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Abstract

The incorporation of molecular machines into the backbone of porous framework
structures will facilitate nano actuation, enhanced molecular transport, and other out-of-
equilibrium host-guest phenomena in well-defined 3D solid materials. In this work, we
detail the synthesis of a diamine-based light-driven molecular motor and its incorporation
into a series of imine-based polymers and covalent organic frameworks (COF). We study
structural and dynamic properties of the molecular building blocks and derived self-
assembled solids with a series of spectroscopic, diffraction, and theoretical methods.
Using an acid-catalyzed synthesis approach, we are able to obtain the first crystalline 2D
COF with stacked hexagonal layers that contains 20 mol-% molecular motors. The COF
features a specific pore volume and surface area of up to 0.45 cm? gt and 604 m? g%,
respectively. Given the molecular structure and bulkiness of the diamine motor, we study
the supramolecular assembly of the COF layers and detail stacking disorders between
adjacent layers. We finally probe the motor dynamics with in situ spectroscopic
techniques revealing current limitations in the analysis of the these new materials and
derive important analysis and design criteria as well as synthetic access to new

generations of motorized porous framework materials.

Introduction

Light-driven molecular motors have emerged as promising platforms to achieve
stimuli-responsive motion at a molecular scale. % 345 6 Incorporating these into porous,
heterogeneous structures promises new generations of dynamic, light-responsive, smart

materials with unique properties that allow control over molecular motion in their



surrounding space and pore volume.”:& 9 10.11 Maximizing dynamic effects and achieving
molecular motion along length scales to create nano- or macroscopic function requires
specific designs and diverse conditions, which is a challenging area of contemporary
research.> 12 13, 14,15 16 Besides the control of molecular dynamics, cooperative
interactions on a spatiotemporal level and structural aspects of the matrix are also critical
design criteria. These include the ratio of dynamically active and passive components in
confined space, the three-dimensional structure, adaptivity of the matrix and sufficient
void space.

High packing densities of bistable rotaxanes!’ and catenanes embedded in self-
assembled monolayers'® 1% 20 and polymers?! result in a significant decrease in the rate
of rotational and translational motion. Similar effects were observed for the intramolecular
rotational motion of molecular motors embedded in polymers” 2?2 or grafted onto
surfaces?® 24, Strategies to avoid these effects include incorporation into low-viscous
fluids®®> 26 as well as spatial separation by co-assembly or immobilization of molecular
motors into the backbone of porous frameworks® and polymers.?’ In particular, the latter
is a critical innovation towards the transfer of controlled motion of a molecular machine
onto a guest species.?® The Feringa group recently demonstrated that light driven
molecular motors can be embedded in the backbone of metal-organic frameworks by
applying a motor-based stator unit.2 The rotational frequency of the molecular motors in
these nanoporous crystals did not change compared to the molecules’ behavior in
solution, indicating that the rotor units perform unrestricted motion. In principle, the pore
space allows for dynamic confinement effects and unusual transport or adsorption

phenomena.?® Castiglioni and Feringa et al. demonstrated that the porosity of a



nanoporous polymer with backbone-embedded, light-driven molecular motors changes
reversibly upon irradiation as a result of photoswitch dynamics.?’ In a computational
study, Kolodzeiski et al. predicted collective dynamics of framework-embedded molecular
motors3® and Evans et al. were able to show that such properties can lead to activated,
directed transport of a confined fluid mimicking a macroscopic pump.3! A critical design
criterion of such activated directed transport is the presence of pore channels in which
the fluid is confined and translational motion is forced in a preferred direction.

A class of materials that feature such intrinsic pore channels and combines it with
exceptional structural tunability are 2D Covalent Organic Frameworks (COFs).3? The
unique properties, such as high porosity, large surface areas, light-absorption, and
ordered structuring, are combined within a crystalline polymeric material. COFs have
been used for diverse applications, including gas storage and separation, sensing,
electrochemical energy storage, and heterogeneous (photo)catalysis.33: 34 35, 36, 37,38, 39

