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Increasing demands on materials in the field of optical applications require novel materials. Metal—
organic frameworks (MOFs) are a prominent class of hybrid inorganic—organic materials with a modular
layout. This allows the fine-tuning of their optical properties and the tailored design of optical systems.
In the present theoretical study, an efficient method to calculate the refractive index (RI) of MOFs is
introduced. For this purpose, the MOF is split into disjoint fragments, the linkers and the inorganic
building units. The latter are disassembled until metal ions are obtained. The static polarizabilities
are calculated individually using molecular density functional theory (DFT). From these, the MOF's RI
is calculated. To obtain suitable polarizabilities, an exchange-correlation functional benchmark was per-
formed first. Subsequently, this fragment-based approach was applied to a set of 24 MOFs including
Zr-based MOFs and ZIFs. The calculated RI values were compared to the experimental values and
validated using HSEO6 hybrid functional DFT calculations with periodic boundary conditions. The
examination of the MOF set revealed a speed up of the RI calculations by the fragment-based approach
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Introduction

The refractive index (RI) is one of the determining optical
properties when considering a material for application in
optical systems. Anti-reflective coatings require materials with
low RI values, whereas mirrors and filters require a combi-
nation of materials with high as well as low RI values, to name
just two examples.'™ The development of high refractive index
polymers (HRIPs) with full transparency in the visible spectral
range is still challenging.*”

In the last years, the use of metal-organic frameworks (MOFs)
as materials for optical applications and the examination of the
RI of MOFs has gathered increasing attention.®™* MOFs are a
class of porous organic-inorganic hybrid materials built up by
inorganic building units (IBUs) connected by organic ligands
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of up to 600 times with an estimated maximal deviation from the periodic DFT results below 47%.

serving as linkers."*'®> This modular design and the inherent
porosity allows the fine tuning of the electronic and optical
properties of MOFs in a broad range by incorporating different
metal centers, linkers and guest molecules.'®**¢8

The development of novel MOF-based optical materials and
systems requires precise knowledge about their optical proper-
ties with a focus on the RI. Today, more than 90 000 MOFs are
experimentally accessible."® To assess suitable MOFs for possi-
ble applications from this large set, computational screenings
are a convenient approach.?® The precise calculation of the
optical properties of MOFs requires the use of hybrid density
functional theory (DFT) exchange-correlation (XC) functionals
and periodic boundary conditions (PBC) making these calcula-
tions computationally demanding and time consuming.'>**2*
This computational effort prevents the fast screening of MOFs
regarding their RI. Thus, other methods are required to allow a
fast screening of the RI of MOFs.

There are several methods reported enabling the high-
throughput screening of materials and their RI for optical
applications. Afzal et al. established an efficient protocol to
calculate the RI of polymers.?*?* The protocol is based on the
linear correlation of the size of an oligomer and its polariz-
ability. This correlation is used to extrapolate the polarizability
of a polymer chain. Additionally, the number density is calcu-
lated via a machine learning model enabling the prediction of
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the RI of a polymer. Ligorio et al. used a partitioning scheme
provided by the quantum theory of atoms in molecules
(QTAIM) to reduce the computational effort of RI calculations
of crystalline molecular materials.>® Therefore, calculations
with molecular aggregates were carried out, followed by a
partitioning of the polarizabilities to obtain the polarizability
of a single interacting molecule. This allows the calculation of
the RI of the molecular materials without computationally
demanding fully periodic DFT calculations. Ernst et al. also
used a partitioning scheme provided by QTAIM to calculate the
RI of metal-organic networks built up by chains of amino acids
and metal ions.?® They used clusters of the secondary building
units of this metal-organic network chains and calculated the
atomic polarizabilities of the atoms of the asymmetric unit.
Those polarizabilities were used to calculate the RI of the
crystalline materials.

All aforementioned approaches are suitable for molecular
materials or materials formed by (coordination) polymer chains
and were developed for dense materials. In contrast, MOFs are
built up by IBUs coordinated by linkers in two or three dimen-
sions forming porous layers or frameworks. Using the
approaches described in literature, the evaluation of extended
MOF clusters is necessary to obtain a suitable representation of
the interacting atoms forming the material. This translates into
systems with several hundred atoms leading to the loss of the
initial reduction of the computational demands by the omis-
sion of the PBC.

