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ation exchange has been reported

first on ionic semiconductor nano-

particles by Alivisatos." It was dem-
onstrated that cation-exchange reaction of
Ag™ with CdSe nanoparticles is reversible at
room temperature although it is kinetically
hindered at ambient conditions in the bulk.
Following this, many different types of in-
teresting functional nanomaterials, includ-
ing hollow nanospheres of PbSe,* superlat-
tices of CdS—Ag,S on nanorods,® and
nanowires of CdTe,* CdSe,” as well as
core—shell nanoparticles of Se—Ag,Se,°
Se—CdSe,®” Se—PbSe,® and PbSe—CdSe,®
have been made in solution via cation-
exchange reactions. So far, most of them
cannot be synthesized directly.

Semiconductor nanomaterials have tun-

able, relatively broad emission and excita-
tion peaks, but they suffer from photo-
bleaching.® In contrast, lanthanide-based
nanoparticles have non-overlapping, quite
sharp excitation and emission peaks as well
as very good photostability due to the
shielded 4f orbitals by the filled 5s and 5p
orbitals. These unique properties make
lanthanide-based nanoparticles valuable in
applications as biolabels,'®"" photody-
namic therapy,'? optical amplifier in tele-
communications,’® and optical-display
phosphors."*'* In addition, owing to seven
unpaired 4f electrons, some nanoparticles
of gadolinium salts have been reported for
application as MRI contrast agents.'®~'®
Among these lanthanide-based nanoparti-
cles, lanthanide fluoride nanoparticles are
receiving extensive attention because of
their low phonon energies and thus mini-
mum quenching of emissive Ln** ions,
leading to suitable matrices for the optical
applications.’? 22
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ABSTRACT (ation exchange in lanthanide fluoride nanoparticles is reported. Typically, dispersible LnF,
nanoparticles were exposed to another lanthanide ion that was roughly 5 times the amount of Ln** in the
nanoparticles. Results show that cation exchange of GdF, nanoparticles with La®* was almost complete in 1
min, and it also happens reversibly although the degree of exchange is not as much as the forward reaction.
However, cation exchange with lanthanide ions close to each other, such as GdF; with Eu®* and NdF; with leP
did not end up with nearly full exchange, but with a significant amount of the two lanthanides. A relatively
small driving force for the cation exchange is suggested by the experimental results, which is also confirmed by
calculations based on a thermodynamic cycle. This unprecedented finding in the field of lanthanide-based
nanoparticles raises the question whether reported core —shell structures were indeed made and, at the same
time, it opens up new pathways to make nanomaterials that cannot be made directly.

KEYWORDS: cation exchange - lanthanide fluoride -
cycle - core—shell

nanoparticles - thermodynamic

In comparison with the monovalent
and bivalent ions in semiconductor nano-
materials, trivalent lanthanide ions have
high hydration energies.?® In addition, the
diffusion of lanthanide ions in lanthanide
fluorides is very likely to be inhibited due
to the high lattice energies of lanthanide
fluoride.>* These two factors are expected
to lead to higher activation energy for
cation-exchange reaction in lanthanide
fluorides as compared with the above-
discussed semiconductor nanomaterials. It
thus seems counter-intuitive that cation ex-
change in lanthanide fluoride nanoparti-
cles would occur at ambient conditions.
Nevertheless, we report here cation ex-
change in lanthanide fluoride nanoparti-
cles in aqueous dispersions, which, to our
knowledge, is unprecedented. A thermody-
namic cycle is established to provide an ex-
planation for the small driving force shown
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by the experimental results. We also discuss
the implication for core—shell structures
and the possibility to obtain nanomaterials
that are otherwise inaccessible.
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Figure 1. HR-TEM images of GdF; nanoparticles (a) before and (b) af-
ter cation exchange with La** (circles of 5 nm in diameter are used to
highlight a few nanoparticles).

