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The in situ incorporation and characterization of 24{2droxyphenyl)benzothiazole (HBT) in the cages of
nanosized FAU zeolites is reported. We demonstrate the advantage of using colloidal zeolite solutions to
perform subpicosecond transient experiments on nanosized host/guest systems. FAU molecular sieve is prepared
from precursor solutions containing as organic template only tetramethylammonium hydroxide (TMA) or
both molecules HBT and TMA, using a hydrothermal treatment at®@or 70 h. In situ dynamic light
scattering investigations of the precursor solutions and the crystalline suspensions are performed with the
original sample concentrations using a backscattering mode. The radius of the amorphous entities formed in
the TMA-containing precursor solutions is about 25 nm, while that of the amorphous species in the HBT/
TMA precursor solution is about 15 nm. The final particle size of FAU and HBT/FAU colloidal zeolites is
100 and 80 nm, respectively. The encapsulation of HBT with different concentrations into the large pore
FAU molecular sieve host is confirmed by Raman, infrared, &@dsolid-state NMR spectroscopies. The
spectroscopic data reveal that the HBT molecules are incorporated in the nanosized zeolite particles, thus
leading to changes in the environment of the TMA ions as well as in the local atomic arrangements of the
FAU structure. At high concentration of HBT, a large fraction of the sodalite cages are destroyed, and the
HBT and TMA molecules are located in the subsequently formed cavities. Steady-statdd Bpectra also

reveal the presence of the keto HBT-conformers inside the FAU zeolite nanocrystals. Upon UV excitation,
the HBT molecules occluded in the zeolite nanoparticles undergo ultrafast intermolecular proton transfer
within 1.5 ps.

Introduction The synthesis of well-defined nanoscale zeolite crystals has
) ) ) ) been established in recent years. It has been shown that
The versatile properties of molecular sieves have led to wide- nanoscale amorphous gel particles are formed in the precursor
ranging applications in fields such as catalysis, ion exchange, so|ytions before long-range crystalline order is established. The
sensors, membranes, etc. Numerous new structures in whichchemistry of zeolite formation depends on many factors
the molecular sieve materials have served as hosts for thejycluding the type of the initial precursor solutions, solubility
supramolecular organization of ions, complexes, and clustersof yarious species, aging time, crystallization temperature, time
have been reported. Such structures are being used for they heating, etd®22 The ability to synthesize colloidal nano-
preparation of nonlinear optical systems, micro lasers, artificial pariicles uniform in size, shape, composition, and bulk properties
antenna systems, photoinduced switches, information storagepas played an important role in elucidating and understanding
pigments, et > The periodic system of well-defined cavities he optical behavior of some organic molecules incorporated
in zeolite-type crystals can maintain preferred orientations of j, gych materials. Moreover, colloidal molecular sieves can have
organic guest molecules in the hosts, in contrast to amorphoushigh colloidal stability in different solvents with respect to
solid-state materials in which the active centers are not regularly f,rther agglomeration and sedimentation. These features make
ordereck” For these applications, synthesis procedures for the encapsulation of functional optical molecules in nanoscale
embedding different organic molecules such as azo dyes and,ggjite suspensions an attractive synthetic target.
spiropyrans have been establisifetf. Widely investigated The compounds used to realize molecular devices undergo
dyes were incorporated in molecular sieves such as zeolite Y, a5t photochemical changes upon excitation with light. Their
X, L, and AIPQ;-5.17*8 The inclusion of dye molecules in the properties depend on the fast initial transformation that com-
cavities of micro- as well as mesoporous materials that are stablemomy takes place on the picosecond time scale or even faster.

toward extraction can be accomplished either via in situ ship- Complementary to the knowledge of the photoreactivity of the
in-a-bottle synthesis or via covalent attachment on free silanol gyest tself, investigating the molecular dynamics at the

groups. picosecond time scale provides information about the molecular
motions in the zeolite and about the host/guest interactions. The
* Corresponding author. Phone:4989 21807625. Fax+4989 21807622. investigation of intrazeolite photoreactivity has been the subject
E-mail: svetlana.mintova@cup.uni-muenchen.de. of a number of experimental studies, but the question of the
T Department of Chemistry, LMU. . o . .
* Department of Biomolecular Optics, LMU. molecular dynamics and reactivity on a picosecond time scale
8 UniversiteParis Sud 11. is slightly addressed. Up to now, most of the time-resolved
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TABLE 1: Chemical Compositions of the Initial Precursor Mixtures Used for Preparation of FAU and HBT/FAU Samples

samples HBT (TMAYO Al,0O5 Sio, H;0 EtOH HBT/(TMA);O
FAU 2.1 1.0 43 136 15 0
HBT/FAU-1 3.8x 1073 2.1 1.0 43 136 15 0.0018
HBT/FAU-2 5.1x 1073 2.1 1.0 43 136 15 0.0024
HBT/FAU-3 7.4% 1073 2.1 1.0 43 136 15 0.0035
HBT/FAU-4 8.0x 1073 2.1 1.0 43 136 15 0.0038
HBT/FAU-5 7.4% 1072 2.1 1.0 43 136 15 0.035

measurements on zeolites were performed using diffuse reflec-dissolved in ethanol and water. Finally, the time-resolved
tance on powder samplé%:2°> This technique demands a precise behavior of HBT/FAU samples is examined.

