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Yb/Er co-doped KMnF; nanocrystals (NCs) exhibit strong single band emission centered at 660nm, which is beneficial for

bio-imaging application. It is known that the bio-distribution, clearance rate, and elimination pathway of the intravenously
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injected NCs are strongly associated with the particle size. Here, we provide a novel method to modify the size of Yb/Er:

KMnFs; NCs by introducing Zn®* in the initial solution. Through changing the concentration of Zn>* (0 — 30 mol%), the size of

Yb/Er: KMnF3; NCs with cubic phase can be easily tuned from 8nm to 18nm. Interestedly, the Zn** did not incorporate into

the lattice structure or adhere on the surface of the final NCs, it just helped the growth of Yb/Er: KMnF; NCs. Combined

with the upconversion emission spectra results, we can provide a direct evidence for the size-dependent upconversion

luminescence due to the final NCs with different sizes have same component, shape, crystal structure and crystallinity.

Introduction

Upconversion (UC) nanocrystals (NCs) have been widely
investigated as a new class of luminescent labels and as alternatives
to conventional labels, such as organic fluorophores and quantum
dots, applied in biological imaging [1-21]. Yb/Er co-doped NaYF,
NCs, which is regarded as the most efficient UC matrix due to its
unique crystal structure, usually exhibit strong green emission
(~550nm) and weak red emission (~660nm) [22-28]. However, it is
believed that the near-infrared (NIR) spectral range (700-1100nm)
and the red region (600-700nm) are referred to “optical window” of
the biological tissues [29-30]. From this view of the point, the
system of Yb/Er co-doped NaYF, NCs is limited in practical
application due to its low penetration depth of green light and weak
signal of red emission with low intensity.

Recently, the Mn?*-contained materials, such as Mn/Yb/Er:
NaYF, NCs [31], Yb/Er: NaMnF; NCs [32], and Yb/Er: KMnF; NCs
[33], attracted much attention, because Mn?* can receive energy

from the ZHQ/Z and 453/2 levels of Er** and then transfer to the 4F9/2
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level of Er** followed by strong red emission. For example, Liu’s
group reported that Yb/Er co-doped KMnF; NCs exhibit strong
single band emission centered at 660nm, which is beneficial for bio-
imaging application [33]. It is known that the bio-distribution,
clearance rate, and elimination pathway of the intravenously
injected NCs are strongly associated with the particle size [34].
Unfortunately, to the best of our knowledge, there is no report
about controlling the size of Yb/Er: KMnF; NCs until now.

So far, several methods are used to tune the size of fluorides
NCs, such as ion-doping, changing the reaction temperature or
time, varying the concentration of precursor chemicals or the ratio
of solvent [35-42]. However, these traditional methods may change
the component, crystallinity or morphology of the final products.
Here, we provide a novel method to modify the size of Yb/Er:
KMnF; NCs by introducing Zn** in the reaction system. Through
tuning the concentration of Zn*" ions (10 — 30 mol%), different sizes
of Yb/Er: KMnF3; NCs with cubic phase can be obtained. Interestedly,
the zn®* did not incorporate into the lattice structure or adhere on
the surface of the final NCs, it just helped the growth of Yb/Er:
KMnF; NCs. In addition, all the samples were prepared under the
same experiment condition except the different ratio of Mn : Zn in
the precursor solution. In this case, the final NCs with different sizes

have same component, shape, crystal structure and crystallinity,
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which can provide a direct evidence for the size-dependent

upconversion luminescence.

Experimental

Materials. All chemicals were of analytical grade and were used as
received without further purification. Deionized water was used
throughout.  LnCl;-6H,0  (Ln=Yb, Er), Mn(CH5COO),-4H,0,
C4Hg04ZNn-2H,0, KF, 1-octadecene (ODE), oleic acid (OA), Oleylamine
(OM), cyclohexane and ethanol were all supplied by Sinopharm
Chemical Reagent Company.

Synthesis of Ln-acetylacetonate (Lh= Yb, Er) (named Yb(acac)s,
Er(acac);) precursor. Take Yb(acac); as an example, 2mL HNO; were
added to 30 mL aqueous solution containing 10 mmol YbCl;:6H,0 to
form solution A, 8 mL acetylacetonate, 6mL NH3-H,0 and 20mL H,0
were mixed together to form solution B, and mixed with solution A.
Then adjusting PH of the above mixed solution at 6~7 through
adding NH;3-H,0 or HNOjs. The resulted solution maintained at room
temperature for 2h, then washed with water for three times and
finally dried at 60 °C to obtain Yb(acac); powder. Er(acac); powder
was prepared by a similar method, except that YbCl;:6H,0 was
substituted by ErCl;-6H,0.