Here, we present a method allowing the evaluation of the RI
of MOFs with substantial reduced computational effort. Our
approach is based on a fragmentation scheme for MOFs
combined with molecular DFT to obtain the static polarizability
and RI. More precisely, the MOF is fragmented into metal ions,
ligands and linkers, which static polarizabilities are calculated
individually. We note that neglecting the metal-ligand bond is
a substantial approximation. Furthermore, cutting this bond is
often viewed with great skepticism as a fragmentation method
for energy calculations.*®>® However, the proposed fragmenta-
tion scheme in this work, benefits from the fact, that the
polarizability and optical properties of the investigated MOFs
are dominated by their linkers.'"*'7?>%° In the following
step, the calculated static polarizabilities of the fragments are
used to obtain the static polarizability of the corresponding
MOF. Therefore, the polarizabilities of the isolated fragments
are added up with respect to the composition of the MOF
relying on the additivity hypothesis.*" This approach is known
as orientated gas model and has been successfully applied to
calculate the optical properties of molecular crystals, crystalline
materials and metal-organic networks.>>**3* Furthermore, the
additivity of the polarizability has been used successfully to
calculate the RI of minerals.***® Finally, the polarizability of
the MOF is used to estimate the corresponding RI by applying
the Lorenz-Lorentz equation.®®?” The use of the Lorenz-Lorentz
equation to calculate the static as well as the frequency-
dependent RI with polarizabilities obtained by DFT is well
established and is not limited to isotropic systems.*®*° In
addition, using the Lorenz-Lorentz equation in combination
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with polarizabilities obtained by DFT yields Rls in good agree-
ment with experiments for gases, liquids, and materials.>**°™*?

The developed fragment-based approach is validated with
periodic hybdrid DFT calculations based on fully relaxed MOF
structures to obtain reliable electronic structures and optical
properties using our previously published approach.'*'? In a
first step of this study, we performed a benchmark to select a
suitable exchange-correlation (XC) functional for the molecular
DFT calculations. Afterwards the fragment approach was tested
with 24 MOFs. The selected MOFs are transparent in the near
IR and visible region of the light and possess a band gap larger
than 3 eV. Hence, they are suited for a broad range of optical
applications.

The MOFs selected for this study (see Table 1) mainly
belong to the groups of Zr-based MOFs and zeolitic imidazolate
frameworks (ZIFs). Their design principles can be found in
Fig. 1. The Zr-based MOFs were chosen due to of their well-
known high chemical and thermal stability promoting the
use of this MOF family for practical applications.** As repre-
sentatives of Zr-based MOF materials, UiO-66 and derivatives,
MIL-140A and derivatives, Zr-fum MOF, and UiO-67 were
chosen.**™® Ui0-66 and its derivatives are very prominent
Zr-based MOFs built up by the typical Zr,O,0OH, IBU coordi-
nated by 1,4-benzenedicarboxylate (bdc) forming an expanded
cubic closed-packed structure (see Fig. 1). These MOFs
have already been considered as materials for optical
applications.">"?***~>! Analog to the UiO-family, the Zr-fum
MOF is based on the typical Zrs-containing IBU and show the
same topology as well, but features fumarate (fum) as linker
leading to a denser framework."® The MIL-140A frameworks are
also Zr-based MOFs built up by the bdc linker, but have an one-
dimensional IBU leading to a different topology and higher
density compared to the UiO-family MOFs.*® In contrast, ZIFs
are based on the topology of zeolites and are formed by
imidazolate (im) linkers coordinating transition metal ions.>
ZIFs and especially ZIF-8 have already been examined for and
used in different optical applications, e.g. as thin films of
optical quality or coatings in optical sensor systems. Hence,
we also applied our fragment approach to nine different
ZIFs.'*37°% ZIF-8 is one of the most prominent ZIFs consisting
of zinc ions coordinated by 2-methylimidazolate (mim) linkers
crystallizing with the SOD topology (see Fig. 1).>> Besides ZIF-8,
four additional zinc-based ZIFs featuring the SOD topology all
built up by different imidazolate derivatives (SOD-ZIF-71, ZIF-
90, ZIF-318 and SALEM-2) were assessed.”’ ®® Furthermore,
three ZIFs next to SALEM-2 consisting of the im linker and zinc
ions (ZIF-1, ZIF-10, ZIF-64) with different topologies and den-
sities were included.**®! In addition, ZIF-72 formed by zinc
ions and 4,5-dichloroimidazolate (dcim) analog to SOD-ZIF-71
was also part of this study.®” Apart from the Zr-based MOFs and
ZIFs, the high temperature (ht) phase of the well-known Al-MIL-
53 MOF (see Fig. 1) was also studied to show the transferability
of our approach for non-transition metal containing MOFs.*

Finally, we compared the experimental determined RI value
of ZIF-8 with the calculated value obtained by using our
fragment-based approach as well as our protocol with PBC

This journal is © the Owner Societies 2023
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Tablel Overview of all selected MOFs with their linkers, IBUs, compositions (A =

a one-dimensional IBU (*)
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IBU and B = linker) and nets (RCSR).®* MIL-140A and Al-MIL-53 possess

MOF Linker IBU Composition Net

Zr-based UiO-66 bdc 1,4-Benzenedicarboxylate [Zrs04(OH),]"** ABg fcu
Ui0-66-NO, bdc-NO, 2-Nitrobenzene-1,4-dicarboxylate
UiO-66-F bdc-F 2-Fluorobenzene-1,4-dicarboxylate
UiO-66-F, bdc-F, 2,3,5,6-Tetrafluorobenzene-1,4-dicarboxylate
Ui0-66-Cl bdc-Cl 2-Chlorobenzene-1,4-dicarboxylate
UiO-66-Br bdc-Br 2-Bromorobenzene-1,4-dicarboxylate
UiO-66-1 bdc-1 2-Iodorobenzene-1,4-dicarboxylate
Uio-67 bpdc Biphenyl-4,4’-dicarboxylate
Zr-fum MOF fum Fumarate
MIL-140A bdc [zrO]* * AB bsn
MIL-140A-NO, bdc-NO,
MIL-140A-F bdc-F
MIL-140A-Cl bdc-Cl
MIL-140A-Br bdc-Br

