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Polymorphism in functional materials oﬀers an excellent platform for comparative investigations of
the structure–property relationship and thus the rational design of functional materials with enhanced
performances. Here, we report a facile and selective fluorination route to phase-pure gadolinium
oxyfluorides crystallizing in orthorhombic (O-GdOF) and rhombohedral (R-GdOF) structures. The phase
selectivity can be achieved simply by controlling the reaction temperature and the amount of
the fluoridizer (polytetrafluoroethylene). A reversible phase transition from R-GdOF to O-GdOF was
observed around 600 1C upon heating and cooling, which was further confirmed by the in situ X-ray
diffraction results. Trivalent rare-earth ion (RE3+) doping makes O- and R-GdOF potential bifunctional
materials for optical imaging and magnetic resonance imaging (MRI) applications. Under near infrared
(NIR) irradiation (980 nm), both RE3+-doped O- and R-GdOF exhibit intriguing visible upconversion (UC)
emissions with a tunable G/R ratio (RE = Yb/Ho), near single-peak red emissions around 660 nm
(RE = Yb/Er) and NIR emissions around 800 nm (RE = Yb/Tm). RE3+-doped O- and R-GdOF also show
discrepant UC profiles in terms of emission intensity, peak shape and G/R ratios attributed to the subtle
symmetry differences of the RE3+ doping sites. Besides, the ability of RE3+-doped O- and R-GdOF to
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serve as T2 weighted MRI contrast agents was evaluated. The results show that R-GdOF performs better
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RE oxyfluorides with multimorphism and the comparative studies of their optical performances will

than O-GdOF in T2 weighted MRI with higher r2 relaxivity values and r2/r1 ratio. The exploration of more
provide deep insight into their structure–property relationship and accelerate the rational design of
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better multifunctional materials.

Introduction
Upconversion (UC) emission as an important non-linear optical
process of trivalent rare-earth ions (RE3+) has been receiving
consistent attention due to its potential applications in color
displays, photovoltaics, solid-state lasers, and biological
imaging.1–4 RE3+ activated materials absorb two or more low
energy near infrared (NIR) photons to generate a higher energy
photon in the range of NIR to visible and even ultraviolet
bands.5 In UC materials, the emission performance is dependent on multi-photon processes between neighbouring RE3+
a
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dopants and energy transfer pathways in the host matrix, which
relies heavily on the host structural factors, such as the crystal
symmetry, coordination environments of the doping sites,
the adjacent ionic distances, etc.6,7 That is to say, manipulation
on the host lattice is an essential route to tailor the optical
properties of RE-based UC phosphors, including enhanced
emission efficiency and emission profiles. Yb/Er-doped NaYF4
is a typical example to comprehend the dependency of UC
properties on the host lattice. In terms of emission strength,
green emissions (525 nm, 2H11/2 - 4I15/2; 542 nm, 4S3/2 - 4I15/2)
in hexagonal NaYF4 are nearly 10 times stronger than those
in cubic NaYF4.8 While, for the emission band selectivity,
from cubic to hexagonal NaYF4 : Yb/Er nanoparticles via Gd3+
doping, the green/red ratio of the UC emissions vary more than
two times.9
Combining the merits of fluorides and oxides, lanthanide
oxyfluorides have been proven to be excellent UC host materials
owing to their low phonon energy, excellent mechanical strength
and good chemical and thermal stabilities. Many lanthanide
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oxyfluorides have been reported as good hosts for UC generation and their RE3+ ion doped phosphors exhibit intense and
multifarious UC photoluminescence (PL).10–13 Another advantage of lanthanide oxyfluorides serving as UC hosts is that they
are apt to crystallize in distinct polymorphs, which offers
a perfect platform for comparative studies of the structure–
property relationships of UC materials. These polymorphs can
be classified into four sorts: the cubic fluorite structure, the
tetragonal PbFCl-type structure, the rhombohedral SmSI-type
structure and the orthorhombic Vernier-type incommensurate structure.14 Transmutation between them is caused by
the change of the stoichiometric ratio and the order/disorder
arrangement of O2 /F ions in the lattice.14 Hence, it is
possible for a given lanthanide oxyfluoride to form several
different structures through similar synthetic routes. Take
lanthanum oxyfluoride (LaOF) for example, cubic, tetragonal,
and trigonal structures have been synthesized successfully
from the same precursor under different thermal decomposition conditions.15
Previously, we have developed a facile fluorination route by
using poly-tetrafluoroethylene (PTFE) as the fluorinating agent
and synthesized a series of lanthanide oxyfluorides as UC
hosts.16–19 In our recent works, we have synthesized several
polymorphs of erbium and europium oxyfluorides selectively,
and studied their phase-dependent PL properties comparatively.20,21 Accordingly, this PTFE fluorination method is
actually an effective way for the selective formation of the
multi-phase oxyfluorides of RE elements. Benefiting from the
large magnetic moment (7.94 mB) and the long electronic relaxation time, Gd3+ ions are attractive as excellent contrast agents
for magnetic resonance imaging (MRI).22–24 Hence, RE3+ ion
activated gadolinium oxyfluorides are promising multi-functional
bio-materials due to the combined merits of optic and MR
imaging properties.25–27 In this work, we report the controllable
synthesis of gadolinium oxyfluorides with orthorhombic (O)
and rhombohedral (R) structures by a PTFE fluorination
method. The phase formation of gadolinium oxyfluorides
corresponding to temperature and the fluoridizer amount was
characterized by ex situ powder X-ray diffraction (XRD). The
phase transformation between R-GdOF and O-GdOF was disclosed by thermal analysis and the in situ XRD measurements.
Then, by means of PL spectroscopy, P–I curves, and UC PL
decay curves, we studied the UC luminescence characteristics of
RE3+-doped O- and R-GdOF. Magnetism and MRI measurements were also conducted to evaluate their potential using
as MRI contrast agents.

