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Colloidal Zeolites as Host Matrix for Copper Nanoclusters
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Nanosized zeolites stabilized in water suspensions are used as host matrix for the stabilization of copper
clusters. The metal clusters are formedysadiolytic reduction of copper-containing large pore zeolites
with FAU- (three-dimensional channels) and LTL- (one-dimensional channels) type structures in colloidal
form. A selective stabilization of different metal species in the zeolite host matrix is demonstrated
depending on the irradiation conditions, type of framework architecture, and copper content in the zeolite.
The formation process of different species, that is? @uand Cl, within FAU and LTL zeolites was
followed by UV—vis spectroscopy during the entire irradiation process. The transparency of the irradiated
colloidal zeolite suspensions allows the absorption measurements to be carried out with low scattering
from the zeolite particles having a size of about 50 nm. The use of nanosized crystals stabilized in water
suspensions led to the formation of homogeneously distributed copper species all over the zeolite particles
and not only on their surface.

Introduction at the same time their apertures can limit the amount of metal

— species diffusing from the zeolitic hosts. In some cases, the
Supported copper nanoclusters inside the cages of molec-

X . metal clusters inside the zeolite cages have been confined,
ular sieve hosts are expected to possess size-dependent elec-

tronic properties and nonlinear optical featutéOn the and further agglomeration to bigger metal particles has been

. . : avoided, as is demonstrated in ref 8.
other hand, the behavior of copper clusters in various stand- | Ll ‘ | i e h b
ard reactions, such as click chemistry, cycloadditions, etc., Recently, metal clusters of nearly uniform size have been

is dependent on their size and degree of homogeneous disgene.rgted by deggrbopylgtion of meta! carbonyl Cll,JSt,erS with
tribution in the host matri%# Moreover, the formation of ~ SPecific nuclearities inside the zeolite cages. similar

copper (CY) species during the reduction of zeolites contain-
ing Cu' species is important for their catalytic activity and
selectivity and mainly for the selective reduction of O’

Despite the intensive research in catalysis, the formation h . . :
P y mr:adm|um or alkali metals, have been introduced in host

dmatrices by sorption of metal vapdi&s.More common

process of various metal clusters and emergence of differe
species during the reduction process of metal ions confine
in porous zeolitic hosts is still not well understood. Zeolites

are attractive host materials, as they have regular channe

systems, providing crystallographic defined locations for

reduced metal species. As a consequence, the size of th

clusters inside the zeolites can be limited by the steric
restrictions originating from their channels and cages, and
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approach for the preparation of clusters involves thermal
decomposition of a precursor material, such as sodium azide
or metal-organic compounds impregnated inside the zeolite
channels%1 Besides, easily volatile elements, for instance

approaches comprise the reduction of metal cations incor-
porated in zeolites by preliminary ion exchange, where as a
reducing agent molecular hydrogen is used at elevated

éemperatureé? In the latter method, a migration of metal

clusters leading to further agglomeration into large metal
particles outside the zeolite crystals or in the bulk is
sometimes observed.

Reduction of metals in aqueous solutions is also possible
by addition of hydride anions or similar specié$iowever,
two main problems have been arising when the latter
approach is applied: (i) the reduction is not homogeneous
due to the mixing of the two reactant solutions, leading to a
wide distribution of metal cluster sizes in the solution, and
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(ii) the reduction of metal cations (Ni, Co**, Cu/?*, etc.) is Table 1. Elemental Ratios for Zeolites Y and L

not completed due to the low strength of the chemical sample CulMt Na/Al KI/Al2 TMAJ/AIb
reducing agents. cuy-1 0.348 0.124 0.179
Radiolysis is a powerful process for the preparation of gu\L(f g-%g 0.360 0.700 0.280
. . . . . 7 uL- . .
metal or metal oxide particles in various solutiéhs: Cul-2 0091 0873

Mainly y radiolysis has been used to reduce metal ions in
hydrated and dehydrated micro- and mesoporous compounds,
in powder form!®-2! However, significant changes in the
framework topology and subsequent damage of the porousresulting zeolite crystals were recovered by multistep cen-
hosts induced by the creation of radicals during the irradiation trifugation and washed with doubly distilled (dd) water.
were observed. lon Exchange of Nanosized FAU- and LTL-type Zeo-