methodology in the data acquisition and a careful treatment to

obtain quantitative results. In particular, the nonhomogeneity Experimental Procedures

of the samples and the related parameters such as particles size, . ) . )

packing, and light penetration depth are factors that obscure  SYynthesis of Nanosized Zeolite CrystalsNanosized pure
the experiments in the subnanosecond regime. One strategy fof AU @nd HBT/FAU crystals containing only TMA and both
investigation of intrazeolite photochemistry on the picosecond 'MA and HBT, respectively, were prepared from clear precursor
time scale involves application of transmission spectroscopy. Selutions with the following molar compositions:

This approach has been successfully applied using IR domains, FAU:2.1 (TMA);0:1.0 AOz:4.3 Si(:136 HO and

where zeolites are transparent and nonscattéfiffOne other HBT/FAU:x HBT:y (TMA)20:1.0 ALO3:4.3 SiG:136 H,0:z
alternative involves using single monocristals instead of powder EtOH.
samples. Picosecond fluorescetf@nd pump-probe transient The starting mixture for the pure FAU sample was formed

absorptioA® measurements in the visible range were performed. by mixing tetramethylammonium hydroxide pentahydrate
However, the use of monocrystals for purmobe experiments ~ (TMAOH-5H,0), aluminum isopropoxide (98%), and silica sol
is limited to the study of molecules that undergo reversible photo (30 wt. %, particle size~5 nm) with doubly distilled water.
transformation due to the fact that the samples cannot be The resulting mixtures were vigorously stirred fioh toobtain
refreshed during the measurements. In a recent paper, Castagnoldear solutions. Starting mixtures for HBT/FAU samples con-
and Dutt&° proposed an interesting alternative for investigating taining different amounts of 2-{zhydroxyphenyl)benzothiazole
fast chemical processes using colloidal suspensions of nanosizedavere prepared from the previous compounds, and finally,
zeolites. We extend further the concept toward ultrafast commercially available HBT dissolved in ethanol was added.
photochemical processes on the femtosecond time scale inThe molar ratios between different compounds for all FAU and
zeolite suspensions. As probe molecule, we consider HBT for HBT/FAU samples are summarized in Table 1. The previous
the reasons described next. precursor solutions were further stirred for about 60 min at room
The photophysical and photochemical properties of HBT have temperature (RT) and then aged on an orbital shaker for 24 h
been investigated extensivély;*2 due to an ultrafast excited- ~ prior to the subsequent crystallization at9D. The nanosized
state proton transfer that takes place in less than a fewFAU crystals resulting from this hydrothermal (HT) treatment
picoseconds. The photophysical properties of this compoundwere purified via separation from the mother liquor by three
depend strongly on the molecular surroundings. The photore- steps of centrifugation (20 000 rpm, 60 min). After each step,
activity is mainly governed by the existence of intramolecular the nanoparticles were redispersed in ethanol (98%) or in doubly
hydrogen bonds between the OH group and the close N atom.distilled water using an ultrasonic bath for 3 h.
Upon UV excitation, the molecules undergo a very fast excited-  Characterization of Colloidal Solutions Containing Nano-
state intramolecular proton transfer (ESIPT) in aprotic solvents. sized Zeolite Crystals.In situ dynamic light scattering (DLS)
In the presence of solvent with proton acceptor or donator was applied to investigate the particle size distribution in
groups, the intramolecular hydrogen bond of HBT breaks, thus concentrated aqueous solutions of TMA, HBT, giénd AbOs
changing the photochemical behavior of HBT. The high at room temperature and during a HT treatment at@0The
sensitivity of the HBT molecules to their surrounding renders measurements were performed with ALV-NIBS/HPPS DLS in
them as interesting probes for the specific local atomic environ- backscattering geometry (scattering angle®},Asing an HeNe
ment in the zeolite hosts. In addition, they are promising laser operating at 632.8 nm wavelength and with an output
candidates as guests in functionalized zeolite hosts for ap-power of 3 mW. The typical measurement settings included 60
plications such as UV filtering, sensing, and molecular switch- scans, and the calculated polydispersity indgxwas used to
ing.42 obtain a multimodal particle size distribution. For the cases with
In the first part of the article, we describe the in situ ip>0.2, the results from the cumulant analysis were neglected,
incorporation of 2-(2hydroxyphenyl)benzothiazole (HBT) in-  and only the data from the distribution function analysis (DFA)
side the supercages of nanosized FAU zeolite from a precursorwere taken into account. The Rayletghbebye model was used
colloidal solution via hydrothermal treatment at conditions for the DFA calculations. The results are displayed as an
typical of colloidal systems. The evolution of FAU nanoparticles unweighted particle size distribution, which shows the scattered
synthesized with and without addition of HBT is monitored by intensity per particle size classes.
in situ dynamic light scattering in backscattering mode as a  Prior to further investigations, the samples were purified by
function of the crystallization time and the degree of HBT- centrifugation, frozen in liquid nitrogen, and dried in a Christ
loading. The resulting crystalline zeolite nanoparticles were Alpha 1-4 vacuum freeze-drier overnight. Powder X-ray dif-
characterized by3C NMR, Raman, and IR spectroscopies. In fraction (XRD) data were collected on a Scintag XDS 2000
the second part, we focus on the photophysical and chemical(liquid N, cooled Ge detector, Cyiadiation,0—6 geometry).
properties of HBT occluded in the supercages of FAU-type The infrared (IR) transmittance and the Raman scattering data
particles. The steady-state UWis spectroscopic properties of  were recorded with a Bruker Equinox 55 FT-IR spectrometer.
HBT incorporated in FAU nanocrystals were compared to HBT The Raman measurements were performed using an FRA106/S
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FT-Raman module, an Nd:YAG laser (1064 nm excitation light),
and a liquid N cooled Ge detector. Scanning electron micros-
copy (SEM) images were recorded using a Philips XL 40
microscope. The solid-statéC magic-angle spinning nuclear-
magnetic resonance (MAS NMR) spectroscopic experiments
were carried out with 4 mm Zr€xotors in a commercial double
resonance probe using a Bruker DSX avance 500 spectrometer.

