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Abstract

Confinement-driven self-assembly of dyes in nanomatrices is an effective route for the production
of hybrid supramolecular structures of high technological relevance, among which the archetypal
zeolite L-based systems are exploited in Forster Resonance Energy Transfer (FRET)-sensitized
solar cells, luminescent solar concentrators, color-changing media, but also sensing in analytical
chemistry, biology, and diagnostics. Despite this progress in applications, the organization of
confined chromophores in zeolite L materials remains elusive. Herein, by integrating experiments
with different time scale and radiation source (IR, XRPD, Total Scattering) with first-principles
DFT modeling, we attained a microscopically detailed picture of a technologically important hybrid
composite of Zeolite L with a perylene-diimide (also known as perylene-bisimide) dye at both
hydrated and anhydrous conditions. The asymmetric positioning of the dye in the zeolite channel is
determined by two factors: shape-volume constraints, and relative strength of competitive
interactions among confined species. Our multi-technique experimental-theoretical approach
thoroughly described the supramolecular chemistry of this hybrid material, identifiying possible
strategies to further enhance FRET efficiency and improve functionality. This work deepens the
understanding of host-guest interactions in dye-Zeolite L composites, a key requirement to master

the finely-tuned mechanisms governing supramolecular organization in confined nanospaces.
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1. Introduction
The realization of hybrid supramolecular structures via confinement-driven self-assembly of
photoactive species in ordered porous materials is a convenient route for the production of
technologically relevant host-guest systems that could be exploited in diverse areas, ranging from
solar energy transport to effect pigments.' " In this field, zeolites, and in particular zeolite L (ZL),"

13:1% a5 ideal host materials, and their successful use in the fabrication of

have played a seminal role
hybrid systems'> " has been a stimulus for the search of new scaffolds suitable for the obtainment
of exploitable organized supramolecular structures.**>’ From inorganic zeolitic frameworks,

including semiconducting chalcogenides™ and aluminophosphates, '

to the fully-organic channels
of e.g. bis-urea macrocycle crystals® up to the larger pore spaces and the additional possibilities
offered by mesoporous silica/organosilica materials,”> " layered materials such as hydroxides and

232734 and metal organic frameworks / covalent organic frameworks (MOFs and COFs),''**7°

clays,
a multitude of host matrices has been tested, leading to innumerable new exciting materials whose
immense potential still remains to be explored.

Apparently, to convert these new generations of hybrids into useful applications, a long
distance still needs to be walked, along which the know-how gathered on zeolite L composites may
act as a trusted guide and source of inspiration. As a matter of fact, both synthesis and post-
fabrication procedures of zeolite L have reached a high sophistication level, allowing, for example,
to modify selectively either the ZL channel entrances with functional molecules traditionally called

935-38

“stopcocks or the external surface of the zeolite with suitable linkers.'””® Such a selective

functionalization of the interface region has enabled, for instance, ZL crystals to be assembled in

17,18,40-42 . .5
Y embedded in polymer matrices,” and even

highly organized functional monolayers,
exploited in molecular-recognition events.* Based on these principles, an outstanding diversity of
ZIL-based functional materials has been realized, in which unique electro-optical properties are
imparted by the macroscale extension of the regular organization of the chromophores inside the
one-dimensional nanochannels of zeolite L.**° Significantly, the latter feature not only is at the
origin of the functional properties of the hybrids, but it also allows to control remotely the material
response by means of external stimulations, such as electric®’ or magnetic fields,™® or, more
commonly, irradiation with visible light.*>">2

On the other hand, notwithstanding the successes of ZL-composites as components of useful

53-56

devices, and the continuous progresses of advanced microscopy techniques needed for their

functional characterization, the microscopic level knowledge of these materials is still in its infancy.
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Unfortunately, most plagued by this lack of knowledge is the atomistic-level structure of these
systems, which is determined by the host-guest interactions governing the organization of the
chromophores. Such knowledge would be pivotal for improving the confinement-driven self-
assembly processes of supramolecular architectures of dyes, as well as for suggesting new and
better-performing hybrid composites.””

Being zeolites crystalline aluminosilicates, structural data could be typically obtained by
diffraction studies. In general, current knowledge on dimensionality, size and structure of zeolite
pores is mostly based on X-ray diffraction data, both on single crystal and on powdered materials.®'
Nonetheless, in the literature, there are very few diffraction studies on hybrid zeolite-dye systems®*~
65 _ which highlighted, moreover, some difficulties in unambiguously defining the atomic positions
of the organic gues‘[s.65 This difficulty is mainly due to the very fact that the scattering power of the
aluminosilicate framework is much higher than that of the lighter atoms normally found in most
organic dyes.

Substantial improvement in determining structure, positioning and supramolecular
organization of light-atom species inside zeolites can be achieved by combining X-rays studies with
other techniques; for example, with infrared and Raman spectroscopies — which unraveled
important details of the organization of methylviologen in ZL,* - or with appropriate modeling
investigations — which already captured the supramolecular organization of very complex confined
architectures with atomistic precision otherwise unaccessible.®>%

Due to the explosion in computing power of the last decade, structural investigations on
zeolite adducts based essentially on modeling/simulation studies - often aided by UV-Vis

67-81

spectroscopy experiments - have flourished in the recent past so that an extensive literature is

available, including important reviews.* Besides providing structural information on the bulk
material, simulations also allow to study phenomena taking place at the zeolite pore entrances,’*
which are of topic relevance in the self-assembly of dye-zeolite adducts. More in general, the
convergence of different methods of analysis, enhanced by theoretical modeling, is already
recognized as the strategy-of-choice to solve difficult structural and dynamical problems in a
diversity of scientific domains.***’

Based on these premises, by revealing the structure of a technologically important hybrid
composite and the interplay of competitive, non-covalent, molecular forces at its origin, our work
aims to set a viable approach for the structural elucidation of dye-ZL functional materials.

The structure of the neutral dye tb-DXP [N,N-bis (4-tert-butyl-2,6-dimethylphenyl)-3,4,9,10-
perylenetetracarboxylic diimide] inside the one-dimensional nanochannels of ZL was the specific

object of our study. The dye belongs to the perylene-diimide (also known as perylene-bisimide)
3
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family,™ a class of compounds that has received considerable attention for its outstanding
photophysical properties. Additionally, perylene-diimide dyes are particularly attractive as
functional elements of dye-zeolite materials, because they can be easily organized in one-
dimensional supramolecular arrangements when encapsulated in ZL matrices.*"*¢*%#

In this work, we assembled tb-DXP-ZL composites with high dye loading in order to ensure a good
resolution of the diffraction experiments - a factor of crucial importance for structural elucidation,
especially in such a challenging case. While a high concentration of dye molecules can affect the
photophysical properties of the adduct - and emission especially, because of self-absorption
processes, " the selected loading should reasonably ensure a sufficiently long spacing between
adjacent dye molecules. Since, under these conditions, dye-dye interactions should have only minor
effects on the structure of the encapsulated tb-DXP molecules, our conclusions could be also
transferred to more dilute tb-DXP-ZL composites.

By considering both the hydrated and anhydrous forms of the ZL/tb-DXP composite, the
host-guest and guest-guest interactions have been investigated via a combined
experimental/theoretical approach. The analyses included destructive methods (thermogravimetric,
mass spectrometry and chemical attack), allowing for the determination of the actual stoichiometry
of the composite, as well as non-destructive approaches (radiation-based methods), aimed at the
determination of atomistic-level structure, interactions and electronic properties. Synchrotron
radiation (SR) source was adopted for the structural analyses of powder samples. IR sources were
used for investigating the effect of the host matrix on the vibrational properties of tb-DXP, also
adopting deuterated water to better probe the guest-guest interactions. UV-Vis radiation was used
for confirming the (already known) photophysical properties of the anhydrous and hydrated
composites. Such a battery of experimental methods was, ultimately, combined with theoretical
calculations. Herein, we will show that by integrating results obtained by X-ray Powder Diffraction
(to probe average positions), total scattering experiments (to probe average distances), and IR
spectroscopy (to probe interactions strength), with theoretical modeling, one could achieve a

detailed microscopic picture of the self-assembled tb-DXP/ZL composite.

