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ZIF-8 (zeolitic imidazolate framework-8) is a member of the growing family of metal—organic frameworks
(MOFs). Homogeneous and crack-free ZIF-8 thin films of optical quality were crystallized on silicon and
glass substrates. The refractive index of such ZIF-8 thin films in the complete visible light spectrum was
directly determined for the first time. By incubating the porous films in different substances, the
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the gas phase. The ability to adjust the refractive index over a broad range enables the use of ZIF-8 films
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1. Introduction

Optical systems are important for many devices in our daily
lives. For many optical applications, refractive index modula-
tors are important, e.g. in sensors,' optical data storage* and
optical fiber communication.? Changes in the refractive index of
a material can for example be initiated by photostimulation®*
but also by applying an electric field*® (electrooptical Pockels
and Kerr effects) or other external stimuli. To enable the use of
optical systems in a broader range of devices, novel types of
systems are of interest, for example by using stacks of layers
with different optical activities, replacing traditional optical
systems like mirrors and lenses made from glass.® Such
constructs may enable the fabrication of, e.g., highly compact
lab-on-a-chip (LOC)” devices with integrated miniaturized
mirrors, lenses and filters.*” Modern fabrication techniques
like additive manufacturing will allow the production of such
devices at much lower costs and will foster their widespread
distribution. However, novel materials with higher degrees of
functionality will be necessary in order to generate various
features in such miniaturized devices. For example, refractive
index changes are limited in many traditional materials.>**
Modern porous materials like metal-organic frameworks are
able to open up new pathways for reversible refractive index
modulation, for example by the adsorption of molecules.

“Institute for Inorganic Chemistry, Leibniz Universitdt Hannover, Hannover, Germany.
E-mail: peter.behrens@ach.uni-hannover.de

*Cluster of Excellence PhoenixD (Photonics, Optics and Engineering — Innovation
across Disciplines), Leibniz Universitdt Hannover, Hannover, Germany

(ESI) available. See DOI:

T Electronic  supplementary  information

10.1039/d1ra08531j

© 2022 The Author(s). Published by the Royal Society of Chemistry

medium in more complex optical devices.

Metal-organic frameworks (MOFs) are a class of highly
porous hybrid materials. They consist of inorganic building
units (IBUs) that are interconnected by organic linker mole-
cules.? The freedom to choose different inorganic building units
(IBUs) and linker molecules with different lengths and func-
tionalities makes MOFs an interesting material class for
different traditional applications of porous solids like
sensing,”'’ catalysis,"'* gas storage™™* and gas separation.’*
Apart from these traditional applications, MOFs can also be
used beneficially in other fields, like electronics, optoelec-
tronics and optics.'**?

The refractive index as a basic inherent optical property of
MOFs has been largely overlooked for quite some time; only in
the last few years, the interest in the evaluation of the refractive
index of MOFs has increased somewhat.**** Time-resolved****
or non-time-resolved***> changes in the refractive index of
MOFs have been directly measured, in most cases via ellips-
ometry. For such measurements, thin MOF films of optical
quality are necessary. Tao et al.>****" have fabricated MOF thin
films by coating from nanoparticle dispersions, showing the
influence of the coating methods, of the functionalizations of
the linker molecules, and of postsynthetic modifications on the
refractive index of nanoparticulate MOF thin films. One of their
main findings is that voids between the nanoparticles influence
the refractive index of the resulting films. Demessence” and
Dalstein®® used thin films prepared from ZIF-8 nanoparticles for
isopropanol or styrene sensing, achieving refractive index
changes of An = 0.08 for isopropanol and An = 0.05 for styrene.
ZIF-8-coated optical fibers were used by Vandezande® and
Kim®® to realize sensing of n-butanol or carbon dioxide.
Refractive index changes of An = 0.06 for n-butanol and An =
0.005 for CO, were reported. Redel®® prepared HKUST-1 thin
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films using a layer-by-layer method and tuned its refractive
index by An = 0.1, changing between the activated (empty) and
the ethanol-loaded state of the film. In most of these cases, the
changes in the refractive index have been explained by a pore-
filling effect, caused by gas sorption.**** An overview over
these experiments shows that, until now, An = 0.1 is the limit
for directly measured refractive index changes of metal-organic
frameworks.

