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Light-driven anisotropy of 2D metal-
organic framework single crystal for
repeatable optical modulation
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Structural transformations of metal-organic frameworks (MOFs) go through a complex energy
landscape with multiple intermediate states. Although the transformations allow controlling the
functional properties of the MOFs, an imbalance between MOF flexibility and rigidity sets a
fundamental barrier to achieving fast and multiple transformations. Here, we study the stimuli-
responsive structural transformation in a 2D MOF assembled from paddle-wheel secondary building
units joined by a semi-flexible organic ligand with 1,2,4-triazole and carboxylate groups with a rigid
adamantane cage between them. The structure results in a distinctive combination of MOF flexibility
and rigidity, thus, facilitating a continuous transformation driven by laser light. We reveal the laser-
induced anisotropic thermal expansion nature of such transformation, initiating optical changes of the
2D MOF. The latter is utilized for fast and highly repeatable optical modulation of over 10,000 cycles.
The endurance of such a 2D MOF-based optical modulator during 1 year of storage at ambient
conditions paves the way to design tunable and robust MOFs for diverse applications.

Metal-organic frameworks (MOFs), as part of a large family of coor-
dination polymers, have emerged as a unique class of porous crystalline
materials for diverse applications ranging from engineering chemistry
to catalysis and even nonlinear optics. In contrast to rigid and kineti-
cally stable MOFs1–3, demonstrating the structural resistance at harsh
conditions to a certain extent2, their flexible (soft, dynamic, adaptive, or
four-dimensional) counterparts4–8 imply diverse structural transfor-
mations (STs)9–12 upon the guest uptake, elevated pressure and/or
temperature, and applied electromagnetic fields13–16. On the one hand,
such transformations offer an efficient route to control the gas/solvent
separation and sorption properties of MOFs17–19. On the other hand,
controllable STs bring the flexibleMOFs into a list of smartmaterials for
diverse applications4,15,20,21.

In terms of solid state physics, STs of most MOFs can be classified as
phase transitions22–30, breathing, thermal expansion, and even defect
formation20,31 accompanied by the ligand dynamics26, conformations27–29, to
the chemical bonds rearrangement and breaking30. Moreover, due to the
complex composition and the framework hierarchy, the STs may be asso-
ciatedwith a change in the space group (and/or crystal symmetry)9, or occur
at a fixed MOF structure13. As a result, STs determine the changes of che-
mical, electronic, magnetic, and mechanical properties of the MOFs31,32.
However, the STs of most stimuli-responsiveMOFs are described generally
by a limited number of cycles and a relatively low rates (from hours to
milliseconds), being a consequence of the reasons including weak inter-
molecular forces (preventing the return ofMOF structure to its initial state)
and complex multi-step ST paths.
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Here, we report on a two-dimensional (2D) MOF assembled from
incomplete (i.e., containing three carboxylate bridges instead of four)33

paddle-wheel secondary building units (SBU), joined by a semi-flexible
organic ligand with 1,2,4-triazole and carboxylate groups with a rigid ada-
mantane cage between them34. Such structure results in a distinctive com-
bination of the framework flexibility and endurance due to allowed
deformations of the ligand shape and SBU in a reversible manner. It, thus,
facilitates a continuous ST, driven by low-intensity laser light. In situ optical,
mechanical, numerical, and structural analysis reveal that such ST is a laser-
induced thermal expansion process accompanied by reversible anisotropic
spatiotemporal volume expansion.We also confirm that the ST initiates the
change in optical properties of 2D MOF along orthogonal directions, uti-
lized then for fast (5000 s−1) and highly repeatable (over 104 cycles of ST)
opticalmodulation.The latter is expressed as a rotationof thepolarizationof
the transmitted visible light. The reported endurance and structural resis-
tance (during 1 year of storage at ambient conditions) of such 2D MOF-
based optical modulator pave the way to design a series of tunable and
robust MOFs for diverse chemical and optical applications.

Results and discussion
Design
To address the challenge of multiple and fast STs of MOFs with low energy
consumption, we refer to the experimentally discovered Barker rule for
solids35.According to that rule, there is a relationbetweenanelasticmodulus
E and thermal expansion coefficient α of a solid (E · α2 ~ const): the more
flexible the solid (low value of E), the greater the α and, hence, physico-
chemical properties of the corresponding solid can be changed more effi-
ciently with less energy consumption36. However, for the rigid solid (high
value of E and low value of α), faster and less efficient changes of the solid’
properties can be detected. Thus, there is a contradiction: if someone needs
to achieve a higher ST rate (κ), the structure of the corresponding solid
provides weaker changes in its physicochemical properties, which strongly
limits the real-life application. Therefore, we assume that fast (i.e., high κ),
multiple (due to high E), and simultaneously efficient ST (corresponding to
high value of α) can be precisely achieved through the balance between the
MOF flexibility and its volume expansion.

