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ABSTRACT: By compressing the organic solid luminescent material
2,7-di(naphthalen-1-yl)fluorenone (1-DNFO), a consecutive and
massive modulation of its UV−vis absorption and photolumines-
cence spectra has been achieved. In particular, the photo-
luminescence peak shifts from the visible (548 nm) to the near-IR
region (879 nm). In situ high-pressure synchrotron X-ray diffraction
studies indicate that the tremendous photoluminescence redshift of
1-DNFO with a parallel packing mode results from the enhancement
of intermolecular interaction, which is caused by the decrease of unit
cell volume and intramolecular dihedral angle. Additionally, a time-
dependent density functional theory study shows that the enhance-
ment of intermolecular interaction under high pressure should be
responsible for the dramatic redshift of the absorption and emission
spectra. For comparison, the analogue 2,7-di(naphthalen-2-yl)fluorenone (2-DNFO) with an interlaced packing mode shows the
relatively small-scale photoluminescence redshift under compression, due to the difference of molecular arrangements. Our research
manifests that the optical properties of organic optical crystals with effective π···π interaction are more sensitive to external pressure,
which may have the potential application for multicolor luminescent materials and devices.

■ INTRODUCTION

In recent years, organic solid luminescent materials have drawn
broad attention on account of their wide applications in
optoelectronic devices, data recording, biological sensing and
imaging.1−5 Based on the practical and urgent demands of
multicolor displays,6,7 it is of significant importance to
efficiently acquire the tunable luminescent color from the
organic-based light emission. The diverse luminescent proper-
ties of organic optical materials depend highly on the
molecular conformations, arrangements and interactions.8−11

For example, the self-assembled structures of organic dyes can
limit their intramolecular movements of groups, and they can
thus enhance the fluorescence intensity.12 The restriction of
molecular vibrations in organic chromophores might result in
the drastic increase of emission intensity too.13 The lattice
deformation of perovskite-structure can also spatially limit
excitons and observably improve fluorescence quantum yield.14

The enhancement of the intermolecular π···π stacking
interaction in crystal structures of organic dyes have been
reported to shift the luminescence to longer wavelength and
decrease the luminescence intensity.15 However, it is still hard
to achieve large-scale multicolor modulation of luminescence
by conventional stimuli such as solution processes, cocrystal
strategies or grinding methods.16−19 Recently, the burgeoning
high-pressure techniques have been recognized as a direct and

efficient tool to alter the crystal structures and molecular
interaction, and can thus tune the optoelectronic properties of
the materials.20−28 Along with this strategy, applying pressure
to organic luminescent materials is expected to be an effective
new method to obtain the particular luminescent properties.
Meanwhile, a deep understanding of the structure−property
relationship under high pressure is very important for
designing and regulating the functional optical materials.
Fluorenone derivatives with strong light-emission in the

solid state have been explored in the tunable luminescent
fields.29−33 By controlling the processing conditions such as
the drop-casting parameters of solution,29 or the contents of
good and poor solvents during recrystallization,31,34 regulable
light-emitting performance of fluorenone derivatives with
different molecular packing modes can be obtained. Here,
the fluorenone derivatives substituted by naphthyl group were
chosen to explore the photobehaviors under high pressure due
to their advantages of long organic π-conjugated structures,
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flexible naphthyl groups and enough space for compression.
The crystals of 2,7-di(naphthalen-1-yl)fluorenone (1-DNFO)
and 2,7-di(naphthalen-2-yl)fluorenone (2-DNFO) were ob-
tained via the same recrystallization method. By applying
pressure to 1-DNFO, the in situ UV−vis absorption and
photoluminescence spectra exhibited a tremendous and
continuous redshift from visible light to the near-infrared
region. The enhancement of intermolecular interaction caused
by the decrease of cell volume and dihedral angle between
fluorenone group and naphthyl group was found to be
responsible for such a dramatic redshift in both the absorption
and emission spectra. As a contrast, the 2-DNFO with the
fluorenone group connected with the position 2 of naphthyl
moiety shows an interlaced packing mode and an incon-
spicuous redshift was observed under compression compared
to that of the 1-DNFO with the parallel arrangement. Time-
dependent density functional theory (TD-DFT) studies
suggest that the enhanced intermolecular interaction upon
compression is the essential reason for the decrease of excited
energy. The organic optical molecules with more effective π···π
interaction were proved to be an efficient pressure-responsive
molecular switch for tuning the absorption and emission
properties.

