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Abstract: A series of highly efficient deep red to near-infrared
(NIR) emissive organic crystals 1–3 based on the structurally
simple 2’-hydroxychalcone derivatives were synthesized
through a simple one-step condensation reaction. Crystal
1 displays the highest quantum yield (Ff) of 0.32 among the
reported organic single crystals with an emission maximum
(lem) over 710 nm. Comparison between the bright emissive
crystals 1–3 and the nearly nonluminous compounds 4–7
clearly gives evidence that a subtle structure modification can
arouse great property changes, which is instructive in designing
new high-efficiency organic luminescent materials. Notably,
crystals 1–3 exhibit amplified spontaneous emissions (ASE)
with extremely low thresholds. Thus, organic deep red to NIR
emissive crystals with very high Ff have been obtained and are
found to display the first example of NIR fluorescent crystal
ASE.

Organic materials that exhibit efficient luminescence in the
near-infrared (NIR) region have attracted much attention
recently because of their potential applications in bioimaging,
night vision devices, optical communication, and organic
light-emitting diodes (OLEDs).[1–4] A large p-conjugated
framework or strong donor–acceptor (D-A) skeleton is
commonly adopted as the basic structural unit to construct
NIR emitters. Thus, fluorescence quenching, the general
problem for luminescent organic solids, is particularly serious
for NIR fluorophores due to either attractive dipole–dipole
interactions or effective intermolecular p-stacking.[5] Due to
these negative influences, most of the reported efficient NIR
fluorophores in dilute solutions exhibit no or weak fluores-
cence in solid forms.[6] These depressing results greatly
obstruct the applications of NIR materials in optoelectronics
including OLEDs and organic solid-state lasers (OSLs).
Organic single crystals constructed from p-conjugated mol-
ecules have intrinsic properties of ordered molecular orien-
tation and high carrier mobility, and thereby are the most
likely candidates for electrically pumped organic laser

materials. The lasing properties of organic crystals can be
studied by means of amplified spontaneous emission (ASE).
Blue to orange fluorescent organic crystals displaying the
ASE property have been achieved in the past decade;[7]

however, deep red and NIR-luminescent ASE-active organic
crystals have not yet been reported, because it is really hard to
design organic NIR-fluorescent dyes simultaneously possess-
ing efficient solid-state emission as well as high crystallinity
with suitable size and shape.

Excited-state intramolecular proton transfer (ESIPT)-
active fluorophores and D-A skeletons are important com-
ponents in the research area for constructing long-wavelength
organic fluorescent molecules owing to their large Stokes-
shifted emission.[8] And the strategies such as modulating
molecular packing modes or tuning molecular conformations
usually contribute to the fluorescent quantum efficiency of
organic solids.[9] Following these considerations, we employ
ESIPT-active and D-A structured 2’-hydroxychalcone deriv-
atives 1–3 to construct NIR-emitting crystals (Figure 1). The

D-A structure, intramolecular H-bond with ESIPT nature,
slip-packing structure and molecular planarization effectively
make the crystals 1–3 highly emissive in the deep red/NIR
region. To explore the emission mechanism of crystals 1–3,

Figure 1. Molecular structures of 1–7 (the emission maxima l and
fluorescence efficiencies F of the solids are summarized herein) and
their photographs under daylight and UV irradiation.
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the other four compounds 4–7 are synthesized. The optical
properties as well as crystal structures have been carefully
investigated. Notably, the slab-like crystals 1–3 display a light
propagation feature and thus their potential as candidates in
OSLs has been systematically investigated.

Compounds 1–3 are known molecules, but their optical
properties are not fully investigated.[10] All the compounds are
synthesized according to the literature.[11] We obtained red
crystals with centimeter-scale size and slab-like shape based
on 1–3. As shown in Figure 1, the crystals display bright deep
red to NIR fluorescence (lem = 680–716 nm; Ff = 0.25–0.32),
although their solutions are almost non-emissive (Ff< 0.01).
Additionally, these compounds display size-dependent emis-
sion in the crystalline state. For instance, the emission
spectrum of 1 continually red shifts upon increasing the
crystal size (Figures S2–S3). In hexane, 1 displays a local
emission (LE) band peaking at 483 nm and a large Stokes-
shifted emission band peaking at 542 nm which is attributed

to the ESIPT-state emission (Figure 2b). Calculations on the
ground state (S0) and the lowest-energy excited singlet state
(S1) in the gas phase of 1 are conducted using the CAM-
B3LYP functional. Geometry optimizations in S1 starting
from the Franck–Condon state and the proton-transferred
structure give rise to two local minima corresponding to the
LE and ESIPT states, respectively (Figures 2a and S4). The
plausible potential energy surfaces are shown in Figure 2a.
The energies of two states relative to the optimized geometry
in S0 are + 3.18 and + 3.11 eV with calculated emission of 414

and 475 nm, respectively, coinciding with the experimental
results. In aprotic solvents, the emission spectra contain both
LE and ESIPT state emission, featured as combined broad
bands or dual-peak emission bands. In the protic solvent such
as methanol, a narrowed emission band is observed which is
assigned to the LE. Because of the D-A structure of this type
of molecules, the absorption and emission bands red shift to
a certain extent upon increasing the solvent polarity.

