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The integration of molecular photoswitches into porous structures enables
fabrication of materials capable of interconversion between two states inherently
linked to the appended molecules. Here, we showcase a flexible porous aromatic
framework constructed exclusively from a bistable overcrowded alkene-derived
molecular photoswitch. The interplay between the framework’s flexibility,
hierarchical porosity, and geometrical changes associated with the isomerization
of the photoswitch results in three distinct porosity states that can be sequentially
interconverted upon the application of physical and chemical stimuli.
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Construction of a three-state responsive framework

from a bistable photoswitch

Jinyu Sheng," ¢ Jacopo Perego,”® Wojciech Danowski,"* Silvia Bracco,”* Shaoyu Chen,’*
Xiaotian Zhu," Charl X. Bezuidenhout,” Simon Krause,'-> Wesley R. Browne," Piero Sozzani,”

Angiolina Comotti,”* and Ben L. Feringa'/-*

SUMMARY

The integration of photoswitchable elements into porous solids
provides fascinating opportunities to modulate material properties.
However, the fabrication strategies of these materials are dedicated
only to preserving the function of the photoswitches in the solid
while introducing new properties beyond those offered by the indi-
vidual components remains challenging. Here, we present a three-
state porous aromatic framework constructed from a bistable
overcrowded alkene-based photoswitch. The framework was fabri-
cated using a Yamamoto coupling polymerization of an engineered
hexadentate monomer to yield swellable and hierarchical micropo-
rous/mesoporous architectures with densely integrated photo-
switches. The interplay of hierarchical porosity, flexible backbone,
and reversible photoisomerization between two isomers generates
three unique and distinct porosity states that can be accessed in
sequence upon application of external stimuli to induce sponge-
like behavior. This material represents a major step toward light-
responsive materials capable of harnessing limited molecular-scale
motion and converting it into an on-demand response over hierar-
chical length scales toward a practical output.

INTRODUCTION

Dynamic porous materials exploit the flexibility of the individual components or the

entire network to give rise to adaptive and responsive structures.’”'? Although

14,1
8, ,St

various degrees of internal dynamics ranging from incoherent rotations o

geared motion'*"® of the building blocks are ubiquitous to any structure possessing

sufficient internal free volume, more complex and controllable structural deforma-

tions are required for practical applications.'’~*° Beyond this uncontrolled dynamic

behavior, the integration of light-responsive artificial molecular switches?'??

machines”*?*?% in porous frameworks’-*?~**

or
allows us to harness their nanoscopic
motion and translate it on demand in a non-invasive manner into the consistent and
predictable change in the material performance under a wide range of external
conditions. The fabrication of light-responsive porous materials allows significant
advantages by alleviating the geometrical constraints associated with photoisome-
rization, although providing sufficient flexibility or free volume to accommodate the
structural changes. Pioneering studies on azobenzenes, dithienylethenes, spiropyr-
ans, stilbenes, and overcrowded alkenes (OAs) incorporated in metal-organic

frameworks (MOFs),>>%7 covalent-organic frameworks (COFs), 3841

and porous aro-
matic frameworks (PAFs)**** proved the feasibility and showed opportunities

offered by this approach, demonstrating modulation of a wide range of properties,

4')

