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% Check for updates Luminescent materials that simultaneously embody bright singlet and triplet
excitons hold great potential in optoelectronics, signage, and information
encryption. However, achieving high-performance white-light emission is
severely hampered by their inherent unbalanced contribution of fluorescence
and phosphorescence. Herein, we address this challenge by pressure treat-
ment engineering via the hydrogen bonding cooperativity effect to realize the
mixture of n—1*/m-1* transitions, where the triplet state emission was boosted
from 7% to 40% in isophthalic acid (IPA). A superior white-light emission based
on hybrid fluorescence and phosphorescence was harvested in pressure-
treated IPA, and the photoluminescence quantum yield was increased to 75%
from the initial 19% (blue-light emission). In-situ high-pressure IR spectra, X-ray
diffraction, and neutron diffraction reveal continuous strengthening of the
hydrogen bonds with the increase of pressure. Furthermore, this enhanced
hydrogen bond is retained down to the ambient conditions after pressure
treatment, awarding the targeted IPA efficient intersystem crossing for
balanced singlet/triplet excitons population and resulting in efficient white-
light emission. This work not only proposes a route for brightening triplet
states in organic small molecules, but also regulates the ratio of singlet and
triplet excitons to construct high-performance white-light emission.

White-light emission based on organic materials has attracted parti- owing to their spin-forbidden nature*®. To conquer this issue, hybrid
cular attention on account of their unique merits in diversified prac-  fluorescence and phosphorescence multicolor-encoded materials with
tical applications including panel displays and light-emitting diodes'*.  the advantageous spin-flipping process are applied to brighten the
However, their maximum internal quantum efficiency is limited to 25%  “dark” triplet states to boost the emission efficiency, as well as to
based on quantum spin statistics, as triplet excitons are typically dark  enable color variability’®. Notably, since triplet excitons are prone to
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dissipate through non-radiative transition and luminescence quench-
ing at room temperature, realizing highly efficient white-light emission
in these phosphors still remains a grand challenge. Conventional
approaches focus on organometallic complexes with large spin-orbital
coupling (SOC) to allow efficient bright triplet states emission,
nevertheless, often suffering unsustainable resources and high
toxicity®'. In light of this, purely organic room temperature phos-
phorescence (RTP) has been increasingly regarded as a promising
alternative based on its low toxicity, flexibility, and limited
processability” .

Efficient intersystem crossing (ISC) and suppressing non-radiative
dissipation have been employed as key concerns to achieve superior
RTP™', In this regard, the research community has concentrated on
halogen bonding”®, n—m transition', intermolecular charge transfer?,
and steric effects” to improve hyperfine coupling (HFC), induce large
SOC and minimize singlet-triplet energy gap (AEsy) for accelerated ISC
process. Suppressing non-radiative dissipation via creating a rigid
environment?*?* has sparked vigorous investigations into manipulat-
ing phosphorescence performance?. Recently, stimuli-responsive RTP
emission was proposed by grinding or thermal annealing the non-
compact packing materials®. As an independent thermodynamic
parameter and a clean tuning knob, pressure can be used for con-
tinuous modification in both intermolecular interactions and energy
bands***. Therefore, we speculate that the high-pressure engineering
might directly modulate the intrinsic SOC and introduce multifarious
singlet-triplet energy separation to regulate the ISC process for white-
light emission.

Herein, we employ a facile physical strategy, pressure treatment
engineering, to achieve high-performance white-light emission with
chromaticity coordinates of (0.28, 0.36) from the initial blue-light-
emitting isophthalic acid (IPA), where the photoluminescence quan-
tum yield (PLQY) increased from 19% to 75%. The pressure treatment
engineering tremendously boosts the mixture of n-1'/m-m transition
configurations in targeted triplet states via strengthening hydrogen
bonds, which triggers an enhancement of SOC favoring efficient ISC.
Moreover, attributed to the enhanced intermolecular (O-H--O) elec-
trostatic environment, as well as a pressure-treated misaligned m-m
stacking configuration, the narrowed AEst was also harvested in the
targeted sample, which further facilitates the ISC process. A high
fraction of triplet excitons is then generated to balance the distribu-
tion of fluorescence and phosphorescence, thus endowing the tar-
geted IPA with superior hybrid fluorescence and phosphorescence
white-light emission at ambient conditions. Meanwhile, the non-
radiative dissipation of singlet and triplet excitons are substantially
suppressed by the enhanced hydrogen bonds, empowering the trea-
ted IPA to carry distinguishable higher fluorescent and phosphor-
escent efficiency.

Results

In situ high-pressure optical properties of IPA

The single IPA molecules in the twisted layers were arranged in zigzag
forms via hydrogen-bond interaction and the twisted layers were offset
face-to-face staked along the normal direction (Fig. 1a). The intrinsic
intermolecular hydrogen-bond interactions and -t staking motifs
endow the solid IPA materials with RTP emission by SOC and HFC
effect?®*?°, Under the 355nm laser excitation, a blue-light emission
with PLQY of 19% was observed based on the pristine configuration,
and accompanied by a green RTP emission after turning off the laser
excitation (Fig. 1b). The initial PL spectrum of IPA was composed of
duel emission bands with a primary strong one centered at 402 nm and
another weak one in the range of 450-720 nm under the 355 nm laser
excitation (Supplementary Fig. 1a). After turning off the laser excita-
tion, the lower-energy band was measured located ~530 nm (Supple-
mentary Fig. 1b). The time-resolved PL decays of these two species
indicate their lifetimes of 6.81ns (402 nm) and 888.6 ms (530 nm),

respectively (Supplementary Fig. 2). These properties reflected that
the short-lived emission should originate from singlet excited state,
while the long-lived one belonged to triplet excitons emission. The
corresponding fluorescence quantum yield (®¢) and phosphorescence
quantum yield (@p) of the pristine sample separately reached 12% and
7% (Supplementary Fig. 3a).

