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Abstract NaYF,:Yb/Er/Gd upconversion nanoparticles
(UCNP) were synthesised and the photoemission stabilised
by embedding them in electrospun fibers. The photophysical
behaviour of chloro aluminium tetrasulfo phthalocyanine
(CIAITSPc) was studied in the presence of UCNPs when the
two are mixed in solution. The fluorescence quantum yield
value of CIAITSPc decreased in the presence of UCNPs due
to the heavy atom effect of UCNPs. This effect also resulted in
increase in triplet quantum yields for CIAITSPc in the pres-
ence of UCNPs. The fluorescence lifetimes for UCNPs were
shortened at 658 nm in the presence of CIAITSPc when the
former was embedded in fiber and suspended in a dimethyl
sulfoxide solution of the latter. A clear singlet oxygen gener-
ation by CIAITSPc though Forster resonance energy transfer
was demonstrated using a singlet oxygen quencher, 1,3-
diphenylisobenzofuran.

Keywords Upconversion nanoparticles - Aluminium
tetrasulfo phthalocyanine - Fluorescence quantum yields -
Triplet quantum yields - Electrospun fibers

Introduction

Phthalocyanines (Pcs) have been extensively studied due to
their vast range of applications. These include as dyes, color-
ants, non-linear optical materials, photoconductors, solar en-
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ergy conversion platforms and active centres for sensing ap-
plications [1-5]. What makes them so attractive is their high
chemical and photo stability as well as the ease of alteration of
their central metals and peripheral substituents, making them
incredibly diverse [6, 7]. Pcs also have very promising uses in
the medical fields such as in photodynamic therapy (PDT)
[8—10]. Pcs are useful as PDT photosensitising agents because
they have the ability to accumulate in tumors and produce
singlet oxygen once excited by light [6, 11-13]. There are
however challenges facing Pcs as photosensitizers, such as
limited cell penetration depth [6] and low solubility. These
shortcomings may be overcome by creation of multifunctional
nano systems which makes use of a variety of properties from
different materials [14].

Upconversion nanoparticles (UCNP) convert low energy
into higher energy. UCNPs usually come in the form of lan-
thanide doped nanomaterials. These particles exhibit unique
photochemical properties such as high resistance to
photobleaching and photodegredation, non-blinking, high
chemical stability, sharp emission bands, near infrared (NIR)
excitation, large anti stokes emissions, no auto fluorescence
from biological samples, large penetration depth and an easy
separation of emission peaks [15-18].

The most prevalent form of upconversion nanoparticles
(UCNPs) are the rare-earth fluoride nanocrystals, these typi-
cally appear as the NaYF, host lattices, co-doped with the
trivalent lanthanides Er’" and Yb*' [14, 15]. UCNPs fluoresce
in the visible region of the electromagnetic spectrum typically
at the blue, green and red. These emissions can also be tuned
selectively depending on the dopant lanthanides [15, 19].

The NIR absorption (at~980 nm) of the UCNPs falls with-
in the biological window of light penetration, meaning that
they can absorb light in deeper regions of the body, limiting
damage to tissues and extending the range of cancer treatment
[14, 19].
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The UCNPs employed in this work are NaYF,:Yb/Er/Gd
nanoparticles. To improve solubility and for future linking of
the UCNPs to the phthalocyanines, NaYF4:Yb/Er/Gd UCNPs
were functionalized with a silica shell using tetraethyl
orthosilicate (TEOS) to give NaYF,: Yb/Er/Gd@Si, Scheme 1.
This was followed by the addition of 3-aminopropyl triethoxy
silane (APTES) to give amino containing UCNPs represented
as NaYF,;: Yb/Er/Gd@Si@NH,, Scheme 1.

For practical applications, UCNPs with high
upconversion efficiency, bright luminescence, and good
colloidal stability are desirable. This has been achieved
by incorporating UCNPs into crystals [20]. Encapsula-
tion of the UCNPs with polyethylene glycol (PEG)-
phospholipid was found to be effective in retaining both
upconversion luminescence intensity and dispersibility
in aqueous environment [21]. NaYF,:Yb/Er nanocrystals
have been electrospun in SiO, composite fibres,
poly(methyl methacrylate) (PMMA) and PCL-gelatin
composite fibres for an array of applications, displaying
characteristics such as emission enhancement and im-
proved drug delivery [22-24], hence electrospun fibers
are employed in this work in order to achieve stable
fluorescence and improved upconversion efficiency.
The UCNPs at different capping stages are mixed with
a polystyrene polymer solution and spun into nanofi-
bers. For studies on the effects of chloro aluminium
tetraphthalocyanine (CIAITSPc, Fig. 1) on the fluores-
cence behaviour of UCNPs, the electrospun fibers con-
taining UCNPs were suspended in a solution of
CIAITSPc in dimethyl sulfoxide (DMSO). The UCNPs
were best studied when embedded in fibers (not in so-
lution) in order to obtain a stable UCNPs fluorescence
signal. Figure 1 shows a photo of a UV-vis cell

