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ABSTRACT: Fluorite structured nanocrystals of RbGdF4 in cubic
symmetry have successfully been synthesized by employing a
simple, one-step, and template-free wet chemical method at room
temperature. Considering the structural model of cubic KLaF4 in
the Fm̅3m space group, the observed powder X-ray diffraction
(PXRD) pattern was fitted by the Le Bail procedure with the cubic
lattice constant of a = 5.8244 (1) Å. Both high-resolution
transmission electron microscopic (HR-TEM) and dynamic light
scattering (DLS) measurements revealed the monodispersity of
the nanocrystals with their size in the range of 2−18 nm. Upon
excitation at 980 nm, Yb3+, (Er3+/Ho3+/Tm3+) codoped RbGdF4
nanocrystals showed multicolor upconversion including red,
yellow, blue, and the combination of basic color (near-white)
emissions. Also, near-white upconversion emission from Yb3+, Ho3+, Tm3+ triply doped cubic RbGdF4 nanocrystals was observed
at varying laser power densities. RbGdF4 nanocrystals exhibited superparamagnetic behavior with a molar magnetic susceptibility
of 2.61 × 10−2 emu·Oe−1·mol−1 at room temperature, while at low temperature (5 K) a saturation magnetization value of 90.41
emu·g−1 at an applied field of at 10 kOe was observed. Non-interaction of the localized magnetic moment of Gd3+ ions in the
host matrix has been reasoned out for the observed superparamagnetic behavior. From the Langevin fit of the magnetic data, the
average particle diameter obtained was approximately 2.2 nm, matching well with the values from other measurements. RbGdF4
nanocrystals exhibited a large ionic longitudinal relaxivity (r1 = 2.30 s−1·mM−1), suggesting their potential applicability as a
promising agent for T1 contrast magnetic resonance imaging (MRI) in addition to the applications arising from the coupling of
optical and magnetic functions such as multiplexing biodetection, bioimaging (optical and MRI), and other optical technologies.

1. INTRODUCTION

Among the f-block elements, gadolinium-containing host
matrices are superior as the optical transparency of Gd3+ ions
in the visible region makes gadolinium ideal for optical
applications while having seven of its unpaired inner 4f
electrons shielded effectively by the outer electrons 5s25p6 leads
to large magnetic moments and long electronic relaxation times
suitable for magnetic applications.1 Furthermore, Gd3+-based
mixed metal fluorides as positive contrast agents for magnetic
resonance imaging are advantageous over negative contrast
agents, such as iron oxide nanoparticles.2 Earlier, the
bifunctionality (of both optical and magnetic) was achieved
by doping magnetic Gd3+ ions in NaYF4 host matrix in the
nanosize regime.1 By doping Gd3+ ions in the NaYF4
nanoparticles, only a portion of the surface of nanoparticles
can be covered by Gd3+ ions, thus making insufficient
availability of these ions for bioapplications such as magnetic
resonance imaging (MRI) which are primarily governed by the
maximum occupation of Gd3+ ions over the surface of these
nanoparticles.1,3,4 Many approaches have been developed to
improve the optical and magnetic properties of Gd3+ ion
containing fluoride host lattices such as varying the crystal

phase of the nanoparticles, introducing a codopant as sensitizer,
crystal surface coating, and the fabrication of core/shell
structures.5 It is thus desirable to fabricate nanosized Gd3+-
containing mixed metal fluorides under controlled reaction
conditions. KGdF4 and NaGdF4 are the most widely studied
host matrixes known for Gd3+-based mixed metal fluorides.
However, the distances between each neighboring Gd3+ ion in
these host matrixes are not sufficient enough (due to the
presence of smaller Na and K ions) to prevent the interaction
of localized magnetic moments of Gd3+ ions.6 Moreover,
doping of rare earth ions for Gd3+ ions brings dopant ions
considerably closer, which can lead to deleterious cross-
relaxation, resulting in quenching of excitation energy.7

