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Abstract: Aggregation-induced emission (AIE) is commonly
observed for propeller-like luminogens with aromatic rotors
and stators. Herein, we report that a coumarin derivative
containing a seven-membered aliphatic ring (CD-7) but no
rotors showed typical AIE characteristics, whereas its analogue
with a five-membered aliphatic ring (CD-5) exhibited an
opposite aggregation-caused quenching (ACQ) effect. Exper-
imental and theoretical results revealed that a large aliphatic
ring in CD-7 weakens structural rigidity and promotes out-of-
plane twisting of the molecular backbone to drastically
accelerate nonradiative excited-state decay, thus resulting in
poor emission in solution. The restriction of twisting motion in
aggregates blocks the nonradiative decay channels and enables
CD-7 to fluoresce strongly. The results also show that AIE is
a general phenomenon and not peculiar to propeller-like
molecules. The AIE and ACQ effects can be switched readily
by the modulation of molecular rigidity.

The tuning of luminescence on the basis of intramolecular
motion has been selected more than once during biological
evolution. Many famous biochromophores, for example,
green fluorescent protein (GFP)!'! and bacterial luciferase
(BL)," testify to the success of this strategy. Experimental
and computational investigations show that rotational motion
and out-of-plane twisting deformation act as major non-
radiative deactivation pathways and efficiently quench the
emission of free GFPs and BLs, respectively. When the GFPs
are bound in a protein cavity, these intramolecular motions
are restricted, and thus, the emission is turned on. In contrast,
artificial luminogens are designed preferentially with well-
conjugated and planar structures, which facilitate the radia-
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tive decay and discourage the nonradiative decay of the
excited state. Although the generated luminogens show good
emission in solution, emission quenching in aggregates is
often observed.'"'”! This aggregation-caused quenching
(ACQ) prevents the real-world application of a variety of
efficient luminogens, but attempts to solve this thorny
problem by molecular engineering and physical technology
are usually associated with a high cost and limited suc-
cess. 1314

A series of propeller-like luminogens, such as tetraphe-
nylethenes,'>!! siloles,'" ! and phosphindoles,"”** show
faint emission in the solution state but are tuned to be
highly emissive in the aggregated state, thus presenting an
interesting phenomenon of aggregation-induced emission
(AIE). The working mechanism of the AIE phenomenon is
very similar to that for GFP; that is, the rotation of peripheral
aromatic rings mainly consumes the excited-state energy in
solution, whereas the restriction of intramolecular rotation in
aggregates leads to conversion of the energy into pho-
tons.”"?) The structure of most AIE luminogens features
several rotors attached to a stator through single bonds, and
current designs of AIE luminogens generally comply with this
principle. Although this approach enables the straightforward
preparation of AIE luminogens, in a sense it kills imagination
and constrains the diversity of AIE luminogens. Hence, many
n-conjugated planar traditional chromophores are rarely
considered to be AIE-active, owing to the lack of aromatic
rotors, and there are only limited reports on new hypotheses
for unusual AIE systems, such as the restriction of intra-
molecular charge transfer for electron-donor—acceptor mol-
ecules, and the formation of ion pairs for the berberine
palmitate dye.**%

Coumarin (chromen-2-one) is a natural organic substance
that is abundant in many plants. In the past few decades,
structurally diverse coumarin derivatives have been devel-
oped and have become a class of dyes of intense interest
owing to their wide range of applications in organic lasers,
organic light-emitting diodes, fluorescent sensors, and other
devices.”*?! Coumarin derivatives often show very high
fluorescence efficiencies of up to unity in the solution
state,™¥ but their planar coumarin skeletons are prone to
form strong n—m stacking interactions in the aggregated state.
These interactions in many cases quench fluorescence greatly,
and undermine the performance of optoelectronic devi-
ces.’>3 Thus, the exploration of facile ways to solve the
ACQ problem of coumarin dyes is of high importance for
fundamental understanding and real-world utilization. In this
study, we investigated the optical properties of two -
expanded coumarin derivatives with very similar structures
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by using complementary spectroscopic and computational

methods. The emission behavior of the coumarin derivatives,

the structures of which differed only in the size of a fused

aliphatic ring, was sensitive to the size of this aliphatic ring
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Scheme 1. Synthesis of CD-7 and CD-5.

ring (CD-7) showed typical AIE effect, in complete contrast
to the ACQ effect observed for the other molecule with a five-
membered ring (CD-5). Our theoretical results showed that
the restriction of intramolecular twisting motions is respon-
sible for the unusual AIE activity of coumarin derivative CD-
7 without any aromatic rotors.

