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ABSTRACT: A new design strategy to activate aggregation-induced
emission (AIE) in pyrene chromophores is reported. In a previous
report, we demonstrated that highly twisted N,N-dialkylamines of
anthracene and naphthalene induce drastic AIE when these donors are
introduced at appropriate positions to stabilize the S1/S0 minimum
energy conical intersection (MECI). In the present study, this design
strategy was applied to pyrene: the introduction of N,N-dimethylamine
substituents at the 4,5-positions of pyrene, the so-called K-region, are
likely to stabilize MECIs. To examine this hypothesis, four novel
pyrene derivatives, which contain highly twisted N,N-dimethylamino
groups at the 4- (4-Py), 4,5- (4,5-Py), 1- (1-Py), or 1,6-positions (1,6-
Py) were tested. The nonradiative transitions of 4,5-Py are highly
efficient (knr = 57.1 × 107 s−1), so that its fluorescence quantum yield in acetonitrile decreases to Φfl = 0.04. The solid-state
fluorescence of 4,5-Py is efficient (Φfl = 0.49). In contrast, 1,6-Py features strong fluorescence (Φfl = 0.48) with a slow
nonradiative transition (knr = 11.0 × 107 s−1) that is subject to severe quenching (Φfl = 0.03) in the solid state. These results
underline that the chemistry of the pyrene K-region is intriguing, both from a photophysical perspective and with respect to
materials science.

■ INTRODUCTION

Pyrene is one of the most attractive polycyclic aromatic
hydrocarbons (PAHs) for the development of novel π-systems
with photophysical, photochemical, and electronic function-
alities. The most outstanding feature of pyrene is the versatility
of its structural modifications: in addition to its four main
points of reactivity, i.e., the 1-, 3-, 6- and 8-positions, recent
studies revealed that the K-region (4-, 5-, 9-, and 10-positions),
as well as the unreactive 2- and 7-positions are available for
further modifications.1,2 This advantage has been used to create
various large molecular systems such as metal−organic
frameworks,3 cyclic compounds,4 dendrimers,5 and liquid
crystals.6 In addition, the large π-plane of pyrene often provides
superior photoluminescence and electronic properties, which is
reflected in numerous applications such as fluorescence
probes,7 organic field-effect transistors,8 and organic light-
emitting diodes.9 Thus, pyrene has frequently been employed
as a building block for larger π- and supramolecular systems.
However, few studies have focused on the substitution effects of
electron donors (D) or acceptors (A) in order to induce
photophysical functionality.
Recently, our group has comprehensively investigated the

effects of various asymmetric substitution patterns at the 1-, 3-,

6,- and 8-positions of pyrene, and observed regioisomer-specific
photophysical properties in these pyrene chromophores.10

Moreover, Yamato et al. have examined photophysical
functionality derived from the regioselective substitution at
the 1,3- and 6,8-positions.11 In contrast to these recent
advances at the 1-, 3-, 6,- and 8-positions, pyrene derivatives
substituted at the 4-, 5-, 9-, and 10-positions (K-region) have
been employed predominantly as synthetic intermediates for
fused π-systems.12−14 Accordingly, only few studies have
examined the effects of substitution at the 4-, 5-, 9-, and 10-
position on the photophysical functionality of pyrenes.15,16

Even these pioneering studies were concerned with dipolar
“push-pull” structures arising from 4,5- and 9,10-substitutions,
which are also common for 1,8- and 1,3-substitutions. Thus, the
unique features of the pyrene K-region have not yet been
investigated systematically.
Herein, we propose that the introduction of N,N-

dialkylamino groups at the pyrene K-region, especially at the
4,5-position, activates aggregation-induced emission (AIE).17,18

We have previously demonstrated19 that highly twisted N,N-
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dialkylamino groups at the appropriate positions efficiently
stabilize the S1/S0 minimum energy conical intersection
(MECI), through which electronic excitation energy is
dissipated efficiently into vibrational energy.20 In general, low-
lying S1/S0 MECIs under concomitant large deformation are
likely to occur in AIE. While low-lying MECIs enable a fast S0
← S1 internal conversion in solution, large deformations are
usually restricted by the molecular surrounding. In fact, N,N-
dialkylaminoarenes we proposed have displayed faint fluo-
rescence in solution, but bright fluorescence in restricted media
such as the solid state.19 The appropriate positions for the
twisted N,N-dialkylamino groups are those positions, where
donors facilitate the deformation toward a S1/S0 MECI
structure. Taking linear acenes as an example, para-substitution
of the N,N-dialkylamino groups stabilizes the bond between the
bridgehead positions of the Dewar-benzene-like S1/S0 MECI.19

When this design strategy is applied to pyrene, the unique
features of the pyrene K-region become evident (Figure 1a).

First, substituents at both the 4- and 5-positions are subject to
severe steric repulsion from the peri-hydrogen atoms. Thus,
both adjacent N,N-dimethylamino groups should be highly
twisted, which may result in cooperative stabilization of the S1/
S0 MECI. Second, theoretical investigations conducted by
Maeda and co-workers revealed that deformations at the 4-
position afford more stable S1/S0 MECIs for unsubstituted
pyrenes than deformations at the 1-position.21 This result

implies that a strong donor at the 4-position may stabilize the
S1/S0 MECI more effectively than at the 1-position.
Consequently, N,N-dialkylamino groups at the 4,5-positions

are likely to activate AIE. The present study examines the
photophysical properties of 4,5-bis(N,N-dimethylamino)pyrene
(4,5-Py) in solution and the solid state. For comparison, the
less twisted 4-(N,N-dimethylamino)pyrene (4-Py) and other
regioisomers, i.e., 1-Py and 1,6-Py, which possess highly twisted
N,N-dimethylamines at the 1- and 1,6-positions are also
examined (Figure 1b).

