was observed after the Na+-exchange
process, thus suggesting that both metals are in framework
positions. Comparable results were also observed for GdSAP
and EuSAP clays and for their parent Na+-exchanged samples
(Na-GdSAP and Na-EuSAP, respectively) (Table S1).
The introduction of both ions did not change the inorganic

structure of clay,4,22−24 as observed by XRPD analysis (Figures
2A and S1). Indeed, the X-ray pattern of the Na-GdEuSAP
sample showed the reflections of a Na+-exchanged saponite.1,27

The morphological features of the bifunctional clay were
evaluated by HRTEM (Figure 2B). The Na-GdEuSAP sample
showed different distributions of the lamellae, from isolated
sheets to aggregates of tactoids with different particle sizes.
The introduction of both Gd3+ and Eu3+ ions in the saponite
framework affected the size of lamellae, that is comparable to
what was observed for Nb5+ and V3+-containing saponites
prepared with the same synthetic procedure.22−24 Similar
results in terms of morphology and particle size were also
observed for the reference monofunctionalized solids (Figure
S2).
The CEC values, determined by a well-known UV−Vis

method (Figure S3),28,29 are comparable for the three
functionalized clays: 44.7 ± 7.9, 45.1 ± 3.5, and 43.0 ± 5.7
mequiv/100 g for Na-GdEuSAP, Na-EuSAP, and Na-GdSAP,
respectively.
DLS analyses were also performed (Figure S4) to character-

ize the hydrodynamic diameter of the nanoparticles dispersed
in aqueous solution. The samples were dispersed in water in
the presence of 0.1 wt % of xanthan gum,16,30 and the measures
were collected at 25 °C. The dispersions were stable and
homogeneous, with particle sizes characterized by the
hydrodynamic diameter in the 50−60 nm range (Figure S4).

3.2. Photophysical Properties. The photophysical
properties of the bifunctional Na-GdEuSAP clay, both in
H2O suspension and in the form of powder, were studied by

Figure 2. (A) X-ray patterns of Na-SAP (a) and Na-GdEuSAP (b). (B) HRTEM micrograph of Na-GdEuSAP.
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steady-state PL spectroscopy, thus obtaining insights into the
coordination sphere of the structural Eu3+ sites. The Na-
EuSAP sample has been used as a reference material (Figures
S5−S7).
The excitation spectrum of Na-GdEuSAP in aqueous

suspension (Figure 3A), collected by analyzing the most
intense band of Eu3+ at 615 nm, showed the characteristic
peaks of the intra-4f6 electronic transitions of Eu3+ (7F0,1−5HJ,
5DJ,

5LJ, and
5GJ) with the main peak at 395 nm ascribed to

7F0−5L6.
31−33 Additional signals attributed to the 8S7/2−6IJ

(λmax = 273 nm) and 8S7/2−6PJ electronic transitions of Gd3+

are also detectable.34 The presence of these peaks typical of
Gd3+ is indicative of a Gd3+ → Eu3+ energy transfer process,
due to a partial overlapping of the energy levels of the two
metals, as indicated in the Jablonski energy diagrams.35 The
same transitions were also observed in the spectrum of the
powder sample (Figure S8).
The PL spectra of the aqueous suspension of Na-GdEuSAP,

collected under excitation at both 395 nm (λmax of Eu
3+) and

273 nm (λmax of Gd
3+) (Figure 3B (a, b)), showed the typical

peaks of the intra-4f6 electronic levels of Eu3+ (5D0−7FJ, J = 0−
4).31−33 The analysis of the 570−580 nm range reveals two
bands at 571 and 576 nm assigned to the 5D0−7F0 transition
(Figure 3C), mainly visible after irradiation at 273 nm. The
splitting of this band suggests the presence of two chemically
distinct environments of Eu3+.36 It is important to note that the
direct excitation of Gd3+ at 273 nm promoted an evident
increase in the intensity of all the emissions peaks of Eu3+. An
enhancement of ca. 550% of the intensity of the emission band
assigned to the 5D0−7F2 transition at 615 nm was observed.
This result is assigned to the occurrence of the Gd3+ → Eu3+