Experimental section
Material synthesis
Undoped O- and R-GdOF samples were synthesized via a
low-temperature fluorination route by adopting Gd2O3 as the
raw material and PTFE as the fluoridizer.28 Gd2O3 (0.363 g,
0.001 mol; 499.5%) and PTFE powder (0.1–0.5 g, 0.002–0.01 mol
CF2; 499%) were weighed and ground together with ethanol for
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several minutes. The resulting fine powder was placed in an
alumina crucible and sealed with an alumina cover. The sample
was slowly heated to the target temperature (300–1000 1C) at a
heating rate of 5 1C min 1. After being kept at the reaction
temperature for 5 h, the furnace was cooled down to room
temperature naturally.
RE3+-doped O- and R-GdOF powders were fabricated by a
sol–gel method followed by a fluorination process. First, proportional Yb2O3 and RE2O3 (RE = Ho, Er, Tm) were mixed with
Gd2O3, and dissolved in hot nitric acid to form a clear solution.
Then excessive citric acid was added under stirring. After that,
the solution was heated at 80, 120, 160, 200, 240, 280, and
320 1C for 2 hours at each step and finally heated at 800 1C for
5 hours. The resulting powders were mixed with PTFE and a
similar procedure to that used for undoped O- and R-GdOF was
followed to generate RE3+-doped samples separately.
Characterization
Ex situ powder PXRD data of all the samples were collected at
room temperature (25 1C) on a Bruker D8 Advance diﬀractometer using a germanium monochromatic (Cu Ka) source. The
data in the 2y range of 5–1301 were collected in a step of 0.021
with the remaining time 1 s per step under the tube conditions
of 40 kV and 40 mV. The Rietveld refinements of the cell parameters and the atomic positions of all the O- and R-GdOF
samples were performed by adopting the previously reported
structural parameters of orthorhombic Y5O4F7 and rhombohedral
YOF as the initial models, respectively.
An in situ XRD analysis was performed in the temperature
range of 25–800 1C using an X-ray diffractometer (PANalytical
Empyrean) in combination with the Anton Paar MHC-trans
chamber (HTK 16, Pt heating filament). Transmission electron
microscopy (TEM) and selected-area electron diffraction (SAED)
images were obtained on a transmission electron microscope
(Tecnai G2 20, S-TWIN) at an accelerating voltage of 200 kV.
Thermogravimetric analysis (TG) and differential thermal analysis (DTA) measurements were conducted from room temperature to 1000 1C using a TA SDT Q600 thermobalance at a
heating rate of 10 1C min 1 in a N2 atmosphere, respectively.
The UC PL spectra were recorded at room temperature on a
modified Hitachi F-4600 spectrophotometer with a tunable
10 W 980 nm laser diode (Lasever Inc.) as the excitation source.
The UC PL decay curves were measured by using an FLS980
spectrophotometer equipped with a 150 W Xe lamp as the
excitation source. All of the measurements were performed at
room temperature.
The temperature dependence of the dc magnetic susceptibility
was measured on a superconducting quantum interference
device magnetometer (SQUID, Quantum Design) under fieldcooled (FC) and zero-field-cooled (ZFC) conditions. Data were
collected over the temperature range of 0.2–300 K with an applied
field of 500 Oe. T1- and T2-weighted MRI was performed using a
9.4 T clinical MRI scanner (Bruker Biospin Corporation, Billerica,
MA, USA) at room temperature. O- and R-GdOF samples dispersed in 0.5% agarose at different concentrations were placed in
tubes for T1- and T2-weighted MR imaging, respectively.
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Selective phase formation and crystal structures
Using the fluorination method, we have realized the formation
of multi-phased oxyfluorides in single RE3+ ions, such as
orthorhombic (O) and rhombohedral (R) structures in ErOF
and orthorhombic (O), monoclinic (M) and rhombohedral (R)
structures in EuOF.20,21 In the case of gadolinium, we achieved
phase selectivity in two phases of O- and R-GdOF by controlling
the fluorination temperature and reactant ratio in partially
sealed alumina crucibles. Fig. 1a shows the diﬀraction patterns
of the products at diﬀerent fluorination temperatures ranging
from 300 to 1000 1C in a fixed PTFE/Gd2O3 mol ratio (F/Gd = 2).
Pure phased O- and R-GdOF were obtained at 400 1C and
900 1C, respectively. The diﬀraction patterns indicate that the
R phase gradually increased with the increase of the reaction
temperature in the range of 500–800 1C. In the diffraction
pattern at 1000 1C, a small peak assigned to Gd2O3 appeared
and indicated the slight decomposition of the oxyfluorides.
Besides temperature, the reactant ratio (F/Gd) is also a crucial
factor for the phase selectivity. Thus, the samples were prepared with different mol ratios of F/Gd, namely 0.5, 1.1, 1.5, 2.0
and 2.5, at 400 1C and their XRD patterns are shown in Fig. 1b.
Phase-pure O- and R-GdOF were obtained at F/Gd ratios of 1.1
and 2.0. At an F/Gd ratio of 0.5, the XRD pattern indicated a
mixture of R-GdOF and unreacted Gd2O3. O-GdOF appeared at
an F/Gd ratio of 1.5 in a small quantity, which coexisted with
R-GdOF. O-GdOF together with tiny unreacted PTFE was observed
in the XRD pattern at an F/Gd ratio at 2.5, which means that the
amount of PTFE is excessive.
To avoid divergency of crystallinity resulting from the diﬀerent sintering temperatures, simultaneous acquisition of O- and
R-GdOF at one relative low temperature (400 1C) is preferred for
the research of phase-dependent UC emission properties with
lanthanide dopants. In the synthetic process, both the amount
of PTFE and the reaction temperature related to the CF2 atmosphere are crucial for the phase selectivity. R-GdOF can be
obtained at either a high temperature with more PTFE or at a
lower temperature with less PTFE. Besides, a transformation

