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Nanoclusters in Zeolite
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Nanoclusters of Se, Rb-Se, and Cs-Se were incorporated in the supercages of Y zeolite. Anomalous
x-ray scattering established that the Se clusters take the form of weakly interacting chains with a
disordered structure similar to that of amorphous Se, while the Rb-Se and Cs-Se clusters céntain Se
Zintl ions as in crystalline and liquid bulk phases. The Raman spectra of the nanoclusters exhibit
features found in the bulk disordered phases. [S0031-9007(97)03938-0]

PACS numbers: 61.46.+w, 61.10.Eq

Confined geometry on the nanometer scale producesork the Na counterions were exchanged with Nd
dramatic effects on the optical, electronic, vibrational, andhe resulting Nd-Y zeolite offers the advantage that all the
thermodynamic properties of condensed matter [1]. Reeounterions are located in the sodalite cages and thus do
cently, a particle-size-dependent reduction of the latenhot play any role in the AXS. Se was introduced into the
heat of fusion and of the melting point has been experimenzeolite by vapor diffusion producing a uniformly orange
tally established in Sn particles of 5 to 50 nm dimensioncolored powder. Subsequently, part of this powder was
[2]. Porous structures such as zeolites, which are aboumserted into silica containers fitted with frits, and sufficient
30%—50% void space after dehydration, provide a mechajuantities of alkali metal were added to fo¥se (A =
nism for confining materials in a controlled fashion, lead-Rb, Cs) stoichiometric compounds. The bottom part of the
ing to a wide range of applications including moleculartubes (where the alkali metal resided) was heated t320
filters, electronic devices, and nuclear waste storage. Ito minimize Se desorption from the zeolite. The resulting
this work, we have formed nanoclusters of Se and semicormaterial was homogeneously brown, and chemical analysis
ducting alkali-selenium compounds inside zeolite cage#ndicated compositions of R3S 43 and Cg§455@) ss.

1.3 nm wide and investigated the local surroundings of the Transmission electron microscopy (TEM) measure-
Se and Rb atoms with anomalous x-ray scattering (AXS)ments revealed a uniform cage structure with a periodicity
In the past, semiconducting materials such as Se [3-7], Sef ~1 nm. There was no sign of external Se patrticles,
S, Se-Te [4], and Rb-Te [7] alloys, and CdS, CdSe, CdTewhile energy-dispersive analysis confirmed the presence
ZnS, and PbS compounds [8,9] have been incorporated iof Se in the host crystal. There was evidence of a few
zeolites, but a detailed structural picture at the atomic levesmall particles extrinsic to the zeolite micropores in the
could not be obtained since the methods used give limNdY/RbSe and NdYCsSe samples, but most of the alkali
ited structural information, especially beyond the nearesselenide material was incorporated in the zeolite. Neutron
neighbors. This is a particular problem if, as in the casepowder diffraction measurements showed that (a) the Nd-
studied here, the incorporated material is structurally disexchanged zeolite has a typical Y-zeolite structure with
ordered relative to the zeolite host. Nd** ions residing in the sodalite cages, (b) the structure

The AXS technique combines site specificity with un-of the zeolite host is preserved upon incorporation of the
ambiguous interpretation of pair correlations in real spacsemiconductors, and (c) the incorporated atoms are largely
and is thus extremely powerful for solving the structure ofout of registry with the zeolite [11].
nanoclusters contained as a minority species in a macro- The internal structures of the clusters were determined
scopic host. In this paper we report results of an AXShby AXS measurements at the Se and Rb K edges, carried
investigation of Se, RbSe, and CsSe clusters incorporatealit on the X-7A beam line at NSLS. With this technique,
into the supercages of Nd-exchanged Y zeolite. Thesthe structure factor associated with a specific eleragst
semiconductors were chosen for their unusual temperatureletermined from the difference of the scattered intensities
and concentration-dependent properties. In contrast to thaken at two x-ray energies, one just below an absorption
more traditional semiconductors (e.g., CdSe, CdTe), thesedge of the elemenf, and the other a little farther
materials have not been synthesized in nanocrystallinbelow. The formalism of this technique is described in
form. Furthermore, Se, Rb, and Cs have x-ray absorptiodetail elsewhere [12]. The chosen energies (in keV) were
edges in a favorable energy region for synchrotron x-rayl2.650 and 12.163 near the Se edge, observed at 12.666,
beams. and 15.195 and 14.682 near the Rb edge, observed at