energy transfer process.35

The intensity ratio of the bands at 615 (assigned to the
electric dipole 5D0 → 7F2 transition) and 592 nm (the
magnetic dipole 5D0 → 7F1 transition), defined by the
asymmetry factor (R) parameter, is related to the symmetry

of the coordination environment around the Eu3+ cen-
ters.32,33,37−39 R can be 0 in the case of symmetric Eu3+

sites, whereas it can be higher in the case of ions with lower
symmetry.38 The R factors calculated for Na-GdEuSAP, both
in the aqueous suspension and in the powder form for both
excitation wavelengths, assume values greater than 2, thus
indicating a highly asymmetrical local environment surround-
ing the Eu3+ centers (Table S2).
The average hydration state of Eu3+ (qEu) was determined by

the analysis of the experimental lifetimes (τ) in H2O and D2O
through time-resolved fluorescence spectroscopy (Figure S9).
The decay curves of the 5D0 excited state, obtained by
following the decrease in the intensity of the transition at 615
nm under excitation at 370 nm, were analyzed using a bi-
exponential function. A qEu value of ca. 4, calculated by eq 1,40

was calculated for Na-GdEuSAP (Table S2, compatible with
the presence of Eu3+ in the tetrahedral layers of saponite). A
similar hydration state was observed for the Na-EuSAP sample
(Table S2).

i

k
jjjjjj

y

{
zzzzzzq 1.2

1 1
0.25Eu

H O D O2 2
τ τ

= · − −
(1)

Photobleaching tests for Na-GdEuSAP were performed
under continuous irradiation at 395 (a) and 273 nm (b) for 1
h, monitoring the intensity of the 615 nm band (Figure S10).
The samples showed good photostability both in the powder
form and in the water suspension.

3.3. Relaxometric Characterization. The 1H NMR
relaxometric study of the Na-GdEuSAP aqueous suspension
(in the presence of 0.1 wt % xanthan gum) was performed by
analyzing the relaxivity values by changing the magnetic field
strength and the temperature.4,41,42 For this purpose, Na-
GdSAP was used as a reference material. The relaxivity (r1p)
parameter is calculated by measuring the relaxation rate of the
water protons (R1) in the presence of the paramagnetic center

Figure 3. (A) Excitation spectrum in the aqueous suspension of Na-GdEuSAP. (B) PL spectra in the aqueous suspension of Na-GdEuSAP, under
excitation at 395 (a) and 273 nm (b). (C) Magnification of the PL spectra shown in panel (B), in the 568−582 nm range.
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and dividing the obtained value by the Gd3+ concentration
(mM).

1H 1/T1 nuclear magnetic relaxation dispersion (NMRD)
profiles of both Na-GdSAP and Na-GdEuSAP, collected in the
0.01−120 MHz range at 37 °C and neutral pH (Figure 4A (a,

b)), show the typical shape of systems with slow rotation,43

with a hump centered at ca. 40 MHz. The relaxivity calculated
at the clinical field (1.5 T) is 12.7 mM−1 s−1, about three times
higher than that of the clinically used Gd3+ chelates4 and
comparable to that of some Gd3+-doped microporous
zeolites.44

A quantitative analysis of the observed relaxivities is rather
cumbersome, since r1p values are affected by a rather large
number of parameters. In fact, the inner-sphere water
molecules should be involved in chemical exchange with the
surrounding water molecules in the interlayer space.
Subsequently, they must diffuse through the interlayer space
to reach the bulk water. For microporous zeolites, which are
well-characterized systems expected to behave similarly to
saponite clays, the observed relaxivities are analyzed using a
two-step exchange model, where water molecules bound to
Gd3+ in the pores are in exchange with the bulk H2O. A
characteristic feature of microporous zeolites is that the
observed relaxivity decreases upon increasing Gd3+ loading.
This effect is due to a reduction in the hydration state of the
Gd3+ ions inside the pores.44 However, the Gd3+ ions in Na-
GdSAP and Na-GdEuSAP are expected to be exposed to a
relatively large water content in the interlayer space, rather
than in a confined environment. Thus, it is reasonable to
assume that the residence time of inner-sphere water (τm) is
much shorter than the mean residence time of water molecules
in the interlamellar space (τSAP). The slow diffusion of water
molecules through the interlayer space is therefore expected to
limit the water 1H relaxivity. The temperature dependence of
r1p measured at 20 MHz (Figure 4C) supports this hypothesis,

since an increase in r1p at higher temperatures is observed as a
result of a shorter τSAP.
In a first attempt, the 1H NMRD profiles recorded for Na-