o

THE BIGGER PICTURE
Incorporation of molecular
photoswitches in porous materials
offers opportunities to gain
remote control of their gas uptake
and release properties. These
materials are typically designed to
facilitate isomerization in the solid
by minimizing the interactions
between the embedded switches
and scaffold and consequently
operate by switching between the
two inherent states of the
responsive components. Here, we
demonstrate a porous and flexible
aromatic framework constructed
exclusively from the overcrowded
alkene-derived bistable molecular
photoswitch. The interplay
between framework flexibility,
hierarchical porosity, and
geometrical changes associated
with the photoisomerization
enabled reversible
interconversion of the framework
between three porosity states
orchestrated by the photoswitch.
These results demonstrate that
integration of molecular
photoswitches in solid porous
materials can lead to new
functions beyond those
associated with isolated
molecules in solution.
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such as gas uptake, conductivity, or guest-molecule separation, by isomerization of
light-responsive units integrated in the framework.**~>® In addition, several strate-
gies circumventing the limited light-penetration depth in these materials were
developed yielding systems that undergo facile photoisomerization in isolated crys-
tals, films, and even in bulk materials.?®*%°"°¢*? However, photochemical isomer-
ization in these systems is mostly restricted to the individual responsive units, which
remain independent and reciprocally unaffected; thus, the stimulus is not further
propagated. Consequently, the functionality of the entire system and the perspec-
tives of the materials as actuators were limited. In contrast, the insertion of active
elements in each monomer unit of a 3D network allows the incorporation of multiple
dynamic elements, which could potentially open more accessible states or lead to
the properties beyond those offered by individual elements. Therefore, we envi-
sioned that the monomers displaying intrinsic responsiveness due to the light-driven
isomerization between two distinct configurations, once polymerized, would trans-
mit their stimulated change through the constraints to the overall network. Here,
we present the synthesis of a monomer functionalized with a photoswitch in its
core and two lateral wings to yield a highly porous switchable framework (PSF)
(Figures TA and 1B) collectively responsive to light and capable of switching be-
tween three distinct porosity states orchestrated by the bistable OA-derived
photoswitching monomer units. The designed monomer comprises both the OA
photoswitch and reactive hexabromine functionalized groups that serve as respon-
sive and porogen units (Figure 1B). The ampbhifunctional structure of the monomer
ensures the desired connectivity in the framework and precludes the formation of
phase-separated regions or blocks of switch and porogen, producing a micropore
and a mesopore architecture (state |, Figure 1C). Indeed, we could attain the fully
reversible bulk photoswitching from the stable to the metastable diastereomer
and back to the stable diastereomer using two distinct wavelengths of light, despite
high concentration of molecular switches embedded in the material. The facile back
optical switching was demonstrated for the first time in PAFs, establishing a bench-
mark for the generation of a fully light-controlled PSF materials. The nanoscopic
isomerization process in the solid state induced by irradiation at A = 365 nm leads
to a contractile sponge-like behavior and drives the decrease of gas uptake of
both mesopores and micropores (state ll, Figure 1C). Subsequently, irradiation
with green light (A = 505 nm) induces a photo-reversible expansion of the micro-
pores (state Ill, Figure 1C), whereas the mesoporous region could be entirely regen-
erated by swelling the framework in a solvent and subsequent activation, thus regen-
erating pristine material (state |, Figure 1C). The PSF material acts as a mechanized
nano-sponge switching between three distinct states arising from interactions of the
bistable switch with the highly robust yet flexible architecture that provides sufficient
free volume around the photoswitches to allow for unhindered movement in the
solid state. The present system features various aspects of novelty: (1) one switch
moiety between two porogenic units that ensures well-defined connectivity, topol-
ogy, and stoichiometry (Figure 1A, top), in contrast to framework materials with a
broad range of connectivities, topologies, and defectiveness (Figure 1A, bottom);
(2) the framework architecture is further translated in the distinctly different proper-
ties showing remarkable swelling being a basis for the fully reversible nanosponge-
like behavior; and (3) in addition to the microporosity, large hysteresis in the adsorp-
tion isotherms associated with the mesoporosity, which along with the green-light
responsivity of the photoswitch embedded in the framework, form the basis for
the unique feature of reversible control of three distinct porous states due to the co-
operativity between switch and flexible framework. These findings indicate that the
nanoscopic isomerization of the photoswitch units involves not just the core but also
induces the conformational change of the lateral moieties, triggering the
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Figure 1. Schematic depiction of the material design and interconversion between three porosity
states

(A) Schematic representation of two approaches for the construction of responsive PSFs.

(B) Molecular design of the multi-branch bistable switch and photoisomerization of the
overcrowded alkene core in the porous material between two states triggered by irradiation at 365
and 505 nm.

(C) Schematic representation of the three distinct states of the framework material controlled
reversibly by light and solvent. The micropore and mesopore in the framework can be contracted
by irradiation at 365 nm. Regeneration of micropores can be achieved through irradiation with
505 nm light and of mesopores by solvent-assisted regeneration of the mesopores in the framework
to the initial state.

rearrangement of the flexible framework and leading to the control of nano-sponge
properties.

RESULTS AND DISCUSSION

A hexabrominated monomer 1 featuring an OA core (Figure 2A) was designed as a
precursor with well-defined topology and containing one switch moiety between
two porogenic lateral units, both to generate a highly porous homogeneous aro-
matic framework and achieve a high concentration of photoswitch in the resulting
3D polymer. In contrast to OA-derived molecular motors, monomers 1 and 2 feature
an expanded 6-membered ring upper part that pushes the naphthyl moiety closer to
the fluorene stator, thereby increasing the steric interactions in the molecule to the
point of practical suppression of the unidirectional rotation and thermal isomeriza-
tion. Consequently, 1 and 2 operate as P-type bistable photoswitches, reversibly
switching between stable and metastable diastereomers, with the latter being stable
for several years at ambient temperatures, thereby constituting ideal candidates for
the construction of light-addressable materials. Here, we envisioned that the highly
branched architecture would allow homocoupling of the monomers into the PAF
without the need for additional porogenic units that in turn would maximize the
performance of the material upon light-induced isomerization of the responsive
alkenes. In contrast to statistical co-polymerization of different monomers (Figure 1A
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Figure 2. Synthesis of the building blocks and fabrication of the materials
(A) Synthesis of the multi-branch bistable switches 1 and 2 and structure of TPM-Br,.
(B and C) Synthesis of PSFs by Yamamoto homo- and hetero-coupling reactions.

