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Abstract Anionic 9,10-diphenylanthracene chromophores electrostat-
ically bound to cationic, chiral bilayer membranes show ordered self-
assembly in water. The integrity of the chromophore-accumulated
aqueous bilayer membranes is ensured by multiple hydrogen-bond
networks introduced in the bilayer, which allowed adaptive accommo-
dation of the guest chromophores at the inner surface of the bilayer
while maintaining their cohesive interactions. The regular chromophore
alignment in the aqueous assembly is confirmed by differential scanning
calorimetry, circular dichroism, and circularly polarized luminescence
spectra. Excitonic migration of triplet energy occurs among the
chromophores densely organized at the inner surface of the bilayer,
which lead to triplet–triplet annihilation-based photon upconversion
(TTA-UC). This acceptor-bilayer self-assemblies show a notably long
triplet lifetime of 8.0 ms, which allows TTA-UC at sufficiently low
excitation light intensity. These results demonstrate the usefulness of
the simple electrostatic accumulation approach for TTA-UC chromo-
phores where the suitable molecular design of the TTA-UC chromo-
phore-integrated bilayer membranes plays a key role.

Key words self-assembly, photon upconversion, triplet, triplet–triplet
annihilation, bilayer membranes, energy migration

Introduction

The photosynthetic molecular systems in green plants
show efficient harvesting of solar photon energy which is
achieved by the antenna chlorophyll–protein complexes
integrated in the thylakoid membrane.1,2 Although chlor-
ophylls alone do not show self-assembling properties, they
are adaptively organized in the host proteins which
hierarchically self-assemble into the light-harvesting com-
plexeswith intermolecular distances and orientationsfinely
regulated by the host protein arrays. Inspired by the
efficient singlet energy migration in the light-harvesting
complexes, self-assembly of chromophores have been
investigated for a wide variety of synthetic systems with
the goal of achieving excitonic interactions, efficient singlet
energy migration, and energy transfer.3–11 The transfer of
singlet energy mostly occurs via the Förster resonance
energy transfer mechanism, which is a dissipation process
of the excitation photon energy. Meanwhile, the conversion
of the absorbed photon energy to higher energy in the form
of a photon or chemical energy and its effective utilization
are challenges of significant importance which meets the
increasing demands for renewable energy generation.12–22

Based on this perspective, we developed a series of
photon upconversion molecular systems that harnessed
triplet energy migration (TEM) and triplet–triplet annihila-
tion (TTA) in designed self-assemblies.23–28 The TTA-based
photon upconversion (TTA-UC) has attracted considerable
interest because it permits the intrinsic spectral mismatch
between the solar emission anddevice absorptionprofiles to
be overcome.12–19,23–28 One of the current challenges is the
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application of TTA-UC to aqueous systems to maximize its
potential in many disciplines including artificial photosyn-
thesis and biological studies such as bioimaging and
photodynamic therapy.29–31 The studyof TTA-UC in aqueous
media has beenmostly focused onwater-dispersible micro-
or nanoparticles coatedwithpolymer shells, inwhichdonors
andacceptorsweredissolved in thecompartmentsof viscous
organic solvents.29,30,32,33 However, the essential require-
ments for TTA-UC, i.e., triplet energy transfer and annihila-
tion processes, rely on the molecular diffusion of TTA-
UC dyes (Figure S3, Supporting Information), which are
inevitably suppressed in these viscous environments.32,33

The hydrophobic interior of aqueous micelles34 and lipid
membranes35–38 has also been employed to dissolve
hydrophobic TTA-UC dyes, where the similarly limited
diffusion of chromophores in the interior of thesemolecular
assemblies limits their performance.

To overcome these issues, we recently developed a
synthetic,bola-typeamphiphilicacceptor thatself-assembles
inwater to givemonolayermembranes.39 In this amphiphilic
acceptor, a9,10-diphenylanthracene (DPA)chromophorewas
covalently introduced in themiddle of themolecule, so that it
is aligned in the hydrophobic interior of the monolayer
membranes. This allows the excited triplets to be kept away
from the molecular oxygen dissolved in the bulk aqueous
phase.Asa result, theacceptormonolayermembraneshowed
TEM-based photon upconversion in aerated water with a
moderate acceptor triplet lifetime of 238 μs.39 Meanwhile,
the diversity and controllability of chromophore orientations
in thebola-formmonolayermembranesaregenerally inferior
to those of the bilayer-type membranes.40,41 The bulky DPA
chromophore occupies a large volume fraction of the
amphiphile, which considerably enhances the rigidity of
the monolayer membrane. As a result, high-temperature
treatment under microwave irradiation was required to
co-disperse anionic donor molecules in the hydrophobic
moiety. Lacking in the previous aqueous self-assembled
TTA-UC systems is the ability to easily accommodate TTA-UC
chromophores, and the ability to rationally engineer the
critical parameters, such as donor-to-acceptor triplet energy
transfer efficiency, triplet lifetime, and low photoexcitation
intensity. For this, simultaneous pursuit of adaptive accom-
modation properties for guest TTA-chromophores and the
rigidmicroenvironmentforsuppressingthermaldeactivation
of the excited chromophores is required. A solution to this
paradoxical issue would be to design molecular self-assem-
blies with reduced thermal vibrational energy which, at the
sametime,exertflexibilitysothat theirmolecularorientation
is tuned upon binding of the guest molecules.

