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In this work, we demonstrate a room-temperature chiral liquid crystal which shows remarkable photon
upconverted circularly polarized luminescence (UC-CPL). Circularly polarized luminescent materials with
higher dissymmetry factor (gwum) underpin the basis for future applications. Since most chiral organic
molecules have only a small gm, it is vital to explore a new pathway to amplify the g, of organic
compounds. Here, by dispersing a chiral emitter and a triplet donor into a room-temperature nematic
liquid crystal, highly efficient triplet—triplet annihilation-based photon upconversion (TTA-UC) and
UC-CPL were observed in the induced chiral nematic liquid crystal (N*LC). Moreover, this system could
simultaneously amplify the promoted circularly polarized luminescence (CPL) and the upconverted
circularly polarized luminescence. The dissymmetry factors g,m of CPL and UC-CPL have been
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Introduction

Photon upconversion, the process of converting low energy
photons into high energy photons is interesting, both from
a fundamental and application perspective. Particularly, due to
the wide potential applications ranging from energy to biology,
triplet-triplet annihilation-based photon upconversion (TTA-
UC, Fig. S17) has attracted attention in recent years. To date,
TTA-UC has been demonstrated extensively in various matrices
including dilute solutions, non-volatile liquids, gels and poly-
mers."™ However, the emission behaviours in liquid crystals
were rarely reported. Researchers have tried to tune the emis-
sion direction or the stimuli-responsiveness of TTA-UC through
liquid crystal matrices."**® The chiroptical properties, e.g.
circularly polarized luminescence (CPL), of TTA-UC in liquid
crystals have never been explored.

Circularly polarized luminescence has been attracting
increasing attention®** because of its remarkable advantages
including its extensive optical information and lack of angular
dependence, which has been widely used for various
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amplified by three orders of magnitude and one order of magnitude, respectively.

applications.**** Ordinarily, luminescence dissymmetry factor
Zium 1S used to evaluate the level of CPL, whose value is in the
range of —2 to 2, and is defined as 2(I;, — Ig)/(I;, + Ir), where I,
and I are the intensities of the left- and right-handed circularly
polarized emissions, respectively. Generally, for pure organic
chiral molecules, gjum is extremely small within the range of
107" to 1072, Thus, exploring new pathways to amplify the gjum
of organic compounds is a vital issue in developing chiroptical
materials. Kawai and co-workers had demonstrated that
supramolecular self-assembly could remarkably enhance the
Zium in chiral perylene bisimide systems.*>** Tang and co-
workers had amplified g, by introducing the concept of
aggregation-induced emission (AIE).*' Very recently, we have
found that energy transfer in a hybrid system could significantly
amplify the gj,m value, including Forster resonance energy
transfer (FRET) and TTA-UC process.*>** However, an effective
method to amplify the gj,,m value of upconverted circularly
polarized luminescence (UC-CPL) has never been reported.

In this work, we show the first example of enhanced UC-CPL
emission in a chiral liquid crystal (N*LC). N*LC could be easily
obtained by blending a chiral emitter R(S)1 (Fig. 1) with an
achiral nematic liquid crystal, whose gy, value was three orders
of magnitude higher compared with the dilute solution sample.
Subsequently, by mixing with an appropriate amount of sensi-
tizer, Pt(um)octaethyl porphyrin (PtOEP), both upconversion
emission and upconverted circularly polarized luminescence
(UC-CPL) could be observed. More importantly, compared with
the UC-CPL in dilute solution, the g, value of UC-CPL in the
N*LC was significantly amplified by one-order of magnitude

(Fig. 1).
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Fig. 1 N*LC could be obtained by doping chiral acceptor R(S)1 into the nematic liquid crystal, which could emit circularly polarized light by
excitation with a 360 nm light. The dissymmetry factor g,,m was amplified by three orders of magnitude compared with the diluted solution.
Subsequently both upconverted emission and upconverted circularly polarized emission could be observed sensitized by PtOEP. The g\, value

of UC-CPL was amplified by one order of magnitude compared with the diluted solution.