Recently the incorporation of light-responsive moieties in COFs has gained interest
for modifying their properties, e.g. pore-accessibility, by external stimulation. To this end,
various polymers*® and COFs comprising azobenzene-*! 42 or dithienylethene-switches*3
as building blocks have been synthesized. Apart from these switches, rotaxanes have
also recently been introduced into COF-like polymers.** 45 A major challenge in these
structures is the compromise between structural complexity, functionality and crystallinity
of the material,*¢ with a loss of structural order evident in the X-ray diffraction pattern and
low surface area with geometrically or chemically complex building blocks.** 45

Herein we detail design principles and synthetic strategies of COFs featuring

backbone-embedded light-driven molecular motors. To the best of our knowledge, this is



the first report of a light-driven molecular motor covalently incorporated in 2D COFs, in
which both crystallinity and porosity are preserved. We synthesize a new diamine light
driven molecular motor and investigate its dynamics with in-situ spectroscopic methods.
By utilizing different reaction conditions, we synthesize amorphous polymers as well as
crystalline 2D COFs, constructed from this diamine molecular motor via imine
condensation. The structural features of the self-assembled frameworks with respect to
composition, local and long-range structure, structural disorder, and porosity were
investigated. We elucidate the stacking mechanism of adjacent 2D layers in the
framework and examine the motor behavior with FT-IR, Raman and UV/Vis spectroscopy.
From this, we derive design principles and methodologies that in the future will help to

establish dynamic COFs to be used as light-responsive smart materials.

Results

The rotational cycle of overcrowded alkene-based molecular motors consists of
four distinct steps.*” 48 First, the C-C double bond connecting the two halves of the
molecule functions as the rotary axle. It undergoes an E-Z isomerization upon irradiation
with light in the UV/Vis region. The molecule adopts a metastable state, in which the
methyl group of the upper half (Figure 1a, orange) converts from a pseudo axial to an
energetically less favored pseudo equatorial position. Subsequently, the molecule relaxes
through a thermal helix inversion, completing a 180° rotation. This step is irreversible, in
contrast to the double bond isomerization step in which a photochemical equilibrium is
established. The thermal helix inversion therefore ensures the unidirectionality of the

motor rotation. The half-life of the metastable state is furthermore the main determining



factor for the rotational speed of the motor. Repetition of the photochemical and thermal
steps fulfills a full 360° rotation (Figure 1a).

Depending on the structural features of overcrowded alkene-based molecular
motors, their properties like absorption wavelength, rotational speed, or thermal half-life
of the metastable state can vary tremendously.® The half-life of the metastable state is
primarily determined by the ring size of the two moieties connected by the central C-C
double bond. For our studies, we chose a synthetically easily accessible molecular motor
structurally related to the MOF-embedded, pyridine-derived motor detailed by Danowski
et al.® This molecular motor features a half-life in the range of minutes to be able to
conveniently study the rotation at room temperature.*®

Imine based dynamic covalent chemistry®® 5! has emerged as the most popular
handle for making functional COFs,>? as boronic acids are prone to hydrolysis.>® This
approach requires amine or aldehyde-based building blocks and we selected the aniline-
based bisfunctional molecular motor 1 (Figure 1a, R = NH2) as a suitable building block
for the synthesis of COFs and 1,3,5-triformyl benzene (3) as the aldehyde counterpart
(Figure 2a).

In order to study framework formation and properties independent of molecular
motors, we chose to establish a structurally similar dimethyl fluorene spacer without motor
functionality. This spacer mimics the lower half of the motor (Figure 1la, blue), also
allowing integration of both molecular building blocks within the same framework. Co-
condensation in a single framework® enhances the free space in which the motor can

rotate.
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Figure 1: (a) Configurational changes upon photoswitching and thermal helix inversion of motors 1 and 2. (b) UV/Vis
absorption spectra upon irradiation of motors 1 and 2 in acetonitrile at 5 °C. The initial absorption spectra are shown in
dark blue. The red spectra correspond to the photostationary state (PSS) at 395 nm for motor 1 and 365 nm for motor 2.
The spectra after thermal helix inversion (THI) are shown in light blue. (c) *H NMR spectra of motors 1 and 2 in the
dark (blue) and after irradiation (red) in deuterated benzene at 10 °C. Spectra of the PSS show an additional set of
signals for the metastable states (grey). (d) Raman spectra (785 nm) of motor 2 in toluene in the dark (blue), after
irradiation with 365 nm (red) and after thermal helix inversion (light blue).

