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A van der Waals porous crystal featuring
conformational flexibility and permanent

porosity for ultrafast water release
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Flexibility has been pursued enthusiastically in the field of porous crystals for enhancing their

adsorption and separation performances. However, flexibility has never been observed among porous
crystals sustained thoroughly by van der Waals interactions since flexible motions readily lead to the
collapse of the porous architecture. Here we report a van der Waals crystal featuring conformational
flexibility as well as permanent microporosity. The single-crystal structure and its structural transition
in response to the adsorption of water molecules were unambiguously disclosed by means of electron
and X-ray crystal structure analyses. The peripheral aromatic rings of the constituent molecule rotated
as increasing the ambient humidity, while the connectivity of the pores was maintained throughout the
structural transition. The transformative pores allowed the guest water molecules to move exceedingly
quickly through the pores with a time constant of 490 us. We demonstrated that the quick release of
water induced by photothermal heating induced a significant upward bending of a film set above the
crystalline powder compared to conventional porous materials. This finding contributes to the future

crystal engineering based on van der Waals interactions rather than cohesive bonds.

Historically, porous crystals with structural flexibility have been a challen-
ging target to synthesize because the flexible molecules transform and
translocate readily in the crystal to fill the pores'™. In the early 2000’s,
researchers found that flexible porous crystals can be synthesized by
introducing a intermolecular bonding network together with flexible linkers
and deformable nodes*”. The intermolecular bonding network with suffi-
cient bonding strength makes the porous framework robust and tolerant
against the evacuation of the guest molecules, as exemplified by metal-
organic, covalent organic and hydrogen-bonded frameworks (MOFs, COFs
and HOFs), while the flexible components enable the transformation of the
lattice in response to the uptake or release of guest molecules'*"". Even when
the transformation is significant, the original porous structure can be
retrieved just by exposing the polymorph to an appropriate vapor because
the bonding network ensures that the constituent molecules hold their

arrangement and connectivity in the guest-free state and prevents from
collapsing into a polymorph with a totally distinct packing regime.

Porous van der Waals crystals are one of the most fragile classes of
porous materials sustained thoroughly by van der Waals contacts and have
been beyond the scope of crystal engineering because the conventional
bonding network strategy based on strong intermolecular interactions is
unapplicable™. Typically, a van der Waals porous crystal holds its porous
framework merely by interdigitation and steric fitting that freezes the
conformational and translocational motions of the constituent molecules
and prevents the porous architecture from collapsing. Such delicate and
intricate molecular packing is hardly designable in general, even with the
latest crystal engineering technique, leading to the very small number of
compounds known so far'**’. Incorporating flexibility into van der Waals
porous crystals, namely, the synthesis of van der Waals crystals with flexible
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and permanent pores, is an even more formidable challenge and has never
been achieved so far. Actually, it is well-known that even a slight change in
the conformation results in the transition into a non-porous polymorph'**,
which never turns back into the original porous structure unless it is
recrystallized from a solution state or fueled with an appropriate stimulus.

Here we report a van der Waals porous crystal featuring conforma-
tional flexibility as well as the permanent porosity (Fig. 1a, b). The van der
Waals porous crystal (VPC-1) was assembled from a fully aromatic den-
drimer G2DBPHZ consisting of a dibenzo[a,j]phenazine (DBPHZ) core
and a pair of second-generation carbazole (Cz) dendrons (Fig. 1c)*. Elec-
tron diffraction structure analysis disclosed the single-crystal structure of
VPC-1 unambiguously, in which DBPHZ core stacked on one another
thoroughly via van der Waals forces to form one-dimensional pores and Cz
dendrons were exposed to the pores. X-ray structure analysis revealed the
flexible motion of the Cz dendrons in response to the ambient humidity,
while the DBPHZ core maintained its one-dimensional columnar
arrangement throughout the transition. We also found that the con-
formational change, together with the fully aromatic surface of the pores,
facilitated the transportation of the water molecules through the pores.
Time-dependent change in diffuse reflectance upon photoexcitation with an
infrared (IR) laser pulse revealed the ultrafast sorption kinetics of water in
VPC-1 with a desorption time constant 0of 490 ps, which is the fastest among
the reported porous crystals. As a demonstration of the fast water sorption
kinetics, we set a cellophane film above a stack of powdery VPC-1 and
shined a visible light onto the powder so that the crystals were heated
photothermally and emitted water vapor. The humidification with VPC-1
was so quick and intense that the film bent upward more significantly than
those induced by other authentic porous materials.

