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Introducing porous material into optical cavities is a critical step toward the utilization of quantum-
electrodynamical (QED) effects for advanced technologies, e.g. in the context of sensing. We
demonstrate that crystalline, porous metal-organic frameworks (MOFs) are well suited for the fabrication
of optical cavities. In going beyond functionalities offered by other materials, they allow for the reversible
loading and release of guest species into and out of optical resonators. For an all-metal mirror-based
Fabry—Perot cavity we yield strong coupling (~21% Rabi splitting). This value is remarkably large,
considering that the high porosity of the framework reduces the density of optically active moieties

relative to the corresponding bulk structure by ~60%. Such a strong response of a porous chromophoric
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Accepted 11th July 2020 scaffold could only be realized by employing silicon-phthalocyanine (SiPc) dyes designed to undergo

strong J-aggregation when assembled into a MOF. Integration of the SiPc MOF as active component
into the optical microcavity was realized by employing a layer-by-layer method. The new functionality
opens up the possibility to reversibly and continuously tune QED devices and to use them as optical sensors.
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Introduction

The engineering of the electronic structure of atoms and
molecules by strong interactions with light inside optical reso-
nators creates exciting prospects for materials science.’”® The
strong coupling of optical and electronic states can give rise -
often in counterintuitive ways - to new functionalities. In this
emerging field, the new phenomena are not limited to the
optical regime;**® in previous works it has been demonstrated
that such quantum-electro-dynamical (QED) phenomena can
affect many more molecular properties, including vibrational
transitions, chemical reactivity landscapes, and electronic
properties.”® When an organic or inorganic compound is
introduced into an optical cavity (for example, by sandwiching it
between two mirrors), electronic states of the molecular
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moieties can resonate with the eigenmodes of the cavity and
give rise to two new polaritonic states, P+ and P— (Rabi
splitting).

The size of the Rabi splitting energy, A = P+ — P— depends
on the energy of the optical transition energy, absorption
coefficient, and orientation of the transition dipole relative to
the cavity. Recent progress in the field of organic semiconductor
(OSC) materials*® suggest that subtle tuning of the transition
dipole moment orientation can significantly enhance Rabi
splitting energies.'®"" Whereas adjusting the optical transition
energies of an individual organic chromophoric moiety is rather
straight forward (e.g. by attaching appropriate side groups), the
optical properties of the corresponding condensed molecular
solid are difficult to predict because of cooperative effects and
since even slight modification of the molecular structure can
result in a completely different packing.'>**

In the majority of previously reported organic materials
yielding strong QED coupling cases,> the optically active dyes
were embedded in a random fashion into a polymer. As a result,
the corresponding transition dipole moments are randomly
oriented, a fact which carries substantial disadvantages with
regard to a rational optimization of the couplings and a thor-
ough theoretical analysis. For future device applications, crys-
talline cavity materials thus would be highly desirable. Indeed,
crystalline materials have been used as active materials,
including perovskites,"***> and organic semiconductors.'® In the
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latter case, however, only few successful efforts were reported,
e.g. for anthracene and rubrene.'”*®

For further advancement of QED device applications, the
reversibly loading and unloading of guest species would be of
interest. The reversible loading and release of guest molecules
(see Fig. 1) could be used to tune the permittivity and thus the
optical response of the microresonator, thus adding new func-
tionalities to these optical resonators. However, creating voids
inside a materials composed of chromophores reduces their
density and thus the overall optical response. As a result, there
have been no previous efforts along this direction.

Here, we demonstrate that metal-organic frameworks
(MOFs)"*° based on highly active, J-aggregate* forming chro-
mophoric linkers in connection with layer-by-layer (Ibl) depo-
sition methods offer the possibility to fabricate well-defined,
crystalline arrays of dye molecules to serve as porous cavity
materials in optical resonators. Our demonstration devices were
built using simple and easy-to-fabricate top and bottom metal
mirrors. In the past, MOFs have not been considered good
candidates to be used as active materials in microcavities
because the voids enclosed by these molecular frameworks
reduces the density of optically active chromophores. The
intrinsic porosity of these crystalline coordination networks
allows to reversibly load guest species into the porous MOFs at
high densities (Fig. 1). This particular property immediately
makes new applications possible, e.g. in the fields of optoelec-
tronics, sensing, and catalysis. Finally, the Ibl fabrication
method together with highly optically active chromophoric
MOFs allows fabrication of “simple” cavities defined by a top
and bottom mirror - a substantial simplification as compared
to the multi-step fabrication of distributed Bragg reflector (DBR)
mirrors.

