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Controlling room-temperature phosphorescence (RTP) in organic materials

through external stimuli is crucial for elucidating RTP mechanisms and engi-
neering stimuli-responsive materials for various applications. However, com-
pared to fluorescent materials, regulating RTP presents greater challenges due

to its intricate photophysical processes, particularly in the quest for RTP
materials with desirable stimulus-responsive properties. Here we show that
when the interactions of iodine with neighboring molecules in 1,4-diiodote-
trafluorobenzene (1,4-DITFB) crystals are tuned by pressure, exotic emission
behaviors emerge. These emissions exhibit anomalous blue-shifted char-
acteristics and enhanced intensities upon compression, accompanied by
prolonged lifetimes. Notably, such piezochromic luminescence responses are
impeded through a co-crystallization strategy that hinders iodine-iodine
interactions. We further reveal that the observed anomalous emissions related
to the unique state of iodine by providing additional orbitals shared with
surrounding molecules. Our findings not only open pathways for designing
tailored stimuli-responsive luminescent materials but also offer valuable
insights into the underlying mechanisms governing organic RTP emitters.

Organic room-temperature phosphorescence (RTP) materials have
garnered significant research attention owing to their inherent
advantages compared to fluorescent materials, such as long lifetimes,
large Stokes shifts, rich excited state properties'>. These significant
advantages make organic RTP materials exhibit great potential in the
design of stimuli-responsive luminescent materials for diverse appli-
cations, such as smart sensors, bioimaging, and optoelectronic
devices®™. For this purpose, investigating the responses of RTP
materials to external stimuli has emerged as a particularly attractive
research area. Hydrostatic compression, a prevalent stimulus, offers
advantages in emission tuning and establishing structure-property

relationships of materials in a more controllable manner, thereby
serving as a vital platform for property modulation and mechanism
comprehension'?, This has prompted numerous studies on piezo-
chromic luminescent materials in the past decade™ . However, most
of the organic luminescent materials reported so far exhibit red-
shifted and quenched emission upon compression'*", which is due to
the compression-induced unavoidable energy bandgap decrease as
well as increased non-radiative de-excitation and vibrational
relaxation'®”, It is thus difficult to design piezochromic luminescent
materials with anomalous blue-shifted and enhanced emission upon
compression, with only a few instances of success observed in
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fluorescent organic materials? . This challenge is further com-
pounded in RTP organic materials due to the complex behaviors of
triplet excitons, spin-forbidden transition, intersystem crossing,
etc.”*”. Therefore, investigating RTP materials with desirable stimulus-
responsive properties and elucidating structure-property correlations
is pivotal for advancing both the fundamental understanding of
phosphorescence mechanisms and the development of potential
applications.

From the electronic structure point of view, RTP is strongly
affected by the coupling of excited singlet and triplet states of
electrons® %, Therefore, modulating RTP emission is not only
required to regulate the optical bandgap of singlet and triplet states,
respectively, but also the electron transition behaviors from singlet to
triplet states. In addition, the heavy atom effect of halogen plays a
crucial role in enhancing spin-orbit coupling (SOC) and accelerating
intersystem crossing (ISC)****, which enables excitations with different
orbital momenta for singlet and triplet states, and thus facilitates the
RTP emission. Recent studies have shown that high pressure can
induce significant enhancement of atomic/molecular interactions,
which may extrude electrons from atoms into the voids or vacancies of
crystals, forming so-called interstitial quasi-atoms (ISQs)*. These ISQs
can form covalent or metallic bonds with neighboring atoms, resulting
in quantized orbitals of interstitial space and significantly changing
electronic structures and properties of materials®. Additionally, our
recent investigations have revealed that controlling the nearest
neighboring molecular interactions could significantly modulate
electronic structures in molecular crystals and tune their luminescent
properties?*>**, This approach holds promise as a potential avenue for
designing exceptional stimuli-responsive properties.

In this work, we realize anomalous pressure-responsive RTP in 1,4-
diiodotetrafluorobenzene (1,4-DITFB) molecular crystals by enhancing
the shared orbitals of iodine with the surrounding atoms/molecules
and SOC. We discover that atomic orbitals of iodine become shareable
with neighboring molecules in 1,4-DITFB crystals upon compression,
triggering RTP emission from the initial non-RTP emission state. Such
states of iodine become more significant and cause unexpected and
continuous blue-shifted and enhanced RTP emission upon further
compression, accompanied by prolonged lifetimes, which have never
been realized before. Further comparison experiments show that the
anomalous blue-shifted RTP emission disappears when the halogen-
halogen interactions in 1,4-DITFB crystals are hindered by inserting
other molecules.

