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Abstract: We report the synthesis of
single-crystalline and near-monodis-
persed NaMF; (M=Mn, Co, Ni, Mg),
LiMAIF, (M=Ca, Sr), and NaMg-
F;:Yb,Er nanocrystals (quasisquare
nanoplates, nanorods, and nanopoly-
gons) by the cothermolysis of multiple
trifluoroacetates in hot combined or-

Chun-Hua Yan*!?!

NaMF; (M=Mn, Co, Ni) nanoplates
were partially aligned to form nanoar-
rays on copper TEM grids. The sizes of
the NaMF; nanocrystals were easily
tuned by the use of proper synthetic
conditions such as reaction tempera-
ture and time and solvent composition.
On the basis of a series of experiments

FTIR analysis, the reaction pathways
for the formation of these nanocrystals
from trifluoroacetate precursors were
proposed. The magnetic measurements
showed that the differently sized
NaMnF; square plates displayed inter-
esting weak ferromagnetic behavior on
the nanometer scale. The strong red

ganic solvents (oleic acid, oleylamine,
and 1-octadecene). The nanocrystals
were characterized by XRD, TEM, su-
perconductive quantum interference
device (SQUID), and upconversion lu-
minescence spectroscopy. By regulating
the polarity of the dispersant, the

varied,

cence -

Introduction

During the past two decades, research into novel inorganic
materials with nanoscale dimensions has undergone tremen-
dous progress, much of it due to the fact that unique proper-
ties are acquired on this scale with respect to their bulk
counterparts.'l An increasingly active part of this field is the
delicate control of the shape and size of dispersible colloid
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in which the reaction conditions were
together with GC-MS and
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upconversion luminescence emitted
from the NaMgF;:Yb,Er nanorods
under 980-nm near-IR laser excitation
suggests that NaMgF; may be a good
candidate host material for red upcon-
version luminescence.

inorganic nanocrystals driven by their interesting size- and
shape-dependent properties, as well as the assembly of ad-
vanced materials and devices by using nanoscale building
blocks.”! Until now, much effort has been made in pursuing
effective and robust means of manipulating the size and
shape of nanocrystals such as semiconductors,”) metals,4
alloys,” and metal oxides.'#?*¢*] Moreover, their size- and
shape-dependent properties give them promising applica-
tions in many fields, such as optics, electrics, magnetics, cat-
alysis, and biosensing, that are of both fundamental and
technological importance.#>?!

As important inorganic functional materials, complex
metal fluorides such as A'M"F; and AM"MY"F, have at-
tracted much attention owing to their physical and chemical
properties, such as ferromagnetism,”’ behavior as nonmag-
netic insulators,® and piezoelectric characteristics,”? as well
as their optical properties.'”? It is widely accepted that nano-
scaled materials have opened the doors for finding new
properties with respect to their macroscopic counterparts.
For example, for small antiferromagnetic particles such as
alkaline fluoromanganates, net magnetization originating

WWILEY 2
Infe r_Saence* 965


www.interscience.wiley.com

FULL PAPERS

from the noncompensation of surface spins is observed
below the ordering temperature owing to the high surface/
volume ratio of these particles.!!! Recent work disclosed
that KMnF; nanocrystals undergo a transition from para-
magnetic to antiferromagnetic at 83.3 K.['!

However, to date, very few studies have been done in the
field of complex metal fluoride nanocrystals, partly because
the conventional synthetic routes for these compounds are
limited and complicated. For example, high-temperature
solid-state synthesis requires apparatus with an intricate
setup because of the chemical sensitivity between oxygen
and fluoride and the corrosive nature of fluorine,™ wet
chemical synthetic strategies such as the hydrothermal
method produce nanocrystals with nonuniform shape and
size,l”! and the reversed micelle method usually involves on-
erous posttreatment procedures."!! Therefore, the develop-
ment of an effective synthetic route towards high-quality
complex metal fluoride nanocrystals of tunable size that
avoids these drawbacks still remains a challenge.

Recently, many successful methods have been found for
the fabrication of high-quality dispersible colloid nanocrys-
tals, among which are various nonhydrolytic synthetic path-
ways that use organometallic precursors in hot solvents with
high boiling points. These conditions permit a relatively
facile and reproducible approach for such nanocrystals that
are single-crystalline, phase-pure, and monodispersed.*4
Therefore, the determination of suitable molecular precur-
sors, the adjustment of the capping ability of solvents, and
the balance of the nucleation and growth stages are three
key factors for the preparation of high-quality nanocrystals.
Lately, our group developed an effective and general solu-
tion-phase route to prepare high-quality rare-earth fluoride
and sodium rare-earth fluoride nanocrystals from trifluoro-
acetate precursors.[#&1

Herein, we report the one-pot synthesis of single-crystal-
line and monodispersed NaMF; (M=Mn, Co, Ni, Mg),
LiMAIFy, (M=Ca, Sr), and NaMgF;:Yb,Er nanocrystals
(quasisquare nanoplates, nanorods, and nanopolygons) by
the cothermolysis of multiple trifluroacetates in hot com-
bined organic solvents that include oleic acid (OA), oleyl-

