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ABSTRACT. Development of functional materials based the supramolecular organization of
photoactive species in nanosized porous matricpsres a deep knowledge of host-guest interactions
and of their influence on material properties atatbiity. Extensive first principles investigatioons the
fluorescent dye fluorenone inside zeolite L, bothdiy conditions and in the presence of water, have
unraveled the molecular origin of the peculiar 8itgbof this composite in humid environments, a
fundamental pre-requisite for practical applicasioResults of first principles molecular dynamics
simulations, structural optimizations and TDDFT ccdditions, validated by comparison with
experimental data, provide a comprehensive pictfrestructure, energetics, electronic excitation
properties and room temperature behavior of theorEhone/zeolite L composite, and predict a
substantial optical anisotropy for this materiaoaimaintained upon contact with water. The intévact

of the Fluorenone carbonyl group with the zeolit&aramework potassium cations is responsible for
the dye stabilization in zeolite L nanochannels &eatures itself as a general leitmotiv regarding

important properties of carbonyl functionalized eaxtive species in hydrophilic matrices.

Density functional calculations, Fluorenone, Hosést system, Molecular dynamics, Zeolites.
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1. Introduction

Zeolites and mesoporous silica are successful hasiices for the supramolecular organization of a
large variety of guests as well as key componehssrmmvel promising class of hierarchically orgauiz
multifunctional hybrid material5.The inclusion of photoactive molecules, complegeslusters into
ordered one-dimensional channel systems is paatigulintriguing, as the resulting host-guest
compounds may exhibit properties such as optidab#&mopy, efficient energy transfer, nonlinear ogti
properties, enhanced stability or specific photovayg, thus opening the way for their exploitatiam
some of the most challenging fields of modern clséntpiand material sciences. Novel perspectives have
been disclosed by these materials in several @se@aeas of topic interest, among which solar gnerg
harvesting, processing/storing of information, athesd sensing technology for analytics and diago®sti
at the nanoscale are only some representative desff{pThe zeolite based materials are more
advanced, with respect to organizational level seadization of practical applications, than materia
based on mesoporous hos@eolite L (Figure 1) configures itself as an idbabkt matrix, because its
arrays of parallel channels with small pore operand cage diameter impose severe space restrictions
and geometrical constraints to the guest specges; r@sult, very high concentrations of well orgeht
photoactive molecules, which essentially behave namomers, can be obtained. Considerable
organization has been realized for organic dyelzetl composites, extending from the interior of a
given crystal to the channel entrances and theredtsurface as well as from the microscopic to the
macroscopic scaféDiverse chemistry has been involved in the develemt of highly organized and
functional host-guest materials, particularly alke design of molecules which are able to selegtive
adsorb at the channel entrances and establish coitation between included guests and external
objects. The new guest-zeolite L based buildinghdcare currently tested in devices. Since theg,si
morphology, composition and optical properties needle tailored to the specific task envisaged, the
problems to be solved for realizing practical desicequire efforts at the interface of chemisthygics
and engineering. An atomistic level knowledge dafarand intermolecular interactions inside the one-

dimensional nanochannels of zeolite L would gredtblp towards this aim. Clearly, the more
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sophisticated the new composites are the more aletbtunderstanding is needed. Indeed, host-guest
and guest-guest interactions not only may conduderafluence the properties of the resulting miaer
leading, e.g., to Davydov splittifgas has been recently discus&€H:* but also determine, at a
fundamental level, their stability, a basic coratitifor their practical application. In view of theell-
known affinity of zeolites for water, stability tfie hybrid material upon hydration is particulatitical