ZIFs ZIF-8 mim 2-Methyl-imidazolate Zn** AB, sod
ZIF-318 cfsim 2-Trifluoromethyl-imidazolate
ZIF-90 Ica Imidazolate-2-carboxyaldehyde
SOD-ZIF-71 dcim 4,5-Dichloroimidazolate
SALEM-2 im Imidazolate
ZIF-1 im zZn** AB, crb
ZIF-10 im mer
ZIF-64 im crb
ZIF-72 dcim Ics
Al-MIL-53 (ht) bdc [Al(OH)]" * AB bpq

calculations to highlight the adequacy of the present fragment-
based approach.

00C A~ (00 D — ﬁ Zr-fum MOF
Uio-66
Uio-67
MIL-140A
v + 'N/?N ZIF-8

. + ‘ooc—@—coo‘ —_ @ AI-MIL-53 (ht)

Fig. 1 Zr-based MOFs, ZIF-8 with SOD topology and Al-MIL-53 (ht). The
Zr-fum MOF, UiO-66 and UiO-67 share the typical Zrg-containing IBU and
the expanded cubic closed-packed structure. MIL-140A is based on the bdc
linker analogously to UiO-66, but has a one-dimensional IBU. ZIF-8 is based
on the mim linker and show the SOD topology. Al-MIL-53 (ht) is built up by a
one-dimensional IBU based on corner-sharing octahedra and the bdc linker.

This journal is © the Owner Societies 2023

Methods

Periodic DFT calculations

Kohn-Sham density functional theory calculations with PBC
were used to validate the fragment-based approach and ensure
that the studied MOFs are transparent in the visible region by
analyzing their band structures in detail.** Therefore, a previously
published protocol was applied to obtain reliable electronic struc-
tures and RI values.">"* The calculations were performed using the
CASTEP code (version 20.1) employing a plane-wave basis set in
combination with pseudopotentials.”® All MOFs were modelled
with primitive cells. The convergence of the plane-wave kinetic
energy cutoff and the Brillouin zone sampling were examined with
respect to the lattice parameters (see ESIf Section S1). The
pseudopotentials were generated on-the-fly using the Koelling—
Harmon method to incorporate relativistic effects into the gener-
ated pseudopotentials.®® The PBEsol exchange-correlation (XC)
functional was applied to fully relax the structures using “on-the-
fly” generated ultra-soft pseudopotentials.®”

Subsequently three different XC functionals were assessed
with regard to the experimental lattice parameters of the MOFs to
obtain precise structural models for further characterization (see
ESIE Section S1). The experimental reference values were chosen
with a focus on single crystal (SC) XRD experiments carried out at
low temperatures. To determine suitable XC functionals, full cell
relaxations were performed using the parameters described above.
The benchmark included the generalized gradient approximation
(GGA) functional of Perdew, Burke, and Ernzerhof (PBE) with D2
and TS dispersion correction, respectively, the PBE expansion for
solids (PBEsol) as well as its dispersion corrected form (PBEsol-TS),
and the rSCAN meta-GGA (mGGA) functional.’” ">

Phys. Chem. Chem. Phys., 2023, 25,19013-19023 | 19015
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Using the optimized models, single point HSE06 hybrid DFT
calculations were performed to obtain the band structures, the
corresponding density of states (DOS) and the dispersion of
the refractive index.” All calculations were carried out using
the determined Brillouin zone sampling and planewave kinetic
energy cutoff. The optical properties were calculated applying
the tools provided within CASTEP to evaluate the electronic
structure, obtain the complex dielectric function and subse-
quently the dispersion of the index of refraction.””

Fragmentation scheme for MOFs

A fragmentation scheme was developed to overcome the com-
putationally demanding DFT calculations with PBC to evaluate
the RI of a MOF. This scheme yields MOF fragments allowing
computationally less expensive molecular DFT calculations to
compute polarizabilities and subsequently the calculation the
RI of the corresponding MOF.

The developed fragmentation scheme consists of two steps
to break down a MOF into fragments. In a first step, the IBU of
a MOF is identified and all coordinative IBU-linker bonds are
broken heterolytically (see Fig. 2). This results in anionic linker
fragments and a cationic IBU residue. In the case of IBUs
formed by metal ions e.g. ZIF-8, this first step is sufficient to
obtain the MOF fragments, because the cationic IBU residue is
only a metal cation (see Fig. 2). Therefore, the fragments of
such MOFs are anionic linker ions and cationic metal ions. On
the contrary, MOFs with a more complex IBU, e.g. UiO-66,
require a second step to achieve a sufficient fragmentation
ensuring a low computational demand. In this second step, all
metal-ligand bonds of the IBU are broken heterolytically (see
Fig. 2). As a result, metal cations and anionic ligands are
obtained. Finally, the fragmentation of MOFs with complex

UiO-66
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IBUs results in anionic linker ions, cationic metal ions and
anionic ligand ions.

