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Dehydrated zeolites NaA, NaY, and barium-exchanged NaY
luminesce when irradiated with the 1064 nm laser light of an FT-
Raman instrument. When hydrogen is adsorbed in the zeolite, the
luminescence is altered in several ways. Most remarkable is the
appearance of “absorptions” in the positions of the first vibrational
overtones of H, and HD. Although these features are in the ex-
pected positions with reasonable band profiles for overtone absorp-
tions, the large extinction of the luminescent intensity requires a
more efficient mechanism than simple reabsorption of emitted
photons. In addition to the appearance of holes in the luminescence
spectrum, other luminescent features are substantially quenched
by the presence of hydrogen or, in one case, augmented.

variation? we wondered whether the infrared spectrum was
actually reporting on dihydrogen that was interacting with
anion sites in the framework of the zeolite. The Raman
spectrum could be trusted to give a report on all adsorbed
dihydrogen regardless of the geometry of coordination, and
we sought corroboration of the infrared spectrum in the
Raman. The Raman results will be reported elsewhere. We
report here luminescence observations that are quite unprec-
edented.

Dried zeolites NaY, BaY, or NaA occasionally luminesce
in the Stokes region of the Raman spectrum when subjected
to illumination at 9395 cm' from the Nd:YAG laser of a
Perkin-Elmer 2000 Fourier transform spectrométér.is
clear that there are at least four distinct luminescence spectra
that can be produced by different treatments. The details of

The infrared spectrum of dihydrogen has been investigatedihe |uminescences will be described below. For the moment,

in zeolite hosts for a number of yedrdVe undertook a

it is important to realize that the luminescence is altered by

comparison of the Raman spectrum of dihydrogen adsorbedipe presence of hydrogen in several key ways.

in zeolites with its infrared spectrum. The motive for such a
comparison evolved from studies of dihydrogen complexes
of alkali halides in argon and neon matriéésParticularly

in argon matrices, hydrogen exhibits a preference for
interaction with the anion of alkali halide ion pafrShe
perturbed fundamental vibration of hydrogen varied only by
about 4 cm? in a series of complexes, MCI, where #Li,

K, Rb, and Cs. Upon reading that the spectrum of dihydrogen
in alkali metal-exchanged zeolite X also exhibited very little
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What is most remarkable about the luminescence is the
appearance of a dip in the luminescent intensity at the
position which corresponds to the first vibrational overtone
of dihydrogerf (See Figure 1.) For NaA at 77 K, the dip
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liquid nitrogen temperatures. Alternatively, pressed pellets of the
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which could be attached to an Air Products, model CS-202 refrigerator
equipped with an exchange-gas inlet at the sample. The sample holder
included a Csl window that had been sealed to the holder by several
methods. The seals were never completely successful, and hydrogen
leaked into the vacuum system when it was reversibly bound to the
zeolite. Still observations were possible from 16 to 45 K. Raman
measurements were performed in both configurations by collecting
180 backscattered radiation. The esr tubes were used exclusively for
Raman measurements. The samples were immersed in liquid nitrogen
in an unsilvered Dewar designed for esr spectroscopy. Infrared
measurements were made of the pellets in the Air Products apparatus
by reflection. The infrared beam of the spectrometer was deflected
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from the holder was not totally absent from what reached the detector.
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the luminescence spectrum are typically more than 10 times
more intense for similar loadings. We can infer from a figure
showing the fundamental and overtone ofilNaCaA that
the fundamental is approximately 100 times more inténse.
In an earlier report, they claim the fundamental ofi® 35
times as intense as the overtdfi&Rather than there being
simply a reabsorption of an emitted photon, there must be
coupling between the excited vibrational levels of hydrogen
and the luminescent state whereby energy is transferred to
the vibrational manifold of hydrogen and then relaxed
. . . nonradiatively. Fluorescence resonance energy transfer has

8000 7500 7000 been described for a number of systeé$he mechanism

Absolute energy scale, cm-1 . . . . .
involves dipole coupling and will only be prominent when