and, unfortunately, many dye-zeolite compositesialomeet this requirement. It was observed that, fo
example, exposure of dry p-terphenyl-zeolite L slasigo air of 22 % relative humidity at room
temperature leads to a displacement of the orgdyecfrom the channels. Upon heating and hence
drying the molecule can be inserted again. Simitdrservations were also made for 1,6-
Diphenylhexatriene (DPH), for 1,2-Bis-(5-methyl-zerazole-2-yl)ethane (MBOXE) and other
molecules of comparable structdfeln contrast to this, incorporated fluorenbh@Figure 2) is not
displaced by water molecules under ambient conditidout remains inside the channels. This
observation played an important role in the sebectand hence realization of the first stopcock
fluorophore-dye-zeolite L composit&s.Detailed electronic absorption, fluorescence, airgd and
Raman spectroscopy as well as thermal analysigiexgats have therefore been carried out in order to
understand the interaction of the fluorenone witle thost responsible of the resistance against
substitution by water molecules. Such a feature Wwasever, not identified and it was concluded that
the fluorenone-zeolite L composite would make aced#&nt system for applying advanced theoretical
calculations in order to improve our understandinghe host-guest interactiofisvhich is becoming a
stringent necessity for designing and realizing enadvanced host-guest composites with desired
properties, functionality and stability. Modellirsgudies aimed at investigating dye molecules looati
inside zeolite cages have been performed in thé Ipasneans of molecular mechanics/force field
techniques (see e.g. Ref. 15 and refs.thereinJufficent level of accuracy and predictive powes, a
well as the possibility to perform optical propesticalculations rely, however, on an explicit digsicn

of the electronic structure of the host-guest systgrovided by quantum mechanical (first principles

approache¥® Such kind of calculations, computationally more dexiing, have become feasible for
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sufficiently large systems only very recentfyThis allows us to report first principles investigas on
the interaction of the carbonyl fluorescent dyaofenone (Fl, &HgO), with zeolite L (LTL) in its pure
potassium form. Insight on the room temperatureabien of the composite, both at dry conditions and
in the presence of water, is gathered by firstqipies molecular dynamics (FPMEP)which combines

a density functional theory (DFT) level electrosicucture treatment with a proper description ahbo
periodic properties of crystalline structures aimitd temperature effects. Such a technique hasdyr
contributed to reveal and rationalize propertiehavior and interactions of molecular systems ouofi

in one dimensional zeolitic channéls®? In addition, a thorough characterization of stwat
properties and energetics of the dye-zeolite syssemchieved through DFT-based optimizations, while
time-dependent density functional theory (TDDFTIcakated electronic absorption properties allow
simulation results to be validated through compariszith experimental data.

On the whole, the present study provides for ttet fime a clear, reliable, molecular-level pictofe
photoactive host-guest composite at conditionsectosthose adopted in actual applications of zeolit
based functional materials, from which relevantuess otherwise difficult to access from experirsent
emerged. The results presented in the followingl dight on the dye positioning and orientational
dynamics inside zeolite nanochannels, reveal tdependence on water content and indicate that
fluorenone resistance against water substitutiodus to the strong interaction of the dye carbonyl
oxygen with the zeolite extraframework potassiutiocs, modulated by the collective properties @f th
water hydrogen bonded network. Identification amdierstanding of such a stabilization mechanism,
which could be generalized to other carbonyl comg dyes, paves the way to the realization of\aeeho
family of water-resistant composites featuring smpolecular organization of neutral luminescent

molecules.
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Figure 1. Ball-and-stick representation of Perlialite 1§l 1,Si,4072]*20 H,O), the potassium-rich
natural zeolite with LTL framework topology, projed along the ¢ axis, evidencing the location ef th
water sites in the 12-membered ring channel. Brownetrahedral framework sites (Si or Al); red:
framework O, yellow: K sites; blue: water sites. Both' Kind water sites have partial occupancy. The

blue-yellow lines represent water-potassium coatitim distances (2.77 A).

