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ABSTRACT: A new class of π-conjugated organic fluorophores
containing a 6H-phenanthro[4,5-cde]pyreno[4′,5′:4,5]imidazo[1,2-a]-
azepin-6-one core was synthesized by a facile one-pot condensation
method. The molecular structures and solid-state packing properties of
these compounds were investigated by X-ray single crystallographic
analysis. UV−vis absorption and fluorescence spectroscopic studies
disclosed interesting mechanofluorochromic properties in the solid
state and highly sensitive acidochromic behavior in the solution phase.

Pyrene derivatives are popular molecular building blocks in
the development of advanced organic optoelectronic

materials, owing to the rich electronic and photophysical
properties of pyrene.1 Studies in this area have been
continuously motivated by the development of new function-
alized pyrenes, which serve as useful precursors for the
preparation of advanced π-conjugated materials.2 In recent
years, pyrene-4,5-dione3 has found growing application,
especially after the disclosure of an efficient large-scale synthesis
of pyrene-4,5-diones by Bodwell and co-workers.3c Syntheti-
cally, pyrene-4,5-dione can undergo various reactions to yield
more extended π-systems.4 Among them, condensation
reactions constitute a very appealing approach due to their
high efficiency and simplicity in operation.
In our recent study of pyrenoimidazole derivatives,4e an

interesting type of self-condensation reaction was discovered. As
shown in Scheme 1, a mixture of pyrene-4,5-dione (1a),

ammonium acetate, and glacial acetic acid was heated at 100 °C
for 10 h, resulting in the formation of 6H-phenanthro[4,5-
cde]pyreno[4′,5′:4,5]imidazo[1,2-a]azepin-6-one (2a) in 25%
yield. Although 2a shows relatively low solubility in common
organic solvents, its molecular structure could still be reasonably
elucidated based on 1H NMR and MS analyses (see the
Supporting Information). To address the solubility problem, t-

butyl substituted pyrene-4,5-diones 1b and 1c were prepared,3c

and they were subjected to the same self-condensation
conditions to afford analogous products with both improved
solubility and yields (Scheme 1). The molecular structures of
condensation products 2b and 2c were unambiguously
confirmed by X-ray single crystallography in addition to NMR
and MS analysis. The X-ray structure of 2b (Figure 1A) shows

that the steric interactions between 6-one and pyrenyl 8-Hmake
the molecule adopt a nonplanar helical shape. Two types of
enantiomers with opposite helicity are observed in the crystal
structure. As shown in Figure 1A, enantiomeric pairs of 2b are
packed in a slip-stacked fashion. Density functional theory
(DFT) calculations revealed that the racemization energy
barriers of 2 are quite low (e.g., 6.46 kcal/mol for 2a, see Figure
S-16, Supporting Information), suggesting that individual
molecules of 2, in the gas phase or well dissolved in a solvent,
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Scheme 1. Synthesis of PyreneDerivatives 2a−c through Self-
Condensation of Pyrene-4,5-diones

Figure 1. ORTEP drawings (50% probability) of (A) 2b and (B) 2c as
well as the packing motifs of their enantiomeric pairs in the crystalline
state.
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would undergo rapid configurational exchanges under standard
conditions.
The molecular structure of 2c (Figure 1B) shows similarity to

that of 2b, but the π-stacking of each enantiomeric pair in the
crystalline state appears to be more cofacial than 2b as a result of
less t-butyl groups present in 2c. Note that 2-t-butylpyrene-4,5-
dione (1c) is an unsymmetrical diketone, which in theory may
yield four different regioisomeric products through self-
condensation (see Figure S-17, Supporting Information). For
example, Emery et al. reported that the self-condensation of an
unsymmetric diketone under conditions similar to ours afforded
two regioisomers in nearly equal yields.5 In our reaction,
however, only one major product 2c was obtained from the self-
condensation of 1c. As DFT calculations indicated that the
structure of 2c is the least thermodynamically stable one among
other possible self-condensation products (Figure S-17,
Supporting Information), the regioselectivity of this reaction is
likely kinetically controlled rather than thermodynamically
controlled.
To gain a deeper insight into the reaction mechanism of the

above self-condensation reactions, two control reactions were
carried out. First, phenanthrene-9,10-dione (3) was subjected to
heating in the presence of ammonium acetate and glacial acetic
acid. This reaction only yielded phenanthroimidazole 4 as the
major product (Scheme 2). Product 4 was formed as a

precipitate with very poor solubility in common organic solvents
due to the presence of a free carboxylic group. This outcome
contrasts the cases of pyrene-4,5-diones but is consistent with
the observation reported by Lantos in 1975.6 In another control
reaction, a mixture of diones 1b and 3 was subjected to the same
condensation conditions. In this reaction, two soluble products
were isolated in nearly equal yields. The first product is 2b,
resulting from the self-condensation of 1b. The second product
turns out be a cross-condensation product 5 (Scheme 2). The
molecular structure of 5 was validated by X-ray structural
analysis (Figure 2A) in addition to NMR andMS. Similar to 2b/
c, enantiomeric pairs exist in the crystal structure of 5, and they
form ordered columnar supramolecular assemblies through π-
stacking (Figure 2B). In theory, cross-condensation of two
different diketones should yield two products. The fact that only
5 was formed suggests a high degree of regioselectivity, which
deserves more light to be shed upon.
The two control reactions underscore the indispensable role