Two coumarin derivatives, CD-7 and CD-5, were readily
prepared in good yield by heating methyl 2-oxo-2H-chro-
mene-3-carboxylate (1) with DBU and DBN, respectively, at
120°C for 2 h, according to the method reported by Poronik
and Gryko.’”! The absorption properties of CD-7 and CD-5
are similar, with absorption maxima at approximately 412 nm,
owing to the identical extent of conjugation. However, the
absorption spectrum of CD-7 in CH,Cl, is structureless,
whereas that of CD-5 displays doublet fine structure, thus
implying that CD-5 has higher structural rigidity than CD-7
(Figure 1 A).

The emission properties of CD-7 differ greatly from those
of CD-5 (Figure 1B). Upon photoexcitation, CD-7 showed
faint fluorescence, peaking at 494 nm in CH,Cl,, with a quite
low absolute fluorescence quantum yield (@) of 0.5%,
whereas CD-5 showed intense blue emission at 443 nm with
a @ value as high as 69%. The Stokes shift between the
absorption and emission spectra of CD-7 was 82 nm, which is
about 2.5times larger than that of CD-5 (32nm), thus
suggesting that the geometrical modification of CD-7
between the excited and ground states is much larger than
that of CD-5. However, the emission behavior of CD-7 and
CD-5 as powder samples was exactly opposite to that in
CH,Cl,. The emission maximum of CD-7 was hypsochromi-
cally shifted to 480 nm, with an enhanced @y value of 43 %
and a far smaller Stokes shift of 68 nm, whereas that of CD-5
was bathochromically shifted to 520 nm, with a greatly
decreased @y value of 5.1 % and an increased Stokes shift
of 109 nm (see Figure S1 in the Supporting Information).
Thus, CD-7 exhibited typical AIE characteristics with an AIE
factor (the ratio of @ in the powder to that in solution) of 83,
but CD-5 showed an apparent ACQ effect.
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Figure 1. A) Absorption and B) photoluminescence (PL) spectra of CD-
7 and CD-5 in CH,Cl,. Concentration: 10 um; excitation wavelength:
411 nm. C,D) Fluorescence decay of CD-7 and CD-5 in CH,Cl, (C) and
in the powder (D).
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Time-resolved fluorescence spectra (Figure 1C,D)
revealed that the fluorescence lifetime of CD-7 in CH,CI,
was 0.3 ns, which is much shorter than that of CD-5 (7.5 ns). In
powder samples, the fluorescence lifetime of CD-7 increased
to 5.7 ns, and was thus close to that of CD-5 in solution (in
powder samples, CD-5 had a fluorescence lifetime of 10.8).
We also estimated the radiative and nonradiative decay rates
of CD-7 and CD-5 (Table 1). In CH,Cl,, the nonradiative
decay rate (ca. 3.0x10°s™!) of CD-7 was remarkably larger

Table 1: Optical properties of CD-7 and CD-5.

interactions among molecules. The crystal of CD-5 is not
available, but it is reasonable to suppose a tighter and closer
packing because of its more planar conformation. The
induced m—m stacking interaction can severely weaken
emission intensity and move the emission spectrum into the
long-wavelength region.