■ EXPERIMENTAL SECTION

Sample Preparation and High-Pressure Generation.
The synthesis of the model compounds and the fabrication of
the crystals were described in our earlier publications.30,32 1-
DNFO and 2-DNFO were synthesized through the Suzuki
coupling reaction. The samples were purified by chromatog-
raphy method and recrystallization and then ground into
powder samples for high pressure experiments. The purity was
confirmed by powder X-ray diffraction (XRD) at ambient
pressure. 1-DNFO shows the β-phase with the Pc group, and 2-
DNFO shows the α-phase with the P21/n group.32 The
symmetric diamond anvil cell (DAC) (diameter of anvil culet:
300 μm) was used to generate high pressure. T301 stainless
steel gaskets were preindented to a thickness of 60 μm and
holes with a diameter of 120 μm were drilled at the center of
the indentations to act as the sample chamber. The ruby
fluorescence method was used to measure the pressure.35 All in
situ high-pressure experiments were performed under room
temperature.
In Situ Optical Spectra and XRD Measurements

under High Pressure. In situ UV−vis absorption experi-
ments were conducted by using a deuterium-halogen light
source (78 VA). Silicone oil was loaded to act as the pressure
transmitting medium and its absorption was used for
background calibration. In situ photoluminescence spectra
were collected under the excitation of 488 nm laser with a
Renishaw Raman microscope (RM1000). In situ synchrotron
XRD experiments were performed by using a focused
monochromatic X-ray beam (0.69265 Å) of 5A-MS-XRS
beamline facility at Pohang Accelerator Laboratory. The data
were collected by a Mar345 detector under the calibration of
CeO2 standard sample. The preliminary data reduction of
XRD patterns was conducted with the Dioptas program,36 and
the Rietveld refinement of XRD data was performed by using
the Jana 2006 program.37 The 1-DNFO molecule was set as a
rigid body except for the dihedral angle between the naphthyl
ring and the fluorenone group. The thermal factors were fixed
during the refinement.

Theoretical Calculation Details. The TD-DFT calcu-
lations were performed by using Gaussian 09 D0138 with the
B3LYP functional39,40 and the 6-311G* basis set.41 The first
five excited states were selected for the simulated absorption
spectra. The representative aggregates of 1-DNFO including
four adjacent molecules were chosen from the crystal
structures under 0.2 and 8.3 GPa for conducting the TD-
DFT calculations. The high-pressure crystal structures of 1-
DNFO at 0.2 and 8.3 GPa were obtained through the Rietveld
refinement of XRD data. No further optimizations were carried
out.

■ RESULTS AND DISCUSSION
Switching Optical Behaviors under High Pressure.

The in situ high-pressure UV−vis absorption and photo-
luminescence spectra were collected to investigate the
pressure-responsive optical properties of the 1-DNFO. As
shown in Figure 1a, the longest-wavelength absorption peak of
1-DNFO is in the visible light region at around 497 nm under

Figure 1. In situ high-pressure (a) absorption and (b) photo-
luminescence spectra of 1-DNFO.
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0.3 GPa. With further compression, the absorption spectra
show distinct and continuous redshift to longer wavelengths.
At 10.9 GPa, the corresponding absorption band crosses the
visible light region and finally reaches 800 nm. Meanwhile, the
photoluminescence spectra exhibit an emission peak centered
at 548 nm under 0.1 GPa (Figure 1b). Through the application
of pressure, the emission peak red-shifts continuously and
finally moves to 879 nm at 12.2 GPa. In particular, the
emission peak crosses over 300 nm in wavelength and finally
moves from the visible light to the near-infrared region. Upon
releasing the pressure, both the absorption and emission
spectra turned back to their original states (Figure 1, parts a
and b), which indicated the optical variation was reversible
under high pressure. Figure 2 shows the variations of

absorption and emission peak positions with increasing
pressure, which undergo a nice consecutive process under
compression and reveal a good linear relation with pressure.
This indicates that no phase transition happened during the
compression. Such a sustaining and large-scale transformation
of emission and absorption from visible to the near-infrared
region is hardly accomplished by conventional methods
including solution process or mechanical grinding. The details
of structural evolution for 1-DNFO need to be investigated
under high pressure for analyzing this special optical
phenomenon, and the structure−property relationship under
high pressure will provide deep insight into potential optical
applications.
Structural Evolution under High Pressure. Synchrotron