Results

Photophysical properties of 1,4-DITFB crystals upon
compression

The X-ray diffraction (XRD) pattern (Supplementary Fig. 1) shows that
1,4-DITFB molecular crystals exhibit a monoclinic structure char-
acterized by a “herringbone” motif** primarily assembled through
halogen bonding at ambient pressure. The structural sketch map is
shown in Supplementary Fig. 2. The crystals are almost non-emissive at
ambient pressure but display remarkable photoluminescence (PL)
emission under high-pressure stimulation. The high-pressure PL
spectra of 1,4-DITFB crystals recorded by 355 nm excitation are shown
in Fig. 1a-d, which exhibit an abnormal PL behavior as pressure
increases. The weak emission center gradually shifts from near 480 nm
to a new emission center at 652 nm below 1 GPa (Fig. 1d), while this PL
peak exhibits an abnormal blueshift to 582nm and a significant
enhancement in emission intensity as pressure increases to 7.50 GPa
(Fig. 1a, b, e). Above 7.50GPa, the emission intensity gradually
decreases, but the emission bands remain blue-shifted to 561 nm with
increasing pressure (Fig. 1c, e). The CIE chromaticity diagram (Fig. 1f)
and PL photographs (Fig. 1g) of 1,4-DITFB clearly show a color change
from red to yellow-green as pressure increases. At pressures exceeding

14.61 GPa, the 1,4-DITFB crystal turns red-shifted and quenched emis-
sion (Fig. 1d).

In situ time-resolved photoluminescence (TRPL) measurements
were carried out to analyze the components of PL and the dynamics
of excited states. As shown in Fig. 2a, the PL decay signal exhibits
nanosecond lifetimes below 0.91GPa (r=0.26 ns under ambient
conditions and 7=0.21 ns at 0.91 GPa), indicating very weak fluores-
cence without phosphorescence at low pressures (Fig. 1d). Low-
temperature PL and TRPL measurements suggest that no phos-
phorescent emission can be detected in 1,4-DITFB crystals and the
1,4-DITFB dilute solution has no any emission at ambient pressure
due to the absence of the triplet emission property, rather than due
to vibrational quenching or triplet-triplet annihilation (TTA) (Sup-
plementary Fig. 3). Nevertheless, a long-lived microsecond lifetime
component emerges and progressively increases upon further
compression (Fig. 2b), reaching a maximum average lifetime of
7=3.39 ps at -6.94 GPa (Fig. 2¢, d), concomitant with an increase in
emission intensity as pressure increases. This new emission should
be phosphorescence and gradually become dominant upon com-
pression. Furthermore, we carried out in situ ultraviolet-visible (UV-
Vis) absorption spectra on 1,4-DITFB to investigate the changes in its
band gap under pressure. From the recorded UV-Vis absorption
spectra (Fig. 2e and Supplementary Fig. 4) we can see that the band
gap of 1,4-DITFB is 3.78 eV at 0.22 GPa and exhibits an obvious red-
shift upon compression (Fig. 2f). Note that the redshift of the
absorption edge and the blueshift of the PL peak indicate that a
gradual decrease in the singlet and triplet splitting energy (AEst).
Following the energy gap law, the reduction of AEst favors ISC
between singlet and triplet states, which contributes to phosphor-
escence emission. Such a strategy of minimizing AEst has also been
previously reported to design more efficient and persistent pure
organic RTP emitters®*. It is noteworthy that in pure organic
molecular systems, emission under pressure typically undergoes a
redshift, with only a very few cases exhibiting a blueshift, which is
always accompanied by a blueshift in absorption®*?, while the life-
time of phosphorescence reported so far consistently decreases as
pressure increases®. In contrast to the studied pure aromatic
hydrocarbons with weak hydrogen bonding and -1 interactions,
our 1,4-DITFB crystals display a distinctive pressure-induced blue-
shifted RTP emission, which should be attributed to the incorpora-
tion of halogen atoms (I and F) that create significant intermolecular
halogen-halogen interactions, thereby changing the electronic
structure of the excited states®.