Figure 2. Left: ball-and-bonds representation of the fluomas dye (Grey: C, red: O, white: H). Right:

representation of the fluorenone-zeolite L comgosiidencing the one dimensional channel system
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typical of the LTL framework. Brown: Si, red: O,agn: Al, grey: C, white: H, yellow: K, blue:

potassium cation interacting with-O

2. Experimental Section

Calculations on FI/LTL systems were performed bpmihg the PBE approximatiGhto Density
Functional Theory (DFT) and periodic boundary ctinds. The simulation cell was twice the
hexagonal experimental unit cell of the zeolitethaleng c (a=b=18.466 A; c=2x7.476 f=120°)**
The framework content was {10144, Where T is a generic tetrahedral T site. Sinc&TL there are
two non equivalent T sites, evenly and randomlyupéad by Si and Al in a 3:1 ratio, the framework
formula is [AhsSis40144. With 18 monovalent extraframework cations to doale the framework
negative charge, the simulation cell formula wagA 1sSis4O144 for the all-K-form here consideréd,
in line with the composition of the LTL samplesRéf. 13. Only 8 out of 18 Klie close to the walls of
the 12-membered ring channel and are thereforessitte to guest molecules, while the remaining ones
are caged in the smaller cancrinite andages. 3 dye-zeolite model systems were investigatry
FI/LTL (K1g[Al18Sis40144Fl), built by inserting one Fl molecule in the cputational supercell (see
Figure 2 for a graphical representation), and 2rdgdl systems Al 1gSis40144Fl*(H20), with n=4
(4W) and n=8 (8W), modeling low- and high- wateadong conditions respectively. The systems are
therefore characterized by a concentration of 0mdteculesper unit cell, while experimental data on

FI/LTL refer to a composite with 0.2 dye molecufes cell**

Besides these systems, mono- and di-
hydrated LTL models (kg[Al 18Sis40144*(H20)n; N=1, 2) were considered and their geometry optchi
by using the same computational protocol adoptethidye-containing systems.

Electron-ion cores interactions were calculatechwiltra-soft Vanderbilt pseudopotentials for H, C,
O; norm conserving pseudopotentials for Si, Al,séri-coref> Electronic orbitals were expanded in
planewaves up to a 25 Ry cutoff (200 Ry for thesitgh This electronic structure calculation scheme
provided a proper description of large host-gugstesns>>2°

FPMD'® studies were performed on the three dye-zeoliteeisoll/LTL, 4W and 8W by adopting a

time step of 0.121 fs and an inertia parameterG8f &u for the electronic states coefficients. After
8
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equilibration, trajectories ~10 ps long were cdkeicand analyzed. Simulations were performed in the
microcanonical ensemble (average temperature: 3pOL&cal energy minima were obtained by
geometry optimization of selected configurationgated from the simulations (convergence criterion
5.x10* au for atom forces). Binding energies for the El/K,O/K* pairs both in the gas phase and in
LTL were calculated by using the same scheme ferdllectronic structure treatment (see supporting
information for tests at higher levels of theoryretated gas phase systems).

Electronic excitatiorfs were calculated with the Time Dependent DFT (TDDE) a gaussian basis
sef® on B3LYP” densities for selected molecular models (clusteus)from the optimized periodic
systems (see Figure 4 and supporting informatiorgfaphical representations of the clusters). The 6
311++G(d,p) and the 6-31+G(d) basis sets were fmethe FI atoms and for framework oxygens
respectively, with ECP pseudopotentials and comesing basis sets for K, Al and &iln the water
containing cluster models, 6-31+G(d) and 3-21+®@his sets were adopted for the O and H atoms of
water respectively. Clusters were capped with Hnatdy replacing outermost Si-O-Si bridges with Si-
O-H and fixing the OH distance to 1.0 A. Such acprure for extracting clusters from periodic system
has been tested and successfully adopted in thé’pas

3. Results

3.1 Thedry FI/LTL system

The dry FI/LTL model system was set up by positignil close to the center of the LTL channel and
its behavior at room temperature conditions wakw@d by FPMD. In the first phases of the dry
FI/LTL system simulation, the dye molecule, in sbafor its optimal positioning, explored a broad
range of different orientations, but preferentiadmpling those where its carbonyl oxygen was threc
towards the channel walls, where accessibléois are located (see movie in supporting infoiomt
Drastic reorientations were no longer observed &itgiilibration: the molecule only oscillated ardun
the channel axis so as to switch its carbonyl omy@efrom a K ion (Ky) to a neighboring one @g<see
labels in Figure 3). The time evolution of the HIILsystem evidenced three types of frequently &dsit

configurations: i) @ interacting with K, ii) Og interacting with K; Og midway between Kand K.

