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immersion of the sample in the Aber670 solution, the intensity
ratio of the XRD reflexes changes. The ratio of the peak
intensities of the (222) reflex compared to the (111) reflex
increases from 0.35 to 0.45. This indicates that the XRD form
factor changed, which is a solid indication that the loading of
the guest molecules (Aber670) was successful.
The film morphology was explored by scanning electron

microscopy (SEM) (Figure 2b). The images show that the film
covers the substrate surface homogeneously. The MOF film is
composed of individual crystallites with a size of about 0.5 μm.
Ultraviolet−visible (UV−vis) spectroscopy was used to

explore the photoisomerization properties of the fulgide of
type Aber670 embedded in the MOF film (Figure 3a)
compared with the photoswitch in ethanolic solution (Figure
S1a). Initially, the fulgide molecule is in the E-form and
absorbs light essentially only in the UV range. For the
photoswitch in solution (Figure S1a), irradiation with UV light
at 365 nm for 5 min results in a ring closing reaction to the C-
form. The spectrum upon UV light irradiation (i.e., of the C
isomer) shows a broad absorption band in the visible region at
approximately 500 to 600 nm.34,35 Irradiation of the solution
with green light at 530 nm results in an absorption spectrum
very similar to the initial spectrum. For the fulgide molecule
embedded in the MOF film, very similar shifts of the UV−vis
spectra upon irradiation with UV and green light were
observed (Figure 3a), indicating the E-C photoswitching of
the fulgide molecule in the MOF pores. Repeating the UV and
green light irradiation for four cycles results in the essentially

identical absorption spectra (Figure 3b). The reproducibility of
the absorption spectra demonstrates the excellent reversibility
and the robustness of the Fulg@UiO-68 material. The UV−vis
spectrum 7 days later (Figure S1b) was very similar to the
initial spectrum of the Fulg@UiO-68 film, demonstrating the
stability of the material. It also shows that the photoswitch
molecules do not desorb from the MOF pores. Thus, Fulg@
UiO-68 is stable and suitable to investigate the sorption
properties as well as its response to the photoisomerization.
A molecular sketch of one fulgide molecule in the large

(octahedral) pore of UiO-68 is shown in Figure S6 in the
Supporting Information. It should be stated that the exact
position and distribution of fulgide in the pores are not known.
Most likely, the fulgide molecules are mobile and change their
position in the pores.
The absorbance of the sample at a wavelength of 365 nm is

approximately 0.25 (see Figure 3a). This means that 55% of
UV light penetrates the film (with a thickness of approximately
0.5 μm; see Figure 2b) and the entire sample is essentially
irradiated (and can be photoswitched). Based on this and on
Lambert−Beer’s law, for a 2 μm-thick film, only 10% of UV
light could penetrate the sample, whereas only 1% of UV light
could penetrate a 4 μm-thick film of Fulg@UiO-68 and the
(fast) photoswitching of the entire film would not be realized.
To get further insights into the photoisomerization of

Aber670 in the UiO-68 pores, the vibrational infrared
reflection-absorption (IRRA) spectra were recorded before

Figure 2. (a) X-ray diffractograms of the MOF film before (red) and
after (black) loading of fulgide of type Aber670. The data are
compared with the calculated structure of MOF UiO-68 (gray). The
experimentally observed diffraction peaks are labeled. (b) SEM
images of the MOF film sample. Top view (above) and side view of a
broken sample (below).

