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Abstract: Aggregation-induced photon upconversion (iPUC)
based on control of the triplet energy landscape is demon-
strated for the first time. When a triplet state of a cyano-
substituted 1,4-distyrylbenzene derivative is sensitized in
solution, no upconverted emission based on triplet–triplet
annihilation (TTA) was observed. In stark contrast, crystalline
solids obtained by drying the solution revealed clear upcon-
verted emission. Theoretical studies unveiled an underlying
switching mechanism: the excited triplets in solution immedi-
ately decay back to the ground state through conformational
twisting around a C=C bond and photoisomerization, whereas
this deactivation path is effectively inhibited in the solid state.
The finding of iPUC phenomena highlights the importance of
controlling excited energy landscapes in condensed molecular
systems.

The development of smart photofunctional materials with
controlled multiexciton processes has been one of the central
issues in photochemistry and photophysics, which requires the
ability to control excited-state energy landscapes. In this
context, photon upconversion (UC) through annihilation
between two long-lifetime excited triplets (TTA) has recently

come into the spotlight because of its wide applications that
range from renewable energy productions to bioimaging and
phototherapy.[1] TTA-UC processes occur in association with
a series of photochemical events (see Figure S1 in the
Supporting Information). First, a triplet excited state of
a donor (sensitizer) is formed by intersystem crossing (ISC)
from a photoexcited singlet state, and the formed donor
triplets populate acceptor (emitter) excited triplets by triplet–
triplet energy transfer (TTET). When two acceptor molecules
in the triplet state diffuse and come into collision during their
lifetime, a higher singlet energy level is formed by TTA, which
consequently produces delayed upconverted fluorescence. To
date, efficient TTA-UC has been achieved for a molecularly
dispersed solution state, as it allows fast diffusion and collision
of excited molecules.[2] However, the use of volatile organic
solvents hampers the development of TTA-UC for practical
applications, and thus it is highly desired to develop solid-
state TTA-UC systems. Although amorphous polymer films
have been employed as solid matrixes, they inevitably restrict
the diffusion of excited triplet molecules, thereby necessitat-
ing the undesired use of high-power incident light to ensure
effective concentration of excited triplets.[3] Condensed
chromophore systems are attractive since they allow the
high mobility of excitons instead of molecular diffusion,[1k,n,o]

and organic crystals are a particularly promising class of
materials with high triplet diffusivity.[1e, 4] In this regard,
molecules showing aggregation-induced emission (AIE) or
aggregation-induced enhanced emission (AIEE) are partic-
ularly attractive, because they are highly emissive even in the
neat crystalline state.[5] To date, however, the studies on AIE
phenomena have largely been focused on the excited singlet
states of molecular aggregates, and their triplet photochem-
istry especially in relation to TTA-UC phenomena has been
unexplored. It is of great significance if the excited triplet
energy levels undergo changes by aggregation, thereby
allowing control over TTA-UC to be achieved.

Here we report the first example of aggregation-induced
photon upconversion (iPUC) which is based on the controlled
potential energy landscape of the excited triplet state. As
a proof of concept, we employed one of the best-known
structural motifs for AIE, cyano-substituted oligo(p-phenyl-
enevinylene), as an acceptor.[5b, 6] When triplet states of this
acceptor were populated by a triplet sensitizer in solution, the
TTA-UC emission was not observed. In contrast, crystalline
powder samples obtained after drying this mixed solution
showed a clear UC emission. Theoretical studies and control
experiments unveiled an underlying mechanism: in solution,
an enhanced conformational twisting around the double bond
and photoisomerization in the excited triplet state (T1) results
in immediate intersystem crossing to the ground state (S0),
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whereas this large structural change is effectively prohibited
in the solid state. The difference in the energy landscape of
excited triplet states between the solution and solid states was
further amplified through the multiexciton TTA process as
a remarkable ON/OFF switching of the UC emission depend-
ing on the molecular environment (Figure 1).

