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Resolving Dye Embedment in MOF-5: Multimodal Evidence
for Perylene-Based Guest Encapsulation

Fabian L. Schüler, Armin Penz, Marko Panic, Julia Larcher, Jakob Gamper,
Svetlana Miliutina, Sofiia Prykhodska, Konstantin Schutjajew, Alexander Knebel,
Markus Suta,* Thomas S. Hofer,* and Heidi A. Reichl*

The interplay between two single components within a hybrid system
plays a particular role for the formation of new functional materials with
specific properties. In this respect, photoactive metal-organic frameworks
(MOFs) with a non-covalently bonded incorporated photochromic or
luminescent guest are intensively studied due to the beneficial contribution of
the MOF scaffold on the switching properties and luminescence brightness.
However, a crucial point remains the unambiguous proof of dye embedment
as non-covalently attached guest molecule versus dye adsorption on the MOF
surface, which cannot be resolved utilizing one specific analysis method. This
work illustrates the powerful combination of Powder X-ray diffraction (PXRD),
infrared (IR) spectroscopy and N2 physisorption measurements with advanced
photoluminescence studies (steady–state and time-resolved) to monitor
the explicit incorporation of perylene derivatives into porous MOF-5. These
experimental findings are supported by DFTB3 molecular dynamics (MD)
simulations, which show that dyes preferentially occupy large pores, form
stable dimers or oligomers, and interact mainly with theMOF’s organic linkers.

1. Introduction

MOFs have been an intensively studied class of porous mate-
rials over the last decades. MOFs consist of inorganic and or-
ganic parts forming 2D or 3D networks with potential voids.[1]

The decisive advantage of MOFs over purely inorganic zeolites
or even polymers is that they can also be systematically modified
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according to the principles of crystal
engineering[2] by altering their organic
linkers or metal nodes. This results in
a virtually infinite number of possible
framework topologies and properties,
which are also interesting in terms of
technologically relevant applications such
as hydrogen purification,[3] gas storage
and separation,[4] photocatalytic solar fuel
production,[5] waste water treatment,[6]

electrochemical CO2 reduction,[7] cancer
and bacteria inhibition,[8] electrochemi-
cal sensors,[9] as cathodes in lithium-ion
batteries,[10] or as drug delivery systems.[11]

Additionally, they find use as nano-vessel
for photoactive molecules, which are non-
covalently attached to the MOF scaffold.[12]

A central point of discussion remains the
unambiguous proof of successful em-
bedment of a (luminescent) dye into the
pores instead of the simple attachment
to the surface of the MOF. In various
studies, PXRD has been utilized to trace

the embedment via modulation in MOF reflection intensities
due to a change in electron density upon loading, while the
absence of additional Bragg reflections indicates the absence
of non-embedded crystalline guest molecules.[13–21] X-ray pho-
toelectron spectroscopy (XPS) can serve as a supplementing
method, as the embedded guest experiences various electronic
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Figure 1. Top: General workflow for the formation of dye@MOF-5 systems; Bottom: Molecular structures of perylene (1), 3,4,9,10-
perylenetetradicarboxylicacid dianhydride (PTCDA, 2), and 3,4,9,10-perylenetetracaboxylic diimide (PTCDI, 3).

contributions from the surrounding MOF pore and thus, the
XPS signals are broadened. [17] Both PXRD and XPS, how-
ever, can only partially resolve potentially present amorphous
portions.
In the context of organic fluorophores as non-covalently at-

tached guests, not onlyMOF dependent changes (via modulation
of reflection intensities in the PXRD), but also guest dependent
changes can be monitored utilizing spectroscopical methods. In
general, MOFs can enhance the luminescent performance of
most fluorophores by: 1) reducing the ACQ[22] effect, which al-
lows many guests that show luminescence only in solution to
exhibit luminescence in the solid state, and 2) creating a caging
effect that decreases nonradiative relaxation, thereby increasing
the total decay time (𝜏) and luminescence quantum yield (Φ) of
the guest entities. By utilizing thermally and water-stable MOFs,
these can act as protective matrix and with that, improve the sta-
bility of the incorporated dye.[23] Within the last years, several or-
ganic fluorophores have been embedded intoMOFs, which range
from coumarin derivatives,[24] flavin derivatives,[25] thioindigo,[20]

rhodamine,[26] solvent green 7[27] to fluorescein.[28] Moreover, a
plethora of perylene-based MOFs with the perylene dye being
part of the linker backbone has been reported.[29–35] However, to
date, only few examples of a perylene dye being embedded as
non-covalently attached guest molecule were studied to the best
of our knowledge.[36–40] Perylene and its derivatives are of spe-
cial interest, as their optical characteristics rank them among the

most attractive hydrocarbons for dyes and pigments: they show a
high quantum yield, strong absorption in the UV/Vis range and,
in addition, almost no photobleaching.[41]