In this paper we report a new strategy for the preparation lites. Zeolites Y (FAU) and L (LTL) were stabilized in water
of copper clusters in metal-containing suspensions of zeolite SUspensions at pH 9 and a concentration of solid particles
nanocrystals by radiolysis. This method has the advantage of about 1.5 wt %. The colloidal suspensions were subjected
of being relatively gentle, that is, the reduction is carried 0 ion exchange without preliminary calcination of the FAU
out at ambient conditions, allowing precise control of the Zeolite. Several samples were prepared with different copper
irradiation setting and thus providing quantitative information loadings by mixing copper nitrate (0.1 M) with zeolite
for the entire dynamic process of metal reduction. Further- SUSpensions, giving solutions containing 6 mmol of Gy
more, when the irradiation is carried out in colloidal suspen- ©f zeolite (samples CuY-1 and CuL-1), 0.6 mmol of*Clg
sions, the samples contain large amounts of water, and there©f zeolite (sample CuY-2), and 0.3 mmol of €1g of zeolite
fore they rays interact with the water and thus result in well- (Sample CuL-2). The ion-exchange process was carried out
defined radiolytic products. In addition, as the reducing &t 60°C for 16 h, and then the solutions were purified by
radicals are produced in water, it is possible to achieve atwo-step centrifugation and redispersed in doubly distilled
complete reduction of metals incorporated in the zeolite Water. The chemical composition of all samples after ion

aBased on ICP-AES measuremert®ased on thermogravimetric
alysis.

nanocrystals without any radiation damage of the zeolite

exchange is summarized in Table 1.

matrix. Finally, the transparent zeolite suspensions are also 7 Irradiation of Cu-FAU and Cu-LTL Suspensions. The

well adapted for UV-vis absorption measurementg?and
hence it is possible to follow in situ the formation of metallic
clusters in the FA®* and LTL?* zeolite hosts.

Experimental Section

Synthesis of Nanosized FAU- and LTL-type Zeolites.
Zeolite Y nanocrystals with FAU-type structure were pre-
pared from a clear precursor solution with the molar com-
position 2.37(TMA)O:0.05Na0:1Al,05:4.16SiQ:244H,0.
After aging of the solutions at room temperature (RT) without
agitation for 3 days, hydrothermal (HT) treatment at 2Q0
for 72 h was carried out (for details see ref 25). Zeolite L
with LTL-type structure was synthesized from a precursor
solution free of organic additives having the chemical
composition 5K0:0.2Na0:0.5AL03:10Si0,:200H,0. The
crystallization was carried out at 178 for 2 h in a
microwave oven (details can be found in ref 26). After the
complete crystallization of both colloidal solutions, the
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(24) Baerlocher, Ch.; Meier, W. M.; Olson, D. HAtlas of Zeolite
Framework TypesElsevier: Amsterdam, 2001; pp 132, 170.
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3201.

colloidal suspensions containing zeolite Y and L nanopar-
ticles were diluted with deionized water (18<Mdirectly
before irradiation); the metal concentration was chosen to
be in the range 16—10° mol/L for expedient detection of
the metals by absorption spectroscopy. After the dilution,
0.2 M 2-propanol was added to the zeolite suspensions, to
convert the oxidizing OH radicals generated by the radiolysis
of water into reducing alcohol radicals. The high sensibility
of the copper clusters leading to fast oxidation was overcome
by deaeration under Natmosphere immediately before
irradiation in a Pyrex cell; the latter was connected with an
optical cell that allows recording of the spectra under N
atmosphere. The optical cell of Suprasil was protected by
lead shielding during the entire processafradiation. The
irradiation source was #Co panoramicy-facility of 3000
Ci with a maximum dose rate of 4 k@y*. All samples
reported here are irradiated with a dose rate of 100Gy
The absorption spectra for samples CuY-1 and CuY-2 are
measured between 0 and 8 kGy in different steps.
Characterization. The crystalline structure of samples
before and after ion exchange was determined by X-ray
diffraction (XRD) measurements performed on a Stoe
powder diffractometer in transmission geometry (Ca, K
= 1.5406 A). The size of the crystalline domains in the
zeolite samples was determined on the basis of the Scherrer
equation, by use of the line broadening of several Bragg
reflections (the fitting of the diffraction patterns was carried
out with WinXPOW Size/Strain1.02, STOE & Cie GmbH).
Prior to the size determination, the instrumental peak
broadening was resolved by measuring lanthanum hexaboride
as a reference material (Aldrich). In addition, dynamic light