9
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Geometry optimizations were performed on a reptesee set of configurations, characterized by

different Fl orientations, sampled from the trapegt
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Figure 3. Bottom panels: Representations of the minimum ggnstructure OPJFof the dry FI/LTL
system in the LTL channel section (left) and altimg channel axis (right) (Brown: Si, red: O, green
Al, grey: C, white: H, yellow: K. Blue: cation imt&cting with @, (Ky). Top left: structure OR{(Blue:

Ky and K). Top right: structure ORTThe green sphere indicates the Al atom closeSgto

1C
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Table 1. Electronic excitation energies (nm), HOMO and LOMrbital energies (eV), and C=0 bond
length (A) of Fl in selected optimized structures.

aSystems Fllgas  °FI/CH FIOPT ‘OPT, ‘OPTy, ‘8W, 8W,

1n—1n* 401.7 415.3 414.8 456.1 469.8 445.9 459.1
2n—1n* 310.3 316.0 316.9 3354 339.5 329.5 337.6
3n—1n* 279.4 285.5 285.3 293.0 294.2 290.7 294.0
1n—2n* 253.6 256.5 255.9 257.9 255.8 259.7 257.6
4n—1n* 244.8 248.6 249.9 260.3 262.3 257.0 262.0
Ehomo -6.586 -6.656 -6.600 -6.673 -7.001 -9.635 -9.449
Eiumo -2.695 -2.863 -2.803 -3.133 -3.534 -6.073 -5.932
d (C=0) 1.220 1.231 1.246 1.246 1.246 1.246 1.247

®From left to right: gas phase FL (Fl/gas), Fl iclopexane (FI/CH), FI molecule extracted from QPT
(FI OPTy), dry Fl-zeolite L systems (OR&nd OPT), highly hydrated Fl-zeolite L systems (V8W,).
All geometries optimized at the DFT (PBE) levels{te with other levels of theory in supporting
information). °CH solvent molecules explicitly modelled (see sufipg information). “TDDFT
excitation energies and orbital energies refeldusters derived from periodic-DFT optimized strueti
and are calculated at the B3LYP level.

A selection of the resulting structures is showrkigure 3. In the minimum energy structure QPT
fluorenone is strongly bound to oné K): Og is at 2.59 A from K and the C-@ bond is significantly
longer than in the gas-phase (Table 1). In @®Bmnly 2.1 kcal/mol higher in energy, the dye igalved
in two contacts with Kand K, located at 2.79 and 2.93 A frony@espectively, and its carbonyl bond
is elongated as in ORTON the other hand, the OPgeometry is 30.8 kcal/mol less stable than the
minimum. In this structuré the FI carbonyl group points toward an Al@trahedron, the C+
distance is close to the gas phase value ani$ @ell separated from the extraframework cati@k*-

Ogr) ~ 5 A). Thus, while arrangements dominated by Finteractions have comparable stability, Fl

orientations where &is not in close contact withKare energetically disfavoured.
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Figure 4. TDDFT electronic excitation spectra calculated fgais phase Fl (black); Fl in cyclohexane
(green); FI/LTL energy minimum ORT(red); Fl extracted from ORT(red dashed); 8Wenergy
minimum (blue). The top inset shows the frontierlenalar orbitals of gas-phase Fl involved in the
transitions (no significant mixing of these orlstalith zeolite states occurs in the FI/LTL modeR)e
central inset shows the HOMO and LUMO obtainedtii@r cluster cut from ORTused for the TDDFT
calculation (cluster atoms: thicker lines). Atomlazocodes: Brown: Si, red: O, green: Al, grey: C,

white: H, yellow: K.

