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Defect-sensitive crystals based on diaminomaleonitrile-
functionalized Schiff base with aggregation-enhanced
emission†

Tianyu Han,ab Yuning Hong,a Ni Xie,a Sijie Chen,a Na Zhao,a Engui Zhao,a

Jacky W. Y. Lam,a Herman H. Y. Sung,a Yuping Dong,b Bin Tong*b

and Ben Zhong Tang*acd

In this work, we report the synthesis and photophysical studies of a new luminogen, A3MN, a

diaminomaleonitrile-functionalized Schiff base. A3MN is aggregation-enhanced emission (AEE)-active:

the emission of A3MN is enhanced with the aggregate formation. A3MN also possesses twisted

intramolecular charge transfer (TICT) properties, showing noticeable solvatofluorochromism.

Interestingly, the crystals of A3MN are nonemissive; the defect areas of the crystal, however, are highly

emissive, as confirmed by spectroscopic methods and confocal microscopy. By taking advantage of this

defect sensitive feature, a “turn-on” type of mechanofluorochromic material is developed, the emission

of which is significantly enhanced under pressure or shear force. The detection limit reaches 0.1 Newton

owing to its “turn-on” nature. Such defect-induced emission also renders A3MN sensitive to various

kinds of mechanical actions, including hitting, friction, sculpture, and ultrasonic vibration.
Introduction

Conventional uorescent molecules, such as pyrene and per-
ylene, typically consist of large planar aromatic rings, which
easily undergo intermolecular p–p interactions in the aggregate
state. The close vicinity of these chromophores oen induces
non-radiative energy transfer resulting in drastic reduction of the
luminescence signals [aggregation-caused quenching (ACQ)],
which greatly limits their applications as efficient light-emitting
materials or sensors.1–3 To alleviate the ACQ effect, various
chemical, physical and engineering approaches have been
developed to interfere with the aggregation of the luminogens.4

The attempts, however, have met with only limited success
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because aggregation is a natural process when the dye molecules
are located in close proximity in the condensed phase.

The emergence of luminogens with aggregation-induced
emission (AIE) or aggregation-enhanced emission (AEE) char-
acteristics can circumvent the ACQ problem.5 These propeller-
shaped luminogens including small molecules and polymers
are non-emissive or weakly emissive in dilute solutions but emit
efficiently upon aggregate formation. Through experimental
and theoretical studies, restriction of intramolecular motions
(RIM) is proposed as the mechanism for the AIE/AEE effect.6

Since the discovery of this novel phenomenon in 2001, many
research efforts have been made and oriented to the exploration
of their applications, including as excellent emitters for the
fabrication of efficient organic light-emitting diodes (OLED)
and sensitive environmental and biological probes.7

To expand the scope of the AIE/AEE systems for biomedical
and other high-tech applications, especially for in vivo imaging,
uorescent probes with intense emission in the red/near infrared
regions are highly desired.8 Although many AIE/AEE systems
[e.g. silole,5 tetraphenylethene (TPE),9 dihydrocyclopentaindene
derivatives,10 dibenzosubereneanthracene derivatives,11 styr-
ylpyridinium derivatives,12 phosphole derivatives,13 benzobis-
(thiadiazole) derivatives,14 aryl-substituted pyrrole derivatives,15

etc.] have been developed, most of them emit blue or green light.
To red-shi the emission colors of the luminogens, generally
there are two major approaches. One is increasing the confor-
mational planarity and electronic conjugation. This approach,
however, will also increase intermolecular p–p interactions and
promote the formation of detrimental species as excimers and
This journal is ª The Royal Society of Chemistry 2013
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exciplexes, resulting in the undesired ACQ effect. The other
approach is incorporating electron donor (D) and acceptor (A)
pairs to induce intramolecular charge transfer (ICT) in order to
lower the p–p* energy gap and consequently a large bath-
ochromic shi in the emission color.16 A fusion of the AIE and
ICT may create luminogens with long emission color while
overcoming the severe ACQ problem encountered by traditional
D–p–A structured ICT systems.