Refractive index calculations with MOF fragments

In the MOF fragmentation scheme described above, ionic MOF
fragments are employed in isolated molecular DFT calcula-
tions. These molecular DFT calculations were performed using
the ORCA program (version 4.2.1) with the 1ibXC and libint2
libraries and the def2-QZVP basis set.”>”° In the first step of all
calculations, the structure of the obtained multi-atom frag-
ments were fully relaxed, the details of the calculation para-
meters are given in the ESI% in Section 3. Afterwards the static
polarizability of all fragments was calculated using the coupled-
perturbed (CP) SCF method integrated in the ORCA program.
The CP SCF method allows the calculation of the polarizability
as analytic second derivative of the electronic energy with
respect to an applied electric field.**"®* For further calculations
the isotropic polarizability of the fragments was used.

The Lorenz-Lorentz formula relates the polarizability « and
the RI n of a substance by taking the number density N into
account:>**7%

n”—1 4rn

=N
212 3¢

Using the molecular formula of a MOF and number of
formula units per unit cell Z, the total polarizability of the unit
cell of a MOF is calculated taking into account the isotropic
polarizability of its fragments. An example calculation is given
in the ESIf Section 6. The number density of a MOF corre-
sponds to the reciprocal volume of the unit cell of a MOF.
Ideally, the unit cell volume V is obtained from low temperature
SC XRD experiments to suit the polarizabilities calculated with

Fig. 2 Fragmentation scheme for MOFs with 2 steps: heterolytic breaking of IBU-linker bonds (step 1) and afterwards heterolytic breaking of residual

metal-ligand bonds (step 2).
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energy minimized MOF fragments and avoid temperature
dependent influences on the RI calculation.

To determine a suitable XC functional for the molecular DFT
calculations, benchmark calculations were performed with five
hybrid GGA (hGGA) and one hybrid mGGA (hmGGA) XC func-
tional. Following the study of Afzal et al. the PBEO and B3LYP
(hGGA) functionals with D3 dispersion correction were
tested.®¥®® In addition, both functionals were also assessed
without the D3 dispersion correction. According to the study of
Ligorio et al., the CAM-B3LYP hGGA and M06-2X hmGGA XC
functionals were selected.?””®® Furthermore, we included the
MPW1K and PBE50 hGGA XC functionals.®*° Both functionals
were part of a benchmark study by Hait et al. focusing in the
polarizability of small inorganic species.”" It was shown by Hait
et al., that these two functionals were only outperformed by a
double hybrid GGA XC functional demanding high computa-
tional effort. The Zr-based MOFs UiO-66, MIL-140A and Zr-fum
MOF were chosen as test set. Using the six mentioned XC
functionals, the static RIs of the three MOFs were calculated
and compared to reference RI values. The reference values were
taken from the RI dispersion curves at 589 nm (D line of
sodium vapor) of these MOFs obtained from calculations with
our DFT protocol using PBC and the HSE06 hGGA XC func-
tional. Furthermore, materials for optical applications should
not show any absorption in the visible region and thus their RI
shows only a small frequency dependence making a compar-
ison with static RI values feasible.**

Finally, the static RI of 24 MOFs was calculated using the
fragment-based approach with the MPW1K XC functional. The
RI values were compared to the ones obtained from DFT
calculations with PBC and experimental values.

Results and discussion

This study is concerned with the development of a fragment-based
approach for the calculation of the RI of MOFs. This approach
should overcome the computationally demanding DFT calculations
employing PBC. We first determined a suitable XC functional for
the fragment-based approach by examining hGGA and hmGGA
functionals with benchmark calculations to validate this novel
approach with reference calculations and experimental values.

XC functional benchmark

To assess a suitable XC functional for the fragment-based
calculation of the RI of MOFs, five hGGA and one hmGGA
functional were benchmarked. Therefore, the fragment-based
approach was applied to the Zr-based MOFs UiO-66, MIL-140A
and Zr-fum MOF. The MOF UiO-66 is a well-known and widely
studied MOF and was chosen as a representative compound.***>
The Zr-fum MOF features the same topology and IBU as UiO-66
but in contrast it contains the considerably smaller fum linker
leading to a denser and less porous framework.*® The MOF MIL-
104A consist also the bdc linker but possess a one-dimensional
IBU forming a denser framework. This allows short-range dis-
persive interactions between the linkers leading to n-stacking of

This journal is © the Owner Societies 2023
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these.*® This collection of MOFs with different linkers showing
interacting and isolated arrangements in the frameworks as well
as zero- and one-dimensional IBUs, and different patterns of
oxo-ligands inside of these IBUs forms a diverse set for the
benchmark study. The investigated MOFs are transparent in
the visible region as shown by hGGA band structure calculations
(see ESIi Section 7). The RI reference values were taken from
RI dispersion curves (see ESIf Section 8) at 589 nm obtained
from DFT calculations with PBC using our published simulation
protocol.">™?

