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Abstract

Polyvinylpyrrolidone (PVP) can be used to produce upconversion nanoparticles (UCNPs) in an

advantageous manner, i.e. at modest temperatures in open-to-air conditions with simple hotplate and
flask apparatus. However, the influence of PVP parameters on the formation of UCNPs has not been
previously investigated. In this exploratory study, we establish that PVP molecular weight and relative
amount of PVP can greatly influence the morphology and diameter of NaYF,:Yb,Er UCNPs produced
via the PVP-assisted route. At nominal amounts of PVP, varying the molecular weight of PVP in
synthesis between 10,000 g mol " (PVP10), 40,000 g mol " (PVP40), and 55,000 g mol ' (PVP55),
had minimal effect on UCNP morphology, whereas reducing the quantity of PVP10 and PVP40 in the
reaction to 10% of the nominal amount resulted in two notable effects: (1) the generation of a greater
range of UCNP diameters and (2) the production of an unexpected sub-population of rhombus-
shaped UCNPs. Bulk and individual nanoparticle analysis indicates that all UCNP morphologies were
cubic (a-phase) crystal structure and consisted of NaYF,:Yb,Er. Optical emission properties exhibited
only modest green and red luminescence emission ratio when PVP parameters were varied. However,

separately produced PVP40 NaYF,:Yb,Tm UCNPs exhibited a much more intense and dual-band
blue/red emission. This exploratory work demonstrates that tailoring PVP content in synthesis of
UCNPs can greatly alter morphology of UCNPs produced and should be carefully considered in
experimental design. However, the underlying mechanisms of action of the role PVP plays in this
synthesis remain unclear. Ultimately, significant further work is still required to fully elucidate the
relevant chemistry to achieve full control of PVP-UCNP synthesis.

1. Introduction

Polyvinylpyrrolidone (PVP) (see figure 1(a)) is a
versatile polymer which fulfils a variety of purposes in
colloidal nanoparticle synthesis: it is a reducing agent,
it can control nanoparticle growth, and it can stabilize
nanoparticle surfaces. The PVP monomer contains
both a hydrophobic alkyl group and a hydrophilic
pyrrolidone moiety, enabling PVP-capped nanoparti-
cles to be dispersed in a wide range of organic solvents
and water [1]. PVP has been utilized in the synthesis of
a wide range of nanoparticles and nanostructures, e.g.

Koczkur et al (2015) note the use of PVP in the
synthesis of Au, Ag, Pd, Pt, bimetallic, metal oxide,
and metal chalcogenide nanostructures [1]. Varying
PVP molecular weight and relative amount in synth-
esis has been demonstrated to alter the morphology of
nanoparticles produced, e.g. by encouraging growth
along specific crystal facets [1, 2]. Koczkur ef al (2015)
also noted that manipulation of PVP in synthesis can
give rise to a wide variety of nano-morphologies,
including nano-wires, cubes, plates, arrow-headed
tripods, nano-flowers, nano-cages, tetrahedra, hexa-
gon, polyhedral, and triangular morphologies [1].

© 2023 The Author(s). Published by IOP Publishing Ltd
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Figure 1. Polyvinylpyrrolidone (PVP) in UCNP synthesis. (a) Structure of PVP. (b) The reaction model proposed by Li and Zhang
(2006) [3], where Ln* ions (Y*>*,Yb? ", Er’ ) associate the PVP prior to the addition of F~ ions, which leads to formation of PVP-
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Xia et al (2011) [2], provide an excellent example,
where reducing PVP quantity in synthesis enabled
control of the morphology of Ag nanoparticles grown
via seeds, with cubic, intermediate, and octahedral
morphologies accessible by varying PVP concentra-
tion [2]. Since the mid-2000s, PVP has sporadically
been used in the synthesis of upconversion nanoparti-
cles (UCNPs) [3—-6], offering a simple, low-cost and
robust synthesis route that can be advantageous in
comparison to alternative high-pressure and oxygen-
free techniques, especially for larger-scale UCNP
production. However, the potential influence of PVP
molecular weight and PVP amount in synthesis on the
morphology and optical properties of PVP-UCNPs
has not yet been investigated.

UCNPs are crystalline nanoparticles, typically
consisting of a low-phonon energy crystalline host lat-
tice (e.g. NaYF,, NaLuF,, KYb,F;, BaYFs, LiYF,, SrF,,
Zr0,, YVO,, Ca3(PO,),, etc) with photonically-active
rare Earth dopants [7-16]. The crystal structure and
optical properties of that rare Earth dopants enables
UCNPs to convert multiple low-energy near-infrared
photons into higher-energy visible photons. UCNP
emission is tuneable, and is primarily dependent on
the core UCNP structure and choice of photonically
active rare-Earth (f-block) (e.g. Yb**, Gd*t, ErT,
Tm>", Nd®>") and transition metal (d-block) elements
(e.g Mn**, Fe’") incorporated within the UCNPs
[17-20]. Unlike conventional organic fluorophores,
UCNPs are resilient again photo bleaching, and the
near-infrared excitation has very low phototoxicity
and does not induce visible autofluorescence in biolo-
gical samples. Additionally, the surface of UCNPs can
be altered with various coatings to enhance bio-
compatibility and enable biological targeting [21]. As
such, UCNPs are uniquely suited for biomedical appli-
cations, such as cellular labelling, biosensing, and
deep-tissue photodynamic therapy [21-24]. Addition-
ally, UCNPs also find utility in display screen technol-
ogies, extreme-temperature thermometry, light-
harvesting for solar cells, and as components of
advanced security inks [25-33].

