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Single-component multi-emissive materials with stimuli-responsive properties
offer unique advantages in the field of multicolor-tunable photoluminescence

(PL). However, precisely modulating the emission of each component and
achieving high-efficiency emission present a formidable challenge. Herein, we
demonstrate that space-confined charge transfer (CT) turns on bright blue-
green-white emission in initially faintly emissive metal-organic frameworks
(MOFs) at ambient conditions through pressure treatments. Pressure treat-

ments induce a transition from the initial long-range CT to a space-confined
mode, significantly amplifying radiative transitions. Furthermore, the space-
confined CT, which occurs between mutually perpendicular ligands, sig-

nificantly influences the spin-orbit charge transfer intersystem crossing. Pre-
cise tuning of space-confined CT kinetics via multi-level pressure treatments
allows us to modulate the fluorescence-to-phosphorescence ratio, achieving

multicolor-tunable emission in the target MOFs. Our work advances the
development of multicolor-tunable smart PL materials and unlocks the
potential for their application in atmospheric environments.

The pursuit of multicolor-tunable photoluminescent (PL) materials is a
promising frontier, offering substantial applications in multi-
dimensional bioimaging, secure encryption, and sophisticated visual
displays'™. However, fabricating single-component PL materials cap-
able of dynamically altering their emission is fraught with challenges.
Complex design and tedious synthesis are usually required to suppress
non-radiative channels and achieve dynamic emission responses.
Stimulus-responsive materials possessing multiple emission proper-
ties provide a promising avenue for achieving multicolor-tunability®°.
The key to this endeavor lies in the precise control of chromophore
conformation by external stimuli. Among various stimuli, pressure
stands out for its ability to finely modulate molecular conformations,
intermolecular interactions, electronic coupling, energy and charge

transfer (CT) pathways, thereby optimizing PL properties'®'®. Recent
studies have detailed that pressure treatment can significantly boost
the emission of initially non-emitting or weakly emitting materials" .
Yet, the quest to attain multicolor tunability in PL emissions at ambient
conditions by pressure treatment is still in its infancy and represents a
highly anticipated area of research.

Metal-organic frameworks (MOFs) constitute a compelling cate-
gory of stimuli-responsive materials, characterized by their dynamic
structural adaptability stemming from an array of tunable weak non-
covalent interactions?***, By appropriate design, the chromophores
could be converted as organic ligands that coordinate with metal
clusters or metal ions and anchored in framework structures™?.
Synergistic coordination between inorganic metal nodes and organic
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linkers confers the conformational diversity and electronic structure
tunability to organic chromophores®*, Stable and adaptive frame-
work structure of MOFs provides a platform for precise control of
spatial orientation, stacking pattern and molecular conformation of
organic chromophores®*. Abundant and tunable intermolecular inter-
actions, energy and CT pathways in the framework offer the possibility
of compelling emission behaviors*~, MOFs hold great promise for
modulating their crystal and electronic structures under external sti-
muli thereby affording opportunities for the development of
multicolor-tunable PL materials**2.

Here, we turn on bright blue-green-white emission in initially
faintly emissive Cd(BDC)(DMF) (BDC: 1,4-benzenedicarboxylate, DMF:
N,N-dimethylformamide) at ambient conditions by employing multi-
level pressure treatments. The BDC linkers in Cd(BDC)(DMF) exhibit
two distinct configurations, which provide excellent structure and
performance tunability. Further, the n-t* transition of carboxyl groups
and the heavy-atom effects of Cd ions enable the potential for triplet
exciton emission. Although Cd(BDC)(DMF) possesses the potential for
multicolor tunable emission, ligand rotation results in very weak
luminescence® . Pressure treatments induce a more compact spatial
arrangement between ligands in the framework, which enhances
hydrogen bonding and spatially confines the initial long-range CT.
Enhanced hydrogen bonding restricts the rotation of the ligands and
space-confined CT enhances the intensity of the radiative transition
oscillator. Notably, engineered CT features a mutually perpendicular
natural transition orbital configuration, which boosts the spin-orbit CT
intersystem crossing process. Based on engineered CT, pressure
treatments modulate the fluorescence-to-phosphorescence ratio and
turn on multicolor emission. The turn-on of efficient multicolor
emission in pressure-responsive smart materials is exceedingly rare
after releasing the pressure completely. Our work provides innovative
perspectives for designing high-efficiency, multicolor-tunable,
stimulus-responsive smart PL materials.