Exploring newer host lattices that may influence the radiative
and nonradiative transitions involved in the upconversion (UC)
process by controlling the local environment such as exchange
interaction with the rare earth dopant ions is an important
strategy to achieve desirable properties.8 Recently, Rollet et al.9

reported the synthesis of RbLaF4 in orthorhombic structure
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(space group Pnma), obtained by the solid-state reaction
between RbF and LaF3 at 425 °C under argon atmosphere for
48 h. They showed it to be a good host for luminescence
applications. The superiority of a solution based wet chemical
process in identifying new phases and metastable polymorphs
of thermodynamically stable phases by our research group has
motivated the current study to fabricate a fluoride host matrix
containing rubidium and gadolinium.10 It is important to note
that the Rb−Gd−F phase diagram has not been investigated in
detail and the known compositions, determined from the high
temperature solid-state reactions, are RbGdF4 (in hexagonal
symmetry), RbGd2F7 (in orthorhombic symmetry), Rb3GdF6
(in cubic symmetry), and RbGd3F10 (in cubic symmetry).11 It is
reported that the decrease in cubic unit-cell volume of the host,
caused by the increased size of the alkali metal ion in these
systems, can cause an increase in the crystal-field strength
around the dopant ions that can potentially lead to enhanced
UC efficiency.7 Thus, RbGdF4 in cubic symmetry would be an
ideal host of the all Rb−Gd−F based host matrixes. In addition
to its biocompatibility, Rb+ ions can enhance the Gd−Gd
distance within the unit cell, which would improve both optical
and magnetic properties.12 In this paper, the successful
synthesis and characterization of new multifunctional fluoride
host RbGdF4 nanocrystals in cubic symmetry is described. Use
of metal acetylacetonate as a precursor and conducting
reactions at room temperature provided efficient control over
the phase, morphology, and homogeneity of the products.
Additionally, both the optical and magnetic properties of the
pure and rare earth ion doped RbGdF4 have been studied.

2. EXPERIMENTAL SECTION
2.1. Synthesis. For the synthesis of RbGdF4, 0.6924 g (4 mmol) of

RbF (Sigma-Aldrich; 99.8%) and 0.4542 g (1 mmol) of freshly
prepared Gd(acac)3 from Gd2O3 (Sigma-Aldrich; 99.9%) were used.

13

The reactants were dissolved independently in 40 mL of methanol.
The solution containing the Gd3+ ion was added dropwise under
constant stirring to RbF solution, and the reaction was continued at
room temperature (25 °C) for ∼12 h. A white colored suspension
after the reaction was separated by repeated centrifugation at 12 000
rpm and washed with methanol. YbCl3 (Sigma-Aldrich; 99.99%),
HoCl3 (Sigma-Aldrich; 99.9%), TmCl3 (Sigma-Aldrich; 99.99%),
ErCl3 (Sigma-Aldrich; 99.99%), and TbCl3 (Sigma-Aldrich; 99.9%)
were used along with Gd(acac)3 and RbF to synthesize rare earth
doped samples following the same procedure employed to make pure
RbGdF4.
2.2. Characterization. The powder X-ray diffraction (PXRD)

patterns were collected using a PANalytical Empyrean X-ray
diffractometer employing Cu Kα radiation (λ = 1.5418 Å) and
equipped with a PIXcel3D detector over the range 2θ = 10−70°. High-
resolution transmission electron microscopic (HR-TEM) images and
energy-dispersive X-ray (EDX) measurements were performed using a
Philips Tecnai G2 30 transmission electron microscope operating at an
accelerating voltage of 300 kV. The mean size distribution of
nanoparticles was determined by dynamic light scattering (DLS-ZP/
Particle Sizer Nicomp 380 ZLS) measurements using the dispersion of
nanocrystals in methanol (as solvent). Samples were dispersed using
ultrasonic forces, and after dispersion, the pH was measured to be
7.92. Thermogravimetric analysis was carried out using a Mettler
Toledo TG/DSC Stare system at a heating rate of 10 °C/min with the
sample mass of ∼6 mg using an alumina pan. The steady-state and
time-resolved UC emission measurements in solid form were carried
out employing a 980 nm CW laser as the excitation source. The
emission light was dispersed into a monochromator (Andor SR-500i-
B2) coupled to a CCD detector through an appropriate lens system.
For time-resolved emission, a mechanical chopper (12 Hz), a lock-in
amplifier, and a monochromator (Acton SP2300) coupled to a

photomultiplier tube (PMT) and digital storage oscilloscopes were
used. The magnetic measurements were carried out using a vibrating
sample magnetometer (Microsense EV9) for room temperature and a
superconducting quantum interference device (Ever Cool SQUID
VSM DC magnetometer) for variable temperatures. The solvent
longitudinal relaxation times (T1) for the sample dispersed in aqueous
solution (H2O/D2O = 80/20) were measured using a Bruker Avance
NMR spectrometer at 20 °C and at 7.2 T (300 MHz).