Synthesis of UCNPs has been historically challen-
ging, presenting a considerable barrier to entry for

researchers new to the field. For example, solvother-
mal and hydrothermal reactions require a high-pres-
sure sealed autoclave capable of withstanding elevated
pressures at temperatures typically up to 200 °C,
whereas ‘hot injection’ methods require oxygen-free
reactions at ~300 °C for extended reaction times.
These reaction conditions are hazardous and warrant
skilled operation and careful risk mitigation. Further-
more, these techniques are very sensitive to variables
such as reaction time, pH, and the ratio of solvents/
coordinating ligands used [12]. Therefore, reproduci-
bility between different research groups can be chal-
lenging [34]. Ultimately, despite their near ubiquity in
the field, these solvothermal/hydrothermal synthesis
and hot injection synthesis are specialist synthesis
methods, which are resource, expertise, and energy
intensive, which are a barrier to entry for researchers,
and which are ultimately challenging to scale-up [35].
Microwave-assisted synthesis provides an attractive
route for straight-forward UCNP synthesis, with
excellent prospects for in situ monitoring and batch
reactions, but this requires specialist microwave reac-
tor equipment [36-38]. Notably, some methods for
producing UCNP materials at low temperatures
(<50 °C) with simple equipment have been reported,
but these studies only report upconversion properties
in dry solid or dry powdered states [39, 40]. Therefore
there is a need for a more straight-forward and cost-
effective method to synthesise water and solvent-dis-
persible UCNPs, especially for large-scale applications
such as security inks, solar cells, and display technolo-
gies [17]. The PVP-assisted UCNP synthesis route
provides a solution to these issues.

The PVP-assisted route has sporadically attracted
attention since its innovation by Li and Zhang in 2006
(see figure 1(b)) [3]. It requires only modest-tempera-
tures (160 °C), a single solvent, can be conducted
open-to-air, and requires only simple hotplate and
beaker apparatus. As such the PVP-assisted method
can be deployed easily, and is a promising candidate
for directly scaled-up or batch-parallelised UCNP
production, which would be particularly advanta-
geous for applications requiring bulk quantities of
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Figure 2. Energy level for the upconversion processes relevant to this study. (a) Upconversion in NaYF,:Yb,Er UCNPs. (b)
Upconversion in NaYF,:Yb,Tm UCNPs[17, 45].

UCNPs, such as display screens and for advanced
security inks [26,27,30-33,41, 42].

In the PVP-assisted method, it is speculated that
the various trivalent lanthanide ions nucleate to the
pyrrolidone moieties of PVP (see figure 1(b)) [1, 43],
with the subsequent addition of F~ ions causing the
formation of the NaYF,:Yb,Er crystalline lattice. PVP
then acts to constrain the size of the resultant UCNPs,
and to aid dispersal in solvents. Typical UCNP reac-
tion time is 2h and produces ~130 mg of PVP-
UCNPs. To date, red/green (Yb3+,Er3+), strong red
(Yb3+,Er3+,Mn2+), and blue emitting (Yb3+’Tm3+)
UCNPs have been produced with the PVP-assisted
route [3, 17], but other emission wavebands may be
accessible by incorporating different dopant combina-
tions [18].

The PVP-assisted UCNP production method has
been utilized to produce cubic (a-phase) NaYF,:Yb,Er
UCNPs for various purposes, including sub-cellular
microscopy, drug delivery, MRI imaging, and light
harvesting in solar cells [5, 6, 29, 44]. Typically the
NaYF,:Yb,Er UCNPs which are produced using a
nominal quantity of PVP40 in the synthesis (i.e.
574 mg) are approximately 40 to 50 nm in diameter
(depending on diameter quantification method), exhi-
bit a ~1:1 emission ratio for red/green Er’* emission
wavebands (see figure 2 for a corresponding energy
level diagram), and a crystal lattice parameter, a, of
5.52 A which has been reproducible between studies
[6, 17]. Furthermore, PVP-UCNPs can be functiona-
lised with silica shells to mitigate solvent quenching or
mesoporous silica shells for functional molecular
loading[3, 5, 45].

Recently, our group has established that the PVP-
assisted method can produce cubic («-phase)
NaYF,:Yb,Er,Mn UCNPs with remarkably enhanced
red emission [17]. The sixfold increase in red emission
was attributed to incorporation of Mn*" co-doping

resulting in (1) a reduced crystal lattice parameter (i.e.
from 5.52 A to 5.45 A); (2) three-photon sensitized
upconversion; and (3) reduced nanoparticle diameter
(i.e. 36 + 15 nm maximum Feret diameter), poten-
tially attributable to recently discovered crystal lattice
strain effects recently reported by Quintanilla et al
(2022) [46], but this is not verified. Overall, the PVP-
assisted route is an attractive method for synthesis of
UCNPs with various luminescence emission proper-
ties, albeit a method which has not been well utilized
by the wider research community.

To-date, the influence of key variables in the PVP-
assisted route of UCNP synthesis have not been estab-
lished. The majority of studies have used a single PVP
molecular weight (i.e. PVP40, with a molecular weight
of 40,000 gmol ') and (a seemingly arbitrary) fixed
quantity of PVP (~574 mg/14 pumols). The singular
exception known to us is the study by Meng et al
(2012), who report using 500 mg of PVP K-30 (mole-
cular weight of 58,000 g mol™), i.e. 8.6 pmols of PVP
K-30,to produce NaYF, nanoparticles with unspeci-
fied diameter distributions [29]. We hypothesised that
altering the amount and molecular weight of PVP in
UCNP synthesis would influence UCNP morphology
[45]. As such, the aim of this initial exploratory study
was to establish what influence of PVP molecular
weight and PVP quantity may have on UCNPs pro-
duced via this PVP-assisted low-temperature open-air
synthesis method. For this initial exploratory study,
we reduced the amount of PVP in the synthesis to an
arbitrary value of 10%, i.e. an order of magnitude less
than the nominal amount. As a point of comparison,
Xia et al (2011) [2] found that a similar reduction of
PVP amount to 10% nominal values was a critical
threshold for producing Ag nanoparticles with differ-
ent morphologies [2]. We selected NaYF,:Yb,Er
UCNPs as our model nanoparticle system because it is
a commonly used and well-studied UCNP