Fig. 1 Powder X-ray diﬀraction patterns of the as-synthesized powder
samples (a) at diﬀerent sintering temperatures ranging from 300 to 1000 1C,
(b) at diﬀerent F/Gd mol ratios.
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from O-GdOF to R-GdOF is observed in the ex situ sintering
process, by which R-GdOF powder can be obtained from
O-GdOF upon heating above 700 1C in air. The corresponding
XRD patterns are presented in Fig. S1 (ESI†). There is no sign of
transformation from O- to R-GdOF when sintered for 2 hours
and a thorough change arises after sintering for 8 hours. In this
process, O-GdOF (Gd5O4F7) loses fluorine at a high sintering
temperature and generally converses to R-GdOF in the presence of O2.
Both the orthorhombic and the rhombohedral phases are
frequently seen in lanthanide oxyfluorides.14 Therein, the orthorhombic phase, also known as the ‘‘Vernier-type’’ structure, can
be formulated as REnOn–1Fn+2, involving multiple lanthanide
ions, such as Y, Eu, Er, Yb, Lu, etc.14,16,17,19–21 According to our
previous work on the structure analysis of Vernier-type lanthanide oxyfluorides, O-GdOF was roughly assigned to the formula
Gd5O4F7 (n = 5) on the basis of Le Bail fitting results. The XRD
pattern of O-GdOF was fitted using the orthorhombic space
group Abm2 and cell parameters a = 5.5413(7) Å, b = 5 
5.6071(1) Å and c = 5.6246(8) Å were obtained. For the other
structure of the rhombohedral phase, Le Bail fitting on the
PXRD pattern yielded a very good result with the space group
R3% mr, a = b = c = 6.7884(2) Å, a = b = g = 33.097(5)1. The Rietveld
refinement of the XRD pattern of O-GdOF was performed by
using Y5O4F7 (ICSD#68949)29 as the initial structure model. For
brevity, the disordered distribution of O/F atoms in the O-GdOF
structure was treated following those in Y5O4F7. Rietveld refinement on R-GdOF was also performed using the known structure
of rhombohedral YOF (ICSD #30623)30 as the initial model. The
refinement plots for O- and R-GdOF are shown in Fig. 2.
The crystal structures of O- and R-GdOF are shown in Fig. 3.
Orthorhombic lanthanide oxyfluorides are generally originated
from a fluorite-type structure, which has been proven to be one
of the best UC hosts. O-GdOF crystallizes in the elongated