Abstract in Chinese:

BiL S A B R LB S AT RN B BRAAIE R (G ER . kAT T N
TGRS REL, AR T RT¥—. BRTH@WMREWT R, ARERAKS
#4K)% NaMF; (M = Mn, Co, Ni, Mg). LiMAIFs (M = Ca, Sr)#= NaMgF;:Yb,Er %
AR, KA X HEATH(XRD). 4T 2MA(TEM). 25 2T T #H
(SQUID)Fuift £ MR KB o] P AF A K Sh AT T 4540 Rkt Fn L3538 ORI R
FE. A BHE &R IR (GC-MS)Fe vt 45 3 41 91 K% (FTIR) SRR it A2 #E 4T
T, BRRT B AN AR A BIIE, RAERAY, SRR,
B I A LA At T OAK A ) 4R dh 89 R NaMnFs @ 4 230
AR AR X ) B3 4RAAT 2 NaMgFs:Yb,Er 24K & £ 980 nm 3L £r g R T
B R F ey LA,

966 www.chemasianj.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

amine (OM), and 1-octadecene (ODE). The mechanism of
the controlled synthesis as well as the magnetic and optical
properties of the nanocrystals are also presented in this

paper.

Results and Discussion
Characterization of NaMF; Nanocrystals

The XRD profiles in Figure 1 show that all the reflections
for the NaMF; (M =Mn, Co, Ni, Mg) nanocrystals can be in-
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Figure 1. XRD patterns of orthorhombic NaMnF; (A), NaCoF; (B),
NaNiF; (C), and NaMgF; (D) nanocrystals.

dexed to a pure orthorhombic phase (space group: Pnma).
The calculated lattice constants are as follows: a=5.75(0) A,
bh=8.00(4) A, and ¢=5.55(1) A for NaMnF; (JCPDS: 18-
1224), a=535(1) A, b=771(5) A, and ¢=5.52(5) A for
NaNiF; (JCPDS: 70-2401), a=5.61(5) A, b=7.78(5) A, and
c=541(9) A for NaCoF; (JCPDS: 70-1889), and a=
537(3) A, b=548(5)A, and ¢=7.67(1) A for NaMgF,
(JCPDS: 82-1226). The moderate sharpening of the diffrac-
tion peaks suggests the high crystallinity and large sizes of
the NaMF; nanocrystals formed.

Energy dispersive X-ray (EDAX) analysis shows that the
atomic ratios of Na to M (M =Mn, Co, Ni, Mg) determined
are in good agreement with the expected values, thus indi-
cating the formation of stoichiometric NaMF; compounds
(see Supporting Information, Figure S1). The TEM and
high-resolution TEM (HRTEM) images reveal that the
NaMF; (M=Mn, Co, Ni) nanocrystals take on a quasi-
square-plate shape (Figure 2), but the NaMgF; nanocrystals
are rod-shaped (Figure 3). By delicate adjustment of the po-
larity of the dispersant, the NaMF; (M =Mn, Co, Ni) nano-
crystals formed partially ordered arrays on the TEM grids,
either lying flat on the face (Figure 2a, c, e) or standing on
the edge (Figure 2b, d, f), which is indicative of the presence
of capping ligands on the surfaces of the nanocrystals. Fig-
ure 2a, ¢, e shows the quasi-2D arrangement of NaMnF;,
NaNiF;, and NaCoF; nanoplates, respectively, lying flat on
the face as deposited from nanocrystal dispersion in tolu-
ene/hexane (1:1 v/v). As seen in Figure 2 a—f, the clear lattice
fringes shown in the HRTEM images reveal that the lattice
planes of the nanocrystals afforded are perfectly aligned and
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Figure 2. TEM and HRTEM (inset) images of NaMnF; (a=lying flat on
the face, b=standing on the edge), NaNiF; (c=lying flat on the face, d=
standing on the edge), and NaCoF; (e =lying flat on the face, f=standing
on the edge) nanoplates.
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Figure 3. TEM and HRTEM (inset) images of NaMgF; nanorods.

go right through the entire nanoplate, thus confirming the
single-crystalline nature of the nanocrystals without any
stacking faults. From the HRTEM image in Figure 2 a, inset,
the interplanar spacing of 0.38 nm ascribed to the {101} face
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is found on the top surface of the NaMnF; nanoplates.
When the polarity of the dispersant was increased by the ad-
dition of ethanol (toluene/hexane/ethanol=1:1:2), the nano-
plates were arranged almost in the face-to-face formation,
unfolded by the {010} faces, on the copper TEM grids (Fig-
ure 2b). The {101} and {010} faces enclose the NaMnF;
nanoplates, which are (110.0+9.5)x(40.5+2.0) nm? large.
Similarly, the NaNiF; and NaCoF; square plates are en-
closed by the {101} and {010} faces and are of size (130.0+
4.9)x(75.0£2.5) and (250.049.5) x (180.0£5.5) nm?, respec-
tively (Figure 2¢, d and Figure 2e, f). Figure 3 illustrates the
1D growth of the single-crystalline NaMgF; nanorods. The
HRTEM image in Figure 3, inset reveals interplanar distan-
ces of 0.34 and 0.54 nm attributed to the {111} and {010}
faces, respectively. The preferred growth direction of the
NaMgF; nanorods was determined to be along the [010] di-
rection.

