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Metal-organic frameworks (MOFs) have gathered significant interest due to their tunable porosity lead-
ing to diverse potential applications. In this study, we investigate the incorporation of the fluorosolvato-
chromic dye 2-butyl-5,6-dimethoxyisoindoline-1,3-dione (=Phth) into various MOF structures as a
means to assess the polarity of these porous materials. As a purely inorganic compound, zeolite Y was
tested for comparison. The fluorosolvatochromic behavior of Phth, which manifests as changes in its
emission spectra in response to solvent polarity, provides a sensitive probe for characterizing the local
environment within the MOF pores. Through systematic variation of the MOF frameworks, we
demonstrate the feasibility of using (fluoro-)solvatochromic dyes as probes for assessing the polarity
gradients within MOF structures. Additionally, the fluorosolvatochromic response was studied as a
function of loading amount. Our findings not only offer insights into the interplay between MOF
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architecture and guest molecule interactions but also present a promising approach for the rational

rsc.li/materials-c design and classification of porous materials based on their polarity properties.

followed and showed impressively the enormous potential of
MOFs to function as nano-vessels enabling structural transfor-
mations of non-covalently attached guest molecules, and thus,

Introduction

Within the last two decades, interest in metal-organic frame-
works (denoted as MOFs in the following) rose rapidly, as these
porous compounds were found to have the potential to be
applied in various technologically relevant areas. MOFs consist
of metal nodes, which are connected via organic linkers to form
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networks with potential voids." One of their potential applica-
tions is their ability to host guest molecules within these voids.
In this respect, photoswitchable molecules have been consid-
ered, as due to their spatial separation within the MOF’s voids
photoswitching is improved or even enabled in the solid state:
various switch@MOF systems (= the “@’ denotes the incor-
poration of a switch as a non-covalently attached guest mole-
cule within the MOF pore) have been synthesized so far,
starting with the work of Fujita and co-workers in 2010 on
the E/Z isomerization of stilbene.> Ever since, many reports
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Fig. 1 Structure of 2-butyl-5,6-dimethoxyisoindoline-1,3-dione (=Phth).

The molecule size is ~6.2 A x 12 A, and measures 13 A in its diagonal. Sizes
were estimated utilizing the VMD (visual molecular dynamics) package.?®

introducing new functionalities.>® Among the many photo-

chromic dyes applied, spiropyrans and spirooxazines are of
specific interest, as they do not only exhibit photochromic but
also solvatochromic behavior. Solvatochromism describes the
dependence of the absorption maximum of a molecule on the
surrounding environment.'” By the embedment of spiropyrans
and spirooxazines into MOFs, our group was able to achieve
both photochromism and solvatochromism in the solid
state.”®'° The MOF dependent absorption properties of these
spiro-compounds allowed for a very basic qualitative polarity
classification of the respective MOF hosts.”®'® The dependence
of the emission maximum of an embedded chromophore on
the surrounding MOF environment was already reported in
2017 by the Shustova group,® but without connecting this shift
of the emission maximum to the chemical nature of the MOF
voids. In later work, it was attempted to relate this behavior to
the different sizes of the MOF pores.'®*° Remarkably, Hirai
et al. showed that the relocation of a TICT fluorophore (TICT:
twisting intramolecular charge transfer) encapsulated in a MOF
pore from a polar to a nonpolar environment induced by a UV
laser led to a drastic change of the emission properties of the
fluorophor.?*

To investigate the impact of different MOF pores on the
emission properties of encapsulated fluorophores in more
detail, it is desirable to have a probe molecule with a smaller
size at hand compared to the molecules applied in the studies
summarized above. This would allow to include MOFs with
smaller entrance windows and pores in these investigations.
Even more, smaller molecules are expected to show a higher
mobility within larger MOF pores thus reducing the effect of
specific orientations of the fluorophore due to spatial restric-
tions on its emission properties. Notably, smaller molecules
should also increase the probability of pore filling with
more than one guest molecule so that next to host-guest
interactions, guest-guest interactions must also be considered.
For this reason, we have chosen a small and polarity sensitive
phthalimide dye to be investigated as a probe molecule
for the polarity within various MOF pores. These phthalimide
dyes typically exhibit shifted emission bands upon varying
polarity of the surrounding medium (solvent), which is referred
to as fluorosolvatochromism®?* or solvatofluorochromism.>* A
very well studied example of such a strong solvatochromic
fluorophore with a change in dipole moment with p. > ug
upon excitation is 4-aminophthalimide with a Stokes shift
of A7 = 5010 cm ' for diethyl ether — water.>**” In the
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present work, the structurally related compound 2-butyl-5,6-
dimethoxyisoindoline-1,3-dione®® (<=Phth) was chosen as guest
molecule to confirm the concept of MOFs as “solid solvents”
for dye molecules'® and to probe the polarity within MOF pores.
This phthalimide was selected as it shows an even higher
Stokes shift of A7 = 6547 cm ™" (diethyl ether — water),”® and
is therefore expected to respond more sensitive to changes in
polarity of the surrounding medium. The structure of Phth is
shown in Fig. 1.

