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Metal-organic frameworks (MOFs) emerged as a novel class
of multifunctional crystal materials for advanced applications such as high-effective gas sorption,[1] piezomechanics,[2]
charge transport,[1d,3] nonlinear optics,[4] or even positronium
emission.[5] All this is feasible thanks to synergistic combination of organic and inorganic building blocks in single crystal.
Along with this, the crystalline and organic nature of MOFs
allows the existence of Coulomb-bound electron–hole pairs
(excitons)[3a,6] with high binding energy, long lifetime, and relatively narrow lines. In turn, such parameters play a key role in
manipulation of exciton states by light[7] or electric fields[8] in a
conceptually new light converters,[8] polariton lasers,[9] exciton
transistors, and switchers,[10,11] the heart of which is usually
an inorganic thin crystal. Indeed, such materials (especially
2D transition-metal dichalcogenides)[11b] appeared to be appropriate for ultrafast[12,13] and high-efficient[8,11] manipulation of
exciton states. However, application of inorganic thin crystals
is associated with fundamental restrictions on temperature,
bandgap structures, or device architecture, and requires a further development.
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On the one hand, to overcome the temperature effect on
excitons one can introduce organic components. A low Coulomb screening of charges, as well as electron transition
between π orbitals, support optical generation of excitons with
binding energy higher than thermal energy of 26 meV.[14] Also,
the ordering of organic components supports the decrease in
exciton recombination[12,15] rate and makes its line narrower.
On the other hand, excitons in an inorganic crystal with indirect bandgap have long lifetimes due to complex recombination
processes involving more than two particles. This justifies the
use of core–shell structures[16] or materials with spatial anisotropy such as layered van der Waals structures.[11b,17] The latter,
in turn, supports different types of excitons[17–19] and provides
a dimensional confinement effect, which is especially pronounced for 2D structures and strongly changes the exciton
parameters.[20] The restrictions can also be overcome by creating microcavities with Bragg mirrors made of atomically thin
organic semiconductors inside.[9] Such a device is an elegant
solution for manipulation of exciton states by light, but its
construction remains highly sophisticated.
In view of the above it appears that the superposition of
organic–inorganic nature and spatial anisotropy in a single
crystal is a promising approach for the development of new
photonic devices based on the concept of exciton manipulation
by light at room temperature. To demonstrate this, we used the
metal-organic framework[21] [{Zn2(TBAPy)(H2O)2}⋅3.5DEF]n
(1) (TBAPy: 1,3,6,8-tetrakis(p-benzoate)pyrene; DEF: diethylformamide) combining both the layered van der Waals structure
and organic–inorganic nature, as well as having cuboid shape
with thickness of 0.2–2 µm (see Figure 1a,b). The crystal structure of 1 is formed by planar 2D coordination polymer layers,
in which the carboxylate moieties of the TBAPy ligands provide
equatorial coordination to dual Zn2+ centers within the layers,
while the open axial positions are occupied by H2O molecules.
The individual layers are held together by the disordered DEF
molecules localized in the interlayer space.
Absorption, reflection, and photoluminescence (PL) measurements in unpolarized light for 1 revealed the existence of
exciton peak below the bandgap (Figure 1c) similar to other
metal-organic crystal like perovskites.[22] We determined it on
the basis of peak/valley in absorption/reflection spectra near
the fundamental absorption (3.4 eV), an appropriate fitting for
the absorption band by Lorentzians (see the Supporting Information), and specific PL (see below).
Because excitons are the states of the crystal (structure with
translation symmetry) as a whole,[14b] one can clearly observe
their appearance during crystallization. Here, we compared
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Figure 1. van der Waals MOF. a) Crystal structure of 1 along orthogonal axes.[21] Red: oxygen; light gray: carbon; black: zinc; blue: hydrogen. b) Atomic
force microscopy of the single crystal of 1 with a thickness of 0.4 µm. The determined shape is cuboid with bases (a,b) and thickness (h) related to
each other as 15:15:1. Roughness for 1 did not exceed 5 nm. c) Absorption, refraction, and photoluminescence (PL) spectra of the single crystals
of 1 placed on quartz substrate in air. PL peaks at 2.77 and 2.46 eV were coming from the exciton states and organic components of 1, respectively.