Results and discussion
Upconversion behavior in a chiral liquid crystal

First, we fabricated a chiral nematic liquid crystal film inside
a quartz cell by blending the following components: chiral
emitter R(S)1, sensitizer PtOEP and room-temperature nematic
liquid crystal SLC1717. Before exploring the upconverted
emission properties, we tested the absorption and emission
spectra of S1 and PtOEP in the liquid crystal (Fig. 2a). The S1 in
SLC1717 showed the typical vibrational structure of anthracene,
with its fluorescence observed with a maximum at 465 nm,
which is a 20 nm red-shift compared with the spectrum in
toluene solution. On the other hand, PtOEP in SLC1717 (PtOEP/
S1 = 1 mol%) exhibited characteristic Soret- and Q-bands at
385 nm and 535 nm, respectively. Phosphorescence was
observed at 655 nm, which is almost identical to that observed
in dilute solution. Thus, PtOEP could be molecularly dispersed
into the liquid crystal. Fig. 2b shows the N*LC film after irra-
diation using a 365 nm UV lamp and a 532 nm laser, respec-
tively. Cyan color emission could be observed from either the
fluorescence emission or the TTA-UC emission. The emission
color of the fabricated neat film showed a slight red-shift from
deep blue to cyan compared with the toluene solution (see the
ESI, Fig. S11). To get the best UC emission in the liquid crystal,
we have carefully tested the UC emission and UC decay in
various mixing weight ratio samples. It should be noted that no
birefringence could be observed using a polarizing optical
microscope (POM) when the weight ratio of S1/SLC1717 reached
40 wt% (see the ESI, Fig. S21). Thus, the maximum weight ratio
of S1/SLC1717, in this work, was 30 wt%. Fixing the mixing
molar ratio of PtOEP/S1 at 1 mol%, by changing the weight ratio
of S1/SLC1717 from 5, 10, 20 to 30 wt%, UC emission spectra
with different incident power densities using the 532 nm laser
were investigated (Fig. 2c and S3, ESI{). It is clear that a 10 wt%
mixing ratio sample gave the maximum UC emission and the
minimum residual phosphorescence from PtOEP. Double-
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logarithmic plots of the UC emission intensity with the weight
ratio of 10 wt% are shown in Fig. 2d. A slope change from 2 to 1

was clearly observed. The blue and red lines are the fitting
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Fig. 2 (a) Normalized absorption and emission spectra of S1 (10 wt%,

Jex = 360 nm) and PtOEP (1 mol%, Aex = 532 hm) in SLC1717. (b) The left
photograph of the neat film was irradiated by a 365 nm UV lamp, and
the right photograph was the upconverted emission sample irradiated
by a 532 nm laser (a short-pass filter was used; S1/SLC1717 = 10 wt%,
PtOEP/S1 = 1 mol%). (c) Upconversion emission spectra of S1/PtOEP
with different incident excitation intensities of the 532 nm laser in
SLC1717. (d) Double-logarithmic plots of the UC emission intensity of
S1/PtOEP in SLC1717 as a function of the excitation intensity of the
laser. (e) UC quantum yield @c of S1/PtOEP in SLC1717 as a function of
the excitation intensity of the laser. (f) Time-resolved upconverted
emission at 470 nm of the S1/PtOEP in SLC1717 (black square), the tail
fit (red circle) (Aey = 532 nm).
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results with slopes of 1.9 and 1.0 in the low and high excitation
intensity ranges, respectively. It involved the TTA process.** The
threshold excitation intensity (I,) was 254 mW cm™ >, where
TTA became the main deactivation channel for the acceptor
triplet, and consequently the UC quantum yield shows satura-
tion.* A saturation quantum yield of about 13% was obtained
for S1/PtOEP in SLC1717 (10 wt%) by using Rhodamine B in
SLC1717 as a standard and with the theoretical maximum of
100% (Fig. 2e). These observations provide decisive evidence for
the TTA-UC mechanism in the liquid crystal.

