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ABSTRACT: The ability to dynamically control chirality remains
a grand challenge in chemistry. Although many molecules possess
chiral isomers, lacking their isolation, for instance during
photoisomerization, results in racemic mixtures with suppressed
enantiospecific chiral properties. Here, we present a nanoporous
solid in which chirality and enantioselective enrichment is induced
by circularly polarized light (CPL). The material is based on
photoswitchable fluorinated azobenzenes attached to the scaffold
of a crystalline metal−organic framework (MOF). The azobenzene undergoes trans to cis photoisomerization upon irradiation with
green light and reverts back to trans upon violet light. While each moiety in cis conformation is chiral, we show the trans isomer also
possesses a nonplanar, chiral conformation. During photoisomerization with unpolarized light, no enantiomeric enrichment is
observed and both isomers, R and S cis as well as R and S trans, respectively, are formed in identical quantities. In contrast, CPL
causes chiral photoresolution, resulting in an optically active material. Right CPL selectively excites R cis and R trans enantiomers,
producing a MOF with enriched S enantiomers, and vice versa. The induction of optical activity is reversible and only depends on the
light handedness. As shown by first principle DFT calculations, while both, trans and cis, are stabilized in nonplanar, chiral
conformations in the MOF, the trans isomer adopts a planar, achiral form in solution, as verified experimentally. This shows that the
chiral photoresolution is enabled by the linker reticulation in the MOF. Our study demonstrates the induction of chirality and
optical activity in solid materials by CPL and opens new opportunities for chiral resolution and information storage with CPL.

INTRODUCTION

Chirality is a central motif in nature and enantioselective
molecular interactions are fundamental in biology, medicine, as
well as agriculture.1−4 Controlling chirality is crucial in many
chemical processes, such as for directing the structure and
functionality of various molecular assemblies.5−8 In contrast to
the use of chemical stimuli for chirality control,5,8 the
application of light as signal allows very fast remote switching
with high spatial resolution. Thus, dynamic chirality control by
molecules that undergo reversible isomerizations upon light
irradiation is highly attractive. Different molecules with chiral
and photoresponsive moieties have been shown to switch
between different chiral isomers.9,10 As examples, the chirality
of metal complexes was controlled by unidirectional molecular
rotary motors based on chiral overcrowded alkenes,11 and
chiral diarylethene compounds were used for photoswitchable
chirality transfer.12 In addition to switching the products in
asymmetric catalysis, switching the chirality can also be used to
switch the spin selectivity.13 In these demonstrations, chiral
moieties need to be installed within the photoswitchable
molecules.
For starting with achiral materials and avoiding (initially)

chiral moieties, a promising approach of inducing chirality and
switching between different chiral isomers is based on the

irradiation with circularly polarized light (CPL). CPL, as chiral
electromagnetic radiation, can selectively interact with chiral
molecules. This is used in circular dichroism (CD) spectros
copy for the enantiomer determination by enantioselective
excitation and light absorption of right and left CPL. The
selective excitation of chiral enantiomers by CPL has proven to
be an effective means to induce enantioselective enrichment in
asymmetric catalysis.14−16 Enantioselective enrichment in
prochiral photoswitchable compounds, such as azobenzene
dimers and overcrowded alkenes, has also been realized by
CPL.17−21 For inducing chirality in materials, CPL has been
used for rotating domains in polymers and liquid crystals.22−25

The control of the chirality by CPL in solids, in particular in
crystalline or nanoporous materials, has not yet been
demonstrated.
The realization of solids with CPL induced chirality requires

the incorporation of photoresponsive26 molecules in the
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material without loss of molecular functionality. This can be
realized by using metal−organic frameworks (MOFs).27−29

MOFs are composed of organic ditopic or higher topic linker
molecules connected by metal nodes. Using light responsive
linker molecules can result in photoswitchable MOFs. The
remote control of various MOF properties, including color,
uptake, and diffusion as well as electronic and protonic
conduction, was demonstrated for the material in the form of
powder and thin films, illustrating that MOFs are indeed an
attractive platform for photoswitchable materials.30−35 Using
the light responsive MOF material in the form of thin films has
the advantage that the entire material is irradiated and the
properties can be investigated by chiroptical methods in
transmission mode.36,37 For MOFs and other coordination
networks, chirality transfer by means of chiral guest molecules
in the pores or by chiral solvents during the synthesis was used
to induce chirality in initially achiral frameworks.7,38−41