3. RESULTS AND DISCUSSION
3.1. Synthesis, Structure, and Morphology. The PXRD

pattern of the product from the reaction of RbF with Gd(acac)3
is shown in the Supporting Information, Figure S1. The
observed reflections were broad, implying the nanosized nature
of crystallites. Reflections in the PXRD pattern were search
matched for the known phases of Rb−Gd−F using PANalytical
HighScore Plus software, yielding no exact match with the
cubic and tetragonal forms of Rb3GdF6 (JCPDS Nos. 33-1107
and 27-0522), orthorhombic RbGd2F7 (JCPDS No. 27-0523),
or cubic RbGd3F10 (JCPDS No. 33-1108). In fact, the positions
and intensities of the observed reflections in the PXRD pattern
closely resembled cubic KLaF4 (JCPDS No. 75-2020) with a
slight shift of the reflections to the higher 2θ side. Therefore,
cubic KLaF4 (space group Fm̅3m No. 225) was chosen to be
the structural model for the simulation of the diffraction peaks
using the TOPAS 3 software14 with the K+ ion replaced by Rb+

ions and La3+ by Gd3+ ions. It is logical that the increment in
the ionic size from K+ (KVIII, 1.65 Å) to Rb+ (RbVIII, 1.75 Å) is
exactly the same as a reduction in the ionic size from La3+

(LaVIII, 1.30 Å) to Gd3+ (GdVIII, 1.19 Å), making RbGdF4 in
cubic symmetry a natural possibility.15 The diffractogram was
well fit with a lattice constant of a = 5.8244 (1) Å by the Le Bail
procedure (Figure 1).16 The positions of the diffraction peaks

generated considering the fluorite structural model are in good
agreement with the measured PXRD pattern. It is therefore
concluded that the obtained RbGdF4 possessed fluorite
structure. Considering the fluorite structure, the distance
between each neighboring Gd3+ ion in fluorite structured
RbGdF4 is 4.11 Å, a value larger than the values observed in
KGdF4 (3.97 Å) and NaGdF4 (3.90 Å). To functionalize

Figure 1. Final Le Bail fit (red line) of the observed PXRD pattern
(blue line) of the product from the reaction of RbF with Gd(acac)3
and residuum.
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RbGdF4 with optical properties, Yb3+(20%)/Er3+(2%),
Yb3+(20%)/Ho3+(2%), Yb3+(20%)/Tm3+(2%), and
Yb3+(20%)/Ho3+(1%)/Tm3+(1%) doped RbGdF4 samples
were synthesized. PXRD patterns of these samples are shown
in Supporting Information, Figure S2, confirming their
monophasic nature. Le Bail fitting of the PXRD pattern of
Yb3+(20%)/Ho3+(1%)/Tm3+(1%) codoped cubic RbGdF4
sample using GSAS software17 is shown in Figure 2, which
negates the presence of any secondary phase(s).

The morphology, size, and size distribution of RbGdF4
nanocrystals were analyzed by TEM and DLS measurements.
In HR-TEM images, the presence of spherical-shaped particles
with an average diameter range of about 3−5 nm was evident
(Figure 3a). The selected area electron diffraction (SAED)
pattern of the crystallites was indexed corresponding to the
(111), (200), (220), and (311) planes of cubic RbGdF4 (Figure
3b). The elemental mapping on various locations of the sample
was carried out by TEM−EDX analysis (Figure 3c). From the
analysis, the concentrations of rubidium, gadolinium, and
fluorine were 12.7, 16.3, and 71.0%, respectively, yielding a ratio
of 0.8:1.0:4.3. A narrow distribution of particles having
diameters in the 2−18 nm range, with an average value of
about 7.3 nm, was deduced from the histogram of DLS
measurements (Figure 3d). Slow nucleation experiments
employing Gd(acac)3 as the precursor for the reactions and
conducting the reactions at room temperature are believed to
be the reasons for the generation of nanocrystallites with a
narrow size distribution. The observed size range has been
reported to be quite advantageous for human body clearance,
and ideal to display a higher magnetic relaxation.18