Results and discussion

Crystal structure and PL stimuli-responsive behaviors of
Cd(BDC)(DMF)

Cd(BDC)(DMF) possesses a triclinic P1 crystal structure and one-
dimensional rhombic pore structures oriented along the a-axis*.
Within this structure, linear aromatic dicarboxylic acid BDC ligands
bridge cadmium ions using a mixed coordination mode of ¥ and ¥ to
yield infinite chains. Each cadmium ion is 7-coordinated and bonded to
two k'~ carboxylates, two k> carboxylates and a DMF ligand (Fig. 1a). As
a representative aromatic ligand, BDC features carboxyl groups cap-
able of n-m* transitions and possesses fluorescence and phosphores-
cence bi-emissive properties in the rigid MOF (Supplementary Fig. 1).
The BDC units in the rhombic network present “planar” and “distorted”
conformations along the (010) and (01-1) crystalline planes, respec-
tively. Distorted BDC displays a 33.1-degree dihedral angle between
carboxyl group and benzene ring. The multi-configurational organic
linker endows Cd(BDC)(DMF) with easily adjustable electronic prop-
erties. However, the PL performance of Cd(BDC)(DMF) is hampered by
the non-radiative energy loss, owing to the rotation of BDC. Cd(BDC)
(DMF) exhibits barely visible emission under ambient conditions
(Supplementary Fig. 2).

Cd(BDC)(DMF) possesses an excellent stimulus-responsive
potential owing to the flexible rhombic framework, abundant hydro-
gen bonds and coordination bonds. Given the tunable structure, the
emissive properties of Cd(BDC)(DMF) can be modulated by adjusting
the molecular conformation and intermolecular interaction in
response to external stimuli. To validate our hypotheses, we perform
in situ high-pressure PL experiments of Cd(BDC)(DMF). The PL inten-
sity gradually increases when pressurized to 7.2 GPa. While above
7.2 GPa, the PL strength gradually declines and nearly quenches at
18.3GPa (Supplementary Fig. 2 and Fig. 1b). A bright blue light

emission is captured to ambient conditions after completely releasing
the pressure from 18.3 GPa (Fig. 1c). We intercept bright green and
white light emission after the pressure is completely released from 26.1
and 30.0 GPa, respectively (Fig. 1d, e and Supplementary Fig. 3).
Pressure treatment strategies turn on bright blue-green-white emis-
sion with chromaticity coordinates of (0.21, 0.27), (0.27, 0.34), and
(0.30, 0.35) in initially faint Cd(BDC)(DMF) at ambient conditions
(Fig. 1f). To reveal the path of intercepted bright multicolor emission,
we further perform time-resolved PL spectroscopy and time-resolved
PL decays measurements on the engineered Cd(BDC)(DMF) after
pressure treatment. Engineered Cd(BDC)(DMF) exhibites fluorescence
emission at 450 nm with lifetime of 4.0ns and phosphorescence
emissions at 520 nm with lifetime of 89.0 ms after pressure treatment
of 18.0 GPa (Fig. 1g, h). Similarly, engineered Cd(BDC)(DMF) exhibites
fluorescence emission at 450 nm with lifetime of 3.5ns and phos-
phorescence emissions at 520 nm with lifetime of 84.2 ms after pres-
sure treatment of 24.0 GPa (Supplementary Fig. 4). For higher pressure
treatments, we are unable to get enough samples for the delayed
emission and lifetime measurements, but we collect the PL spectra
after the different pressure treatments to track the evolutionary
behavior (Supplementary Fig. 5). The results show that the fluores-
cence proportion reduces while that of phosphorescence improves for
the engineered Cd(BDC)(DMF) after higher pressure treatment. This is
responsible for the change of emission color from blue to green and
white. The turn-on of multicolor emission in pressure-treated Cd(BDC)
(DMF) at ambient conditions provides a simple and robust strategy for
the design and preparation of smart materials with efficient multicolor
emission.