When dissolved in solvents of varying polarity, the emission
maxima are progressively red-shifted by increasing the solvent
polarity (see Fig. S1 and Table S1, ESIf). According to the
elutrope series of Snyder,** methanol is the most polar of the
used solvents, followed by ethanol, chloroform, acetone and
finally toluene. The red-shift between the less polar toluene
(Zem = 431 nm) and the most polar methanol solution (Zepy, =
490.5 nm) is significant. In this work, the optical response of
Phth encapsulated in different MOF host matrices as well as
zeolite Y is studied. These findings are compared to the results
of the formerly reported systems containing a nitro-substituted
spiropyran'® and a spirooxazine.® In order to address the
influence of varying pores sizes, pore shapes and building
blocks, the following MOFs were selected: MOF-5,°" MIL-
68(In) and MIL-68(Ga),** MIL-53(Al),** MFM-300(Ga,),** UoC-
2(Ga,1F),*® UoC-2(Ga,2F),*’ Ui0-66>° and ZIF-8.>” The four first
mentioned MOFs are built up with terephthalate linkers but
differ in the respective metal cations and the sizes of the pores.
MFM-300(Ga,), UoC-2(Ga,1F) and UoC-2(Ga,2F) are isostruc-
tural with the MFM-300 topology and contain the same (Ga®")
cation, but the incorporated bptc linker (biphenyl-3,3’,5,5’
tetracarboxylate) shows an increasing degree of fluorination.
With UiO-66 and ZIF-8, two MOFs with comparably small
pore sizes were added, which are expected to lead to strong
host-guest interactions. Furthermore, UiO-66 with a
ZrsO4(OH), core as well as ZIF-8, the only MOF not based
on carboxylate linkers in this investigation, show a signifi-
cantly different structural composition compared to the
other MOFs in this study. Finally, as a different type of a
porous material, zeolite Y*® was selected to elucidate the
impact of an anionic, purely inorganic cage on the optical
properties of the embedded dye. In Table 1, the important
characteristics of these host matrices are summarized,
including the respective metal-nodes, organic linkers as well
as pore sizes (taking the van der Waals radii into account).
Additionally, the individual MOF structures are shown. Nota-
bly, MIL-68(In) and MIL-68(Ga) as well as MFM-300(Ga,) and
its fluorinated derivatives UoC-2(Ga,1F) and UoC-2(Ga,2F)
exhibit analogous structural motifs, so only one MOF struc-
ture is depicted.

In addition to these investigations, a dilution series of Phth
inside MOF-5 and MIL-68(Ga) was studied to address the
influence of guest-guest interactions on the optical properties
of the embedded Phth dye. These two MOFs were selected, as
they exhibit a different polarity, as determined in our previous
studies on spiropyrans'® and spiroxazines.® Furthermore,
alongside the experimental investigations, molecular dynamics

This journal is © The Royal Society of Chemistry 2024
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Individual characteristics of the applied porous host materials including organic linkers, metal-nodes and the pore size (diameter) as well as the

size of the pore aperture (bdc = benzenedicarboxylate; bptc = biphenyltetracarboxylate; mim = methylimidazolate). Pore diameters are given for the
solvent-free MOFs (taking the van der Waals radii into account). Additionally, the individual MOF structural motifs are shown. The structural motifs were

visualized via Diamond 4.4° and the VMD program package®’

Host matrix Linker Metal cation Pore size (diameter) Size of the pore aperture MOF structure