bottom), homocoupling of a single precursor (Figure 1A top) ensures the desired
and pre-designed connectivity yielding a framework with a precise topology and
therefore a specific property. The OA core S3 was prepared (Figure 2A) by an
improved Barton-Kellogg olefination,®® which enabled large-scale synthesis (1.3 g,
3 mmol) with excellent yield (90% yield, see supplemental information for details).
The key to the improved synthesis was the utilization of electron-donating methoxy
substituents in the 2,7-position of the fluorenone S2 that rendered the thioketone
S2' much more stable in comparison with the dibrominated analog S8’ and facili-
tated scale-up of the olefination in high yield. Subsequently, the designed building
block 1 was prepared in four additional steps involving deprotection and a series of
consecutive palladium-catalyzed reactions (see supplemental information for details
and characterization of new compounds) with excellent yields.

Finally, OA-containing monomer 1 was polymerized into the homogeneous porous
switchable framework (PSF'?°) with controlled connectivity and topology using a Ya-
mamoto homocoupling reaction (Figure 2B), and the solid material was dried and
activated at 85°C under a dynamic vacuum prior to further characterization. In
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Figure 3. Material characterization

(A) Nitrogen adsorption isotherm of PSF'® collected at 77 K. Surface areas as high as 1,679 and 1,482 m?/g were calculated according to Langmuir and
BET models, respectively.

(B) Pore size distribution calculated according to NLDFT theory and carbon slit pore model. The micropore region (pore size below 20 A)is highlighted
in light green.

(C) "*C{"H} CP-MAS solid-state NMR of PSF'® collected with a contact time of 2 ms and magic angle spinning of 12.5 kHz. The spectrum was simulated
by Lorentzian line-shape functions.

(D) SEM image of PSF'00 nanoparticles (scale bars, 5 pm).

(E) TEM image of PSF'00 nanoparticles (scale bars, 50 nm).

addition, two co-monomeric PSF materials were synthesized by hetero-coupling re-
action of tetrakis(4-bromophenyl)methane (TPM-Bry) and 1 in two different ratios
(=10% and 20% mole fraction of 1) to yield PSF'® and PSF?°, respectively, to verify
the impact of the switch loading on the porosity and the magnitude of the light-
induced changes in porosity (Figure 2B; synthetic details and activation procedures
are reported in the supplemental information section procedures for synthesis of
building blocks and materials). Furthermore, frameworks containing tribrominated
OA 2 (Figure 2A) incorporated in the backbone of the framework denoted as PAF-
OA (=10% and 20% mole fraction of 2 PAF-OA'® and PAF-OA?°, respectively)
were prepared as controls to access for the difference in dynamics between back-
bone and pendant incorporation of the photoswitch (Figure 2C).

The remarkable homogeneous framework PSF'® exhibits Langmuir and Brunauer-
Emmett-Teller (BET) surface areas as high as 1,679 and 1,482 m? g~ ', respectively,

and a large specific total pore volume of 1.88 cm®*g ™"

, as determined by the N sorp-
tion isotherms at 77 K (Figure 3A). The PSF'% framework reveals a bimodal pore size

