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The role of water and influence of hydrogen
bonding on the self-assembly aggregation induced
emission of an anthracene-guanidine-derivative†
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Alberto Juan,ef Daniel Hermida-Merino,g Andrés Garzón-Ruı́z, a José Albaladejo,h

Mark Van der Auweraer, b Boiko Cohen *i and Iván Bravo *ac

We report a luminescent anthracene-guanidine derivative that forms

rare T-shape dimers, resulting in an excimer with a quantum yield

approaching one. Water plays a fundamental role through H-bonding

guiding the self-assembly. These results establish a new framework for

environmentally friendly aggregation-induced emission luminogens.

Over the years the need for novel luminescent materials has drama-
tically increased to fulfill the demand of a wide variety of fields such
as nanotechnology, electronic molecular materials or sensors.1

Although phosphors can be employed as emitters (normally based
on rare-earth elements) their toxicity or scarce availability, as well as
the low emission quantum efficiency, especially in the presence of
water, brought forward the need for alternative luminescent
materials.2 p-Conjugated molecules or polymers have been sug-
gested as potential candidates to produce luminescent materials
based on their high synthetic flexibility, easy purification and

low cost.1 One of the main disadvantages of these systems is the
aggregation caused emission quenching (ACEQ) in the solid state
due to formation of non-emissive aggregates (e.g. p–p stacking
leading to H-aggregates).3 One solution to mitigate the ACEQ is
the design of novel molecules that feature aggregation induced
emission (AIE).4,5 Although the mechanism behind the AIE is not
well-established, two fundamental parameters have been frequently
identified: (a) restriction of the intramolecular motions and (b)
reduction of the p–p stacking interactions and/or modification of
the symmetry of the aggregates from H-type to J-type.6 Thus, the
structure–properties relationship of the core and the side groups of
the new materials showing AIE (AIEgens) should be properly selected
to ensure the reduction of both the molecular motions and the p–p
stacking interactions, using these two factors as design guidelines.

Anthracene derivatives have been widely investigated as core
structure for AIEgens due to their excellent luminescent beha-
vior and high stability.7 However, the aggregation induces only
weak emission in comparison to the monomer in solution.8

Several studies have shown that H-type p–p stacking of the
anthracene can be reduced by tuning the size of the side groups
in such a way that the self-assembled orientation is controlled
through steric hindrance by the functional groups.9–11 The use
of hydrogen-bonding groups (like amines or amides) is poorly
explored, even though they could reinforce the molecular
rigidity and at the same time prevent the non-desired aggrega-
tions by proton transfer processes. Of all H-bonding groups, the
guanidine moiety gives one of the most stable complexes as its
chemical structure allows to stabilize the net charge.12,13

Taking into account the overlooked properties of the guanidine
moiety,13,14 a new anthracene-guanidine AIEgen: 2-(anthracen-1-yl)-
1,3-diisopropylguanidine (1GA) was synthetized following an atom-
economical hydroamination of carbodiimides (guanylation reaction,
see the ESI† for further details).12 This work demonstrates, for the
first time, that the inclusion of this functional group gives rise to
exceptional photophysical properties due to a guidance of the self-
assembly by H-bonding interactions with water molecules.

The absorption spectra of 1GA (Fig. 1a) in toluene is characterized
by two bands, one at 350 nm with vibronic structure typical for
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anthracene and its derivatives,15 and a second, non-structured band
at 400 nm. Similar spectral behavior has been reported for other
anthracene amino derivatives, such as 1- and 2-aminoanthracene,
where the 350 nm band is assigned to a p - p* transition of the
S0 - Sn (1La) and the 400 nm is attributed to a charge transfer (CT)
process.16 The emission spectrum of 1GA in toluene (Fig. 1b),
following excitation at 350 nm, has a maximum of intensity at
410 nm (full width at half maximum, FWHM = 4600 cm�1,
fluorescence quantum yield, f = 0.27), which partially preserves
the vibronic structure of the anthracene moiety. In spite of the loss
of vibronic structure, the Stokes shift remains relatively modest
(610 cm�1). This suggests a notable change in the equilibrium
geometry of 1GA due to a possible torsional movement of the
guanidine moiety, which is more significant in the excited state.
Similar behavior has been reported for other anthracene derivatives,
where the substitution by an ester group produces different distorted
structures in the excited state.17

