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Abstract

We report on the photodynamics of Nile Red (NRgfiatting with faujasite (NaY)-type
zeolites having different Na/Al ratios and chargéabcing metals (['j Mg®*, and C9)

in dichloromethane (DCM) suspensions. The encapsolaof NR within these
materials leads to the formation of different p@pians, reflected in H- and J-
aggregates, monomers, and surface adsorbed speaego the interaction of the dye
with both the Brgnsted and Lewis sites of the reph bathochromic shift is observed
in the steady-state diffuse transmittance and eomsspectra. The relative contribution
of each population is affected by the Na/Al ratmal ahe nature of the doping metal ion.
These findings are further explored by femto- tmas®cond time-resolved emission
experiments, where a multi-exponential behaviouwhiserved for the excited samples.
The fluorescence lifetimes range from ~100 ps tons2 They are assigned to the
emission from H- and J-aggregates and monomerlawANa/Al ratios, we observe an
increase in the fluorescence time constants whsckxplained in terms of H-bonds
formation between NR and the zeolite framework, levltihe change in the emission
lifetimes for the metal ion exchanged zeolites ug d¢o the variation of the properties
(size and polarization ability) of the exchangeaaratAn ultrafast formation (~200 fs)
of a charge-separated state (CS) followed by aatidmwal cooling (~1-2 ps) are
observed in the fluorescence up-conversion tratsidrhese results indicate a strong
interaction between NR and the studied zeolitesraag help for the design of metal

ion sensors and for a better understanding of raatysis.

Keywords: Lewis and Bronsted acidity; H- and J-aggregatest-guest interaction;
Silica-based materials



Introduction

Zeolites have been extensively used as organizediama a wide range of
applications, such as heterogeneous catalysts)glagents, molecular sieves, chemical
sensors, and nanocarriers in drug delivery.[1-15]

Zeolites are crystalline, microporous aluminostésa with open framework
structures consisting of channels and cages ofrelesmanometric sizes.[16-21] A
zeolite is considered a solid acid-base pair, wileeeprotons and the matrix oxygens
represent the Brgnsted and Lewis sites, respegfi22] On the other hand, the
exchangeable cations interact in a weaker fashitdntive anionic lattice through ionic-
type bonds. Zeolites aptitude to accept electrors paake these materials act as Lewis
acids.

The chemical properties, including the compositinature of the cations, and
lattice structure, of faujasites can be well turidde to the reduced space and the rich
variety of interaction sites within the faujasitarhework, these materials are capable of
changing and controlling the behaviour of confirdanic and inorganic molecules
through specific and non-specific host-guest anesggguest interactions.[23, 24] Thus,
the structural features and the physicochemicgbgntees of zeolites can be monitored
by the use of specific guest molecules acting asbgw through steady-state and
transient spectroscopy, in addition to other teghes. In this regard, several studies
have demonstrated that the photobehaviours of alegrcapsulated molecules, such as
salicylaldenyde azine (SAA), 1-phenylazo-2-naphtho{Sudan 1), 2-(2-
hydroxyphenyl)benzoxazole @ (HBO), or (E)-2-(2-hydybgnzyliden)amino-4-
nitrophenol (HBA-4NP),[25-304re largely affected by the composition and stmectd
the host zeolite.

Nile Red (NR, Scheme 1) is one of the best cand&dit explore the effect of the
zeolite structure composition on the acidic prapsriof the catalytic sites. NR is a
highly polar and hydrogen-bond sensitive fluorescenolecule with strong
solvatochromism observed in different solvents33]-The dependence of the NR
photobehaviour on the solvent polarity, which hasrbreported in several experimental
and theoretical works, is due to the intramolecuelaarge-transfer (ICT) character in
NR’s electronically first singlet excited state.f38] This behaviour is a consequence of
the presence of electron donor (diethylamino) dedten acceptor (quinoid) moieties

in the molecular structure.[37] Due to NR’s remdika sensibility to the
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microenvironment, NR has been widely employed twbprthe chemical and structural
properties of different heterogeneous and/or omgghimedia.[38-54] Recently, the
behaviour of NR in the presence of both normal doged (with Al, Ga, Ti, and Zr)
MCM41 mesoporous materials in dichloromethane (DGNBpensions was reported to
be affected at both its ground and excited stayeBriansted (H-bond formation) and
Lewis interactions between the dye and the PfoBlifferent populations (monomers
and H- and J-aggregates) were observed in theysgtatk experiments, associated with
large bathochromic shifts. The femto- to nanoseadyrtamics of the NR/R-MCM41
complexes revealed great complexity compared ghdlynamics observed for the free
dye in pure DCM. The encapsulation of NR withinjéaite zeolites 13X and LZY-82
was previously observed using steady-state ands@oomd-time-resolved emission
studies.[52]

The obtained results are of interest in the desigmetal-ion sensors Ther@0)
values for 13X and LZY-82 zeolites were estimat@dé¢ 55.5 + 1, indicating that the
micropolarity of the zeolite environment was simita that of a 1:1 (v/v) aqueous
solution of methanol. However, observation of tlyaamics of NR/zeolites complexes
on the ultrafast time scale, which may provide maceurate descriptions of these
systems, has not been performed.

Herein, we explore the interaction of NR with Nayfe zeolites containing
different Na/Al ratios and charge-balancing metal®CM suspensions using steady-
state, UV-visible, and time-resolved (femto- to osecond) emission spectroscopies.
Our aim was to characterize the zeolites and tfectsf of structural changes on the
photophysical behaviour of the probe. The resuitsved that the interaction with the
hosts affects both the grounds;(@nd excited-(§ state properties of NR in terms of the
acidities (Brgnsted and Lewis) and electrostatieractions experienced by the dye in
contact with the host framework. We observed then&tion of different ground-state
populations of NR (monomers, H- and J-aggregated, surface-adsorbed species)
whose relative contributions depended on the Naafib and the nature of the metal
ions. These findings were further supported by {iesolved picosecond emission
measurements, which revealed multi-exponential \iehes for the studied composites.
Femtosecond-fluorescence spectroscopy showed mafastt formation (~200 fs) of a
charge-separated (CS) state, followed by vibratioaaling in the range of ~1-2 ps. To

obtain a more accurate characterization, we condpthiee dynamics observed here with
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those obtained in presence of the MCM41-based noesop materials previously
reported.[52]
The obtained results are of interest in the desifjmetal-ion sensors and to

understand photocatalytic mechanisms using this ofost materials.

1. Experimental

NR and anhydrous DCM (spectroscopic grad@9.8%) were purchased from
Sigma-Aldrich and used without further purificatiorhe faujasite zeolites (CBV 500,
CBV 300, and CBV 100, Table 1S in the Supportingodmation, Sl) were all
purchased from Zeolyst and used as received. Thé Mg-Y, and Cs-Y faujasites
were obtained by an ion-exchange procedure using as a precursor, and the
sample preparation is explained in the Sl. Detaristhe synthesis of the NR/zeolite
samples (CBV 500, CBV 300, CBV 100, Li-Y, Mg-Y, a@d-Y), together with the dye
loading efficiencies, are given in Figure 1S andl&é&S.