The steady-state absorption in the ethanolic and water
solutions of HBT/FAU samples was measured with a Specord
S100 spectrometer from Analytik Jena. The steady-state emis-
sion spectra were recorded with a fluorescence spectrometer
type Spex-Fluorolog-2.

Time-resolved measurements were performed using a pump
probe setup generated from 150 fs pulses at 772 nm and
delivered at 1 kHz by an amplified Ti:sapphire laser system
(Clark-MXR CPA 2001). The pump at 386 nm is generated in
a 300um BBO crystal by frequency doubling. As a probe, we
use a supercontinuum generated by focusing a few microjoules
of the 772 nm pulses into a sapphire plate (2 mm thickness).
The fluctuations of the continuum are compensated using a
reference beam. The pump and the probe are focused by an
off-axis parabolic mirror. The beams from the probe and from
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the reference are dispersed in a monochromator and detected
with photodiodes (Becker & Hickel PDI-400-1-P-UV). The
dispersion of the supercontinuum was minimized by using c)
nondispersive optics along the optical path and by the use of a
200um window at the front of the cell. The pump energy was
limited to about 250 nJ per pulse to avoid nonlinear effects as
triple photoionization of water. All colloidal zeolite suspensions
were measured using flowing cell with an optical path of 1 mm.
The time-resolution of the setup determined for the zeolite
suspensions and for the pure solvent was found to be higher
than 300 fs, the limitation coming from the optical path, not
from the size of the zeolite nanopatrticles (for details, see the
following discussion).
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Figure 1. DLS data of (a) FAU, (b) HBT/FAU-1, and (c) HBT/FAU-3
precursor solutions aged at room temperature for 24 h and subjected
to hydrothermal treatment at 9C€ up to 70 h. The DFA is displayed

Results and Discussion as scattering intensity per unweighted particle size classes.