The comparison of the static RI values calculated with the
fragment-based approach and the reference values (see Fig. 3)
shows, that the fragment-based approach is in general a
suitable method to calculate the RI of MOFs independently
from the choice of the XC functional. All examined XC func-
tionals reproduce the trend of the reference values with accep-
table accuracy and allow a qualitative assessment of the RI of
the evaluated MOFs. The use of the B3LYP functional with D3
dispersion correction results in the largest mean relative error
(MRE) of about 2.5% corresponding to a mean absolute error
(MAE) of about 0.035 in the RI (see ESI} Section 4, Fig. S37).
Comparing the results obtained with the B3LYP and PBEO
functionals with and without D3 dispersion correction, neglectable
differences in the polarizabilities and RIs are observed in the
case of the PBEO functional. In the case of the B3LYP func-
tional, small differences in the polarizability of the bdc linker
occur due to the altered molecular geometry by the dispersion
correction. This is only visible for MIL-1404A, because the IBU of
MIL-140A is much smaller compared to the Zrg-containing IBU
of both other MOFs. This results in an increased influence of
the polarizability of the linker and thus its molecular geometry
on the total polarizability of the MOF. Overall, in contrast to the
method for polymers proposed by Afzal et al, no dispersion
corrected functionals are needed here. In addition, the bench-
mark shows that the M06-2X hmGGA functional has the most
consistent performance with a MRE smaller than 1% and the
smallest standard deviation of all tested XC functionals (see
ESIE Section 4 and Fig. S37). PBE50 and MPW1K functionals

1.60

1.55

[ HSEO06 (ref.)

1.50

< 1454
[1B3LYP-D3

[ B3LyP

[ CAM-B3LYP

I M06-2X

1.40

1.35 4

1.30 - =

Uio-66 MIL-140A Zr-fum MOF

Fig. 3 XC functional benchmark with three Zr-based MOFs. The static Rl
values obtained with the fragment-based approach (redish) are compared
with the reference values at 589 nm obtained using DFT calculations with
PBC (blue).
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show the smallest deviation compared to the HSE06 calcula-
tions with PBC, but in the case of PBE50 with a tendency to
underestimate the RI. Overall, the MPW1K functional leads to
the smallest errors of all tested functionals with a MRE of about
0.7% with the second smallest standard deviation of the bench-
mark with about 0.5% (see ESIi Section 4 and Fig. S37).
Therefore, the MPW1K functional was selected to perform the
subsequent calculations.

Although, the fragment-based approach neglects all contri-
butions of the metal-ligand and metal-linker bonds to the
polarizability of a MOF as well as the possible interaction of
closely packed linker molecules, this benchmark suggest that the
chosen fragmentation scheme is valid to obtain more than a
coarse qualitative estimate of the RI by using the MPW1K XC
functional. Furthermore, a comparison of the CPU times for UiO-
66 using the fragment-based approach and the reference calcula-
tion with PBC underlines the possible speed up of the RI evalua-
tion by applying the fragment-based approach (see ESIi Section 7
and Tables S5, S6). This comparison reveals a more than 170
times faster calculation of the RI by the fragment-approach with
the MPW1K XC functional for UiO-66 with a relative error of about
1.3% and an absolute error of about 0.02 in the RI. This result has
encouraged to apply the fragment-based approach using the
MPWIK functional to 21 further MOFs.

UiO-type MOFs and Zr-fum MOF

The fragment-based approach was applied to UiO-66, its mono-
halogenated derivatives UiO-66-X (F, Cl, Br, I), tetrafluoro
derivative UiO-66-F, and nitro derivative UiO-66-NO,.1*379¢
Additionally, UiO-67 and the Zr-fum MOF were evaluated.***®
Both share the UiO-66 topology and IBU, but contain a longer
(4,4’-biphenyl-dicarboxylate, bpdc) and a shorter (fum) linker
compared to the bdc linker of UiO-66, respectively. To ensure
the transparency in the visible region band structure calcula-
tions were performed at hGGA level (see ESIi Section 8).'>'?
Starting with the Zr-fum MOF, the band gaps decrease from
4.41 eV to 3.16 eV for the UiO-66-1 MOF (see ESIi Section 8,
Fig. S38 and Table S11). The substitution of the acetylenic
group of the fum linker with the phenylene group in the bdc
linker results in a reduced band gap of 4.25 eV."? The introduc-
tion of a second phenylene group to the linker leads to the bpdc
linker of UiO-67 resulting in a further reduced band gap of
3.51 eV (see ESIf Fig. S40). In the same manner, the function-
alization of the bdc linker leads to a reduction of the band gap.
In the series of UiO-66 derivatives, UiO-66-F MOF shows the
largest band gap of 3.96 eV followed by the nitro, tetrafluoro,
chloro, bromo and iodo compounds.'® While the substitution
of the acetylenic group in the fum linker with phenylene groups
increases the polarizability of the resulting linker (see ESIi
Table S4), the RI of UiO-66 is only slightly larger compared to
the Zr-fum MOF and the RI of UiO-67 even decreases (see Fig. 4
and ESI Fig. S56). This is caused by the different cell volumes
and the resulting number densities. The introduction of larger
linkers to the expanded cubic closed-packed structures leads
to expansion of the framework. This partly compensates the
increasing polarizability of the linkers. The fragment-based
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Fig. 4 Comparison of the Rl of Zr-fum MOF, UiO-66 and UiO-67
(corresponding linkers are shown) calculated with the reference approach
with PBC (blue) and the fragment-based approach (orange).