The aluminosilicate framework of Y zeolite is of the 15.214. This method makes it possible to distinguish the
faujasite type [10] and consists of corner sharing AlO environments of Rb and Se in the cluster from those of the
and SiQ units connected so that well defined cavities andzeolite atoms.
channels are formed. The supercages are 13 Ain diameterThe real-space correlation functid.s.(r) for the Se-
and the connecting channels 7 A across. In the preseitaded zeolite is shown in Fig. 1. The first peak can
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6 — T T be noted that, in spite of the significant difference between
the structures of- and m-Se, the short-range structures
are rather similar. The local structure of the two are
nearly identical for groups of four atoms on the same
chain or ring, and only differ in whether the fifth atom
is situated in a trans- or cis-configuration. On this basis,
a disordered chain model férSe (and by implication for
a-Se) was proposed in which trans- and cis-configurations
are adopted randomly with statistical weights that depend
on temperature [18]. The short-range structure observed
here points to a similar disordered chain structure for the
Se nanoclusters.
3 6 The coordination number for the second shelt is 1,
A greater than the value of 2.0 or less expected for isolated
FIG. 1. Se difference pair correlation function for Se in Nd-Y chains but lower than the values of 6—7 observed iand
zeolite, with fitted Gaussian peaks. a-Se. In fact, it is similar to the values found #Se—
3.75 at 265C, falling to 3.1 at 680C [17]. This suggests
that the Se nanoclusters consist of a small number of
be fitted with a single Gaussian peak and the secondeakly interacting chains. It has been suggested [19]
peak, partially resolved from the remaining section of thethat for faujasites of the kind used here Se forms weakly
correlation function, with a pair of unresolved Gaussianinteracting double chains, which is consistent with our
peaks. If a peak can be assigned to a unique atom pagaresent observation.
(a, j), the average coordination number (CtN)(a, j) of j Additional support for this conclusion is provided by
atoms about am atom can be derived from its area [12]. Raman scattering measurements. In Fig. 2 the spectrum
Comparison with bulk crystallinec{) and amorphousaf)  obtained for the Se-loaded zeolite is presented. The
Se leads to the assignment of the two peaks at 2.32 argpectrum is dominated by one peak aro@fd cm™! with
3.66 A with Se-Se correlations and the third at 4.00 Aa shoulder nea235 cm™! and a broad peak a00 cm™!.
with Se-host atom correlations. The fit for the unresolvedThe first peak and shoulder are remarkably similar to
second and third peaks is, of course, not unique, but théhose reported by Carroll and Lannin [20] for bahand
position of the second peak is rather well defined by thef-Se. Lucovsky [21] has pointed out that the variations in
leading edge. Comparison of the present results for Seans- and cis-configurations, as well as in the degree of
clusters in zeolite with data for the various crystallinecoupling with neighboring chains, should have significant
[trigonal (¢-Se helical chain structure [13], monoclinic effects on the optical spectra. Both chainlike and ringlike
(m-Se Se ring structure [14], and rhombohedral-Se  elements should have peaks aroudsh cm™', while
Seg ring structure [15]], glassya-Se [16] and liquid  strong interactions with neighboring chains should lead
(¢-Se phases [17], grouped in Table I, leads to severato a peak aroun@®35 cm™!, as observed in-Se. The
important conclusions. First, the nearest-neighbor bondemaining peaks are similar to those reported in various
length and coordination number in the Se-loaded zeolitéorms of a-Se [22]. The similarity of the spectrum
is similar to that in the bulk phases. Second, the secondrom the Se-loaded zeolite to that afSe, but with a
neighbor bond length is also similar, while its coordinationbroadening reminiscent of the liquid spectrum, supports
number is significantly lower than in butkSe. It should the presence of weakly interacting chains. The orange
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TABLE I. Short-range structural parameters for Se in zeolite and for various forms of bulk¢Ses the bond angle
[R, = 2R, sin(¢/2), where the intra value faR, is taken in the crystals and the average value for the other cases]. The values for
m-Se are for thex modification; those foB andy are similar [14].

Form C,(Se Se Ri(A) C»(Se Se R>(R) ¢ Ref.
NdY/Se 20+ 03 2.32 = 0.02 4 *+1 3.66 = 0.02 104° + 2° This expt.
t-Se: intra 2.0 2.373 2.0 3.716 103.1 [13]
inter 4.0 3.436

m-Se: intra 2.0 2.336 2.0 3.72 105.7 [14]
inter 2.% 3.8

r-Se: intra 2.0 2.356 2.0 3.64 101.1 [15]
inter 4.» 3.54%

a-Se 2.0 2.36 7*+1 3.74 104.8 [16]

€-Sg265 °C) 2.0 2.38 3.4 3.75 104 [17]

2Average number of atoms at a distance between 3 and 4 A, and average distance for those atoms.
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FIG. 2. Polarized Raman spectrum of Se in Nd-Y zeolite. 0 &
color of the Se-loaded zeolite is also consistent with a 0o 1 2 3 . 4 6 7
structural similarity to bulkz-Se. r, A