High-pressure structural evolution of 1,4-DITFB crystals
High-pressure XRD experiments were carried out on 1,4-DITFB crystals
to investigate their structural changes and explore the underlying
mechanism for the anomalous RTP emission. As shown in Fig. 3a, b, no
structural transition is observed in the crystal below 9.02 GPa, but
above this threshold, the gradual weakening and broadening of dif-
fraction peaks suggest progressive structural amorphization, which is
responsible for the gradual weakening of RTP emission upon com-
pression. Such amorphization could destroy the initial luminescence
energy levels and cause strong emission-detrimental intermolecular
interactions, leading to a rapid nonradiative decay of excitons***!. Note
that the a-, b-, and c-axes undergo distinct pressure evolutions upon
compression (inset, Fig. 3b), with the c-axis being more compressible
than the a- and b-axes below 7.95GPa. Considering the molecular
packing (Fig. 3¢), such an obvious anisotropic compressibility of the
lattice could facilitate the rapid approach of halogen atoms and
thereby increase the halogen-halogen interactions (I--I, I-~F, and F--F
interactions). The Hirshfeld surface (HS) analysis** further demon-
strates that high pressure significantly enhances intermolecular
halogen-halogen interactions (Fig. 3d).
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Intermolecular interactions of 1,4-DITFB crystals by IR and
Raman spectroscopies

As there was no structural transition in the compressed crystal, we
further performed in situ infrared (IR) and Raman spectroscopy mea-
surements to investigate the intermolecular interactions in 1,4-DITFB
crystals under pressure. As shown in Fig. 4a and Supplementary
Fig. 5, most of the IR absorption peaks are normally blue-shifted
upon compression, suggesting the enhancement of intermolecular
interactions*’. However, the IR peaks representing the combination
band of ring vibrations and the B, mode of aryl sextant C-C stretch**
(located near 1269 and 1355 cm™, respectively) exhibit a continuous
redshift (Fig. 4b). Such behavior in molecular crystals usually indicates
the inhibition of non-radiative energy dissipation, thereby favoring
radiative energy enhancement within 1,4-DITFB molecules upon
compression®. Our high-pressure Raman measurements show that the
molecular vibrational peaks mostly exhibit a blueshift upon com-
pression (Fig. 4c). Remarkably, the Ag vibrational mode of the C-I
symmetric stretching located near 157 cm™ undergoes triple splitting
above 1.57 GPa (Fig. 4d, e), corresponding to the pressure at which the
significant enhancement and blueshift of RTP occur. And most of the
Raman modes in the low frequency region (below 157 cm™) progres-
sively increase in intensity with increasing pressure, suggesting a
substantial increase in molecular polarizability*® within 1,4-DITFB
crystals. These results indicate that the iodine on the 1,4-DITFB mole-
cules undergoes a significant change in its environment upon com-
pression. In addition, the presence of Ag and Bsg vibrational modes of

crystalline £ in the released sample (near 178 and 188 cm™, respec-
tively) suggests a gradual dissociation of iodine from 1,4-DITFB mole-
cules, which becomes irreversible when decompressed from high
pressure of 18.25 GPa. Furthermore, in the higher frequency region, the
Raman peak intensity of the carbon ring breathing vibration at
1580 cm™ (Bsg), which is affected by the C-I bond, increases with
pressure up to 18.25 GPa (Fig. 4f), indicating that the polarizability of
the carbon rings increases with the gradual weakening of C-1 bonds".
The sketch maps of all the relevant vibrational modes are shown in
Supplementary Fig. 6. Therefore, we propose that the iodine of 1,4-
DITFB becomes more shareable with enhanced orbital coupling during
the period from starting compression to the final dissociation. Such an
“interstitial state” might contribute to the pressure-induced blue-shif-
ted RTP emission.

Calculation of intermolecular interactions of 1,4-DITFB crystals
To investigate what interactions between the iodine and neighboring
molecules when it is shared, we further calculated intermolecular
interactions in 1,4-DITFB crystals using the independent gradient
model based on Hirshfeld partition (IGMH) analysis*® at different
pressures. As shown in Fig. 5, we found that I--I interactions dominate
in the 1,4-DITFB molecular crystals, followed by I-F, F--F, and I--1t
interactions at ambient pressure. These interactions are enhanced as
pressure increases, and the enhancement of I-I interactions is most
significant. The color of the isosurface representing the I--I interac-
tions tends to change from its original green to cyan at 4.25GPa,
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ormap of pressure-dependent PL intensity and wavelength. b-d In situ PL spectra of
the 1,4-DITFB crystals up to 18.45 GPa. e Pressure-dependent PL wavelength and

intensities. f The CIE chromaticity diagram of 1,4-DITFB crystals upon compression.
g PL photographs of 1,4-DITFB crystals upon compression.