Scheme 1 Schematic of UCNP
capping and functionalisation

Uncapped

NaYF,:Yb/Er/Gd
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Fig. 1 Structure of CIALl tetra sulfophthalocyanine and a photo of
electrospun fiber embedded in CIAITSPc solution (in DMSO)

containing electrospun fiber containing UCNPs embed-
ded in CIAITSPc solution. The photophysical properties
of CIAITSPc in the presence of UCNPs were evaluated
when both are in DMSO solution (ie UCNPs not em-
bedded in electrospun fibers). For the study of singlet
oxygen generating abilities of CIAITSPc in the presence
of UCNPs, the latter were embedded in fiber in order to
stabilise the UCNPs luminescence. UCNPs act as
nanotransducers, absorbing NIR light and transferring
the energy to CIAITSPc [25] through Forster resonance
energy transfer (FRET).

There have been some studies on the nanocomposites of
phthalocyanines with UCNPs, but concentrating on the
singlet oxygen generation by the Pcs upon excitation of
UCNPs [26, 27]. Silicon phthalocyanine dihydroxide
((OH) ,SiPc) has been covalently linked to UCNPs [26].
Excitation where UCNPs absorb (980 nm) resulted in en-
ergy transfer to ((OH) ,SiPc) and the generation of singlet

TEOS APTES

NaYF,:Yb/Er/Gd@Si NaYF,:Yb/Er/Gd@Si@NH,
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oxygen [26]. Tetrasubstituted carboxy aluminum phthalo-
cyanine has been covalently linked to silica-coated
NaGdF4:Yb,Er/NaGdF, nanoparticles and applied in pho-
todynamic therapy (PDT) and magnetic resonance imaging
(MRI) of cancer cells. The conjugate was found to be effi-
cient in generating cytotoxic singlet oxygen under near-
infrared (NIR) light irradiation [27]. This is the first time
that the effects of UCNPs on the fluorescence and triplet
state behaviour of CIAITSPc are studied. In addition to the
effects of the CIAITSPc on the fluorescence behaviour of
UCNPs are presented.

Experimental
Materials

The lanthanide salts and various other salts used were provid-
ed by Sigma Aldrich and they include: Y(NO,);s.(H,0)s,
EI'C13(H20)6, YbC13(H20)6 GdC13(H20)6, NH4F and
NaOH pellets. Sigma Aldrich also provided
tetraethylorthosilicate (TEOS), Igepal CO-520, 1-
octadecene, oleic acid, 3-aminopropyltriethoxysilane
(APTES), polystyrene (PS, Mw=192,000 g/mol) and 1,
3-diphenylisobenzofuran (DPBF). Solvents such as etha-
nol (EtOH), methanol (MeOH), toluene, thionyl chloride,
dimethylformamide (DMF), tetrahydrofuran (THF), di-
methyl sulfoxide (DMSO) and cyclohexane were from
SAARCHEM. Aluminium tetrasulfophthalocyanine
(Fig. 1) was synthesized in accordance with literature
[28].

Equipment

The thermal decomposition reactions were undertaken in a
rotary regavolt temperature controlled Gallenkamp porcelain
heating oven. UCNPs were washed and collected with a Merk
chemicals Eppendorf Centrifuge 5810. Ground-state electron-
ic absorption spectra were recorded on a Shimadzu, UV—vis
2550 spectrometer. Excitation and emission spectra were re-
corded using a Varian Eclipse fluorescence spectrofluorimeter.
Transmission electron microscopy (TEM) images were ob-
tained using a JEOL JEM 1210 transmission electron micro-
scope using 90 KW acceleration voltage. Scanning electron
microscope (SEM) images of the fibre alone or modified with
UCNPs were obtained using a JOEL JSM 840 scanning elec-
tron microscope.

Powder X-ray diffraction (XRD) spectra were performed
on a Bruker D8 Discover diffractometer, equipped with a
Lynx Eye detector, under Cu-K« radiation (A=1.5405 A).
Data were collected in the range from 26=10° to 100°, scan-
ning at 0.010° min"' and 192 s per step. The samples were
placed on a zero background silicon wafer slide.

For time correlated single photon counting (TCSPC) stud-
ies, the UCNPs were excited at 975 nm with a diode laser
(LDH-D-C-980, burst mode, 40 MHz repetition rate,
PicoQuant GmbH). The detector employed was a Peltier
cooled Photomultiplier (PMA-C 192-M, PicoQuant GmbH)
for both fluorescence spectra and lifetime studies. For excita-
tion of the CIAITSPc, the excitation source was a diode laser
(LDH-P-670 driven by PDL 800-B, 670 nm, 20 MHz repeti-
tion rate, 44 ps pulse width, Picoquant GmbH). NIR spectrum
of UCNPs was recorded on a Varian 500 UV—-Vis/NIR
spectrophotometer.

