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ABSTRACT: By compressing the organic solid luminescent material Pressure 122GPa
2,7-di(naphthalen-1-yljorenone (1-DNFO), a consecutive and i T \___//\

massive modulation of its UXis absorption and photolumines- :ﬁ P

cence spectra has been achieved. In particular, the photo- ©0 /
luminescence peak shifts from the visible (548 nm) to the near-IR
region (879 nm). In situ high-pressure synchrotron X-ragtin
studies indicate that the tremendous photoluminescence red
1-DNFO with a parallel packing mode results from the enhancemént
of intermolecular interaction, which is caused by the decrease of unit
cell volume and intramolecular dihedral angle. Additionally, a time-

; ; L | —
dependent density functional theory study shows that the enhance- TTi 0.1GPa 550|nm 65(') nm 750 nm 850 nm 950 nm
ment of intermolecular interaction under high pressure should be Ehotoliminescence

responsible for the dramatic redshift of the absorption and emission

spectra. For comparison, the analogue 2,7-di(naphthalemé&gfne (2-DNFO) with an interlaced packing mode shows the
relatively small-scale photoluminescence redshift under compression, duerentteeafimolecular arrangements. Our research
manifests that the optical properties of organic optical crystalegtittee-- interaction are more sensitive to external pressure,
which may have the potential application for multicolor luminescent materials and devices.

INTRODUCTION e cient tool to alter the crystal structures and molecular
In recent years, organic solid luminescent materials have dr Wﬁfac“oﬂ’ %”‘;'gca” thus _tune_the optoelectronlp properties of
broad attention on account of their wide applications i € materials. - Along with tr_us strategy, applying pressure
fproanic luminescent materials is expected to beciive

optoelectronic devices, data recording, biological sensing I ethod to obtain the particular luminescent properties
imaging. ® Based on the practical and urgent demands of¢" : particular fumi Properties.

multicolor displays, it is of signicant importance to Meanwhile, a deep understanding of the siruphamerty

e ciently acquire the tunable luminescent color from thé‘ala.t'or.‘Shlp under h_|gh pressure is very important for
%g_slgnmg and regulating the functional optical materials.

organic-based light emission. The diverse luminescent prop A . ) SO

ties of organic optical materials depend highly on the Eluorenone derivatives with strong I|ght-em|SS|on.|n the
molecular conformations, arrangements and interactions solid State have been explored in the tunable luminescent
For example, the self-assembled structures of organic dyes éﬂfro _ngﬁﬁomggrrﬁegres %2025%5?;&% t%%nggﬁgit:ugfh as
limit their intramolecular movements of groups, and they ce{ P 9p ; ,'féﬁé‘)

thus enhance theuorescence intensityThe restriction of good and poor solvents during recrystall negulable

molecular vibrations in organic chromophores might result Jé?rg;gm'tmﬂefjg?"gilﬁ ?ﬁg&igoggn dgerlvglgé eir?ec\letnere
the drastic increase of emission intensity”tbhe lattice P 9 : ’

deformation of perovskite-structure can also spatially Iin{crﬂleoslé%rte;g‘(elgg'g’ﬁ;'vizi)%gsggsitgi%ﬁg:ﬁﬂ;hzl grreosus%:gedrﬁe
excitons and observably impravarescence quantum yield. to their adva?]ta es o? long organ@onjugated gstrgctures
The enhancement of the intermolecular stacking 9 g org Jug '

interaction in crystal structures of organic dyes have becs

reported to shift the luminescence to longer wavelength amgceived: April 16, 2020
decrease the luminescence intenditpwever, it is still hard ~ Revised: June 5, 2020
to achieve large-scale multicolor modulation of luminescen@gblished: June 8, 2020
by conventional stimuli such as solution processes, cocrystal

strategies or grinding methdds? Recently, the burgeoning

high-pressure techniques have been recognized as a direct and
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exible naphthyl groups and enough space for compressionTheoretical Calculation Details. The TD-DFT calcu-

The crystals of 2,7-di(naphthalen-1ugijenone (1-DNFO)  lations were performed by using Gaussian 0§ Digh the

and 2,7-di(naphthalen-2-ylprenone (2-DNFO) were ob- B3LYP function&*® and the 6-311Gbasis sét: The rst

tained via the same recrystallization method. By applyinge excited states were selected for the simulated absorption
pressure to 1-DNFO, the in situ UXs absorption and spectra. The representative aggregates of 1-DNFO including
photoluminescence spectra exhibited a tremendous afelir adjacent molecules were chosen from the crystal
continuous redshift from visible light to the near-infraredtructures under 0.2 and 8.3 GPa for conducting the TD-
region. The enhancement of intermolecular interaction causB&T calculations. The high-pressure crystal structures of 1-
by the decrease of cell volume and dihedral angle betwel2NFO at 0.2 and 8.3 GPa were obtained through the Rietveld
uorenone group and naphthyl group was found to b&e nement of XRD data. No further optimizations were carried
responsible for such a dramatic redshift in both the absorptioit.