GdSAP and Na-GdEuSAP were analyzed using Solomon−
Bloembergen−Morgan theory of paramagnetic relaxation.45

Since the Gd3+ ions are immobilized in the clay framework, we
assumed that the outer-sphere effect, arising from bulk H2O
diffusing in the vicinity of the paramagnetic ions, can be
neglected. However, the data fitted using this model provided
unrealistically low activation energies for τSAP (∼3 kJ·mol−1).
Indeed, activation energies in the range 10−20 kJ·mol−1 were
reported for synthetic saponites having different hydration
states, chemical natures of cations, and charges of the
tetrahedral layer.46 This supports that the activation energy
should not differ considerably from that measured for the
diffusion of H2O in pure water (17.6 kJ·mol−1)47 and indicates
that the local mobility of water molecules bonded to the Gd3+

ion is limiting the relaxivity to a certain extent. Thus, we
attempted quantitative fitting of the data using the Lipari−
Szabo model,48 which considers both local (τRL) and global
(τRG) rotational correlation times. The distance between the
protons of the coordinated water molecules and the Gd3+ ion
(rGdH) was assumed to be 3.1 Å.49 The number of inner-sphere
water molecules was set to four, considering a hydration state
of Gd3+ comparable to that of Eu3+, estimated by luminescence
data. The experimental data could be fitted very well with this
simple model, providing essentially the same parameters for
Na-GdSAP and Na-GdEuSAP (Table 1).

The analysis of the data indicated a τsap of water molecules
inside the clay of about 2 μs. Longer average residence times of
H2O entrapped in the interlayer space of synthetic
fluorohectorite were determined in the solid state.50 However,
the residence time may be shorter in the water suspension.
Moreover, the residence time is also expected to be affected by
the size of the particles. We also point out that Gd3+ ions at
longer distances from the bulk water may be silent or provide a
smaller contribution to the observed relaxivity, which may be
dominated by the contribution of paramagnetic centers
exposed to the bulk water. The analysis of the data afforded
a long τRG value of 2−3 ns and a short correlation time of τRL =
∼35 ps. The low value of S2, which is typically between 0 and
1, suggests that relaxivity is limited by the high fast local
mobility. The parameters that determine the relaxation of the
electron spin, the mean square zero-field splitting energy (Δ2),
and the correlation time for the zero-field splitting interaction
(τv) fall within the range usually determined for Gd3+

Figure 4. (A) 1/T1
1H NMRD profiles of Na-GdSAP (black circles)

and Na-GdEuSAP (red squares) at 37 °C, in the 0.01−120 MHz
range and neutral pH. (B) Schematic representation of the water-
exchange process occurring in the gallery of saponite. (C) Variable-
temperature dependence of r1p for Na-GdSAP (black circles) and Na-
GdEuSAP (red squares), at 20 MHz.

Table 1. Parameters Derived from the Analysis of 1H
NMRD Profiles for Na-GdSAP and Na-GdEuSAP

parameter Na-GdSAP Na-GdEuSAP

τSAP
298/μs 2.4 ± 0.2 2.3 ± 0.2

ΔH⧧/kJ·mol−1 17.6a 17.6a

τRL
298/ps 34 ± 2 32 ± 2

τRG
298/ns 2.2 ± 0.1 2.9 ± 0.2

S2 0.088 ± 0.003 0.088 ± 0.004
Er/kJ·mol−1 22a 22a

τv/ps 49 ± 2 35 ± 2
Δ2/1019 s−2 1.7 ± 0.1 2.4 ± 0.1
rGdH/Å 3.1a 3.1a

q298 4a 4a

aParameters set as constant during the fitting procedures.
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compounds,51 which provides confidence in the results of the
analysis.
Finally, the stability of aqueous suspensions and the

