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Phosphorescence has seldom been observed in purely organic dyes in the solution at room temperature.
We herein report efficient phosphorescence in the solution from (E)-3-benzylideneimidazo[1,2-a]pyr-
idin-2(3H)-one and its derivatives. This opens up a new class of purely organic dyes to applications in the
phosphor design. In the solid state, the ordered columnar stacking arrangements, intermolecular close
contacts, and lateral intermolecular hydrogen bonding interactions between neighboring columns make

these luminogenic molecules highly phosphorescent at room temperature, and lead to phosphorescent
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color changes (from yellow in the solution to aurantiacus—red in the solid state). Here, using these
luminogenic molecules, a series of new purely organic phosphors are color-tuned to emit yellow, aur-
antiacus, orange, nacarat and red in the solid state, which are promising candidates for potential
applications in organic light-emitting diodes for display.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Organic conjugated compounds are nowadays still the focus of
intense investigations in the field of organic electronics, due to their
appealing applications such as electroluminescent devices, sensors,
lasers, and other semiconductor devices. The development of effi-
cient solid luminescent materials, however, is still a challenging
issue, because many dyes are highly emissive in dilute solutions but
become weakly luminescent or even nonemissive in the condensed
phase, attributed to the formation of detrimental excimers and
exciplexes in the condensed phase [1]. Such an aggregation-caused
quenching (ACQ) problem must be overcome, because luminogenic
molecules are commonly used as the condensed states. Although
various chemical, physical, and engineering approaches have been
used to solve the ACQ effect [2], the attempts have met with only
limited success. Fortunately, some purely organic molecules that
can display efficient aggregation-induced emissions in the solid
states have been reported [3].

To date, purely organic luminogenic molecules that are also
phosphorescent are very rare [4], in contrast to metal-containing

* Corresponding author. Tel.: +86 551 360 1584; fax: +86 551 360 1592.
E-mail address: gpyong@ustc.edu.cn (G. Yong).

0143-7208/$ — see front matter © 2012 Elsevier Ltd. All rights reserved.
doi:10.1016/j.dyepig.2012.04.003

materials, because the highly bonded nature of electrons in
metal-free organic molecules makes them little free and less
impetus to emit from triplet states. Phosphorescence is therefore
generally regarded as a solely inorganic or organometallic property.
The phosphorescent emission of purely organic materials is so
weak and ineffective that they fail to enter discussions on modern
phosphorescent applications [5]. However, the development of
phosphorescent dyes is a goal of intensive research because of their
high application potentials in organic electronics, as well as
chemical and biological detection [6]. Although most purely
organic materials have been widely considered to be non-
phosphorescent in character, very recently, crystallization-
induced phosphorescence of the purely organic materials has
been reported [7], probably attributable to aromatic carbonyls, the
heavy halogen atom effect, or halogen bonding.

On the basis of 2,3’-biimidazo[1,2-a]pyridin-2’-one (Hbipo~*)
radical and its derivatives, our group recently reported a series of purely
organic luminescent materials which also display unique magnetic
properties [8], and coordination polymers which exhibit interesting
magnetic properties and various luminescent colors, including direct
white-light phosphorescent emission [9]. Very recently, we discovered
two purely organic solid phosphorescent materials based on 2-(imi-
dazo[1,2-a]pyridin-2-yl)-2-oxoacetic acid radical, which exhibit exci-
tation wavelength independent of direct white-light and blue-light
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phosphorescent emission, respectively [10]. The phosphorescence can
derive from carbonyl group which exhibit somewhat spin—orbit
coupling at the carbonyl oxygen that allows for intrinsic triplet
generation through intersystem crossing [7b,11].

In an effort to explore the novel purely organic phosphorescent
materials based on imidazo[1,2-a]pyridin-2-ones, we designed and
synthesized a new class of organic conjugated compounds ((E)-3-
benzylideneimidazo[1,2-a]pyridin-2(3H)-one derivatives, Fig. 1) to
examine their room-temperature phosphorescent characters in the
solution and solid state. To the best of our knowledge, this is the
first report on the evaluation of the phosphorescent properties in
the solution and solid state of (E)-3-benzylideneimidazo[1,2-a]
pyridin-2(3H)-one derivatives. We are aware of only two works
reporting the synthesis of few (E)-3-benzylidene- imidazo[1,2-a]
pyridin-2(3H)-ones [12] and no photophysical characterization for
these compounds was given.