(26) Hdzl, M.; Mintova, S.; Bein, T.Stud. Surf. Sci. Catak005 158A
11.
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Figure 1. Particle size distribution curves for zeolite Y. The inset shows Figure 2. Particle size distribution curves for zeolite L. The inset shows
a TEM micrograph of the corresponding sample. a TEM micrograph of the corresponding sample.

scattering (DLS) measurements in colloidal suspensions werégp g\ n) The mean crystalline domain size of the dried FAU
performed with a Malvern Zetasizer-Nano instrument equipped particles was determined on the basis of the Scherrer

with a 4 mW He-Ne laser (633 nm) and avalanche photo- ¢qation, giving a mean diameter of the crystalline domains
diode detector. The chemical composition of the zeolite ¢ 5pout 80 nm, which is in good agreement with the DLS
samples before and after ion exchange was determined byeasrements. In addition, the high crystallinity and the
inductively coupled plasma atomic emission spectroscopytypica| morphological appearance of FAU particles are
(ICP-AES; Varian-Vista). Thermogravimetric analyses (TGA) - gemonstrated with the TEM picture shown as inset in Figure
of dried zeolite samples were performed to determine the | The crystalline fringes of pure FAU zeolite are well-

amount of organic template still present in zeolite Y samples oqjyed. The template-free aluminosilicate solutions sub-
(Netzsch STA 440 C TG/DSC, heating rate of 10 K/min in e cteq to microwave heating result in the crystallization of

a stream of synthetic air25 mL/min). LTL-type zeolite. The particle size, degree of polydispersity,

UV —vis spectra of colloidal suspensions after radiolysis 4,4 colloidal stability were determined by DLS. A mono-
were recorded on a Hewlett-Packard HP8453 spectrometer o qa| particle size distribution is observed for the LTL

Transmission electron microscopic (TEM) images were taken samples, giving rise to a peak centered at 50 nm, when the

on irradiated zeolite sampl'es, to pon'firm the formation of scattering intensity is expressed as number-weighted depen-
metal clusters and determine their size by use of a JEOL yopce (Figure 2). The peak is right-shifted to-8®0 nm

JEM 2011 microscope operating at 200 kV. The irradiated ¢, | T zeolites when the light scattering intensity is
samples were prepared in a glovebox under nitrogen

s : weighted by volume (Figure 2). However, a smaller crystal-
atmosphere, followed by drying in a vacuunr £ h prior

line domain size of about 37 nm is calculated from the
to TEM study. Scherrer equation, which is significantly smaller than the size
determined by DLS. This can be explained by the morphol-
ogy of the LTL particles. In the case of DLS, the size of the
Nanosized FAU- and LTL-type Zeolite Suspensions.  particles is calculated on the basis of the scattering of light
The FAU-type framework structure consists of a three- from agglomerates consisting of smaller nanosized LTL
dimensional channel system with large pore openings of 7.4 crystallites. The TEM image of LTL crystals (Figure 2) prior
A defined by the aperture of 12-membered rings, while LTL- t0 ion exchange reveals that the LTL sample consists of
type zeolite consists of a one-dimensional channel systemcrystalline nanosized domains (280 nm) that are well
running along the crystallographicaxis defined by 12-  aligned and form the ultimate aggregates with a final size
membered rings with a free diameter of 7.24he colloidal of 80—100 nm.
zeolite nanocrystals with FAU-type structure were stabilized  The stabilized water suspensions of LTL and FAU zeolites
in aqueous suspensions with a constant concentration andvere subjected to ion exchange with copper according to
pH. The particle size distribution curves of colloidal suspen- the procedure described above. The chemical compositions
sions were recorded by DLS in a backscattering geometry, of the zeolites before and after ion exchange were determined
revealing a monomodal particle size distribution prior to the by ICP-AES, and the results are summarized in Table 1. As
ion-exchange treatment. The hydrodynamic diameter of FAU can be seen, the potassium in the LTL zeolite (Si#2.85)
crystals varied from 20 to 100 nm, when the light scattering was not completely exchanged for copper due to the high
intensity is expressed as unweighted particle size distributionaffinity of K for the zeolite framework. The copper content
dependence (Figure 1). However, the apparent mean particlas about 35% and 18% of the cation-exchange capacity for
diameter decreased significantly by about-30 nm when samples CulL-1 and Cul-2, respectively. However, an
the distribution was number- or volume-weighted (see Figure overexchange degree has been observed for LTL zeolite,
1). The high crystallinity of the zeolite samples was which is likely caused by additional anionic species such as
confirmed by X-ray patterns collected from the purified and OH~ partially counterbalancing the positive charge of copper
dried samples prior to the postsynthesis treatment. Only cations. Similar data for hydroxide species in zeolites after
Bragg reflections representing the FAU crystals without any ion exchange with transition metals have been reported
impurities or other phases were observed (patterns are noelsewheré!28