and emission spectra. As a contrast, the 2-DNFO with the

uorenone group connected with the position 2 of naphthyl RESULTS AND DISCUSSION

moiety shows an interlaced packing mode and an incon-Switching Optical Behaviors under High Pressure.
spicuous redshift was observed under compression compare@ in situ high-pressure U¥s absorption and photo-

to that of the 1-DNFO with the parallel arrangement. Timetuminescence spectra were collected to investigate the
dependent density functional theory (TD-DFT) studiespressure-responsive optical properties of the 1-DNFO. As
suggest that the enhanced intermolecular interaction upshown inFigure &, the longest-wavelength absorption peak of
compression is the essential reason for the decrease of excit@®@NFO is in the visible light region at around 497 nm under
energy. The organic optical molecules with mective ---
interaction were proved to be arcient pressure-responsive

M ) 4 I v I ¥ 1 K I ¥ ) ¥ I o 1
molecular switch for tuning the absorption and emission a Pl GPa
properties. 10.9 Release to 0.8

10.4 T —
EXPERIMENTAL SECTION =02 —
Sample Preparation and High-Pressure Generation. S,.;&g.......,..\

The synthesis of the model compounds and the fabrication of
the crystals were described in our earlier publicéfions.
DNFO and 2-DNFO were synthesized through the Suzuki
coupling reaction. The samples were gy chromatog-
raphy method and recrystallization and then ground into
powder samples for high pressure experiments. The purity wa
con rmed by powder X-ray daction (XRD) at ambient
pressure. 1-DNFO shows thghase with thecgroup, and 2- 0.3
DNFO shows the -phase with thé®2,/n group®* The :
symmetric diamond anvil cell (DAC) (diameter of anvil culet:
300 m) was used to generate high pressure. T301 stainles: PR S Y O Y S S s
steel gaskets were preindented to a thickness of &ad 450 500 550 600 650 700 750 800 850
holes with a diameter of 12@ were drilled at the center of Wavelength / nm
the indentations to act as the sample chamber. The ruby ==y o ¥ T & 7
uorescence method was used to measure the presiime.
situ high-pressure experiments were performed under roorr
temperature. ‘N
In Situ Optical Spectra and XRD Measurements
under High Pressure. In situ UV vis absorption experi- b
ments were conducted by using a deuterium-halogen Iight§
source (78 VA). Silicone oil was loaded to act as the pressureg
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 2
XRD experiments were performed by using a focused 8
monochromatic X-ray beam (0.69265 A) of 5A-MS-XRS £
beamline facility at Pohang Accelerator Laboratory. The date
were collected by a Mar345 detector under the calibration of 0.7
CeQ, standard sample. The preliminary data reduction of 0.1
XRD patterns was conducted with the Dioptas prégeard, T
the Rietveld reement of XRD data was performed by using 500 600 700 800 900 1000
the Jana 2006 prografithe 1-DNFO molecule was set as a Wavelength / nm
rigid body except for the dihedral angle between the naphthyl
ring and the uorenone group. The thermal factors wezd  Figure 1.In situ high-pressure (a) absorption and (b) photo-
during the renement. luminescence spectra of 1-DNFO.

Absorption / arb
w
w

" PIGPa
Release to 0.2
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0.3 GPa. With further compression, the absorption spectra — T T T 1 Tl ola

¢ 1
show distinct and continuous redshift to longer wavelengths. /\\\/\AL,\_,_/\/»\,&

At 10.9 GPa, the corresponding absorption band crosses the 12
visible light region anaally reaches 800 nm. Meanwhile, the -

photoluminescence spectra exhibit an emission peak centere /\‘_\_/\A/\_,\_,_/\/\'\,\gi
at 548 nm under 0.1 GFadure b). Through the application M NN 9]
of pressure, the emission peak red-shifts continuously anc /\—\_j\,\/\_/\__&/\\/\,\/\zl

nally moves to 879 nm at 12.2 GPa. In particular, the g |, A 6.7
emission peak crosses over 300 nm in wavelengthadind

