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Abstract: The flavin derivatives 10-methyl-isoalloxazine (MIA) and 6-fluoro-10-methyl-isoalloxazine (6F-MIA)
were incorporated in two alternative metal-organic frameworks, (MOFs) MIL-53(Al) and MOE-5. We used a
post-synthetic, diffusion-based incorporation into microcrystalline MIL-53 powders with one-dimensional
(1D) pores and an in-situ approach during the synthesis of MOF-5 with its 3D channel network. The maximum
amount of flavin dye incorporation is 3.9 wt% for MIA@MIL-53(Al) and 1.5 wt% for 6F-MIA@MIL-53(Al), 0.85
wt% for MIA@MOEF-5 and 27.6 wt% for 6F-MIA@MOE-5. For the high incorporation yields the probability to
have more than one dye in a pore volume is significant. As compared to the flavins in solution, the fluorescence
spectrum of these flavin@MOF composites are broadened at the bathocromic side especially for MIA. Time-
resolved spectroscopy showed that at least four fluorescence lifetimes were needed to describe the decays. The
fluorescence weighted fluorescence lifetime of flavin@MOF of 4+1 ns also corresponds to those in solution but
is significantly prolonged compared to the solid flavin dyes with less than 1 ns, thereby confirming the concept
of "solid solutions” for dye@MOF composites. The fluorescence quantum yield (@r) of the flavin@MOF
composites is about half of the solution but is significantly higher compared to the solid flavin dyes. Both the
fluorescence lifetime and quantum yield of flavin@MOF decrease with the flavin loading in MIL-53 due to the
formation of various J-aggregates. Theoretical calculations using plane-wave and QM/MM methods are in
good correspondence with the experimental results and explain the electronic structures as well as the
photophysical properties of crystalline MIA and the flavin@MOF composites. In the solid flavins mt-stacking
interactions of the molecules lead to a charge transfer state with low oscillator strength resulting in aggregation-
caused quenching (ACQ) with low lifetimes and quantum yields. In the MOF pores single flavin molecules
represent a major population and the computed MIA@MOF structures do not find m-stacking interactions to
the pore walls but only weak van-der-Waals contacts which reasons the enhanced fluorescence lifetime and
quantum yield of the flavins in the composites compared to their neat solid state. To analyze the orientation of
flavins in MOFs, we measured fluorescence anisotropy images of single flavin@MOF-5 crystals and a static
ensemble flavin@MIL53 microcrystals, respectively. Based on image information, anisotropy distributions and
overall curve of the time-resolved anisotropy curves combined with theoretical calculations, we can prove that
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all fluorescent flavins species have in a defined and rather homogeneous orientation in the MOF framework.
In MIL-53, the transition dipole moments of flavins are orientated along the 1D channel axis, whereas in MOF-
5 we resolved an average orientation that is tilted with respect to the cubic crystal lattice. Notably, the more
hydrophobic 6F-MIA exhibits a higher degree order than MIA. The flexible MOF MIL-53(Al) was optimized
essentially to the experimental large-pore form in the guest-free state with QuantumEspresso (QE) and with
MIA molecules in the pores the structure contracted to close to the experimental narrow-pore form which was
also confirmed by PXRD. In summary, the incorporation of flavins in MOFs yields solid-state materials with
enhanced rigidity, stabilized conformation, defined orientation and reduced aggregations of the flavins,
leading to increased fluorescence lifetime and quantum yield as controllable photo-luminescent and photo-
physical properties.

Keywords: flavins; 10-methyl-isoalloxazine; metal-organic framework (MOF); MIL-53; MOE-5; fluorescence;
flavin@MOF; solid solution; dye anisotropy; fluorescence lifetime; multiparametric fluorescence microscopy

1. Introduction

Flavins represent a ubiquitous group of compounds in nature [1-4]. The basic structure consists
of an isoalloxazine ring system (Figure 1) that has strong fluorescent properties [4,5]. Besides the well-
known vitamin B2, flavins or riboflavins occur predominantly in combination with proteins as the
so-called flavoproteins [1,6,7]. Flavoproteins play an important role in the respiratory chain of cells
[1]. In addition, light-dependent biological processes such as flowering, circadian rhythm, etc. often
employ this class of chromophore [8,9]. Flavins that are not bound to proteins are of great interest
due to their photochemical and photophysical properties [10]. As in nature, flavins are used as photo-
redox catalysts due to their redox properties [11,12]. In aqueous solution, all flavins exhibit strong
absorptions in the ultraviolet and visible range. The absorption spectra typically show four bands
with high molar absorptivities (> 10* L' mol cm-") which arise from r—7* transitions [12-14]. The
exact position of the absorption maxima, the absorptivity and the photoluminescence quantum yield
depend significantly on the chemical structure of the flavin derivative and the chemical-physical
environment, including solvatochromic effects [11,12,15,16].

e} o} F
HN = :@ HN =
O)\N/ l}l O)\N/ l}l
Me Me
10-Methyl-isoalloxazine 6-Fluoro-10-methyl-isoalloxazine
(MIA) (BF-MIA)
Figure 1. 10-Methyl-isoalloxazine (MIA) and the mono-fluorinated derivative 6-fluoro-10-methyl-
isoalloxazine (6F-MIA) [17].

In their neat solid state, the photoluminescence of dye molecules is often quenched by
nonradiative processes. The incorporation of luminescent dye molecules into metal-organic
frameworks (MOFs) as a dye@MOF composite tries to exploit the photophysical properties of single
molecules in a well-defined solid-state environment for applications as white-light emission,
upconversion, non-linear optics, biological fluorescent imaging, chemical sensing, optical
thermometry and others [18-23]. The structure and pore environment of MOF compounds can be
designed by the selection of organic linkers and the metal cluster secondary building units (SBUs)
[24-31]. Through incorporation into MOFs, the dye molecules could be protected from dynamic
quenching, e.g. by O2 or solvent interactions. Aggregation-caused quenching (ACQ) of the dye in the
solid-state is also effectively prevented by the confinement of separated single molecules in the pore
system [18,32]. This protection could ensure consistent luminescence even under harsh
environmental conditions. Conversely, targeted quenching of dyes by the selective additional
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adsorption of analyte species in dye@MOF composites could be interesting in sensor technologies
[18,33—40].

A prerequisite for the MOF as a host for a dye guest with unchanged fluorescence is a minimal
interference of MOF and dye. If the MOF should just act as a host matrix then ideally the MOF should
show no fluorescence and color. Accordingly, aluminum-based MIL-53, [Al(OH)(bdc)] (bdc =
benzene-1,4-dicarboxylate) [41-50] and zinc-based MOF-5, [Zn4O(bdc)s] [51,52] are promising host
networks (see Section S3, Supplementary materials for structure details).

The crystalline MOF host structures are often seen to give also a highly-ordered packing of the
chromophore guests. Such an optimal alignment in host-guest MOF hybrid materials would be
needed for polarized nonlinear optical responses [20,53] or to tune exciton coupling [54]. Yet, a
correlation between photoresponse and anisotropy of a dye guest molecules in ordered host matrices
appear to be seldom done, e.g. in clays [55,56]. Here we chose the prototypical and well-characterized
MOFs MIL-53(Al) with its periodic one-dimensional channels and MOF-5 with its three-dimensional
orthogonal channel structure (Figure 2) for a proof-of-principle analysis of the anisotropy of
encapsulated flavin dye molecules in these MOFs.

Figure 2. Schematic presentation of the periodic channel structures in (a) MIL-53, [Al(OH)(bdc)] and
(b) MOEF-5, [ZnsO(bdc)s] (bdc = benzene-1,4-dicarboxylate) (The inorganic building units {AlOs} and
{Zn4(O)(O2)s}, respectively are represented in cyan; the bdc linker schematically as a grey rod; see
Section S3, Supplementary materials for structure details). (Structure images were drawn with
Diamond [57] from the deposited cif files under CCDC-no./Refcode 220476/SABVUN [41] and
256966/SAHYOQ [52,58]).

Furthermore, single crystals with an average diameter of 100 um can be obtained for MOF-5
which allow the imaging of the embedded flavin with confocal laser scanning microscopy (CLSM)
[59].

To the best of our knowledge we are not aware of flavin@MOF composites. Here, we report the
incorporation of the flavin derivatives 10-methyl-isoalloxazine (MIA) and 6-fluoro-10-methyl-
isoalloxazine (6F-MIA) (Figure 1) in the prototypical MOFs MIL-53 and MOF-5 and analyze the
effects of the flavin@MOF composites on emission wavelength, the fluorescence lifetimes and
photoluminescence quantum yields in comparison to the neat solid state and solution. The electronic
structures of crystalline MIA, MIA@MIL-53 and MIA@MOEF-5 and the resulting luminescent
properties were calculated with plane-wave and QM/MM methods and compared with the
experimental data.

2. Results and Discussion

The incorporation of the flavin derivatives 10-methyl-isoalloxazine (MIA) and 6-fluoro-10-
methyl-isoalloxazine (6F-MIA) into MIL-53 and MOF-5 was carried out using a post-synthetic,
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diffusion-based incorporation into microcrystalline MIL-53 powders and an in situ embedding
during MOF-5 synthesis.

2.1. Flavin@MIL-53 Synthesis

For the post-synthetic wet infiltration of MIL-53 different quantities of a saturated MIA or 6F-
MIA solution in chloroform were added to the activated MOF MIL-53-1p and the suspension stored
on an orbital shaker until all the solvent has been evaporated. The flavin@MIL-53 composites were
washed with chloroform and then dried at 60 °C under dynamic vacuum. The MIA@MIL-53
composites contained 0.4 to 2.7 wt% of the flavin in the MOF and the 6F-MIA@MIL-53 composites
between 0.1 to 1.5 wt% (see Supplementary Materials for details).

To further verify the incorporation of the flavins in the MOFs, nitrogen adsorption isotherms
were recorded at 77 K (Figure S15). For very small amounts of incorporated flavin in MIL-53 (<1 wt%
for MIA and 0.1 wt% for 6F-MIA), a slight increase in the internal surface area may occur (Table 1),
which can be attributed to an additional washing effect exerted by shaking in the flavin solution. The
proportional decrease in BET surface area and pore volume (Table 1) with an increase in flavin
amount indicates successful incorporation into the network. The initial Sser value of 1130-1150 m?/g
for MIL-53 decreases to 80 m?/g (MIA@MIL-53) and 40 m?/g (6F-MIA@MIL-53), corresponding to a
nearly nonporous structure which is most likely due to pore blocking by occupation of the pore
mouths with the flavin molecules. For the small wt% of the flavin the pore volume of the large-pore
form of MIL-53 cannot be completely filled. Based on the crystallographic density g in the crystal
structure of MIA of ¢ = 1.6 g/cm? [60] and 1/p = 0.63 cm?/g the maximum flavine loading of ~4 wt%,
that is 0.04 g(flavine)/g(composite) would only occupy a volume of 0.025 cm?/g or about 6% of the
determined total pore volume of ~0.5 cm?®/g in neat MIL-53. When we consider the MIL-53 formula
unit of [AI(OH)bdc] (M = 208.11 g/mol), then there is one channel segment of 13 A (which is about
the length of a MIA molecule) for 8 formula units. At a loading of 4 wt% MIA@MIL-53 we have 0.04
g MIA (0.175 mmol) in 0.96 g MIL-53 (4.6 mmol). Thus, the molar ratio of MIA molecules to the
channel segments of 13 A is 0.175:(4.6/8) = 0.3 or ~3.3 channel segments per MIA molecule. In other
words, on average at this loading the MIA molecules can be ~2x13 A =26 A apart, that is separated
by 26 A. At a loading of 1.5 wt% 6F-MIA@MIL-53 we have 0.015 g MIA (0.06 mmol) in 0.985 g MIL-
53 (4.7 mmol). Thus, the molar ratio of 6F-MIA molecules to the channel segments of 13 A is
0.06:(4.7/8) = 0.1 or better ~10 channel segments per 6F-MIA molecule. In other words, on average at
this loading the 6F-MIA molecules can be ~9x13 A =117 A separated along a channel.