To further decipher the optical properties of CD-7 and
CD-5, we studied their electronic structures theoretically in
the ground state (S,) and the excited state (S,) at the level of
(TD) M062X/6-31G*. The HOMO
and LUMO orbitals and energy
levels are plotted in Figure 3 for

Aabs [n] Jem [Nm] (P [9%])7 z[ns] (k [107s7], k, 107 s7])" CD-7 and CD-5 with S, geometry.
CH.Cl, CH.Cl, powder CH.Cl, powder The frontier orbitals of CD-7 and
D7 412 494 (0.5) 480 (43) 0.3 (1.6, 301.5) 5.7 (7.5,100) CD-5 are indicative of a m—m*
CD-5 411 443 (69) 520 (5.1) 7.5 (94, 4.0) 10.8 (0.6,8.7)  transition with a degree of charge-

[a] The fluorescence quantum yields were measured with an absolute fluorescence quantum yield
spectrometer. [b] Rate constants for radiative (k) and nonradiative decay (k,,) were calculated from the

@ and 7 values according to the formulae k.= @¢/t and k,,= (1—®) /7.

than the radiative decay rate (1.6 x 10’ s™') by two orders of
magnitude. However, in powder samples, the nonradiative
decay rate of CD-7 decreased drastically to 1.0 x 10° s™', which
is close to the radiative rate (7.5x107s™'). These results
suggest that nonradiative decay is dominant for CD-7 in
solution, but is weakened to the same level as radiative decay
in powder samples. The radiative decay rate of CD-5 was
significantly lower in powder samples than in solution, thus
implying that nonradiative decay becomes a major pathway in
powder samples.

To better understand the solid-state photophysical prop-
erties, we scrutinized the packing model of CD-7 in the
crystalline state (Figure 2).’! The CD-7 molecules adopt

Figure 2. A) C—H---O hydrogen bonds in the crystal of CD-7 (labeled in A). B) Molecular packing of CD-7.

a slightly twisted conformation, and the seven-membered
aliphatic ring lies out of the plane of the conjugated molecular
backbone. The molecules are arranged in a loose manner, and
n—7 intermolecular interactions are hampered among CD-7
molecules, owing to steric hindrance imposed by the seven-
membered aliphatic ring. Multiple C—H:--O hydrogen bonds
with distances in the range of 2.5-2.8 A are formed between
the aliphatic ring and the carbonyl groups of adjacent
molecules . The collective force of these weak electrostatic
interactions can rigidify the molecular conformation of CD-7
in the solid phase without causing excimer and large excitonic

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

transfer character. The electron
density of CD-7 and CD-5 is
mainly distributed over the conju-
gated framework (chromeno[3,4-
c|pyridine-4,5(3H)-dione) and the
neighboring alkyl groups, whereas the additional two meth-
ylene groups in CD-7 show nearly no contribution. The
similarity in the electronic structures of CD-7 and CD-5 in the
S, state is consistent with the absorption spectra, but fails to
explain their opposite emission behavior. Therefore, we focus
on the difference in the geometric structures of CD-7 in the S,
and S, states in the gas phase and in aggregates.

We considered the aggregation effect by computing the
geometric and electronic structures of a large enough cluster
cut from the crystal structure by using a combined quantum-
mechanics and molecular-mechanics (QM/MM) approach
(see Figure S2 for the QM/MM model).**! The S, geo-
metries of CD-7 in the gas and solid phases are almost the
same (Figure 4), except for
a minor difference in the
degree of torsion of the seven-
membered aliphatic ring and
the pyridinone fragment away
from the chromen-2-one mean
plane. The S, geometry of CD-7
in the gas phase is very different
to the S, geometry. A large
alteration of about 18° in the
mean torsion angle between the
pyridinone and chromen-2-one
fragments (see Table S1 in the
Supporting Information) was
found in the Sy—S,; transition process, thus revealing that
the molecule undergoes out-of-plane twisting motions along
the C2—C7 bond under photoexcitation. In the solid phase,
the geometrical modification of CD-7 is smaller (ca. 5°),
which suggests that the intramolecular twisting motion is
restricted to a large extent. In sharp contrast, CD-5 has a more
planar conformation of the conjugated framework in both the
Sy and S, states, and experiences little variation upon photo-
excitation even in the gas phase, thus demonstrating its
intrinsic structural rigidity. Owing to the lack of a crystal
structure, the construction and optimization of the molecular
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Figure 3. Molecular-orbital amplitude plots and energy levels of the
HOMOs and LUMOs of CD-7 and CD-5, as calculated at the level of
MO062X/6-31G*.