3
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Table 1. Variables changed in synthesis of each UCNP sample.
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PVP molecular weight

UCNP sample Dopant composition (gmol )

Total mass of PVP used in
synthesis (mg)

Total dry weight of UCNPs
produced (mg)

(mol %) of 1 mmol
Yt =78
Yb> T =20
Tm?*t =2
Yt =78
Yb> =20
Er’t=2
Yt =78
Yb*T =20
Er’t=2
YT =78
Yb* =20
Er*t=2
YT =78
Yb* =20
Er¥t=2
Yt =78
Yb* =20
Er¥t=2
Yt =78
Yb* =20
Ert=2

PVP40 Tm>" 40,000

10% PVP10 Er’* 10,000
PVP10Er™ 10,000
10% PVP40 Er’ " 40,000
PVP40 Er’* 40,000
10% PVP55 Er’*

55,000

PVP55Ert 55,000

574.0 134 +£5

57.4 65+4

574.0 89+£5

57.4 113+£5

574.0 117 +5

57.4 88+L5

574.0 125+6

composition, which minimises the variables involved
and assists in inter-study comparisons.

2. Methods

2.1. Synthesis of UCNPs
PVP-UCNPs were produced as per a recent study by
our group [17], which in-turn was adapted from prior
studies [3, 5, 6]. In brief, yttrium (III) oxide [Y,Os]
(99.99%), ytterbium (III) oxide [Yb,Os] (99.9%),
erbium (III) oxide [Er,Os] (99.9%), thulium (III)
oxide [Tm,0;] (99.9%), PVP10 (10,000 gmol ),
PVP40 (40,000 gmol '), PVP55 (55,000¢g mol ™),
sodium chloride (>99.5%, BioXtra), and ammonium
fluoride [>99.99%] (NH,F) were purchased from
Merck Life Science Ltd 70% nitric acid (HNO3),
ethylene glycol [(CH,OH),] (>99% extra pure
ACROS Organics), absolute ethanol [EtOH]
(>99.8%) were purchased from Fisher Scientific UK
Ltd All materials were subsequently used without
further purification.

5X stock solutions of Y,O3 [44.0 mg ml™'], Yb,0;
[19.7 mgml '], Er,05 [1.92mgml '], and Tm,Os
[1.93 mg ml~ '], were prepared in 10 ml of 10% HNO5
and allowed to dissolve completely (N.B. this take sev-
eral days for Y,03, Yb,0Oj3 stocks due to the relatively
higher concentration required and poor solubility of
these oxides in 10% HNQO3). Stock solutions of NH,F
(741 mgml™") and the various PVP molecular
weights and amounts (287 mgml~' PVP for prep-
aration of nominal PVP samples, and 28.7 mgml "
for 10% PVP samples) were prepared in ethylene gly-
col at least 24 h in advance at room temperature, with

PVP stocks being vigorously stirred by hand using a
glass rod for 5min to aid dissolution in the viscous
solution.

Synthesis required the preparation of two mix-
tures. For mixture A, appropriate amounts of each
Ln’" stock solution (typically ~2 ml each) were then
combined in a 50 ml beaker to create a solution con-
taining a total of I mmol of Ln* ions of various ratios
(see table 1). This solution was stirred vigorously for
one minute and then heated to 120 °C using a hot-
plate/stirrer to evaporate the aqueous content. This
was deemed complete when the transparent residue
(consisting of lanthanide nitrates|3, 17]) at the bottom
of the beaker stopped bubbling. 8 ml of ethylene glycol
was then added, and the solution heated to 80 °C
whilst being stirred for 30 min Whilst maintaining
temperature at 80 °C, 58.5 mg (1 mmol) of NaCl was
then added directly to the solution and stirred for a
further 5 min 2 ml of the appropriate PVP stock (see
table 1) was then added, and the solution stirred for a
further 10 min, after which the solution was trans-
ferred to an open-necked round bottom flask and
maintained at 80 °C via a silicone oil bath heated by a
hotplate/stirrer with thermocouple (Fisherbrand™
AREX with VTF, 630 W, maximum temperature 370
°C, aluminium alloy heating plate 15.5 cm diameter).
For mixture B, 8 ml of ethylene glycol was added to a
50 ml conical flask and heated to 80 °C. 2ml of
74.1 mgml~' NH,F stock (i.e. 4 mmol) was then
added and stirred for 10 min. Mixture B was then
added to mixture A dropwise and stirred at 80 °C for
10 min. The resultant solution was then heated to 160
°C using the silicon oil bath and the hotplate stirrer at
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full power. In all instances the temperature of the solu-
tions was measured directly by placing the hotplate/
stirrer thermocouple directly in the reaction mixture.
The solution was maintained at 160 °C for 2 h, during
which UCNPs formed, with the reaction progressing
from opaque white to an opaque yellow/orange col-
ouration, likely due to formation of NO, from decom-
position of nitrates. The UCNPs were then pelleted by
centrifugation at 10,000 relative centrifugal force
(RCF) for 30 min; the supernatant was removed and
replaced with 10 ml of fresh EtOH; the UCNPs were
then resuspended by sonication for 15 min. Subse-
quently two more wash steps were conducted as per
the first wash step; UCNPs were then suspended in a
final volume of 5 ml EtOH and stored at room temper-
ature in sealed 50 ml falcon tubes.

2.2. UCNP characterisation

2.2.1. Quantifying sample weight

The dry weight of UCNPs produced in each sample
was estimated by first pre-weighing empty open glass
vials with a high precision (0.1 mg) balance five times
(to quantify random error), then sonicating the UCNP
samples for 10 min prior to transferring 500 ul of each
UCNP sample into the vials within a ventilated fume-
hood, and subsequently allowing the EtOH to evapo-
rate naturally. The vials were then weighed five times.
Uncertainties were extrapolated from the standard
deviation of five measurements combined with manu-
facturer’s quoted random error of the pipette used
(Gilson Pipeteman” Classic P1000), i.e. £1 yl.