Cyano-substituted oligo(p-phenylenevinylene)s represent
an important family of chromophores showing AIE proper-
ties.[5b, 6,7] The introduction of a bulky cyano group on the
vinylene moieties leads to a twisted conformation around the
double bonds in solution, which enables torsional nonradia-
tive deactivation of excited singlets. We prepared (2Z,2’Z)-
2,2’-(1,4-phenylene)bis(3-phenylacrylonitrile) (1, Figure 2 a)
according to the reported procedure.[8] Yoon and Park
reported that 1 shows an enhanced fluorescence quantum

yield in the aggregated state compared with the molecularly
dispersed solution.[9] For sensitization of the triplet of 1, PtII

octaethylporphyrin (PtOEP) was chosen as a donor, because
its absorption spectrum reveals a small overlap with the
emission of 1 (Figure 2b). PtOEP in THF exhibited a typical
Soret band at 403 nm and Q bands at 510 and 550 nm in the
absorption spectra, and a phosphorescence peak was
observed at 645 nm. The spectra of 1 in THF showed a typical
p-p* absorption band at 352 nm, with its fluorescence at
426 nm. On the other hand, a powder sample of 1 prepared by
drying its THF solution showed a blue-shifted absorption
band at 295 nm with a shoulder at 366 nm, and a slightly red-
shifted emission was observed at 441 nm. These spectra are in
accord with the previous observations.[9] We then doped the
crystals of 1 with PtOEP by simply casting a mixed solution of
1 and PtOEP ([1]/[PtOEP] = 500:1) in THF. Microscopy
images of the cast sample showed weak red phosphorescence
of PtOEP and blue-green fluorescence of 1 from the same
area, thus indicating the absence of macroscopic phase
segregation (see Figure S2 in the Supporting Information).
A fluorescence spectrum of the obtained powder showed
a band at 485 nm (see Figure S3a in the Supporting Informa-
tion) which is red-shifted compared with the emission of pure
1 powder. This result suggests a change in the molecular
packing of 1 upon doping of the donor PtOEP. To investigate
this point, we carried out X-ray powder diffraction (XRPD)
measurements of 1 in the absence and presence of PtOEP
(see Figure S3b in the Supporting Information). It was
confirmed that the diffraction peaks of 1 were not affected
by the addition of PtOEP, while several new peaks emerged,
for example at 2q = 13.8, 16.3, 17.8, and 18.488. This emergence
of new peaks is not ascribed to the presence of different
polymorphs or macroscopic phase separation of donor
PtOEP, because all the peaks are assignable to the simulation
patterns obtained from the crystal structure of 1,[9] that is, the
addition of PtOEP served to change the packing structure of
1 to make it even closer to the previously solved crystal
structure of 1. These spectroscopic and XRPD results strongly
support that the donor PtOEP was successfully doped in the
crystals of 1.

We then measured upconverted emission spectra of the
THF solution and solid powder of PtOEP/1 mixture in
deaerated conditions under excitation at 532 nm by a green
laser (Figure 3a). Scattered incident light could be removed
effectively by using a short pass filter. As a result, no
upconverted emission was observed in solution regardless of
the excitation power (measured up to 220 mWcm¢2). Very
interestingly, on the other hand, the solid powder clearly
showed upconverted emission at 485 nm. The PtOEP/1 mixed
powder showed a microsecond-scale lifetime, which supports
the observed UC emission being produced from long-lifetime
triplet species (Figure 3b).[1c] A lifetime of an acceptor triplet
tA,T of 90 ms was obtained by considering the relationship of
IUC(t) /exp(¢t/tUC) = exp(¢2t/tA,T) (tUC : UC emission life-
time, tA,T: acceptor triplet lifetime) in the longer timescale
region, when the annihilation efficiency becomes negligible
compared with the spontaneous decay of the triplets.[3d, 10]

In general, the upconverted emission intensity through
annihilation between sensitized acceptor triplets (TTAs)

Figure 1. A schematic representation of aggregation-induced photon
upconversion (iPUC). In solution, a sensitized triplet of the acceptor
(emitter) immediately undergoes nonradiative deactivation by confor-
mational twisting around a C=C bond and photoisomerization, thereby
resulting in no upconverted emission. On the other hand, such
a deactivation pathway is effectively prohibited in crystals. Sensitized
triplet excitons can migrate between the regularly aligned acceptors
and eventually annihilate (TTA) to give upconverted emission.