Considering the fluorescence-dominated weak blue-light emis-
sion and limited phosphorescence efficiency of the initial sample, high-
pressure processing was expected to alter the singlet/triplet excitons
distribution by directly regulating the intermolecular interactions and
staking configuration. In situ high-pressure PL measurements were
thus carried out up to 18.0 GPa with a pressure transmitting medium
(PTM) of silicone oil. The emission of the sample experienced a stark
persistent increase with the maximum value exceeding 9.7 times from
1atm to 9.0 GPa and then followed by a decrease in intensity (Fig. 1c
and Supplementary Fig. 1c, e). A weak white-light emission with chro-
maticity coordinates of (0.30, 0.38) was observed at 18.0 GPa (Sup-
plementary Fig. 4). With the decrease of pressure, the PL intensity
gradually enhanced (Supplementary Fig. 1d, e). Upon releasing pres-
sure to the ambient conditions, the targeted sample displayed a high-
performance white-light emission with PLQY of 75% and chromaticity
coordinates of (0.28, 0.36) (Fig. 1d, e). We also explored the high-
pressure optical evolutions with different PTMs, including liquid argon
(Supplementary Fig. 5) and nitrogen (Supplementary Fig. 6). Their PL
evolutions under high pressure still experienced a similar trend to that
of silicon oil, where the white-light emission was also harvested after
releasing pressure completely. These similar results manifested that
the presently used PTMs (silicone oil, liquid argon, and nitrogen) could
not influence the current results: the PL enhancement under high
pressure and the harvest of white-light emission after pressure treat-
ment. Furthermore, the treated sample still displayed a high-
performance white-light emission after ~400 days (Supplementary
Fig. 7). In order to further explore the influence of pressure treatment
on RTP properties, the relevant characterization of RTP emission was
performed. We measured the yellowish-green afterglow emission at
~573 nm (Supplementary Fig. 8) after turning off the UV lamp, which
could be captured by the naked eye even lasting for 8 s (Fig. 1b, Sup-
plementary Fig. 9, and Supplementary Movie). The time-resolved PL
decay measurements of the targeted IPA revealed a longer phos-
phorescence lifetime of 900.2 ms (573 nm) (Supplementary Fig. 2).
The fluorescence peak was fitted at 481 nm (Fig. 1f). ®p and @¢ unex-
pectedly increased to 40% and 35% from 7% (1atm) and 12% (1 atm)
(Supplementary Fig. 3b and Supplementary Table 1).

We further analyzed the in situ high-pressure ultraviolet-visible
(UV-vis) absorption profiles to elucidate the electronic behaviors
(Supplementary Fig. 10). At ambient conditions, the absorption peak
was located at 295 nm, where the absorption edge was at ~307 nm.
With the increase of pressure to -21.9 GPa, the absorption edge
exhibited a continuous redshift. After pressure was completely
released, the absorption peak at ~317 nm in the targeted sample red-
shifted by about 22 nm compared with the pristine sample. We then
estimated the bandgap changes before and after pressure treatment.
We found that the bandgap narrowed from 4.20 eV to 3.91eYV, illus-
trating the reduction of relevant excited-states energies in
targeted IPA.

Structural evolution of IPA under pressure

Following the optical changes above, we devoted efforts to the cor-
responding structural evolution to explore the mechanism. We have
conducted in situ high-pressure infrared (IR) spectra in Supplementary
Fig. 11a. The vibration mode at 1696 cm™ belonged to the stretching
vibration of C=0 bonds*, which redshifted by 14 cm™ below 20.0 GPa.
This suggested that the O-H---O=C hydrogen bonds were continuously
strengthened with the increase of pressure®***. More importantly, the
C=0 stretching vibrational mode in the pressure-treated IPA was
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Fig. 1| The molecular structure and photoluminescence (PL) properties of IPA.
a The crystal structure of IPA. b Photographs of the pristine and pressure-treated
IPA taken at different time intervals before and after turning off the laser excitation
(355 nm) at ambient conditions. The photographs (UV off) were taken immediately
after turning the UV light off. A mass of quenched products (decompression from
20.0 GPa) was harvested by high-pressure experiments in a Walker-type large-

volume press. ¢ PL spectra of IPA upon compression to 9.0 GPa using symmetric

diamond anvil cell (DAC) devices under the 355 nm laser excitation. d PL spectra of
IPA (left) at ambient conditions and after pressure was released from 18.0 GPa. The
corresponding PL photographs (right) were taken in DAC devices. e Changes of
chromaticity coordinates at ambient conditions (0.22, 0.22) and after releasing
pressure from 18.0 GPa (0.28, 0.36). f PL (blue solid line), fitting fluorescence
(green dashed line), and fitting phosphorescence (orange dashed line) spectra of
the targeted IPA treated by the Walker-type large-volume press.

redshifted by 6 cm™ compared to the original state (Fig. 2a). This
demonstrates that the enhanced hydrogen bonds have survived down
to the ambient conditions after pressure treatment. It is noted that the
hydrogen-bond interaction in IPA refers primarily to the electrostatic
interaction between oxygen and hydrogen atoms. Such enhancement
of the hydrogen bonds indicates that the proton donor of hydrogen
atoms has a stronger attraction to the lone pair (n) electrons on oxygen
atoms. Thus, the n-orbitals can be stabilized to the lower energies by
the enhanced electrostatic environments™.