of pyrene-4,5-dione in the formation of the seven-membered
azepinone ring during the condensation process. Rationalization

for the different reactivities of pyrene-4,5-dione versus
phenanthrene-9,10-dione can be made based on the reaction
mechanisms outlined in Scheme 3. Herein, two reaction

pathways are illustrated for the self-condensation reactions of
3 and 1a, respectively. Phenanthrene-9,10-dione yields a diimine
intermediate IM-1 when treated with ammonium acetate and
glacial acetic acid. IM-1 then reacts with 3 through condensation
to form a spiral intermediate IM-2, which undergoes a ring
opening process through water nucleophilic attack to give
product 4.5−7 The rotational freedom at the biphenyl unit in 4
allows the carboxylic group to shun away from the imidazolyl
group in order to minimize steric crowding. DFT optimized
geometry of 4 shows that the distances between carboxylic
carbon and two imidazolyl nitrogen atoms are 3.53 and 5.45 Å,
respectively (Figure S-18, Supporting Information). Such a
structure disfavors intramolecular condensation between the
carboxylic and imidazolyl groups. Pyrene-4,5-dione 1a can also
form a diimine intermediate IM-3, followed by a spiral
intermediate IM-4. Ring opening of IM-4 leads to IM-5 in
which the carboxylic group and the imidazolyl unit are closely
positioned as a result of their direct linkage to the rigid
phenanthrene unit. The distances between carboxylic carbon
and two imidazolyl nitrogen atoms in the optimized geometry of
IM-5 (Figure S-19, Supporting Information) are 3.03 and 3.08
Å, which are much shorter than those in 4. The preorganization
of IM-5 thus enables the intramolecular condensation between
the carboxylic and imidazolyl groups, which eventually yields 2a
as a stable product.

Scheme 2. Control Condensation Reactions of
Phenanthrene-9,10-dione (3) and Pyrene-4,5-dione (1b)

Figure 2. (A) ORTEP drawing (50% probability) and (B) crystal
packing diagram of compound 5. Hydrogen atoms are omitted for
clarity.

Scheme 3. Proposed Mechanisms for the Self-Condensation
Reactions of Phenanthrene-9,10-dione (3) and Pyrene-4,5-
dione (1a), Respectively
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Given the relatively good solubility of 2b in organic solvents, it
was further investigated by UV−vis absorption and fluorescence
spectroscopic analysis to probe the electronic properties of these
new pyrene-based π-systems. Figure 3A compares the UV−vis

spectra of 2b measured in different organic solvents. The
absorption profiles of 2b show similar features in most of the
solvents examined, except in methanol and chloroform. In
methanol, the lowest-energy π → π* absorption band of 2b is
considerably blueshifted to 383 nm, while in chloroform it
shows the most pronounced redshift (λmax = 400 nm). The
solvatochromic effects observed here do not follow a clear trend
in correlation with solvent polarity. More likely, solubility and/
or aggregation effects play some critical roles in the electronic
absorption properties of 2b.
The emission properties of 2b in the solution phase were

studied by fluorescence spectroscopy. Carbon tetrachloride was
used as the solvent, considering the good solubility it affords.
Figure 3B shows the fluorescence spectra of 2b measured at
different concentrations. At relatively high concentration (10−4

M), the spectrum features only one broad band peaking at 520
nm.When the concentration is reduced by 1 order of magnitude
(10−5M), this emission band is slightly blueshifted to 505 nm. In
the meantime, a new shoulder band emerges in the high-energy
region (ca. 380−440 nm), and the relative intensity of this new
band continues to increase under further diluted conditions
(10−6 M). The concentration-dependent fluorescence behavior
can be attributed to the formation of excimers in solution.8 At
high concentration, excimers dominate the emission process to
give the long-wavelength band at 520 nm. At low concentration,
however, the emission of individual molecules of 2b (i.e.,
monomers) becomes more significant in the range of 380−400
nm. As such, the fluorescence profile reflects the contributions of
both excimers and monomers.
When 2b was dissolved in different organic solvents at

concentration of 10−5 M, the solutions were found to emit
different luminescent colors upon long-wavelength UV light
irradiation (see Figure 4A). For solvents with good solubility,
such as carbon tetrachloride, p-xylene, benzene, THF, and ethyl
acetate, the solutions of 2b give greenish luminescence. For
solvents with moderate solubility (chloroform, acetone,
acetonitrile, and DMSO), the luminescent color is yellowish.
For solvents with poor solubility such as methanol and ethanol,
the luminescence is very weak. However, in hexane, the
luminescent color is blue. The luminescent colors show a
good correlation with the maximum emission wavelengths (λem)
observed in their fluorescence spectra (Figure 4D). It was
further noticed that compound 2b in the solid state exhibits
mechanofluorochromic behavior. Crystals of 2b yield blue-
colored luminescence. Subjecting the crystals to mechanical

