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We describe a green synthesis of upconversion nanocrystals (UCNs)
by adjusting local precursor supersaturation under aqueous condi-
tions at low temperature with size and phase control as well as high
production yield. The synthesis allows the separation of nucleation
and growth, leading to the formation of small UCNs with a uniform
size. Ultra-small a-phase UCNs (~ 6.3 nm) and bright g-phase UCNs
(~25.5 nm) have been synthesized.

Upconversion nanocrystals (UCNs) have wide-spread applica-
tions in imaging and sensing,'™ solar cells,” displays,®
encryption”® and photothermal therapy’ because of their
charming features including multicolored emissions, excellent
photostability, and the capability to be excited by near-infrared
(NIR)." The last feature is particularly beneficial for photo-
theranostics due to reduced auto-fluorescence, tissue damage
and enhanced penetration depth.™ NaYF4Yb*",Tm** nanocrys-
tals are paid special attention, not only because NaYF, is an
efficient host material for upconversion emission,'” but also
because its excitation at 980 nm and upconversion emission
around 800 nm are within the spectral scope recognized as the
‘window of optical transparency’ for biological tissues."?
Current synthesis methods for UCNs, however, usually suf-
fer from the requirements for high temperature in the presence
of high-boiling point organic solvents, long reaction time,
surfactants, expensive and unstable precursors, or tedious
procedures. These syntheses often are of low-yield and high-
cost, and produce environmental hazards. The biological appli-
cations demand small-sized UCNs (<10 nm) to ensure thorough
and fast clearance from the body."**° But synthesis of ultra-small
and uniform UCNs remains as a great difficulty. Synthesis of
bright NIR-emitting UCNSs for in vivo imaging is also challenging.
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Green synthesis of upconversion nanocrystals by
adjusting local precursor supersaturation under
aqueous conditionsf

*30 and

UCNs may exist in either cubic (o) or hexagonal () phase. The
o phase is metastable whilst the  phase, which gives enhanced
UC emission, is thermodynamically stable. Transition from o
to B phase, however, demands high reaction temperature of
300-320 °C in organic solvent and prolonged reaction time (even
up to several days).”*>°

In this contribution, we have developed a green strategy by
adjusting local precursor supersaturation to synthesize uni-
form UCNs with high yield under mild aqueous conditions.
The use of fatty acids as the chelating ligands for rare earth ions
and as a stabilizer for UCNs reduces the energy barrier for
nucleation and transition from o to B phase. Through rational
designs, ultra-small o-UCNs (<7 nm) and bright B-UCNs
(~25 nm) emitting at 800 nm are obtained.

For current synthesis methods, constant nuleation occurs
concomitantly with nanocrystal growth because the reaction has
to start with a concentration higher than needed for growth in
order to initiate nucleation.”® Some hydrothermal syntheses also
provide a liquid nucleation model*° or liquid-solid-solution phase
transfer strategy.>' Consequently, the produced nanoparticles are
highly heterogeneous in size. To tackle this dilemma, we devel-
oped a strategy by adjusting the local precursor supersaturation to
synthesize NaYF,:Yb*>",Tm®" nanocrystals as shown in Fig. 1.

Sodium oleate molecules (18 carbon fatty acid) were firstly
diserpsed in aqueous solution. When rare earth (RE) ions are
added with much lower abundance as compared to oleate, they
are completely chelated by the carboxyl groups on the oleate
molecules leading to the formation of aggregates ~1000 nm in
size (Fig. S2 in the ESIt) because of charge neutralization. As a
consequence, the local concentration of RE ions at the interface
between aggregates is increased to exceed S,, (Whereby it reduces
AG,). The subsequent addition of F~ ions triggers the nucleation
of UCNs while some oleate molecules remain on the surface to
lower the surface energy (AGg). The appearance of the two wide
peaks in the X-ray diffraction (XRD) pattern corresponding to the
111 and 220 planes of a-phase nanocrystals indicates the for-
mation of small nuclei of UCNs (Fig. S3a in the ESIY).
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Fig. 1 Schematic illustration of green synthesis for UCNs.