A TGA trace of RbGdF4 is presented in Supporting
Information, Figure S3. RbGdF4 showed thermal stability up
to 200 °C. Followed by an initial weight loss (up to 10%) until
200 °C, a further weight loss of 8% occurred between 200 and
600 °C. While the initial mass loss up to 200 °C could be
ascribed to the loss of adsorbed moisture (due to high surface
energy of the nanocrystallites), the weight loss beyond 200 °C
suggested the decomposition of the phase. To verify the nature
of the decomposed product, a fresh sample of RbGdF4 was

heated at 700 °C for 4 h in a muffle furnace. The PXRD pattern
of the resultant solid showed reflections due to orthorhombic
RbF (JCPDS No. 78-0661) and tetragonal Gd4O3F6 (JCPDS
No. 28-0658) as shown in the Supporting Information, Figure
S4.

3.2. Upconversion Emission Properties. RbGdF4 nano-
crystals functionalized through doping with other rare earth
ions (for Gd3+) have been found to exhibit optical properties
including the UC emission. Dopant compositions were chosen
in such a way that the UC emission occurred in green, yellow,
and blue regions. For this, a combination of Yb3+ (as sensitizer)
with Er3+, Ho3+, and Tm3+ ions were doped in RbGdF4. When
excited with a 980 nm diode laser, the Yb3+(20%)/Er3+(2%),
Yb3+(20%)/Ho3+(2%), and Yb3+(20%)/Tm3+(2%) codoped
RbGdF4 nanocrystals exhibited green, yellow, and blue
luminescence, respectively, even visible to the naked eye
(Figure 4). The weak violet, intense green, and red emissions
centered at 410, 522, 545, and 660 nm from the Yb3+/Er3+

codoped RbGdF4 sample were attributed to the electronic
transitions 2H9/2 →

4I15/2,
2H11/2 →

4I15/2,
4S3/2 →

4I15/2, and
4F9/2 →

4I15/2 of Er
3+ ions, respectively (Figure 4a).19 Similarly,

emission bands centered at 540 and 650 nm, observed for the
Yb3+/Ho3+ codoped RbGdF4 samples, were associated with the
5S2/

5F4 → 5I8 and 5F5 → 5I8 transitions of the Ho3+ ions,
respectively (Figure 4b).19 For the Yb3+/Tm3+ codoped sample,
moderate blue (around 477 nm), weak red (around 700 nm),
and highly intense near-infrared (800 nm) emissions due to 1G4
→ 3H6,

3F2,3 →
3H6, and

3H4 →
3H6 transitions of Tm

3+ ions,
respectively, resulted (Figure 4c).19

The number of photons involved in the UC process, of Yb3+/
Er3+, Yb3+/Ho3+, and Yb3+/Tm3+ codoped RbGdF4 samples,
was determined by studying the pumping power density (P)
dependence of the UC emission intensities. In general, the UC
emission intensity (I) is expected to be directly proportional to
the nth power of the excitation power (P), where n is the
number of absorbed photons (>1) for one emitted UC photon.
Supporting Information, Figure S5a−c, shows the UC spectra
of Yb3+/Er3+, Yb3+/Ho3+, and Yb3+/Tm3+ codoped RbGdF4
samples excited with a 980 nm diode laser at various powers.
The log−log plots of emission intensity and excitation power
are shown in Figure 5a−c, from which slopes of 2.08, 2.10, 1.95,
and 1.68 (for the blue, green, and red bands at 410, 522, 545,
and 660 nm from the Yb3+/Er3+ codoped samples), 1.87 and
2.34 (for the green and red bands at 540 and 650 nm from the
Yb3+/Ho3+ codoped samples), and 2.36 and 1.80 (for the blue
and infrared bands at 475 and 803 nm from the Yb3+/Tm3+

codoped samples), respectively, are estimated. These results
indicated that the green and red UC emissions only needed two
photons, whereas the three-photon process promoted blue UC
emission, consistent with previous reports on Y2O3, BaYF5, and
NaYF4 systems.