The TTA-UC mechanism could also be confirmed by the
lifetime measurement. When the weight ratio of S1/PtOEP was
10 wt%, the UC emission lifetime at 470 nm was 182 ps, which is
ascribed to the mechanism based on long-lived triplet species
(Fig. 2f). The double-logarithmic plots and UC emission decay
of other weight ratios of S1/SLC1717 are shown in Fig. S4 and
S5,T respectively. In addition, after comparing the lifetime of
the PtOEP in the TTA-UC process with the phosphorescence
lifetime of PtOEP in SLC1717, we obtained the other evidence to
prove that 10 wt% was the best weight ratio of S1/SLC1717 for
UC emission (see the ESI, Fig. S6T). Subsequently, we compared
the triplet-triplet energy transfer (TTET) efficiency (@rrer) at
different weight ratios (see the ESI, Table S17). The @ppgr could
be calculated by evaluating the phosphorescence decay before
and after adding the acceptor S1.*® Although the sample with
a low mixing weight ratio (5 wt%) showed the highest @y
(90%), UC emission was not the best while even a higher I,
(517 mW cm™?) was obtained (see the ESI, Fig. S4t).

To date, the TTA-UC in a liquid crystal has rarely been re-
ported. To carefully examine the triplet diffusion properties in
this kind of room-temperature liquid crystals, we have evalu-
ated these parameters in solution state (toluene) and liquid
crystal phase. Considering the well-ordered structures in the
liquid crystal phase, the triplet diffusion length should be
longer than that in solution. To prove this deduction, we
calculated the triplet diffusion coefficient and diffusion length
in the liquid crystal (Dyc, Lic) and in toluene (Dsoy, Lsor)- First,
the triplet diffusion coefficient Dy, could be calculated
according to the Stokes-Einstein relationship ([S1] = 1 mM;
[PtOEP] = 0.01 mM),”

ke T

Dy =
! 67T R

(1)

where kj, is the Boltzmann constant, T is the temperature (293
K), 7 is the viscosity of toluene at 293 K, and R is the molecular
radius of the acceptor (8.5 A). The D, value (in toluene solu-
tion) was calculated to be 4.3 x 107° ecm® s~'. The triplet
diffusion length L, could be calculated using the following
expression:*®

Ly = vV DsolTT.sol (2)

where 115 is the lifetime of an acceptor excited triplet, namely
twice the value of the lifetime of the upconversion (568 ps). The
value of Ly, (in toluene solution) was calculated to be 0.49 pm.
The annihilation distance of the triplets (a,) could be calculated
by the equation®
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YTT,sol
ay = —— 3
0 87TDsul ( )
where second-order annihilation yrrgo could be calculated
using the following equation:**
1

YTl = 73 (4)
 Ipa®rrer (TT,sol)z

The value of yrr,s,; Was calculated to be 1.3 x 10~ em® s77,

while the annihilation distance value a, was calculated to be
1.2 nm. Considering that the annihilation distance for the
acceptor should be a constant value whether in solution or
liquid crystal, the triplet diffusion coefficient and diffusion
length could be calculated by

YTT,LC (5)

Do =
Le 81ta,

In the liquid crystal, the second-order annihilation was
calculated to be yrpic = 6.6 x 107" em® s™". Thus, Dy was
found to be 2.2 x 10~* em® s, while the triplet diffusion length
Ly was 2.8 pm. As expected, Dy > Do, Lic > Lo, that is to say,
the capability of triplet diffusion in a liquid crystal is stronger,
correspondingly the triplet diffusion length of the acceptor in
the liquid crystal is longer than in the solution state. Moreover,
the average nearest-neighbor distance between two sensitizers
was calculated to be 115 nm.*® These results indicate that even
better triplet diffusion and migration could be observed in the
liquid crystal; due to the extremely high viscosity, molecular
collision was severely suppressed which resulted in the relatively
weak UC emission efficiency. However, the long diffusion length
of the triplet was 2.8 um in the liquid crystal, which was far
enough to cover the average distance between two sensitizers
(115 nm). It is expected that the capability of the triplet acceptor
diffusion in the liquid crystal is stronger than in the solution
state, correspondingly the triplet diffusion length of the acceptor
in the liquid crystal is longer than in the solution state.