In water, at pH 7.0, the 350 nm band partially preserves its
vibronic structure and undergoes a modest red shift. The band at
400 nm however shifts to 426 nm, corresponding to a red shift of
1530 cm�1. Additionally, a red-edge tail is observed in the aqueous
solution, which is most probably due to light scattering by aggregates
(vide infra). The emission spectrum of 1GA in water at pH 7.0
(Fig. 1b), following excitation at 350 nm, consists of a structureless
band with a maximum at 510 nm, corresponding to a Stokes shift of
3870 cm�1. The spectral behavior of 1GA is accompanied by a
significant increase in f from 0.27 in toluene to 0.72 in water. The
increased Stokes shift and loss of fine structure of the emission
spectrum in water could be due to the CT character of the excited
state. However, the large increase of the Stokes shift cannot be
explained only by the increase in polarity. This suggests a larger
conformational change upon excitation of 1GA when in aqueous
solution, which is related to the guanidine substitution, where the
ability of H-bonding interaction with water molecules results in a
more rigid structures and potentially formation of aggregates (giving
rise to the AIE phenomena). The protonation of the guanidine group
in aqueous solutions, as reported for other guanidine derivatives or

1-aminoanthracene,18 can play an important role in the formation of
a more rigid system. This is further supported by the increase in the
fluorescence lifetime 11 � 1 ns in toluene and 25 � 2 ns in water,
(pH 7.0) and by the B3 fold enhancement in the quantum yield
in water.

In order to unravel the exact photoluminescence mechanism of
1GA, the pH dependence of its steady-state and time-resolved
behavior was studied. While in the absorption spectra (Fig. 1c), only
small differences are observed over a broad range of pH values, the
emission (Fig. 1d) intensity is enhanced by a factor of 8 when the pH
increases from 2.2 to 8.0. Notably, this emission enhancement is not
accompanied by a shift of the emission maximum (B515 nm) or a
change in the width of the emission band (B3280 cm�1). Upon
further increase of the pH, the emission intensity decreases again by
more than a factor of two at pH 11.8. The emission transients
(Fig. 2a) recorded following excitation at 360 nm and collected at
495 nm are mono-exponential (mean fluorescence decay time, tm =
25 ns) and unaffected by the pH (pH 2.2 and pH 10.2). At pH 11.8, a
notable decrease in the value of tm is observed and it becomes 14 ns,
similar to 11 ns obtained in toluene. While at high pH the decrease
of tm matches the decrease of the fluorescence intensity, this is not
the case for pH between 2.2 and 8.0. In this range the change in the
pH affects the equilibrium between the emissive and non-emissive
species characterized by similar absorption spectrum (Fig. 2a). Thus,
although the pH is not modifying the existing 1GA ground state
species, it is an important parameter for its emission properties and
therefore for the AIE mechanism.

Next, we consider different scenarios for the AIE mechanism,
the first one being the presence of excited state intermolecular
proton transfer (ESPT), in similarity with other molecules having
the guanidine entity in their molecular structure, such as the
naphthalene derivative.14 To evaluate this scenario, the kinetic
isotopic effect (KIE) was explored by comparing the excited state
dynamics of 1GA in D2O to that in water (Fig. 2b).

Fig. 1 Absorption (a) and emission (b) spectra of 1GA in water and toluene
(10 mM). Absorption (c) and emission (d) spectra of 1GA in aqueous solution
at different pH values (10 mM). The inset shows the chemical structure of the
AIEgen 1GA. The excitation wavelength for the emission spectra is 350 nm.