Synthesis of Yb/Er: KMnF; NCs with different Zn** concentration in
the initial solution. The Yb/Er: KMnF; NCs with different zn*
concentration in the initial solution were prepared in three steps
according to a modified literature  procedure  [43].
Mn(CH5COO0),-4H,0 (0.8mmol x (0.8-y)), C;Hg04ZNn-2H,0 (0.8mmol x
y, y= 0, 0.1, 0.2, 0.3, 0.4), Yb(acac); (0.8mmol x 0.18), Er(acac)s
(0.8mmol x 0.02) were added to a 50 mL flask containing 4mL OA
and 4mL OM. The mixture was heated at 150 °C for 30 min to
remove water from the solution. Then 12mL ODE was quickly added
to the flask and the mixture was heated at 150 °C for another 30
min to form a clear solution, and then cooled down to room
temperature. Afterwards, 6ml methanol solution containing KF 2
mmol was added into the above solution and stirred at 70°C for 30
min. After the methanol was evaporated, the solution was heated
at 80 °C for 5 min, and further heated at 280 °C under N, for 90 min

and then cooled down to room temperature. The products were

precipitated by addition of ethanol, collected by centrifugation,
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washed with cyclohexane and ethanol for three times, and finally
dried at 60 °C.

Characterizations.

XRD analysis was carried out with a powder diffractometer
(DMAX2500 RIGAKU) using Cu-K, radiation (A=0.154 nm). The size,
shape and uniformity of the products were studied using a
transmission electron microscope (TEM, JEM-2010) equipped with
an energy dispersive X-ray spectroscope (EDS). TEM specimens
were prepared by directly drying a drop of a dilute cyclohexane
dispersion solution of the products on the surface of a carbon
coated copper grid. UC emission spectra were recorded on an
Edinburgh Instruments FLS920 spectrofluorimeter equipped with an
adjustable laser diode (976 nm) as the excitation sources. To enable
comparison of the UC emission intensities among different samples,
the emission spectra were measured with the same instrumental
parameters (for example: same mass of samples, same excitation
wavelength and power, same excitation and emission slits, and so

on). All the measurements were carried out at room temperature.

Results and discussion

X-ray diffraction (XRD) patterns of the final products with
different Zn®* content (0, 10, 20 to 30 mol%) in the initial solution
are shown in Fig.1. All the XRD peaks of those products match well
with the cubic KMnF; phase (JCPDS 17-0116). Further increasing
Zn®* content to 40% or 50%, along with the cubic KMnF; phase, a
small part of impurity ZnF, phase emerged (Fig. S1). In cubic KMnF;
crystal structure, Mn>" ions locate at the body-center, F ions lie at
the face-center, and K* ions occupy the nodes of the cubic lattice
(Fig. 1b). The Ln®" (Ln=Yb, Er) ions will incorporate into the KMnF;
crystal lattice by substituting Mn** after adding Ln** into the
reaction system. It should be noted that charge balance in KMnF; is
disturbed after Ln** replacing Mn2+, so K" or Mn®* vacancies formed
to maintain charge balance [32].

Transmission electron microscope (TEM) observations indicate
that the size of the final products with cubic shape increases
gradually with increasing Zn®* concentration in the initial reaction
system (Fig. 2). The mean sizes of those NCs are measured to be

about 8nm, 12nm, 14nm and 18nm, respectively, as exhibited in
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Fig. 2f. The selected area electron diffraction (SAED) pattern
suggests that the corresponding NCs are of cubic structure (inserted
in Fig. 2b). The lattice fringes are clearly observed, and the d-
spacing is measured to be about 0.42nm, corresponding to the

(100) plane of cubic KMnF; phase (Fig. 2e).
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Fig. 1 (a) XRD patterns of Yb/Er: KMnF; NCs prepared under

different Zn®* concentration x% (x=0, 10, 20, 30); (b) the crystal

structure of cubic KMnF;.

To explore the mechanism of Zn” ions in the reaction system
induce size variation of Yb/Er: KMnF;, it is necessary to clarify the
location of those Zn®* ions. As shown in Fig. 1la, there is no
detectable position shifting of XRD peaks with different n*
content although the radius of n™ (0.1065 nm) is smaller than that
of Mn** (0.1278 nm) [44]. In addition, the energy dispersive X-ray
spectroscopy (EDS) results indicate that there is no signal of Zn
element in the products prepared with and without n* (Fig. S2).

