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Abstract: This Raman spectroscopic study on selenium incorporated inYNzkolite presents new aspects of the
photochemistry of selenium. The formation of the Seadical anion has been established from its resonance Raman
spectrum, consisting of ten almost equidistant bands between 328 and 322@wrnhe low-energy side of the
476.24-nm laser excitation line. The derived spectroscopic constants of the electronic ground state- 828
cmtandxowo = 0.71 cntl. Another broad band at 260 chresembles features in the Raman spectra of amorphous
selenium and selenium chain structures encapsulated in zeolites. Continuous irradiation at sufficiently high laser
power levels leads to depletion of the 260 ¢nband and a simultaneous enhancement of the Bands. These
observations are discussed with respect to the defect states conventionally invoked for reversible photoinduced changes
in amorphous selenium.

Introduction Electronic absorption spectra show clearly that the properties
of Se incorporated in zeolite®4213differ essentially from those

in the other molecular sieves. In the case of zeolite A, the
absorption spectrum is closely related to that of bulk monoclinic
- . i x Se which consists of $&ings®12 However, in several Y and

to study the influence of spatial confinement on its structure, X zeolites, as well as in mordenite and AIRB, the spectra
using various techniques ranging from diffraction by X-rays  zre analogous to that of trigonal Se which is composed of helical
and more recently by anomalous X-ray scattefirgctended  chainssi2 |n general, a blue shift of the band gap is observed
X-ray absorption fine structure (EXAFS)? and Raman  jth respect to the band gaps of bulk monoclinic (2.53 eV) and
spectroscopy.~'% The structural picture shows basically one-  rigonal Se (1.98 eVA.

dimensional Se chains occupying the voids in the molecular Zeolites-encapsulated Se are photosensitiveAfter il-
sieves. Only for zeolite A do the experimental results support | mination with visible light of various wavelengths at low

Selenium has been loaded into a variety of molecular sieves
like mordenite, faujasites (X, Y), zeolite A, and AlRO in order

the formation of isolated clusters like $engs®® In one- temperatures, new bands appear in the absorption spectra. Itis
dimensional channel systems like mordenite or ABdhe Se jikely that these changes in the optical behavior are accompanied
chains are isolated, highly ordered helical structdré&:!* The by structural modifications of the selenium. In addition to the

three-dimensionally linked large pores of the zeolites X and Y photoinduced spectral bands, the formation of paramagnetic
impose less rigid constraints on the Se chains. Thus, it is centers has been established by ESR spectroscopy following
possible that more than one Se chain can occupy the same cag#lumination® However, these species have not been well-
and that irregular chain bending causes deviations from the characterized or convincingly identified.

regular helical conformatioh?'2 We report Raman spectroscopic results obtained on Se loaded
into a neodymium-exchanged Y zeolite. Whereas in the case
® Abstract published imhdvance ACS Abstract&ebruary 15, 1996. of monovalent cations each supercage of the Y zeolite contains
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Raman Shift (cm™) Figure 2. Raman spectrum of the selenium-loadedNdzeolite. The
Figure 1. Raman spectra of the pure N& zeolite (lower trace) and spectrum is dominated by the Sebands.
the same zeolite loaded with 9.5 selenium atoms per supercage (upper

trace). The arrows mark the positions of the main features. Table 1. Spectral Positions of the Observed; SBands
band transition Raman band dist
into the second arm. The tube was sealed off at both ends under Nno.v freq (cn?) shift (cnm™) vn = vn-1 (CMY)
vacuum, placed into a furnace, and heated to 435or 12 h. An 1 20670 328.0 328.0
orange colored powder was obtained in the zeolite-containing arm with 2 20341 656.8 328.6
traces of the elemental Se left in the other arm. The sample was 3 20016 981.8 325.2
annealed at 350C for 24 h for complete homogenization. From the 4 10692 1306.4 324.6
weight balance it was calculated that 9.6 Se atoms per supercage 5 19372 1625.8 319.4
had been loaded. 6 19051 1947.3 3215
The Raman spectra were measured at room temperature using a triple 7 18730 2268.2 320.9
Jobin Yvon T64000 spectrometer equipped with an optical multichannel g iggég ggggg ggé
analyzer. Krypton ion laser radiation of wavelength 476.24 nm (20998 10 17779 3219.3 318.4