Fig. 2 Rietveld refinement based on the powder XRD data of (a) O-GdOF
with an F/Gd mol ratio of 2.0; and (b) R-GdOF with an F/Gd mol ratio of 1.1.
Both samples were obtained at an annealing temperature of 400 1C.
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Fig. 3 Crystal structures of O- and R-GdOF. (a) The orthorhombic
structure of O-GdOF viewed along the c and b axes. The assorted array
of O2 and F ions oﬀers three diﬀerent types of Gd3+ cation sites. Note
that the O2 and F anions located at the 8d sites shown as red balls are of
disordered distribution. (b) The rhombohedral structure of R-GdOF viewed
along the symmetry axes of L2 and L3.

orthorhombic unit cell with three crystallographic Gd sites
arranged alternately along the b-axis. The O/F ligands around
the Gd3+ ions exhibit partial ordering (8d site) and disordered
distribution, leading to the fivefold elongation of the fluorite
structure (i.e., n in a  nb  c). The three Gd ions originate from
the assorted array of O2 and F ions surrounding the eightfold
coordinated Gd3+ ions in the lattice, which show distinct coordination environments, either in the number of O/F ligands
or largely diverse bond lengths: Gd1 in a C1 site coordinated
with 4O and 4F, Gd2 in a C1 site with 4F, 2O, and 2O/F, and
Gd3 in a Cs site with 4O and 4O/F. The low symmetry of the
coordination environments around the substituted sites is
considered to be in favor of f–f transitions from the doped
lanthanide ions. For R-GdOF, the crystal structure is highly
ordered. The unique Gd site is surrounded by 4O and 4F with a
trigonal symmetry along the L3 symmetry axes, which can be noted
as the C3v site.

Journal of Materials Chemistry C

Fig. 4 DSC and TG analysis of R-GdOF powder.

Phase transition between O- and R-GdOF

Fig. 5 (a) In situ XRD patterns of R-GdOF characterized in the temperature range of 25–800 1C; (b) experimental cell volumes as a function of
temperature. The cell volume values come from the Le Bile refinement
results of the diffraction patterns of R-GdOF (in the left graph) at different
temperatures.

On the basis of the selective formation of O- and R-GdOF, the
relationship of phase transition between them was elucidated
thoroughly upon heating or cooling. As shown in Fig. 4, during
the heating stage, a sharp endothermic peak appears at
614.6 1C in the DSC curve of R-GdOF. Correspondingly, a sharp
exothermic peak at 595.36 1C appeared in the cooling phase,
which is very close to the location of the endothermic peak. The
heat of transformation in the heating and cooling stages is
25.09 and 25.20 J g 1, respectively. Besides, there is no obvious
weight loss along with either endo- or exothermic process,
suggesting a possible reversible phase transition between
R- and O-GdOF. To verify this observation, the in situ XRD
characterization was performed for recording the structural
transmutation of R-GdOF in the temperature range of 25–800 1C
and the patterns were obtained. The diffraction pattern in
Fig. 5a shows that phase-pure O-GdOF forms at 700 1C, which
is a little higher than the transformation temperature measured