Characterization of LIMAIF, Nanocrystals

Figure 4 shows the XRD patterns and TEM images of the
LiMAIF; (M=Ca, Sr) nanocrystals. As seen in Figure 4a,
the synthesized LiMAIF, nanocrystals take on a purely hex-
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Figure 4. a) XRD patterns of hexagonal LiCaAlF, (A) and LiSrAlF, (B)
nanocrystals. b) TEM image of LiCaAlF, nanocrystals. c) TEM image of
LiSrAlFg nanocrystals.

agonal structure (space group: P31c). The calculated lattice
constants are as follows: a=4.95(1) A and ¢=9.55(6) A for
LiCaAlF, (JCPDS: 43-1481), and a=5.09(0) A and c=
10.28(1) A for LiSrAlF, (JCPDS: 48-1640). Figure 4b and ¢
shows the formation of uniform LiCaAlF, and LiSrAlF,
polygons of size (28.4+5.6) and (31.5+3.5) nm, respective-

ly.
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Conditions for the Formation of NaMF; and LiMAIF
Nanocrystals

As is well-known, NaMF; (M =Mn, Co, Ni, Mg) compounds
in the A'M"F, family are usually of the orthorhombic per-
ovskite structure in space group Pnma (GdFeOs-type, Z=
4),°1 whereas LiIMAIF; (M=Ca, Sr) in the LiM"M"F,
family crystallize as a trigonal structure in space group
P31c." In this work, to uncover the optimal conditions for
the formation of phase-pure and monodispersed NaMF; and
LiMAIF, nanocrystals, we carried out a set of experiments
to investigate the effects of different parameters, including
the ratios of metals, solvent composition, reaction tempera-
ture and time, and precursor concentration, on the particle
characteristics of the synthetic products. We found that sol-
vent composition, reaction temperature, and reaction time
are three key factors for the synthesis of high-quality nano-
crystals.

Solvent Composition

It seems that the use of a combined solvent (either OA/
ODE or OA/OM/ODE) is essential for the preparation of
phase-pure and monodispersed NaMF; and LiMAIF¢ nano-
crystals, whereas the presence of OA ligands in the com-
bined solvent is a prerequisite for phase-pure products (see
Supporting Information, Tables S1 and S2). We found that
the cothermolysis of Na(CF;COO) and M(CF;COO), in
pure ODE yielded products that contain no NaMF;, where-
as in OM/ODE, only ill-shaped particles of NaF and MO
(M =Mn, Co, Mg) or Ni;C were separated from the reaction
mixture (Figure 5). In the case of NaMnF;, to obtain pure
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Figure 5. XRD patterns of the products obtained from the cothermolysis
of 1 mmol Na(CF;COO) and 1 mmol M(CF;COO), (M=Mn (A), Co
(B), Ni (C), Mg (D)) in OM/ODE (1:1) at 300°C for 30 min. |l =NaF,
*=MnO, @ =CoO, A =Ni;C, ¥=MgO.

orthorhombic monodiperse nanocrystals, the combined use
of OA/OM/ODE in an appropriate ratio is necessary in the
synthesis. For example, by using 1 mmol Na(CF;COO) and
1 mmol Mn(CF;COOQ), as the precursors, the reaction in 1:1
OA/ODE at 280°C for 30min produced nonuniform
NaMnF; nanoplates with the large size of (119.5-80.3) x
(79.7-30.2) nm*> (Figure 6a), whereas in OA/OM/ODE
(4:1:5), near-monodispersed NaMnF; nanoplates of size
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Figure 6. TEM images of orthorhombic NaMnF; nanoplates obtained
from the cothermolysis of 1 mmol Na(CF;COO) and 1 mmol Mn-
(CF;C0OO0), under different conditions: a) OA/ODE =1:1, 280°C, 30 min;
b) OA/OM/ODE =1:1:2, 280°C, 30 min; c) OA/OM/ODE =4:1:5, 310°C,
30 min; d) OA/OM/ODE=4:1:5, 260°C, 30min; e¢) OA/OM/ODE=
4:1:5, 280°C, 15 min; f) OA/OM/ODE =4:1:5, 280°C, 0 min; g) OA/OM/
ODE =4:1:5, 280°C, 45 min; h) OA/OM/ODE =4:1:5, 280°C, 60 min.

(110.0£9.5) x (40.54+2.0) nm*> were formed (Figure 2a).
When more OM was added to attain an OA/OM/ODE ratio
of 2:1:3, the size of the monodispersed NaMnF; nanoplates
was decreased to (68.245.5)x(30.54+1.7) nm* (Table S1).
However, when the amount of OM was increased such that
OA/OM/ODE =1:1:2, the NaMnF; products appeared as a
mixture of nanoplates and nanobelts (Figure 6b). These re-
sults strongly suggest that monodispersed NaMnF; nano-
plates can only be obtained in the ternary solvent OA/OM/

Chem. Asian J. 2007, 2, 965 -974
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ODE within a narrow composition range (4:1:5-1:1:2). As
for NaCoF;, NaNiF;, NaMgF;, and LiIMAIF; (M=Ca, Sr),
high-quality nanocrystals were prepared in the combined
solvents of much narrower composition range (OA/ODE =
1:1 and/or OA/OM/ODE =1:1:2) (Tables S1 and S2).