cm™Y) at maximum power of 100 mW was used for excitation. The
resolution of the instrument was set to 6 @n A sample sealed in a
quartz tube under vacuum was used for the measurements. Theabsolute transition frequencies, and the Raman shifts relative
geometry of the CCD detection system limited the directly recorded to the excitation frequency. A repeat measurement with a
range of the Raman spectrum to a maximum of 750cfrom the slightly higher excitation wavelength (482.52 nm) gave identical
excitation frequency. By adjusting the gratings, a spectrum covering ghifts for these lines identifying them as Raman scattering and
arange of-5000 cn could be assembled from 10 component spectra. ¢ f,,5rescence. With increasing distance from the exciting

Each individual spectrum was calibrated using the emission spectrum . L
of a neon lamp. In order to compensate for intensity fluctuations of !Ine’ these bands broaden significantly and a strong background

. Ny . .
the laser radiation the shift of the detected spectral range was choser!S 0PS€rved starting at600 cn* and increasing steeply at

so that adjacent spectra overlapped by at least 350.cm about 3700 cm'* (i.e. an absol_ute frequency of 17300 cth
As can be seen from both Figure 2 and Table 1 the sequence
Results of these transitions is very regular and the spacing between

. ispl h £ th h th successive bands decreases slightly with increasing Raman shift.
Flghure 1 ld'Sp ayik;{e R?man spectra 01 t ﬁ both the pure 1 i5 characteristic of transitions between vibrational levels
and the Se-loaded Ne zeolite up to 765 cm’. The spectrum o gifterent electronic states of molecules. Figure 3 shows a

of the pure zeolite sho(\;vr; three broad but clearly resolvedh:)andspbt of spacings between consecutive bands versus an arbitrarily
at 289, 338, and 527 cm, and a broad shoulder at 492 assigned vibrational quantum numheii.e. the number of the

Raman bands around 300 and 500 ¢rare characteristic of 5,4 iy Table 1 (BirgeSponer plot). Using a linear fit to
dehydrated faujasitic zeolité$. In the Se-loaded zeolite, these derive the spectroscopic constants of the electronic level
bands almost disappear and only the two features around 50Q,4|yed, we obtained 328 cri for the fundamental vibration
cmt are still weakly perceptible. Three new bands emerge: frequencywo and 0.71 cm? for the anharmonicity constant
one rather broad and centered around 260%cand the other " These values agree with those reported for the electronic
two quite narrow and an _order of magnitude more intense at ground state of th&Se,~ radical anion doped into a Kl crystal,
328 and 657 cm'. While the feature at 260 cm is (35854 0.9) and (0.75 0.04) cnTl, respectivelys Hence,
pharacterlstlc _of Raman bands reported for Se chains formedy o iqentification of Sg is unambiguous. Since the Raman
in some zeolite$,"1% the other two bands have not been  gpit of the first transition, 328 cnf, matches the reported

preyiously observed. value'® for the fundamental vibration frequency, the assigned
Figure 2 shows the Raman spectrum of the Se-loadeeWNd 4, antum numbers must be the correct absolute numbers. The

zeolite over a range of 5000 crh Eight new bands can be  prgadening of the Se bands with increasing Raman shift is
distinguished. Table 1 gives the positions of these bands as

(15) Rolfe, J.J. Chem. Phys1968 49, 4193.
(14) Bramard, C.; Le Maire, M.J. Phys. Chem1993 97, 9695. (16) Holton, W. C.; de Wit, MSolid State Commuri969 7, 1099.
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Figure 3. Birge—Sponer plot: The distances of subsequent bands are Figure 4. Influence of the 476.24-nm laser radiation on the spectral
plotted versus the vibrational quantum numbers assigned to the bandsfeatures. The solid line indicates a spectrum recorded directly after

The line is a linear fit yielding the fundamental vibration frequengy focusing the laser beam on the sample. The broken line spectrum was
and the anharmonicity constanix, of the electronic ground state (see  taken after 30 min of illumination. The $ebands (up arrows) grow
text). under illumination while the selenium chain related band (down arrow)

