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Exploring Functional Photonic Devices made from a 
Chiral Metal–Organic Framework Material by a Multiscale 
Computational Method
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Electronic circular dichroism is an important optical phenomenon offering 
insights into chiral molecular materials. On the other hand, metal–organic 
frameworks (MOFs) are a novel group of crystalline porous thin-film mate-
rials that provide tailor-made chemical and physical properties by carefully 
selecting their building units. Combining these two aspects of contemporary 
material research and integrating chiral molecules into MOFs promises 
devices with unprecedented functionality. However, considering the nearly 
unlimited degrees of freedom concerning the choice of materials and the 
geometrical details of the possibly structured films, urgently it needs to 
complement advanced experimental methods with equally strong mod-
eling techniques. Most notably, these modeling techniques must cope with 
the challenge that the material and devices thereof cover size scales from 
Ångströms to mm. In response to that need, a computational workflow is 
outlined that seamlessly combines quantum chemical methods to capture 
the properties of individual molecules with optical simulations to capture 
the properties of functional devices made from these molecular materials. 
The focus is on chiral properties and applying work to UiO-67-BINOL MOFs, 
for which experimental results are available to benchmark the results of the 
simulations and explore the optical properties of cavities and metasurfaces 
made from that chiral material.
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1. Introduction

Electronic circular dichroism (ECD) spec-
troscopy is a stereoselective spectroscopy 
in the UV–vis part of the spectrum, which 
is the chiroptical counterpart to the UV–
vis absorption. The method was pioneered 
in the second decade of the 19th century 
by François Arago,[1] Jean-Baptiste Biot,[2–5] 
and Augustin-Jean Fresnel.[6] The ECD 
spectroscopy captures the difference in 
absorption between left- and right-handed 
circularly polarized light. While two enan-
tiomers of a chiral molecule and material 
have the same UV–vis absorption spec-
trum, their ECD spectra differ. Therefore, 
ECD spectroscopy is not a substitution 
but rather an important extension to the 
standard linear electronic spectroscopy 
that offers us more detailed insights into 
the structural and optical properties of 
molecular materials. Initial applications 
were in the studies of crystalline mate-
rials, fluids, and biologically vital chiral 
molecules.[1–6] Today, we know many 
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molecular materials that exhibit chiral properties, and a broad 
range of them have an application in medicine and industry. It 
is, therefore, extremely important to control the optical proper-
ties of novel materials and design devices that can be used to 
measure ECD spectroscopic properties.

One example of a promising novel material that can benefit 
from a combination with chiral molecules are metal-organic 
frameworks (MOFs, a chiral metal-organic framework is also 
commonly abbreviated CMOF)[7–11] that can be prepared with 
a layer-by-layer liquid-phase epitaxy (LPE) method[12] or grown 
via vapor-assisted conversion (VAC).[13] This deterministic fab-
rication approach allows for precise growth, which results in 
a controlled thickness and orientation of the final thin film. 
MOFs are exponentially gaining popularity in the last two dec-
ades, and recently, the focus of their application shifted from 
catalytic[14,15] toward optical functionalities[16–18]. In addition, the 
possibility to use virtually any organic molecule as a building 
block connecting metallic centers to design MOFs[19–22] has also 
drawn the focus to chiral MOFs. Furthermore, it is also pos-
sible to load achiral MOFs with chiral guest structures.[23] The 
exciting opportunity to control the chirality of highly porous 
structured materials[24,25] intrigued researchers to explore appli-
cations in the fields of enantioselective chemistry and catal-
ysis,[26–28] chiral molecules separation,[29,30] optics,[20,31–39] and 
sensors based on chiral MOFs.[40–44] Chiral MOFs are especially 
important as many molecular materials show chiral properties 
but cannot be structured.

However, the ongoing experimental efforts necessarily need 
to be complemented by accurate theoretical modeling.[45] The 
unprecedented opportunities to structure many different mate-
rials into a multitude of possible shapes to control the optical 
response make it indispensable to have a predictive modeling 
tool to study emerging properties before any fabrication. How-
ever, these developments turned out to be challenging since a 
complete understanding of the origin and control of underlying 
chiral properties, especially in devices, requires an interdiscipli-
nary approach spanning across (quantum) chemistry, physics 
(optics), materials science, and engineering. Furthermore, the 
different length scales intrinsic to such devices, starting from 
the details of the individual molecule up to the entire device, 
prompt a holistic approach unavailable until now. The need 
for understanding the relation between the chiral properties of 
a single unit and those of a cluster or a macroscopic sample 
made from many units arises when one desires to structure 
the material for a specific requirement. Photonic devices to 
enhance the ECD signal which we discuss in Section  4, for 
instance, are widely known. Still, the influence of the molecules 
on the light-matter interaction is mostly neglected. Further-
more, the possibility of structuring the molecular material is 
often not considered.

Here, we present a multiscale modeling workflow adapted 
to study the optical properties of functional devices made from 
chiral MOFs. The work significantly widens the scope of a pre-
viously developed approach[46] to the realm of chiral materials. 
We open a route to unveil basic physics governing light-chiral 
matter interactions with circularly polarized light, the pos-
sibility of tailoring targeted responses, and the knowledge-
driven design of chiral devices (sometimes also called digital 
twins). In this context, we discuss exemplarily an optical cavity 

and a metasurface below. Our approach allows one to identify 
and assign the modes of cavities containing molecular mate-
rials.[47,48] With the presented workflow it is, therefore, possible  
to determine the chiral properties of a single molecular unit and 
a single cylinder made from a crystalline arrangement of such 
molecular unit, for instance, to design a macroscopic material 
as a thin film on a substrate or inside a cavity or a metasurface 
of cylinders to modify the ECD signal.