■ RESULTS AND DISCUSSION

Synthesis and Characterization. As illustrated in Scheme
1, 4-(N,N-dimethylamino)pyrene (4-Py) and 4-(N,N-
dimethylamino)pyrene (4,5-Py) were synthesized via a four-
step reaction from pyrene. Initially, pyrene was converted into
4,5-diketopyrene (2) using a ruthenium-catalyzed oxidation.22

Subsequently, 4,5-diaminopyrene (4a) was prepared following
the method reported by Anzenbacher and co-workers.23

Although 4a was obtained as a crude mixture including 4-
aminopyrene (4b) and other byproducts, this crude mixture
underwent permethylation, because (i) 4a is susceptible to
oxidation and quickly decomposes into 2 during purification
under ambient conditions, and (ii) permethylation of the crude
mixture should afford 4-Py and 4,5-Py simultaneously. This
notion is supported by previous reports,19 which describe that
the permethylation of sterically congested amines stops at the
tertiary amine stage regardless of stoichiometry.
The aryl-N bonds of 1-Py and 1,6-Py are severely twisted

due to the presence of methyl groups at the 2,7-positions. To
introduce methyl groups at the 2,7-positions, pyrene 2,7-
bis(boronic acid pinacol ester) (5) was brominated24 and
subsequently methylated using n-butyllithium and methyl
iodide (Scheme 2). The thus obtained 2,7-dimethylpyrene
(7) was sufficiently soluble in various organic solvents. Addition
of nitric acid (2 equiv) at T < 10 °C resulted in a selective
mononitration, while nitration at T = 90 °C afforded a mixture
containing 8b and various other byproducts. In general, the
separation of regioisomers of pyrenes disubstituted at the 1-, 3-,
6-, 8-positions, is not easy,1,10 and low solubility of the nitrated
mixtures renders the purification even more difficult. Thus, the
reduction and permethylation of the mixture containing 8b
were carried out before 1,6-Py was isolated from the mixture.
Other regioisomers could not be isolated in analyzable
amounts. 4-Py, 4,5-Py, 1-Py, and 1,6-Py were fully
characterized by 1H NMR, 13C NMR (Figure S1−S18), and
FT-IR spectroscopy, high-resolution mass spectrometry

Figure 1. (a) Pyrene K-region and (b) the highly twisted mono- and
bis(N,N-dimethylamino)pyrenes used in this study.

Scheme 1. Synthesis of 4-Py and 4,5-Py

The Journal of Organic Chemistry Article

DOI: 10.1021/acs.joc.7b00996
J. Org. Chem. 2017, 82, 6865−6873

6866

http://pubs.acs.org/doi/suppl/10.1021/acs.joc.7b00996/suppl_file/jo7b00996_si_001.pdf
http://dx.doi.org/10.1021/acs.joc.7b00996


(HRMS), and melting point analysis. The integrity of the K-
region in 1-Py and 1,6-Py was confirmed by an analysis of the
1H−1H COSY NMR spectra (Figures S14 and S19).
The absorption spectra of 4-Py, 4,5-Py, 1-Py, and 1,6-Py

feature two shoulders at ∼390−380 nm and ∼360−370 nm, in
addition to the vibronic bands at ∼340, ∼330, and ∼315 nm
(Figure S20). While the structures of the vibronic bands are
somewhat blurred due to the overlap with the S0 → 1CT
transitions (probably at 300−400 nm), the vibronic structures
are clearly observed in the absorption and fluorescence spectra
in formic acid (Figure S22). Such vibronic structures are
common in unsubstituted pyrenes in solution,25,26 single
crystals,27 and various substituted pyrenes.28−32 According to
Platt’s notation, small absorption bands at ∼390−380 nm and
∼360−370 nm should be assigned to the S0 →

1Lb transition,
which is almost entirely hidden in the S0 → 1CT transition
band, while the structured band at ∼340−315 nm should be
assigned to the S0 →

1La transition.
26 The strength of the S0 →

1Lb band and the vibronic peaks of the S0 →
1La band fluctuate

largely in response to changing solvent polarity32 and
substitution pattern.28,30

Aggregation-Induced Emission of 4,5-Py. As shown in
Table 1, 4,5-Py features faint fluorescence in acetonitrile (Φfl =
0.04), but intense fluorescence in colloidal suspensions (Φfl =
0.40) and as a polycrystalline solid (Φfl = 0.49). Conversely, 4-
Py, 1-Py, and 1,6-Py exhibit moderate to high Φfl values in
acetonitrile, which increase slightly or decrease in colloidal

suspensions and polycrystalline solids, respectively. Among
these pyrene derivatives, 4-Py was the most fluorescent except
in n-hexane (Table S1), where some pyrene-based dyes suffer
from fast intersystem crossing (ISC).29 The Φfl of 4,5-Py, 1-Py,
and 1,6-Py declines with increasing solvent polarity (Table S1),
but 4,5-Py is nevertheless far less fluorescent than 1-Py and
1,6-Py, both in polar and nonpolar solvents. These differences
in Φfl arise mainly from the differences in the nonradiative
transition rate constant, knr. The order of the knr values for this
series in THF is 4-Py (knr = 1.10 × 107 s−1) < 1.6-Py (3.83 ×
107 s−1) ≈ 1-Py (4.57 × 107 s−1) ≪ 4,5-Py (13.1 × 107 s−1),
while that of the knr values in acetonitrile is 4-Py (knr = 0.57 ×
107 s−1) ≪ 1.6-Py (11.0 × 107 s−1) < 1-Py (18.3 × 107 s−1) ≪
4,5-Py (57.1 × 107 s−1). On the other hand, the radiative
transition rate constant, kr, accounts only for the weak
fluorescence in 4,5-Py, while the kr values of 1-Py and 1,6-Py
are larger than that of fluorescent 4-Py. Therefore, it can be
concluded that the presence of highly twisted N,N-dialkylamino
groups, especially at the 4,5-position, induces fast nonradiative
transitions both in polar and nonpolar solvents, resulting in
faint fluorescence in solution.
Aggregation-induced emission (AIE) from 4,5-Py was clearly

demonstrated in THF/water mixtures (Figure 2). In the water
fraction range fw = 0−70 vol %, the fluorescence intensity
declines with increasing solvent polarity of the solvent, which is
enhanced by water, while the fluorescence intensity increases
dramatically at fw > 80 vol % (Figure 2b). This AIE of 4,5-Py is