A laser flash photolysis system was used for the determi-
nation of triplet decay kinetics. The excitation pulses were
produced by a tuneable laser system consisting of Nd:YAG
laser (355 nm, 135 mJ/4-6 ns), pumping an optical parametric
oscillator (OPO, 30 mJ/ 35 ns) with a wavelength range from
420 to 2300 nm (NT-342B, Ekspla). Triplet lifetimes were
determined by the exponential fitting of the kinetic curves
using the Origin 8 Professional software. The absorbance used
for triplet state studies was kept at 1.5 and the solutions were
degassed by bubbling argon for 30 min prior to
measurements.

Synthesis of Upconversion Nanoparticles
Uncapped NaYF ,:Yb/Er/Gd

The UCNPs were synthesised as reported in literature [29]
with slight modification as follows: the lanthanide salts
consisting of ErCl;.(H,O)4 (0.0061 g, 0.016 mmol),
YbCl;.(H,0)6 (0.0558 g, 0.144 mmol), GdCl5.(H,0)s
(0.0441 g, 0.1186 mmol) and Y(NO,)3.(H,0)s, (0.1992 g
and 0.595 mmol) were dispersed in 4 ml methanol and
added to a mixture of oleic acid (6 ml) and 1-octadecene
(4 ml) in a 100 ml round bottomed flask. The mixture was
heated to 160 °C while stirring for 30 min. The solution
was let to cool down to room temperature. NH4F (0.1185 g,
2.2 mmol] and NaOH (0.08 g, 2 mmol) were added to
10 ml of methanol and sonicated until fully dispersed. This
mixture was then added to the solution above and stirred at
room temperature for 30 min. A 70 °C heating step took
place for 30 min, to remove excess solvent, and then the
mixture was cooled to room temperature. The solution was
then heated to 300 °C for 90 min in a GallenKamp porce-
lain heating oven, with the temperature being monitored
with an external thermocouple. The solution was flushed
with argon for 30 min, before the heating began. After
90 min heating, the solution was cooled to room tempera-
ture and then washed with ethanol. The precipitate was
collected by centrifuge for 20 min at 3000 rpm and then
dried at 70 °C for 24 h. The resulting nanoparticles are
termed uncapped NaYF,:Yb/Er/Gd UCNPs.
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Silica Capped NaYF ;. Yb/Er/Gd@Si

The uncapped NaYF,:Yb/Er/Gd UCNPs (70 mg) prepared
above, were dispersed in of cyclohexane (60 ml) in a round
bottomed flask. Igepal CO-520 (1 ml), which acts as a surfac-
tant for the facilitation of the silicon oxide layer, was added.
After 5 min, a second portion of Igepal CO-520 (4 ml) and
0.92 ml of 30 % ammonia were added to facilitate the capping
of the nanoparticles with a siliconoxide layer. The solution
was sonicated until a transparent emulsion was obtained.
TEOS (400 pl) was added dropwise and then the reaction
mixture was left to stir for 4 days. The silica capped nanopar-
ticles were then precipitated out with methanol, and then
washed using a 1:1 EtOH and H,O mixture. The nanoparticles
were collected by centrifugation for 20 min at 3000 rpm and
left to dry. The resulting nanoparticles are represented as
NaYF,4: Yb/Er/Gd@Si UCNPs, Scheme 1. The NaYF,4:Yb/
Er/Gd@Si UCNPs were washed with anhydrous ethanol
followed by toluene.

Amino Capped NaYF ;:Yb/Er/Gd@Si@NH,

The cleaned NaYF4:Yb/Er/Gd@Si UCNPs (10 mg) were
added to DMF (12 ml) and toluene (8 ml) in a 100 ml round
bottomed flask and stirred for 10 min. APTES (1000 pl) was
subsequently added drop-wise. The mixture was stirred for
24 h at room temperature under argon atmosphere. The parti-
cles were washed with toluene, methanol and then collected
by centrifuge. The resulting nanoparticles are represented as
NaYF,:Yb/Er/Gd@Si@NH, UCNPs, Scheme 1.

Electrospinning

UCNPs (uncapped NaYF,:Yb/Er/Gd, NaYF,:Yb/Er/
Gd@Si or NaYF4:Yb/Er/Gd@Si@NH,) (0.0013 g) were
added to polystyrene (PS, 2.5 g) in a solvent mixture of
DMF (8 ml) and THF (2 ml). The resulting solution was
then stirred for 24 h at ambient temperature. After 24 h of
stirring, the solution was deposited in a syringe. The height
from the tip of the needle to the collector plate was set at
11 cm with the flow rate set up at 0.03 ml/h. The voltage
between the collector plate and the needle tip was set to
15 kV. The set up was left running until a uniform looking
electrospun fiber matt had formed. The UCNPs in the fibre
are represented with PS (for polystyrene at the end). The
UCNPs containing fibres are designated as uncapped
NaYF4:Yb/Er/Gd/PS, NaYF4:Yb/Er/Gd@Si/PS and
NaYF,4:Yb/Er/Gd@Si@NH,/PS.