approach reproduces these trends in the RI values reliably with
a minimum error of about 0.6% for the Zr-fum MOF and a
maximum error of about 3.8% for the UiO-67 (see ESL: Table S12
in Section 10).

The introduction of functional groups to the bdc linker
results in UiO-66 derivatives with tuned optical properties
sharing the topology of UiO-66 as well as its cell parameters
and thus its number density.'>"* As a result, the incorporation of
linkers into the framework with a lower or higher polarizability
than the pristine bdc linker leads directly to lower or higher RI
values of the resulting MOFs (see Fig. 5 and ESIt Fig. S56). This
effect of the linker functionalization is well reproduced by the

1.50 §
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~ & § & &
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Fig. 5 Comparison of the Rl of different UiO-66 derivatives calculated
with the reference approach with PBC (blue) and the fragment-based
approach (orange).
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fragment-based approach with the smallest error of about 0.3%
for the UiO-66-F, and the largest error of about 1.5% for the UiO-
66-F MOF (see ESIE Table S12).

MIL-140A and derivatives

MIL-140A MOF is a Zr-based MOF incorporating the bdc linker
and containing a one-dimensional IBU.* This compound is
denser compared to UiO-66 allowing short-range dispersive inter-
actions, n-stacking of the linker, and showing a higher number
density. The linker interactions result in a large number of
delocalized states at the valence band maximum (VBM) (see ESL:
Section 8 and Fig. S41), but do not affect the transparency in the
visible region (E, = 4.04 eV). According to the higher number
density, MIL-140A has a higher RI compared to UiO-66 (see Fig. 2
and ESIi Fig. $64). Although the fragment-based approach founds
on isolated linker fragments without the consideration of inter-
molecular interactions between the MOF fragments, the RI value
of MIL-140A is reproduced in good agreement with an error of
about 0.3%.

Analog to UiO-66, the functionalization of the bdc linker
allows the tuning of the electronic structure and optical properties
of MIL-140A (see ESIi Section 8).”” Additionally, the MIL-140A
framework allows the incorporation of functionalized bdc linkers
without notable changes in the lattice parameters (see ESIi
Table S1). Thus, the use of functionalized bdc derivatives with
increased or decreased polarizabilities results directly in an
increase or decrease of the RI of the MIL-140A derivatives com-
pared to the pristine MIL-140A MOF, respectively (see ESLE Section
9 and Fig. S58). This allows the tuning of the RI of MIL-140A
frameworks in the remarkable range between about 1.51 (MIL-
140A-F) and 1.58 (MIL-140A-Br). The fragment-based approach
reproduces this trend (see Fig. 6 and ESIE Table S12) yielding a

1.65 - .
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] Fragment
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\s O & o >
Y = s \o Sl
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Fig. 6 Comparison of the Rl of different MIL-140A derivatives calculated
with the reference approach with PBC (blue) and the fragment-based
approach (orange).
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minimal error of about 0.4% for the MIL-140A-F and a maximal
error of about 2.3% for MIL-140-Br.