In search of the current AIE/AEE systems, silole and TPE are
the archetypes. Siloles are extremely bright emitters in the
aggregate state. Structural modication of siloles, however,
requires a troublesome and tedious synthetic process, setting a
big obstacle on their industrialization for real-world applica-
tions. In contrast, AIE/AEE luminogens which are easily acces-
sible and ready to functionalize tend to be widely and constantly
used for different applications. For example, TPE, which can be
simply synthesized through one-step McMurry coupling of
benzophenone, becomes a “star” of AIE molecules whose
derivatives have been utilized inmany areas.17 Although we have
previously incorporated the ICT system into TPE to generate
long-wavelength emitting AIE molecules, the resulting lumi-
nogens are generally bulky and require further physical modi-
cation to exert their functions. Furthermore, the strong
uorescence of the existing AIE/AEE systems in the solid state,
though benecial for OLED and bioimaging, is sort of a
hindrance when developing solid-state sensing platforms which
require both low background noise and high “off/on” ratio.
Solid-state sensing systems are more desirable because they can
be easily fabricated into portable devices for simple and rapid
on-site detection.18 Although the solid state of AIE/AEE mole-
cules has been used for sensing explosives, gases and
mechanical forces through uorescence “turn-off”,19 people
prefer “turn-on” sensing mode as it is more sensitive and less
likely to generate false-positive signals than its “turn-off”
counterparts.20 Unfortunately, it is difficult to suppress the
emission of AIE/AEE molecules in the solid state owing to their
nature. Therefore, it is an urgent and important task to explore a
new AIE/AEE system with easy synthetic accessibility and
switchable solid-state emission.21

In this paper, we present a brand new AEE system fullling
these two criteria. 2-Amino-3-((E)-(4-(diethylamino)benzylidene)
amino)maleonitrile (A3MN) was facilely synthesized by a one-
step reaction. Due to the electron donating (diethylamino) and
withdrawing (cyano) moieties, it exhibits solvatochromism and
strong emission at a long-wavelength of 563 nm in the aggregate
state. Interestingly, we found that the intact crystals of A3MN
are weakly emissive while the defect areas of the crystals are
highly luminescent. Based on this unique defect-sensitive
property, we investigated the emission of A3MN crystals
induced by solvent etching, mechanical force as well as expo-
sure to ultrasonic vibration.
Scheme 1 Synthetic route to A3MN and the ORTEP drawing of its single crystal
structure.
Results and discussion
Synthesis and structural characterization

A3MN was synthesized by a simple one-step reaction shown in
Scheme 1. The reaction was conducted under mild conditions,
This journal is ª The Royal Society of Chemistry 2013
affording a good yield of 83.1%. The product was fully charac-
terized by spectroscopic methods from which satisfactory
analysis data were obtained. The detailed synthetic procedure
and characterization data are available in the ESI.† Single
crystals of A3MN were grown from a THF–ethanol mixture and
analysed by X-ray diffraction crystallography. The crystal struc-
ture of A3MN is displayed in the inset of Scheme 1, which
reveals that the C]N bond is in trans-conformation. Detailed
crystal data are given in Tables S1 and S2 (ESI).† A3MN is
soluble in common organic solvents such as chloroform, THF,
acetone, ethyl acetate and DMSO, slightly soluble in methanol,
and completely insoluble in water.
Solvatochromism

The broad-range solubility of A3MN allows us to investigate its
photophysical properties in the solvents with varying polarities.
UV-visible spectra show that the absorption peaks appear at
around 430 nm, corresponding to the p–p* transition of A3MN.
With an increase in the solvent polarity, the absorption
maximum of A3MN slightly red-shis from 425 to 438 nm
(Fig. 1A). When excited at 440 nm, the solutions of A3MN emit
weakly in the blue region in low-polar solvents such as chloro-
form and toluene, while in relatively polar solvents such as
acetone and DMSO, the emission colour is red-shied to yellow
(Fig. 1B). A drastic bathochromic shi of the emission
maximum is recorded from 468 to 514 nm (Fig. 1B).