20 On the basis of energy-matching conditions,
the possible UC mechanisms from the Yb3+/Er3+, Yb3+/Ho3+,
and Yb3+/Tm3+ codoped RbGdF4 samples are illustrated by a
simplified energy level diagram shown in Supporting
Information, Figure S6. Figure 5d−f shows the calculated
CIE (Commission Internationale de l’Éclairage) color coor-
dinates of the Yb3+/Er3+, Yb3+/Ho3+, and Yb3+/Tm3+ codoped
RbGdF4 samples for the UC emissions at various powers.
When the laser power was changed from 50 to 300 mW, the
CIE color coordinates of the UC emission of Yb3+/Er3+

codoped RbGdF4 sample shifted only slightly and fell well
within the green region (Figure 5d). For the Yb3+/Ho3+

codoped RbGdF4 sample, a change of power from 150 to

Figure 2. Final Le Bail fit (green line) of the observed PXRD pattern
(red line) of Yb3+(20%)/Ho3+(1%)/Tm3+(1%) codoped RbGdF4
sample and residuum.
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450 mW shifted the CIE color coordinates of the UC emission
from the greenish yellow to reddish yellow and finally to the
bright yellow region, demonstrating that the light outputs could
be tuned appropriately by varying the laser power (Figure 5e).

In the case of Yb3+/Tm3+ codoped RbGdF4 sample, the CIE
color coordinates shifted from whitish blue to the bright blue
region in the UC emission when the laser power increased from
25 to 200 mW (Figure 5f). The UC emission lifetimes of Yb3+/
Er3+, Yb3+/Ho3+, and Yb3+/Tm3+ codoped RbGdF4 samples
were calculated from single-exponential fitting (I = I0e

−t/τ,
where I0 is the initial emission intensity and τ is the emission
lifetime) of emission decays (Supporting Information, Figure
S5d−f). The emission lifetimes for the 545 nm (4S3/2 →

4I15/2
of Er3+ ion), 540 and 650 nm (5S2/

5F4 →
5I8 and

5F5 →
5I8 of

Ho3+ ion), and 800 nm (3H4 →
3H6 of Tm

3+ ion) transitions
were 0.245, 0.167, 0.157, and 0.430 ms, respectively. The
single-exponential nature of the emission behavior suggested a
homogeneous distribution of dopants in the host matrix
without any cluster formation.21

Nanocrystals showing white UC emission show additional
advantages over basic colors UC emission in bioapplications as
suggested by recent literature reports.22 It is quite challenging
to achieve white UC emission as its generation requires an
adequate combination of the three basic colors (red, green, and
blue (RGB)). Usually, a combination of energy level
compatible rare earth ions doped in the appropriate host
lattice and suitable excitation source have been used to generate
white UC emission.23 White UC emitting RbGdF4 nanocrystals
were synthesized by introducing three dopants, viz., Yb3+,
Tm3+, and Ho3+ ions. As shown in Figure 6a, the white light
emission including blue (450 and 475 nm), green (540 nm),
and red (640 nm) resulted from RbGdF4:Yb

3+(20%)/

Figure 3. (a) HR-TEM image, (b) SAED pattern, (c) TEM−EDX spectrum, and (d) number-weight Gauss distribution of RbGdF4 nanocrystals
(from DLS experiments).

Figure 4. UC emission spectra of (a) Yb3+/Er3+, (b) Yb3+/Ho3+, and
(c) Yb3+/Tm3+ codoped RbGdF4 samples on excitation with 980 nm
diode laser.
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Figure 5. Log−log power dependence of the UC emissions of (a) Yb3+/Er3+, (b) Yb3+/Ho3+, and (c) Yb3+/Tm3+ codoped RbGdF4 samples excited
with 980 nm diode laser at various powers along with CIE (X, Y) coordinate diagram showing the chromaticity points calculated from the UC
emission spectra of (d) Yb3+/Er3+, (e) Yb3+/Ho3+, and (f) Yb3+/Tm3+ codoped RbGdF4 samples.

Figure 6. (a) UC emissions of Yb3+/Ho3+/Tm3+ codoped RbGdF4 sample excited with 980 nm diode laser at various powers. (b) Corresponding
CIE (X, Y) coordinate diagram showing the chromaticity points.
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Ho3+(1%)/Tm3+(1%) nanocrystals. In the CIE color coor-
dinates, the position of the UC emission at various laser powers
(50−300 mW) fell within the white region (Figure 6b).
Moreover, at 50 mW laser power, the calculated chromaticity
coordinates were X = 0.32, Y = 0.33, a value very close to the
standard white light (X = 0.33, Y = 0.33) radiation, suggesting
its potential application as a white light source. The logarithmic
plots of the emission intensity as a function of excitation power
of the blue, green, and red emissions are plotted in the
Supporting Information, Figure S7a. The slopes of linear fits for
the blue and red bands at 475, 540, and 640 nm from
RbGdF4:Yb