Crystal Growth of Nanosized Zeolites: in Situ DLS and aged at RT. These patrticles correspond to the amorphous entities
XRD Investigations. Clear precursor solutions for pure FAU  formed immediately after mixing of all compounds. Prior to
and HBT/FAU samples were prepared as described previouslyheating, all the colloidal particles were shown to be amorphous
and after 24 h of aging at RT were transferred into a fused silica by X-ray diffraction. After a prolonged time of heating of
cuvette and subjected to in situ DLS measurements. A major solution FAU (about 60 h), two patrticle populations are observed
advantage of the in situ study is the elimination of invasive (Figure 1a). When increasing the heating time to 70 h, the peak
procedures that may modify the crystallization process of the corresponding to particles with a larger size becomes very
FAU zeolite. The backscattering of light produced from the pronounced, and the width of the patrticle size distribution curves
X-ray amorphous sample was strong enough to be monitoredbecomes narrow (Figure 1a). According to the XRD data, the
as a function of the particles existing in the water-clear precursor solid phase extracted from this precursor solution is entirely
mixtures. The mean particle radiug (s calculated according  crystalline, and all Bragg reflections typical of the FAU structure
to the equatiorr = kgT/6tyD, wherekg is the Boltzmann are observed (see Figure 2a). In the samples HBT/FAU-1 and
constant,T is the actual temperature of the dispersigrs the HBT/FAU-3 loaded with different amounts of HBT, an increase
solvent viscosity, and is the diffusion coefficient. For FAU of the scattering intensity due to the presence of a second
and HBT/FAU-1 samples, the mean radius increases from 25generation of particles with radius of about-380 nm is
to 100 nm and from 15 to 80 nm, respectively, when the heating observed after 20 and 45 h HT treatment, respectively (Figure
time is increased from 20 to 70 h. The polydispersity index 1b,c). The formation of colloidal entities with small hydrody-
also increases with increasing the heating time, suggesting anamic radius €15 nm) in sample FAU/HBT-1 leads to the
multimodal particle size distribution in these samples as a formation of small FAU nanocrystals after 70 h HT treatment
function of the crystallization time. The value of the polydis- (Figure 1b). The corresponding evolution of the light scattering
persity index is significantly larger than 0.2; therefore, the data suggests that the zeolite phase is represented by the radius
calculated mean hydrodynamic radius is not longer reliable, and fraction at about 88100 nm, while the smaller-size fractions
independent distribution function analyses were carried out for are still amorphous. On the other hand, the formation of larger
these samples. Figure 1 shows the DFA data of the samplesprimary particles in sample FAU/HBT-3 results in larger FAU
FAU, HBT/FAU-1, and HBT/FAU-3 heated in the in situ quartz  crystals (~140 nm) when more HBT was employed (Table 1).
cell of the DLS instrument. As can be seen, colloidal particles The XRD patterns of the samples heated for 70 h demonstrate
with a size of about 1525 nm were detected for all samples the existence of fully crystalline FAU material from solutions
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Figure 2. Powder diffraction patterns of samples (a) FAU, (b) HBT/ .
FAU-1, (c) HBT/ FAU-4, and (d) HBT/FAU-5 after hydrothermal AU
treatment at 90C for 70 h. The XRD pattern of HBT/FAU-2 and
HBT/FAU-3 resembles that of HBT/FAU-1 (patterns are not shown). HBT

HBT/FAU-1, -2, and -3, while HBT/FAU-4 contains some 250 - 560 - 7§0 - iolo(')' ' izls(')' ' i5lo(')' ' i756

amorphous phase that is visible in the XRD patterns (Figure

2). The purified and freeze-dried samples obtained from solution Raman shift/ Cm_l

FAU/HBT-5 exhibit no Bragg reflections (Figure 2d). The

particle radius of the FAU and HBT/FAU samples determined b)

by SEM is in a good accordance with the DLS data.
Nanosized Zeolites: Spectroscopic Investigatio® Raman

spectroscopic investigation was carried out to study the manner

of incorporation of HBT in the nanosized FAU samples. Figure

3 shows the Raman spectra below 1800 Emf a series of

HBT/FAU samples with different ratios of HBT/TMAmol-

ecules (see Table 1). The relatively low concentration of HBT

hampered to distinguish unambiguously the Raman signals

generated by HBT. Although, in the spectrum of sample HBT/

02} R =0.98278

FAU-4, one observes resolved Raman scattering near 1600 00F

cm1, which is typical of aromatic vibrations. As seen in Figure , , , , ,
3a, HBT generates a very intense Raman peak near this 0 1 2 3 4
wavenumber, while TMA does not produce any signal. In p = ¢(HBT)/c(TMA) x 10’

addition, monotonic changes in the spectral signature of FAU _
with the increase of the HBT concentration are detected, thus Figure 3. (a) Raman spectra of HBT/FAU samples prepared with
giving indirect evidences for embedding of the dye molecules different ratios between HBT and TMA. The spectra of pure TMA

in the zeolite structure. The most pronounced chan in th 5H,0 and HBT are given as references. The arrow marks the position
€ zeolite structure. The most pronounced changes €of the most intense Raman peak originating from the skeleton atom

spectral profile upon adding different amounts of HBT appear yiprations in FAU-type zeolite. The spectra are normalized to the
between 250 and 550 cthand in the band near 760 cr integrated intensity of the Raman scattering band between 700 and 800
The latter originates from the symmetricat-® stretching mode cm%, which arises from the symmetricaHIN stretching of TMA. (b)

of TMA existing in the zeolite particles. The Raman signal at Relative amount of TMA ions located in the sodalite cage (represented
760 cnr! shifts to about 771 crd or to about 753 cmt, via thbe treIat|ve|_||lr31t_?graée_cli_'\|/lrjat\en5|tly é)fdthe ﬁfa'.( at 771.73‘)”"Stt.he "