Figure 1. Raman spectrum of Hand HD in barium-exchanged zeolite  the transition dipole for the acceptor is large. It is unlikely
NaY® at 17 K showing loss of luminescent intensity at positions of water this can be the case for hydrogen. In order for the hydrogen
and hydrogen vibrational overtones. to efficiently relax the excited state, the hydrogen wave

matches the shape and position of what has been seen in th]éunctlons must be mixed with the electronic states of the

o : mitter h that ther n imultan lectroni
reflectance spectrum taken under similar conditibhsthe emitter suc at there can be a simultaneous electronic

presence of HD, the dip is seen in the appropriate position relaxation as the hydrogen is excited to its second excited
for its first over,tone Using B the position of the first vibronic level. The selection rules for such a process will

: . 2t . depend on the symmetry properties of the product functions.
overtone is outside the viewing range of the optics. The This is no different from vibronic coupling in high symmetr
position of the second overtone of B observable, but we Ping gh sy Y

observe no dip in that region. WithsHthe size of the dip is Werner-type transition metal complex@s’he absence of a

weakly dependent on the amount adsorbed over the rangedlp corresponding to the second overtone efritay be a

of applied pressures from 15 cm of Hg to 76 cm of Hg at 77 reflection of the different symmetry properties of that of a

) . X . = 3 < 0 transition. That the line widths of the dips are so
K; the trend line does not extrapolate to zero intensity at . . : S "

. similar to the widths of vibrational transitions suggests that

zero pressure. At the lowest pressures, there is roughly 0.5

o . there is very inefficient state-to-state energy transfer among
H, molecule for every sodium ion. At higher pressures, the . . ; .
S excited states that are almost in resonance with the first
amount of hydrogen exceeds the number of sodium ions and

. ; . overtone of hydrogen and those which are in resonance.
there is concomitant growth of a shoulder to higher wave- Further evidence for such counlina between the hvdrogen
number that is seen both in the dip and in the Raman biing ydrog

spectrum of B wave functions and those of the electronic excited states
P LT . comes also from the alteration of luminescence intensity as
The dips in the luminescence spectra closely resemble

. . . ’ a function of H binding across the entire luminescence
what is seen in fluorescence hole burning experiments, but . S
there is one key difference. In photochemical hole burnin spectrum that we monitor, vide infra,
. y anl - 1N P - 9 This s the first instance in our awareness where a discrete
experiments, the widths of the holes are characteristic of the_., L . .
. ._vibrational transition has resulted in loss of luminescence
emission spectra of the fluorescent states. The broad profile f an optical transition only at the wavelengths of the

of fluorescence spectra is understood as an envelope ofo . i ’ .
P P€ ibrational transition. Conceivably, the phenomenon is not

fluorescences, the energies of which are modulated by the ; .
commonly observed simply because very few luminescence

particulars of the site, a phenomenon referred to as inho- . . ;
. o measurements are made deep in the near-infrared with
mogeneous broadenirigds reported above, the dip in the . L
species whose overtones are so high in energy. Indeed, we

luminescence spectrum of NaA has the same width and have observed smaller dips in the region of the-tD

position as the overtone absorption in the reflectance . . .
. : . . stretching overtone region of water in several samples that
spectrunf The widths of the dips seen in the luminescence : ;
reasonably have picked up some water after having been

spectra of NaY and barium-exchanged NaY are more narrow . (See, for example, Figure 1.) We are undertaking

than the width seen in NaA. . . . . L
Although the positions and widths of the dips are as experiments that will substantiate this latter finding under
controlled conditions.

O e ehenenc WMIE the s in the uminescence may b coecty
bpthe sample V\)//e have ?ound that ?he abs[())rbance of thedescribed, the source of the luminescence itself is not so
y pie. ) o easily understood. Luminescence in zeolites has been re-

fundamental H-H stretching vibration is small; for NaY we

have typically seen optical densities of less than 0.01 in (8) NaY zeolite powder, Aldrich Chemical Co. We found the Si/Al ratio
reflectance. By contrast, the optical densities of the dips in ~ ©© 8 2:2 in both batches by ICP emission spectroscopy. Barium

substitution has achieved 36% of full exchange.
(9) Bose, H.; Foster, H.; Frede, WChem. Phys. Lettl987 138 401.