The advantages of utilizing perylenes in solid-state applica-
tions can be leveraged by incorporating them into porous MOFs.
Within this work, the optical characteristics of three perylene
derivatives (see Figure 1) in varying concentrations were studied
inside MOF-5.[42] MOF-5, often referred to as the “drosophila” of
theMOF compound class, served as a non-emissive and colorless
host framework with a suitable pore size and entrance window –
not too large, but not too small. The workflow is depicted in the
following Figure 1.
Based on that concept, usage of dyes that are prone to the for-

mation of excimers with red-shifted emission upon increase of
the dye concentration are an excellent scaffold to investigate the
loading of MOF-5 in more depth. For that purpose, we used a
combination of IR and luminescence spectroscopy next to the
conventional characterization methods such as PXRD and N2
physisorption measurements. While the latter methods domi-
nantly characterize the reaction of the surrounding host com-
pound, spectroscopic methods can also reveal local phenomena
around the guest molecules.
To supplement the experimental investigations of the

guest@MOF-5 hybrid systems, host-guest interactions were
studied at the molecular scale by utilizing MD simulations at
quantum chemical level of theory, employing a self-consistent
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Figure 2. PXRD patterns of PTCDI0.125@MOF-5 (green line),
PTCDI0.25@MOF-5 (blue line), and PTCDI0.5@MOF-5 (red line) in
comparison to the theoretical data of non-loaded MOF-5. The diffraction
patterns were measured at 298 K (Stoe Stadi P, 𝜆 = 0.7093 Å). An offset
along y was applied for better clarity.

charge density functional tight binding approach of third order
(DFTB3). [20,43,44]

2. Results and Discussion

Dye embedment of perylene, PTCDI as well as PTCDA has been
performed via a gas phase loading process to exclude any im-
pact of additional solvent molecules. The successful embedding
wasmonitored via four differentmethods: PXRDmeasurements,
IR spectroscopy, N2 physisorption measurements, and lumines-
cence spectroscopy. Additional insights about the host-guest in-
teractions were gained on the molecular scale by utilizing MD
simulations at quantum chemical level of theory employing a
self-consistent charge density functional tight binding approach
of third order (DFTB3).
PXRD is a suitable method to trace dye embedment as the em-

bedding is tractable based on intensity modulations of the Bragg
reflections, while additional reflections compared to the non-
loaded MOF indicate presence of free crystalline dye molecules.
The diffraction patterns of PTCDIx@MOF-5, perylenex@MOF-5
and PTCDAx@MOF-5 (x = 0.125, 0.25, or 0.5) are depicted in
Figure 2 (PTCDIx@MOF-5 systems) as well as Figures S1–S3
(Supporting Information), including the corresponding patterns
of the respective pristine perylene derivative.
All PXRD patterns of the investigated PTCDI-loaded MOF-

5 samples showed no additional reflections and clearly demon-
strate the successful formation of the PTCDI@MOF-5 systems
(see Figure 2 and Figure S1, Supporting Information). This is
also true for other perylene derivatives except PTCDA0.25@MOF-
5 and PTCDA0.5@MOF-5. Here, additional reflections of segre-
gated dye appear at ≈2𝜃 = 5.5°, which belong to non-embedded
crystalline dye (see orange line, Figure S3, Supporting Infor-
mation). Although heating processes exceeding more than two
weeks were applied, these dye-related reflections remained un-
changed, pointing to a strong surface adsorption of the PTCDA
molecules on MOF-5. Notably, for perylenex@MOF-5 materials,
the crystallinity of the systems decreases with higher loading lev-

els (see Figure S2, Supporting Information). This is assumed
to be result of strong host-guest interactions, which become es-
pecially apparent for these systems. Taking a closer look at the
diffraction patterns with PTCDI and PTCDA as guest molecules,
there also is a slight decrease in crystallinity when increasing the
loading level from 0.125 to 0.25 and 0.5. However, this decrease
is not as profound as it is for perylene, which points to a guest
size effect. It is not possible to exclude potential amorphous de-
posits on the MOF surface that cannot be readily characterized
by PXRD.
To gain more insights into explicit pore loading of MOF-