Steady-state UV-visible absorption and diffusegraittance (DT) spectra were
recorded on a Jasco V-670 equipped with a 60-mmgiating sphere (ISN-723).
Emission spectra were recorded using a Fluorom@oldin-Yvone).

Emission lifetimes were measured using a picosedand-correlated single-
photon-counting (TCSPC) spectrophotometer (FluoT20@, PicoQuant), as previously
described.[55] The fluorescence signal, gatedeatthgic angle (54.7°), was monitored
at a 90° angle with respect to the excitation baauliscrete emission wavelengths. The
samples were excited by a 40-ps pulsed diode B=#red at 635 nm (< 5 mWw, 40
MHz repetition rate). For excitation at 750 nm, wged the output from@ulsed (90 fs,
2.5 W, 80 MHz) Ti:sapphire oscillator (Mai Tai HSpectra Physics). In these
experiments, the fs laser excitation was set aerg low power to avoid undesired
photochemistry. The instrument response functi®i)Ilwas ~70 ps and was measured
using a standard LUDOX (Sigma-Aldrich) solution qgdd in a 1 cm cell. No
differences between the measured IRF in the LUD@Xit®n and pure zeolite
suspensions in DCM were observed. The decay data amalysed using the FluoFit
software package (PicoQuant). Exponential decagtimms were convoluted with an
experimental response function and fit to the expemtal decay. The shorter
component, which was resolved after a convolutimtgss, had a decay time of 15 ps.
The quality of the fits as well as the number op@xentials were carefully selected
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based on the reducg@values (which were 1.1) and the distributions of residuals. For
higher values ofy? the used exponential function was disregarded| ather
components were added to improve the quality offth@he estimated uncertainty of
the time constants, considering the errors fromettigeriments as well as those arising
from the multi-exponential fit of the signals, wa20%.

Time-resolved emission decays were collected usithgorescence up-conversion
technique.[28] The system consisted of a femtosgomptical parameter oscillator
(Inspire Auto 100) pumped by 820-nm pulses (90 Z§ W, 80 MHz) from a
Ti:sapphire oscillator (MaiTai HP, Spectra Physitts)generate the excitation beam at
562 nm (~15-20 mW). The polarization of the latt&as set to the magic angle with
respect to the fundamental beam. The sample was@la a 1-mm-thick rotating cell.
The fluorescence was focused with reflective opitde a 0.3-mmp-BaB,O, (BBO)
crystal and gated with the fundamental femtosedoe®min. The IRF of the apparatus
(measured as the Raman signal of the pure solvea)~200 fs (full width at half-
maximum, FWHM) at the excitation wavelength. To lgea the decays, a multi-
exponential function convoluted with the IRF wagdiso fit the experimental data. In
all cases, the errors for the calculated time carepts were smaller than 15%. All the

experiments were performed at room temperature K393

2. Results and Discussion

2.1. Steady-State UV-Visible Absorption and EmissioStudies
2.1.1. Seady-Sate Absorption Measurements of NR Interacting with the CBV and the
Metal-lon-Exchanged M-Y (M = Li*, Mg, Cs") Zeolites

To begin, we recorded the steady-state UV-visipkrga of NR upon interaction
with the different CBV (different Na/Al ratios) amdetal-ion-exchanged M-Y (M = L
Mg®*, Cs) zeolites. When preparing the NR/CBV and NR/M-Ympmsites, upon
addition of the zeolite to the DCM solution, we ebhs&d an instantaneous colour
change of the zeolite powder from white to ligh¢em or blue, suggesting an immediate
interaction between the dye and the zeolite maseflaset of Figure 1A). For these
composites, we obtained higher loading efficiencoesnpared to the ones using
MCM41 under the same experimental conditions, guggesting a stronger interaction
of NR with the zeolite cages.[52] This behavioutl Wwe further discussed taking into

account the properties of the different mesoporaterials in Section 2.4.



Figure 1 shows the normalized UV-visible DT spectf&R (2 x 10° M) in the
presence of (A): (1) CBV 500, (2) CBV 300, and BV 100 and (B): (1) Li-Y, (2)
Mg-Y, and (3) Cs-Y in DCM suspensions, togethethwite absorption spectrum of the
dye dissolved in the same solvent as a referermethieé composite suspensions, the
scattered background was removed by subtractingDifiespectra of the unloaded
zeolites. In pure DCM, the dye exhibited a broddjctureless band with a maximum
absorption intensity at ~537 nm, assigned to #he>SS, (n,n*) transition.[32-36] The
large bathochromic shift from ~537 to 598 nm (~1906") and the appearance of
structured bands for both the NR/CBV and NR/M-Y pas indicate the formation of
different NR populations strongly interacting witte host frameworks. As suggested in
Figure 1, for all the DCM-dissolved compositeseaywsmall amount of free NR existed
in equilibrium with the encapsulated species, g band of the free dye was not
detectable in the DT spectra.

To obtain a better understanding of the origin le#se absorption changes, the
normalized DT spectra were deconvoluted into tbeirstituting components.

2.1.2. Deconvolution Analysis of the DT Spectra of NR Interacting with the CBV
Zeolites

The deconvoluted NR/CBV DT spectra consist of sands centred at 549, 593,
622-623, 646-651, 679-681, and 734-736 nm withtikgacontributions to the total
spectra (% integral intensities) of 15-22, 25-3B-1¥, 22-2, 4,4-9, and 4-14%,
respectively (Figure 2S, panels A, B, and C). Térgd number of bands required to
obtain an accurate fit of the DT spectra reflebes heterogeneity of the samples. The
longest dimension of NR (~15 A, Scheme 1) slighgkceeds that of the faujasite
supercage (~13 A in diameter). Moreover, the sHortension of NR (~6 A) is also
comparable to the diameter of the “windows” intemcecting the cages7{8 A).
Therefore, NR can diffuse within the inner chanraatsl pores of the hosting zeolite,
and the encapsulated species are most likely ldchetween two neighbouring
supercages.