In addition, changes in optical spectra have also been asso-
ciated with changes in the refractive index of metal-organic
frameworks.>*?*” MOFs were used, for example, for the
construction of 3D photonic crystals of HKUST-1 (ref. 34) which
showed shifts in the UV/Vis spectra after the adsorption of
molecules like ethanol, acetone, cyclohexane and toluene. Also
gratings produced from spin-crossover MOFs** and MOF-coated
colloidal monolayers®® show shifts in their optical spectra under
external stimuli. Hupp and co-workers®” detected propane in
nitrogen atmosphere and ethanol in water with ZIF-8 thin films
by variations in the transmission spectra of these films. These
examples show that the evaluation of the refractive indices of
metal-organic frameworks is an important topic for the use of
MOFs in optical technologies and optical sensors.

Zeolitic imidazolate frameworks (ZIFs) are MOFs with
zeolite-analogue structures which have high thermal and
chemical stabilities.*® ZIF-8 is one of the most prominent ZIFs,
consisting of zinc ions that are bridged by 2-methylimidazolate
linkers, forming a crystalline framework with sod topology. It
has been widely studied*** and characterized."®** Here, we use
ZIF-8 thin films as a host structure for the loading with different
substances to fine-tune the refractive index of this material and
also to work towards large refractive index changes. The basis
for this approach is the wide refractive index range of organic
substances.**** Adjustable refractive indices could enable
applications in optical devices, e.g. in lense and mirror coatings,
for sensors, in waveguiding elements, optical filters or in Fabry-
Pérot devices.*”** We have fabricated thin films of ZIF-8 of
optical quality on different substrates, have measured their
refractive index using ellipsometry, and have changed the
refractive index by sorption of different organic molecules.

2. Materials and methods
2.1 Materials

Zn(NO3),-6H,0 (98%, Sigma-Aldrich), 2-methylimidazole (99%,
Sigma-Aldrich), methanol (99.5%, Roth), ethanol (99.8%,
Fisher-Scientific), tetrahydrofurane (99.5%, Roth), dime-
thylformamide (99.8%, Sigma-Aldrich), dimethylsulfoxide
(99.9%, Sigma-Aldrich), toluene (99.9%, Roth), para-methyl
anisate (98%, Alfa-Aesar), iodobenzene (98%, Alfa-Aesar),
sulfuric acid (96%, Roth) and hydrogen peroxide (35%, Roth)
were used without further purification. For "H-NMR measure-
ments, DMSO-d6 (99.8 atom % D, Acros-Organics) and DCl
(20 wt% in D,0, 99 atom % D, euriso-top) were used.

As substrates for the deposition of ZIF-8 we used silicon
wafers which were cut into 1 x 1 cm pieces and glass slides cut
into 2 x 2.5 cm pieces. All substrates were cleaned with ethanol
and then immersed in a fresh mixture of sulfuric acid and
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hydrogen peroxide (2 :1) for 15 minutes. Subsequently, they
were washed with water, ethanol and methanol. Cleaned
substrates were not stored but directly used.

2.2 ZIF-8 thin film and powder fabrication

ZIF-8 thin films were fabricated using the cycled direct growth
method as described by Hupp et al.>” with some modifications.
Stock solutions of 25 mM Zn(NO3),-6H,0 and 50 mM 2-meth-
ylimidazole in methanol were prepared. Cleaned substrates
were incubated in a 1 : 1 volume mixture of the stock solutions
(synthesis solution) at room temperature. After 30 minutes the
substrates were removed, rinsed with pure methanol and
directly afterwards incubated in a freshly prepared synthesis
solution. This process represents a deposition cycle. For
comparison, some samples were prepared with a drying step in
a nitrogen stream between each deposition cycle, as described
in the literature.”

Typically, the thin films were prepared with three deposition
cycles. After the final synthesis cycle, the samples were rinsed
with methanol and directly incubated in ethanol. They were left
in ethanol at least over night at room temperature before being
used in further experiments. Samples on silicon wafers were
used for the ellipsometry and sorption measurements. Samples
on glass were used for the UV/Vis and XRD measurements.

ZIF-8 powder samples were synthesized with a similar
method: 100 mL of a 25 mM Zn(NO3), - 6H,O solution was mixed
with 100 mL 50 mM 2-methylimidazole (both in methanol)
under stirring. The resulting solution was mixed for 1 h. The
powder was separated via centrifugation, washed with ethanol
twice and dried under reduced pressure at room temperature.