MOF-5°" bde Zn*" ~12 A ~8 A

MIL-68(In)*? bdc m* ~18 A ~184A
Hexagonal pore Hexagonal pore

MIL-68(Ga)** bdc Ga** ~17 A ~17 A
Hexagonal pore Hexagonal pore

MIL-53(A1)* bdc AP ~123Ax78A ~123Ax7.8A

MFM-300(Ga,)** bpte Ga® 6.7 A 67A

UoC-2(Ga,1F)*® 4-1F-bptc Ga™ ~6.5A ~6.5 A

UoC-2(Ga,2F)* 4,4'-2F-bptc Ga** ~6.5 A ~6.5 A

Ui0-66%*" bde Zr** 7.5Aand 12 A 6 A

ZIF-8°7*2 mim Zn** 11.6 A 344

Sodalith cages built
Zeolite Y*** up from edge sharing 12 A 7.4 A

SiO, and AlO, tetrahedra

(MD) simulations have been performed. In particular, density
functional tight binding (DFTB) approaches provide a versatile
and effective framework to achieve an accurate description
of pristine MOFs as well as guest@host systems.***’
In combination, DFTB MD simulations can achieve compara-
tively long simulations of guest@MOF systems up to the

This journal is © The Royal Society of Chemistry 2024

nanosecond range,’®*” providing detailed insight into the

underlying host-guest interactions at the molecular level. Thus,
in this work, a series of DFTB MD simulations of Phth in the
topologically different host systems MOF-5 and MIL68(Ga) has
been carried out, thereby considering different degrees of
loading.
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Results

Formation of the hybrid systems containing Phth as guest
molecules and various MOFs as well as zeolite Y as host
materials was achieved by the gas-phase loading approach,
which is advantageous, as no effects from solvent molecules
have to be considered. This is an essential prerequisite to
exclusively study the influence of the porous host on the
electronic structure and thus optical properties of the inserted
dye molecule. Using this approach, ten new compounds were
synthesized:

Phth@MOF-5 (1), Phth@MIL-68(In) (2), Phth@MIL-68(Ga)
(3), Phth@MIL-53(Al) (4), Phth@MFM-300(Ga,) (5), Phth@UoC-
2(Ga,1F) (6), Phth@ UoC-2(Ga,2F) (7), Phth@UiO-66 (8),
Phth@ZIF-8 (9) and Phth@zeolite Y (10).

The successful formation of the hybrid systems was con-
firmed by powder X-ray diffraction (= PXRD) measurements.
Here, modulations in intensity of the MOF reflections compared to
the non-loaded MOF occur, as the embedded Phth guests change
the electron density within the MOF pores and thus modulate the
structure factors. The respective diffraction patterns can be found
in Fig. S2-S11, ESL} The composition Phth:MOF, i.e. the loading of
the MOF pores, was determined utilizing X-ray photoelectron
spectroscopy (=XPS). Here, the characteristic core level peaks of
both the guest and the host were analysed and their relative
intensities were compared to obtain the guest-to-host ratios. The
fitted XPS spectra as well as the calculated ratios can be found in
the ESL} Fig. S13-S24 and Tables S3-S7.

Optical properties of Phth as a function of local environment

Phthalimides feature a high sensitivity of their emission bands
on the polarity of the solvent, which results in a profound red-
shift of the emission bands with increasing polarity of the
solvent. According to the previously reported results on the
solvatochromism of spiropyrans and spirooxazines inside dif-
ferent MOF hosts,”®'® host dependent emission maxima are
expected for Phth within the different porous matrices as well.
The emission spectra of all compounds 1 to 10 are summarized
in Fig. 2; for better clarity, the spectra were separated into two
figures (top: 2-4, 10; bottom: 1, 5-9). Additionally, the emission
spectrum of pristine solid Phth was recorded (dashed black
line) to compare the shift of its emission band with those of
compounds 1 to 10. The emission bands of the Phth@PM
compounds (PM: porous material) are presented as solid lines
in different colors. Phth@ZIF-8 (dashed green line, Fig. 2,
bottom) features an additional linker-based emission band at
Jem = 443.5 nm (Lem = 449 nm for unloaded ZIF-8).*® Addition-
ally, the luminescence characteristics of the pristine host
materials were determined to exclude self-emission or excita-
tion of the host instead of the Phth molecule under the given
conditions. The respective spectra can be found in Fig. S25-
S34, ESL.f In the following, the emission characteristics of Phth
inside the various host matrices will be described, starting with
Fig. 2, top.