Scheme 2. Synthesis of 1-Py and 1,6-Py

Table 1. Fluorescence Quantum Yields (Φfl), as well as Radiative (kr) and Nonradiative Rate Constants (knr) of Acetonitrile
Solutions, Colloidal Suspensions (THF/H2O, 1/9, v/v), and Polycrystalline Solids of 4-Py, 4,5-Py, 1-Py, and 1,6-Py

acetonitrile solution colloidal suspensiona polycrystalline solids

entry Φfl kf
b [107 s−1] knr

b [107 s−1] Φfl kf
b [107 s−1] knr

b [107 s−1] Φfl
c

4-Py 0.93 7.87 0.57 0.67 3.69 1.82 0.46
4,5-Py 0.04 2.44 57.1 0.40 3.63 5.39 0.49
1-Py 0.24 5.71 18.3 0.40 2.21 3.35 0.63
1,6-Py 0.48 10.1 11.0 0.03 − − 0.03

aAggregation was confirmed by a broadening of the corresponding UV−vis spectra (Figure S23). bThe amplitude-average lifetime was used for
samples with multiexponential decays.33 cExcitation wavelength: λex = 350 nm.
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due to the suppression of nonradiative transitions. In order to
estimate radiative and nonradiative rate constants, the multi-
exponential decays observed in the THF/water mixtures must
be approximated to a single component. Amplitude-averaged
lifetimes were adopted for these calculations, as they provide a
good approximation for systems in which fluorescent molecules
are exposed to different environments.33,34 The thus obtained
radiative and nonradiative rates (Figure 2c) demonstrate that

both the polarity-reduced emission and the AIE of 4,5-Py can
be rationalized in terms of the large fluctuation of nonradiative
rates, while the radiative rates remained almost constant over
the entire fw range. The polarity-reduced emission and AIE of
4,5-Py are accompanied by a continuous bathochromic shift
and a drastic hypsochromic shift, respectively (Figure 2).
Similar behavior has previously been reported for D−π−A
based AIEgens, whose hypsochromic shift upon aggregation

Figure 2. (a) Fluorescence spectra, (b) maximum fluorescence intensities, (c) radiative (kr) and nonradiative (knr) transition rate constants, as well as
(d) photographic images (λirr = 365 nm) of 1,4-Py in THF/water mixtures with varying water content.

Figure 3. Fluorescence spectra of (a) 4,5-Py and (b) 1-Py measured in toluene solution, colloidal suspension (THF/H2O, 1/9, v/v), and on
polycrystalline solids. The fluorescence spectrum of 4,5-Py dispersed in a PMMA film (4,5-Py/PMMA, 3.3/10 000, w/w) is also shown; (c), (d)
Molecular structures of 4,5-Py derived from X-ray crystallography.
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was attributed to restricted intramolecular motion and
inefficient solvation in the solid states.35 As demonstrated in
previous studies,10,36,37 nonradiative transitions of substituted
pyrene derivatives, especially in polar solvents, are governed by
the internal S0 ← S1 conversion rather than by ISCs.
Even though unsubstituted pyrene exhibits strong excimer

fluorescence both in single crystals (Φfl = 0.68)27,38 and in
milled fine powders (Φfl = 0.67),38 and although various
substituted pyrenes feature broad and bathochromically shifted
excimer fluorescence in crystals39,40 and thin-films,11,41,42 the
AIE of 4,5-Py should not arise from excimer formation or other
excitonic interactions with neighboring chromophores, due to
the following reasons: (i) both colloidal suspensions and
polycrystalline solids of 4,5-Py exhibit narrower fluorescence
bands than the toluene solutions and dispersions in PMMA
films (4,5-Py/PMMA, 3.3/10 000, w/w) at similar wavelengths
(Figure 3a); (ii) the diffuse-reflectance spectrum of a 1 mM
dispersion of 4,5-Py in NaBr does not exhibit any sharp and
intense peaks in the longer-wavelength region (Figure S25),
which rules out a potential drastic increase of kr upon the
selective formation of J-aggregates;43 (iii) the X-ray diffraction
analysis of 4,5-Py (Figure 3c,d) revealed the absence of close
contacts and face-to-face packing. The observed distances
between neighboring pyrene rings (along the a-axis: 7.80 Å,
along the b-axis: 9.72 Å, and along the c-axis: 9.23 Å) are too
long to allow the formation of excimers.44 Taking it also into
account that the kr of 4,5-Py is not enhanced significantly upon
aggregation (Figure 2c), the aggregation of 4,5-Py should be
considered as a means to restrict intramolecular vibrations
rather than as a means to generate other fluorescent species via
electronic interactions with neighboring chromophores.
1-Py also exhibits higher Φfl in colloidal suspensions and

polycrystalline solids than in acetonitrile solution (Φfl = 0.24),
although the latter value is too high for 1-Py to be regarded as
an AIEgen (Table 1). The mechanism for the enhancement of
Φfl in 1-Py seems to be complicated. As shown in Figure 3b,
the fluorescence spectra of 1-Py greatly vary between the
toluene solution, colloidal suspensions, and the polycrystalline
solids. The broad emission band at ∼500−600 nm appears only
in the spectrum of the colloidal suspension of 1-Py, which
coincides with a long-lifetime component (τ ≈ 30 ns) at the
fluorescence maximum (λfl = 442 nm). The long-lifetime
component becomes more significant when the fluorescence
decay is measured at 550 nm (Table S1). The long-lived excited
species with broad and red-shifted fluorescence should thus be
assigned to an excimer between neighboring chromophores.
Compared to the corresponding solutions, the Φfl values of

