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Abstract: Incorporation of photoswitchable molecules into solid state materials hold promise
for fabrication of the responsive materials, the properties of which can be controlled on-
demand. However, the possible applications of these materials are limited, due to the
restrictions imposed by the solid state environment on the incorporated photoswitches, which
render the photoisomerization inefficient. Here we present responsive porous switchable
framework materials based on a bistable chiroptical overcrowded alkene incorporated in the
backbone of the rigid aromatic framework. Due to the high intrinsic porosity, the resulting
framework readily responds to a light stimulus as demonstrated by solid-state Raman and
reflectance spectroscopies. Solid state *C NMR spectroscopy highlights efficient and
guantitative bulk photoisomerization of the incorporated light-responsive overcrowded olefins
in the solid material. Taking advantage of the quantitative photoisomerization, the porosity of
the framework, and as a consequence gas adsorption, can be reversibly modulated in response
to light and heat.

Inspired by biological systems, a vast number of artificial molecular machines and switches, capable
of elaborate structural dynamics, have been developed.t* However, in solution stimulated molecular
motion is inevitably overwhelmed by isotropic thermal noise which thereby precludes any form of
collective action and the extraction of macroscopic work, since the molecules behave independently
from one another.>’” On the contrary, solid state organization can translate stimuli-controlled
nanoscopic changes into useful material properties and preludes to practical outputs. Thus, a
challenging endeavour of current research is to organize molecular machines and switches in the solid
state to impede random, thermal motion and amplify mechanical effects along multiple length scales:
this effort requires reliable strategies, allowing for restricting random motion and limiting the degrees

of freedom to selected modes, without impairment of the rotary or switching functions.®*°

One strategy to achieve these goals is the use of solid porous materials*™*® which can incorporate
switchable moieties and provide the free volume essential for unhindered dynamics, thereby serving
as a static scaffold for the flexible components. Indeed, it was demonstrated recently that molecular

rotors'®23, shuttles®, switches®® and motors?® can display their designed motion while incorporated



in porous architectures. The incorporation of photoresponsive molecular switches in solid materials,
on the other hand, opens new opportunities to enrich the properties of these materials in a non-
invasive manner with high spatiotemporal precision.?”?® This notion was illustrated in pioneering
studies on photoresponsive porous solids functionalized with azobenzenes?*=°, dithienylethenes**-4®
or spiropyrans*-! showing photomodulation of gas uptake, diffusion, or guest release. However,
apart from geometrical constraints, the photoisomerization in solids suffers from poor light
penetration depth, and is therefore limited to the near-surface region, while the bulk of the material
remains unaffected, compromising the development and future applications of these materials. As a
consequence, photoswitching in bulk solid materials has only been reported for porous molecular
crystals sustained by soft interactions?® and few flexible MOFs bearing struts derived from
dithienylethenes*?#°, which are prone to efficient light-induced electrocyclization, due to its small
excluded-volume change, even in densely packed molecular crystals.*® Hence, attaining bulk
photoresponsivity, involving large structural motion, in robust solid materials remains a fundamental

challenge.

Chiral overcrowded alkenes constitute a unique class of molecular photoswitches which exhibit a
stereogenic centre in the vicinity of the olefinic bond. The steric congestion present in the system
forces the molecule to adopt helical chirality, which is inverted in the photochemically generated
metastable isomer (Figure 1a).%2°% With appropriate structural modification the thermal stability of
the metastable isomer can be increased by many orders of magnitude up to the point that
unidirectional rotation is inhibited and the molecule can be operated as a chiral bistable switch.>*
Previously, incorporation of overcrowded alkenes in soft matter matrixes®®>-°, or their anchoring to a
surface®® allowed for fabrication of materials showing unique, dynamic properties. Here we report
incorporation of an overcrowded alkene bistable chiroptical switch in highly stable porous organic
frameworks sustained by covalent bonds, herein referred to as porous switchable frameworks (PSFs),
allowing for the switching of porosity and hence gas uptake. The overcrowded alkene was integrated
into the framework backbone via its fluorenyl (stator) moiety, leaving the naphthyl moiety (rotor) as
pendant (Figure 1b). In the resulting architecture, the PSF backbone serves as a rigid scaffold for the
switchable unit, thereby separating rigidity of the framework from the light-controlled large
amplitude motion of the naphthyl moiety of the photoswitch. The high intrinsic porosity of the PSF-
type materials alleviates the constraints imposed by the solid environment on the molecular motion
and allows for bulk photoisomerization in the solid state as well as photomodulation of the materials

porosity.