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 stategife 1 parts a

and b), which indicated the optical variation was reversible
under high pressuré&igure 2shows the variations of

Intensity / arb.unit
(<]

900 i T T T T T T T ]
= Emission peak position -
850 e Absorption peak position PR
-
-
800 .- ’. ° 1
-
E 750} L .
-~ o
< 700 a" e® 4
> n .f f .
S 650 | L i 8 Experimental data
3 - - Calculation
600 - ¢ 4 i ogs
= . ..‘ I | Bragg positions
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Pressure / GPa

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

absorption and emission lpepositions with increasing I Lol I TN RN TR T AT
pressure, which undergo a nice consecutive process unde v m

. . . . " oAl NY "
compression and reveal a good linear relation with pressure |/ MMM”\‘\““‘“MWWWMJ NN S

Intensity / arb.unit

This indicates that no phase transition happened during the "

compression. Such a sustaining and large-scale transformatic “+~——-~*4%——»=4-——L— 1 1L 1 |
of emission and absorption from visible to the near-infrared 2 4 6 8 10 12 14 16
region is hardly accomplished by conventional methods 201¢

including solution process or mechanical grinding. The_ detaﬂ@ure 3.(a) Selected synchrotron XRD patterns of 1-DNFO under
of structural evolution for 1-DNFO need to be investigatedompression. (b) Rietveld nement of 1-DNFO at 0.2 GPa.

under high pressure for amahg this special optical
phenomenon, and the structyseoperty relationship under
high pressure will provide deep insight into potential optical rmed that there was no phase transition of 1-DNFO during
applications. compression. This is consistent with the results of absorption
Structural Evolution under High Pressure.Synchrotron ~ and emission measurements. Meanwhile, the dihedral angle
XRD experiments were used to analyze the relationshiigtween the uorenone and naphthyl groups also decreased
between the crystal structures and optical properties undender compressiorFiure #). The decrease of unit cell
high pressurd-(gure a). The XRD pattern of 1-DNFO at 0.2 volume and dihedral angle results in the obvious decrease of
GPa was welltted by the -phase structure of 1-DNEO -« stacking distance between aromatic rifigsiré S)i
through Rietveld reement, with &cspace groupFgure which indicates the enhancement of the intermolecular
3b) and the corresponding unit cell parametarss (  interaction and thus lead to the obvious redshift of absorption
19.268(10) Ab = 3.9318(6) Ac= 14.912(6) A, = 90, and emissiofi*®
=112.80(3), and = 9C). The XRD peaks at 0.2 GPa were For comparison, the in situ photoluminescence spectra of 2-
marked using Miller indices, as shown irrithere a. With DNFO were also measured under high pressure (orange solid
increasing pressure, all the XRD peaks of 1-DNFO moved line in Figure @). At 0.1 GPa, the corresponding emission
higher 2 without generating new XRD peaks. By conductingeak of 2-DNFO was at around 600 nm, which shows a longer
the Rietveld ranement of 1-DNFO under high pressures, theemission wavelength at the similar pressure compared to 1-
cell volume continuously decreases with increasing pressiMéFO due to the better coplanarity of molecular con-
(Figure 4). The inset irFigure 4 gives the dependence of formation Figure B). However, 2-DNFO displayed a
lattice constants with pressure. The continuity in variations oflatively small-scale redshift of emission (from 602 to 703
the XRD patterns, unit cell volume and lattice constantsm, about 100 nm), in contrast to the large-scale redshift of 1-
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0 2 4 6 8 10 12 Figure 5. (a) Selected in situ high-pressure photoluminescence
Pressure / GPa spectra of 2-DNFO (orange solid lines), in comparison with the

Figure 4.(a) Decrease of unit cell volume of 1-DNFO with increasim%hotolumlnescence spectra of 1-DNFO under the same pressure (the
NP . o . ' ack dotted lines). (b) Molecular arrangement and conformation of
pressure (inset: variations of lattice parameters). (b) Evolution 4.DNEO and 2-DNEO under ambient conditions

dihedral angle betweemiorenone and naphthyl groups under '
di erent pressures.

dihedral angle and intermolecular distance and thus enhance
DNFO as indicated by the black dot lingSigure &. The in the intermolecular--- interaction (see detailsfigure Sp

situ UV vis absorption spectra also show the localizetllevertheless, the analogue, 2-DNFO molecules are arranged in
modulation of absorption under compressidgufe SR an interlaced packing modegure B). In the molecular