Synthesis and Characterization of the Building Blocks

The amine-functionalized spacer 4 and motor 1 were synthesized following a convergent
strategy. A motor precursor was synthesized in a Barton-Kellogg olefination between the
respective thioketone and 2,7-dibromo-9-diazafluorene following our reported

procedure.® The amine functionality in the motor 1 was subsequently introduced in a

Suzuki-cross coupling reaction with 4-aminophenylboronic pinacol ester (for synthetic



details, see Supplementary Information). The same procedure was followed to afford the
amine-functionalized spacer 4. A model imine compound 2 (Figure 1a) was prepared and
investigated additionally to study the rotary behavior of the motor 1 after imine
condensation in solution. This model compound also mimics the chemistry of the motor
and local molecular sterics when incorporated into the backbone of the COF. The model
compound 2 was prepared by reaction of the amine building block 1 with benzaldehyde
in toluene with 3 A molecular sieves.
The light-induced rotational behavior of molecular motors 1 and 2 was monitored in situ
using UV/Vis absorption and proton nuclear magnetic resonance (*H NMR) spectroscopy
(Figure 1b, c, d). We additionally investigated a solution of imine functionalized motor 2
by Raman spectroscopy to probe the dynamics of molecular motors in solution and in the
solid state as previously shown for MOFs.8 1!
A solution of amine functionalized motor 1 in acetonitrile initially shows a local absorption
maximum at 400 nm (Figure 1b). Upon irradiation at 395 nm at 5 °C, a new band with a
bathochromic shift formed at 450 nm, indicating the formation of a metastable state
typically observed for second generation light-driven molecular motors.* An isosbestic
point at 415 nm indicates that a single step process takes place (Figure S2). Relaxation
of the sample at 5 °C after irradiation led to the reversible recovery of the stable isomer.
Eyring analysis yielded an activation barrier for the thermal helix inversion of 87.9 kJ/maol,
which corresponds to a thermal half-life of the metastable state of 8.6 min at 20 °C (Figure
S2).

A solution of imine functionalized model motor 2 in acetonitrile exhibited a

absorption maximum at 360 nm, and irradiation at 365 nm led to the formation of a new



band at 440 nm, indicating the formation of the metastable state, while maintaining an
isosbestic point at 420 nm (Figure 1b, S3). The stable state was fully recovered after
relaxation in the dark for approximately 2 h (Figure S26). The activation energy of the
thermal helix inversion was determined to be 88.3 kJ/mol, which corresponds to a thermal
half-life of the metastable state of 10.3 min at 20 °C (Figure S3). Based on this analysis
we have confirmed both motors 1 and 2 to exhibit light-responsive rotational dynamics
that are observable under ambient conditions.

The nature of the isomers formed was further investigated by *H NMR
spectroscopy (Figure 1c). Solutions of both motors 1 and 2 dissolved in deuterated
benzene were irradiated in situ at 10 °C. Irradiation of motor 1 at 385 nm led to the
formation of a new set of signals, indicating the formation of the metastable isomer at a
photostationary state with a ratio of 54:46 (metastable:stable). Leaving the sample at
10 °C without irradiation led to recovery of the initial spectrum of the stable state (Figure
S23, S24). Imine functionalized motor 2 was irradiated at 365 nm and reached a ratio of
22:78 (metastable:stable) at the photostationary state. After leaving the sample at 10 °C
in the dark, the spectrum of the stable state was fully recovered (Figure S25, S26).
Investigation of motor 2 by Raman spectroscopy in toluene showed the appearance of a
band at 1550 cm™ upon irradiation at 365 nm, which is typical for the stretching of the
central C-C double bond of the metastable isomer (Figure 1d).5® The band diminishes
while leaving the sample without irradiation at room temperature, demonstrating
reversible thermal helix inversion. The energy barriers for the thermal helix inversion of
metastable motors 1 and 2 are in line with values computed by DFT (Table S2 and S3).