We demonstrate our workflow using the example 
of Zirconium-based UiO-67 type MOF with the chiral 
[1,1′-Binaphthalene]-2,2′-diol (BINOL) organic linker built 
in the framework by a VAC method and study the electronic 
circular dichroism (ECD) spectroscopic properties of UiO-
67-BINOL thin films. Molecular quantum chemistry simu-
lations of MOF unit cells constitute the basis for obtaining 
the accurate optical response of the material to circularly 
polarized light. The connecting point between the spatial 
scales of the atomistic studies and the device simulations 
are the transition matrices (T-matrices).[49] The T-matrices 
are constructed from dynamic polarizabilities calculated 
within the state-of-the-art time-dependent density functional 
theory (TD-DFT) framework and considered by full-wave 
Maxwell’s solvers. The efficient T-matrix approach for peri-
odic systems allows us to effortlessly vary, in a later stage, 
geometrical details of functional devices that exploit these 
molecular materials in their design and to study emerging 
structure-property relations.

Our workflow consists of the following steps:

(i) Optimization of the unit cell of the crystalline MOF.
(ii) Defining a finite-size model capturing important optical in-

teractions.
(iii) Calculating TD-DFT spectra to determine the spectral 

range of interest and understanding the origin of spectral 
features.

(iv) Calculating the electric-electric, electric-magnetic, and mag-
netic-magnetic dynamic polarizabilities in dipole approxi-
mation for discrete frequencies in a given frequency range.

(v) Constructing of T-matrices out of these polarizabilities.
(vi) In some cases1
 For specifically structured devices, such as the cylinders 

considered further below, we perform a homogeniza-
tion of the molecular material based on the T-matrices to  
extract effective material parameters. This allows us to con-
sider arbitrarily shaped objects made from a homogenous  
material.: Homogenizing the MOF material based on the 
T-matrices.

(vii) Performing full-wave optical simulations of materials 
and devices based on scattering codes or finite-element 
methods.

(viii) Analyzing the results concerning the emerging optical 
functionality.

In comparison to our previous studies in [46], we are consid-
ering the chiral properties of a MOF thin film and find suitable 
geometry parameters to structure the MOF, for instance, into a 
metasurface to modify its ECD signal.

This manuscript is divided into the following sections  to 
present all these details. Section  2 contains the results of 
the first five steps of the above-described workflow. These 
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steps concern the quantum chemical details of the problem.  
Section  3 contains experimental and numerical simulation 
results of the MOF thin film material on a glass substrate. 
Section  4 depicts the power of our multiscale approach pre-
senting the simulations of two photonic devices containing 
our novel chiral material: (a) a Fabry–Pérot cavity made from 
thin aluminum films where in between the UiO-67-BINOL 
MOF material is placed, and (b) a metasurface made from 
periodically arranged cylinders made by the same MOF mate-
rial. For the optical cavity, we observe a splitting of the cavity 
modes for specific values of the MOF thin film thickness due 
to the interaction between the modes and the MOF material. 
For the metasurface, lattice effects between the chiral MOF 
cylinders enhance and even reverse the circular dichroism 
signal from the material, an example of a rather drastic modi-
fication of the intrinsic material properties upon structuring. 
Finally, we give a conclusion and a future perspective of 
our work.

2. Quantum Chemistry Simulations  
of UiO-BINOL MOF
This section outlines the most critical aspects of the quantum-
chemical simulations. The purpose is to describe the bianiso-
tropic properties, that is, the properties that capture the details 
of the light-matter interaction of the MOF unit cell in a manner 
that the molecular material can be considered afterward in a 
more classical optical simulation. Therefore, we will initially 
optimize the geometry and compute the dipolar polarizability 
of the unit cell afterward.

2.1. Structural Properties of the Porous Crystalline  
UiO-67-R-BINOL MOF

The quantum mechanical and optical simulations within den-
sity functional theory (DFT) and its time-dependent variant 
(TD-DFT) method follow the approach for the workflow as 
described in Ref.  [46]. However, the novelty of the current 
work is the focus on a chiral MOF. The workflow consists of 
three steps.

First, we build and optimize the periodic porous UiO-R-
BINOL material using the periodic DFT code CP2K. The struc-
ture and unit cell dimensions were optimized simultaneously. 
Energetically the most optimal structure (Figure 1a) is charac-
terized by a cubic unit cell with vector aa|| || 27.647106=  Å. The 
optimized structure of the unit cell was used to simulate the 
X-ray diffraction (XRD) pattern in the range 2θ = 3° − 20° for 
the incident wavelength of the X-rays λ = 1.54 Å corresponding 
to the experimental conditions against which we compare our 
predictions (Figure 1b). For reference experiments, we prepared 
MOF films with UiO-R-BINOL and UiO-S-BINOL structure 
on quartz substrates. The method is based on vapor-assisted 
conversion (VAC).[13] The out-of-plane X-ray diffractogram 
(Figure  1b) indicates that the film has the targeted structure. 
Moreover, the film is grown in an oriented fashion with the  
(1 1 1) orientation perpendicular to the substrate. The scanning 
electron microscopy images (Figure  1d,e) show that the film 
covers the substrate homogenously. Some crystallites on top of 
the film can be observed. More details of the sample synthesis 
and characterization are given in Supporting Information. In 
Figure 1b, it can be seen that the diffractions on the (111) and 
(222) planes are reproduced at the matching angles and with 

Adv. Funct. Mater. 2023, 2301093

Figure 1. a) The optimized structure of the unit cell of the periodic crystalline UiO-R-BINOL MOF. b) Comparison of simulated XRD pattern for the 
periodic DFT optimized structure of the UiO-R-BINOL unit cell to the experimental XRD measurement of the UiO-S-BINOL thin film. c) Finite-size 
cluster-like molecular model of the UiO-R-BINOL MOF as considered in the further calculation of the polarizabilities. In (a,c), white, grey, red, and 
turquoise spheres represent H, C, O, and Zr atoms, respectively. The top-view d) and side-view e) SEM images of the prepared UiO-67-BINOL MOF 
thin film on the substrate.
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the same intensity ratio. Additional low-intensity peaks in the 
theoretical spectrum represent in-plane diffractions inacces-
sible for the out-of-plane XRD experimental measurements. 
The comparison between the experimental XRD pattern and the  
simulated one for the optimized material confirms that the 
identified structure is indeed the one that is experimentally 
accessible. These insights provide us with confidence to pro-
ceed with the subsequent optical calculations.