CPL behavior in a chiral liquid crystal

Before we test the upconverted circularly polarized lumines-
cence (UC-CPL) in a chiral nematic liquid crystal, it is necessary
to explore the characteristics of promoted CPL in a N*LC. It has
been widely demonstrated that a N*LC can work as a self-
assembling one dimensional photonic crystal which could be
modulated by tuning the photonic stop band.****-** However, in
this work, the stop band cannot be tuned to the visible light
range because of the weak helical twisting power (HTP) of the
chiral dopant. Anyhow, we have carefully checked the CPL
activity of various mixing weight ratios of S1/SLC1717 in the
liquid crystal cells. The tendency of the CPL dissymmetry factor
Zium at different weight ratios of S1/SLC1717 is shown in Fig. 3a.
When the mixing weight ratio of S1/SLC1717 was 10 wt%, the
highest gj,m value (0.2) could be observed, the corresponding
mirror-image CPL and CD signals are shown in Fig. 3b and S7.}

It is already widely acknowledged that the handedness of
a N*LC could be determined by the CPL signal direction in that

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a) The tendency of CPL dissymmetry factor g,um with different

weight ratios of S1/SLC1717 (Aex = 360 nm). (b) CPL spectra of 10 wt%
R(S)1 in SLC1717. R1 induced SLC1717 to a right-handed N*LC, S1
induced SLC1717 to a left-handed N*LC (Aex = 360 nm, |gyuml| = 0.2). (c)
S1in solution has the opposite gum value in the liquid crystal. The blue
square represents the gium of S1 in toluene solution ([S1] = 107> M); the
red square represents the g,m of 10 wt% Sl in the liquid crystal. The
values of gym in all emission ranges with intensity were almost the
same. (d) POM image of a chiral liquid crystal. The weight ratio of
S1/SLC1717 was 10 wt%.

a positive CPL signal indicates a right-handed chiral liquid
crystal while a negative CPL signal means a left-handed chiral
liquid crystal. Thus, it can be clearly clarified that chiral emitter
R1 will induce the nematic liquid crystal to a right-handed N*LC
while the addition of S1 to SLC1717 will result in a left-handed
N*LC.>* It should be noted that the direction of the CPL signal
in the liquid crystal was opposite to the one in toluene solution,
which leads to the opposite value of gj,m, (Fig. 3¢). This could be
explained as follows. The CPL activity in solution should be due
to the intrinsic chiral emission property of the chiral emitter
R(S)1. However, after dispersing into the nematic liquid crystal,
the final CPL sign is decided by the handedness of the induced
N*LC. We have also checked the polarizing optical microscope
images of S1 in SLC1717 (Fig. 3d). The typical fingerprint texture
proved that the N*LC had been induced successfully by the
chiral emitter. In addition, we prepared the sample S1/SLC1717
with various mixing ratios from 5 to 30 wt% to measure the
X-ray diffraction (XRD) (see the ESI, Fig. S81). The results indi-
cated that all mixing ratios showed similar diffraction patterns
to those of the original nematic liquid crystal SLC1717. There
was no obvious crystallization diffraction peak even at the high
mixing ratio of 30 wt%, which indicated that the dopant S1
could well disperse into the liquid crystal matrix. Differential
scanning calorimetry (DSC) revealed that the clearing point of
SLC1717 showed a slight decline when blending with the chiral
emitter (see the ESI, Fig. S97).

Upconverted circularly polarized luminescence in a chiral
liquid crystal

The most interesting result in this work is that UC-CPL could be
significantly amplified in a liquid crystal. Similarly, we have also

This journal is © The Royal Society of Chemistry 2019
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checked the influence of different weight ratios of the acceptor
in a liquid crystal on the UC-CPL. The upconverted gj,m
exhibited the same tendency between promoted and upcon-
verted CPL (Fig. 4a), while the sample with 10 wt% mixing ratio
showed the highest upconverted g, value. As expected,
a mirror-image UC-CPL signal was observed under excitation by
a 532 nm green laser (Fig. 4b). It should be emphasized that the
UC-CPL signal was consistent with the CPL in the liquid crystal,
which indicated that the upconverted emission followed the
regulation of a N*LC. With increasing the excitation intensity of
the incident light, the UC-CPL increased. However, after con-
verting to the gy, value, the intensity was almost the same in all
emission ranges (Fig. 4c). Compared with the gj,, of UC-CPL in
dilute toluene solution, gjum, in the liquid crystal was one order
of magnitude higher (Fig. 4d). These results indicated that
whether it is promoted CPL or upconverted CPL, the optical
properties of N*LC play a critical role in determining the
emission properties.