Overall, significant differences in the emission maxima of
Phth inside the various host matrices are obvious. When
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Fig. 2 Normalized emission bands of Phth embedded in different porous

host matrices in comparison to pure Phth (dashed black lines). Excitation
wavelength: dex = 347 nm (pure Phth and 1 to 8) and e = 340 nm (9 and 10).

embedded inside MIL-53(Al) (dark green line, Fig. 2, top), an
emission maximum at 435.5 nm is found, followed by the
slightly red-shifted emission maxima of MIL-68(In) (light green
line, respectively, Fig. 2, top) and MIL-68(Ga) (blue line, Fig. 2,
top). With emission maxima in the range of 467-470 nm, the
host matrices zeolite Y (orange line, Fig. 2 top) as well as MOF-5
(purple line, Fig. 2, bottom), UoC-2(Ga,2F) (green line, Fig. 2,
bottom), MFM-300(Ga,) (orange line, Fig. 2, bottom), UoC-
2(Ga,1F) (red line, Fig. 2, bottom) and UiO-66 (turquoise line,
Fig. 2, bottom) show a significantly higher red-shift. For ZIF-8
(dashed green line, Fig. 2, bottom), two emission maxima are
present, of which one is positioned at 443.5 nm (self-emission
of ZIF-8, vide supra)*® and one at 516 nm originating from the
embedded Phth (see Fig. 2, bottom, green dashed line). The
shifted self-emission of ZIF-8 (shift from 449 nm*® to 443.5 nm)
originates from the interactions of the linker with the Phth
guest. The second emission maximum is considerably bath-
ochromically shifted in comparison to the other host matrices
of this study. For a better overview, the fitted values of the
emission maxima e, of 1 to 10 are listed in Table 2.

In previous studies, solvatochromic spiropyran'® and
spirooxazine® could also serve as polarity probes for a few
selected MOFs. In both studies, we found that the polarity

This journal is © The Royal Society of Chemistry 2024
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Table 2 Emission maxima of Phth embedded in different porous host
materials, Phth@PM

Host matrix Jem(Phth) in nm

MIL-53(Al) (4) 435.5
MIL-68(In) (2) 444

MIL-68(Ga) (3) 449.5
zeolite Y (10) 467.5
MOF-5 (1) 468.5
UoC-2(Ga,2F) (7) 468.5
MFM-300(Gay,) (5) 469.5
UoC-2(Ga,1F) (6) 469.5
Ui0-66 (8) 4745
ZIF-8 (9) 516

increases from MIL-53(Al) to the MIL-68 family and, finally, to
MOF-5 being fully consistent with this current study using Phth
as sensor dye. As Phth is small compared to the previously
studied spiropyran and spirooxazine molecules, we were able to
investigate a larger variety of potential host materials including
those with smaller pores and opening windows. E.g., the
emission spectrum of Phth@zeolite Y shows that this purely
inorganic host has a polarity very similar to that of MOF-5.

Considering only MOFs with unsubstituted carboxylate lin-
kers, a polarity trend MIL-53(Al) < MIL-68(In) < MIL-68(Ga) <
MOF-5 < MFM-300 < UiO-66 is found. Tracing this trend back
to structural features is not straightforward for all MOFs. The
first four MOFs are built from different metal nodes and
terephthalate linkers. The metal core of MOF-5 has a signifi-
cantly higher charge ([Zn 0]*") and thus the higher polarity
compared to the MIL series is plausible, as the latter contain
M3*" cations in an octahedral MOg coordination with trans-
hydroxy anions bridging them into chain-like structural units.
For the smaller Ga®* compared to larger In** cation, a higher
ionicity and thus a higher polarity is not surprising. However,
the low polarity of MIL-53(Al) is unexpected. An influence of the
MOF topology (shielded metal centers) or the sizes of the MOF
pores (cp. the work by the Shustova group)"®*° on their polarity
cannot be excluded. MFM-300 also consists of Ga®" cations in
an octahedral GaOg coordination. In contrast to the MOFs of
the MIL family, hydroxy groups in cis positions connect the
octahedra to zig-zag chains. This and the highly charged bptc
linker with four carboxylate groups are assumed to be the
reasons for the higher polarity of this MOF. Furthermore, the
pore size of this MOF is significantly smaller (see Table 1) than
those of the aforementioned MOFs. This could lead to geome-
trical stress on the embedded Phth (tilting and twisting of the
inserted dye) and therefore also to a shift in the emission
spectrum. The highest polarity in the series above is found
for UiO-66, which is also built from terephthalate linkers, but
contains a metal core with the highest charge of all compounds
in this investigation, namely [Zrs0,(OH),]***. Analogous to
MFM-300, UiO-66 also exhibits a small pore, which further
contributes to the shift in the emission spectrum as a result of
geometrical stress (vide supra).