Figure 2. a) Molecular structures of acceptor (emitter) 1 and donor
(sensitizer) PtOEP. b) Normalized absorption (solid lines) and lumi-
nescence (dotted lines) spectra of solutions of 1 (black, 0.1 mm) and
PtOEP (red, 0.1 mm) in THF, and of a solid powder of 1 made from its
THF solution (blue).
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shows a quadratic dependence to the incident light power at
a weak excitation region, as expected for the bimolecular
annihilation process.[1b,h, 11] In this regime, TTA is inefficient
because of the prevailing nonradiative decay of acceptor
triplets. Meanwhile, by increasing the incident power above
the threshold excitation intensity Ith, TTA becomes the main
deactivation channel for the acceptor triplets, where the
overall UC process is optimized. This changes the excitation
power dependence from quadratic to linear. The mechanistic
details of these TTA-UC kinetics have been well documented
in previous reports.[1b,h, 11] Figure 3c presents a double loga-
rithm plot for the UC emission intensity of the PtOEP/
1 mixed powder as a function of the power density of the
incident light. At the lower-power regime (< 14.5 mWcm¢2),
a slope close to 2 was observed, whereas it changed to 1 at the
higher-power density (> 14.5 mW cm¢2). These observations
provide decisive evidence for the TTA-based UC mechanism
in the solid state, and a relatively low Ith value of
14.5 mW cm¢2.[3d–f] This provides the first demonstration that
AIE chromophores are applicable for aggregation-induced
photon upconversion (iPUC) phenomena.

To unveil the reason why TTA-UC is inhibited in solution,
each photochemical process was scrutinized. First, we exam-
ined the donor-to-acceptor TTET process. In the presence of
acceptor 1, the phosphorescence of PtOEP around 650 nm
was almost quenched (Figure 4a). A comparison of phos-

phorescence intensities obtained with and without acceptor
gives a donor-to-acceptor energy-transfer efficiency of 99 %.
This was further supported by measurements of the phos-
phorescence lifetime. Without acceptor, the phosphorescence
of PtOEP at 650 nm in THF solution showed a single
exponential decay with a lifetime of 66 ms (Figure 4b).
However, in the presence of the acceptor 1, the phosphor-
escence decay became significantly faster and almost over-
lapped with the instrument response function (IRF), which is
consistent with the phosphorescence quenching data.[12] Thus,
the triplet energy is almost quantitatively transferred to the
acceptor. We then investigated the generation of acceptor
triplets by measuring transient absorption spectra of the
PtOEP/1 mixed solution (see Figure S4 in the Supporting
Information).[13] No detectable signal was observed over the
examined time scale, thus implying that the triplet lifetime of
1 in solution is shorter than 100 ns. This is in remarkable
contrast with the observed triplet lifetime tA,T of 90 ms in the
solid crystalline state (Figure 3b). From these results, the
acceptor triplets should be produced in solution, but their
lifetime seems to be too short for them to come into collision
for bimolecular annihilation.

To understand the underlying mechanism for the iPUC
phenomena newly found in this study, we carried out
geometry optimization at the DFT level on the ground state
(S0) and the excited triplet state (T1) of 1 both in solution and
in the crystal. S0 min and T1 min represent the most-stable
optimized structures in the S0 and T1 states. In THF, S0 min of
1 shows a dihedral angle of one of the two C=C bonds,
q(C1C2C3C4), of 17888 (see Tables S1 and S2 in the Supporting
Information). On the other hand, T1 min of 1 has a drastically
altered q(C1C2C3C4) value of 7888. The C2¢C3 bond was found
to be longer in T1 min (1.47 è) than that in S0 min (1.36 è).
This reflects that the p!p* transition character of T1 state

Figure 3. a) Photoluminescence spectra of the PtOEP/1 pair in THF
deaerated by repeated freeze-pump-thaw cycles (blue line,
[PtOEP]= 0.1 mm, [1] = 10 mm) and in the solid powder under vacuum
(red line, PtOEP/1 = 1:500). A 532 nm laser was used as an excitation
light source. A short pass filter (510 nm) was used to remove the
scattered incident light. b) UC emission decays at 480 nm of the
PtOEP/1 mixed powder (PtOEP/1 =1/500) under pulsed excitation at
531 nm. The red fitting curve was obtained by considering the relation-
ship of IUC(t) /exp(¢t/tUC) =exp(¢2t/tA,T). c) UC emission intensity
observed for the PtOEP/1 mixed powder (PtOEP/1 = 1/500) as a func-
tion of the power density of the 532 nm excitation. The dashed lines
are fitting results with slopes of 1.9 (blue) and 1.0 (red), and Ith was
determined as 14.5 mWcm¢2 from the crossing point of these two
lines. UCPL: upconverted photoluminescence.