Forster Resonance Energy Transfer (FRET) Efficiency

FRET efficiencies (Eff) may be quantified from the fluores-
cence quantum yields or lifetimes of the donor in the absence
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mixed

(@F(UCNP) or Trucnp)) and the presence (Pr(ycnp) OF
T Enp) of the acceptor, respectively using Egs. 1 and 2
[30, 31].

linked

&
Eff = 1--122 (1)
P r(op)
mixed
Eff = 1-—-¢2 (2)
T F(oD)

Equation 2 was employed in this work since fluorescence
quantum yields could not be determined due to lack of
standards.

Results and Discussion
Characterisation of UCNPs
Transmission Electron Microscopy Analysis

The uncapped NaYF,:Yb/Er/Gd nanoparticles shown in
Fig. 2a are roughly 40 nm in size, monodispersed and have
a uniform hexagonal disc shape. The NaYF,:Yb/Er/Gd@Si
particles in Fig. 2b are clearly coated in a silica shell and
exhibit monodisparity. The same cannot be said for the
NaYF4: Yb/Er/Gd@Si@NH,, Fig. 2¢c which show aggrega-
tion. Figure 2d shows the TEM image of NaY,:Yb/Er/
Gd@Si@NH, following mixing with CIAITSPc, showing
less aggregation compared to NaY4:Yb/Er/Gd@Si@NH,
alone. The sizes for NaY,4:Yb/Er/Gd@Si@NH, and
NaY 4 Yb/Er/Gd@Si were not too different from uncapped
NaY4:Yb/Er/Gd.

XRD Analysis

The XRD spectra, Fig. 3a, confirms that the particle size for
uncapped NaYF4:Yb/Er/Gd UCNP is roughly 40 nm, using
the Debye Scherrer Eq. (3) [32],

/9
- [cost (3)

where ) is the wavelength of the X-ray source (1.5405 A), kis
an empirical constant with a value of 0.9, (3 is the full width at
half maximum of the diffraction peak, and © is the angular
position. The UCNP size of 40 nm confirms our findings
obtained using TEM. The numbers above each peak are
assigned to the crystal phase of the particles, which in this
case is hexagonal. For NaYF,:Yb/Er/Gd@Si (Fig. 3b) and
NaYF,;:Yb/Er/Gd@Si@NH, (Fig. 3c), there is a large broad
peak at the 20=20° which corresponds to the non-crystalline
silica shell on the UCNP surface. Again the XRD spectra
combined with TEM analysis further confirm that the silica
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Fig. 2 TEM images of uncapped 5 g 7 ® L “b
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or amino cappings had no effect on the crystal structure of the
NaYF,4:Yb/Er/Gd hexagonal UCNP. No significant size dif-
ference was obtained between the different types of UCNPs
using XRD.

Absorbance

Figure 4 (insert) shows the NIR absorbance for a typical
NaYF,;:Yb/Er/Gd UCNP, which is within the biological win-
dow and not near where CIAITSPc absorbs as will be
discussed below. The UCNPs spectrum is in solution not in
electrospun fiber, but gives an idea of the peak positions.

Spectral and Photophysical Behaviour of CIAITSPc Alone
or in the Presence of UCNPs: Excitation Where CIAITSPc
Absorbs

The studies in this section were done using a mixture of
UCNPs (not embedded in fiber) and AITSPc in solution, in
order the check the effect of UCNPs on the spectral and
photophysical behaviour of CIAITSPc as explained in the in-
troduction. For these studies it was not important to stabilize
UCNPs in fiber (as will be done below) since it is the changes
in the properties of CIAITSPc (not UCNPs) being evaluated.

Absorbance and Fluorescence Spectra

Figure 4 shows that there was no change in the CIAITSPc
spectrum on addition of UCNPs. No change is expected since

the latter absorbs at ~980 nm, and hence do not absorb where
the Pc absorbs.