optical properties of MOF compound before and after crystallization (Figure 2). The individual components of 1 had
a broad bandgap tail (Figure 2a) with green PL centered at
2.3–2.46 eV (Figure 2b). This PL could be excited by photons
with energies of 2.64–3.1 eV (Figure S5c,d, Supporting Information). In contrast, for the single crystals of 1 we observed
0.6 eV blueshift of the absorption (Figure 2a), as well as the
appearance of pronounced absorption band and blue PL at
2.77 eV (Figure 2b). This blue PL disappeared if energy of
excitation photons was less than 2.9 eV (Figure S5b, Supporting Information). Finally, measuring the time decay of
PL centered at 2.77 and 2.44 eV, we determined fast (0.8 ±
0.1 ns) and strongly inhomogeneous blue PL in the plane of
single crystal of 1 (Figure 2c). It can be addressed to radiation
relaxation of excitons on surface and volume defects of 1.[23]
Concerning the yellow PL, it was fully homogeneous, slow
(4 ± 1 ns), and independent on crystal defects (Figure 2c)
being the evidence of PL from ligand. Raman scattering
also revealed the crystal changes (Figure S2, Supporting
Information) and all this indicated the transition to an ordered
structure with emergence of excitons.
1606034 (2 of 9)
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Back on van der Waals structure of 1, it is expected that
layers confine the exciton propagation along the direction perpendicular to the layers (crystallographic axes c) and can support intra- and interlayer excitons.[17–19,24] The first ones are
formed by electrons and holes from the same layers; the second
ones known as indirect excitons[16] are formed by electrons and
holes from different layers. In our case, the fit of absorption
spectrum revealed at least two no-Rydberg excitons centered at
2.95 (ω1) and 3.2 eV (ω2), Figure 3a. Therefore, 3.4 eV bandgap
of 1 should provide high exciton binding energies of 0.45 and
0.2 eV. These estimated values are typical for layered crystals[25]
while the full width at half-maximum (FWHM) of exciton
lines (19 and 36 nm) is compared to that of pure organic and
inorganic 2D crystals at room temperature. Using the lattice
parameters of 1 (Figure S1, Supporting Information) we also
estimated the minimal radii of excitons proposed: ≈4.8 Å for
the interlayer and ≈9.5 Å for the intralayer ones, which are
consistent values for excitons in van der Waals crystals.[24] The
radius of interlayer exciton is basically equal to the interlayer
distance, while the radius of intralayer one can be much less
or higher than layer thickness due to the different Coulomb
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Figure 2. The exciton states in MOF. a) Absorption spectra for the single crystal of 1 with a thickness of 0.4 µm and its individual components (coordinating ligands in diethylformamide, DEF). b) PL from the single crystals of 1 with different thickness (0.4 and 1 µm) excited by 3.1 eV pulsed radiation
which makes 1 multicolored (blue PL comes from exciton recombination, and yellow one is from ligand). c) Time decay from excitonic and ligand PL
centered at 2.77 and 2.44 eV with a map of PL (blue to red points correspond to 0.5–10 ns PL decay).