In the second step, we select and build a finite-size molecular 
model of the optimized periodic material from the first step. That 
is necessary to preserve a correct and complete electronic struc-
ture of the building blocks, in this case, ligands, of such chiral 
MOF material from which chiral properties originate. Ideally, the 
molecular model is as small as possible for computational effi-
ciency. On the other hand, it needs to be large enough to capture 
all interactions critical for the optical properties of the MOF mate-
rial. In the pertinent case, we consider the optimized unit cell in 
its entity, and the structure is rearranged so that all BINOL linker 
molecules located at the boundary of the unit cell of the MOF are 
not cut in half due to the periodic boundaries. This is important 
to ensure that the simulated optical response stems exclusively 
from the chiral components of the MOF. Furthermore, upon tran-
sitioning from the periodic description of the MOF to the cluster-
like approach, we saturated the broken bonds between the BINOL 
linkers and the Zr-metallic centers with additional hydrogen 
atoms. This entire procedure yields a molecular model (Figure 1c) 
with 1074 atoms in total. This system was used to calculate 
dynamic complex polarizabilities in step iv) of the workflow.

2.2. Dynamic Polarizabilities and Optical Properties  
of UiO-67-BINOL MOFs

The third step considers the molecular model from the previous 
step, and we proceeded by calculating the dynamic polarizabili-
ties in dipole approximation using density functional theory 
(DFT) for the spectral range of interest (180–400 nm). The spec-
tral resolution was 2  nm. The frequency-dependent dynamic 
polarizability tensors ( )α ωνν′  are prerequisites to construct the 
T-matrices used in the optical simulations of the entire UiO-
BINOL MOF thin film and devices thereof. The electric-electric 
(ee), electric-magnetic (em), and magnetic-magnetic (mm) 
dipole polarizabilities can be obtained as in [46]

xx yy pp qq( ) , ; ,α ω =νν
ν ν ν ν

′
′ ′  (1)

with the perturbations ν, ν′  ∈ {e, m}. xx  and yy  are the solu-
tions of the coupled-perturbed Kohn–Sham equations. ppν ′ and 
qqν ′ represent the electric and magnetic dipole integrals trans-
formed to the basis of the molecular Kohn–Sham orbitals.[46] 
Finally, we exploited that we can simulate the rotationally aver-
aged UV–vis absorption spectrum from the trace of the imagi-
nary part of the calculated damped eeα  tensors at each discrete 
wavelength, and we use the trace of the real part of the damped 

emα  tensors to produce the ECD spectrum in the UV–vis spec-
tral range. The comparison of the spectra reconstructed from 
the damped dynamic polarizability tensors to those experimen-
tally measured is shown in Figure  2. Details of the measure-
ments can be found in Supporting Information.

The theoretical UV–vis absorption spectra of both MOF 
enantiomers depicted in Figure  2a are in qualitatively good 
agreement with the experimental spectral features. There are 
three broad peaks characterizing the absorption. Two low-
intensity peaks at 350 and 300  nm are slightly blue-shifted in 
the simulations by ~15  nm while the most intensive band at 
225  nm is predicted on the exact position as experimentally 
observed. The experimental spectra are broadened almost twice 
compared to the chosen theoretical broadening of 0.3 eV at full-
width at half-maximum (FWHM). Based on the IR and UV–vis 
spectra (Figure  2; Figure  S2, Supporting Information) as well 
as based on the high crystallinity as shown by XRD and the 
homogenous morphology as shown by SEM, we conclude that 
the MOF films have a high quality.

Comparing the simulated and experimental ECD spectra in 
Figure  2b, the match is even more pronounced. The simula-
tion does not only predict all resonance positions exactly but 
also the chosen broadening matches the experiments across 
the entire spectral region. The lowest lying peak at 334 nm is 
used to scale the theoretical spectra for both enantiomers. The 
middle band predicted at 244  nm in the theoretical spectrum 
is of the same magnitude as the lowest peak at 334 nm while 
in the experimental measurements, it is of the same intensity 
as the peak at 222 nm. Finally, the high energy peak at 222 nm  
is the most intensive in the simulations and matches the shape 
of the measured spectrum perfectly in that spectral window.

Once the polarizabilities are known, it is merely a change of 
basis and a rescaling to express the T-matrix.[49] All characteristic  

Adv. Funct. Mater. 2023, 2301093

Figure 2. a) Comparison of TD-DFT simulated UV–vis absorption spectra of the molecular model of UiO-BINOL MOF to experimental results of the 
MOF thin film for both enantiomers. b) Comparison of simulated ECD spectra of the molecular model of UiO-BINOL MOF to experimental CD spec-
troscopic measurement of thin films for both enantiomers.
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features of the spectra depicted in Figure  2a,b are also pre-
sent in the T-matrices in the considered spectral region. Some 
selected T-matrices are shown in Figure S6 (Supporting Infor-
mation) for illustration. With the T-matrices and these find-
ings at hand, we can perform the transition from the quantum 
chemical properties and response of one unit cell to the optical 
properties and response of a MOF thin film.

3. Chiral UiO-BINOL MOF Thin Film on a Glass 
Substrate: Response of MOF with Rotationally 
Averaged Unit Cells

In the next step, we perform multiscale simulations and con-
sider the optical properties of a chiral UiO-BINOL MOF thin 
film on a glass substrate. In the Appendix, the T-matrix for-
malism and its usage for multiscale simulations are explained 
in more detail. In short, we can calculate, using that for-
malism, the reflection and transmission from a periodic 
planar arrangement of objects that are optically described by 
their T-matrices. Here, we consider the periodicity imposed by 
the MOF and the molecules considered above as individual 
objects. Stacking such layers is also possible so that we can 
predict the optical response from layers made from periodi-
cally arranged molecular unit cells. That approach allows for 
easily building entire MOF films with a macroscopic thick-
ness. Besides layers containing periodically arranged mole-
cules, interfaces and more traditional optical materials such 
as glasses or metals can be considered. In combination, that 
framework is perfectly suitable to explore the optical response 
of stratified media containing materials such as those 
considered here.