distribution as calculated by non-local density functional theory (NLDFT),
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comprising both microporosity and mesoporosity that highlight a hierarchical archi-
tecture (Figure 3B), further supported by t-plot analysis (Table S7; supplemental in-
formation section analysis of adsorption data: BET, Rouquerol, Langmuir plots and
t-plot analysis). The large hysteresis that closes only at low partial pressures indicates
a sponge-like behavior, in which the architecture may swell due to favorable interac-
tions with the adsorbate and increase the mesopore capacity. Indeed, exposure of
the activated PSF?° to tetrahydrofuran (THF) led to substantial expansion of the ma-
terial (40% relative linear expansion in the glass tube), indicating high flexibility of
the material (Figure S4). Noteworthily, N, sorption isotherms collected at 77 K
with prolonged equilibration times (up to 20 s, Figure S3) revealed the same hyster-
etic loops, indicating that the phenomenon is not associated with kinetic effects but
with the mesoporosity of the framework. Similarly, large adsorption-desorption hys-
teresis loops have been observed in swellable PAF-type materials.**“' Elemental
analysis indicated nearly complete removal of the bromine atoms from the sample,
which is typical for the PAF-type materials fabricated by Yamamoto cross-coupling
reaction owing to the acidic work-up of the product (see Table §3).42:4? Neverthe-
less, the geometrical constraints imposed by the bent photoswitch core likely pre-
vent a quantitative conversion of the bromides to the cross-coupled product.
Instead, defects are formed by proton-termination of triphenylmethane moieties
that may account for the observed large mesoporosity of the material.®’ Somewhat
larger surface areas were produced under the same conditions by co-condensation
of 1 with TPM-Br, monomer: PSF'® and PSF?° (Figure S6) display BET surface areas as
high as 2,260 and 2,040 m? g~" and pore volumes of 2.10 and 2.15 cm® g~ indi-
cating that increasing the monomer 1 fraction does not dramatically reduce the
framework porosity (Figures ST and S2). Noteworthily, the similar shape of N,
adsorption isotherms at 77 K along the expected variations in the BET surface areas
for all the synthesized PSFs indicates that the fabrication procedure yields materials
with predictable and reproducible properties. Considering that the naphthyl moi-
eties of the switch are expected to occupy a substantial part of the potential free vol-
ume, our successful fabrication strategy of highly porous and densely functionalized
frameworks, encompassing monomers designed to form precisely defined branched
networks, represents a major advance in the field of light-responsive porous mate-
rials. '3C cross polarization (CP)-magic angle spinning (MAS) pointed out the con-
nectivity of monomer units and the purity of the samples, proving the effective inser-
tion of the desired molecular species (Figures 3C, S5, and Sé). The stability of the
PSF'%° material was verified by thermogravimetric analysis (TGA) that indicated
high thermal stability with no decomposition over 500°C (Figure S7). Powder X-ray
diffraction (PXRD) showed the amorphous nature of the frameworks (Figure S8), as
expected for a material constructed by an irreversible reaction. Although the Yama-
moto reaction may lead to a certain amount of short-range order and rigidity in pure
PAFs (see Figure S5), the substantial lack of internal order in our materials induces a
beneficial degree of swellability and flexibility to the framework, as testified by the
large hysteresis loop, and promotes a large response upon switch isomerization.
The scanning electron microscopy (SEM) and transmission electron microscopy
(TEM) revealed that the PSFs materials are composed of small spherical nanopar-
ticles of about 20-30 nm (Figures 3D, 3E, S9, and S10).

Photochemical isomerization of the monomer

Monomer 1 undergoes a photochemical isomerization upon irradiation at 365 nm
from the stable to metastable diastereomer and reverts to the stable diastereomer
upon irradiation at 455 nm (Figure 4A). The switching core geometries for both
the stable and metastable structures were optimized by density functional theory
(DFT) on the B3LYP/6-31+G(d,p) level of theory. The double bond twisting angles
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Figure 4. Photoisomerization in the solution

(A) Schematic representation of the structural changes upon photoisomerization of the bistable switch 1 (15t < Tmst) (left panel) and DFT optimized
geometries of the switching core calculated using the B3LYP/6-31+G(d,p) level of theory of both diastereomers (right panel).

(B) Comparison of the aliphatic part of the "H NMR (CD,Cl,, 400 MHz, room temperature [RT]) spectra of 14 (blue spectrum) upon irradiation at 365 nm
(orange spectrum) and concomitant irradiation at 455 nm (light blue, see A for the assignment of the resonances).

(C) Changes in the UV-vis electronic absorption spectra (DCM, 20 uM) of 14 (blue spectrum, 1¢-pristine) upon irradiation at 365 nm (orange spectrum,
15¢-PSS3¢s) and subsequent irradiation at 455 nm (light blue, 15-PSSass).

(D) The comparison of the aliphatic part of the >*C NMR spectra (CD,Cl,, 400 MHz, RT) of the 1, (blue spectra) and 1 (spectrum of the photostationary
state obtained upon irradiation at 365 nm, orange spectra).

(E) Comparison of the Raman spectra (785 nm laser) of 14 (blue spectrum, 1g-pristine) and 1,s: (orange spectrum, 1m,st-PSS345). Spectra were obtained
by drop-casting pristine and irradiated solutions (DCM) onto a quartz substrate.