Recently, it was demonstrated that the isomerization of achiral
photoswitches induced by unpolarized light results in changes
of the enantioselective adsorption properties in chiral MOFs.42

There, the chirality of the material was not affected.
Photoswitching of the chirality of the framework material
itself has however not yet been demonstrated.
Here, we demonstrate the chirality induction in initially

optically inactive crystalline nanoporous materials by using
CPL. The material is based on MOFs with photoswitchable
fluorinated azobenzene moieties, which can be reversibly
switched by irradiation from their trans to their cis
configuration with green light and vice versa using violet
light. Upon irradiation with right or left CPL, this means

clockwise or counterclockwise rotating CPL, bands in the CD
spectra emerge, proving that the material becomes optically
active. The induction of the optical activity is reversible and
only depends on the handedness of the light. By detailed
calculations, the molecular structure was unveiled and the
observed CD bands can be assigned to the R and S forms of
the cis and trans azobenzene isomers. While each individual
molecule in the cis form is obviously chiral, we found that the
trans azobenzene isomers in the MOF also adopt a nonplanar
chiral form. To the best of our knowledge, this is the first
demonstration of chirality induction and switching by CPL in
solid materials.

EXPERIMENTAL SECTION
SURMOF synthesis: the thin MOF films were prepared in a layer by
layer (lbl) fashion, resulting in surface mounted metal−organic
frameworks (SURMOFs).43,44 In detail, the pillared layer
Cu2(F2AzoBDC)2(dabco) SURMOFs were synthesized by alter
natively immersing a quartz glass substrate in the ethanolic solutions
of the metal nodes (1 mM copper(II) acetate, Alfa Aesar) and of the
organic linkers (0.2 mM 2 ((2,6 difluorophenyl)diazenyl) tereph
thalic acid, referred to as F2AzoBDC with the synthesis described in
ref 45 and 1,4 diazabicyclo[2.2.2]octane, dabco, from Merck KGaA).
The SURMOFs were prepared in 20 synthesis cycles. Prior to
synthesis, the quartz glass substrate surface was cleaned by UV/ozone
for 25 min. For the IR experiments, the samples are grown on gold
substrates functionalized with a 11 mercapto 1 undecanol self
assembled monolayer (MUD SAM). The lbl syntheses were
performed by a dipping robot.46 More details on the SURMOF
synthesis can be found in ref 43.

The Cu2(F2AzoBDC)2(dabco) powder MOF was prepared
following a standard solvothermal method.47 A mixture of copper

Figure 1. (a) Sketch of the Cu2(F2AzoBDC)2(dabco) SURMOF with the fluorinated azobenzene side groups that can be switched with light of 530
nm from trans (left) to cis (right) and back with 400 nm. One F2AzoBDC linker molecule is shown next to the MOF unit cell. Carbon atoms are
shown in gray, oxygen in red, copper in orange, fluorine in light blue, and nitrogen in blue. Hydrogen atoms have been omitted. (b) The XRD of
the SURMOF compared with the calculated XRD of the targeted structure. The diffraction peaks are labeled. (c) UV−vis and (d) infrared
reflection absorption spectra (IRRAS) of the SURMOF in the thermally relaxed state (black), where all azobenzene groups are in the trans state,
upon irradiation with green light (green) and upon violet light irradiation (violet). For comparison, the UV−vis spectra of the linker in ethanolic
solution are given in the Supporting Information (see Figure S1). (e) CD spectra of the SURMOF irradiated with unpolarized green and violet
light, resulting in the trans rich (violet) and cis rich (green) states.
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nitrate (Cu(NO3)2·3H2O, 347.9 mg, 1.44 mmol), F2AzoBDC (441.4
mg, 1.44 mmol), and dabco (80.8 mg, 0.72 mmol) was dissolved in
DMF/ethanol (1:1 in volume, 200 mL) and kept at 100 °C for 48 h.
The obtained MOF crystals were washed twice with DMF and n
hexane and dried in dry nitrogen and stored under inert conditions.
X ray diffraction (XRD) measurements in out of plane geometry

were carried out using a Bruker D8 Advance diffractometer with Cu
anode and a wavelength of λ = 0.154 nm.
Scanning electron microscopy (SEM) and energy dispersive X ray

spectroscopy (EDX) images were recorded with a TESCAN VEGA3
thermionic emission SEM system. The parameters are shown in the
images in Figures S2 and S3.
Infrared spectra were recorded using a Bruker Vertex 80 Fourier