In order to further explore the structural variation upon com-
pression and decompression, we tracked in situ high-pressure angle-
dispersive synchrotron X-ray diffraction (ADXRD) experiments from
1atm to 19.5 GPa (Supplementary Fig. 11b). Upon compression, all Bragg
diffraction peaks shifted continuously along the large 2-theta direction
and no new peaks appeared. It indicated that the structure did not
undergo phase transformation during the whole compression process.
We performed Rietveld refinements of ADXRD patterns to obtain
detailed lattice parameters upon compression and decompression
(Supplementary Fig. 12). The initial IPA possesses monoclinic symmetry

with space group P2;/c at ambient conditions. As the pressure
increased, lattice parameters q, b, and ¢ decreased. The S also under-
went continuous reduction upon compression, which appeared to be in
favor of a lessened spatial overlap of the m-stacked motif (Fig. 2b).
Given that organic IPA consists solely of light-weight elements
such as C, H, and O, which displayed a weaker scatter ability in ADXRD
experiments. We further performed in situ time-of-flight (TOF) neutron
diffraction to delve more deeply into the structural evolution upon
compression and decompression (Supplementary Figs. 13-16, Supple-
mentary Table 2, and Fig. 2c). As pressure was increased from ambient
conditions to 19.8 GPa, all diffraction patterns moved toward smaller
d-spacing, indicating lattice compression (Supplementary Fig. 13 and
Fig. 2¢). In addition, several peaks of (033), (110), and (022) planes in the
recovered neutron spectrum located at smaller d-values (the blue and
magenta lines in Fig. 2d). We also conducted experiments on the
recovered sample after removing the gasket (the green and orange lines
in Fig. 2d). The consistent shift in the (033), (110), and (022) planes
indicated that these changes were indeed derived from the pressure
treatment engineering (Supplementary Fig. 17). Notably, the
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Fig. 2 | Crystal structure evolution upon compression and decompression. a IR
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the peaks of the Pb marker. The neutron diffraction patterns of the pristine (green
line) and recovered (orange line) samples were collected at the High-pressure
neutron diffractometer (Fenghuang) at the CMRR neutron science platform.

e Pressure-dependent hydrogen-bond distances D;7--Oy (d;) and Dy;Os (d5) evo-
lution of IPA. f Pressure-dependent o evolution of IPA. The d;, d,, and o of IPA-dg
were determined by Rietveld refinement of neutron diffraction patterns. The error
bars in (e) and (f) represent the standard error in the Rietveld refinement.

orientations of (033) and (022) lattice planes are almost perpendicular
to the direction of hydrogen bonds, the evolution of their d-spacings is
closely related to the change of hydrogen-bond distance (Supplemen-
tary Fig. 18). Therefore, the reduced d-spacings of these almost vertical
planes in the targeted IPA could further confirm the result of
strengthened hydrogen bonds after pressure treatment®, In addition,
attributed to such reduced hydrogen-bond distances, coupled with the
intensified parallel-displaced 1 staking arrangement, the d-spacing of
the (110) plane also exhibited a decrease in the recovered sample.

In this regard, we move forward to investigate the changes of the
correlative intermolecular distances D;7+-Oo (d}), D21*Os (d5), and the
parallel misalignment angle (o) to assess the hydrogen bonds and
1i-stacked configuration of IPA upon compression and decompression.
We found that both d; and d, displayed a decreasing trend with the
increase of pressure, suggesting the strengthened hydrogen bonds at
high pressure*® (Fig. 2e). Moreover, the d; of the recovered sample
decreased from 1.73(4) A to 1.49(5) A and d, decreased from 1.77(4) A
to 1.69(5) A. Therefore, the hydrogen bonds in the recovered IPA were
stronger than those ones before pressure treatment. The o also tended
to decrease upon compression (Fig. 2f), and the lesser ¢ value of
65.7(9)° rendered a lessened spatial overlap of the m-stacked motif in
the targeted IPA (Supplementary Table 3). Meanwhile, the inter-
molecular perpendicular distance between benzene rings was com-
pressed from 3.47A to 3.43A. The intermolecular distance dc..c)
between benzene rings did not change significantly, which varied from
3.77(5) A to 3.75(5) A (Supplementary Fig. 19). In this regard, the elec-
tronic coupling between the m-stacked molecules should following
these changes and then contribute to the targeted phosphorescence
enhancement.

SOC, HFC, and AEs effect of IPA
Notably, the decreased hydrogen-bond distances would drive
strengthened electrostatic interactions between the proton and the

lone pair electrons, leading to the consequent changes in the ISC
process®. The coupling of the radical ion pairs (RIP) excitons derived
from mt-Tt staked IPA molecules is expected to be influenced by the
alteration of m-m stacking arrangement’. Besides, the parallel-
displaced configuration also played a significant role in minimizing
energy difference AE(mt, *) of the bonding and antibonding m-type
molecular orbitals*, thereby resulting in the alteration of AEst. Draw-
ing upon the aforementioned considerations, we systematically ana-
lyze the influence of these structural changes on the ISC process from
the following three aspects: SOC, HFC, and AEst. To begin with, the
narrowed hydrogen-bond distance was considered a vital factor for
efficient ISC. To decipher the mechanism, we performed the SOC
coefficients () and the natural transition orbitals (NTOs) on the singlet
and triplet states based on the pristine and pressure-treated IPA
(Fig. 3a and Supplementary Table 4). Before pressure treatment, the S;
and high-lying triplet (Ts and T,) states mainly exhibited the transition
character of '(n, ) and 3(n, ') (Supplementary Fig. 20). The low-lying
T, (1< n<4) states were primarily assigned to the transition character
of 3(m, ). After pressure treatment, the Ts and T states underwent a
noticeable change from 3(n, ) in the original IPA to the mixture of
3(n, ') and 3(mr, ) in pressure-treated IPA (Fig. 3b). According to the
El-Sayed’s rule*, a superior SOC between S; to T, (5 <n < 6) states was
expected to be achieved in the targeted sample for efficient ISC. In fact,
the calculated &@S;-Ts) and £(S,-Te) for targeted IPA were 29.18 cm™ and
7.71cm™, respectively. These values were both larger than those of
pristine IPA (with &S;—Ts) of 28.53cm™ and &(S; - Te) of 0.08 cm™).
Such enhanced SOC could efficiently promote the ISC process for
enhanced RTP emission. In addition, we found that the pressure
treatment also endowed & enhancements of other triplet states
(Supplementary Table 4). This further boosts the population of tri-
plet excitons, allowing for substantial utilization of triplet-state ener-
gies in treated IPA. Therefore, the effective mixture of n-m'/m-m
transition configurations tremendously promotes the increase of SOC
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Fig. 3 | The SOC and NTOs of the pristine and pressure-treated IPA. a The cal-
culated & (§(S1—Te), §(S1—Ts), &S1—T4), &S1—T3), §(51— T2), and &(S; - Ty)) for the
pristine and pressure-treated IPA. b The NTOs of Ts and T in the pristine and

