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Multivalent supramolecular assembly with
ultralong organic room temperature
phosphorescence, high transfer efficiency and
ultrahigh antenna effect in watery

Wei-Lei Zhou,?® Wenjing Lin,® Yong Chen,? Xian-Yin Dai,® Zhixue Liu® and Yu Liu @ *@

Multivalent supramolecular assemblies have recently attracted extensive attention in the applications of soft
materials and cell imaging. Here, we report a novel multivalent supramolecular assembly constructed from
4-(4-bromophenyl)pyridine-1-ium bromide modified hyaluronic acid (HABr), cucurbit[8]uril (CB[8]) and
laponite® clay (LP), which could emit purely organic room-temperature phosphorescence (RTP) with
a phosphorescence lifetime of up to 4.79 ms in aqueous solution via multivalent supramolecular
interactions. By doping the organic dyes rhodamine B (RhB) or sulfonated rhodamine 101 (SR101) into
the HABr/CBI[8]/LP assembly, phosphorescence energy transfer was realized with high transfer efficiency
(energy transfer efficiency = 73-80%) and ultrahigh antenna effect (antenna effect value = 308-362)
within the phosphorescent light harvesting system. Moreover, owing to the dynamic nature of the
noncovalent interactions, a wide-range spectrum of phosphorescence energy transfer outputs could be
obtained not only in water but also on filter paper and a glass plate by adjusting the donor—acceptor
ratio and, importantly, white-light emission was obtained, which could be used in the application of

rsc.li/chemical-science information encryption.

Introduction

Purely organic room-temperature phosphorescence (RTP) with
a long lifetime, large Stokes shift, and the involvement of triplet
states has attracted increasing attention in bioimaging,' anti-
counterfeiting materials,” organic light-emitting diodes,® and
so on. However, most purely organic RTP emissions have been
shown in the solid-state but are fairly rare in water, owing to the
quenching of the collision by the high concentration of dis-
solved oxygen in water, as well as the free molecular motions for
the non-radiative decay process,* which inevitably limit their
practical biological applications. Thus, it is urgently essential
for purely organic RTP in aqueous solution to be developed. In
order to improve the yield and lifetime of phosphorescence in
aqueous solution, many efforts have been made to study purely
organic RTP. The introduction of heavy atoms and rigid envi-
ronments can avoid the influence of quenchers, suppress the
non-radiative decay and increase the intersystem crossing (ISC)
for a high phosphorescence quantum yield and long lifetime in
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water. Among them, the supramolecular strategy through non-
covalent interactions (i.e. host-guest interaction, hydrogen
bonding, m-m stacking) has attracted ever-growing attention in
photochemistry because it can affect the electron distribution to
alter the optical properties of luminophores.® In particular,
macrocyclic supramolecular systems are more attractive
because purely organic RTP can be realized in water through the
host-guest interactions between macrocyclic compounds and
luminophores.*®

As a water-soluble biocompatible macrocyclic host
compound, cucurbituril (CB) has a stronger binding ability
towards positively charged guest molecules than other macro-
cyclic host compounds, owing to the strong charge dipole,
hydrogen bonding and the hydrophobic/hydrophilic interac-
tions that can protect and immobilize the phosphor guests to
improve their luminescent efficiency and lifetime in water.'*”
For example, Tian and Ma et al. reported a visible-light excited
aqueous purely organic RTP system via a supramolecular
assembly between CB[8] and a 4-(4-bromophenyl)-pyridine
derivative modified triazine to achieve a multicolor transition
through changing the host-guest ratios in aqueous solution
and hydrogels.’? Ma et al. constructed a circularly polarized RTP
two-arm supramolecular polymer® and a three-arm supramo-
lecular RTP organic framework® in water by the host-guest
interaction of CB[8] with 4-(4-bromophenyl)-pyridin-1-ium
modified chiral cyclohexane and benzoate derivatives. We
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used bromopyridine salt derivatives as guests and macrocycles
CB[6-8] as hosts to construct a series of supramolecular
assemblies with ultralong phosphorescence lifetimes and
ultrahigh quantum yields in either the solid-state’®™® or
aqueous solution, exhibiting application potential in up-
conversion targeted tumor cell imaging,"* phosphorescent
light harvesting energy transfer cell imaging," photo-oxidation
driven dual organelle imaging,'® and antibiotic sensing."”