Band at 549 nm: this band does not differ considerably from theresponding
band of the free NR in DCM (537 nm), suggesting tha dye is still exposed to the
DCM solvation.[34-36] Moreover, the use of more cemtrated initial solutions of NR
leads to a broadening of the band, together witmarease of the % integral intensity
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(Figure 3S and Table 3S). Based on these consigiesatve assign this band to NR
species weakly interacting with the zeolite framekvo

Band at 622-623 nm: next, based on previous reports,[52, 53] we suges the
band centred at ~620 nm is due to the monomer pbpal interacting with the
framework through H bonds, where the acidity (Oldugs) of the zeolite leads to a
strong interaction with the dye, likely involvinge NR carbonyl group.[51-56]

Bands at 593 and 646-651 nm: on the other hand, several studies on NR
interacting with silica-based materials have dertratesd dye aggregation.[47-51]
Moreover, we recently showed evidence for the faionaof H- and J-aggregates of NR
within MCM41 mesoporous materials.[52, 53] Aggreégatis a common process for
many organic molecules even at low concentratidhs. limited space provided by the
host promotes specific and non-specific interagtibetween the adsorbed molecules,
which may lead to the formation of both H-(faceféce) and J-(face-to-tail)
aggregates.[57-64Thus, following excitonic theory, we assign the thdrhueshifted by
~790 cni* (593 nm) with respect to that of the encapsulatedomers to H-aggregates
and assign the band redshifted by ~650"¢¥650 nm) to J-aggregates. The observed
difference between the emission intensity maximthefaggregates lies in the different
energy levels involved in their electronic trarsis. These energies depend on the type
of monomer-monomer interaction (charge-charge ambletdipole) and on the
behaviour of the involved species interacting Wit framework. A general rule cannot
be used to predict the exact shifts that the spaftthe aggregates will exhibit, due to
the intrinsic guest-guest and guest-host interasticn each system. J-aggregate
absorptions are characterized by a sharp banddbeitto the heterogeneity of the
samples, the resulting absorption becomes bro&w#ris case, several positions and/or
orientations that the molecules can assume withersto the host system lead to a
broadened J-aggregate band.

Band at 679-681 nm: Al-rich zeolites show the presence of extraframéw&F)
Al-oxide-containing species, which are mostly ragpble for the formation of Lewis
acidic sites.[65] The structures of six differertraframework aluminium species (Al
Al(OH)?*, AIO*, AI(OH)*, AIO(OH), and AI(OH)), which can likely exist and
coordinate in zeolites, were recently studied hysitg functional theory (DFT).[66] Al
the zeolites studied in the present work were dtaraed to have small SHAl,0;

mole ratio values (5.1, Table 1S), suggesting ttesgnce of EF species and Lewis
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acidity, in addition to Brgnsted acidity. Consedlenthe formation of a second
population of J-type-aggregates (J-aggregates-&) A band) in the vicinity of the Al
centres is expected,[65] in agreement with prejoreported results on NR interacting
with Al-doped MCM41 materials.[53]

Band at 734-736 nm: finally, the redshifted band at ~735 nm likelysas from
NR species strongly stabilized in specific interaeidic sites of the zeolite. Here, the
strong H-bonding ability and the high polarity bethost framework may stabilize the
lowest unoccupied molecular orbital (LUMO) energytbe encapsulated dye, thus
redshifting the NR absorption. The above assignnmeestipported by the reduction of
the absorption intensity of the redshifted bane@raftashing the NR:zeolite complexes
with DCM (as an example, see Figure 1S). The styoagjdic sites of a protonic zeolite
can enhance the adsorption of DCM.[67] Therefores rationally determine a
competition existing between NR and DCM for thosélia sites during the washing
procedure. Due to its high strength of interactoth the zeolite, DCM likely replaces
most of the adsorbed NR molecules from the inneitiea to the superficial sites of the
zeolite.

Now, we turn our attention to comparing the DT $eof the three NR/CBV
composites. We observed different relative contrdms to the total DT spectrum of the
NR populations in presence of CBV 500, CBV 300C&V 100. The percent of weakly
interacting NR (band at 550 nm), being 15% for OBV 500 and CBV 300, increases
to 22% for CBV 100. The population of H-aggregatesnd at 593 nm) also becomes
larger for CBV 100 (the integral intensities ingedrom 25 to 31% from CBV 500 to
CBV 100), while the population of J-aggregates (ban~650 nm) is nearly unchanged
(integral intensity = 24 and 22% for CBV 500 and\CBOO, respectively). Finally, the
band at ~735 nm shows the highest intensity imptieeence of CBV 500, which is also
confirmed from the deconvolution of the DT spectmdnere the integral intensity for
this band increases from 4 to 14% from CBV 100 BY/G00.

The obtained results can be understood considénmgpecific properties of the
studied CBV zeolites. First, CBV 500 shows the IstMda/Al ratio (0.01, Table 1S),
and the nominal cation is an ammonium @Hon. On the other hand, CBV 100 solely
contains N& as the nominal charge-compensating cation (Na#ibr= 1.2). This
indicates the presence of extra free® Npecies in the zeolite framework, which

provides to the zeolite an extra electrostatic atiar.



Finally, CBV 300, also containing NHas a nominal cation, is an intermediate
case (Na/Al ratio = 0.17, Table 1S). The deamimapoocess of the NFY zeolite
occurs in two endothermic steps: 1) desorption dg [Wom the small pores at 250 °C
and 2) desorption of NHfrom the large pores between 300 and 400 °C (fer th
definition of the small and large pore structunéde infra).°® These dissociations lead
to the formation of acidic sites within the zeolftamework, which are weaker in the
small pores than in the large ones.[B8lUs, we expect that, during the drying process
in our experimental procedure (6 h at 480 °C) &ppre the zeolite for mixing with NR
in DCM, NHjs is most likely fully liberated and that protonside in the framework. As
a result, the number of OH groups and thus thetgadd the zeolite increase. Among
the studied CBV zeolites, the heating process at&@BV 500 into the most acidic
framework, with the smallest amount of Naations. In the NaY zeolite, the cations are
primarily located in sites | (in the hexagonal pr)sand I (in the sodalite cage, close to
the hexagonal window of the hexagonal prism) ingimall pore system and in sites Il
(at the centre of the hexagonal window betweerstitialite cage and the supercage) in
the large pore system.[6B] presence of a sufficient number of Nations, such as in
CBV 100, sites Il are nearly always the preferriéel for ion occupation, as this site is
nearly always completely populated because theilulision at sites Il minimizes the
cation-cation repulsions.

The different acidity, Nacontent, and Nadistribution in CBV 500, CBV 300,
and CBV 100 should affect the contribution of e&tiR population. More specifically,
the increased contribution from the weakly intaragtNR species in the presence of
CBV 100 with respect to the case of CBV 500 and CE is due to the favourable
electrostatic interactions of NR with Naations (sometimes referred to masation
interactions), which are most abundant in CBV 180w Na/Al ratio is higher than one
(1.2). For the NR/CBV500 and NR/CBV300 compositestheir Na/Al ratios are lower
than one (0.01 and 0.17, respectively), the elstdtin interactions with the free Na
species are supposed to be nearly absent. Moreiréenumber of the monomers and
H-aggregates increase, and the number of J-aggeegicreases from CBV 500 to
CBV 100 due to the reduced number of acidic intevacsites. Remarkably, the
smallest number of Nacations in CBV 500 should correspond to the highasber of
available sites Il. As a result, red-absorbing Nfecses may be favoured at these
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positions. The lower contribution from the J-aggteg-2 for CBV 100 is most likely

because of the competition of NR with the"Nans occupying the Al sites.