4-Py decline in colloidal suspensions and polycrystalline solids,
with contributions from both a decreased kr and an increased
knr (Table 1 and S1). Faint solid-state fluorescence was
observed for 1,6-Py (Table 1) and its fluorescence spectrum
was substantially more red-shifted and broader than those of
the solutions (Figure S23 and S26). In addition, the excitation
of 1,6-Py at ∼450−500 nm led to the emergence of a broad
fluorescence band at ∼500 nm with enhanced Φfl (Figure S26
and S27). Self-absorption may be a possible reason for the
fluorescence quenching in 1,6-Py, as its diffuse-reflectance
(Figure S25) largely overlaps with its fluorescence spectrum in
solution (Figure S21). Efficient self-absorption renders an
excited state more likely to be trapped in nonfluorescent defect
sites. However, the underlying mechanisms for the fluorescence
quenching in 4-Py and 1,6-Py in the solid state are beyond the
scope of this study, given that such excitonic interactions in

molecular crystals must be analyzed by stationary or transient-
absorption spectra of large single crystals or on crystalline thin
films. On the other hand, the ultimate objective of this study is
to design AIE luminogens with unique internal conversions that
are fast in solution but suppressed in the solid state.

The Violation of the Energy-Gap Law. As predicted by
our design strategy, the introduction of strongly twisted N,N-
dimethylamines at the pyrene K-region induced a drastic AIE in
the resulting materials. The AIE is most likely due to a
suppression of intramolecular vibrations, i.e., to internal
conversions. Our design strategy is based on the assumption
that AIE is activated by internal conversion through low-lying
MECIs.19 In order to confirm this hypothesis, the extremely
fast nonradiative transition for 4,5-Py will be discussed.
According to Englman’s formulation,45 the rate constants for
nonradiative transitions are mainly determined by the activation
energy toward MECIs in cases where the structural difference
between the ground and the excited states is large and where
these two surfaces cross at energetically accessible points. This
kind of cases has been defined as “strong coupling limit”. On
the other hand, S0 ← S1 internal conversion is still possible
even for cases where the structural difference between the two
states is small and when these two surfaces cross at energetically
inaccessible points. In this “weak coupling” case, the S0 ← S1
internal conversion is accelerated by a narrow S0−S1 gap due to
a larger Franck−Condon factor, i.e., vibrational overlap around
the S1 minimum geometry, which represents the well-known
“energy-gap law”.45 To underscore the importance of tuning
MECI, knr of 4,5-Py should be rationalized in terms of
energetics other than the energy-gap law.
4,5-Py exhibits the narrowest S0−S1 gap among all pyrene

derivatives examined in this study. With increasing solvent
polarity parameter ET(30),

46 the fluorescence maxima of these
pyrene derivatives are bathochromically shifted in a linear
fashion (Figure 4), which indicates that their fluorescence

should be attributed to S0 ←
1CT transitions. Regardless of the

solvent polarity, the fluorescence of 4,5-Py is of lower energy
than that of 4-Py, 1-Py, and 1,6-Py, reflecting the narrow S0−S1
gap of 4,5-Py. In addition to intramolecular effects, strong
solvent−solute interactions are responsible for the narrow S0−
S1 gap, due to the dipolar structure of 4,5-Py. The incremental
changes of the dipole moments upon photoexcitation (4-Py:
6.0 D; 4,5-Py: 7.0 D; 1-Py: 6.1 D; 1,6-Py: 4.0 D) were
estimated using a Lippert−Mataga plot (Figure S24).47 Strong
solvent−solute interactions for 4,5-Py are also reflected in its

Figure 4. Fluorescence maxima of 4-Py, 4,5-Py, 1-Py, and 1,6-Py as a
function of the solvent polarity parameter ET (30).46
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full width at half maxima (fwhm), which is given by the reduced
intensity48 [L(ν) = I(ν)/ν3 = I(λ)/ν5] in acetonitrile (4,5-Py:
4200 cm−1; 1-Py: 3900 cm−1; 4-Py: 3600 cm−1; 1,6-Py: 3200
cm−1).
However, in order for this series to obey the energy-gap law,

4-Py has to show a faster nonradiative decay than 1-Py and 1,6-
Py. Thus, it can be anticipated that these molecules should
rather correspond to the “strong coupling” case. This
hypothesis is further supported by a comparison of the knr
values of other pyrene derivatives. For example, some
alkylaminopyrenes have far smaller knr values (∼0.5−1.5 ×
107 s−1)10,36 than 4,5-Py (57.1 × 107 s−1), while their
fluorescence maxima are located around 17 000−20 000 cm−1,
which is virtually identical to the value (18 700 cm−1) for 4,5-
Py in acetonitrile. Therefore, it can be concluded that 4,5-Py
exhibits a substantially faster internal conversion than the other
alkylaminopyrene derivatives. Since the MECIs of typical rigid
aromatic hydrocarbons are too high to be accessed thermally,
they are subject to slow S0 ← S1 internal conversions, which is
consistent with the energy-gap law49 and leads to strong
fluorescence in solution. In contrast, 4,5-Py should undergo
fast S0 ← S1 internal conversion via MECI, which should result
in AIE. Thus, N,N-dialkylamino groups at the 4,5-positions of
pyrene should promote fast internal conversion via MECI as
well as rotational vibrations around isomerizable double
bonds50 or multiple aryl−aryl bonds51 in various AIEgens.18

■ CONCLUSION
In summary, pyrene can successfully be endowed with AIE
functionality simply by introducing two strongly twisted N,N-
dimethylamines at the pyrene K-region. Conversely, the
introduction of strongly twisted N,N-dimethylamines at the
1- and 1,6-positions resulted in intense fluorescence in solution.
These differences are attributed mainly to nonradiative
transitions. A comparison of the knr value of 4,5-Py with its
fluorescence energetics implies the involvement of a special
pathway, e.g., a nonadiabatic relaxation via MECI, for efficient
internal conversions. These results demonstrate the viability of
our AIEgen design strategy based on the concept of MECIs,
which should also be applicable to nonlinear acenes. Moreover,
to the best of our knowledge, this is the first study that
capitalizes on the unique features of the pyrene K-region, i.e.,
the steric repulsion that arises from the presence of two peri-
hydrogens, to derive fluorescence functionality. Although
synthetic methods to introduce different functional groups at
the 4,5-positions have not yet been developed, such an
asymmetric functionalization should allow the advanced
molecular engineering of MECI in pyrenes. Thus, this study
also demonstrates the importance of advancing the boundaries
of synthetically controlling the regioselectivity of the pyrene K-
region. A joint theoretical and experimental project to elucidate
how neighboring N,N-dimethylamino groups stabilize MECIs
effectively, and to establish general design strategies toward
AIEgens based on ubiquitous aromatic hydrocarbons is
currently in progress.