by thermoanalysis (614.6 1C). When the temperature is
decreased below 500 1C, O-GdOF is restored to R-GdOF, which
confirms the reversible phase transition from R-GdOF to
O-GdOF. Fig. 5b displays the cell volumes of R-GdOF versus
temperature. Dramatic cell volume changes in R-GdOF and
O-GdOF dominate the T–V profiles, confirming the occurrence
of phase transitions with substantial changes in their atomic
arrangement.31–33 It is also not strange that the metastable high
temperature phase O-GdOF can survive at 400 1C during the
synthesis process benefiting from the reductive and F-rich
CF2 atmosphere. To evaluate the thermal stability of the R- and
O-GdOF samples, DSC and TG analysis were conducted in air
atmosphere (Fig. S2, ESI†) and both phases can be stable up to
450 1C, which can cope with the demands of their applications
as phosphors and MRI agents.
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UC PL properties of RE3+-doped O- and R-GdOF (RE = Yb/Ho,
Er, Tm)
Fig. 6 displays the room-temperature UC emission spectra of
the Yb3+/RE3+ (RE = Ho, Er, Tm) co-doped O- and R-GdOF
samples under excitation at lex = 980 nm. Two emission bands
centred at 540 and 670 nm are observed for both of the
Yb3+/Ho3+ co-doped O- and R-GdOF samples, which can be
assigned to the 5F4, 5S2 - 5I8 and 5F5 - 5I8 transitions of Ho3+.
For the Yb3+/Er3+-co-doped O- and R-GdOF samples, a nearly
single band red emission is observed in both phases, which is
centred at 660 nm and can be ascribed to the 4F9/2 - 4I15/2
transitions of Er3+ (shown in Fig. 6d and e). In the spectra of the
Yb3+/Tm3+ co-doped samples (Fig. 6g and h), near-infrared UC
PL bands with maxima at 808 nm are clearly resolved for the
samples of both O- and R-GdOF, corresponding to the 3H4 - 3H6
transitions of the Tm3+ ions. In general, the distinct crystal
structures of O- and R-GdOF have not brought much diﬀerence
in the UC emission band locations. However, the doped O- and
R-GdOF present UC performance divergence in the emission

Fig. 6 (a and b) The UC emission spectra of O-GdOF and R-GdOF doped
with Yb and Ho, respectively. The emission spectra were normalized to
Ho3+ emission at 540 nm; (c) the variation of the green/red ratio (according
to the ratio of the net area of peak at 540 nm to 670 nm) of the outputs;
(d and e) the UC emission spectra of the Er3+ doped O-GdOF and R-GdOF;
(f) the net area of the band at 670 nm of O- and R-GdOF against the Er3+
doping concentration; (g and h) the UC emission spectra of the Tm3+ doped
O-GdOF and R-GdOF; (i) the net area of the band at 800 nm of O- and
R-GdOF against the Tm3+ doping concentration. All the UC emission
spectra are measured under 980 nm excitation (ca. 3 W cm 2).
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peak shapes, intensities and strength ratios. Despite the diﬀerent types of RE3+ ions doped, all the UC emission peaks of
R-GdOF are sharper and more split than those of the O-GdOF
counterparts. As we know, f–f transition output behaviour of
lanthanide phosphors relies heavily on the local structure of
the doping sites according to the Laporte rule. RE3+ doped
R-GdOF show remarkable spectral fine structure splitting, which
can be attributed to the sole site of Gd3+ with the low symmetry
(C3v). In comparison, although Gd3+ ions are occupied in the
sites with lower symmetries (C1 and Cs) in O-GdOF, the RE3+
doped samples show broadened and degenerate peaks, which
may be ascribed to the peak overlap caused by the Gd3+ site
multiplicity (two Gd3+ ions in C1 and one Gd3+ ion in Cs). In
terms of emission intensities, the comparative results of the
main UC emission intensities (in the Fig. S3, ESI,† and Fig. 6f, i)
give an overall trend that the emissions of RE3+ doped O-GdOF
are stronger than those of the R-GdOF counterparts, which can
also be attributed to the discrepancy between O- and R-GdOF in
the site symmetry according to the Laporte rule. For the strength
ratio part, in the Ho3+ doped O- and R-GdOF samples, the
intensities of the green and red bands are tunable with various
Ho3+ doping concentrations. As shown in Fig. 6c, along with the
increase of the Ho3+ doping concentrations from 0.01 to
0.5 mol%, the green/red (G/R) ratio of the UC intensities
increased from 0.6 to about 2.1 for O-GdOF and 1.1 to 2.4 for
R-GdOF, respectively. The fluorescent colours of the O- and
R-GdOF samples vary in a similar range with various Ho3+ doping
concentrations. The host crystal structure related emission colour
variation is universal in isomeric UC materials, such as Yb3+/Er3+
ion doped cubic and hexagonal NaYF4 and Yb3+/Tm3+/Er3+ ion
doped monoclinic and hexagonal Na3ScF6.34–36
For further understanding the dependence of G/R ratios on
Ho3+ doping concentrations associated with the energy transfer
process, UC PL decay curves were measured for some Ho3+doped O-GdOF samples and the results are provided in Fig. 7.
All the PL decay curves of 5F4, 5S2 - 5I8 and 5F5 - 5I8 from the
O-GdOF samples with Ho3+ doping concentrations of 0.01, 0.1
and 0.5 mol% can be fitted well by using a single-exponential
function. The lifetimes of the 5F4, 5S2 and 5F5 states reduced
along with the increase of the Ho3+ doping concentration,
which is caused by the cross relaxation getting worse with