Results and discussion

Crystal structure analysis of VPC-1

G2DBPHZ was synthesized according to our previous report’” and was
crystalized to yield VPC-1 by diffusing MeOH vapour into a CHCl; solution
of G2DBPHZ in a sealed glass vial standing at 25 °Cin 17 days (Fig. S1). The
powdery specimen of VPC-1 appeared single-crystalline in microscopic
images, although the grain size was not enough for X-ray single-crystal
structure analysis (Fig. S2). Alternatively, we conducted electron diffraction
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Fig. 1| Crystal structures of VPC-1. a, b Crystal packing diagram of VPC-1 under
vacuum (a) and under atmosphere with a humidity of 92%RH (b). The red spheres
represent the oxygen atoms of water molecules adsorbed in VPC-1. ¢ Molecular

structure of G2DBPHZ and the corresponding ORTEP representation observed in

ORTEP Diagram

for the crystal structure analysis by using Rigaku XtaLAB Synergy-ED
(MicroED) and succeeded in solving the single-crystal structure (Fig. 1,
Table S1, and Supplementary Data 1).

The crystal belonged to the polar space group of Cm and is solely
composed of G2DBPHZ without any guests since the analysis was per-
formed under vacuum in the MicroED (Fig. 1a). GZDBPHZ packed one-
dimensionally via -7 interactions in such a way that the central DBPHZ
core and the peripheral Cz rings respectively stacked on their own. The m-n
stacking was perfectly linear along the a axis without any displacement along
the b axis and without any rotational displacement. The columns are packed
in parallel with each other in the crystallographic bc plane, forming two
types of extrinsic pores. The atomic contacts found between the columns
were only H-H, meaning that VPC-1 is a pure van der Waals molecular
crystal. The weak intermolecular interactions between the columns are
highly beneficial for allowing G2DBPHZ to transform smoothly in
response to moderate chemical or physical stimuli. The perfectly linear —n
stacking is generally static and will not be destroyed easily, which is
advantageous for preserving the molecular arrangement throughout the
flexible motion. Density functional theory (DFT) calculations for dimers
extracted from the crystal structures along the different directions support
that the intercolumnar interactions are very weak compared to m-m inter-
actions (Fig. S3).

The structural transition of VPC-1 in response to the change in
humidity was analyzed based on powder X-ray diffraction (PXRD). We
filled two glass capillaries (diameter of 0.7 mm) with fine powder of VPC-1
and sealed them under 0 and 92%RH, respectively. The capillaries were
subjected to the irradiation of synchrotron X-ray (A= 1.0 A), and the dif-
fraction profiles were analyzed using the Rietveld refinement method,
revealing the crystal structures of VPC-1 including H,O, although the
location of H,O is partially uncertain. The packing diagram under 0%RH
was nearly the same as that under vacuum but incorporated a small amount
of water molecules in the pores (Fig. S4, Table S2, and Supplementary
Data 2), which was plausibly the residual water remaining in the specimen
due to the incomplete drying. The packing diagram under 92%RH was
basically analogous to that under 0%RH except that the pores were fully
occupied with water molecules (Fig. 1b, Table S2, and Supplementary
Data 3). Concomitant with the pore filling, G2DBPHZ showed some

the single-crystal structure. d, e Dihedral angles between the DBPHZ core and
internal Cz unit (6,), and between the internal and external Cz units (6, and 65)
observed under vacuum (d) and under an atmosphere with a humidity of 92%
RH (e).
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conformational changes. The internal Cz units rotated by 23° around the
single bonds, and the two external Cz units rotated by 2° in comparison to
those observed in vacuum (Fig. 1d, e). These results were consistent with the
vibrational spectroscopic data observed experimentally and computation-
ally. We previously reported that the Raman scattering and IR absorption
spectra showed slight spectral changes as a function of humidity (Fig. S5)*.
In addition to these reported experiments, we have now built molecular
models based on the newly observed crystallographic structures and found
that the rotation of the Cz units reproduced the IR spectral changes well
(Fig. S6). In particular, the computational simulation showed good agree-
ment with experiments regarding the spectral changes of the IR vibrational
bands at around 1370 cm™, assigned to the stretching mode of the C-N
bond between the inner Cz and the DBPHZ unit and the C-H bending of
the central core (Fig. S6), which is an indicator of the rotation of the Cz unit
with respect to the DBPHZ. The conformational flexibility of the Cz den-
drons with respect to the central DBPHZ core has been explored compu-
tationally. Interestingly, a rather flat torsional potential has been found, with
a small energy difference of 3.3 kcal/mol between the perpendicular con-
formation and the most stable conformer with a dihedral angle of ~50°
(Fig. S7). This explains the facility of the outer arms of the Cz to rotate and
accommodate in such a way as to maximize 7t-m interactions, adjusting the
transformation of the crystal structure after adsorption (Fig. S8-S11).