■ EXPERIMENTAL SECTION
General Procedures. 1H and 13C NMR spectra were recorded on

a 300 MHz BRUKER DPX300 or 500 MHz BRUKER avance III
spectrometer using tetramethylsilane (TMS) as the internal standard.
FT-IR spectra were recorded on a JASCO FT-IR 469 plus
spectrometer. Melting points were recorded on a Yanaco micro
melting point MP-500P apparatus. Mass spectra (FAB and EI) were

obtained using a JEOL JMS700 mass spectrometer, which uses a
double-focusing reversed-geometry magnetic sector (“BE” type) as the
mass analyzer.

UV−vis spectra were recorded on a JASCO V-670 UV−vis
spectrophotometer. Fluorescence spectra were recorded on a JASCO
FP-6500 spectrofluorometer. The wavelengths obtained with the
fluorescence spectrometer were converted into wavenumbers using the
equation I(ν̃) = λ2I(λ).52 Absolute quantum yields (Φfl) were
measured with a Hamamatsu Photonics Quantaurus QY apparatus.
Fluorescence lifetime values at 298 K were obtained from the most
intense peaks using a Hamamatsu Photonics OB 920 fluorescence
lifetime spectrometer equipped with a LED lamp (λex = 343 nm).
Unless otherwise noted, all photophysical measurements in solution
were carried out at 298 K using dilute solutions with optical densities
(ODs) of ∼0.1 at the maximum absorption wavelength in quartz cells
(path length: 1 cm). In addition, all sample solutions were deaerated
by argon sparging for 15 min prior to quantum yield and lifetime
measurements. For measurements of the aggregates, colloidal
suspensions (THF/H2O, 1/9, v/v) with a concentration of 1.0 ×
10−4 M were prepared, and aggregation was confirmed by the severe
broadening of the UV−vis spectra (Figure S23).

Photophysical Measurements of Solid Samples. Prior to any
photophysical measurements in the solid state, i.e., of polycrystalline
solids, the measurements of dispersions in NaBr and colloidal
suspensions (THF/H2O, 1/9, v/v), recrystallization and subsequent
fluorescence quantum yield measurements were repeated three
times.19,53 Polycrystalline solids were consecutively recrystallized
from (i) methanol or dichloromethane/methanol mixtures, (ii)
methanol or ethanol, and (iii) methanol at −10 °C. In the regions
where 4-Py, 4,5-Py, and 1-Py exhibit significant absorbance,
fluorescence quantum yields were virtually independent from the
excitation wavelength. For 1,6-Py, excitation at ∼450 nm induced a
significantly higher fluorescence quantum yield compared to other
excitation wavelengths (Figure S27). Repeated recrystallization,
column chromatography, and high-performance liquid chromatog-
raphy slightly enhanced the fluorescence quantum yields at ∼450 nm,
instead of removing it.

Diffuse-Reflectance Spectra. Diffuse-reflectance spectra were
recorded on a JASCO FP-6500 spectrofluorometer equipped with an
integration sphere detector. Thus, the experimental error arising from
the fluorescence, which is typically encountered with diffuse-
reflectance spectrometers producing polychromatic outgoing light,
was avoided. Analyte and reference samples were charged in a JASCO
powder sample cell in order to obtain a sufficiently thick powder layer.
Immediately prior to each measurement, the synchronous reflectance
spectrum of NaBr powder was measured in order to afford a standard
reference, rstandard (λ). Then, the reflectance spectrum of each sample,
rsample (λ), was obtained following the same procedure. In addition to
polycrystalline samples, the spectra of samples dispersed in NaBr
powder were measured at a concentration of 1.0 × 10−3 M. The
obtained reflectance spectra rsample (λ) and rstandard (λ) were converted
to Kubelka−Munk functions f(r∞) using the following equation:54

λ
λ
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−

∞
∞

∞
f r

r
r

( )
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2 ( )
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λ
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r

r

( )
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All diffuse-reflectance spectra are displayed as plots of the Kubelka−
Munk functions, i.e., the f(r∞) is displayed as a function of the
wavelength, λ.

Synthesis of 4,5-Diketopyrene (2).22 A solution of pyrene (1;
2.0 g, 10 mmol) and ruthenium(III) chloride hydrate (0.2 g, 0.96
mmol) in dichloromethane (40 mL), acetonitrile (40 mL), and water
(25 mL) was treated at 0 °C with sodium periodate (10 g, 47 mmol).
The reaction temperature was kept at 0 °C for 10 min, before the
reaction mixture was warmed to room temperature, where stirring was
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continued for 15 h. The reaction mixture was poured onto water (800
mL) and extracted with dichloromethane (3 × 50 mL). The combined
organic layers were washed with water (3 × 200 mL), brine, and dried
over magnesium sulfate. After filtration, the solvent was removed in
vacuo, and the thus obtained residue was purified by column
chromatography on silica gel (eluent: CH2Cl2) to yield crude 4,5-
diketopyrene (2; 0.91 g) as a bright orange solid. Yield: 39%; 1H NMR
(300 MHz, CDCl3) δ 8.47 (d,