2.1.3. Deconvolution Analysis of the DT Spectra of NR Interacting with the Metal-l1on-
Exchanged M-Y (M = Li*, Mg, Cs") Zeolites

When exchanging the cation from Néo Li*, Mg*, or C$, several zeolite
characteristics change, inducing modificationsha bverall adsorption strength and
generating defects that increase the acidity oftfaerial.[70] The variation of the
cation size, while bearing the same charge, affeoth the polarizability and the
electrophilicity of the ion. Similar to the NR/CB¥amples, the NR/M-Y DT spectra
(Figure 2S, panels D, E, and F and Table 3S) amposed of six bands (except for
NR/Cs-Y) centred at 549, 593, 622-623, 646-648,-&73, and 707-735 nm, with
contributions to the whole spectra (% integralmsiges) of 14-22, 27-30, 18-23, 22-29,
4-7, and ~5%, respectively.

To estimate the effect of metal substitution in teolite framework on the
steady-state behaviours of the NR:zeolite compasitee will compare the obtained
results with those found for NR/CBV 500, as CBV 58Ghe precursor for the three
synthesized M-Y zeolites. It is worth to mentiomtthhe M/AI values are 1, 0.13, and
0.15 for Li-, Mg-Y, and Cs-Y zeolite, respectivethus excluding the presence of free
metal cationic species within the framework.

For the NR/Li-Y sample, the contribution of the Wiainteracting NR (22%) is
larger than that calculated for NR/CBV 500 (15%jaef is due to the higher electron
affinity of Li* compared to that of N4EA = 59.6 and 52.9 kJmid| respectively) and,
therefore, due to the stronger electrostatic intéwas exerted from the Lications to
the NR molecules. Both the H- and J-aggregates sioniar contributions to those in
the presence of CBV 500; however, an increaseeofittnomer population is observed
(from 13 to 18% from NR/CBV 500 to NR/Li-Y), in desvour of the red-absorbing
species (%integral intensities = 14 and 5 for NRVGE®0 and NRI/Li-Y, respectively).
The increase of the monomer contribution is exgldiby the smaller size of L{d =
0.76 A)[71] compared to that of Néd = 1.02 A),[71] thus allowing more space for the
guest molecules to interact with the zeolite frameu

For NR/Mg-Y, the contributions from the monomer2Z6nm) and both J-type

populations slightly increase compared to thosd_fo¥, while the H-aggregates show
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the same integral intensity value. The observedges reflect the smaller size of Mg
(d = 0.72 A)[71] compared to the other ions, whjmbvides more available space to
accommodate the NR molecules within the zeolitméaork.

Upon further increasing the size of the cationhsas in the case of Cs-Y (d =
1.67 A),[71] the contribution from the ~550 nm baisdclearly reduced (from 22 to
14% from Li-Y to Cs-Y), while the redshifted bandnapletely disappears. This
behaviour is rationally explained by the large vo&uof CS, which competes with NR
close to the surface sites of the zeolite’. iBas have been shown to be too large to pass
through the small pore system (sites | ahg6B] Therefore, Csshould be distributed
preferentially at sites Il, suggesting that the-abdorbing species may coordinate at
these positions, which is inhibited by the presesfic€s. Thus, NR packing within the
inner cavities of the Cs-Y zeolite is favoured, ssggested by the increased
contributions of the H-aggregate, monomer, andgreagate bands.

To further characterize the distribution of NR plgons within the used zeolites,
we studied all the composites at different initahcentrations of the dye. Figure 4S
shows the DT spectra of NR interacting with the CB®), CBV 300, and Cs-Y
zeolites. No significant changes at varying initahcentrations were observed in the
absorption profiles, except for CBV 100 (Figure 1®pr CBV 100, as the NR
concentration decreases from 2 ¥°16 2 x 10° M, the monomers and J-aggregates are
favoured with respect to the H-aggregates and thakly interacting species. This
observation was also confirmed by the deconvolusioalysis of the DT spectra, where
the contributions from the monomers and J-aggregate¢he total spectrum increased
from 17 to 21% and from 22 to 32%, respectively. t&a other hand, the H-aggregate
contribution is reduced from 31 to 27%, while thentibution of J-aggregates-2
remains nearly constant (~4%). The relative intgnef the weakly interacting NR
species also decreases from 22 to 16%. Finallyedshifted band was detected at the
lowest concentration of NR. The observed changesemwed only for the least acidic
zeolite (CBV 100), are ascribed to the larger dgeupancy sites, and, therefore, to a
partial disaggregation of the dye (in the case loé tH-aggregates), favouring

interactions with the zeolite walls (monomers arafjgregates).

2.1.4. Seady-Sate Emission Spectra of NR Interacting with the CBV and the Metal-1on-
Exchanged M-Y (M = Li*, Mg, Cs") Zeolites
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Figure 2 shows the steady-state UV-visible emissjmectra of NR (2 x TOM) in
the presence of (A): (1) CBV 500, (2) CBV 300, 48jCBV 100 and (B): (1) Li-Y, (2)
Mg-Y, and (3) Cs-Y in DCM suspensions upon exaiatat 600 nm (region mainly
containing H-aggregates and monomers). The emigaign= 470 nm) from the free
dye in pure DCM is also shown for comparison. Tpectra of the composites show a
main band with a maximum intensity at ~670 nm arshaulder at ~725 nm. These
features are redshifted (1520-1840 and 1820 éwn the CBV and the M-Y zeolites,
respectively) in comparison to the emission ofdiie in pure DCM. The redshift is due
to the formation of H bonds and aggregates, whildo aeduce the fluorescence
intensity due to the presence of ICT and additiovmai-radiative decay channels, such
as self-quenching processes.[52] We assign the mand {nax ~670 nm) to the
emission of NR monomers interacting with the zedliamework, while the shoulder at
~725 nm is ascribed to the J-aggregates formeddritie zeolite framework. No clear
contribution from the H-aggregates is observechaftuorescence spectra due to their
forbidden excitonic transitions and thus shorttilifie, which reduces their steady-state
emission intensity.[52] Finally, the excitation 30 nm of both the DCM-washed and
unwashed NR:zeolite complexes were recorded. Treh@thsamples did not display
any clear emission at this excitation wavelengthilewthe unwashed samples showed a
new, weak emission band at ~770 nm. As an exantpée excitation of unwashed
NR/CBV 300 is reported in Figure 2A (black dashee). This mismatched emission
behaviour between the washed and the unwashed esimmxplained by a low number
of red-absorbing species in the washed samyilde (supra), along with a lower
fluorescence quantum yield. The emission decayspsdlvide additional information
(videinfra).