Structural evolution of Cd(BDC)(DMF) under pressure

The intriguing emissive response behavior of Cd(BDC)(DMF) is intri-
cately linked to the structural evolution under pressure. Characterized
by a distinctive wine-rack architecture, Cd(BDC)(DMF) typically
experiences negative compression with a reduction in the acute angles
of rhombic framework under pressure*”*%, To unravel the mechanisms
behind the turn-on of bright multicolor emission after pressure
treatment, we conduct in situ high-pressure angle dispersive X-Ray
diffraction (ADXRD) experiments for Cd(BDC)(DMF) up to 30.0 GPa
(Fig. 2a). Meanwhile, the Pawley refinements of ADXRD patterns as the
pressure increases to 12.9 GPa and complete releases from 18.2 GPa are
carried out (Supplementary Figs. 6-9). As expected, the Bragg dif-
fraction peaks of the (001) crystalline plane undergo a shift from
merged position about 4.10 degrees to 3.94 degrees at 0.1 GPa. This
observation substantiates the negative compressive behavior of the
wine-rack structure under pressure. Concurrently, there is a phase
transition in Cd(BDC)(DMF) from P1 to PI, alongside significant com-
pression of the a-axis within the layered structure (Supplementary
Fig. 6). Upon reaching 9.4 GPa, the (001) crystal plane is almost
immobile, while the others are continuously compacted. Upon further
compression to 18.2 GPa, the (001) plane remains almost immobile.
Above 18.2 GPa, the (001) crystal plane moves to a smaller angle, sig-
nifying further negative compression of the rhombic framework. At
30.0 GPa, Cd(BDC)(DMF) undergoes complete amorphization. In
essence, the rhombic framework endures two significant compres-
sions and the reduction in the interlayer distances under pressure. The
varying extents of negative compression and inter-layer compression
are retained to ambient conditions after complete release of pressure
(Fig. 2b). The consequent pore constriction and layer closeness bring
the ligands at rhombic edge getting into closer proximity, thereby
triggering substantial changes in the intermolecular interactions in
engineered Cd(BDC)(DMF).

To gain a direct insight into the evolution of intermolecular
interactions under pressure, we conduct in situ high-pressure infrared
(IR) spectra up to 30.3 GPa (Fig. 2¢, d and Supplementary Fig. 10).
Typically, the proximity of atoms induced by pressure leads to a
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Fig. 1| The crystal structure and PL properties of Cd(BDC)(DMF). a The crystal
structure of Cd(BDC)(DMF) (H atoms are omitted for clarity) at ambient conditions.
b 2D mapping of pressure-dependent PL intensity and wavelength of Cd(BDC)
(DMF) (a.u. arbitrary units). PL spectra and corresponding PL photographs of
Cd(BDC)(DMF) at 1atm and after releasing pressure from ¢ 18.3, d 26.1, and

e 30.0 GPa. f Chromaticity coordinates of the PL for engineered Cd(BDC)(DMF)
after releasing pressure from 18.3, 26.1, and 30.0 GPa. g Normalized prompt and
delayed to 2 ms PL spectra, h PL decay curves of Cd(BDC)(DMF) after 18.0 GPa
pressure treatment by the Walker-Type Large-Volume Press.

continuous shift of the vibrational peaks in IR absorption towards
higher wavenumbers. However, in the case of Cd(BDC)(DMF), the IR
spectra show that the out-of-plane bending vibration of aromatic C-H,
8op(C-H), at 878 cm™ exhibits a redshift under pressure*. Additionally,
the out-of-plane bending vibration of carboxyl group at 820 cm™,
80p(0-C-0)*", splits into new vibrational peak positions towards lower
wavelengths, specifically at 811cm™. Upon releasing pressure from
18.4,25.2, and 30.3 GPa, the new 6,,(0-C-0) peaks are retained, while
the engineered 6,,(C-H) peak exhibits a redshift of 12.0, 12.2, and
10.1cm™, respectively, compared to that before pressure treatment.
This observation aligns with the preserved deformation of the rhombic
framework as shown in ADXRD patterns after pressure treatment. In
combination with crystal structure analysis, the restriction of these IR