The solvatochromism of A3MN can be explained by the
twisted intramolecular charge transfer (TICT) mechanism.16

Just like most of the TICT molecules, A3MN is comprised of D
and A units, resulting in large molecular dipoles and an asym-
metric electron population in the frontier molecular orbitals
(Fig. 2). The electron cloud in the HOMO level distributes over
the whole molecule, while in the LUMO level the electron cloud
mainly localizes on the maleonitrile moiety due to its strong
electron-withdrawing effect. The difference in the electron
distribution of the HOMO and LUMO results in a large energy
gap of 3.224 eV, which is narrowed when the molecule is sur-
rounded by polar solvents. According to the Franck–Condon
principle, the molecule in the locally excited (LE) state is almost
planar, while solvent relaxation occurs with the intramolecular
rotation of the diethylamino group to a right angle in which the
conjugation of the molecule is partially jeopardized. In the
resulting TICT state, there is a total charge separation between
J. Mater. Chem. C, 2013, 1, 7314–7320 | 7315
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Fig. 1 (A) Absorption and (B) emission spectra of A3MN in different organic
solvents. Concentration: 10 mM. Excitation wavelength: 400 nm.

Fig. 2 Molecular orbital amplitude plots of HOMO and LUMO energy levels of
A3MN calculated by using the B3LYP/6-31G basis set.

Fig. 3 (A) PL spectra of A3MN in THF and THF–water mixtures with different
water fractions. Photographs of A3MN in different water fractions taken under
UV illumination are shown in the upper panel. (B) Plots of the I/I0 value and
maximum emission wavelength versus the composition of the aqueous mixtures
of A3MN. Concentration: 10 mM. Excitation wavelength: 445 nm.
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the D and A units which can be stabilized by the polar solvent
molecules. The stabilization could thus reduce the LUMO
energy level of the TICT state and consequently red-shi the
absorption and emission bands.
Aggregation-enhanced emission

Some molecules uoresce in the solution state and their uo-
rescence is further enhanced upon aggregate formation. We
coined this as aggregation-enhanced emission (AEE).17 The
dilute THF solution of A3MN exhibits weak emission at �480
nm when photoexcited at 445 nm (Fig. 3A). The emission is
intensied and red-shied when water, a poor solvent of A3MN,
is added. In a THF–water mixture with 80 vol% of water, the
uorescence intensity is around 4-fold higher than that in pure
THF solution, showing the AEE phenomenon (Fig. 3B). The
aggregation formation is supported by particle size analysis via
the dynamic light scattering (DLS) method. Fig. S4A† reveals the
existence of particles with average sizes of ca. 280 and 208 nm in
the THF–water mixture with 80 and 90% water fraction,
respectively. Due to the space constraint in the aggregates, the
intramolecular motions of the dye molecules will be restricted
and the emission is thus enhanced. On the other hand, addition
of water gradually shis the emission maximum of A3MN to the
longer wavelength region (Fig. 3B). The change in the spectral
prole can be attributed to the TICT process due to the increase
of solvent polarity upon addition of water.
Fig. 4 (A) Time-dependent fluorescence spectra of A3MN in a THF–water
mixture with 99%water fraction. (B) Plot of intensities versus time. Concentration:
10 mM. Excitation wavelength: 400 nm.
Crystallization-caused quenching

The emission of A3MN is enhanced along with the increase of
water fraction up to 80% in the solvent mixtures. Different from
7316 | J. Mater. Chem. C, 2013, 1, 7314–7320
many other AIE/AEE systems, further increasing the water frac-
tion, however, leads to the decrease of the emission intensity
(Fig. 3B). In a THF–water mixture with 99% water fraction, the
emission is lower than that with 90% water. Moreover, we
observed that the emission intensity of a freshly prepared sample
with 99% water gradually decreases with time as depicted in
Fig. 4, while the emissionmaximum remains almost unchanged.
Aer �35 min, the uorescence of A3MN in 99% water reaches
the lowest level and remains constant aerwards. The particle
size of A3MN in 99% water reveals that large particles are formed
with a diameter of ca. 1 mm (Fig. S4C†).