chemical integrity of the bifunctional solid have been evaluated
under different conditions, monitoring the relaxation values
over time. The same studies were also conducted on Na-
GdSAP (Figures S11 and S12). The r1p value of the aqueous
suspension of Na-GdEuSAP at 20 MHz and 25 °C remains
constant for up to 24 h, indicating the absence of particle
sedimentation and thus suggesting a good stability of the
suspension (Figure S11). To gain insights into the chemical
integrity of the bifunctional clay, the dispersion was then
treated with an increasing amount of the ethylenediaminetetra-
acetic acid (EDTA) (Figure 5). The R1 value (25 °C and 20

MHz) did not change under different concentrations of EDTA,
up to 1:1 ratio of EDTA/Gd3+ (Figure 5A), indicating the
absence of Gd3+ release in solution, under these conditions.
Under extreme conditions, in large excess of EDTA (EDTA/
Gd = 4:1), we observed a slight decrease in the relaxation rate
(ca. 9%), associated to a release of Gd3+ of 23% (Figure 5A).
No further metal leaching was detected over time (Figure
5B).52 The same performance was also observed for the
reference material (Figure S12A,B). These data are a proof of
the appreciable chemical stability of the bifunctional clay.

4. CONCLUSIONS
In conclusion, the bifunctional saponite sample studied here
exhibited interesting optical and magnetic properties associated
to the co-presence of Eu3+ and Gd3+ ions in structural
positions. The high relaxivity at clinical fields with respect to
the commercially available chelates is due to the high hydration
state of Gd3+ and to a reduced mobility of the functionalized
nanoparticles in aqueous media. However, the local mobility of
the inner-sphere water molecules and their slow diffusion along
the interlayer space limit relaxivity to a certain extent.
Furthermore, the optical properties of the solid can be
modulated through a direct excitation of Eu3+ or by promoting

energy transfer from Gd3+ to Eu3+ located in the inorganic
framework.
Finally, the bifunctional clay showed good stability both in

pure water and after addition of an equimolar amount of a
strong chelating agent. This confirms the high robustness of
these solids and the structural confinement of the lanthanide
ions into the lamellae. These properties thereby make it a
desirable platform for diagnostic applications. Additional
studies on biological matrices are planned in the future.
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Porous Solids Obtained by Acid Treatment of a High Surface Area
Saponite. J. Porous Mater. 1999, 6, 335−344.
(29) Dabrowiak, J. C. Metals in Medicine, 2nd ed.; John Wiley &
Sons Ltd., 2017.
(30) Zatz, J. L.; Yarus, C. Stabilization of Sulfamerazine Suspensions
by Xanthan Gum. Pharm. Res. 1986, 03, 118−121.
(31) Wang, Y.; Lin, N. Highly transparent and luminescent
lanthanide ion-containing bridged polysilsesquioxanes. Photochem.
Photobiol. Sci. 2011, 10, 42−47.
(32) Marchesi, S.; Carniato, F.; Boccaleri, E. Synthesis and
characterisation of a novel europium(III)-containing heptaisobutyl-
POSS. New J. Chem. 2014, 38, 2480−2485.
(33) Marchesi, S.; Carniato, F.; Marchese, L.; Boccaleri, E.
Luminescent Mesoporous Silica Built through Self-Assembly of
Polyhedral Oligomeric Silsesquioxane and Europium(III) Ions.
ChemPlusChem 2015, 80, 915−918.
(34) (A) Wegh, R. T.; Meijerinkx, A. First Observation of Visible
Luminescence from Trivalent Gadolinium. Acta Phys. Pol., A 1996, 90,

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.1c01455
Inorg. Chem. 2021, 60, 10749−10756