In both cases, the geometry of the fluorenyl moiety, which is embedded in the framework



backbone, undergoes only a minor deformation upon isomerization and should allow
rotation while preserving the framework. The imine functionalized motor 2 has a half-life
of several minutes at room temperature (Figure S3, S26), which is ideal to follow the
motor rotation at room temperature in solution and in the solid framework. Motor 2
however, exhibits a less favorable ratio between the stable and metastable state at PSS,
with a preference towards the stable state. DFT studies show that the lower halves of the
building blocks are bend by ca. 18° (Table S4) and the motor adds structural complexity
and bulkiness, making their condensation into a crystaline COF challenging.
Consequently, we followed two different approaches for the condensation of building

blocks into COFs.
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Materials Synthesis

The amine building blocks were condensed with 1,3,5-triformyl benzene (3) under either
of two reaction conditions. Reaction of the building blocks 1 and 4 with 1,3,5-triformyl
benzene (3) with Sc(OTf)s catalysis®® 5’ in mesitylene:1,4-dioxane (1:4) at room
temperature led to fast precipitation of an amorphous, polymeric material. Three different
polymers with varying amount of motor were prepared: a pure motor polymer (muoo-P), in
a 1:1 ratio with the spacer (mso-P), and a pure spacer polymer (mo-P). After the
condensation, the materials were washed with ethanol and centrifuged several times to
remove residual building blocks and dried with supercritical CO2. The formation of the
imine backbone of the polymer and the consumption of trisaldehyde 3 and amine building
blocks 1 and 4 is confirmed by Fourier transform infrared (FT-IR) spectroscopy, showing
the characteristic imine band (vc=n) at 1623 cm™ (Figure S4). All three IR spectra show
similar bands in the finger-print region, underlining the structural similarity of the polymers.
Solid-state nuclear magnetic resonance spectroscopy (ssSNMR) was performed to confirm
the incorporation of the building blocks and preservation of motor integrity within the
polymer backbone. The *3C ssNMR spectrum of mo-P shows three characteristic signals
for the imine carbon atom (156.4 ppm), the aliphatic bridging atom (48.3 ppm) and the
methyl groups (28.3 ppm) (Figure S27, S28). mioo-P shows two characteristic peaks in
the aliphatic region at 41.6 ppm and 18.2 ppm and a broad signal at 148.5 ppm for the
imine carbon (Figure S29, S30). The two sets of signals can be identified in the spectrum
of mso-P confirming that both building blocks are incorporated within the polymer and the
motor molecules are intact (Figure S31, S32). X-ray powder diffraction (XRPD) revealed

that all three materials are missing long-range order with only the mo-P exhibiting a single
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broad, poorly defined reflection at 26 = 2—4° (Co-Ka1), indicative of only weak structural
coherence within the material (see Figure S13). These findings are consistent with the
low Brunauer-Emmett-Teller (BET) surface areas of 25.3 m2 g™ (mwoo-P) and 10.2 m? g*
(mso-P) for the motor containing polymers, and moderate values of 713 m?g™ for the
pure-spacer polymer mo-P, probed by N2 sorption analysis at 77 K (Figures S39-S41,
S44-S46). Furthermore, the total pore volumes for these materials are 0.04 cm3g™2,
0.03cm3g™t and 0.42 cm3g™t, respectively, showing porosity only for the non-motor
containing polymer mo-P. However, given the lack of long-range order, the local molecular

environment in these polymers is unknown.
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Figure 2: (a) Synthesis of m20-COF from mixtures of spacer and motor building blocks with triformylbenzene (3) under
solvothermal conditions. (b) Transmission electron microscopy (TEM) image of m20-COF with visible pore channels
along [00I] pointing towards the surface of the spherical particle (blue inset). Fast Fourier transformed (FFT) insets
show a hexagonal pattern (red box, viewing direction [00I]). (c) XRPD pattern and unit cell parameters of m2o-COF
obtained by Pawley refinement with a simplified unit cell proxy model (see Table S1) (d) 3C-CPMAS ssNMR spectrum
of m20-COF containing signals of the motor and spacer building blocks. (e) N2 adsorption isotherm of m20-COF.