On the other hand, multivalent assembly can effectively
improve the yield and lifetime of RTP in aqueous solution.
George et al. realized red purely organic RTP emission in
aqueous solution through laponite® clay (LP) and brominated
naphthalene diimide (NDI) phosphor derivatives.'® In addition,
they also achieved aqueous phosphorescence RTP with an
ultrahigh quantum yield through LP and a bromo-substituted
phthalimide derivative, presenting the effective light harvest-
ing energy transfer from triplet to singlet with the dyes sulfo-
rhodamine G (SRG) and sulforhodamine 101 (SR101).*
However, there have been few reports on the construction of
phosphorescent supramolecular systems with high efficiency
energy transfer through the multivalent assembly of macrocy-
clic compounds. Herein, considering the efficient utilization of
light energy in light harvesting systems for excellent optical
properties,”® we combined 4-(4-bromophenyl)pyridine-1-ium
bromide (BrBP) modified hyaluronic acid (HA), CB[8] and LP
to construct a multivalent supramolecular assembly (Fig. 1).
This kind of multivalent supramolecular assembly not only
showed good phosphorescence properties in water, owing to the
electrostatic interactions between the positively charged edges
of LP and the negatively charged HABr/CB[8] supramolecular
polymer by restricting the non-radiative transition, but also
achieved significant phosphorescence light harvesting proper-
ties with a high energy transfer efficiency (>73%), ultrahigh
antenna effect (>308), and ultralong lifetime (millisecond
second level) after associating with the dyes rhodamine B (RhB)
or SR101. It is meaningful that adjusting the donor/acceptor
ratios can give broad-spectrum multicolor outputs, including
white-light emission, in solution as well as on filter paper and
a glass plate, which provides a new approach for the develop-
ment of water-phase RTP.
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Fig. 1 Schematic illustration of the construction of RTP light har-
vesting by the multivalent supramolecular assembly HABr/CBI[8]/LP
with RhB or SR101 in agueous solution.
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Experimental
Materials and methods

All chemicals were obtained from commercial suppliers unless
noted otherwise. 4-(4-Bromophenyl)pyridine was purchased
from Bide Pharmatech, and 3-bromopropan-l-amine was
purchased from Struchem Co. LP was purchased from BYK
Additives Inc. NMR spectra were recorded on a Bruker AV400
spectrometer. Fluorescence spectra were recorded in a conven-
tional quartz cell (light path: 10 mm) on a Varian Cary Eclipse
spectrophotometer equipped with a Varian Cary single-cell
Peltier accessory to control the temperature. UV-vis spectra
and optical transmittance were recorded in a quartz cell (light
path: 10 mm) on a Shimadzu UV-3600 spectrophotometer
equipped with a PTC-348WI temperature controller. Steady-
state fluorescence emission spectra were recorded in a conven-
tional quartz cell (10 x 10 x 45 mm) at 298 K on a Varian Cary
Eclipse spectrophotometer equipped with a Varin Cary single-
cell Peltier accessory to control the temperature. Fluorescence
and phosphorescence lifetimes were measured by means of
time-correlated single-photon counting on a FLS980 instrument
(Edinburgh Instruments, Livingston, UK). High-resolution
transmission electron microscopy images were acquired using
a Tecnai 20 high-resolution transmission electron microscope
operating at an accelerating voltage of 200 keV. The sample was
prepared by dropping the solution onto a copper grid, which
was then air-dried. Scanning electron microscopy images were
obtained with a Hitachi S-3500N scanning electron microscope.
The zeta potentials were determined on a NanoBrook 173Plus at
298 K.

Calculation of the energy transfer efficiency (@) and
antenna effect

The energy transfer efficiency (®gy) is the ratio of the absorbed
energy transferred to the acceptor given by the spectrometric
titration experiments, that is, the ratio of the luminescence
intensity of the donor when the acceptor is absent and is
present (I and Ip,) (according to the donor: 500 nm and RhB
acceptor: 585 nm, SR101 acceptor: 612 nm).