Reaction Temperature and Time

Using the optimal solvent composition for obtaining phase-
pure products, we found that both the reaction temperature
and time markedly affect the size distribution of the nano-
crystals. For example, at 310°C, the cothermolysis of 1 mmol
Na(CF;COO) and 1 mmol Mn(CF;COO), in OA/OM/ODE
(4:1:5) for 30 min produced near-uniform NaMnF; nano-
plates with a large size of (223.8+11.6)x (180.348.5) nm?
(Figure 6¢). As the reaction temperature was decreased to
280°C, near-monodispersed NaMnF; nanoplates with the
smaller size of (110.049.5) x (40.5+2.0) nm* were obtained
(Figure 2a). When the reaction temperature was further de-
creased to 270°C, the size of the nanoplates was slightly de-
creased to (109.447.5) x (37.5+3.4) nm*. However, the reac-
tion at 250°C resulted in nonuniform NaMnF; nanoplates in
the size range (158.7-94.9)x(105.5-90.2) nm* and in low
yield (Figure 6d), possibly due to unfinished thermolysis of
the precursors at this low temperature. These results strong-
ly suggest that the growth of the NaMnF; nanoplates is
rather sluggish below 270°C, but is greatly accelerated at
over 280°C. Under these conditions, the narrowing of the
size distribution for the NaMnF; nanoplates was realized
after reaction for 30 min at high temperatures (>270°C) by
the temperature-driven “size-focusing” process.!" "

Under the fixed reaction temperature of 280°C, as the re-
action time was shortened from 30 min to 15 and O min,
highly polydispersed NaMnF; nanoplates were obtained
(Figure 6¢ and f), thus indicating that a quick “size-focus-
ing” process happened 15-30 min into the reaction.!"™! When
the reaction went on for 45 min, the nanoplates were still
monodispersed, but with a slightly smaller size of (108.3 +
8.5)x (50.5+4.4) nm* (Figure 6¢). However, as the reaction
time reached 60 min, NaMnF; nanoplates with a much
broader size distribution were again formed, which suggests
that a drastic “size-defocusing” process occurred 45-60 min
into the reaction (Figure 6h).'" Therefore, these results
demonstrate that an Ostwald-ripening process exists in the
formation of monodispersed NaMnF; nanoplates at
280°C.I"

Finally, we found that high-quality stoichiometric NaMF;
and LiMAIF, nanocrystals can be obtained in an appropri-
ate combined solvent (OA/OM/ODE or OA/ODE) at high

OA/ODE

Na(CF,COO0) (s)
+
M(CF;CO0), (s)

100-200°C, Ar

100-200°C, Ar

0A/OM/ODE [Na(CF,COO)I,X(OA)x/M(CF3COO)2,y,Z(OAL(OM)z] ()
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temperature over a short reaction time under a relatively
high alkali metal/other metals ratio (Tables S1 and S2), due
to the well-maintained balance between the nucleation and
growth stages under these conditions. However, we noticed
that the conditions for the formation of uniform LiMAIF,
nanocrystals were more rigorous than those for NaMF;, pos-
sibly due to the greater difficulty in homogeneous nuclea-
tion from three trifluoroacetates rather than two during the
thermolysis process. LIMAIF4 nanocrystals could only grow
uniformly under certain experimental conditions, and usual-
ly showed a wider size distribution than the NaMF; nano-
crystals (Tables S1 and S2).

Reaction Pathways for the Formation of NaMF,
Nanocrystals

Through many characterization methods, the reaction path-
ways for the formation of complex metal fluoride nanocrys-
tals by the cothermolysis of trifluoroacetate precursors in
hot surfactant solutions were carefully studied in this work.
On the basis of a series of synthesis results for the formation
of NaMF; nanocrystals in both OA/ODE and OA/OM/
ODE systems, we suggest the following reaction scheme,
which includes two major stages (Scheme 1).

In the first stage, solid powders of Na(CF;COO) and M-
(CF;C0O0), were dissolved in OA/ODE (1:1) under Ar at-
mosphere upon heating to 100-200°C. Under these condi-
tions, a pellucid solution appeared with the formation of the
reaction intermediates Na(CF;COO0);_,,(OA),/M-
(CF;CO0);,_,,(OA), and CF;COO™ ligands in the liquid
phase through the exchange reaction between CF;COO™
and oleate ligands (Scheme 1). This hypothesis was con-
firmed by FTIR spectroscopy. For example, a transparent
solution was formed by dissolving some Ni(CF;COO), in
OA/ODE (1:1) at around 140°C, whose FTIR spectrum is
shown in Figure S2 of the Supporting Information. The pres-
ence of a strong alkyl C—H stretching band at 2930 cm™" and
a carbonyl peak at 1712 cm™! indicates the existence of a
large amount of free oleic acid in the solution. However, the
broad peak at 1465 cm™' assigned to carboxylate (COO~)
stretchingl'® implies an exchange between OA and
CF;COO~ (Figure S2). Further experiments revealed that,
with the same reaction temperature and time, the addition
of some OM into OA/ODE facilitated the formation of the
reaction intermediate partially substituted with oleylamine,
that is, M(CF;COO);,_,_,(OA),(OM), (Scheme 1), due to
the strong affinity of the amine groups to the transition met-
als.®'7 This reaction was accompanied by a color change of