The N, and H,O adsorption isotherms of VPC-1 were reported pre-
viously and were reproduced in the supplementary information as Fig. S12
(Supplementary Data 4-7). The abrupt increase in N, uptake at lower
relative pressure (P/P,) region indicates the microporosity of VPC-1, which
is consistent with the single-crystal structure shown in Fig. la. The
adsorption of H,O in VPC-1 happens abruptly at P/P, = 0.5, although the
cause of the abrupt increase was not evident in the previous paper. Judging
from the crystal structures revealed herein, we presume that the sudden
uptake of H,O and the structural change of VPC-1 happen simultaneously.
The transformation of the porous framework may allow the H,O molecules
to form clusters with optimum geometry and thereby suddenly accelerate
the uptake of H,O. The hydrogen bonds between guest H,O molecules and
the nitrogen atoms of DBPHZ that are exposed to the pore may be also
influential to the structural transition, while it is not conclusive due to the
uncertainty of the location of H,O. DFT-optimized geometries of a
G2DBPHZ dimer with one and two H,O molecules support the formation
of hydrogen bonds between the H,O molecules and with the N atoms of the
DBPHZ core (Fig. S13). The binding energies of the H,O molecules are-
doubled by the presence of the second H,O molecule; however, our
results show that m— stacking interactions have a higher contribution to
aggregation than the hydrogen bonding to water (ie, compare
Figs. S13 and S8).

The pore volume of VPC-1 calculated based on the single-crystal
structure was 737 A® per unit cell (V = 3646.39 A% for N, and 780 A° for
H,O. The fractional filling for N, at P/P, =0.96 and 77 K is 26%, and the
fractional filling for H,O at P/Py = 0.92 at 293 K is 36%. The relatively low

pore filling is attributed to the one-dimensional pores of VPC-1, which are
often stuck and become inaccessible with the gas. The isotherms of
Fig. S12b-d were conducted with the same specimens, indicating the
intactness of the H,O adsorption performance of VPC-1 even upon
repeating the H,O adsorption and desorption. The PXRD profiles also
revealed the structural stability of VPC-1 against H,O. The PXRD profiles of
VPC-1 showed negligible change even after 10 cycles of H,O adsorption and
desorption (Fig. S14).

H,0 sorption kinetics in VPC-1

Sorption kinetics is one of the key figures of merit for porous crystals since
the diffusivity as well as sorption selectivity dominates the separation
efficiency” and charging/discharging rates of guests. In contrast to most
MOFs, COFs, and HOFs that are harnessed with hydrophilic units such as
metal jons, ester or imide bonds, and hydrogen bond acceptors and donors,
VPC-1 is distinct in that it is purely composed of van der Waals contacts,
and its pore surface is covered fully with aromatic rings. Considering the
general understanding that weaker adhesion to the pore surface accelerates
the diffusion of the guest molecules in the pores™, we presumed that the
pores in VPC-1 are less affinitive to H,O and can accelerate the transpor-
tation of H,O in the pores. The conformational change of G2DBPHZ
associated with the H,O sorption is also beneficial for enhancing the
sorption kinetics because the structural transition often makes the sorption
profile discontinuous in analogy to phase transition'*”.

We investigated the sorption kinetics using a specific surface area &
pore size analyzer and found that VPC-1 showed a drastic drop in the
pressure just after introducing the H,O vapor, which is distinct from those
of conventional porous materials including two types of activated carbons,
carbon nanotubes, and zeolite (Fig. S15). The half decay period of the H,O
pressure observed for VPC-1, two types of activated carbons, carbon
nanotubes, and zeolite were 1.5,9.6,21.0, 7.7 and 14.0 sec (Supplementary
Data 6 and 8-11). The faster H,O sorption kinetics of VPC-1 was
appreciable, but we thought that the rate could be much faster judging
from the fact that the rapid decay in Fig. S15 at the initial stage was close to
the minimum time-resolution observable with the specific surface area &
pore size analyzer. For further elucidating the water desorption rate in a
shorter time region, we built up a setup by combining a diffuse reflectance
photometer and a free electron laser (FEL, pulse width of 3 ps and a
repetition rate of 2 Hz)* generating short pulses of IR laser (Fig. S16). The
short and intense IR pulse excited VPC-1 thermally and led to the release
of water within a very short period. The release of water from VPC-1 was
quantified based on the change in diffuse reflectance at 532 nm, which was
made possible thanks to the hydrochromic behavior of VPC-1 from red to
yellow upon decreasing the humidity. The details of the hydrochromic
behavior of VPC-1 were reported previously”’. The powder specimen of
VPC-1 was set in a steel chamber, where the ambient humidity was
regulated with a precision of less than 1%RH. We confirmed the accuracy
of the diffuse reflectance
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Fig. 2| H,O desorption from VPC-1 upon irradiation of IR pulses. a Time-course
change in diffuse reflectance of VPC-1 at 532 nm. The IR pulse (1449 cm™) was cast
at t=0s with a repetition rate of 2 Hz. Inset shows the magnified image at t=0s.