In this respect, we recently reported the formation of
air-stable TTA-UC hydrogels by simply mixing TTA-UC
chromophores with biopolymers (e.g. gelatin) and surfac-
tants (e.g. Triton X-100).42 A relatively long triplet lifetime of
4.9 ms was observed in these quaternary biopolymer–

surfactant donor–acceptor co-assembled gels; however,
molecular-level information of those co-assembled struc-
tures in such a complex multicomponent mixture is difficult
to obtain. Attaining amuch longer triplet lifetime is essential
to create superior TTA-UC systems that function under lower
excitation light intensity,11–16,27,28 while there is no rational
means to prolong the triplet lifetimes in molecular self-
assemblies. Therefore, it is essential to understand the
structure–function relationship by developing a much
simpler and straightforward methodology that allows
accumulation and alignment of TTA-UC chromophores in
better-controlled aqueous assembly systems.

We herein show that a simple electrostatic complexation
ofanionicacceptorswithsuitablydesigned, cationicsynthetic
amphiphiles allows their densely packed self-assembly at the
inner surface of bilayer membranes. This enables TEM-based
TTA-UC at low excitation light intensity as low as the solar
irradiance (100 mW cm�2, under AM1.5 conditions, for the
whole solar spectrum15). Although the electrostatic adsorp-
tion of anionic cyanine dyes on the surface of cationic bilayer
membranes and their singlet energy transfer characteristics
have been reported,43 to avoid precipitation of the ion pairs,
thesehydrophobicdyesare introducedasaminorcomponent
and form patchy domains on the excessive bilayers. To attain
the long-range triplet exciton migration among membrane-
boundchromophores, the chromophoresneed toberegularly
aligned on the whole membrane surface. For this, it is
indispensable to secure the structural integrity of the ion-
paired self-assemblies in water by ensuring hydrophilicity
and cohesive interactions in the bilayers.11

9,10-Diphenylanthracene-2-sulfonate (DPAS)25 was emp-
loyed in this work as an anionic acceptor (Figure 1). As DPAS is
highly hydrophobic and practically insoluble in water, a
cationic amphiphile 1was designed to solubilize it as aqueous
ion pairs. To alleviate the dehydration arising from the
hydrophobic ion-pair formation, we introduced a hydroxyl
groupintheammoniumgroupandanamide-bond-enrichedL-
glutamate connector via a short alkyl chain spacer which are
expected to enhance the hydration of the bilayer surface. The
alkyl chain spacer moieties between the hydrophilic head
groups and the double-chained glutamate groups provide
hydrophobic binding sites that accommodate hydrophobic
anionic dyes by flexibly changing the tilt angles of the spacer
and themolecular orientation of thewhole amphiphile.11,43,44

The multiple amide bonds and the ether linkages introduced
near the L-glutamate connector showaflexible rearrangement
of the hydrogen-bonding network structures and alkyl chain
packing, which allow adaptation to the increased volume of
ion-paired head groups while enhancing the structural
stability of the self-assembly.44–46 Thus, amphiphile 1 is
designedtomaintainthe integrityoforderedbilayerstructures
upon binding of hydrophobic DPAS to the membrane surface.
As a result, the self-assembled ion pairs form bilayer
membranes stably dispersed in water (Figure 1). Pt(II)
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octaethylporphyrin (PtOEP) was employed as a triplet
sensitizer, which also was accommodated in the hydrophobic
interior of the 1 – DPAS assembly. Photoexcitation of PtOEP
molecules is followed by donor-to-acceptor triplet–triplet
energy transfer (TTET), TEM among the acceptor arrays, and
finally TTA and UC emission from the excited singlet states of
theacceptor. Interestingly, a surprisingly long triplet lifetimeof
8.0 ms was observed for 1–DPAS–PtOEP, which enabled TTA-
UC at low excitation intensity.