UV/vis spectra of FI/LTL samples (measured in tlmespnce of ait} show features and intensity
distribution similar to those exhibited by Fl inmpolar media solutions (like, e.g., cyclohexa@hl));
they are however broader and red-shifted. In pdeicthe longest-wavelength band due to the FlI
1n—1n* (HOMO-LUMO) transition undergoes a ~50 nm batharhic shift in passing from ~10M
cyclohexane solutions to the zeolite environntérithe excitation spectrum calculated for the FI/LTL

structure OPT is compared to those of Fl in the gas phase amdHnin Figure 4 (see Table 1 for

12
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excitation wavelengths and assignments). Calculatebrption features are in good agreement with
experiment$>** The FI i—1x* excitation, 402 nm in the gas phase, is foundi& nm in CH and at
456 nm in OPT A greater red-shift, to 470 nm, is obtained far bther favourable Fl orientation ORT
where @ is close to two K ions, thus rationalizing also the observed broadgf the spectral
features-> On the other hand, therd>1n* excitation is blue-shifted to 390 nm in OT.e., spectra of
model structures with no K" close contacts do not correlate with experimentestablish whether
the observed red-shift is caused directly by thgKO interaction or, indirectly, by kinduced
distortions of the FI geometre.¢., the C=0 bond elongation), electronic excitatiaese calculated on
the dye molecule extracted from the QRructure (FI OPJ). The resulting spectrum (Figure 4) is very
close to that obtained for the dye in cyclohexdeally, in both OPTand OPTF structure the energy
lowering with respect to the gas phase calculatedHe Ir* state is larger than that obtained for 1
(Table 1). On this basis, it can be concluded thatbathochromic shift experimentally detected in
FI/LTL spectra is due to close contacts betweerdifeecarbonyl group and the extraframework cations,
which primarily stabilize the FI levels localized the carbonyl oxygen, and in particular the &tate
(the FI LUMO, see Figure 4¥.

3.2 Hydrated systems

Upon hydration, water molecules, in principle, @bbk in competition with Fl for coordinating the
potassium cations, thus displacing the dye fromaitshoring place. In order to quantify such a
competitive effect, the FI-Kand HO-K" binding energies were calculated both in the d@s@ and in
the zeolite environment. In the latter case, therggnminimum of the dry dye/zeolite composite QPT
was compared with the optimized geometry of a moaenohydrated LTL system (LTL/W),
represented in Figure 5, where water was foundetdigated to the same potassium cationwiich
coordinated FI in OPT The FI-K interaction is stronger than the®K" one, both in the gas phase
(28.2vs. 17.4 kcal/mol) and in LTL (19.8s. 11.6 kcal/mol respectively). FI might interacthvK™ also
through its C=C bonds according to a catiebend interaction; indeed the gas-phase bindingggne

calculated for a FI/K n-complex is significant, 15.8 kcal/mol, but lowdrah that associated to the

13



To be cited as: J. Phys. Chem. C, 2010, 114 ,10572-10579. DOI:10.1021/jp101635p

structure with a @K™ contact. Therefore, at very low water content (¢f4© per Fl) Fl is not
displaced from zeolite L because the-R" interaction is dominant. Since at higher waterding
cooperative hydrogen bond effects can influenceifsagintly both interactions and behaviour inside
zeolite nanochannet$?>3>*’LTL models containing two water molecules wereeistigated as well:
one with the molecules positioned in adjacent aeils thus well separated from each other (LTL/2W),

and the second one with a water dimer (LTL)Whe resulting optimized structures are represeirt

Figure 5 while calculated binding energies are rggbin Table 2.

Figure 5. Representations of the optimized structures oftibeohydrated system LTL/W (left) and of
the di-hydrated systems LTL/2W (center) and LTL/ffght). (Brown: Si, red: O, green: Al, grey: C,

white: H, yellow: K. Cyan: K cations interactingtiviwater oxygens (§)).