(F) 2D PES scan shown as a surface plot. Blue indicates low energy, and red indicates high energy. The minimum energy pathway between the stable and
metastable forms is overlaid using green spheres, and the stable and metastable positions are indicated with orange spheres. The scale bar ranges from
0 to 58 kcal/mol.

(G) The energy plot for the minimum energy pathway between the stable and metastable forms, twisting the double bond from 180°(stable) to 10°
(metastable). The blue circles indicate the minima for the stable and metastable forms. The scan coordinates are shown in Figure S35.

are 170° and 27.5° for the stable and metastable isomers, respectively, whereas flip-
ping angles (1 2 3 4) about the naphthalene plane are —=51.1° and 37.5° for the stable
and metastable forms, respectively, which is an 88° flip of carbon 4 around the naph-
thalene plane. This flip can be seen in the overlay of the two phases using the naph-
thalene moiety as a reference (Figures 4A and S36). Photochemical isomerization of
monomer 1 in solution was followed by 'H and '*C nuclear magnetic resonance
(NMR), ultraviolet-visible (UV-vis) electronic absorption, Raman, and infrared (IR)
spectroscopies (Figures 4B-4E, 512, and S13). Irradiation of a dilute solution of 14
in dichloromethane (DCM) at 365 nm led to a gradual bathochromic shift of the
UV-vis electronic absorption spectrum (Figure 4C), which is characteristic of the
photochemical formation of the metastable diastereomer 1 via formal E/Z isom-
erization of the central alkene with a quantitative yield (Figure 4C, orange line). Sub-
sequent irradiation at 455 nm resulted in partial reversion of 1, to the stable dia-
stereomer (Figure 4C, light blue line). Throughout both processes, isosbestic
points were maintained at 385 nm, confirming a clean and unimolecular isomeriza-
tion. Accordingly, characteristic shifts of 'H and "*C NMR resonances were observed
in the NMR spectra of 1 in CD,Cl; upon successive irradiation at 365 nm followed by
irradiation at 455 nm, which allowed us to unambiguously identify and assign the
respective diastereomers.®” The composition of the photostationary state (PSS) es-
tablished upon irradiation at both wavelengths was calculated by integration of
aliphatic resonances in the "H NMR spectrum (Figure 4B). Upon irradiation at
365 nm, a virtually complete photoconversion to the metastable diastereomer
(7:93 of stable:metastable) was reached at PSSzs. In contrast, the selectivity for
the reverse process was found to be modest, and at the PSSss, a lower photocon-
version (58:42 of stable:metastable) to the stable diastereomer was observed (Fig-
ure S12). In addition, the isomerization process of 1 in solution could be conveniently
followed by vibrational (Raman, IR) spectroscopy (Figures 4E and S14). Raman
spectra revealed a distinctive difference in the spectra of both diastereomers in
the region characteristic of central alkene stretching (1,530-1,590 cm™") that were
previously® demonstrated to be diagnostic for isomerization between folded stable
and twisted metastable diastereomers. Similar marked changes were observed in
the Fourier transform infrared (FTIR) spectra between 1,600 and 1,500 cm™', accom-
panied by prominent changes in the IR spectral region characteristic of the aliphatic
C-H stretching (3,000-2,800 cm™"), likely originating from the conformational
change of the 6-membered ring associated with the isomerization (Figure S14).
The photoisomerization process was further studied using DFT (see supplemental in-
formation section computational details for details) by evaluating the ground state
(So) and the relevant excited states. The Sy pathway shows a 32.9 kcal/mol barrier
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from 14 to 1mst, and the latteris 5.1 kcal/mol higher than 14, which supports thermal
back-switching of the metastable to the stable diastereomer (Figures 4F and 4G).
The time-dependent DFT (TD-DFT) simulated UV-vis spectra of the photoswitch
core capture qualitatively the main features of the experimental UV-vis spectra
(Figures 4C, S37, and S38). The simulated spectra show that only the S; and S,
excited states (S—highest occupied molecular orbital (HOMO) — lowest unoccu-
pied molecular orbital (LUMO) and S,—HOMO-1 — LUMO; Figure S37) exist at
wavelengths longer than 365 nm (energy excitation used) for both stable and meta-
stable diastereomers, indicating that these two excited states can participate in the
photoconversion mechanism. Irradiation at 365 nm promotes the forward conver-
sion entering the S; and S, excited states; since the S pathway favors back conver-
sion, the formation of the metastable state can only occur via the S, pathway
(PSS345 = 7:93 of stable:metastable, Figures S38 and S39). Under irradiation at
455 nm, the S; (mst) pathway is selectively excited, promoting the metastable-to-
stable conversion (PSS4s55 = 58:42 of stable:metastable).