In this sense, we rationally designed and synthesized 2D MOF (1)
based on copper(II) cations and a hybrid angle-shaped 1,2,4-triazole-car-
boxylate ligand with a rigid cage hydrocarbon (adamantane) linker
(Fig. 1a, b)37. In the structure of 1, two Cu2+ cations are linked by three
bridging carboxylic groups of the ligand into an incomplete paddle-wheel
SBU (Fig. 1c)33. The apical positions of the SBUare occupied by thenitrogen
atoms of 1,2,4-triazole rings of two different ligands. Instead of the fourth
carboxylate group in a typical paddle-wheel SBU, the two remaining
coordination places of two Cu2+ cations are occupied by an additional
nitrogen atom of the ligand and an oxygen atom of the coordinated
methanol molecule. Overall, the SBU is six-connected and these units are
joined into 2D layers oriented parallel to the crystallographic bc plane
(Fig. 1d, e).

Structural transformation
Based on the structural data, we have performed in advance the molecular
modeling (see Supplementary Note 4), which revealed the following.When
the heating of the structure of 1 is initiated by 10 K, a linear increase in the
total energy occurs with a slope of 2.92 kJ mol−1 K−1 (Supplementary
Fig. S6a), associated with 10 to 20 % change in the angles of both the
coordination bond (Cu-O-C, O-C-O, and O-C-C) and the ligand (N-N-C,
and N-C-C, Supplementary Fig. S6b). To confirm the predicted transfor-
mations of 1, we have performed in-situ powder and single crystal X-Ray
diffraction analyses with a heating mode (PXRD in Fig. 1f, and SCXRD in
Supplementary Note 2). As one can see in Fig. 1f, the PXRD pattern
demonstrates the continuous12,38 (from 298 to 338 K) and reversible ST,
associated with the anisotropic volume expansion up to 1% at a fixed space
group P21/c of 1. Thermogravimetric measurements (TGA, see Supple-
mentary Fig. S4) also confirmed the continuous behavior of the ST of 1.

The detailed SCXRD analysis over heating (Fig. 1e, Supplementary
Tables S1–S3, and Supplementary Figs. S1–S3) revealed the reversible
changes in the coordination bonds and the ligand shape, being in a quali-
tative agreement with themolecularmodeling results: the covalent bonds in
the ligand, as well as the coordination bonds in Cu2+ coordination sphere
did not change within the experimental error (Supplementary Table S4). In
contrast, the torsion angles corresponding to the rotation of the carboxylate
and 1,2,4-triazole groups relative to the rigid adamantane linker, as well as
the bond angles inmetal coordination sphere changednotably uponheating
from 298 to 338 K (Fig. 1e, Supplementary Fig. S1, and Supplementary
Table S4). These changes led to distortion of the SBU, evident from elon-
gation of Cu-Cu interatomic distance. We assumed that this distortion has
been facilitated by incompleteness of the paddle-wheel SBU (three car-
boxylate bridges instead of four). Herein, the characteristic Cu-Cu inter-
nuclear distance within these SBUs increasedmonotonously and linearly in
298–338 K temperature range (Supplementary Fig. S3f). The orientation of
the SBUs in the unit cell led to stretching of 2D MOF layers along the
crystallographic axis c and their separation along the crystallographic axis a
during the ST (Supplementary Fig. S2).All thesemovements of the structure
of 1 upon heating are reflected in the simulated video (Supplementary
Video 1). It is important that the individual crystals of 1 demonstrated the
volume expansion ranging from 0.5 to 0.9 % (Supplementary Table S3)
under the same heating conditions, which can be associated with the
imperfection of the synthesized MOFs.

In addition to the structural analysis,wehaveperformeda studyof low-
energy vibrations of the MOF structure (associated with changes of the
structure as a whole) upon heating. Experimental results and modeling
(Supplementary Fig. S27) also confirmed that the heating of 1 by tens of
Kelvins led to changes in the vibration energies associated with conforma-
tions of triazole and adamantane units (Supplementary Table S13). The
latter indirectly confirms the results of molecular modeling, TGA, PXRD,
and SCXRD and allows us to refer the observed ST to a thermal expansion.
Therefore, using the results of SCXRD over heating (Supplementary
Tables S1–S4), we have estimated the thermal expansion coefficient, α, of 1
(221.4 · 10−6 K−1, see Table 1 and Supplementary Table S5), which has been
appeared in the gap between flexible and fairly rigidMOFs (Supplementary
Table S6).

Staying in the paradigm of the balance between E and α, we have also
analyzed experimentally and numerically the mechanical properties of
single crystals of 1 (see Supplementary Notes 5, 6): The determined value of
Young’s modulus E (the calculated value of 17 ± 2 GPa, and the experi-
mental one ranging from 4.6 to 72 GPa, depending on the atomic force
microscopy approach) places 1 again betweenflexible and fairly rigidMOFs
(Supplementary Table S9). In addition, atomic forcemicroscopy before and
during the SThas also confirmed the effect of thermal expansionof1: As can
be seen in Supplementary Fig. S10, continuous irradiation of the single
crystal of 1 by laser light (800 nm, 12mW integral power corresponding to
105 W cm−2 power density) led to a reversible 4 ± 1 % increase in its
thickness, being larger than the structural data reported (Supplementary
Table S1-S3) probably due to the stronger heating of 1 (see Supplemen-
tary Note 5).