In the LTL/2W system, the binding energgr H,O molecule is slightly lower with respect to the
monohydrated system; on the other hand, an inciabe binding energger molecule is observed in
LTL/W,. The LTL/2W system features two independent watelecules and is therefore quite similar
to LTL/W: in both cases water is coordinated towdth its oxygen atom at a distance of ~2.7 A from
the cation, and the protons are directed towarglsénter of the channel. The picture drasticalanges
in passing to the LTL/\Wsystem, characterized by the presence of a waterdHere, one of the water
molecules interacts with two potassium cationg &dKd k) through its oxygen atom, while its protons

are involved in two strong hydrogen bonds withaarfework oxygen and with the other water molecule
14
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respectively. It is to point out that such a watgangement is strongly reminiscent of that deteeai
by diffraction study in the hydrated potassium-rfohm of natural zeolite L (Perlialitéf, where the
water sites close to the LTL channel walls are tie¢an between two neighboring’ Kites (see Figure
1). In line with the above considerations, evenugio the structure with two independent water
molecules is characterized by stronger K40teractions, the LTL system containing the watener
ligated to two K was found to be energetically favoured (by 6 kcaljniThese findings indicate that Fl
binding is still favored with respect to water a4 HO to Fl ratio (see Table 2) and highlight the
relevance of water hydrogen bond effects in LTLjohlsuggested a thorough investigation of the dye-
zeolite composite at higher water loading. To #imm, the room temperature behavior of hydrated LTL
models containing Fl and 4 or 8 water molecypsF| (4W and 8W respectively) was simulated.

Table 2. Binding energies (BE) (kcal/mol) and relevant iatemic separations (A) for the gas phase

systems FI-K and HO-K", and for the zeolite models FI/LTL, LTL/W, LTL/2W.TL/W .

Systems Binding oxygen-potassium Carbonyl bond hydrogen bond
energy distances distances distances

K*-FI 28.2 r(K-Og) 2.454 r(C-@) 1.251

K*-H,0 17.4 r(K-O.) 2.628 -

FI/LTL 19.3 r(Ki-Of) 2.590 r(C-Q) 1.246

LTL/W 11.6 r(K-Ow) 2.768 -

LTL/2W 10.4 r(Ki-Ow1) 2.737 -
9.3 r(Ks-Owz) 2.710

LTL/WS 13.5 r(K:-Ow1) 2.854 r(HL..-Or)  1.904
15.3 r(K»-Ow1) 3.009 r(H?x1-Owz) 1.890

8Binding energiesper water molecule: BE= -[E(LTLe2pD)-E(LTL)-2xE(H,0)]/2; "Incremental
binding energy: BE= -[E(LTL*2bD)- E(LTL/W)- E(H0)]. ‘The energy difference E(LTL/2W) -
E(LTL/W,) amounts to 6.0 kcal/mol.

When 4 HO per Fl are present, the encapsulated dye moleculevbsles in dry conditions, with its
Or preferentially ligated to Kand, occasionally, to K Such interactions are not perturbed by water

molecules, which do not bind to-@nd are coordinated to different.KOn the other hand, water forms
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hydrogen bonds with and competes with the dye in binding to the sarhzkhe 8W system (8 4®
per Fl), where the water content is high enough tovallin principle, each accessible potassium cation
to be coordinated by at least ongCHmolecule. However, during the 8W simulation tlye dholecule,
instead of being displaced by water, remains peetally oriented as in dry conditionise., with its

carbonyl oxygen pointed toward, lind/or K (see movie in supporting information).
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Figure 6. Radial distribution functions (rdf) calculated fairy FI/LTL (black), low water loading 4W

(red), high water loading 8W (green),Qvater oxygens; H: water hydrogens, O: framewokgens.