treated IPA. At 1atm, the Ts and T states feature *(n, 1) transition. After pressure

treatment (Released), the Ts and T states feature a mixture of 3(r, ') and 3(n, )
transitions. ¢ Schematic representation of hydrogen bonds acting on the ISC pro-
cess. The strengthened hydrogen bonds promote the mixture of >(rr, ') and 3(n, )
transitions, thus accelerating the ISC process.

for the accelerated spin-flipping process (Fig. 3c). A high fraction
of triplet excitons was then generated for drastic phosphorescence
enhancement.

Additionally, the misaligned -t stacking arrangement was prone
to alter the coupling of the RIP excitons, which further influenced the
HFC effect on the ISC process. To assess the impact of pressure
treatment engineering on HFC, we carried out the magnetic-field PL
(MPL) spectra of the pristine and pressure-treated IPA (Fig. 4a). The
MPL intensity of the pristine sample changed with the magnetic flux
density modulation of up to -2 T. This magnetic-field effects proved
the presence of RIP excitons and the HFC mechanism in the initial
IPA***, However, after pressure treatment, we noticed minimal varia-
tion in pressure-treated IPA. The little influence of the external mag-
netic field on PL indicated that the RIP excitons were almost absent in
the pressure-treated IPA*. In order to explore the relationship
between the parallel-displaced arrangement and the radical pairs, we
conducted the molecular orbitals of -1 staking dimers before and
after pressure treatment. We found that the pristine IPA mainly
exhibited charge-transfer-like T—1t* transition between two IPA mole-
cules, thus benefiting the presence of weakly coupled radical pairs.
However, the pressure-treated IPA mainly shows an intramolecular
n-Tt* transition, which is not conducive to the existence of radical pairs
and the supplemental HFC channel (Supplementary Fig. 21). Therefore,
the effect of HFC was negligible after pressure treatment owing to the
misaligned mt-t stacking arrangement.

Besides the HFC effect, this parallel-displaced configuration also
contributes to minimizing energy difference AE(mt, *). Notably, the
enhanced hydrogen bonds could stabilize the n-orbitals to the lower
energies by the enhanced electrostatic environments. These mod-
ifications would consequently induce variations in the relative energy
levels of singlet and triplet states, along with changes in AEst, which is
closely associated with the ISC process. Therefore, the energies for
both singlet and triplet excited states, as well as AEst were calculated in
detail. We converged on investigations of the lowest singlet state (S;)
and six triplet states (T;-T¢) below S;**. Compared with the initial
states, the treated sample featured various degrees of lowered energy

levels, coinciding with the experimental fluorescence and phosphor-
escence emission redshift (Fig. 4b and Supplementary Table 5).
Meanwhile, the AE(S;-Te), AE(S;—Ts), 4E(S;—T4), AE(S;—Ts), and
AE(S; - T,) decreased after pressure treatment (Fig. 4c, d and Supple-
mentary Table 6). Based on the energy band theory*,

Kisc o €*exp[—(AE)?] @

a reduced AEst would gift a higher degree of bright triplet excitons
through an accelerated ISC process (where the Ksc is the ISC rate
constant). Undoubtedly, the ISC rate was expected to be further
expedited followed by these reduced energy gaps.

In this regard, the pressure treatment engineering synergistically
improved SOC and lowered the AEst via strengthened hydrogen
bonds, as well as parallel-displaced m-mt staking motif, leading to an
efficient spin-flipping process. Moreover, the strengthened hydrogen
bonds would also suppress the non-radiative dissipation, benefiting
the emission enhancement. In order to quantitatively analyze the
effects of the pressure treatment engineering on ISC and radiative
transition, we calculated the ISC, radiative, and non-radiative decay
rates in the light of the standard methods using the measured quan-
tum yields and lifetimes (Supplementary Table 1). According to the
following equation’®,

K
Op=Pgc —F — 2)
P=Pisc e Tk (
1
TP_KP+Knr (3)

After pressure treatment, the estimated rate constant of the
phosphorescence non-radiative decay (K, remarkably decreased
from 1.047 s to 0.667 s™. The significant increase of Kp from 0.079 s
to 0.444 s™ made a further contribution to the higher ®p (40%) in the
targeted sample. Meanwhile, the fluorescent non-radiative decay K,
remained a considerable decrease from 0.119 ns™ to 0.037 ns™ after an
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Fig. 4 | The effects of HFC and singlet-triplet energy gap (4Esy) on the ISC
process of IPA before and after pressure treatment. a Magnetic-field effects on
the PL intensity of IPA. The data at 1atm and released represent the mean value
from five and three experiments, respectively. The error bars are +s.e.m. b The
energies of singlet and triplet states of IPA before and after pressure treatment.