Nature Communications | (2025)16:3550


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-58864-6

o b o Cio0
08 E 0.91 GPa © 1.07 GPa °© 6.94 GPa
o
0.6 ° 1=0.21 ns 0.8 2.17 GPa 0.8 ©o 8.23 GPa
) = 3.09 GPa 2 © 9.62 GPa
g g 414 GPa 2 10.96 GPa
< £06 6.94 GPa €06 14.66 GPa
el 0 el o
Q (5 Q
N104 N N
E 0843 1 atm g 0.4 g 04
© 0.64 © o o
Z04] % 1=0.26 ns = z
0.2 0.2 o 0.2
o.o-% } 2 oo " SSSio | '
0.0 0.5 1.0 1.5 2.0 25 3.0 0 1 2 3 4 5 0 1 2 3 4 5
Time (ns) Time (us) Time (ps)
Normalized absorbance
40 € 2 v fa0
35 ’OEOQ 18 089 gy,
9 16 36 995,00
3.01 & \ 074 ]
7 a — 14 < °
525 g \0 & 12 060 324
E} - 21 _|o22cp
520 \ % 10 g g a °
£ \ g 0.45 3 )
515 4 ? 2 8 228 €
2 S s
101 [ Y £ 6 o3 @ B °
2 24 E| ga78ev
0.5 4 o\\ 4 0.16 :
00l ¢ 9 o 2 30 35 7 0 15 °
- 0.02 204— ey . h
0 2 4 6 8 10 12 14 16 300 350 400 450 500 550 600 0 5 10 15 20

Pressure (GPa)

Wavelength (nm)

Pressure (GPa)

Fig. 2 | High-pressure TRPL and UV-Vis absorption measurements. a-c High-pressure TRPL spectra of 1,4-DITFB crystals. d Pressure-dependent PL lifetime. e 2D
colormap of high-pressure UV-Vis absorption spectra of 1,4-DITFB crystals. f Variations of the optical bandgap with pressure.

20.18 GPa

13.96 GPa

9.02 GPa

7.95 GPa

\ A A “ “ A 6.80 GPa
5.48 GPa

4.25 GPa

3.50 GPa

2.15 GPa

1.02 GPa

0.55 GPa

Intensity (arb. units)

1atm

ST SnR8 8 5T
S ST Trede T

12 14 16
26 (degree)

4 (231

18 20 22

ocC OF
Fig. 3 | High-pressure XRD measurements and Hirshfeld surface analysis.

a High-pressure XRD patterns of 1,4-DITFB crystals up to 20.18 GPa (1=0.7093 A).
b Plotted curves for the unit cell volume of 1,4-DITFB crystals as a function of
pressure. Inset shows the compression rate of lattice constants as pressure
increases, which is given by the monoclinic P21/c structure. The XRD patterns are

b 480
460 4 105
440 4 % 100
(i\(:420 ] §0A95
o) £0.90
§400' 80_85 o ala, © bib,
g 380 A 080 00 C/ZO o 4[3/[30 - .
g 360 A Pressure (GPa)
340 A
320 -
300 <= T T T T
0 2 4 6 8
Pressure (GPa)
d

1.02 GPa

4.25GPa

analyzed by JADE. ¢ The sketch map for molecular packing of the 1,4-DITFB crystals
viewed along the a-axis. The distances and angles between the neighboring I--I, I--F,
and F--F atoms (indicated by dashed lines) are obtained from the optimized
structure at ambient conditions and measured by VESTA. d The Hirshfeld surface
analysis of the 1,4-DITFB crystals at 1.02 GPa and 4.25 GPa.