vibrations is attributed to enhanced hydrogen bonding between the
carboxyl C-0 and the aromatic C-H of the BDCs on the acute sides of
the rhombic framework. In addition, in situ high-pressure Raman
scattering spectra reveal that some of Raman peaks of Cd(BDC)(DMF)
undergo broadening and disappearance under pressure, indicating
pressure-induced lattice distortion (Supplementary Fig. 11). The dis-
tortion can not be fully recovered after pressure release, which is
consistent with the analysis of ADXRD patterns. Furthermore, utilizing
the crystal structure obtained from the refined ADXRD pattern after
complete decompression from 18.2 GPa, we have generated the cor-
responding Hirshfeld surfaces of engineered BDC units (Fig. 2e). The
enlarged red regions on these surfaces indicate stronger C-H--O-C
hydrogen bonding between BDC units. Up to 7.2GPa, enhanced
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Fig. 2 | Crystal structure evolution of Cd(BDC)(DMF) with pressure. a Selected
ADXRD patterns of Cd(BDC)(DMF) at different pressures. b Evolution of the acute
angle within rhombus and the distance between rhombic layers in Cd(BDC)(DMF)
structure with pressure. The amplified IR spectra from 620 to 1000 cm™ of

Cd(BDC)(DMF) (c) during compression, d at 1 atm and after releasing pressure from

Released From 18.2 GPa

18.4, 25.2, and 30.3 GPa. e Schematic diagram of the structure and the Hirshfeld
surfaces for BDCs with a d,;rm, distance of Cd(BDC)(DMF) before and after pressure
treatment of 18.2 GPa. The black arrows, gray triangles, and gray arrows indicate the
changes in the (001) crystal plane, 5,,(0-C-0), and 6,,(C-H) with pressure,
respectively.

hydrogen bonding restricts the vibration of framework and the rota-
tion of ligand, resulting in the reduction of non-radiative transition and
the enhancement of PL. However, severe structural distortions lead to
quenching of emission under higher pressures. After the pressure is
fully released, the preservation of the enhanced hydrogen bonding is
responsible for the bright emission.

Theoretical calculation of Cd(BDC)(DMF)

The rhombic framework structure, characterized by narrower acute
angles and enhanced hydrogen bonding, facilitates enhanced elec-
tronic coupling between the ligands along the acute edges of the
rhombus. To elucidate the modifications in the electronic structure,
we perform frontier orbitals calculations on periodic structure of
Cd(BDC)(DMF) after pressure treatment of 18.2GPa. The density
functional theory calculations reveal pronounced charge delocaliza-
tion in the engineered Cd(BDC)(DMF) (Supplementary Fig. 12). The
valence band maximum mainly populates on the planar BDC, while the
conduction band minimum is delocalized on twisted BDC.

Consequently, the intra-ligand CT from “planar” to “twisted” BDC units
is observed in engineered Cd(BDC)(DMF). Further, we carry out a
thorough analysis of the singlet and triplet excited state energies for
Cd(BDC)(DMF) before and after pressure treatment of 18.2 GPa to
assess the influence of CT on phosphorescence and fluorescence
emissions. Time-dependent density-functional theory (TD-DFT) cal-
culations indicate that pressure treatment spatially confines the initi-
ally long-range CT (Fig. 3a). Meanwhile, the oscillator strength of S; and
S, in the engineered Cd(BDC)(DMF) are significantly increased to
0.7096 and 0.0125 from the initial 0.0221 and 0.0065, respectively
(Fig. 3b). The spatial confinement of extensive CT enhances the tran-
sition localization and intensity, which accounts for the bright emis-
sion of Cd(BDC)(DMF) after pressure treatment. Most notably, the
HOMO and LUMO orbitals are arranged in planar and twisted BDC
cells, respectively, exhibiting mutually perpendicular spatial orienta-
tions. This charge recombination leads to a significant variation in
orbital angular momentum. According to the spin-orbit charge trans-
fer intersystem crossing (SOCT-ISC) mechanism, this combination
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§S,-T) &(S,-T) &S, T) &S, T)

&(S1-Ty), &(S1-T2), §(S»-Ty), and &(S»-T,) for Cd(BDC)(DMF) before and after pressure
treatment of 18.2 GPa. S;: first singlet, Ty: the first triplet, S,: second singlet, T,:
second triplet states.