[Na(CF5C00),_,(OA),/M(CF;C00),_(OA),] (1)

+ (x+y)(CF;CO0)~ (D)

NaMF; (s)
250-330°C, Ar

+ (x+y+2)(CF;CO0)~ (1)

Scheme 1. Reaction pathways for the formation of NaMF; nanocrystals in hot OA/ODE and OA/OM/ODE. x and y denote the number of OA molecules

involved in the reaction, z denotes the number of OM molecules involved.

Chem. Asian J. 2007, 2, 965-974
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the solution from pistachio to ultramarine. UV/Vis spectros-
copy demonstrated that, in the case of Ni(CF;COO), dis-
solved in OA/ODE (1:1) at 140°C, the addition of some
oleylamine (OA/OM/ODE =4:1:5) produced a color varia-
tion that appeared as a marked blue shift from 640 to
600 nm (see Supporting information, Figure S3).

In the second stage, F~ ions were produced due to cleav-
age of the C—F bonds of the CF;COO™ ligands in solu-
tion.1&™ 181 promptly, solid NaMF; nuclei were generated
by the fluorination of the M—-O bonds of Na-
(CF;CO0)(;_(0A),/M(CF;CO0),,_,,(0OA), or Na-
(CF;CO0)(_y(0A)/M(CF;CO0),,_,,(OA) (OM),  with
the highly active F~ ions released (Scheme 1). This was de-
duced from the GC-MS spectra of the components from the
cothermolysis of Na(CF;COO) and Ni(CF;COO), precur-
sors at 180°C in OA/ODE (1:1) (see Supporting Informa-
tion, Figure S4). The peaks at m/z=69 and 51 in the mass
spectrum of the low-molecular-weight component can be as-
cribed to the fragments CF;* and CF,H™, respectively. The
formation of CF,H" should be accompanied by the release
of F~ ions. With the nuclei formed, high-quality NaMF;
nanocrystals were harvested by maintaining the balance be-
tween the nucleation and growth stages through adjustment
of the experimental parameters. However, we noted that the
formation of NaMF; was not induced by the simultaneous
nucleation of NaF and MF,; rather, NaF first separated out
from the reaction medium. When the reaction temperature
and time were increased, the amount of separated NaF di-
minished, leading to the final formation of pure NaMF;. For
example, with 1 mmol Na(CF;COO) and 1mmol Ni-
(CF;C0OO0), as the precursors in OA/ODE (1:1), NaF was
the predominant product formed by reaction at 260°C for
0 min, but pure NaNiF; was produced by the reaction at
280°C for 15 min (Figure 7).

We also noticed that the formation of the reaction inter-
mediate partially substituted with oleylamine by the addi-
tion of a suitable amount of OM was very helpful in the
size-controlled synthesis of NaMF; nanoplates (Table S1).
However, the existence of redundant OM ligands in OA/
ODE (if OM/OA>1) markedly retarded the growth of

20 30 40 50 60 70 80
20/

Figure 7. XRD patterns of the products obtained from the cothermolysis
of 1 mmol Na(CF;COO) and 1 mmol Ni(CF;COO), under different con-
ditions: A) OA/ODE=1:1, 260°C, 0min; B) OA/ODE=1:1, 280°C,
15 min. [l =NaF, *=NaNiF,.
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NaMF; nanocrystals; ill-shaped nanocrystals with NaF and
MO/M,C impurities were thus produced (Figure 5). We con-
sidered here that OM may play dual and contradictory roles
in the whole reaction: one is to promote the formation of
NaMF; by accelerated fluorination between the transition-
metal intermediate partially substituted with oleylamine and
F~, the other is to restrict the reactivity of F~ ions due to the
strong fluorophilicity of the free oleylamine ligands.'"*"'")
For instance, for the cothermolysis of 1 mmol Na(CF;COO)
and 1.2 mmol Ni(CF;COO0), at 250°C for 0 min, no NaNiF;
products were formed in OA/ODE (1:1), but small NaNiF;
nanoplates were produced by the introduction of some OM
into OA/ODE (OA/OM/ODE =4:1:5). This result indicates
that the presence of an appropriate amount of OM pro-
motes the formation of NaNiF;. Further experiments
showed that too much OM in the solution greatly lowers the
reactivity of F~ ions, which consequently holds back the for-
mation of NaMF; nanocrystals. A good case in point is the
emergence of NaNiF; nanocrystals: if the concentration of
OM exceeds a certain value (i.e., OM/OA >1), NaF would
separate out from the reaction medium, and the Ni species
partially substituted with oleylamine would be converted
into Ni;C instantly, partly due to the nature of its catalysis
(Figure 5)." Moreover, to avoid the formation of by-prod-
ucts in the nanocrystal synthesis, a low ratio of OM/OA was
required at high reaction temperature.