3+(20%)/Ho3+(1%)/Tm3+(1%) nanocrystals were
2.53, and 2.21, respectively. The emission lifetimes for 475 nm
(1G4 →

3H6 of Tm
3+ ion) and 650 nm (5F5 →

5I8 of Ho
3+ ion)

were 0.277 and 0.245 ms, respectively (Supporting Information,
Figure S7b).
3.3. Magnetic Properties. The magnetic measurements of

RbGdF4 nanocrystals were carried out using a SQUID
magnetometer in magnetic fields up to 60 kOe and temper-
atures to 5 K. From the field-dependent magnetization plots,
superparamagnetic behavior of RbGdF4 nanocrystals was
evident with the molar magnetic susceptibility of 2.61 × 10−2

emu·Oe−1·mol−1 at room temperature (300 K). This is higher
compared to the reported values for NaGdF4 and KGdF4
nanoparticles (Figure 7a). In Table 1, typical molar magnetic
susceptibility values available for NaGdF4, KGdF4, and RbGdF4

(of the current study) in nanosizes are listed.24 It is clearly seen
that the molar magnetic susceptibility of AGdF4 increases with
the increase in size of the alkali metal ion, making clear the
immense influence of Rb+ ion on the magnetic properties of the
AGdF4 system. At low temperatures (5 K), RbGdF4 nano-
crystals showed a saturation magnetization value of 90.41 emu·
g−1 at an applied field of at 10 kOe (Figure 7a).25 Zero field
cooled (ZFC) and field cooled (FC) curves in the temperature
range of 5−300 K are presented in Figure 7b. In both,
magnetization increased with a decrease in temperature,
suggesting the absence of any kind of magnetic coupling
between the spins. Both curves were almost superimposed on
one another, a feature typical of superparamagnetic behavior,
and this feature has gathered additional support from two

Figure 7. (a) Plot of magnetization as a function of applied field (±60 kOe) at 5 and 300 K. (b) Temperature dependent ZFC−FC magnetization
curves of RbGdF4 nanocrystals at an applied field of 10 kOe. (c) Langevin fit for magnetization vs H/T plots. (d) Magnetization plots of undoped
and rare earth ion doped RbGdF4 samples as a function of applied field (±22 kOe) at 300 K.

Table 1. Comparison of Molar Magnetic Susceptibility
Values Reported for NaGdF4 and KGdF4 Systems with the
Observed Value for RbGdF4

host lattice molar magnetic susceptibility (emu·Oe−1·mol−1) ref

NaGdF4 2.02 × 10−2 25a
1.62 × 10−2 25b
1.68 × 10−2 25c

KGdF4 2.29 × 10−2 25d
2.40 × 10−2 25e
2.00 × 10−2 25f

RbGdF4 2.61 × 10−2 this work

Inorganic Chemistry Article

dx.doi.org/10.1021/ic5013022 | Inorg. Chem. 2014, 53, 10257−1026510262



points.26 For noninteracting single domain particles, magnet-
ization as a function of H/T (H = applied magnetic field, T =
temperature) can be fitted as per the Langevin equation.27

μ
= − μ

⎡

⎣
⎢⎢⎢

⎛
⎝⎜

⎞
⎠⎟

⎤

⎦
⎥⎥⎥

M M
H

k T
coth

1
H

k T

s
c

B c

B (1)

where M, Ms, H, and μc represent the magnetization, saturation
magnetization, applied magnetic field, and magnetic moment of
the superparamagnetic compound, respectively, and T denotes
temperature. kB is the Boltzmann constant. For the RbGdF4
nanocrystals, the plot of M/Ms vs H/T at different temper-
atures converges into one universal curve and can be fitted to
the Langevin equation with 99.99% accuracy as shown in Figure
7c. The single-size Langevin model provides a good fit for a
whole range of applied magnetic fields, indicating that the
particles in our sample are almost of the same size.27a The other
condition for superparamagnetic behavior is the absence of the
hysteresis loop of isothermal magnetization versus applied
magnetic field with zero coercivity and remanence.27b The
superparamagnetic behavior also suggested noninteraction of
localized magnetic moments of Gd3+ ions, possibly promoted
by greater separation between them by the bigger Rb+ ions.
From the Langevin fit, the average particle size of super-
paramagnetic nanocrystals is estimated using the expression