Further below, we show the results of optical simulations 
adapted to realistic measurement scenarios and compare them 
to the corresponding experimental results. This section  justi-
fies the usage of the calculated T-matrices for different photonic 
devices presented in Section 4.

As illustrated in Figure 3a, the MOF thin film is illuminated 
from below, the transmitted light intensity is computed in 
the half-space of the glass substrate above the MOF, and the 
reflected light intensity is computed in the half-space below 
the MOF. To avoid an influence on the spectra by assuming 
a specific finite value for the thickness of the substrate, we 
assume that it fills the entire half-space above the MOF. The 
dielectric function of the glass substrate is assumed to be non-
dispersive and set to εr = 2.25. We analyze the absorption and 
circular dichroism of the chiral UiO-BINOL MOF thin film on 
the substrate. The absorption is defined as A±  = 1 − T±  − R±, 
where T± is the transmittance and R± is the reflectance of an 
incident plane wave which is either left-handed circularly polar-
ized (+) or right-handed circularly polarized (− ). The absorp-

tion circular dichroism (ACD) is defined as ACD
2

= −+ −A A
. We 

additionally define the transmission circular dichroism (CD) as

CD (mdeg) arctan ·
180·1000

π
= −

+









− +

− +

T T

T T
 (2)

The unit “mdeg” is very common for spectroscopic measurements 
of circular dichroism in chemistry and biology; see [24], for instance. 
We consider the absorption and circular dichroism for different 
wavelengths of the incident wave and different thickness values of 
the film before we concentrate on specific thickness values.

In the experiments, the light spot illuminates a fairly large 
area of the sample in which the crystal has multiple domains 
that are differently oriented to each other, see Figure  1d. To 
compare simulations to experiments, we, therefore, calculate 
the rotational average of the four block matrices of the T-matrix 
of the unit cell and then solve the multi-scattering problem. 
In Supporting Information, we also discuss the macroscopic 
response of the slab without calculating the rotational average, 
which then incorporates all the structural characteristics and 
the orientation of the unit cell.

The absorption of the UiO-R-BINOL MOF thin film is 
depicted in Figure  4a, the ACD spectrum is depicted in 

Adv. Funct. Mater. 2023, 2301093

Figure 3. a) Schematic setting of the simulation and experiment of the MOF thin film on a glass substrate. b) Schematic setting of the MOF thin film 
in a Fabry–Pérot cavity defined by two aluminum mirrors. c) A single cylinder and d) a metasurface consisting of a square lattice of cylinders made out 
of the MOF. For the MOF thin film on the substrate, the glass substrate is treated as infinitely extended into the upper half-space. For the MOF thin film 
in the cavity, the thickness of the lower mirror is 10 nm and the thickness of the upper mirror is 30 nm. The MOF cylinders with radius rcyl and height 
hcyl are placed into a square lattice with lattice constant a. In the simulations, the MOF thin film, the cavity, and the lattice are sequentially illuminated 
from below with a left- and right-handed circularly polarized plane wave. The transmission is measured in the half-space above the MOF film or the 
upper mirror, and the reflection is measured in the half-space below the MOF film or below the lower mirror, respectively.
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Figure  4b, and the CD spectrum is depicted in Figure  4c. 
While the absorption is relatively high throughout the para-
meter range, the ACD and CD spectra show distinct regions 
of positive and negative signs depending on the illumination 
wavelength. In contrast to the CD spectrum, the ACD spec-
trum takes relatively small values for short wavelengths and 
large values of the film thickness. We discuss this difference 
below by considering all three quantities for specific thick-
nesses. We show in Supporting Information that the circular 
dichroism spectra of the UiO-S-BINOL MOF thin film are 
mirror images of the corresponding spectra of the UiO-R-
BINOL MOF thin film. Hence, these spectra are not shown 
here for brevity.

To analyze the mentioned properties of the circular 
dichroism spectra, we focus on specific values of the thickness 
and compare simulated to measured spectra. We choose values 
of the thickness 250, 500, and 1000  nm. In Figure 5a,d,g, the 
absorption of the UiO-R-BINOL MOF and UiO-S-BINOL MOF 
thin films are depicted. In Figure 5b,e,h the ACD spectra, and 
in Figure 5c,f,i the CD spectra are shown.

The thickness of the film increases from 250 nm in the first 
row to 1000  nm in the third row in Figure  5. The absorption 
increases with growing film thickness. The ACD simultane-
ously decreases as the transmission signal becomes smaller 
for a higher thickness. The CD, however, increases for higher 
thickness values as the denominator in Equation  2 decreases. 
The thickness of the experimentally analyzed MOFs is in the 
range between 500 nm and 1000 nm. The experimentally meas-
ured spectra of the CD are plotted together with the simula-
tions for a thickness of 500 nm in Figure 5f. The frequencies 
with resonances in the CD spectra agree very well, and also the 
intensities of the peaks match relatively well. The good agree-
ment we observe proves that, on the one hand, the grown MOF 
thin films are of good quality due to the agreement with the 
results of the DFT simulations of the unit cell and with the 
results of the simulations of the macroscopic samples. Dif-
ferences between the thickness of the grown film and the 
simulated film and possible inaccuracies of the measurement 
setup might cause observed discrepancies in the intensity. For 
a thickness of 250 nm of the simulated film, for instance, the 
agreement between the peak intensities in the simulated and 
the measured spectra is better. On the other hand, the good 
agreement supports that our simulation workflow and the used 

simulation tools are very useful for analyzing and interpreting 
experimental results. Furthermore, they can be used to design 
devices based on the given MOF material. The next section  is 
focused on the discussion of specifically tailored devices based 
on the UiO-67-R-BINOL MOF.