Results and Discussion
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100- CuY-2 mass % located in thef cages and supercages of FAU zeolite,
14 o CuY2DSC respectively, which are removed from the structure at
13 different temperatures.

In the case of sample CuY-1, the total sum of copper,
sodium, and TMA content is giving 100%, indicating that
the copper is not coordinated by additional ions such as
hydroxide. However, in sample CuY-2, the sum of Na, TMA,
40 and Cu content is 87%, and the remaining 13% presumably
751 . is due to the presence of protons. This observation is in
100 200 300 400 500 600 700 agreement with the removal of TMA cations from the

Temperature [°C] supercages, under repeated washing of FAU zeolite before
and after the ion-exchange treatment.

y Radiolysis of Cu-FAU SuspensionsAll zeolite nano-
particles containing different amounts of Cu were stored in
H,O suspensions and thus subjecteg-tadiolysis in a Pyrex
cell. The redox chemistry of copper is governed by the
following one-electron semiequations associated with one-
electron reduction potentials:

954

90

mass [%]
DSC [mW/mg]

Figure 3. TG and DSC curves of sample CuY-2.

CuY-1 mass %
........... CuY-1DSC

100+

95

90

854
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80_.-._ CU+ te < CuometaI(E = O'56‘/NHE) (l)

754

00 200 300 40 S0 &0 700 CUl" +e < Cu" (E=0.16Vy) (2)

Temperature [°C]
Figure 4. TG and DSC curves of sample CuY-1. Cu+ te = Cuo (E = _Z'NNHE) (3)

In the case of FAU zeolite (Si/AE 1.70), the ion In this notation, the index metal is used to indicate that the
exchange of Naand TMA" for CL?* is not complete either ~ atom belongs to a metal particle and in that way has been
(Table 1). The residual sodium ions in the zeolite are distinguished from free atoms. The difference between the
probably due to the slow exchange kinetics of the S1 and redox potentials corresponding to the metal copper and
S sites in the FAU structure, as has been reported copper atoms according to eqs 1 and 3, respectively, should
previously?® The bulky tetramethylammonium cation used be noticed. A variation of the rati6® (Cu,"/Cu,) is expected,
as a template for the synthesis of zeolite Y probably is since the atomic potential fd&° (Cu'/CW0) is —2.Vnwe,*°
exchangeable only if it is located in the zeolite supercage; it while for E° (Cu;"/Cuy) it is —0.4Vywe,® and the bulk
cannot be removed completely from tfecages. We note  electrode potential is 0.52xe (NHE = normal hydrogen
that all FAU samples were subjected to ion exchange without electrode). It is well-known that the reduction potentials of
preliminary drying and calcination, and therefore a large copper clusters and oligomers vary fron2.7 to 0.56 V,
amount of TMA" is present in the crystals. The copper depending on their size and environment. Hence, in the
content is about 70% and 23% in samples CuY-1 and earliest stage of the cluster formation, eqs 2 and 3 can be
CuY-2, respectively (see Table 1). The quantity of TMA in combined and reaction 4 will be favored:
the zeolite samples was determined by heating the same
amount of powder (10 mg) in a TG crucible, which allows c’" +cl’—2cu’ (4)