Hydration effects in the 4W and 8W systems may bengtatively evaluated by inspecting the
distributions of relevant interatomic distanced)(reported in Figure 6. A peak at 1.85 A appéathe
Og —water protons rdf (H-g) of the 8W system, indicating that by increasingter loading @
becomes involved in hydrogen bonds witsOHmolecules. Concomitantly, the;G- potassium (K-@)
rdf peak, at 2.70 A for both dry and 4W systems;obees broader and displaced towards larger

distances (2.90 A). Therefore,sEK" interactions, although weaker, still persist aghhhydration.
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Interestingly, in doubling the 4#@:Fl ratio both water-water and water-framework getys distances
decrease, while the'Kvaterseparation increases (from 2.79 A to 2.86 A). Tiniding indicates that, as
already suggested by the relative stabilities & tlr-hydrated LTL systems, the increase of water
loading in LTL leads to an enhancement of hydrogend interactions. Moreover, in 8W, & kon
leaves its site close to the walls, and becomesgaty inz-interaction with one of the Fl {gings.
Framework oxygens and,8 molecules complete the coordination of this cafijsee Figure 7 and
movie).

As for the dry system, different energy minima héeen obtained for the 8W model by optimizing
selected configurations sampled along the trajgctbine two lowest minima, represented in Figure 7,
clearly show that, in spite of water competitivdeefs in binding, the dye interaction with* Ks
maintained. In particular, in one of the structui@#/,), Or is coordinated to Kand K, which are also
ligated to one water molecule each, while in,l8® coordinates only Kbut is involved in a hydrogen
bond with a water molecule as well. The two streesucharacterized by different@ binding, water-
potassium coordination and hydrogen bonding armraegés of the water molecules, are almost
isoenergetic AE(8W,-8W,,)=-0.8 kcal/mol). The electronic absorption spetircalculated for the 8y
structure is reported in Figure 4. Due to the InijeOg separation with respect to dry FI/LTL (3.041 A
and 3.002 A from Kand K respectively), the stabilizing effect of the ektaaework cation on the Fl
LUMO is less pronounced than in the absence of waéte a result, the calculated redshift of the FI

1n—1x* band (found at 446 nm) with respect to the spautn CH is smaller (~30 nws ~40 nm).
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Figure 7. Graphical representation of the optimized striegBW, (left) and 8W (right) for the 8W
system. Brown: Si, red: O, green: Al, grey: C, whitl, yellow: K. Blue: K; and K, (8W,); K2 (8Wy);

Violet: K™ n-bonded to FI. Yellow dotted lines: hydrogen bonds.

On the other hand, in 8Y\& In—1x* peak at longer wavelengths is obtained becausgdtassium
cation is closer to @than in 8W, thus resulting in a greater stabilization of Bk UMO (Table 1). A
water proton, at hydrogen bond distance (2.006d)fQs, also contributes tort stabilization.

On the whole, both room temperature behaviour awedgy minima of the highly hydrated composite
indicate that in wet conditions not only Fl keemntact with K but also its average position and
orientation inside the channel show only modeshgha. Further insight on the dye orientation can be
obtained from the distributions of the angl®f the Fl electronic transition moment with theanhel
axis, df), along the FPMD trajectories. The calculated rdistions, shown in Figure 8, indicate
anisotropy for the dye-zeolite composite indepetigern the water content. In particular, the pasiti
of the maximum is slightly shifted to lower anglegh increasing hydration (24°, 21° and 18° for dry
FI/LTL, 4W and 8W respectively). Interestingly, 8, d@) becomes neatly bimodal, suggesting that
the high water loading regime modifies the dynambedaviour of the encapsulated dye. Indeed the Fl
orientational lifetime is roughly twice than in dand low water loading conditions, as indicatedH®.

time autocorrelation functionsaft)a(0)> (Figure 8). This finding can be rationalizeg ¢onsidering
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that, in the 8W system, Fl is involved in the wdtgdrogen bonds network: its reorientation is tferee

hampered by the energetic cost of hydrogen boradsarggement.
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Figure 8. Bottom panel: distribution of the angigormed by the electronic transition moment (patall
to the long molecular axis) and the LTL channelsaxiop panel: normalized orientational time

autocorrelation functionegt)a(0)>. Color codes: Black: dry FI/LTL; Red: 4W; Gre&W.