The absorption spectral maxima are the same as the exci-
tation spectral maxima for CIAITSPc alone and in the pres-
ence of UCNPs, Fig. 5. The emission spectra are mirror im-
ages of the excitation and absorption spectra.
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Fig. 3 XRD spectra for uncapped NaYF,4:Yb/Er/Gd (a) and NaYF,:Yb/
Er/Gd@Si (b) NaYF,:Yb/Er/Gd@Si@NH, (¢) UCNPs
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Fig. 4 UV-vis Absorption 1.2
spectra of CIAITSPc alone (7.3 x
107° M) (a) and in the presence of
NaYF.: Yb/Er/GA@Si@NH, (b). 1.0 4
Insert=NIR absorbance spectra
for uncapped NaYF,:Yb/Er/Gd 0.8 4
UCNPs

0.6 +

Normalised Intensities

04 T T T T T T T T T 1
900 920 940 960 980 1000 1020 1040 1060 1080 1100

679

Wavelength (nm)

Fluorescence Quantum Yields and Lifetimes

Fluorescence quantum yield of CIAITSPc was determined in
DMSO using Eq. 4 [33]:

(4)

where @ is the quantum yield of the sample and Pps)
that of the standard ZnPc, @y = 0.20 in DMSO [34], F
and Fq represent the area under the fluorescence emission
curve for the sample and standard, respectively; A and Agyq
refer to the absorbance of the sample and standard, respec-
tively and n and ngq are the refractive indices of the sample
and standard solutions, respectively. The samples and the
standard were both excited at the same relevant wavelength
in each case. Excitation was where UCNPs do not absorb
and Pcs do.

In Table 1, the @ value of CIAITSPc in the presence of
UCNPs decreases due to the heavy atom effect of the latter,
which encourages intersystem crossing to the triplet state rath-
er than fluorescence. Figure 6 shows the TCSPC traces of
CIAITSPc in the absence and presence of NaYF,:Yb/Er/
Gd@Si@NH,. Fluorescence lifetimes are longer for
CIAITSPc in the presence of UCNPs and could be due to
the protection of the former by the latter from the
environment.

Triplet State Behaviour

The triplet decay curves for CIAITSPc alone and in the pres-
ence of UCNPs are shown in Fig. 7. The data was fitted to a
monoexponential decay for CIAITSPc alone or in the presence
of UCNPs. Triplet quantum yields of the CIAITSPc alone or
in the presence of UCNPs were determined by the compara-
tive method, using Eq. 5.

@ Springer

T

T

 —— —
500 600

400
W avelength (nm)
AATSStd
& :qv)std T 5
T T AA%tdST ( )

where AAr and AASY are the changes in the triplet state
absorption of the MPc derivative and the standard (ZnPc),
respectively. #39 is the triplet state quantum yield for the
standard (@5 = 0.65 for ZnPc in DMSO [35]). et and €3
are the triplet state extinction coefficients for the MPc deriva-
tives and the standard, respectively.

The triplet quantum yield for CIAITSPc alone was taken
from literature [36]. Higher triplet quantum yields are expect-
ed (and observed) for CIAITSPc in the presence of UCNPs as
aresult of heavy atoms associated with UCNPs which encour-
ages intersystem crossing to the triplet state, Table 1. The
triplet lifetimes for CIAITSPc became longer in the presence
of UCNPs, Table 1. Lengthening of triplet lifetimes of Pcs in
the presence of nanoparticles (such as quantum dots) has been
observed before [37] and was attributed to the protection of
the Pc by the nanoparticles. This could also be the reason for
the lengthening of triplet lifetimes of CIAITSPc in the pres-
ence of UCNPcs.

Photophysical Behaviour of UCNPs Alone
or in the Presence of CIAITSPc: Excitation Where UCNPs
Absorb (at 975 nm)

Fluorescence of UCNPs Alone in Solution (not in Fiber)

These studies were done in ethanol and DMSO, except for
uncapped UCNPs alone which were not soluble in ethanol.
Fluorescence analysis of the hexagonal discs produced typical
emission peaks associated with UCNPs, Fig. 8. The fluores-
cence exhibited by the UCNPs following excitation at
975 nm, is characteristic, with peaks in the red (~658 nm)
and green (~540 nm) area of the electromagnetic spectrum
indicating steady upconversion properties. In solution (both
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Fig. 5 Absorption, Excitation and Emission spectra of CIAITSPc in the
presence of (a) NaYF4:Yb/Er/Gd, (b) NaYF,:Yb/Er/Gd@Si and (c)
NaYF,:Yb/Er/Gd@Si@NH,. Excitation was at 650 nm in DMSO

DMSO and ethanol) however, the peaks are not as reproduc-
ible, hence the UCNPs were embedded in polystyrene fibers
as will be discussed in the next section. UCNPs are known to

Table 1  Photophysical parameters of CIAITSPc in the absence and
presence of UCNPs in DMSO

Analysed Sample q>]: (Pc) TF (Pc) (DT (Pc) T (Pc)
(ns) (u15)
CIAITSPc alone 0.18 6.51 0.38" 103
NaYF,:Yb/Er/Gd@Si/CIAITSPc  0.15 7.03 0.44 138
NaYF,:Yb/Er/Gd@Si@NH,/ 0.14 7.39 0.52 111

CIAITSPc

 data from reference 35
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8000 4 — NaYF4:Yb/Er/Gd@Si
—— NaYF4:Yb/Er/Gd@Si@NH2
>
£ 60004
c
g
£ 4000
2000
0 —

t(ns)