4J = 1.2 Hz, 3J = 7.5 Hz, 2H), 8.16 (d, 4J
= 1.2 Hz, 3J = 7.9 Hz, 2H), 7.83 (s, 2H), 7.74 (t, 3J = 7.8 Hz, 2H) ppm.
Synthesis of 4,5-Diketopyrene dioxime (3).23 Prior to the

reaction, the reaction apparatus was flame-dried in vacuo. Under an
atmosphere of argon, a solution of 2 (0.88 g, 3.8 mmol),
hydroxylamine hydrochloride (0.93 g, 13 mmol), and barium
carbonate (1.1 g, 5.7 mmol) in dehydrated ethanol (50 mL) was
kept at reflux for 120 h. During this time, the initial orange slurry
gradually turned colorless. After the reaction mixture had been cooled
to 60 °C, the solvent was removed in vacuo. Then, a 0.2 M aqueous
solution of hydrochloric acid (60 mL) was added, and the resulting
suspension was stirred at room temperature for 30 min. Subsequently,
the suspension was filtered and the residue was washed with water,
ethanol, and diethyl ether. The thus obtained residue was dried in
vacuo to afford crude 4,5-diketopyrene dioxime (3; 1.0 g) as a pale
yellow solid, which was used in the subsequent reaction step without
further purification. Yield: ≥ 99%; 1H NMR (300 MHz, DMSO-d6) δ
13.43 (s, 1H), 12.96 (s, 1H), 9.06 (d, 3J = 7.3 Hz, 1H), 8.24 (d, 3J =
7.7 Hz, 1H), 8.15 (d, 3J = 7.8 Hz, 1H), 8.09 (d, 3J = 7.8 Hz, 1H), 7.95
(s, 2H), 7.80 (t, 3J = 7.9 Hz, 1H), 7.73 (t, 3J = 7.4 Hz, 1H) ppm.
Synthesis of 4,5-Diaminopyrene (4).23 Hydrazine monohydrate

(7.5 mL, 154 mmol) was added dropwise over 1 h to a stirred solution
of 3 (1.0 g, 3.8 mmol) and Pd on carbon (Pd: 10%) wetted with 55%
water (1.3 g, 0.56 mmol) in ethanol (32 mL), which was kept at reflux.
The reaction mixture was kept at reflux for another 48 h, before the
hot reaction mixture was filtered and washed with boiling ethanol.
Immediately thereafter, all volatiles were removed in vacuo, and cold
water was added, before the mixture was stored at 0 °C for 12 h.
Subsequently, the thus obtained slurry was filtered, and the isolated
solid was washed with cold water. The residue was dried in vacuo to
afford crude 4,5-diaminopyrene (4), which contained a considerable
amount of impurities. Despite the low purity, the crude product was,
given its sensitivity to air, used in the next reaction step without further
purification. 1H NMR (300 MHz, DMSO-d6) δ 8.33 (dd, 4J = 1.4 Hz,
3J = 7.6 Hz, 2H), 8.07 (s, 2H), 8.01 (dd, 4J = 1.4 Hz, 3J = 7.5 Hz, 2H),
7.96 (t, 3J = 7.5 Hz, 2H), 5.22 (s, 4H) ppm.
Synthesis of 4,5-Bis(N,N-dimethylamino)pyrene (4,5-Py). A

stirred solution of crude 4 (≤0.89 g, ≤ 3.8 mmol) and potassium
carbonate (3.2 g, 23 mmol) in dehydrated DMF (40 mL) was treated
with methyl iodide (1.9 mL, 31 mmol) and the reaction mixture was
stirred at 60 °C for 12 h. Then, the reaction mixture was extracted with
ethyl acetate/hexane (1/4; v/v). The combined organic layers were
washed with water and brine, before being dried over magnesium
sulfate. After filtration, the solvent was removed in vacuo, and the thus
obtained residue was purified by column chromatography on silica gel
(eluent: hexane/ethyl acetate, 10/1, v/v). The crude product was
further purified by high-performance liquid chromatography to yield
crude 4,5-Py (0.13 g) as a colorless solid. Another fraction obtained
from high-performance liquid chromatography contained 4-(N,N-
dimethylamino)pyrene (4-Py) (0.12 g) as a colorless solid. 4,5-Py was
recrystallized several times from methanol in order to enhance its
purity. Yield: 12%; mp 169.8−170.8 °C; 1H NMR (300 MHz, CDCl3)
δ 8.43 (dd, 4J = 1.1 Hz, 3J = 7.9 Hz, 2H), 8.10 (dd, 4J = 1.1 Hz, 3J = 7.6
Hz, 2H), 8.02 (s, 2H), 7.98 (t, 3J = 7.8 Hz, 2H), 3.17 (s, 12H) ppm;
13C NMR (75 Hz, CDCl3) δ 144.8, 132.1, 131.3, 127.1, 125.6, 124.4,
124.2, 122.1, 44.4 ppm; FT-IR (KBr) 1582 (Ar ring stretch), 1491 (Ar
ring stretch), 1320 (Ar−N stretch), 835, 723 (Ar−H) cm−1; HRMS
(FAB/BE) m/z [M]+ Calcd for C20H20N2 288.1626, found 288.1627.
4-Py: This compound was obtained as a byproduct from the

synthesis of 4,5-Py. The product was recrystallized several times from
methanol in order to enhance its purity. Yield: 13%; mp 93.8−94.1 °C;
1H NMR (300 MHz, CDCl3) δ 8.55 (dd,

4J = 1.0 Hz, 3J = 7.9 Hz, 1H),
8.15 (dd, 4J = 1.0 Hz, 3J = 7.6 Hz, 1H), 8.06 (dd, 4J = 1.0 Hz, 3J = 7.6

Hz, 1H), 8.05−8.02 (m, 2H), 8.01 (t, 3J = 7.9 Hz, 1H), 8.00 (d, 3J =
9.0 Hz, 1H) 7.92 (t, 3J = 7.6 Hz, 1H), 7.59 (s, 1H), 3.07 (s, 6H) ppm;
13C NMR (75 Hz, CDCl3) δ 149.8, 131.8, 131.6, 130.9, 128.2, 127.3,
127.1, 126.0, 125.9, 125.3, 125.1, 124.0, 123.4, 122.1, 121.8, 113.4, 45.0
ppm; FT-IR (KBr) 1592 (Ar ring stretch), 1491 (Ar ring stretch),
1315 (Ar−N stretch), 832, 732 (Ar−H) cm−1; HRMS (FAB/BE) m/z
[M]+ Calcd for C18H15N 245.1204, found m/z = 245.1204.