2.3 Refractive index tuning and switching

For the refractive index modulation experiments, ZIF-8 films
that had previously been stored in ethanol were incubated in
different liquid media for three days at room temperature.
Afterwards, the films were dried in air for a few minutes.
Ethanol, tetrahydrofurane (THF), dimethylformamide (DMF),
dimethylsulfoxide (DMSO), toluene and iodobenzene were used
as incubation media.

Faster refractive index modulation experiments were per-
formed by alternating incubation of ZIF-8 thin films in toluene
and ethanol for 60 minutes each. For the UV/Vis and ellips-
ometry studies, an ethanol-stored ZIF-8 film on glass (for UV/Vis
spectroscopy) or silicon (for ellipsometry measurements) was
incubated several times in toluene, each time for 10-30 min. In
between, the UV/Vis or ellipsometry measurement of the sample
was carried out. In an analogous fashion, a toluene-stored ZIF-8
film was incubated in ethanol for 10-30 min several times, with
UV/Vis or ellipsometry measurements in between.

Gas-phase loading experiments were performed with para-
methyl anisate (pMA). In a typical loading experiment, ethanol-
soaked ZIF-8 films positioned in 3 mL glass vessels were placed
in a 100 mL Schlenk flask. 100 mg para-methyl anisate was
added. The Schlenk flask was evacuated to 1 mbar and heated in
an oven at 120 °C for 2 days. Afterwards the films were shortly

© 2022 The Author(s). Published by the Royal Society of Chemistry
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washed with ethanol and dried in air for a few minutes at room
temperature.

2.4 Characterization of powder samples

To determine the actual composition of the loaded samples,
"H-NMR spectroscopy was carried out on digested samples.
Digestion was carried out by dissolving 10 mg of ZIF-8 powder
in 650 pL. DMSO-d6 by addition of 15 pL DCI (2 wt% in D,0).
Dissolved thin film samples did not show any signals in the
NMR spectra because digested films did not deliver enough
material for detection and determination. Therefore, powder
samples were treated in a similar way to investigate the loading
of ZIF-8 with different molecules: typically, 20 mg ZIF-8 powder
was stirred in 2 mL of the organic liquid (ethanol, toluene or
iodobenzene) for 3 days. After centrifugation the samples were
dried for 2 hours at room temperature on filter paper. Loading
experiments with pMA were also performed. The device and the
procedure used for the measurements are described below.

2.5 Characterization of thin films

XRD measurements on ZIF-8 thin films were carried out with an
X-ray diffractometer from STOE working in Bragg-Brentano
geometry. An Iso-Debyeflex 3003 was used for the generation of
X-rays at 40 kv and 30 mA, delivering CuKa, radiation.
Measurements were carried out between 5 and 30° 26 with
a step size of 0.01° 20 and a measuring time of 20 s per step.

A Sentech SE800 spectroscopic ellipsometer with a spectral
range from 370 to 850 nm was used for the ellipsometry
measurements. All measurements were performed at angles of
incidence of 50°, 60° and 70°. Ellipsometry data were fitted with
a Cauchy dispersion model using the software SpectraRay 3
(Sentech). Time-resolved measurements with argon and ethanol
were carried out only at 70° to enable fast measurements. More
information about the fitting model is given in the ESI (Table
S1t).

SEM images of coated glass slides were taken by fixing
samples with carbon tape on SEM metal substrate holders.
Electrical contact of the thin films was ensured by the use of
silver conductive lacquer and by sputtering the samples with
a thin layer of gold. SEM images were recorded with a JSM-
6610L V (Joel). Images were taken at 10 kV with a working
distance of 10 mm.

For the liquid "H-NMR measurements a DPX400 AvanceS-
pectrometer (Bruker) was used. All samples were measured at
400 MHz.

UV/Vis spectra were recorded in transmission (transmission
spectra on glass) or reflection (reflection spectra on silicon
wafers) with a Cary 4000 (Agilent Technologies) in a maximum
spectral range from 200 to 800 nm.

AFM measurements were performed using a NX 10 by Park
System Corp. Images were taken in non-contact mode with
a scan rate of 0.5 Hz. The software “XEI” (5.2.0 by Park System
Corp.) was used for the data analysis.