Gas Phase

Solid Phase

Figure 4. Optimized S, and S, geometric structures of CD-7 in the gas and solid phases and CD-5 in

the gas phase.

packing of CD-5 in the solid phase are technically difficult,
and are not discussed herein.

To gain deeper insight into the deactivation mechanism of
the excitated state, we found the minimum-energy path
(MEP; Figure 5) on the S; potential-energy surface of CD-7,
which starts at the S, geometry and ends at the S; geometry, by
using the more accurate CASSCF method (see Figure S3).
Along the MEP coordinate, the energy gap between the S;
and S, states gradually decreases, until it finally reaches the
minimum value of 1.77 eV at the S; geometry. It is clear that
no intersection crossing in the Franck-Condon region
appears, in good agreement with the experimental nonradia-
tive decay time of the order of nanoseconds, which is far
slower than the typical ultrafast process induced by inter-
section crossing, with decay times of the order of femto-
seconds."! Therefore, the activated intramolecular twisting
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Figure 5. Energy profiles of the Sy and S, states along the S;-state
minimum-energy path (MEP) at the CASSCF level.

motions are responsible for the nonradiative internal con-
version (IC) of CD-7 in solution. The contribution of
intersystem crossing was not considered, as the phosphor-
escence was not observed at low temperature, and the spin—
orbit coupling between the S, and
T, states is 0.4 cm™! for CD-7, as
calculated by using the BDF pack-
age."!l This value is remarkably
smaller than the non-adiabatic
electronic coupling for typical
internal-conversion processes in
organic molecules (from about
a few tens to hundreds and even
thousands of reciprocal centime-
ters).””) In the aggregated state,
the intermolecular interactions
between molecules restrict the
intramolecular twisting motions
and largely block the nonradiative
internal  conversion.  Conse-
quently, the excited-state energy
is mostly transformed into pho-
tons, and strong emission is
observed.

The optical behavior of CD-7 is completely identical to
that of typical AIE molecules. The absorption maximum of
CD-7 hardly varies from solution to the aggregate, whereas its
emission peak is strongly blue-shifted. This effect should be
mainly caused by the significant decrease in the molecular-
reorganization energy (from 4028 cm™ in solution to
3438 cm ! in aggregates), owing to the restriction of twisting
motion in aggregates.¥l The AIE mechanism can be under-
stood readily in view of the change in the character of the
potential-energy surface of low-frequency twisting modes
from solution to the solid (Figure 6). In solution, the
potential-energy surface of the S, state is very flat, and
many vibrational states with high quanta numbers are
involved. These vibrational states overlap well with the
vibrational states of the S, state and sharply accelerate the
rate of internal conversion. In contrast, in the solid, the
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Figure 6. Sketch of the potential-energy surfaces of low-frequency
twisting modes for CD-7 in solution and in the solid phase (RIM =
restriction of intramolecular motion).

twisting motion is hampered by the steric constraints and
interactions from the surrounding molecules, and higher
energies are needed, which results in a steep potential-energy
surface. In this case, there are few vibrational states, and the
overlap of the wavefuntions of the S, and S, states becomes
less effective. Therefore, the nonradiative decay channels are
blocked, and the emission is turned on.

Because of the contrasting emission behavior of CD-7 and
CD-5, it is reasonable that the out-of-plane twisting motion of
the pyridinone fragment relative to the chromen-2-one
moiety correlates closely with the nonradiative excited-state
decay and accounts for the faint and red-shifted emission of
CD-7 in solution. In the solid, the intramolecular motion is
restricted, and the radiative excited-state decay becomes
dominant, thus enabling the molecule to fluoresce strongly.
Meanwhile, the steric hindrance from the seven-membered
aliphatic ring hampers the close m—m stacking of the molecules
and alleviates emission quenching. In the counterpart CD-5
with a smaller ring size, the structural planarity and rigidity
are improved, which reduces the nonradiative decay and
affords good emission efficiency in solution. However, owing
to its planar conformation, CD-5 experiences strong m—
intermolecular interactions and suffers severe emission
quenching in the solid, thus leading to greatly decreased
emission efficiency and a red-shifted emission spectrum. In
this case, it possible to switch between the AIE and ACQ
effects by simply altering the size of the electronically
independent aliphatic ring, without impacting the electronic
nature of the conjugated framework.