a quantitative comparison of the samples. Figures 3 and 4

show the TG/DSC curves of samples CuY-2 and CuY-1, As the clusters are growing in size, their redox potential
respectively. The zeolitic water is removed from the two increases as well, and the disproportionation reaction is
samples below 20€C, while the organic additive (TMA) is  expected to dominate:

combusted between 300 and 470. The total amount of

water is about 20 and 14 wt % for samples CuY-1 and Ccu' 4+ cu" —Cv + Cl, (5)
CuY-2, respectively. These results illustrate the increased

affinity of molecular sieves with high Cu loading toward Under the conditions used here, the reduction of copper can
water. On the other hand, the amount of TMA was de- proceed by the reaction of two reducing species pro-
creased with progressive ion exchange, and about 8 andduced by radiolysis in the waterlcohol solutions, that

5 wt % TMA was decomposed in samples CuY-2 and js, the solvated electron (&) and the alcohol radicals
CuY-1, respectively. The DSC curves suggest the pres-+C(CHs),OH, according to the redox equations:

ence of two locations of TMA in the FAU structure from

which the template is combusted at 320 and 460 We (29) Weidenthaler, C.; Mao, Y.; Schmidt, W. Impact of Zeolites and Other

attribute these two exothermic effects to TMA molecules Porous Materials on the New Technologies at the Beginning of the
New Millennium. Stud. Surf. Sci. CataR002 142B 1857.

(30) Henglein, A.Ber. Bunsen-Gedl 977, 81, 556.

(27) Bae, D.; Seff, KMicroporous Mesoporous Mate.999 33, 265. (31) Khatouri, J.; Mostafavi, M.; Amblard, J.; Belloni,Ghem. Phys. Lett.

(28) Bae, D.; Seff, KMicroporous Mesoporous Mate200Q 40, 219. 1992 191, 351.
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(CH,),CO+ e + H' = o(CH,),COH E = —1.8V,x) (6) y
nH,O0+e =e ., (E=—2.Ny @)
1.2
The solvated electrons formed by water radiolysis are §
therefore able to reduce €uinto CW according to the A o8
following reactions, and the corresponding rate constants in @
bulk solutions are given belo#: 04
Ct +e,, —Cu (k=2.7x10"L-mol™"s™) (8)
00 T T T T T T T T T T T
250 300 350 400 450 500 550 600 650 700 750 800
Cu" +e,, —CUP(k=33x10"L-mol s (9) A (nm)

. Figure 5. Absorption spectra of sample CuY-2 ([€l = 0.3 x 1073 M)
On the other hand, the radical of alcohol can only reduce pefore (a) and after irradiation with doses of (b) 0.6, (c) 1.5, (d) 2.7, and

Cu' to Cd, but it is not strong enough to form copper atoms. (e) 8.0 kGy.
The radiolytic yields representing the formation ofg and A 08
oC(CH;),0OH species in water, expressed@s micromoles

per gray, are well defined due to the experimental conditions, 0.74
and they are5(e sqn) = 0.26 uM/Gy and G(sC(CHs),OH) 0.6
= 0.32uM/Gy, correspondingly. In the zeolite suspensions,
the reducing species are formed in the bulk water that
surrounds the nanosized zeolite crystals and diffuse in the
three-dimensional zeolite framework structures, leading to 034
reduction of Ct to Cu and CU species.

0.5+

0.4+

OD/cm

The UV—vis absorption spectra of samples CuY-2 and 21 &
CuY-1 recorded at several irradiation doses are depicted in 0.1+ @1
Figures 5 and 6, correspondingly. In both samples, the 250 300 350 400 450 500 550 600 650 700 750 800
concentration of zeolite particles was kept identical and only A (nm)
the amount of copper cations (€l in the zeolite particle
introduced by ion exchange is different (see Experimental B