Figure 4. a) Phosphorescence spectra of PtOEP in the absence (black)
and presence (red) of 1 in deaerated THF ([PtOEP]= 0.1 mm,
[1] = 10 mm) under excitation by a 532 nm laser. b) Decays of the
donor PtOEP phosphorescence at 650 nm in the absence (black) and
presence (red) of acceptor 1 in deaerated THF ([PtOEP]= 0.1 mm,
[1] = 10 mm), together with instrument response function (IRF, green),
under a pulsed excitation at 531 nm.
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adds single bond nature to the C2¢C3 bond, which stabilizes
the twisted T1 conformation. To check the possibility of
intersystem crossing (ISC) from T1 to S0, it is necessary to
calculate the energy levels of T1 and S0 at the same structure
in the vicinity of the T1 equilibrium. Therefore, we calculated
these energy levels at the T1 min structure. Interestingly, the
energy level of the T1 state (1.62 eV) was found to be lower
than that of the S0 state (1.88 eV) at the T1 min structure in
THF (see Table S1 in the Supporting Information), which
suggests the crossing of the T1 and S0 energy levels.

In contrast, such unusual inversion behavior was not
observed in the crystal. The dihedral angle q(C1C2C3C4)
shows only a small change from S0 min (17588) to T1 min (16688).
Similar to 1 in THF solution, the elongation of the C2¢C3

bond from 1.35 è (S0) to 1.47 è (T1) was observed in the
crystal, however, the rotation around the C2¢C3 bond was
prohibited in the rigid crystalline environment. The energy
level of the T1 state (1.88 eV) is higher than that of the S0 state
(0.55 eV) at the T1 min structure (see Table S1 in the
Supporting Information). Therefore, crossing between the
T1 and S0 levels is prevented in crystals. This is consistent with
the observed relatively long triplet lifetime and corresponding
TTA-UC in the crystalline state.

Making potential energy curves is useful to investigate the
details of the T1-to-S0 ISC process. We estimated the S0 and T1

potential energies of 1 in THF as a function of the C=C bond
rotation by a series of constrained geometry optimization
calculations with fixed dihedral angle q(C1C2C3C4) values.
The S0 potential energy curve shows a large rotational energy
barrier of 1.33 eV at q(C1C2C3C4) = 9088 (light blue line in
Figure 5). As noted above, to follow the actual T1-to-S0 ISC
process, it is necessary to calculate the energy level of the S0

state at the T1 structure (denoted as S0(T1 structure), dark blue line
in Figure 5). Reflecting the changes in the molecular struc-
ture, such as the C2¢C3 bond length, the energy level of

S0(T1 structure) is always higher than that of S0, while the angular
dependence is basically maintained. Significantly, on the T1

energy landscape (red line in Figure 5), passing from the
initial state (point A) to the T1 equilibrium does not involve
any increase in potential energy, and thus this relaxation
process should occur spontaneously.

Consequently, the potential energy curves of T1 and
S0(T1 structure) give two crossing points at around q = 7088 and 11088
(points B and B’). These crossing points are located very close
to the T1 equilibrium geometry; the activation energies are
less than only 0.03 eV. After passing the crossing points (B or
B’), the formed S0 state would naturally relax into stable
conformations (points C or C’) through the potential energy
curves of S0. This barrier-free transition from the T1 to S0 state
gives a clear account of the experimentally observed short
triplet lifetime of acceptor 1 in solution.

It is interesting to note that the twisted conformation
around the C=C bond is known to play an important role as
a reaction intermediate in the trans–cis isomerization of
stilbene and related compounds.[13, 14] Similarly, our theoret-
ical results (Figure 5) suggest the occurrence of triplet-
mediated photoisomerization in our system. To confirm this
experimentally, we measured absorption, 1H NMR, and mass
spectra after prolonged irradiation of the deaerated THF
solution of the PtOEP/1 pair ([PtOEP] = 0.1 mm, [1] = 10 mm,
lex = 520 nm) with light. The decrease in the absorbance at
350 nm and the increase in absorbance at around 290 nm were
observed after 2 h irradiation with light, and longer irradi-
ation (3 h) did not make further large changes (see Figure S5
in the Supporting Information). The NMR spectra showed an
appearance of new signals at around 7.3 and 7.8 ppm together
with decreases in the intensity of the corresponding original
signals (see Figure S6 in the Supporting Information). These
observations agree well with the previously reported trans-to-
cis isomerization of cyanostilbene derivatives.[14d,e] The other
side reactions, such as a [2++2] dimerization, did not occur, as
confirmed by mass spectrmetry after photoirradiation for 3 h.
From these results, the deactivation path from T1 to S0

involves photoisomerization in addition to nonradiative
thermal deactivation.