2. Experimental and materials

2.1  Zeolite L
The potassium zeolite L material used for this study was purchased from Tosoh Corporation
(Japan). It is characterized by the stoichiometric formula Kg 46 (Als3s Siz7.53) O72-17.91H,0, LTL-

12,90

framework type,®' Si/Al ratio = 2.9, space group P6/mmm,'*”and the following cell parameters:

4
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a=18.3795(4), ¢=7.5281(2), V= 2202.4(1).*The potassium zeolite L channel system has a large
circular 12-membered ring (12MR) opening with a size of 10.10 A (7.4 A taking into account a van
der Waals radius of 1.35 A for the oxygen) and smaller elliptical 8-ring (SMR) openings with a size
of 1.9 x 5.5 A, both running parallel to the ¢ axis.'>* The main channels are connected to the SMR

ones by non-planar boat-shaped 8 membered rings (Figure 1a,b).

126A

a)

Figure 1. a) Projection of as-synthesized ZL structure along [001], showing the positions of relevant framework sites
(T1, T2, O1, 02), water molecules (WF, WH, WI, WJ, WK) and potassium cations (KB, KC, KD). The exchangeable
K" are those labelled KD. b) Projection of the ZL framework structure along [100] (that is, along the ZL channel).

2.2 Synthesis of thb-DXP dye and preparation of ZL/tb-DXP composites

The dye tb-DXP (Cs3H4,N,O4, see Figure 2) was synthesized according to the procedure
reported in Ref. *_1t is a neutral molecule with dimensions of 6.75 A x 6.72 A x 26.16 A, when not
considering the van der Waals radii. It presents a central flat perylene diimide core (consisting of
five connected benzene rings), similar to other molecules belonging to the perylene family, with
two 4-tert-butyl-2,6-dimethylphenyl functional end-groups. The size of these end-substituents,
which determines the minimum core-to-core distance of adjacent dye molecules along the ZL
channels, is large enough to prevent optical coupling typically found in aggregates.*

The dye insertion was carried out through a gas phase procedure. In a typical experiment,
100 mg of ZL and 4.9 mg of tb-DXP* were weighed into a 25 mL round-bottom flask.
Dichloromethane was then added, and the mixture was sonicated for 2 min to dissolve the dye and
ensure a good dispersion of the zeolite. The solvent was then removed with the help of a rotary
evaporator (40 °C, 600 mbar), thus leading to a homogeneous coating of the zeolite surface with tb-
DXP. The coated zeolite was removed from the flask and transferred into an agate mortar, where it
was ground up. The powder was then put into a small glass ampule and dried on a vacuum line for

24 h at a pressure of 2x10°2 mbar. The ampule was then sealed off under vacuum and put into a

5
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rotating oven. The gas phase insertion process took place over 4 days at 260 °C. Once this process
was completed, the ampule was removed from the heating source and cooled to room T. The
ampule was then opened and the resulting pink powder was washed three times with 20 mL of
dichloromethane until the supernatant was colorless.

In order to release the water from the zeolite channels without affecting the dye loading, the
dehydration procedures were carried out at room T under vacuum for one night and then degassed
at 200°C for two hours. A portion of the orange powder so obtained was then sealed in a 0.3 mm
boron capillary for the diffraction measurements. For the spectroscopic analyses, the dehydration

process was performed in situ in the measurement cells.

Figure 2. Calculated optimized structure of tb-DXP in the gas phase. Atom color code: C, cyan; O, red; N, blue; H,
white. The z axis corresponds to direction along which the molecule is oriented in the ZL channel. Top panel: projection
on the xz plane. Bottom panel, projection on the yz plane. The 2,6-dimethylphenyl groups are rotated by 90° with
respect to the central perylene diimide core. The O-O separation is 11.36 A along z, 4.56 A along y. The separation of
the 2,6-dimethylphenyl group along z is 14.2 A. The dimensions of the molecule are: 26.16 A along z (total length of
the molecule), 6.72 A along x (corresponding to the width of the 2,6-dimethylphenyl group) and 6.75 A along y
(corresponding to the lateral size of the perylene core). The width of the t-Bu groups is 4.33 A. (See also supporting
information, Table S3 and Figure S4)

2.3 HF Analysis
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The loading level p of a dye-loaded zeolite is defined as the ratio of sites occupied by a dye to
the total number of sites in the sample. Thus, p in ZL sample can take values ranging from 0 (empty
ZL) to 1 (ZL fully loaded with dye). In this context, a site corresponds to the number (ng) of ZL unit
cells required to host the full length of a single dye molecule. The value of ns is usually given as an
integer number, but this is not a requirement.”

The loading level of the hydrated compound was determined by first suspending 2 mg of the
loaded material in 3 mL of distilled water in a polystyrene cuvette. 300 uL of a 4% aqueous HF
solution were added to dissolve the zeolite. The ZL dissolution process was completed after 30 min;
at that time the aqueous phase was neutralized with a saturated solution of NaCO; and tb-DXP
molecules, which are insoluble in water, were extracted with dichloromethane. The concentration of
dye molecules in solution was calculated from the absorption spectrum and then the loading degree

was evaluated as a percentage of filled sites (p), by using three unit cells as the length of a site.***°

2.4 TGA-MSEGA

TGA-MSEGA analysis of as-synthesized ZL, pure tb-DXP and hydrated ZL/tb-DXP were
performed on a Seiko SSC 5200 thermal analyzer equipped with a quadrupole mass spectrometer
(ESS, GeneSys Quadstar 422) using the following experimental conditions: 10°C/min heating rate,
temperature range RT to 900 °C, air flux of 100 pul/min. The gas phases emitted during the thermal
reactions were monitored in order to allow for the unambiguous identification of the species
responsible of the mass loss observed in the TGA curve. Gas analyses were carried out in Multiple
Ion Detection mode (MID), following the intensity of 8 species (m/z = 16 (CHy), 18 (H,0), 28
(CO), 30 (CH3CHs, NO), 44 and 45 (CO,), 78 (C¢Hg) and 76 (N,0O3)) vs. temperature. Before
starting MID analysis, background subtraction was applied to set the zero point conditions. The
analysis was not performed on the dehydrated sample because, once exposed to air, it would have

retrieved water molecules.

2.5 XRPD experiments

X-Ray Powder Diffraction (XRPD) data of the hydrated ZL/tb-DXP composite were collected
at the SNBL (BMO01a) beamline of ESRF (European Synchrotron Radiation Facility) — Grenoble
(France) in transmission geometry, with a fixed wavelength of 0.6825 A. The powder sample was
loaded and packed in a 0.3 mm boron capillary, mounted on a standard goniometric head and
spinned during data collection. The bi-dimensional diffraction pattern was recorded on a
PILATUS3 M-Series detector (pixel dimension 172 pum) at a fixed distance of 193 mm from the

sample. The one-dimensional diffraction pattern was obtained in the 26 range 0-50° by integrating
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the two-dimensional image with the program FIT2D.”!

The X-ray diffraction pattern of the dehydrated form of the hybrid system was collected at the
high resolution ID22 beamline of ESRF with a fixed wavelength of 0.4007 A. The one-dimensional
diffraction pattern was obtained in the 20 range 0-20°, combining nine high-resolution diffraction
patterns collected on nine Si (111) analyzer crystals.

Structural refinements were performed by full profile Rietveld analysis using the GSAS
package with the EXPGUI interface.”” The diffraction data did not reveal the presence of any
superstructure or symmetry change in the hydrated and dehydrated ZL/tb-DXP composites. Hence,
the refinements were performed in the parental ZL space group, P6/mmm. The atomic coordinates
reported by Gigli et al.*’ for the ZL framework atoms and the potassium cations were used as a
guess model. The other extraframework sites were derived by the inspection of the Fourier
difference maps (DELF). The Bragg peak profile was modeled using a pseudo-Voigt function with
0.01% cut-off peak intensity. The background curve was fitted using a Chebyschev polynomial with
23 variable coefficients. The 20-zero shift was accurately refined. The scale factor and the unit-cell
parameters were allowed to vary in all cycles. The refined thermal parameters for each data
histogram were assigned as following: the same thermal displacement value for all tetrahedral
atoms, a second value for all framework oxygen atoms, and a third one for the atoms of the tb-DXP
molecule. The thermal parameters of the potassium and the oxygen atoms of water molecules were
allowed to vary. Occupancy factors and isotropic thermal displacement factors were refined in
alternate refinement cycles.