interactions. Due to the smaller radius of the interlayer exciton,
it has higher binding energy of 0.45 eV (ω1),[17,24] while the
intralayer one can be identified as the exciton with smaller
binding energy of 0.2 eV (ω2).[17] This proposed classification
on inter- and intralayer excitons was proved experimentally on
polarization and frequency dependent absorption (see below).
In addition, the radius and the binding energy of exciton
can give information about its effective mass μ and a high frequency dielectric constant ε of the crystal (see the Supporting
Information). Here, we estimated μ ≈ 0.33me for ω1, where me
was the mass of a free electron, while the effective mass of ω2
was smaller (μ ≈ 0.19me). For such light excitons, we revealed
a dielectric constant of 1 (ε ≈ 7.2) that supported ω2 to migrate
freely within the layered crystals.[6,26] On the other hand, ε of 1
for ω1 was slightly less (ε ≈ 6.3). For detailed exciton parameters
with corresponding errors, see Table 1.
In general, the inter- and intralayer excitons with orthogonal
dipole moments can be generated by light with different polarization and frequency.[19,27] Therefore, the interaction of polarized light with layered crystals such as MOFs makes it possible
to generate independently two types of excitons (Figure 3a)
and change nonlinearly their states even in ultrashort time
by simple rotation of polarization and switching the light frequensy. So, to demonstrate this and prove the concept of interand intralayer excitons we used ultrafast laser pulses with
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tunable frequencies as a first tool for selective manipulation of
the exciton states. With this in mind, we irradiated the single
crystals of 1 with 100 fs IR pulses and measured the transmitted intensity (Figure 3b,c). IR pulses with photon energy of
1.6, 1.535, and 1.507 eV did not damage the single crystals of 1
because crystals did not absorb these photons. But the intensity
of the single pulse (I > 1010 W cm−2) supported a two-photon
absorption[28] with energies of 3.2 eV (ω2), 3.07 eV (between
excitons), and 3.01 eV (≈ω1), shown in the insets of Figure 3a.
In addition, a low repetition rate of pulses (1 kHz) provided a
complete relaxation of heat and excitons from pulse to pulse
due to nanosecond PL (Figure 2c), while no irreversible structural changes of 1 have been observed. Figure 3b shows that
when polarization vector of the pulse was perpendicular to van
der Waals layers, the transmission of 1.507 eV pulses nonlinearly grew by up to 27% with the increase of the pulse intensity.
This corresponded to a saturation of two-photon absorption due
to resonant generation of proposed interlayer excitons (see the
Supporting Information). This behavior can be explained by a
high oscillator strength for electron transitions in the crystal
with organic nature,[10] a low density of ω1 states,[17,24] and their
relatively long lifetime even at high concentration.[13] In contrast, there were insignificant changes of transmittance of 1.535
and 1.6 eV pulses with increasing intensity. On the one hand,
nonresonant two-photon absorption (3.07 eV) between ω1 and
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Figure 3. Manipulation of exciton states by polarized IR pulses. a) Fit for the edge of absorption by two Lorentzians entitled the interlayer (ω1) and
intralayer (ω2) excitons. Right) These excitons can be generated independently by polarized light due to orthogonal orientation of ω1 and ω2 dipole
moments. b) Normalized transmission of the single crystal of 1 as a function of intensity of a single pulse (100 fs, 1 kHz) with different photon energies (1.6 and 1.507 eV) and polarization vector E perpendicular to crystal layers. Solid curve is a fit for 1.507 eV two-photon absorption by ω1 excitons.
To limit interference and refraction effects on transmitted signal we normalized it by its maximum. c) Normalized transmission of the single crystal of
1 as a function of intensity of a single pulse (100 fs, 1 kHz) with different photon energies (1.6 and 1.507 eV) and polarization vector E parallel to the
layers. Two-photon absorption of 1.6 eV is achieved by ω2 excitons.