Results and Discussion

The synthesis of amphiphile1 is reported in Scheme1. The
pristine amphiphile 1 is soluble in water and gave a
homogeneous aqueous dispersion (Figure 2a). Meanwhile,

the hydrophobic acceptor NaDPAS by alone was not soluble
at the examined concentration (4 mM). To prepare the
amphiphile–chromophore complexes, amphiphile 1 and
hydrophobic chromophores (DPAS and PtOEP) were mixed
inaCHCl3 solution.Afterevaporating thesolvent, theresulting
residue was redispersed in Milli-Q water by heating and
ultrasound sonication. These aqueous dispersions were then
left to stand at room temperature formore than 1 hour before
the measurement. The 2:1 mixture of 1 and NaDPAS in water
(1–DPAS) gave a homogeneous translucent dispersion with
enhanced light scattering (Figure 2b), which showed blue
fluorescence under UV light (Figure 2c). This aqueous
dispersion was stable, and no obvious phase separation or
precipitation was observed for one week. The spectral and
TTA-UC characteristics were obtained with good reproduc-
ibility as confirmed by a number of samples prepared
separately. Thus, DPAS became stably dispersible in water
by complexation with cationic bilayer membrane 1.

Theself-assembledstructureformed inaqueous1 – DPAS
was characterized by confocal laser scanning microscopy
(CLSM), optical microscopy, transmission electronmicrosco-
py, differential scanning calorimetry (DSC), and absorption
spectral measurements. A CLSM image showed fluorescence
fromdevelopedfibrousobjects,whichoverlappedwellwith a
brightfield image(Figure2d–f).Nophaseseparationbetween
fluorescent DPAS and nonfluorescent 1was observed. The in
situfluorescence spectra obtainedbyexciting self-assembled
structures gave a fluorescence peak at around 440 nm
(see Figure S4, Supporting Information), which matches the
fluorescence peak of DPAS.25 In transmission electron
microscopy, 1 formed aggregates of vesicle-like structures
(Figure 2g), whereas plate-like structures were found for 1–
DPAS (Figure 2h). The observed change in morphology is
consistent with the formation of the ion-paired bilayer
membrane.11
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Scheme 1 Synthetic scheme for amphiphile 1: (i) 3-(dodecyloxy)propylamine, WSC, Et3N, HOBt, DCM, 12h, room temperature; (ii) TFA, DCM, room
temperature, overnight; (iii) 1-bromoundecanoic acid, WSC, Et3N, HOBt, DCM, 12h, room temperature; (iv) 2-methylaminoethanol, CH3CN, reflux, 9h.
Synthetic procedures are reported in References and Notes section.47

Figure 1 (a) Chemical structures of the cationic amphiphile, donor, and
anionic acceptor. (b) Schematic illustration of the self-assembled ion-
paired bilayer structure of 1 – DPAS in aqueous dispersion. PtOEP is
dissolved in thehydrophobic interior of the ion-pairedbilayermembrane.
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DSC investigations also showed changes in the gel-to-
liquid crystalline phase transition temperature (see Figure S5,
Supporting Information). The aqueous dispersion of pristine
amphiphile1showedbroadgel-to-liquidcrystallinetransition
peaks starting from 46 °C, and the main transition peak was
observed at 52.5 °C (Figure S5a, Supporting Information). The
broad pretransition is consistent with the bilayer membrane
structures with multimodal hydrogen-bond networks and
their thermal rearrangement.45 In contrast, the DSC thermo-
gram for 1 – DPAS gives a sharp phase transition temperature
(Tc) at 54.5 °C (Figure S5b, Supporting Information), which
suggests enhanced cooperativity and stabilization of the gel
phase due to the regular alignment of 1 – DPAS and an
increase in the intermolecular interactions.Byconsidering the
stablewaterdispersibilityof1 – DPAS, it is natural to consider
that the sulfonate group of the DPAS chromophore is ion-
paired at the membrane surface, and the hydrophobic part is
solubilized in the spacer–alkyl chain moiety of bilayer 1.