Fig. 6 TCSPC trace of the CIAITSPc alone and in the presence of
NaYF4: Yb/Er/Gd@Si and or NaYF,:Yb/Er/Gd@Si@NH, in DMSO.
Excitation at 650 nm

suffer from to surface deactivations which have been attribut-
ed to surface defects, and to ligands and solvents that possess
high phonon energy [15]. In ethanol, the lack of reproducibil-
ity of UCNP fluorescence peaks may be attributed to the OH
group in ethanol which may facilitate multiphonon relaxations
[15]. High phonon energy results in large non-radiative loss
and weak upconversion luminescence [38], hence the irrepro-
ducible UCNPs emissions in solution could be attributed to
non-radiative losses.

Fluorescence Behaviour of UCNPs When Embedded in Fibre,
and Suspended in DMSO

The SEM images of the functionalized electrospun PS fi-
bers are shown in Fig. 9. SEM was used to study the size,
and the morphology of the functionalized fibers. The fibers
obtained were cylindrical, slightly branched with relatively
smooth surfaces. The diameters of the fibers ranged from 1
to 5 um and there was no significant increase on the fiber’s
diameter upon functionalization with UCNPs. The UCNP
fibers are represented with PS at the end of the name in
Table 2.

The UCNPs modified electrospun fibers were suspended in
DMSO and they did not dissolve. The fluorescence behaviour

1.0

Intensity
o o
@ Ll

°
i

0.2
0.00000

0.00050  0.00075  0.00100

t(s)
Fig. 7 Triplet decay curve of CIAITSPc alone (a) and in the presence of
(b) NaYF4:Yb/Er/Gd@Si and (¢) NaYF4:Yb/Er/Gd@Si@NH,.

Solvent=DMSO

0.00025
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Fig. 8 Fluorescence spectra for
(a) uncapped NaYF,:Yb/Er/Gd
UCNP (1.3x10 g/ml) in
cyclohexane, (b) NaYF4: Yb/Er/
Gd@Si (6.4x10™* g/ml) in
ethanol and (¢) NaYF4: Yb/Er/
Gd@Si@NH, (9.5x10* g/ml) in
ethanol
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of the UCNPs was investigated when embedded in  of CIAITSPc. For these studies, excitation was at 975 nm
electrospun fibers and suspended in DMSO in the absence =~ where UCNPs absorb.

Fig. 9 SEM images of the
electrospun polystyrene fibers
alone (a) in the presence of (b)
NaYF,4:Yb/Er/Gd/PS, (c)
NaYF,:Yb/Er/Gd@Si/PS and (d)
NaYF,: Yb/Er/Gd@Si@NH,/PS
UCNPs
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Figure 10 shows the emission spectra of the modified fibers
suspended in DMSO in the absence of CIAITSPc. The
UCNPs showed intense and incredibly stable fluorescence
emissions in the visible region. The emission increased and
then stabilized. The peaks in the blue (440 and 488 nm) and
far IR (755 nm) regions of the spectrum remain stable while
the red (540 nm) and green (658 nm) peaks increased and then
stabilized. As stated above, high phonon energy results in
large non-radiative loss and weak upconversion luminescence

[38]. Thus, the increase in emission intensity for NaYF,:Yb/
Er/Gd@S1/PS with time may be due to a decrease in the pho-
non energy (probably as a result of isolation from solution),
resulting in improved fluorescence. Figure 11 compares the
fluorescence spectra of uncapped NaYF,:Yb/Er/Gd/PS,
NaYF4:Yb/Er/Gd@Si/PS and NaYF,:Yb/Er/Gd@Si@NH,/
PS when suspended in DMSO. Compared to NaYF4:Yb/Er/
Gd@Si/PS, uncapped NaYF4:Yb/Er/Gd/PS, and NaYF,;:Yb/
Er/Gd@Si@NH,/PS have stronger emission peaks at 440,