ZIFs

The ZIF-8 MOF is a prominent representative of the ZIF family
formed by zinc ions and mim with SOD topology.”* ZIF-8 shows a
band gap of 5.27 eV (see ESIi Fig. S46 and Table S11) and is
therefore suitable for optical applications in the visible range as
well as in the near infra-red (IR) and ultra-violet (UV) regions.”*>*
The use of differently substituted imidazolate linkers allow the
formation of ZIF-8 analog SOD-type ZIFs (see Fig. 7). ZIF-318 and
SALEM-2 were modelled as ideal, phase-pure ZIFs without the
partial incorporation of the mim linker observed in the
experiment.”**® The band gaps of ZIF-318, ZIF-90, SOD-ZIF-71
and SALEM-2 are larger than 4 eV (see ESIf Section 8). In contrast
to the Zr-based MOFs discussed above, these ZIF-8 analogues vary
slightly in their lattice parameters causing different number
densities (see ESI{ Table S1 and $12).°”"%° Nevertheless, the
introduction of linkers with higher or lower polarizability results
directly in materials with a higher or lower RI, respectively (see
Fig. 7 and Fig. S59, ESI). This allows the tuning of the RI within a
given topology in a broad range between 1.26 and 1.39 (at the
sodium D-line), while maintaining the transparency in a wide
spectrum. The fragment-based approach reproduces this variation
of the RI due to the linker functionalization with reasonable
precision and a minimal error of about 1% and maximal error
of about 3%. Moreover, the fragment-based approach is in very
good agreement with the experimental value for ZIF-8 at 589 nm
with an error of about 0.7%. Additionally, a comparison of the
CPU times for ZIF-8 (see ESIi Section 7 and Table S7, S8) reveals a
more than 600 times faster calculation of the RI by the fragment-
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< 1.35
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Fig. 7 Comparison of the Rl of ZIFs with SOD topology (corresponding
linkers are shown): calculated values with the reference approach with
PBC (blue) and the fragment-based approach (orange) and experimental
value™ (green) for ZIF-8 (mim), ZIF-318 (cfsim), ZIF-90 (ica), SOD-ZIF-71
(dcim) and SALEM-2 (im).
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based approach. This underlines the capability of the fragment-
based approach to predict the RI of MOFs efficiently.

In addition to SALEM-2 with SOD topology, further ZIFs
based on zinc ions and the im linker with different topologies
exist, e.g ZIF-1, ZIF-10 and ZIF-64. The different topologies of
those ZIFs involve different lattice parameters (see ESIE Table S1).
Due to the identical chemical composition, the electronic struc-
tures and band gaps are very similar (see ESI} Section 3) with
band gaps of about 5.3 eV. Within this set of MOFs, two pairs of
MOFs consisting of SALEM-2 and ZIF-10 as well as ZIF-1 and
ZIF-64 (same net, see Table 1) can be distinguished. Each of these
pairs have comparable densities leading to analogous RI values
(see ESIi Fig. S60 and Table S12). This is well reproduced by
the fragment-based approach (see ESIf Fig. S66) with a minimal
error of about 0.5% for ZIF-10 and a maximal error of about 3.7%
for ZIF-64.

Analog to the zinc-im-system, there are also several ZIFs
formed by zinc ions and the dcim linker with different topolo-
gies. Here, ZIF-72 was studied next to SOD-ZIF-71.°" The band
gap of ZIF-72 is only slightly larger (5.18 eV) compared to SOD-
ZIF-71 (5.03 eV) (see ESIf Table S11 and Fig. S54), but ZIF-72
has a higher density leading to higher RI values with about 1.48
compared to 1.39 of SOD-ZIF-71 at 589 nm (see ESIi Fig. S61).
The fragment-based approach allows a detailed description of
this differences in the RI values (see ESI} Fig. S67) with only an
error of about 1.2% and 1.0% for SOD-ZIF-71 and ZIF-72,
respectively (see ESLi Table S12).

AI-MIL-53 (ht)

All afore mentioned MOFs are based on transition metals. To
test the fragment-based approach for p-element metals, the ht
phase of the well-known Al-MIL-53 MOF was examined. The Al-
MIL-53 framework is formed by an one-dimensional Al-based
IBU and bdc linkers.’> The MOF is transparent in the visible
region with a band gap of 4.48 eV (see ESIf Fig. S55). The RI
value at 589 nm of AI-MIL-53 (ht) is slightly larger (1.33)
compared to ZIF-8 (1.32) and lower than the value of UiO-66

3.5
0.04 - 30
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< i [i4
E 0.02 L 15| Z
F1.0
0.01
0.5
0.00 L 0.0

Zr-based ZIFs Al-MIL-53 (ht)

Fig. 8 Comparison of the Rl calculated via fragment approach and
periodic HSEO6 calculation: MAE (gray) and MRE (red) of the examined
Zr-based MOFs, ZIFs and Al-MIL-53 (ht).
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(1.37) (see ESIi Fig. S62). The dispersion of the RI in the visible
region is larger compared to ZIF-8, but very similar to UiO-66.
The fragment-based approach allows a reliable calculation of
the RI of this p-element-based MOF with an error of about 2.9%
(see Fig. 8). Finally, the fragment-based approach allows a more
than 70 times faster calculation of the RI (see ESIi Section 7
and Table S9, S10).

Comparison of the different MOF sets

In this study, 24 MOFs were examined regarding their RI by
applying a fragment-based approach. Of this group, 14 MOFs
are Zr-based, 9 MOFs are ZIFs and one MOF is based on
aluminum ions. The comparison of the RI of the Zr-based
MOFs obtained with the fragment-based approach with refer-
ence calculations under PBC shows a mean relative error (MRE)
of 1.29% (see Fig. 8) with a minimal and maximal error of 0.30%
and 3.75%, respectively. The MRE corresponds to a mean
absolute error (MAE) of the RI of about 0.02. The comparison
of the calculated RI values of the ZIFs results in a MRE of about
1.9% with a minimal and maximal error of 0.50% and 3.76%,
respectively, and a MAE of the RI of about 0.03 (see Fig. 8). The
RI of the Al-based MOF was calculated with a relative error of
2.88% and an absolute error of the RI of about 0.04.