Before studying the emission decays, we exploredctmcentration effect on the
emission spectra of the NR:zeolite composites.ugiested by the DT spectra (Section
2.1.4.), the emission behaviours of NR interactindp CBV 500 and CBV 300 do not
depend on the initial concentration of the dye, #mal fluorescence spectra preserve
similar shapes (Figure 5SA and 5SB). On the otlaadhin presence of CBV 100 and
using different initial NR concentrations (from 218° to 2 x 1¢° M), we observed a
hypsochromic shift of the emission when the dyeceoiration decreases (Figure 2C).
This shift reflects the higher contribution of tlmonomers to the total emission

spectrum. Surprisingly, we found a concentratiopetielence of the emission spectrum
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for NR/Cs-Y (Figure 5SC); however, the DT does notlergo noticeable changes
(Section 2.1.4. and Figure 4SC). Upon decreasiegiritial dye concentration, the
emission blue shifts, indicating a higher contnbatof monomers (549 nm) to the total
fluorescence. This difference, not observed from BT spectra, could be due to an
increase of the fluorescence quantum vyield of thenamers at lower dye

concentrations.

2.2. Time-Resolved Emission Measurements
2.2.1. Emission Decays of NR Interacting with the CBV Zeolites (CBV 500, CBV 300,
CBV 100) in DCM Suspensions

The photodynamic properties of fluorescent probiegypically influenced by the
host environment. To obtain insights into the dymanof NR interacting with the
studied CBV zeolites, we performed picosecond-keEsbemission measurements upon
excitation at 635 (region corresponding to the nmaxs and H- and J-aggregates) and
750 (region corresponding to the red-absorbingispeam. In pure DCM, the emission
decay of NR shows a single component with a lifetioh 4.4 ns, corresponding to the
emission of the CS state formed by excitation efdiie.[52] Note that at 635 nm we do
not excite free NR, as it absorbs at shorter wangthess. Figure 3A shows the emission
decays of the NR/CBV complexes excited at 635 &@rifn recording at 700 and 810
nm. Table 1 and Table 4S give the values of thesgiom lifetimes 1) obtained from
multi-exponential fits of the experimental resuRsr all the studied composites, the fits
give three decaying components, with values (ppmegntial factors at 700 nm,%)
of 1, = 90, 76, and 80 ps (36, 38, and 36%)>= 0.42, 0.38, and 0.39 ns (55, 51, and
43%), andrz = 1.43, 1.19, and 1.07 ns (9, 11, and 21%) forihBracting with CBV
500, CBV 300, and CBV 100, respectively.

Following excitonic theory, the H-aggregate lifetirshould be shorter than the J-
aggregate lifetime due to their forbidden transitid’hus, we ascribe the longest
lifetime, 13, to the monomers, whilg andt, correspond to the lifetimes of the H- and J-
aggregates, respectively. Notably, the number aipmnents obtained from the fit of
the emission decays well matches the number of dfRilptions excited at 635 nm (see
Figure 2SA, 2SB, and 2SC). Therefotg, 12, andts represent the average emission
lifetimes of the collection of H-aggregates, J-aggtes and monomers, respectively.
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The emission lifetimes slightly decrease from CBY%o0 CBV 100. As stated in
Section 2.1.2., among the studied CBV zeolites, BV contains the most Naations
in the framework. As a result, the high number ltdrge-compensating cations in CBV
100 gives the smallest available volume for thesgubus favouring increments of self-
quenching and other non-radiative relaxation preegsas well as stronger guest-host
interactions. From the amplitudes of each compoatall the observed wavelengths, in
all three systems, the monomers have the smabestilcution to the species located in
the zeolite framework (Table 4S). The amplitudethefemission decay components for
the H- and J-aggregates do not show a systemagiendence on the observation
wavelength, while those of monomers decrease inréddesection of the emission
spectrum (for CBV 500 and CBV 300) or remain cons{for CBV 100).

2.2.2. Emission Decays of NR Interacting with the Metal-lon-Exchanged M-Y (M = Li",
Mg?®*, Cs") Zeolites

In the presence of the metal-ion-exchanged M-Y itelwith excitation at 635
nm (region corresponding to the monomers and H- &adgregates), we observed
multi-exponential behaviours in the emission deazythe composites (Figure 3B). The
obtained lifetime values amg = 183, 130, and 224 ps; = 0.67, 0.57, and 0.73 ng;=
1.50, 1.42, and 1.48 ns for NR interacting with¥.iiMg-Y, and Cs-Y, respectively
(Table 1 and Table 4S).

Similar to the CBV zeolites, we assign the londéstime (r3) to the emission of
the monomers interacting with the framework, whilendr, correspond to the H- and
J-aggregates, respectively. The lifetimes of theonwers are similar to those found for
the precursor CBV 500. Thus, metal-ion exchangesduoa& significantly affect the
emission behaviour of this species. In contragt,Hh and J-aggregates display slower
dynamics in presence of the metal cations. Thedotighe constants for NR/Li-Y are
likely due to the higher polarizing power of ‘Liwhose strong electric field might
provoke a distortion in the position/orientationtbé aggregates, thus affecting (in this
case, weakening) their intermolecular interactiofise presence of such polarizing
cations near the excited NR molecules should thieatly affect their electronic
transitions, as the NR transition involves a chdrgasfer process followed by fast
electronic redistribution. On the other hand, iegemce of Cs-Y, the large size of Cs

could induce a partial or even total breakage efafgregates, thus reducing/disrupting
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their interactions and increasing their emissiégtitnes in their detection region. In this
case, monomers are the favoured species, showengighest contribution (Table 4S).
Finally, for NR/Mg-Y, we would expect the strongesteraction of M§" with the
aggregates due to the small size of the ion andlotsble charge. In contrast, we
observed shorter lifetimes for both the H- and gragates, which is explained by the
different locations of M§ and Li* within the zeolite framework. Particularly, small
divalent cations, such as®iMg**, and Cd&", tend to locate in site | to be stabilized by
the six oxygen atoms, while monovalent cationshsagLi and CU, can be reasonably
stabilized by only three oxygen atoms in sitg®] The different positions of Liand
Mg®* might explain the differences observed in the ilifiet values; the Liions are
likely closer to the NR aggregates and exert atgregffect on them. However, a direct
comparison between the three M-Y zeolites is nsly dsecause the concentrations of
the exchange cations are not comparable (see tiikesgs of the M-Y zeolites in the
Sl).

2.2.3. Concentration Effect on the Emission Decays of NR Interacting with CBV 100
Zeolite

Picosecond-resolved emission experiments were moeed to study the
photobehaviours of the guest populations at differatial concentrations (from 2 x 10
®to 2 x 10°M). Figures 3C, 6SA, and 6SB, together with Tablstbw the results. The
lack of concentration dependences of the steadg-behaviours of the NR/CBV 500
and NR/CBV 300 hybrids is also reflected in thediresolved decay analysis, where
the obtained lifetimes for the employed concentregiare very similar.