Shape Evolution and Size Control of NaMF; Nanocrystals

The shape evolution of colloidal inorganic nanocrystals is
currently of wide interest."™** Normally, the crystal shape
of inorganic nanocrystals is determined by several factors,
including the crystalline phase of the nuclei, the selective
adsorption of surfactant onto specific crystal planes, and the
balance between kinetic and thermodynamic growth re-
gimes.'" Nuclei with an anisotropic crystal structure can
grow into anisotropic nanocrystals very easily in the solution
phase. In this work, all the NaMF; (M=Mn, Co, Ni, Mg)
compounds have the same orthorhombic perovskite struc-
ture, which is anisotropic. Therefore, as expected, we ob-
tained anisotropic NaMF; nanocrystals: 2D quasisquare
nanoplates with confined growth of the {010} faces (M =Mn,
Co, Ni) and 1D nanorods with a preferred growth direction
of [010] (M=Mg). Given that carboxy groups generally
show much stronger coordination to transition-metal ions
than to alkali-metal and alkaline-earth-metal ions in solu-
tion,"”! we suggest that the formation of a 2D growth struc-
ture for the NaMF; nanocrystals could be due to the selec-
tive adsorption of oleate ligands onto the {010} faces, based
on the strong binding between the transition-metal ions and
the carboxy groups of the oleates. As a result, the growth of
the {010} faces was markedly restrained so that {010}-con-
fined NaMF; nanoplates were formed. Logically, the more
OA added, the larger the ratio of edge length to thickness
for the nanoplates. For instance, the ratio of edge length to
thickness for the NaMnF; nanoplates increased from 2.2 in
OA/OM/ODE=2:1:3 to 2.7 in OA/OM/ODE=4:1:5 (Na/
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Mn=1, 280°C, 30 min; see Table S1). As the alkaline-earth
metal replaced the transition metal in the synthesis, NaMgF;
nanocrystals grew highly anisotropically along the [010] di-
rection, owing to the fact that the carboxy groups of the ole-
ates show much weaker coordination with Mg** ions than
with Mn?*, Co?*, or Ni** ions.' Hence, the unrestrained
growth along the [010] direction led to the formation of
NaMgF; nanorods.

The crystallite size of the NaMF; nanocrystals obtained
was easily tuned mainly by changing the reaction tempera-
ture and time as well as the solvent composition (Figure 8;

Figure 8. TEM and HRTEM (inset) images of differently sized NaMnF;

nanoplates:  a) (38.54+2.5)x(22.5+0.8) nm?;  b) (55.5+4.5)x(30.0+
1.8) nm?; ¢) (65.0+4.5)x(30.5+2.1) nm?; d) (198.0+£4.5)x (83.8+
2.1) nm’.

see also Supporting Information, Figures S5 and S6). For in-
stance, with 1mmol Na(CF;COO) and 1mmol Mn-
(CF;COO0), as the precursors in OA/OM/ODE =1:1:2, the
reaction at 310°C for 45 min produced NaMnF; nanoplates
of size (38.542.5)x(22.5+0.8) nm* (Figure 8a), but the re-
action at 330°C for 30 and 45 min yielded larger nanoplates
of size (55.54+4.5)x(30.0+1.8) nm* (Figure 8b) and (65.0+
4.5)x(30.5+2.1) nm* (Figure 8c), respectively. In OA/OM/
ODE=4:1:5 at 280°C for 30 min, uniform (110.0+9.5)x
(40.5+£2.0) nm*> nanoplates were obtained (Figure2a),
whereas in OA/ODE =1 at 330°C for 120 min, much larger
nanoplates of size (198.0£4.5)x(150.5+£2.1) nm*> (Fig-
ure 8d) were formed.

Magnetic Behavior of NaMnF; Nanoplates

Previously, it was reported that bulk NaMnF;, NaCoF;, and
NaNiF; generally present weak ferromagnetic properties
with antiferromagnetic interactions with Néel transition
temperatures (Ty) of 66,2 77,21 and 150 K, respectively.
As these compounds are important magnetic model systems,
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it is interesting to investigate their magnetic interaction and
ordering state when their sizes shrink to nanometer dimen-
sions, owing to the exchange interaction induced by the sur-
face chemical bonds or lattice stress. However, because of
the difficulty in the synthesis of their monodispersed nano-
crystals, there have been few reports on the magnetic behav-
ior of these materials on the nanometer scale.['""!