The time-dependent decrease of the uorescence and the
change of particle size of the aggregates imply that a recrystalli-
zation process might take place in 99% water fraction. To verify
this hypothesis, transmission electron microscopy (TEM) is
applied to examine themorphology of the aggregates. The freshly
prepared aggregates show a chaotic structure with the size of
around 200 nm that agrees well with the DLS measurement
(Fig. 5A–D). Upon aging for 2 hours, the aggregates collected from
the same sample grow into crystal-like structures at the micron
scale with well-dened shape (Fig. 5E–H). We thus speculate that
the crystallization of A3MN may quench the light emission.
This journal is ª The Royal Society of Chemistry 2013
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Fig. 6 Molecular packing showing (A) p–p interactions and (B) hydrogen
bonding in the single crystal lattice of A3MN. (C) The top view of the molecular
packing.
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To understand how the molecular packing affects the emis-
sion behaviour of A3MN, a single crystal of A3MN is grown by
slow evaporation of its THF–ethanol solution. The crystals,
however, are weakly uorescent with a solid-state quantum
yield (FF) of 3.77%, in accord with our above observation of the
uorescence decrease during the recrystallization process (see
Fig. 4). We then look into the geometric structure and packing
arrangements of A3MN crystals. Different from most of the
propeller-shaped AIE/AEE molecules which have twisted
conformations in the crystalline state, A3MN adopts a planar
conformation in the crystal lattice with an interplanar spacing
of around 3.382 nm. The aromatic ring and the central C]N
bond together with the maleonitrile moiety are located on the
same plane: the torsional angle between the benzene ring and
the C]N moiety is 2.35� and the torsional angle between the
C]N bond and the C]C moiety is merely 0.07� (Table S2†). As
shown in Fig. 6A, the adjacent molecules align in an antiparallel
packing mode owing to the D–A effect with the electron-with-
drawing maleonitrile moiety pointing to the electron-donating
diethylamine unit. Hydrogen bonding is formed between the
NH2 group and the C^N bond on the adjacent molecule
(Fig. 6B). From the top view, the C]C bond directly stacks on
top of the phenyl ring of the neighbouring molecule with an
intermolecular distance of 3.358 nm, within the range of
intermolecular p–p stacking. The strong p–p interactions
promote the decay of the excited species through nonradiative
pathways, resulting in the weak uorescence in A3MN crystals.
Defect-induced emission

Defect-related luminescent materials, in combination with their
controllable and tunable behaviours, have aroused much
attention in the recent decades, because of their potential
applications in drug delivery, bioimaging, and even homeland
security.22 Initially, the nonemissive crystals of A3MN disap-
point us. Luckily, we found that A3MN is a defect sensitive
material: the defect area of the crystals becomes highly emis-
sive. As shown in Fig. 7A, a pristine single crystal of A3MN is
almost nonemissive when photoexcited at 405 nm under a
uorescence microscope. When etched by acetone for 1 s, the
uorescence of the crystal is turned on (Fig. 7B). Extending the
etching time can further enhance the uorescence (Fig. 7C). It is
suggested that the acetone molecules may invade into the
Fig. 5 (A–D) TEM images of A3MN aggregates collected immediately and (E–H)
2 h later after the addition of 99% water into the stock solution in THF.
Concentration: 10 mM.

This journal is ª The Royal Society of Chemistry 2013
A3MN crystal lattice and partially dissolve the crystal. Simulta-
neously, there is not enough time for the dissolved molecules to
stack closely and regularly by p–p interactions during fast
acetone evaporation, leading to the formation of crystal defects
at the etched area.

On the other hand, rupturing the A3MN crystal using a metal
spatula can also form defects on the crystal. As expected, intense
emission is observed in the fracture surface under a uorescence
microscope (Fig. 7D and E). Similarly, strong uorescence is
observed when the crystal is crushed (Fig. 7E and F).

The defect-induced emission is further conrmed using a
confocal laser scanning microscope. The single crystal of A3MN
is “dark” in most areas when excited at 405 nm (Fig. S5A†). The
Fig. 7 Micrographs of single crystals of A3MN under UV irradiation: (A) pristine
single crystal, (B and C) single crystal etched by acetone for (B) 1 and (C) 10 s, and
(D–F) single crystal with surface defects.