The fluorescence of crystals 1–3 are assigned to the
tautomer produced by ESIPT which results in an abnormally
large Stokes shift.[12] Considering the weak fluorescent nature
of the present molecules in solution, the bright NIR
fluorescence in crystals is very interesting. Thus, molecular
conformations and packing structures of these crystals are
crucial for understanding the bright NIR fluorescence.
Crystals 1–3 belong to the same space group and crystal
system, consistent with the similar crystal shape and fluores-
cence feature. As shown in Figures 3a and S5–S7, all the

individual molecules take a rather planar conformation with
the dihedral angle between terminal benzene rings in the
range of 1.35–10.8288 and show strong innate intramolecular
H-bonds between the carbonyl unit and hydroxy group
(1.753–1.790 è). The strong intramolecular H-bonds greatly
increase the molecular rigidity and assist in activating the
molecular planarization. Each molecule in the crystal con-
nects its neighboring molecule in an edge-to-face mode
(Figure 3b), which avoids p–p interactions. Notably, the
linear and flat molecules pack into infinite molecular chains

Figure 2. a) Potential energy surfaces in the gas phase and representa-
tion of the LE and ESIPT states of 1. The relative energies calculated
with the CAMB3LYP functional are given in kcalmol¢1 relative to the
optimized geometry in S0. The TD-DFT vertical excitation energies and
oscillator strengths (f) was calculated with the PBE0 functional.
b) Absorption and emission in n-hexane (1 Ö 10¢5 m) and crystal
emission of compound 1. Figure 3. Molecular conformations and packing structures of crystals

for 1–3 (a and b), 4 (c and d), and 5 (e and f).
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with a typical slip-packing structure in which molecules avoid
excimer formation thereby enhancing the fluorescence of
solid samples. Introducing substituents such as methyl and
methoxyl at the para-position relative to the carbonyl group
does not greatly change the molecular conformation and
packing mode. However, these functional groups form non-
classical H-bonds which slightly alter the molecular micro-
environments. Thus, the shape and fluorescence of the bulk
crystals are affected in a certain degree.

The solutions under frozen condition and films of these
compounds doped in polymethylmethacrylate (1–10 wt%)
emit very weak fluorescence (Figure S8), demonstrating that
the restriction of intramolecular rotation is likely not the key
role to activate the bright light of the crystals. To further gain
insights into the reason why compounds 1–3 are not
fluorescent in dispersed states but brightly emissive in
crystals, we synthesized compound 4[13a] and obtained red
slab-like crystals whose color and shape are quite similar to
those of crystals 1–3 (Figure 1). Crystals of 4 have similar
edge-to-face packing structures with 1–3 (Figure 3c,d). How-
ever, the individual molecule of 4 takes a rather bent and
twisted molecular conformation. This crystal is weakly
fluorescent (lem = 720 nm; Ff< 0.01) although there are no
negative factors for fluorescence such as intermolecular p-
stacking and dipole–dipole interactions in the crystal packing
structure. This finding strongly indicates the crucial effect of
molecular planarization on the fluorescence quantum yield
for crystals 1–3. Compound 5[13b] is next synthesized to
demonstrate the vital effect of slip-packing mode and edge-
to-face arrangement structure on the high efficiency of
crystals 1–3 (Figure 1). A similar red slab-like crystal of 5 is
achieved. Nevertheless, the crystal is nearly non-emissive
(lem = 699 nm; Ff< 0.01). The molecules in crystal 5 have
a relatively planar conformation (Figure 3e), similar with
those in crystals 1–3. The difference of crystal structures
between 5 and 1–3 is the molecular packing structure. As
shown in Figure 3 f, unlike the edge-to-face packing mode of
molecules in crystals 1–3, every two molecules in crystal 5
take a face-to-face packing structure with strong p–p

interactions; on the other hand, each molecule has strong
dipole–dipole interactions with its neighboring molecule,
which undoubtedly has an adverse effect on the quantum
yield. The different packing structures make crystal 5 nearly
non-emissive, whereas crystals 1–3 are highly fluorescent.
Meanwhile, from the comparison of crystal structures among
crystals 4, 5, and 1–3, we can draw the conclusion that the
molecular conformation and molecular packing structure of
these molecules can be tuned by the position of the
substituent. Considering the much similar molecular struc-
tures and the greatly different emission behaviors of these
compounds, it is easy to find that the substituent modification
has great importance on tuning the solid-state emissions of
organic materials.