2. Experimental
2.1. Materials and methods

All reagents were of analytical grades, and obtained from
commercial vendors and used without further purification. 'H and
13C NMR spectra were obtained on Bruker Avance 400 MHz NMR
spectrometers using DMSO-dg as solvent and tetramethylsilane
(TMS) as the internal standard. High-resolution mass spectra
(HRMS) were obtained on Micromass GCT-MS instrument oper-
ating in electron impact (EI) mode and time of flight (TOF) mass
detector. UV/vis absorption spectra were measured using UV-3100
spectrophotometer in DMF and DMSO solutions at 298 K. The
solution (10 uM DMF) and solid photoluminescence (PL) spectra,
and the decay lifetimes were determined at room temperature on
a Fluorolog-3-TAU fluorescence spectrophotometer. The CIE-1931
chromaticity coordinates were calculated using a Color-
Coordinate.exe program. The same results can also be obtained
using a gocie.exe program from http://www.geocities.com/
krjustin/gocie.html. The quantum yields of solution state were
measured at room temperature in a 10 uM DMF solution using
quinine sulfate (® = 0.54) as a reference. Corrections were made
due to the change in solvent refractive indices [13]. The quantum
yields of solid state were measured on a Fluorolog-3-TAU fluores-
cence spectrophotometer equipped with a BaSOs-coated inte-
grating sphere, upon excitation at 365 nm.
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Fig. 1. (E)-3-benzylideneimidazo[1,2-a]pyridin-2(3H)-one derivatives.

2.2. Synthesis

2.2.1. (E)-3-benzylideneimidazo[1,2-a]pyridin-2(3H)-one (1)

A mixture of hydrochloride salt of imidazo[1,2-a]pyridin-2(3H)-
one (1.72 g, 10 mmol) and benzaldehyde (1.06 g, 10 mmol) in acetic
acid (50 mL) was heated at 125 °C for 2.5 h. After cooled to room
temperature, the resulting orange solid was collected by filtration
and washed with ethanol. The orange solid was immersed in
saturated NaHCOs solution until no bubble was observed. The solid
then was filtered out and washed with water and ethanol; recrys-
tallization of orange solid from DMF solution afforded orange
crystals which are suitable for X-ray single-crystal diffraction
analysis. Yield: 1.59¢g (7.16 mmol), 71.6%. TH NMR (400 MHz,
DMSO-dg, 25 °C, ppm): 8.67 (d, J=6.8 Hz, 1H), 8.48 (dd, ] = 6.6 Hz,
3.0 Hz, 2H), 7.94 (s, 1H), 7.74 (ddd, ] = 8.6 Hz, 7.0 Hz, 1.3 Hz, 1H), 7.51
(dd, J=51Hz, 1.9Hz, 3H), 706 (d, J=89Hz, 1H), 6.86 (td,
J=6.9Hz, 1.1 Hz, 1H). *C NMR (101 MHz, DMSO-dg, 25 °C, ppm):
172.82,162.72,141.56, 132.02, 131.87, 131.32, 129.80, 128.32, 127.86,
114.69, 111.34. HRMS (EI, m/z, [M]"): Calc. for C14H1oN20: 222.24,
Found: 222.22.

2.2.2. Compounds 2—7

Under the same reaction conditions as 1, the reactions by the
replacement of benzaldehyde with different benzaldehyde deriv-
atives afforded a series of (E)-3-benzylideneimidazo|1,2-a]pyridin-
2(3H)-one derivatives.