Soft constraints were imposed on Si-O (1.63 A), C-C (1.39-1.48 A) and C-O (1.19-.121 A)
distances during the first stages of the refinements, and left free in the last cycles with tolerance
values of 0.03 A.

The occupancy factors of the perylene diimide sites in both hydrated and dehydrated forms
were allowed to vary in the first refinement cycles and successively were fixed to an average value.

The final atomic positions, occupancy factors and thermal parameters of the hydrated and
anhydrous ZL/tb-DXP composites are given in Table S1. Table S2 reports the extraframework
interatomic distances.

The final observed and calculated powder patterns for the hydrated ZL/tb-DXP and anhydrous
ZL/tb-DXP composites are shown in Figure S1.

2.6 Total scattering experiments

These experiments were performed on the powder diffractometer of the ID22 beamline at the

synchrotron facility ESRF in Grenoble (France), using the Debye—Scherrer transmission setup (0.3
8
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mm boron capillary), a monochromatic beam with a wavelength of 0.2066 A (E = 60 keV) and an
XRD 1611CP3 2D detector from Perkin Elmer at a distance of 399.4 mm. The selected photon
energy combined with appropriate data collection (300 images with a counting time of 5 s) strategy
enabled data acquisition over a sufficiently high wave vector Q (Q=4n sin6/A) to provide the
necessary resolution in real-space for quantitative structural analysis to be attempted. Data were
collected at room temperature up to Qmax=24.2A"" for empty ZL and tb-DXP-ZL composite. The
experimental conditions were exactly the same for the two samples, which is of utmost importance
to derive the differential pair distribution function (d-PDF). For each sample, images have been
averaged and azimuthally integrated using the pyFAI software’ to get the 20 vs intensity pattern.
The total scattering structure function S(Q) was obtained by normalizing the data to the incident
flux and chemical composition of the samples. The experimental atomic pair distribution function
G(r) in the real space was then obtained by a direct sine Fourier transformation of the resulting total

scattering structure function S(Q), according to:

Qmax

6 == als(e) - tlsin(er)de
@

min
The scattering signal from the air and experimental setup (empty capillary) was measured
independently under the exact same conditions as the sample and subtracted as a background in the
data reduction procedure. In the Fourier transform step aimed to obtaining the experimental atomic
pair distribution function G(r) from S(Q), the data were truncated at a finite maximum value of
Qmax=22 A beyond which the signal-to-noise ratio became unfavorable. All data processing was

done using the program pdfgetx3.*

2.7 Spectroscopic methods

UV-Vis Absorption spectroscopy. Diffuse reflectance (DR) measurements in the visible range of the
ZL/tb-DXP sample were performed on a Varian Cary 5000 spectrometer equipped with a
reflectance sphere with the inner surface coated with Spectralon®. The spectra were acquired on
loose powders diluted in polytetrafluoroethylene (PTFE, Teflon) and placed inside the standard
powder cell of the instrument. The rational of dilution was the attainment of an overall absorption
intensity low enough to allow a correct use of the Kubelka-Munk function (KM) for the conversion
of diffuse reflectance spectra. A composite/PTFE mass ratio of 1:22 resulted in reflectance (R)
values in the 0.2<R<0.6 range (i.e 1.0>KM>0.13) recommended as the most favorable one for the
application of the KM function.”

For the dehydrated ZL/tb-DXP composite, PTFE was previously outgassed overnight at 120°C

before mixing with the sample in a glove box. For the acquisition in transmission mode (path length

9
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10 mm) of the absorption spectrum of tb-DXP, a 107 M solution of the molecule in
dichloromethane was used.

IR spectroscopy in transmission mode. In situ IR spectra in transmission mode (2 cm’ resolution,
average on 32 scans) were collected on a Bruker Vertex70 spectrophotometer. The samples were
measured in the form of self-supporting pellets inside a quartz cell equipped with KBr windows.
The cell was attached to a conventional vacuum line (residual pressure 1.0 x 10” mbar) allowing
thermal treatments and adsorption-desorption experiments to be carried out without re-exposing the
samples to ambient atmosphere. Deuterated water (99.9 atom %D) was supplied by Sigma Aldrich
and admitted onto the sample chamber after several freeze-pump-thaw cycles.

IR spectroscopy in ATR mode. IR spectra in air (2 cm™ resolution, average on 256 scans) were
collected in Attenuated Total Reflection (ATR) mode on loose powder on a Bruker Vertex70
instrument (with a DTGS detector), equipped with a Bruker OPTIK Platinum ATR accessory
(internal reflection element in diamond). Atmospheric carbon dioxide and moisture signals were

subtracted by applying the Atmospheric Correction tools as implemented in the Opus 6.5 software.

2.8 Modeling

The framework was modeled using a simulation cell composed of four ZL crystallographic unit
cells along the channel axis, corresponding to the c crystallographic axis (or z axis). The framework,
whose stoichiometry was [Alz6Si10sO2ss], contained 36 potassium extraframework cations. The dry
model system contained one tb-DXP moiety (0.25 tb-DXP p.u.c.) (Figure 3a,b), while the hydrated
model system included also 24 H,O molecules (Figure 3c,d). With such a stoichiometry, the
hydrated model contains 0.25 tb-DXP and 6 H,O p.u.c. respectively (see Figure 3 for a graphical
representation of both models). The dimensions of the hexagonal simulation cells were obtained
from the experimentally detected ones (Table 2) by multiplying by 4 the ¢ parameters, yielding thus
a=18.4269A; c=30.0864A and a=18.4262A; c=30.0844A for the dry and the hydrated model
system, respectively. The PBE approximation to Density Functional Theory was adopted for the
electronic interactions. Ultra-soft pseudopotentials were adopted to account for the nuclei-electrons
interactions. The tail-to-head interaction of the tb-DXP molecules were augmented with Grimme
DFT-D2 approximation in order to include long-range dispersion contributions; specifically, the
DFT-D2 corrections were applied to all atoms of the two 4-tert-butyl-2,6-dimethylphenyl groups of
tb-DXP. Electronic wave functions were expanded in planewaves (PW) basis set up to a kinetic
energy cutoff of 25 Ry (200 Ry for the electronic density representation). Such a computational set
up (designed as PBE/PW from now on) has been previously adopted for the study of host-guest

10
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systems, adsorbate-surfaces interactions and also in the modeling of stopcock-

functionalized ZL channel entrances.*®

Geometry optimizations were performed for both systems, adopting a quasi-Newton minimization
scheme, with a maximum force of 5.0 x 10™ hartree/bohr per atom as optimization criterion. Guess
structures for geometry optimization were obtained via a series of Simulated Annealing processes

104,105

via First-Principles Molecular Dynamics (FPMD), using the same approximations adopted for

the geometry optimizations. Both FPMD runs and optimizations of the hydrated and dry systems

were carried out using the CPMD code.'**'?®

jﬁ Vw kﬂakq_/ﬂ ?,

} VQ_VQZVﬂZ(\

Figure 3. a)-b): Graphical representation of the minimum energy structure of the anhydrous tb-DXP/ZL system
projected a) in the yz plane; b) in the xy plane. c)-d): Graphical representation of the minimum energy structure of the
hydrated tb-DXP/ZL system projected a) in the yz plane; b) in the xy plane. In all panels (a),b),c),d)): only the Al/Si
atoms of the framework (gray sticks) are represented for clarity. The tb-DXP and water molecules are shown in van-
der-Waals representation. Color codes: C=cyan; N=blue; O=red; H=white; K" =purple. The blue solid lines are a guide
for the eyes and indicate the (periodically repeated) adopted simulation cell.