Nature Communications | (2025)16:3550


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-58864-6

(GPa)

22.30
17.00
12.91
8.23
6.94
6.04
4.98
4.14
3.09
217
1.07
0

Absorbance (arb. units)

1000 1200 1400 1600

Wavenumber (cm™)
(o] 2

gl A released
(GPa)
18.25
12.38

oy ol o 9.96
|\ T ; o A - 8.09
7.08

6.10

5.37

4.06

3.12

2.06

0.99

0.25

1800

800

| Ami—A

Intensity (arb. units)

0 200 400 "1600
Raman Shift (cm™)

i A
240 symmetric C—I stretch

N -1
220+ (~157 cm™ at 1 atm)

-1

A
A
A =

at .

N

o

o
1

A

A [ ]
A ]
A .‘..
$o='
ni"
o
<1.57
GPa

Raman Shift (cm
®
o

1.57-8.09 GPa >8.09 GPa

120 +— T T T T T T T
0 2 4 6 8 10 12 14 16

Pressure (GPa)

Fig. 4 | High-pressure IR and Raman spectra. a In situ IR spectra of 1,4-DITFB
crystals. b The pressure-dependent peak positions of the observed IR modes
around 1269 cm™ and 1355 cm™. ¢ In situ Raman spectra of 1,4-DITFB crystals. d The
symmetric C-1 stretch mode and the ring breathing vibration mode of 1,4-DITFB
molecules under high pressure. e The pressure-dependent Raman peak positions of

b
13604 aryl sextant C-C stretch (B,,) in IR
N s (~1355 cm™ at 1 atm)
< 1350+ ““4.“ .
o Ar L
5 1340+ 4aa,
A
.g A
5 1330 A,
§ 1270 combination band in IR P
g 707 oy, (~1269 cm at 1 atm)
Ll ]
12601 frteaa,
| n .
1250 4= T T T T T
0 2 4 6 8 10
Pressure (GPa)
d
A, (GPa)
18.25
Crystaﬁine 1, (GPa) ! 9.96
I 218.25 A, '
= 1238 AA 8.09
S {996 ! 7.08
S 809 | T it 10
S ’I: r 7.08 erssdeety A Nt 5,37
~ !
> P g-;s p 4.06
D YRS : 7 3.12
c 1, 4.06 206
2 ' 3.12 ! :
£ 4 2.06 0.99
A 0.99 WA .
A 0.25 ring breathing
Cl stretch (A,) vibration (Bj;)

150 200 1600 1700

Raman Shift (cm™)
f 2000
ring breathing vibration
= ~1580 cm™" (Bs,)
£ 1500 39 A
> ) -
Q -
o -
> /s
'3 1000 - ¢ 7 C
2 AN
= e
£ 500 e
©
4 o &
[ )
o 2.0
04 . . . . .
0 2 4 6 8 10

Pressure (GPa)

the symmetric C-I stretch mode. Square symbols denote the initial C-I stretch

mode peak positions, while circles and triangles represent the positions of split
Raman peaks emerging under high pressure. f The pressure-dependent Raman

intensities of the ring breathing vibration mode.

indicating the I--1 interactions change from the van der Waals inter-
actions to weak attractive interactions (Supplementary Fig. 7). Note
that such enhanced intermolecular interactions can explain the triple
splitting of C-I stretch (4g) under pressure (Supplementary Fig. 8).
These results indicate the modification of the interactions between
iodine and its surrounding atoms/molecules, as well as the enhance-
ment of intermolecular interactions, which are crucial for the forma-
tion of the molecular aggregate necessary for the atomic orbital
sharing mechanism.

Characterization of 1,4-DITFB-based cocrystals

To further verify that the anomalous pressure-induced blue-shifted
RTP is related to the “shared atomic orbitals” of iodine, we employed a
cocrystal strategy to hinder iodine-iodine interactions between