On the other hand, for the NR/CBV 100 compositelear change in the emission
decays with varying initial NR concentrations wadserved. When the dye
concentration decreases from 2 x°16 9 x 10° M, the lifetimes approximately double
their value:t; = 80 and 171 ps;; = 0.39 and 0.72 ns, and = 1.07 and 2.08 ns for
[NR]o = 2 x 10° and 9 x 18 M, respectively. Upon further decreasing the cotretion
to 2 x 10° M, the emission decays become bi-exponential viitte tconstants of; =
0.53 ns andr, = 2.22 ns, corresponding to the emission from Jreggregates and
monomers, respectively, while no fluorescence ftbm H-aggregates is detected. At
lower concentrations, the interaction between the mholecules becomes weaker, and

hence, emission quenching is less probable.
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Finally, the decay analysis for the NR/Cs-Y compmogseveals a lack of H-
aggregate contribution to the total emission sigrian the initial concentration of NR
decreases (Figure 6SC and Table 2). The J-aggsegatemonomers are characterized

by time constantst{ andt,) of 0.50 and 1.67 ns, respectively.

2.3. Femtosecond Time-Resolved Emission Measuremgnt
2.3.1. Femtosecond Dynamics of NR Interacting with the CBV Zeolites (CBV 500, CBV
300, CBV 100) and Metal-lon-Exchanged M-Y Zeolites (M = Li*, Mg®*, Cs") in DCM

Suspensions

We used femtosecond-fluorescence up-conversiortregeopy to unravel the
ultrafast photodynamics of NR within the studieoli#es. Figure 4 shows the transient
emission decays of the NR:zeolite complexes upocitaion at 562 nm (region
corresponding to the weakly interacting NR) withrsetvation at 630 nm and 700 nm
(for additional wavelengths of observation, seaufag/S). Table 3 gives the results of
the multi-exponential fits of the transient decdgs all the compositesThe NR
dynamics within the studied zeolites show bi-expuia¢ behaviour at the bluest region
of the emission spectrum (630-650 nm) and a consfset 3 in Table 3), which was
fixed during the fit to the shortest time foundtire picosecond emission studies. The
time constants do not significantly change with\hdgous hosts, with time constants of
11 = 166-206 fs and, = 1.30-1.56 ps and = 145-170 fs and, = 1.09-2.32 ps for NR
interacting with the CBV and the M-Y zeolites, respvely.

At longer observation wavelengths (670-700 ntn)s characterized by a rising
component (Figure 8S), indicating a common charfoelboth the blue and red
dynamics, which are assigned to the ICT of NR.[bBg ultrafast photobehaviour of
NR in pure DCM is characterized by a single ristognponent with a lifetime of ~1 ps
and a long offset resolved by the picosecond ewparis (4.4 ns) in the 630-730 nm
range.[52] The rising component in the suspens®assigned to the formation of a CS
state due to the ICT process occurring in the edddR molecules. This assignment is
in agreement with another report showing that teally excited (LE) state of NR,
which is formed within the excitation pulse, catareby emission and/or ICT from the
diethylamino to the carbonyl group, thus generain@S structure.[52] The shortening
of the ICT process for NR in presence of a zediibst compared to the free dye in

DCM (~1 ps) is explained by the increase of bothpblarity and the H-bonding ability
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of the medium, which, in turn, decrease the endrgyier between the LE and CS
states. As a result, the CS state forms with highkbiciencies.[52] The second
component,) is attributed to a vibrational cooling (VC) preseat the Slevel of the
CS state. Scheme 2 summarizes the observed dyndoriceetal-ion-exchanged
zeolites containing NR monomers, H- and J-aggregataportantly, the obtained
values represent averages of the relaxation timethé excited-state NR species. Due
to the presence of multiple populations with défietr orientations and interactions in the
framework, the results are likely a combinatiorabbthe contributions from the existing

populations.

2.3.2. Concentration Effect on the Femtosecond-Emission Dynamics of NR

Interacting with the CBV 100 Zeolite
Figure 4C shows the transient femtosecond-emissgmays of NR at different

initial concentrations (2 x 192 x 10° M) interacting with CBV 100. In the 630-650
nm region, no variation of either the fast or st dynamics with the concentration
was observed. However, in the middle of the emmsspectrum, a very short decay of <
100 fs appears between 670 and 689 nm, togethbranitoffset. This contribution is
higher for the lowest concentration, completelyagdigearing at 700 nm. The observed
ultrafast component is clearly present at low cotregions of NR, while the component
is not visible at the highest loading. Thus, thasnponent arises due to a strong specific
and localized interaction between the NR monometts the CBV 100 framework. The
lack of this component at the highest initial NFhcentration and at other wavelengths
of observation is explained by the stronger emissiof the other NR populations (for
example, J-aggregates) that overlap with the dmution of the interacting monomers.
Recently, the ultrafast dynamics of (E)-2-(2-hydiognzyliden)amino-4-nitrophenol
(HBA-4NP) aggregates interacting with the NaY zeolWere observed to be affected
by the initial concentration of the sample.[30] tRalarly, for concentrated solutions,
the guest-guest interactions slowed the photobebawf the interrogated species with
respect to the diluted samples.

2.4. Discussion of the Behaviour of NR within the &olite and Mesoporous

Materials
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Now, we will discuss the behaviour of NR in thedstd CBV zeolites and
compare this behaviour with those previously regmbrusing R-MCM41 and Al-
MCM41 mesoporous materials.[5R&ble 4 shows the time constants of the related fas
and ultrafast dynamics of excited NR in presenceth&f mesoporous and zeolite
materials. Table 4 also gives the values of somanpaters of the host (pore/cavity
diameter, Si@AIl,O; molar ratio, and Brunauer-Emmett-Teller (BET) sod area) and
the loading efficiency for each formed complex. Mmake a fair comparison of the
obtained results, we must recall the main diffeesnbetween the investigated hosts,
i.e., the structure (hexagonal for R-MCM41 and AGM41 and tetragonal for the CBV
zeolites) and the composition (silanol groups feMBM41 and Al-MCM41 and Na

cations and Al atoms for the CBV zeolites).