Figure 1. Photoisomerization of overcrowded olefin-based bistable switch. a Schematic
representation of the structural changes upon photochemical E/Z isomerization of bistable
overcrowded alkene 1 and top view of the DFT (B3LYP/631-G(d,p)) optimized structures of stable
(1st, left) and metastable (1mst, right) isomers. b Schematic representation of photoswitching of
overcrowded alkene 1 in pores of the PSF framework.

Synthesis of Porous Switchable Frameworks. The fabrication of robust porous materials with
overcrowded alkene-based chiroptical switch 1st directly inserted into the framework through
covalent bonds was realized by a Yamamoto cross-coupling reaction. The reaction between a
network-forming tri-dimensional monomer, tetra-p-bromo-phenylmethane (TPM-Brs), and an
overcrowded alkene-based chiroptical switch 1s--Br2 bearing two bromide substituents afforded the
desired frameworks (Figure 2a). The choice of the tetraphenyl methane (TPM) building block was
motivated by the very high pore capacity and BET surface area up to ~5000 m?/g of the TPM-based
framework?*, which we envisaged to be suitable to provide a sufficient free volume for the
isomerization of overcrowded alkene 1 embedded in the solid material. Two porous switchable
frameworks (PSFs) were synthesized by varying the molar fraction of building blocks (TPM and 1)
used during the synthesis of the materials denoted as PSF-1 and PSF-2 (10:1 and 4:1 of TPM-Br4 to
1s-Br2 for PSF-1 and PSF-2, respectively, for synthetic details and characterization, see method
section and supplementary information). The resulting PSFs were stable up to 450 °C, as determined

by thermogravimetric analysis. The Langmuir and BET surface areas were 4545 and 3948 m?/g for



PSF-1 and 1841 and 1616 m?/g for PSF-2 with pore capacity of 2.39 and 0.66 cm®/g, respectively,
while the pore size distribution was centred at about 1.4 nm for PSF-1 and 1.2 nm for PSF-2, as
calculated by non-Local Density Functional theory (Figure S11, Table S1). The homogeneity of the
samples and the molecular composition of the frameworks were established by quantitative 1*C MAS
NMR and the results correspond to the fractions of the building blocks used in the synthesis of the
frameworks (Figure 2b, Figure S13).Thus, the fraction of the switch unit in the PSFs can be modulated
at will, and PSF-1 and PSF-2 were used for further experiments.
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Figure 2. Synthesis of PSF materials. a Schematic representation of synthesis of the PSF-1 and
PSF-2 materials from tetra-p-bromo-phenyl methane (TPM-Brs) and photoswitch 1s-Br2 via
Yamamoto coupling. b Solid state *C MAS NMR (75.04 MHz, 12.5 kHz, recycle delay=100 s)
spectrum of PSF-2 material. ¢ N2 gas adsorption isotherms (77 K) of activated PSF-1 (green trace)
and PSF-2 (blue isotherm). Filled and empty symbols denote adsorption and desorption, respectively.
d TGA profiles of PSF-1 (green line) and PSF-2 (blue line).