Il

Optical Cavity

Fig. 1
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MOFs are intrinsically crystalline, porous materials fabri-
cated by assembling building units of at least two types, metal
or metal/oxo connectors and organic ligands, into periodic
structures.'>* Large building block libraries are available, and
the number of already characterized materials exceeds 100 000.
With regard to the design of optically active assemblies, MOFs
built from chromophoric linkers are of particular interest.>* The
list of modified photoactive organic compounds suitable as
MOF linkers already has an impressive length, and the variation
of optical transition energies and absorption cross-sections by
chemical modifications of the basic chromophore is rather
straightforward. Moreover, attaching such additional func-
tionalities can be accomplished without changes of crystal
structure, allowing for rational crystal engineering
approaches.”® MOFs have already been successfully fabricated
from many organic dyes, including porphyrins,> perylene/
naphthalenediimide®*® or phthalocyanines.*” In addition, the
knowledge of exact spatial geometry and possibility of iso-
reticular chemistry (i.e. construction of identical lattice topology
by different chromophores) make the MOF materials ideally
suited as an active cavity material.

The common powder form of MOFs, synthesized using sol-
vothermal methods, however, is not well suited for optical
applications.”” Here, we demonstrate that so-called SURMOFs,
surface-anchored MOF (SURMOF) monolithic thin films con-
structed by 1bl method,?® are well suited to fabricate Fabry-Perot-
type optical resonators showing strong exciton-photon coupling.
This first demonstration of a MOF-based optical cavity showing
a large Rabi-splitting is based on a particularly optically active
silicon phthalocyanine (SiPc 1) linker. The strong photon-matter
coupling is enhanced by the fact that assembling the SiPc linkers
into a MOF yields a J-aggregate, increasing its oscillator strength.
Fabrication of the cavity with the 1bl technique is straightforward.

Energy states in Light-SURMOF coupling

L
Electronic |
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Ey E (Hybrid Crystalline State) 5 E.
i i
P+
p-
Ey~Ec
(Guest-Responsive
Hybrid State)

(Left) A schematic illustration of nanoporous crystalline MOF structure in an optical cavity and its guest responsive nature (green rectangle

= organic linker; brick red square = metal node; yellow box = guest; Ec = cavity energy, Ey = cavity material electronic energy); (right) hybrid
energy states (P+ and P—) created by resonance of electronic transition (Eyn) of cavity material and cavity energy (Ec).
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Fig.2 Materials and their corresponding absorption spectra: (a) solvated SiPc linker and its absorption spectrum; (b) Zn-SiPc SURMOF grown on
SAM-modified Ag and its absorption spectrum (blue arrow corresponds to SiPc solvated linker absorption maximum); (c) Zn-SiPc SURMOF in

optical cavity and its absorption spectra with different thicknesses (black ~210 nm, pink ~300 nm, red ~400 nm); P+ and P—

indicate the hybrid

state; Em or cavity material electronic energy is indicated by green arrow.

The key step is the deposition of a SURMOF on a modified Ag-
substrate, the bottom mirror, which is then coated with Ag to
yield the top mirror (Ag deposition uses PVD). Note, that in
previous cases the fabrication of microcavities from crystalline
OSC materials with strong coupling required the fabrication of
DBR mirrors."”*® Although DBR mirrors exhibit huge quality
factors (Q factors), they carry certain disadvantages. First,
a considerable effort in manufacturing is needed. Second for
such cavities the effective optical path, which interacts with the
material is reduced, and thus reducing the overall efficiency.*
Therefore, we here use the simpler metal-mirror approach. The
effects of a smaller Q-factor are - at least in part — compensated by
an enhancement of the photonic field caused by the presence of
the metal mirrors' and the fact that all of the optical path is
located inside the active medium.*

The optical transition energy (Ey) of the SiPc-based SURMOF
was tuned in resonance to the optical cavity (Ec) mode (Fig. 1) by
adjusting the SURMOF thickness, which can be done conve-
niently by adjusting the number of deposition layers. We
demonstrate an optical cavity with ultra-strong coupling, with
a Rabi splitting energy of ~21% of the parent optical transition
energy of the SURMOF. In going beyond previous works, the
porous nature of the mirror separator allows further tuning of
the coupling by loading with guest species. In the following, we
will present the design-principle of integrating nanoporous,
crystalline SURMOFs into optical cavities, and discuss the
prospects of this novel approach for sensing application.