2.2.2.1. (E)-3-(3'-nitrobenzylidene)imidazo[1,2-a]pyridin-2(3H)-one
(2). Nacarat crystals, yield: 2.05 g (7.68 mmol), 76.8%. 'H NMR (400
MHz, DMSO-dg, 25 °C, ppm): 9.48 (s, 1H), 8.76 (d, J= 7.8 Hz, 1H),
8.63 (d, J=6.8Hz, 1H), 834 (d, J=7.8Hz, 1H), 8.09 (s, 1H),
7.84—7.75 (m, 2H), 7.09 (d, ] = 8.8 Hz, 1H), 6.89 (t, ] = 6.8 Hz, 1H). 1°C
NMR (101 MHz, DMSO-dg, 25 °C, ppm): 172.85, 163.53, 149.39,
147.70,142.44,137.82,133.32, 131.20, 129.99, 129.90, 125.96, 125.30,
125.14, 114.96, 111.72. HRMS (El, m/z, [M]"): Calc. for C14HgN503:
267.24, Found: 267.21.

2.2.2.2. (E)-3-(4-methoxybenzylidene Jimidazo[1,2-a]pyridin-2(3H)-
one (3). Aurantiacus crystals, yield: 1.91 g (7.58 mmol), 75.8%. 'H
NMR (400 MHz, DMSO-dg, 25 °C, ppm): 8.69—8.53 (m, 3H), 7.89 (s,
1H), 7.74—7.64 (m, 1H), 7.11-6.99 (m, 3H), 6.83 (td, ] = 6.9 Hz, 1.1 Hz,
1H), 3.86 (s, 3H). 13C NMR (101 MHz, DMSO-dg, 25 °C, ppm): 173.04,
162.00,161.81,140.62, 134.64, 129.38, 128.00, 127.40, 124.83, 114.52,
113.96, 111.15, 55.45. HRMS (EI, m/z, [M]"): Calc. for C;5H12N205:
252.27, Found: 252.28.

2.2.2.3. (E)-3-(4'-(dimethylamino )benzylidene)imidazo[1,2-a]pyr-
idin-2(3H)-one (4). Bright orange red crystals, yield: 2.12 g (8.0
mmol), 80%. '"H NMR (400 MHz, DMSO-dg, 25 °C, ppm): 8.62 (d,
J=6.8 Hz, 1H), 8.60—8.52 (m, 2H), 7.79 (s, 1H), 7.65—7.58 (m, 1H),
7.02 (d, J=8.9 Hz, 1H), 6.84—6.75 (m, 3H), 3.07 (s, 6H). 13C NMR
(101 MHz, DMSO-dg, 25 °C, ppm): 173.10, 160.10, 152.49, 138.87,
135.00, 129.13, 128.68, 124.47, 119.79, 114.15, 111.15, 110.76, 40.31,
40.20. HRMS (EI, m/z, [M]™): Calc. for C1gH15N30: 265.31, Found:
265.31.

2.2.2.4. (E)-3-(4'-(1H-imidazol-1-yl)benzylidene)imidazo[1,2-a]pyr-
idin-2(3H)-one (5). Orange red crystals, yield: 1.26 g (4.34 mmol),
43.4%."HNMR (400 MHz, DMSO-dg, 25 °C, ppm): 8.65 (t,] = 8.0 Hz,
3H), 8.43 (s, 1H), 7.96 (s, 1H), 7.89 (t, ] = 1.3 Hz, 1H), 7.86—7.82 (m,
2H), 7.77—7.69 (m, 1H), 7.16 (s, 1H), 7.07 (d, ] = 8.9 Hz, 1H), 6.86 (td,
J=6.9Hz, 1.1 Hz, 1H). 3C NMR (101 MHz, DMSO-dg, 25 °C, ppm):
172.96, 162.71, 141.55, 138.52, 135.58, 133.82, 130.29, 130.22, 129.70,
129.46, 126.68, 119.42, 117.62, 114.75, 111.41. HRMS (EI, m/z, [M]*):
Calc. for C;7H12N40: 288.30, Found: 288.32.
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2.2.2.5. (E)-3-(4-(1H-pyrazol-1-yl)benzylidene )imidazo[1,2-a]pyr-
idin-2(3H)-one (6). Aurantiacus crystals, yield: 1.65 g (5.73 mmol),
57.3% 'H NMR (400 MHz, DMSO-ds, 25°C, ppm): 8.66 (dd,
J=11.0 Hz, 5.7 Hz, 4H), 8.05—7.94 (m, 3H), 7.83 (d, J = 1.5 Hz, 1H),
7.73 (ddd, J = 8.4 Hz, 7.0 Hz, 1.2 Hz, 1H), 7.07 (d, ] = 8.9 Hz, 1H), 6.86
(td, J=6.9 Hz, 1.0 Hz, 1H), 6.65—6.57 (m, 1H). 13C NMR (101 MHz,
DMSO-dg, 25 °C, ppm): 172.95,162.54,141.82,141.40,141.23,133.73,
129.68, 129.66, 129.17, 128.08, 126.98, 117.68, 114.71, 111.38, 108.58.
HRMS (EI, m/z, [M]"): Calc. for C7H12N40: 288.30, Found: 288.29.