2.2.2. Electron microscopy and UCNP diameter analysis
For scanning transmission electron microscopy
(STEM), the as-prepared samples were sonicated for
10 min, then 20 pl of each UCNP sample was added to
1.98 ml of isopropyl alcohol and sonicated for 1 min.
For each sample, a fresh grid (holey carbon film on 200
mesh, Agar Scientific Ltd) was gripped using tweezers
and then dipped into the UCNP solution and the grid
was allowed to dry via evaporation at room temper-
ature. Samples were stored in a grid box. Each
individual sample was then placed onto a single sample
stage and affixed using conductive silver paint. Each
sample was imaged in STEM mode using a variable
pressure field emission gun scanning electron micro-
scope (FEI Quanta 250) operating in high vacuum
mode with an accelerating voltage of 30kV at a
working distance of ~6 mm, at 100,000X magnifica-
tion, and using a two-segment solid-state detector
holder operating in bright-field mode, mounted under
the sample. The diameter of UCNPs was estimated by
importing STEM images acquired at 100,000X magni-
fication into Image] [47, 48] and manually measuring
the maximum and minimum Feret diameters of
~80-120 randomly selected UCNPs in each sample.
For scanning electron microscopy (SEM), the as-
prepared samples were sonicated for 10 min then 20 ul

RBirchetal

of the as-prepared UCNP samples was added to
1.98 ml of isopropyl alcohol and sonicated for 1 min.
Silicon wafer fragments were placed on a 50 °C hot-
plate and washed with 20 pl of isopropyl alcohol which
was allowed to evaporate. Once dry, a single drop (~10
ul) of the diluted UCNP sample was placed on the sili-
con wafer fragment and allowed to evaporate. Once
dry, the silicon wafers were mounted to aluminium
specimen stubs using adhesive carbon tabs and stored
in a stub box. The stubs were then mounted on a
multi-stub sample holder and imagined using the
aforementioned SEM operating in high vacuum mode
with an accelerating voltage of 10 kV, at a working dis-
tance of ~6 mm, at 100,000X magnification, and using
the standard secondary electron (SE) detector. For
both STEM and SEM, images were saved in uncom-
pressed .TIF format at a resolution of 1024 x 943
pixels.

Further high-resolution transmission electron
microscopy (HR-TEM) of selected samples was per-
formed using a Tecnai TF 20 X-TWIN microscope
(FEI). Elemental mapping analysis was performed
using an energy dispersive spectrometer (EDS r-TEM,
EDAX) under an accelerating voltage of 200 kV. Sam-
ples were prepared as per STEM imaging.

2.2.3. Structure analysis via transmission Kikuchi
diffraction (TKD)

Transmission Kikuchi diffraction (TKD), also referred
to transmission electron backscatter diffraction (t-
EBSD) [49, 50] was performed in a field emission gun
SEM (FEI Versa 3D) equipped with an Oxford
Instruments Symmetry S2 EBSD detector. For TKD,
the samples were prepared on a carbon mesh grid
using the same steps as described above for the STEM
measurements. The mesh grid was mounted at —60°
on custom-built TKD holder, as described in Tokarski
et al (2021) [51]. The stage was tilted by 40° to result in
sample tilt of —20° which is typical for off-axis TKD
measurements. TKD measurements were carried out
at an acceleration voltage of 30 kV using EBSD camera
settings of ‘Speed 1’ (622 x 512 pixels) or ‘Speed 2’
(156 x 128 pixels) and a gain setting of 2. TKD maps
were acquired with a step size of 10 nm. Oxford
Instrument’s Refined Accuracy method was used for
indexing the TKD patterns with increased angular
resolution. Subsequent, TKD analysis was carried out
using the Matlab-based toolbox MTEX [52], which
was also used to produce TKD maps. Dark field STEM
images were recorded in forescatter electron detector
(FSD) geometry using solid state diodes placed around
the EBSD detector screen.

2.2.4.  Structure
diffraction (PXRD)
Dry powder samples were prepared by decanting
~10 mg of UCNPs in EtOH into an open clean glass
vial inside a ventilated fume hood and allowing the
EtOH to evaporate naturally at room temperature.

analysis  via  powder  x-ray
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Afterwards, the dry residue was scraped with a clean
spatula within the vial to form a white powder. The
samples were then placed into a Kapton-backed multi-
well sample holder. PXRD measurements were
obtained using a D8 Discover (Bruker Corporation)
x-ray diffractometer using a Cu Ka x-ray source
(A = 1.5406 A) and scanning 26 angles between 10°
and 90° in 0.017° increments at a rate of 0.5s per
increment. After acquisition, the background of each
PXRD pattern was removed using the background
subtraction function of Diffrac.eva software (Bruker
Corporation). PXRD peaks were indexed by compar-
ison to reference pattern data. The position of each
peak was calculated using custom-written Matlab
script (Matlab 2021b, Mathworks). The cubic (a-
phase) crystal lattice parameter, a, was calculated from
each peak by:

B A
~ 2sin(20/2)

apg = dwa ¥ h* + k* + 17 2

where A is the wavelength of the x-ray source, djy is
the interplanar spacing associate with a given PXRD
peak, hkl are the Miller indices corresponding to each
peak, and 26 is the two-theta angle of each peak.
Uncertainties in a were quantified by the standard
deviation of eight estimates of a from eight PXRD
peaks.