. . . .. ratio between an occluded In the Inorganic matrix; the
depending on whe_ther the TMA ions are trapped in f[he nga“te integrated intensities are obtained after fitting the spgectrum profile with
cages -cages) or in the supercagesdages), respectivel: Lorentzians. The experimental values can be linearly fitted with a
The higher position of the Raman peak for the TMA occluded correlation coefficient oR = 0.98 and a standard deviation of SB
in the sodalite cages results from the tight fit of the cation size 0.017.

(~6.4 A) to the cage size~6.8 A), which leads to a strong

elastic stress of the TMA ions along the-® bond directions. appears at 516 cm (see Figure 3a). The presence of HBT
Hence, on the basis of the integrated intensitigsf(the peaks incorporated together with TMA in the HBT/FAU samples leads
at 753 and 771 cmi, one can define a quantitative measure of to a decrease in the intensity of this peak, thus pointing to a
the relative amount of TMA occluded in the sodalite cages via partial destruction of the sodalite structural units. Therefore, the
the ratiol774/(I7s3 + 1771). As can be seen in Figure 3b, the main reason for the disappearance of sodalite-cage-placed TMA
incorporation of HBT into the zeolitic structure decreases is the existence of local structural disorder in theQ network.
monotonically the amount of TMA ions placed in sodalite cages. However, the sodalite unit peak is still present in the Raman
This may be due to two reasons: (i) the presence of HBT forces spectra of samples with a high amount of HBT (HBT/FAU-3
the TMA ions to fill predominantly the super-cages and (ii) the and HBT/FAU-4), although no TMA occluded in sodalite cages
sodalite-type structural units are partially destroyed due to the is observed (Figure 3a). The spectral data suggest that the HBT
impact of the large HBT molecules trapped in the structure. molecules interact with the neighboring TMA cations and for
On the other hand, the aluminosilicate materials built of sodalite high degrees of HBT-loading, HBTTMA complexes may be
blocks are characterized by a sharp and very intense Ramarformed. The formation of a complex of TMAHBT is supported
peak near 500 cm.*4~47 In the pure FAU sample, this peak by the appearance of an additional peak at 2852cim the
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Figure 5. IR spectra of HBT, pure FAU, and HBT/FAU-3 sample. A solid-state’3C NMR spectroscopic study was performed
spectra of samples with high amount of HBT (see Figure 4). to clarify the presence of HBT in the hesgjuest systems. The
The extra peak is positioned in the range of € stretching 13C NMR spectra of samples HBT/ FAU-1 and -3 are compared
vibrations and most probably results from perturbeeHbonds with pure FAU, TMA, and HBT samples (Figure 6 a,b). In the
of TMA that are involved in atomic interactions with the HBT  $3C NMR spectrum of pure TMA, only one shift at 57.2 ppm
molecules. Occurrence of a large size organic complex will is observed (Figure 6a). For the FAU sample, this peak splits
affect the inorganic network by breaking some@—T linkages in two (i.e., at 58.5 and 56.4 ppm). According to a previous
and damaging the highly symmetric sodalite-type structural investigation of ZK4-type zeolite synthesized from TMA-
blocks. Indeed, partial amorphization of sample HBT/FAU-4 containing gel, a signal at 58.8 ppm is related to TMA located
is deduced from the increase in the Raman scattering betweerin the -type cages, while a signal at 56.9 ppm corresponds to
300 and 500 cmt, which is typical of noncrystalline silica and ~ TMA placed in the larger alpha cag&sAnalogically, we assign
alumosilicateg® The IR transmittance data also reveal a strong the 58.5 ppm signal to TMA ions embedded in the sodalite cages
change in the FO systems when the HBT molecule is of FAU structure and that at 56.4 ppm to TMA in the supercages
embedded in the zeolitic structure (see Figure 5). The IR of FAU zeolite. Thus, the NMR data, similarly to the Raman
absorption between 650 and 850Cis sensitive to the mutual ~ data, demonstrate the existence of two types of TMA species
orientation of TQ units in silica and alumosilica type materi-  differing from each other in their location in the FAU structure.
als® The difference in this spectral range between pure FAU With increasing the degree of HBT-loading from HBT/FAU-1
and HBT/FAU-3 samples also indicates that intertetrahedral to HBT/FAU-3 samples, the signal at 58.5 disappears, and more
rearrangements take place when HBT molecules are trapped inpeaks are observed in the spectral range of @D ppm (see