b Plot of the diffuse reflectance as a function of energy density (E) of the incident IR

pulse (1380 cm™). Dotted lines are eye guides, and their crossing point indicates the
threshold E (Ey,) for the H,O desorption. ¢ Plot of Ey, as a function of the wave-
number of the incident IR pulse (red circles) and transmittance spectrum of VPC-1
(blue curve).
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Fig. 3 | H,O desorption from VPC-1 upon irradiation of visible light.

a Experimental setup for measuring moisture release from VPC-1 based on the
diffuse reflectance. b Time-course change in diffuse reflectance of VPC-1. The pump
light (A = 500 nm) with a power density (P) of 80.2 mW cm™ was turned onatt=0s
and was turned off at t = 60 s. ¢ Diffuse reflectance of VPC-1 as a function of Pand A

of the pump light. d A plot of the threshold P (Py,) as a function of A of the pump light
(red circles), at which VPC-1 started to desorb H,O. Together with the plot of Py,,
the temperature of VPC-1 at Py, (Ty,) is also plotted (blue circles). e Time-course
changes in diffuse reflectance of VPC-1 when turning on the pump light for 15 s and
off the light for 15 s repeatedly.

as an indicator of the water content in VPC-1 by observing the diffuse
reflectance upon incrementing and decrementing the ambient humidity
from 0.6 to 82.7%RH (Fig. S17).

Using the setup, we confirmed that the incident IR pulses actually
induced the release of water from VPC-1, and the release was detectable
based on the change in diffuse reflectance as designed. Just after the inci-
dence of the IR pulse (1449 cm™) at 50.2%RH, the diffuse reflectance at
532 nm showed a prompt increase (Fig. 2a). The rising curve of the diffuse
reflectance fit well with an exponential curve with a time constant of 490 ps
(Fig. 2a, inset), proving that the pulse instantaneously excited the powder,
and the water molecules desorbed from VPC-1 with a fixed time constant.
In 6.0 ms after the pulse pumping, the diffuse reflectance reached a plateau
and gradually decreased back to the initial value until the next pulse came
(0.5's), which is attributed to the heat dissipation from VPC-1 to the sur-
rounding atmosphere and to the substrate (Fig. 2a). The rate of the water
desorption (490 ps) revealed herein is the fastest among the hitherto
reported hydrochromic materials”.

The change in diffuse reflectance showed a curved profile as a
function of the energy density (E) of the IR pulse (Fig. 2b). When
pumping with IR pulse with a wavenumber of 1380 cm™, which coin-
cides with the absorption band of the stretching vibration of C-N single
bonds and bending vibration of aromatic C-H bonds of G2ZDBPHZ
(Fig. S6), the rise in diffuse reflectance became steeper when E exceeded a
threshold (Ey,) at 67 m] cm™ (Fig. 2b). Here, Ey, is defined as the E value
at the crossing point of the two regression lines obtained from the data
points atlower and higher E, respectively. With an assumption that some
of the bands might induce the color change more efficiently, we excited
the neighboring vibrational bands with a wavenumber ranging from
1140 to 1667 cm™. Nonetheless, the observed Ey, simply correlated with
the transmittance of the bands (Fig. 2c and S18), indicating that the
water release was induced by the photothermal heating of VPC-1. The
energy of IR light was absorbed more efficiently, and the powder was
heated more intensely when exciting the intense IR absorption band of
G2DBPHZ, inducing the H,O desorption even at smaller E. The pho-
tothermally heated VPC-1 is then cooled by the surrounding atmo-
sphere eventually after the IR pulse irradiation and adsorbs H,O from
the atmosphere, which is evident from the gradual recovery of diffuse
reflectance (Fig. 2a).

Water vapor release from VPC-1 in response to light

We found that visible light can also induce the water release from VPC-1 as
well as IR pulses via photothermal effect. VPC-1 was irradiated with
greenish blue light (A =487.5-512.5nm) as the pump light with a power
density P of 80.2 mW cm™ for 60 s at 23 °C and at a humidity of 63% RH
(Fig. 3a). Immediately after shining the pumping light, VPC-1 turned from
red to yellow, and the diffuse reflectance at 532 nm increased by 367%
(Fig. 3b). The rise in the diffuse reflectance reached a plateau in 41 s, at which
90% of the intensity change completed. The diffuse reflectance recovered
back to the initial value in 75 s after stopping the pump light.