Table 1. Results of nitrogen sorption measurements for MIL-53 and flavin@MIL-53.

Compound Flavin loading SBET Vpore(total) Vpore(micm;NLDFT)
P [Wt%]s [m?/g] [em3/gl? [em¥/gle
MIL-53-Ip literature - 1150 [61] 0.53 0.53
- 1140 [41] n.a. n.a.
MU;-5§-1PA - 1130 0.45 0.43
0.4 1290 0.52 0.50
0.8 1130 0.47 0.46
16 1000 0.43 0.43
MIA@MIL-53
2.0 890 0.41 0.42
2.7 340 0.17 0.20
3.9 80 0.05 0.09
0.1 1150 0.49 0.49
6F-MIA@MIL-53 05 890 0.41 0.42

1.0 600 0.28 0.30

doi:10.20944/preprints202302.0498.v1
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1.5 40 0.02 0.04

2 Calculated by UV-VIS from initial flavin concentration. * Total pore volume at p/po = 0.50 for pores <2 nm. ¢

Micropore volume calculated from NLDFT for pores <2 nm.

Other diffusion-based incorporations into MOFs have shown that in such a post-synthetic
modification the molecules remain trapped close to the pore mouths [59]. For MIL-53 with its
flexibility and breathing mode, formation of the narrow-pore form can also occur upon activation,
which precedes the nitrogen sorption measurement.

The phase analysis of the flexible MIL-53 network structure after flavin insertion and before
activation by powder X-ray diffraction (PXRD) shows a superposition of the three MIL-53 phases
from the comparison of the MIA@MIL-53 composites with the simulated MIL-53-as, MIL-53-np and
MIL-53-1p diffractograms (Figure S16a). The samples with the two highest loadings (2.7 wt% and
3.9 wt% for MIA, 1.0 wt% and 1.5 wt% for 6F-MIA) were measured before and after activation (Figure
S16b). The incorporated flavin affects the phase which the flexible MIL-53 network assumes. A
loading of up to 2.7 wt% MIA gives only the narrow-pore form after activation which is
understandable if the flavin molecules would occupy little of the inner pore volume and do not
penetrate deep into the channels. At a loading of 3.9 wt% MIA, a superposition of the large- and
narrow-pore form remains (Figure S16b). The comparison of the 6F-MIA@MIL-53 composites with
the simulated MIL-53 PXRDs patterns show good matches with MIL-53-lp form, independently of
incorporated flavin amounts (Figure S17a).

For 6F-MIA after activation and at a loading of 1.0 wt% the PXRD is also superposition of the
large-and narrow-pore phases (Figure S17b). At the maximum loading of 1.5 wt% of 6F-MIA, almost
no change in the diffractogram is evident upon activation, indicating retention of the large-pore form
with just a trace formation of the narrow-pore phase (Figure S17b).

2.2. Flavin@MOF-5 Synthesis

The flavins were incorporated in situ into MOF-5, that is during the MOF formation in order to
achieve a uniform distribution and pore filling of the flavins throughout the network [51,59]. From a
comparison of the dimensions of MIA and 6F-MIA (4 x 8.5 x12 A)(F igure 511) with the pore diameter
of 15 A in MOF-5, which is larger than its pore window size (8 X 8 A) (Figure S14), the flavin molecules
can be very well incorporated during the crystal formation. By using concentrated solutions of the
flavins in dimethylformamide (DMF), cubic single crystals with an edge length up to 1 mm were
synthesized according to a protocol by Han ef al. [62].

The incorporated flavin amounts were determined by UV/Vis spectroscopy from the
supernatant solution (Section S1.2) to 0.85 wt% for MIA@MOF-5 and 27.6 wt% for 6F-MIA@MOE-5.
The high amount of 6F-MIA is explained by the very good solubility of 6F-MIA in DMF for a
saturated solution of cer-mia = 2640 mg-L-! whereas MIA was much less soluble, giving only cvia = 272
mg-L- as a saturated solution (Section S2). From the crystallographic density of MIA of o =1.6 g/cm?
[60] and 1/p =0.63 cm?¥/g the 6F-MIA loading of 0.28 g(6F-MIA)/g(composite) would still occupy only
a volume of 0.18 cm?/g or about 18% of the total pore volume of ~1.0 cm?/g in neat MOEF-5 [52]. The
MOEF-5 formula unit is [ZnsO(bdc)s] (M = 769.87 g/mol). There is 1 "pore" per formula unit. At a
loading of 0.85 wt% MIA@MOEF-5 we have 0.0085 g MIA (37 pumol) in 0.9915 g MOF-5 (1.3 mmol).
Thus, the molar ratio of MIA molecules to pores is 0.037:1.3 or 0.029 (MIA per pore), or ~34 pores for
each MIA molecule. At a loading of 27.6 wt% 6F-MIA@MOE-5 we have 0.276 g MIA (1.1 mmol) in
0.724 g MOEF-5 (0.94 mmol). Thus, the molar ratio of 6F-MIA molecules to pores is 1.1:0.94 or 1.2 6F-
MIA per pore, that is on average less than one pore for each MIA molecule. So, for 6F-MIA more than
one molecule in a pore in MOF-5 will occur.

Powder X-ray diffraction shows a good match between the flavin@MOF-5 composites,
synthesized MOF-5 crystals and the simulated MOF-5 diffractogram (Figure 518).

The large flavin@MOF-5 crystals were analyzed by confocal laser scanning microscopy (CLSM)
for the distribution of MIA (Figure 3) and 6F-MIA (Figure 3) in the MOF. The fluorescence images of

doi:10.20944/preprints202302.0498.v1
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the sectional planes support an even incorporation of the flavin dyes throughout the whole MOF
crystals during the in situ synthesis.

| .
(b)(c)

Figure 3. Confocal images of of MIA@MOF-5. (a) Confocal laser scanning microscopy 3D profile, (b)
sectional plane at 200 um from top, and (c) stack of sectional planes of MIA@MOE-5 (cw excitation at
Aex = 458 nm, Aem = 530-555 nm). Every sectional plane corresponds to a measurement thickness of 4
pm. which corresponds to the optical resolution of the used objective UPLSAPO10X/0.4NA.

12000 z/pm
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(a) horizontal position / um
Figure 4. (a) Confocal laser scanning microscopy 3D profile for a height z of 25 pm, (b) line profile
along z of 6F-MIA@MOEF-5 (cw excitation at Ae = 458 nm, Aem = 530-555 nm, objective
UPLSAPO10X/0.4NA). The fluorescence intensity decreases with the depth due to the inner filter
effect.

2.3. Fluorescence Spectroscopy and Photophysics

Before discussing the fluorescence properties of the flavin@MOF composites in detail, it is
important to elaborate, which fluorescent species can be expected upon incorporation in MOFs. Since
we varied the loading rate of incorporated flavins, we computed the probability p that a certain
occupation number of flavins per site could be incorporated in MOFs assuming a random distribution
of dyes. Using the average numbers of flavins per site na(flavins / site) approximated in sections 2.1
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und 2.2, our computation shows that the probability p(> one) that more than one flavin is incorporated
per site can be significant for our conditions (Table 2). The probability p(> one) is higher in MIL-53
already at low loading as compared to MOF-5. In this context, it important to take into account that
organic chromophores with an extended 7 system can stack in solution with increasing concentration
so that H- or J-aggregates of variable composition and structural arrangements can be formed. Due
to the affinity of these chromophores to associate, the computed probabilities p(> one) represent only
lower limits that will be even higher in reality. Thus, flavin confinement in MOF composites could
lead to J- or H-aggregates of variable stoichiometry. Notably, the emission properties of the
chromophore aggregates critically depend on the strength of the excitonic coupling and on charge
transfer interactions can be influenced by their orientation stoichiometry and chemical structure.
Therefore we can expect variable fluorescent species for flavin@MOFs. Accordingly, we investigated
in the following, whether the measured fluorescence spectra, lifetimes and anisotropies indicate the
presence of multiple fluorescent species that could be related to aggregates.

Table 2. Probability p that a certain occupation number of flavins per site is confined in MOFs
assuming a random distribution of flavins

MIA@MOFEF-5 6F MIA@MOF-5 MIA@MIL-53 6F MIA@MIL-53
0.85 wt% 27.6 wt% 3.9 wt% 1.5 wt%
a(flavins / 0.029 12 03 0.1
site)
p(one) 98.7% 52.6% 86.9% 95.5%
p(two) 1.3% 32.3% 12.1% 4.3%
p(three) 0.0% 11.7% 1.0% 0.1%

a: Site corresponds to a pore in MOF-5 and to channel segment in MIL-53, respectively. Since the channel in MIL-
53 is infinite and we cannot speak of "pores" as in MOF-5. Therefore, we define the length of a channel segment
that is needed to host a MIA via the length of MIA molecule of ~ 13 A.

The fluorescence spectra of both flavins, in solution 1:1 MeOH/DCM and in solid powder, are
compared with their composites (bold lines) in Figure 5 for measurements at room temperature.
Additional fluorescence spectra at 77K were measured for all compounds and are compared with the
corresponding spectra at room temperature in the supplementary materials Section S5, Figures S19—
S22. The fluorescence spectrum of solid MIA is strongly red shifted with respect to the solution in 1:1
DCM/MeOH, while this shift is much weaker for 6F-MIA where a shoulder around 650 nm appears.
The fluorescence spectra of flavin@MOF composites reveal a broadening at the bathochromic side
that is stronger for higher loadings. We conclude that a mixture of emitters, that is flavin monomers
and aggregates exists. Due to the bathochromic shift of the spectra and the presence of shoulders for
lower emission energies, we identify fluorescent J-aggregates as additional emitters. Consistently, the
presence of bathochromically shifted emitters was enhanced for high flavin loadings at 77 K.

MIA 6F-MIA
~ 107 solid - 197 —— solid
3 in solution 3 in solution
> 0.8 @MIL-53, 0.4 wi% > 0.8 @MIL-53, 0.1 wt%
£ ——@MIL53, 3.9 wi% £ —— @MIL-53, 1.5 wt%
2 —— @MOF-5, 0.85 wt% < — @MOF-5, 27.6 wt%
£ 061 £ 061
[ [
Q %]
c c
8 0.4+ 3 04
(7] 7]
5 o
S 02 S 02
[T w
0.0 . . . . . 0.0 . . . . .
450 500 550 600 650 700 750 450 500 550 600 650 700 750

(a) Ay [nm] (b) My [nm]
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Figure 5. Normalized fluorescence spectra at room temperature of (a) MIA and (b) 6F-MIA in their
neat solid state, in 1:1 DCM/MeOH solution and for the flavin@MOF composites; wt% refers to the
flavin loading. Since the fluorescence signal of flavin@MOF composites with low loading is weak, the
contributions of scattered excitation light at short emission wavelengths becomes relevant, which
causes additional shoulders in the spectra at short wavelengths.