XRD experiments were used to analyze the relationship
between the crystal structures and optical properties under
high pressure (Figure 3a). The XRD pattern of 1-DNFO at 0.2
GPa was well fitted by the β-phase structure of 1-DNFO32

through Rietveld refinement, with a Pc space group (Figure
3b) and the corresponding unit cell parameters (a =
19.268(10) Å, b = 3.9318(6) Å, c = 14.912(6) Å, α = 90°, β
= 112.80(3)°, and γ = 90°). The XRD peaks at 0.2 GPa were
marked using Miller indices, as shown in the Figure 3a. With
increasing pressure, all the XRD peaks of 1-DNFO moved to
higher 2θ without generating new XRD peaks. By conducting
the Rietveld refinement of 1-DNFO under high pressures, the
cell volume continuously decreases with increasing pressure
(Figure 4a). The inset in Figure 4a gives the dependence of
lattice constants with pressure. The continuity in variations of
the XRD patterns, unit cell volume and lattice constants

affirmed that there was no phase transition of 1-DNFO during
compression. This is consistent with the results of absorption
and emission measurements. Meanwhile, the dihedral angle
between the fluorenone and naphthyl groups also decreased
under compression (Figure 4b). The decrease of unit cell
volume and dihedral angle results in the obvious decrease of
π···π stacking distance between aromatic rings (Figure S1),
which indicates the enhancement of the intermolecular π···π
interaction and thus lead to the obvious redshift of absorption
and emission.13,15

For comparison, the in situ photoluminescence spectra of 2-
DNFO were also measured under high pressure (orange solid
line in Figure 5a). At 0.1 GPa, the corresponding emission
peak of 2-DNFO was at around 600 nm, which shows a longer
emission wavelength at the similar pressure compared to 1-
DNFO due to the better coplanarity of molecular con-
formation (Figure 5b). However, 2-DNFO displayed a
relatively small-scale redshift of emission (from 602 to 703
nm, about 100 nm), in contrast to the large-scale redshift of 1-

Figure 2. Evolution of longest-wavelength absorption and emission
peak positions of 1-DNFO with increasing pressure.

Figure 3. (a) Selected synchrotron XRD patterns of 1-DNFO under
compression. (b) Rietveld refinement of 1-DNFO at 0.2 GPa.
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DNFO as indicated by the black dot lines in Figure 5a. The in
situ UV−vis absorption spectra also show the localized
modulation of absorption under compression (Figure S2).
The synchrotron XRD patterns indicated no phase transition
occurred in 2-DNFO under high pressure (Figure S3).
Therefore, the differences in molecular conformation and
arrangement of adjacent molecules between 1-DNFO and 2-
DNFO are the major reasons for the distinguished optical
properties upon increasing pressure. In 1-DNFO, the same
aromatic rings (naphthyl or fluorenone moieties) are stacked
in a parallel packing mode in the molecular aggregate (Figure
5b). Along the crystallographic b-axis of the unit cell, 1-DNFO
shows molecular chains built by intermolecualr π···π stacking
interaction (see details in Figure S4). The molecular chains are
mainly connected by the C−H···O hydrogen bonds. Under
compression, 1-DNFO can modulate the optical spectra to
longer wavelengths through decreasing the unit cell volume,

dihedral angle and intermolecular distance and thus enhance
the intermolecular π···π interaction (see details in Figure S5).
Nevertheless, the analogue, 2-DNFO molecules are arranged in
an interlaced packing mode (Figure 5b). In the molecular
aggregate of 2-DNFO, the molecular chains with interlaced
packing mode are mainly built by the intermolecular C−H···π
repulsion interaction (see details in Figure S4). The molecular
chains are connected by C−H···O hydrogen bond. No obvious
intermolecular π···π stacking interaction was observed in 2-
DNFO. Hence, the application of pressure can not efficiently
enhance the intermolecular interaction of 2-DNFO or
massively modulate the photoluminescence. The comparison
between the 1-DNFO and 2-DNFO shows the crystal structure
with more effective π···π interaction is more sensitive to
pressure in modulating optical properties.

Theoretical Studies. TD-DFT calculations have been
conducted to provide further comprehending of the massive
redshift of the optical spectra for 1-DNFO. The absorption

Figure 4. (a) Decrease of unit cell volume of 1-DNFO with increasing
pressure (inset: variations of lattice parameters). (b) Evolution of
dihedral angle between fluorenone and naphthyl groups under
different pressures.