¢ The calculated AEst (AE(S; - Te), AE(S; - Ts), AE(S;— T4), AE(S; - T3), AE(S; - To),
and AE(S; - Ty)) for the pristine and targeted IPA. d Proposed energy transfer pro-
cesses for fluorescence and phosphorescence in IPA before and after pressure
treatment. The narrowed AEsy effectively accelerated the ISC process after pressure
treatment.

entire compression cycle of latm to 20.0 GPa, resulting in the
enhancement of @ from12% to 35%. Moreover, we received a rapid ISC
rate (0.059ns™) in the pressure-treated sample from the original
0.010 ns™, which sufficiently triggered the balanced contribution of
singlet and triplet excitons to the white-light emission.

Discussion

In summary, we report a convenient and facile strategy to evoke triplet
excitons based on pure organic small molecule, IPA, for high-efficiency
white-light emission by pressure treatment engineering. In contrast to
current chemical techniques in manipulating ISC by introducing
diverse heavy atoms or chromophores, our strategy using pressure
treatment engineering can effectively facilitate spin-flipping through
the hydrogen bonding cooperativity effect and parallel-displaced -1t
staking arrangement. The strengthened hydrogen-bond interaction in
the pressure-treated structure also ensured the suppression of non-
radiative dissipation for further emission enhancement. Pressure
treatment engineering has endowed the IPA with optimized phos-
phorescent emission via elaborate structural regulation, which would
provide valid clues to broaden perspectives for designing and devel-
oping high-performance phosphors at ambient conditions.

Methods

Characterization and high-pressure generation

IPA was purchased from Aladdin and used directly without purifica-
tion. The crystal structure at ambient conditions was obtained from
the Cambridge Crystallographic Data Center (CCDC) with CCDC
number 1108747. The refinements of ADXRD patterns were performed
using the GSAS software*. All in situ high-pressure experiments were
performed using a symmetric diamond anvil cell (DAC) apparatus at
room temperature. The sample and a small ruby ball were loaded into
the ~150 pm-diameter DAC chamber consisting of a T301 steel gasket
pre-indented to a thickness of 45 pum. The pressure calibration was
determined utilizing the standard ruby fluorescent technique. In

high-pressure experiments, silicone oil with a viscosity of 10 cst was
utilized as the PTM for ADXRD, optical absorption, and PL experi-
ments, while the KBr was employed as the PTM for IR measurements.
These PTMs did not have any detectable effect on the behavior of IPA
under pressure. All of the measurements were performed at room
temperature.

In situ high-pressure PL, UV-vis absorption, IR spectra, and
ADXRD experiments

A 355 nm line of a UV DPSS laser with a power of 4.8 mW was used for
the PL measurements. The in situ high-pressure steady-state PL spectra
of IPA were collected by a modified spectrophotometer (Ocean Optics,
QE65000) at various pressures. PL micrographs of the samples were
obtained using a camera (Canon Eos 5D mark II) equipped with a
microscope (Eclipse TI-U, Nikon). The camera can record the photo-
graphs under the same conditions including exposure time and
intensity. The chromaticity coordinates (x, y) were calculated from the
fluorescence data (355-800 nm) using the CIE1931xy.V.1.6.0.2a soft-
ware package. The color of the fluorescent emission was identified by
the CIE colorimetry system. Any colors could be described by the
chromaticity (x, y) coordinates on the CIE diagram. The absorption
spectra were performed with a Deuterium-Halogen light source and
recorded with an optical fiber spectrometer (Ocean Optics, QE65000).
IR spectra measurements of IPA were carried out by Nicolet iN10
microscope spectrometer (Thermo Fisher Scientific, USA) using liquid-
nitrogen-cooled CCD. High-pressure experiments on IPA were further
carried out in a Walker-type JLUHC-1000 LVP to guarantee the quantity
of quenched products (after pressure was released from 20 GPa) for
further PL, phosphorescence, PLQY, and time-resolved PL decays
measurements. The PLQY was measured with Hamamatsu multi-
channel analyzer c10027*. In situ high-pressure ADXRD patterns were
obtained with a wavelength of 0.6199 A at beamline 15U1, Shanghai
Synchrotron Radiation Facility (SSRF), China. CeO, was applied to the
standard sample to do the calibration. The FIT2D program was used to
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integrate the two-dimensional images, and the one-dimensional dif-
fraction angle 2-theta diagram was obtained. All the high-pressure
experiments were conducted at room temperature.

Magnetic photoluminescence (MPL) experiments

The MPL experiments were performed at Wuhan National High Mag-
netic Field Center. For the MPL measurements, multimode optical
fibers were used to transmit both the excitation and emission light
beams. The PL was excited by a solid-state laser with a wavelength of
360nm and recorded by a spectrometer composed of a mono-
chromator (SP500I, Andor) and an electron multiplied charge-coupled
device (EMCCD, Newton 970P, Andor). The pristine IPA was purchased
from Aladdin. The pressure-treated IPA sample was harvested by the
Kawai-Type Large Volume Press device at the Bl station, Synergetic
Extreme Condition User Facility (SECUF). These samples (-10 mg,
diameter 3 mm, thickness 1 mm) were placed into a liquid helium
cryostat at the center of a pulsed magnet with the designed peak field
of 50-T and pulse duration of 300 ms. In this situation, the EMCCD was
exposed every millisecond synchronous to the time period of the
magnetic field pulse.