2.2.2.6. (E)-3-(4'-(1H-1,2,4-triazol-1-yl)benzylidene)imidazo[1,2-a]
pyridin-2(3H)-one (7). Orange red crystals, yield: 186¢g
(6.43 mmol), 64.3%. 'H NMR (400 MHz, DMSO-dg, 25 °C, ppm): 9.43
(s, 1H), 8.71-8.63 (m, 3H), 8.30 (s, 1H), 8.05—7.98 (m, 3H), 7.78—7.71
(m, 1H), 7.07 (d, J = 8.9 Hz, 1H), 6.87 (td, J = 6.9 Hz, 1.1 Hz, 1H). °C
NMR (101 MHz, DMSO-dg, 25°C, ppm): 172.74, 162.78, 154.11,
142.75,139.40, 133.62, 131.48, 129.57,128.65, 126.06, 121.79, 118.80,
114.79, 111.46. HRMS (EI, m/z, [M]"): Calc. for C1¢H11N50: 289.29,
Found: 289.28.

2.3. Single-crystal X-ray crystallography

The X-ray diffraction measurement for 1 was performed on
a Gemini S Ultra CCD diffractometer (Oxford diffraction Ltd.) using
graphite monochromated Cu-Ko radiation (A=1.54184 A). The
structure was solved by direct method and refined with full-matrix
least-squares technique on F? by using the SHELXS-97 and SHELXL-
97 programs [14]. The empirical absorption correction (SCALE3
ABSPACK) was applied. All non-hydrogen atoms were refined with
anisotropic displacement parameters. The hydrogen atoms were
placed in geometrically calculated positions. Weighted R factor (Ry)
and all goodness of fit S are based on F?, conventional R factor (R) is
based on F.

3. Results and discussion
3.1. Syntheses and crystal structure description

As described in Scheme 1, the reaction between hydrochloride
salt of imidazo[1,2-a]pyridin-2(3H)-one and benzaldehyde deriva-
tives afforded a series of (E)-3-benzylideneimidazo[1,2-a]pyridin-
2(3H)-one derivatives by one-pot synthesis method, and the orange
single crystals, (E)-3-benzylideneimidazo[1,2-a] pyridin-2(3H)-one
(1) were obtained. Compound 1 crystallizes in triclinic space group
P-1. The molecular structure of 1 is shown in Fig. 2. Interestingly,
compound 1 exhibits the trans-configuration. According to the
mechanism of the Pschorr cyclization, the condensation of imidazo
[1,2-a]pyridin-2(3H)-one with benzaldehyde should have the cis-
configuration of the phenyl and pyridyl groups, however, the
product was the trans-compound. Abramovitch and Hey have
reported that (E)-3-(2'-nitrobenzylidene)imidazo|[1,2-a]pyridin-
2(3H)-one was the trans-configuration [12b]. They think that it
seems likely that there is dipolar repulsion between the pyridine
nitrogen atom and the electronegative nitro group, leading to the
observed stereochemistry.

HO
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e (I)CH,COOH 125 °C &
N T 2) NaHCOyH,0 NaHCOy/H,0

1. Synthesis of

o

Scheme
derivatives.

(E)-3-benzylideneimidazo[1,2-a]pyridin-2(3H)-one

Fig. 2. ORTEP diagram of molecular structure of 1 with ellipsoids drawn at 50%
probability.