Dynamics
Next, to reveal the ST rate,κ, we have assumed that the thermal expansionof
1 is independent on the source of heating. Thus, we have checked the ST
upon the laser-induced heating by the wavelength providing an effective
absorption of light by 1 and conversion of the photon energy to the heat
(Supplementary Fig. S16a)13. In situ SCXRD and PXRDwith the lasermode
(Supplementary Fig. S5 and Supplementary Table S7) confirmed that, upon
the action of continuous laser irradiation (800 nm wavelength, 12mW
integral power corresponding to 2 · 103W cm−2 power density), 1 demon-
strated similar reversible anisotropic volume expansion, as has been
detected upon conventional heating (Supplementary Table S1–S3). The
similarity is describedwithin the error in determining the lattice parameters
(Supplementary Tables S2, S7) and the individuality of each single crystal
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(Supplementary Table S3). Based on this data, we have then utilized an
optical pump-probe spectroscopy to indirectly reveal the κ value39,40: As a
pump, the laser pulses of near-infrared region (800–1100 nm, Supple-
mentary Fig. S16a) are considered as a heating source; while as a probe, the
laser pulses, sensitive to the structure-related electronic (optical) changes of
1 and non-perturbing its structure14, should be utilized. Therefore, to select

the optimal wavelength of the probing laser pulses, we have measured the
transmission optical spectra of single crystal of 1 before and during the ST.
As one can see in Fig. 2a, the ST induced by the laser-induced heating
(by 800 and 1050 nm) or conventional heating on Peltier stage (see also
Supplementary Fig. S17) is accompanied by similar 12 nm spectral shift
within the whole visible ranges. Supplementary Fig. S16b shows in detail

Fig. 1 | Crystal structure of 1. Optical images of the single crystal of 1 in dark and
bright fields. Scale bars, 50 μm (a) and 100 μm (b). c Secondary building unit of 1,
adamantane fragments are omitted for clarity and (d) the layer of 1, viewed along the
crystallographic axis b (hydrogen atoms and nitrate anions are omitted for clarity).
Color code: gray—carbon, light-gray—hydrogen, blue—nitrogen, red—oxygen,

orange—copper. e The structural transformation of 1 extracted from SCXRD ana-
lysis upon heating (see Supplementary Fig. S1). f In-situ PXRD patterns (CoKα

radiation) recorded upon the heating of the powder of 1 from 298 to 338 K with
5 K step.
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(through the ratio of the transmission optical spectra of 1 before and during
the ST) that wavelengths from 410 to 750 nm can be considered as probing,
and then we indicated 600 nm as an optimal one.

Thus, utilizing a low-intensity of 600 nm laser pulses (6 ns) as a probe,
and a single 1060 nm laser pulse (100 ns) as a pump,we have discovered the
following. The ST (i.e., thermal expansion led to the transmission spectral
shift from the initial to the excited state) occurs over τ ~ 0.2ms (the rate
κ ~ 1/τ ~ 5000 s−1) with 3.3 ms relaxation (Fig. 2b), being equal or even
greater than that of specific photosensitive MOFs. In details, the laser-
induced heating led to the volume expansion and initiated a decrease in the
intensity of the transmitted probe pulse due to the drop of the MOF
transmittance at 600 nm (Fig. 2a and Supplementary Fig. S16b); while the
relaxation of the structure of 1 to the initial state (corresponding to the
structure at 298 K, Supplementary Table S1) returned the probe intensity to
its initial value. Intriguing is that the variation of the wavelength of the
probing light from 500 to 750 nm revealed the opposite behavior of its
intensity (Supplementary Fig. S21a): The decline followed by the growth of
the intensity of 500–650 nm light over time is due to the fact that these
wavelengths can be efficiently absorbedby1during the ST;while the growth

followedby the decline of the intensity of 700–750 nm light canbe explained
by an increase of transparency of 1within this spectral range during the ST
(Supplementary Fig. S16b). In addition, these results revealed that an
increase in excitation time from 0.15 to 0.2ms and the relaxation time from
1 to 4.5ms correlated with the decrease of the probe wavelengths from 750
to 500 nm. This allowed us to determine an average 3.8 ms time required to
complete the ST process, and to speculate about app. 260 full cycles of the
reversible STs of 1 per second.

It is worth noting that a comparison of the data obtained (in situ
SCXRD in heating mode and the laser-induced heating) indicated that the
heating of1 from298 to 338 Kprovided 1%volumechange (Supplementary
Table S1–S3). The same temperature range led to 5 nm spectral shift for 1,
heated on Peltier stage (Supplementary Fig. S17d), allowing us to determine
an efficiency of the optical changes upon heating (0.125 nmK−1). The latter
has been used then for evaluating the heating of MOF directly by the laser
(Fig. 2a, inset): the same 5 nm spectral shift, achieved with 3.5mW of the
laser power, can be attributed also to 338 K of 1 achieved by the laser-
induced heating.