To realize a porous, motor-containing material, we made use of an orthogonal
solvothermal synthesis approach with aqueous 6 M acetic acid as catalyst to enhance
crystallinity.>® With this approach m20-COF was crystallized from motor 1 and spacer 4
amine building blocks (4:1 molar ratio) and 1,3,5-triformyl benzene (3) in mesitylene as
the solvent at 110 °C for 72 h (Figure 2a). This ratio of spacer and motor building blocks

refers to a statistical loading of 1.2 motors per hexagonal pore in two layers, and thus

ensures free void for the motor rotation. XRPD with Co-Ka1 radiation shows two Bragg-
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like peaks at 26 = 2.6° and 5.3°, indexed as 100 and 200 reflections using a crystalline
eclipsed stacked structure as a proxy model (Figure 2c, S12) (space group P 6;/mcm).
This supports the in-plane order of the layers, in spite of the random motor distribution. A
Pawley refinement gives unit cell parameters a = b = 42.8 A (Figure 2c). Notably, due to
the absence of any stacking reflections, the cell parameter c could not be refined and was
fixed to an arbitrary value of ¢ = 7.1 A, representing the calculated value of the lowest
energy unit cell model (Table S1).

The absence of amine (vn-H) stretching bands in the FT-IR spectrum and the
presence of the imine bands (ve=n) at 1623 cm™ indicate condensation of the framework
as previously described for the amorphous polymer (Figure S6). 13C cross-polarization
magic angle spinning (CP-MAS) ssNMR spectra support this finding as well, showing a
characteristic signal for the imine carbon at & = 154.6 ppm (Figure 2d, S36). Additional
signals in the aliphatic region were assigned with the aid of H/'3C heteronuclear
correlation (HETCOR) spectroscopy (Figure S37) and correspond to the spacer
(6 =46.5, 26.6 ppm) and the motor unit (& =41.9, 26.6, 17.8 ppm) incorporated into the
framework. $3C direct-excitation (DE) experiments (Figure S38) were carried out to obtain
guantitative information about the motor/spacer ratio in the material. The signals at
O = 26.6 (spacer), and 17.8 ppm (motor) in the *C-DE spectrum were found to be
sufficiently resolved (Figure 2d) and reveal a motor content of approximately 20% relative
to spacer units (1.2 motors per pore in two layers). This value matches well with the
theoretical content of 20%, indicating quantitative incorporation of the motor building block
into the COF (relative to the starting ratio). Scanning electron microscopy (SEM) images

show spherical, intergrown particles sized between 150 and 300 nm in diameter (Figure
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S51) with uniform crystallinity and visible pore channels along [00l] as evident from
transmission electron microscopy (TEM) analysis (Figure S52). The hexagonal pattern of
the fast Fourier transformed TEM image (Figure 2b) further corroborates the symmetry
and unit cell parameters obtained from Pawley refinement of the XRPD data. We
performed N2 adsorption experiments to gain insights into the porosity of m2o-COF. From
the adsorption isotherms a BET surface area of Sgetr = 604 m? g™ (0.45 cm® g~ total pore
volume) and an average pore size of 2.7 nm was observed, derived by the QSDFT model
for cylindrical pores (Figure S42, S47, S49). Interestingly, the value found for the average
pore size is rather small and would be expected to be significantly larger than 3 nm for an
idealized eclipsed stacking, compared to COFs with similar topology and lattice
parameters.®>® Recent reports showed weak interlayer interactions to cause a decrease in
apparent pore diameter in similar COFs, 1 due to a poor registry of the layers in the
stacking direction.5? As this property also depends on the orientation of the building blocks
in neighboring layers, we modeled different orientations of the amine building blocks in
the framework and additionally assessed the local structure with the help of pair
distribution function (PDF) analysis.®?

Since the large majority of the m20-COF backbone consists of the spacer building
block, we chose to simplify structure modeling by omitting the motor moiety in the model
(Figure 3). A closer look at the molecular structure of the spacer building block (Figure
2a) reveals two characteristics of the amine building-blocks that can influence the layer
stacking: the curvature of the linker and two benzylic methyl groups of the
dimethylfluorene core, oriented perpendicularly to the aromatic system. These factors

have a profound effect on the relative orientation of the building blocks in a condensed