Next, we analyzed the fluorescence lifetimes and quantum yields. summarizes, fluorescence
lifetimes (t) and quantum yields (®r) and the wavelengths of the fluorescence maxima (Armax) of the
flavin dyes MIA, 6F-MIA and the flavin@MOF composites, which were measured with a time-
resolved fluorescence spectrometer front-face sample holder (fluorescence spectra in Figure 5 and
Figures S19-522) and multiparameter fluorescence image spectroscopy (MFIS) with polarization
resolved detection using both single photon timing electronics. All measured time-resolved
fluorescence decays of both instruments are displayed in Figures S23-S33. The time-resolved
fluorescence measurements in the fluorescence spectrometer and the confocal microscope with
multiparameter fluorescence detection (see methods section) gave consistent results. All fluorescence
decays of flavin@MOEF composites required four fluorescence lifetime components. Besides three
fluorescence lifetimes in the ns range, polarisation-resolved MFIS detected a significant fraction of
depolarized signal (i.e. fluorescence and not scattered excitation light) with a lifetime of 30 ps, which
indicates the presence of strongly quenched fluorescent species. This agrees with the drop of the
fluorescence quantum yields, @r, observed for flavin@MOF composites. Notably, the fluorescence
lifetimes of solid flavins are all in low picosecond time ranges, too. This finding agrees also with the
quantum-chemical calculations presented in section 2.4. below and in supplementary material section
S6. Although, the fluorescence quantum yields, @r, in flavin@MOF composites indicate partially
quenched fluorescence species, the @r values are up to 8 times higher than for solid flavins. Moreover,
in agreement with Table 2, we observe a qualitative correlation between lower fractions of quenched
species for low loadings and n«(flavins / site). The flavin's tendency of forming J-aggregates is already
visible in solution measurements of pure dyes. While at least three fluorescent species (most likely a
small fraction of fluorescent aggregates) are detectable by three lifetimes in the solvent 1:1
DCM/MeCOH dissolving flavins only moderately, a single fluorescent species is detectable in water,
where flavins are dissolved well. In 1:1 DCM/MeOH, the longest lifetime with species fraction
between 10 and 20% is in the range of 8 to 10 ns that is longer than the lifetime of the dye in water.
The solid-state measurements and quantum-chemical calculation suggest that weakly and strongly
fluorescent aggregates can coexist.

We applied confocal multi-parameter fluorescence image spectroscopy (MFIS) to map also the
spatial and orientation dependence of the fluorescence properties for the microcrystalline sample of
flavin@MIL-53 and large single crystals of flavin@MOE-5.

The average fluorescence lifetime (r); of MIA@MIL-53 (3.9 wt%) (Figure 6a, panel 1) and a
crystal of MIA@MOF-5 (Figure 6b panel 1) yielded 4,5 and 4.7 ns, respectively, For 6F-MIA@MIL-53
(1.5 wt%) and 6F-MIA@MOEF-5 the values of (1) are 3.5 and 4.5 ns (Figure 6¢,d panel 1), respectively.
These results consistent with the lifetime obtained by the fluorescence spectrometer. The average
fluorescence lifetime values of the chromophores in flavin@MOF composites are similar to the values
in aqueous solution (Table 3). Interestingly, the fluorescence lifetime of MIA is affected by the location
in the crystal. The lifetime of MIA is slightly but significantly longer in the center of the MOF-5 crystal
(Figure 6b, the false colors for lifetime values are darker in the middle (5.5 ns)). This positional effect
explains the surprising result that the fluorescence lifetime distribution of MIA is broader in MOF-5
than in MIL-53 crystals (Figure 6b vs a). Being aware that deactivation processes of MIA and 6F-MIA
in solution include fluorescence, intersystem crossing and internal conversion with different relative
efficiencies [17], we note that both methods for lifetime analysis indicate that MIA is the less sensitive
derivative as compared to 6F-MIA.

With higher loading of the flavins into MIL-53, Amax shifts to slightly longer wavelengths (Table
3). A similar shift is seen for MIA when going from an aqueous to a DCM/MeOH solution and
oppositely for 6F-MIA between a DCM/MeOH and water solution. In general, conditions where the
flavin molecules come closer together enable charge transfer processes and self-quenching between
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them, resulting in spectral shifts and broadening of the emission bands loss of fine structure and
reduction of the fluorescence quantum yield. It is known, that the photophysical properties of a
chromophore in a MOF are influenced by the geometric restrictions imposed by the framework
structure [18]. In all flavin@eMOF composites, a strong increase in both lifetimes and quantum yields
compared to the neat solid flavin is observed. In the case of MIA@MIL-53 and MIA@MOEF-5 a ~10-
fold increase in lifetime and a 3 to 5-fold increase in quantum yield can be observed compared to
solid MIA. For the 6F-MIA@MOF composites, these increases are even more evident, with a ~50-fold
increase in lifetime and ~3-fold increase in quantum yield. Compared to the neat solid flavins the
incorporation of the molecules within the MOFs reduces the nonradiative decay rates, leading to
increased fluorescence intensities, lifetimes, and quantum yields. This effect is especially prominent
in MFIS. The photophysical parameters of the flavin@MOF composites correspond to the data of the
flavins in solution (Table 3) fostering the concept of "solid solutions" for dye@MOF composites.

From the MFIS analysis, it is evident that microcrystals of flavin@MIL-53 vary significantly in
both size and polarization properties (Figure 6a,c panel 2). The orientational distributions of both
flavin chromophores is indicative by a broad distribution of the fluorescence anisotropies r due to
varying size and orientation of the flavin@MIL-53 micro-crystallites (Figure 6a-c). For this discussion
of the r-distributions, it is important to consider the broadening of the distributions due to shot noise
caused by the relatively small average number of photons per pixel (N_p(MIA) =35) and N_p(6F—MIA)
=200). 6F-MIA@MIL-53 exhibits the broadest r-distribution reaching its upper limit (r =1) and lower
limit (r=0). The reduce shot noise, we integrated the signal of the whole image to compute time-
resolved anisotropy curves r(t). (Figure 6a,c panel 4). This was accomplished by global fits with
iterative reconvolution of the instrumental function (grey curves in Figure S33) to p- and s-polarized
decays. The fits required 4 fluorescence lifetime components (lifetimes and species fractions are
compiled in Table 3) and one (two for MIA@MIL-53) depolarization correlation time.

It is especially remarkable, that r(t) of 6F-MIA@MOEF-5 exhibits starts with a fundamental
anisotropy ro = 0.4 and exhibits no decay. This is direct proof the MFIS images resolve the distribution
of randomly distributed particles whose orientation on the surface is static. The fact that the
anisotropy of some 6F-MIA@MOF-5 microcrystals reaches one, geometric constraints of available
space in MIL-53 and quantum-chemical calculations (see below) allow us to conclude that transition
dipole moments for absorption and fluorescence (TDM) (see supplementary materials Section 56.5
Figure S41) of the various fluorescent 6F-MIA species must be oriented along the one-dimensional
channel of MIL-53 with no large deviation among each other. Considering MIA@MIL-53, the
fundamental anisotropy ro = 0.364 is slightly smaller and an additional decay term with a
depolarization time of 3.1 ns is observed. Form this it is evident that the order of the MIA TDMs is
identical for all fluorescent species, but nevertheless preferential along the channel axis.

In contrast to MIL-53, MOE-5 provides a very well defined and ordered porous framework with
large flavin@MOF-5 crystals (Figure 3, Figure 4, Figure 6b,d) as indicated by a narrow distribution of
fluorescence anisotropies r, which are centered around mean anisotropy values: 7(MIA) = 0.6 (blue
line in Figure 6b, panel 3) and 7 (6F-MIA) = 0.56 (magenta line in Figure 6d, panel 3). Both
flavin@MOF-5 samples show high anisotropies that indicates distinct oriented binding sites,
excluding random orientation of the dye molecules in the crystal. As for 6F-MIA@MIL53, no time-
dependence of the anisotropy r(t) was observed for 6F-MIA@MOF-5. MIA embedded in either of the
two MOFs shows limited depolarization on the ns to us scale, indicating constrained rotational
motion and/or resonance energy transfer to chromophores in close vicinity.

Due to the high symmetry of the cubic MOFE-5 crystal for the x,y z directions defined the crystal
parameters, it is feasible and appropriate to assume an identical rotation of the transition dipole
moment of the MIA chromophore using the normalized rotation vector of the crystal n.,in an angle
axis representation that rotates the S0-S1 absorption transition dipole moment A of the chromophore
with crystal axis C by an angle wca. For a cube, the directions of the four potential rotation vectors
corresponds to the respective body diagonals. Since the body diagonals are equivalent, we consider
in the following only one rotation vector. Using the experimental observables for 6F-MIA@MOF-5
(r(6F-MIA) = 0.56 (Figure 6d panel 3) and a = 8.2° (Figure 6d panel 2)) and for MIA@MOF-5 (r(MIA)
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= 0.6 (Figure 6b panel 3) and a = 65° (Figure 6b panel 2)), a unique solution for the average
orientation of the TDM for absorption of all fluorescent species is obtained defined by the Euler angles
Oca~12+1 and ¢cy~ —40.5 % 1. i.e. the TDM is not oriented along one of the crystal axes. This
confirms, that MOF-5 provides a suitable frame to incorporate flavins irrespective of their
aggregation in defined average orientation.

((Note to referees: Table 2 was completely revised and has become Table 3. For clarity this
revision is not indicated by track-changes. Please compare to previous version of Table 2 above.))

Table 3. Photophysical data for MIA, 6F-MIA and the flavin@MOF composites with Aexc = 405 nm
(TCSPC) or 440 nm (confocal MFIS) at room temperature (RT) unless indicated otherwise.