IR measurements were performed with a Tensor 27 (Bruker)
in a spectral range from 4000 to 600 cm ™, using an ATR setup.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Krypton physisorption isotherms were measured at 87 K on
an Autosorb 1 instrument from Quantachrome and were eval-
uated with the software ASiQwin 2.0 (Quantachrome). Prior to
the measurements, the samples were degassed under vacuum at
120 °C for 24 h. Surface areas were determined by applying the
Brunauer-Emmett-Teller (BET) equation.

3. Results and discussion

For optical applications, very good optical quality of a thin film
sample is highly important. Therefore, thin films need to be
crack-free, transparent and homogeneous. For applications
where the defined porosity of the framework is important, the
films also need to be crystalline. Thin films made from nano-
particles, which normally contain voids between the particles,
are usually optically inhomogeneous due to non-regular
packing. Opal films are an exception, but can be problematic
as well. The refractive index of such thin films is a sum of the
refractive index of the nanoparticles and of the air in the voids
between the particles. ZIF-8 thin films on glass and silicon
which were produced by cyclic direct crystallization®” were
shown to be dense (i.e. free from intercrystallite voids) and
homogeneous except for the problem that cracks in the films
may appear, as can be identified in the cross-sectional SEM
images in the referred paper.*” Therefore, we modified the
synthesis protocol described by Lu and Hupp®” with the aim to
obtain crack-free ZIF-8 thin films. Cracks may easily form when
thin films are dried.*® Drying leads to capillary and mechanical
stress in the material which may result in the formation of
cracks. In the reported synthesis protocol, the ZIF-8 thin films
are dried in a nitrogen stream between every deposition cycle.?”
To avoid unnecessary stress, we modified the synthesis protocol
and skipped these drying steps. Finally, the completely
prepared films were stored in ethanol in order to avoid unpro-
tocolled sorption/desorption events.

All prepared ZIF-8 thin films are transparent for the naked
eye (Fig. S1, ESIt). On glass substrates, the films are only visible
from an oblique viewing angle, due to interference colors which
appear due to the thickness of the films lying in the range of
light wavelengths (Fig. S2, ESIT). Transmission spectra of films
prepared with three, five and eight deposition cycles (Fig. S37)
and a reflectance spectrum of a film on silicon (prepared with
three deposition cycles, Fig. S4t) are given in the ESL} These
spectra underline the high transparency of the thin films.

According to XRD measurements, crystalline ZIF-8 thin films
can already be obtained after two deposition cycles (Fig. 1). The
crystallinity is further enhanced after three deposition cycles,
but does not increase anymore thereafter (e.g. after five cycles,
see Fig. 1). The XRD patterns are in good agreement with
a calculated literature pattern of ZIF-8.*® Results reported below
always refer to thin films prepared using three deposition
cycles.

In Fig. 2, SEM images show the difference between ZIF-8 thin
films prepared with the original®” and our modified method.
When the films are dried between each deposition cycle, cracks
are formed that cannot be filled in the following deposition
cycles. When these drying steps are skipped, crack-free films are
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Fig. 1 XRD patterns of thin films obtained with different numbers of
deposition cycles, compared with a calculated XRD pattern of ZIF-8.%®

obtained. Furthermore, AFM measurements performed on ZIF-
8 films on coated silicon wafers (prepared with three deposition
cycles) confirm that the films are crack-free. The results of five
measurements yield the roughness parameters R, = (5.21 +
0.17) nm and Ry = (6.46 & 0.27) nm. Additional information on
the AFM data is given in the ESI (Fig. S5 and S61).

To confirm the high porosity of the ZIF-8 thin films, krypton
physisorption measurements were carried out (see Fig. 3 left).
The BET area increases linearly with the number of deposition
cycles used in the preparation of the films (Fig. 3 right, red
columns). The film deposited with three cycles shows a high
porosity with a BET area of 930 cm” cm ™ 2.