It is surprising that fluoro-substituents of the bptc linker in
UoC-2(Ga,1F) and UoC-2(Ga,2F) have only a negligible impact
on their polarity, although it was shown that such fluorination

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Plot of the emission maxima of Phth dissolved in different solvents
(blue dots) versus the elution power ¢° on alumina taken from Snyder®
connected by a linear fit (blue dotted line), classifying the polarity of the
respective MOFs and porous materials (red squares).

of linkers has a significant influence on their gas sorption
properties.*®”° However, a close inspection of the crystal struc-
tures of both UoC-2 derivatives shows>” that the fluorine atoms
do not protrude into the pore interior, as they lie in the plane of
the aromatic rings and are thus part of the channel “walls”.*®
Furthermore, ab initio DFT calculations show that the influence
of a monofluorination of a benzene ring on its electric (dipole/
quadrupole) moments is relatively small and only increases
significantly with a higher degree of fluorination.”® Therefore,
it is plausible that the polarity of the MFM-300 type structures
is not significantly affected by the introduction of fluoro-
substituents. The high polarity of ZIF-8 may sound surprising,
but the high density of ZnN, secondary building units (= SBUs)
in this zeolitic MOF explains the high measured red-shift (e, =
516 nm) rather straightforward.

To illustrate the correlation between the polarity of the
investigated porous hosts and different solvents, the emission
maxima of dissolved Phth were plotted as a function of the
elution power ¢° of the respective solvent on alumina according
to Snyder® (see Fig. 3). These values (blue dots) were linearly
fitted (blue broken line) and the results of 1 to 10 (Table 1) were
added in a way that the measured Z.,, was placed on this blue
broken line (red squares).

Within this polarity classification scheme referring to the
elution power ¢ on alumina, MIL-53(Al) is positioned between
toluene and acetone, while MIL-68(In) and MIL-68(Ga) show a
polarity similar to chloroform. The polarity of MOF-5, zeolite Y,
MFM-300(Ga,), UoC-2(Ga,1F) and UoC-2(Ga,2F) is located
between chloroform and ethanol, while the one of UiO-66 is
closer to ethanol. The highest red-shift was found for Phth in
ZIF-8 with ., = 516 nm, which is according to Fig. 3 beyond
the polarity of methanol.

Basically, there is no exact definition of the term “polarity”,
as many different variables contribute to this term, which are
referred to as specific and non-specific solute/solvent
interactions."” This includes not only the relative permittivities,
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but also e.g., the dipole moment and molar volume of the
respective solvent. Polarity could potentially encompass (a) the
permanent dipole moment of a compound, (b) its relative
permittivity, or (c) the collective molecular attributes contribut-
ing to the interaction forces between solvent and solute
molecules.”” These considerations are also reflected in the
distribution of emission maxima of phthalimide in various
solvents as shown in Fig. 3. According to Snyder,** only the
relative permittivities are considered here, while the potential
formation of hydrogen bonds is neglected. Utilization of the
E+(30) scale according to Reichardt®®*?® would result in the
same polarity ranking. When applying this to a porous host
matrix, the nature of both the linker and the metal node
naturally plays a significant role. Additionally, the pore size
must be considered, as it can exert geometric stress on (fluoro-)
solvatochromic molecules under given conditions, thus also
contributing to the modulation of their optical properties.
Thus, it is not solely the permittivity stemming from the nature
of the MOF linkers and the formation of hydrogen bonds,
which can be considered as analogous to solute/solvent inter-
actions. As an additional point, also the structure of the cavity
contributes to the host/guest interactions. This structural
aspect is a MOF specific feature. In the case of UiO-66 and
ZIF-8, due to the small pore diameter (see Table 1), it is
therefore assumed that geometric stress is induced on the
embedded phthalimide, leading to a distortion of the molecule
and thus modulation of the emission properties. Thus, it
becomes evident that further investigations, taking these struc-
tural aspects and interaction sites within the MOF into account,
are necessary to convert the qualitative polarity scale, which has
now been formulated based on the results with spiropyrans,®
spirooxazines,® and phthalimide (this study), into a more
quantitative one. A mandatory step towards this quantitative
polarity scale can be accomplished vie MD simulations of
MOF-guest interaction strength as well as preferred binding
sites (this work within the following section) and via structural
analysis (solid-state NMR and total X-ray scattering) to under-
stand the occurring deviations from the established polarity
scales (cp. acetone vs. chloroform for the ‘“better” understood
solvent-dependent polarity, Table S1, ESIY).