(e))

Apii

2.2.5. Elemental composition analysis via inductively
coupled plasma mass spectroscopy (ICP-MS)

Dry powder UCNP samples as per 2.2.4. were
prepared in 2 ml Eppendorf tubes. One ml of ultra-
pure water (resistivity of 18.2 M(?) was added to each
sample, then the sample was transferred into a
perfluoroalkoxy alkane (PFA) microwave digestion
tube (MARS Xpress 75 ml) via a pipette. To remove
any possible remains of the sample from the sample
tube, the procedure was repeated with 1 ml concen-
trated hydrochloric acid (HCl, 37%, Trace Metal
Grade, Fisher Chemical); then with 1 ml concentrated
nitric acid (HNO3, 67%, Trace Metal Grade, Fisher
Chemical). An additional 1 ml of HCL and 3 ml of
HNO;, was then directly added into microwave
digestion tube. Samples were acid digested using a
Microwave Assisted Reaction System (MAE, MARS-5,
CEM Corporation), following the microwave operat-
ing parameters: operating power 800 W; ramp for
20 min up to 200 °C; hold time 20 min at 200 °C.
Samples digests were brought up to 50 ml in volu-
metric flasks using ultra-pure water (18.2 M2 resistiv-
ity) and then filtered through 0.45 ym cellulose acetate
syringe filter (Millex). Samples were then diluted by
100X prior to inductively coupled plasma mass
spectrometry (ICP-MS) analysis using an Agilent
7700X system running MasSunter B.01.01 software.
For calibration, a custom standard solution from
QMX laboratories was used. The standard solution
(Lot No 815774, Ref No Q167638) consisted of Na™,
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Y, Yb*', Er’T, and Tm®" at a concentration of
100 mg 1. This was diluted using ultra-pure water to
1 mg 17!, before further dilution to make calibration
standards of 0. 100, 250, 500, 750, and 1000 ug 1L
Indium and scandium at a concentration of 100 ugl™"
were used as internal standards.

2.2.6. Upconversion luminescence

10 mg of as-prepared UCNPs in EtOH was added to a
lcm path length quartz cuvette (111-10-40 QS,
Hellma) and additional EtOH was added to adjust
sample volume to 1ml (ie. a concentration of
10mgml™"). The cuvette was gently shaken prior to
each measurement to avoid UCNPs settling, the cuvette
was then placed within a light-tight sample chamber for
analysis. The excitation source was a femtosecond pulsed
tuneable near-infrared laser (680—-1300 nm, Coherent
Discovery TPC, 100 fs, 80 MHz repetition rate, 1.2 mm
spot size, maximum power of 1300 mW at 980 nm)
which was routed to the sample chamber via suitable
mirrors (BB1-EO3, Thorlabs) via tube enclosures. A
spot-diameter on the sample of approximately 62 pm
was achieved by focusing the beam with an ultrafast laser
lens (11711, Edmund Optics). Our prior work indicates
that the upconversion processes of PVP-UCNPs are
saturated at these laser powers, but ultimately emission
is maximised [17]. Excitation was detected and mea-
sured 90° to the excitation by an Ocean Optics
HR2000Pro spectrometer (2048-pixel linear CCD Sony
ILXS5 chip, 200 pm slit, H3 grating, 350-850 nm spectral
region). All measurements were conducted at 70%
power, ie. ~960 mW at 980 nm. 1000 spectra were
accumulated per measurement, each of 50 ms integra-
tion time; operations were controlled via a custom-
written LabVIEW program (LabVIEW 2013, NI). A
700 nm short-pass filter ensured that no stray excitation
light reached the detector. Each UCNP emission spec-
trum was analysed using custom-written Matlab scripts
(Matlab 2021b, Mathworks). Notably, each spectrum
was smoothed using a shape-preserving Savitzky-Golay
filtering algorithm to enhance clarity of the emission
spectra (each spectrum was up-sampled to 10,000 data
points; the Savitzky-Golay order was 5 and the Savitzky-
Golay frame length was 55). Overall emission colour of
each UCNP sample was quantified by calculating CIE
1931 chromaticity co-ordinates. For Er’*™ doped
samples, the green emission intensity was quantified
by the total emission area under the curve arising from
the 2H11/2 — 4115/2 (~521 nm) and 453/2 — 4115/2
(~545nm) emission transitions, and red emission
intensity was quantified as the total area under the
emission curve of the *Fy o = s /> transition
(~ 660 nm).

3. Results and discussion

STEM is used for visualising the core crystalline
structure of the UCNPs (see figure 3) whereas SEM
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Figure 3. Representative STEM images of the UCNP samples produced. In all instances magnification is 100,000X and the scale bar
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Figure 4. Representative SEM images of the UCNP samples produced. In all instances magnification is 100,000X and the scale bar is
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imaging visualises the PVP coating around the UCNPs
(see figure 4). The UCNPs produced were typically
pseudo-spherical or pseudo-cuboid with varying dia-
meters; these results are largely in-line with prior
studies using the PVP-UCNP synthesis method [17].
Notably, a small number of unexpected rhombus-
shaped UCNPs were observed in the 10% PVP10 Er’"
and 10% PVP40 Er’* samples (see figure 5). HR-TEM
images (shown in figure 6) indicated that the rhombus
UCNPs appear to be flat, indicated by lower contrast
than rhombus UCNPs compared to pseudo-spherical
UCNPs. Further, that a crystal lattice can be observed
in both pseudo-spherical and rhombus-shaped
UCNPs. SEM images acquired at a 45° sample tilt may
support the hypothesis that these rhombus-UCNPs

are flat and not bipyramidal (see Supplementary
figure 1), but these imaging experiments do not
conclusively reveal the 3D morphology of the rhom-
bus-shaped UCNPs. To further, investigate the crystal
structure of individual nanoparticles, TKD measure-
ments were performed on individual and clusters
UCNPs. The inverse pole figure (IPF) map along the Z
direction (which is the normal direction of the copper
mesh) of a cluster of UNCPs (see figure 7(b)) indicates
that all UCNPs were randomly orientated. Closer
inspection of the diffraction patterns of rhombus-
shaped (figures 7(c) and (d)) and pseudo-spherical
UCNPs (figures 7(e) and (f)) shows that they were all of
cubic (a-phase) crystalline structure. EDS analysis (see
figure 8 and Supplementary figure 3) verified that all
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(b) 10% PVP10 Er3*