The ZIF-8 thin films were characterized in terms of their
optical properties. As-synthesized thin films on silicon wafers
were stored in water-free ethanol over night to remove guest
molecules from the pores. The focus of the optical character-
ization is on the refractive index. The data for ¥ and 4
measured by ellipsometry were fitted with a Cauchy model
including a roughness layer. The roughness layer is important
to improve the fit to the refractive index dispersion of the ZIF-8
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film. For all ellipsometry measurements the mean squared error
(MSE) of the fit is below 3 (usually around 1; the MSE should
always be below 3 to ensure sufficiently good agreement of the
measured curves and the fitted data). A typical fit result is
shown in Fig. S7 (ESIt). Also, additional information about the
ellipsometry model can be found in the ESI (Table S1}). The
average value for the thickness of the roughness layer is 30 nm.
Compared with a histogram of an AFM measurement (ESI,
Fig. S61), the roughness value of 30 nm covers height variations
across the whole sample (i.e. capturing nearly all pixels of the
AFM measurement), so both methods are in good agreement.
Nevertheless, a large number of pixels and therefore a large
number of crystallites have similar heights, resulting in a lower
roughness which is captured by the arithmetic mean roughness
value R, that is given above.

The average refractive index of ten samples of the ZIF-8 films
is np(empty) = 1.355 + 0.004 at the commonly used wavelength
of 589 nm (D line of sodium vapor). These samples had been
stored in ethanol, but the ethanol had desorbed before the
measurement. To verify this, "H-NMR spectroscopic measure-
ments were carried out on samples treated in an analogous way
with regard to storage in and removal from ethanol. The
samples were digested in acidic solution before the NMR
measurements. No signals could be detected on solutions based
on digested thin films due to a too high dilution of the solu-
tions. Therefore, investigations were carried out on analogously
treated ZIF-8 nanoparticles. Results from solution NMR spec-
troscopy are depicted in Fig. S8 (ESIT). No signals for the CH, or
CHj; group of ethanol can be detected, showing that the mate-
rial does not contain ethanol anymore. Therefore, such films
are considered to be “empty”.

The fit of the ellipsometry data also delivers the film thick-
ness. For a sample prepared with three deposition cycles, the
film thickness is d; cycles = 311.6 = 18.2 nm. The values for
samples prepared with smaller numbers of cycles are given in
Fig. 3 (right, black dots) and show that the total film thickness
scales linearly with the number of deposition cycles. Thus, the
values for the thicknesses and BET areas of these films show
good agreement.

Fig. 2 SEM images of ZIF-8 thin film prepared with (left) and without (right) drying steps between the deposition cycles.
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Fig. 3 Krypton physisorption isotherms of ZIF-8 thin films on silicon after 1, 2 and 3 deposition cycles. The resulting BET areas scale linearly with
the number of deposition cycles (red columns) as do the film thicknesses which were determined by ellipsometry (black dots).

To investigate the refractive index modulation potential, ZIF-
8 films were incubated in different organic media for three days.
Again, the refractive indices of several samples were averaged,
leading to the refractive indices and refractive index changes
reported in Table 1. Also, the refractive index of ZIF-8 after
loading with pMA via the vapour phase for two days is given in
this table.

Loading with these organic compounds enables refractive
index tuning in a large range of Anpy,x = 0.20. The measured
refractive index dispersion curves with standard deviations are
shown in Fig. 4. Standard deviations are narrow. The different
dispersions are rather regularly distributed over the Ay
range. Thus, the refractive index can be varied in this broad
refractive index range by the choice of the loaded guest.

We propose the previously described pore-filling effect® as
the reason for these large refractive index changes. The refrac-
tive indices at room temperature of THF*” (1.40), DMF*® (1.43),
DMSO* (1.48), toluene*® (1.50), para-methyl anisate® (1.52) and
iodobenzene® (1.62) at 589 nm show the same trend that is also
visible in the solvent-loaded ZIF-8 thin films. In the pore-filling
model the refractive index of the loaded films can be described
as a mixed refractive index of the materials components:**

Nfilm = \/fMOF”MOF2 +ﬁgucstngucstz + (1 7fMOF 7f;gucst)nvacuumz

Table 1 Refractive indices and refractive index changes of ZIF-8 films
after loading with different molecules

Loaded molecule np Anp
Empty 1.355 £ 0.004 —

Tetrahydrofurane 1.376 £ 0.003 0.02
Dimethylformamide 1.421 £ 0.004 0.07
Dimethylsulfoxide 1.451 £ 0.002 0.10
Toluene 1.481 £ 0.007 0.13
para-Methyl anisate 1.506 £ 0.005 0.15
Iodobenzene 1.552 %+ 0.006 0.20

© 2022 The Author(s). Published by the Royal Society of Chemistry

fis the volume fraction of each component of the system. The
sum of these fractions is 1. Accordingly, the fraction of vacuum
is written as fiacuum = 1 — fmor — fauest- Here, “vacuum” desig-
nates possible free spaces of the pore system which are not
occupied by guest molecules (and possibly those between the
grown crystallite which we can, however, not identify in SEM
pictures of our samples).