Phth, ;@MOF-5
100 | Phthg ,s@MOF-5 — |
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50

Rel. intensity / a.u.

0.05 0.075 0.1 0.125 0.15

1/d
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Optical properties as a function of guest loading

In the previous chapter, we have shown that there is a distinct
influence of the surrounding host matrix (i.e. voids of the
porous host) on the optical properties of the encapsulated
fluorosolvatochromic Phth dye, which we interpret in compar-
ison to the respective behavior in solvents as a changing
polarity of the MOF/zeolite pores. Our assumption is supported
by very similar findings on spiropyrans and spirooxazines
embedded in MOF hosts.®'® However, one might argue that a
solvent provides an isotropic environment, which is certainly
not correct for e.g., MOFs consisting of cationic metal cores
and, in most cases, anionic aromatic carboxylate linkers. On
the other hand, at room temperature a high mobility of the
guest molecules within the voids of the porous hosts can be
assumed,’” which would “simulate” an isotropic surrounding.
Furthermore, up to now we have only considered host-guest
interactions, which should be correct for low guest loadings.
However, for higher loadings guest-guest interactions also
need to be taken into account. Therefore, we have explored
the influence of guest loading on the optical properties of the
encapsulated Phth dye as well. It is postulated that increased
loading leads to the occupation of various adsorption sites,
thereby prompting a change in optical behavior. Note: in
solvents, typically a diluted solution is investigated. Accord-
ingly, within this work three different amounts of Phth load-
ings within two different MOF hosts were studied with regard to
their optical properties. For this, one MOF with a high cubic
symmetry (MOF-5) and one with a lower orthorhombic symme-
try (MIL-68(Ga)) were selected. For each, three dilutions were
synthesized with a starting molar ratio nppe:fyor Of (a)
0.125:1, (b) 0.25:1, and (c) 0.5: 1, respectively. The incorpora-
tion of Phth with increasing amounts was successfully con-
firmed by means of PXRD measurements. In Fig. 4, the
diffraction patterns for the serial dilution of Phth in MOF-5
are presented with the starting npn, amount as index. The ratio
of the intensities of the first two (strongest) reflections (Fig. 4,
right) changes according to the expected loading indicating the
successful incorporation of the Phth dye molecules. Further-
more, no additional peaks are present thus confirming the
complete absence of free crystalline Phth.

Phthy ;@MOF-5
Phthg ss@MOF-5 — |
Phthy c@MOF-5 —

100 |

Rel. intensity / a.u.

0.05 0.15 0.25 0.35
1/d

0.45

Fig. 4 Left: PXRD patterns of the serial dilution of Phth in MOF-5; right: detailed view of the two low angle reflections of Phth,@MOF-5 (Huber G670: 2 =

1.54056 A; 298 K).
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Fig. 5 Left: PXRD patterns of the serial dilution of Phth in MIL-68(Ga); right:
68(Ga) (Huber G670: 4 = 1.54056 A; 298 K).

0.11

Analogous to the findings of Phth,@MOF-5, different load-
ing degrees also result in intensity alterations for Phth,@MIL-
68(Ga) (Fig. 5). Again, the absence of additional reflections in
the PXRD patterns is indicative that the sample does not
contain free crystalline Phth.

To determine the amount of encapsulated Phth guest mole-
cules quantitatively, XPS measurements were performed. The
results are summarized in Table 3. Detailed information on the
calculation processes of the guest-to-host ratios from XPS data
is given in Tables S6 and S7 (ESIt). Notably, all nitrogen signals
were very broad, pointing to a successful incorporation and a
high mobility of the Phth dye inside the MOF voids (see Fig. S23
and S24, ESIY).