In situ high-pressure neutron diffraction

Given the considerable incoherent scattering cross-section of hydro-
gen leading to a notable background contribution in neutron diffrac-
tion data, we opted for deuterated IPA (IPA-d,) in the in situ neutron
diffraction experiment*’. The neutron diffraction data up to 19.8 GPa
were collected at BL11 PLANET in the Materials and Life Science
Experimental Facility (MLF) at Japan Proton Accelerator Research
Complex (J-PARC)®. Before the high-pressure experiment, the fresh
sample with a Pb marker was loaded into a vanadium can to collect the
neutron diffraction data. The data were used as an ambient-pressure
reference. Then, a VX4 Paris-Edinburgh (PE) Press equipped with
sintered diamond double toroidal anvils with a diameter of 3 mm was
used to apply the pressure. Titanium-Zirconium alloy gaskets were
used as the sample chamber, along with a Pb pressure marker. Liquid
argon was used as PTM in high-pressure neutron diffraction experi-
ments. An automatic hydraulic oil syringe pump was used to drive the
system and the pressure was estimated according to the equation of
state (EOS) of Pb’% The data were collected in the range of
0-19.8 GPa. The rates of compression and decompression were kept at
10 bar/min (~0.2 GPa/min) below 500 bar and 5 bar/min (~0.1 GPa/
min) above 500 bar. The pattern of the sample at each pressure was
collected for 2 h. The crystal structures and atomic positions of IPA-d
were determined by Rietveld refinement using the GSASII software
package. The high-pressure structural data was provided in the Sup-
plementary Information.

The recovered sample was re-synthesized using a VX3 PE Press
without PTM and Pb marker. The encapsulated gaskets were subse-
quently removed to completely release the pressure. The original and
recovered samples (90 mg) were then loaded into vanadium cans with
a cut diameter of 6 mm, respectively to collect the neutron diffraction
data. This measurement was performed at High pressure neutron
diffractometer (Fenghuang) at China Mianyang Research Reactor’s
(CMRR) neutron science platform®**, And 26 h were spent on the
collecting pattern of each sample.

First-principle calculations

Calculations on the excited-states energies and the NTOs were carried
out using the Gaussian 09 (version D.01) package on a PowerLeader
cluster®. The excited state energies were calculated by time-
dependent density functional theory (TD-DFT) at the level of CAM-
B3LYP/6-31G(d, p). The NTOs were evaluated with the dominant “hole”-
“particle” pair contributions. The SOC coefficients were quantitatively
estimated at the level of CAM-B3LYP/6-31G(d,p) by the Beijing density
function program®°°,

Data availability

The authors declare that the main data supporting our findings of this
study are contained within the paper and Supplementary Information.
All other relevant data are available from the corresponding author
upon request. Source data are provided with this paper.

Code availability
Gaussian 09 code is available for download on the developer page:
https://gaussian.com/.

References

1. Wang, J. et al. A facile strategy for realizing room temperature
phosphorescence and single molecule white light emission. Nat.
Commun. 9, 2963 (2018).

2. Shi, Y. et al. Multiple yet switchable hydrogen-bonded organic fra-
meworks with white-light emission. Nat. Commun. 13, 1882 (2022).

3. Chen, Z.,Ho, C.L., Wang, L. & Wong, W. Y. Single-molecular white-
light emitters and their potential WOLED applications. Adv. Mater.
32, 1903269 (2020).

4. Tu,D. et al. Highly emissive organic single-molecule white emitters
by engineering o-carborane-based luminophores. Angew. Chem.
Int. Ed. 56, 11370-11374 (2017).

5. Abdurahman, A. et al. Understanding the luminescent nature of
organic radicals for efficient doublet emitters and pure-red light-
emitting diodes. Nat. Mater. 19, 1224-1229 (2020).

6. Thompson, N. J. et al. Energy harvesting of non-emissive triplet
excitons in tetracene by emissive PbS nanocrystals. Nat. Mater. 13,
1039-1043 (2014).

7. He, Z. et al. White light emission from a single organic molecule
with dual phosphorescence at room temperature. Nat. Commun. 8,
416 (2017).

8. Gu, L. et al. Color-tunable ultralong organic room temperature
phosphorescence from a multicomponent copolymer. Nat. Com-
mun. 11, 944 (2020).

9. Abdukayum, A., Chen, J. T., Zhao, Q. & Yan, X. P. Functional near
infrared-emitting Cr**/Pr® Co-doped zinc gallogermanate persis-
tent luminescent nanoparticles with superlong afterglow for in vivo
targeted bioimaging. J. Am. Chem. Soc. 135, 14125-14133 (2013).

10. Sun, Y. et al. Ultralong lifetime and efficient room temperature
phosphorescent carbon dots through multi-confinement structure
design. Nat. Commun. 11, 5591 (2020).

1. Guo, J., Yang, C. & Zhao, Y. Long-lived organic room-temperature
phosphorescence from amorphous polymer systems. Acc. Chem.
Res. 55, 1160-1170 (2022).

12. Goushi, K., Yoshida, K., Sato, K. & Adachi, C. Organic light-emitting
diodes employing efficient reverse intersystem crossing for triplet-
to-singlet state conversion. Nat. Photon. 6, 253-258 (2012).

13. Wang, X. et al. Organic phosphors with bright triplet excitons for
efficient X-ray-excited luminescence. Nat. Photon. 15, 187-192
(2021).

14. Zhao, W. et al. Boosting the efficiency of organic persistent room-
temperature phosphorescence by intramolecular triplet-triplet
energy transfer. Nat. Commun. 10, 1595 (2019).

15. Chen, C. &Liu, B. Enhancing the performance of pure organic room-
temperature phosphorescent luminophores. Nat. Commun. 10,
2111 (2019).