Transform Infrared Reflection Absorption Spectrometer (FT IRRAS).
The spectra were recorded in grazing incidence reflection mode at an
angle of incidence of 80° relative to the surface normal.
UV−vis transmission spectra were recorded with a Cary5000

spectrometer from Agilent.
Solid state circular dichroism (CD) spectra of the SURMOF

samples (i.e., Figures 1e, 2, 3, 6, and S7) were measured with a Jasco
J 810 spectropolarimeter at room temperature. Spectra recorded for
pure quartz glass plates (which were also used as the substrates for
SURMOF thin film preparation) were used as reference background.
Spectral scans were run from 600 to 180 nm in 0.5 nm steps using a
20 nm min−1 scan speed, a 4 s response time, and a spectral
bandwidth of 1 nm. The circular quartz glass plate with the deposited

SURMOF sample was fixed perpendicular to the incident light beam
on a rotation stage with a computer controlled stepping motor.48 To

Figure 2. CD spectra of the Cu2(F2AzoBDC)2(dabco) SURMOF
irradiated with right and left CPL of 530 nm (a) and 400 nm (b)
wavelength. The spectra upon right CPL are shown as solid lines, the
left CPL as dotted lines. The black lines in both plots are the spectra
of the sample upon irradiation with unpolarized light of 530 nm (a)
and 400 nm (b).

Figure 3. (a) CD spectra of the Cu2(F2AzoBDC)2(dabco) SURMOF
irradiated with right and left CPL of both wavelengths simulta
neously, i.e., 530 and 400 nm CPL combined (8 mW cm−2 at 400 nm
and 5 mW cm−2 at 530 nm). The spectrum upon right CPL is shown
as a solid line, and the left CPL spectrum is shown as a dotted line.
(b) Spectra of the absorbance differences of left and right CPL, as
measured by CD spectroscopy, divided by twice the total absorbance
for the sample upon irradiation with right CPL of 400 nm (violet),
530 nm (green), and combined (orange). The maximum,
corresponding to the enantiomeric excess in the photostationary
state (eePSS), is 0.106% for orange, 0.089% for violet, and 0.035% for
green. See Figure S8 for the corresponding UV−vis spectra. (c) CD
spectra of the SURMOF during thermal relaxation at room
temperature in the dark. Immediately upon mixed (green and violet
light) left CPL (black), after 3 days (red), 7 days (green), 2 months
(blue), and 13 months (violet). The inset shows the maximum at 340
nm versus time.

https://pubs.acs.org/doi/10.1021/jacs.1c01693?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c01693?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c01693?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c01693?fig=fig3&ref=pdf


reduce artifacts due to linear dichroism or birefringence arising from
imperfections in the sample or in the substrate (e.g., by slight vertical
misalignment of the substrates or by strain in the quartz glass
substrate), spectra were recorded every 45.0° of rotation of the sample
around the light beam axis (i.e., 0°, 45°, 90°, 135°, 180°, 225°, 270°,
and 315°) and averaged.49 Absorption flattening artifacts were
avoided by depositing only 20 layers of the SURMOF on the quartz
glass substrate leading to absorbance values < 1, and potential light
scattering issues were minimized by placing the sample at a distance
of ∼1 cm, i.e., as close as possible to the photomultiplier tube (PMT)
detector of the J 810 spectropolarimeter to collect all forward
scattered light.
Solid state CD measurements of Cu2(F2AzoBDC)2(dabco) MOF

powder deposited by spin coating of a MOF suspension on the
substrate, or of SURMOF reference samples without photoswitches,
were performed in the same way.
The linear dichroism (LD) measurements of the SURMOF sample

were also performed with the Jasco J 810 spectropolarimeter. There,
the sample was not rotated. Linearly polarized light for the sample
irradiation was produced by using a linear polarizer from Thorlabs.
The sample was irradiated with light of 400 and 530 nm for 20 min
each.
Solution CD (or liquid state CD) measurements of the SURMOF

dissolved in organic solvent or of the pure F2AzoBDC linker in
ethanol solution (Figures 6 and S1b) were performed using a 1 mm
quartz glass cuvette (SUPRASIL, Hellma Müllheim) using the same
data acquisition parameters as described above.
The light irradiation of the sample was performed with LEDs from