Table 2 Absorption spectra and

fluorescence data for UCNPs Analysed sample A (nm) Tuene (1S) Error X2 Eff
alone, in fibre and in the presence
of CIAITSPc. Excitation was at UCNPs not on fiber
975 nm in DMSO Uncapped NaYF,:Yb/Er/Gd 658 443.7 (£56.9) 0.99
540 178.0 (*2.5) 1.05
NaYF,: Yb/Er/Gd@Si 658 423.0 (£154.0) 0.99
540 289.8 (£54.7) 1.03
NaYF,: Yb/Er/Gd@Si@NH, 658 323.0 (£288.5) 1.01
540 237.0 (£69.0) 0.97
UCNPs on fiber (suspended in DMSO with or without CIAITSPc)
Uncapped NaYF,:Yb/Er/Gd/PS 440 30.2 (£9.5) 1.03
488 2.6 (*0.4) 1.16
540 13.0 *7.1) 0.97
658 443.7 (£56.9) 0.99
755 7.0 *1.7) 1.16
Uncapped NaYF,:Yb/Er/Gd/ PS 440 36.0 (+18.9) 1.00
Suspended in DMSO solution of CIAITSPc 488 3.8 #2.3) 1.03
540 16.9 (*1.0) 0.97
658 a a a a
755 8.5 *7.1) 1.00
NaYF,:Yb/Er/Gd@Si/PS 440 46.3 (+46.8) 1.02
488 53 (*0.5) 1.03
540 250.0 (£37.3) 1.02
658 420.6 (+89.5) 0.99
755 28.0 (£16.5) 1.01
NaYF4: Yb/Er/Gd@Si/ PS Suspended in DMSO 440 a a a
solution of CIAITSPc 488 76 (i2.8) 1.01
540 141.0 (£120.5) 0.97
658 110.9 (£53.9) 1.00 0.74
755 24.1 (£186.0) 0.97
NaYF4: Yb/Er/Gd@Si@NH,/PS 440 33.0 (£27.8) 0.99
488 4.8 (*0.6) 1.15
540 36.9 (*10.0) 1.03
658 51.8 (£18.0) 1.00
755 10.5 (*1.8) 1.06
NaYF4: Yb/Er/Gd@Si@NH, /PS Suspended 440 38.4 (*16.7) 1.00
in DMSO solution of CIAITSPc 488 79 (+1.2) 0.98
540 57.0 (+46.1) 1.03
658 37.3 (+10.4) 1.18 0.28
755 17.2 (+8.8) 1.01

?no peak
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Fig. 10 Fluorescence spectra of 4500 - e =— "S5
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488 and 755 nm and weaker peaks at 540 and 688 nm, where
the former had strong emission. There are several factors
which affect relative intensities of the UCNP emission peaks
such as the size and morphology of the NPs [39] as well as the
surface quenching effects [15]. Thus, the changes in the rela-
tive intensities of the different UCNPs could be related to
some or all of these factors.

Fluorescence Behaviour of UCNPs When Embedded in Fibre,
and Suspended in DMSO Containing CIAITSPc

For these studies, the fluorescence behaviour of the UCNPs
was investigated when embedded in electrospun fibers and
suspended in DMSO containing CIAITSPc and excited at
975 nm where UCNPs absorb and CIAITSPc does not.

The fluorescence lifetimes for NaYF4:Yb/Er/
Gd@Si@NH,/PS and uncapped NaYF,:Yb/Er/Gd/PS in-
creased at all wavelengths (except at 658 nm) in the presence
of CIAITSPc. The decrease in emission at 658 nm which
overlaps with the Q band of CIAITSPc may be attributed to
FRET, Table 2.

A decrease in phonon energy results in an increase of the
lifetime [40]. Hence the observed increase in lifetimes for

Fig. 11 Absorption Spectrum of
CIAITSPc overlapped with the -

fluorescence spectra of uncappred 1.0 4
NaYF,:Yb/Er/Gd/PS, NaYF4:Yb/ > _'
Er/Gd@Si/PS and NaYF,:Yb/Er/ ‘@ o8]
Gd@Si@NH,/PS in DMSO g
£ 06

- ]

2 y

= 044
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some of the wavelengths for NaYF,:Yb/Er/Gd@Si@NH,/
PS and uncapped NaYF,:Yb/Er/Gd/PS in the presence of
CIAITSPc could be related to a decrease in phonon energy
as a result of the interaction between the UCNPs embedded
in electrospun fiber and CIAITSPc in solution. For
NaYF,:Yb/Er/Gd@Si/PS, there was no emission at 440 nm
in the presence of CIAITSPc, and there was a decrease in
emission lifetime at 540, 658 and 755 nm. A decrease in
lifetime suggests increased phonon energy or quenching ef-
fects in the presence CIAITSPc. It has been reported before
[15] that as the size of the UCNPs decreases, the surface-
induced defects increase, resulting in the increase in
multiphonon-assisted nonradiative relaxations, which could
lead to a decrease in lifetimes. However, the sizes of the three
UCNPS are about the same. At 658 nm, FRET is possible due
to the overlap of the absorption of CIAITSPc and the emission
of UCNPs, Fig. 11, which is a requirement for FRET and will
be discussed below. The decrease in the lifetime at 540 and
755 nm, could not be related to FRET since there is minimal
CIAITSPc absorption at these wavelengths.

For FRET to occur there has to be an overlap between the
donor (UCNPs) emission and acceptor (CIAITSPc) absorption
as shown in Fig. 11 for the 658 emission.