Dr [%]

Compound AfFmax [nm] 2 71 (x1), T2 (x2), T3 (X3) [nS] P Tr[ns] Ptx [ns] P xsq 8 .
MIA in solution:

DCM/MeOH (RT) 527 4 10.2 (0.20), 6.1 (0.62), 2.9 (0.19)7.1 6.34 28 d

DCM/MeOH 487/513 7.5(1) 7.5 75 54
(77K)h 524 ¢ 5.0 (1) 5.0 5.0¢ 22e
MIA solid 555, theo: 5403.5 (0.01), 0.8 (0.12), 0.2 (0.87) 0.8 0.3 <2
0.4 wt% MIA@MIL-53 523 7.2 (0.22), 4.0 (0.51), 1.7 (0.27) 5.0 41 15
3.9 wt% MIA@MIL-53 527, theo: 5097.6 (0.17), 4.0 (0.51), 1.3 (0.32) 4.9 3.7 11

f 6.2 (0.13),2.5(0.33), 0.7 (0.53) 3.6 2.1% 0.87 s
0.85 wt% MIA@MOF-5 533, theo: 5289.5 (0.10), 4.2 (0.55), 1.3 (0.35) 5.1 3.7 6
f 8.6 (0.10), 3.2 (0.65), 1.3 (0.24) 4.78 3.3 0.79 s

6F-MIA in solution:

DCM/MeOH (RT) 530 d 4.6 (0.17), 3.4 (0.83), -- 3.6 3.64 134

DCM/MeOH 486/514 3.1(0.59), 6.0 (0.41) 4.7 4.3 26
(77K)h 533 ¢ 36()e 3.6 3.6¢ 12e
6F-MIA solid 527 0.5 (0.01), 0.2 (0.05), 0.05 (0.94)0.1 0.06 <2
0.1 wt% 6F-MIA@MIL- 534 5.9 (0.13), 2.6 (0.46), 0.8 (0.41) 3.4 2.3 5
1.5 wt% 6F-MIA@MIL- 538 6.7 (0.09), 2.5 (0.36), 0.6 (0.55) 3.5 1.9 3
53 6.7 (0.07), 2.4 (0.39), 0.8 (0.53) 3.28 19s 0.87 s
27.6 wt% 6F- 510 7.0 (0.12), 3.2 (0.59), 0.8 (0.29) 4.1 3.0 8
MIA@MOF-5 6.2 (0.21), 2.6 (0.70), 1.1 (0.09) 4.08 3.2 0.79 s

a: Maximum of the fluorescence wavelength. ®: Fluorescence lifetimes: T(xi) lifetime of species i (fraction), Tr
fluorescence weighted average lifetime, Tx species weighted average lifetime. Raw time-resolved fluorescence
decays with fits and obtained parameters are shown in the supplementary materials Section S5 Figures 523-532
except for the MFIS data marked by &.<: Fluorescence quantum yield. Precision + 2 %. 9:In DCM/MeOH 1:1 (DCM
= dichloromethane). ©: Monoexponential fits from time-correlated single photon counting by Reiffers et al. [17].
f: Computations in this work. 8: From confocal multi-parameter fluorescence image spectroscopy (MFIS) with
pulsed excitation at 440 nm and Aem=502-538 nm. Global fits to p- and s-polarized decays required 4 fluorescence
lifetime components. The shortest lifetime component (< 30 ps, close to the instrumental resolution but distinct
from scatter due to its smaller anisotropy) was not considered in the calculation of the average lifetimes and
amplitudes were rescaled to the bright species with 7 > instrument response function (FWHM = 0.5 ns). The
unrescaled amplitude fractions Xsq of the lifetime component with 75 < 30 ps amount to 87% (dye@MIL-53) and
79% (dye@MOE-5) of all species, indicating a significant amount of strongly quenched dyes in both matrices.
Raw time- and polarization-resolved fluorescence decays with fits and obtained parameters are shown in the
supplementary materials Section S5 Figure S33.": Measured in a 1:1 DCM/MeOH glassy matrix at 77 K.
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Figure 6. Images of MIA and 6F-MIA in two MOFs obtained by confocal multi-parameter fluorescence
image spectroscopy (MFIS) (see methods) for fluorescence weighted average lifetime (7)r (panel 1),
experimental steady state fluorescence anisotropy 7, (panel 2) and their interrelation (t)r —r in the
2D diagram (panel 3) and time-resolved fluorescence anisotropy curves r(t) (panel 4) to resolve the
fundamental anisotropy ro and the depolarization time Tdepol that are displayed in the individual right
panels. (a) MIA@MIL-53 (3.9 wt%), (b) MIA@MOE-5, (c) 6F-MIA@MIL-53 (1.5 wt%) and (d) 6F-
MIA@MOF-5. For flavin@MOF-5 five slices in the center of the z-stack were selected to generate the
decay histograms, for flavin@MIL53 all photons from the images were used. The acquisition
conditions were Aex = 440 nm (pulsed@32MHz, objective UPLSAPO10X/0.4NA for MIL-53 and
objective UPLSAPO20X/0.75NA for MOF-5), Ar= 502-538 nm, under air.

2.4. QM/MM Excited State Computations

In the neat MIA crystal [60], we can identify two orientations of stacked neighboring molecules
(Figure 7). In one orientation, m-stacking interactions occur between the terminal phenyl and the
central and terminal ring of two adjacent MIA molecules (molecule no. 1 and 2 in Figure 7) with a
centroid-centroid separation of 3.518 and 3.589 A. The other n-stacking orientation involves only the
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terminal phenyl rings of two adjacent MIA molecules (no. 2 and 3) at a centroid-centroid distance of
3.561 A.

Figure 7. n—r stacking modes in crystalline MIA with centroid-centroid distances (graphics were
drawn from the deposited cif file with CCDC Refcode MISALX [60]).

Due to the different m-stacking modes in the crystal of neat MIA, QM/MM geometry
optimizations of ground and excited state structures had to include at least three MIA molecules for
a sensible description of interactions with all direct neighbors (see Section 56.1). Compared to the
single MIA chromophore in vacuum (Aabs max = 401 nm), the calculated maximum absorption value in
the crystal is 441 nm, thus significantly red-shifted. The calculated emission from Si state in the crystal
occurs at ca. 540 nm, compared to ca. 555 nm in the solid-state experiment and 505 nm for MIA
calculated in vacuum (Table 3) with a calculated small oscillator strength (f = 0.025) and an emission
rate constant of 5.87-10°s-1. While for the single MIA molecule S: corresponds to a locally n-excited
state, orbital analysis for the three-molecule MIA complex reveals a dominating charge-transfer
character. Here, electron density is relocated between the two molecules that overlap with two
aromatic rings (number 1 and 2 in Figure 7). This is the main reason for the loss in fluorescence
emission intensity in the crystalline state.

Optimization of MIL-53-Ip with QuantumEspresso (QE) revealed essentially the same results as
the experimental structures (Table S3). Compared to the reported orthorhombic large-pore form MIL-
53-1p (CCDC 220476 [41]) the computed guest-free MIL-53-1p structure after optimization has nearly
the same cell axes lengths within 0.7 A (Figure S39, Table S3). With one MIA molecule per unit cell,
the structure becomes more similar to the reported narrow-pore form (Figure 540, Table S3). A
variation of lattice parameters upon adsorption in MIL-53 was also seen e.g. upon loading with
xylene isomers [63], short linear alkanes [64] or methane [65].

The position of the MIA molecule is optimized with its length along the channel direction and
close to the center of the channel (Figure 8). There are no evident short and strong supramolecular
interactions but the MIA molecule is held in place by weak C-H---O, C-H---p, C-H--C, N-H--O, O-
H--O and O-H--C interactions. Even the N-H--O and O-H--O contacts have rather long H--X
distances above 2.5 A (Figure 8).

Jring centroid

Figure 8. Computed structure of MIA@MIL-53 viewed from both ends of the MIA molecule with
indication of the weak C-H--O, C-H---n, C-H--C, N-H---O, O-H---O and O-H---C interactions (H--X
distances in A, distances above 3 A are not shown).
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For neat MOEF-5, we note a slight compression of the unit cell constants upon optimization by
ca. 0.2 A in each direction, compared to the exp. values [51,58]. The cell size does not significantly
change when MIA is inserted. Due to the tilted arrangement of the phenyl rings, MOF-5 offers two
different types of cages to host the MIA chromophore (Figure 9a). In one cage, the hydrogen atoms
of the phenyl linkers point inwards toward the center of the pore (left pore with orange sphere in
Figure 9a,b). We refer to this possibility as inward-cage. In the second alternative, the hydrogen atoms
of the phenyls face outwards, thus offering a wider pore (right pore with green sphere in Figure 9a,c
and pore in Figure S14d). The energy for MIA incorporated in the inward-cage is ca. 15.3 k]/mol lower
than in the outward-cage because of increased attractive van-der-Waals interactions. The computed
binding energy of MIA is ca. 49 k]J/mol in the inward-complex and ca. 35 kJ/mol in the outward-
configuration, suggesting that complexation in the inward-cage is preferred. There is, however, no
evident supramolecular interaction in either case. The MIA molecule is computed in the center of the
pores, along the horizontal channel direction (Figure 9b,c). All distances from MIA to the framework
walls are larger than 3.0 A, except for two C-H-+H-C contacts in the inward-cage position (Figure 9b)
with an H--H distance of 2.5-2.6 A. The next-nearest distances are four C-H--O contacts of ~3.2 A,
also in the inward-cage position.

(b)

Figure 9. (a) Alternating neighboring pores in MOF-5 with different cages for binding MIA. Orange
pore at left: Linker phenyl hydrogens face inwards toward the center of the pore. Green pore at right:
outward position of linker phenyls. (b) Computed MIA molecule in the inward-cage in MOF-5 with
the only two supramolecular contacts below 3.0 A (two C-H-H-C contacts) indicated as dashed
orange lines. (c) Computed MIA molecule in the outward-cage for which there are no supramolecular
contacts below 3.0 A.

In the MIA@MIL-53 complex, the ground state QM/MM optimization converges to essentially
the same structure as with plane-wave methods. The lowest excitation wavelength is 414 nm with an
oscillator strength f of 0.265 and local m-excitation character, corresponding to HOMO-LUMO
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excitation. The computed emission wavelength from the Si state is 509 nm (f = 0.209) (Figure 10) with
an emission rate constant of 5.39-107 s*!, about ten times larger than in the neat MIA crystal. The
absorption and emission wavelength values are slightly blue-shifted with respect to the experimental
measurement (523 to 527 nm, depending on the MIA wt%). The oscillator strength compares well
with the value for MIA in vacuum (f = 0.243), demonstrating that the MOF environment efficiently
increases fluorescence emission by preventing quenching due to m-stacking.

For MOF-5, we find no significant change in absorption and emission wavelength values
depending on the mode of complexation. In the more stable inward form, maximum wavelength
absorption occurs at 402 nm (f = 0.305), while emission from S: is at 502 nm (f = 0.238) with a rate
constant of 6.30-107 s-1. Similar to MIL-53, the Si-excitation shows the same characteristics as in
vacuum.
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Figure 10. DFT/MRCI computed absorption (full lines) and emission (dashed lines) signatures of MIA
in vacuum, neat crystal and MOF environments.

3. Materials and Methods

3.1. Chemicals and Equipment

Reagents were obtained from commercial sources (Table S1) and used without further
purification. All flavin derivatives [17,66,67] and metal-organic frameworks [41,62,63,68] were
synthesized and purified according to the literature.

Powder X-Ray diffractograms (PXRD) were measured on a Bruker D2 phaser bench-top
diffractometer (300 W, 30 kV, 10 mA) at ambient temperature using Cu-Ka radiation (A = 1.5418 A)
at a scan rate of 0.0125°/s. The measurements were performed with a flat silicon, low-background
sample holder. This Bragg-Brentano geometry broadens the beam spot at low angles so that only a
fraction of the diffraction radiation reaches the detector with reflections measured at 26 < 7° have
lower than expected intensity.