Herein, we discuss the magnetic properties of NaMnF;
nanoplates of different sizes. Figure 9a—d shows the temper-
ature dependence of the magnetic susceptibility (M-T) be-
havior of NaMnF; nanoplates of size (198.0+4.5)x (150.5+
2.1), (110.0£9.5)x (40.5+2.0), (55.5+4.5)x(30.0£1.8), and
(38.542.5)x (22.5+0.8) nm?, respectively. The observed Ty
values are around 68-70 K for the former three samples,
which coincides with the corresponding bulk compound, and
show no significant shifts. This result indicates the similar
antiferromagnetic interaction mode among these three sam-
ples and bulk NaMnF;. Moreover, the large difference be-
tween the zero-field-cooling (ZFC) and field-cooling (FC)
plots and the dependence of FC susceptibility on nanocrys-
tal size imply the weak ferromagnetic behavior of the syn-
thesized NaMnF; nanoplates, especially for those of size
(198.0 £4.5) x (150.542.1) and (110.0+9.5) x (40.5 +£2.0) nm*
(Figure 9a and b, respectively). However, when the nano-
plate size drops to (55.5+4.5)x(30.0+1.8) and (38.5+2.5) x
(22.540.8) nm?, we observed a sharply increased magnetic
moment at around 11 K (Figure 9¢ and d), possibly due to
the noncompensation of the surface spins.'! In particular,
for the smallest nanoplates, the increase in the magnetic
moment was more significant and the Ty value decreased to
40 K (Figure 9d), thus indicating the strong surface effect of
the nanoplates.!"!!

Upconversion Luminescence of NaMgF;:Yb,Er Nanorods

The design and characterization of new upconversion (UC)
luminescent materials is an active area of research.™ Using
the cothermolysis of multiple metal (Na, Mg, Yb, and Er)
trifluoroacetates in OA/ODE (1:1) at 300°C for 45 min, we
obtained NaMgF;:20 % Yb,2 % Er nanorods, which showed a
strong red emission under 980-nm near-IR excitation. To the
best of our knowledge, there has not yet been a report on
the UC properties of rare-earth-doped NaMgF.

The NaMgF;:20% YDb,2 % Er nanorods prepared have an
orthorhombic structure (Figure 10a) with the lattice param-
eters a=>5.40(6), b=5.52(1), ¢=7.80(8) nm (space group:
Prnma). The expansion of the lattice constants from NaMgF;
to NaMgF;:20 % Yb,2 % Er nanorods testifies to the success-
ful co-doping of the Yb** and Er’* ions into the crystal lat-
tice of NaMgF;. As seen in Figure 10b, the nanorods have a
relatively uniform width, and are (337.2-66.3)x(10.3+
1.6) nm? large.

Figure 10c¢ shows the room-temperature UC fluorescence
spectrum of the colloidal NaMgF;:20 % Yb,2 % Er nanorods
redispersed in cyclohexane under 980-nm near-IR excitation.
The three characteristic emission peaks at 525, 552, and
662 nm are assigned to the *Hy;,—1;5p, *S5—*115p, and “Fy,
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Figure 9. ZFC (/) and FC (@) magnetization curves of differently sized
NaMnF; nanoplates with an applied field of 100 Oe: a) (198.0£4.5)x
(150.54+2.1) nm*;  b) (110.049.5)x (40.5+2.0) nm?*;  c) (55.54+4.5)x
(30.0+1.8) nm?; d) (38.5+2.5) x(22.5+0.8) nm*.

—“1;5, transitions of erbium, respectively. The strong red
emissions located at 652 and 662 nm resulting from the
same transition (*Fo,—*l;5,) hint that the synthesized
NaMgF;:20 % Yb,2 % Er nanorods may be a good candidate
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Figure 10. a) XRD pattern and b) TEM image of NaMgF;:20 % Yb,2 % Er
nanorods. ¢) Room-temperature upconversion fluorescence spectrum of
NaMgF;:20%Yb2%Er  nanorods  dispersed in  cyclohexane
(0.05 mol L™"); inset: photograph of the dispersion under 980-nm near-IR
excitation. d) Power dependence of the upconversion emission of NaMg-
F;:20 % Yb,2 % Er nanorods dispersed in cyclohexane under 980-nm near-
IR excitation; W ="S;,—"T;5», @ ="Fop—"T;5p.
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for red UC materials. From the plots of the power depend-
ence of the UC emissions for the nanorods (Figure 10d), the
slopes for both green and red emissions were determined to
be approximately two. Therefore, we consider the two-
photon process as the upconversion mechanism, as shown in
Equations (1)—(3), in which ET is energy transfer (see also
Supporting Information, Figure S7).2¥

?F, 5 (Yb™) 200 2F, L (Yb) (1)

21:5/2(sz+) + 4111/2(Er3+) E’21:5/2(Yb3+) + 4F7/2(Er3+) (2)

4 3+ relaxation 2 3+ relaxation 4 transition 4
F7p(Br™) ——= “H,,,(Er’") Fy) Ls),

3)
Conclusions

Single-crystalline and near-monodispersed NaMF; (M =Mn,
Co, Ni, Mg), LIMAIF, (M=Ca, Sr), and NaMgF;:Yb,Er
nanocrystals (quasisquare nanoplates, nanorods, and nano-
polygons) were synthesized by the cothermolysis of multiple
trifluroacetates in hot high-boiling-point solvents. By simply
tuning the synthetic parameters such as reaction tempera-
ture and time and solvent composition, we could manipulate
the size of the NaMF; nanocrystals. The narrow size distri-
bution of the nanocrystals provided by this method allowed
the NaMF; (M =Mn, Co, Ni) nanocrystals to partially self-
assemble into nanoarrays on copper TEM grids. The
NaMnF; square plates prepared showed interesting weak
ferromagnetic behavior on the nanoscale, and the NaMg-
F;:Yb,Er nanorods displayed strong UC red emissions under
980-nm near-IR excitation. We believe that the current work
could contribute to diverse research fields related to the
synthetic chemistry, magnetic and optical physics, and nano-
materials science of dispersible inorganic nanocrystals (par-
ticularly for complex metal fluorides), and thus should be of
adequate theoretical and practical interest.