(a) 10% PVP40 Er3*

X

esssss———— 400 nm

Figure 5. Observation of rhombus-shaped nanoparticle sub-populations in two samples . (a) STEM image of 10% PVP40 NaYF,:Yb,
Er UCNPs with clearly rhombus-shaped UCNPs highlighted with pink solid rectangles and pseudo-rhombus shapes highlighted in
yellow dashed rectangles. Approximately 11% of nanoparticles were rhombus or psuedo-rhombus-shaped in this sample. (b) STEM
image of 10% PVP10 NaYF,:Yb,Er UCNPs with clearly rhombus-shaped UCNPs highlighted with pink solid rectangles. Pseudo-
rhombus-shaped UCNPs were not observed in this sample. Approximately 4% of nanoparticles were rhombus-shaped in this sample.

200 nm 10 nm 20 nm

Figure 6. HR-TEM images of 10% PVP40 NaYF,:Yb,Er UCNPs. (a) Representative image bright field of the sample showing rhombus
and pseudo-spherical UCNPs. (b) Higher magnification bright field image of a rhombus-shaped UCNP where crystal lattice spacing

can be seen (see further magnified insert). (c) as per (b), but for a pseudo-spherical UCNP.

nanoparticles produced contain Na, Y, F, Yb, and Er,
as expected for the desired UCNPs. Therefore, the
elemental composition and structure of individual
rhombus-shaped UCNPs produced herein is consis-
tent with UCNPs of other morphologies.

The synthesis of rhombus-shaped NaYF,:Yb,Er
UCNPs is notable for two reasons. Firstly, to the best
of our knowledge, UCNPs with rhombus-like shapes
have exclusively been observed in studies of LiYF,
host-lattice UCNPs (where they may be referred to as
‘bipyramidal’ or ‘octahedral’ morphology, whether or
not definitive 3D imaging has occurred). In such stu-
dies, populations of UCNPs are often exclusively
rhombus/bipyramidal morphology, not a mixture of
shapes. Hong et al (2017) attribute this rhombus
morphology to UCNP formation via the tetragonal
unit cell {101} plane [53]. Notably, these other rhom-
bus UCNPs are grown via methods requiring high
pressures and/or inert atmospheres [30, 53-63]. In

contrast, the PVP-UCNP synthesis method requires
much simpler and lower-cost equipment. However,
only a small fraction of the UCNPs observed in 10%
PVP10 and 10% PVP40 samples were rhombus-
shaped, indicating multiple competing UCNP growth
processes in these preparations. With the information
available in this exploratory study, we are not able to
elucidate a growth mechanism for the rhombus-
shaped UCNP morphology with the information cur-
rently available. It is likely that parameters such as
reaction time, reaction temperature, reaction pres-
sure, and solvent choice will influence the production
of rhombus-shaped PVP-nanoparticles in addition to
the aforementioned affects of PVP molecular weight
and the quantity of PVP used. It is not clear why rhom-
bus UCNPs form for 10% PVP10 and 10% PVP40
samples, but not the 10% PVP55 sample, however Xia
et al (2011) note that longer chain PVP (i.e. PVP55)
may less efficiently adsorb and pack onto nanoparticle
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Figure 7. TKD measurements. (a) Dark field STEM image of a cluster of UCNPs (10% PVP40 NaYF,:Yb,Er). (b) Inverse pole figure
map of the sample Z-direction of the same UCNP cluster. (c) and (e) Dark field STEM images of the rhombus-shaped UCNP and
pseudo-spherical UCNPs, respectively. (d) and (f) TKD patterns acquired from the areas marked by the red crosses in (c) and (e).

surfaces due to steric effects [2]. Control of UCNP
morphology is particularly important for life sciences
and biosensor applications, because (a) UCNP
morphology determines uptake and translocation
rates [64, 65], (b) the shape of UCNPs influences their
Forster resonance energy transfer (FRET) response
properties [66—68], and (c) the sharp edges of rhombus
morphology may result in localised photothermal
heating effects [55]. Further research is required to
determine if rhombus-only UCNP populations can be
produced by the PVP-assisted method.

Diameter measurements (see figure 9), revealed
that incorporation of different PVP molecular weights
in synthesis at nominal quantities resulted in only
minor differences in UCNP diameter, all producing
UCNPs with diameters in the range of ~55nm. In

contrast, reducing the quantity of PVP in the synthesis
to 10% the nominal amount had a significant effect:
the 10% PVP10 Er’* and 10% PVP40 Er’" UCNP
samples, which were larger UCNPs on average with a
dramatically wider spread of diameters than the sam-
ples using the nominal amount of PVP; ie. 75 £+
24 nm and 93 + 32 nm respectively, compared to an
average of ~ 53 & 11 nm for comparable samples. The
exception to this is the PVP 55 Er’" samples, which
produced similar size distributions for both nominal
and 10% PVP quantities. These results indicate that
the quantity of PVP incorporated into synthesis must
have a crucial role in controlling the morphology and
diameter of UCNPs produced via the PVP-assisted
route, e.g. an abundance of PVP may be necessary to
control UCNP growth via a mechanism such as a
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50 nm

Figure 8. Elemental composition analysis using TEM EDS. (a) High-angle annular dark field (HAADF) and (b) bright field image of
rhombus and pseudo-spherical nanoparticles (10% PVP10 NaYF,:Yb,Er). (c - f) corresponding elemental maps.

templating effect, sequestering of precursors, or
alteration of nucleation conditions. However, it is not
clear from this exploratory study what mechanism(s)
are involved and so carefully designed further studies
are required to fully elucidate the role(s) PVP plays
UCNP synthesis.