To prove the validity of the above considerations, control
examinations were performed using 1,4-distyrylbenzene with-
out cyano substituents (2) and with methyl substituents (3 ; see
Figure S7 in the Supporting Information. Figure S8 in the
Supporting Information shows the theoretical potential
curves of T1 and S0 of 2 in solution as a function of dihedral
angle around a C=C bond. In contrast to the barrier-free T1-
to-S0 transition observed for 1, there is a small activation
barrier (0.15 eV) for 2 to pass from the original T1 state (point
D) to the crossover point with the potential curve of
S0(T1 structure) (point E). Possible reasons for this behavior are
the lower steric hindrance around the C=C bond (see
Figure S8 in the Supporting Information) and the loss in
stabilization of the T1 state by electron-withdrawing cyano
groups. The former reason is more plausible, because we
observed the barrier-free T1-to-S0 transition for 3, which has
steric hindrance and weak electron-donating methyl substitu-
ents (see Figure S9 in the Supporting Information). These
results predict the existence of a certain triplet lifetime for 2

Figure 5. Potential energy curves of S0 at its optimized structures
(light blue line), S0 at optimized structures of T1 (denoted as
S0(T1 structure), dark blue line), and T1 at its optimized structures (red line)
as a function of the torsional angle q(C1C2C3C4) around the C2¢C3

bond for 1 in THF. All the energy levels were calculated relative to the
energy of the S0 state at the most-stable S0 structure (S0 min, q = 17888,
see Table S1 in the Supporting Information).
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even in solution. Actually, in THF solution as well as solution-
cast crystals, the PtOEP/2 pair showed upconverted delayed
blue fluorescence with microsecond-scale lifetimes upon
excitation with the green light (see Figures S10 and S11 in
the Supporting Information). The log-log plots of UC
emission intensities against excitation power density showed
transitions from quadratic to linear dependences, which are
characteristic of TTA-based UC (see Figure S10 in the
Supporting Information). In addition, transient absorption
measurements of the PtOEP/2 mixture in THF showed T1-Tn

absorption bands from 450 nm to 500 nm in a microsecond
timescale (see Figure S12 in the Supporting Information).
Similar transient absorption behavior has been reported by
Tokumaru and co-workers for T1-Tn absorption of a 1,4-
distyrylbenzene derivative.[13] These results confirm that the
immediate deactivation of the excited triplet state in solution
is responsible for the unique iPUC phenomena.

In summary, we have demonstrated the first example of
aggregation-induced photon upconversion (iPUC) based on
the control of triplet energy landscapes between the solution
and solid states. The iPUC behavior observed for the PtOEP/
1 pair occurred as a consequence of the extremely short
lifetime of the acceptor triplet in solution as a result of the
barrier-free T1-to-S0 intersystem crossing (ISC) and the
effective prohibition of this conformational-twisting-driven
transition in the rigid crystalline state. Although there have
been many reports on dynamic conformational changes in
excited triplet states,[13,14] control of the multiexciton TTA-
UC process based on a change of the molecular environment
has been unprecedented. The UC emission by triplet energy
migration and annihilation by using AIE molecules provides
a powerful means to realize TTA-UC selectively in condensed
states, which would be useful for imaging and sensing
applications based on background-free UC emissions. From
the perspective of controlling multiexciton phenomena in
condensed molecular systems, the present study shows
significant advances. First, it unlocked the latent opportuni-
ties of AIE molecules in the triplet state. The previous AIE
systems in molecular crystals show fluorescence based on
single-excitation processes, which naturally have a finite ON/
OFF ratio between the solid and solution states.[5d, 15] Mean-
while, since the UC emission requires two triplet excitons to
meet, the complete OFF state can be realized under the
common excitation power regime. Second, we observed TTA-
UC in the crystalline state without macroscopic segregation of
donor molecules. We instead observed the improved molec-
ular alignment of 1 upon doping the donor molecules. This
indicates that by properly tuning the intermolecular inter-
actions between donors and acceptors, it might be possible to
develop more efficient TTA-UC (or iPUC) in the solid state.
We envisage the integration of these iPUC phenomena with
recently developed soft supramolecular[1k,o] or phase cross-
over molecular systems,[16] which would lead to synergistic
control of the triplet energy landscapes and consequent
regulation of the multiexcitation processes.