Endurance
For such 2DMOFdemonstratingE vs α balance and relatively high thermal
expansion rates, we have checked its endurance at ambient conditions (air
atmosphere, room temperature and humidity) during the ST cycles sti-
mulated by the laser-induced heating (1050 nm, 7.2mJ cm−2 laser fluence).
Figure 2c shows that the single crystal of 1 demonstrates unprecedented
endurance during 104 cycles of the ST expressed as 6 nm shift of the optical
transmission of 1 (corresponding to heating to 348 K). A slight 2 nm shift,
observed between 1500 and 4000 cycles, is probably related with the

Fig. 2 | The dynamics of the structural transformation of 1. a The normalized
optical transmission spectra of the single crystal of 1 before (initial state, green curve)
and during the ST (excited state, red curve), stimulated by laser heating (1050 nm,
150 fs). Inset: linear dependence of the spectral shift on the pumping laser power.
b The dynamics of the ST expressed as the evolution of the intensity of 600 nm
probing laser light passing through the single crystal of 1 during the ST, stimulated

by a single laser pulse (1064 nm, 100 ns pulse duration). Inset: the scheme of the laser
pump-probe spectroscopy. c Long-term stability of single crystal of 1 at ambient
conditions (air atmosphere, room temperature and humidity) during 104 cycles of
the ST, stimulated by laser-induced heating (1050 nm as a pump with a fluence of
3.6 mJ cm−2; and 600 nm as a probe). Green curve—initial state; red curve—excited
state (during the ST).

Table 1 | Operation and physical parameters of 1

Thermal expansion
coefficient, αV

Young’s mod-
ulus, E

Rate of ST, κ Number of ST
cycles

221.4 · 10−6 K−1 4.62a

(17 ± 2)b GPa
5000 s−1 104

aExperiment.
bTheory.
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removing of residual solvent molecules (coordinatedmethanol, see TGA in
Supplementary Fig. S4a). Surprisingly, such relatively fast andmultiple (104

cycles) ST has been also confirmed for single crystals of 1 in 1 year of storing
at ambient conditions (Supplementary Fig. S25). Coupledwith SCXRDdata
on reversible ST (3 cycles, see Supplementary Table S2), these results
unambiguously addressed the question of the possibility of simultaneous
coexistence of the structural flexibility and integrity of the MOF (Table 1).

Notably, the observedcontinuous ST (i.e., thermal expansion) of1with
movable elements (SBU and ligand), on the one hand, initiated the
detectable optical changes with the rate of app. 5000 s−1; on the other, was
accompanied with theMOF structural integrity confirmed by 104 ST cycles.
The latter value exceeds all previously declared cycles of the transformation
of the flexible MOF, bringing, thus, the reported compound closer to the
rigid one, subjected to alternating electric field over thousands of cycles for
semi-commercial capacitive and memory elements31,41–43. However, the
observed ST rates are still far from an ideal value for alternative smart
materials exhibiting up to picosecond phase transformations, conforma-
tions, thermal deformations, or defect formation for utilization as logic gates
and switchers44–46. Nevertheless, we speculate that decreasing the dimension
ofMOFs (frombulk tonanosheets)47may contribute to an increased rates of
ST and thermal deformations (heat propagation)48–53.

Optical modulation
Generally, the ST (regardless of its nature) directly affects the electronic
(optical) properties40 and functionality of the solids54–65; hence, we have
utilized the laser-induced thermal expansion of 1 to initiate its optical ani-
sotropy for optical modulation. The ST scheme in Fig. 3a, expressed in the
form of anisotropic change in the lattice parameters during the ST, predicts
both an initial (before the ST, see Supplementary Fig. S22c) and the light-
driven (during the ST) anisotropy of the optical properties of 1. As we
expected (Fig. 3b), the laser-induced heating with corresponding thermal
expansion stimulated an anisotropic change in the refractive indices of
single crystal of 1 at a fixed plane (for more details, see Methods and Sup-
plementary Note 1, Supplementary Figs. S19, S20): A drop in the refractive
index, n, by 1.3 % (Δn = 0.02) in (100) plane and by 0.7 % (Δn = 0.01) in
(110) plane has been detected (see also Supplementary Fig. S23, S24). The
observed changes of n are also in good agreement with the calculated data
(Δn = 0.005) obtained for the structure of 1 heated from 298 to 338 K
(Supplementary Table S12). Moreover, an analysis of the optical trans-
mission of polarized light through the single crystal of 1 (of an arbitrary
orientation) has revealed that rotating of the polarization of incoming light
by 90° provides app. 3-fold increase in transmission (for the initial state of 1,
see Supplementary Figs. S18b, S20b–d). Herein, during the ST, this value
equals to 9 (Supplementary Fig. S18b), which again proves that the ST
induces an additional optical anisotropy of 1 (Supplementary Fig. S22c).