The XRD and EDS results confirm the absence of Zn>* ions in Yb/Er:

This journal is © The Royal Society of Chemistry 20xx
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KMnF; NCs with different sizes, including the crystal lattice and

surface of the NCs.

8 diaomgr}:lmis 18 20 22 24

Fig. 2 TEM images of Yb/Er: KMnF; NCs prepared under different
Zn** concentration x% : (a) x=0, (b) x=10, (c) x=20, (d) x=30; Insert of
(a) shows HRTEM image of an individual NC, inset of (b) shows its
corresponding SAED pattern; (e) HRTEM image of an individual NC
in (d); (f) histograms of particle size distribution of Yb/Er: KMnF;

NCs with different Zn>* concentration in the initial reaction system.

To further determine the effect of Zn>* on Yb/Er: KMnF; NCs
growth, two comparable samples, including Yb/Er: KMnF; NCs with
Zn®*: Mn*" ratio of 30: 70 (increase Mn?* concentration to 70% and

Zn** concentration remain at 30%, named A) and Yb/Er: KMnF5; NCs

+ 2+

with Zn*": Mn® ratio of 0: 50 (remove n* precursor and Mn
concentration remain at 50%, named B), were prepared and
characterized. As shown in Fig. S3a, the sample A is belonged to
pure KMnF; phase. Its mean size is larger than the sample in Fig. 2a

(Zn2+: Mn?* ratio at 0: 70), but smaller than the sample in Fig. 2d

J. Name., 2013, 00, 1-3 | 3
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(Zn Mn®* ratio at 30: 50). The sample B contains two mixed
phases, including KYbsF,, and KMnF; (Fig. S3b), and the mean
particle size of those KMnF; NCs is also decreased in comparison
with the sample in Fig. 2d (Fig. 3b). In one word, increasing Mn**
ions or decreasing Zn®* ions concentration, which mean that n*
content around a single Mn*" ion in a certain volume decrease,
results in the mean size of the final products reduce. These results
suggest that Zn*" can promote the growth of KMnF; NCs. With
prolonging the reaction time to 5h, the ZnF, phase emerged, except
KMnF; phase (Fig. S4). In addition, we found that the mean particle
size of Yb/Er: KMnF; NCs prepared without Zn®* in the initial
solution increased after F* content increased from 2.0mmol to
2.4mmol (Fig. S5), which suggests that F* can also promote the
growth of KMnF; NCs. It should be noted that the morphology goes

worse with increasing F concentration.

Fig. 3 TEM images of Yb/Er: KMnF; NCs with an Zn>": Mn®" ratio of
30: 70 (a) and Yb/Er: KMnF; NCs with an Zn**: Mn**ratio of 0: 50

(b), inserts shows the corresponding HRTEM images.

According to the above results, a possible mechanism about

Zn’

* promotes the growth of Yb/Er: KMnF; NCs in our system is
proposed, as schematically illustrated in Fig. 4. At first, Mn*" and
YbaJ'/Er3+ combined with oleic acid molecules to form metal-oleat
complexes, then react with K" and F~ to form Yb/Er: KMnF; nuclei.
Along with the reaction, these nuclei grow up and the
monodispersed Yb/Er: KMnF3; NCs formed with OA as surfactant. In
the case of adding Zn** ions into the system, the reaction process is
different. Mn”" is a harder Lewis acid compared to Zn*", so the Zn**
is significantly more reactive than Mn?* if they both have the same
carboxylate ligand [45]. In this case, after the zinc-oleat molecules

are linked to the surface of the Yb/Er: KMnF; nuclei due to

4| J. Name., 2012, 00, 1-3
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Brownian motion of those molecules, the diffusion rate of F ions
from the solution to the nuclei is faster than that of without zn®*
situation. Afterwards, the K" and Mn** cations in the solution react
with F" anions on the nuclei surface and results in the growth of the
nuclei. With increasing Zn* concentration, the nuclei attract more F,,
K" and Mn®* ions, and then grow bigger than before. After the
depletion of Mn?* in the solution, the growth of Yb/Er: KMnF; NCs is
terminated. The Zn>* ions on the surface of KMnF; NCs and in the
solution can be washed away by cyclohexane and ethanol, which
can be verified by the EDS results. With prolonging the reaction
time, the Zn** combined with the superfluous F" to form ZnF, phase.
The ZnF, phase can be avoided through controlling the experiment
condition, which indicates that KMnF; phase is more stable than
ZnF, phase in our reaction system. Hence, even a part of F- combine
with Zn** to form ZnF, in the reaction process, it would dissolve

quickly, and then those escaped F still can promote the growth of

KMnF; nuclei.
solution
nuclei o > @
ss grow T
attraction " £ Yb/Er: IiMnF3
re o
nuclei ¢ _ - .
* In* with Zn2*