CIAITSPc

NaYF4:Yb/Er/Gd
NaYF4:Yb/Er/Gd@Si
NaYF4:Yb/Er/Gd@Si@NH2
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If FRET occurs, there should be a decrease in donor emis-
sion and the stimulated emission of the acceptor. From
Fig. 12, it is evident that the red emission peak (at 658 nm)
of the donor (UCNP) has decreased dramatically in intensity,
suggesting the occurrence of FRET. There is only a small
increase in background where the CIAITSPc emission is ex-
pect at~690 nm (see Fig. 12). FRET is not the only process
that results in the decrease in the donor emission [41, 42],
hence the observed weak stimulated emission of CIAITSPc
which does not correspond to the large decrease in UCNP
emission. There are many factors other than FRET reported
(and are still under debate) that influence photoluminescence
decrease in nanoparticles such as quantum dots (QDs)
[41-44]. For example, it has been reported that for QD-
porphyrin nanocomposites, the major part of the observed
quenching of QD photoluminescence can be assigned to
non- FRET processes [44]. As already stated, the surface
properties and the crystal structure of nanocrystals can change
the intensity of UCNP fluorescence peaks [45]. Thus the de-
crease in the peak intensity of the red peak at 658 nm could
also be due to changes in the surface properties of UCNPs
embedded in fiber and suspended in CIAITSPc solution.

The peaks between 400 and 600 nm re-appear for
NaYF4:Yb/Er/Gd@Si/PS in the presence of CIAITSPc,
Fig. 12. The increase in the intensity of these peaks could be
due to decrease in surface quenching effects of the UCNPs in
fiber in the vicinity of CIAITSPc in solution.

Using Eq. 2, FRET efficiencies for energy transfer from
UCNPs to CIAITSPc following excitation at 975 nm (exciting
UCNPs) were estimated to be 0.74 and 0.28 in DMSO,
Table 2, for NaYF,:Yb/Er/Gd@Si/PS and NaYF4:Yb/Er/
Gd@Si@NH,/PS, respectively. The larger Eff for
NaYF,4:Yb/Er/Gd@Si/PS/CIAITSPc is a result of the more
intense absorption at 658 nm for NaYF,:Yb/Er/Gd@Si/PS/
CIAITSPc compared to the rest of the UCNPs. For uncapped
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Fig. 13 Degradation profile of DPBF in the presence NaYF,:Yb/Er/

Gd@Si/PS suspended in DMSO of CIAITSPc (7.2x 10°® M) containing
DPBF (4.9%10_5s M). Time = 0 to 120 min (20 min interval)

NaYF,4:Yb/Er/Gd/PS, there was no emission at 658 nm in the
presence of CIAITSPc making the estimation of Eff difficult.

Singlet Oxygen Generation by CIAITSPc in the Presence
of UCNPs

UCNPs were embedded in electrospun fibers for these studies
and suspended in DMSO solution of CIAITSPc in order to
stabilize the emission of UCNPs, since it is expected that there
will be FRET between UCNPs and CIAITSPc.

Figure 13 shows the degradation profile of DPBF on exci-
tation of NaYF,:Yb/Er/Gd@Si/PS when suspended in DMSO
containing DPBF and CIAITSPc and excited at 975 nm, where
UCNPs absorb, but CIAITSPc does not absorb. There was no
decrease in the DPBF absorption for CIAITSPc alone when
irradiation was performed at 975 nm. Thus the decrease in
DPBF peak at 418 nm is proof of singlet oxygen generation
by CIAITSPc following excitation of UCNP and energy trans-
fer. When UCNPs (not embedded in fiber) and CIAITSPc were
mixed in DMSO solution, the DPBF peaks were irreproducible.
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Conclusions

From the data above we can conclude that NaYF,:Yb/Er/Gd
upconversion nanoparticles (UCNPs) were synthesised,
capped with silica and functionalised with APTES. The pho-
toemission of the UCNPs was stabilised by embedding them
in electrospun fibers. The photophysical behaviour of chloro
aluminium tetrasulfo phthalocyanines (CIAITSPc) were stud-
ied in the presence of UCNPs. There were no changes in the
CIAITSPc spectra on addition of UCNPs. The &g value of
CIAITSPc in the presence of UCNPs decreased due to the
heavy atom effect. Higher triplet quantum yields were ob-
served for CIAITSPc in the presence of UCNPs as a result
of heavy atoms associated with UCNPs. The fluorescence
lifetimes (at 658 nm where the emission of UCNPs overlaps
with the absorbance of CIAITSPc) for UCNPs were shortened
in the presence of CIAITSPc due to FRET. The FRET effi-
ciency for NaYF4: Yb/Er/Gd@Si/CIAITSPc/PS was 0.74 in
DMSO while for NaYF,4:Yb/Er/Gd@Si@NH,/CIAITSPc/PS
Eff=0.28 in DMSO. A clear singlet oxygen generation by
CIAITSPc though FRET was demonstrated using a singlet
oxygen quencher, 1,3-diphenylisobenzofuran in DMSO.
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