The observed effect of the ST on n values and the optical transmission
of 1 in orthogonal directions brings us to an idea to rotate the polarization of
visible light, passing through the single crystal of 1 with a thickness of 100
μm. This can be realized due to an unequal change in the optical trans-
mission and n for the orthogonal components (like s and p as illustrated in
Supplementary Figs. S23c, S24c) of the polarized light at 45° (for more
details, see Supplementary Note 1). As can be seen in Fig. 3f (and Supple-
mentary Fig. S22b–d), we have experimentally observed via two indepen-
dent methods, that the polarization of light with a wavelength of 580 to
720 nm rotates additionally by 4°–30° (corresponding to app. 105

degreem−1)66–72 from the initial position (i.e., 45°). Herein, an arbitrary (and
uncontrolled) orientation of the single crystals of 1 with different thickness
contributed to the values of determined rotation angles, as shown in Sup-
plementary Fig. S22. Moreover, the direction of rotation of the polarization
depends on the wavelength of light (Fig. 3f and Supplementary Fig. S22c):
The orthogonal components of polarized lightwith awavelength of 580-650
undergo unequally increased absorption during the ST (Supplementary
Figs. S16b, S18b); while 650–720 nm light propagates in an opaque crystal,
whose degree of transparency increases due to the ST. Taking into account
the fact of the thickness of optically transparent crystals of 1 (10–100 µm),

whichminimized the contribution of the surface effect on the rotation of the
polarization of visible light73–75, the detected rotation by 1 (during the ST) in
many respects exceeds such values for well-known optically active and
anisotropic materials63,66–72,75.

Finally, through the additional analysis of the ST by optical pump-
probe spectroscopy with polarization resolution for the probing laser light
(Supplementary Fig. S15), we have discovered a spatiotemporal dependence
for the rates of the change of theMOF’ optical properties (Fig. 3c, d): Again,
comparing two orthogonal directions (0° and 90°) for the single crystals of 1
of an arbitrary orientation, we have revealed statistically the decrease in the
excitation ST rate by 20 % (from κ = 5000–4000 s−1, corresponding to
excitation time of 0.2 and 0.25ms, respectively), and the decrease in the
relaxation ST rate by 40%(corresponding to excitation timeof 4–7ms).This
spatiotemporal process is also reflected in Fig. 3f (inset, and Supplementary
Fig. S22a): the orthogonal components of polarized light (of 450 and600 nm
wavelengths), passing through 1, demonstrate app. 0.1ms time delay in
their excitation and relaxation time relative to each other. According to our
knowledge, this is the first observation of the anisotropic spatiotemporal
behavior of the structure of coordination polymers (as previously observed
for liquid crystals)76,77, and canbe explainedbyheat propagation thought the
MOFs48–53, complicated with their organic-inorganic nature, weak chemical
bonding, and the structural anisotropy53,78.

Conclusion
We report on a 2D MOF assembled from incomplete paddle-wheel sec-
ondary building units joined by a semi-flexible organic ligand with 1,2,4-
triazole and carboxylate groupswith a rigid adamantane cage between them.
The structure results in a distinctive combination of the framework flex-
ibility and endurance due to allowed deformations of the ligand shape and
SBU in a reversible manner. It, thus, facilitates a continuous structural
transformation, driven by low-intensity laser light. In situ optical,
mechanical, numerical, and structural analysis reveal that such transfor-
mation is a laser-induced thermal expansion process, accompanied by
reversible 1% anisotropic spatiotemporal volume expansion. We also con-
firm that the structural transformation initiates the change in optical
properties of 2D MOF along orthogonal directions, utilized then for fast
(5000 s−1) and highly repeatable (over 104 cycles of ST) optical modulation.
The latter is expressed as rotation of the polarization of the transmitted
visible light.The reported endurance and structural resistance (during1year
of storage at ambient conditions) of such 2DMOF-based opticalmodulator
pave the way to design a series of tunable and robust MOFs for diverse
chemical and optical applications79–84 where transformation of the structure
is required while maintaining its integrity54–65.

Methods
Synthesis
The synthesis of MOF 1 was described in detail in ref. 37. Briefly, 2ml of
0.1M 3-(3-methyl-1,2,4-triazol-1-yl)-adamantane-1-carboxylic acid solu-
tion (0.2 mmol) in methanol was mixed with 1ml 0.1M solution
(0.1mmol) of copper(II) nitrate trihydrate in a 4ml screwcap glass vial. The
vialwas placed inoven at 80 °C for 24 h.Upon cooling to room temperature,
bright green crystals suitable for SCXRD analysis have been obtained, fol-
lowed by their washing with 4ml of methanol and storing under pure
solvent.

Thermal gravimetric analysis (TGA) and differential scanning
calorimetry (DSC)
TGA and DSC were performed on a NETZSCH TG 209 F1 Iris Thermo
Microbalance from 30 to 850 °C (TGA) and 40 to 100 °C (DSC) under
helium atmosphere with heating rate of 10 °C per min.

