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Strong p-p stacking interactions led to the mis-assignment of dimer
emissions to the monomers of 1-acetylpyrene
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A B S T R A C T

Understanding relationships between molecular structures and fluorescent properties is critical to
enable rational deployment of fluorophores. 1-Acetylpyrene is an important pyrene-derivative, used
extensively as an environment-sensitive probe. In the past, the fluorescence of 1-acetylpyrene was
considered to be polarity-sensitive with a large positive solvatochromism, and its monomer emissions
were believed in the range of 410-470 nm. In this paper, our experimental and theoretical studies showed
that the monomer fluorescence of 1-acetylpyrene is centered at �390 nm, which is similar to that of
pyrene dyes and not polarity-sensitive. Previously observed “monomer emission” has been re-assigned
to that of dimers, which represent the dominant existence form of 1-acetylpyrene in the solution phase,
as a result of strong intermolecular p-p stacking interactions.
© 2018 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Organic fluorescent dyes have been widely used in various
biological studies as fluorescent probes and labels, profiting from
their small sizes, excellent photophysical and photochemical
properties, and emissions spanning the entire color spectrum
[1]. The fluorescence properties of fluorescent dyes are closely
related to their molecular structures [2]. Therefore, a deep and
systematic understanding of the luminescent structure-property
relationship of dyes will enable more efficient and effective
development of fluorescent dyes and fluorescent probes with
improved properties. For example, different positions of sub-
stituents on fluorophores may significantly affect emission wave-
lengths and Stokes shifts [3]. Fluorescent properties are also
strongly affected by environmental factors. Typically, with the
increase of polarity, the fluorescence intensities of donor-acceptor
type dyes decreases substantially with a bathochromic shift in
both the UV-vis absorption and fluorescence spectra. Based on
such environmental sensitivity, various fluorescent probes have
been designed [4–8]. Besides, molecular aggregation plays a
critical role in alternating the spectral characters of fluorophores.
Currently, increasing research interests have been directed to
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investigate the impact of dye aggregation. For example, Tang et al.
proposed the concept of aggregation-induced emission (AIE) [9].
Subsequently, numerous AIE molecules (or AIEgens) have been
reported and received much attention [10]. Our groups also
investigated the coumarin monomer-aggregate equilibrium and
developed a temperature-insensitive fluorescent system [11].

Pyrene is an important class of fluorophores, broadly used in
fluorescent labeling and sensing applications [12]. One of the most
attractive features of pyrene dyes concerns their monomer-
excimer switching, which can be used to study molecular
interactions. 1-Acetylpyrene is a representative pyrene-derivative,
used as a photoremovable protecting group [13], and an enzyme
inhibitor [14]. Its fluorescence was believed to be strongly polarity-
sensitive (Fig. 1), which had been studied using absolute
fluorescence quantum yield measurements and time-dependent
density functional theory (TD-DFT) calculations [15]. These results
showed that the fluorescence of 1-acetylpyrene was very weak in
nonpolar solvents, but becomes quite intense in polar solvents. The
fluorescence maximum displayed a significant red shift with
increasing solvent polarity. This dye was subsequently applied to
probe changes in environmental polarities [16]. Recently, it has
been shown that 1-acetylpyrene is prone to molecular aggregation
through solid-state structural studies [17]. The aggregation effect
on fluorescence properties has also been investigated via varying
dye concentrations [18]. For example, a Na+-selective podand-type
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Fig. 1. (a) Chemical structures of compounds used in this study. (b) Fluorescence
spectra of 1-acetylprene in different solvents (1 mmol/L). Excitation = 360 nm. (c)
Fluorescence spectra of 1 before (dotted line) and after (solid line) absorbed on
carbon nanotubes in water.

Fig. 2. UV-vis and fluorescence spectra of compounds 2 (a-b) and 3 (c-d).
Excitation = 360 nm. (e) Absorption spectral analysis of 2 treated with 1 mmol/L PPi.
(f) Fluorescence spectra of 2 treated with different concentrations of PPi.
Excitation = 345 nm.
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receptor was developed by modulating the distance between two
1-acetylpyrene fluorophores, while the resulted emissions at
524 nm and 423 nm in chloroform have been ascribed to excimers
and monomers, respectively [19]. In fact, the fluorescence between
410-470 nm, shown in Fig. 1b, has always been thought of
monomer emissions of 1-acetylpyrene in different solvents.