5 by the added dyes, IR spectroscopy, N2 physisorption mea-
surements, and luminescence spectroscopy were applied. In the
range of 1600–100 cm−1, differences between solid perylene-
based dyes and incorporated dyes into MOF-5 are observable
(see Figure 3). In particular, the signal at 1279 cm−1 typical for
the aggregated dyes is a strong indication that aggregation is
limited upon incorporation into MOF-5. Zhanpeisov et al.[45] re-
ported bands of the perylene core that vanish, when perylene
derivatives are present as monomer or dimer as an effect of
intermolecular interactions. Similar results were published by
Ding et al.[46] The corresponding band at 1279 cm−1 is present
in pure perylene, but not in any dilute systems (see Figure 3,
top, left). It can be concluded that the aggregation of the pery-
lene dyes in all regarded systems is limited to the formation of
a dimer. PTCDIx@MOF-5 and PTCDAx@MOF-5 systems show
a similar behavior as perylenex@MOF-5 regarding the inter-
molecular interactions and the maintenance of the single com-
ponents spectral signature (see Figure 3, top, right and bottom).
A summary of all assigned bands related to PTCDIx@MOF-
5 systems is compiled in Table S2 (Supporting Information),
while that for PTCDAx@MOF-5 is summarized in Table S3 (Sup-
porting Information). Analogously to the perylene dye, bands at
1276 cm−1 or 1265 indicate the presence of PTCDI or PTCDA
aggregates greater than monomers or dimers, respectively.[45,46]

For PTCDIx@MOF-5, they are present in all systems except
PTCDI0.125@MOF-5. Thus, at 25 mol% and 50 mol%, PTCDI as-
sociates into oligomeric aggregates larger than simple dimers.
For PTCDAx@MOF-5, this band is not found in any system. Sim-
ilar to perylene, PTCDA maximally aggregates as a dimer within
the MOF-5 scaffold. Via IRspectroscopy, the effect of dye interca-
lation into the hostingMOF-5 as well as potential dye aggregation
was monitored (Figure 3).
N2 physisorption measurements at 77 K of MOF-5 and the

hybrid systems are essential for gaining a comprehensive un-
derstanding of the changes in porosity induced by guest load-
ing at varying molar fractions x.[47,48] The results of these mea-
surements are shown in Figure 4. The pristine MOF-5 exhibits
a Type I(a) isotherm, corresponding to a predominantly micro-
porous structure.[49] It also shows a H2-type hysteresis, reflect-
ingmesoporous cavities with narrow openings within themainly
microporous framework. This behavior could be related to de-
fects in the framework or to gaps between particles.[50]. A pore
size distribution obtained from the non‑local density functional
theory (NLDFT) (Figure S5, Supporting Information), assuming
cylindrical pores and assuming silica/zeolite surfaces, confirms
a predominantly microporous structure with small fractions of
mesopores smaller than 10 nm. The surface area obtained by
Brunauer Emmett Teller (BET) method, SSABET, is 1100 m

2 g−1
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Figure 3. Top: IR spectra of perylene0.125@MOF-5, perylene0.25@MOF-5, and perylene0.5@MOF-5; center: IR spectra of PTCDI0.125@MOF-5,
PTCDI0.25@MOF-5, and PTCDI0.5@MOF-5; bottom: IR spectra of PTCDA0.125@MOF-5, PTCDA0.25@MOF-5, and PTCDA0.5@MOF-5. All spectra are
compared to the non-loaded MOF-5 (dashed black line) and the respective pure solid dye (dashed orange line). The asterisks mark the respective
aggregate band. Measurements were performed on a KBr pellet at room temperature.