RESULTS AND DISCUSSION

Citrate-stabilized GdF; nanoparticles with a high wa-
ter dispersibility were first prepared using a previously
reported procedure.”* These GdF; nanoparticles were
then mixed with La®** in the presence of extra citrate in
an aqueous solution. The amount of La** used is
roughly 5 times that of the Gd*" in GdF; nanoparti-
cles. It turned out that some extra citrate was needed
to facilitate the reaction because without it nanoparti-
cles precipitated. A possible reason for the precipitation
is that the added La>" ions extract a portion of the cit-
rate ligand from the surface of nanoparticles. Without a
sufficient amount of stabilizing ligand, the nanoparti-
cles aggregate and precipitate from solution. After
about 1 min reaction, nanoparticles were isolated with
the same high water dispersibility as the as-prepared
GdF; nanoparticles. High-resolution transmission elec-
tron microscopy (HR-TEM) images show that they are
crystalline with sizes in the range of 5 nm before and af-
ter the cation exchange (Figure 1). The spacing of lat-
tice fringes of GdF, nanoparticles is 3.20 A, which is con-
sistent with the d spacing of the (111) plane. Cation-
exchanged nanoparticles have a spacing of 3.26 A,
which is consistent with the d spacing of the (111) plane
of LaF;. Energy dispersive X-ray (EDX) spectroscopy
showed a La/Gd ratio of 11.04, indicating that 92%
Gd*™ in GdF; nanoparticles had been replaced by La**
(Table 1 and Figure S1a in the Supporting Informa-
tion). X-ray diffraction (XRD) patterns show an obvious
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Figure 2. XRD patterns of (a) the as-prepared GdF; nano-
particles and (b) LaF; nanoparticles made by cation ex-
change of GdF; nanoparticles with La".
change of diffraction pattern before and after the cat-
ion exchange (Figure 2). In another article by us, we
showed that the GdF; nanoparticles of roughly 5 nm
in size are not amorphous but that they are a mixture
of both orthorhombic and trigonal phases, leading ef-
fectively to severely broadened XRD patterns, whereas
LaF; nanoparticles have a single trigonal phase.** In
fact, the pattern of the cation-exchanged nanoparti-
cles is the same as the as-prepared LaF; nanoparticles,
indicating that the crystal phase of GdF; nanoparticles
had been transformed to that of LaF;. Using Scherrer
equation,?” the crystallite size of LaF; nanoparticles pre-
pared by cation exchange of GdF; nanoparticles with
La** was estimated to be 4.2 nm, which is consistent
with the size from TEM images.

The extra citrate used to facilitate the cation ex-
change does not disassemble nanoparticles. As a mat-
ter of fact, a large excess amount of citrate is always
used for the synthesis of nanoparticles.?* If the extra ci-
trate disassembles nanoparticles, the complex of
citrate—Ln>* was produced, and thus nanoparticles
would not be obtained. This is obviously not the case
based on this and our previous work.'*'%* This was
also verified by a simple experiment, in which citrate
was mixed with the as-prepared GdF; nanoparticles in

TABLE 1. Summary of EDX Results of Cation-Exchanged Nanoparticles as Ln Ratios with Standard Deviation®

GdF, with La®*
at 1 min
La/Gd ratio 11.04 +0.79
EuF, with La® " at 30 min
La/Eu ratio 19.45 + 1.89
La/Nd ratio
Eu/Gd ratio
Nag 446 Do 554F5 105 With La>* at 30 min
La/Yb ratio 18.62 + 1.34

LaF, with Gd**
at 30 min at 30 min
16.22 = 0.76 3.58 +0.04
LaF; with Eu®* at 30 min
3.86 = 0.17
NdF, with La®* at 30 min
1.75 £ 0.01
GdF, with Ev** at 30 min
432 +0.10