For a further understanding of the deep red/NIR emission
of crystals 1–3, 2’-methoxychalcone derivative 6[13c] and
isopropyl-substituted 7[13d] are synthesized (Figure 1). In 6,
the hydroxy group is replaced by a methoxy group. Con-
sequently, there is no intramolecular H-bond in compound 6.
In other words, the ESIPT process cannot occur. The

isopropyl group is used in place of dimethylamino group in
compound 7 to disclose the effect of strong D-A structure on
the emission. The emission bands of both 6 and 7 in the solid
state display a large blueshift of more than 80 nm (Figure S9)
compared with 1. This finding strongly demonstrates that the
intramolecular H-bond and the D-A structure are crucially
important for the deep red/NIR emission of crystals 1–3.
Because all those compounds have the same chalcone
skeleton except for some partial changes, the distinctively
different emission behaviors between 1–3 and 4–7 demon-
strate that the structure modification is of great importance
for organic fluorophores. This also provides an easy but
effective strategy when designing new organic fluorescent
materials with high efficiency in the solid state.

Crystals 1–3 exhibit brighter emission on edge than on
their body, indicating that their emissions are highly confined
inside the crystals. These observations reflect that self-wave-
guided emission occurs in the crystals and thus these crystals
are possible candidates as organic deep red/NIR laser media.
To test this possibility, one isolated single crystal of 1 is excited
with a pulsed laser and the photoluminescence (PL) spectra
are subsequently collected from the edge area. At low
excitation power, the PL spectrum is featured as a broad
emission band peaking at about 714 nm, and an amplified
spontaneous emission is observed above a certain power
threshold. Figure 4a shows the power-dependent PL spectra
as well as the energy dependence of the luminescence
intensity and FWHM of the emissions. It shows a nonlinear
gain and a threshold characteristic of ASE. The threshold of
9.2 kWcm¢2 pulse¢1 calculated from the slope of peak inten-
sity versus pump energy curve is among the lowest values for
typical organic crystals. Thus, ASE of organic NIR-fluores-
cent organic crystals has been successfully realized, most
importantly, having the extremely low threshold value which
is a crucial parameter to evaluate the ASE property.

The ASE characteristics of the other two crystals 2 and 3
have also been checked. The thresholds of crystals 2 and 3 are
8.2 and 100 kWcm¢2 pulse¢1, respectively. Crystal 3 displays
unfavorable ASE characteristics and its PL spectra start to
narrow at high excitation laser powers. This probably
originates from its larger thickness compared with crystals
1 and 2 which should inevitably result in more defects in the
crystal, adverse to the self-waveguided emission. To verify
this, microcrystals with smaller thickness of compound 3
growing on a silicon substrate are prepared (Figure S10). The
laser beam radiates on a pile of microcrystals and ASE is
measured. The threshold of the microcrystals is
22 kWcm¢2 pulse¢1, smaller than that of the normal-sized
crystal 3. In addition, the gain coefficients of crystal 1 have
also been carried out by a successively variable pump stripe
method in which the lengths of pump stripe are adjusted by
a slit (Figure S11). The PL spectra become narrower upon
increasing the pump stripe length, and this narrowing occurs
more rapidly at higher pump energy, consistent with the
prediction of ASE theory.[14] The polarized emission of crystal
1 is detected by using a polarizer in front of the optical fiber at
the pump energy of 127 kWcm¢2 pulse¢1. A scatterplot is
shown in Figure S12, depicting the PL intensity in change of
the relative angles between the crystal and the polarizer. Its
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fitting curve accord with the sine function and the difference
between the two angles corresponding to the maximum and
minimum is close to 90 88.

In conclusion, highly efficient slab-shaped deep red/NIR-
fluorescent organic crystals have been generated in large
amounts based on structurally simple molecules. The uniquely
high quantum yield in the long-wavelength emission region of
these crystals is demonstrated to originate from a combination
effect of the molecular D-A structure, ESIPT-active intra-
molecular H-bond, molecular planarization, and the molec-
ular packing structure without p–p interaction. Comparison
between the highly efficient 1–3 and nearly nonluminous 4–7
demonstrates the partial modification of the molecular
structure may play the key role in tuning the optical proper-
ties of organic fluorophores. The realization of solid-state
deep red/NIR fluorescence based on simple organic dyes
without large p-conjugated framework and bulky substitu-
tions will have particular impact on design strategies toward
deep red/NIR-emissive solids. These findings also exemplify
how the optical properties of organic crystals can be tuned in
a rational and efficient way by controlling the molecular
packing mode and molecular conformation. Another signifi-
cant point of the present study is that the slab-like deep red/
NIR crystals exhibit ASE characters with extremely low

thresholds, which suggests their possible application as
organic deep red/NIR laser crystals.

Keywords: amplified spontaneous emission ·
near-infrared spectroscopy · organic crystals · proton transfer ·
p-conjugation
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