ω2 excitons was expected to be ineffective (Figure S4d, Supporting Information). On the other hand, ω2 was indifferent to
1.6 eV pulses due to a low probability of its generation by pulse
with polarization vector perpendicular to the layers and, hence,
to intralayer exciton dipole moment as we proposed.[19] Alternatively, by changing the polarization and frequency of light
we could effectively generate ω2 by 1.6 eV pulses with polarization vector parallel to the layers (Figure 3c). In this case, ω1 was
indifferent to the pulse intensity, and ω2 showed the expected

saturation of two-photon absorption by a single 100 fs pulse at
higher intensities due to the high densities of states.[17,24] This
experiment with femtosecond polarized IR pulses clearly demonstrated the ability to tune the exciton density up to 30% by
single fs pulse, as well as supported the inter- and intralayer
nature of excitons.
No doubt that significant nonlinear changes of exciton
states in MOF for tens of femtoseconds open new horizons
for developing the ultrafast photonic devices operating at

Table 1. Exciton parameters. Radii (r), binding energies (Ebind), and effective masses (μ) for the interlayer (ω1) and intralayer (ω2) excitons, as well as
permittivity (ε) and bandgap (Ebg) of the single crystals of 1.
r [Å]

Ebind [eV]

Ebg [eV]

ε

μ

Intralayer exciton (ω2)

9.5 ± 1.6

0.20 ± 0.07

3.40 ± 0.05

7.2 ± 3.2

(0.19 ± 0.09)me

Interlayer exciton (ω1)

4.8 ± 1.4

0.45 ± 0.07

6.3 ± 4.1

(0.33 ± 0.18)me
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Figure 4. Manipulation of exciton states by cw white light. Dependence of absorption spectra of the single crystal of 1 with a thickness of a) 0.73 µm
and c) 1.13 µm on intensity of unpolarized cw white light which generates both ω1 and ω2 excitons. b,d) Corresponding changes of intensities of the
intralayer (ω2) and interlayer (ω1) excitons as a function of excitation intensity. The intensities of excitons were obtained with use of fit for absorption
spectra and had been considered as a square ratio of amplitude of exciton line and its full width at half-maximum (see the Supporting Information).

ambient conditions.[10] Despite the advantages of ultrafast
excitation, a continuous wave (cw) radiation has its own benefits for generation and manipulation of excitons.[10] To demonstrate this, we studied the interaction between the single
crystals of 1 and unpolarized cw white light with different
intensities (I < 500 mW cm−2). The experiments revealed the
following (Figure 4): (i) The absorption for both excitons was
constant at low intensities. The increase of intensities above a
threshold resulted in nonlinear changes in the absorption. The
threshold was higher for 1 with larger thickness (from 10 to
100 mW cm−2),[23c] but it was extremely low for solids due to
organic components.[3] (ii) In the nonlinear regime, when the
number of absorbed photons increased, the intensity of ω1
grew by 20% and then decreased. It was more pronounced for
small crystals of 1 (Figure 4a,b) and valid for large crystals irradiated with higher intensities (Figure 4c,d). (iii) In contrast, one
order increase of excitation intensity yielded 60% decrease of
intensity of ω2. This value was exceeded for 1 with higher thickness (Figure S4c, Supporting Information). (iv) The excitation
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intensity was at least three orders of magnitude lower than for
the next experiment (Figure 5) where we introduced a lightinduced disordering. (v) A fit for the absorption spectra allowed
drawing the following conclusions (Figures S6 and S7, Supporting Information): the position of the exciton lines (2.95 and
3.2 eV) was relatively stable within the error of 0.05 eV; the
widths of the exciton lines did not show any significant variations, however that of ω1 was higher (36 nm vs 19 nm). The
latter indicates that ω1 excitons are more exposed to scattering
on the crystalline defects for 0.8 ns, and, hence, makes the
main contribution to excitonic PL (Figure 2c; Figure S5e, Supporting Information). In addition, defects made the single crystals of 1 multicolored upon increasing crystal thickness, while
the surface of the crystals remained very smooth (Figure S5a,
Supporting Information).
The results were in a good agreement with the previous findings (Figure 3), which also showed that interlayer excitons in
van der Waals crystal with organic–inorganic nature were generated and manipulated by lower intensity with higher efficiency
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Figure 5. Manipulation of exciton states by UV pulses. a) Absorption spectra of the single crystals of 1 in initial state (black curve), after UV tuning ω1
off (cyane curve), and after tuning it on again by DEF injection (red curve) in 48 h. b) Evolution of PL for the single crystal of 1 upon tuning ω1 off/on.
The PL was excited by 3.1 eV pulsed radiation. Right) Quenching of PL from the excitons (2.77 eV) and individual components of 1 (2.42 eV). Recovering of PL in 48 h is achieved by DEF injection. c) PL images of tuning ω1 off/on by UV irradiation and DEF injection. d) The impact of interlayer DEF
adsorbents on the structural flexibity of 1. Dispersion-corrected DFT (DFT+D) and pure DFT-computed potential energy profiles for the compression
of the periodic models of 1 along the crystallographic c axes in the absence (DEF-free) and in the presence (7DEF/u.c. 1) of interlayer DEF molecules.
In the latter case, for each value of c the energy ranges and individual relative energies computed for three representative structural models with distinctly different DEF arrangement are shown. Optimized structures of the most stable configurations for each of the models are shown along with the
overlayed semitransparent van der Waals spheres.