Keywords: aggregation · donor–acceptor systems ·
photochemistry · photon upconversion ·
triplet-triplet annihilation

How to cite: Angew. Chem. Int. Ed. 2015, 54, 7544–7549
Angew. Chem. 2015, 127, 7654–7659

[1] a) S. Baluschev, T. Miteva, V. Yakutkin, G. Nelles, A. Yasuda, G.
Wegner, Phys. Rev. Lett. 2006, 97, 143903; b) Y. Y. Cheng, T.
Khoury, R. Clady, M. J. Y. Tayebjee, N. J. Ekins-Daukes, M. J.
Crossley, T. W. Schmidt, Phys. Chem. Chem. Phys. 2010, 12, 66 –
71; c) T. N. Singh-Rachford, F. N. Castellano, Coord. Chem. Rev.
2010, 254, 2560 – 2573; d) J. Z. Zhao, S. M. Ji, H. M. Guo, RSC
Adv. 2011, 1, 937 – 950; e) A. Monguzzi, R. Tubino, S. Hoseink-
hani, M. Campione, F. Meinardi, Phys. Chem. Chem. Phys. 2012,
14, 4322 – 4332; f) J. H. Kim, J. H. Kim, J. Am. Chem. Soc. 2012,
134, 17478 – 17481; g) Y. C. Simon, C. Weder, J. Mater. Chem.
2012, 22, 20817 – 20830; h) A. Haefele, J. Blumhoff, R. S.
Khnayzer, F. N. Castellano, J. Phys. Chem. Lett. 2012, 3, 299 –
303; i) R. S. Khnayzer, J. Blumhoff, J. A. Harrington, A. Haefele,
F. Deng, F. N. Castellano, Chem. Commun. 2012, 48, 209 – 211;
j) Q. Liu, B. R. Yin, T. S. Yang, Y. C. Yang, Z. Shen, P. Yao, F. Y.
Li, J. Am. Chem. Soc. 2013, 135, 5029 – 5037; k) P. F. Duan, N.
Yanai, N. Kimizuka, J. Am. Chem. Soc. 2013, 135, 19056 – 19059;
l) V. Gray, D. Dzebo, M. Abrahamsson, B. Albinsson, K. Moth-
Poulsen, Phys. Chem. Chem. Phys. 2014, 16, 10345 – 10352;
m) P. F. Duan, N. Yanai, N. Kimizuka, Chem. Commun. 2014, 50,
13111 – 13113; n) R. Vadrucci, C. Weder, Y. C. Simon, J. Mater.
Chem. C 2014, 2, 2837 – 2841; o) P. F. Duan, N. Yanai, H.
Nagatomi, N. Kimizuka, J. Am. Chem. Soc. 2015, 137, 1887 –
1894.

[2] T. W. Schmidt, F. N. Castellano, J. Phys. Chem. Lett. 2014, 5,
4062 – 4072.

[3] a) R. R. Islangulov, J. Lott, C. Weder, F. N. Castellano, J. Am.
Chem. Soc. 2007, 129, 12652 – 12653; b) T. N. Singh-Rachford, J.
Lott, C. Weder, F. N. Castellano, J. Am. Chem. Soc. 2009, 131,
12007 – 12014; c) A. Monguzzi, R. Tubino, F. Meinardi, J. Phys.
Chem. A 2009, 113, 1171; d) A. Monguzzi, M. Frigoli, C. Larpent,
R. Tubino, F. Meinardi, Adv. Funct. Mater. 2012, 22, 139; e) J. H.
Kim, F. Deng, F. N. Castellano, J. H. Kim, Chem. Mater. 2012, 24,
2250; f) A. Monguzzi, F. Bianchi, A. Bianchi, M. Mauri, R.
Simonutti, R. Ruffo, R. Tubino, F. Meinardi, Adv. Energy Mater.
2013, 3, 680 – 686; g) F. Marsico, A. Turshatov, R. Pekoz, Y.
Avlasevich, M. Wagner, K. Weber, D. Donadio, K. Landfester, S.
Baluschev, F. R. Wurm, J. Am. Chem. Soc. 2014, 136, 11057.