PrizMatix with wavelengths of 400 and 530 nm and maximum light
power of 24 mW and 52 mW, respectively, corresponding to
intensities of 8 and 17 mW cm−2, respectively. The light intensity can
be attenuated by a potentiometer at the LED box. For circularly
polarized light (CPL) irradiation, right and left circular polarizers
from Thorlabs were used. For all photoswitching processes, the
samples were irradiated for 90 min, which is much longer than the
time required for realizing the equilibrium state under similar
conditions in previous studies, typically 5 to 10 min.35,50 This
means it is sufficiently long enough for reaching the photostationary
state. All CD and UV−vis spectra (Figures 1c,e, 2, and 3) were
obtained with one sample and subsequent irradiations. These spectra
were reproduced with many other samples. All experiments were
performed at room temperature.
Computational methods: all structural optimizations were performed
using the Amsterdam Modeling Suite (AMS 2019).51,52 The
stereoisomers of the F2AzoBDC molecule (Figure 4a−c) were
optimized at the DFT level, using the dispersion corrected B3LYP
D3(BJ) hybrid functional, Slater type all electron basis sets of TZP
quality, and the implicit solvation model COSMO with ethanol as a
solvent. Two MOF model structures, denoted R,S trans MOF and
R,S cis MOF, were optimized in periodic boundary conditions (pbc)
at the DFTB level using the GFN1 xTB method. The atomic
positions were allowed to relax, while keeping the lattice parameters
fixed at the experimental values. Finite cluster models were then cut
from the optimized MOFs, such that each cluster model contains four
copper paddlewheels linked via four F2AzoBDC linkers, two of those
representing the R (trans or cis) enantiomer and the other two, the S
(trans or cis) enantiomer (Figure 4d,e). UV−vis and CD spectra of
the F2AzoBDC stereoisomers and the MOF cluster models were
calculated using the sTD DFT method as implemented in Orca
4.2.1.53 In the preceding ground state calculations, we used the
dispersion corrected RS hybrid functional CAM B3LYP D3(BJ), with
def2 SVP basis sets and def2/J auxiliary basis set, and the RIJCOSX
approximation for the Coulomb and the HF Exchange integrals. More
computational details are described in the Supporting Information.

RESULTS AND DISCUSSION

The Cu2(F2AzoBDC)2(dabco) SURMOF thin films with a
pillared layer structure were prepared on quartz glass
substrates in a layer by layer fashion. The X ray diffraction

(XRD) data, Figure 1, show the films are crystalline having the
targeted structures. In addition, the data show that the
SURMOF films are grown in the [001] direction perpendicular
to the substrate surface. Scanning electron microscopy (SEM)
as well as photo and optical (microscopy) images are shown in
Figure S2. The optical images show that the sample has a
homogeneous (macroscopic) morphology. The SEM images
show that the film is composed of many different intergrown
crystallites and crystalline domains. The SEM images also show
that the MOF film homogeneously covers the substrate with
only a few pinholes. The film’s thickness is approximately 0.2
μm. Elemental mapping via energy dispersive X ray spectros
copy (EDX) shows the homogeneous distribution of the
significant elements, i.e., Cu, N, F and C, see Figure S3. The
vibrational spectrum of the sample (Figure S4) also verifies the
composition of the SURMOF film.
First, the photoisomerization with unpolarized light from a

green (530 nm) and a violet (400 nm) LED was investigated.
The UV−vis spectra of the SURMOF sample measured in the
transmission mode show that the π π* band at 330 nm
decreases upon green light irradiation and increases again upon
subsequent violet light irradiation. In addition, the n π* band

Figure 4. Stick representations of the molecular (a−c) and periodic
(d,e) structure models of cis and trans stereoisomers of F2AzoBDC.
The R and S enantiomers of the cis form (a), the nonplanar R and S
trans conformations (b) and the trans planar conformation (c) were
optimized as free molecules at the B3LYP D3(BJ)/TZP/COSMO
EtOH level of theory, using ADF 2019.51 The dashed lines in (a) and
(b) represent the mirror planes. The R,S trans MOF (d) and the R,S
cis MOF (e) cluster models were cut from pbc optimized R,S trans
MOF and R,S cis MOF, respectively, each containing equal amounts
of the respective R and S conformers. The MOF structures were
optimized using the GFN1 xTB method within the AMS 2019
driver,51 while keeping the lattice parameters fixed at the experimental
values. Color code: Cu, orange; F, green; O, red; N, blue; C, gray; H,
white.
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at approximately 450 nm shifts to shorter wavelengths upon
irradiation with green light and to longer wavelengths after
irradiation with violet light. Both findings are clear indication
for green light induced trans to cis photoisomerization and
violet light induced cis to trans, in agreement with previous
work.35,50 This is also in agreement with spectroscopic
investigations of similar F2 azobenzene molecules in solution
showing wavelengths for the π π* excitation of the trans isomer
at 309 nm and about 280 nm for the cis isomer as well as for
the n π* transition of the trans isomer at 451 nm and at 419
nm for the cis isomer.54