Fig. 2 (a) Fluorescence intensity decays of 1GA in aqueous solutions at
different pH values; (b) excited-state dynamics of 1GA in water and
deuterated water; (c) average fluorescence lifetimes of 1GA in ACN in
presence of varying water content (wH2O); (d) concentration dependence
of the excited state dynamics of 1GA in aqueous solution at pH 7.0. lexc =
360 nm and lobs = 495 nm.
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In these conditions tm changes from 25 ns in water to 30� 3 ns
in D2O giving rise to a KIE of 1.2. This value, along with the lack of
the geminate recombination signature in the emission decay, as
evidenced by the mono-exponential transients, suggest lack of
ESPT in the 1GA system.19,20 Another explanation for the observed
pH dependence is the self-assembly of 1GA in dimers or larger
aggregates stabilized through H-bond interactions between the
water molecules and 1GA. This aggregation and H-bond formation
can result in a more rigid 1GA molecular conformation and reduce
the rate constant of the non-radiative decay. To get insight into this
possibility, the formation of water assisted H-bonded-1GA dimers
was studied by observing the excited state behavior of 1GA in
mixtures of an aprotic solvent (acetonitrile, ACN) and water, with
varying water molar fraction (wH2O) (Fig. 2c). The change in the
intensity of the emission spectra and the quantum yields of the
1GA ACN : H2O mixtures upon excitation at 360 nm (Fig. 2S, ESI†)
indicates an enhancement of the radiative process upon increasing
the water concentration until a maximum is reached at wH2O = 0.9,
where the fluorescence quantum yield approaches unity. The
fluorescence decays of 1GA in the ACN : H2O mixtures are
bi-exponential (Table S3, ESI†) and tm gradually changes from
11 ns in pure ACN (wH2O = 0), which corresponds to the lifetime of
the 1GA monomer (as observed for toluene, 11 ns), to a maximum
of B25 ns at 60% (weight) water content (wH2O = 0.9). The value of
tm at wH2O = 0.9 along with the steady-state spectra agree with the
previously reported T-shaped geometry of anthracene dimers in
anthracene-containing polyamidoamine dendrimer.21,22 Unusual
T-shaped geometry for anthracene has also been reported for other
anthracene derivatives, where the presence of water results in a
dimer formation at the ground state, which in turn leads to the
same type of structure in the excited state.23–27 To verify the role of
the water molecules in the formation of the H-bonded 1GA dimers
with T-shaped geometry, and at the same time to exclude the effect
of proton transfer and hydrogen bond formation in absence of
water, the excited state dynamics of 1GA in ACN in presence of
varying amounts of trifluoroacetic acid (TFA) was also studied
(ESI,† Table S2). Although the observed fluorescence decays
were not mono-exponential, tm = 11 ns independent of the TFA
concentration. This suggests that the proton transfer does not play
an important role in the AIE mechanism. Thus, the intramolecular
H-bond interactions in the 1GA dimer through water molecules are
a key factor in the AIE process. Upon excitation this dimer relaxes to
a T-shape excimer, which accounts for the AIE behavior. It should
be noted that we do not exclude the possibility that the ground
state dimer is already in the T-shape-like configuration.

A Job Plot allows to assess the number of water molecules
involved in the formation of the T-shaped excimer.28,29 Fig. 2c
shows an asymmetrical dependence of tm in ACN/H2O on the
water content with a maximum observed around wH2O = 0.9,
which corresponds to 3 molecules of water per guanidine
derivate. Similar results were observed for other supramolecular
systems forming an A3B complexes.28,29 On the other hand,
above this wH2O the value of tm decreases again probably due
to formation of aggregates with a different packing, thus demon-
strating the importance of the exact water concentration for the
formation of the highly-emissive T-shaped excimers.