Although the mechanism of photon upconversion amplified
circularly polarized luminescence in dilute solution is not clear,
the development of various approaches to further promote the
level of upconverted circularly polarized luminescence is
ongoing. The present liquid crystal system offers unprece-
dented opportunities for the efficient TTA-based upconversion,
circularly polarized emission and upconverted circularly polar-
ized emission. The use of room-temperature liquid crystals
allows exploring the luminescence and chiroptical properties in
the liquid crystal phase. The orientation of chiral acceptor
molecules in the N*LC enables highly efficient triplet energy
transfer and migration which might facilitate the TTA-UC. This
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Fig. 4 (a) The tendency of UC-CPL dissymmetry factor gm with
different weight ratios of acceptor in the liquid crystal (PtOEP/S1 =
1 mol%, dex = 532 nm). (b) UC-CPL spectra of 10 wt% R(S)1in SLC1717
with 1 mol% PtOEP, |gym| was nearly 0.04 (Aex = 532 nm). (c) UC-CPL
spectra of 10 wt% S1 with different incident power densities of
a 532 nm laser in a liquid crystal. The arrow indicates the spectral
changes with increasing incident power density from 153 to
31.6 Wcem™2. The corresponding gm Value was almost the same as
the emission value. (d) UC-CPL dissymmetry factor gm Vversus
wavelength. The black square represents R(S)1/PtOEP in toluene
solution ([R(S)1] = 107> M, Aex = 532 nm); the red square represents
R(S)1/PtOEP in SLC1717 (R(S)1/SLC1717 = 10 wt%, Aex = 532 nm).
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will be a better complement to the system of triplet energy
migration-based photon upconversion (TEM-UC) which has
been extensively demonstrated by Kimizuka et al.>®

In addition, the well-ordered chiral acceptor-acceptor
arrangements would facilitate the chiral emission and upcon-
verted chiral emission in this kind of liquid crystal phase. Thus,
the integration of a chiral nematic liquid crystal amplifying CPL
with TTA-based photon upconversion thus renovates the field of
CPL-active functional materials and TTA-UC.

Conclusions

In conclusion, the significance of the present study is three-fold.
First, by adding the chiral acceptor molecule R(S)1 and the
sensitizer PtOEP into the nematic liquid crystal, highly efficient
TTA-UC could be observed in the N*LC. Moreover, efficient
triplet energy diffusion and long migration length were calcu-
lated in the liquid crystal for the first time. Second, the N*LC
induced by the chiral emitter exhibited good promoted CPL,
while the corresponding dissymmetry factor gy, was amplified
by three orders of magnitude to 10~! compared with the solu-
tion state. Third, significant amplification of UC-CPL could be
observed in this N*LC system. Upconverted dissymmetry factor
showed one order amplification. This work will promote the
design and fabrication of chiroptical materials with not only
better UC-CPL emission but also rational emission efficiency for
more practical application.

Materials and methods
Materials

The commercial room-temperature nematic liquid crystal,
SLC1717, was bought from the Chengzhi Yonghua Display
Material Co., Ltd. Pt(un)octaethyl porphyrin (PtOEP) was bought
from Frontier Scientific, Inc. Rhodamine B was bought from
Acros Organics.

Instrumentation

UV-vis spectra were recorded on a Hitachi U-3900 spectro-
photometer. Fluorescence spectra were measured on an
F-4500 fluorescence spectrophotometer. CD and CPL spectra
were measured on JASCO J-1500 and JASCO CPL-200 spec-
trophotometers, respectively. Lifetime measurements were
recorded on the spectrometer using time-correlated single
photon counting (TCSPC). Upconverted emission spectra
were recorded on a Zolix Omin-A500i monochromator with
a photomultiplier tube PMTH-R 928 using an external exci-
tation source. POM images were recorded on a Leica
DM2700M upright materials microscope. Upconverted CPL
spectra were recorded on a JASCO CPL-200 spectrophotometer
with an external excitation source, a 532 nm semiconductor
laser. DSC spectra were recorded on a PerkinElmer Diamond
TG/DTA. XRD spectra were measured on a Panalytical Empy-
rean. Quantum yield was measured on an Edinburg FLS-980
fluorescence spectrometer with a calibrated integrating
sphere.
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Characterization and methods