For the Rb-Se loaded zeolite, chemical analysis CONE G, 3. se and Rb difference pair correlation functions for

firmed the formation of Rbs;Se.4s. According to the  ppse in Nd-Y zeolite, with fitted Gaussian peaks.
Zintl-Klemm rule in which electron transfer from the al-

kali moves the chemical properties of the Group-VI atom3.734 A, while each Rb atom is surrounded by 3 Se atoms
into line with those of Group VII, S€~ polyanions will  at 3.338 A and 3 more Se at 3.620 A. In bulkCsSe,
be present in the crystal and by analogy with KTe [23] arethe first Cs-Se distance appears~at.46 A. Thus, it is
likely to persist in the disordered state, giving a Se coordifeasonable to associate the first peak of the doublet in
nation number of one. In the case of Cs-Se, the chemicdloth functions with the Rb-Se nearest-neighbor distance,
analysis yielded Gs;5Se) ss which according to the phase and the second with subsequent correlations involving
diagram will consist of a mixture of CsSe and,Ss;, both Rb and Se atoms for the Se edge function and Se
and so both charged $€ dimers and Sg~ trimers are  atoms for the Rb edge function. Parameters derived for
expected to be present, yielding an average coordinatiofie RbSe-loaded zeolite and CsSe-loaded zeolite are given
number of Se higher than one and less than two. in Table Il along with those for-RbSe andf-CsSe. It
The real-space correlation functions for the Rb-Sds evident that the RbSe and CsSe form clusters in the
loaded zeolite at the Se and Rb K edges are shown ireolite that mimic the structure of the bulk compounds.
Fig. 3, with the first four peaks fitted by Gaussians. It This conclusion is again reinforced by Raman scatter-
is seen immediately that the peak at 2.42 A appears onling results.  Figure 4 compares the spectrum obtained
in Ts.(r) and not inTry(r), indicating that it is due to from the CsSe-loaded zeolite with those frarnCsSe
Se-Se nearest neighbors. dfRbSe [24], the shortest in- and ¢-CsSe. The crystal spectrum is characterized
teratomic distance is between a pair of Se atoms, 2.468 Ay two peaks at 252 and®72 cm™!, the lower of
Similarly, in €-CsSe [25], the first shell in the pair corre- which is ascribed on the basis @b initio quantum
lation function results from a pair of Se atoms separate¢hemical calculations [24] to stretching vibrations of
by 2.37 A. Se>” Zintl ions are evidently present also in the Se?~ Zintl ions and the higher to vibrational
the RbSe clusters formed in the zeolite supercages. Thwodes involving both cations and anions. The liquid
second peak ifs.(r)—the first in Try,(r)—is a broad spectrum has a single broad, asymmetric peak around
structure between 3 and 4 A, partially resolved from the260 cm™!. The CsSe-loaded zeolite shows a relatively
high+ part of the pair correlation function. The Gaussiansharp peak arounds5 cm~! with a high broad distri-
fits to these peaks give an unresolved doublet at 3.46 arlelition on its low-energy side and a small shoulder on
3.80 A for Ts.(r) and an unresolved doublet at 3.47 andthe high-energy side. It is reasonable to associate the
3.71 AforTgry(r). Inc-RbSe, each Se atom is surrounded255 cm™! peak with stretching vibrations of the Se
by the other Se atom in the Zintl ion at 2.468 A, 3 Rband Se”~ ions and the broad features on either side with
atoms at 3.338 A, 3 more Rb at 3.620 A, and 1 Se atom ahodes involving both cations and anions.
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TABLE Il. Coordination numbers and bond distancesA&@e (A = Rb, Cs) clusters in zeoliteg-RbSe, and’-CsSe.

Form a? Cl(se Se Rl(A) CQ(A, Se Rz(A) C3 (ll,])b Rz(A) Ref.
NdY/RbSe Se 1.1 = 0.1 2.42 + 0.02 34 £05 3.46 = 0.02 34 £05 3.80 = 0.02 This work
NdY/RbSe Rb 3.1 £ 0.8 3.47 = 0.02 3.5 0.7 3.71 = 0.06 This work
NdY/CsSe Se 1.7 = 0.2 2.44 + 0.02 3.1 £0.5 3.52 = 0.02 1.5+ 04 3.80 = 0.02 This work
c-RbSe Se 1 2.468 3 3.338 4 3%5 [24]

Rb S 3 3.338 3 3.620 [24]
£-CsSe(450°C) Cs ~1 ~2.37 ~3 ~3.46 ~3 ~3.79 [25]

2 refers to the anomalous scattering atom in the case of the zeolite data and to the reference atom for coordination information in
the case of the crystal and liquid data.

®Total coordination numbers calculated assumihg4, Se) = 3C;(Se Se as inc-RbSe.
‘Average distance of 3 Rb and 1 Se atoms.
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