First, the molecular packing is more efficient retzeolite nanocages despite
their reduced dimensions (pore/cavity diameter8®fand ~13 A for the mesoporous
materials and the zeolites, respectively) and BEdas (1000 and 970 g for R-
MCM41 and Al-MCM41, respectively; 750, 925, and 96tlg for CBV 500, CBV 300,
and CBV 100, respectively) with respect to the MOMased materials (Table 4). In
fact, the loading efficiencies obtained for the lites (2.4, 2.5, and 2.6 x fONR
molecules/g.qite for CBV 500, CBV 300, and CBV 100, respectivelyg &igher than
those calculated for the mesoporous materialsgidd2.0 x 18 NR molecules/gcwmaz
for R-MCM41 and AI-MCM41, respectively) under thanse experimental conditions
(Table 4). These differences are due to electiostamiteractions between the
encapsulated NR and the Neations and the aluminosilicate framework of teelite

cavity, which facilitate molecular trapping.[30]

Both the spectral absorption and emission progedfeNR interacting with the
zeolite and MCM41 mesoporous materials are comparatierms of the redshifts and
broadening of the DT spectra (Table 3S and Ref. B23refore, we expect that the dye
exhibits similar interactions within the two typed hosts. However, while the
distributions of the caged NR monomers and H-aggesgshow very similar values,
the distribution of J-aggregates is higher withie tMCM41 mesoporous materials
(Table 3S and Ref. 52) due to the higher surfadditpamf these hosts, whose SiOH

groups enhance H-bonding with the NR molecules.[52]
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The increased rates of both the fast and ultraflysiamics for the excited
NR/CBV complexes compared to the rates for the NRIBM41 complexes reflect the
stronger host-guest interactions in the zeolitenéaork (Table 4). The emission
lifetimes of the H-aggregates, (n Table 4) are shortened by more than three tiimas
initial value between the mesoporous and zeoliteeriads 1 = 320 and 310 ps for NR
with R-MCM41 and AI-MCM41, respectively; = 90, 76, and 80 ps for NR with CBV
500, CBV300, and CBV 100, respectively, Table 4s4 drastic but evident changes
are also present for the J-aggregates and monombose emission lifetimes in the
mesoporous materials (~1 and ~2.5 ns, respectidelgiease to ~0.4 and ~1.2 ns in the
zeolite framework (Table 4). Upon interaction of N#h the MCM41 mesoporous
materials, the ICT process occurs within ~300 fsilevwithin the zeolite, this process
is reduced to ~200 fs (Table 4). The VC processals accelerated from the
mesoporous (~3 ps) to zeolite (~1.5 ps) materiEte emission from the ICT state is
strongly influenced by the energy gap of the excitate and CS state. Since the gap
between the LE and CS states depends on the dawbraeceptor strengths, the
interaction of these groups with the environmentrigcial. Recently, the computed S
potential-energy surfaces of a complex of NR witl tvater molecules showed that H
bonds stabilize the CS state and lower the enerdyyieb for the LE to CS state
transition.[37]Within the zeolite cavities, the spatial restriatistrengthens the host-
guest and guest-guest specific and non-speciferantions, and as a result, the ICT
process occurs more efficiently. The restricted iomtalso increases the vibronic
coupling between the;Sand $ states, thus enhancing the non-radiative deaitivat
pathways.[72]This effect is confirmed by the shortened time tams of the VC

process in the NR/CBV composites.

3. Conclusions

In this study, we investigated the photophysic\Bf interacting with NaY-type
zeolites containing different Na/Al ratios and aebalancing metal cations in DCM
suspensions using steady-state absorption andiemessd time-resolved spectroscopy
techniques. The results showed that the interactidhe dye with these materials leads
to the formation of different ground-state populas of NR (monomers, H- and J-

aggregates, and surface-adsorbed species) whos#bubans to the total spectrum
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depend on the Nacontent and the metal doping ratio. Large bathwoic shifts
characterized both the absorption and emissiontrspet the NR:zeolite complexes.
Time-resolved picosecond emission measurements alez/e multi-exponential
behaviours for the studied compounds, while in @d@M, the emission decays were
fitted using a single-exponential function. The ry@s observed in the steady-state and
the photodynamic properties of the investigatedp@esnwere explained in terms of the
Bronsted (H-bond formation) and Lewis host-guest teractions and
dimensions/polarizing properties of the exchangation. The femtosecond results
indicated that the initially formed LE state of Njives rise to a CS state within ~200 fs,
followed by a VC process of ~1-2 ps. A comparisbthe present results with previous
ones obtained using MCM41-based materials showthigahost-guest and guest-guest
specific and non-specific interactions as well las $patial restriction to motion of the
guest play important roles in controlling the phutbaviours of the formed composites.
The above findings indicate the potential use of tdFprobe the various acidic
sites of the studied NaY-type zeolites, which maptabute to the design of zeolite-

based metal-ion sensors and a better understaaoflihg field of nanocatalysis.
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Supplementary Materials
Table 1S displays the characteristics of the studienlites. Table 2S shows the Nile
Red (NR) loading efficiencies for the studied zesli Figure 1S exhibits an example of
the UV-visible absorption spectra of a sample kefomd after washed. Table 3S shows
the UV-visible absorption maxima of the differenRNbopulation within the studied
zeolites in DCM suspensions. Figure 2S displaysdémeonvolution of the UV-visible
DT spectra of NR interacting with A) CBV 500, B) €800, C) CBV 100, D) Li-Y, E)
Mg-Y, and F) Cs-Y in DCM suspensions. Figure 3Swahahe UV-visible DT
deconvolution spectra of NR/CBV 100 at differentiah NR concentrations: (A) 9 x
10° M and (B) 2 x 10 M. Figure 4S and 5S exhibit the absorption andssion
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spectra respectively of (A) CBV 500, (B) CBV 300daC) Cs-Y in DCM suspensions
at different initial NR concentrations. Table 4palays the fluorescence emission
lifetimes of NR interacting with the different zéek in DCM suspensions. Table 5S
shows the fluorescence emission lifetimes of NReraadting with CBV 300 upon
excitation at 750 nm. Figure 6S shows the magidearmgnission decays of NR
interacting with (A) CBV 500, (B) CBV 300, and (©s-Y in DCM suspensions at
different initial NR concentrations. Figure 7S et emission transient decays of NR
interacting with (A) CBV 500, (B) CBV 300, (C) CBY00, (D) Li-Y, (E) Mg-Y, and
(F) Cs-Y in DCM suspensions. Figure 8S shows a @wispn of the emission transient
decays between 630 nm and 700 nm of observatioeleagth of NR interacting with
(A) CBV 500, (B) CBV 300, (C) CBV 100, (D) Li-Y, (BMg-Y, and (F) Cs-Y in DCM

suspensions.
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Tables, Figures, and Schemes

Captions

Table 1 Values of the fluorescence emission lifetimgsdbtained from a global multi-
exponential fit of the emission decays of NR (20¢ M) interacting with CBV 500,
CBV 300, CBV 100, Li-Y, Mg-Y, and Cs-Y in DCM susps&ons upon excitation at
635 nm.

Table 2. Values of the fluorescence emission lifetimgsgnd normalized (to 100) pre-
exponential factors (A obtained from a global multi-exponential fit dfet emission
decays of NR at different concentrations interagctivith CBV 500, CBV 300, CBV
100, Li-Y, Mg-Y, and Cs-Y in DCM suspensions upoxcietion at 635 nm and
observing at 700 nm.

Table 3. Values of the time constants;))(and normalized (to 100) pre-exponential
factors (A) obtained from a global multi-exponential fit dfet fs-emission signals of
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NR (2 x 10° M) interacting with the CBV (CBV 500, CBV 300, CB00) and the M-
Y (M = Li*, Mg**, CS) zeolites in DCM suspensions upon excitation & Bf and
observing from 630 nm to 700 rim.