Nitrogen physisorption isotherms were obtained at 77 K on a Nova 4200e S/N volumetric gas
sorption analyzer from Quantachrome, equipped with degassing and three analyses stations. Before
the gas sorption experiment, the sample was weighed into a glass tube capped with a septum. The
tube was connected to the degassing port of the Nova instrument and degassed under dynamic
vacuum of 1-10-2 mbar at a temperature of 120 °C for 3 h, then weighed again and transferred to an
analysis port of the Nova device.

The Brunauer-Emmett-Teller (BET) surface areas were calculated from the nitrogen adsorption
isotherms in the p/po range from 0.017 to 0.07. Total pore volumes were calculated from the nitrogen
sorption isotherm at p/po = 0.95.

Fluorescence microscopy. Characterization of the incorporated fluorophores by confocal laser
scanning and multi-parameter fluorescence image spectroscopy (CLSM and MFIS [69]) (condition g
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in Table 3) was carried out with a modified Olympus Fluoview 1000 inverse confocal microscope
system with an internal 405 nm laser and a 6-channel single photon detector on dye@MIL-53 (20 X
objective) and dye@MOF-5 (10 x objective). For the excitation of CLSM a cw argon laser with a
wavelength of 458 nm was used. For MFIS, the acquisition conditions were Ae = 440 nm
(pulsed@32MHz, objective UPLSAPO10X/0.4NA for MIL-53 and objective UPLSAPO20X/0.75NA for
MOF-5), Aem= 502-538 nm, under air. Experimental anisotropy decays in Figure 6 were calculated
from the measured p- and s-polarized fluorescence decays (Figure S33) after subtracting the observed
background according to: r = (GF; — F,)/((1 — 31;)GF, + (2 — 31,)F,). The correction factors, taking
into account polarization mixing in high-NA objectives were [1 =0.0308 and /2= 0.0368 [70]. The model
curves (red lines in Figure 6) are constructed in the same way from the fits to the decays. Global fits
by iterative reconvolution of the instrumental function (grey curves) to p- and s-polarized decays
required 4 fluorescence lifetime components (Table 3 main document) and one (two for MIA@MIL-
53) rotational correlation time. The offsets in the decays are caused by afterpulsing of the detectors
and taken into account by the fitting routine. The G-factor, compensating differences in the detection
efficiencies in the two polarization channels, of G = 0.97 was determined by fitting polarized
fluorescence decays of an aqueous solution of Rhodamine 110. The doped MOFs were studied under
air.

Steady-state excitation and emission spectra were recorded on a FluoTime300 spectrometer from
PicoQuant equipped with a 300 W ozone-free Xe lamp (250-900 nm), a 10 W Xe flash-lamp (250-900
nm, pulse width <10 us) with repetition rates of 0.1 — 300 Hz, an excitation monochromator (Czerny-
Turner 2.7 nm/mm dispersion, 1200 grooves/mm, blazed at 350 nm and 600 g/mm), diode lasers
(pulse width <80 ps) operated by a computer-controlled laser driver PDL-820 (repetition rate up to
80 MHz, burst mode for slow and weak decays), two emission monochromators (Czerny-Turner,
selectable gratings blazed at 500 nm with 2.7 nm/mm dispersion and 1200 grooves/mm, or blazed at
1250 nm with 5.4 nm/mm dispersion and 600 grooves/mm) with adjustable slit width between 0 mm
and 10 mm, Glan-Thompson polarizers for excitation (Xe-lamps) and emission, a Peltier-
thermostatized sample holder (—40 °C - 105 °C), and two detectors, namely a PMA Hybrid 40 (transit
time spread FWHM <120 ps, 200 — 900 nm) and a R5509-42 NIR-photomultiplier tube (transit time
spread FWHM 1.5 ns, 300-1400 nm) from Hamamatsu. The signal-to-noise ratio (optical noise) is
typically better than 29000:1, as measured with double monochromators in the excitation and
emission light path. Steady-state photoluminescence spectra and fluorescence lifetimes were
recorded in TCSPC mode by a PicoHarp 300 (minimum base resolution 4 ps), whereas
phosphorescence was measured in the MCS mode by a TimeHarp 300, where up to several ms can
be detected. Emission spectra were corrected for source intensity (lamp and grating) by standard
correction curves. For samples with lifetime in the ns order, an instrument response function
calibration (IRF) was performed using a diluted Ludox® solution. The lifetime analysis was
performed using the commercial EasyTau 2.2 software. The quality of the fit was assessed by
minimizing the reduced chi squared function (x?) and visual inspection of the weighted residuals and
their autocorrelation. Absolute photoluminescence quantum yields were measured with a
Hamamatsu Photonics measurement system (C9920-02) equipped with a L9799-01 CW Xenon light
source (150 W), a monochromator, a C7473 photonic multi-channel analyzer, an integrating sphere
and employing the U6039-05 PLQY measurement software (Hamamatsu Photonics, Ltd., Shizuoka,
Japan). All solvents used were of spectrometric grade (Uvasol®).

3.2. Flavin@MIL-53 Synthesis (See also Section S1.2)

Post synthetic wet infiltration was performed by adding different quantities (1 to 15 mL) of
saturated solutions of the flavins in chloroform (cma = 69.5 mg-L-!, cermia = 20.25 mg-L-1) to activated
microcrystalline MIL-53 powders (20 mg) in 25 mL glass vials. The different suspensions were stored
on an orbital shaker until all the solvent has been evaporated. The flavin@MIL-53 composites were
washed three times with chloroform for 5 min at each washing step and then dried at 60 °C under
dynamic vacuum. Since the filtrate was already colorless after the first washing process, all of the dye
from the initial solution was incorporated in the solid MIL-53 sample. The MIA@MIL-53 composites

doi:10.20944/preprints202302.0498.v1
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contained 0.4 to 2.7 wt% of the flavin in the MOF and the 6F-MIA@MIL-53 composites between 0.1
to 1.5 wt%.

3.3. Flavin@MOF-5 synthesis (See also Section S1.2)

In situ MOF-5 crystallization was performed by synthesizing the host network in saturated
solutions of the flavins in dimethylformamide, DMF (cwmia = 272 mg-L-, csr-mia = 2640 mg-L-1). The
amount of incorporated flavin was then quantified using UV/Vis. The MIA@MOF-5 composites
contained 0.85 wt% and 6F-MIA@MOF-5 composites contained 27.6 wt% of the flavin.

3.4. Computational Methods

Crystal structures of MIA (CCDC Refcode MISALX [60]), MIL-53(Al) (CCDC no./Refcode
220476/SABVUN for -MIL-53-1p [41]) and MOE-5 (CCDC-no./Refcode 256966/SAHYOQ [52,58]) were
extracted from experimental data. The geometries were optimized with Quantum Espresso (QE) [71]
using RRKJ-pseudopotentials [72], the generalized gradient approximation (GGA) with PBE-
exchange correlation [73], Grimme-type D3-dispersion corrections [74] and a kinetic energy cutoff of
40 eV. SCF computations were performed including only the gamma point. For the optimization of
the MIA crystal the cell parameters were frozen to the experimental values. MIL-53(Al) and MOF-5
were optimized without any constraints. To obtain the MOF-MIA complexes, one MIA molecule was
placed into the center of the unit cell. To fit the MIA chromophore, the MIL53 the unit cell was
replicated three times in a-direction, comprising a 3x1x1 supercell. The resulting geometries were
then fully relaxed using the aforementioned methodologies. These structures were used as input
structures for QM/MM cluster model computations.

Atomic partial charges for the MIA chromophore were computed with Gaussian16 [75] using
RHEF, the 6-31G* basis set and the Merz-Kollmann-scheme [76]. Periodic charges for the frameworks
were generated with the REPEAT method [77] implemented in CP2K [78]. Atoms herein were
described with DZVP-MOLOPT-GTH basis sets and corresponding GTH-PBE pseudopotentials [79].
Force field parameters for MIA were obtained from the Generalized Amber Force Field (GAFF).
MOF-5 force field parameters were adapted from a previous work by Vanduyfhuys et al. [80]. MIL-
53(Al) parameters were computed with the FFTK program suite [81] using cluster models optimized
with Gaussian16 (see Section S6.2 for details).

Finite cluster models were generated for each structure using the previously optimized
geometries. The MOF structures were saturated accordingly (see Section S56.2 and 56.3 for details).
The MIA crystal cluster was prepared by replicating the unit cell eight times in each direction, thus
including 1024 individual MIA molecules with a cell size of ca. 40x50x60 A3. The size of the MIL-53
cluster was ca. 60x30x30 A3, the MOF-5 cluster had ca. 98x98x98 A3,

For QM/MM geometry optimizations the COBRAMM?2.0 package [82] was applied, choosing
Gaussianl16 [75] with the PBEO functional and the 6-31G* basis set for the crystal of MIA and the TZVP
basis set for MIA in MIL53 and MOF-5 the computation of the QM part (the central MIA molecule)
and AMBER16 [83] for the MM part (i.e. the surrounding). The MIA crystal model was computed
with different sizes for the central QM part, including 1, 2 and 3 stacked MIA molecules (see Section
56.1). The QM part was allowed to fully relax while the remaining atoms were frozen to their initial
positions. MOF structures were calculated with one MIA molecule as the QM part in the center of the
clusters. MIA and direct neighbors in the MM part were movable during optimization, while the rest
of the cluster was kept fixed. In the case of MOEF-5, the metal centers positions were additionally kept
frozen.

Spectral properties were computed with the DFT/MRCI [84] program using the R2016
Hamiltonian [85]. Orbitals for MRCI were computed at the BHLYP/TZVP level using Turbomole [86].
The initial reference space was chosen by computing single and double excitations from eight
electrons in eight orbitals. An energy selector of 0.8 Ex and the tight parameter set were chosen. A
second run was performed with the same parameters to obtain an updated reference space and the
final values for energies and oscillator strengths.
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4. Conclusions

The flavin derivatives 10-methyl-isoalloxazine (MIA) and 6-fluoro-10-methyl-isoalloxazine (6F-
MIA) were successfully encapsulated in the metal-organic frameworks (MOFs) MIL-53 and MOF-5.
The incorporation of flavin@eMOF composites was verified by BET surface measurements and
powder X-ray diffraction. In the case of the flavin@MOEF-5 composites, the incorporation was also
demonstrated spectroscopically by homogeneous images obtained by confocal laser scanning
microscopy (Figures 7 and 8). The photophysical properties of the flavin@MOF composites are
significantly dependent on the specific molecular environment. Compared to the neat dyes in their
solid states, the lifetime and quantum yield increase significantly in solution and in the dye@MOF
composite. The lower lifetimes and quantum yield in the solid state of the dyes can be attributed to
aggregation-caused quenching (ACQ). The fluorescence lifetimes and quantum yields of the flavins
in liquid solution and in the "solid MOF solution" are of comparable orders. The electronic structures
of MIA inits crystal environment, of MIA in MIL-53 and MIA in MOF-5 were investigated with plane-
wave and QM/MM methods. In the crystalline state, r-stacking interactions of neighboring MIA
chromophores change the nature of the first excited state from a local 7-t (HOMO-LUMO) electronic
excitation with high fluorescence intensity to a charge transfer state with low oscillator strength. The
channels in the investigated metal-organic frameworks provide an environment for the incorporation
of MIA as separated molecules, thus preventing m-stacking interactions between MIA molecules. The
strong reduction of ACQ explains the enhanced fluorescence lifetime and quantum yield compared
to the neat MIA crystal. The MIL-53 framework adapts towards the narrow-pore form when the MIA
chromophore binds, thereby enhancing van-der-Waals contacts between the chromophore and the
framework walls. MOF-5 is a rather rigid framework but offers a narrower and wider pore
environment for MIA with similar absorption and emission characteristics. In the preferred MIA
position in the narrower pore, the hydrogen atoms of the phenyl linkers point towards the MIA-
chromophore, thus enhancing host-guest van-der-Waals interactions.