(DET = 1 - IDA/ID

At a certain concentration of donor and acceptor, the
antenna effect is equal to the ratio of the emission intensity of
the acceptor at the corresponding maximum emission upon
excitation of the donor. Ip.a(pex) represents the luminescence
intensity of the system under the excitation of the donor in the
presence of an acceptor, I, represents the luminescence
intensity of donor under the excitation of the donor and
Iniapaex) Tepresents the luminescence intensity of system under
the excitation of the acceptor in the presence of the acceptor.

Antenna effect = (/p+aGpex) — IDDex)/ ID+AGACx)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Preparation of the HABr/CB[8]/LP assembly

A certain amount of HABr was dissolved in deionized water,
then an equivalent amount of CB[8] was added into the above
aqueous solution according to the calculation of the concen-
tration using 4-(4-bromophenyl) pyridine-1-ium salt as a stan-
dard. Then, a certain amount of LP was added into the prepared
assembly to construct the ternary assembly.

Results and discussion

4-(4-Bromophenyl)pyridine-1-ium bromide modified hyaluronic
acid (250 kDa) polymer (HABr) was synthesized according to our
previous report' (Scheme 1), in which the substitution degree
of the 4-(4-bromophenyl) pyridine-1-ium bromide phosphors
was measured as 3.5% by means of "H NMR. The binding ratio
between CB[8] and the HABr precursor, 1-(3-aminopropyl)-4-(4-
bromophenyl)pyridine-1-ium bromide hydrobromide (BrBP-
NH,), was measured as 1 : 2, and the binding constant was up to
(1.09 £ 0.01) x 10"> M2 via isothermal titration calorimetry
(ITC) experiments. This strong 1 : 2 binding of CB[8] with BrBP-
NH, demonstrated that CB[8] could strongly associate with the
BrBP units in HABr, leading to the formation of a stable
supramolecular cross-linked polymer HABr/CB[8]. Like our
previous reports, the HABr/CB[8] supramolecular cross-linked
polymer emitted strong phosphorescence at 500 nm with
a long lifetime of 4.42 ms and a phosphorescence quantum
yield of 1.95%, attributed to the cooperative contribution of the
charge dipole, m-m stacking, hydrogen bonding interactions
and hydrophobic/hydrophilic effect between CB[8] and BrBP, as
well as the multiple hydrogen bonds from HA, which avoided
the attack of oxygen and other molecules in aqueous solution,
suppressed molecular rotation and enhanced the ISC effi-
ciently.'* The zeta potentials of HABr, LP, HABr/CB[8] and HABr/
CB[8]/LP were measured as —74 mV, —32 mV, —39 mV and
—51.4 mV, respectively (Fig. S11), indicating that the surface of
HABr/CB[8] was negatively charged and had the potential to
interact with the positively charged substrate. In addition, the
zeta potential of HABr/CB[8]/LP is higher than the sum of those
of HABr/CB[8] and LP under the same conditions, indicating
that HABr/CB[8] may interact with the positively charged edges
of LP. In addition, after adding LP that had been neutralized by
adding the ionic polymer chains sodium polyacrylate or sodium
alginate (Fig. S27) to the supramolecular cross-linked polymer
HABr/CB[8], the phosphorescence intensity did not increase
but decreased to a certain extent, further demonstrating that
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Scheme 1 The synthetic route of HABr.

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

the interaction between the ionic HABr/CB[8] and the
cationic edge of LP is beneficial to the enhancement of the
phosphorescence.