Taken together, the nucleation process at the ambient
temperature is favored in this system due to lowered AG even
when the bulk concentrations of the precursor ions are low.
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At an increased temperature (120 °C), the growth of UCNs
occurs at the aggregate interface and is sustained by surround-
ing chelated RE ions on interfacing aggregates. The size of the
finally obtained UCNS is confined by the restricted supply of RE
ions. As revealed by transmission electron microscopy (TEM),
UCNSs (3 h growth) show good monodispersity with the average
size of ~6.3 £ 0.3 nm (100 samples) (Fig. S3b in the ESIT).
In agreement with our hypothesis, prolonged reaction (8 h)
doesn’t significantly increase the UCN size (~6.6 = 0.3 nm,
100 samples) further (Fig. 2a). The XRD peaks of the obtained
nanoparticles are in accordance with that from o-UCNs
(Fig. S4a in the ESIt). In summary, because faciliated nuclea-
tion at ambient temperature and growth at high temperature
with restricted supply of RE ions are separated in this synthesis,
the resulting UCNs are small and uniform.

As shown in Fig. 2b and ¢, when sodium acrylate (3 carbon
fatty acid) or sodium oatanoate (8 carbon fatty acid) is used as
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Fig. 2 TEM images of the UCNs synthesized using (a) sodium oleate, (b) sodium oatanoate and (c) sodium acrylate under 120 °C hydrothermal
conditions for 8 h. Insets show the size distribution. (d) UCN size versus the carbochain length of the used fatty acid. TEM images of the UCNs synthesized
using sodium oleate under (e) 150 °C, (f) 170 °C and (g) 200 °C for 8 h. Insets present HRTEM images. (h) UCN size versus the reaction temperature. (i) TEM
image of the prepared UCNs with the F~/Y** molar ratio of 32 (7 h reaction at 150 °C).
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Fig. 3 (a) XRD spectra of the UCNs obtained at different reaction tem-
peratures for 8 h. PDF (no. 01-077-2042) of cubic a-phase and PDF
(no. 00-016-0334) of hexagonal B-phase NaYF, are indicated at the top
and bottom axis, respectively. (b) XRD spectra of the UCNs prepared using
different reaction durations at 200 °C. (c) XRD spectra of the UCNs
prepared at 150 °C for 7 h with different F~ to Y** molar ratios.

the chelator of RE ions and stabilizer of UCNs, the same
synthesis produces much larger a-UCNs with wide size distri-
bution (~56.2 + 16.3 nm, 100 samples; ~15.5 + 1.5 nm, 100
samples). This is because these two fatty acids within (RE) ions
cannot form aggregates (Fig. S5a and b in the ESI{) and there-
fore are not able to assist nucleation at ambient temperature
(TEM not shown). The UCNs obtained from sodium oatanoate
are relatively small conceivably because the fatty acid chains on
the UCN surface limit the growth rate by restricting the diffu-
sion of RE ions in the solution to the nucleation core. As
evidenced by Fig. 2d, we propose that the size of UCNs can
be controlled by the chain length of the used fatty acid.

The small-sized UCNs are particularly attractive for in vivo
applications. Our a-phase NaYF,:Yb**, Tm®" nanocrystal is the
smallest UCN using NaYF, as the host material.'®*" Thus far,
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Fig. 4 (a) UC PL spectra of the prepared B-phase NaYF,Yb* Tm3*
nanocrystals (1 mg mL™Y) and the commercial upconversion NaYF,:
Yb3* Er** nanocrystals (Sigma) (Img mL™%) under 980 nm laser excitation
with 0.5 W. (b) The photographic image of the B-phase nanocrystal
solution without and with laser excitation at 980 nm. (c) UC PL spectra
of the prepared NaYF4Yb®"Er** nanocrystals under laser excitation at
980 nm. (d) The photographic image of B-phase NaYF,:Yb*",Er®* nano-
crystal solutions without and with laser excitation at 980 nm.

the demonstration of ultrasmall UCNs is still limited, and they
are all synthesized in an organic medium at high temperature
(>300 °C) with moderate production yield.">**>” Using our
methods, a high yield of ~86% with a very low concentration of
Y** (6.4 mM which is an order lower than typically needed) is
obtained.*

The size of UCNs increases with the increasing reaction
temperature (Fig. 2e-g) presumably because a higher tempera-
ture makes the chelated Y** ions become more mobile in the
aggregates. The characteristic lattice spacing resolved by high-
resolution TEM (HRTEM) indicates that UCNs obtained at 120,
150, and 170 °C are a-phase while 200 °C produces -UCNs.