LaF, with Yb** at 30 min

3.39 = 0.05

“Standard deviations were calculated based on the three measurements on different spots of the sample.
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an aqueous solution in the same ratio as used for the
cation-exchange reactions. From the mixture, nanopar-
ticles were isolated in the standard way. The isolated
nanoparticles, as shown by XRD, display an identical dif-
fraction pattern as the as-prepared GdF; nanoparticles
(Figure 3), evidencing that there is no size change when
nanoparticles were exposed to the solution of citrate.
The mass balance of cation exchange was verified
by a reaction of exposing 2.5% Eu*"-doped GdF; nano-
particles to La®" for a minute. Because the La*" ions
used were in excess (roughly 5 times the amount of
Gd*" ion in GdF; nanoparticles), the majority of La**
ions, along with the replaced Gd** ions, should remain
in the reaction mixture as complexes formed with ex-
tra citrate or as free ions. Once ethanol was added to
precipitate the cation-exchanged nanoparticles from
solution by centrifuge, complexes and free ions ended
up in the supernatant while nanoparticles stayed in the
bottom of centrifuge tubes. The supernatant was ro-
tovaped to dryness. EDX was done on both cation-
exchanged nanoparticles and dried supernatant. The
content of Eu is beyond the detection limit of EDX for
both. A La/Gd ratio of 12.76 was obtained for nanopar-
ticles (Figure S2a in the Supporting Information), indi-
cating that 93% of Gd** and Eu®" had been replaced
by La**, which is almost the same as the results of cat-
ion exchange for the undoped GdF; nanoparticles. A
La/Gd ratio of 4.78 was obtained for the supernatant
(Figure S2b in the Supporting Information). This is con-
sistent with the reaction condition that the amount of
La®* ion added is roughly 5 times that of Gd** and
Eu*" ions in the GdF; nanoparticles. In order to pro-
vide a clearer picture about cation exchange reaction,
Eu®" dopant is used as probe to verify the cation-
exchange reaction and to show in what form Gd*
and Eu®* ended up in the supernatant because the lu-
minescence of Eu®" is sensitive to its environment.>
The effective lifetimes (see the detailed method in Ex-
perimental Section) of Eu>* emission in the as-prepared
GdF; nanoparticles, cation-exchanged nanoparticles,
and supernatant were measured to be 1.70, 4.20, and
0.34 ms, with an estimated error of 5% (Figure 4). The
increase in the lifetime from the as-prepared GdF,
nanoparticles to cation-exchanged nanoparticles is
due to two reasons. One is the reduction of concentra-
tion of Eu®™ in nanoparticles by cation exchange, which
reduces concentration quenching. The other reason is
that the point symmetry of Eu*" in GdF; (C,) is slightly
less than that in LaF; (C,),%° leading to a shorter lifetime.
In sharp contrast, the lifetime of Eu®>" emission in super-
natant is much shorter than that in the two nanoparti-
cles. This confirms that the Eu®" in the supernatant is in
the form of complex and/or solvation, which results in
significant quenching of the Eu®" emission, leading to
a short lifetime. From the decay curve of Figure 4c, a
very small amount of long-lived components can be
seen. This could be from a minor amount of nanoparti-
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Figure 3. XRD patterns of the as-prepared GdF; nanoparticles
(in red) and the citrate-treated GdF; nanoparticles (in black).

cles still dispersed in the supernatant after precipita-
tion by ethanol. The method we used to calculate the
effective lifetime includes the counts down to 1% of the
initial counts. Hence, for the lifetime calculation of the
Eu®* emission in the supernatant, the minor amount of
long-lived components was not included. From the
above luminescence results of Eu*, it can be con-
cluded that the excess La®>" and the replaced Ln**
ions ended up in the supernatant as complexes or free
ions.

In order to investigate the kinetics of the cation-
exchange reaction of GdF; nanoparticles with La®™,
the cation-exchanged nanoparticles were isolated at 1
and 30 min, respectively. EDX results show that the
nanoparticles isolated at 1 min have only 8% Gd>* left.
However, at 30 min, there is 6% Gd>* left (Table 1).
These suggest that, upon mixing, the rate of cation ex-
change was very fast (i.e., nearly complete in the first
minute). After that, cation exchange was still in
progress.

The reversibility of cation exchange was checked
by exposing LaF; nanoparticles to Gd** under other-
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Figure 4. Decay curves of the Eu** Dy, level in (a) the ex-
changed nanoparticles, (b) the as-prepared GdF; nanoparti-
cles, and (c) the supernatant.
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Figure 5. XRD patterns of (a) LaF; nanoparticles after ex-
posed to Gd** and (b) the as-prepared LaF,.

wise identical conditions. After 30 min, the cation-
exchanged nanoparticles have a La/Gd ratio of 3.58
(Table 1 and Figure S1b in the Supporting Informa-
tion), that is, 22% La®>" had been replaced by Gd** al-
though the crystal phase remains the same as the as-
prepared LaF; nanoparticles (Figure 5). Therefore,
cation exchange can indeed take place reversibly al-
beit with different extents of exchange.