15



three-dimensional structure (Figure S10). The steric demand of the methyl groups (and
in the case of motor 1 the rotor parts alike), pointing into the interlayer space, can
complicate the structure’s ability to lower its energy based on the optimization between
n- interactions and dispersion forces.%* % This is particularly the case in structures with
a parallel spacer orientation (Figure 3a), rendering parallel models energetically
unfavorable.®® With an antiparallel orientation of the unit, a regular conformation of the
imine linkages is equally needed to construct evenly shaped pore channels, but due to
the curvature of the fluorene unit, the imine conformation also determines the possibility
for sufficient stacking interactions across the layers.®” 68 69 70 This constraint led to the
development of three possible unit cell structure models, which differ mainly in their imine
configuration (Figure S11). A comparison of the total energies, obtained from Forcite
geometry- and cell optimization in Material Studio, revealed the most favorable model
with antiparallel stacking of the fluorene core and synchronized imine bonds pointing
away from the dimethyl group (AA-1_EE, Table S1) combining the least interlayer steric

repulsion with best stacking interactions.
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spacer moiety with respect to the imine bond configuration in a condensed framework. The antiparallel EE model
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offset scenarios in 2D honeycomb layered COFs are shown to demonstrate the specific impact of different relative
stacking offsets on the PDF profile (U11= U2z = 1.0 AZ; Usz = 0.05 A2).

We employed PDF analysis on X-ray total scattering synchrotron data (Figure 3b,
S17) to gain further insights into the local and intermediate length scale structure of the
framework. The experimental PDF profile shows characteristic sharp peak profiles for
atom-pair distances below r =5 A, provided by intralayer molecular connectivity, and a
sloping baseline (> 5 A) indicative of intralayer pore-pore correlations. Unlike other 2D

COFs, interlayer correlations are not observed, indicating the relationship between the
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stacked, and even neighboring layers is not coherent, due to a broadened distribution of
interatomic distances between neighboring layers.6> 7 Hence, a good qualitative
agreement to the simulated pair distribution functions (AA-1_EE model) is obtained by
implementing large atomic displacement parameters in the [001] direction (Us3),
simulating different levels of reduction in interlayer coherence (Figure 3b). This
agreement is not noticeably impacted if the motor unit is considered in the structural
model, indicating that the motor units cannot be distinctly resolved without long-range
ordering, since the bond distances in the motor units are too similar to the backbone of
the material (Figure S16).

Simple models have been developed to demonstrate how the interlayer correlations are
modified to understand the absence of any stacking reflection (00l) and associated
correlations of interlayer density.”? These are illustrated for the associated layered
honeycomb structures in Figure 3c. In these models, large atomic displacement
parameters (Ui1, U22) have been applied to wash out specific atom-pair correlations,
resulting in effectively continuous density honeycombs. A shift from eclipsed to slipped
stacking, for example, results in a broadening and effective shift of the interlayer density
distribution (the distance of closest approach between neighboring branches does not
change, but the maximum distance increases), while a staggered relationship decreases
the amount of nearest neighbor correlations but maintains the second neighbor
correlations still sitting in an eclipsed position. With completely randomized layer offsets,
the intensity of the interlayer peaks for the model are substantially diminished, but still
present due to the remaining equidistant spacing and thus cannot explain the absence of

interlayer correlations as experimentally observed for m20-COF. However, in the
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presented material conformational distortions are expected to be coupled with offsets,
thus allowing the atoms in the layers to also move off their ideal positions in the stacking
direction, resulting in a distribution of different interlayer distances. The combination of
both offsets and conformational flexibility can lead to the extinction of the interlayer
coherence, and no modulation in stacking density remains. This is further supported by
simulated diffraction patterns for m2o-COF as a function of randomized layer offset
magnitude (lateral) and interlayer displacement parameter using DIFFaX”® (Figure S53).
This is in contrast to continuous layered materials like graphite, because interlayer offsets
lead to a wider distribution of possible interlayer interaction environments due to the
intrinsic porosity in the layers. In certain cases, with drastic offsets and additional factors,
e.g. flexibility, causing out-of-plane distortions of the layers, this effect can lead to a
practically X-ray amorphous, non-porous structure.’* However, in the case of m20-COF,
interlayer offsets and conformational distortions only decrease the apparent pore-
diameter, while retaining an overall porous framework, as probed by Nz sorption
experiments.