4. Simulation of Complex Photonic Devices  
of UiO-BINOL MOF
In this section, we simulate two complex photonic devices 
incorporating the UiO-67-R-BINOL MOF: a Fabry–Pérot cavity 
consisting of two separated aluminum mirrors filled with the 
MOF thin film and a metasurface defined by a square lattice of 
cylinders consisting of the MOF.

4.1. Optical Cavity Filled with UiO-67-R-BINOL MOF Thin Film

We consider a Fabry–Pérot cavity filled with the UiO-67-R-
BINOL MOF thin film; see Figure  3b. The cavity consists of 
two separated thin aluminum films that act as mirrors. For 
the optical simulations, the material parameters from alu-
minum are taken from [50]. The bottom mirror has a thick-
ness of 10  nm, and the top mirror has a thickness of 30  nm. 
The cavity is illuminated with a left-handed circularly polar-
ized plane wave from the bottom propagating in +z-direction. 
In the optical simulations of the MOF thin film, we consider 
again the rotationally averaged T-matrix of the unit cell of the 
MOF to reflect the fact that the thin film is not mono-crystal-
line. Instead, it consists of domains with different orientations. 
In Figure  6a, the absorption spectrum is shown for different 
wavelengths of the incident light and different values of the 
thickness of the MOF thin film. The thickness of the film is 
restricted to values below 500  nm as the high absorption for 
larger thicknesses suppresses the observation of finer details. 
Compared to Figure  4a, one observes narrow regions of high 
absorption which are bent close to the resonances of the MOF. 
Indeed, these lines of high absorption can be traced to the exci-
tation of standing wave resonances in the Fabry–Pérot cavity 
filled with a dispersive material.[46] The modes of the cavity, 
depicted as colored lines in Figure 6a, are calculated based on 
the effective refractive index of the MOF, which is computed 

Adv. Funct. Mater. 2023, 2301093

Figure 4. a) Simulated absorption, b) ACD, and c) CD spectra of the UiO-R-BINOL MOF as a function of the wavelength and the film thickness. In 
contrast to the absorption, which is relatively high in the entire parameter range, the ACD and the CD spectra show some distinct regions with alter-
nating signs depending on the wavelength of the incident light.
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Figure 5. a,d,g) Simulated absorption, b,e,h) ACD, and c,f,i) CD spectra for a thickness of the MOF film of 250 nm (a–c), 500 nm (d–f), and 1000 nm 
(g–i). With increasing thickness (going down the column), the absorption increases. Due to the decreasing signal, the ACD decreases with increasing 
absorption. The CD, however, increases with growing thickness and absorption as the denominator in Equation 2 decreases. Compared to the experi-
mental measurement, the simulated spectra of the CD agree well concerning the resonance frequencies. Concerning the peak intensity, the spectra 
match relatively well for a thickness of 500 nm (f).

Figure 6. a) Simulated absorption and b) ACD spectra depending on the wavelength of the incident light and the MOF film thickness when placed into 
a Fabry–Pérot cavity made from two thin silver films. c) Simulated absorption for a fixed thickness of 47 nm of the MOF film inside the same Fabry–
Pérot cavity. The absorption shows regions of large intensity corresponding to cavity modes. The modes are bent around a wavelength of 225 nm due 
to the interaction of light and the MOF material. The ACD signal is considerably smaller compared to the MOF thin film on the substrate due to the 
interaction of the reflected light waves inside the cavity and the higher absorption connected to the reflection of the mirrors. The absorption spectrum 
in (c) shows the splitting of a cavity mode due to the light-matter coupling.
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with the homogenization method from [51]. For the calculation 
of the cavity modes, the chirality of the MOF is neglected.

In Figure 6b, the absorption spectrum is depicted. In com-
parison to Figure  4b, the values of the ACD are considerably 
smaller for the MOF thin film in the cavity. On the one hand, 
this can be related to the fact that for building a cavity, planar 
mirrors are unsuitable for enhancing the circular dichroism. 
The circular polarization of the incident light flips the hand-
edness upon each reflection inside the cavity. Therefore, the 
circular dichroism signal does not add up but rather tends to 
cancel.[52] On the other hand, a high number of reflections 
leads to larger absorption, which decreases the absorption cir-
cular dichroism similar to Figure 5. Therefore, the cavity modes 
decrease the signal compared to the configuration with the glass 
substrate. However, comparing the values of the ACD at dif-
ferent thickness values, the signal is larger in those parameter 
regimes where the cavity supports a mode. This can be related 
to the fact that outside those parameter regimes, destructive 
interference between the light waves occurs, and the net ACD 
vanishes. The CD spectrum is not shown here explicitly. The 
spectrum does not differ significantly from the spectrum of the 
MOF thin film on the substrate. That is because the normaliza-
tion of the CD by the transmitted power suppresses the absorp-
tion influence on the signal so that a larger number of reflec-
tions does not change the quantity.

In Refs. [18, 46], the interaction between a cavity made from 
silver mirrors and a Zn-SiPc-SURMOF-2 has been discussed 
experimentally and numerically, respectively. In [46], it is ana-
lyzed that for fixed values of the thickness of the MOF film, 
the two observed branches of high absorption are not belonging 
to the same split cavity mode but to two different ones. This 
is related to the strong dispersion of the refractive index of 
the SURMOF. For low values of the thickness of the UiO-
R-BINOL-MOF film, the observed split branches in Figure  6a 
belong to the same cavity mode and not to two different ones. 
In Figure  6c, the absorption is shown for a fixed thickness of 
the UiO-R-BINOL-MOF film of 47 nm in the aluminum cavity. 
The absorption of the filled cavity shows two peaks separated 
by a dip at a wavelength where the absorption of the MOF 
thin film in a vacuum shows a peak. This indicates a coupling 
between the light and the MOF, which is commonly referred 
to as Rabi splitting.[53–55] With respect to Ref.  [18], we intro-
duce an additional degree of freedom to the split energy states, 
as their absorption depends on the polarization handedness 
of the incident light causing slight differences in the light-
matter interaction. This can potentially lead to a larger number 
of applications.