the structure. In addition, the most intense absorption band Figure 6a). The former result points to the loss of tightly
centered near 1015 crh which originates from the SiO bond embedded TMA in the structure, while the latter suggests
stretching modes, shifts to higher energies, thus pointing to a additional changes in the environment of the C atoms of the
stiffness of the SO bonds due to the presence of HBT as a TMA molecules. The NMR data confirm the interpretation of
cotemplate in addition to the structure directing agent (i.e., TMA the Raman and IR data regarding: (i) the initial modification
for FAU structure). The Raman and IR data reveal the changein the surroundings of TMA due to the different locations in
in the TMA™ surroundings when FAU is synthesized in the the host structure and (ii) the disappearance of TMA trapped in
presence of HBT and show the occurrence and a systematicthe sodalite-type cages with an increase of HBT in the FAU
increase in the structural disorder in FAU skeleton upon adding structure. 3C chemical shifts for pure HBT are observed
HBT. between 180 and 100 ppm (see Figure 6b). Pure FAU containing
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Figure 7. (a) Absorption spectra of HBT/FAU-1 (line 1, measured in
1 cm cell) and HBT/FAU-3 (line 2, measured in 1 mm cell). The
absorption of HBT dissolved in EtOH is also given for comparison
(line 3). (b) Normalized emission spectra of HBT/FAU-1 (line 1), HBT/
FAU-3 (line 2), and HBT in ethanol (line 3) excited at 380 nm.

500

only TMA molecules does not produce any signal in this spectral
region. Thus, additional peaks appearing upon HBT-loading
should be related to the HBT molecule incorporated in the
zeolite structure. It is worth noting that due to the strong
influence of the surroundings (TMA framework acidic sites),
the3C NMR features of the HBT guest may differ substantially
from those of pure HBT. In the range 18000 ppm, a weak
and broad peak at about 162 ppm is detected for sample HBT
FAU-1 (Figure 6b). NMR signal near 155 ppm is typical for
carbon bonded to oxygen atom in phefblThe additional
chemical shift of this peak may be due to interactions between
a methyl group of TMA and the phenol group of HBIThe
latter assumption corresponds well with the appearance of an
additional’3C NMR signal at 56.0 ppm related to the carbon
nuclei of TMA. For sample HBT/FAU-3, more additional
signals are observed in the ranges +160 ppm and 5953
ppm, generated by HBT and TMA, respectively, which points
to amplification of the mutual influence of TMA and HBT upon
HBT-loading. The deviations in the chemical shift and the
change in the relative intensities suggest that the HBT molecules
behave as entities embedded in a solid-state host matrix (i.e.,
that HBT is incorporated in the bulk of the FAU-type nano-
particles).

Steady-State UV--vis SpectroscopyThe absorption and the
emission spectra of samples HBT/FAU-1 and HBT/ FAU-3 are
depicted in Figure 7. The spectra of pure HBT dissolved in
ethanol are also given for comparison. As can be seen, the
conformation of HBT in HBT/FAU samples is not the enol-
form observed for HBT in ethand®:36:3° The nature of the

/
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absorption and emission of the samples HBT/FAU-1 and HBT/
FAU-3, a significant shift of the maximum of absorption of
HBT between the two samples is observed. In sample HBT/
FAU-1, the peak maximum is at 385 nm, while it is blue-shifted
to 375 nm in sample HBT/FAU-3 (Figure 7a). In comparison,
the shift of the emission band is negligible (see Figure 7b). If
emission and absorption involve the same minimum of the S
potential energy, then the; S~ S and $ — S; spectra will
have the same but mirror appearance. Such case for HBT
molecules dissolved in ethanol is observed (see Figure 7). The
decoupling of absorption and emission in HBT/FAU samples
clearly reveal the distinct nature of the emissive and absorbing
state; thus, we assign the absorption to the keto HBT tautomer
and the emission to the anion. To summarize, the HBT ground-
state conformation results from an en@kto equilibrium, which

in this case is catalyzed by the high alkalinity of the initial
solution. In neutral solution, the enol form is the stable one. In
our solutions, the pH is higher than 10; therefore, we observe
the solvent-assisted formation of the keto conformer. The keto
conformer is also the stable form of HBT molecules incorporated
in HBT/FAU samples.