16. Zhang, Z.Y. et al. A synergistic enhancement strategy for realizing
ultralong and efficient room-temperature phosphorescence.
Angew. Chem. Int. Ed. 59, 18748-18754 (2020).

17. Cai, S. et al. Visible-light-excited ultralong organic phosphores-
cence by manipulating intermolecular interactions. Adv. Mater. 29,
1701244 (2017).

18. Fan, Y. et al. Multi-photoresponsive triphenylethylene derivatives
with photochromism, photodeformation and room temperature
phosphorescence. Mater. Horiz. 9, 368-375 (2022).

Nature Communications | (2024)15:7778


https://gaussian.com/
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-52196-7

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Wang, T. et al. Aggregation-induced dual-phosphorescence from
organic molecules for nondoped light-emitting diodes. Adv. Mater.
31, 1904273 (2019).

Kuno, S., Akeno, H., Ohtani, H. & Yuasa, H. Visible room-temperature
phosphorescence of pure organic crystals via a radical-ion-pair
mechanism. Phys. Chem. Chem. Phys. 17, 15989 (2015).

Jin, J. et al. Thermally activated triplet exciton release for highly
efficient tri-mode organic afterglow. Nat. Commun. 11, 842 (2020).
An, Z. et al. Stabilizing triplet excited states for ultralong organic
phosphorescence. Nat. Mater. 14, 685-690 (2015).

Jin, J. et al. Modulating tri-mode emission for single-component
white organic afterglow. Angew. Chem. Int. Ed. 60, 24984-24990
(2021).

Ye, W. et al. Confining isolated chromophores for highly efficient
blue phosphorescence. Nat. Mater. 20, 1539-1544 (2021).

Zhang, Y. et al. Ultraviolet irradiation-responsive dynamic ultralong
organic phosphorescence in polymeric systems. Nat. Commun. 12,
2297 (2021).

Song, J., Ma, L., Sun, S., Tian, H. & Ma, X. Reversible multilevel
stimuli-responsiveness and multicolor room-temperature phos-
phorescence emission based on a single-component system.
Angew. Chem. Int. Ed. 61, €202206157 (2022).

Zong, H., Wiebe, H. & Ackland, G. J. Understanding high pressure
molecular hydrogen with a hierarchical machine-learned potential.
Nat. Commun. 11, 5014 (2020).

Ma, Z. et al. Pressure-induced emission of cesium lead halide per-
ovskite nanocrystals. Nat. Commun. 9, 4506 (2018).

Wang, Y. et al. Maximized green photoluminescence in Th-based
metal-organic framework via pressure-treated engineering. Angew.
Chem. Int. Ed. 61, 202210836 (2022).

Wang, Y. et al. Pressure engineering toward harvesting the bright
deep-blue-light emission in Y-based metal-organic frameworks.
Adv. Funct. Mater. 33, 2300109 (2023).

Fang, Y. et al. Manipulating emission enhancement and piezo-
chromism in two-dimensional organic-inorganic halide perovskite
[(HO)(CH2),H3)1,Pbl, by high pressure. CCS Chem. 3, 2203-2210
(2021).

Ma, Z., Li, F., Zhao, D., Xiao, G. & Zou, B. Whether or not emission of
Cs4PbBrg nanocrystals: high-pressure experimental evidence. CCS
Chem. 2, 71-80 (2020).

Wu, M. et al. Pressure-induced restricting intermolecular vibration
of a herringbone dimer for significantly enhanced multicolor
emission in rotor-free truxene crystals. J. Phys. Chem. Lett. 13,
2493-2499 (2022).

Tong, S. et al. Fluorescence-based monitoring of the pressure-
induced aggregation microenvironment evolution for an AlEgen
under multiple excitation channels. Nat. Commun. 13, 5234 (2022).
Gong, Y. et al. Crystallization-induced dual emission from metaland
heavy atom-free aromatic acids and esters. Chem. Sci. 6,

4438 (2015).

Ma, H. et al. Electrostatic interaction-induced room-temperature
phosphorescence in pure organic molecules from QM/MM calcu-
lations. J. Phys. Chem. Lett. 7, 2893-2898 (2016).

Bardak, F. et al. Conformational, electronic, and spectroscopic
characterization of isophthalic acid (monomer and dimer structures)
experimentally and by DFT. Spectrochim. Acta A 165, 33-46 (2016).
Wang, X. et al. From biomass to functional crystalline diamond
nanothread: pressure-induced polymerization of 2,5-fur-
andicarboxylic acid. J. Am. Chem. Soc. 144, 21837-21842 (2022).
Lu, B. et al. Piezochromic luminescence of AlE-active molecular co-
crystals: tunable multiple hydrogen bonding and molecular pack-
ing. J. Mater. Chem. C 6, 9660-9666 (2018).

Shi, B. et al. Short hydrogen-bond network confined on COF sur-
faces enables ultrahigh proton conductivity. Nat. Commun. 13,
6666 (2022).

41, Lutz, P. B. & Bayse, C. A. Orbital-based insights into parallel-
displaced and twisted conformations in -1 interactions. Phys.
Chem. Chem. Phys. 15, 9397-9406 (2013).

42. El-Sayed, M. A. Triplet state. Its radiative and nonradiative proper-
ties. Acc. Chem. Res. 1, 8-16 (1968).

43. Hu, B., Yan, L. & Shao, M. Magnetic-field effects in organic semi-
conducting materials and devices. Adv. Mater. 21,

1500-1516 (2009).

44. Ma, H., Peng, Q., An, Z., Huang, W. & Shuai, Z. Efficient and long-
lived room-temperature organic phosphorescence: theoretical
descriptors for molecular designs. J. Am. Chem. Soc. 141,
1010-1015 (2019).