The CD spectra of the SURMOF upon irradiation with
unpolarized green or violet light reveal no bands (Figure 1e).
This shows that the SURMOF films are optically inactive and
possess no (overall) chirality. The absence of chirality was
expected since the MOF is composed entirely of achiral
components.
The photostationary state (PSS) was further quantified by

infrared reflection absorption spectroscopy, IRRAS. Initially,
the sample is in the thermally relaxed state, that is 100% trans.
The IRRA spectra (Figure 1d) show that upon green light
irradiation a PSS is reached where 15% of the azobenzene
moieties are in the trans state, this means 85% cis. This state is
referred to as a cis rich state. Upon violet light irradiation, a
PSS of 87% trans and 13% cis is reached, referred to as a trans
rich state. We like to stress that the PSS is a result of
permanent light induced trans to cis and cis to trans isomer
ization, where the PSS value at a given wavelength is given by
the absorption cross sections σ and the quantum yields Φ, i.e.,
PSStrans = σcisΦcis→trans/(σtransΦtrans→cis + σcisΦcis→trans). This
means under both green and violet light irradiation, both trans
to cis and cis to trans photoisomerizations occur, however, with
different probabilities. The situation becomes more complex
for CPL irradiation of a chiral sample since the absorption
cross sections of the S and R isomers differ from each other.
In the following, the SURMOF sample is irradiated with

CPL. The CD spectra of the (initially optically inactive, trans)
sample irradiated with right CPL and with left CPL of 530 nm
wavelength, resulting in cis rich states, are shown in Figure 2a.
The CD spectra show a clear Cotton effect, indicating optical
activity of the material. In addition, the bands of the sample
upon right CPL irradiation are opposite to the sample upon
(subsequent) left CPL irradiation.
The CD spectra of the sample irradiated with right CPL and

left CPL of 400 nm wavelength, resulting in trans rich states,
are shown in Figure 2b. The bands of the right CPL and left
CPL sample are again mirror images. In both sets of spectra,
the strongest CD band is at about 350 nm. However, its
intensity after violet CPL irradiation is significantly (about 4
times) larger than after green CPL irradiation.
As reference, the CD spectra of the F2AzoBDC linker

molecules dissolved in ethanol are measured upon CPL
irradiation, Figure S1b. These spectra show that the pristine
linker molecules in solution as well as upon CPL irradiations of
400 or 530 nm show no optical activity. Please note, these
molecules clearly undergo photoisomerization, see Figure S1a.
As fu r the r r e f e r ence , the CD spec t r a o f a

Cu2(BDC)2(dabco) SURMOF, i.e., a reference system without
photoswichable azobenzene moieties, are shown in Figure S5.
There, no optical activity upon CPL irradiation could be
detected. This supports the hypothesis that the observed
optical activity stems from the azobenzene groups.

The l i n e a r d i ch ro i sm (LD) spec t r a o f t h e
Cu2(F2AzoBDC)2(dabco) SURMOF upon irradiation with
linearly polarized light of 530 and 400 nm, respectively, are
shown in Figure S10. The intensities of the LD bands change
reversibly upon irradiation with light of different wavelengths
but identical polarizations. This is in clear contrast to
photoalignment effects such as the Weigert effect in films of
polymers or liquid crystals,55,56 where the chromophores can
reorient, inducing CD or LD, and back switching without
changing the polarization is barely possible. This different
behavior can be explained by structural differences. In contrast
to photoalignment effects in polymers, the photoresponsive
moieties in the SURMOF are firmly attached at the scaffold of
the MOF, which is anchored on the substrate. As a result, the
photoswitches in the SURMOF cannot freely rotate to a
position with the transition dipole moment perpendicular to
the plane of the exciting linearly polarized light.
The CD spectra of a Cu2(F2AzoBDC)2(dabco) MOF