[4] a) S. Baluschev, V. Yakutkin, G. Wegner, B. Minch, T. Miteva, G.
Nelles, A. Yasuda, J. Appl. Phys. 2007, 101, 023101; b) C. Zhang,
J. Y. Zheng, Y. S. Zhao, J. N. Yao, Chem. Commun. 2010, 46,
4959 – 4961; c) H. Goudarzi, P. E. Keivanidis, J. Phys. Chem. C
2014, 118, 14256 – 14265.

[5] a) J. D. Luo, Z. L. Xie, J. W. Y. Lam, L. Cheng, H. Y. Chen, C. F.
Qiu, H. S. Kwok, X. W. Zhan, Y. Q. Liu, D. B. Zhu, B. Z. Tang,
Chem. Commun. 2001, 1740 – 1741; b) B. K. An, S. K. Kwon,
S. D. Jung, S. Y. Park, J. Am. Chem. Soc. 2002, 124, 14410 –
14415; c) B. Z. Tang, A. Qin, Aggregation-Induced Emission :
Applications, Wiley, Singapore, 2013 ; d) B. Z. Tang, A. Qin,
Aggregation-Induced Emission : Fundamentals, Wiley, Singa-
pore, 2013.

[6] a) D. Oelkrug, A. Tompert, J. Gierschner, H. J. Egelhaaf, M.
Hanack, M. Hohloch, E. Steinhuber, J. Phys. Chem. B 1998, 102,
1902 – 1907; b) J. Kunzelman, M. Kinami, B. R. Crenshaw, J. D.
Protasiewicz, C. Weder, Adv. Mater. 2008, 20, 119 – 122; c) T.
Hirose, K. Matsuda, Chem. Commun. 2009, 5832 – 5834; d) S. J.
Yoon, J. H. Kim, J. W. Chung, S. Y. Park, J. Mater. Chem. 2011,
21, 18971 – 18973.

[7] J. Gierschner, S. Y. Park, J. Mater. Chem. C 2013, 1, 5818 – 5832.
[8] G. P. Bartholomew, G. C. Bazan, X. H. Bu, R. J. Lachicotte,

Chem. Mater. 2000, 12, 1422 – 1430.
[9] S. J. Yoon, S. Park, J. Mater. Chem. 2011, 21, 8338 – 8346.

[10] M. Pope, C. E. Swenberg, Electronic Processes in Organic
Crystals and Polymers, 2nd ed., Oxford, New York, 1999.

..Angewandte
Zuschriften

7658 www.angewandte.de Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2015, 127, 7654 –7659