Cluster models were extracted from the minimum energy structures and used to calculate TD-DFT
electronic excitations by adopting the hybrid functional CAM-B3LYP. The clusters contained the
tb-DXP molecules and four K* cations, which were selected on the basis of their proximity to the

11
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carbonyl oxygen atoms of tb-DXP. Each cation was surrounded by four point charges (-0.25¢) in
order to keep electroneutrality. The positions of the point charges corresponded to those of the four
framework oxygen atoms closest to each selected potassium cation. In the case of the hydrated
model system, four water molecules were included in addition to the closest four potassium cations.
Calculations were performed using the basis set 6-311++g(d,p) for all atoms but K, for which
Stuttgart-Dresden ECP (SDD) pseudopotential and basis set were adopted. The data herein reported
for the geometrical parameters and vibrational normal modes of the isolated tb-DXP molecule have
been obtained by adopting the cc-pVTZ basis set and the B3LYP hybrid functional. Such a DFT
functional/basis set combination has been selected after performing (on the isolated tb-DXP
molecule) geometry optimization calculations at different levels of theory, which overall gave
comparable geometries (see Supporting Information, Table S3 and Figure S4). In order to aid
assignment of the experimental IR frequencies, besides the isolated tb-DXP, the harmonic
vibrational frequencies were calculated at the B3LYP/cc-pVDZ level of theory for two auxiliary
model systems: i) tb-DXP + H,O, describing the interaction with a water molecule; ii) tb-DXP +
K, describing the interaction with a potassium cation. For cluster and isolated molecule

calculations, the GAUSSIAN 09 code was used.'*

3. Results

3.1 TGA-MSEGA and HF analysis

Figure 3 shows the TG and DTG curves for the as-synthesized ZL and hydrated ZL/tb-DXP
composite compared with those of the pure crystalline tb-DXP. The derived values of molecules
hosted in the zeolite channels are listed in Table 1, where also the results of the HF analysis and
structural refinement (commented on in subsection 3.2) are reported. The water mass loss of the
hydrated composite (4.3 wt.%), occurring in the temperature range from 25 to 105°C, corresponds
to a total water content of 6.5 molecules per unit cell (p.u.c.). This number is lower than that
reported® for the as-synthesized ZL (Figure 4 and Table 1) consistently with the presence of the
tb-DXP molecules in the channels, that limits water re-adsorption after composite preparation.

The amount of dye loaded inside the hydrated ZL/tb-DXP system, evaluated on the basis of
the mass loss occurring in the range from 320 °C to 570 °C (5.8 wt.% in Figure 4), corresponds to
0.23 tb-DXP molecules p.u.c. (Table 1). This value is in good agreement with the loading of 0.17
molecules p.u.c provided by the HF analysis.

The tb-DXP release/decomposition from the composite occurs in one step in the same temperature

range from 320 °C to above 570 °C, where the decomposition of the solid dye also occurs.
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Sample Water | Waterloss Water Water tb-DXP | th-DXP th-DXP th-DXP th-DXP
loss wt. % molecules molecules loss loss molecules molecules molecules
T (°C) {TGA) (structure T(*C) wt. % p-u.c. p-u.c. p-u.c.
refinement) (HF (TGA) (structure
analysis) refinement)
7L 110 119 18 18
ZL/th-DXP 105 4.3 6.5 6.3 470 5.8 0.17 0.23 0.25

Table 1. Temperature values of water and tb-DXP mass losses and corresponding number of molecules, determined by
TGA-MSEGA, compared to those obtained by the Rietveld refinement for the as-synthetized ZL and the hydrated
ZL/tb-DXP composite.
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Figure 4. TG (a) and DTG curves (b) in air with a 10°C/min heating ramp for the as-synthesized ZL (black solid
curve), solid tb-DXP (grey curve) and the hydrated composite ZL/tb-DXP (black dashed curve).

3.2 Structure refinements

Before presenting the structural features of the composite as obtained from the refinement (Table
2), we discuss the optimized geometry of the isolated guest molecule (Figure 2) and compare it with
the dimensions of the confining environment — namely, the ZL nanochannels (see Figure 5).

Because the perylene core (Figure 2) is longer than the channel opening of ZL (~7 A),'*® the
tb-DXP molecule can be encapsulated only with its longest molecular axis parallel to the one-
dimensional ZL channel (see also Figure 3). This fact is at the origin of the functional properties of
the composite: as the electronic transition dipole moment (ETDM) of tb-DXP is parallel to the long
molecular axis, incorporation of tb-DXP in ZL nanochannels yields linear arrays of highly
absorbing chromophores with parallel orientation of the ETDM, which guarantees an extremely
high speed for FRET and therefore an extremely fast exciton transport.*®-*5%

A second important structural aspect is that tb-DXP can be considered composed by units of
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quite different shape and size. The dye has a flat central perylene core 6.75 A wide, symmetrically
bound to two 2,6-dimethylphenyl residues (see Figure 2). Due to the presence of the methyl
substituents, the 2,6-dimethylphenyl groups (6.72 A wide), separated by ~14 A from each other,
are nearly orthogonal to the perylene-diimide plane (see Figure 2). The dye is terminated by two
ter-buthyl (t-Bu) groups, symmetrically linked to the two phenyl rings. The size of the t-Bu groups
(4.33 A, see Figure 2) is much smaller than the minimum diameter of the ZL channel,
corresponding to the 12M-ring (see also Figure 3).

The above quoted lengths are atom-atom separations; however, by taking into account the van
der Waals radii, the actual width of the dye is very close to the minimum diameter of the 12MR
ring, which amounts to 7.4 A considering van der Waals radii (see Table 3 and Figure 5). As in ZL
the 12MR rings periodically alternate with a 7.5 A spacing, and the maximum diameter of the
channel amounts to 12.6 A, the perylene core and the 2,6-dimethylphenyl groups should be
reasonably localized in the largest sections of the ZL channels, irrespective of the presence of water.
Zeolite framework

The refinements of the unit cell parameters of hydrated and anhydrous ZL/tb-DXP

composites provide similar values (Table 2).

ZL/tb-DXP ZL/tb-DXP

Samples hydrated anhydrous
Space Group P6/mmm P6/mmm
a(A) 18.4262(5) 18.4269(2)
c(h) 7.5211(3) 7.5216(1)
V (A3) 2211.4(1) 2211.8(1)
R, (%) 3.6 7.2
Rup (%) 5.0 9.7

R F**2 (%) 9.4 14.0
No. of variables 65 71

No. of observations 2227 9741
No. of reflections 948 397

Table 2. Experimental and refinement parameters for hydrated and anhydrous ZL/tb-DXP form.

With respect to the as-synthesized ZL, the structure undergoes some changes involving both the
12MR and 8MR channels running parallel to the ¢ axis, particularly evident in the anhydrous form

(see Table 3).

14
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Sample® 12MR SMR

01-01" 02-02 01-01 05-05

ZL* 10.10 10.43 8.29 4.87
Hydrated ZL/tb-DXP 10.07 10.41 8.36 4.71
Anhydrous ZL/tb-DXP 9.43 10.30 8.99 4.62

Table 3. Diameters (in A) of the 12MR and 8MR channels for ZL, hydrated ZL/tb-DXP and anhydrous ZL/tb-DXP.
“Experimental values, obtained from the XRPD refinements.

®Atom labels are defined in Figure 5.

¢ From Ref.*’

{:& £
CRG

Figure 5. Graphical representation of the ZL framework structure projected in the xy plane, evidencing the 12MR and
8MR channels parallel to [001] and the hexagonal unit cell (solid blue lines). Atom color code: Si/Al=light grey;
Ol=red; O2=blue; O5=green. The other oxygen atoms of the framework are represented as gray sticks

The comparison of the normalized XRPD patterns collected on ZL and on the anhydrous
and hydrated ZL/tb-DXP composites reveals slight differences in some peak intensities, particularly
in the low 26 region, which represents the part of the pattern most sensitive to the extraframework
content and distribution. These changes in peak intensity ratios present in the composites are hints
of the incorporation of tb-DXP into the channels, in agreement with the results of the TGA and HF
analyses, which indicate the penetration of 0.23 and 0.17 molecules per unit cell, respectively.