Experimental Section
Chemicals

All the nanocrystals were synthesized by using standard air-free proce-
dures. OA (90%, Alpha), OM (>80%, Acros), ODE (>90%, Acros),
trifluoroacetic acid (99%, Acros), A(CF;COO) (A=Na, K, >97%,
Acros), absolute ethanol, hexane, toluene, and cyclohexane were used as
received. Precursors such as M(CF;COO), (M =alkaline-earth or transi-
tion metal), Li(CF;COQ), and M(CF;COO); (M=Al, Yb, Er) were pre-
pared from the corresponding metal oxides, hydroxides, or carbonates ac-
cording to the literature method.!"®!

Synthesis of NaMF; (M =Mn, Co, Ni, Mg) Nanocrystals

The typical synthetic procedure is as follows: A given amount of Na-
(CF,COO) and M(CF;COO), (M=Mn, Co, Ni, Mg) and OA/OM/ODE
(40 mmol) were loaded into a three-necked flask at room temperature to
form a slurry, which was then heated to 100-120°C for 30 min under Ar
atmosphere with vigorous magnetic stirring in a temperature-controlled
electromantel. The reaction mixture was repeatedly evacuated to remove
water and oxygen until a transparent solution was produced, which was
then rapidly heated within 10-15 min to 250-330°C and held at that tem-
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perature for the desired length of time. The solution was then cooled to
room temperature in air to form a nanocrystal suspension, after which
the nanocrystals were retrieved by adding absolute ethanol (50 mL) to
the suspension, followed by a centrifugation at 7500 rpm for 15 min. The
precipitated nanocrystals were dried overnight in air at 70°C. The yields
of all the nanocrystals afforded without any size sorting were 65-75%.
All the prepared nanocrystals were easily redispersed in various nonpolar
organic solvents such as hexane, toluene, and cyclohexane.

Synthesis of NaMgF3:20 %Yb,2 % Er Nanorods

The synthetic procedure was the same as that used to synthesize NaMgF;
nanocrystals, except that Na(CF;COO) (1 mmol) and stoichiometric
amounts of Mg(CF;COO),, Yb(CF;COO),;, and Er(CF;COO); were
added to a mixture of OA (20 mmol) and ODE (20 mmol) in a three-
necked flask at room temperature for reaction at 300°C for 45 min.

Synthesis of LIMAIFs (M= Ca, Sr) Nanocrystals

The synthetic procedure was the same as that used to synthesize NaMF;
nanocrystals, except that Li(CF;COO), Al(CF;COO);, and M(CF;COO),
(M=Ca, Sr) (1 mmol each) were added to a mixture of OA (20 mmol)
and ODE (20 mmol) in a three-necked flask at room temperature for re-
action at 300°C for 60 min.

Characterization

Powder XRD patterns were recorded on a Rigaku D/y,x-2000 diffrac-
tometer (Japan) with a slit width of 0.5° at a scanning rate of 2°min "'
with Cuy, radiation (A=1.5418 A). Samples for TEM analysis were pre-
pared by slow evaporation of a drop of nanocrystal dispersion in hexane/
toluene (1:1 v/v) on a carbon-coated copper grid. Particle sizes and
shapes were determined by a transmission electron microscope (200CX,
JEOL, Japan) operating at 160 kV. HRTEM observations and EDAX
analysis were carried out on a Philips Tecnai F30 FEG-TEM microscope
operating at 300 kV. FTIR spectra were obtained on a Bruker Vector22
spectrophotometer. GC-MS spectra were collected with a USA Finni-
gan-MAT GCQ gas chromatograph/mass spectrometer. The upconver-
sion fluorescence spectrum of NaMgF;:20% Yb,2%Er nanorods dis-
persed in cyclohexane (0.05 molL™") was recorded at room temperature
by using a modified Hitachi F-4500 spectrophotometer with an external
980-nm laser diode as the excitation source in place of the xenon lamp in
the spectrometer. Magnetic susceptibilities were measured by using a
Quantum Design USA MPMS-XL-5 superconductive quantum interfer-
ence device (SQUID) magnetometer from 5 to 300 K with a measuring
field of 100 Oe. The temperature dependence of the susceptibility was in-
vestigated by cooling the dried sample at zero field and then stepping up
the temperature (ZFC curve), or by cooling the sample in the presence
of an external field (FC curve). Both curves were collected with an ap-
plied field of 100 Oe.
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