than intralayer ones. However, consistent interpretation of the
nonlinear dramatic behavior of the excitons generated by unpolarized cw white light requires further investigation. Here, we
can speculate that the light generates all excitons by photons
with different energies (of 1.5–6 eV). This leads to an increase
of exciton concentration and exciton–exciton interaction,[16,17,29a]
opening a new field of application of excitonic MOF as an
1606034 (6 of 9)
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upconversion media,[3a] light converters,[4a] and others. Important is that ω1 and ω2 are able to exchange their energy due to
the dipole–dipole coupling.[14b,24,29a] In turn, these give rise to
concomitant nonlinear effects,[29] which can be responsible for
the nonlinear exciton behavior observed (Figure 4).
Intriguingly, beside different binding energies and generation condition (Figures 3 and 4), the layered van der Waals
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between the adjacent MOF layers. Such a facile compression
is not observed when the interlayer space is filled with DEF,
which provides sufficient stabilization to the spatially separated
MOF layers through multiple favorable van der Waals (dispersion) interactions. Compression of 7DEF/u.c. 1 model with the
experimental stoichiometry along the c axes is accompanied by
an increase in total energy.
Taken together with the experimental findings, our computational results create a basis for the mechanistic rationalization of the light-induced structural distortions of 1. The irradiation with UV light results in a local removal of interlayers DEF
accompanied by a local rearrangement toward a more stable
configuration with a decreased interlayer distance. We propose that similar to the breathing effects previously described
for other MOFs,[31,32] the nondirected nature of the structureforming coordination bonds between Zn2+ and carboxylate
moieties of the TBAPy allows such deformations to take place
locally without compromising the integrity of the layers themselves. This coheres well with the possibility of reverting the
structural changes caused by UV light by injecting DEF. Dispersion-corrected DFT calculations show that the expansion
of the shrunk regions upon DEF adsorption is exothermic.
The computed enthalpy for the interconversion of the most
stable 7DEF/u.c. 1 and DEF-free configurations is −0.63 eV per
adsorbed DEF molecule per unit cell. These calculation results
support the experimental one on the ability to tune the interlayer exciton, while intralayer one remains stable.
In summary, we demonstrated for the first time the prospect of metal-organic frameworks as the excitonic materials for
simultaneous all-optical data processing and storage. It was due
to synergistic combination of organic–inorganic nature and spatial anisotropy in single crystals that supported different types
of robust excitons and paved the way for their high efficient and
selective manipulation by light at room temperature. Effective
and independent manipulation via light-induced crystal disordering or ultrafast/cw photoexcitation allowed achieving nonlinear changes of optical properties of MOFs. These reversible
changes occured over an ultrashort time or had been recorded
for several days that developed new concepts for advanced
photonics.