The complex and highly symmetric structure of zeolite L and the low scattering power of the
dye molecule atoms made localization of tb-DXP by XRPD a real challenge. Although the Fourier
difference maps calculated for both composites showed many residual electronic density peaks,
only the central perylene diimide core of the tb-DXP molecule was identified, and located close to
the center of the channel. The other parts of the molecule were inferred by the results of the
modeling and missing atoms were added in the refinement, conforming to the constraints imposed

by the 6-fold symmetry of ZL structure. As above discussed, the 2,6-dimethylphenyl groups of the
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end-substituents are bound to stay in a plane nearly perpendicular to the central flat core due to the
steric hindrance of the methyl groups in positions 2 and 6, while the external t-Bu groups might
rotate around the molecular axis.

Water and dye molecules in the hydrated ZL/tb-DXP composite

From the structure refinement of the hydrated ZL/tb-DXP pattern, 0.25 dye molecules were
found in the unit cell, in good agreement with TGA and HF results (Table 1). tb-DXP molecules are
sited at the center of the I2MR channel and lie on the mirror planes parallel to the c axis (See figure
S2). Due to the crystal symmetry, three different orientations of the molecule are possible.

Two independent, partially occupied water sites (WI and WX) were located in the 12MR
channel as well, accounting for a total of 6.3 molecules p.u.c., again in good agreement with TGA
data (Table 1). WI was also present in the starting structure of zeolite L, while WX is occupied only
in the composite (see Table S1 and S2, and Fig S2 a, b).

The distance K-Oco, obtained from the structural refinement between the cationic KD sites
and the tb-DXP carbonyl oxygen sites, is 3.85 A. Moreover, two water molecules (WI) are
coordinated to the K" cation at 2.89 A and close to Oco (see Table S2).

Dye molecules in the anhydrous ZL/tb-DXP composite

Also for this sample, the central perylene diimide core of tb-DXP was localized through the
differential Fourier maps. Six different orientations of the dye molecule are allowed. The molecule
is still sited at the center of the channel, but unlike in the hydrated form, only some atoms of the
molecule are sited on the mirror planes parallel to the c axis (Fig. S3), while the other ones have site
multiplicity of 24 because they are outside of the mirror planes parallel to the ¢ axis. This makes the
refinement problematic due to the very low occupancy values of these sites (of the order of 0.02).
The structural experimental model suggests that the 2,6-dimethylphenyl groups of tb-DXP should
be perpendicular to the central perylene diimide core. Interestingly, such part of the molecule is
asymmetrically coordinated to the four closest KD sites, with two different distances, namely

K -Oco’=3.73A and K'-O¢p>’=3.55A.

3.3 Total X-ray scattering results

In the total scattering experiments, the interatomic distances involving the tb-DXP guest
molecules in the ZL cages were obtained by subtracting the contribution of a proper reference
sample — namely, hydrated ZL without dye loading.” In spite of the light-element composition of
tb-DXP (C, N, O and H) and the peak overlap, the differential pair distribution function (d-PDF,
obtained by subtracting the G(r) of unloaded ZL from the G(r) of loaded ZL) allowed to gain

important qualitative insight. Specifically, the d-PDF gave specific information on the distances

16

Page 16 of 44



Page 17 of 44

oNOYTULT D WN =

The Journal of Physical Chemistry

involving the tb-DXP dye, because the other distances present in both the tb-DXP loaded sample

and the unloaded reference sample were subtracted out. Due to the impossibility to recreate in situ

the preparation of the composite and then its dehydration, only the hydrated ZL/tb-DXP composite
was investigated.

From the inspection of the d-PDF curve reported in Figure 6 it is possible to notice the following:

i) the absence of sharp features beyond 5 A, confirming that the encapsulation of the dye molecules
did not perturb the structure of the zeolite matrix;

ii) the bond distances in the tb-DXP molecule: 1.19 A (C-0), 1.37 A (C-C) and (C-N) — which are
in good agreement with the values predicted by modeling (Table 4 and Table S3);

iii) the interaction between the oxygen atoms of the dye carbonyl groups (Oco) and the water
molecules co-present in the structure, which contribute to the peaks at 1.84 A (Oco-Hyater) and
2.85A (Oco-Owater)- Also these findings are well reproduced by modeling (Table 4).

iv) the interatomic distances between K" ions and Oco (2.85A, 3.44 A, 4.35 A, and 4.67 A). Hence,

four K'-O¢o distances were deduced for the hydrated ZL/tb-DXP composite, while XRPD data

indicated only one value (3.85 A) This apparent contradiction was solved by computational results.

3 IIII|IIIIIIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

G(r)/ A

0 1 2 3 4 5 6 7 8 9 10
r/ A

Figure 6. Differential PDF curve (ranging from 0 to 10 A) obtained from subtracting the G(r) of unloaded ZL from the
G(r) of loaded ZL. The main bonding features are traced by the red dashed line. The zero is represented as a dotted
black line. The values relative to the carbonyl oxygen atoms are reported in table 4 and compared with the value
obtained from the DFT calculations and the Rietveld refinement results. The peak at 1.37 A corresponds to the C-C and
C-N bonds, while the peaks at 2.10 A and 2.38 A are relative to next nearest C-H and C-C separations, respectively, in
the tb-DXP molecule.
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Table 4. Distances (in A) relative to the carbonyl oxygen atoms of tb-DXP molecule from theoretical modeling,
Rietveld refinement and d-PDF data of the hydrated system. Average values are highlighted in bold.

Theory Rietveld refinement d-PDF

c-o_ 1.22 1.2 1.19
O -0

o 20 2.85 2.80/2.89 2.85
(WX/WI)*
O -Huo 1.84/1.85/1.74 1.80/1.89%%*

co 2 1.84
(WX/WI)* 1.81 (average)

K-O 3.06/3.35/4.40/4.56 385 2.85/3.44/4.35/4.67

co 3.84 (average) ’ 3.82 (average)

* water molecules labeling in Figure S2
**distances were calculated taking in account a reasonable H-O bond distance in the water molecules of 1.0 A.

3.4. Simulation results

The structure of the optimized tb-DXP/ZL dry adduct is shown in Figure 7a (see also Figure
3a,b). The perylene core is located in the larger-diameter region of the ZL channel. Because the
intramolecular spacing between the 2,6 dimethyl-phenyl groups (14.2 A, Figure 2) is rather close to
twice the ¢ parameter (~ 15 A), these bulky groups are located in two non-adjacent ZL unit cells,
and occupy the larger-diameter region of the channel (Figure 3a,b). The two 2,6 dimethyl-phenyl
groups are oriented almost perpendicular to the nearly flat perylene core, which is aligned to one of
the longest 02-02 diameters of the 12MR ring (Figure 5).** Finally, the t-Bu groups are located
close to the smallest regions of the channel (the 12MR ring).
In view of the gas phase tb-DXP C; symmetry, one might in principle hypothesize that the most
favorable arrangement should be the one with the perylene core just in the middle of one cage, and
the two end groups symmetrically occupying the two adjacent cells. However, the minimum energy
structure of the anhydrous adduct has a certain degree of asymmetry, as also detected by XRPD.
Indeed, although K cations could interact strongly with the four carbonyl oxygen atoms of the
diimide core (K'----Oco interaction = 26 kcal/mol for perylene diimide83), the separation between
such oxygen atoms (~11.4A, Figure 2) is not commensurate with the separation between K in two
adjacent ZL cells (~15A).% Hence, the asymmetry is likely induced by the fact that the molecule
cannot be coordinated with four K simultaneously. In particular, the calculated minimum energy

structure features a short K™ +-Oco distance, 2.940 A, and three longer distances, namely 3.458 A,
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3.693 A and 3.922 A.

The optimized structure of the hydrated tb-DXP/ZL adduct (Figure 7b) indicates that the
perylene core is aligned with the O2-O2 diameter, the two nearly perpendicular 2,6-dimethylphenyl
groups are asymmetrically positioned in large-diameter region of the ZL channels, and the t-Bu
groups are located close to the 12MR ring. Despite these similarities with the anhydrous adduct, the
additional 24 water molecules actually do affect the tb-DXP arrangement in ZL: for example, the
perylene plane is distorted with respect to the nearly flat structure found in the dry model. Most of
the water molecules are located in the ZL channel region partially occupied by t-Bu atoms (Figure
3c,d and 7b). These molecules can be considered as typical “zeolitic” water,'” ' hence
coordinated to the extraframework cations and involved in a complex network of hydrogen bond
interactions with water and framework oxygen atoms.''*'?* Other water molecules are positioned
either upside or below the perylene plane. These molecules interact with K" ions, are engaged in
hydrogen bonding with both water and framework oxygens, and may also interact with the =-

electron density of the perylene core.