requires a large spin-orbit coupling (SOC)**. As expected, after
pressure treatment of 18.2 GPa, the SOC constants £(S;-Ty), §(5:-T,),
€(S,-T)), and &(S,-T,) increase to 0.4241, 0.1042, 0.2167, and
0.5301 cm™ from the initial 0.0071, 0.0205, 0.0009, and 0.0083 cm™,
respectively (Fig. 3c¢). Furthermore, pressure treatment effectively
modulates the energy levels of this MOF, reducing the energy differ-
ences AE(S;-T;), AE(S,-Ty), and AE(S,-T,) from the initial 0.235, 0.463,
and 0.288 eV to 0.025, 0.197, and 0.054 eV. The combined effects of
enhanced oscillator strength in the singlet state, robust SOC, and
reduced energy gap between singlet and triplet states collectively
contribute to the marked enhancement of phosphorescence emission.

Electronic structure of Cd(BDC)(DMF) in response to pressure
The engineered Cd(BDC)(DMF) exhibits partial or complete amor-
phization after pressure treatment exceeding 18.2GPa, despite

exhibiting a more pronounced degree of negative compression
structure. We could not obtain the corresponding crystal structures
for theoretical calculations to reveal the CT process. Nonetheless, the
absorption spectra of Cd(BDC)(DMF) after different pressure treat-
ments display enhanced band tails, which are consistent with the for-
mation of localized and intense CT***°. As well, the enhancement of the
absorption band tails during pressurization suggests the localization
of the CT (Supplementary Fig. 13). Notably, the engineered Cd(BDC)
(DMF) presents a more pronounced absorption band tail as the pres-
sure treatment values increase from 18.1 to 26.2 and 30.2 GPa (Fig. 4a).
To further investigate the CT dynamics, femtosecond transient
absorption (fs-TA) measurements are conducted on engineered
Cd(BDC)(DMF) after pressure treatments (Fig. 4b). The fs-TA spectra
of engineered Cd(BDC)(DMF) exhibit a broad photoinduced absorp-
tion signal peaked at 550 nm, which can be assigned as the excitonic-
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state absorption (ESA) (Fig. 4b). The time evolution of fs-TA spectra of
engineered Cd(BDC)(DMF) implies a transition of carriers from exci-
tons to the ESA state (Fig. 4c). The CT process can be seen in their TA
kinetics probed at 550 nm (Fig. 4d). Within the initial ~90 ps, the TA
kinetics exhibit a fast rising component, further substantiating the
formation of the charge-transfer state. Global fitting of these TA
kinetics reveals a fast charge-transfer component along with a decay
component. Notably, the charge-transfer time of engineered Cd(BDC)
(DMF) markedly shortens with increased pressure treatment values
from 18.0 GPa to 26.1 GPa and 30.3 GPa. This indicates that Cd(BDC)
(DMF) after elevated pressure treatment possesses more efficient CT,
thereby more intense SOCT-ISC. The enhancement of SOC causes an
increase of the phosphorescence emission proportion, which accounts
for the conversion from blue to green and white light emission when
the pressure treatment values are increased from 18.3 to 26.1 and
30.0 GPa (Fig. 4e).

To illustrate the stability of engineered Cd(BDC)(DMF) as a
luminescent material, a white phosphor-converted light-emitting
diode (pc-LED) device is fabricated by encapsulating Cd(BDC)(DMF)
after pressure treatment of 30.0 GPa above a 365 nm UV-emissive
chip (Fig. 5a). The fabricated pc-LED shows bright white light emis-
sion with chromaticity coordinates of (0.29,0.34) (Fig. 5b, c). The
emission spectrum and chromaticity coordinate of the white pc-LED
match those of the Cd(BDC)(DMF) after pressure treatment of
30.0 GPa. We further test the stability of the white pc-LED. Upon
increasing current from 10 to 90 mA, the emission intensity of white
pc-LED steadily increases, demonstrating excellent color stability
(Fig. 5d). Moreover, the white pc-LEDs exhibited high fatigue stability
with slight changes in emission intensity for 72 h at ambient condi-
tions (Fig. Se).