J. Mater. Chem. C, 2013, 1, 7314–7320 | 7317
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yellow-emission spots may be originated from the defect area
which is naturally formed during crystal growth. Layer-by-layer
scanning reveals that neither the interior nor the surface of the
crystal is strongly uorescent (Fig. S5C†). On the other hand,
when etching with acetone, the surface of the crystal becomes
highly emissive (Fig. S5B†). The emission is gradually decreased
in the interior of the crystal (Fig. S5D†). The fracture surface of
the A3MN single crystal can also be generated by cracking with
tweezers and the edge of the defect area becomes much emissive
than the inner part of the crystal, as observed using the confocal
microscope (Fig. 8A). The relative uorescence intensity is plotted
in Fig. 8C; the two sharp peaks indicate strong emission from the
fracture surfaces in the edges of the single crystal.

The above experiments show that the intact single crystal of
A3MN is weakly emissive while the defect area on the crystal
exhibits intense uorescence. The antiparallel face-to-face
packing mode in the crystal lattice suggests the existence of
strong p–p interactions, resulting in the weak emission. This
packing mode is similar to that observed in many conventional
ACQ systems bearing large at disk-like conjugation planes.
Nevertheless, different from typical ACQ molecules like pyrene
or perylene, there are rotatable single bonds in the disk-like
plane of A3MN. Once exogenic force is applied on the crystal,
the regular face-to-face packing and the consequent strong p–p

stacking may be damaged. As a result, the A3MN molecules
have to adjust their conformation by intramolecular rotation to
a right angle. When adopting a twisted conformation, the
molecules can no longer experience strong p–p interactions
and the uorescence can thus be turned on.

Mechanochromic luminescence

Mechanochromic luminogens, which change their uorescence
properties in response to external stimuli, have attracted
considerable interest over the past decades.23 These materials
can potentially be used as sensors,24 memory chips,25 and
security inks.26 Previously, AIE/AEE materials have been found
to show mechanochromism upon the transition of crystalline
and amorphous states under external stimuli.19c,d In most cases,
upon applying mechanical force, a bathochromic shi in
emission colours and a decrease in uorescence intensity can
be observed. Mechanochromic luminogens showing turn-on
properties are still rarely reported. In principle, mechanical
force which can cause crystal defects can induce the emission of
A3MN, which could be a representative turn-on mechanochro-
mic luminogen.
Fig. 8 (A) 3D photo and (B) one single internal monolayer of the A3MN single
crystal with a fracture surface. Scale bar: 200 mm. (E) Fluorescence intensity of a
single crystal of A3MN along the direction of the arrow in picture B.

7318 | J. Mater. Chem. C, 2013, 1, 7314–7320
To verify this hypothesis, we apply external forces, such as
grinding and hitting to the crystal. As shown in Fig. 9A, the
emission spectrum of the pristine A3MN crystal is nearly a at
line parallel to the abscissa; aer grinding, A3MN becomes
highly uorescent with an emission peak at 563 nm. The change
of the uorescence can be clearly seen from the photographs
taken under UV illumination (Fig. 9C). The single crystal shows
weak red emission. Aer grinding or hitting by a glass rod,
powders with bright yellow emission are observed with the FF

value as high as 48.8% and a decay lifetime of 5.99 ns (Fig. S6†).
A short video was made to demonstrate the remarkable uo-
rescence response of the crystal to mechanical force.

Quantitative experiments are carried out by using a needle to
apply mechanical force on the A3MN crystal surface. The
pricked area, where defects are formed, becomes emissive
(Fig. 10A). Relative intensity is recorded using a uorescence
microscope and shown in Fig. 10B. The intensity in the pricked
area (>104 au) is much higher than that of the intact surface
(<42 au). The uorescence intensity is proportional to the force
applied to generate the defects. Pressure lower than 0.08 N does
not cause an obvious change on the emission intensity
(Fig. 10C). When the pressure reaches 0.1 Newton, the emission
intensity is greatly increased. Further enhancing the force leads
to the gradual increase of the uorescence intensity, which
demonstrates the possibility of using A3MN crystals for quan-
titative analysis of mechanical force in a micro area.
Ultrasound-induced emission