Results and discussion
J-aggregates of SiPc in Zn-SURMOF-2

The realization of a MOF-based microcavity is based on
a particularly well-suited class of MOFs, known as Zn-SURMOF-

7974 | Chem. Sci,, 2020, M, 7972-7978

2,** which is constructed by linking Zn-based paddle-wheel-type
secondary building units (SBU) with ditopic carboxylate func-
tionalized linkers to yield planes with quadratic subunits. These
planes are then stacked to yield a 3D structure, containing 1D
narrow channels running along the stacking direction, as
shown in Fig. 2b and S1.f As the photoactive linker, we have
chosen a silicon phthalocyanine (SiPc) (Fig. 2a). Pcs are partic-
ularly attractive dyes, because of their stability and pronounced
tunability.®® In a recent work using a Zn(n) metallated Pc
assembled in a polymer matrix,** a clear splitting of the two
Rabi-states could not be seen (less than 52 meV), a fact which is
likely due to the amorphous nature of the previous cavity
separators.

Crystalline Pc materials have, not yet been used as active
material in optical cavities most likely due to the difficulties in
obtaining well-defined thin layers of these compounds, to
overcome these limitations we have fabricated a Pc-based MOF
linker by actually substituting an SiPc compound with 1,4-
benzenedicarboxylic acid appends,* see Fig. 2a (SiPc 1 linker
synthesis described in ESIT). Using a Ibl spin coating method,
SiPc based crystalline SURMOFs Zn-SiPc were then grown on
glass and self-assembled monolayer (SAM)-modified Ag
substrates. Characterization by XRD (both, out-of-plane and in-
plane) revealed a structure with lattice dimensions a = b =
2.1 nm, ¢ = 1.1 nm (Fig. S27). The [001] crystallographic direc-
tion is oriented perpendicular to the substrate surface, and the
1D pore channels running parallel to the surface plane (i.e. the
[010] direction) (Fig. S1t). As shown in Fig. S1,} as a result of the
fairly small interlayer distance of ~1.1 nm the SiPc linkers of the
neighboring 2D layers are in close contact and bring about
substantial electronic interaction.***®

In a first set of experiments, the optical properties of the Zn-
SiPc SURMOF-2 grown on the SAM-modified Ag substrate were

This journal is © The Royal Society of Chemistry 2020
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examined by UV-Vis spectroscopy. Fig. 2a and b reveals that the
pronounced maximum at 1.82 eV observed for the solvated
linker is substantially red-shifted, to 1.67 eV, after assembly into
the SURMOF-2 structure. This pronounced shift provides strong
indication for the formation of a j-aggregate,* which is
consistent with the head-to-tail arrangement of the SiPc tran-
sition dipole moments. This conclusion is further supported by
the emission spectra (Fig. S31), which reveal a substantially
lower emission energy for the SURMOF (1.53 €V) than for the
solvated linkers (1.7 eV). The formation of a J-aggregate, which
has been reported for chromophoric MOFs only in a few
cases®?*” supports strong light-matter coupling by enhancing
the transition dipole moment.

SURMOF in optical cavity

In a next step, we have deposited Zn-SiPc SURMOFs of various
thicknesses on SAM-modified Ag substrates, simply by using
different numbers of immersion cycles. In following previous
approaches,****° this thin film was converted into an optical
cavity by coating with a ~10 nm semi-transparent Ag top layer
(Fig. 1a) using a metal evaporator. The quality (Q) factor of such
a metal-mirror cavity is fairly low (~10-100,>*! compared to 10°
to 10°~ for DBR cavities), but the high optical activity of the
chromophoric active material still allows to achieve impressive
optical performance, as demonstrated by the UV-Vis spectra
shown in Fig. 2. Data recorded in transmission (7) and in
reflectance (R) for different SURMOF-based cavities reveal
strong resonance effects varying with SURMOF thickness, as
shown in Fig. 2c.

For thicknesses of 210 and 300 nm the absorbance (A =1 — R
— T)* (black and pink lines, respectively) only reveals a subtle
broadening of the absorption band. This is in accord with
expectation, for such low thicknesses the cavity energy will be
located at energies larger than 2 eV, way above the Zn-SiPc
SURMOF excitation energy (1.67 eV). Increasing the number
of deposition cycles to yield SURMOF thickness to 400 nm
results in a distinct splitting of the absorbance band (red).
Clearly, now the cavity state is in resonance with the optical Zn-
SiPc transition, yielding a pronounced splitting of the absorp-
tion band into two new states located at 1.52 and 1.87 eV
(marked as P+ and P—). The nearly complete quenching of the
parent optical transition (green arrow) suggests that a majority
of the SiPc molecules are in resonance with the cavity mode.
The splitting energy of 0.35 eV amounts to ~21% of the Zn-SiPc
SURMOF-2 optical transition energy and reveals that the SUR-
MOF cavity is in the regime of strong coupling.