http://dx.doi.org/10.1039/B913243K
http://dx.doi.org/10.1039/B913243K
http://dx.doi.org/10.1016/j.ccr.2010.01.003
http://dx.doi.org/10.1016/j.ccr.2010.01.003
http://dx.doi.org/10.1039/c1ra00469g
http://dx.doi.org/10.1039/c1ra00469g
http://dx.doi.org/10.1039/c2cp23900k
http://dx.doi.org/10.1039/c2cp23900k
http://dx.doi.org/10.1021/ja308789u
http://dx.doi.org/10.1021/ja308789u
http://dx.doi.org/10.1039/c2jm33654e
http://dx.doi.org/10.1039/c2jm33654e
http://dx.doi.org/10.1039/C1CC16015J
http://dx.doi.org/10.1021/ja3104268
http://dx.doi.org/10.1021/ja411316s
http://dx.doi.org/10.1039/c4cp00744a
http://dx.doi.org/10.1039/C4CC05718J
http://dx.doi.org/10.1039/C4CC05718J
http://dx.doi.org/10.1039/c3tc32473g
http://dx.doi.org/10.1039/c3tc32473g
http://dx.doi.org/10.1021/ja511061h
http://dx.doi.org/10.1021/ja511061h
http://dx.doi.org/10.1021/jz501799m
http://dx.doi.org/10.1021/jz501799m
http://dx.doi.org/10.1021/ja075014k
http://dx.doi.org/10.1021/ja075014k
http://dx.doi.org/10.1021/ja904696n
http://dx.doi.org/10.1021/ja904696n
http://dx.doi.org/10.1021/jp809971u
http://dx.doi.org/10.1021/jp809971u
http://dx.doi.org/10.1002/adfm.201101709
http://dx.doi.org/10.1021/cm3012414
http://dx.doi.org/10.1021/cm3012414
http://dx.doi.org/10.1002/aenm.201200897
http://dx.doi.org/10.1002/aenm.201200897
http://dx.doi.org/10.1021/ja5049412
http://dx.doi.org/10.1063/1.2409618
http://dx.doi.org/10.1039/c0cc00347f
http://dx.doi.org/10.1039/c0cc00347f
http://dx.doi.org/10.1021/jp5052936
http://dx.doi.org/10.1021/jp5052936
http://dx.doi.org/10.1039/b105159h
http://dx.doi.org/10.1021/ja0269082
http://dx.doi.org/10.1021/ja0269082
http://dx.doi.org/10.1021/jp973225d
http://dx.doi.org/10.1021/jp973225d
http://dx.doi.org/10.1002/adma.200701772
http://dx.doi.org/10.1039/b910531j
http://dx.doi.org/10.1039/c1jm14558d
http://dx.doi.org/10.1039/c1jm14558d
http://dx.doi.org/10.1039/c3tc31062k
http://dx.doi.org/10.1021/cm991194o
http://dx.doi.org/10.1039/c0jm03711g
http://www.angewandte.de


[11] A. Monguzzi, J. Mezyk, F. Scotognella, R. Tubino, F. Meinardi,
Phys. Rev. B 2008, 78, 195112.

[12] A. Monguzzi, R. Tubino, F. Meinardi, Phys. Rev. B 2008, 77,
155122.

[13] M. Sundahl, O. Wennerstrom, K. Sandros, T. Arai, K. Tokumaru,
J. Phys. Chem. 1990, 94, 6731 – 6734.

[14] a) J. Saltiel, J. Am. Chem. Soc. 1968, 90, 6394 – 6400; b) D. H.
Waldeck, Chem. Rev. 1991, 91, 415 – 436; c) S. Takeuchi, S.
Ruhman, T. Tsuneda, M. Chiba, T. Taketsugu, T. Tahara, Science
2008, 322, 1073 – 1077; d) J. W. Chung, S.-J. Yoon, B.-K. An, S. Y.
Park, J. Phys. Chem. C 2013, 117, 11285 – 11291; e) H. Lu, L. Qiu,

G. Zhang, A. Ding, W. Xu, G. Zhang, X. Wang, L. Kong, Y. Tian,
J. Yang, J. Mater. Chem. C 2014, 2, 1386 – 13891.

[15] a) Y. Hong, J. W. Y. Lam, B. Z. Tang, Chem. Commun. 2009,
4332 – 4353; b) Y. Hong, J. W. Y. Lam, B. Z. Tang, Chem. Soc.
Rev. 2011, 40, 5361 – 5388.

[16] K. Ishiba, M. Morikawa, C. Chikara, T. Yamada, K. Iwase, M.
Kwakita, N. Kimizuka, Angew. Chem. Int. Ed. 2015, 54, 1532 –
1536.

Received: February 13, 2015
Published online: May 15, 2015

Angewandte
Chemie

7659Angew. Chem. 2015, 127, 7654 –7659 Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://dx.doi.org/10.1021/j100380a037
http://dx.doi.org/10.1021/ja01025a026
http://dx.doi.org/10.1021/cr00003a007
http://dx.doi.org/10.1126/science.1160902
http://dx.doi.org/10.1126/science.1160902
http://dx.doi.org/10.1021/jp401440s
http://dx.doi.org/10.1039/c3tc32174f
http://dx.doi.org/10.1039/b904665h
http://dx.doi.org/10.1039/b904665h
http://dx.doi.org/10.1039/c1cs15113d
http://dx.doi.org/10.1039/c1cs15113d
http://dx.doi.org/10.1002/anie.201410184
http://dx.doi.org/10.1002/anie.201410184
http://www.angewandte.de