Single crystal XRD with heating mode
Variable-temperature single crystalXRDdatawere collectedonaBrukerD8
Venture diffractometer with a CMOS PHOTON III detector and IµS
3.0 source (mirror optics, λ(MoKα) = 0.71073 Å). The φ- and ω-scan
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Fig. 3 | Optical anisotropy of 1 driven by the structural transformation. a A
scheme of the ST of 1 in polar coordinates revealed by SCXRD (Supplementary
Tables S1–S3). b Spatial dispersion of refractive index n for (100) and (110) planes of
1 (Supplementary Figs. S23, S24) before and during the ST, initiated by laser-induced
heating (1050 nm, 4.5 mW of pumping laser power; green curve corresponds to the
initial state, while the red one is for the excited state). c, d The dynamics of the ST
expressed as the evolution of the intensity of 450 nm probing laser light with a varied
polarization (0°–180°) passing through the single crystal of 1 during the ST,

stimulated by a single 1064 nm (100 ns) laser pulse (red curve corresponds to the
relaxation time in (c), while the green one is for the excitation time; green and red
curves in (d) correspond to 0° and 90° polarization of the probing laser light).
e, f Scheme and the experimentally measured rotation of the polarization of the
probing laser light of a varied wavelength (580–720 nm, fluence of 0.28 mJ cm−2)
over time (inset) passing through the single crystal of 1 (of 100 µm thick and an
arbitrary orientation) during the ST, stimulated by the laser irradiation (1050 nm,
fluence of 3 mJ cm−2).
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techniques were employed to measure the intensities. The crystal structure
was solved using the SHELXT and was refined using SHELXL programs
with OLEX2 GUI. The corresponding references can be found in Supple-
mentaryNote 1. Atomic displacement parameters for non-hydrogen atoms
were refined anisotropically, hydrogenatomswere placed geometrically and
refined in the riding model.

In-situ powder XRD analysis with heating mode
Temperature-dependent powder X-ray diffraction was performed using a
Rigaku Ultima IV diffractometer (CoKα radiation) equipped with a high-
temperature camera. The MOF powder was ground on a platinum holder.
The studywas carried out in air in the temperature range of 298–338 Kwith
a 5 K step and a heating rate of 1 Kmin−1 between the temperature points.
The reflexes were recorded in the 2Θ range of 5–45°.

Single crystal XRD with laser mode
The XRD analyses were carried out using equipment of the Center for Joint
Use “Spectroscopy and Analysis of Organic Compounds” at the Postovsky
Institute of Organic Synthesis of the Russian Academy of Sciences (Ural
Branch). The experiments were accomplished on the automated X-ray
diffractometer «Xcalibur 3» with CCD detector on the standard procedure
(МоKα-irradiation, graphite monochromator, ω-scans with 0.3° step for
experiments at room temperature). The solution and refinement of the
structures were accomplished by using Olex program package. Empirical
absorption correction was applied. The structures were solved by the
methodof the intrinsic phases in SHELXTprogramand refinedby SHELXL
by the full-matrix least-squares method for non-hydrogen atoms. The
H-atoms were placed in the calculated positions and were refined in the
isotropic approximation. The laser irradiation of the single crystal of 1
during XRD experiments was accomplished by a laser source with 800 nm
wavelengthmounted in the safety chamber of the diffractometer. The single
crystal was irradiated during the entire diffraction measurement procedure
(up to 10 h) with 5 and 12mW integral power focused by a lens (into
1 × 1mm spot). The starting orientation of 1 in the axis of the goniometer
from experiment to experiment did not change. The results of the XRD
analyses in initial, excited (upon 5 and 12mW irradiation), and reverse
states are presented in Supplementary Table S7.

Molecular dynamics simulations
The thermal effect on 1 was estimated using molecular dynamics simula-
tions at a constant number of particles, pressure, and temperature (NPT).
The initial positions of the atoms were taken based on the crystallographic
data. Universal Force Field (UFF), specifically its extension to MOFs, was
used to describe the flexibility of the structure. The UFF force field was
chosen due to its application to a variety of chemical elements and as well-
established and widely used for simulations of different MOFs structures.
Most importantly, this force field was shown previously to give a good
description of the elastic properties of MOFs in a number of studies. Partial
charges were not assigned to the atoms since their incorporation into a
framework with the UFF force field produces worse agreement with
experimental mechanical properties of MOFs. The simulations were per-
formed in LAMMPS software. The structure was heated in a range of
temperatures from293 to 443 K. Lennard-Jones interactionswere truncated
at 12.5 Å. The Velocity-Verlet algorithmwas used for time integration with
a time step of 0.5 fs (which is typical for simulations of MOFs thermal
behavior). Nosé-Hoover thermostat with 100 fs damping time and Nosé-
Hoover barostat with 1000 fs damping time was used. Each temperature
point included an equilibration time of 0.5 ns followed by a production time
of 0.5 ns, where the average total energy of interactions was estimated.