PXRD analysis of bulk powdered PVP-UCNP
samples confirmed that all UCNPs conformed to
cubic (a-phase) NaYF, crystalline lattice structure (see
figure 10). There were some minor differences in crys-
tal lattice parameter arising between each UCNP sam-
ples (see table 2), with the minimum being 5.490 +
0.001 A (PVP10 Er’") and maximum being 5.531 +
0.001 A (10% PVP40 Er’"). ICP-MS measurement
confirmed that all PVP Er’" UCNP samples contained
similar relative amounts of Y>¥, Yb>", and Er’" (see
table 3), indicating good inter-batch consistency.

Upconversion luminescence spectra exhibited by
Er’" UCNP samples (see figure 11 and Supplementary
figure 2) were generally in accordance to that reported
by Li and Zhang (2006) [3], where red and green emis-
sion ratios close to parity was obtained. The 10%
PVP55 Er’ " UCNPs exhibited the somewhat brighter
emission relative to the other samples, although there
is no clear reason for this slight enhancement in lumi-
nescence. Factors such as morphology-dependent sol-
vent quenching, unit cell volume, and UCNP order
could feasibly play a role, but no clear trend is evident
[45]. The PVP40 Er’* UCNP samples provides a nota-
ble opportunity for direct inter-study comparison.
Notably the value of crystal lattice parameter, a,
obtained for PVP40 Er’" was identical to those pro-
duced by Sikora et al 2013 [6] and MacKenzie et al
2022 [17] (i.e. 5.52 A), indicating excellent inter-study
repeatability. However, the PVP40 Er’* UCNPs pro-
duced in this study exhibited a relatively low red/green
emission ratio of 0.77, which is considerably less than

the red/green ratio achieved in MacKenzie et al (2022)
and Sikora et al (2013) (i.e. approximately ~3) [6, 17].
Furthermore, the PVP40 Er** UCNPs produced in
this study were significantly larger than those pro-
duced by MacKenzie et al (2022) (i.e. 52 + 10 nm ver-
sus 42 £+ 11 nm respectively) [17]. Whilst there are
trivial reasons for inter-study differences, e.g. operator
variability, differences in glassware or heating med-
ium, the most likely reason for these inter-study differ-
ence to have arisen is use of a different hotplate stirrer
apparatus, which will have imbued a different heating
rate to the prior study. MacKenzie et al used an IKA
RCT basic hotplate/stirrer and this study used a Fish-
erbrand™ AREX with VTF hotplate/stirrer. Notably,
both these hotplates have different temperature-cotrol
logic which cannot be matched. Heating rate is known
to be an important parameter in UCNP synthesis
[69, 70]. Indeed, a recent exemplary study on repro-
ducible UCNP synthesis by Andresen et al identified
heating rate as a key parameter [34]. We hypothesise
that heating rate may affect order within UCNPs,
therefore influencing UCNP optical properties even
where otherwise identical unit-cell parameters have
been obtained.

From this exploratory study, it is not clear if the
rhombus-shaped nanoparticles have different proper-
ties from the pseudo-spherical nanoparticles pro-
duced. Discerning the optical behaviour of individual
UCNPs require upconversion studies of single nano-
particles, which would necessitate super-resolution
optical microscopy approaches, however it is not clear
if such approaches could discriminate between rhom-
bus and pseudo-spherical UCNPs [71]. Therefore pro-
ducing populations of exclusively rhombus-shaped
UCNPs would be most desirable for straight-forward
understanding of the optical properties of rhombus-
shaped PVP-UCNPs.
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Figure 9. Diameter of UCNP populations. (a) Maximum Feret diameters. (b) Minimum Feret diameters. Fits are Gaussian (normal)
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Notably, overall upconversion emission intensity
from PVP40 Tm®" UCNPs was much stronger than
any of the Er’" UCNPs, with strong blue (~474 nm)
and strong red emission (~660 nm) (see figure 11).
Whilst the PVP40 Tm®" UCNPs were around 11%
larger in diameter than PVP40 Er’™ UCNPs, they dis-
played a somewhat reduced crystal lattice parameter,
a, of 5.502 % 0.03 A compared to 5.524 & 0.001 A for
the PVP40 Er’* UCNPs. Furthermore, ICP-MS
revealed that the PVP40 Tm’ " UCNPs incorporated a
slightly reduced amount of photonically inert Y** (3.6
relative % less) and a slightly increased amount of
photonically active Yb’* (3.2 relative % more) com-
pared to the average of Er’ " containing UCNPs (see
table 3). It is not clear why the PVP40 Tm’* UCNPs
incorporated proportionally more Yb’", but other
studies have noted that increasing Yb”" can increase
emission intensity [6]. Therefore increased upconver-
sion emission from the PVP40 Tm’* UCNPs could
possibly be explained by a greater density of Yb>* ions

and reduced inter-ion separation [6, 72]. When plot-
ted on a CIE 1931 chromaticity diagram, the PVP
Tm’" UCNPs yield apparent purple emission. This
contrasts results by Li and Zhang (2006), whose
PVP40 Tm’" UCNPs exhibited strong blue and rela-
tively weaker red emission (~650 nm) ['G, — °F,and
°F; — °Hg emission transitions]. It should also be
noted that the PVP40 Tm’" UCNPs may also exhibit
luminescence ~800 nm which could not be recorded
with the instrumentation used in this study [23]. Over-
all, these results demonstrate that PVP40 Tm>"
UCNPs with strong dual-band blue and red emission
properties can be produced via the PVP-assisted route.

The limitations of this study should be acknowl-
edged. Firstly, only three PVP molecular weights were
tested. A wider range of PVP molecular weights are
commercially available, but these have different bulk
properties (e.g. higher molecular weight PVP samples
are poorly soluble in ethylene glycol), and so would
have required modification of the experimental
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Figure 10. PXRD patterns of bulk dry powder indicate that UCNP unit cell structure conforms to cubic («-phase) NaYF, for all

Table 2. Crystal lattice parameters calculated for each UCNP sample.