45. Marian, C. M. Understanding and controlling intersystem crossing
in molecules. Annu. Rev. Phys. Chem. 72, 617-640 (2021).

46. Toby, B. H. EXPGUI, a graphical user interface for GSAS. J. Appl.
Cryst. 34, 210-213 (2001).

47. Mao, H.K., Xu, J. &Bell, P. M. Calibration of the ruby pressure gauge
to 800 kbar under quasi-hydrostatic conditions. JGR Solid Earth 91,
4673-4676 (1986).

48. Shang, Y.-C. et al. Pressure generation above 35 GPa in a Walker-
type large-volume press*. Chin. Phys. Lett. 37, 8 (2020).

49. Ting, V. P., Henry, P. F., Schmidtmann, M., Wilson, C. C. & Weller, M.
T. Probing hydrogen positions in hydrous compounds: information
from parametric neutron powder diffraction studies. Phys. Chem.
Chem. Phys. 14, 6914-6921 (2012).

50. Hattori, T. et al. Design and performance of high-pressure PLANET
beamline at pulsed neutron source at J-PARC. Nucl. Instrum.
Methods Phys. Res. A 780, 55-67 (2015).

51. Hattori, T. et al. Development of a technique for high pressure
neutron diffraction at 40 GPa with a Paris-Edinburgh Press. High.
Press. Res. 39, 417-425 (2019).

52. Vohra, Y. K. & Ruoff, A. L. Static compression of metals Mo, Pb, and
Pt to 272 GPa: comparison with shock data. Phys. Rev. B 42,
8651-8654 (1990).

53. Fang, L. et al. The neutron diffraction experiments under high
pressure and high temperature on FENGHUANG diffractometer at
CMRR. Nucl. Anal. 1, 100023 (2022).

54. Xie, L. et al. Fenghuang: high-intensity multi-section neutron pow-
der diffractometer at CMRR. Nucl. Instrum. Methods Phys. Res. A
915, 31-35 (2019).

55. Frisch, M. J. et al. Gaussian 09, Revision D.01(Gaussian, Inc., 2009).

56. Li, Z., Xiao, Y. & Liu, W. On the spin separation of algebraic two-
component relativistic Hamiltonians. J. Chem. Phys. 137,

154114 (2012).

57. Li, Z., Xiao, Y. & Liu, W. On the spin separation of algebraic two-
component relativistic Hamiltonians: molecular properties. J.
Chem. Phys. 141, 054111 (2014).

58. Liu, W., Wang, F. & Li, L. The Beijing density functional (BDF) pro-
gram package: methodologies and applications. J. Theor. Comput.
Chem. 02, 257-272 (2003).

59. Quaranta, M., Borisov, S. M. & Klimant, I. Indicators for optical
oxygen sensors. Bioanal. Rev. 4, 115-157 (2012).

60. Li, Z., Suo, B., Zhang, Y., Xiao, Y. & Liu, W. Combining spin-adapted
open-shell TD-DFT with spin-orbit coupling. Mol. Phys. 111,
3741-3755 (2013).

Acknowledgements

This work is supported by the National Natural Science Foundation of
China (Nos. 12274177 and 22022101). The authors also acknowledge the
support of the National Key Research and Development Program of
China (2019YFAQ708502). Angle dispersive XRD measurements were
performed at the BL15U1 beamline, SSRF. The Kawai-type large-volume
press experiments were performed at the B1 station, Synergetic Extreme
Condition User Facility (SECUF). Neutron diffraction data were collected
at BL11 PLANET of the Japan Proton Accelerator Research Complex

Nature Communications | (2024)15:7778


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-52196-7

under the J-PARC user programs (Proposal Nos. 2023B0100 and
2024A0054) and High-pressure neutron diffractometer (Fenghuang) at
China Mianyang Research Reactor’s (CMRR) neutron science platform.
The MPL experiments were performed at Wuhan National High Magnetic
Field Center. The authors thank Dr. Jun Abe for supporting the neutron
diffraction experiment.

Author contributions

X.Y. and B.Z. designed the project and supervised the work. Q.Y. per-
formed the in situ high-pressure PL, UV-vis Absorption, and IR spectra
measurements. Q.Y., X.Y., and Y.W. conducted the ADXRD, time-
resolved PL decay curves, and PLQY experiments. Y.F., F.L., H.Z., K.L.,
T.H., and L.F. carried out neutron diffraction measurements. Q.Y. and
Y.H. collected the MPL data. P.Z., X.H., and Z.L. synthesized the pressure-
treated IPA sample with Large-Volume Press. S.Z. and B.Y. performed
the calculations. Q.Y., X.Y., and B.Z. wrote the manuscript. All authors
discussed the results and commented on the manuscript.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-52196-7.

Correspondence and requests for materials should be addressed to
Xinyi Yang or Bo Zou.

Peer review information Nature Communications, thanks the anon-
ymous reviewer(s) for their contribution to the peer review of this work. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Nature Communications | (2024)15:7778


https://doi.org/10.1038/s41467-024-52196-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Brightening triplet excitons enable high-performance white-light emission in organic small molecules via integrating n–π*/π–π* transitions
	Results
	In situ high-pressure optical properties of IPA
	Structural evolution of IPA under pressure
	SOC, HFC, and ΔEST effect of IPA

	Discussion
	Methods
	Characterization and high-pressure generation
	In situ high-pressure PL, UV-vis absorption, IR spectra, and ADXRD experiments
	Magnetic photoluminescence (MPL) experiments
	In situ high-pressure neutron diffraction
	First-principle calculations

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