neighboring molecules (as shown in Fig. 3c) upon compression. In this
case, the diphenylacetylene (DPA) serves as molecular barrier in the
synthesized DPA-(1,4-DITFB) cocrystals and breaks the “herringbone”
molecular packing of 1,4-DITFB molecules that are observed in 1,4-
DITFB crystals (Fig. 6a), with DPA as the donor molecule and 1,4-DITFB
as the acceptor molecule®. XRD characterization of the cocrystals at
ambient pressure (Supplementary Fig. 9) shows that the 1,4-DITFB
molecules are arranged in parallel within the cocrystal and the distance
between the nearest neighboring iodine atoms is relatively large
(-5.42 A), which hinders the formation of obvious halogen-halogen
interactions (Supplementary Fig. 10). High-pressure XRD analyzes on
the cocrystals (Fig. 6b and Supplementary Fig. 11) suggest no structural
transformation upon compression. However, the high-pressure Raman
spectra (Fig. 6¢c and Supplementary Fig. 12) are obviously different
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from those of 1,4-DITFB crystals, that is, no splitting in the A; mode of
C-1bonds (at 158 cm™) upon compression, suggesting no dissociation
process of iodine. As a result, the cocrystals do not display any blue-
shifted emission as pressure increases (Fig. 6d) and their lifetimes
decrease gradually (Supplementary Fig. 13). Besides these, we
observed an obvious enhanced RTP emission of cocrystals up to
2.56 GPa (Fig. 6d), which can be attributed to the inhibition of benzene
ring vibrations in the 1,4-DITFB molecule, as evidenced by our IR
spectra (Fig. 6e and Supplementary Fig. 14). These results further
demonstrate that the unique state of iodine is responsible for the blue-
shifted and enhanced emission. It is worth mentioning that the low
electronegativity of iodine results in relatively weak C-1 bonding*’,
thus facilitating the sharing of “atomic orbitals” due to the weak
binding force from C. In contrast, when iodine was replaced by bro-
mine (Br) with higher electronegativity, only red-shifted RTP emission
was observed in our comparison experiments of compressing 1,4-
dibromotetrafluorobenzene (1,4-DBrTFB) crystals (Supplementary
Fig. 15). Moreover, in order to better understand the roles of fluorides,
we conducted high-pressure PL and TRPL measurements on 1,4-diio-
dobenzene (1,4-DIB) crystals (Supplementary Fig. 16). The results show
that only weak fluorescence emission is present. Therefore, compared
to 1,4-DIB, the F atoms introduce the I--F and F-F interactions to sta-
bilize the SOC and emission of triplet states, resulting in a stable and
anomalous RTP emission in 1,4-DITFB crystals.

Calculation of the hole-electron analysis and other luminescent
properties

To gain further insights into how the sharing of “atomic orbitals” of
iodine induces anomalous RTP emission upon compression, we con-
ducted computational analysis on 1,4-DITFB crystals. In this case, the
iodine atoms are suggested to affect the excited state structure of 1,4-
DITFB significantly. On the one hand, the orbital sharing between
neighboring iodine atoms could alter the molecular energy levels and
result in blue-shifted emissions; on the other hand, the influence of the
orbital overlap will enhance the radiative transition probability, con-
tributing to enhanced RTP emission. Therefore, we optimize the
structures of 1,4-DITFB crystals under pressure and analyze their

excited state properties by hole-electron analysis, which can be used to
describe the electronic excitation process (described as
“hole~>electron”)**=, The charge density difference (CDD) of holes/
electrons from the excited state T; to the ground state Sy, denoted as
the CDD of T;>Sq, was calculated to analyze the phosphorescence
emission process, as depicted in Fig. 7a, b. In particular, our calcula-
tions show that the lengths of the C-1bond (shown by the black dashed
line) in the excited state are 2.54 A and 2.46 A at 1.02 GPa and 4.25 GPa,
respectively, which is significantly longer than the pristine bond length
of 2.08 A at ambient pressure. In this case, iodine atoms are shared
with the neighboring molecules to form cluster excitation, while the
neighboring iodine provides additional holes. To further quantitatively
describe the hole occupancy of iodine atoms, the excited state com-
positions of T; were calculated. The compositions of T; by the
C-squared Population Analysis (SCPA) method** show that the atomic
orbital contribution of the neighboring iodine increases from 1.86 % to
3.57 % when pressure increases from 1.02 GPa to 4.25GPa. These
results support the formation of an “interstitial state” of iodine in the
excited state, and this state becomes more pronounced as pressure
increases. In particular, the form of molecular aggregation in our cal-
culations differs from conventional excimer excitation. In typical
excimer systems®, molecular aggregation occurs through parallel
stacking stabilized by strong - interactions. In contrast, the for-
mation of “shared atomic orbitals” in 1,4-DITFB does not involve such
parallel arrangements or T-Tt interactions. Instead, it is a form of
aggregation excitation dominated by I--I interactions. Meanwhile, the
excitation/emission energies of 1,4-DITFB crystals in such states were
calculated to demonstrate the change in energy levels. As shown in
Fig. 7c, the excitation energy of the So>S; (E(S;)) and emission energy
of the T;>So (E(Ty)) changed from 4.199eV to 4.188eV and from
1.742 eV to 2.016 eV, respectively, as pressure increased from 1.02 GPa
to 4.25 GPa, which agrees well with the experimentally observed red-
shifted absorption but blue-shifted emission. Furthermore, the effect
of interstitial iodine atoms on the emission intensity was investigated
by calculating the overlap of hole and electron. The overlap function
between the hole and electron distributions, denoted as