= −
⎡
⎣⎢

⎤
⎦⎥y a bx

bx
coth( )

1
(2)

where x = H/T, y = M, a = Ms, and b = μc/kB.
The magnetic moment is

μ = M Vc sat (3)

where Msat is the saturation moment of the bulk compound and
V is the average particle volume of the superparamagnetic
compound.27c

As spherical particles were observed for RbGdF4 nanocrystals
(in their TEM image, Figure 3), their volume was considered as
V = πD3/6, where D is the particle diameter.27d The theoretical
saturation moment of bulk RbGdF4 was calculated to be 138.92
emu·g−1 by considering 7.93 unpaired electrons per Gd(III)
atom in RbGdF4. From the Langevin fit of the M vs H/T plot
(Figure 7c), the parameters a and b were solved to obtain the
particle diameter. The average particle diameter obtained by
this method was 2.2 nm, matching well with the values found
from other techniques. The magnetic moment, calculated from
the room temperature magnetic data, was 7.92 μB, matching
closely with the spin-only value of 7.93 μB for the Gd3+ ion. It
is relevant to point out here that the superparamagnetic
nanoparticles are essential for applications in biomedicine and
biotechnology.28 Rare earth ion doped RbGdF4 nanocrystals
also showed superparamagnetic behavior at an applied field
range of ±22 kOe and at room temperature as shown in Figure
7d.
The longitudinal relaxation time (T1) was measured in

aqueous solutions with different concentrations of RbGdF4
nanocrystals. The ionic longitudinal relaxivity (r1), which is
defined as the change in relaxation rate per unit concentration,
was obtained for RbGdF4 nanocrystals using the expression29

= +T T r1/ 1/ [C]1(Presence) 1(Absence) 1 (4)

where C is the concentration of the RbGdF4 nanocrystals and
T1(Presence) and T1(Absence) are the observed longitudinal

relaxation times in the presence and absence of RbGdF4
nanocrystals, respectively. From the slope of the plot of 1/T1
versus the RbGdF4 concentration (Figure 8), the ionic

longitudinal relaxivity (r1) was determined to be 2.30 s−1·
mM−1. This enhancement of ionic longitudinal relaxivity may
be attributed to the smaller size of RbGdF4 nanocrystals with
high surface-to-volume ratio, providing more Gd3+ ions on the
surface and promoting facile magnetic exchange with
surrounding water protons.29 Also, these results demonstrated
the potentiality of RbGdF4 nanocrystals as agents for T1
contrast MRI imaging in addition to the known gadolinium
based inorganic nanocrystals.

4. CONCLUSION

In summary, we have demonstrated a simple, template-free, and
one-step synthesis of the newer host RbGdF4 in cubic
symmetry via a wet chemical method at room temperature.
Use of metal acetylacetonate as a precursor played a unique and
critical role in controlling the size and morphology of the
nanoparticles. HR-TEM and DLS measurements indicated
monodispersity of the nanoparticles within the range 2−18 nm.
RbGdF4 crystallized in the fluorite structure as confirmed from
Le Bail fitting of the PXRD pattern as well as from the SAED
pattern. On excitation with a 980 nm laser, the rare earth doped
RbGdF4 nanocrystals showed multicolor upconversion emis-
sions, including red, yellow, blue, and white light. Also, white
color upconversion emission occurred in Yb3+/Ho3+/Tm3+

triply doped RbGdF4 nanocrystals by simply varying the laser
power of excitation. RbGdF4 nanocrystals exhibited super-
paramagnetic behavior and showed large ionic longitudinal
relaxivity, indicating their potential applicability as an agent for
T1 contrast MRI imaging. Unlike other multifunctional
nanocomposites, RbGdF4:RE

3+ (RE, rare earth) nanocrystals
themselves exhibit multimodality due to the doped rare earth
ions contributing to upconversion luminescence with Gd3+ ions
appending magnetic functions to them. This unique combina-
tion might make this system potential multimodal imaging
probe work in both optical and magnetic resonance imaging.

Figure 8. 1H spin−lattice relaxation rates (1/T1) of H2O as a function
of molar concentration of RbGdF4 nanocrystals in 80/20 (v/v) H2O/
D2O mixture at room temperature and 7.2 T (300 MHz).
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