Compound 1 forms one-dimensional (1D) columnar stacking
chain along the b-axis, in which the molecules appear to be
a slightly slipped stack. In 1D chain, (E)-3-benzylideneimidazo[1,2-
a]pyridin-2(3H)-one molecules adopt slipped head-to-tail stacking
modes, as shown in Fig. 3. Although the stacking distance is outside
van der Waals contact, there exist four kinds of intermolecular close
contacts (C1---C7" of 3.336 A, C6:--C10’ of 3.369 A, C7---C9' of
3.391A, and C8---C8 of 3.257 A, shorter than van der Waals)
between neighboring molecules. The columnar chains are further
assembled into two-dimensional (2D) supramolecular network via
lateral intermolecular C14—H---N1’ hydrogen bonds (3.155A)
between neighboring columns, as shown in Fig. S1 (in the Sup-
porting information).

3.2. UV)vis absorption spectra of compounds 1-7

The UV/vis absorption spectra of all seven compounds were
measured at room temperature in DMF solution (Fig. 4). Even if
measured in DMSO solution (Fig. S2, in the Supporting Informa-
tion), these compounds exhibit similar UV/vis absorption spectra in
DMF solution. Except for compound 4, other six compounds display
intense Sog — S bands at 326—368 nm that should be attributed to
T — T type transitions of carbonyl groups [7b], and weak broad
bands centered at about 458 nm which are attributed to n — ©*
type transitions, and even extend to the visible region. These
similar absorption spectra are owing to their similar molecular
structures. Compared to 1 that shows intense bands at 335 nm,
compound 2 with electron-withdrawing substituent on the phenyl
ring shows the blue-shifted absorption band (326 nm), conversely,
compounds 3, 5, 6 and 7 with electron-donating substituents on
the phenyl ring exhibit the red-shifted absorption bands in the
range of 353 nm and 368 nm. Interestingly, compound 4 with
strong electron-donating substituent (—N(CHs);) on the phenyl
ring even leads to all absorption bands (440, 478 and 503 nm) in
the visible region. The blue-shifted absorption band of compound 2
may be ascribed to its lower HOMO energy level owing to the
electron-withdrawing effect of nitro group, while the red-shifted
absorption bands of compounds 3, 5, 6 and 7 can be attributed to
higher HOMO energy level owing to the electron-donating effect of
donating electron groups. It is obvious that compared to 3, 5 and 6,
compound 7 with weak electron-donating triazolyl group leads to
fewer red-shift, however, 4 with strong electron-donating N,N’-
dimethylamine group, that effectively elevates HOMO energy level
of phenyl ring, occurs obvious red-shift (Fig. 4).

3.3. Phosphorescence of compounds 1-7 in the solution
Fig. 5 shows the photoluminescence (PL) spectra of compounds

1-7 in the dilute (10 puM) DMF solution at room temperature, after
omitting the contributions from the DMF solvent. The signals of
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Fig. 3. The columnar stacking chain in 1.

shorter than 500 nm may be attributed to contributions from the
DMF solvent (Fig. S3, in the Supporting Information). Indeed, in the
dilute (10 uM) DMSO solution (Fig. S4, in the Supporting Informa-
tion), these compounds exhibit similar PL spectra to in DMF solu-
tion. The PL spectra of compounds 1-7 in the DMF solution are
similar; they all exhibit broad emission peaks centered at about
546—578 nm, upon excitation at 365 nm. The similar emission
peaks are relative to their similar molecular structures, however,
the slight differences of maximal emission peaks among all seven
compounds should be ascribed to electronic and steric effect of
different substituents on the phenyl ring. Surprisingly, the decay
lifetime of compounds 1—7 in the dilute solution was determined to
be 1 = 16.8—18.5 s (Fig. 6), upon excitation at 365 nm, indicative of
the phosphorescent nature which might be assigned to the
carbonyl effects in molecules, because carbonyl group can exhibit
somewhat spin—orbit coupling at the carbonyl oxygen that allows
for intrinsic triplet generation through intersystem crossing [7b,11].
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Fig. 4. UV/vis absorption spectra of 1-7 in 10 uM DMF solution at 298 K.