The color change of VPC-1 was not in a linear relationship with P of
the pump light but showed a curved profile with a power threshold, at which
VPC-1 started to release water (Fig. 3c). When shining a pump light with A
of 500 nm, the change in the diffuse reflectance at 532 nm was negligible
when P as less than 20 mW c¢cm™. When P was larger than 20 mW cm™, the
diffuse reflectance started to increase linearly. We define the threshold
power (Py,) as the power at the crossing point of the two regression lines
obtained from the lower and higher power regions, respectively. Py,
depended on A of the pump light as summarized in Fig. 3d (red circles). Py,
was nearly constant below 600 nm and became larger gradually above
600 nm, resembling the diffuse reflectance spectrum of VPC-1 reported
previously™.

The photothermal effect was assessed by measuring the temperature of
VPC-1 during the light irradiation with a thin thermocouple probe, which
was carefully set in the stack of powdery VPC-1 so that the tip was fully
covered with the powder but did not have any contact with the glass plate
(Fig. S19). As increasing P of the pumping light, the temperature of VPC-1
increased with a linear positive slope. The slope became steeper when
shining an incident light with a shorter wavelength (Fig. S20). We found that
the temperature at Py, (Ty,) was nearly constant at 26.2 °C regardless of A of
the incident light (Fig. 3d, blue circles). Consequently, we concluded that the
pump light increased the temperature of VPC-1 via photothermal effect and
induced the release of water, whose wavelength-dependent efficiency was
affected by the absorption coefficient of VPC-1. The IR pulses at Ey, are also
supposed to increase the temperature of VPC-1 to 26 °C.

The H,O desorption kinetics is calculated quantitatively based on the
change in temperature and adsorption isotherm in Fig. S12. The tempera-
ture of VPC-1 increases from 22.6 to 35.0 °C upon irradiation of laser
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Fig. 4 | Film actuation with VPC-1. a Experimental setup for measuring the
transformation of a cellophane film put above VPC-1. b Photographs of the cel-
lophane film bent upward by the moisture from VPC-1. Scale bars: 5 mm. ¢ Time-
course change in the height of the film edge loaded with 0, 10, and 20 mg of silicone
grease (red, blue, and green circles) upon irradiation with the pump light. d Plot of
the bending height of the film loaded with 0, 10, and 20 mg of silicone grease (red,
blue, and green circles) as a function of power density (P) of the pump light.

e Changes of the bending height of the film when repeating the irradiation of pump
light on VPC-1, activated carbon, and silica gel (red, blue, and green circles). f Time-
course changes in the height of the film edge with and without the glass barrier (red
and blue circles) inserted just before turning off the pump light as indicated by a red
arrow. g Photographs of the comb-shaped film. The strips were individually actu-
ated by spotting the pump light at different positions indicated by red arrows.

(A =500 nm) with P of 80.2 mW cm™ and desorbs 2.08 mmol of H,O per 1 g
of VPC-1 at 60%RH according to the H,O isotherm curves (Fig. S12) due to
the decrease of the relative humidity to 29%RH at 35.0 °C. Half of the H,O
desorption completed in 13 sec according to Fig. 3b.

VPC-1 can release and adsorb water repeatedly by turning the
pumping light on and off. We cast a pumping light with P of 72 mW c¢m™ for
15 s with an interval of 15, at which the pump light was turned off. This
cycle was repeated 30 times, and no obvious deterioration in the perfor-
mance was observed (Fig. 3e). VPC-1 reabsorbed water sufficiently just by
lowering Pbelow Py, rather than totally turning off the pumping light. When
we oscillated P between 4.2 and 57 mW cm™ repeatedly, VPC-1 showed
reversible color change (Fig. S21).

Actuation of a film with VPC-1. To demonstrate the utility of VPC-1 asa
light-responsive ultrafast humidifier, we put a thin film of cellophane
above VPC-1 and irradiated the pump light onto VPC-1 from the bottom
with an expectation that the moisture squeezed from VPC-1 instanta-
neously increases the humidity at the bottom side of the film while
keeping the humidity at the top side virtually constant, leading to the
upward bending of the film (Fig. 4a). Upon shining the pump light at

t =0, the film bent upward with a bending angle up to 75° and a height of
12.9 mm (Fig. 4b, c). After turning off the light at £ =155, the bent cel-
lophane eventually turned back to the initial shape in the following 15s
(Fig. 4¢). The film stood still when conducting the same light exposure
experiment without VPC-1 or simply increasing the ambient humidity
(Fig. S22). Thus, we concluded that the moisture provided from VPC-1
was absorbed by the film and lead to the bending through the expansion
of the bottom side of the film.