An estimation of the HBT-loading in the sample HBT/FAU-3
can be deduced from the absorption spectrum. Under the
assumption that the extinction coefficient of HBKeto does
not differ strongly from the one of HBFenol (max = 20 000
mol~t cm™1), the concentration of HBT in the sample HBT/
FAU-3 is about 0.7 mM. Considering that the solid concentration
of zeolite particles in the colloidal suspension is about 1 wt %,
we estimate that the concentration of HBT in the supercages of
FAU sample is about 5 mM. This corresponds to loading of
one HBT molecule per unit cell, or about 1 HBT molecule for
eight supercages. Therefore, for such a degree of HBT loading,
there is a small probability for a direct interaction between two
HBT molecules. However, since one supercage is surrounded
by six sodalite cages, the amount of HBT is certainly sufficient
to induce a redistribution of the 4 or TMA* molecules as
observed in the Raman and NMR spectra of HBT/FAU samples.
The presence of neighboring HBT and TMAn the same
cavity, as already suggested from the analysis of the Raman
and NMR spectra, might also explain the blue shift of the HBT
absorption band. Complementary studies are, however, necessary
to clarify the interactions between the molecules of HBT and
TMA™ and a spatial constraint of both molecules confined in
the same supercage.

Picosecond Dynamics of HBT Molecule Encapsulated in
Nanoscale Zeolite CrystalsWe measured the transient spectra
of HBT in FAU for several pumpprobe delays in the range
1-50 ps following the subpicosecond excitation at 386 nm.
Figure 8 shows typical transient spectra recorded for HBT/
FAU-3 in the range of 5 ps (a) and 550 ps (b). The transient
signal recorded for pure FAU colloidal suspension is also given
in Figure 8a. As can be seen, the nanocrystalline suspension
exhibits no transient absorption signal when excited at 386 nm.
Therefore, under the experimental conditions used, the solvated
electron, which is characterized by a broad absorption band
centered at 730 nm in aqueous solution, is not formed in the

species responsible for the absorption at about 380 nm iscolloidal suspension by multiphoton absorption of the pump
described in the literaturR®:36:324041Some authors assign the pulse. Hence, the transient spectra recorded in HBT/FAU-3 can
absorption band to the deprotonated HBT anion, others to theunambiguously be attributed to the HBT molecules embedded
keto-tautomer. The emission was without any doubt identified in FAU. They exhibit a strong stimulated emission band with a
as coming from the deprotonated HBT moleciffe®:4! maximum around 480 nm and a broad transient absorption
The incorporated HBT molecules in zeolite nanoparticles centered at 710 nm. A second absorption band peaks in the near-

change their microenvironment in a different way as compared UV border of our spectral window. The transient is formed in
to that already observed in solutions. By comparing the less than 1 ps and evolves slightly in shape on th&Q ps
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Figure 10. Transient transmission change of alkaline solution of HBT
in water and methanol recorded at 480 nm after excitation at 386 nm.

state population created during the pump excitation, the second
time constant reflects the increase of the stimulated emission
band with7, = 1.5 ps, and finally, the stimulated emission
disappears with; = 350 ps. One should note that the accuracy
of the last decay is somehow uncertain considering the pump
BRI A1) probe delay scanned in our experiment. Precise determination
450 500 550 600 650 700 750 of 73 requires measurements on nanosecond time scales, which
will be a subject of a following paper. However, the time of
disappearance of the stimulated emission bagdis clearly

ATIT,

Wavelength / nm

Figure 8. Transient transmission spectra of sample HBT/FAU-3 after
excitation at 386 nm: (a) from 1 to 5 ps and (b) from 5 to 50 ps. The longer than the usual decay of the ito tautomer that has

arrows mark the direction of the signal evolution. The transient signal °€€n measured to be around 100 ps at room temperature (see
after excitation at 386 nm of the pure FAU zeolite suspension without e€f 33 and references therein). In the literature, this fast decay
HBT is given for comparison (a). of the HBT keto tautomer is related to a very efficientS S
internal conversion process governed by a conical intersection,
which is responsible for the photostability of the compound.
1.06 4 The second time, = 1.5 ps is also unusual for the photo-
chemistry of HBT. It is indeed much slower than the common
time of intramolecular excited-state proton transfer (about 100
fs or faster).

To clarify the confinement effects on the picosecond dynam-
ics of HBT encapsulated in the zeolite cavities, we performed
complementary measurements in solution. As described previ-
ously, the stationary spectrophotometric data on HBT/FAU
samples indicate the presence of a keto-like conformer into the
nanocrystals of zeolite. While the ESIPT of HBT has been
. . . ; . . extensively studied, the photoinduced reactivity of the HBT-
keto tautomer has not been reported in the literature. We

1.04

Z 1021

T/T

1.00 4

0.98 . _ ; )
- — stabilized a keto-like tautomer of HBT in aqueous and alcoholic

0 10 20 30 40 50 solution under alkaline condition (pk12) and followed the
Time / ps photoinduced picosecond dynamics after excitation at 386 nm