(Table S7, Supporting Information), falling within the charac-
teristic range reported for MOF-5.[51] After loading of perylene,
PTCDA, and PTCDI the values of SSABET and total pore vol-
ume, Vtotal, determined under the assumption that the density of
the adsorbate within the pores equals the bulk liquid density at
the same temperature and pressure,[52] are expectedly lower than
those for pristine MOF-5, due to introduction of guest molecules
into the MOF framework (Tables S7–S9, Supporting Informa-
tion). The system perylenex@MOF-5 demonstrates a gradual re-

duction in SSABET as well as Vtotal upon the progressive incorpo-
ration of guest molecules. (Table S7, Supporting Information).
PTCDAx@MOF-5 hybrids also show the same trend in Vtotal val-
ues, but SSABET for the loading of x = 0.125 deviates (Table S8,
Supporting Information). This deviation could be related to the
low mass of the sample analyzed, which introduces uncertain-
ties in the BET fitting. For PTCDIx@MOF-5 at x = 0.125 and x
= 0.25, the value of SSABET is decreasing with increasing load-
ing. However, for PTCDI0.25@MOF-5 there is a slight increase

Figure 4. N2 physisorption results. The asterisk at PTCDI0.125@MOF-5 marks a data point that has a low accuracy because of low sample mass. a) N2
volume adsorbed on samples including the pristine MOF-5 as well as perylenex@MOF-5, PTCDAx@MOF-5, and PTCDIx@MOF-5 with x = 0.125, 0.25,
and 0.5. b) The same image as in a) but with a different y-axis scale for better visibility. c) Total volume over the perylenex@MOF-5, PTCDAx@MOF-5.
and PTCDIx@MOF-5 with x = 0.125, 0.25, and 0.5 showing a clear trend.

Adv. Optical Mater. 2025, 13, e01573 e01573 (4 of 9) © 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 5. Left panels: Steady–state photoluminescence spectra of a) perylenex@MOF-5, b) PTCDAx@MOF-5, and c) PTCDIx@MOF-5 at T = 80 K. Right
panels: Luminescent decay traces of the incorporated dyes d) perylenex@MOF-5, e) PTCDAx@MOF-5, and e) PTCDIx@MOF-5 (x = 0.125, 0.250, 0.500,
1.000) compared to the pure dyes at T = 80 K.

Adv. Optical Mater. 2025, 13, e01573 e01573 (5 of 9) © 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 6. Time series of the centroid-centroid distanceΔr considering the central ring of perylene (green) to the aromatic ring of different linkermolecules
of MOF-5 (blue, orange, purple). Initially, the guest was located in a small pore and migrated into a large pore already in the equilibration period (not
shown). Snapshots are taken at 0.1 ns (S1), 0.2 ns (S2), and 0.6 ns (S3) to highlight key configurations.

in Vtotal. Furthermore, at the highest loading (PTCDI0.5@MOF-
5), both SSABET and Vtotal values show an increase. This obser-
vation is in accordance with the IR data presented in Figure 3,
from which guest-guest interaction and aggregation is observed.
For PTCDA and perylene, a non-ordered self-assembly is often
observable. Furthermore, it is observed that self-assembly of PT-
DCI could be a possible explanation for this behavior.[53]

Figure 5 depicts the representative steady-state and time-
resolved photoluminescence properties of the perylenex@MOF-
5, PTCDAx@MOF-5, and PTCDIx@MOF-5 system compared to
the pure powdered perylene-based dyes at T = 80 K. No pho-
tobleaching effects were observed throughout the experiments,
which are a known problem for perylene-based dyes at high ir-
radiance in the order of kW cm−2.[54] We ascribe the photosta-
bility of the composites in our experiments to the much lower
irradiance of the used Xe arc lamp (see Experimental Part in the
Supporting Information for more details). The emission of the
perylene- and PTCDI-loaded system shows a slight redshift upon
increasing loading of MOF-5 and in the solid dyes. The lumines-
cence spectra of the PTCDA-loaded system are insignificantly af-
fected by the loading amount. In addition, time-resolved lumi-
nescence was probed as aggregation effects often have an impact
on decay times. For PTCDA and PTCDI, the fluorescence decay
times in the order of 10 ns (PTCDA) or 6 ns (PTCDI) are not sig-
nificantly affected and agree within all investigated samples and
reports on perylene diimide dyes in solution.[55] However, there
is a general elongation of the average decay time of the perylene-
loaded MOF systems upon increasing loading amount, which
may be ascribed to gradual aggregation effects. This is in line
with the observation from the luminescence spectra that show an
intensity decrease of the narrower, blue-shifted emission bands
compared to the most dominant emission band at 610 nm. Over-
all, these findings imply that aggregation of the perylene dyes is
inhibited upon contact with MOF-5 (see Figure 5a,d). While the
results from luminescence spectroscopy themselves are not un-
ambiguous proof that the dye molecules are really incorporated
into the pores, the combination with the results from PXRD, IR
spectroscopy andN2 physisorptionmeasurements do strongly fa-
vor the conclusion of incorporation of the perylene dyes into the
MOF pores. It is noteworthy that absolute quantum yield mea-