Photoisomerization in the solid state

The photoisomerization behavior of the frameworks comprising bistable switch 1
was investigated with UV-vis diffuse-reflectance (DR UV-vis), Raman, DR infrared
Fourier transform (DRIFT) spectroscopies, and 13C solid-state NMR (SS NMR)
(Figures 5B-5D and S21). Characteristic spectral changes were observed upon irra-
diation of the framework PSF' (for PSF'® and PSF?°; see Figures 516, S19, 522, and
S23) that, by comparison to the solution data, allowed us to unambiguously ascribe
the main features due to photoswitching of monomer 1 in the solid state. In the DR

UV-vis spectra of PSF'°

, alarge bathochromic shift was observed upon irradiation of
the material at 365 nm, consistent with the reversible 15y = 1t isomerization (Fig-
ure 5B). Additionally, a new band centered at 1,540 cm ™" was observed in the Raman
spectra of the UV-irradiated PSF'®° material, consistent with the formation of the
1mst diastereomer (Figure 5C). 3C $S NMR spectra recorded for the irradiated ma-
terial revealed upfield shifts of the aliphatic '3C resonances (C, 35.0 ppm — 34.5
ppm and C. 29.3 ppm — 28.5 ppm), in agreement with the corresponding upfield
shifts observed in solution NMR of monomer, unequivocally demonstrating photo-
isomerization of the OA embedded in the framework (Figure 5D; Table S4).

Notably, upon extensive irradiation of PSF'%°

at 365 nm, complete photoconversion
to the metastable diastereomer could be achieved as demonstrated by deconvolu-
tion of the quantitative "*C SS NMR spectra of the bulk solid (within the accuracy of
the method; Figure 5D). Similar to the monomeric 1, dissolved in solution, the
back-switching of the framework could be achieved upon irradiation of the material
at 455 nm with the same moderate photoconversion to the stable diastereomer as in
the solution (Figures S15 and S18). However, we observed that a significantly higher
selectivity of the back-switching photoisomerization could be achieved using a
longer wavelength, i.e., 505 nm as indicated by comparison of Raman and DR UV-
vis (Figures 5B, 5C, 515, and 518) spectra. Indeed, quantitative analysis of the ">C
SS NMR spectra recorded for the PSF'0 irradiated at 505 nm, revealed a PSS
consisting of 87% of the stable isomer: this demonstrates a much higher degree
of photoconversion of the alkene in the framework compared with that achievable
in solution (Figure 5D). This solid-state behavior likely originates from the bathochro-
mic shift of the bands, compared with the monomer 1,5 in solution, in the electronic
absorption spectra of the photoswitch. The red-shifted spectrum of PSF' tails
beyond 500 nm and therefore provides better spectral separation between the
two diastereomers in the framework. Notably, extended (30 min) irradiation of
Tmst at 505 nm in solution led to almost no photoconversion to 14 diastereomer,
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Figure 5. Photoisomerization in the solid
(A) Schematic representation of the photoisomerization of the PSF'%° materials.

(B) Changes in the Kubelka-Munk transformed DR UV-vis spectra of the PSF'% material (blue spectra, PSF1OO—pri5tine) upon irradiation at 365 nm to the
photostationary state (orange spectra, PSF'%°-PSS5,5) and subsequent irradiation at 505 nm to regenerate the stable diastereomer (light blue spectra,
PSF'%°_PSSs0s). The inset shows changes in the Kubelka-Munk function at 420 nm upon multiple isomerization cycles.

(C) Comparison of the baselined Raman (785 nm) spectra of the PSF'0 Fmo—pristine) upon irradiation at 365 nm to the
photostationary state (orange spectra, PSF'0.PSS44c) and subsequent irradiation at 505 nm to recover the stable diastereomer (light blue spectra,
PSF'90.PSS.ys). The inset shows changes in the Raman intensity at 1,550 cm™' upon multiple isomerization cycles.