The results of the XPS measurements are in good agreement
with the nominal composition of Phth,@MOF-5. For
Phth,@MIL-68(Ga), significant discrepancies are found for
x = 0.1 and x = 0.5. For Phth,,;@MIL-68(Ga), the low signal-
to-noise ratio (cp. Fig. S24, top right; ESIt) might be responsible
for the discrepancy in the calculated amount of Phth. For the
highest loading (x = 0.5), it was found in previous experiments
(Table S5, ESIT) that only a maximum loading of approx. 0.4 can
be reached. The excess of Phth sublimed during the loading
process.

To investigate possible influences of the degree of filling on
the emission bands of the embedded Phth, fluorescence spec-
tra of all six compounds Phth,@MOF were recorded (Fig. 6).

For Phth,@MIL-68(Ga), no significant trend of /., in depen-
dence of the pore filling is observed (Fig. 6, right and Table 2). A
shift from 448.5 nm (Xpominal = 0.-1) to 450 nM (Xpominal = 0.5) is
in the range of the resolution of the spectrometer. Obviously,
orientation and position of the Phth guest molecule inside the
channels of MIL-68(Ga) do not influence its spectroscopic
properties. They are also not influenced by guest-guest inter-
actions, which are to be assumed at higher pore fillings. A
different situation is observed, when Phth is embedded in
MOF-5. With an increasing amount of embedded Phth, A,
is blue-shifted from 484.5 nm (Xpominar = 0.1) to 471.5 nm
(*nominal = 0.5) (see Fig. 6, left and Table 2). This could be due
to varying orientations of the Phth guest within the cubic pores
of MOF-5 depending upon the loading. Therefore, in the

This journal is © The Royal Society of Chemistry 2024
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detailed view of the low angle region of the PXRD patterns of Phth,@MIL-

following, the positions of one, two and three Phth molecules
per MOF pore (of MOF-5 and MIL-68(Ga)) were studied via
molecular dynamics (MD) simulations.

MD simulations

Based on the simulation data, the associated instantaneous
interaction energy Uy, can be determined as

Une = Uguest@MOF - <UMOF> - n<Uguest>

with Uguestcamor being the instantaneous total energy (i.e.
kinetic plus potential energy) obtained from the MD simulation
of the combined guest@host system, Uyor and Ugyes: are the
corresponding total energies obtained from separate MD simu-
lations of the isolated guest and MOF systems under the same
conditions. The angular brackets (---) denote the respective
ensemble average and n corresponds to the total number of
guest molecules. Fig. 7 depicts the time evolution of the
interaction energy Uy, for Phth embedded in MOF-5 and
MIL-68(Ga), thereby considering three different degrees of
loading.

The time series reflects the instantaneous changes in the
configuration of the host material, including variations in the
cell parameters in the MOF-5 case. These oscillations that are
replicated in all neighboring cells due to the periodic setup of
the DFTB calculations, are responsible for the very large oscilla-
tions in Up,.. However, as seen from the associated running
averages also shown in Fig. 7, these oscillations in the energy
are short-lived and cancel over the course of the simulation.
When comparing the average values determined for the second
half of the simulation, it is evident that the host-guest inter-
action is significantly stronger in (Phth); @MIL-68(Ga), showing
an interaction energy of —152.4 k] mol ', in contrast to the
—63.3 k] mol ' observed in the (Phth);@MOF-5 case (note:
(Phth), denotes the number of Phth molecules inside one MOF
pore). These findings are reinforced by an additional simula-
tion executed at the same simulation setting, in which a Phth
dimer in its parallel stacked configuration was placed inside of
the two host-systems. Within less than 50 ps, the stacked dimer
configurations showed a separation in favor of the energetically
much more favorable guest-host stacking in which both guest
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Table 3 Nominal compositions of Phth,@MOF-5 and Phth,@MIL-68(Ga) compared to the composition obtained by XPS measurements; results of
emission spectra (Fig. 6) are added in the last column

Phth,@MOF-5

Nominal composition

Composition as obtained via XPS*

Jem(Phth) in nm

Phth: Zn,O(bdc);
Phth: Zn,O(bdc);
Phth: Zn,O(bdc);
Phth@MOF-5 (1

Phth,@MIL-68(Ga)
Phth: Ga(OH)(bdc)
Phth: Ga(OH)(bdc)
Phth: Ga(OH)(bdc)
Phth@MIL-68(Ga) (3)

0.1:1
0.25:1
0.5:1

0.1:1
0.25:1
0.5:1

0.1:1
0.2:1
04:1
2.4:1 (see Table 1 and Table S5, ESI)

0.2:1
0.3:1
0.3:1
0.4:1 (see Table 1 and Table S5, ESI)

484.5
473.5
471.5
468.5

448.5
448.5
450

449.5

“ Due to the modest precision of the analysis from XPS data, the values for the composition are generally given with only one decimal. Including
the second decimal for Phth: Ga(OH)(bdc), the ratios 0.18:1, 0.26:1, 0.31:1, and 0.37: 1 are calculated representing the expected trend from the

nominal composition.