The fragment-based approach was developed on the basis of
a XC functional benchmark including three different Zr-based
MOFs. The results discussed above underline the transferability
of the chosen simulation parameters for the fragment-based
approach. This approach allows the efficient calculation of the RI
of MOFs with a reasonable error compared to demanding DFT
calculations with PBC. The MRE of the Zr-based MOFs and ZIFs
are below 2% with maximal values below 4%. In the case of the Al-
based MOF, the use of the fragment-based approach results in an
error below 3%. This points out the capability of the fragment-
based approach to predict the RI of MOFs not only qualitatively
but also quantitatively. Trends in the RI within a class of MOFs
due to linker functionalization as well as effects due to different
topologies are also reproduced well. Overall, the fragment-based
approach is a promising method to predict the RI of MOFs
efficiently with a maximal expected error of approximately 4%.

Conclusions

An efficient approach for the calculation of the RI of MOFs was
developed. The approach is based on a fragmentation scheme
for MOFs coupled with molecular DFT calculations. This
fragment-based simulation approach allows the calculation of
the RI of MOFs circumventing demanding DFT calculations with
PBC diminishing the CPU times severely by up to 600 times.
The fragmentation scheme consists of two fundamental
steps resulting in anionic linker fragments, cationic metal ions
and further anionic ligands in the case of more complex IBUs.
Subsequently, molecular DFT calculations are performed to
obtain energy minimized fragments and compute their isotro-
pic polarizabilities. Using these polarizabilities, the sum of the
polarizabilities of a formula unit of a MOF can be calculated.
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This polarizability, the number of formula units per unit cell,
and the unit cell volume is then used to calculate the RI of a
MOF by applying the Lorenz-Lorentz equation.

To obtain suitable polarizabilities of the MOF fragments, a
XC functional benchmark was performed. Therefore, six hGGA
and hmGGA XC functionals were assessed using three Zr-based
MOFs. As reference, DFT hGGA (HSE06) calculations with PBC
were used. The use of the MPW1K functional in combination
with the def2-QZVP basis set yielded a MRE below 1% and was
chosen for further molecular DFT calculations.

Subsequently, the fragment-based approach was applied to a
set 24 MOFs consisting of 14 Zr-based MOFs, nine ZIFs and one
Al-based MOF. The fragment-based approach quantitatively
reproduced the trends observed in the RI of the Zr-based MOFs
caused by varying lengths of a linker within a given topology as
well as different functionalized linkers. Furthermore, the effect
of the density of a framework on the RI by using the same linker
in two different MOFs (UiO-66 and MIL-140A) was successfully
calculated. The MRE for this set of Zr-based MOFs was below
1.5%. The calculations were accelerated by a factor of more
than 170 compared to the DFT calculation with PBC. Moreover,
the fragment-based approach allowed the calculation of the
index of refraction of ZIF-8 and further ZIFs with SOD topology
in good agreement with the reference calculations. Here, a
reduction of the CPU times of approximately 600 times for
ZIF-8 was observed. In addition, the effect of different topologies
on the RI of ZIFs within a given metal-linker-system was tested
with the fragment-based approach resulting in a precise descrip-
tion of the trends. The MRE for the examined set of ZIFs was
below 2% underlining the transferability of the approach. More-
over, the RI value of ZIF-8 obtained with the fragment-based
approach was compared to the experimental value revealing an
error of less than 1% proving the capability of the fragment-
based approach. Finally, the fragment-based approach was used
to calculate the RI of the ht phase of AI-MIL-53 to include a non-
transition metal-based MOF. Here, the fragment-based approach
gave a relative error below 3% while reducing the CPU time more
than 70 times. This highlights the reliability and robustness
of the developed approach and hints the general applicability of
the fragmentation scheme and the chosen combination of XC
functional and basis set. All in all, the largest observed relative
error of all MOFs was below 4% suggesting an estimated relative
error for the prediction of RI values of maximal 4% while
massively reducing the required computational effort and thus
the calculation time.

Additionally, this study highlights the versatility of MOF as
materials for optical applications due to their modular design.
Within the chosen set of 24 MOFs, a broad range of RI values
between 1.24 (ZIF-10) and 1.58 (MIL-140A-Br) was observed with
full transparency in the visible spectral region. In combination
with the presented fragment-based approach for the calculation
of the RI, this promotes further studies of MOFs as materials
for optical applications, e.g. the automated screening of MOF
databases and the design of novel MOFs. Aiming for very low
and high RI values, this allows the improvement of existing
optical systems like coatings of mirrors and lenses as well as
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the design of novel optical systems like waveguiding elements,
optical filters or in Fabry-Pérot devices.

Finally, we propose from our study that future work should
focus on the extension of the presented fragment-based
approach allowing the calculation of frequency-dependent
polarizabilities. This should allow the efficient calculation of
absorption spectra as well as the dispersion of the RI.
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