powder, which was spin coated on a quartz glass substrate,
were measured as further reference, Figure S6. There, upon
CPL irradiation, CD bands similar to the CD bands measured
for Cu2(F2AzoBDC)2(dabco) SURMOF were observed.
However, the signal intensity and the signal to noise ratio
(and thus the signal quality) of the CD spectra of the MOF
powder are significantly lower than of the MOF thin film
(Figure S6b versus Figure 2), most likely due to the irregular
morphology of the powder sample, see also the discussion in
ref 57.
For the Cu2(F2AzoBDC)2(dabco) SURMOF sample, in

comparison to Figure 2, the intensity of the bands in the CD
spectra can be further modulated by mixing the intensities of
violet and green CPL (see Figure S7). The largest signal in the
CD spectrum was recorded for the sample irradiated with a
mixture of violet and green CPL (Figure 3a). The IRRA
spectra (see Figure S9) reveal that approximately 75% of the
azobenzene groups in this sample are in the trans state.
The enantiomeric excess in the photostationary state (eePSS)

is given by eePSS = Δε/2ε, where Δε is the difference of the
molar extinction coefficients for left and right CPL and ε is
the total molar extinction coefficient.18,58 For a one species
system (here the fluorinated azobenzene moieties in the
MOF), the ratio Δε/2ε corresponds to the ratio of the
absorbance Δabs/2abs, which follows from the CD and UV−
vis absorption spectra. Please note, in case other components
of the SURMOF sample also absorb in the respective spectrum
range,∑ the ratio Δabs/2abs is smaller than Δε/2ε of the
fluorinated azobenzene moieties. Thus, the ratio Δabs/2abs
serves as a lower limit for the ratio of the extinction coefficients
(Δε/2ε). In Figure 3b, the Δabs/2abs values are plotted for
the trans and cis rich state (shown in Figure 2) as well as for
the optimized, mixed state (shown in Figure 3a). Here, an eePSS
of up to 0.106% is realized. Such an enantiomeric excess is
comparable to CPL induced photoresolution processes in
solution.18,58

The optical activity of the sample remains for a long time.
The CD spectra of a sample measured over a period of 13
months are shown in Figure 3c. The decrease of the intensity
of the CD band at 350 nm can be best described with a two
component exponential decay function with time constants of
about 3 days and 160 days. This shows that the chiral isomers
in the MOF are rather stable.
All CD spectra show an intense band at about 350 nm and

tail out to longer wavelengths. Comparing the bands in the CD



spectra with the positions of the π π* and n π* excitation of
the azobenzene moieties shows that the CD spectra cannot be
explained only by chiral cis azobenzene isomers. The
wavelength of the strong CD band (350 nm) corresponds
approximately to the wavelength of the trans π π* excitation.
The shoulder at longer wavelengths may be a combination of
the n π* excitation bands of the trans and cis isomers, at
approximately 420 and 450 nm. As a result, the CD data
indicate that there exist stable chiral forms of both isomers,
trans and cis.
To better understand the experimentally observed light

induced phenomena in the Cu2(F2AzoBDC)2(dabco) SUR
MOF, we performed first principles calculations employing
molecular as well as periodic structure models representing
both the cis and the trans configurations of the fluorinated
azobenzene moieties. The density functional theory (DFT)
(see Methods and the Supporting Information for details)
calculations for the cis F2AzoBDC linker molecule confirm its
chiral nature by finding two isoenergetic local minima on the
potential energy surface (PES). These local minimum
structures are nonsuperimposable mirror images of each
other and can be designated as right handed and left handed
enantiomers (Figure 4a). The R cis and S cis enantiomers are
predicted to be approximately 24 kJ mol−1 less stable than the
two isoenergetic nonplanar trans conformers, denoted R trans
and S trans (Figure 4b). An essentially planar trans conformer
was found to be even more stable (by 30 kJ mol−1) than the
nonplanar trans conformers (Table S1). Its planar structure is
stabilized by the formation of a hydrogen bond between one of
the nitrogen atoms and the hydrogen from the ortho carboxyl
group of the terephthalate moiety (Figure 4c). The cis and the
nonplanar trans isomers display axial (or helical) chirality, and
therefore, the respective enantiomers are labeled R and S (or P
and M).
Our calculations show that once the trans F2AzoBDC is