Synthesis of 2,7-Dibromopyrene (6).24 A stirred solution of 5
(0.45 g, 0.99 mmol) in THF (10 mL) and methanol (30 mL) was
treated with a solution of copper(II) bromide (4.3 g, 19 mmol) in
water (30 mL) at room temperature. The reaction mixture was stirred
at 90 °C for 12 h, before being concentrated under reduced pressure.
Water (100 mL) was added to the thus obtained residue and the
resulting white precipitate was collected by filtration and consecutively
washed with water, diethyl ether, and hexane. The thus obtained white
solid was extracted into hot toluene and filtered, before the solvent was
removed in vacuo to yield a mixture of 5 and 6 (5:6 = 41:59).
Compound 5 was extracted from the mixture into boiling acetone,
while the remaining insoluble white solid consisted of 2,7-
dibromopyrene (6; 0.35 g). Yield: 98%; 1H NMR (300 MHz,
CDCl3) δ 8.31 (s, 4H), 8.01 (s, 4H) ppm.

Synthesis of 2,7-Dimethylpyrene (7). The entire reaction
apparatus was flame-dried in vacuo prior to any reaction. A 2.6 M
solution of n-butyllithium in hexane (0.77 mL, 2.0 mmol) was added
dropwise to a solution of 6 (0.33 g, 0.91 mmol) in anhydrous THF
(100 mL) at −50 °C under an atmosphere of argon. The reaction
mixture was stirred for 5 h at −25 °C, before methyl iodide (0.18 mL,
3.0 mmol) was added dropwise at −50 °C. The resulting mixture was
gradually warmed to room temperature over the course of 12 h. The
reaction was quenched by addition of water, before the reaction
mixture was extracted with chloroform, and washed with water and
brine. The combined organic layers were dried over magnesium sulfate
and filtered. The solvent was removed from the filtrate in vacuo, and
the obtained residue was purified by column chromatography on silica
gel (eluent: chloroform). The crude product was further purified by
recrystallization from dichloromethane/ethanol (1/5, v/v) to furnish
crude 2,7-methylpyrene (7; 0.15 g) as a colorless solid, which was used
in the next reaction step without further purification. Yield: 73%; 1H
NMR (300 MHz, CDCl3) δ 7.97 (s, 4H), 7.96 (s, 4H), 2.78 (s, 6H)
ppm; HRMS (FAB/BE) m/z [M]+ Calcd for C18H14 230.1096, found
230.1099.

Synthesis of 1-Nitro-2,7-dimethylpyrene (8a). An aqueous
solution of nitric acid (65 wt %, 0.067 mL, 0.96 mmol) was added in
one portion to a solution of 7 (0.11 g, 0.48 mmol) in glacial acetic acid
(5 mL) maintained in an ice-bath in order to keep the temperature
below 10 °C. Subsequently, the mixture was stirred at room
temperature for 8 h, before being poured onto an aqueous solution
of potassium carbonate (1.4 M, 100 mL). The thus obtained
precipitate was extracted with chloroform, and the combined organic
phases were washed with water and brine, before being dried over
magnesium sulfate. After filtration, all volatiles were removed in vacuo,
and the residue was purified by column chromatography on silica gel
(eluent: chloroform) to afford crude 1-nitro-2,7-dimethylpyrene (8a)
as a yellow solid (0.13 g, 0.47 mmol), which was used in the next
reaction step without further purification. Yield: 98%; 1H NMR (300
MHz, CDCl3) δ 8.07 (d, 3J = 9.3 Hz, 1H), 8.01 (d, 3J = 9.3 Hz, 1H),
8.01 (m, 2H), 7.92 (s, 1H), 7.90 (d, 3J = 9.3 Hz, 1H), 7.89 (d, 3J = 9.3
Hz, 1H), 2.78 (s, 3H), 2.73 (s, 3H) ppm.

Synthesis of 1-Amino-2,7-dimethylpyrene (9a). A mixture of
8a (0.13 g, 0.47 mmol), iron powder (0.093 g, 1.7 mmol), and
ammonium chloride (0.063 g, 1.2 mmol) in aqueous ethanol (EtOH:
18 mL, H2O: 5 mL) was kept at reflux for 12 h. The reaction mixture
was filtered and the filtrate was extracted with ethyl acetate. The
combined organic phases were consecutively washed with a saturated
aqueous solution of potassium carbonate, water, and brine, before
being dried over magnesium sulfate. After filtration, all volatiles were
removed in vacuo to afford crude 1-amino-2,7-dimethylpyrene (9a;
0.12 g) as a brown solid, which was used in the next reaction step
without further purification. Yield: 99%; 1H NMR (300 MHz, CDCl3)
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δ 7.87 (s, 2H), 7.84−7.80 (m, 4H), 7.71 (d, 3J = 8.9 Hz, 1H), 4.40
(brs, 2H), 2.72 (s, 3H), 2.54 (s, 3H) ppm.
Synthesis of 1-(N,N-Dimethylamino)-2,7-dimethylpyrene (1-