It is counter-intuitive that such fast cation-exchange
reactions occur. In principle, cation exchange can take
place through solution because of the finite solubility of
LnF; and hence the difference in solubility product
(Kyp) could lead to some exchange. Although the data
of K, are only available for YF; and ScF3, K, can be cal-
culated for all the LnF;. The calculated K, values of
YF, and ScF5 (1.16 X 1072 and 1.09 X 10~ 23, respec-
tively) are within a factor of 2 of the experimental data
(8.62 X 102" and 5.81 X 10~2*, respectively;*’ see
Supporting Information for details), which lends confi-
dence to the appropriation of the calculation. It turned
out that K, of LaF; (4.26 X 10~ '°) is much higher than
that of GdF; (430 X 10~ %%). This higher K, of LaF; fa-
vors precipitation of GdF;. Therefore, if cation exchange
takes place through solution due to the difference in
K, the nanoparticles isolated after cation exchange
should be GdF;. This is opposite to the experimental re-
sults, indicating that cation exchange is not accom-
plished through solution; therefore, it must be through
the diffusion of ions in the LnF5 nanoparticles as a solid
state reaction. In fact, cation exchange in semiconduc-
tor nanoparticles was reported much faster (millisec-
onds?®) than that in the bulk (minutes®®). To our best
knowledge, the only data available for LnF; are the dif-
fusion coefficients of La®" in LaF; nanoclusters at high
temperatures. The lowest temperature reported is 530
K, at which the diffusion coefficient of La®>* is around 1
X 107" em?/s.2° Consequently, the time it takes for
La** to diffuse a diffusion length of 5 nm was calcu-
lated with the equation L, = 1/4Dt to be 6 ms. The tem-
perature used in our cation exchange reaction was 350

\\K) VOL.3 = NO.1 = DONG AND VAN VEGGEL

K, lower than the lowest temperature at which diffu-
sion coefficient is available in the literature. The diffu-
sion coefficient decreases as the temperature de-
creases. However, for LaF; nanoclusters, the diffusion
coefficients at 880 and 1690 K are around 3 X 10~ "'
and 1 X 10~° cm?/s, respectively.®° Even if the diffu-
sion coefficient drops from 1 X 10" "' to 1 X 10 '3
cm?/s, due to the decrease in temperature from 530 to
350 K, it takes less than 1 s to achieve a diffusion length
of 5 nm. Therefore, it is reasonable to expect, in prin-
ciple, a complete exchange in a minute. Although the
exact mechanism of cation exchange is not known, it
could occur by a hopping mechanism through Ln** va-
cancies. The fact that cation exchange happens more
readily in nanoparticles than in bulk suggests that a
much larger number of vacancies might exist. This
would be consistent with the lower reaction tempera-
ture for these dispersible nanoparticles compared to
many bulk preparations that involve high-temperature
annealing steps.

The generality of cation exchange in lanthanide fluo-
ride nanoparticles was also demonstrated with differ-
ent lanthanide ions. Reaction of EuF, with La** gives a
La/Eu ratio of 19.45, and the reverse reaction gives a
La/Eu ratio of 3.86 (Table 1). These results are very simi-
lar to those of reactions of GdF; with La®*, which is con-
sistent with the fact that gadolinium and europium are
next to each other in the periodic table of elements, and
thus their sizes and chemical properties are very simi-
lar. Therefore, for the neighboring lanthanides, cation
exchange should result in a mixture rather than nearly
complete exchange. In fact, a reaction of NdF; with
La** indeed produced a mixture with La/Nd ratio of
1.75. Similarly, a reaction of GdF; with Eu** produced
a mixture with Eu/Gd ratio of 4.32 (Table 1). Cation ex-
change was also studied with previously prepared
Nag.446Yb0 554F > 10 NANOparticles®* by mixing with
La®*. After cation exchange, the cubic crystal phase of
Nag 446Ybo s54F > 105 NaNoparticles had been trans-
formed to the trigonal phase of LaF; (Figure 6) with a
La/Yb ratio of 18.62 (Table 1). A balanced reaction equa-
tion for this cation exchange is presented for a stoichi-
ometric phase:

NaYbF, + 4/3La>" —4/3LaF, + Na* + Yb**

However, the crystal phase of LaF; nanoparticles re-
mains the same after exposed to Yb®* (Figure 7) with
a La/Yb ratio of 3.39 (Table 1). From these experimen-
tal results, we can also see a trend that the early lan-
thanide ions replace the late lanthanide ions in lan-
thanide fluoride nanoparticles with a relatively high
extent of exchange as compared with the reverse.
The above results show that cation-exchange reac-
tion takes place reversibly albeit with a different extent
of exchange. That is to say, the cation-exchange reac-
tion has a relatively small driving force (i.e., Gibbs free
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Figure 6. XRD patterns of (a) the as-prepared

Nag 446YPo.5s54F .10 N@noparticles and (b) LaF; nanoparticles
made by cation exchange of Nag 4,6Ybg 554F,. 105 Nanoparti-
cles with La™.

energy of the forward reaction of GdF; with La®" is
only slightly negative). In order to calculate the driving
force of the cation-exchange reaction, the following
thermodynamic cycle was established with the reac-
tion of GdF; with La®" used as an example (Figure 8).
The hydration energy of F~ is —472 kJ/mol, that of La®"
—3155 kJ/mol, and that of Gd*" —3385 kJ/mol.”® Lat-
tice energies and entropy changes of the lanthanide
fluorides were taken from another article by us.* Bind-
ing constants between citrate and the Ln*" ions are of
the same order of magnitude,®' and thus, the free en-
ergy associated with the citrate—Ln>" interactions can-
cels. According to the Debye—Hiickel law, the activity
coefficient is the same for Gd** and La** because cat-
ion exchange does not change the ionic strength.
Therefore, the deviations from ideality are the same
and thus cancel each other. In addition, because of the
similar binding constants between surface citrate and
Ln®" ions and the similar sizes of nanoparticles before
and after cation exchange, we assume that the number
of citrate molecules on the surface of nanoparticles is
the same, so this contribution also cancels. For the same

Counts (a.u.)

1
20 40 60 80 100

20/

Figure 7. XRD patterns of (a) LaF; nanoparticles after ex-
posed to Yb** and (b) the as-prepared LaF,.
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Figure 8. Thermodynamic cycle of the cation-exchange reaction.

reason, the changes of hydration energy of Ln*" ions
due to the interaction with citrate are assumed to be of
the same order of magnitude, as well. Another factor
that should be considered is surface free energies of
nanoparticles. However, the sizes of these roughly
spherical nanoparticles are nearly the same before and
after cation exchange, and their compressibilities are
expected to be of the same order of magnitude. More-
over, the difference in lattice energies is within 5%.%*
Therefore, it is reasonable to assume the same surface
free energies for nanoparticles before and after cation
exchange.

AG?,ion exchange Was calculated to be 29 kJ/mol for
the forward reaction of GdF; with La**, which is differ-
ent than the small negative value shown by the experi-
mental results. However, the value is around 1% when
compared to the lattice energies and the hydration en-
ergies in the thermodynamic cycle. In fact, the errors
in the lattice energies®* and the hydration energies**
are in the range of 0.5—2%. Hence, a small difference
in the lattice energies or/and the hydration energies
would change the sign of AG, i, exchange+ THIS is con-
firmed by the same calculations carried out for the reac-
tion of NdF, with La®>* and for the reaction of GdF,
with Eu**, which give AGY,on exchange Of =6 and —20
kJ/mol, respectively (due to the lack of the fundamen-
tal data, calculations cannot be done for
Nag 446 Y00 554F ».108)- IN @any case, the calculated values
Of AG, tion exchange are close to zero, which is consistent
with the small driving force shown by the experimen-
tal results. As a matter of fact, as the atomic number of
lanthanide increases from La to Lu, the hydration en-
ergy of lanthanide ion becomes more negative,>* while
the lattice energy of lanthanide fluoride becomes more
positive.?* For instance, in the above thermodynamic
cycle, the hydration energy of La** is less negative than
that of Gd®™", whereas the lattice energy of GdF is
more positive than that of LaF; (the term TASC is nearly
the same for GdF; and LaF;, 152 and 150 kJ/mol, re-
spectively®?). These energy differences are of the same
magnitude. Thus, the free energy gain in the hydration
energy from La*" to Gd®" is the energy loss in the lat-
tice energy from GdF; to LaF;. As a result, the overall
Gibbs free energy of cation-exchange reactions should
be close to zero, as indeed observed by us.