incorporated as a linker in the MOF structure, the deviation
from a planar conformation is greatly enhanced. Indeed, a
planar conformation of the trans F2AzoBDC linkers could not
be stabilized due to the absence of carboxylic hydrogen atoms
in the MOF structure. A stable nonplanar trans form in a
similar azobenzene MOF structure was also theoretically
predicted with the help of atomistic simulations by others
recently.59 Within the pore of a trans MOF having initially
equal amount of R trans and S trans linker conformations, the
fluorinated azobenzene moieties are oriented rather close to
each other (Figure 4d), and due to the induced dispersion
interactions between the closely lying aromatic groups,
conformations with diverse deviation from planarity were
stabilized (see Table S2). In other words, the spatial
confinement of trans F2AzoBDC as a building unit of the
framework structure drastically reduces the probability for the
presence of the (achiral) planar conformation. This greatly
enhances the probability for the presence of various nonplanar
(and intrinsically chiral) conformations with much more
diverse deviation from planarity, as compared to the free
trans F2AzoBDC molecules in solution (see Table S2).
Contrary to cis F2AzoBDC, neither of the three trans

configured conformers could be verified as a true local PES
minimum at the computational level used. All trans species
have one extremely low imaginary frequency (see Table S1)
corresponding, in the case of nonplanar R and S trans, to an
in plane and, in the case of trans planar, to an out of plane
motion of the two aromatic moieties in F2AzoBDC with

respect to the NN bridge. This is a clear indication that
trans F2AzoBDC exhibits pronounced structural flexibility in
terms of spatial orientation of the aromatic substituents with
respect to the NN bond, which in turn implies that its
solution state might be a mixture of various trans conformers
(see Table S2).
This hypothesis is further supported by the sTD DFT

calculated UV−vis spectra of the F2AzoBDC molecules
(Figure 5a). For the trans conformation, an excellent

Figure 5. Calculated UV−vis spectra (a) and CD spectra (b,c) for the
R and S enantiomers of cis (green lines), the nonplanar R and S
conformers of trans (violet lines), and the planar trans conformer
(black lines) of F2AzoBDC. sTD DFT (CAM B3LYP D3(BJ)/def2
SVP) calculations in the gas phase with ORCA 4.2.1,53 for the DFT
optimized (B3LYP D3(BJ)/TZP/COSMO EtOH) molecular struc
tures. Gaussian root mean square width of 0.15 eV is used for line
broadening.
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agreement with the experimentally measured peak positions
(see Figures 1 and S1) is achieved only when taking into
account the predictions for both the nonplanar (Figure 4b)
and the planar (Figure 4c) conformers. The n π* band,
calculated for the nonplanar R and S trans at 456 nm
(compared to 450 nm in the experiment), becomes slightly
blue shifted but, most importantly, symmetry forbidden for
trans planar. On the other hand, the π−π* band at 317 nm, as
predicted for trans planar, agrees very well with the
experimental value, whereas a blue shift of ca. 30 nm is
predicted for the two nonplanar conformers (see Figure 5a and
Table S3 for details about the calculated transitions and
visualization of the major orbital contributions).
The sTD DFT calculated CD spectra of the nonplanar R

trans and S trans F2AzoBDC (Figure 5b) are rather similar,
having peak intensities of opposite sign and slightly different
magnitude. The subtle differences in the optical response of R
trans and S trans could be well explained with the structural
flexibility of the trans molecules, as evidenced by the slightly
different torsion of the two aromatic substituents with respect
to the bridging NN bond in F2AzoBDC amounting to 34°
for S trans and 45° for R trans (see Table S2). As expected, the
calculated CD spectrum for the achiral trans planar conformer
is essentially zero.
On the other hand, the R and S enantiomers of the cis