Bearing in mind that the 1GA : water ratio in ACN : H2O
mixtures is crucial for the formation of the ground state dimers
giving rise to the AIE, one can expect that the concentration of
1GA will also affect the photophysics of 1GA. Fig. 3S (ESI†)
depicts the effect of 1GA concentration on the excitation and
emission spectra. At high concentrations a red-edge shoulder
related to the non-desired p–p stacking shows up in the excita-
tion spectrum (B450 nm), whereas the emission spectrum is
blue shifted, as it was previously observed for anthracene
aggregates.11 At low 1GA concentration (1 mM) the decay of
the 495 nm emission transient attributed to the T-shaped
excimer (lexc = 360 nm) is characterized by a rise with a time
constant of 690 ps followed by an almost mono-exponential
decay with tm = 22 ns, characteristic for the T-shaped excimer.
The rising component suggests a major conformational change
of the dimer after excitation. Upon increasing the 1GA concen-
tration (4100 mM), the rising component is not observed while
the decay becomes multi-exponential with tm = 14 � 1 ns
(B2 times shorter than the one of the excited T-shaped dimer).
Fig. 4S (ESI†) shows the concentration dependence of the
obtained lifetime amplitudes. The long component (B25 ns)
has its maximum contribution when the 1GA concentration is
below 10 mM (independently of the observation wavelength)
and its contribution significantly decreases at higher concen-
trations (410 mM). On the other hand, the shortest component
(1–4 ns) becomes the dominant one at higher concentrations
and is negligible at 1 mM. This suggests that upon increasing
the 1GA concentration it preferentially forms p–p stacking
aggregates which undergo significant conformational relaxa-
tion after excitation leading to a suppression of the T-shaped
excimer formation.30

To confirm the formation of the T-shaped dimers in aqu-
eous solution, DFT calculations (Fig. 3) and SAXS experiments
were performed. The SAXS experiments undoubtedly demon-
strate the existence of aggregates/dimers in the ground state
with an estimated size of about 1.5 nm using a sphere-fitting
model (Fig. 5S, ESI†). This value is in agreement with the most
stable dimer obtained by the DFT calculations. In this struc-
ture, one water molecule acts as a bridge between two 1GA
monomers. This complex is surrounded by two additional
water molecules, most probably next to the two guanidine
moieties to stabilize the total charge. According to the calcula-
tion the HOMO and LUMO are located on two different
anthracenes molecules. Hence the HOMO to LUMO transition
of the dimer corresponds to the population of a state with CT
character (Fig. 3a). This indicates that the CT character of the
formed dimer is another key factor in the AIE mechanism. A
recent study has reported on the synthesis and photophysical
characterization of anthracene-guanidine derivative with sub-
stitution at 9th position. In this study the authors observed an
increase in the emission intensity in strongly alkaline aqueous
solutions but did not observe evidence for excimer formation.
The different behavior can be explained by the lack of CT character
of the resulting anthracene-guanidine derivative, which is evidenced
by the absence of the characteristic CT band in the absorption
spectrum at 400–420 nm.31 Excited-state calculations for the excimer
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emission in the anthracene dimer in the crystal of 2-(anthracen-9-yl)-
thianthrene (2-TA-AN) have indicated a stabilization by mixing the
CT and the LE states which gives rise to the observed excimer
emission.32 This stabilization leads to an increase in the overall
rigidity of the excimer structure, resulting in a significant suppres-
sion of the non-radiative energy deactivation by restricting the
intermolecular vibrations and rotations in the excimer skeleton.
When co-planar dimer structure in solid state is considered, such as
the case of 2-TA-AN, the interaction between the two anthracene
entities occurs through shortening of the inter-planar p–p distance
and increasing of the inter-monomer p–p overlap at the excimer
equilibrium geometry. However, for the 1GA T-shape dimer, the
water molecules play a crucial role into the overall process of excimer
formation as, on one hand they serve as a relay between the two
monomers, while on the other hand, they stabilize the geometry that
favors the orbital interaction that stabilizes the excimer yielding the
500 nm emission. Another important observation from the DFT
calculations is that the dimeric structure has to be mono-protonated
for the formation of the T-shaped conformation, supporting the
pH dependence of the steady-state emission (Fig. 1d). Thus, at high
pH values (above the pKa of 1GA), 1GA is in the non-protonated form
while at low pHs it is di-protonated resulting, in both cases, to less
extensive formation of T-shaped dimers in the ground state.

In conclusion, a new AIEgen has been obtained (QY B 1)
based on the formation of a dimer in the ground state assisted
by up to 3 water molecules, which leads to highly emissive
T-shaped excimer. The experimental results along with theo-
retical calculations prove that the inclusion of guanidine group
at the correct position is crucial to open a new framework for
developing more environmentally friendly AIEgen molecules.
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