This value is the largest so far reported for planar aromatic
chromophores (porphyrin: 4%,** phthalocyanine: ~3% (ref. 32))
used as photoactive moieties in microcavities (see Table S17).
Higher values were only reported for nonplanar, more complex
compounds, e.g. conjugated polymers (~65%)' and photo-
switches (~32%).%>*

The presence of strong coupling in the SURMOF-based
microcavity is further supported by the outcome of experi-
ments where absorption spectra were recorded for different
angles of incidence (Fig. 3a). The dispersive nature of the

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) Incident angle dependent absorption spectra of the Zn-SiPc
in cavity resonance showing dispersive feature, red and blue lines
indicate the shifts of hybrid state energies, dotted gray line is the Zn-
SiPc electronic transition energy in absence of cavity resonance; (b)
photoluminescence spectra of Zn-SiPc pristine and in cavity reso-
nance with different excitation light incidence angle «;, (Ex = 3.30 eV).

photonic component in the hybrid photon-matter state is
evident from the energy versus incident angle (incident angle is
related to the in-plane momentum as following: k|| = 27t/2 sin 6;
6 = incident angle, A = peak energy, Fig. 3a). With increasing
momentum or incident angle, P+ state shows an increasing
photonic component (red line) and P— state approaches to be
more like a material (blue line), and these features resemble to
the previously studied cases of strong Rabi splitting in vacuum
field. We have also investigated the effect of varying the angle of
incident light on the emission spectra. We found that the
presence of strong coupling caused the emission spectrum of
the SURMOF to shift to lower energy (1.48 eV at 3.30 eV exci-
tation with incidence angle of 60°, see ESI{ for details of
experimental set up), compared to the pristine SURMOF (1.53
eV), as illustrated in Fig. 3b. Assuming that Kasha's rule is valid
for the polaritons, radiative decay should occur from the lowest
lying excited state (the new P— state created under strong
coupling field), the emission maximum should shift to lower

Chem. Sci., 2020, 11, 7972-7978 | 7975
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Fig. 4 A difference spectra of the hybrid energy states in empty
(black), ethanol (red) and toluene (blue) filled SURMOFs. Green line
indicates the Zn-SiPc electronic transition energy in absence of cavity
resonance.

energies than that in the pristine material.*® Change in the
incidence angle to 30° further shifted the emission maximum
by ~10 meV, confirming the dispersive nature of the hybrid
state.

Guest-responsive polariton

We now come to the demonstration of the unique properties of
the new cavity material realized here. The MOF structure
contains void space (confirmed by gravimetric vapor adsorp-
tion, Fig. S41), and loading guest species having different
refractive index (RI) into the pores of the framework material
will change the effective permittivity of the cavity and thus the
Rabi splitting. This is demonstrated by the data shown in Fig. 4,
which reveal changes of the UV-Vis spectra upon loading with
a prototype guest species, ethanol (RI = 1.36, Fig. S61). For an
incident angle of 60°, a pronounced 50 meV shift is observed for
the P— state, much larger than the solvatochromic shifts
observed for the Zn-SiPc SURMOFs immersed in ethanol, where
the effect amounts to only 5 meV (Fig. S47). Clearly, in the
strong coupling regime, the guest-induced change of optical
properties is strongly amplified. For other guest species, e.g.
a nonpolar aromatic compound toluene (higher RI of 1.49
compared to that of ethanol), the effect was much smaller (~20
meV), as expected (Fig. 3 and S67).

Conclusions

In conclusion, we have realized a new type of optical microcavity
with a crystalline, highly oriented MOF as the active material.
Despite the intrinsic porosity of this particular active material,
the total amount of Rabi splitting achieved for the SiPc-based
MOF is larger than observed before for conventional solid
solutions of planar chromophores. The fabrication of the MOF-
based cavity is simplified by the superior optical quality of the
SURMOFs, which allows to use a simple metal-mirror approach;
thus, avoiding the more complicated fabrication of DBR

7976 | Chem. Sci, 2020, 1, 7972-7978
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mirrors. The SiPc linkers used here yield a j-aggregate when
assembled into a MOF material, one of the main reasons for the
overall huge performance of the SURMOF microcavity. In this
context, MOF materials offer a huge potential, since the
arrangement of the chromophores inside the lattice can be
tuned using steric control units,* thus allowing further opti-
mization of the optical response of these highly photoactive
materials.

By going beyond previous applications of optical cavities in
the strong or ultra-strong coupling regime, the intrinsic
porosity of the MOF material allowed for realization of a highly
sensitive optical detector, where the common solvatochromic
shift was found to be amplified by an order of magnitude. Such
photon-matter hybrid state in porous materials provide an
excellent platform for future advanced sensor applications. In
addition, use of a MOF-based catalyst in a similar vacuum field
to achieve vibrational strong coupling is another more attractive
step to be considered in future.
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