F2AzoBDC isomer are perfect mirror images of each other and,
consequently, have indistinguishable UV−vis spectra (Figure
5a). Compared to the trans species, the intensity of the π−π*
band is decreased and the n π* and π π* bands are blue
shifted, in agreement with the experimental findings (see
Figures 1 and S1). As expected, the calculated CD spectra of R
cis and S cis (Figure 5c) are of exactly the same shape and
magnitude but with opposite sign. Interestingly, in the CD
spectra, the predicted intensities of the cis enantiomers are
about twice as large as of the nonplanar trans conformers.
On the grounds of the computational findings, we conclude

that in the symmetric (achiral) environment, the (common)
state of cis F2AzoBDC constitutes a racemic mixture of 50% R
cis and 50% S cis, which upon irradiation with unpolarized light
(UPL) will show no optical activity. Furthermore, the CD
spectrum predicted for a model structure of a cis MOF with
equal amount of R cis and S cis F2AzoBDC linkers, i.e., cis
MOF racemate (Figure 4e), is essentially zero (Figure S11a).
This is in agreement with the experimentally verified optically
inactive behavior upon UPL irradiation (see Figure 1e). As for
the trans F2AzoBDC, its solution state most probably contains
the hydrogen bonded planar conformer (see Figure 4c), as well
as nonplanar conformers with various torsion of the aromatic
groups with respect to the NN bridge (e.g., Figure 4b), thus
contributing altogether to an overall achiral behavior. The
calculations clearly show that trans and cis F2AzoBDC have
stable chiral isomers. This supports the hypothesis that the
optical activity of the MOF films, both in their trans and cis
forms, can be switched on via CPL irradiation by triggering
partial photoresolution, which causes deracemization and
enrichment of one of the possible nonplanar trans conformers,
or one of the two cis enantiomers of F2AzoBDC.
By comparing the calculation results with the experimental

CD spectra (see Figures 2 and 3), we conclude that the sample
obtained after right CPL irradiation has an excess of S trans
and S cis isomers. Vice versa, the sample upon the left CPL has
R isomer enrichment. This means that the right CPL has a
stronger interaction with the R isomers, causing a more

frequent excitation and depletion of the R isomers. As a result,
the S isomers are enriched and vice versa for left CPL. The
strong intensity of the CD bands at 350 nm and only small CD
bands (or shoulder) at 450 nm indicate that the majority of
enantiomer enriched isomers is in the trans rather than the cis
form.
Moreover, the calculations predict that the most stable trans

form in solution is planar, while it is nonplanar in the MOF. To
experimentally validate this computational finding, we
prepared a SURMOF and induced chiral enrichment by
CPL, clearly verified by the CD spectrum (Figure 6, black

line). Subsequently, this sample was dissolved in an acidic
aqueous ethanol solution. The CD spectrum of the dissolved
MOF (Figure 6, red line) is essentially zero, indicating that the
molecules possess no optical activity. This verifies the
theoretical prediction that the most stable form of the
F2Azo BDC molecule in solution has a planar conformation
and therefore is achiral. As the bottom line, the optical activity
of the material is a result of the reticulation of the linker
molecules in the MOF scaffold. This conclusion is also
supported by the reference experiments with the linker
molecules in solution (Figure S1), with the MOF powder of
the same structure (Figure S6) and with a SURMOF film
without photoswitchable azobenzene moieties (Figure S5).

CONCLUSION
We demonstrate that circularly polarized light can induce
stable optical activity in a solid crystalline material. The
material is based on crystalline, nanoporous metal−organic
frameworks with photoswitchable fluorinated azobenzene side
groups pending at the scaffold. By using thin MOF films, the
UV−vis and CD spectra can be measured in the transmission
mode, allowing one to quantify the optical activity. Depending
on the CPL handedness, R or S azobenzene isomers in the
material are enriched, causing optical activity of the material.
The switching is fully reversible. DFT calculations show that
both, trans and cis, forms possess chiral isomers in the MOF.
By right CPL irradiation, the R isomers are excited, resulting in
an enrichment of the S isomers, and vice versa for left CPL.

Figure 6. CD spectra of the SURMOF upon left CPL irradiation
(black; simultaneously irradiated with green and violet light, see
Figure 3a,b) and subsequently dissolved (red). The SURMOF, with
an area of 3.1 cm2, was dissolved in 1 mL of a solution of ethanol,
water, and acetic acid (1:1:1) and measured in a cuvette of 1 mm
thickness.
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The induction of the optical activity in the material is also a
result of the reticulation of the photoswitchable linker in the
MOF scaffold and cannot be observed for the free photo
switches in solution.
We believe the dynamic switching of the chirality can also be

applied to other photoswitchable nanoporous materials based
on photochromic moieties such as spiropyrans34,60 and
diarylethenes.61,62 Such materials may enable photoswitchable
membranes63 with remote controllable enantioselective per
meation. The switching of the optical activity may also find
application in information processing based on CPL.64
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