Py). A mixture of crude 9a (0.12 g, 0.47 mmol) and potassium
carbonate (0.20 g, 1.4 mmol) in DMF (10 mL), was treated dropwise
with methyl iodide (0.12 mL, 1.9 mmol), before the reaction mixture
was stirred at 60 °C for 12 h. Further methyl iodide (0.12 mL, 1.9
mmol) was added, and stirring was continued at 60 °C for 4 h, before
the reaction mixture was cooled to room temperature. The reaction
mixture was extracted with ethyl acetate/hexane (1/4; v/v) and the
combined organic fractions were washed with water and brine.
Subsequently, the organic layer was dried over magnesium sulfate and
the solvent was removed in vacuo after filtration. The thus obtained
residue was purified by column chromatography on silica gel (eluent:
hexane/ethyl acetate, 10/1, v/v). The crude product was further
purified by recrystallization from methanol to afford 1-(N,N-
dimethylamino)-2,7-dimethylpyrene (1-Py; 0.12 g) as a colorless
solid. Yield: 94%; mp 144.8−145.9 °C; 1H NMR (500 MHz, CDCl3)
δ 8.39 (d, 3J = 9.2 Hz, 1H), 7.96 (d, 3J = 9.2 Hz, 1H), 7.92 (s, 2H),
7.90 (d, 3J = 8.9 Hz, 1H), 7.90 (s, 1H), 7.87 (d, 3J = 8.9 Hz, 1H), 3.13
(s, 6H), 2.76 (s, 3H), 2.71 (s, 3H) ppm; 13C NMR (75 MHz, CDCl3)
δ 145.9, 135.1, 134.7, 131.0, 130.9, 129.0, 128.4, 127.8, 126.8, 126.4,
126.2, 125.2, 125.1, 124.5, 124.3, 123.3, 43.8, 22.0, 19.9 ppm; FT-IR
(KBr) 1588 (Ar ring stretch), 1489 (Ar ring stretch), 878, 858, 738
(Ar−H) cm−1; HRMS (EI/BE) m/z [M]+ Calcd for C20H19N
273.1517, found 273.1521.
Synthesis of 1,6-Dinitro-2,7-dimethylpyrene (8b). An aqueous

solution of nitric acid (65 wt %, 0.60 mL, 8.7 mmol) was added in one
portion to a solution of 7 (0.5 g, 2.2 mmol) in glacial acetic acid (5
mL), which was maintained in an ice-bath in order to keep the
temperature below 10 °C. The mixture was then stirred at 90 °C for 2
h, before being poured onto an aqueous solution of potassium
carbonate (100 mL, 1.4 M). The thus obtained precipitate was
extracted with chloroform and washed with water and brine. The
combined organic layers were dried over magnesium sulfate, filtered,
and all volatiles were removed in vacuo. The residue was purified by
column chromatography on silica gel (eluent: toluene/chloroform, 4/
1, v/v), which afforded three fractions. Removal of all volatiles from
the first fraction furnished crude 1,6-dinitro-2,7-dimethylpyrene (8b)
as a yellow solid (0.51 g, 1.6 mmol). The thus obtained crude product
contained many impurities, but was nevertheless used in the next
reaction step without further purification. Yield: 74%; 1H NMR (300
MHz, CDCl3) δ 8.10 (s, 2H), 8.08 (d, 3J = 8.4 Hz, 2H), 8.03 (d, 3J =
8.4 Hz, 2H), 2.78 (s, 6H) ppm.
Synthesis of 1,6-Diamino-2,7-dimethylpyrene (9b). A mixture

of 8b (0.51 g, 1.6 mmol), iron powder (0.63 g, 11 mmol), and
ammonium chloride (0.43 g, 8.0 mmol) in aqueous ethanol (EtOH:
30 mL, H2O: 8 mL) was kept at reflux for 12 h. The reaction mixture
was filtered and the filtrate was extracted with ethyl acetate. The
combined organic fractions were consecutively washed with a
saturated aqueous solution of potassium carbonate, water, and brine.
Then, the organic phase was dried over magnesium sulfate, before all
volatiles were removed in vacuo to afford crude 1,6-diamino-2,7-
dimethylpyrene (9b; 0.38 g) as a brown solid. Even though the thus
obtained product contained many impurities, it was used for the next
reaction step without further purification. Yield: 91%; 1H NMR (300
MHz, CDCl3) δ 7.80 (d, 3J = 8.4 Hz, 2H), 7.78 (s, 2H), 7.68 (d, 3J =
8.4 Hz, 2H), 4.35 (brs, 4H), 2.55 (s, 6H) ppm.
Synthesis of 1,6-Bis(N,N-dimethylamino)-2,7-dimethylpyr-

ene (1,6-Py). A mixture of crude 9b (0.38 g, 1.46 mmol) and
potassium carbonate (1.0 g, 7.3 mmol) in DMF (25 mL) was treated
dropwise with methyl iodide (0.63 mL, 10 mmol) and stirred at 60 °C
for 12 h. More methyl iodide (0.63 mL, 10 mmol) was added and
stirring was continued at 60 °C for 24 h, before the reaction mixture
was cooled to room temperature. The reaction mixture was extracted
with ethyl acetate/hexane (1/4; v/v) and washed with water and brine.
Then, the combined organic layers were dried over magnesium sulfate,
filtered, and all volatiles were removed in vacuo. The residue was
purified by column chromatography on silica gel (eluent: hexane/ethyl
acetate, 10/1, v/v). The crude product was further purified by high-

performance liquid chromatography (eluent: chloroform) and
recrystallization from dichloromethane/methanol (1/1; v/v) to afford
1,6-bis(N,N-dimethylamino)-2,7-dimethylpyrene (1,6-Py; 26 mg) as a
pale yellow solid. Yield: 6%; mp 235.1−236.5 °C; 1H NMR (300
MHz, CDCl3) δ 8.31 (d, 3J = 9.2 Hz, 2H), 7.90 (d, 3J = 9.2 Hz, 2H),
7.90 (s, 2H), 3.12 (s, 12H), 2.71 (s, 6H) ppm; 13C NMR (75 MHz,
CDCl3) δ 145.5, 134.8, 129.2, 128.4, 127.3, 126.1, 124.9, 123.4, 43.8,
19.9 ppm; FT-IR (KBr) 1589 (Ar ring stretch), 1482 (Ar ring stretch),
944, 870, 750 (Ar−H) cm−1; HRMS (FAB/BE) m/z [M]+ Calcd for
C22H24N2 316.1939, found 316.1941.
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