10+ —— Phthl,,@MOF-5 10} Phth,, , @MIL-68(Ga)
—— Phthl,,;@MOF-5 —— Phthy ,;@MIL-68(Ga)
' Phth, , @MIL-68(Ga
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Fig. 6 Emission spectra of Phth,@MOF-5 (left) and Phth,@MIL-68(Ga) (right) with iex = 347 nm.

molecules interact directly with the host structure. Neverthe-
less, when comparing the associated interaction energies of the
(Phth),@MOF systems, it is evident that overall interaction
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energies are more than twice the value obtained for the
respective monomers. Thus, although the guest molecules
prefer to bind directly to the host structure, a notable
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Fig. 7 Time evolution of the interaction energy (black) and the associated running average over 2500 data points (blue) obtained for one (top), two
(middle) and three guest molecules (bottom) for MOF-5 (left) and MIL-68(Ga) (right) determined via SCC DFTB MD simulations. The associated averages

(yellow) have been determined using only the last 0.25 ns of the trajectory.

8766

| J Mater. Chem. C, 2024, 12, 8759-8776

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tc01401d

Open Access Article. Published on 28 Caxah Alsa 2024. Downloaded on 17/12/2025 5:32:38 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

View Article Online

Paper

Distance / A

orange guest

Distance / A

0.1 0.2

Simulation Time / ns

yellow guest

Fig. 8 Time evolution of the nearest-neighbor distances between Phth guests and bdc linkers of the Phth,@MOF-5 host system analyzed based on the
centroids of the aromatic units. The latter were determined as an average over the respective carbon atoms. Snapshots displaying the key configurations
encountered along the DFTB MD simulations are marked as S1to S3. The colors of the nearest-neighbor distances (left) reflect the distances between the

inserted Phth to the similarly colored phenyl-ring of the bdc linkers (right).

contribution arising from the respective guest-guest inter-
action is included in Uy, This aspect is even more dominant
when considering a loading with three guest molecules per
MOF pore.

These estimates for the interaction energy suggest that guest
molecules are more strongly bound in MIL-68(Ga) compared to
MOF-5, where a higher degree of mobility is expected. As in
previous studies,’*”> the nearest-neighbor host-guest contacts
were monitored using the centroids of the aromatic rings in
the bdc linkers and the six-membered rings of the guest
molecules. Fig. 8 shows the time evolution of the centroid-
centroid distances for (Phth),@MOF-5 (for (Phth); @MOF-5 and
(Phth)3@MOF-5 see Fig. S35-S36 (ESIf), ESIf). The guest
molecule exhibits a high degree of mobility, resulting in several
structural reorientations in the nearest-neighbor contacts over
the course of the simulation. Fig. 8 also provides snapshots of
several key configurations labeled as S1, S2 and S3. The
distance plots suggest that the lifetime of these configurations
can vary greatly. In all configurations observed during the
simulations, the aromatic rings of the guest molecules form a
parallel stacked configuration with the aromatic parts of indi-
vidual bdc linkers. Furthermore, the Phth molecules tend to
align themselves close to each other within the MOF-5 pore,
which can be seen in Fig. 8 and Fig. S35 and S36 (ESIt).

When following the centroid-centroid distances described
above in the (Phth),@MIL-68(Ga) system over the course of the
simulation (¢f Fig. 9; for (Phth);@MIL-68(Ga) and(Phth);@
MIL-68(Ga), see Fig. S37 and S38, ESIY), it is evident that the
guest molecule moves along the inner circumference of the
large pore channel as illustrated in snapshots S1, S2 and S3,
respectively. Although this mobility may seem contradictory to
the higher interaction energies, it is important to consider the
less confined structural nature of MIL-68(Ga) compared to

This journal is © The Royal Society of Chemistry 2024

MOF-5. While MOF-5 can be viewed as a nearly closed cube,
MIL-68 systems display a more channel-like structure, with
neighboring