The MOF environment influences the photophysical properties of the host chromophores. For
6F-MIA the non-radiative processes are significantly reduced. For MIA the location within the crystal
becomes relevant. Further studies by fluorescence correlation spectroscopy (FCS) and transient state
imaging microscopy (TRAST) will unravel the nature of these processes (internal conversion, IC or
intersystem crossing, ISC). Moreover, we will also study the influence of the MOF environment on
the photostability of the chromophores.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org Section S1: Materials and methods; S2: MIA and 6F-MIA absorption spectra and
calibration curves (Figure S3 — Figure S10); S3: Structure descriptions (Figure S11 — Figure S14); S4: Nitrogen
adsorption isotherms and powder X-ray diffractograms (Figure S15 — Figure S18); S5: Photophysical
characterization of the dyes and dye@MOF (Figure S19 — Figure S34); S6: Theoretical calculations (Figure S35 —
Figure S41). References [87,88] are cited in the supplementary materials.

Author Contributions: Conceptualization, C.J. and S.-P.H.; methodology, D.P., O.W. and S.-P.H.; validation, S.-
P.H.,S.H, and D.P.; formal analysis, D.P., S.H.,LM.,, S.-P.H,, RK. and C.J.; investigation, D.P., S.H., LM.,, S.-P.H.,
D.W,, and R.K;; resources, C.A.M.S., C.C.,, O.W,, C.A.S. and C.J.; data curation, D.P., S.H., LM., S.-P.H., and R.K.;
writing—original draft preparation, S.-P.H., S.H.,, CAM.S., OW,, D.P. and C]J.; writing—review and editing,
CJ, RK., OW., CAMS., CC. and C.A.S,; visualization, D.P., S.H., S.-P.H., RK,, S.F., CAM.S. and CJ.;
supervision, CAM.S,, C.C,, OW.,, C.AS,, and C]J.; project administration, O.W. and C.J.; funding acquisition,
LM, CAMS, C.C, OW, CAS, and CJ. All authors have read and agreed to the published version of the
manuscript.

Funding: We thank the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) for grant
396890929/GRK 2482 (Research Training Group Modulation of Intersystem Crossing, ModISC). LM. gratefully
acknowledges the post-doctoral fellowship from the Alexander von Humboldt Foundation.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the corresponding
author.


https://doi.org/10.20944/preprints202302.0498.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 February 2023 doi:10.20944/preprints202302.0498.v1

18

Acknowledgments: We thank the Center for Molecular and Structural Analytics at Heinrich Heine University
(CeMSA@HHU) for recording the mass spectrometric and NMR-spectrometric data. We thank Oleg Opanasyuk
for discussing and computing the features of polarized fluorescence of flavins@MOFs and Dragana Sretenovi¢
for providing reference spectra of MIA and 6F-MIA.

Conflicts of Interest: The authors declare that they have no known competing financial interest or personal
relationship that could have appeared to influence the work reported in this paper.

References

1. Van Berkel, W.J.H. Special Issue: Flavoenzymes. Molecules 2018, 23, 1957;
https://doi.org/10.3390/molecules23081957

2. Romero, E.; Gomez Castellanos, ].R.; Gadda, G.; Fraaije, M.W.; Mattevi, A. Same Substrate, Many Reactions:
Oxygen Activation in Flavoenzymes. Chem. Rev. 2018, 118, 1742-1769.
https://doi.org/10.1021/acs.chemrev.7b00650

3.  Edwards, A.M. Structure and general properties of flavins. In: Weber, S., Schleicher, E. (eds) Flavins and
Flavoproteins. Methods in Molecular Biology (Clifton, N.J.) 2014, 1146, 3-13. Humana Press, New York, NY.
https://doi.org/10.1007/978-1-4939-0452-5_1

4. Penzer, G.R;; Radda, G.K. The chemistry and biological function of isoalloxazines (flavines). Q. Rev. Chem.
Soc. 1967, 21, 43-65. https://doi.org/10.1039/QR9672100043

5. Penzkofer, A. Absorption and emission spectroscopic investigation of alloxazine in aqueous solutions and
comparison with lumichrome, ]. Photochem. Photobiol. ~A: Chem. 2016, 314, 114-124.
https://doi.org/10.1016/j.jphotochem.2015.08.011.

6. Ramirez-Gamboa, D.; Diaz-Zamorano, A.L.; Meléndez-Sanchez, E.R.; Reyes-Pardo, H.; Villasefior-Zepeda,
KR.; Lopez-Arellanes, M.E.; Sosa-Hernandez, ].E.; Coronado-Apodaca, K.G.; Gamez-Méndez, A.;
Afewerki, S.; Igbal, HM.N.; Parra-Saldivar, R.; Martinez-Ruiz, M. Photolyase Production and Current
Applications: A Review. Molecules 2022, 27, 5998. https://doi.org/10.3390/molecules27185998

7.  Powers, H.J. Riboflavin (vitamin B-2) and health. The American Journal of Clinical Nutrition 2003, 77, 1352-
1360. https://doi.org/10.1093/ajcn/77.6.1352

8. Liscum, E.; Hodgson, D.W.; Campbell, T.J. Blue Light Signaling through the Cryptochromes and
Phototropins. So That's What the Blues Is All About. Plant Physiol. 2003, 133, 1429-1436.
https://doi.org/10.1104/pp.103.030601

9.  van der Horst, M.A; Hellingwerf, K.J. Photoreceptor Proteins, “Star Actors of Modern Times”: A Review
of the Functional Dynamics in the Structure of Representative Members of Six Different Photoreceptor
Families. Acc. Chem. Res. 2004, 37, 13-20. https://doi.org/10.1021/ar020219d

10. Silva, E.; Edwards, A.M Flavins: Photochemistry and Photobiology. Comprehensive Series in Photochemical &
Photobiological ~ Sciences. ~ Royal  Society = of  Chemistry, = Cambridge, = 2006,  1-338.
https://doi.org/10.1039/9781847555397

11. Mansoorabadi, S.O.; Thibodeaux, C.J.; Liu, H.-W. The diverse roles of flavin coenzymes--nature's most
versatile thespians. . Org. Chem. 2007, 72, 6329-6342. https://doi.org/10.1021/j00703092

12.  Galban, J.; Sanz-Vicente, 1.; Navarro, J.; de Marcos, S. The intrinsic fluorescence of FAD and its application
in analytical chemistry: a review. Methods Appl. Fluoresc. 2016, 4, 042005. https://doi.org/10.1088/2050-
6120/4/4/042005

13.  Ahmad, I; Vaid, F.H. Photochemistry of Flavins in Aqueous and Organic Solvents. in Comprehensive Series
in Photochemical & Photobiological Sciences (Eds.: E. Silva, AM. Edwards), Royal Society of Chemistry,
Cambridge, 2007, pp. 13-40. https://doi.org/10.1039/9781847555397

14. Kotaki, A.; Yagi, K. Fluorescence Properties of Flavins in Various Solvents. |. Biochemistry 1970, 68, 509-516.
https://doi.org/10.1093/oxfordjournals.jpchem.a129381

15. Bracker, M.; Kubitz, M.K.,; Czekelius, C.; Marian, C.M.; Kleinschmidt, M. Computer-Aided Design of
Fluorinated Flavin Derivatives by Modulation of Intersystem Crossing and Fluorescence. ChemPhotoChem
2022, 6, €202200040. https://doi.org/10.1002/cptc.202200040

16. Mukherjee, A.; Walker, J.; Weyant, K.B.; Schroeder, C.M. Characterization of flavin-based fluorescent
proteins: an emerging class of fluorescent reporters. PLoS ONE 2013, 8, e64753.
https://doi.org/10.1371/journal.pone.0064753

17. Reiffers, A.; Ziegenbein, C.T.; Engelhardt, A.; Kithnemuth, R.; Gilch, P.; Czekelius, C. Impact of Mono-
Fluorination on the Photophysics of the Flavin Chromophore. Photochem. Photobiol. 2018, 94, 667-676.
https://doi.org/10.1111/php.12921

18. Ryu, U, Lee, H.S; Park, K.S.; Choi, K.M. The rules and roles of metal-organic framework in combination
with molecular dyes. Polyhedron 2018, 154, 275-294. https://doi.org/10.1016/j.poly.2018.07.043

19. Nguyen, T.N.; Ebrahim, F.M.; Stylianou, K.C. Photoluminescent, upconversion luminescent and nonlinear
optical metal-organic frameworks: From fundamental photophysics to potential applications. Coord. Chem.
Rev. 2018, 377, 259-306. https://doi.org/10.1016/j.ccr.2018.08.024


https://doi.org/10.20944/preprints202302.0498.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 February 2023 doi:10.20944/preprints202302.0498.v1

19

20. Li, H.;Zhang, L.;He, H; Yang, Y.; Cui, Y.; Qian, G. Tunable nonlinear optical responses based on hostguest
MOF hybrid materials. Sci. China Mater. 2020, 64, 698-705. https://doi.org/10.1007/s40843-020-1455-6

21. Xing, S.; Janiak, C. Design and properties of multiple-emitter luminescent metal-organic frameworks.
Chem. Commun. 2020, 56, 12290-12306. https://doi.org/10.1039/D0CC04733C

22. Wan, Y,; Li, Y,; Yue, D. Dye-Encapsulated Metal-Organic Frameworks for the Multi-Parameter Detection
of Temperature. Molecules 2023, 28, 729. https://doi.org/10.3390/molecules28020729

23.  Sun, Z.; Khurshid, A.; Sohail, M.; Qiu, W.; Cao, D.; Su, S.-]J. Encapsulation of Dyes in Luminescent Metal-
Organic Frameworks for White Light Emitting Diodes. Nanomaterials 2021, 11, 2761.
https://doi.org/10.3390/nan011102761

24. Janiak, C.; Vieth, ] K. MOFs, MILs and more: concepts, properties and applications for porous coordination
networks (PCNs). New ]. Chem. 2010, 34, 2366-2388. https://doi.org/10.1039/CONJ00275E

25. Yuan, S; Feng, L.; Wang, K.; Pang, J.; Bosch, M,; Lollar, C.; Sun, Y.; Qin, J.; Yang, X.; Zhang, P.; Wang, Q.;
Zou, L; Zhang, Y.; Zhang, L.; Fang, Y.; Li, J.; Zhou, H.-C. Stable Metal-Organic Frameworks: Design,
Synthesis, and Applications. Adv. Mater. 2018, 30, e1704303. https://doi.org/10.1002/adma.201704303

26. Lu, W.; Wei, Z,; Gu, Z.-Y,; Liu, T.-F,; Park, J,; Park, J.; Tian, ].; Zhang, M.; Zhang, Q.; Gentle, T.; Bosch, M,;
Zhou, H.-C. Tuning the structure and function of metal-organic frameworks via linker design. Chem. Soc.
Rev. 2014, 43, 55615593. https://doi.org/10.1039/c4cs00003;