(D) "*C{"H} CP-MAS solid-state NMR of a pristine PSF'% material (top panel), after irradiation at 365 nm (middle panel) and after subsequent irradiation
at 505 nm (bottom panel). See the isomerization scheme for the assignment of the 3C resonances. Simulated blue and orange Lorentzian functions
represent resonances characteristic of stable and metastable diastereomers, respectively.

material (blue spectra, PS

indicating that this phenomenon is exclusively associated with the solid state. Addi-
tional control experiments on PSF'® and PSF?° frameworks revealed similar green-
light responsivity for the back-switching reaction, showing no dilution dependence
of this phenomenon in the system and that the photochemical behavior of the pho-
toswitch originates from unique interactions within the aromatic framework rather
than from intermolecular interactions between the photoswitches (Figure S16).
The photostability studies, performed by alternating irradiation at 365/505 nm light
irradiation by Raman and DR UV-vis spectroscopies, show negligible fatigue (note
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the incomplete back isomerization in the first cycles), demonstrating the reversibility
and robustness of the light-responsive material (Figures 5B and 5C insets). Further
alternating irradiations at 365/505 nm followed by DR UV-vis spectroscopy revealed
a reduction of efficiency after 15 switching cycles (Figure S40), although the photo-
damage is likely confined to the surface leaving the particle bulk substantially
unaffected as no significant signs of fatigue in the SS NMR spectra (Figure 5D) of
extensively irradiated PSF'®. In contrast, in the case of PAF-OA?° material (see Fig-
ure 2C for structures) surface-sensitive techniques including Raman and DR UV-vis
spectroscopies (Figures S17, S20, 524, and S25) showed only minor changes after
irradiation at 365 nm, whereas the solid-state "*C MAS NMR indicated no changes
between the spectra of pristine sample and material irradiated at 365 nm, thus
excluding any bulk photoisomerization of the switch (Figure S26). The significant
constraints imposed on the photoswitches by the surrounding framework are likely
restricting the photoisomerization in the bulk of the material, consequently resulting
in only minor isomerization on the surface of the particles.”’

The framework materials (PSF'®°, PSF?°, and PSF'°) were subject to gas sorption
experiments after irradiation at 365 nm in the solid state (Figures 6A-6E and S27;

F100

Table S5). Compared with the porosity of the pristine PS material (state 1), nitro-

gen adsorption isotherms of the UV-irradiated PSF'® sample collected at 77 K
showed lower uptake at any partial pressure: the contraction of the accessible
pore volume was evidenced in both micropore and mesopore regions (state I,
10% and 16%, respectively), as estimated from pore volume calculation according
to NLDFT theory (Figures 6A and 6B; Table S5). The reversal of the phenomenon,
corresponding only to the expansion of micropores (state Ill), was obtained by irra-
diation at 505 nm, showing recovery of 95% microporosity and full reversibility of the
on/off switch cycle (Figures 6A and 6B, light blue). Notably, photoisomerization
drives not only the configurational rearrangement of the bistable switch moiety
but also a reversible reorganization of the micropore free volume, likely due to the
memory of the local molecular arrangement of the pristine material.* This indicates
the relevance of constraints to ensure that the switch conformational tension is trans-
mitted to the local environment of the framework and expands the micropores.
Conversely, in the mesopore region manifested at higher gas loading, the porosity
is not entirely recovered upon irradiation at 505 nm, and the photoswitching back
does not bring an efficient full recovery action because a larger conformational
transmissibility through the framework is required (Figure 6D, light blue). The com-
plete reversion to the original state of PSF' (state ) was successfully achieved using
a chemical stimulus, i.e., by soaking in organic solvents (THF/dimethylformamide
[DMF]). The porous material swelled and, after drying, reacquired its maximum ab-
sorption capacity (Figure 6C, green), exhibiting a memory effect by a solvent-assis-
ted regeneration process. Accordingly, PSF'® and PSF?°, with a lower content of
photoswitch, show a comparable lower reduction in the pore volume upon isomer-
ization of the photoswitches (Figures 6E and S28-5S30; Table S5). In fact, by a system-
atic variation of the content of the two building blocks, we can widely tune the con-
nectivity of PSFs and consequently their gas adsorption properties. These results
further indicate the direct relationship between the nanoscale photo-induced pho-
toswitch rearrangement and the bulk contraction of the framework, proving that
the insertion of a large number of the photoswitching moieties constitutes an effec-
tive strategy to modulate adsorption properties (Table S5).

Importantly, in the case of a non-responsive PAF-OA®® framework, significant
changes in N, adsorption isotherms were not observed between pristine and irra-
diated samples (Figure 6F), strongly supporting that the observed modulation in
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Figure 6. Porosity switching in the solid

(A) Ny adsorption isotherms collected at 77 K and up to 0.2 p/p° of pristine PSF' (state |, dark blue circles), after irradiation at 365 nm (state I, orange
triangles), after back optical switch by irradiation at 505 nm (state IlI, light blue diamonds) and solvent-assisted regeneration of PSF'%0 (state I, green
triangles), showing the modulation of nitrogen uptake at low partial pressures.