Fig. 7 Decay curves of the UC PL of the O-GdOF samples at Ho3+
concentrations of 0.01, 0.1, and 0.5%: (a) green emission at 545 nm
(5F4, 5S2 - 5I8); (b) red emission at 662 nm (5F5 - 5I8); (c) life time ratio
of 5F4, 5S2 - 5I8 to 5F5 - 5I8 varying with the Ho doping concentration.
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Fig. 8 Log–log plots of the UC emission intensity vs. the excitation power
density under 980 nm excitation for: (a) O-GdOF: Yb 20%, Ho 0.05% and
R-GdOF: Yb 20%, Ho 0.05%; (b) O-GdOF: Yb 20%, Er 0.5% and R-GdOF:
Yb 20%, Er 0.2%; (c) O-GdOF: Yb 20%, Tm 0.08% and R-GdOF: Yb 20%,
Tm 0.2%; (d) schematic energy level diagrams of the f–f transition
processes corresponding to the UC bands.

3+

the shrunken distance between the neighbouring Ho ions.
While following the increase in the Ho3+ content, the lifetime of
the 5F5 state declines faster than those of the 5F4 and 5S2 states,
so that the lifetime ratio of 5F4 and 5S2 states to the 5F5 level
keeps growing. This lifetime variation tendency is well consistent with the change of the G/R ratio in the UC intensities,
which gives a reasonable mechanistic explanation for the
colour evolution of the O-GdOF samples with increasing Ho3+
doping levels.
To determine the energy transfer mechanisms of O- and
R-GdOF responsible for the UC processes, we investigated the
pump power dependence of the UC PL intensity (P–I curve)
upon excitation at 980 nm. The RE3+ doped samples with the
highest UC intensities are chosen for the P–I measurements,
which are plotted as double logarithmic scale curves in Fig. 8a–c,
respectively. All the values measured for the slopes are around 2
and there is no obvious difference caused by the structural
factors of O- and R-GdOF. It is known that the dependence of
the UC emission intensity on the pump power density can be
expressed as: I p Pn, where n is the number of pump photons
corresponding to the slope in the double-logarithmic coordinate. Thus, the above observed slopes are indicative of twophoton pumping processes for all the population levels in both
phases of gadolinium oxyfluoride. The probable UC mechanism for RE3+ doped O- and R-GdOF is schematically illustrated
in Fig. 8d.

Fig. 9 Magnetic susceptibility (w) and inverse magnetic susceptibility (1/w)
of the O- and R-GdOF samples at 2–300 K in a dc field of 500 Oe.