Experimental Section
MOF Synthesis: Single crystals of [{Zn2(TBAPy)(H2O)2}⋅3.5DEF]n
(1) (coordinating ligands were TBAPy and DEF) were obtained using a
method based on slow diffusion technique.[21] CCDC number of crystal
structure was 1409434. Using this method crystals at room temperature
were synthesized, which were used for optical investigation without
additional treatment.
Characterization: All experiments were carried out at room
temperature. For optical measurements (absorption, transmission,
reflection, PL, and Raman scattering), the single crystals of 1 on a quartz
substrate with a thickness of 0.2 mm were deposited. A commercial
confocal spectrometer Horiba LabRam HR with a cooled CCD camera
(Andor DU 420A-OE 325) and 600 g mm−1 diffraction grating was used
as a spectrum analyzer. The following were used as sources of light: a
halogen lamp Vis–NIR HL-2000 FHSA Ocean Optics (for absorption
and reflection measurements in unpolarized light); a supercontinuum
Fianium SC400-6 with a tunable wavelength of 400–850 nm, 60 MHz
repetition rate, a pulse duration of 6 ps, and an FWHM of 10 nm (for PL
in unpolarized light); a 632.8 nm cw He–Ne laser (for Raman scattering);
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structure of 1 also provides a different condition for existence
of ω1 and ω2 excitons. It means that, for instance, disordering
between layers can destroy ω1 while retaining ω2.[18] We considered this feature as a third tool for manipulation of the exciton
states in MOF (Figure 5), applying for new concept of excitonic
data storage. Here, the pulsed UV radiation (3.1 eV, 4 kW cm−2)
was used to disorder the layers due to partial redistribution or
even local removal of DEF, while integrity of the single crystals of 1 preserved (see the Experimental Section and the Supporting Information).[30] The absorption and PL spectra in
unpolarized light revealed the following changes after the UV
light irradiation. (i) The absorption at 3.2 eV (ω2) reduced by
several percent while that of ω1 remains the same (Figure 5a).
(ii) The green and blue PL strongly decreased under 2.9–3.1 eV
excitation, and the blue PL quenched more quickly than the
green one (Figure 5b). In contrast to inessential changes of
absorption, dramatic change in blue PL can be explained by the
fact that a partial generation of excitons is still possible despite
disordering between layers. In turn, the disordering supports formation of defects that act as traps for charge carriers
of exciton and support its nonradiative relaxation.[22c] (iii) An
increase of absorption near 2.8 eV was attributed to the local
disordering inside the single crystals analogous to that depicted
in Figure 2a. (iv) Finally, absorption and PL from ω1 was recovered after DEF injection (Figure 5a,b).
In other words, this experiment demonstrates that the single
MOF crystal supports the turning ω1 on/off (Figure 5c) in the
area which depends on intensity of UV radiation (Figure S8,
Supporting Information), while ω2 should remain unchanged:
the interlayer excitons were turned off by UV light for several minutes and then remained inactive for more than 48 h
as confirmed by PL and absorption measurements (Figure 5;
Figure S8, Supporting Information); injection of organic compound (DEF) to 1 partially turned it on again with recovering
specific properties like absorption and PL (Figure 5).[30] It is
worth noting that similar effect of recovering the initial crystal
structure after external action is a typical situation for MOF
crystals[31a] due to its organic nature and can be considered
here as a new concept of optical data storage where writing
and reading the information is occurred through the tuning ω1
PL off and on (Figure 5c). For instance, two-photon absorption
could be applied for minimization of the modification volume
(less than diffraction limit), and the estimated storage density
could be higher than 1 Gb in.−2, being equal to record optical
data storage (see the Supporting Information).[31b]
We further carried out molecular simulations employing a