In summary, we have turned on brilliant blue-green-white
emission in initially faintly emissive Cd(BDC)(DMF) by applying
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Fig. 5 | Stability of engineered Cd(BDC)(DMF) as a luminescent material.
a Photographs of the operating white pc-LED device. b PL spectrum of the fabri-
cated white pc-LED. ¢ CIE chromaticity coordinates of the fabricated white pc-LED.

d PL spectra of the white pc-LED at a low voltage (3.1V) and various operating
currents. e Integrated PL intensity of the white pc-LED as a function of aging time.
The inset shows the visual time-quenching behavior.

multiple pressure treatments. Comprehensive structural analysis
and theoretical calculations reveal that the rhombic frameworks of
Cd(BDC)(DMF) undergo negative compressions after different
pressure treatments. Negative compressions lead to enhancement
of hydrogen bonding between ligands on the acute edges of fra-
meworks, which plays a key role in restricting the vibration and
rotation of the frameworks. Additionally, pressure treatments
modulate the CT by enhancing the electronic coupling between the
ligands. The initial long-range CT is transformed into space-
confined CT after pressure treatment, thus increasing the localiza-
tion and intensity of the transitions. Enhanced hydrogen bonding
and space-confined CT are responsible for the bright emission of
the initially faintly emissive Cd(BDC)(DMF) at ambient conditions.
Higher pressure treatments have been observed to accelerate the
process of CT and SOCT-ISC, thus promoting phosphorescence
emission. By precisely controlling the proportion of fluorescence
to phosphorescence, we achieve bright blue-green-white emission
in initially faintly emissive Cd(BDC)(DMF) after pressure release
from 18.3, 26.1, and 30.0 GPa. The tunable multicolor emission at
ambient conditions provides valuable insights and a platform for
designing and preparing smart materials with efficient multicolor
emission.

Methods

Sample preparation

Cd(BDC)(DMF) is synthesized through a refined version of an existing
synthetic protocol*®. Cd(NO3),-4H,0 (0.308 g, 1.0 mmol) and H,BDC
(0.166 g, 1.0 mmol) are dissolved in DMF (10 mL). After a solvother-
mal reaction at 125°C for 12 h in a Teflon-Steel autoclave, obtained
crystals are washed by DMF. All the reagents and solvents used in this
synthesis are available commercially and used without further
purification.

Optical measurement
PL decay curves and time-resolved PL spectroscopy are measured
by using Edinburgh FLS920. The pressure-treated Cd(BDC)(DMF)
sample used for PL decay curves, and time-resolved PL spectro-
scopy measurement is obtained using a Walker type large
volume press.

Fs-TA measurements are measured with a regenerative amplified
Ti: sapphire laser system from Coherent (800 nm, 35fs, 6 mj/pulse,
and 1kHz repetition rate), nonlinear requency mixing techniques and
the Femto-TA10O spectrometer (Time-Tech spectra). The pressure-
treated Cd(BDC)(DMF) sample used for fs-TA spectroscopy measure-
ment is obtained by diamond anwvil cell (DAC).
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The fabrication process of white pc-LED device

The Cd(BDC)(DMF) samples are blended with epoxy resin adhesive at a
weight ratio of 10% and manually stirred using a stainless steel rod for
3min until complete homogeneity. The mixture is subsequently
applied onto the surface of the commercial UV chip until complete
filling of the microcavity occurred. Finally, the solid-state lighting units
are cured in the oven at a temperature of 35 °C. These chips, purchased
from the Shenzhen Looking Long Technology Co., Ltd. (Shenzhen,
China), possess a power of 1 W and an excitation wavelength of 365 nm.
The performance of the prepared pc-LED devices is measured using an
automatic temperature LED photo analyzer equipped with a precise
temperature controller (ATA-500, EVERFINE, China). The pressure-
treated Cd(BDC)(DMF) sample used for fabricating pc-LEDs is
obtained by using a Paris-Edinburgh press and double toroidal sintered
diamond anvils.

In situ high-pressure measurements

All in situ high-pressure experiments are carried out with symmetric
DAC apparatus furnished with a pair of 400 pm culet diamonds at
room temperature. A hole of the T301 stainless-steel compressible
gasket with about 140 pm diameter, which is pre-indented to a thick-
ness of 40 um, is used to enclose the Cd(BDC)(DMF) sample. Pressure
determination is achieved by the R1 fluorescence spectrum of the ruby.