The force generated by the humidification was large enough to lift an
object put on the cellophane film. As the weight, silicone grease was
mounted on the edge of the film, and the displacement of the film edge was
recorded with a camera (Fig. $23). When 0, 10, and 20 mg of silicon grease
was loaded on the film, the film started to bend in 1, 3, and 5 s after the
photoirradiation and halted the movement at height of 12.9, 9.3, 4.9 mm,
respectively (Fig. 4d). We calculated the maximum lifting acceleration and
force as 4.6 x 10* ms>and 9.1 x 10”° N, respectively (Fig. $24). The power
conversion efficiency from the pump light to the mechanical potential
energy of the weight was 2.7 x 107°% (see Actuation experiments of cello-
phane films with VPC-1 section in Methods for the details of the
calculation).
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As comparisons, we set activated carbon and dye-doped silica gel
instead of VPC-1 and conducted the same experiments. In comparison
to the maximum H,O uptake of VPC-1 (6.3 wt%, 106.4 mL(STP) g™),
both silica gel and activated carbon are known to feature larger H,O
uptake (20-65 and 16-40 wt%) according to literature” >, which we
confirmed by ourselves using the pore & surface analyzer (Supplemen-
tary Data 9 and 12). The experimental values for silica gel and activated
carbon used for the actuation experiments were 481.1, and 473.7 mL
(STP) g'. However, the degree of the bending of the cellophane film was
nearly negligible when using silica gel as a humidifier (Fig. 4e green
circles and S25). Activated carbon, featuring high water adsorption
capacity and photoabsorption efficiency’ ™, was capable of actuate the
cellophane film, but the degree of the bending was ~50% of that achieved
with VPC-1 (Fig. 4e blue circles and S25). Moreover, the degree of
bending became smaller as repeating the experiments, while VPC-1 did
not show any distinguishable change in performance (Fig. 4e red circles).
The decline in the film actuation ability is likely attributed to the slower
H,O adsorption kinetics and associated incomplete H,O uptake within
the interval (45 sec) between each cycle. The actuation speed is also
slower. To quantitatively evaluate the actuation speed, we define the time
constant of actuation as the time required for the film to reach 50% of its
maximum height. Activated carbon induces the bending with a time
constant of 6.8 sec (Fig. $26), while that of VPC-1 is 3.4 sec.

As a further demonstration of VPC-1, we tested the ability as a
humidifier in an open condition. In contrast to the experiments in Fig. 4a, in
which VPC-1 and the film were enclosed in a container to make the
experimental conditions constant, here, we put VPC-1 and the cellophane
film in the ambient atmosphere without any housing. Even in such an open
condition, the film actuation was nearly identical to that observed in the
container (Fig. $27).

We also investigated whether VPC-1 was effective in the de-
humidification. As described above, the recovery of the film to the initial
straight shape was completed within 15 s after turning off the pumping light.
Synchronous to the straightening, the colour of VPC-1 went back to red
rapidly, giving evidence of the re-adsorption of humidity from the atmo-
sphere (Fig. $28). To elucidate the effect of the de-humidification by VPC-1
on the film actuation, we inserted a glass plate (40 x 20 x 1.2 mm) between
the film and VPC-1 just before stopping the light irradiation so that the de-
humidified atmosphere did not approach to the film (Fig. 4f). When the
glass plate barrier was inserted, the recovery of the film shape was slightly
delayed than that without the barrier, whose change was larger than the
error bars (Fig. S29). This result indicates that VPC-1 accelerates the
backward motion of the film.

As the demonstration of the spatiotemporal and remote humidifica-
tion with VPC-1, a comb-shaped cellophane film was prepared and was
actuated like fingers (Fig. 4g). When irradiated with a pump light with d of
1 cm, each strip bent upward individually depending on the spot position.

Conclusions

In conclusion, we found that a van der Waals porous crystal VPC-1 can
retain porosity throughout the transformation of the crystal structure. The
change in conformation and packing was unambiguously visualized by
means of electron and X-ray diffractometry, showing the rotational motion
of the peripheral units of the host molecule. The aromatic pore surface and
the conformational change allowed the guest water molecules to be trans-
ported in the pores at a fast rate (490 us) in response to visible or IR light
irradiation. The humidification of the surrounding atmosphere with VPC-1
was so intense and quick that a cellophane film, put above the powder of
VPC-1, bent upward with the maximum acceleration and speed of 7.3x10™
m s and 1.5x10” m s, respectively. The single-crystal structure revealed
herein provides an insight into how the molecules can move within a porous
crystal that is sustained by van der Waals interactions. This finding suggests
ahuge potential of porous crystals as a quick and intense humidifier that can
be operated remotely. This finding also implies the potential functionalities

achievable by mere stacking of discrete molecules. The molecular design and
bonding chemistry of van der Waals porous crystals are totally distinct from
those of the existing porous crystals and, therefore, will lead to an unpre-
cedented outcome in the future.