S,(r)=y/phole(r)pele(r), in which p"°¢ and p¢' represent the densities of
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spectra of DPA-(1,4-DITFB) cocrystals upon compression. The complete high-
pressure Raman and IR spectra are shown in Supplementary Figs. 12 and 14,
respectively.

hole and electron®®. The S, values are 0.505 and 0.568 for pressures of
1.02 GPa and 4.25 GPa, respectively, indicating an increase the radiative
transition probability between the T; state and Sy state, thus causing an
enhancement of RTP emission.

In addition, phosphorescence emission is strongly affected by
ISC, and increasing the ISC rate constant (kisc) of S;-T; is critical to
achieving efficient RTP. Therefore, we analyzed the kisc of 1,4-DITFB
crystals. According to the first-order perturbation theory and Marcus
semiclassical approach in the room-temperature region, the kisc of S;
to T, is expressed as Egs. (1) and (2)*:

kisc <wl‘ﬁso

W)/ exp(AEL,) M

AEgr=E(S;) — E(Ty) 2)
Where (W!|H,,|W?) is the spin-orbit coupling (SOC) matrix element
between singlet and triplet states, which can be quantized using the
SOC constants, where AEst is the first singlet and triplet splitting
energy. Based on Eq. (2) and the calculated E(S,;) and E(T;) discussed
above, when pressure increases from 1.02 to 4.25GPa, the AEst
decreases from 2.457 eV to 2.172 eV, and the SOC constant of S;-T; and

T;-So increases from 0.24 cm™ to 0.83cm™ and 3.11cm™ to 3.29 cm™
(Fig. 7d), respectively. The schematic in Fig. 7e illustrates the
contribution of the decreased AEst and the increased SOC to RTP
radiation. Thus, according to Eq. 1, both the decreased AEsy and
increased SOC constants could favor the kisc, that is, the transition of
electrons from singlet to triplet state is easier under pressure, leading
to more efficient phosphorescence emission. All our calculations and
experiments thus support the formation of “shared atomic orbitals”
for iodine, which significantly affect the excitation behavior of
electrons and thus contribute greatly to the anomalous piezochromic
luminescence responses observed in 1,4-DITFB crystals.

Discussion

We have modulated RTP in organic materials through a strategy
involving the incorporation of “atomic orbital sharing”, resulting in the
attainment of RTP materials exhibiting anomalous piezochromic
luminescence responses. It is found that when iodine atoms exhibit
characteristics of “shared atomic orbitals” and form significantly
enhanced interactions with neighboring molecules in 1,4-DITFB crys-
tals, anomalous piezochromic luminescence responses occur. The
material displays an abnormally blue-shifted and enhanced RTP
emission with a counterintuitively prolonged lifetime as pressure
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increases, which differs from the red-shifted and quenched emission
observed in other organic luminescent materials reported previously.
When the “atomic orbital sharing” of iodine is hindered by a co-
crystallization strategy, the anomalous piezochromic luminescence
responses are prohibited. By combining experiment with theory, we
further reveal that such iodine state arises from strong halogen-
halogen interactions, which alter the electronic structure of the exci-
ted states, leading to the blue-shifted emission, while the enhanced
SOC and the inhibition of non-radiative energy dissipation contribute
to the emission enhancement. This study not only provides insights
into our understanding of RTP emissions in organic materials but also
offers a method for designing stimuli-responsive materials for diverse
applications.