The electronic interactions between DPAS chromo-
phores in 1–DPAS were further investigated by absorption,
circular dichroism (CD), and circularly polarized lumines-
cence (CPL) spectra. In the absorption spectra of aqueous 1–
DPAS, a structured 1La band of anthracene chromophore
was observed at around 325 to 430 nm. Below the gel-to-
liquid crystalline phase transition temperature (Tc), the 0–0

band is observed at 400 nm. Upon heating the aqueous
dispersion above Tc, it showed a shift to 397.5 nm (Figure S6,
Supporting Information). The observed spectral red-shift in
the gel state reflects the presence of excitonic interactions
among DPAS chromophores, as indicated by a couple of
positive and negative cotton effects in the CD spectrum
(Figure S7a, Supporting Information). As DPAS is an achiral
molecule, the molecular chirality of the glutamatemoiety is
transmitted to DPAS chromophores regularly aligned in the
bilayer.48,49 Consistent with the observed excitonic coupling
in the induced CD spectrum, CPL was observed with a
reasonably high anisotropy factor of glum ¼ 3.6 � 10�2 at
470 nm (Figure S7b, Supporting Information), which is
defined as glum ¼ 2(IL – IR)/(IL þ IR), where IL and IR are
left- and right-circularly polarized emission intensities,
respectively.50,51 These results confirm the ordered self-
assembly of DPAS in the ion-paired aqueous bilayer
membrane 1–DPAS.

We then scrutinized the TTA-UC properties for aqueous
dispersions consisting of 1, DPAS, and PtOEP (1 – DPAS –

PtOEP, [1] ¼ 8 mM, [DPAS] ¼ 4 mM, [PtOEP] ¼ 16 μM)
under deaerated conditions (Figure 3a). The details of the
optical setup are described in the Supporting Information.
When excited by a 532-nm laser, upconverted emissions
were observed for both of the deaerated and aerated

Figure 2 Pictures of (a) 1 and (b) 1–DPAS inwater ([1] ¼ 8 mM, [NaDPAS] ¼ 4 mM). (c) A picture of 1–DPAS inwater under UV light illumination. CLSM
images of 1–DPAS in water showing (d) fluorescence image, (e) bright-field image, and (f) their overlap (λex ¼ 405 nm). Transmission electron
micrographs of specimens obtained from aqueous dispersions of (g) 1 and (h) 1–DPAS in water.
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dispersions at around 432 nm. Emission lifetime and
excitation intensity dependence confirmed the TTA-based
mechanism of the emission, as discussed below. Similar
TTA-UC emission was observed in air-saturated water
(Figure S8, Supporting Information), but its emission
intensity was not stably maintained under continuous
excitation. This would be ascribed to the diffusion of
dissolved oxygen to DPAS chromophores assembled near
the membrane surface. For better air stability, it is desirable
to locate DPA chromophores in the deeper portion of
bilayers beneath the hydrogen-bonding networks that show
enhanced oxygen barrier properties.24,26,39,52 The UC
quantum yield ΦUC′ observed for aqueous 1–DPAS–PtOEP
was found to be 0.7% in the deaerated state (Figure S9,
Supporting Information). In general, the quantum yield is
defined as the ratio of absorbed photons to emitted photons,
and thus the maximum yield (ΦUC) of the bimolecular TTA-
UC process is 50%. However, this value is doubled in many
reports to set themaximumquantumyield at 100%. To avoid
the confusion between these different definitions, the UC
quantum yield is written as ΦUC′ (¼ 2ΦUC) when the
maximum efficiency is normalized to be 100%. The value of
ΦUC′ is proportional to the product of f, ΦISC, ΦET, ΦTTA, and
ΦFL. The parameter f is the statistical probability for
obtaining a singlet excited state after the annihilation of
two triplet states, andΦISC,ΦET,ΦTTA, andΦFL represent the
quantum efficiencies of donor ISC, donor-to-acceptor TTET,
TTA between acceptor triplets and acceptor fluorescence. In
the case of PtOEP, ΦISC is regarded as unity. ΦET is
determined by the ratio between the donor phosphores-
cence quantum yields with (ΦP) and without (ΦP,0) acceptor
(ΦET ¼ 1–ΦP/ΦP,0). The acceptor ΦFL was determined with
an absolute quantum yield measurement system as
described in the Supporting information.

In Figure 3a, residual phosphorescence intensity of PtOEP
is observed at around 650 nm, which is ascribable to those
located in the hydrophobic interior of the ternary aqueous
bilayer and not quenched by the surface acceptors. However,
the ternary bilayer showedanoverall highdonor-to-acceptor
triplet energy transfer efficiency ΦET of ca. 93%. Meanwhile,

thefluorescencequantumyieldof theacceptor(ΦFL) showeda
decrease in the presence of the donor. The observedΦFL (86%
without the donor, 56%with the donor)would be ascribed to
thesingletbackenergy transferandreabsorptionprocess (see
theSupporting Information).Weconsider that thequenching
of the upconverted fluorescence by the donor is a non-
negligible process contributing to the observed moderate
upconversion quantum yield ΦUC′.