Water overtones

7979 cm-1
H2

Arbitrary intensity
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(d) Finally, another luminescence involves BaS®hich
we have occasionally used to assist in sample alignment.
The presence of BaSOappears to be associated with
luminescence in BaY and in NaA.

With the exception of the luminescence associated with
BaSQ, the intensities of the luminescences are altered by
the presence of hydrogen, irrespective of its mass. The
luminescence associated with pyrolyzed organic impurities
becomes more intense upon hydrogen adsorption whereas
the other two luminescences are quenched by the presence
of hydrogen, as shown in Figure 2. Since deuterium and

o]
L

N-N stretcwd nitrogen

H
1

Intensity(arbitrary units)

Ny
1

hydrogen behave similarly, we believe that the quenching

1 I T . . . . .
3000 2000 1000 mechanism involves a shift in the energy levels, making the
Raman shift om-1 laser more or less efficient in populating the luminescent

Figure 2. Lumingscence seen in NaY as observed by Raman spectroscopyexcited state. Interactions between a donor such as dihydro-
at77 K. (a) zeolite Nay having been heated under vacuum to 770 K. (b) en and an acceptor will result in a destabilization of the
same sample as in part a after having been annealed at 620 K for 8 h; (c)g p " e
same sample as in part a with 1 atm of hydrogen, taken prior to annealing. empty energy levels of the acceptdElectronic excitations
Note that the feature at 1145 cfrcan be completely quenched by hydrogen.  from a populated level to this destabilized acceptor level will

) blue shift as a result of the doneacceptor interaction. For
ported by several, and the causes have been attributed tqminescence to be quenched, the blue shift must be large

iron impurities* and organic impurities' We have attempted  ¢,51,gh to bring the onset of the excitation spectrum to higher
to show that these sources are responsible for the Iumlnescenénergly than the 9395 crhlaser light.

behavior of our samples but have only partly succeeded. We |, seems clear from these experiments that adsorbed
have identified at least four different types of luminescence. hydrogen is proximal to the luminescent centers in dehy-
To establish iron as a luminescent center, wéehhave synthe-yrated zeolites so that it can relax luminescent excited states
sized NaA with various amounts of iron presénthere is 4t are in resonance with the vibrational energy levels of
no correlation between the luminescent intensity in the hydrogen and so that the actual transition energies of the

infrared region and the amount of iron present. luminescent centers are altered to the extent that the laser is
(@) Organic impurities do cause a luminescence after theno longer effective in exciting the luminescence. We will

sample has been heated. Acetone, ethanol, and toluene whiclyent 1o characterize the excitation spectrum of these

have been pyrolyzed in a vacuum all give a broad emission g5 hje5 to determine if luminescence can be switched back
that is most intense f"lt the position of the laser exmt_atlon on with higher energy excitations. Preliminary studies with
and bgcomes less Intense  at longer "‘_’a"e'ength N aNginitrogen show that the luminescence shown in Figure 2
appr_oxmately expon_entl_al fashion. Intensity of this sortis .o, aiso be quenched in an analogous fashion by adsorbed
eliminated after heating in an oxygen atmosphere at 625 K initrogen although no dips have been seen in the region of
or higher temperatures. o the overtones of nitrogen. We are attempting to determine
(b) The luminescences that are shown in Figure 2 are notyhether the binding sites that give rise to luminescence
associated with any obvious impurity.The luminescence o the vibrational spectrum of hydrogen in a unigue

centered at 1070 cm (8320 cm, unshifted) can be oy a5 compared to what is seen in nonluminescent
achieved in NaY by heating to 820 K. It is not affected by samples.

oxygen treatments but can be eliminated simply by heating
at relatively mild temperatures (620 K) in a vacuum. )
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