Methods

Materials

Chemical reagents were purchased from FUJIFILM Wako Pure Chemical
Corp. and used as received. The activated carbons were purchased from UES
Co., Ltd. G2DBPHZ was synthesized and crystalized to form VPC-1
according to our previous report™.

Electron diffraction

VPC-1 powder was ground gently and transferred into a 1.5 mL glass vial. A
lacey carbon grid was then placed directly into the vial. The vial was shaken,
and the grid was transferred quickly into the sample holder of the electron
diffractometer. Continuous rotation 3D electron diffraction data was
acquired using the dedicated electron diffractometer Rigaku XtaLAB
Synergy-ED, equipped with a HyPix-ED detector by Rigaku. Data acqui-
sition was performed at ambient temperature with an electron wavelength
0f 0.0251 A (200 kV). The data were processed using CrysAlis™ for ED, the
structure was solved using SHELXT and subsequently refined using
SHELXL in the crystallographic program suite Olex2.

Rietveld structure analysis

The powdery specimens of VPC-1 sealed in a glass capillary were exposed to
synchrotron X-ray irradiation at the beamline BL5S2 of Aichi Synchrotron
Radiation Center. Rigid-body Rietveld analysis was carried out for data
using the program SP*. The molecular structure of the without water from
ED was used for the initial model.

Diffuse reflectance analysis

Typically, a 2.0 mg powder of VPC-1 is put on a glass plate and set in a steel
chamber. The top side of the chamber is covered with a thin glass plate to
allow the pumping and probing light to pass through. The chamber is
equipped with an inlet and outlet tubes at both sides for flowing dry/
humidified N, gas at a flow rate of 1 L min™ with humidity varied from
0-95% RH. The pumpinglight for photothermal heating is generated from a
Xenon lamp (Asahi Spectra Co., Ltd. model MAX-350), passes through a
bandpass filter (bandwidth of 25 nm) with its central wavelength varied
from 400 to 725nm, and is cast onto VPC-1 via an optical fiber. The
incident angle of the pump light is orthogonal to the glass substrate, and the
spot diameter (d) is 8 mm, which is nearly same with the area covered by
VPC-1 powder. A green semiconductor laser module (Thorlabs Inc. model
CPS-532, A = 532 nm, output power 4.5 mW, d = 3.5 mm) was used as the
probe light. The probing light was directed diagonal (6 = 35°) to the glass
substrate. The scattering of the probe light was collected with an optical fiber
(Thorlabs Inc. model M25L05, core diameter: 200 um, NA 0.22) set diag-
onal to the substrate (6 = 35°) and diagonal to the plane of incidence of the
pump light (6 =21°), and 2 cm separated from the chamber. The collected
light was transferred to a spectrometer (Teledyne Princeton instruments
Inc. model HRS-300MS-NI-G3) through a bandpass filter (A = 532 nm, full-
width at half-maxima = 3 nm). The humidified gas was generated by bub-
bling N, gas through liquid water and was mixed with the pristine dry N, gas
with a certain mixing ratio, which was tuned by using regulators (KOFLOC
Corp. model RK1650).

Temperature measurement during visible light irradiation
Temperature measurements during the visible light irradiation were per-
formed by embedding a type K thermocouple (ANBE SMT Co. model
KMT-100-100-200, diameter of 200 um) connected to a digital thermo-
meter (Custom Corp. model CT-470) in the stack of a powdery specimen of
VPC-1 (Fig. S19), which was then investigated under the pump light and in
the same humidity control chamber written above.
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Diffuse reflectance measurements with the FEL irradiation

The IR laser pulse was generated from a mid-IR free electron laser (KU-FEL,
Institute of Advanced Energy, Kyoto University)™ with a pulse width of 3 ps,
pulse energy of 0.80-4.2 mJ, spot size of 2 mm, and a repetition rate of 2 Hz.
A wire grid polarizer (Thorlabs, Inc. model WP25H-K) inserted in the FEL
beam path was used for adjusting the pulse energy. A semiconductor laser
(Thorlabs, Inc. model CPS-532, A =532 nm, output power 4.5 mW) atte-
nuated by a neutral density filter with an optical density of 2.0 (Thorlabs, Inc.
model NDUV20A) was used as the probe light. The probe light was focused
on the sample by a plano-convex lens (Thorlabs, Inc. model LA5255, focal
length = 250 mm). The scattered probe light was detected with a photo-
multiplier tube (Hamamatsu Photonics K K. model R1477). A neutral density
filter (Thorlabs, Inc. model ND20A) was used to attenuate the intensity of the
probe light injected into the photomultiplier tube. A bandpass filter (Thorlabs,
Inc. model FL532-3, center wavelength of 532nm, full-width at half-
maximum of 3 nm) was used to selectively measure the reflected probe laser.
VPC-1 was put in a steel chamber with a BaF, glass ceiling to allow IR and
probe light path thorough (Fig. S16). The temperature of the chamber is
stabilized within +0.05 K. The humidity of the flowing gas was regulated with
a water vapor generator (Rigaku Co., Ltd. model HUM-1).