. ) ) _ has decreased.
due to the use of natural Se in this experiment. Because Se is
composed of six isotopes, 21 isotopic combinations far Se  Therefore, the emission must be occurring from a high
are possible and the resulting splitting of the energy levels is yiprational level, probably withy > 15, since the vibrational
already quite large for = 10. . constant is expected to be smaller in the excited electronic state.
The vibrational spectrum of gein Figure 2 is clearly not a Figure 4 shows the time evolution of the Se-related bands in
f:onventlonal Raman spectrum. We o_bserve bands correspondFigure 1. Continuous illumination of the sample with the
ing to overtone transitions withv as high as 10. Apartfrom  ,rohing radiation leads to an increase of the intensity of all the
the fact that such transitions are rather improbable, the strongp,nds with the exception of the 260-cinband representing
intensities of the observed bands point to a special enhancemenf,o se chains. At a laser output level of 100 mW these changes
effect. We note also that each ofmez_s_bands ismuch more 00 quite rapidly. In particular, the band representing the Se
intense than the band at 260 charising from first-order  cpaing decreases drastically within minutes. The growth of the
scattering from the Se chains. _ _ Se~ bands reaches a saturation level afi¢ and a weak trace
_Obviously we are dealing with a resonance effect involving - ¢ the 260-cm? feature remains. On the other hand, at an initial
vibrational levels of two different electronic states. The |55er output level as low as 40 mW, the intensity of the 260-
frequency of the exciting radlatlo.n brlqlges. precisely the energy -1 feature is conserved for at least 1.5 h. The Raman bands
gap between two particular rotatioralibrational levels of the ¢4 rregponding to the zeolite itself become more prominent again.
Se”, one belonging to the electronic ground state and the secondgjgently we are observing a photoinduced degradation of the
to an excited electronic state. Thus the upper of these levelsgg chains with Se being one of the decomposition products.
can be highly populated by the intense laser beam, and thegjnce the Sg bands do not decrease after suspending the
excited radical anions decay back to the ground state emittingagiation of the sample for-2 h, the structural rearrangements
intense resonance radiation. Such a process is not subject Qe jrreversible at room temperature on the time scale of our
any selection rules oAv . This scenario accounts for both the experiment.
observed transitions and the high intensities. The actual
concentration of S& may be small since its detection can be piscussion
strongly favored by the advantageous resonance effect. (For o . .
example, in the case of gaseous,3eresonance fluorescence The decrease in intensity of the Raman band assigned to the

spectrum has been observed that originates in:the 14 selenium chains, in concert with the growth in intensity of the
vibrational level of the electronic ground state. Although the Se~ bands, supports the conclusion that Sanionic dimers
Boltzman factor for the occupation of this level at 5@ is 4 are produced from longer Se chains by dissociation. However,
x 1075, the signal-to-noise ratio was about 5000/1 for the strong the spectra obtained at low laser power confirm that &eions
linesl?) are also present in the samplefore its exposure to the
The excitation energicwoe between the lowest vibrational ~ radiation, implying that some $eis produced spontaneously
levels in the ground and first excited electronic state$98e,~ in the zeolite under our conditions of preparation. The most

in KI1%is wgo = 16011 cm!. This serves as a reference value, likely source of these spontaneously produced anions is the
although the electronic excitation energy usually exhibits a neutral Sg dimer which is one of the predominant species
substantially greater matrix dependence than the internalpresent in the selenium vapor at the sample preparation
vibrational excitations, so that the corresponding value @f temperature (433C). Some of the neutral dimers are apparently
could be quite different for the zeolite matrix. However, the stabilized by reduction with an electron transferred from the
highest energy emission band corresponds to a frequency ofzeolite instead of being incorporated into longer chains.
20670 cntl, much higher than the reference value wdo. The fact that the dimeric species produced under irradiation
(17) Barrow, R. F.. Beattie, I. R.. Burton, W. G.. Gilson, Trans. is the anion suggests the occurrence of _heterolytic bond breaki_ng
Faraday Soc1971, 67, 583. of the Se chains resulting in the formation of a shortened chain
(18) Brabson, G. D.; Andrews, L1. Phys. Chem1992 96, 9172. with a positively charged hole defect on the terminal Se atom
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h fragments cannot diffuse apart at low temperature and will
recombine. Instead, homolytic bond scission to yield tw® C
, + " zeolite " neutral defects, a lower energy defect pair, occurs in the
Se-chain mordenite. The pair of neutral (free radical) defects is thermally
Qz o unstable and are annealed by rejoining the chain fragments when
! the mordenite is heated to 300°KFor this reason, we do not
Se; \ believe that homolytic bond scission giving rise to neutral Se
that are subsequently converted tg Say electron transfer plays
an important role here. In addition, we have no experimental
evidence for the presence of the neutral dimer from the Raman