Additional materials with 0%, 5%, and 10% motor-content (mosii0-COF) were
prepared under identical synthetic conditions as spectroscopic reference materials for
COFs without motor-units (mo-COF) and with reduced pore-occupancy. Notably, these
materials showed essentially identical XRPD patterns and FT-IR spectra to m20-COF
(Figure S7, S14). Due to the absence of motor units, mo-COF exhibited a slightly
increased BET surface area and pore volume of 938 m2g™ and 0.63cm3g™,

respectively, and pore diameters of 2.9 nm vs. 2.7 nm in m20-COF (Figure S47-50).
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This comprehensive analysis suggests that additional functional groups (methyl or
motor) drastically impact the formation of ordered layered COF materials. Nevertheless,
the residual porosity and pore channels may in principle allow for movement of the rotor
units and potential intra-framework dynamic processes.

Irradiation of Solid-State Materials

In situ Raman spectroscopy of the dried powdered materials under irradiation was
carried out to investigate light-driven dynamics of the molecular motors in the polymers
and COFs. In previous reports on metal-organic frameworks, this technique enabled the
detection of light-stimulated formation of the metastable isomer as well as the thermal
relaxation of the metastable state of the motor after photoexcitation.® ' With a half-life of
10.3 min for the imine functionalized motor 2, the isomerization process is expected to be

observable at ambient temperature as confirmed by the switching of the motor 2 in toluene

(Figure 1d).
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Figure 4: Raman spectra of the imine motor 2 as a thin-film (a), mso-P (b), and m20-COF. The thin-film of the molecular
imine motor 2 was recorded at 785 nm and irradiated at 365 nm with a UV-LED. Raman spectra of mso-P (b), m20-COF
and mo-COF (c) were recorded with a Raman laser at 355 nm for simultaneous excitation of the motor.

To identify motor-related signals in the Raman spectra, polymers were initially

measured at 785 nm (Figure S8). Primary signals at 1590, 1305, 1153 and 1178 cm™ for
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all polymers were identified. The motor containing polymers mso-P and muioo-P additionally
show weak bands at 1517, 1370, 1268 and 1115 cm™, attributed to the molecular motor.2
Due to the absorption of the motors, Raman measurements at 355 nm allowed for the
simultaneous Raman scattering and excitation of the motor within the materials with a
more intense light source (Figure 4b, c). Under these conditions, however, an irreversible
decrease in signal strength and signal broadening occurred, identical to the behavior of
a thin-film of the molecular imine functionalized motor 2 irradiated with a 365 nm LED
(Figure 4a). This irreversible change of the spectrum caused a total loss of signals
assigned to the motor moiety and thus prevents a detailed study of the rotary behavior of
the motor in the material.

Raman spectra at 785 nm of the COF samples show similar signals as the
polymers (Figure S9). The spectra of all COF samples are almost identical irrespective of
the amount of motor integrated in the material. Signals referring to the motors cannot be
identified likely because the motor concentration in the materials is below the limit of
detection. Nonetheless, a spectrum of m20-COF was recorded at 355 nm and again a loss
in signal intensity as well as broadening was observed during prolonged irradiation
(Figure 4c). A comparison of the Raman spectra of mo-COF and m20-COF under
irradiation shows that this observation is independent of the motor content, and occurs
similarly with the amorphous polymers. To understand the unexpected intensity losses
during the Raman measurements, we conducted additional experiments to probe
changes in the chemical and long-range order. FT-IR spectra of the imine motor 2 thin
film and m20-COF (Figure 5a,b) show drastic changes for the molecular thin film 2 already

after 5 min of irradiation with a UV-LED at 365 nm, whereas the spectrum for m2o-COF
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remained essentially unchanged even for prolonged irradiation (Figure 5b). The
appearance of an intense, irreversible signal centered at 1697 cm™, attributed to an
aldehyde C=0 vibration, shows that the molecular imine motor 2 readily hydrolyzed under
irradiation of a desolvated thin film. On the other hand, this is not observed for the porous
framework, highlighting an increased hydrolytic stability of the imine if incorporated in the

condensed COF-network.
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Figure 5: FT-IR spectra of a thin film of the imine motor 2 (a) and m20-COF (b) under prolonged irradiation at 365 nm
(UV-LED). Grey area highlights appearing C=0 vibrations during irradiation of imine motor 2. Direct reflectance UV/Vis
spectra (c) and XRPD patterns of m20-COF before and during irradiation (>1.5h) at 365 nm are shown. The patterns
are stacked with an arbitrary offset to aid visibility.