The synchrotron XRD patterns indicated no phase transiticmggregate of 2-DNFO, the molecular chains with interlaced
occurred in 2-DNFO under high pressufégure SpB packing mode are mainly built by the intermoleculdr-C
Therefore, the dérences in molecular conformation and repulsion interaction (see detailBigure Sy The molecular
arrangement of adjacent molecules between 1-DNFO and ¢hiains are connected byHG--O hydrogen bond. No obvious
DNFO are the major reasons for the distinguished opticahtermolecular --- stacking interaction was observed in 2-
properties upon increasing pressure. In 1-DNFO, the sarBNFO. Hence, the application of pressure can rodérly
aromatic rings (naphthyl ouorenone moieties) are stacked enhance the intermolecular interaction of 2-DNFO or

in a parallel packing mode in the molecular aggregatee(  massively modulate the photoluminescence. The comparison
5b). Along the crystallographiaxis of the unit cell, 1-DNFO between the 1-DNFO and 2-DNFO shows the crystal structure
shows molecular chains built by intermolecualrstacking ~ with more eective --- interaction is more sensitive to
interaction (see detailskigure Syt The molecular chains are pressure in modulating optical properties.

mainly connected by the 8---O hydrogen bonds. Under Theoretical Studies. TD-DFT calculations have been
compression, 1-DNFO can modulate the optical spectra wonducted to provide further comprehending of the massive
longer wavelengths through decreasing the unit cell volumedshift of the optical spectra for 1-DNFO. The absorption
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spectra were simulated by the TD-DFT method and aggregatasthod and the simulated modéfs.In addition, the strong
containing four adjacent 1-DNFO molecules were chosegreak at 489 nm under 0.2 GPa, mainly derive from the S4
based on the Rietveld nement results at 0.2 and 8.3 GPa, excited state of 1-DNFO, corresponding to the transition from
respectivelyHigure B, Figure S6 and Figure)SAs shownin  the third molecular orbital below the highest occupied
Figure @, the longest-wavelength absorption peaks under Giiblecular orbital (HOMO3) 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 HOR®©

LUMO and a minority transition (16.8%) from HOMDto
LUMO. The additional simulated absorption bands at about
611 and 603 nm under 8.3 GPa correspond to the S4 and S5
states, respectively (Sexble 1for the details of the excited
states).

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

excitation energy  oscillator dominant orbital transitions
state (EE) (eV) strengths (OS) contributions (DOTC)
0.2 GPa
S1 2.2159 0.0002 H. (96.7%f'
S2 2.3342 0.0000 H L (92.7%)
S3 2.4236 0.0000 H.+1(94.1%)
S4 2.5346 0.0434 13 L (94.8%)
S5 2.5480 0.0000 H L+1 (93.5%)
8.3 GPa
S1 1.4041 0.0007 H. (98.4%)
S2 1.6899 0.0345 2 L (79.8%),
H 1 L (16.8%)
S3 1.8385 0.0001 2 L (17.4%),
H 1 L (76.7%)
S4 2.0280 0.0404 H.+1 (21.7%),
H L+2 (68.0%)
S5 2.0535 0.0059 1B L (83.9%)

®H and L represent the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO), respectively.

As shown irFigure 6, at 0.2 and 8.3 GPa, the LUMO is
mainly distributed on theuorenone 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 sigant 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 signies 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
S and thus contributes to the long-wavelength absorption
and emission observed in 1-DNFO.

Figure 6.(a) TDDFT-calculated absorption spectra of 1-DNFO with CONCLUSION

the aggregates of four chosen molecules at selected pressures. (b

Corresponding in situ experimental values of absorption spectra at H?’ §tudies demonstrate h_igh pressure Is a pow_erful tool to
corresponding pressures. (c) Simulated molecular orbitals of 1-DNF#astically modulate the optical properties of organic molecular
under 0.2 and 8.3 GPa, respectively. crystals. Under the limitationeet of high pressure, the 1-

DNFO exhibits prominent and continuous redshift of
absorption and emission spectra. High pressure leads to the
and 8.3 GPa were simulated to be at 489 and 733 nmdecrements of cell volume and dihedral angle between groups
respectively. The simulated results are in good agreement witid the enhancement of intermolecular interaction. By
the results observed in experiment (at around 497 and 722 ranalyzing the TD-DFT calculated results undezredit

under 0.3 and 8.2 GPa, respectively, as shéiguia 6). pressures, wend strong evidence that the compression
The small dierence between the simulated and experimentahakes the enhancement of the intermolecularinter-
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