Section). By comparison of these absorption spectra, it is
apparent that the reactivity of copper in both samples
involves different species of copper. Sample CuY-2 shows
a large absorption band located between 270 and 600 nm,
with a maximum at 480 nm, which is formed in the beginning
of the irradiation process (0.3 kGy). A possible assignment
of that is the appearance of charge-transfer bands of 0.5
O—Cu—0 and Cu-O—Cu complexes, which are expected

to absorb in the regions of 32B70 and 406440 nm,

respectively’? In the same way, the generation of Cu-oxo T, P s FRA. B
species with a possible formula [E®—Cu}*" located in % (nm)

the SL_Jpercages_ of Zeo!lte Y has been pr_quCted_for theFigure 6. Absorption spectra of sample CuY-1 ([&§ = 10~ M) before
selective catalytic reduction of NO* However, it is 0bvious  (a) and after irradiation with doses of (b) 0.9, () 1.8, (d) 3, (€) 5.5, and (f)
that all these species are reduced forms of.Cu 8 kGy.

At higher irradiation doses, the evolution of the absorption
spectra of sample CuY-2 is dominated by a large band
structured in the near UV with a pronounced maximum in
the range of 466490 nm. This band is observed at
irradiation doses between 0.6 and 3.6 kGy and is gradually
shifted to higher wavelengths (see Figure 5). This band is
located outside the range characteristic for the absorption of
small metal copper oligomers or nanoclusters; however
CwO particles can absorb in this region as wellhe same

OD /cm

band at 480 nm has also been assigned tsfecies formed

in poly(acrylic acid) system®. Moreover, the absorption

around 480 nm was ascribed to the presence 6kpecies

stabilized by C@ molecules” Similar to the results reported
before, the appearance of the absorption band at 480 nm in

sample CuY-2 is due to the presence of stabilizetoations

in the FAU zeolite matrix. In this case, the Cspecies

" become very stable since they are trapped in the zeolite
framework. Assuming an extinction coefficieatfor the
stabilized Clspeciess = 2000 M™* cm™?, as reported in

(32) Buxton, G. V.; Greenstock, C. L.; Helman, W. P.; Ross, AlBhys.
Chem. Ref. Dat4988 17, 513.
(33) Pestryakov, A. N.; Petranovskii, V. P.; Kryazhov, A.; Ozhereliev, O.; (36) Ershov, B. G.; Janata, E.; Michaelis, M.; Henglein JAPhys. Chem.

Pfander, N.; Knop-Gericke, AChem. Phys. Let2004 385, 173. 1991, 95, 8996.
(34) Komatsu, T.; Nunokawa, M.; Moon, |. S.; Takahara, T.; Namba, S.; (37) Anbar, M.; Bambenek, M.; Ross, A. Belected specific rates of
Yashima, T.J. Catal. 1994 148 427. reactions of transients from water in aqueous solutibrHydrated

(35) Yang, M.; Zhu, J.-JJ. Cryst. Growth2003 256, 134. electron Stanford Research Institute: Menlo Park, CA, 1973; p 54.
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the literature, the amount of Cgan be calculated on the The spectra of sample CuY-1 have significantly different
basis of the absorption spectra. The concentration of stabi-features, as depicted in Figure 6. The bands-at0 and
lized cations will be about 0.2% 1072 M, recorded for ~365 nm assigned to the copper oligomers are also present
sample CuY-2 at the irradiation dose of 1.8 kGy. This here. However, no absorption bancdat80 nm is observed.
number corresponds to the reduction of about 75% of the Instead, a development and a strong shift of two bands in
total amount of C¥" existing in sample CuY-2. The the range of 4086800 nm is seen at irradiation doses up to
radiolytic yield of formation of Clspecies G(Cliis equal 3.0 kGy. Moreover, at higher irradiation doses, the absorption
to 0.12uM-Gy 2. In this case, the value for G is lower than at wavelengths greater than 600 nm is diminished again. The
the maximum radiolytic reduction yield based on the development of the copper cluster plasmon band- 380
formation of solvated electrons and alcohol radicals. How- nm is clearly visible in sample CuY-1, and a shift to lower
ever, this value is in agreement with other results reported wavelengths at 575 nm under high irradiation dose8 (
on the radiolytic yieldG(Cu), which is lower than the one  kGy) is observed as well. Such evolution of the absorption
measured for metals such as Pt, Ir, and®Ag. plasmon band is typical for the growth of metallic nano-
The zeolite samples already containing Gpecies were  clusters. In the earliest stages, the plasmon band is broad,
subjected to continuous irradiation, and the evolution of the which is associated with the formation of subnanometric
absorption spectra has been followed. A broad shoulder atmetallic clusters. As the aggregation process progresses, the
~570 nm accompanied by an increase of the spectral featuresidth of the band decreases and its maximum is shifted
below 450 nm suggests the formation of copper clusters attoward shorter wavelengths. Another indication for the
higher irradiation doses above 2.7 kGy (see Figure 5, tracesformation of copper clusters is provided by the observed
d and e). The band at 570 nm is a typical plasmon resonancechange in the color of the zeolite suspensions; that is, at the
corresponding to copper nanoclusters. The intensity of theend of the irradiation process, the color of the solution
band at 570 nm increases during the irradiation while its became a transparent red.