Ultrasound has been used in many different elds such as
object detection (sonar), ultrasonic imaging (sonography) and
distance measurement. Ultrasound-related techniques have
been making great contribution to a wide range of areas from
national defence, scientic research, clinical diagnosis to many
other aspects of the daily life of humans. For most ultrasonic
Fig. 9 (A) PL spectra of a single crystal of A3MN before and after grinding.
Excitation wavelength: 445 nm. (B and C) XRD diffractograms of (B) the intact
single crystal and (C) ground crystal. (D) Photograph of a single crystal of A3MN
before and after grinding/hitting taken under UV irradiation from a hand-held UV
lamp.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 10 (A) Defect areas on the crystal of A3MN made by mechanical pricking
with a needle. (B) 3D surface plot showing the relative peak intensities of the
defect areas shown in panel A. (C) Change in relative emission intensity (I/I0) of
the pricked area versus the force applied.

Fig. 12 Confocal micrographs of a single crystal of A3MN (A) before and (B)
after attacked by ultrasonic waves. 3D surface plot of the chosen area (shown in
rectangles) of the crystal: (C) before and (D) after ultrasonic attack. Scale bar:
50 mm. Excitation wavelength: 405 nm. Acoustic frequency: 40 Hz.
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devices, the core technology is signal transformation, in other
words, translation of the ultrasonic signal to the optical or
electronic signals that can be easily recognized. Ultrasound-
induced emission, which translates the ultrasonic signals to
uorescence signals, has aroused much research attention.27

Previous studies have reported the phenomenon of ultrasound-
induced emission, in which the ultrasound attack changes the
supramolecular self-assembly or the construction of an orga-
nogel.28 Since A3MN is defect sensitive and ultrasound attack is
another method to create the defect, we propose that A3MN
should also possess the ultrasound-induced emission property.

To prove this idea, we expose the microcrystals of A3MN to
ultrasound by ultrasonication for 1 min. The nonemissive
microcrystals suspended in aqueous solution are smashed and
made highly emissive, showing the ultrasound-induced emis-
sion phenomenon (Fig. 11A). The luminescent crystals at the
scale of micron can be clearly seen under a uorescence
microscope (Fig. 11B).

The microcrystals of A3MN can be smashed by ultrasound
and made emissive. Large crystals of A3MN can hardly be
completely destroyed by ultrasound. Instead, defects on the
surface of the crystals are generated. A large crystal of A3MN is
immersed in water and then exposed to 40 Hz ultrasonic waves
for 1 min. The original crystal emits dim light; aer sonication,
Fig. 11 (A) PL spectra of the microcrystals of A3MN before and after ultra-
sonication. Inset: the photograph of microcrystal suspension of A3MN after
ultrasonication taken under UV illumination. (B) Fluorescence image of the frac-
tured A3MN microcrystals. Scale bar: 50 mm. Acoustic frequency: 40 Hz.

This journal is ª The Royal Society of Chemistry 2013
the edge of the crystal becomes uorescent (Fig. 12A and B). In
order to have a better comparison, surface plots of the selected
area are shown in Fig. 12C and D. Fluorescence signals are
depicted in altitude: the pristine crystal shows a gentle gradient
(Fig. 12C), indicating the weak uorescence, whereas the
gradient become much more cliffy, indicating the strong uo-
rescence upon attack by ultrasonic waves. This observation
further demonstrates the ultrasound-induced emission prop-
erty of A3MN crystals.
Conclusions

In summary, we have designed and synthesized a new aggre-
gation-enhanced emission luminogen, A3MN, and investigated
its photophysical properties. With strong donor and acceptor
moieties in its simple structure, A3MN experiences sol-
vatochromism with a bathochromic shi in polar solvents.
Because of the strong intermolecular p–p stacking, the crystals
of A3MN are weakly uorescent. Interestingly, in the defect area
on the surface of the crystal, strong yellow emission can be
observed. The defect-sensitive emission can be triggered by
applying mechanical forces with a detection limit as low as 0.1
Newton or exposure to ultrasonic waves. Such defect-sensitive
luminescent materials are promising candidates to be used in
security, anti-the and trace inspection.
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