As demonstrated above, cation exchange takes
place when lanthanide fluoride nanoparticles are ex-
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posed to another Ln®" ion. Similarly, core—shell nano-
particles are generally prepared by exposing core nano-
particles to the respective ions of the shell, and
assumingly, the shell grows on the core particles epitax-
ially. Generally, there are two ways to add the respec-
tive ions of the shell. One way is to add Ln** first and
then F~. For example, in the literature, EuF; nanoparti-
cles were exposed to Gd*>" followed by the addition of
F~ to make EuF;—GdF, core—shell nanoparticles;*?
CeF; nanoparticles were exposed to La** followed by
the addition of F~ to make CeF;—LaF; core—shell
nanoparticles.®> However, cation exchange, as shown
by our results, is very likely to have happened. The
chemical composition of the core nanoparticles could
thus have been changed due to the cation exchange
before the formation of the core—shell architecture.
Consequently, the final nanoparticles may not have a
true core—shell structure, but probably a gradient of
two lanthanide fluorides. The other way to add the re-
spective ions of the shell is to add F~ first and then
Ln**. In this case, there is still a possibility to form a
non-core—shell structure if the cation exchange is so
fast that the rate of exchange becomes competitive
with the precipitation rate of shell components, end-
ing up with a non-core—shell structure. The core—shell
architecture has been used widely as a method to im-
prove the optical properties of nanoparticles. However,
as discussed above, some may not be core—shell. This
is not surprising because many characterization tech-
niques are not able to show the non-core—shell struc-
ture. For instance, optical properties, such as lifetimes of
emissive Ln®" ions, can be improved not only by the
core—shell structure but also simply by the increase of
the size, which reduces surface quenching by decreas-

EXPERIMENTAL SECTION

The lanthanide nitrate salts were purchased from Aldrich in
the highest purity available (at least 99.9%). Ammonium hydrox-
ide used is an aqueous solution of NH; with a concentration of
28.0—30.0 wt %. All the chemicals were used as received with-
out further purification.

Synthesis of Citrate-Stabilized Nanoparticles. The solution of 2 g of
citric acid in 35 mL of distilled water was adjusted with ammo-
nium hydroxide to pH 5—6 and heated to 75 °C followed by the
dropwise addition of the solution of 1.33 mmol Ln(NO;); (Ln =
La, Nd, Eu, Gd, and Yb) in 2 mL of distilled water and the solution
of 0.126 g of NaF (3 mmol) in 4 mL of distilled water consecu-
tively. After stirring for 1 h, the nanoparticles were precipitated
with ca. 50 mL of absolute ethanol and isolated with centrifuge
at 4000 rpm for 3 min. The supernatant was poured off, followed
by washing the residual with 15—20 mL of absolute ethanol
and then isolation with centrifuge. This washing process was re-
peated three times. The final purified nanoparticles were dried
under vacuum. All the nanoparticles are highly water-dispersible
(50 mg nanoparticles can be dispersed in 1 mL of water to get
clear dispersions like water).

Cation-Exchange Reaction. The solution of 1 g of citric acid in 25
mL of distilled water was adjusted with ammonium hydroxide
to pH 5—6, which was heated up to 75 °C. The dispersion of 100
mg of citrate-stabilized LnF; nanoparticles was added, followed
by the addition of the solution of 1.33 mmol Ln"(NO3); in 2 mL of
&) VOL.3 = NO.1 = DONG AND VAN VEGGEL