The successful loading was verified with solution 'H-NMR
spectroscopy on digested loaded particles (Fig. S8, ESIt) and IR
spectroscopy on loaded thin films (Fig. S9, ESIt). Thin films
could not be used for the "H-NMR spectroscopic measurements
because of the very low amount of material which was not
sufficient to generate signals in the spectrum. The 'H-NMR
spectra of samples derived from loaded ZIF-8 particles show
additional signals for aromatic protons when they were loaded
with pMA, toluene or iodobenzene. Toluene-loaded samples
also show an additional peak for the CH; group of toluene. For
PMA-loaded samples additional signals for the two methyl
groups are visible. IR spectra also show additional signals when
guests are loaded. The signals are marked in Fig. S9 (ESIt). For

1.60
1.551 iodo-
benzene
1.50 4 oMA
< toluene
145 fge DMSO
DMF
1.40
THF
1.35 4 empty

400 450 500 550 600 650 700 750 800 850
Al nm

Fig. 4 Refractive index dispersion curves of guest-loaded ZIF-8 films.
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all loaded guests, new signals can be found, confirming the
successful loading.

To study the processes of loading and exchange of guest
molecules more closely, we performed an incubation series of
ZIF-8 thin films where the films were incubated alternatively in
ethanol and toluene. First, the refractive index of a ZIF-8 film
which had been stored in ethanol and which corresponds to the
empty pore state was measured by ellipsometry. Afterwards, the
film was incubated in toluene for 60 min and the refractive
index was determined again. Thereafter, the film was stored in
ethanol again for 60 min. This process was alternated three
times. The obtained refractive index dispersion curves are
shown in Fig. 5. Arrows show the temporal evolution of the
refractive index. Incubating the ethanol-soaked thin film in
toluene for 60 min leads to a refractive index change An; = 0.13.
The resulting refractive index shows a good agreement with the
previously measured refractive index after three days of incu-
bation in toluene. By incubating the film for 60 min in ethanol,
the refractive index does not completely switch back to the value
of the empty pore state; however, it can thereafter reversibly be
switched repeatedly and reversibly with An., = 0.10 by alter-
nating incubations in toluene and ethanol.

A possible explanation for the incomplete reduction of the
refractive index of a toluene-loaded film by a 60 min incubation
in ethanol is that the exchange of toluene to ethanol may take
longer than the actual exposure time. As a result, some toluene
molecules would still remain in the pores. According to the
pore-filling model, the refractive index of a partly toluene-
loaded ZIF-8 film has to be lower than the refractive index of
a toluene-saturated film.

In order to clarify this question, we investigated the
exchange kinetics of ethanol and toluene in ZIF-8 thin films in
a time-resolved manner using UV/Vis spectroscopy and ellips-
ometry (Fig. 6). The UV/Vis transmission spectrum of a non-

1.60
cycle 1
--- cycle2
1854 cycle 3
150 -
<
1.45
1404 <72
1.35
before switching
1.30