Fig. 4 Schematic illustration of the mechanism about n* promotes

the growth of Yb/Er: KMnF; NCs

The UC spectra of Yb/Er: KMnF; NCs with different sizes are
shown in Fig. 5a. Under 976nm laser excitation, all the samples
exhibit single-band emission centered at 655nm, corresponding to
4F9/294I15/2 transition. The UC emission intensity enhanced
gradually with the size increased (Fig. 5b). It has been reported
smaller particles have weaker UC emissions due to the surface
quenching effect. Actually, in most of the size-dependent UC
emission cases, the varying parameter is not only containing size,
but some others. For example, by the traditional methods of tuning

the size of fluorides NCs, changing the reaction temperature or time

This journal is © The Royal Society of Chemistry 20xx



Page 5 of 8

CrystEngComm

will change the crystallinity of NCs, varying the concentration of
precursor chemicals or the ratio of solvents will vary the
morphology of NCs, doping different ions will alter the composition
of NCs. However, in our experiment, all the final NCs with different
sizes are prepared under the same reaction condition except the
diverse ratio of Mn?* : Zn®* and the zZn*"ions did not incorporate
into the lattice structure or adhere on the surface of the final NCs.
Hence, these products have same component, morphology, crystal
structure and crystallinity, which can provide a direct evidence for
the size-dependent upconversion luminescence. In our case, the
emission intensity enhanced about 7, 11, and 24 times with the
mean size of the Yb/Er: KMnF; NCs increased from 8nm to 12nm,
14nm, and 18nm, respectively. For UC materials, a long lifetime
usually means a highly-efficient UC luminescence [46-49]. As
revealed in Figure S8, the trend of lifetime variation is consistent
with that of UC intensity variation. This can be explained by the
greater multi-phonon relaxation probabilities of Er*” in smaller NCs
having a high surface-to-volume ratio, so that a larger proportion of
Er** ions are located on the surfaces and under the influence of high
energy vibration groups such as stabilizing ligands, solvent

molecules and surface defects.

Fig. 5 (a) upconversion spectra of Yb/Er: KMnF; NCs with different
sizes (8nm, 12nm, 14nm, 18nm), (b) total emission intensities

versus size.

For a UC luminescence process, the UC emission intensity (Iyc)

is proportional to the n-power of the excitation (lz) power:
lyceoliR"

where n is the absorbed photon numbers per visible photon
emitted, and its value can be obtained from the slope of the fitted
line of the plot of log(lyc) versus log(lz). As shown in Fig. S6, n value
of the red emission for Yb/Er: KMnF; NCs with 8nm and 14nm are
1.80 and 1.84, respectively, indicateing the red emission proceeds
via a two photon process and the UC mechanism is not affected
when the size changed from 8nm to 14nm. The possible UC
emission mechanism is shown in Fig. S7.

For practical applications, thermal stability of upconversion
nanocrystals is a crucial parameter, and the working temperature of
most luminescent devices is usually above room temperature (RT).
Hence, it is important to investigate the temperature-dependent UC
emissioin intensity of Yb/Er: KMnF; NCs. The integrated red
emission intensity of Yb/Er: KMnF; NCs with 18nm at various
temperatures are exhibited in Fig. 6. With increasing temperature
from 298K to 473K, the UC emission intensity decreases gradually,
while its intensity increases gradually with the temperature cooling
to RT, and the efficiency is as high as before. These results indicate

that the Yb/Er: KMnF; NCs can be applied in a certain high
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Fig. 6 The integrated red emission intensity of Yb/Er: KMnF; NCs

with 18nm at various temperatures during heating and cooling,
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In summary, this study offers a novel method to modify the
size of Yb/Er: KMnF; NCs through introducing Zn** in the initial
solution. The size of Yb/Er: KMnF; NCs with cubic phase can be
easily tuned from 8nm to 18nm by changing the concentration of

** jons (0 — 30 mol%). Interestedly, the Zn>* did not incorporate

Zn
into the lattice structure or adhere on the surface of the final NCs,
and all the samples were prepared under the same reaction
condition except the different ratio of Mn : Zn in the precursor
solution, so the final NCs with different sizes have same
component, shape, crystal structure and crystallinity. Hence, these
results can provide a direct evidence for the size-dependent
upconversion luminescence.
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A novel method to modify the size of Yb/Er: KMnF; NCs by introducing Zn”" in the

initial solution, and the results can provide direct evidence for the size-dependent
upconversion luminescence.
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