(B) Modulation of micropore volume related to pores with a diameter below 20 A for PSF'% during the irradiation cycle and solvent-assisted
regeneration process.

(C) N, adsorption isotherms collected between 0 and 1 p/p° at 77 K for pristine PSF' (dark blue circles), after irradiation at 365 nm (orange triangles)
and solvent-assisted regeneration of PSF'% (green triangles).

(D) Calculated mesopore volume of PSF'% over irradiation cycle and solvent-assisted regeneration process (mesoporosity between 2 and 50 nm).
(E) Decrease of the micropore and mesopore volumes of samples PSF'®, PSF?°, and PSF'® after UV irradiation (365 nm). The absolute change in pore
volume correlates with the increased amount of photoswitches in the frameworks.

(F) N adsorption isotherms collected at 77 K of pristine PAF-OA?° (dark purple) and after irradiation at 365 nm (pink). Inset: sketch of the framework with
the bistable switch highlighting its 3-fold connectivity.

the gas adsorption capacity of PSF'?° originates exclusively from the photoisome-

rization of the bistable switch. In particular, this observation, along with the activa-
tion method of the material (see supplemental information of synthetic section),
rules out heating of the material upon irradiation as the source of the observed
performance differences, since the light-induced heat generation should be maxi-
mized in the case of a non-responsive chromophore.”® Overall, these results
highlight the paramount importance of the proper interplay of conformational
freedom in a responsive network necessary to enable hierarchical amplification
from the stimuli-controlled nanoscale motion to the control of the breathing of
the structure. This material displays outstanding surface area and pore volume
among all other photoresponsive porous materials (Table Sé) and reversible bulk
photoswitching behavior in the solid state, setting a benchmark for the design
of photocontrolled porous solids.
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Conclusions

The design-by-purpose hexa-branched molecular-switch monomer allowed for a
novel polymerization strategy, which generates a 3D poly-switch porous frame-
work, wherein each monomer unit has an intrinsic photoswitching element. We
demonstrated that the interplay of the dynamic elements, which is the bistable
photoswitch and flexible backbone, systematically alternated in a robust covalent
architecture realized three vastly distinct states of porosity in the framework that
could be accessed in sequence upon exposure to external stimuli to produce a
complete duty cycle. The large pore volume combined with a hierarchical pore
structure of the photoactive material allowed full optical control over micropore
contraction/expansion cycles. Consistently, contraction of the mesopores was
commanded by optical stimuli, whereas full recovery to the permanent meso-
porosity was assisted by solvent-swelling, regenerating the pristine material. The
densely interconnected covalent network generates unique solid-state interactions
that promoted unprecedented enhancement in the wavelength selectivity of bulk
photochemical isomerization in the porous solid relative to the same switch in
solution.

Control experiments demonstrated the relationship between the switch content and
the extent of the modulation of the adsorptive properties of PSFs and highlighted
the subtle interplay between the optimal degree of freedom of photoswitches and
framework responsivity. Owing to the irreversible nature of the reaction, deviations
from the procedure are expected to yield materials with distinct properties. There-
fore, this approach is versatile and may generate a large family of materials, leading
to frameworks with tailor-made properties for selected applications. These findings
will facilitate the application of these materials in on-command reconfigurable gas
adsorption or separation systems. In particular, the interplay of large hysteresis
between adsorption and desorption branches and light-controlled size of the micro-
pores in our material offers opportunities for the fabrication of on-demand switch-
able membranes for size-selective separation operating at high working capacities.
In addition, further efforts dedicated to the fabrication of optically pure frameworks
based on these inherent helical switches will provide opportunities to explore chi-
roptical switching in solid materials. In a broader context, our work illustrates that
the design and synthesis of proper monomers integrating the light-responsive ele-
ments provide opportunities for the fabrication of flexible porous frameworks exhib-
iting new properties or states emerging from the cooperativity and intimacy be-
tween molecular functions. Future efforts aimed at engineering the intricate
combination of the rigidity and flexibility of the responsive frameworks will allow har-
nessing and amplifying the molecular-scale motion of the light-driven artificial mo-
lecular machines more effectively and ultimately convert it into a plethora of prac-

tical outputs, similar to the operating principle of nanoscopic biological machines.”

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Prof. Dr. Ben L. Feringa (b.l.feringa@rug.nl).

Materials availability
All materials generated in this study are available from the lead contact upon reason-
able request.
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characterization are available in the supplemental information.
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