400 450 500 550 600 650 700 750 800 850
Alnm

Fig. 5 Refractive index switching as determined by ellipsometry
measurements in ZIF-8 films with ethanol and toluene. The arrows
should be read from left to right to follow the chronological evolution
of the refractive index in this experiment.
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absorbing thin film typically shows interference fringes with
minima and maxima depending on the films' thickness and on
its refractive index. Changes in the refractive index can be
monitored by a shift of the transmission maxima and minima.
First, an ethanol-soaked ZIF-8 film was incubated in toluene
(see Fig. 6a). With increasing incubation time, the transmission
maximum in the UV/Vis spectra shifts to higher wavelength.
Such a red shift is typical for a refractive index increase and
confirms the refractive index change that was measured with
ellipsometry. After 60 min no significant further shift takes
place. The total shift is A1 = 68 nm. This result shows a good
agreement with analogue ellipsometry measurements (see
Fig. 6¢). There, the refractive index increases rapidly in the
beginning and reaches the refractive index of the toluene-
loaded ZIF-8 thin films with long incubation times after 60
minutes. Thus, the pores in a ZIF-8 film can be filled with
toluene within 60 min. In a second experiment the removal of
toluene was investigated. For this, a toluene saturated ZIF-8 film
was incubated in ethanol (see Fig. 6b). Again, the UV/Vis
transmission spectra were measured in a time-resolved
manner. With increasing incubation time, the transmission
maximum shows a blue shift which is typical for a refractive
index decrease. The total shift is AA = 69 nm. In this case, the
process needs more time: only after 180 min, no further shift
takes place. This explains why within the experiments depicted
in Fig. 5, the refractive index does not return to the value
observed before toluene loading after only 60 min of ethanol
incubation. Also, the results of this experiment were confirmed
by ellipsometry (see Fig. 6d). The refractive index decreases
when the film is incubated in ethanol. After 180 min, the
refractive index reaches the same value as for an empty ZIF-8
thin film. This offers the possibility of fine-tuning the refrac-
tive index by either partly filling the MOF or by filling it with
mixtures of guests.

Pore-filling cannot only be achieved from the liquid but also
from the vapour phase. In corresponding experiments, we used
argon as the feed gas and saturated the argon flow by passing it
through ethanol. We first carried out a reference experiment
with a sample consisting of a silica layer with ca. 100 nm
thickness on a silicon wafer (for the results see the ESI,
Fig. S101). No effect of the argon or argon/ethanol flow on the
refractive index can be seen in this reference experiment. The
measured refractive index shows good agreement with the
refractive index of silica (1.46).%>

The refractive index of ZIF-8 is stable under exposure to
argon. When the argon flow passes through ethanol, the
refractive index of the ZIF-8 thin film directly increases with An
= 0.12 and stabilises within a few minutes. When the gas flow is
changed to pure argon, the refractive index directly decreases
(An = 0.11). This process can be cycled and shows a reversible
refractive index change of approximately 0.11 (Fig. 7). The large
refractive index changes with high reversibility can be explained
by the weak interaction between ethanol and ZIF-8 which has
also been shown by "H-NMR spectroscopy (Fig. S8, ESIT). This
experiment also shows that switching via the gas phase is fast.
In addition, we have performed fast UV/Vis measurements to
get more insight into the kinetics of this process (see ESI,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Refractive index switching of a ZIF-8 thin film with ethanol via
the gas phase.

Fig. S117 for the results and for the description of the experi-
ment). We cannot discern any delay for the switching using our
experimental set-up. The time resolution limit of these
measurements is eight seconds, so we can state that the

© 2022 The Author(s). Published by the Royal Society of Chemistry

switching is complete after eight seconds, but may also be
faster. For most optical applications which benefit from
a change of the refractive index, this should be of advantage.*

4. Conclusion

In this work we have shown that very large refractive index
changes can be achieved by using the metal-organic framework
ZIF-8 as a host structure for different organic guest molecules.
The resulting refractive index can be fine-tuned in a wide range
of An = 0.20. The refractive index changes can be explained by
the pore-filling model. Refractive index modulation can also be
performed partly and reversibly by alternated incubation of ZIF-
8 thin films in ethanol and toluene. Finally, we showed that fast
refractive index switching is possible via the gas phase with
a switching time of eight seconds or less, which is much faster
than a refractive index change of comparable size in a MOF thin
film consisting of HKUST-1.*

For the experiments carried out, ZIF-8 thin films of high
optical quality were necessary. Therefore, the method of cycled
direct crystallization was preferred over nanoparticle deposi-
tion. This method was further advanced by modifying the
described synthesis protocol,” showing that by neglecting
drying steps, crack-free thin films with high optical quality can
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be obtained. In spite of the renunciation of the drying steps,
crystalline films were obtained.

Large refractive index changes which can be influenced
externally can be useful, for example, in the construction of
photonic crystals and optical filters.>* Filling the pores only
partially leads to index changes sufficient for many optical
devices (An typically 0.02 to 0.03). Large refractive index
changes are preferred for sensor materials, as they provide high
sensitivities, i.e. when only very low degrees of filling translate
to measurable index changes.
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