In situ high-pressure PL and UV-visible absorption spectra of
Cd(BDC)(DMF) are recorded by an optical fiber spectrometer (Ocean
Optics, QE65000). PL photographs of Cd(BDC)(DMF) are obtained
using a camera (Canon Eos 5D mark II) equipped on a microscope
(Eclipse TI-U, Nikon). The excitation sources of a 355 nm line of a UV
DPSS laser and a Deuterium-Halogen light are respectively used for PL
and UV-visible absorption measurements. Silicon oil (Aldrich) is uti-
lized as the pressure transmitting medium (PTM) in the high-pressure
PL and UV-visible absorbance experiments.

In situ ADXRD experiments of Cd(BDC)(DMF) are performed with
an incident monochromatic wavelength of 0.6199 A at beamline 15U1,
Shanghai Synchrotron Radiation Facility. CeO, is utilized as the stan-
dard sample for the calibration. The pattern of intensity versus dif-
fraction angle 2-theta is recorded and analysed by Dioptas program.

In situ high-pressure IR absorption measurement of Cd(BDC)
(DMF) is carried out at room temperature using a Bruker Vertex 70 V
FT-IR spectrometer (BRUKER OPTIK GMBH, Germany) equipped with a
nitrogen-cooled mercury-cadmium-telluride detector. KBr is used as
PTM in IR experiments.

In situ high-pressure Raman spectroscopy measurements are
carried out using a Raman spectrometer (iHR 550, Symphony I, Horiba
Jobin Yvon) with a 785 nm and 0.5 mW excitation laser.

Hirshfeld Surface theory calculations

The structure of Cd(BDC)(DMF) is determined by synchrotron X-ray
crystallographic analysis. The Crystal Explorer 17.5 program is used to
visualize and analyze the intermolecular interactions in the crystal
structures of Cd(BDC)(DMF) before and after pressure treatment”’. It
enables us to construct the 3-dimensional Hirshfeld surfaces of
molecules in crystals.

Density functional theory (DFT) calculations

DFT calculations of the frontier orbitals for Cd(BDC)(DMF) are con-
ducted using the Materials Studio software with the Fukui functional
and GGA/PLYP basis set.

Time-dependent DFT calculations

The band structure of Cd(BDC)(DMF) system is calculated based on
the first-principles and performed by Vienna ab initio simulation
package™*. Projector-augmented-wave employs to consider the
electron-ion interactions, Perdew-Burke-Ernzerhof exchange correla-
tion functional in the scheme of generalized gradient approximation

(GGA) with 400 eV as the cutoff energy of the plane-wave basis is
implemented®®. The molecular orbital and electron excited transition
characteristics information are obtained from the time-dependent
DFT calculation with wB97XD level®®, Based on their geometric
structures, their orbital energy variation and the orbital profiles of the
systems under different pressures are calculated to study the effect of
pressure. The influence of crystal environment can be seemed as
perturbation term to the core MOFs skeleton. Traditional ONIOM(QM/
MM) method faces many difficulties which are hard to reach the con-
vergent limit®®®’. As a result, the impact of environment is manifested
in the polarity or the electric field effect which cause the calculation
need to introduce an approximate method considering the circu-
mambient electric field. Among all charges around the central frag-
ment fit to the electrostatic potential. Charges from Electrostatic
Potentials using a Grid based method (CHELPG) is the most common
and famous charge for background charge analysis to describe the
effect of surrounding groups in electronic structure properties®®*’. As
a first step of the fitting procedure, the electrostatic potential is cal-
culated at a number of grid points spaced 3 pm apart and distributed
regularly in a cube. The dimensions of the cube are chosen such that
the structures are located at the center of the cube. All points falling
inside the van-der-Waals radius of the modelling system are discarded
from the fitting procedure.

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

Data availability

The authors declare that the main data underlying all results in the
manuscript and the Supplementary Information are provided in the
Supplementary Source Data file. Source data are provided with
this paper.

Code availability
VASP code is available for download on the developer page: https://
www.vasp.at/.
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