To ensure the TEM-based UC (TEM-UC) in the present
aqueous system, we measured the UC spectrum of
1 – DPAS – PtOEP in a frozen state (77 K). A UC emission
with a vibrational structure was successfully observed,
which confirms the contribution of the TEM-UCmechanism
because the molecular diffusion-based mechanism is
inhibited under these conditions (see Figure S10, Support-
ing Information).23–28

One of the important figures of merit for the TTA-UC
system is a threshold excitation intensity (Ith) beyondwhich
the TTA efficiency reaches its maximum.53,54 When the
sunlight is used as an excitation source, it is desirable that
the Ith value is lower than the solar irradiance, i.e. 1.6
mW cm�2 when PtOEP is employed as triplet sensitizers.24

The Ith value is determined from the double logarithm plot
of UC emission intensity against the incident light intensity,
which shows a transition from the quadratic to the linear
dependence (Figure 3b).15,53,54 This behavior is characteris-
tic of the TTA-based UC, and the extrapolation of the two
fitting lines gave a crossing point Ith of 25 mW/cm2. This Ith
value is still higher than the ideal value, but is remarkably
low for TTA-UC in aqueous molecular assemblies, which
underlines the superiority of the ion-paired aqueous bilayer
system.

To elucidate factors contributing to the low Ith value,
we measured the acceptor triplet lifetime τT. The acceptor
triplet lifetime can be obtained from the decay time of the
upconverted emission by the known relationship IUC(t) /
exp(�t/τUC) ¼ exp(�2t/τT) in the longer timescale region,
when the annihilation efficiency becomes negligible
compared with the spontaneous decay of the triplets.24,39

Considering the relationship of Ith / τT�2, the triplet

Figure 3 (a) Photoluminescence (PL) spectra of 1 – DPAS – PtOEP in deaerated water at room temperature under different excitation intensities
([1] ¼ 8 mM, [DPAS] ¼ 4 mM, [PtOEP] ¼ 16 µM, λex ¼ 532 nm, 532 nm notch filter). (b) Excitation intensity dependence of UC PL intensity at
445 nm. The linear fits with slopes of 2.0 and 1.0 in the lower and higher excitation intensity regimes are shown. (c) Excited state lifetime decay profile
for 1 – DPAS – PtOEP in water ([1] ¼ 8 mM, [DPAS] ¼ 4 mM, [PtOEP] ¼ 16 µM) Themeasurement was carried out in the deaerated condition at room
temperature (λex ¼ 531 nm, λem ¼ 445 nm).
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lifetime has the key to achieve TTA-UC under low-
intensity incident light.53,54 However, the current meth-
odology to engineer the triplet lifetime is still rudimen-
tary.55,56 To our surprise, a first-order tail fit of the
upconversion intensity decay profile from an aqueous
dispersion of 1–DPAS–PtOEP gave a remarkably long
triplet lifetime of 8.0 ms (Figure 3c). To date, there has
been no report of TTA-UC in aqueous systems with such a
long triplet lifetime. This indicates that the deactivation
of excited triplets is considerably suppressed in aqueous
1–DPAS–PtOEP, which would be consistent with the high-
density, regular alignment of DPAS chromophores in the
multiply hydrogen-bonded bilayer. As shown by the DSC
data (see Figure S5, Supporting Information), the electro-
static binding of DPAS at the inner surface of cationic
bilayer 1 and the hydrogen-bond networks in the interior
of 1–DPASwould have cooperatively enhanced the rigidity
of the bilayer gel phase, which suppressed thermal
deactivation of the excited triplets in the organized
bilayer membranes.

Conclusions

In conclusion, we have demonstrated that the ion-pair-
based strategy utilizing the multiple hydrogen bond-
forming cationic amphiphiles 1 and the anionic acceptor
DPAS to achieve low-power TEM-UC in the aqueous
medium. The maintenance of the total amphiphilicity is a
key to stably disperse aqueous bilayers with DPAS counter-
ions. The multiple hydrogen-bond networks formed in
aqueous bilayers provide adaptive environments11,24 for the
self-assembly of DPAS chromophores, and the rigid micro-
environments of the acceptor-integrated bilayers lead to the
observed lowest Ith value among the existing aqueous TTA-
UC systems with a remarkably long triplet lifetime of
8.0 ms. We envisage that the superior nature of the well-
designed ionic bilayer membranes would serve as platforms
to self-organize excited triplets, which would lead to a
diverse area of applications including bioimaging and
theranostics.
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