Similar to the FT-IR spectra, UV/Vis absorption spectra and XRPD patterns of

m20-COF (Figure 5c,d) do not indicate any long-range structural changes or
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decomposition of the material even under irradiation at 365 nm with an LED for several
hours. We thus attribute the observed intensity loss during Raman measurements to local
heating effects under high intensity, focused light irradiation of the Raman laser. However,
changes in the local structure, such as interlayer slipping/layer bending, or even local
decomposition, perhaps driven or enhanced by local heating effects, may also occur and
remain invisible to the available analytical techniques. Whereas these data clearly
demonstrate the increased stability of the molecular building blocks in the condensed
COF materials under irradiation, they also highlight that the applied spectroscopic and
diffraction techniques are not sensitive to monitor motor excitation in the solid state at low
motor loadings and consequently low fraction of the metastable state, emphasizing the
need for local structural probes, such as PDF, to pinpoint the effects of interlayer shifting

or strain formation on rotor dynamics.

Conclusion

Herein we present the first example of a molecular motor integrated within the backbone
of an imine-based polymer and mesoporous COF using a novel diamine light-driven
molecular motor. We detail synthesis strategies to enhance crystallinity by using an acid
catalyst under solvothermal conditions and demonstrate that the motors are preserved
under such harsh reaction conditions. Using a wide range of methods such as FT-IR,
NMR, SEM, TEM, XRPD, PDF, DFT and nitrogen adsorption, we detail the composition,
porosity, molecular, and framework structure of a series of motorized polymers and
COFs. For these model compounds we identified two major challenges, which make the
integration, operation and observation of light-driven molecular motors and in general

photo-responsive molecules in 2D layered covalent organic frameworks non-trivial:
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sensitivity of analytical techniques towards low concentration of light-responsive
functionality, and structural disorder induced by the interaction of adjacent layers.

In a 2D COF, curved building blocks such as motor 1 and spacer 4 affect the self-
assembled structure drastically. The curvature results in different conformational
combinations, which reduce the average periodicity of the stacked layers. The
conformation of the imine linkage as well as the steric demand of perpendicularly oriented
methyl groups or rotor parts in spacer 4 and motor 1, respectively affect the stacking
additionally. This has detrimental influence on interlayer stacking correlations and the
available pore volume, yet the pore size distribution is still found to exceed the radius of
motor rotation. However, intermolecular interactions from adjacent layers may hamper or
restrict motor movement even if commonly applied benchmarks for accessible void
indicate otherwise. We thus conclude that local structural characteristics, such as
interlayer interactions and stacking offset, which are invisible to most employed analytical
methods, need to be considered to establish unrestricted motor dynamics in porous
layered solids.

Regardless of these structural influences, the available analytical techniques
including solid state NMR, FT-IR, and Raman spectroscopy did not allow us to draw a
definite conclusion on the rotation ability of the motor in the solid polymer and COF
materials. In the presented COF materials the motor signals could not be detected due to
the low concentration in the solid. An increased motor content in these layered materials,
however, concomitantly reduces the available pore void and thus interferes with the free
rotation of the motor units. Our study thus highlights that new analytical techniques with

high local sensitivity and in-situ operation have to be developed to study the behavior of
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motor dynamics in this class of porous materials further. Advanced in-situ sSNMR
techniqgues under irradiation with abundant heteroatoms like fluorine and also
13C enriched motor units may enable to observe the rotation of embedded motors in these
materials — if considered with structural characteristics, e.g. interlayer interactions and
stacking offset, arising from the stacked layers. We envision that such analytical tools will
also allow studies of interlayer dynamics and dynamic host-guest properties caused by
the light-responsive dynamics of framework-embedded molecular motors. The synthetic
procedures and in-depth structural characterization demonstrated herein provide access
to these materials as model compounds. These findings can furthermore be used for in
depth molecular dynamics simulations to probe design criteria for the operation of light-

driven molecular motors in porous solids.
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