27.  Ebrahimi, A.; Krivosudsky, L. Metalloporphyrin Metal-Organic Frameworks: Eminent Synthetic Strategies
and Recent Practical Exploitations. Molecules 2022, 27, 4917. https://doi.org/10.3390/molecules27154917

28.  Woschko, D.; Millan, S.; Ceyran, M.-A.; Oestreich, R.; Janiak, C. Synthesis of a Chiral 3,6T22-Zn-MOF with
a T-Shaped Bifunctional Pyrazole-Isophthalate Ligand Following the Principles of the Supramolecular
Building Layer Approach. Molecules 2022, 27, 5374. https://doi.org/10.3390/molecules27175374

29. Qin, L,; Liang, F.; Li, Y.; Wu, J; Guan, S.; Wu, M,; Xie, S.; Luo, M.; Ma, D. A 2D Porous Zinc-Organic
Framework  Platform  for Loading of  5-Fluorouracil.  Inorganics 2022, 10, 202
https://doi.org/10.3390/inorganics10110202

30. Zheng, M.; Chen, ]J.; Zhang, L.; Cheng, Y.; Lu, C,; Liu, Y.; Singh, A; Trivedi, M.; Kumar, A.; Liu, J. Metal
organic frameworks as efficient adsorbents for drugs from wastewater. Mater. Today Commun. 2022, 31,
103514. https://doi.org/10.1016/j.mtcomm.2022.103514

31. Dong, X,; Li, Y,; Li, D.; Liao, D.; Qin, T.; Prakash, O.; Kumar, A.; Liu, ]. A new 3D 8-connected Cd(II) MOF
as a potent photocatalyst for oxytetracycline antibiotic degradation. CrystEngComm 2022, 24, 6933-6943.
https://doi.org/10.1039/D2CE01121B

32. Chen, Y,; Yu, B,; Cui, Y.; Xu, S.; Gong, J. Core-Shell Structured Cyclodextrin Metal-Organic Frameworks
with Hierarchical Dye Encapsulation for Tunable Light Emission. Chem. Mater. 2019, 31, 1289-1295.
https://doi.org/10.1021/acs.chemmater.8b04126

33. Pramanik, S.; Zheng, C.; Zhang, X.; Emge, T.J.; Li, J. New microporous metal-organic framework
demonstrating unique selectivity for detection of high explosives and aromatic compounds. J. Am. Chem.
Soc. 2011, 133, 4153-4155. https://doi.org/10.1021/ja106851d

34. Pramanik, S.; Hu, Z.; Zhang, X,; Zheng, C; Kelly, S.; Li, J. A Systematic Study of Fluorescence-Based
Detection of Nitroexplosives and Other Aromatics in the Vapor Phase by Microporous Metal-Organic
Frameworks. Chem. Eur. ]. 2013, 19, 15964-15971. https://doi.org/10.1002/chem.201301194

35. Hu, Z.; Pramanik, S.; Tan, K,; Zheng, C; Liu, W.; Zhang, X.; Chabal, Y.]J.; Li, ]. Selective, Sensitive, and
Reversible Detection of Vapor-Phase High Explosives via Two-Dimensional Mapping: A New Strategy for
MOF-Based Sensors. Cryst. Growth Des. 2013, 13, 4204-4207. https://doi.org/10.1021/cg4012185

36. Hu, Z; Deibert, B.J.; Li, J. Luminescent metal-organic frameworks for chemical sensing and explosive
detection. Chem. Soc. Rev. 2014, 43, 5815-5840. https://doi.org/10.1039/C4CS00010B

37. Zheng, J.-P.; Ou, S.; Zhao, M.; Wu, C.-D. A Highly Sensitive Luminescent Dye@MOF Composite for Probing
Different Volatile Organic Compounds. ChemPlusChem 2016, 81, 758-763.
https://doi.org/10.1002/cplu.201600057

38. Miller, S.E.; Teplensky, M.H.; Moghadam, P.Z.; Fairen-Jimenez, D. Metal-organic frameworks as biosensors
for luminescence-based detection and imaging. Interface  Focus 2016, 6, 20160027.
https://doi.org/10.1098/rsfs.2016.0027

39. Zhao, D; Yu, S,; Jiang, W.-].; Cai, Z.-H.; Li, D.-L.; Liu, Y.-L.; Chen, Z.-Z. Recent Progress in Metal-Organic
Framework Based Fluorescent Sensors for Hazardous Materials Detection. Molecules 2022, 27, 2226.
https://doi.org/10.3390/molecules27072226

40. Li, L.; Zou, J; Han, Y,; Liao, Z.; Lu, P.; Nezamzadeh-Ejhieh, A.; Liu, J.; Peng, Y. Recent advances in
AI(IIT)/In(Ill)-based MOFs for the detection of pollutants. New ]. Chem. 2022, 46, 19577-19592.
https://doi.org/10.1039/D2NJ03419K

41. Loiseau, T.; Serre, C.; Huguenard, C.; Fink, G.; Taulelle, F.; Henry, M.; Bataille, T.; Férey, G. A Rationale for
the Large Breathing of the Porous Aluminum Terephthalate (MIL-53) Upon Hydration Chem. Eur. ]. 2004,
10, 1373-1382. https://doi.org/10.1002/chem.200305413


https://doi.org/10.20944/preprints202302.0498.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 February 2023 doi:10.20944/preprints202302.0498.v1

20

42. Ashling, C.W.; Johnstone, D.N.; Widmer, R.N.; Hou, J.; Collins, S.M.; Sapnik, A.F.; Bumstead, A.M.;
Midgley, P.A.; Chater, P.A.; Keen, D.A.; Bennett, T.D. Synthesis and Properties of a Compositional Series
of MIL-53(Al) Metal-Organic Framework Crystal-Glass Composites. . Am. Chem. Soc. 2019, 141, 15641-
15648. https://doi.org/10.1021/jacs.9b07557

43. Millange, F.; Walton, R.I. MIL-53 and its Isoreticular Analogues: a Review of the Chemistry and Structure
of a Prototypical Flexible Metal-Organic Framework. Isr. ]J. Chem. 2018, 58, 1019-1035.
https://doi.org/10.1002/ijch.201800084

44. Meilikhov, M.; Yusenko, K.; Fischer, R.A. The adsorbate structure of ferrocene inside [Al(OH)(bdc)]x (MIL-
53): a powder X-ray diffraction study. Dalton Trans. 2009, 600-602. https://doi.org/10.1039/B820882B

45. Millange, F.; Serre, C.; Férey, G. Synthesis, structure determination and properties of MIL-53as and MIL-
53ht: the first Cr™ hybrid inorganic—organic microporous solids: Cr™(OH)-{O2C-CsHs-CO2}-{HO2C-CesHa-
CO:zH}x. Chem. Commun. 2002, 822-823. https://doi.org/10.1039/B201381A

46. Millange, F.; Guillou, N.; Walton, R.I; Grenéche, J.-M.; Margiolaki, I.; Férey, G. Effect of the nature of the
metal on the breathing steps in MOFs with dynamic frameworks. Chem. Commun. 2008, 4732-4734.
https://doi.org/10.1039/B809419E

47.  Serre, C.; Millange, F.; Thouvenot, C.; Nogues, M.; Marsolier, G.; Louér, D.; Férey, G. Very Large Breathing
Effect in the First Nanoporous Chromium(III)-Based Solids: MIL-53 or Cr"(OH)-{O2C-CsHs-CO2}-{HO2C-
CsHa-CO2H}xH20y. J. Am. Chem. Soc. 2002, 124, 13519-13526. https://doi.org/10.1021/ja0276974

48. Millange, F.; Serre, C.; Guillou, N.; Férey, G.; Walton, R.I. Structural Effects of Solvents on the Breathing of
Metal-Organic Frameworks: An In Situ Diffraction Study. Angew. Chem. Int. Ed. 2008, 47, 4100-4105.
https://doi.org/10.1002/anie.200705607

49. Couck, S.; Gobechiya, E.; Kirschhock, C.E.A.; Serra-Crespo, P.; Juan-Alcafiiz, J.; Martinez Joaristi, A.;
Stavitski, E.; Gascon, J.; Kapteijn, F.; Baron, G.V.; Denayer, ]. F.M. Adsorption and Separation of Light Gases
on an Amino-Functionalized Metal-Organic Framework: An Adsorption and In Situ XRD Study.
ChemSusChem, 2012, 5, 740-750. https://doi.org/10.1002/cssc.201100378

50. Salles, F.; Bourrelly, S.; Jobic, H.; Devic, T.; Guillerm, V.; Llewellyn, P.; Serre, C.; Ferey, G.; Maurin, G.
Molecular Insight into the Adsorption and Diffusion of Water in the Versatile Hydrophilic/Hydrophobic
Flexible MIL-53(Cr) MOF. |. Phys. Chem. C 2011, 115, 21, 10764-10776. https://doi.org/10.1021/jp202147m

51. Kaye, S.S,; Dailly, A.; Yaghi, O.M.; Long, ].R. Impact of Preparation and Handling on the Hydrogen Storage
Properties of ZniO(1,4-benzenedicarboxylate)s (MOEF-5). . Am. Chem. Soc. 2007, 129, 14176-14177.
https://doi.org/10.1021/ja076877g

52. Li, H,; Eddaoudi, M.; O'Keeffe, M.; Yaghi, O.M. Design and synthesis of an exceptionally stable and highly
porous metal-organic framework. Nature 1999, 402, 276-279. https://doi.org/10.1038/46248

53. Zhang, L.;Li, H.; Yang, Y.; Yang, D.; Cui, Y.; Quia, G. Aligned chromophores in a host-guest MOF crystal
for switchable polarized nonlinear optical response. J. Mater. Chem. C 2022, 10, 14915-14920.
https://doi.org/10.1039/d2tc02992h

54. Haldar, R;; Mazel, A.; Krsti¢, M.; Zhang, Q.; Jakoby, M.; Howard, I.A.; Richards, B.S.; Jung, N.; Jacquemin,
D.; Diring, S. et al. A de novo strategy for predictive crystal engineering to tune excitonic coupling. Nat.
Commun. 2019, 10, 2048. https://doi.org/10.1038/s41467-019-10011-8

55. Lopez Arbeloa, F.; Martinez Martinez, V.; Arbeloa, T.; Lépez Arbeloa, I. Photoresponse and anisotropy of
rhodamine dye intercalated in ordered clay layered films. J. Photochem. Photobiol. C: Photochem. Rev. 2007, 8,
85-108. https://doi.org/10.1016/j.jphotochemrev.2007.03.003

56. Martinez Martinez, V.; Lépez Arbeloa, F.; Bafiuelos Prieto, J.; Lopez Arbeloa, I. Orientation of Adsorbed
Dyes in the Interlayer Space of Clays. 1. Anisotropy of Rhodamine 6G in Laponite Films by Vis-Absorption
with Polarized Light. Chem. Mater. 2005, 17, 16, 4134-4141. https://doi.org/10.1021/cm050728k

57. Brandenburg, K. Diamond (Version 4.6), Crystal and Molecular Structure Visualization, Crystal Impact — K.
Brandenburg & H. Putz Gbr, Bonn, Germany, 2009-2022.