grinding resulted in amorphous powder, which gave green-
colored luminescence (Figure 4B,C). Solid-state fluorescence
spectroscopic analysis showed that crystals of 2b emit a broad
peak around 508 nm, while the powder of 2b (amorphous state)
yields two emission bands at 441 and 508 nm, respectively
(Figure 4E). The mechanofluorochromic properties of 2b can
be attributed to the emission of excimers and monomers. In
crystalline state, 2bmolecules are closely stacked to facilitate the
formation of excimers when they are electronically excited. As
such, the emission profile of 2b only features the long-
wavelength excimer band, which yields blue-colored lumines-
cent light. In amorphous solid state, 2b molecules are randomly
and disorderly packed, so they emit both long-wavelength
(excimer) and short-wavelength (monomer) light. The
combined emission bands thus constitute the observed green-
colored luminescence.
The solutions of 2b were also found to show acidochromic

fluorescence behavior. As shown in Figure 5, the fluorescence
intensity of 2b grows steadily with increasing addition of a strong
organic acid, trifluoroacetic acid (TFA). The fluorescence
enhancement reached saturation after ca. 3100 mol equiv of
TFA was added, while the λem was observed to redshift in a

Figure 3. (A) Normalized UV−vis absorption spectra of 2b measured
in different organic solvents. (B) Normalized fluorescence spectra of 2b
(in CCl4) measured at different concentrations (λex = 313 nm).

Figure 4. (A) Photographic images of 2b (1.49 × 10−5 M) dissolved or
suspended in different organic solvents (λem values are indicated). (B)
Photographic images of 2b in crystalline form. (C) Photographic
images of 2b in powdery form. All samples were placed under the
irradiation with a UV lamp (365 nm). (D) Fluorescence spectra of 2b
(1.49 × 10−5 M) measured in various solvents (λex = 313 nm). (E)
Normalized fluorescence spectra of 2b measured in crystalline and
powdery forms (λex = 350 nm).

Figure 5. Fluorescence spectra of 2b (1.49 × 10−4 M in CCl4) in
response to the addition of TFA from 0 to 3.10× 103 molar equivalents.
(B) Plot of maximum emission intensity against equivalents of TFA.
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moderate degree, from 513 to 530 nm, during the TFA titration.
The relative fluorescence quantum yield (ϕF) of 2b was
determined to be 0.101 in CCl4, and it was increased to 0.340
after addition of excess TFA (3100 equiv).
To understand the detailed interactingmodes between 2b and

TFA in the solution phase, 1H NMR titration experiments were
performed, and the results are given in Figure 6. The aromatic

proton signals exhibit varied degrees of shift with TFA addition,
while the most significant changes can be noted in the downfield
region of the spectrum. Herein, the two doublets at 9.63 and
9.17 ppm are assigned to the aromatic protons at 17 and 15
positions (referred to as H17 and H15) according to DFT
calculations (Figure S-21, Supporting Information). Upon
addition of TFA, the imidazolyl nitrogen atom (N16) is
protonated since it is the most basic site in the molecule. The
proposed protonation mode is also corroborated by the single-
crystal structure of the complex of [2b·(TFA)2] (shown in
Figure S-23A, Supporting Information). Eventually, the
protonation of 2b with TFA leads to a substantial degree of
upfield shift of H17 (from 9.63 to 8.95 ppm), while the signal of
H15 is only moderately shifted from 9.17 to 9.06 ppm. In the
crystal structure of protonated 2b, the newly formed
imidazolium N−H group shows a much closer distance to H17
than to H15. This accounts for that observation that the H17
signal is the most shifted after protonation. The X-ray packing
diagram (Figure S-23B, Supporting Information) indicates that
complexation of 2b with TFA leads to highly ordered
supramolecular assemblies. It is therefore reasonable to propose
that addition of TFA to the solution of 2b could also enhance
intermolecular interactions, which facilitate excimer formation
and increase fluorescence emission.
In summary, we have discovered a straightforward synthetic

method to construct polycyclic aromatic structures based on
6H-phenanthro[4,5-cde]pyreno[4′,5′:4,5]imidazo[1,2-a]-
azepin-6-one. Interesting solvatofluorochromic, mechanofluor-

ochromic, and acidochromic fluorescence properties were
observed for this new class of pyrene-based organic
fluorophores, and the origins of these fluorescence behaviors
can be attributed to excimer/monomer equilibria. Our findings
open a new avenue for the development of pyrene-based
luminescent materials with potential applications in advanced
molecular optoelectronics.
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