Figure 5. (a) Selected in situ high-pressure photoluminescence
spectra of 2-DNFO (orange solid lines), in comparison with the
photoluminescence spectra of 1-DNFO under the same pressure (the
black dotted lines). (b) Molecular arrangement and conformation of
1-DNFO and 2-DNFO under ambient conditions.
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spectra were simulated by the TD-DFT method and aggregates
containing four adjacent 1-DNFO molecules were chosen
based on the Rietveld refinement results at 0.2 and 8.3 GPa,
respectively (Figure 3b, Figure S6 and Figure S7). As shown in
Figure 6a, the longest-wavelength absorption peaks under 0.2

and 8.3 GPa were simulated to be at 489 and 733 nm,
respectively. The simulated results are in good agreement with
the results observed in experiment (at around 497 and 722 nm
under 0.3 and 8.2 GPa, respectively, as shown in Figure 6b).
The small difference between the simulated and experimental
results might come from the limitation of the computational

method and the simulated models.42,43 In addition, the strong
peak at 489 nm under 0.2 GPa, mainly derive from the S4
excited state of 1-DNFO, corresponding to the transition from
the third molecular orbital below the highest occupied
molecular orbital (HOMO−3) to the lowest unoccupied
molecular orbital (LUMO). On the other hand, the strong
peak centered at 733 nm at 8.3 GPa is from the S2 state, which
corresponds a majority transition (79.8%) from HOMO−2 to
LUMO and a minority transition (16.8%) from HOMO−1 to
LUMO. The additional simulated absorption bands at about
611 and 603 nm under 8.3 GPa correspond to the S4 and S5
states, respectively (see Table 1 for the details of the excited
states).

As shown in Figure 6c, at 0.2 and 8.3 GPa, the LUMO is
mainly distributed on the fluorenone group, and HOMO,
HOMO−1, HOMO−2 and HOMO−3 are distributed over
the whole 1-DNFO molecule. However, compared to the
orbitals at 0.2 GPa, more significant overlap of the wave
function between the neighbor molecules can be observed in
HOMO−1 and HOMO−2 when compressing to 8.3 GPa.
This signifies the enhancement of the intermolecular
interaction between neighboring molecules upon compression,
which results in the decrease of energy gap between the
LUMO and HOMO−1 and HOMO−2 of 1-DNFO (Table
S1) and thus contributes to the long-wavelength absorption
and emission observed in 1-DNFO.

■ CONCLUSION
Our studies demonstrate high pressure is a powerful tool to
drastically modulate the optical properties of organic molecular
crystals. Under the limitation effect of high pressure, the 1-
DNFO exhibits prominent and continuous redshift of
absorption and emission spectra. High pressure leads to the
decrements of cell volume and dihedral angle between groups
and the enhancement of intermolecular interaction. By
analyzing the TD-DFT calculated results under different
pressures, we find strong evidence that the compression
makes the enhancement of the intermolecular π···π inter-
actions which causes the decrease of energy gap between the

Figure 6. (a) TDDFT-calculated absorption spectra of 1-DNFO with
the aggregates of four chosen molecules at selected pressures. (b)
Corresponding in situ experimental values of absorption spectra at the
corresponding pressures. (c) Simulated molecular orbitals of 1-DNFO
under 0.2 and 8.3 GPa, respectively.

Table 1. Time-Dependent Density Functional Theory
calculated values for the five lowest-lying excited singlet
states of 1-DNFO at 0.2 and 8.3 GPa, respectively

state
excitation energy

(EE) (eV)
oscillator

strengths (OS)
dominant orbital transitions
contributions (DOTC)

0.2 GPa
S1 2.2159 0.0002 H→L (96.7%)a

S2 2.3342 0.0000 H−1→L (92.7%)
S3 2.4236 0.0000 H→L+1(94.1%)
S4 2.5346 0.0434 H−3→L (94.8%)
S5 2.5480 0.0000 H−1→L+1 (93.5%)

8.3 GPa
S1 1.4041 0.0007 H→L (98.4%)
S2 1.6899 0.0345 H−2→L (79.8%),

H−1→L (16.8%)
S3 1.8385 0.0001 H−2→L (17.4%),

H−1→L (76.7%)
S4 2.0280 0.0404 H→L+1 (21.7%),

H→L+2 (68.0%)
S5 2.0535 0.0059 H−3→L (83.9%)

aH and L represent the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO), respectively.
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LUMO and HOMO−1 and HOMO−2 and results in longer
absorption and luminescence spectra. As a comparison, the 2-
DNFO with interlaced packing mode shows small-scale
redshift. Our work highlights the high pressure is an effective
method to tune the optical properties by modification of the
intermolecular interaction and the one with more effective
π···π interaction will be more sensitive to the pressure. This
study provides significant and valuable insight into the
development of new high efficiency multicolor display
materials and devices.
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