However, several interesting findings caught our attention and
led us to wonder if the monomer fluorescence of 1-acetylpyrene
was indeed in the range of 410-470 nm and was highly polarity
sensitive. Firstly, Paloniemi et al. discovered that 1 exhibited two
fluorescence peaks in water (Figs. 1a and c), among which the
short-wavelength peak was very similar to that of pyrenes [20].
Furthermore, when 1 was adsorbed onto the inside wall of carbon
nanotubes, the long-wavelength peak disappeared. The remaining
emissions, which centered at �380 nm in aqueous solutions, seem
to belong to the monomers of 1-acetylpyrene. Secondly, Ito et al.
studied the fluorescence properties of nanoaggregates of ammo-
nium-derived 1-acetylpyrene in tetrahydrofuran (THF)/aqueous
solution [21]. Under continuous irradiations of 350 nm light, a new
peak at 390 nm appeared at the expense of the other peak at
469 nm. This spectral change has been ascribed to the photochem-
ical reactions between 1-acetylpyrene and THF, but without
concrete experimental verifications. All these observations lead us
to explore what emission peaks the monomers of 1-acetylpyrene
possess, and whether monomer emission peaks are highly polarity
sensitive.

In this paper, based on both experimental and theoretical
studies, we discovered that the monomer fluorescence of
1-acetylpyrene is centered at 390 nm, which is very similar to
that of pyrene. We showed that the monomer emissions are not
much polarity-sensitive. We also found that fluorescence in the
range of 410-470 nm is ascribed to dimers (and other molecular
aggregates). Previous mis-assignment of dimer emissions to
monomer emissions, is largely due to strong p-p stacking
interactions between 1-acetylpyrene dyes, rending dimers and
molecular aggregates as predominant forms in the solution phase.

In consideration of strong p-p stacking interactions between
1-acetylpyrene dyes, we decided to use host-guest chemistry to
separate the dimers or aggregates, in order to reveal the true
spectral properties of monomers. We thus synthesized compounds
2-4 (Fig.1). Compound 2 contains an imidazolium group which can
bind anions through electrostatic interactions. In particular, the
imidazolium group in 2 is kept apart from the carbonyl group,
minimizing possible intramolecular interactions. The neutral
compound 4 contains a benzylsulfonamide ligand for binding
with human carbonic anhydrase. Compound 3 was synthesized as
a control.

We next investigated the UV-vis absorption and fluorescence
properties of 2-3 in different solvents (Fig. 2). The peak UV-vis
absorption wavelengths of 3 were much shorter than those of 2
(Figs. 2a and c). In various solvents, typical monomer and excimer
dual emissions of pyrenes were observed in the solutions of 3
(Fig. 2d). In contrast, compound 2 demonstrated only one emission
peak, which gradually shifts towards longer wavelengths as
solvent polarity increases. These results were consistent with
those reported in the literatures [15,16]. When the concentration
of 2 in aqueous solutions was diluted to 0.5 mmol/L, no obvious
change was observed in the peak emission wavelength (Fig. S1
in Supporting information). At such a low concentration
(5 �10-7 mol/L), the aggregates or excimers were usually believed
impossible to exist, and the observed emissions seem to be
ascribed to monomers.

However, as we gradually added pyrophosphate (PPi) to the
aqueous solution of 2, a new emission peak of <400 nm gradually
appeared (Fig. 1f). It is of note that the strong binding between PPi
and imidazolium could dissolve the aggregate of 2, if any. The
appearance of this new peak apparently suggests the existence of
dimers/aggregates in the solution of 2. We tentatively assigned this
new emission peak around 390 nm to the monomers of 2.

Given that the positive charge in imidazolium may affect the
fluorescence properties of 2, we also synthesized a neutral
compound 4, containing a side chain of benzylsulfonamide, which
could specifically bind to carbonic anhydrase (Fig. 3). We expected
that the binding of carbonic anhydrase with benzylsulfonamide
(Fig. 3c) could dissolve the aggregate of 4. As shown in Fig. 3b, the
addition of human carbonic anhydrase 1 (HCA1) induced a large
increase of fluorescence intensities around 390 nm, indicating the



Fig. 3. (a) The mechanism of compound 4 binding with HCA 1 in PBS. After treated
with the HCA 1 protein, 4 displayed monomer fluorescence due to the binding with
the protein and the partial disassembly of molecular aggregates. (b) Fluorescence
spectral analyses of 4 (1 mmol/L) in the absence (blue line) or presence (red line) of
HCA 1 (1.3 mmol/L). Excitation = 345 nm. (c) Computer simulations of the protein
binding with 4.