surements are not helpful in this regard as the absolute quantum
yield does also depend on factors such as sample quality, defect
concentration or crystallinity and thus, may not readily serve as a
robust, comparable measure among the various powdered sam-
ples. It can be, however, deduced that the internal quantum yield
of the emitters must be similar based on the similar decay times.
In addition to the experimental investigations, 3rd order

density functional tight binding molecular dynamics (DFTB3
MD) simulations of perylenex@MOF-5, PTCDAx@MOF-5, and
PTCDIx@MOF-5 (x = 1, 2) systems have been carried out on the
nanosecond scale to provide insight into the respective host-guest
and guest-guest interactions guiding the optical properties. The
migration of the guest molecules inside MOF-5 was traced us-
ing pair distances based on the centroids calculated for the aro-
matic moieties of the BDC2− linkers and the guests as exemplar-
ily shown in case of perylene@MOF-5 in the following Figure 6.
Similar centroid-centroid distance analyses of all other systems

investigated are provided in Figures S6 and S7 (Supporting In-
formation). Based on DFTB3 MD simulations at ambient con-
ditions the guest molecules adopt the thermodynamically most
favorable interaction motif, which is of particular advantage over
simple structure optimizations that only collapse to the nearest
local minimum structure. Figure 7 provides an overview of the
most stable interaction motifs identified via DFTB3 MD simu-
lations of perylene, PTCDA and PTCDI monomers and dimers
embedded in MOF-5. From these structures the average inter-
action energies can be determined providing detailed insight
into the host-guest interaction (see also Table S10, Supporting
Information).
As expected, perylene displays the weakest host-guest interac-

tions withinMOF-5, yielding interaction energies of Uint =−90.6
and −92.3 kJ mol−1 upon embedment of a single molecule in
a small and a large pore of MOF-5. PTCDA and PTCDI exhibit
notably stronger interactions amounting to −109.9 and −110.1
kJmol−1 (small pore) as well as−111.9 and−116.4 kJmol−1 (large
pore), respectively. Increase of the loading of the host to two guest
molecules resulted in interaction energies of −195.4, −272.0,
and −284.9 kJ mol−1, respectively. These values significantly ex-
ceed twice the value for single occupation, indicating pronounced
guest-guest interactions. In case of PTCDI, the most stable

Adv. Optical Mater. 2025, 13, e01573 e01573 (6 of 9) © 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 7. Overview of themost stable interactionmotifs between perylene
(left), PTCDA (center) and PTCDI (right) in the MOF-5 host considering
single (top) and double (bottom) occupation.

motif was only found after heating the system to 350 K followed
by cooling to ambient conditions. In order to obtain further in-
sight into the guest-guest interactions, MD simulations of the
stacked dimers and trimers were performed in vacuum at 298 K.
The respective average interaction energies are listed in Table S10
(Supporting Information). The oligomers of PTCDI in vacuum
show a higher energetic stabilization than those of PTCDA,
which in turn aremore stable than the perylene oligomers. In the
case of PTCDA and PTCDI, the energy obtained per monomer
decreases from dimer to trimer. This is most likely due to the
fact that the displacement of the dimer from its energetically fa-
vorable equilibrium distance cannot be compensated for by the
additional atomic interactions in the respective trimers. In partic-
ular, PTCDI is the only guest molecule that shows stronger bind-
ing as a dimer in vacuum than when embedded in the MOF-5
matrix.
As a general trend, perylene, PTCDA and PTCDI prefer occu-

pying a large pore of MOF-5 over a small pore, while exhibiting
pronounced guest-guest stacking inside the host matrix at room
temperature. The combined results of the interaction energies
and analysis of the simulation trajectories lead to the conclusion
that the three perylene-based guest molecules establish strong
non-covalent bindingmotifs with the aromatic rings of the linker
molecules when introduced into MOF-5. Close interactions be-
tween the guest molecule and the inorganic [Zn4O]