Photochemical and thermal isomerization in solution The photochemical isomerization behaviour
of 1s-Br2 in solution was studied with *H and *C NMR, UV/Vis absorption and Raman
spectroscopies. In the *H NMR spectrum, irradiation of 1s-Br2 at 365 nm in CD,Cl. solution resulted
in appearance of a new set of *H downfield shifted resonances, indicating the formation of the
metastable isomer (1mst-Br2) with almost quantitative yield (PSSses 94:6 of 1mst-Br2:1st-Br2) (Figure
3a, see Methods Section for details). Likewise, in the 3C NMR spectrum, a new set of upfield shifted
resonances for carbons Ca (35.6 — 34.6 ppm), and C¢ (30.0 — 28.5 ppm) was observed, in line with
the formation of 1mst-Br2 (Figure 3b). In the UV/Vis absorption spectrum, irradiation at 365 nm led
to a gradual bathochromic shift of the absorption band centred at 366 nm. This shift of absorption is



consistent with the formation of the metastable twisted isomer of the overcrowded alkene-based
photoswitch. During the photo-isomerization, an isosbestic point was maintained at 385 nm,
indicating a unimolecular process (Figure 3c). In the Raman spectrum of 1st-Brz, a band centred at
1582 cm™* is present, characteristic of the stretching of the olefinic bond of the photoswitch 1s-Br.
Upon irradiation of the sample at 365 nm, this band disappeared, while a new broad band centred at
1542 cm?, characteristic of the stretching of the olefinic bond of the metastable overcrowded alkene
- 1mst-Br2 appeared. The reverse 1mst-Br2 — 1st-Br2 isomerization in solution could be achieved by
irradiation of the 1mst at 470 nm upon which the *H NMR resonances of 1s-Br2 reappeared (PSSa47o
97:3 Lst-Br2 to 1mst-Br2) (Figure S2,3) and the original UV/Vis absorption and Raman spectra were
recovered (Figure 3c,d).
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Figure 3. Photochemical isomerization of bistable switch 1 in solution. a Schematic representation
of the structural change upon photochemical E/Z isomerization of overcrowded alkene based bistable
switch 1. b Comparison of aliphatic part of 3C NMR (CD-Cl,, 400 MHZ, See Figure 3a for atom
labelling) spectra of 1st (black spectrum, bottom) and 1mst (red spectrum, top). ¢ Changes in UV/Vis
spectra of 1st (8 uM, DCM) upon irradiation at 365 nm and subsequent irradiation at 470 nm. d
Comparison of Raman spectra (785 nm, 50 mW) of 1st (black solid line), 1mst as a photostationary
state mixture obtained by irradiation of 1st solution at 365 nm (red solid line, PSSses) mixture, and
PSSaes irradiated at 470 nm to recover 1st: (red dashed line, PSS470) mixture drop-casted on quartz
substrate.

Photochemical isomerization in the solid state. The photochemical isomerization behaviour
(Figure 4a,b) of the switch 1 embedded in the solid PSF-1 and PSF-2 frameworks was studied with



Diffuse-Reflectance UV/Vis (DR UV/Vis) and Raman spectroscopies (Figure 4c-f). Upon exposure
to light irradiation, spectral changes almost identical to those found in solution were detected for both
porous materials (PSF-1 and PSF-2) indicating facile photoisomerization of the overcrowded alkene
embedded in the PSFs. In the DR UV/Vis spectra of PSF-1 and PSF-2, bathochromic shifts were
observed upon irradiation at 365 nm and hypsochromic shifts upon irradiation at 470 nm in line with
the light reversible 1mst <> 1st photoisomerization (Figure 4c and d, respectively). Additionally, the
evident colour change from white to yellow of the material exposed to 365 nm light was readily
visible, which is consistent with the bathochromic shift of the absorption spectra of the material
(Figure 4b). For both materials, the alternating cycles of the UV and Visible light irradiations could
be repeated for several cycles without any noticeable sign of fatigue indicating high stability of the
material (Figure 4c and d insets for PSF-1 and PSF-2, respectively). The Raman spectra of both solid
PSFs were dominated by the intense broad band centred at 1610 cm™ characteristic of the C=C
stretching in the aromatic rings, associated with the relatively large fraction of TPM building blocks
in both frameworks. Nevertheless, irradiation of the porous materials at 365 nm resulted in the
expected decrease in Raman intensity at 1582 cm™ and the appearance of a distinctive new band at
1542 cm. Irradiation at 470 nm fully reverted these changes for the PSF-1 framework as the band
characteristic of the 1mst isomer could not be detected in the Raman spectrum, clearly demonstrating
the reversible photoisomerization of 1 incorporated in the solid material (Figure 4e). Conversely, 1
incorporated in the PSF-2 framework showed only a partial back-isomerization to 1st upon irradiation
at 470 nm, as indicated by the incomplete disappearance of the band at 1542 cm™. Complete