Methods

Materials source, synthesis, and crystal structure
1,4-Diiodotetrafluorobenzene (1,4-DITFB, purity: 99.82%) and diphe-
nylacetylene (DPA, purity: 99.75%) were acquired from Adamas for the
experimental procedures. All chemical components were utilized in
their as-received state without further purification. The DPA-(1,4-
DITFB) cocrystals were prepared by solvent evaporation methods. A
molar ratio of 1:2 for DPA and 1,4-DITFB was dissolved in an excessive
mixture solution of chloroform and n-hexane (4:1 ratio) and ultra-
sonicated for 15 min. Subsequent to a 7-day solvent evaporation period
under ambient conditions, the resulting transparent white flake

sample of DPA-(1,4-DITFB) was obtained. The initial crystal structures
of our 1,4-DITFB and DPA-(1,4-DITFB) were obtained from the Cam-
bridge Crystallographic Data Centre (CCDC, Nos 819337 and 1060250,
respectively).

High-pressure generation and in situ high-pressure experiments
High-pressure experiments were conducted using a diamond anvil cell
(DAC). Samples were inserted into a 120 um diameter hole drilled in a
T301 stainless-steel gasket. Pressure calibration was achieved through
the fluorescence emission of ruby within the sample chamber. Silicone
oil acted as the pressure-transmitting medium (PTM) for high-pressure
photoluminescence (PL), time-resolved photoluminescence (TRPL),
X-ray diffraction (XRD), Raman spectroscopy, and ultraviolet-visible
(UV-Vis) absorption measurements. Meanwhile, potassium bromide
(KBr) acted as PTM for high-pressure infrared (IR) spectroscopy.

A home-built integrated optical measurement system was utilized
for the acquisition of high-pressure photoluminescence (PL) spectra
and ultraviolet-visible (UV-Vis) absorption spectra. A semiconductor
UV laser (355nm) and a deuterium-halogen lamp were used as the
excitation sources to record PL and UV-Vis spectra, respectively, along
with an optical fiber spectrometer (Ocean Optics, QE65 pro). The PL
spectra of 1,4-DITFB and DPA-(1,4-DITFB) were collected with collec-
tion times of 1s and 5s, under laser powers of 1.69 mW and 23.4 pW,
respectively. All the UV-Vis spectra were collected with a time of
500 ms. For high-pressure time-resolved photoluminescence (TRPL)
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measurements, a pulsed laser (375nm, Horiba DeltaDiode) with a
maximum frequency of 100 MHz was employed as the excitation
source, in conjunction with a Horiba Jobin-Yvon iHR320 spectrometer.
High-pressure infrared measurements were carried out using a Bruker
Vertex 80V spectrometer. Raman spectra were collected using a
LabRAM HR Evolution spectrometer (HORIBA Jobin-Yvon) excited by a
532 nm laser with a total power of 71.2 mW (100%) and a laser spot of
~2um. The Raman spectra of 1,4-DITFB and DPA-(1,4-DITFB) were
recorded with collection times of 10 s and 20 s, under laser powers of
5.50 mW (10%) and 1.78 mW (3.2%), respectively. The laser power was
measured with the THORLABS PM10OD. For high-pressure X-ray dif-
fraction measurements, the Rigaku Synergy Custom FR-X instrument
(1=0.7093 A) was utilized for 1,4-DITFB crystals, while the synchrotron
radiation X-ray diffraction (1=0.6199 A) was performed for DPA-(1,4-
DITFB) cocrystals. All ambient-pressure powder X-ray diffraction
measurements were conducted using a Bruker D8 Advance dif-
fractometer equipped with Cu Ka radiation (A=1.5406 A).

Computational details

We used the CP2K software package® to perform geometry optimi-
zation and electronic structure calculations, using the B3LYP/DZVP-
MOLOPT-SR-GTH level with the dispersion-corrected density func-
tional (DFT-D3(BJ)), with a grid cutoff of S500Ry. The electronic
structure properties of excited states were performed by using linear
response TDDFT. The crystal structures at different pressures (1 atm,
0.55GPa, 1.02GPa, and 4.25GPa) used for all calculations were
obtained based on high-pressure XRD characterization. The CP2K
input files and hole-electron analysis were performed by the Multiwfn
program*****55_ The Crystal-Explorer software 21.5 was employed to
create Hirshfeld surface plots™, and the IGMH analysis was plotted via
VMD software*®. The vibrational analysis and calculation of high-
pressure Raman spectra were performed using the CASTEP package®’.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data supporting the findings of this study are available within the
article and the Supplementary Information Files. All other relevant
data that support the findings of this study can be obtained from the
corresponding authors upon request. The lattice parameters and
atomic coordinates of the optimized computational models are pro-
vided in Supplementary Data 1. Source data are provided with
this paper.
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