Figure 7. Panel a): Graphical representation of the minimum energy structure of the anhydrous tb-DXP/ZL
system. Only the Al/Si atoms of the framework (gray sticks) are represented for clarity. C atoms are represented in
cyan, N atoms in blue, oxygen atoms in red and hydrogen in white. The K" cations are represented as purple spheres.
Panel b): representation of the optimized structure for the hydrated tb-DXP/ZL adduct. Panel c): graphical
representation of the tb-DXP molecule extracted from the optimized anhydrous system, along with the four closest
potassium cations. Panel d): graphical representation of the tb-DXP molecule extracted from the optimized hydrated
system. Also shown are the four closest K cations and the water molecules hydrogen bonded (red dashed lines) to the
carbonyl oxygen atoms. In panel ¢) and d) the framework oxygen atoms (yellow spheres) close to the potassium cations

are shown as well. In Panel c) and d) the four shortest K™ **O¢q (in A) are reported.

19



oNOYTULT D WN =

The Journal of Physical Chemistry

The most relevant group of water molecules is located close to the imide groups. In such a
region, many different interactions are competing. Zeolitic water has a strong affinity for the charge

1267129 and in the ZL/tb-DXP composite, there are 4 K per zeolite L unit cell

compensating cations,
(corresponding to the crystallographic sites KD). Furthermore, several potential hydrogen bonding
partners are available: the framework oxygen atoms, the tb-DXP carbonyl groups, and other water
molecules. Also the carbonyl oxygen has a strong affinity for K', and this is the strongest single
intermolecular interaction in this system.’”** Nevertheless, as discussed previously and in ref.*’, the
perylene core cannot coordinate four K simultaneously.

Figure 7c,d represent the environment of the tb-DXP carbonyl oxygens in the anhydrous
(Fig 7c) and in the hydrated (Fig. 7d) system. In both cases, the geometry of the supramolecular
aggregate should be dominated by the K'---O¢o interactions, but the achievement of the most
favorable organization is hampered by distance mismatch. In the hydrated composite (Figure 7d)
only one carbonyl oxygen is interacting with K~ without the intermediation of water, and such a
contact is the shortest one, 3.157 A. The other three carbonyl oxygens are hydrogen bonded to one
water in two cases — leading to K'--Oco distances of 4.536 A and 4.330 A, and two water
molecules in the third case (K'---Oco distance: 3.427 A); such water molecules are in turn
coordinated to the potassium cations. Therefore, in agreement with the structural data (Table 4), the
main structural effect of water molecules is to increase the K'--Oco distances, as previously
observed for other ZL-composites with carbonyl dyes.’’*®® Both XRPD data and modeling
indicated water molecules close to both K" and Oco, hence a complex network of intermolecular
interactions, among which hydrogen bonds (typically below ~5 kcal/mol) are the weakest ones and
lie within the reach of thermal excitation energies at room temperature. Such hydrogen bonds may
easily break, causing a reorganization of the intermolecular interactions network inside the zeolite,
and specifically of the bonding partners of the perylene carbonyl groups. Hence, the XRPD finding
of four equivalent K™--Oco distances (3.85A, Table 4) can be understood by noting that the
timescales of such reorganization processes are much shorter than those typical of XRPD
measurement, and that those experiments provide average atomic positions. This interpretation is
supported by the Total Scattering data — which provide interatomic distances and are closer to the
modeling results.

Because the modeling of the hydrated ZL/tb-DXP system indicated that several water
molecules are at close distance from the perylene core, the guest/co-guest interaction was further

investigated by IR and visible absorption spectroscopies.

3.5 IR spectroscopy
20
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Figure 8 shows the IR spectra of solid tb-DXP (curve a), dry ZL/tb-DXP (curve b) and
hydrated ZL/tb-DXP (curve c) in the range from 1800 to 1250 cm™ range, where bands mainly due
to the C=0 groups,'* the central perylene diimide core (labeled as P) as well as tert-butyl and
dimethylphenyl moieties (labelled as R) are present. As reported in the Experimental section, the
low-frequency limit was determined by the onset of the most intense absorption from the zeolite

lattice modes.

Absorbance (arb. units)

1700 1600 1500 1400 1300

Wavenumber (em™)

Figure 8. IR spectra, in the range of 1800 to 1220 cm™ of: a) solid tb-DXP (gray curve); b) ZL/tb-DXP dried
by outgassing at 200 °C for 1 h (red curve); ¢) ZL/tb-DXP subsequently hydrated by contact at RT with D,O at 20 mbar
(green curve). Spectrum b) is shown in both the lower and upper panel for the sake of comparison. Spectrum a) was
obtained in the ATR mode, while spectra b) and c) in transmission in controlled atmosphere (see Experimental).

The basis for band assignment was provided by the calculated normal modes. As known, for large
molecules such calculations provide a very large amount of data, resulting in a difficult
interpretation with respect to the experimental vibrational spectrum. In the present case, this
problem was addressed by calculating the normal modes of a tb-DXP molecule in vacuum and in
interaction with a K" ion, or a H,O molecule, thus selecting normal modes exhibiting a dependence
on the interactions with the cation or water more similar to the behavior observed for experimental
IR bands. The results are listed in Table 5, compiled using the experimental frequencies obtained
for solid tb-DXP.
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For solid tb-DXP (curve a), the vC=0 pattern is composed by two main peaks at 1700 and 1663
cm™, with weaker partners at 1717 and 1676 cm™, in agreement with the calculated four normal
modes dominated by the C=O stretching displacements. When tb-DXP is embedded in the dried
zeolite channels (curve b), all signals are split into unresolved components, with most of them
downshifted by about 10-20 cm™. The interaction with K ions can well account for the latter
feature, whilst the increase in the signal multiplicity indicates that this interaction does not involve
all carbonyl groups to the same extent.

Table 5. Assignment of the IR bands in Figure 8. The positions are those of the signals in the spectrum of solid tb-
DXP (curve a).

position (cm™)  Assignment, in terms of localization of normal Figure(s) of the label in Figure 8
modes (shown in the indicated figures of SI)  normal mode

in the SI
1717, 1700, 4 normal modes with a significant C=0 Fig. S5-S8 C=0
1676, 1663 stretching amplitude
1592 breathing of the perylene diimide core Fig. S9 P
1579 breathing of the aromatic ring of the Fig. S10 R
2,6 dimethylphenyl groups
1508 other breathing of the perylene diimide core Fig. S11 P
1482 other breathing of the aromatic ring of the Fig. S12 R
2,6 dimethylphenyl groups, with a significant
localization also on C-N bonds
1458 other breathing of the perylene diimide Fig. S13 P
1450-1420  breathing of the perylene diimide core, combined  Fig. S14 P.R
with bendings of methyl groups
1405 breathing of the aromatic ring of the 2,6 Fig. S15 R
dimethylphenyl groups, combined with bendings
of methyl groups
1354 other breathing of the perylene diimide core, Fig. S16 P
with a significant localization also on C-N bonds
1345 similar to the previous one, with the additional Fig. S17 P
bending, with small amplitude, of methyl groups
1251 in plane bending of C-H in position 1,6,7,12 on Fig. S18 P

the perylene diimide core

At lower frequency, the bands due to the other structural elements of tb-DXP appear to be less
sensitive to the change in environment resulting from the interaction with the zeolite host, in an
anhydrous regime. In fact, the observed shifts are smaller, 5 cm” at maximum, and in the case of
the peak at 1251 cm’ - a band ascribed to a normal mode dominated by the in plane bending of C-H
in 1,6,7,12 positions of the perylene core — its position is unshifted.