For superior magnetic properties, many sorts of Gd doped
nanocrystals have been reported as good T1 contrast agents for
MR imaging.22–27 In addition, several examples of Gd-based
compounds used as T2 contrast agents have also been reported
in the literature, since relaxivities strongly depend on the
material characteristics and their preparation conditions.37–39
In order to test the performance of our gadolinium oxyfluorides
as contrast agents in MRI, their contrast effects on both the
longitudinal r1 and transverse r2 relaxivities were measured.
The two series of samples for MRI measurements were made
by suspending O- and R-GdOF in 0.5 wt% agarose gel with
different Gd concentrations in the range of 0.05–1.0 mM.
Representative T2-weighted (at 9.4 T, TR = 3500 ms, TE = 33 ms)
MR images of the two gadolinium compounds are shown in
Fig. 10a, which reveal the characteristic concentration-dependent
darkening effect of the negative T2 MR contrast agent. The
T2 relaxivity coefficient r2 values are 13.31 mM 1 s 1 for O-GdOF
and 27.21 mM 1 s 1 for R-GdOF, which were calculated from
the linear fitting of Fig. 10b. These results are comparable
to those of Gd doped NaYF4 (r2 = 28.5 mM 1 s 1) and GdF3
(r2 = 22.6, 15.8 mM 1 s 1 for two samples with different doping
ions) nanocrystals.37,38 The reason for the difference in the

Magnetic properties and MRI performance of O- and R-GdOF
Variable-temperature magnetic susceptibility measurements
were performed on the O- and R-GdOF samples in an applied
dc field of 500 Oe (Fig. 9). In the temperature range of 5–300 K,
the curves of w versus T of both phases can be fitted well to the
Curie–Weiss equation, which gives C = 7.41 emu K Oe 1 mol 1,
y = 7.28 K for O-GdOF and C = 7.19 emu K Oe 1 mol 1,
y = 8.43 K for R-GdOF. Accordingly, the effective magnetic
moments were found to be meff = 7.70 mB and 7.58 mB for O- and
R-GdOF, respectively, which are close to the spin-only value
expected for a free Gd3+ ion. The negative Weiss constant y
indicates the presence of antiferromagnetic interactions among
the Gd3+ ions in both phases.
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Fig. 10 (a) T2 weighted (at 9.4 T, TR = 2500 ms and TE = 33 ms) spinecho images of agarose gels of the O- and R-GdOF samples with diﬀerent
Gd concentrations; (b) plot of relaxation rate (1/T2) versus diﬀerent Gd
concentrations of the O- and R-GdOF samples. (O-GdOF: Yb 20%, Er 0.2%;
and R-GdOF: Yb 20%, Er 0.1%).
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r2 values of the O- and R-GdOF particles can be ascribed to the
size-dependent effect on account of the slightly larger size of
R-GdOF as shown in Fig. S4 (ESI†).40,41
The T1 relaxivity coeﬃcient r1 was also measured for
comparison and the r1 values were calculated to be 0.70 and
0.76 mM 1 s 1 for O- and R-GdOF according to the linear fitting
results shown in Fig. S5 (ESI†). It has been reported that a
higher r2/r1 ratio indicates more eﬃciency of the negative
contrast agent.37 Correspondingly, R-GdOF is a better negative
contrast agent than O-GdOF with r2/r1 ratios of 35.80 to 19.01,
though the linearity range of R-GdOF in MRI application is not
so wide as that of O-GdOF, as shown in Fig. 10b.

Conclusions
In summary, we have reported a facile fluorination route for
the selective synthesis of orthorhombic and rhombohedral
gadolinium oxyfluorides. Both phases can be achieved with
high purity at a low sintering temperature of 400 1C and just
by controlling fluoridizer amount to get specific F/Gd ratios,
separately. A reversible phase transition from R-GdOF to
O-GdOF was detected through thermal analysis and further confirmed by the in situ XRD measurements. Both O- and R-GdOF
present G/R ratio variable behaviour, near single-peak red and
NIR emission with Ho, Er and Tm doping. There is no obvious
diﬀerence in all the emission locations, but the emission
intensity, peak shape and G/R ratios are diﬀerent due to their
divergences in the structural symmetry. In the MRI measurements, both O- and R-GdOF acted well as T2 weighted contrast
agents. However, with higher r2 relaxivity values (and r2/r1 ratio),
R-GdOF is considered to be better than O-GdOF in T2 weighted
MR imaging. Our demonstration oﬀers a new perspective to
understand the impact of the crystal structure on UC PL properties and to develop new multi-functional materials for optical
and MRI applications.
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