4.2. Metasurface Made from UiO-67-R-BINOL MOF Cylinders

The possibility of enhancing the circular dichroism of chiral 
objects by the strong near-fields of plasmonic structures or 
high-refractive-index dielectric materials as silicon cylinders is 
well-known.[56–65] A central quantity in the discussion of this 
enhancement is the optical chirality density defined as [66]

rr EE rr BB rrC h( , )
2

Im{ ( , ) ( , )}†ω ε ω ω ω= −  (3)

at a position rr  of a molecule in the surrounding medium and 
at the frequency ω. The optical chirality density is a measure 
for the difference of the intensities of left- and right-handed cir-
cularly polarized fields; see Equation A1 in [60]. The enhance-
ment of the circular dichroism of chiral molecules placed on 
an achiral nanostructure is proportional to the volume-averaged 
enhancement of the optical chirality density by the structure 
compared to the optical chirality density in the embedding 
medium of the molecules without the nanostructure, see Equa-
tion  A4 in [60]. Especially if the electric and magnetic dipole 
resonances of the nanostructure overlap, a high enhancement 
can be achieved.[60,61,63] In this context, also lattice resonances, 
which collectively couple multipole moments, are of significant 
importance.[62,64,65]

In this subsection, we consider the enhancement of the cir-
cular dichroism signal of the UiO-67-R-BINOL MOF thin film 
at a wavelength of 334 nm by designing a metasurface defined 
by a square lattice of cylinders that consist of the MOF mate-
rial, see Figure 3c,d. That means that the structured molecular 
material enhances its signal itself. The wavelength of 334  nm 
was chosen because, close to it, the ACD and CD spectra show 
a maximum, see Figure 5. It is emphasized that the MOF mate-
rial is of far more complexity than silicon, for instance. The 
main advantage of our multiscale ansatz is the representa-
tion of this complexity by the T-matrix. From the rotationally 
averaged T-matrix, the effective material parameters can be 
extracted that describe the optical properties of the material at 
the macroscopic scale.[51] The material properties that matter 
to the problem at hand are the permittivity and chirality. Both 
effective quantities are shown in Figure S8 (Supporting Infor-
mation). The effective parameters can then be considered in 
a macroscopic full-wave Maxwell solver to explore the optical 
properties of a structured MOF. Initially, we consider here 
COMSOL Multiphysics which solves Maxwell’s equations using 
the finite-element method.[67]

In the first step, the optical chirality density for incident left-
handed circularly polarized light at the above-mentioned design 
wavelength is calculated for a metasurface made from MOFs 
structured into cylinders. We systematically change the cylinder 
radius and select multiple aspect ratios. The aspect ratio is 
defined as the ratio between the cylinder’s radius and its height. 
The purpose is to find suitable geometry parameters where the 
optical chirality density is enhanced. For this specific study, the 
chirality of the cylinders is neglected as for the case of achiral 
nanoplatforms surrounded by chiral molecules, see [60, 61, 63], 
for instance. The volume-averaged enhancement of the optical 
chirality density across the volume occupied by the molecules 
is, in the case of achiral nanoplatforms, directly proportional 
to the enhancement of the circular dichroism. Figure 7a shows 
the volume-averaged enhancement of the optical chirality den-
sity with respect to the optical chirality density in vacuum for a 
lattice constant of a = 325.65 nm. The aspect ratio of rcyl/hcyl = 
0.475 is chosen in our further research. In this configuration, 
the enhancement of the optical chirality density reaches a value 
of 2.7. As we show below, by choosing a radius close to this 
peak of the enhancement of the optical chirality density, one 
observes, for the chosen aspect ratio, resonances of the lattice 
multipole moments at the design wavelength. These multipole 
resonances cause strong fields inside the structure.

Adv. Funct. Mater. 2023, 2301093
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In the next step, the intrinsic chirality of the MOF is entirely 
considered in the simulation, and the ACD is calculated. The 
resulting spectrum is shown for different radii in Figure  7b. 
The two peaks of the ACD spectrum at 78.91  and 114.61 nm 
are related to the enhancement of the optical chirality density 
caused by strong fields inside the structure, see Figure 7a. For 
further considerations, we choose the radius rcyl = 78.91 nm, for 
which the ACD spectrum shows a peak very close to the most 
significant peak of the enhancement of the optical chirality den-
sity in a) indicating that high near-fields cause the maximum 
of the circular dichroism. These near-fields are visualized in 
the inset of Figure  7b. Below, we demonstrate that for this 
radius, the structure shows lattice multipole resonances at the 
design wavelength. In the final step, the wavelength of the inci-
dent light is varied in the range around the design wavelength 
of 334  nm, taking into account the dispersion of the effective 
parameters of the MOF material of the cylinders. The ACD and 
the CD spectra are shown in Figure  7c,d with their respective 
enhancement compared to a slab of the same volume in one 
unit cell of the square lattice. We observe peaks of the ACD and 
CD spectra at the design wavelength 334 nm of 6.94x10−5 and 
4.45  mdeg, respectively. The peaks of the respective enhance-
ments at 334 nm are −1.24 and −2.22.

In the following, we analyze the character of the resonance 
at 334  nm in the spectra. For that purpose, the T-matrix of 

the single MOF cylinder is calculated with the finite-element-
based program JCMsuite.[68] From that, we can also calculate 
the effective T-matrix of the cylinder inside the 2D lattice at 
normal incidence. Please note, both T-matrices are different, as 
the optical response of the individual cylinder gets renormal-
ized (sometimes also called dressed) by the interaction with all 
the other cylinders forming the lattice. This modifies its optical 
properties, which needs to be fully considered in the discus-
sion. The effective T-matrix at normal incidence is defined in 
Equation  A5 for kk 0� = , and it describes the scattering from a 
cylinder at the origin of the lattice incorporating the scattering 
off the other cylinders.