4. Discussion

The room temperature behaviour, the energetigyedisas the structural and electronic properties of
the FI/LTL models considered herein reveal a ke mf the interactions between the fluorenone
carbonyl oxygen and Kcations in the dye-zeolite composite, which sufocomplements and
rationalizes experimental findings. As indicatedtbg greater binding energy of the dye-zeolite atidu
(19.3 kcal/mol) relative to ¥0-LTL (11.6 kcal/mol), the strong K'O=C interaction explains, for

example, why the evacuation temperature of Fluarerfoom LTL (> 773 K) is much higher than that
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of water (373 K)'*In light of the present results, the fact that santhigh temperature, well above the
Fluorenone sublimation point (543 Kjis needed to evacuate FI from zeolite L channslparticularly
noteworthy. Indeed, besides being a manifestatidheocomposite stability, it highlights the releca

of the extraframework Kcations in stabilizing carbonyl-functionalized gtispecies inside zeolitic
nanochannel¥’

As here demonstrated on the basis of TDDFT calioust the experimentally detected red-shift in the
UV/vis spectra of the FI/LTL composite with respéct Fluorenone in the gas phase and in apolar
solvents is a signature of the KO=C interaction, which stabilizes the fluorenoneMO level thus
lowering the HOMO-LUMO energy gap. In perspectigech a finding, together with the thorough
understanding of the zeolite environment effectshenF| electronic structure gathered herein, bellof
help in future work aimed at the characterizatidntiee luminescence properties and excited state
dynamics of the composite.

A further relevant issue investigated in the préstéundy is the orientation of the caged dye. Larati
and orientation of molecular species inside thenokls depend on a broad variety of factors, such as
size, shape and charge of the guest, besides parpt®n conditions, and are therefore difficult to
predict or to gather from experiment. Specificatlye orientation of the dye molecule can be diyectl
deduced from optical data only in few cases. Tieukition study here presented, validated by the
favorable comparison with experimental data, havided valuable insight into this aspect as wall. |
particular, calculations predict substantial ansoy of the Fl/zeolite L composite independentlytioé
degree of hydration of LTL nanochannels. Moreowsster co-adsorption induces a remarkable
slowdown of the dynamical properties of the dye enale, which can be understood on the basis of
water collective properties.

Water effects, negligible at low loading, becomkevant when its content is high enough to allow
formation of a hydrogen bonded network inside tfé. Ichannels, which involves zeolite framework
oxygens and incorporates extraframework cations thied dye molecule. At these conditions, the

collective properties of water molecules are domeddy hydrogen bonding, in line with previous work
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on zeolitic watef>*° Increase in the number and strength of hydrogex$amplies a frictioning of the
water orientational motion in zeolite nanochanmkels to the energy cost of water connectivity change
the dye reorientation is slowed down as well beedtss carbonyl group takes part to the hydrogen
bonding network. Water alters the FI dynamical béha, but does not affect significantly the dye
excitations: indeed, by comparing the spectra tatled for the minimum energy structures of the dry
and highly hydrated model composites, only a simak shift with respect to dry conditions is degeict
The molecular origin of this effect is that waterabsorption induces a modest increase of the geera
Or — K" separation which implies a lower stabilizationtloé dye LUMO, principally localized on its
carbonyl oxygen. These results indicate that thepasite optical properties are maintained in presen

of water, a fundamental prerequisite in the perspeof practical applications in humid environmgent

5. Conclusions

The computational results herein presented proaidatomistic level rational for the stability ofeth
Fluorenone dye zeolite L composite in the presefeeater. The interaction of the Fluorenone cartbony
group with the zeolite extraframework potassiumoret has been identified as the leitmotiv of baid t
stability of the dye-zeolite composite and the am@py of such a fluorescent dye in the nanochanoiel
zeolite L. Water molecules do not displace fluoremérom zeolite L because thé KO=C interaction is
dominant; rather they share the channel spacethatlidye and finely tune its observable electronid a
optical properties through hydrogen bond interanstio

Such an issue, which could be generalized to athdsonyl-functionalized dyes, represents a step

forward towards the design, based on the knowledgide host-guest interactions, of dye-zeolites

composites with ordered supramolecular arrangenaenkaiilding blocks for the fabrication of optical

devices operating in diverse conditions.
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