ing the surface area and reduces concentration quench-
ing by increasing the distance between Ln*" ions, re-
spectively.?® The increase in size determined by TEM or
other techniques does not prove a core—shell struc-
ture, although it is consistent with core—shell struc-
tures. In addition, the indistinguishable contrast be-
tween lanthanide salts with TEM does not provide
direct information about the core—shell structure. On
the other hand, cation exchange could be used as an al-
ternative method to make core—shells by a partial cat-
ion exchange of surface layers. In addition, as shown by
semiconductor nanomaterials, it could also be used as
a method to make some nanomaterials that cannot be
made directly. For instance, Ln,O5 (Ln = Er, Tm, Yb, and
Lu) nanotubes have been prepared, but this synthesis
did not work with other lanthanides.>* In this case, cat-
ion exchange might result in nanotubes of other lan-
thanide oxides.

CONCLUSIONS

Cation exchange in lanthanide fluoride nanoparti-
cles takes place quickly and reversibly by exposing
nanoparticles to another lanthanide ion. A trend can
be seen that the early lanthanide ions replace the late
lanthanide ions in lanthanide fluoride nanoparticles
with a relatively high extent of exchange as compared
with the reverse. Experimental results suggest a small
driving force, which is supported by the examination of
the thermodynamic cycle. Due to the cation exchange,
some core—shell nanoparticles in the literature may
have different structures rather than a core—shell. On
the other hand, cation exchange may be used as an al-
ternative method to make core—shell and some nano-
materials that cannot be made directly.

water. (Please note that no extra F~ was added.) After 1 min,
nanoparticles were precipitated with ca. 30 mL of absolute etha-
nol and isolated with centrifuge at 4000 rpm for 3 min. The su-
pernatant was poured off followed by washing with 15—20 mL
of absolute ethanol and then isolation with centrifuge. This
washing process was repeated three times. The final purified
nanoparticles were dried under vacuum. The same procedure
was used for the reaction for 30 min. All the nanoparticles are
highly water-dispersible (50 mg nanoparticles can be dispersed
in 1 mL of water to get clear dispersion like water). Please note
that Ln and Ln’ mean two different Ln>*" ions.

Powder X-ray Diffraction. Approximately 20 mg of a sample was
gently stirred in an alumina mortar to break up lumps. The pow-
dery samples of nanoparticles were smeared onto a zero-
background holder using ethanol. Step-scan X-ray powder diffrac-
tion data were collected over the 26 range 20—100° with Cr (30 kV,
15 mA) radiation on a Rigaku Miniflex diffractometer with variable
divergence slit, 4.2° scattering slit, and 0.3 mm receiving slit. The
scanning step size was 0.02° 26 with a counting time of 6 s per step.

Transmission Electron Microscopy. High-resolution transmission
electron microscopy was done with a Tecnai G2 field emission
scanning transmission electron microscopy operated at 200 kV.
The nanoparticle dispersion was dropcasted onto a carbon grid
and allowed to dry in air at room temperature. The carbon grid
with samples on it was then mounted into the vacuum sample
chamber for imaging.
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Energy Dispersive X-ray Spectroscopy. Energy dispersive X-ray spec-
troscopy was done using a Hitachi S-3500N scanning electron
microscope, operated at 20 kV and a resolution of 102 eV. Dry
powdered samples were attached to the substrate using a
double-sided carbon tape and mounted onto the sample holder.
The measurements were done on the basis of an assemble of
nanoparticles. Three measurements were done for each sample
to calculate standard deviations.

Fluorescence Studies. Fluorescence analyses were done using
an Edinburgh Instruments FLS 920 fluorescence system, which
was equipped with a 10 Hz Q-Switched Quantel Brilliant,
pumped by a Nd:YAG laser, attached with an optical parametric
oscillator with an optical range of 410—2400 nm as excitation
source for lifetime measurements. A red-sensitive Peltier-cooled
Hamamatsu R955 photomultiplier tube with a photon counting
interface was used as a detector of Eu>" emission. Lifetimes were
measured by excitation at 464 nm and collection of the emis-
sion at 591 nm. All luminescence measurements were done with
aqueous solutions of nanoparticles. Effective lifetimes were cal-
culated using signal intensity greater than 1% of the maximum
intensity with Origin 7.0 program based on the following equa-
tion:>®

}tl(t)dt

ff ©
f IB)dt
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