reversibility occurred by thermal treatment as shown below.
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Figure 4. Photochemical isomerization studies in the solid state, a Schematic representation of
light-induced structural changes in the PSFs upon isomerization of 1 from stable to metastable isomer,
b Pictures of the PSF-2 material before (left panel) and after (right panel) irradiation at 365 nm for
30 min (power density ~ 20 mW/cm?). ¢,d Changes in the diffuse-reflectance UV/Vis spectra of the
PSFs (PSF-1 - panel ¢, PSF-2 - panel d) materials upon consecutive irradiation at 365 nm followed
by irradiation at 470 nm for 45 min (power density ~ 8 mW/cm?). Pristine materials (black, solid
lines, pristine), photostationary state reached upon irradiation at 365 nm (red, solid line, PSSzss), and
photostationary state reached upon subsequent irradiation of the material at 470 nm (red, dashed lines,
PSS470). The insets show changes in the Kubelka-Munk function at 470 nm over alternative irradiation
cycles. e,f Changes in the Raman spectra (785 nm, 50 mW) of PSFs (PSF-1 - panel e, PSF-2 - panel



f materials consecutive irradiation at 365 nm followed by irradiation at 470 nm. Pristine materials
(black, solid lines, pristine), photostationary state reached upon irradiation at 365 nm (red, solid lines,
PSSass), and photostationary state reached upon subsequent irradiation of the material at 470 nm (red,
dashed lines, PSS470). The insets show changes in the area of the band centred at 1547 cm™ over
alternative irradiation cycles.

Solid state *C MAS NMR has proven to be a technique sensitive to the structural changes occurring
to the individual components of the framework at a molecular level, thus providing a precise tool to
quantify the extent of photoisomerization in the bulk of the material. For the solid state NMR studies
the PSF-2 framework was chosen owing to its higher content of the photoswitch 1, which facilitated
quantitative analysis of the spectra. To this end, the PSF-2 material was irradiated at 365 nm with
low power density (~3 mW/cm? for 54 h) and 3C MAS NMR spectra were recorded. Upon irradiation
of PSF-2 at 365 nm similar changes to those observed in solution were recorded, that is, the upfield
shift of the resonances of the carbons Ca (35.0 — 34.1 ppm), and C. (29.2 — 28.0 ppm) (Figure 5b).
This similarity to the solution studies allowed us to unequivocally ascribe these changes to
photochemical formation of the metastable isomer (1mst) embedded in the framework, in agreement
with DR UV/Vis and Raman spectral data (Figure 4). Deconvolution of the spectrum and integration
of the resonances originating from the respective diastereoisomers (Figure 5b middle panel, Table
S4) showed that the photostationary state achieved upon irradiation of the bulk material (93:7 of
Imst:1st) is as high as that in solution (94:6 of lmst:1st). This observation is remarkable as bulk
photoswitching of solid materials have been previously reported only for flexible MOFs containing
dithienylethenes derived struts*?#> and porous molecular crystals sustained by weak van der Waals
interactions.?® Upon irradiation at 470 nm, the metastable form reverted only partially to the stable
form as determined by solid state NMR (Figure S15, Table S4) and in accordance with Raman
spectroscopy results; however, upon thermal treatment, the metastable isomer could be quantitatively
converted into the 1st, as shown by the recovery of the original 3C MAS NMR spectrum (Figure 5b
right panel).
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Figure 5. a Schematic representation of the structural changes of 1 (1st) (left) incorporated in the
PSF-2 framework upon irradiation at 365 nm (1mst) (middle) and subsequent heating (1st) (right). b
Changes in the 3C{*H} CP-MAS NMR spectra of the PSF-2 framework at each stage of the structural
transformations, pristine (left), after photoisomerization (middle) and thermal annealing (right).