3.4. Phosphorescence of compounds 1—4 in the solid state

Because many highly emissive dyes can become weak lumi-
nescent or even nonemissive in the solid state, to examine whether
1-7 were phosphorescent in the solid state, we investigated their
PL spectra decay behaviors. As shown in Fig. 7, the decay lifetime of
1-7 in the solid state was determined to be t=29.0, 26.6, 26.5,
24.3, 22.9, 23.7 and 23.7 ps, respectively. The microsecond-order
decay lifetimes confirm their phosphorescent nature in the solid
state at room temperature. Different from solution state, 1-7
exhibit longer decay lifetimes in the solid state, probably attribut-
able to stacking effects.

In the solution, upon excitation at 365 nm, compounds 14
exhibit similar PL spectra (Fig. 5) and emit similar yellow light as
indicated by the CIE chromaticity diagrams (Fig. S5, in the Sup-
porting Information). In the solid state, the room-temperature PL
spectra of 1 and 3 display maximal emission peaks at about 570 nm

75000

60000

= 45000

(a.u.)

30000

Intensity
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Fig. 5. PL spectra of compounds 1-7 (>500 nm) in the dilute DMF solution.
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Fig. 6. The decay lifetime curves of compounds 1-7 in the dilute DMF solution at room
temperature. The lifetime (7) is defined as the time in which the emission intensity
decays to 1/e of the initial intensity (I,), where e is the natural log constant and is equal
to 2.718. (I=l,e M > 1=t >1=(1/e)l,) [15].

(Fig. 8), upon excitation at 365 nm, implying they emit yellow solid
phosphorescence, as indicated by their CIE chromaticity diagrams
(Fig. S6, in the Supporting Information). However, the room-
temperature solid PL spectra of 2 and 4 exhibit maximal emission
peaks at 598 and 615 nm, respectively (Fig. 8), upon excitation at
365 nm, indicating that 2 and 4 emit orange and red solid phos-
phorescence, respectively, as indicated by the CIE chromaticity
diagrams (Fig. S6, in the Supporting Information).

It should be noted that 2 and 4 reveal stacking-induced phos-
phorescent color changes in the solid state, regardless of their
similar phosphorescent colors in the solution. The red and bright
orange red phosphorescence for 2 and 4 can even be seen with the
naked eye when solid is illuminated with a 365-nm UV light at
room temperature (Figs. S7 and S8, in the Supporting Information).
Indeed, the yellow solid phosphorescence for 1 and 3 can also be
seen with the naked eye when solid is illuminated with a 365-nm
UV light at room temperature (Figs. S7 and S8, in the Supporting
Information). Interestingly, the bright orange red phosphorescence
for 4 even can be observed under laboratory lighting condition,
indicating that the bright orange red phosphorescence of 4 can be
excited in the visible region, such as 560 nm excitation light (Fig. 9).
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Fig. 7. The decay lifetime curves of 1, 2 and 3—7 (inset) in the solid state at room
temperature.
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Fig. 8. Room-temperature solid PL spectra of 1—4 upon excitation at 365 nm.

3.5. Phosphorescence of compounds 5, 6 and 7 in the solid state

The room-temperature solid PL spectra of compounds 5, 6 and 7
are shown in Fig. 10, which display maximal emission peaks at
about 589, 579 and 596 nm, respectively, upon excitation at
365 nm. Regardless of their similar PL spectra (Fig. 5), and similar
yellow phosphorescence (excitation at 365 nm) as indicated by
their CIE chromaticity diagrams (Fig. S9, in the Supporting Infor-
mation) in the solution, in the solid state, 5 and 7 exhibit similar
aurantiacus phosphorescence (excitation at 365 nm) as indicated
by the CIE chromaticity diagrams (Fig. S10, in the Supporting
Information), which can also be attributed to the stacking-induced
phosphorescent color changes, but, 6 still emits yellow phospho-
rescence (Figs. S10 and S11, in the Supporting Information). Inter-
estingly, the solid phosphorescent colors (orange) for 5 and 7 taken
under ambient condition and 365-nm UV light illumination are
almost consistent, indicating that the phosphorescence can be
excited in the visible region, such as 550 nm excitation light (Fig. 9).