Fig. 5. Comparison of the relative Gibbs free energy of pyrene, 1-acetylpyrene and
their representative dimers in ethanol. We have considered four different
conformations in the dimers of 1-acetylpyrene. Dimer A is the most stable one.

Fig. 6. Presence of a dark S1 state in 1-acetylpyren, in contrast to a bright S1 state in
1-carboxylatepyrene in vacuo. “f” denotes oscillator strength.

Fig. 7. HOMO-3, HOMO and LUMO of 1-acetylpyren (based on the optimized
molecular structure of 1-acetylpyren in vacuo).
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generation of a new chemical spice, i.e., monomers. In addition, the
fluorescence peak shifted from 460 nm to 440 nm.

It is of note that the dissociation constant between benzylsul-
fonamide and HCA1 was reported to be around 1 mmol/L [22]. The
dissociation constant of imidazolium for PPi was estimated to be in
the range of 1-100 mmol/L [12]. We speculated that the p-p
stacking binding force between 1-acetylapyrene molecules is
greater than 1 mmol/L. We're trying to use a stronger host and
guest chemistry to separate the aggregates, such as the Avidin-
biotin complex which is known to have the strongest non-covalent
interaction (Kd = 10�15mol/L), in order to further enhance the
monomer emission signals.

Next, we deployed computational chemistry to explore the p-p
stacking interactions and optical properties of 1-acetylpyrene. Our
computational results showed that 1-acetylpyrene has a stronger
tendency to molecular aggregation, in comparison to pyrene. The
relative Gibbs free energy of the dimer of 1-acetylpyrene is 0.18 eV
more stable than that of its monomer, due to strong intermolecular
p-p interactions. In contrast, the dimer of pyrene is 0.04 eV high
than a pyrene monomer in the ground state (Fig. 4). During our
calculations, we have considered four different conformations in
the dimers of 1-acetylpyrene. Dimer A is the most stable one in the
ground state (Fig. 5).

In addition, we noted that there exists a dark S1 state in
1-acetylpyrene (f = 0) in vacuo and weakly polar solvents, in
contrast to a bright S1 state in 1-carboxylatepyrene (f = 0.398,
Fig. 6). The dark S1 state in 1-acetylpyrene is mainly resulted from
the optical transitions between HOMO-3 and LUMO (Fig. 7,
Fig. 4. Comparison of the relative Gibbs free energy of pyrene, 1-acetylpyrene and
their representative dimers in ethanol.
Table S1 in Supporting information). As a result, the quantum
yields of 1-acetylpyren are very low in most solvents.

However, the bright state which mainly consists of
HOMO-LUMO transition of 1-acetylpyrene becomes increasingly
stable in polar protonic solvents. This transition relates to the S2
state in vacuo (f = 0.405) but becomes the S1 state in water
(f = 0.398, Fig. 8). As the S1 state of 1-acetylpyrene become bright in
water, we expected that the quantum yield of 1-acetylpyrene is
high in water. These results are consistent with previously reported
experimental data [15].

Finally, our calculations show that the peak absorption (labs)
and emission (lem) wavelengths of 1-acetylpyrene and
1-carboxylatepyrene are not much sensitive to solvent polarities
(Table S2 in Supporting information). As the solvent varies from
dichloromethane to water, the variations in labs and lem are within
2 nm and 20 nm, respectively. It is worth noting that there exist no
significant differences between protonic (i.e., ethanol) and non-
protonic (i.e., acetonitrile) solvents. These results again support our
claim that previously observed large solvatochromism of
1-acetylpyrene was due to the formation of dimers and molecular
aggregates.

In conclusion, based on the experimental and theoretical
studies, we showed the “true” monomer fluorescence of
1-acetylpyrene is centered at �390 nm, which is very similar to
that of pyrene and not polarity-sensitive. Fluorescence in the range
of 410-470 nm is re-assigned to dimers and other forms of



Fig. 8. Energy levels of the S1 and S2 states of 1-acetylpyrene in vacuo (left) and
water (right).
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molecular aggregate. Interestingly, 1-acetylpyrene demonstrates
strong intermolecular p-p interactions, rendering dimers and
molecular aggregates as predominant forms in the solution phase.
The lack of monomers led to the previous mis-assignment of dimer
emissions to monomer emissions. Our results led to a deep
understanding in the fluorescence properties of 1-acetylpyrene,
and establish a foundation for the rationally deployment of this
compound and derivatives in developing environmental sensitive
probes. The dimer of 1-acetylpyrene with strong affinity may be
used as a building block in supramolecular chemistry.
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Supplementary material related to this article can be
found, in the online version, at doi:https://doi.org/10.1016/j.
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