6+ clusters are
avoided in all investigated systems. The strong host-guest inter-
actions are in excellent agreement with the previously described
experimental results as well as reports from laser flash photolysis
of the PTCDA@MOF-5 system.[31]

3. Conclusion

In conclusion, the successful incorporation of perylene, PTCDI,
and PTCDA dyes into the MOF-5 framework via gas phase
loading has been convincingly demonstrated through a combi-
nation of PXRD, IR, N2 physisorption measurements and lu-
minescence spectroscopy, complemented by advanced molec-
ular dynamics simulations. PXRD confirmed dye embedment
and distinguished between pore loading and potentially present
crystalline dye on the surface of the MOF, while IR spectroscopy
provided evidence for limited dye aggregation within the MOF

pores, mostly restricted to oligomer and dimer formation. Suc-
cessful embedment and potential aggregation behavior were ad-
ditionally traced by N2 physisorption measurements. Lumines-
cence studies further supported the inhibition of dye aggrega-
tion upon MOF embedding, as reflected in shifts of selected
emission bands and an effect on the average fluorescence decay
times. These experimental observations were strongly corrobo-
rated by DFTB3 MD simulations, which revealed favorable host-
guest and guest-guest interactionmotifs, with dyes preferentially
occupying large pores and forming energetically stable dimers or
oligomers. The simulations also confirmed that guest molecules
interact primarily with the organic linkers rather than the metal
clusters of MOF-5. Overall, the synergy between experimental
and computational approaches provides a comprehensive under-
standing of the structural and optical behavior of perylene-based
dyes within the MOF-5 matrix, laying a solid foundation for the
design of advanced photonic or optoelectronicmaterials based on
dye@MOF composites.

4. Experimental Section
Chemicals: Details on the chemicals used can be found in the Sup-

porting Information.
Synthesis of MOF-5 and the guest@MOF Systems: MOF-5 was synthe-

sized following the protocol given in the literature.[56]Perylene, PTCDA and
PTCDImolecules were incorporated intoMOF-5 via gas phase synthesis at
elevated temperatures under reduced pressure. In Tables S1–S3 (Support-
ing Information), the weighed-in masses and temperatures were listed.
The phase purity was confirmed by PXRD.

Powder X-Ray Diffraction: To probe the phase purity of the MOF
host as well as the successful incorporation of the perylene derivatives,
powder x-ray diffraction (PXRD) was applied. Measurements were car-
ried out with a Stoe Stadi P diffractometer (Stoe, Darmstadt, Germany)
in transmission geometry with Mo-K𝛼1 radiation (𝜆 = 70.93 pm) utiliz-
ing a focusing Ge(111) primary beam monochromator and a Mythen
2 DCS4 detector. Data was collected in the 2𝜃 range of 2.0−40.4° with
a step size of 0.015°. For each measurement, the respective sample
was sealed in a glass capillary under argon atmosphere to prevent
absorption of humidity. All measurements were carried out at room
temperature.

Infrared Spectroscopy: Infrared (IR) spectroscopicmeasurements were
carried out on a Bruker Alpha II FT-IR-Spectrometer under argon atmo-
sphere. For this, half of a tip of a spatula of the sample was thoroughly
ground with two spatulas of KBr and pressed to a thin transparent KBr
pellet with a set pressure of ≈2 tons for 30 min. Scans were done in
the range of 360 to 4000 cm−1 with a resolution of 2 cm−1 and 90
scans per sample. The background (a pure KBr pellet) was measured
with the same instrument settings as the sample and subtracted sub-
sequently after each measurement. All measurements were performed
at room temperature. Evaluation of data was performed with the pro-
gram OPUS version 8.2 build 8, 2, 28 (20 190 310) Copyright© Bruker
Optic GmbH.

Luminescence Spectroscopy: Steady–state excitation and emission
spectra were acquired on a FLS1000 spectrometer from Edinburgh Instru-
ments equipped with a 450 W Xe arc lamp, double Czerny-Turner grating
monochromators in both the excitation and emission compartment (focal
length 2× 325mm), and a thermoelectrically cooled (−20 °C)Hamamatsu
PMT-980 photomultiplier tube as a detector. All spectra were corrected
with respect to the grating efficiency, the excitation spectra were addition-
ally corrected with respect to the lamp intensity, while emission spectra
were additionally corrected with respect to the wavelength-dependent de-
tector sensitivity. Time-resolved luminescence in the ns time range was
measured with a pulsed mode-locked laser diode from Edinburgh Instru-
ment (𝜆ex = 450 nm, temporal pulse widthΔ𝜏 ≈ 75 ps, common repetition
rates between 2 MHz and 20 MHz), while the signal was detected with
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time-correlated single photon counting (TCSPC) and binned over maxi-
mum 8192 available channels. The sample temperature was controlled
with a fiber-coupled Linkam THMS600 temperature stage (accuracy ±
0.1 K).