The sample used to investigate the UV-vis and fluorescence
spectra, lifetime, upconversion emission and UC-CPL was
fabricated by the following method. Firstly, 1 mg S1 and 9 mg
SLC1717 were added into a 1 mL centrifuge tube, and then
mixed with 1 mL toluene. After that, the resulting solution was
sonicated for about 1 min to obtain a good solution. Finally,
400 pL of the solution was transferred into a quartz cell and
toluene was evaporated slowly using a vacuum pump. The thin
chiral nematic liquid crystal film was generated in the inner
face of the quartz cell. It should be noted that evaporation of
toluene should be carried out at an appropriate velocity,
otherwise the generated chiral nematic liquid crystal will not be
uniform. The chiral nematic liquid crystal containing the PtOEP
was fabricated in the same way, 10.6 pL PtOEP (10~ M) should
be added with 1 mg S1. The UV-vis spectra were recorded from
200 nm to 800 nm. Emission spectra were recorded with an
excitation wavelength of 360 nm. The samples were excited with
an incidence angle of 45° to the quartz cell surface and the
fluorescence was detected along the normal. Time-resolved
upconverted emission spectra were measured with an excita-
tion wavelength of 532 nm laser and detected at 470 nm. The
upconverted lifetimes have been fitted with a single exponential
decay. Spectra of UC emission and UC-CPL were measured with
the excitation wavelength of a 532 nm laser. The semiconductor
laser used in our experiment was bought from Changchun New
Industries Optoelectronics Technology Co., Ltd. The bandwidth
was < 0.2 nm, Gaussian beam in spatial mode TEMO00, with
a polarization ratio of 1 : 100, the polarization direction being
horizontal. The sample used for CPL spectra was fabricated by
the following method. Firstly, 2 mg S1 and 18 mg SLC1717 were
dissolved in 1 mL toluene. After drying the toluene, N*LC was
added into the liquid crystal cell. CPL spectra were recorded
with the excitation wavelength of a 360 nm Xe-lamp. The sample
used for CD spectra and POM measurement was prepared by
the following method. 1 mg S1 and 9 mg SLC1717 were dis-
solved in 1 mL toluene. Subsequently, the resulting solution was
sonicated for about 1 min to obtain a solution. 50 uL of the
solution was transferred to a 0.1 mm quartz cell and the solvent
was evaporated. CD spectra were recorded from 200 nm to
800 nm. By casting the solution on a quartz plate, uniform film
could be formed after evaporating the solvent. The film sample
could be used for POM measurement and XRD measurement.

Determination of TTA-UC quantum yield by a relative method

The upconverted emission quantum efficiency was determined
relative to a standard according to the following equation:

Aga\ (Tuc) (Muc)’
Byc = 20, e
e . (AUC) (1 std ) \Mswa

where @, A, I and 7 represent the quantum yield, intensity of
absorbance at 532 nm, integrated photoluminescence spectral
profile, and refractive index of the solvents used as a standard,
respectively. The subscripts UC and std denote the parameters
of the upconversion and standard systems. Since the standard
and the UC dyes are doped in the same liquid crystal, the

This journal is © The Royal Society of Chemistry 2019
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refractive indices are the same. Therefore, under our experi-
mental conditions, the upconverted emission quantum effi-
ciency ®yc could be calculated using the equation. For the UC
system, the weight ratio of S1/SLC1717 was 10 wt%, the molar
ratio of PtOEP/S1 was 1%. For the standard system, the
concentration of Rhodamine B was the same as the concen-
tration of PtOEP. The UC system was tested from 400 nm to
530 nm, and the standard system was tested from 540 nm to
750 nm. The UC quantum yield was determined relative to
a standard, Rhodamine B in SLC1717 (Pgq = 0.441) under
532 nm excitation. The result of upconverted emission
quantum efficiency was the mean value for parallel testing three
times.
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