Calculations of Raman spectrum and elastic constants
Periodic density functional theory (DFT) calculations have been performed
in Kohn-Sham approach in CRYSTAL17 software (v.1.0.2). The initial
structural data of the crystal of 1 with structural parameters for 298 and
338 K have been optimized in several ways: (i) with B3LYP functional (has

been chosen due to less prominent change of cell parameters during the
optimization process with respect to other functionals and optimization
strategies) and fixed volume for the calculations of elastic constant tensor;
(ii) with PBEh-3c/PBE0 functional with fixed cell parameters for the cal-
culation of Raman active modes and their intensities. Such combination
with the implementation of three-fold corrected (3c) Hartree-Fock method
togetherwith classical PBE0approachhas been chosen inorder to accelerate
the calculation speed due to large number of atoms in the unit cell (492
atoms), which is especially important in the calculation of frequencies. Basis
set was unified for all of the calculations: the 6–31G(d) basis set for theH,C,
N, O atoms and basis set for the Cu atoms (see details in Supplementary
Note 1). Calculation of Raman active modes has been done in couple-
perturbed Kohn-Sham approach for both 298 and 338 K cases. Calculation
of elastic constants tensor has been applied for the optimized structure of 1
at 298 K with relaxed cell parameters and fixed cell volume. The spatial
dependences of elastic moduli were calculated from stiffness tensors by
means of the ELATE online tool. This tool also allowed us to calculate the
tensor eigenvalues, theminimumandmaximumvalues ofYoung’smodulus
and linear compressibility, as well as the directions of their extremal values
(see Supplementary Figs. S11–S13).

Transmissionoptical spectroscopywithheatingand lasermodes
A homemade setup based on confocal microscopy spectrometer HORIBA
Labram with water cooling Andor VIS/NIR cameras and diffraction grat-
ings kit (150 and 1800 gmm−1) has been used for MOF characterization.
The setup was reconfigurable and allowed us to provide a series of optical
experimentswith spectral, spatial, and time resolution involvingmechanical
shutter for laser selection, infinity-corrected objectives, and sample heating
tool. As pump sources, two laserswere used: 800 nmdiode continuouswave
laser with external resonator (model ECDL-7930R) and 1050 nm Yb3+

doped femtosecond laser TEMA (150 fs pulse duration, 80MHz repetition
rate). AMitutoyo NIR 10 × 0.28NAobjective was installed in the excitation
channel, and a Mitutoyo VIS 50 × 0.56NA objective was used in the col-
lection channel. The effect of the optical spectral shift was confirmed for
both sources and correlated with the absorption band of the crystal spectra
transmission (Supplementary Fig. S14). The optical transmission experi-
ment with heating has been provided using a resistive heater with stabili-
zation close-loop that allowed stabilizing the temperature in the range from
25 to 100 °С with accuracy ±1 °С. The analysis of the spectral shift from
obtained data was discussed in detail in Supplementary Note 1.

Transmission optical spectroscopy with polarization resolution
The polarization transmission optical spectroscopy has been implemented
for the estimation of the change in rotation angle for a polarized white light
(Supplementary Fig. S22c, d). For this, the single crystals of1were settled on
a glass substrate. AMitutoyo NIR 10x0.26NA objective was installed in the
excitation channel (to initiate the ST), and a Mitutoyo VIS 50x0.55NA
objective was used in the collection channel. A polarization vector from the
white light (Avantes 300–2500 lamp) has 45° polarization after passing
throw the Glan prism and half wave plate. After the passing through the
excited crystal, the signal passed through the Glan prism in two orthogonal
positions in order to detect two orthogonal components (s and p polarized
signals) of a white polarization light and thenwas analyzed by spectrometer
HORIBA Labram with water cooling Andor VIS/NIR cameras and dif-
fraction gratings kit (150 and 1800 gmm−1). As pump source for initiating
the ST, 1050 nm Yb3+ doped femtosecond laser TEMA (150 fs pulse
duration, 80MHz repetition rate) was used.

Pump-probe spectroscopy with a time resolution
The pump-probe optical spectroscopy approach with time resolution has
been implemented for estimation the timing parameters of the optical
transmission spectra. A supercontinuum source (Fianiumpicosecond laser,
60MHz pulse repetition rate, 6 ps pulse duration, passed through the
tunable spectral filter SuperChrome to select 500–750 nm) was used to
generate a probe laser light. A commercially available Yb3+ doped fiber laser
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(IPG Photonics) operating at wavelength of 1064 nm, with 100 ns pulse
duration, and repetition rate of 1.6 kHz was as a pump laser; to decrease the
pulse repetition rate, a chopper-based modulator Thorlabs MC2000B with
an MC1F60 blade that transmits radiation in one of 60 slots was imple-
mented and synchronized by frequency and phase with a nanosecond laser
based on a photodetector signal. The probe signal was detected using high-
speed photodetector Standa 11HSP-FS1 and analyzed then using an
oscilloscope.