In Figure  8a, the electric and magnetic dipolar compo-
nents of the T-matrix of the isolated cylinder and the effective 
T-matrix of the cylinder inside the lattice are shown. We restrict 
the consideration to the diagonal components of the T-matrices 
in the Cartesian basis, which are in the polarization plane of 
the incident light. In Figure  8b, the corresponding entries of 
the electric-magnetic coupling term of the isolated and effec-
tive T-matrices are shown. We observe that both the effective 
electric and magnetic terms show narrow resonances close to 
334 nm. That response is in stark contrast to the response of the 
single cylinder, for which the spectra is nearly non-dispersive in 
this frequency range. The electric-magnetic coupling term also 
shows a considerably more narrow resonance close to 334 nm 

Adv. Funct. Mater. 2023, 2301093

Figure 7. a) Simulated volume averaged enhancement of the optical chirality density of a MOF cylinder inside a square lattice with lattice constant a = 
325.65 nm for different aspect ratios and radii. b) Simulated ACD spectrum of the same square lattice of cylinders with an aspect ratio of 0.475 and 
different radii. The inset images show the absolute values of the electric (left) and magnetic (right) fields inside and close to the cylinder in the lattice 
for a radius of rcyl = 78.91 nm. At this radius, the ACD spectrum shows a peak. The fields are normalized by the respective fields of the incident left-
circularly polarized wave in the host medium. c) Simulated wavelength dependent ACD and d) CD spectra for a cylinder with a radius of rcyl = 78.91 nm, 
an aspect ratio of 0.475, and a lattice constant of a = 325.65 nm. The near-field enhancement of the optical chirality density leads to an enhancement 
of the circular dichroism around the design wavelength of 334 nm in the shape of a Fano resonance, in comparison to a slab of the same volume in 
one unit cell of the square lattice.
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for the cylinder in the lattice compared to the single cylinder, 
which shows a broad resonance around this wavelength as well. 
Here, we can trace the impact of the lattice on the overall optical 
response. The structure and the periodic arrangement drasti-
cally modify the optical response, and a resonance is observed 
where the isolated cylinder does not support a resonance.

In the specific configuration, the lattice constant of the ana-
lyzed lattice is close to the design wavelength. In this case, 
lattice resonances can collectively couple the multipoles sus-
tained by the cylinders. To explain the emergence of lattice res-
onances and the characterization of the collective coupling of 
multipoles inside a lattice, see [69,70], for instance. The asym-
metric Fano resonance observed in this spectral range in the 
circular dichroism spectra indicates an interference of different 
competing pathways determining whether the lattice resonance 
is left- or right-handed and, therefore, also the sign of the cir-
cular dichroism, see [64]. Three aspects influence the reso-
nance around 334  nm in the spectra: (i) The chiral response 
of the MOF material, (ii) the chiral, electric, and magnetic 
dipole moments of the isolated MOF cylinders, and (iii) the 
lattice coupling. The interplay among all these effects, which 
sensitively depends on the geometry and the intrinsic material 
parameters, causes even the reversal of the sign of the ACD 
and the CD signal at a wavelength of 334 nm. This is a drastic 
example of how a structure can modify the intrinsic properties 
of a given material.

The negative real part of the electric-magnetic coupling term 
of the T-matrix, −Re(Tem) is proportional to the imaginary part 
of the chirality. This can be seen by the formulas for the effec-
tive parameters in Equation 17 of [51]. The imaginary part of the 
chirality is the quantity determining the circular dichroism. It 
shows different signs for the cylinder in the lattice in compar-
ison to the single cylinder and the MOF material, as we show in 
Figure S8 (Supporting Information). This indicates that the col-
lective coupling of the multipoles inside the lattice causes the 
sign change of the circular dichroism of Figure 7.

An additional observation in the spectra is that the absolute 
value of the circular dichroism at 334 nm is not the largest. For 
wavelengths around 344 nm, an enhancement of 2.6 and 3.1 is 
reached for the ACD and CD spectra, respectively. This can be 
related to the dispersion of the MOF material and geometry-
dependent effects. For the MOF material and the slab on the 

substrate, the transmission circular dichroism shows a max-
imum at 334  nm, and the absorption circular dichroism is 
larger than around 344 nm. This predestines the enhancement 
of the circular dichroism at this wavelength since the peak can 
be measured easily for a slab in an experiment. For a single 
cylinder, the chirality represented by the electric-magnetic cou-
pling term of the single T-matrix is, however, smaller for this 
wavelength than for 344 nm. As the near-fields and the optical 
chirality density are also strong close to the design wavelength, 
Equation  A4 in [60] shows that the circular dichroism can be 
larger in that range than at the design wavelength.

This example proves that our multiscale approach can be 
used to design complex photonic devices incorporating mole-
cular structures, such as a metasurface of MOF cylinders in a 
square lattice showing considerable lattice effects.

5. Conclusion 

We have applied for the first time a multiscale modeling 
approach to study the electronic circular dichroism of complex 
molecular materials and structured photonic devices function-
alized by them. Our approach bridges multiple length scales by 
combining precise quantum chemistry simulations of the mole-
cular properties and optical full-wave simulations of periodic 
materials based on scattering techniques and finite-element 
method-based solvers. The correctness of our ab initio calcu-
lated structure and optical material properties were confirmed 
by comparing predictions to experimental results obtained by 
X-ray diffraction, UV–vis absorption, and ECD spectroscopy of 
a thin film of the prepared MOF material. The T-matrices con-
structed from precise quantum chemistry simulations of such 
novel material allow us to use them in the description of com-
plex photonic devices. An important step is also the possibility 
of determining effective material parameters of such materials 
by applying a dedicated homogenization procedure.

We demonstrated the predictive power of our multiscale 
approach at two very distinct photonic devices. One of them 
was a Fabry–Pérot cavity made from thin aluminum films filled 
by the crystalline UiO-BINOL material. The second example 
was a metasurface made from a periodic arrangement of cyl-
inders of the same MOF material arranged in a square lattice. 