Conversely, the introduction of deuterated water molecules (in order to avoid interference with the
8H,O mode at 1640 cm™, see Figure S19 in the SI) affected some of P (modes largely ascribable to
the perylene core) and R bands (associated to the dimethylphenyl groups) in a larger effect than the
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other components of the IR pattern (curve c¢). The vC=0O bands, the components in the 1620 to
1450 cm™ range and the signal at 1410 cm™ change position by a few wavenumbers, whereas a
larger shift of 10-15 cm™ occurs for signals at 1429 cm™, in the 1360 to 1340 cm™ range, and at
1251 em™.

Moreover, the inspection of the vD,O region provided also evidence for the effect of
guest/co-guest/host interactions on water molecules (Figure 9), by comparing data obtained for the

hydrated ZL/tb-DXP system (bottom panel) with a hydrated ZL (upper panel).

Absorbance

v T T T ' T T
2800 2600 2400 2200 2000
Wavenumber (cm™)

Figure 9 IR spectra in the range from 2800 to 2000 cm™ of ZL (upper panel) and ZL/tb-DXP (lower panel) in contact

at room T with D,O at 20 mbar and then progressively outgassed. All spectra were collected in transmission mode
under controlled atmosphere (see Experimental).

In the latter case, the amount of water molecules p.u.c in the fully hydrated samples was so high
(see Table 1) as to result in a saturation of the vD,O signal. A series of spectra with decreasing
vD,O signal intensity was then obtained by progressively outgassing, showing broad, overlapping

components in the 2700 to 2200 cm™ range, with a very weak narrow signal in the high frequency

end due to deuterated hydroxy groups in defect positions. In the presence of tb-DXP, the amount of
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water molecules that can be co-hosted in the zeolite channels decreases by ca. 2/3 (see Table 1), and
then the vD,O signals are no longer in saturation even at the highest possible hydration level. The
pattern recorded under this condition presents two main peaks at 2670 and 2545 cm’, both
asymmetric towards the high frequency side, and a shoulder component at 2415 cm™. The overall
spectral shape is maintained while decreasing the water content, with a progressively better
resolution for the series of sub-bands contributing to the two main signals. The difference with
respect to the previous case indicates that the state of water molecules is significantly affected by
the confinement between the zeolite host and tb-DXP guest: the signal sharpening and appearance
of sub-bands reflect both the occurrence of changes in the H(D)-bond networking and the limited
mobility of water molecules, likely experiencing a different local environment depending of their
location. In particular, the component initially located at 2670 cm™ progressively up-shifts and
narrows when the amount of water decreases and seems to have no equivalent in the spectra of
water molecules in ZL. Both position and width of this signal suggest that it might be due to

“dangling”, non D-bonded OD moieties."*!

3.6. UV-Vis absorption spectroscopy
DR UV-Vis spectra of anhydrous and hydrated ZL/tb-DXP composites, as well as of the dye in

CH,Cl; solution, are reported in Figure 10. The spectrum of the dye in this last form in solution
displays a vibronic progression with main bands located at 525, 489, and 458 nm (curve a), which
appear almost unaffected in position when the environment is changed from dichloromethane to the
zeolite in the dry composite (curve b). Conversely, a bathochromic shift of 10-12 nm occurs as a
consequence of the hydration (curve ¢). A change in the electronic absorption when passing from
the anhydrous to the hydrated form was previously observed also for ZL/DXP composites,* and
ascribed to the formation of J aggregates. However, in the ZL/tb-DXP composite this aggregation is
prevented by the presence of tert-butyl substituents at both extremities of dye molecules. Thus, the
observed effect on the HOMO-LUMO energetic distance should result from the guest/co-guest/host
interaction. A confirmation was provided by the calculated electronic absorption intensities of the
two models depicted in Figures 7¢ and 7d, resulting in a bathochromic shift of the spectrum'** when
passing from the anhydrous to the hydrated composite (Figure 10a). For the sake of completeness, it
is reported that the high dye loading of the ZL/tb-DXP composite, which was mandatory for the
diffraction studies, falls in the loading range where severe inter particle self-absorption of
photoemission of DXP-based molecules occurs,” as assessed by photoluminescence measurements

of the composite (Figure S20 of the SI).
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Figure 10. Panel a): DR UV-Vis spectra of the zeolite host (black dotted curve) and of: a) tb-DXP solution in
dichloromethane (grey line); b) anhydrous ZL/tb-DXP (red line); c¢) hydrated ZL/tb-DXP (green line). Panel b):
calculated electronic excitation intensities for anhydrous ZL/tb-DXP (red line), hydrated ZL/tb-DXP (green line) and
isolated (vacuum) tb-DXP (grey line).

4. Discussion

Taken together, the presented data indicate that the host-guest interactions responsible for
the self-assembled structure are determined by two main kinds of contribution: the first (and
leading) one is due to shape-volume constraints, while the second is related to the relative strength
of the interactions involving tb-DXP, potassium cations, water molecules and ZL framework.
The shape-volume constraints imply that: i) the tb-DXP molecule can be encapsulated only with its
longest molecular axis parallel to the one-dimensional ZL channel; ii) the bulkier parts of the
molecule occupy the wider parts of the ZL channel; iii) the four carbonyl groups cannot bind
simultaneously four extraframework cations of ZL. Irrespective of the adopted technique, all of our
data converge on this “coarse-grained” structural description. Such a picture is substantially
unaffected by the absence/presence of water.
By focusing on finer details, in the refined structure the four, symmetrically arranged, oxygen atoms
of the perylene carbonyl groups are on average separated from the closest K* cations by 3.65A in
the anhydrous composite and 3.85A in the hydrated one. Such distances were obtained from
average positions resulting from XRDP experiments on the time scales of minutes. Moreover, the
(mobile) water molecules are competing with carbonyl oxygens to gain a stabilizing position close
to the potassium cations. The carbonyl oxygens are more constrained than water oxygens because
they belong to the quite rigid perylene core, whose translational degrees of freedom are limited by
the shape-volume effects discussed above. Changes in the K'---O¢q interactions due to hydration
have been detected by monitoring the vibrational signals of the C=0O groups on the much shorter
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time scale of the IR spectroscopy. The water-induced modifications of the IR profiles are not
uniformly distributed over the C=O stretching region, indicating that on such short timescales the
four carbonyls are not symmetrically positioned with respect to the potassium cations. Such an
asymmetry is also detected by the Total Scattering experiments and supported by the modeling
studies. Instead, according to the XRPD analyses, whereas the anhydrous adduct was slightly
asymmetric, the hydrated composite showed a symmetric structure with four equivalent K -Oco
distances. Indeed, while XRPD experiments provide uncorrelated average positions, Total

. . . . 133
Scattering analyses focus on correlated interatomic distances,

and this difference is particularly
relevant when dealing with non-covalent non-ionic intermolecular interactions — as in the case of
hydrated ZL/tb-DXP. In the absence of water, the K"--Oco interactions are maximized because
they have to compete solely with the rigidity of the molecule and the shape-volume constraints
imposed by the zeolite channel (both implying very strong energy penalty). Accordingly, both
XRPD and modeling indicate shorter K'-Oco distances, and that the two shortest distances involve
oxygen atoms of the same imide group (Figure 7c). In the hydrated adduct, the greater K'-Oco
separation implies weaker interactions between K’ and the carbonyl oxygens, which could cause,
on long timescales, the averaging of the four K'-Oco distances as detected by XRPD. The
microscopic origins of the fast rearrangements of the hydrogen bond patterns, which affect the
K"--Oco interactions, should be: i) the strained arrangement of the dye — which exhibits
appreciable out-of-plane distortions of the perylene core -, ii) the distance mismatch — which
prevents the simultaneous binding of the four carbonyl groups to potassium cations, and iii) the
presence of many competing interactions.

Previous studies of dye-ZL composites with smaller cationic dyes such as oxonine,”
pyronine59 and methylacridine,60 revealed a major structural role of water in the
orientation/positioning of the confined dye: for example, in oxonine-ZL, water molecules may
switch the orientation of the chromophore with respect to the channel axis from parallel to

perpendicular.” Instead, in the composite formed by ZL and fluorenone,”*

- another dye
containing a carbonyl group -, the effect of water was smaller: hydration led only to a modest
increase of the distance between the carbonyl oxygen and the potassium cation, because the
K'...Oco coordination was by far the leading interaction. Therefore, water affects the
supramolecular organization of dye/ZL composites according to both shape-volume constraints and
relative strength of competing intermolecular interactions.