In summary, we investigated the optical properties of two
readily prepared coumarin derivatives, CD-7 and CD-5, and
found that although their molecular structures are similar,
they exhibit opposite emission behavior. Whereas CD-5
shows an ACQ effect, CD-7 exhibits intriguing AIE charac-
teristics, which originate from its intrinsic structural flexibility
and nonplanarity. The restriction of intramolecular twisting
motions is thought to be the underlying mechanism for the
unusual AIE effect. The size of the aliphatic ring plays a key
role in modulating the molecular rigidity and controlling the
intramolecular twisting motions and intermolecular interac-
tions. Importantly, CD-7 is an unconventional aromatic rotor-

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

free AIE luminogen derived from a natural substance. It
differs greatly from common propeller-like AIE luminogens
containing aromatic rotors, and may inspire a novel coumarin-
based AIE system with the merits of natural origin, structural
diversity, and great potential in biotechnology and materials
science. Our results also reveal that the AIE phenomenon is
not peculiar to specific molecules and provide an approach to
the creation of AIE luminogens from common dyes by
controlling intramolecular motions. We believe this mecha-
nistic elucidation is helpful to eliminate the structural limits of
AIE and ACQ dyes, both of which can be readily transformed
by the modulation of molecular rigidity.

Experimental Section

Materials and instruments: UV/Vis absorption spectra were recorded
on a Shimadzu UV-2600 spectrophotometer. Photoluminescence
spectra were recorded on a Horiba Fluoromax-4 spectrofluorometer.
Fluorescence quantum yields were determined with a Hamamatsu
C11347 Quantaurus-QY absolute fluorescence quantum yield spec-
trometer. Fluorescence lifetimes were determined with a Hamamatsu
C11367-11 Quantaurus-Tau time-resolved spectrometer. Spectropho-
tometric-grade solvents were used in the measurements without
further purification.

Ab initio calculations: The equilibrium geometries were deter-
mined at the DFT/TD-DFT level. No symmetry constraint was
adopted for either gas- or solid-phase optimizations. The M062X
functional and 6-31G* basis set were used. The analytical frequencies
of Sy at the DFT level and numerical frequencies of S, at the TD-DFT
level were evaluated to ensure the absence of imaginary frequencies
in the gas phase. The QM/MM calculations were carried out by the
two-layer ONIOM method with the central molecule as the high-
layer QM part and the surrounding molecules as the low-layer MM
part. The QM/MM model was constructed by cutting a large enough
cluster from the crystal structure (see Figure S2). All calculations
were performed by using the D.01 version of the Gaussian 09 package.

CASSCF computational protocol: The MEP calculation for CD-7
was performed at the two-root state-averaged CASSCF level of
theory with a 6-31G* basis set. The CASSCF wave function
comprised an active space of 8 electrons in 8 orbitals (see Figure S1
for a full description of the active space), and comprised rt and 7*
orbitals involved in the m-conjugated system of CD-7. The full active
space (including all 7w and st* orbitals) would comprise 18 electrons
and 15 orbitals, but in this study we used a slightly reduced active
space of 8 electrons and 8 orbitals; thus, 7 orbitals and 10 electrons
were excluded from the active space owing to the high computational
cost of using the full active space. The n orbitals were excluded from
the active space, since the n,7t* states are assumed to be high in energy
on the basis of earlier TD-DFT studies. As the internal-conversion
process investigated in this study does not involve bond breaking or
electronic excitation of the oframework, we did not include the
corresponding o orbitals in the active space. The MEP calculation was
performed with Molcas v.8.0. It was computed in the form of an
intrinsic reaction coordinate, with a step constraint of 0.3 Bohramu'?.
The starting Franck—Condon point was the S, geometry obtained by
B3lyp/6-31G*.
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