XRD characterization also confirms their phase identity
(Fig. 3a). Under 200 °C, 1 h reaction yields «-UCNs only; 3 h
reaction gives a mixture of o- and B-UCNs; 5 h and above
produce only B-UCNs (Fig. 3b). As expected, increasing tem-
perature and reaction time favors the transition from o to
B phase. Notably, o to B phase transition doesn’t occur under
the same conditions when sodium acrylate or sodium oatano-
ate are used (Fig. S4b in the ESIt). This implies that aggregate-
assisted nucleation is more thermodynamically stable and
favors the phase transition.

The previous studies have demonstrated that increasing the
F~ to Y*' ratio promotes o to B phase transition,>® because
excessive F~ ions passivate the dangling bonds on UCN thereby
reducing the surface energy of the nanoparticle. With F~ to Y**
ratio of 32 (Y*" reduced from 26.4 mM to 6.6 mM while F~ being
increased from 108 mM to 216 mM), the reaction time for phase
transition at 200 °C is largely decreased from 5 h to 1 h (Fig. S4c
in the ESIt). But the reaction at such high temperature leads to
heterogeneous distribution of the produced nanoparticles.

Fig. 3c demonstrates that o to p transformation can occur
at 150 °C with F~ to Y*" ratio of 32 when the reaction time
is increased to 7 h. As uncovered by TEM (Fig. 2i), the obtained
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B-UCNs have uniform size distribution (25.5 &+ 0.3 nm, 100 sam-
ples). The size uniformity is attributable to the low reaction
temperature as well as aggregate-controlled growth by adjust-
ing local precursor supersaturation. TEM imaging shows that
the formed B-UCNs are surrounded by aggregates (Fig. S4d in
the ESIt). Reducing the F~ to Y** ratio fails to produce B-UCNs
under the same conditions (Fig. 3c). The previous synthesis
methods for B-UCNSs all require much higher temperature.*®™°
And they often need long reaction time and sometimes produce
large-sized particles.>>>°

Under 980 nm laser excitation, the upconversion photolu-
minescence (UC PL) spectra of the B-phase NaYF,:Yb*',Tm?*
nanocrystals prepared at 150 °C exhibit two prominent peaks
around 475 nm and 800 nm, which resulted from 'G, — *Hg
and *H, — *H, transitions of Tm** ions, respectively (Fig. 4a).
Under 0.5 W laser, the nanocrystal solution (5 mg mL™ %)
appears bright blue (Fig. 4b), indicating its high quantum yield.
Subjected to the same excitation at 980 nm, the emission peak
of our UCNs at NIR (800 nm) is ~2.3 times that from a
commercial green UCN (Sigma-Aldrich, NaYF,:Yb** Er*").

To demonstrate the versatility of our approach, we synthesized
another class of upconversion nanocrystals, namely, NaYF,:
Yb**Er’*. Fig. S6a and b (ESIf) present the representative TEM
images of o-phase and B-phase NaYF,:Yb*' Er** nanocrystals,
respectively. The strong emission around 542 nm and 654 nm from
the B-phase UCN are originated from *S;;, — “I;5, and *Fo — *Iy512
transition of Er’* (Fig. 4c and d). Weak acid treatment to remove
oleate and the conjugating poly (acrylic acid) (PAA) on the UCN
under solvothermal conditions renders the nanocrystals water
soluble for bio-applications (Fig. 1). Using Fourier-transform infra-
red spectroscopy (FTIR), the success of PAA attachment is confirmed
by the vibration peak (3468 cm™ ") of C-H bond and the vibration
peak (1642 cm™ ') of C=O0 from PAA (Fig. S7 in the ESI¥).

Conclusions

In summary, a new green method to synthesize upconversion
nanocrystals (UCNs) with high production yield at low temperature
has been demonstrated. Fatty acids are used as the chelator for rare
earth ions and stabilizer of UCNs, allowing the synthesis to occur
under aqueous conditions. Aggregates formed by fatty acids facil-
itate the nucleation at low temperature by adjusting the local
precursor supersaturation. And such a synthesis allows separation
of nucleation and growth, leading to formation of ultrasmall
o-phase UCNs with uniform size distribution (~6.3 nm).
The particle size can be tuned by choosing fatty acids with different
carbon chain lengths. And at moderately increased temperature,
o to B phase transition can occur producing bright NIR-emitting
UCNS. In principle, other aggeregates forming molecules other than
fatty acids may also be used and the same strategy may also be
applied for high quality synthesis of other nanocrystals.
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