As mentioned in the introduction, the range of applications of zeolite L-dye composites is

impressive. Indeed, they offer a unique potential for developing FRET-sensitized solar cells,

luminescent solar concentrators (LSC), color-changing media, but also for sensing in analytical
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i i i i i : . . 1,2,4,5,7,18,50,51,66
chemistry, biology, and diagnostics, as extensively discussed in the literature. =" """

Although it is not possible to claim that the tb-DXP/ZL composite represents the “best possible
combination” of host and guest - because it would mean that all possible combinations and their
properties with respect to all possible applications are known in detail - we can surely conclude that
the dye tb-DXP is an excellent guest for the fabrication of dye-ZL composites:

- because of its spectroscopic properties (range of the electronic absorption spectrum, high
fluorescence quantum yield, excellent spectral overlap that guarantees a very high FRET rate);

- because of its excellent structural properties that allow to realize a high loading of the
channels, ensuring at the same time sufficient separation between the chromophore-parts of the
molecules (because of the tb-groups, that work as spacers) so that J-coupling (which could result in
the creation of traps) is avoided*;

- because of its high chemical and photochemical stability;

- because of its carbonyl groups, which further improve the stability of the dye-ZL

: . . . 57,58,65,83
composites (as demonstrated in earlier studies”™ ™"

) and allow therefore to achieve a high
loading under moderate synthesis conditions.

Zeolite L bears some unique features, which make it currently the best possible choice as a
host for such hybrid composites. Its size and morphology can be tuned in a way not yet known for
any other host with one-dimensional channels; see e.g. ref.'**. The diameter of the channels

guarantees a high degree of ordering of the guests and allows to fine-tuning their interactions.""

35,36,38,135 __ 1 -
” which makes use

The composition of ZL has allowed developing the “stopcock principle
of the specific chemical properties of the channel end, and has been unraveled in its atomistic
details by first-principles calculations.” Stopcock-molecules can be used simply to quantitatively

seal the channels®®'* but also to provide a gate for specific communication with an external object

36,49 52,139

(dyes, nanoclusters,"”’ surfaces,!”**!*® bacteria etc.); see e.g. refs. 1333638, Although these
features explain why the tb-DXP-ZL composites are currently of very important technological
interest, there is certainly room for further progress in their performances and scopes. For example,
as it is known that the acidity inside of the ZL channels can cause problems,* an improvement of
the host matrix could be achieved by reducing the number of cations inside of the channels; e.g. by
reducing the 3.6 exchangeable cations per ZL unit cell to, e.g, about 2 exchangeable cations per unit
cell. Indeed, in dye-ZL based artificial antenna composites it is possible to achieve a maximum
loading of the donor molecules — which results in an extremely high speed for FRET and therefore
extremely high speed for exciton transport — but a low loading of acceptor molecules. The low
loading of acceptor molecules ensures a minimum of self-absorption losses and the high loading of

donor molecules guarantees a high rate of exciton transport so that the acceptors can quantitatively
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capture the excitation energy. The best antenna systems that have been prepared so far make use of
tb-DXP as donor molecules. Nearly quantitative transfer to the acceptors has been reached (see e.g.
Figures 8 and 9 of ref. **; Figure 4 and Table 2 in ref.”*; and Table 3 and Figure 9 in ref.*®).
Actually, the loading of tb-DXP was however less than about 50% in most examples. The inability
to realize higher loadings was due to thermal stability problems in the synthesis procedure. The
thermal stability of the acceptors (hostasol red) and of the imidazolium cation (IMZ") needed to
reduce the acidity of the ZL matrix did not allow to apply the high temperature regime needed for
very high donor (tb-DXP) concentrations.*® Finding thermally more robust acceptors, or something
more robust than IMZ" to reduce the acidity, would allow to realize antenna systems with an even
greater tb-DXP loading. Although this goal still remains a challenge, the systems synthesized so far
are good enough for technical applications and represent a motivation towards further advances.
Accordingly, and in light of the results obtained in the present work, other viable strategies to
improve the guest could comprise the addition of C=0 anchor groups (which increase the stability
of the host-guest material),”’ the inclusion of bulky end groups (to decrease the likelihood of
intermolecular coupling),'® or the addition of long unsaturated chains (to improve molecular
mobility in the ZL-channels).”

The realization and optimization of the energy transfer and optical properties strictly relies on a
detailed understanding of the microscopic structure of the hybrid composites, because subtle
changes of the host-guest and guest-guest interactions can affect their functionality. Tb-DXP is one
of the most important dyes that have been used so far for preparing dye-ZL composites (see e.g.
ref.'). It is evident that a detailed understanding of the structure and interactions of tb-DXP/ZL
composites as achieved in the present study is key for allowing future progress of these materials.
Particularly in the latest years, due to the exponential increase in computational capacities, high-
accuracy simulations of zeolite-based materials have become possible,*” and modeling studies have
proven to be an essential tool to help addressing these issues.®’ Indeed, besides unraveling the
atomistic-level structure and working mechanisms of various dye-ZL hybrids at operating

cs 57-60,65,67,74,140,141
conditions, DDL I

computational studies also shed light on the host-guest interactions
underlying the interface chemistry of these compounds, including phenomena of key relevance in
practical applications, like the incorporation of guest molecules during the preparation of the hybrid
composites™ and the site-specific modification of the channel entrances of the host matrix.*® As a
matter of fact, the atomistic knowledge of stopcock-functionalized ZL channel entrances® was
instrumental for the successful incorporation of the indigo dye in ZL, leading to a totally new type

of colorant endowed with an impressive resilience to harsh conditions."*® Furthermore, theoretical

modeling has been also successfully exploited to predict host-guest behaviour under extreme
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conditions, such as the pressure-driven formation of organized supramolecular patterns in
framework materials.®® In view of these established facts, and of the unvaluable insight provided
herein by simulations — which rationalized all experimental evidences into a coherent, unifiying
picture - it is straightforward to foresee, for the next future, a growing relevance of theoretical

modeling in the broader field of host-guest functional materials.

Conclusions

In this work, we determined the structure of self-assembled composites of zeolite L with the
perylene-diimide dye tb-DXP, revealing the fundamental host-guest interactions at atomistic-level
detail. We found that tb-DXP is positioned with its widest parts in the widest portions of the ZL
channel, and shows, unexpectedly, a slightly asymmetric arrangement with respect to the channel
center, both with and without water. This arrangement is affected by water only to a minor extent.
The main structural effects of hydration are: i) the out-of-plane distortion of the perylene core, and
i1) a slight increase of the separation of the dye from potassium cations, and hence from ZL channel
walls. The supramolecular organization of tb-DXP in ZL is determined by two types of
contributions: the leading one is related to shape-volume constraints, while the second one to the
relative strength of competitive interactions involving ZL, the dye, water molecules, and charge-
balancing cations. This knowledge can be used to improve the performance of this class of
technologically relevant hybrid materials, for example through the addition of C=0O anchor groups,
or the inclusion of bulky end substituents /long unsaturated chains to the perylene-diimide dye.
In conclusion, we have solved and rationalized at atomistic level the structure of the zeolite L
composite with the perylene-diimide dye tb-DXP. We achieved this goal via a multi-techniques
approach: while the fundamental contribution of modeling was already recognized in the literature,
we have shown that its integration with diverse experiments characterized by different times scale
and focusing on different observables has provided a microscopically detailed picture of such
complex system, thus allowing to accommodate seemingly contrasting experimental evidences into
a unitary, and thoroughly consistent description of the supramolecular chemistry of these
technologically relevant hybrid materials. In view of its predictive power, the theoretical-
experimental approach used in this work can be thus applied to the implementation of improved
host-guest systems enabling for even greater FRET efficiencies. In a wider perspective, the insight
gathered from this study contributes to the general understanding of the interplay of host guest
interactions leading to stable dye-ZL hybrids composites, which is a necessary step to get control
over the subtle, finely-tuned mechanisms of these confined supramolecular assemblies of amazing

complexity in order to further extend their application scope.
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