Table 4. Values of some parameters, such as pore/cavityedex, SiO2/AI203 mole
ratio, BET surface area of the used zeolites (CBVY, £BV300, and CBV 100) and the
mesoporous materials (R-MCM41 and Al-MCMA41) fromfR&2, together with the
times of the related fast end ultrafast dynamiasnugxcitation of their complexes with
NR in DCM suspensions. The loading efficiencies @s® reported for each formed
composite

Figure 1. Normalized (to the maximum of intensity) UV-vis#hDT spectra of NR (2 x
10° M) interacting with (A): (1) CBV 500, (2) CBV 30(3) CBV 100 and (B): (1) Li-
Y, (2) Mg-Y, (3) Cs-Y in DCM suspensions. A comgam with the normalized
absorption spectrum of NR in a DCM solution is afdmwn (black solid line). The
inset of (A) shows a picture of CBV zeolite withdawithout NR.

Figure 2. Normalized (to the maximum of intensity) emissiqrestra of NR (2 x 19
M) interacting with (A): CBV 500, CBV 300, CBV 10énd (B): Li-Y, Mg-Y, Cs-Y in
DCM suspensions. The samples were excited at (A0B)and ((A): black dashed line)
750 nm. The comparison with the normalized emisspactrum of NR in a DCM
solution fexc = 470 nm) is also shown (black solid line). (C)rialized to the
maximum intensity emission spectra of NR/CBV 100nposites at different initial
concentrations of NR: (1) 2 x 20, (2) 9 x 10°M, and (3) 2 x 1§ M.
Figure 3. Normalized (to the maximum of intensity) magic-ksgemission decays of
NR (2 x 10° M) interacting with (A): (1) CBV 500, (2) CBV 30@3) CBV 100 and
(B): (1) Li-Y, (2) Mg-Y, (3) Cs-Y in DCM suspensisrupon excitation at (A, B) 635
and ((A): (4)) 750 nm. (C) Normalized to the maximwof intensity magic-angles
emission decays of NR interacting with CBV 100 iffiedent initial concentrations: (1)
2 x 10°M, (2) 9 x 10°M, and (3) 2 x 18 M in DCM suspensions upon excitation at
635 nm.The solid lines are from the best multi-exponerfttalto the experimental data.
IRF is the instrumental response function (~70Tp®. observation wavelengths are
((A): (1), (2), (3), B, C) 700 and ((A): (4)) 810m
Figure 4. Magic-angle femtosecond-emission transient decdyslR (2 x 10° M)
interacting with different zeolites in DCM suspemss upon excitation at 562 nm and
observing at (A) 630 and (B) 700 nm. The solid dinere from the best multi-
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exponential fits of thexperimental data, and IRF is the instrumentalaese function
(~200 fs). (C) Magic-angle femtosecond-emissiomdi@nt decays of NR interacting
with CBV 100 at different initial concentrationaf(2 x 10° M, (o) 8 x 10°M, and @)

2 x 10° M) in DCM suspensions upon excitation at 562 nm abderving at the
wavelengths indicated in the Figure. The soliddiaee from the best multi-exponential
fits of theexperimental data.

Scheme 1.Cartoon showing the different NR populations getestavhen the dye
interacts with the used zeolites.

Scheme 2Scheme of the energy levels and the lifetimesliuein the intramolecular
charge transfer process of NR. LE and CS are tte kexcited- and charge separated

state, respectively.

Table 1

Host Aer/NM  T9/pS ToINs T3/ns

CBV 500 650-750 90 0.42 1.43
CBV 300 650-750 76 0.38 1.19
CBV 100 650-750 80 0.39 1.07
Li-Y 650-750 183 0.67 1.50
Mg-Y 650-750 130 0.57 1.42
Cs-Y 650-750 224 0.73 1.48
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Host INR]o/10°M  ti/ps A% 1odns  Al% t3/ns A%




CBV 500 2 90 36 0.42 55 1.43 9
0.9 90 51 0.48 37 1.61 12
CBV 300 2 76 38 0.38 51 1.19 11
0.9 72 25 0.38 49 1.39 26
CBV 100 2 80 36 0.39 43 1.07 21
0.9 171 35 0.72 49 2.08 16
0.2 0.53 34 2.22 66
Cs-Y° 2 224 30 0.73 34 1.48 36
0.8 0.50 37 1.67 63
Table 2

%0bservation wavelength = 650 nm.
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Table 3

Host  dend  Tifs A% wlps  AJd% t3/ps A%

nm (x50 fs) (0.5 ps)
CBV 500 630 190 23 1.3 8 90 69
640 20 4 76
650 8 1 91
670 (-4 3 93
700 ()2 2 96
CBV 300 630 170 21 15 11 76 68
640 16 7 77
650 10 1 89
670 (-)6 5 89
700 ()1 7 92
CBV 100 630 210 30 1.6 3 80 67
640 23 3 74
650 14 4 82
670 (-)16 6 78
700 ()7 1 92
Li-Y 630 170 28 2.3 9 183 63
640 12 4 84
650 5 1 94
670 (-)26 6 68
700 (-)8 1 91
Mg-Y 630 170 31 1.7 17 130 52
640 26 15 59
650 9 5 86
670 (-)24 3 73
700 (-)10 5 85
Cs-Y 630 150 29 11 17 147 54
640 24 9 67
650 7 5 88
670 (-)28 3 69
700 (-)11 2 87

®Negative values of the amplitudes indicate risioghponents. Asterisk (*) indicates
that thets time constants were fixed from the values obtaimethe ps-experiments.
The uncertainties associated with th@andr, values are also reported.
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Table 4

Host

Pore/Cavity diameter (A)
SiO,/Al,03 mole ratio

BET area (nf/g)

NRioading (10'* NR
molecules/gos)

H-aggregates

(t1/ps)
Fluorescence J-aggregates
lifetimes (t2/ns)
Monomers
(t3/ns)
ICT (fs)
VC (ps)

Mesoporous .
Materials? Zeolites
- Al- CBV 500 CBV 300 CBV 100
MCM41 MCM41
35 35 ~13 ~13 ~13
- 30 51 51 51
1000 970 750 925 900
1.9 2.0 2.4 2.5 2.6
320 310 90 76 80
0.92 1.17 0.42 0.38 0.39
2.49 2.69 1.43 1.19 1.07
350 320 185 166 206
3.26 ~3.5 1.30 1.47 1.56

& All the data relative to the mesoporous mateaaésshown in Ref. 52.
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Figure 1
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Figure 2
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Figure 3
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Figure 4
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Scheme 1
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Scheme 2
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Highlights

Spectroscopic study of metal-ion exchanged zealisgsy a fluorescent probe
Fast and Ultrafast-dynamics of confined moleculmatal-ion exchanged zeolites

Lewis and Bronsted acidities and the doping ionainggtermine the guest dynamics