Adsorption rate measurements

The adsorption rate of water vapor in VPC-1 was measured with a
MicrotracBEL Corp. model Belsorp-Max. Temperature of the sample
during adsorption measurements was fixed at 25 °C by circulating water.
VPC-1 was degassed at 50 °C for at least 24 h prior to the measurements.
The adsorption rates were evaluated at 25°C by monitoring the time-
dependent change in pressure after the introduction of a fixed volume of
H,O vapor into the sample chamber, using the BELSORP MAX application.

Actuation experiments of cellophane films with VPC-1
A thin film of cellophane (width of 2 cm, length of 4 cm, and thickness of
30 um) was set at 0.4 cm above 3.0 mg of VPC-1. One end of the film was
fixed to a bank made of glass plates. The other end of the film was not fixed.
Between the banks, two tin wires were bridged so that the film did not bend
downward by the gravity force. The whole setup is placed in a transparent
plastic container (28 x19x 14.5cm), and the pump light with P of
730 mW cm ™ is directed from the bottom side of the container. The white
light generated from the Xenon lamp is cast without using bandpass filters.
The morphological change of the film is observed with a camera set hor-
izontal to the film.

The power conversion efficiency # was calculated based on the equa-
tion below:

mxgxh
1= Pxaxt W
where m is the weight of the loaded silicone grease, g is the gravitational
constant, / is the highest latitude of the lifted grease, P is the power density of
the pump light, A is the spot size of the pump light, and ¢ is irradiation time.

The comb-shaped cellophane film is prepared by cutting a film to have
five strips, each of which has dimension of 10-mm width and 30-mm length
and are connected together at one end. The film is set at 5 mm above VPC-1
cast over an area of 10 mm x 70 mm.

DFT Calculations
All calculations (Supplementary Data 13) were performed at the framework
of the DFT using the CAM-B3LYP” and wB97XD™ functionals together
with the 6-31 G** basis set”*’ as implemented in the Gaussian16"' program.
In line with the experimental crystalline structures, three different
theoretical models have been considered for the GZDBPHZ system in
which the external Cz dihedral angles are kept fixed at 40° while the internal
dihedral angles between the DBPHZ core and the adjacent internal Cz units
vary from 70° in model 1 (as in the crystal obtained under atmosphere with a

humidity of 92%RH) to 45° in model 3 (as in the crystal packing obtained
under vacuum), passing through an intermediate point at 60° (model 2)
taken to illustrate the influence exerted by the rotation (Fig. S6). The cal-
culated frequencies were scaled by a factor of 0.95 to avoid experimental
misassignments. Theoretical IR spectra were obtained by convolution of the
scaled frequencies vs the IR activities with Gaussian functions (4 cm™ width
at the half-height). In this case, CAM-B3LYP functional is found to provide
an improved quantitative agreement with the experimental IR data com-
pared to wB97XD functional.

To evaluate the conformational flexibility of the G2DBPHZ system, we
have performed a rigid potential energy surface scan as a function of the
inter-ring dihedral angle (6) between the central DBPHZ spacer and the
adjacent Cz unit, at the CAM-B3LYP/6-31 G** and wB97XD/6-31 G**
level of theory, respectively, obtaining very similar energy profiles.

For the calculations of aggregates, the wB97XD functional, which
includes an empirical dispersion correction term proposed by Grimme, was
used due to its ability to accurately predict the m-m stacking interactions and
the energies of the weak intermolecular interactions. The aggregation
strength has been evaluated based on the interaction energies of the
supramolecular aggregate (i.e., dimer) with respect to its isolated molecular
constituents, as indicated below: AE = Edimer-2Emonomer.

Data availability

Additional Supplementary Figures, data, and tables supporting the findings
in the main text are available in the Supplementary Information. All data
relating to figures in the main text and Supplementary Information are
available upon reasonable request from the authors. The single-crystal
structure data reported in this article is deposited at the Cambridge Crys-
tallographic Data Center (CCDC) under a deposition number of 2355950.
The data can be obtained free of charge from The Cambridge Crystal-
lographic Data Center via www.ccdc.cam.ac.uk/data_request/cif.
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