10755

https://doi.org/10.1016/j.micromeso.2012.06.023
https://doi.org/10.1016/j.micromeso.2012.06.023
https://doi.org/10.1039/d0nj00253d
https://doi.org/10.1039/d0nj00253d
https://doi.org/10.1039/d0nj00253d
https://doi.org/10.1039/c9nj05983k
https://doi.org/10.1039/c9nj05983k
https://doi.org/10.1016/j.micromeso.2007.05.038
https://doi.org/10.1016/j.micromeso.2007.05.038
https://doi.org/10.1021/la703308b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la703308b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c8dt00875b
https://doi.org/10.1039/c8dt00875b
https://doi.org/10.1039/d0dt01125h
https://doi.org/10.1039/d0dt01125h
https://doi.org/10.1039/d0dt01125h
https://doi.org/10.1039/c7cs00358g
https://doi.org/10.1039/c7cs00358g
https://doi.org/10.3390/nano3010048
https://doi.org/10.3390/nano3010048
https://doi.org/10.1016/j.chemgeo.2016.12.016
https://doi.org/10.1016/j.chemgeo.2016.12.016
https://doi.org/10.3390/ma10070760
https://doi.org/10.3390/ma10070760
https://doi.org/10.3390/ma10070760
https://doi.org/10.1039/b900863b
https://doi.org/10.1039/b900863b
https://doi.org/10.1016/j.apcata.2007.04.021
https://doi.org/10.1016/j.apcata.2007.04.021
https://doi.org/10.1016/j.apcata.2007.04.021
https://doi.org/10.1002/pat.852
https://doi.org/10.1002/pat.852
https://doi.org/10.1002/anie.200901927
https://doi.org/10.1002/anie.200901927
https://doi.org/10.1002/anie.200901927
https://doi.org/10.1111/j.1751-1097.2009.00701.x
https://doi.org/10.1002/ange.201006270
https://doi.org/10.1002/ange.201006270
https://doi.org/10.1002/ange.201006270
https://doi.org/10.1039/c2jm34230h
https://doi.org/10.1039/c2jm34230h
https://doi.org/10.1039/c2jm34230h
https://doi.org/10.1021/la9605100?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la9605100?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la9605100?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.snb.2017.02.036
https://doi.org/10.1016/j.snb.2017.02.036
https://doi.org/10.1039/c5dt03433g
https://doi.org/10.1039/c5dt03433g
https://doi.org/10.1016/j.materresbull.2005.10.023
https://doi.org/10.1021/acs.jpcc.6b12308?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b12308?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b12308?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201402794
https://doi.org/10.1016/j.jre.2018.09.004
https://doi.org/10.1016/j.jre.2018.09.004
https://doi.org/10.1039/d0ra05693f
https://doi.org/10.1039/d0ra05693f
https://doi.org/10.1007/s10562-009-0049-1
https://doi.org/10.1007/s10562-009-0049-1
https://doi.org/10.1002/anie.201405134
https://doi.org/10.1002/anie.201405134
https://doi.org/10.1002/slct.201700042
https://doi.org/10.1002/slct.201700042
https://doi.org/10.1002/slct.201700042
https://doi.org/10.1021/cr900362e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr900362e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.8b00363?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.8b00363?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la200892d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la200892d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1023/a:1009657312123
https://doi.org/10.1023/a:1009657312123
https://doi.org/10.1023/a:1009657312123
https://doi.org/10.1023/a:1016301721900
https://doi.org/10.1023/a:1016301721900
https://doi.org/10.1039/c0pp00197j
https://doi.org/10.1039/c0pp00197j
https://doi.org/10.1039/c4nj00157e
https://doi.org/10.1039/c4nj00157e
https://doi.org/10.1039/c4nj00157e
https://doi.org/10.1002/cplu.201500143
https://doi.org/10.1002/cplu.201500143
https://doi.org/10.12693/aphyspola.90.333
https://doi.org/10.12693/aphyspola.90.333
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c01455?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


333−337. (B) Suzuki, H.; Tombrello, T. A.; Melcher, C. L.; Peterson,
C. A.; Schweitzer, J. S. The role of gadolinium in the scintillation
processes of cerium-doped gadolinium oxyorthosilicate. Nucl. Instrum.
Methods Phys. Res., Sect. A 1994, 346, 510−521.
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