Physisorption: Volumetric N2 physisorption was performed on a
Quantachrome Quadrasorb at 77 K. The loaded samples were de-
gassed under vacuum and RT for 20 h to not desorb the lumines-
cent guest molecules. Neat MOF-5 was degassed at 473.15 K for
20 h to obtain comparable results to literature data. Specific inter-
nal surface area was determined using Brunauer-Emmett-Teller (BET)
theory SSABET,N2, in the relative pressure (p/p0) region of ≈0.009 ‒

0.251 at the N2-physisorption isotherms. By using local density func-
tional theory (NLDFT), pore size distributions could be determined.
To obtain total pore volumes, the Gervich rule was applied, assum-
ing that the desorbed vapor of the gas in the pores is equal to
their bulk liquid density at the same T and p. For all data pro-
cessing, silica/zeolite surface and approximately cylindrical pores were
assumed.[52,57]

DFTB Calculation Framework: Quantum chemical energy and force
calculations were performed via the DFTB3method as implemented in the
DFTB+ program package[58] utilizing the 3obwp set of parameters[59–61]

and the DFT-D3 dispersion correction.[62] An exponent of 4.0 inside the
damping factor was chosen to ensure correct interatomic short-range in-
teractions involving hydrogen atoms. Recent work has shown that due to
the relatively large size of theMOF-5 unit cell, Γ-point sampling of the Bril-
louin zone is sufficient to treat interactions inside the periodic system.[21]

The convergence criterion for the charge error in every SCC cycle was
set to 10−4 a. u., corresponding to an error in the energy of less than
10−6 Hartree.

Molecular Dynamics Simulation Setup: The DFTB+ package has
been interfaced with our in-house developed QM/MM MD simulation
program.[63–65] For time integration, the velocity Verlet integrator[66] was
utilized. All bonds involving hydrogen atoms have been constrained to
their average distance via the RATTLE algorithm[67] to enable an increased
time step of 2.0 fs. The Bussi-Donadio-Parrinello thermostat[68] with a re-
laxation time of 0.1 ps was utilized to maintain a temperature of 298.15 K
during the individual simulations. The pressure was set to 1.013 bar by
applying the Berendsen manostat[69] with a relaxation time of 10 ps. All
simulations were carried out under isotropic conditions. Key configura-
tions observed during the MD simulations are visualized using the pro-
gram Visual Molecular Dynamics (VMD).[70] The various guest@MOF-5
hybrid systems were generated by introducing the three different guest
molecules perylene, PTCDA and PTCDI in a random manner into the
equilibrated host matrix, while ensuring a minimum host-guest distance
of 1.7 Å. One guest at a time was inserted into either a small or a
large pore of MOF-5. Furthermore, simulation setups with two identical
guests per unit cell were constructed by placing one guest in a small
and the other in a large pore (referred to as “2 Pore Setup” in the fol-
lowing). To enable a temperature dependent comparison in the case of
PTCDI@MOF-5 two additional runs were conducted by heating the ini-
tial system with two guests per unit cell to 350 K and cooling the re-
sulting configuration back down to 298.15 K. Thus, a total of eleven ini-
tial starting structures were prepared. Each system was re-equilibrated
for 10 000 MD steps (0.02 ns), before the associated configurational
space was sampled for a minimum of 500 000 MD steps (1 ns), result-
ing in a total DFTB3 MD simulation time of guest@MOF-5 systems ex-
ceeding 11 ns during the course of this investigation. The interaction
energies of perylene, PTCDA and PTCDI homo dimers and trimers in
vacuum were studied by placing the target molecules in a simulation
cell of 100 Å edge length. After 1 000 MD steps (2 ps) of initial equi-
libration, the systems were sampled for a total of 200 000 MD steps
(0.4 ns) each.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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