width is decreasing (see Figure 5). In addition to the  The correlation between the disappearance of the absorp-
formation of the plasmon absorption band, severa_l otherstion pand above 600 nm and the emergence of the cluster's
centered at-265,~310, and~365 nm are observed in the  plasmon band suggests that the species absorbing above 600
spectra of sample CuY-2. These bands are related to thenym are the precursors for the metallic copper formed in the
presence of oligomeric species Cuwhich are in agreement  ;q0jite suspensions (Figure 6). The data for sample CuY-1
with a previously made assignment for copper clusters (in contrast to sample CuY-2) suggest that the formation of
synthesized in the presence of poly(acrylic acid); the bands metajlic copper does not proceed via stabilization of. Cu

at 292, 350, and 455 nm have been assigned to oligomersgince all the other conditions for preparation of samples
c_onsututed of few atom®. The metal clusters are formed cyy-1 and CuY-2 were identical, this particular behavior
via the reduction of Cuby the solvated electrons, and reflects the strong influence of the ion-exchange degree on

subsequent aggregation of the copper atoms results in thgne reactivity of C&* in FAU-type molecular sieve.
formation of Cuy' species. Moreover, the consecutive

reduction and aggregation/coalescence processes create even’ Radiolysis of Cu-LTL SuspensionsColloidal suspen-

bigger clusters. The species Cuare regarded as precursors Sions containing large-pore LTL zeolite with different copper
99 - P g > precursor loadings (CuL-1 and CulL-2) were subjectecytoadiolysis
for the formation of copper cluster, when the irradiation is

carried out in aqueous solutions (see eq*¥®eutral and gt g&?:'g?r;z;m;ggréaﬁlo:ﬁ dusceudegraf:Lthzilepilr?S#iTuhree
cationic clusters are generated by further agglomeration of P P 9

) : ) : . . 7. As can be seen, for both samples having low (Cuk-2
dlffere_nt atomic .or oligomeric species according to the 0.08x 10-3M) and high (CuL-1~ 0.14 x 103 M) copper
following formula:

content, the formation process of metal copper clusters
proceeds through formation of Cspecies. After irradiation

of sample CulL-2 with a dose of 250 Gy, about 80% of the
CU?* cations were reduced to Cspecies. The spectrum of
CuL-2 is dominated by the absorption band at 480 nm (see
Figure 7B). Under the same irradiation conditions, the
spectrum of sample CulL-2 contains two bands at 480 and
570 nm, which are assigned to 'Gand C{ nanoparticles,
respectively. This is evidence that all €uons have first
been reduced to Cspecies, and then a reduction of'Cu
into CWP takes place. In contrast to the FAU zeolite, it was
not possible to stabilized directly copper metal oligomers in
the LTL host without forming first the Cispecies. The metal
loading in the LTL zeolite is lower than in the FAU samples
due to the lower ion-exchange capacity. Therefore, the

Cl+ cu" —Cu,” (10)
CL&a‘F + Cuyb+ s CLJ)(+y(a+b)+ (11)
Furthermore, the formation of Gtican also proceed by the
interactions between Cucations stabilized by the alcohol
radicals according to the following mechanigff?4:

(Cu(CHy),.COH)" 4+ Cu" — Cu," + (CH,),CO+ H" (12)

The band at 365 nm could be related with,Cmolecular
species, as has been also specified in ref 39.