UV-vis and phosphorescence spectra were used to investi-
gate the changes in the optical properties after adding LP into
the supramolecular cross-linked polymer HABr/CB[8]. The UV-
vis spectrum of free HABr showed an absorption maximum at
300 nm. After the addition of CB[8], this absorption maximum
red-shifted 5 nm, accompanied by a decrease of the absorption
intensity and the appearance of two isosbestic points at 250 nm
and 325 nm, indicating the formation of the supramolecular
cross-linked polymer HABr/CB[8] (Fig. 2a). After further adding
the LP clay (0.02 wt%) to HABr/CB[8], the absorption intensity
was enhanced to a certain extent, and no shift of the absorption
maximum was observed. Interestingly, the addition of LP clay
increased the original phosphorescence intensity, phosphores-
cence lifetime and phosphorescence quantum yield of HABr/CB
[8] by 1.6 times, 1.1 times and 1.9 times, respectively (Fig. 2b-d,
S3 and S4t1), giving a ultralong phosphorescence lifetime of up
to 4.79 ms and a phosphorescence quantum yield of up to
3.79%. A possible reason for the improved RTP may be as
follows: LP has a unique double-charged structure with a nega-
tively charged surface and positively charged edges.'®*® There-
fore, the negatively charged supramolecular -cross-linked
polymer HABr/CB[8] could interact with the positively charge
edges of LP, which consequently stabilized HABr/CB[8] via
electrostatic interactions and, thus, improved the phosphores-
cence properties. Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images of HABr/CB[8]/
LP showed a number of lamellar aggregates, which was very
different from the spherical morphology of HABr/CB[8]

(Fig. S57).
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Fig.2 (a) Absorption spectra of free HABr (0.05 mM, grey), HABr/CBI8]
(ICBI8]] = 0.025 mM, black), HABr/CBI8]/LP ([LP] = 0.01 wt%, blue) and
HABr/CBI8I/LP ([LP] = 0.02 wt%, red) in water at 298 K; (b) phos-
phorescence spectra (delayed by 0.2 ms, E,, slit =5 nm; E,, slit = 10
nm) of HABr/CBI8] (black) and HABr/CBI[8]/LP (red) ([HABr] = 0.1 mM,
[CBI8]] = 0.05 mM, [LP] = 0.02 wt%) in water at 298 K (Ao, = 300 nm);
the phosphorescence decay curves of (c) HABr/CBI[8] and (d) HABr/CB
[8]/LP at 500 nm at 298 K.
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Energy transfer from a long-lived phosphor to a short-lived
fluorophore is an effective way to achieve long-lived fluores-
cence,””" but efficient phosphorescence light harvesting
systems in aqueous solution are still rare. In the present
research, we constructed a multivalent supramolecular
assembly to provide a suitable platform for efficient phospho-
rescent light harvesting energy transfer. Based on the good
overlap between the UV-vis absorption of RhB and the phos-
phorescence emission of HABr/CB[8]/LP (Fig. 3a), we selected
HABr/CB[8]/LP as the donor and RhB or SR101 as the acceptors
for energy transfer. As shown in Fig. 3b, with the addition of
RhB, the phosphorescence peak of HABr/CB[8]/LP at 500 nm
gradually decreased, and the fluorescence peak of RhB gradu-
ally increased at 585 nm in water when excited at 300 nm. In
time-resolved decay experiments, the lifetime of the phospho-
rescence emission of HABr/CB[8]/LP/RhB at 500 nm in aqueous
solution decreased from 4.42 ms to 1.00 ms at a D/A ratio of
25:1 (Fig. 4a and S6aft), but the lifetime of the fluorescence
emission at 585 nm was measured as 0.31 ms, which was much
longer than that of free RhB (1.58 ns, Fig. 4b, S7 and ct). These
results indicated the phosphorescence energy resonance
transfer from the triplet state of HABr/CB[8]/LP (donor) to the
singlet state of RhB (acceptor), leading to the delayed fluores-
cence of RhB. The energy transfer efficiency (®gr) and antenna
effect are the two main parameters to evaluate the effectiveness
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Fig. 3 Normalized emission spectrum of HABr/CBI[8]/LP and the
absorption and emission spectra of (a) RhB and (c) SR101. Phospho-
rescence spectrum (delayed by 0.2 ms) of HABr/CBI8]/LP in aqueous
solution with different concentrations of (b) RhB and (d) SR101. The
antenna effect/®gr of HABr/CBI[8]/LP in aqueous solution with
different concentrations of (e) RhB (according to emission of the
donor: 500 nm, acceptor 1 : 585 nm); (f) SR101 (according to emission
of the donor: 500 nm, acceptor 2 : 612 nm). ([HABr] = 0.1 mM, [CB
[8]] = 0.05 mM, LP = 0.02 wt%, Aex = 300 nm, 298 K).
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Fig. 4 Time-resolved PL decay curves of (a) HABr/CBI[8]/LP/RhB and
HABr/CB[8]/LP/SR101 at 500 nm, (b) HABr/CBI8]/LP/RhB at 585 nm
and (c) HABr/CBI[8]/LP/SR101 at 612 nm in aqueous solution at 298 K.
([HABr] = 0.1 mM, [CB[8]] = 0.05 mM, LP = 0.02 wt%, [RhB] = 4.0 x
107° M, [SR101] = 1.3 x 10" ® M, Ao, = 300 nm, 298 K). (d) A possible
diagram of the mechanism of the RTP energy transfer process for the
HABr/CB[8]/LP/RhB and HABr/CBI[8]/LP/SR101 systems (abs. =
absorption, fluo. = fluorescence, non. rad. = non-radiation, ISC =
intersystem crossing, phos. = phosphorescence, PET = phosphores-
cence energy transfer, DF. = delayed fluorescence).