58. Li, H.; Eddaoudi, M.; O'Keeffe, M.; Yaghi, O.M. CCDC 256966: Experimental Crystal Structure Determination,
Cambridge Crystallographic Data Centre, 2005. https://doi.org/10.5517/cc8md7h

59. Ma, M,; Gross, A.; Zacher, D.; Pinto, A.; Noei, H.; Wang, Y.; Fischer, R.A.; Metzler-Nolte, N. Use of confocal
fluorescence microscopy to compare different methods of modifying metal-organic framework (MOF)
crystals with dyes. CrystEngComm 2011, 13, 2828-2832. https://doi.org/10.1039/COCE00416B

60. Wang, M., Fritchie Jr., C.J. Geometry of the Unperturbed Flavin Nucleus. The Crystal Structure of 10-
Methylisoalloxazine. Acta Cryst. 1973, B29, 2040-2045. https://doi.org/10.1107/50567740873006096

61. Taheri, A,; E.G. Babakhani, J. Towfighi, Study of synthesis parameters of MIL-53(Al) using experimental
design methodology for CO:/CHs separation. Adsorption Science Technology 2018, 36, 247-269.
https://doi.org/10.1177/0263617416688690

62. Han, S.; Wei, Y,; Valente, C.; Lagzi, I.; Gassensmith, ].J.; Coskun, A.; Stoddart, ].F.; Grzybowski, B.A.
Chromatography in a Single Metal-Organic Framework (MOF) Crystal. . Am. Chem. Soc. 2010, 132, 16358-
16361. https://doi.org/10.1021/ja1074322


https://doi.org/10.20944/preprints202302.0498.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 February 2023 doi:10.20944/preprints202302.0498.v1

21

63. Alaerts, L.; Maes, M.; Giebeler, L.; Jacobs, P.A.; Martens, ]J.A.; Denayer, ].F.M.; Kirschhock, C.E.A.; De Vos,
D.E. Selective Adsorption and Separation of ortho-Substituted Alkylaromatics with the Microporous
Aluminum Terephthalate MIL-53. J. Am. Chem. Soc. 2008, 130, 14170-14178.
https://doi.org/10.1021/ja802761z

64. Llewellyn, P.L.; Horcajada, P.; Maurin, G.; Devic, T.; Rosenbach, N.; Bourrelly, S.; Serre, C.; Vincent, D.;
Loera-Serna, S.; Filinchuk, Y.; Férey, G. Complex Adsorption of Short Linear Alkanes in the Flexible Metal-
Organic-Framework MIL-53(Fe). ]. Am. Chem. Soc. 2009, 131, 13002-13008. https://doi.org/10.1021/ja902740r

65. Rosenbach, N.J.; Jobic, H.; Ghoufi, A.; Salles, F.; Maurin, G.; Bourrelly, S.; Llewellyn, P.L.; Devic, T.; Serre,
C.; Férey, G. Quasi-Elastic Neutron Scattering and Molecular Dynamics Study of Methane Diffusion in
Metal Organic Frameworks MIL-47(V) and MIL-53(Cr). Angew. Chem. Int. Ed. 2008, 47, 6611-6615.
https://doi.org/10.1002/anie.200801748

66. Brown, S.A.; Rizzo, C.J. A “One-Pot” Phase Transfer Alkylation/Hydrolysis of o-Nitrotrifluoroacetanilides.
A Convenient Route to N-Alkyl o-Phenylenediamines. Synth. Commun. 1996, 26, 4065-4080.
https://doi.org/10.1080/00397919608003827

67. Imada, Y.;Iida, H.; Ono, S.; Masui, Y.; Murahashi, S.-I. Flavin-Catalyzed Oxidation of Amines and Sulfides
with  Molecular Oxygen: Biomimetic Green Oxidation. Chem. Asian ]. 2006, 136-147.
https://doi.org/10.1002/asia.200600080

68. Eddaoudi, M.; Kim, J.; Rosi, N.; Vodak, D.; Wachter, ].; O'Keeffe, M.; Yaghi, O.M. Systematic Design of Pore
Size and Functionality in Isoreticular MOFs and Their Application in Methane Storage. Science 2002, 295,
469-472. https://doi.org/10.1126/science.1067208

69. Weidtkamp-Peters, S.; Felekyan, S.; Bleckmann, A.; Simon, R.; Becker, W.; Kithnemuth, R.; Seidel, C.A.M.
Multiparameter Fluorescence Image Spectroscopy to study molecular interactions. Photochem. Photobiol. Sci.
2009, 8, 470-480. https://doi.org/10.1039/B903245M

70. Koshioka, M.; Sasaki, K.; Masuhara, H. Time-Dependent Fluorescence Depolarization Analysis in Three-
Dimensional Microspectroscopy. Appl. Spectrosc. 1995, 49, 224-228.
https://opg.optica.org/as/abstract.cfm?URI=as-49-2-224

71. Giannozzi, P.; Baroni, S.; Bonini, N.; Calandra, M.; Car, R.; Cavazzoni, C.; Ceresoli, D.; Chiarotti, G.L.;
Cococcioni, M.; Dabo, I.; Dal Corso, A.; de Gironcoli, S.; Fabris, S.; Fratesi, G.; Gebauer, R.; Gerstmann, U.;
Gougoussis, C.; Kokalj, A.; Lazzeri, M.; Martin-Samos, L.; Marzari, N.; Mauri, F. Mazzarello, R.; Paolini, S.;
Pasquarello, A.; Paulatto, L.; Sbraccia, C.; Scandolo, S.; Sclauzero, G.; Seitsonen, A.P.; Smogunov, A.; Umari,
P.; Wentzcovitch, RM. QUANTUM ESPRESSO: a modular and open-source software project for quantum
simulations of materials. J. Phys.: Condens. Matter 2009, 21, 395502. https://doi.org/10.1088/0953-
8984/21/39/395502

72. Rappe, AM.,; Rabe, KM.,; Kaxiras, E.; Joannopoulos, J.D. Optimized pseudopotentials. Phys. Rev. B 1990,
41, 1227-1230. https://doi.org/10.1103/PhysRevB.41.1227

73. Perdew, ].P.; Ernzerhof, M. Rationale for mixing exact exchange with density functional approximations.
J. Chem. Phys. 1996, 105, 9982-9985. https://doi.org/10.1063/1.472933

74. Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A consistent and accurate ab initio parametrization of density
functional dispersion correction (DFT-D) for the 94 elements H-Pu. |. Chem. Phys. 2010, 132, 154104.
https://doi.org/10.1063/1.3382344

75.  Frisch, M.].; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M. A.; Cheeseman, J.R.; Scalmani, G.; Barone,
V.; Petersson, G.A.; Nakatsuji, H.; et al. Gaussian 16, Revision C.01; Gaussian, Inc.: Wallingford, CT, USA,
2016.

76. Singh, U.C.; Kollman, P.A. An approach to computing electrostatic charges for molecules. ]. Comp. Chem.
1984, 5, 129-145. https://doi.org/10.1002/jcc.540050204

77. Campana, C.; Mussard, B.; Woo, T K. Electrostatic Potential Derived Atomic Charges for Periodic Systems
Using a Modified Error Functional. | Chem. Theory Comput. 2009, 5, 2866-2878.
https://doi.org/10.1021/ct9003405

78. Kiihne, T.D.; Iannuzzi, M.; Del Ben, M.; Rybkin, V.V.; Seewald, P.; Stein, F.; Laino, T.; Khaliullin, R.Z,;
Schiitt, O.; Schiffmann, F. et al. CP2K: An electronic structure and molecular dynamics software package -
Quickstep: Efficient and accurate electronic structure calculations. J. Chem. Phys. 2020, 152, 194103.
https://doi.org/10.1063/5.0007045

79. Goedecker, S.; Teter, M.; Hutter, ]. Separable dual-space Gaussian pseudopotentials. Phys. Rev. B 1996, 54,
1703-1710. https://doi.org/10.1103/PhysRevB.54.1703

80. Vanduythuys, L.; Vandenbrande, S.; Verstraelen, T.; Schmid, R.; Waroquier, M.; Van Speybroeck, V.
QuickFF: A program for a quick and easy derivation of force fields for metal-organic frameworks from ab
initio input. |. Comput. Chem. 2015, 36, 1015-1027. https://doi.org/10.1002/jcc.23877

81. Mayne, C.G.; Saam, J.; Schulten, K.; Tajkhorshid, E.; Gumbart, ].C. Rapid parameterization of small
molecules using the force field toolkit. J. Comput. Chem. 2013, 34, 2757-2770. https://doi.org/10.1002/jcc.23422


https://doi.org/10.20944/preprints202302.0498.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 February 2023 doi:10.20944/preprints202302.0498.v1

22

82. Weingart, O.; Nenov, A.; Altoe, P.; Rivalta, I.; Segarra-Marti, J.; Dokukina, I; Garavelli, M. COBRAMM 2.0
— A software interface for tailoring molecular electronic structure calculations and running nanoscale
(QM/MM) simulations. J. Mol. Model. 2018, 24, 271. https://doi.org/10.1007/s00894-018-3769-6

83. Case, D.A; Cheatham, III, T.E.; Darden, T.; Gohlke, H.; Luo, R.; Merz, Jr., K.M.; Onufriev, A.; Simmerling,
C.; Wang, B.; Woods, R. The Amber biomolecular simulation programs. . Computat. Chem. 2005, 26, 1668-
1688. https://doi.org/10.1002/jcc.20290

84. Grimme, S.; Waletzke, M. A combination of Kohn-Sham density functional theory and multi-reference
configuration interaction methods. J. Chem. Phys. 1999, 111, 5645-5655. https://doi.org/10.1063/1.479866

85. Lyskov, I; Kleinschmidt, M.; Marian, C.M. Redesign of the DFT/MRCI Hamiltonian. . Chem. Phys. 2016,
144, 034104. https://doi.org/10.1063/1.4940036

86. Balasubramani, S.G.; Chen, G.P.; Coriani, S.; Diedenhofen, M.; Frank, M.S.; Franzke, Y.J.; Furche, F;
Grotjahn, R.; Harding, M.E.; Hattig, C. et al. TURBOMOLE: Modular program suite for ab initio quantum-
chemical and  condensed-matter  simulations. J. Chem. Phys. 2020, 152, 184107.
https://doi.org/10.1063/5.0004635

87. Bauer, S.; Serre, C.; Devic, T.; Horcajada, P.; Marrot, J.; Férey, G.; Stock, N. High-Throughput Assisted
Rationalization of the Formation of Metal Organic Frameworks in the Iron(Ill) Aminoterephthalate
Solvothermal System, Inorg. Chem. 2008, 47, 7568-7576. https://doi.org/10.1021/ic800538r

88. Lock, N.; Wu, Y.; Christensen, M.; Cameron, L.J.; Peterson, V.K.; Bridgeman, A.].; Kepert, C.].; Iversen, B.B.
Elucidating Negative Thermal Expansion in MOEF-5. ]. Phys. Chem. C 2010, 114, 16181-16186.
https://doi.org/10.1021/jp103212z

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.


https://doi.org/10.20944/preprints202302.0498.v1