(38) Kumar, M.Radiat. Phys. Chen2002 64, 99.

(39) Buxton, G. V.; Green, J. Q. Chem. Soc., Faraday Trans.1978 formation process of metal clusters observed in the LTL

@) 7:4, %97. ML Mulac. W. A Schimidt. K. H.: M o DCh zeolite is in agreement with the results obtained for FAU
reiperg, \M.; Mulac, . A.; Schmidt, K. H.; Meyerstein, ID.Chem. . f .

Soc., Faraday Trans. 1980 76, 1838. samples; that is, at lower metal content the formation df Cu

(41) Texier, I.; Mostafavi, MRadiat. Phys. Cheni997, 49, 459. species is favored.
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Figure 7. Absorption spectra of sample CuL-1 ([&li = 0.14 x 1073 M) (A) and CuL-2 ([C#*"] = 0.08 x 10°3 M) (B) before and after irradiation at a
dose of 0.25 kGy.

Figure 8. TEM images of sample CuY-1 after irradiation with a dose of  £iq e 9. TEM image of sample CuL-1 before (a) and after (b) irradiation
5.5 kGy. The arrows mark the position of copper particles. with a dose of 0.4 kGy. M= 20 nm.

The comparison of samples Y and L demonstrates that
the type of the zeolite host materials and metal loading plays
a significant role regarding the stabilization of various metal
species. Time-resolved measurements are in progress t
clarify and explain the different behavior of copper species
located in these two zeolite hosts.

The emergence of the copper plasmon band in both
colloidal suspensions CuY-1 and -2 and CuL-1 and -2 shows
the generation of small copper clusters instead of large
agglomerates or metallic precipitates that are often seen in
nonstabilized copper solutions. However, it is not clear yet
if these copper particles are located inside the zeolite
framework or if they are firmly stabilized at the particle’s
surface. This point is of special interest considering their
stability and possible migration of copper from zeolite hosts
with big apertures.

As a complementary method for the characterization of
copper clusters in the crystalline host materials, high-
resolution transmission electron microscopy (HRTEM) was
applied. The HRTEM images collected from sample CuY-1
treated at irradiation dose of 5.5 kGy reveal the formation
of copper clusters~2 nm) associated with the zeolite
nanocrystals (Figure 8 a), as well as dark spots associated A new approach for creation of copper clusters confined
with small copper clusters located in the zeolite hosts can in nanosized zeolite particles based)oradiolytic reduction
be distinguished. The FAU zeolite particles are slightly in water suspensions has been reported. The current approach

changed under prolonged exposure to the beam, since the
originally sharp crystal edges appear rounded or in some
cases amorphous material can be detected (Figure 8b). It is
%nown that the colloidal zeolite nanoparticles can be easily
amorphized, and for a short time the metallic clusters several
angstroms in size, such as Au, Ag, Cu, etc., can be imaged.
In the case of zeolite L, the one-dimensional channel system
is almost completely occupied by copper species that follow
the zeolite channels (see Figure 9).

The TEM data demonstrate the absence of agglomerates
of copper metal clusters at the periphery of the individual
zeolite crystallites. This finding suggests a fairly homoge-
neous distribution of copper species in the zeolite host
crystals. Under the beam, the one-dimensional channel
system of zeolite L is almost completely destroyed; how-
ever, the black-colored wires are still there. This observation
is in good agreement with the UWis spectra, where the
formation of copper clusters and their alignment as wires
within the zeolite channels is proven.

Conclusions
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permits the preparation of different types of copper clusters the preparation of metal-containing zeolites, for instance, for

under gentle conditions and allows selective stabilization of applications in catalysis or antimicrobial compounds, where

diverse species in the zeolite hosts depending on thethe metal species should be homogeneously distributed all

irradiation conditions, as well as on the copper content of over the zeolite host matrix. Moreover, this method can be

zeolites. The formation process of Cor CuU species transferred to many other metal cations, owing to the strong

selectively stabilized in the zeolite hosts with different reducing potential of the radicals formed by radiolysis.

framework architectures were followed by WUVis spec-
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