Seven phosphorescent dyes based on (E)-3-benzylideneimidazo
[1,2-a] pyridin-2(3H)-one derivatives display similar photophysical
properties (Figs. 4 and 5), and similar yellow phosphorescence
(excitation at 365 nm) in the solution at room temperature. The
slight differences in the photophysical properties among all seven
compounds should be ascribed to electronic and steric effect of
different substituents on the phenyl ring. To the best of our
knowledge, the purely organic dyes that are visible phosphorescent
in the solution at room temperature has not been reported.

It is noticeable that compounds 2, 4, 5 and 7 exhibit the stacking-
induced phosphorescent color changes (from yellow phosphores-
cence in the solution to aurantiacus—red phosphorescence in the
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Fig. 9. Solid excitation spectra of compounds 1-7 at room temperature.
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Fig. 10. Room-temperature solid PL spectra of 5, 6 and 7 upon excitation at 365 nm.

solid state, upon excitation at 365 nm) at room temperature.
Because 2, 4, 5 and 7 contain the hydrogen bonding acceptor group
(—=NO3, —N(CH3),, and N atom in imidazole and triazole ring,
respectively), these hydrogen bonding acceptor groups can probably
increase lateral intermolecular hydrogen bonding interactions
between neighboring columns (similar to Fig. S1, in the Supporting
Information), which are helpful to charge transfer between columns,
further leading to lower energy emissions, as a result, these
compounds emit aurantiacus to red phosphorescence in the solid
state. Interestingly, these four dyes show similar phosphorescent
colors taken under ambient condition and 365 nm UV light illumi-
nation, indicating that the phosphorescence can even be excited in
the visible region, such as about 555 nm excitation light (Fig. 9). The
similar solid-state phosphorescent colors for 2, 4, 5 and 7 in the
visible light and ultraviolet light (365 nm) are very interesting in
purely organic phosphorescent dyes. On the other hand, compounds
1,3 and 6 do not display the stacking-induced phosphorescent color
changes, which still emit the yellow phosphorescence (excitation at
365 nm) in the solid state at room temperature, similar to that in the
solution. However, under ambient condition, they show aurantiacus
to orange phosphorescence. More strikingly, seven phosphorescent
dyes possess longer solid-state decay lifetimes than that in the
solution (Figs. 6 and 7), implying that stacking not only induces
phosphorescent enhancement effect, but leads to longer decay
lifetime as well. The stacking-induced phosphorescent enhance-
ment can be demonstrated by obvious difference in quantum yields
between solution state and solid state: in the DMF solution, the
quantum yield of 1-7 is 0.016, 0.016, 0.017,0.0021, 0.0018, 0.017 and
0.018%, respectively; in the solid state, the quantum yield of 1-7 is
1.3,1.2,1.7,1.0, 1.1, 1.5 and 1.2%, respectively.

It should be noted that such a new class of purely organic
phosphorescent dyes are promising candidates for potential
applications including organic electronics such as organic light-
emitting diodes for display or ambient lighting [16]. Benefits for
purely organic materials (compared to organometallics) may exist
in terms of costs and tunable phosphorescent colors (achieve
yellow phosphorescence and low-energy red phosphorescence).

4. Conclusion

In conclusion, in this work, for the first time, we discovered
anovel class of purely organic phosphorescent dyes in the solution at
room temperature. This opens up the broad class of purely organic
compounds to new applications in phosphor design. A carbonyl
group has been found to be key structural feature to activate phos-
phorescent emission from pure organic dyes in the solution. The
ordered columnar stacking arrangements, intermolecular close

contacts, and lateral intermolecular hydrogen bonding interactions
between neighboring columns make these luminogenic molecules
highly phosphorescent in the solid state at room temperature, and
lead to phosphorescent color changes (from yellow phosphores-
cence in the solution to aurantiacus to red phosphorescence in the
solid state). Interestingly, some dyes show phosphorescent colors
taken under ambient conditions closely resemble those measured at
365 nm UV light illumination, indicating that the phosphorescence
of these compounds can even be excited in the visible region. The
phosphorescence nature of these compounds is further supported
by the long decay lifetimes.
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Appendix A. Supplementary material

CCDC 853989 contains the supplementary crystallographic data
for 1. The data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
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be found, in the online version, at doi:10.1016/j.dyepig.2012.04.003.
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