Figure 3. (a) UV−vis spectra of the sample before Aber670 loading
(gray) and after loading (black). The irradiation of the Fulg@UiO-68
sample with UV light resulted in the violet spectrum and that with
subsequent green light resulted in the green spectrum. (b)
Absorbance of the Fulg@UiO-68 sample at 370 nm (black) and at
550 nm (red) after the repeated irradiation at 365 or 530 nm for 5
min each.
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and after irradiation by UV and green light (Figure 4). The
IRRA spectra show characteristic peaks of −C−O, O−C−O,
and −C�O stretching vibrations at 924 cm−1, 1226 cm−1, and
1755−1818 cm−1, respectively (Figure 4b), indicating the
presence of Aber670 inside the MOF.23,36 The reference IR
spectra of pure Aber670 are shown in the Supporting
Information, Figure S2. Upon UV irradiation, significant
changes of the intensities of the peaks in correlation with
fulgide in the MOF pores were observed; in particular, the
intensities of the peaks at 924 cm−1, 1226 cm−1, and 1755−
1818 cm−1 decrease (see Figure 4b). The MOF vibration
bands did not change upon UV light irradiation. Thus, both
the UV−vis and IRRA spectra clearly indicate the E-C
isomerization of fulgide. Moreover, the intensity changes of
the IR vibration bands allow the quantification of the switching
yield (Figure 4b). The pristine sample is composed of 100% E
isomers. Upon UV light irradiation, the intensities of the bands
at 924 and 1226 cm−1 (which are assigned to E-fulgide)
decrease to 40% of its original areas. Thus, upon UV
irradiation, only 40% of the E isomers are left and 60% are
converted to the C isomer. Upon green light irradiation, the
original isomer ratio (100% E) is obtained.
By vapor uptake experiments using toluene and methanol as

probe molecules, the photoresponsive properties of the Fulg@
UiO-68 material were explored, especially with respect to the
guest mass transfer and host−guest interaction. The amount of
the guest uptake was quantified with a quartz crystal
microbalance (QCM).37 The uptake experiments were
performed for the sample upon UV light irradiation, resulting
in the C-form (i.e., 60% C and 40% E), and upon green light
irradiation, resulting in the E-form (100% E). Each uptake

experiment was performed six times (see Figure S3), and
representative toluene uptake curves are shown in Figure 5a.
The data show that, compared to the E-form (upon green light
irradiation), there is a significant increase in toluene uptake
amount by the C-form (upon UV light irradiation). Based on
the data (Figure 5b), the E-to-C uptake increase is
approximately 37%. In detail, the value is 0.48 ± 0.03 μg
cm−2 for E versus 0.66 ± 0.03 μg cm−2 for C (with the standard
deviation as an error).
The transient uptake curves (Figure 5a and Figure S3a) also

show that the uptake by Fulg@UiO-68 is slightly faster for the
sample upon UV light irradiation (C state) compared to the
sample upon green light irradiation (E state). This can also be
seen in the plot of the normalized uptake versus square root of
time (Figure S3b). A detailed analysis of the mass transfer
kinetics was performed by fitting the experimental data with
the solution of Fick’s second law for a thin homogeneous film
(without defects like surface barriers) and an instant change of
the surface concentration (i.e., ambient pressure).38,39 The
analysis (Figure S3) results in the diffusion coefficients, which
are shown in Figure 5b. It shows that the diffusion coefficient
of toluene in Fulg@UiO-68 in the E-form (upon green light

Figure 4. (a) IRRA spectra of the sample before (red), after Aber670
embedment (black), and after UV irradiation (violet). (b) IRRA
spectral magnification of specific fulgide bands. Upon UV irradiation,
the intensities of both bands at 924 and 1226 cm−1 decrease to
approximately 40% of original areas.

Figure 5. Uptake of toluene by the Fulg@UiO-68 sample upon UV or
green light irradiation (see labels). (a) Uptake as a function of time
measured by QCM. These two representative uptake curves and more
uptake curves are shown in Figure S3. (b) (Final) Equilibrium loading
(black) and diffusion coefficients (red) for six toluene uptake
experiments with the sample upon green light and UV light
irradiation. The order of the uptake experiments was as follows:
First, the sample was irradiated with green light (530 nm) and three
uptake experiments were performed. Then, the sample was irradiated
with UV light (365 nm) and three uptake experiments were
performed. Then, again, three uptake experiments upon green light
and UV light irradiation were performed.
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