of light harvesting.>***> The energy transfer efficiency quantifies
the changes of the donor emission intensity in the presence of
different concentrations of the acceptor. The antenna effect is
a parameter of the acceptor emission changes under different
donor concentrations, and is an empirical measurement of the
light harvesting efficiency in the system. A high antenna effect
represents significantly enhanced emission after absorbing
more incident light. Furthermore, the energy transfer efficiency
(Per) and antenna effect value of the HABr/CB[8]/LP/RhB system
were calculated using a previously reported method.**** From
the spectral titration experiments, when the donor-acceptor
ratio was 25 : 1, the energy transfer efficiency of the system
reached 80%, and the antenna effect value was 361.6 (Fig. 3e,
S8a and bt). To the best of our knowledge, these values are the
highest organic phosphorescent transfer efficiency and antenna
effect values compared to other work (Table S17),>*** especially
in aqueous systems. In addition, in order to investigate the
universality of the multivalent supramolecular cross-linked
polymer platform for phosphorescence energy transfer, we
also selected SR101 as another acceptor, whose absorption
coincided with the phosphorescence emission of HABr/CB[8]/
LP (Fig. 3c). When SR101 was gradually added into HABr/CB
[8]/LP, the phosphorescence of HABr/CB[8]/LP at 500 nm grad-
ually decreased, and the emission peak at 612 nm gradually
increased (Fig. 3d). Ata D/A ratio of 75 : 1, the transfer efficiency
reached 73.4% and the antenna effect value reached 307.5
(Fig. 3f, S8c and df). The phosphorescence lifetime (at 500 nm)
of HABr/CB[8]/LP decreased from 4.42 ms to 3.01 ms, and the
fluorescence lifetime of SR101 at 612 nm increased from 4.91 ns
to 2.10 ms (Fig. 4a, c, S6b, S7b and df). In the control experi-
ments (Fig. S9df), no phosphorescent emission could be
observed in the case of free RhB or SR101 when excited at
300 nm under the same conditions, and HABr/CB[8]/LP showed
no phosphorescence emission when excited at the absorption
maximum of RhB (550 nm) or SR101(580 nm), as shown in
Fig. S8b and d.{ Without LP, the antenna effect values of HABr/

© 2022 The Author(s). Published by the Royal Society of Chemistry
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CB[8]/RhB or HABr/CB[8]/SR101 were only 11.7 and 4.6 respec-
tively, which were 31 times and 67 times lower, respectively,
than that of the assembly with LP, accompanied by a decrease in
the transfer efficiency by 61.0% for HABr/CB[8]/RhB and 40.3%
for HABr/CB[8]/SR101 (Fig. S9 and S10%). These lower energy
transfer efficiencies also verified the critical role of LP in
interacting with both the donor and the acceptor. These results
demonstrated that the multivalent assembly played an impor-
tant role in the phosphorescence energy transfer and light
harvesting. A possible mechanism is illustrated in Fig. 4d,
where the electrostatic interaction between the positively
charged edges of LP and the negatively charged phosphorescent
supramolecular polymer restricted the non-radiative transition
of the phosphorescent group and reduced the collision with
oxygen in water to a certain extent. On the other hand, the
remaining negatively charged surface of LP generated electro-
static interactions with the cationic dyes, thus shortening the
distance between the donor and acceptor and leading to the
efficient and long-lived phosphorescent light harvesting energy
transfer in water.