Pump-probe spectroscopy with polarization resolution
The polarization-resolved pump-probe optical spectroscopy has been
implemented for the estimation the timing parameters of the optical
transmission spectra for a polarized probe laser light (Supplementary
Fig. S15). For this, the single crystals of 1were settled on a glass substrate. A
Mitutoyo NIR 10x0.26NA objective was installed in the excitation channel
(to initiate the ST), and aMitutoyoVIS 100x0.9NAobjectivewas used in the
collection channel. A signal from supercontinuum source (Fianium pico-
second laser, 60MHz pulse repetition rate, 6 ps pulse duration, 200 μW
integral power) passed through a tunable visible spectral filter (Super-
Chrome the spectral range 400–800 nm, FWHM 10 nm, 6 ns pulse dura-
tion), was used as a probe source. As a pump source, a commercially
availableYb3+doped femtosecond laser (wavelengthof 1050 nm,with 150 fs
pulse duration, 80MHz repetition rate, and a fluence of 3mJ cm−2) was
used; to select the chain of femtosecond pulses, a chopper-basedmodulator
Thorlabs MC2000B with anMC1F60 blade that transmits radiation in one
of 60 slots was implemented, the radiation to which was diverted using a
beam-splitting cube. The polarization vector of probe beam has 45° polar-
ization after passing throw the Glan prism and half wave plate. The pump
beam was analyzed than using the signal from the photodetector settled in
the excitation channel and was cut off using a short-pass visible spectral
filter; while the probe light was detected in a balanced scheme including a
polarization beam splitter cube and two high-speed photodetectors (rising
time less than 1 ns), and an oscilloscope, which provides detection of two
orthogonal components (s and p polarized signals in Supplementary
Fig. S22a) of probe polarization light. The estimation of the angle of the
rotation of polarization vector over time is presented in details in Supple-
mentary Note 1.

Endurance
The stability of switching between initial and excited states has been
provided in the scheme described in Supplementary Fig. S14, with addi-
tional irradiation of 1050 nm femtosecond laser. The white light trans-
mitted through the single crystals of 1 of an arbitrary orientation was
detected by a commercial spectrometer Avantes in the visible spectral
range. The mechanical shutter was opened and closed laser irradiation
that allowed detecting an initial and exciting state in each iteration. The
shift was calculated as a difference of wavelength positions with an
accuracy of 0.005 nm for fixed intensity on each iteration. Two crystals of
1 were considered as a model object including a 1-year stay in the air
crystal (the old one in Supplementary Fig. S25) and another crystal dried
frommatrix solvent (the new one in Fig. 2c and Supplementary Fig. S26).
The fluence of the 1050 nm laser source was 2.4 mJ cm−2 for the old
crystal, and 3.6mJ cm−2 for the new one.

Refractive index analysis
To analyze the refractive indices, n, of the single crystals of 1 (of an
arbitrary orientation, Supplementary Figs. S19, S20, and determined
orientation, Supplementary Figs. S23, S24), we have measured the
reflectance spectra depending on the angle of polarization of incoming
light (SupplementaryFig. S19). For this, the single crystals of1were settled
on a glass substrate. AMitutoyoNIR 10x0.26NAobjectivewas installed in
the excitation channel (to initiate the ST by 1050 nm laser light with 4.5
mW power), and a Mitutoyo VIS 100x0.9NA objective was used in the
collection channel. A signal from white light source (Avantes
300–2100 nm spectral range lamp) reflected from the MOF surface via

collection channel, theGlanprism, anda half-waveplatewith a step of 10°,
have been analyzed with a spectrometer (AvaSpec-ULS2048CL-EVO).
The mathematical analysis of the refractive index and its changes (during
the ST, initiated by laser-induced heating) is presented in Supplemen-
tary Note 1.

Raman spectroscopy
Raman spectra (Supplementary Fig. S27) have beenmeasured using a triple
spectrometerT64000 (Horiba, JobinYvon) in subtraction dispersionmode.
As a light source, an DPSS laser Spectra-Physics Excelsior-532-300-CDRH
at a wavelength of 532 nm has been used. Signal accumulation time was set
at 960 s, with 2 cm−1 spectral resolution, 0.3 cm−1CCD matrix pixel cover-
age, and 1mW laser excitation power. The laser beamwas focused by a lens
with a large working distance 10.5 mm of 50× (NA 0.5). The scattered light
was collected by the same lens in the backscattering geometry. Thermal
measurement of individual MOF crystals was investigated using a
temperature-controlled stage THMS600 (Linkam Sci. Inst.). The MOF has
beenheated in the range from22 °C to 180 °Cwith a constant heating rate of
5 °C per minute. After reaching a certain point value, the temperature
remained constant, and theRamanspectrahavebeenmeasured after 10min
(required for uniform heating). Additionally, the unfocused beam with
300 µm diameter from the red laser pointer with a wavelength of 650 nm
illuminated theMOF. The angle between the greenRaman laser and the red
one was set at 60°.

Mechanical characterization
Mechenical characteristics have been estimated using atomic force micro-
scopy (SmartSPM 1000 AIST-NTmicroscope) in contact mode at ambient
conditions. Working cantilevers were PPP-NCSTAuD-10 (Nanosensors)
with 160 kHz resonance frequency, 14 Nm−1 force constant, and 10 nm tip
radius of curvature; CP-qp-SCONT-SiO-A (sQube) cantilevers with round
tip made of silicon dioxide with diameter of 2 μm, and 0.01 Nm−1 force
constant.

Data availability
TheX-ray crystallographic coordinates for structures reported in thisArticle
have been deposited at the Cambridge Crystallographic Data Centre
(CCDC), under deposition numbers CCDC 2278066 (at 298 K) and
2278067 (at 338 K) and 2312382-2312386 (for gradual heating). These data
can be obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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