combination of dispersion-corrected electronic structure density functional theory (DFT) calculations with configurational
bias Monte Carlo simulations to get an insight into the origin
of the observed structural disordering upon DEF removal from
1 (see the Supporting Information).[30] Figure 5d compares calculated potential energy profiles for the compression of 1 along
c axes in the presence (7DEF/u.c. 1) and in the absence of DEF
in the interlayer space. In both cases, the periodic models with
the experimental cell parameters of 1[21] were chosen as the
zero energy level. In the absence of the organic guests, there
is a strong driving force toward the compression of the unit
cell along the c axes driven by the enegy gain (up to 1.5 eV)
due to the formation of multiple van der Waals interactions
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and a femtosecond laser source Avesta TiF100 with 80 MHz repetition
rate, 715–980 nm tunable wavelength, a pulse duration of 100 fs, and an
FWHM of 10 nm (for transmission measurements in a polarized light).
To reduce pulse repetition, a pulse picker Avesta OG8/10 providing the
range of 1 Hz to 10 kHz was used . To determine the emission power or
fluence, a power meter (Ophir Nova II) with detectors (Ophir PD300TP-ROHS and Ophir 3A-ROHS) was used. The positioning of the
single crystals of 1 was carried out by atomic force microscope stage
(SmartSPM AIST-NT) and a micrometer stage (3-axis flexure stage
Thorlabs MBT616D). For absorption and PL measurements, an objective
(Olympus PlanFI 100×0.95NA) for excitation and an objective (Mitutoyo
M Plan APO 100×0.7NA) for collecting the signal were used. To change
the excitation intensity in absorption/transmission measurements,
Thorlabs UV Reflective filters NDUV01A-40A and a polarizer were used.
For reflection and Raman measurement, an objective (Mitutoyo M
Plan APO HR 100×0.9NA) for excitation and collecting the signal was
used. For experiments with polarized IR pulses in transmission optical
scheme, an objective (Olympus UPlan FL 40×0.75NA) for excitation and
Si photodetector DET-210 Thorlabs for registering the transmitted signal
were used.
The absorption spectra for the single crystals of 1 were obtained by
transmission spectroscopy (A = 1 −T) under the assumption that signal
scattering on the crystal defects was small compared with transmission
signal. Here, reflection from the interface 1-quartz substrate was left out,
which was less than 17% within the range of 2.6–3.7 eV for incoming
intensity of 5 mW cm−2. This assumption did not change essentially
the absorption curves and did not effect on conclusions. Therefore, the
absorption values were higher than 0.8 within the same spectral range
(Figures 1c, 2a, 3a, 4a,c, and 5a).
PL decay was measured by means of a laser scanning confocal
microscope MicroTime 100 (PicoQuant) equipped with 10× objective
(NA = 0.25) and picosecond pulsed diode laser (λ = 405 nm, τ ≈
100 ps), which implements the method of time-correlated single
photon counting. Obtained PL decay curves were fitted by biexponential
function: (t) = I0 + A1exp(−t/τ1) + A2exp(−t/τ2), where A1, A2, τ1, τ2,
and I0 are fitting amplitudes, decay times, and background intensity,

∑τ
∑τ
Ii

respectively. The average PL lifetime has been calculated with 〈τ 〉 =

2
i

Ii

.

i

For local removal (redistribution) of DEF, pulsed UV radiation (6 ps,
60 MHz, 400 nm, 4 kW cm−2) with a beam diameter of 1 mm was used,
which was focused to a spot with a radius of 1 µm by an objective
(Olympus UPlan FL 40×0.75NA) for 5 min.
To determine the dimensions of the single crystals deposited on a
quartz substrate, atomic force microscopy setup (SmartSPM AIST-NT)
with probes (MikroMasch N14/AlBS) was used.
Crystallinity and lattice parameters of 1 were verified by means of
high-resolution transmittance electron microscopy.[21]
In this work, more than 100 single crystals of 1 with different
dimensions (from 4:4:0.27 to 25:25:1.67 µm) were tested. For all of
them, excellent repeatability of the main features was observed.

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.
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