Considering the good phosphorescence energy transfer and
light harvesting properties of the multivalent supramolecular
assembly, we were able to quickly tune the emission color via
simply adjusting the molar ratio of D/A to achieve wide spectral
outputs for multicolor photoluminescence. As shown in Fig. 5,
the phosphorescence colors of the hybrid supramolecular
assembly aqueous solution changed from green to orange-
yellow (for HABr/CB[8]/LP/RhB) or from green to pink (for HABr/
CB[8]/LP/SR101) with varying donor/acceptor ratios, and the
same trend of color change was also observed on a 2D projec-
tion of the CIE (Commission Internationale de I'Eclairage) xy
chromaticity diagram. Interestingly, warm white light with color
coordinates of 0.33, 0.37 on the CIE diagram was obtained at

06

460
00 01 02 03 04,05 06 07 08

| UV 300 am
—_—

Fig. 5 The CIE chromaticity diagrams of the photoluminescence
color changes from varying the ratios of (a) RhB (inset: photographs of
HABr/CB[8]/LP and HABr/CB[8]/LP/RhB) and (b) SR101(inset: photo-
graphs of HABr/CBI[8]/LP, HABr/CBI[8]/LP/0.005SR101 and HABr/CB
[8]/LP/SR101). The photoluminescence inks based on the light har-
vesting system: (c) photographs writing “N" with HABr/CB[8]/LP, "K"
with HABr/CBI8]/LP/RhB, “U" with HABr/CB[8]/LP/SR101 and 102"
with HABr/CBI8]/LP/0.005SR101 (c) on filter paper under natural light
and under UV light; (d) doped PVA on glass under natural light and
under UV light.
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a D/A molar ratio of 187.5 : 1 in HABr/CB[8])/LP/SR101, which
was very close to the exact white point (0.33, 0.33). Significantly,
this series of multicolor luminescent aqueous solutions are
suitable to be used as luminescent inks. After writing with pre-
prepared assembly solutions of HABr/CB[8]/LP, HABr/CB[8]/LP/
RhB and HABr/CB[8]/LP/SR101 on ordinary filter paper or
a glass plate, multicolor luminescence, including white light
emission, could be clearly observed by the naked eye (Fig. 5c
and d). In the control experiment, no white light emission could
be seen in the case of HABr/CB[8]/SR101 without LP under same
conditions (Fig. S11f). The solid-phase luminescence results
further verified that the multivalent supramolecular assembly
that we constructed could carry out efficient light harvesting
energy transfer with dyes to achieve multicolor spectral
adjustment. In addition, we investigated the delayed lumines-
cence effect of HABr/CB[8]/LP through the phosphorescence
spectra of HABr/CB[8]/LP at different delay times. The phos-
phorescence emission could still be detected at 4.2 ms after
turning off the excitation source, although the afterglow effect
could not be captured by the naked eye (Fig. S127).

Conclusions

In conclusion, we constructed a new multivalent phosphores-
cent light harvesting supramolecular assembly through host-
guest and electrostatic interactions based on HABr, CB[8] and
LP, which showed a long phosphorescence lifetime (4.79 ms)
and satisfactory quantum yield (3.79%) in water. Furthermore,
by virtue of the multivalent supramolecular cross-linked poly-
mer acting as the phosphorescence donor and the dyes RhB or
SR101 as the acceptors, the resultant system could realize a high
phosphorescence energy efficiency (73-80%) and ultrahigh
antenna effect value (308-362) in water. By adjusting the D/A
ratio, a wide range of multicolor emissions could be achieved
in aqueous solution, as well as on filter paper and a glass plate.
This strategy of combining purely RTP and a multivalent
assembly may provide an effective way to develop water-phase
phosphorescence and further their applications in biology
and displays.
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