Sample Crystal lattice

parameter, a. () Literature Value(s)

PVP10Er*™ 5.490 4 0.001 —

10% PVP10 Er*t 5.53140.001 —

PVP40 Er’™ 5.524+0.001 5.521 £ 0.003 (MacKenzie et al) [17] 5.52 (Sikora et al) [6]
10% PVP40 Er*™ 5.531 4 0.001 —

PVP55Er*t 5.520 4 0.002 —

10% PVP55 Er’ ™ 5.515 =+ 0.001 —

PVP40 Tm>" 5.502 4 0.003 —

protocol (e.g. heating to aid polymer solubility) which
is not conducive for this initial comparative study.
Additionally, hybrid mixtures of different PVP mole-
cular weights and hybrid solvent compositions were
not explored. Secondly, only two quantities of PVP
were investigated: the nominal amount (574 mg) and
10% of the nominal amount (57.4 mg); different
quantities of PVP may yield differing results and
should be explored in future. Additionally, the long-
term stability of PVP-UCNPs has not been studied

[73, 74]. Thermogravimetric analysis may be useful for
studying the relative amount of PVP contained in each
UCNP sample [1]. Thirdly, this work was conducted
using lanthanide oxide starting materials; prior work
indicated that using other starting materials (particu-
larly lanthanide nitrates) may disrupt nanoparticle
formation, perhaps due to varying nucleation interac-
tions with the PVP [17]. Solution-state studies of
directly excited lanthanide luminescence may be
required to study the relevant processes involved.
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Table 3. Relative amounts (%) of photonically active elements in
each sample, calculated from ICP-MS data. N.B. uncertainties
arising from three repeated measurements were negligible and so
are not quoted.

Y Yb Er Tm
Sample 89(%)  172(%)  166(%) 169 (%)
PVP10Er™ 64.8 32.4 2.8 0.0
10% PVP10 Er** 65.0 323 2.7 0.0
PVP40Er’ 64.6 32.7 2.8 0.0
10% PVP40 Er** 64.7 324 2.9 0.0
PVP55Er’t 64.4 32.6 3.0 0.0
10% PVP55 Er® " 65.2 32.1 2.7 0.0
Mean =+ std. dev. 64.8 32.4 2.8 0.0

of above +0.3 +0.2 +0.1

PVP40 Tm>" 61.2 35.6 0.0 3.1

Fourthly, whilst open-to-air synthesis is an advantage,
degassing the reaction solution to purge oxygen may
enhance UCNP luminescence by enhancing crystal
purity of UCNPs [75]. Additionally, further optical
studies, e.g. of quantum yield and of emission from
single UCNP would be beneficial to the understanding
PVP-UCNPs [46, 76]. Overall, there is ample room for
further fundamental investigations of PVP-UCNPs.

4. Conclusions

In this exploratory study, we have demonstrated that
altering PVP molecular weight and PVP amount used
in synthesis can influence the morphology and dia-
meter of cubic (a-phase) NaYF,:Yb,Er UCNPs pro-
duced via a modest-temperature open-to-air synthesis
route. The choice of PVP molecular weight (i.e.
10,000, 40,000, 50,000 kDa) had minimal effect on
resulting UCNP size distributions when incorporated
in synthesis at nominal amounts. However, reducing
the quantity of PVP10 and PVP40 to 10% of the
nominal amount produced much wider size distribu-
tions of UCNPs, with a notable sub-population of
rhombus-shaped UCNPs. The exception to this were
the samples incorporate ng PVP55, where the differ-
ence arising from varying PVP amount was marginal.
Notably, a small fraction of rhombus-shaped
NaYF,:Yb,Er UCNPs were produced in the 10%
PVP40 Er’* and 10% PVP10 Er’* samples (~11% and
~4% of total UCNPs respectively). Single nanoparticle
structural and elemental analysis supports the conclu-
sion that these rhombus-shaped nanoparticles were
cubic (a-phase) NaYF,Yb,Er UCNPs. Rhombus-
shaped UCNPs were not observed in PVP55 samples.
Despite these intriguing results, the mechanism for
how PVP influences the growth of UCNPs has not
been elucidated by this exploratory study, with tem-
plating and precursor sequestering being plausible
effects. Ultimately, further work is required to fully
understand and exploit the potential of PVP in UCNP
synthesis.

RBirchetal

In broader context, the PVP-assisted route of
UCNP synthesis is promising but remains largely
unexploited despite it’s inherent advantages of modest
reaction temperatures, open-to-air synthesis, and sim-
ple equipment requirements. The full range of UCNP
morphologies and photonic emission properties that
can be produced by altering PVP parameters remains
to be established, with critical reaction parameters of
synthesis temperature, synthesis pressure, reaction
time, reaction atmosphere, and solvent choice yet to
be explored. To-date, the PVP-assisted UCNP synthesis
route has produced UCNPs with blue and red emission
(NaYF;:Yb,Tm), green/red emission (NaYF,:Yb,Er),
and strong red emission (NaYF,:Yb,Er,Mn). Further
investigation of host lattice, lanthanide, and transition
metal dopant combinations could enhance emission
properties and unlock further desirable emission
wavebands. Indeed, the potential for scaled-up pro-
duction and multi-colour UCNP populations indi-
cates that the PVP-assisted route could be particularly
useful for large-scale UCNP applications, such as dis-
play technologies and stochastically-patterned nano-
security inks.
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Figure 11. UCNP emission properties. (a) Upconversion luminescence emission spectra for Er>* doped PVP-UCNPs samples
(10 mg ml ™" in EtOH), excited at 980 nm. (b) Upconversion luminescence emission spectra for the PVP40 Tm®" UCNP sample. (c)
CIE 1931 chromaticity diagram for all UCNP samples. (d) Enhanced view of CIE 1931 chromaticity plot showing the difference
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