Figure 9. Transient transmission change of sample HBT/FAU-3 under the same conditions as for the HBT/FAU samples. We
recorded at 480 nm after excitation at 386 nm. The signal from pure obtained similar transient spectra for the HBT-keto in water
water is also given for comparison. and in methanol as those measured for HBT/FAU. The kinetics
at 480 nm was measured for both alkaline solutions (Figure
time scale. During the first picosecond, an increase of the 10). The global time evolution of the signal for both solutions
stimulated emission band together with an increase of theis similar to that recorded for HBT/FAU. The stimulated
absorption band in the near-IR is observed. Within the first 5 emission is partially formed during the pump pulse duration. It
ps, the emission band shifts slightly to higher energies (from increases during a few picoseconds and then decays slowly
485 to 482 nm). After 5 ps, the spectra do not change anymorewithin hundreds of picoseconds. We reproduced the two decays
in shape, but their intensity decreases within hundreds of with the same exponential fit function as that used for HBT/
picoseconds (Figure 8b). The parallel time behavior of the FAU and found thatr, equals 1.6 and 4.4 ps for water and
stimulated emission band and absorption band suggests that thenethanol, respectively, and equals 500 ps for both samples
same transient species is responsible for the emission and for(likewise, HBT/FAU r; was fixed to 0.15 ps to reproduce the
the absorption. pump duration). The similarity of the kinetics behavior in
Additionally, the kinetics of the stimulated emission band in solution and FAU system reveals that the picosecond dynamics
HBT/FAU-3 has been measuredigtone= 480 nm for a pump of HBT is not directly modified when the molecule is occluded
probe delay varying from-5 to +50 ps (Figure 9). The signal into the zeolite cavities. It is worth noting that the first decay
can properly be fitted by a sum of three exponential decays: time is the same in water and zeolite, while it is about three
the first time constant; = 0.15 ps corresponds to the excited- times slower in methanol, thus suggesting that the decay is
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S 1.5 ps S nanocrystals of size 80100 nm under heating at 9C for 70
h. Raman, infrared, and solid-statéC NMR spectroscopic
studies demonstrate that the embedding of the HBT molecules
300 ps fltorescence changes the local structure of the FAU skeleton, destroying
475 nm partially the sodalite-type cages, and affects the atomic sur-
roundings of the TMA ions. For high degrees of HBT loading,
Unresolved the mechanism of inclusion appears to involve complex interac-
So S, tions between TMA and HBT molecules that occur during the
templating synthesis of FAU nanocrystals.
. Owing to the very small size of the discrete zeolite crystals
s 0 into the colloidal solution, and the reasonable concentration of
<:/§2< j@ S HBT incorporated into FAU, we were able to carry out
N {:§:<N;© femtosecond pumpprobe experiments and characterized the
H femtochemistry of HBT molecule in the zeolite host. We found
Figure 11. Deprotonation mechanism of HBT in FAU. that HBT upon UV excitation undergoes very fast proton transfer
to solvent. This study shows that the HBT primary reactive step
governed by the first solvation shell surrounding the HBT is notstrongly influenced by the zeolite framework. This finding
molecule. On the basis of steady-state this, we have is promising for the development of host/guest ultrafast switch-
previously demonstrated that the absorption band around 380ing system since it reveals that on a picosecond time scale a
nm is assigned to the keto tautonieryhile the emission is functional guest molecule may behave in a zeolite host like in
due to the deprotonated ani#tiThe assignment of these bands ~free solution. This work demonstrates, with HBT as example,
was reinforced by the kinetics of the stimulated band. It is known the powerful alternative that represents colloidal solutions for
that the deprotonated anion has a much slower decay time tharfleveloping host/guest systems with medium-size organic mol-
the keto tautomer of HB¥2 Recently, this general property of ecule where the in situ investigations of ultrafast photochemical
ESIPT molecules has also been investigated theoret®allie processes are possible. The combination of nanosized porous
assign therefore the fast picosecond decay to the deprotonatiorfOsts containing organic compounds such as dyes or photo-
time of HBT-keto to form the HBT deprotonated anion. Such chromic molecules and ultrafast spectroscopy opens new
time constants have been reported for excited-state deprotonaperspectives for the development of molecular size devices. It
tion.54 The slower decay is very close for both alkaline solutions is also shown that the time-resolution of the punppobe system
and appears faster in zeolite, but in the same order of magnitudeis not degraded using colloidal solutions containing nanosized
As aforementioned, our experimental setup is not well-adapted zeolites.
for investigating dynamics on the nanosecond time scale; the
values for this slower decay should be taken carefully. However, Acknowledgment. This research was supported by a Marie
the internal conversion from the excited anion proceed via Curie Fellowship of the European Community program (HP-
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