Gas adsorption experiments. We anticipated that the accessible volume of the framework would be
reversibly changed during the overall stable-metastable-stable isomerization sequence and therefore,
gas adsorption experiments were performed. Indeed, N2 adsorption isotherms at 77 K revealed a
striking reduction of the pore volume between pristine and irradiated PSF-2 material, which accounts
for 20% at p/p°=0.6 (Figure 6). This value was confirmed by CO; adsorption isotherms at 195 K
(from 500.2 to 402 cm®/g STP, Figure S12). Furthermore, this phenomenon was reversible after
heating of the irradiated material, as demonstrated by N. adsorption isotherm (Figure 6c). The
differences in the observed porosity of the material upon isomerization of 1 can be rationalized by
the volume change that the switch occupies in the framework upon photoisomerization. The structures
and geometries of both stable and metastable isomers were optimized by DFT on the B3LYP 6-
31G(d,p) level of theory. While the stable isomer adopts a folded conformation in which both methyl
and naphthyl substituents are located on the same side of the central olefinic bond, the steric
congestion in the metastable isomer forces the molecule to adopt a twisted conformation. As a result
the dihedral angles between substituents of the central double bond increase from 13.4° and 14.4° in
1st to 25.2° and 27.3° for 1mst. Based on these results, we hypothesized that the photogenerated Imst
occupies larger volume in comparison to 1st due to the mismatch of the twisted conformation with
the surrounding framework, thus partially reducing the accessible volume of the pores and the gas

uptake.
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Figure 6. Switching of the gas adsorption properties. N2> adsorption isotherms of the PSF-2
framework at 77 K of the pristine material (a, blue isotherm), after irradiation at 365 nm for 54 h (b,
red isotherm) and heating (c, blue isotherm). The filled and open circles denote adsorption and
desorption isotherms, respectively.

Conclusions In conclusion, we have developed a convenient strategy in which overcrowded alkene
based photoswitches are covalently incorporated in solid and robust porous materials. Two porous
switchable frameworks consisting of a tetraphenylmethane moiety (TPM) and various amounts of
photoswitch were obtained by the formation of carbon-carbon bonds, such that the switch is an
intrinsic part of the framework itself, without reducing its interconversion efficiency. The great
stability of the solid state framework, combined with the dynamics of light-responsive switches were
proven to modulate gas sorption, yet retaining high porosity in each respective geometry. Such unique
prerogative of high porosity for both states of the bi-stable switch, provided by our strategy of using
highly porogenic tetraphenylmethane building blocks, was crucial for unhindered reversible
photoisomerization in the solid state. Combining Diffuse-Reflectance UV/Vis and Raman
spectroscopies, it was demonstrated that the chiroptical switch embedded in the porous framework
maintains its function and can undergo frequency-dependent isomerization upon exposure to light.
Furthermore, solid-state NMR studies performed on the framework with higher photoswitch content
showed that the photostationary state ratio of the chiroptical switch 1 inserted in the framework, as
established in the solid sample upon exposure to UV irradiation, is essentially the same as the one
reached in solution. These findings are highly remarkable since the values of the photostationary state
previously reported for bulk solid materials had never been as high as in solution. Furthermore, the
porosity and gas uptake of the PSF-2 material can be reversibly modulated with light and heat. The
novel prototypical material allow us to envision the generation of responsive properties of practical

utility, such as the regulation of adsorption on command. Indeed, our findings open up opportunities



to apply these novel materials, among others, in controlled gas uptake and release, as well as

switchable size-based or enantiomer-based®? separations technologies.
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