diffusion
electron transfer spectrum.
~_ Finally, an electron-transfer mechanism may also explain the

spontaneous formation of Seprior to the illumination with
Se, \ d + " zeolite™ " the laser. Isolated trivalent Nt ions are not reasonable

+ " zeolite "

candidates as electron donors since*Ndormation is not
plausible. However, it is known that the exposure of zeolites
ion-exchanged with polyvalent cations (e.g.3LaCe**, Ti3t)

to molecular oxygen results in the formation of Canalogous

to Se~.2123 We suggest that the reducing power of3Xd

h substituted zeolite lies in the presence of oxide and/or hy-
droxide-bridged cation dimers or trimers in the sodalite cages
which is confirmed by recent neutron diffraction measure-
ments?* A plausible scenario involves the homolytic scission
of the O—H bond of a bridging hydroxyl in the [NGOH),]**"
cluster with the resulting hydrogen atom reducing the neutral
Se molecule and the unpaired electron stabilized on the cluster:

Figure 5. Reaction mechanism for the photoinduced formation ef Se
from chainlike Se. The notation of the involved atoms is described in
the text.

(Figure 5). It has been demonstrated that the very hig
electrostatic fields found in the pores of zeolites are conducive
to charge separation and the stabilization of ionic spééi&s.

In our case, heterolytic bond scission near the end of the chain
generates a spin-paired; Cdefect on the remaining chain
fragment and a Se radical anion. Since the dissociation is
irreversible on the time scale of our experiments a stabilization
of the initial ion pair must occur. The most plausible mechanism
is the following. First, the Se diffuses from the immediate [NdZ(OH)2]4+ + Se, = [Ndz(OH)(O)]4+ +Se + HY (1)
vicinity. Electron transfer from the zeolite to the accompanying

C1* defect then gives rise to a neutral chain end indistinguishable Stapilization of the S anions may be accomplished by the
from the original chain end and creates a hole center in the protons formed in (1). However, it should be noted that this
zeolite host material. Subsequently the;'Sanion, which is  reaction occurs at the temperature of preparation of the materials

an unpaired electron defect, is stab_ilized at this zeolitic hole (435°C) and therefore is not involved in the photo]ytic process
center or another center generated in the same way. at room temperatur®.

It has previously been reported that photoinduced electronic
absorption bands in isolated Se chains in zeolites appear aroung:gnclusion
1.85 (14920 cml) and 2.15 eV (17340 cm) upon irradiation
at low temperaturavith radiation above the band edgelhese The formation of the Se radical anion in a zeolite host has
were also associated with the formation of paramagnetic defectbeen reported for the first time. While the band at 260 tm
centers as observed in the ESR specttuithe mid-gap centers  arises from first-order scattering from Se chains, the series of
were suggested to be uncharged dangling bond sités tfe ten Se~ bands starting at 328 crhresults from a resonance
lower number denotes the bond coordination, the upper index Raman phenomenon. The evolution of both the Selated
the charge at the center) with unpaired electrons. We attachbands and the band originating from chain selenium under
some significance to the fact that the onset of the increasedillumination with the laser radiation indicates a photoinduced
fluorescence occurs at an absolute frequency of about 17300decomposition of the Se chains with accompanying formation
cm! (Figure 3) which is identical to the position of the higher of Se~ fragments. Mechanisms are suggested that account for
energy photoinduced electronic absorption band within the error the irreversible formation of $e before and after irradiation
limits. with the laser.
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