Adv. Funct. Mater. 2023, 2301093

Figure 8. a) Electric and magnetic dipolar entries of the T-matrix of a single cylinder and of the cylinder inside the 2D lattice, here called the effective 
T-matrix. b) Electric-magnetic dipolar entries for the same systems. Both spectra show resonances in all entries of the effective T-matrix close to the 
design wavelength of 334 nm.
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In the former case, we were able to observe regions of high 
absorption of the cavity modes. These modes are strongly bent 
due to the interaction of the light with the MOF material within 
the cavity. In the latter case, we specifically designed a metasur-
face of finite-size cylinders build from the MOF to resonantly 
enhance the absorption circular dichroism and transmission 
circular dichroism signal around a specific wavelength. Since 
no other materials were present in the simulations, this means 
that the structured molecular material enhances its own chiral 
signal. By a careful selection of design parameters, we managed 
to enhance the ACD signal by a factor of 2.6 and the CD signal 
by 3.1.

In general, our approach to modeling photonic devices made 
from chiral materials is a viable tool for the knowledge-driven 
computer-aided design and optimization of optical properties 
and entire devices built with complex materials. It pushes the 
limits well beyond the phenomenological approach of most 
current state-of-the-art approaches by explicitly considering 
the materials from first principles and not just as an adjust-
able parameter at the level of Maxwell’s equations. Since we  
demonstrated the uniqueness and versatility of our multiscale 
approach, as an outlook, we could imagine that the presented 
approach can be utilized in many relevant fields, such as infor-
mation processing based on circularly polarized light, chiral 
molecules detection and identification, medicine, or indus-
trial production. Our multiscale modeling approach opens 
a route to speed-up design and optimization, as well as to 
reduce the time and costs related to developing complex chiral 
photonic devices.

A Appendix: T-matrix Formalism

The optical simulations of the multi-scattering problem of the 
molecular unit cells arranged in a 3D lattice are based on the 
T-matrix. The T-matrix introduced by Waterman relates the inci-
dent to the scattered electromagnetic fields of an object.[71] In 
this article, these objects are molecular unit cells of a MOF. 
In the frequency domain, the electric field outside an isolated 
scattering object is defined as
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where NN rrklm ( )(1)
h  and MM rrklm ( )(1)

h  are incident and NN rrklm ( )(3)
h  and 

MM rrklm ( )(3)
h  are scattered vector spherical waves corresponding to 

transverse magnetic (TM) and transverse electric (TE) modes 
in the case of regular waves.[49,72] k µ( ) ( )h h hω ε ω ω=  is the 
wave number of the surrounding host material with ϵh(ω) the 
permittivity and μh(ω) the permeability of the host material at 
the considered frequency ω. In the following, we skip the fre-
quency ω as an argument for brevity. The multipolar order l is 
bounded by a maximum value in simulations. For molecular 
scatterers, l = 1 sufficiently describes the response of the object 
in most cases, as molecules are usually very small compared 
to the wavelength of the incident waves. The expansion coef-
ficients alm, N and alm, M of the incident wave and the expansion 

coefficients plm, N and plm, M of the scattered wave are arranged 
in column vectors aa and pp. The T-matrix relates these vectors,

pp aaT=  (A2)

The dipolar T-matrix of a molecular unit can be calculated from 
its dipolar polarizability tensors via simple matrix multiplica-
tions, see Equation A3 from [49]:
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In Equation A3, c µ1/h h hε=  is the speed of light in the sur-
rounding medium assumed to be achiral and Z /h h hµ ε=  
is the wave impedance of the surrounding medium.[49] C is a 
unitary matrix that converts the polarizability tensors from 
the Cartesian to the spherical basis. The complex 3 × 3 dipolar 
polarizability tensors ανν ′ can be computed using ab initio 
quantum mechanical methods as TD-DFT.[46,49] Note that the 
T-matrix defined by Equation A3 is in the basis of well-defined 
parity. Considering chiral scatterers like chiral molecules, 
choosing the basis of well-defined helicity is more convenient. 
One can transfer the T-matrix from the basis of well-defined 
parity into the basis of well-defined helicity via simple matrix 
multiplications as defined in Equation  S47 (Supporting Infor-
mation) in [49].

In a MOF, the molecular units are arranged in a lattice rep-
resenting a multi-scattering problem between the unit cells. 
The solution to this multi-scattering problem in two dimen-
sions reads[72]

pp RR aaC e
RR

kk RRiT T�1 ( ) ,0,tot
0

(3)

1

0∑= − −




≠

−
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where aa0 are the expansion coefficients of the primary incident 
field and pp0,tot  are the expansion coefficients of the total field 
scattered by an object at the origin of the lattice. RRC ( )(3) −  is a 
matrix of translation coefficients for vector spherical waves, 
RR is a lattice point, and kk� is the tangential component of the 
primary illuminating plane wave. The wave vector-dependent 
effective T-matrix of a 2D lattice, defined as

RR
RR

kk RRiT T C T�1 ( )e ,eff
0

(3)

1

∑= − −




≠

−

 (A5)

describes the scattering from an object at the origin of the lat-
tice incorporating the multi-scattering problem. Note that this 
effective T-matrix is defined for a 2D lattice and depends on the 
wave vector of the incident light wave. Therefore, it differs from 
the effective T-matrix defined in Equation 3 of Ref.  [51], which 
is defined for a 3D lattice and does not depend on the propaga-
tion direction of the incident light. For the calculation of the 
effective material parameters of the MOF, the effective T-matrix 
from Equation 3 of Ref. [51] is used.
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In the in-house developed code mpGMM, Equation  A4 is 
solved, and the response of a multi-layered system is calculated 
by considering the interaction of stacked identical 2D lattices 
and/or isotropic and homogeneous slabs.[72] This code is used 
in this article to compute the absorption and circular dichroism 
of the macroscopic MOF film.
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