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Zeolites are a class of microporous aluminosilicates widely used Scheme 1 . Dehydroxilation of Brensted Acid Sites by Dehydration

in catalytic industrial processes as solid adid@eolite acidity is H o

related to the presence of the Bransted acid sites@Bi—Al) in s %5 s si gi°9~s %5 %A% si

the framework2 These sites give_rise to a OH vibration iq the IR H - - + H,0
spectra of dehydrated samples in the 363660 cnt! region? 0. .0.0_.0 0._.0® o

Early orf it was recognized that if a zeolite is heated above 873K, ~ Si” St 'S "AI""Si SPoUSEUSE o ArS

the intensity of this vibration decreases progressively until it dis- gcpeme 2 . Homolytic Decomposition of Bransted Acid Sites

appears.This dehydroxylation process has been generally attributed 1) 9y
H

to the dehydration of acid sites as described in Schefe 1. 0. 0 b o A
Thermally treated H-zeolites are also known to react with s s s AT s 6% g9 si O arCsi
molecules having small ionization potentials to form stable radical 2) H . H .
cations’~® There has been an intense debate regarding the composi- 0.6, 0. O.. —> oo .O_ .0,
. . . Si SiSi Al Si Si” "Si "SI Al S|
tion and structure of the sites responsible for the one-electron-
transfer process that forms these stable radical catfombese 3 H H
oxidation sites are linked to the presence of Brgnsted acid sites . .l +H
OngOngiOgiOng > -0ngiOngiOgOng; >

(BAS) in the zeolité and not to the formation of Lewis acid sites S
(LAS) upon removal of aluminum from the framework and
formation of extraframework aluminum speciésHowever, ex-

traframework aluminum is usually formed during the high-

containing the sample support (fused quartz chips) produce no
hydrogen signal. Samples of Na-mordenite also produce no
hydrogen upon heating.

temperatures nee_dgd t_o dehydroxilate zeolite’. The active The two samples of ZSM-5 used in the MSPD experiments
centers are nonacidic single-electron redox sites. were prepared using a synthesis gel containing no organic structure
Here we show using mass spectrometigmperature-pro-  giractorsl’ This is an important consideration because ZSM-5

grammed desorption (MSTPD) that the product of heating high-  samples prepared using tetrapropylammonium usually have missing
silica H-zeolites is predominantly hydrogen. Using electronic- T_atoms (Si or Al) in the framework that lead to the formation of
structure calculations we also show a plausible path for the pyqroxyl nestd819 These sites also react at high temperatures
formation of hydrogen from zeolite BAS (Scheme 2) and propose producing hydrogen and bis-silylperoxo groups in the zeolite

that the reaction should lead to the formation of [4]Osites in framework20.21In fact, silicalite-1 produces more hydrogen gas than
the zeolite'® These [AIQ]° sites can act as nonacidic one-electron zgp-5 (SiQ/AI,03 = 20) because each hydroxyl nest produces
acceptors of adsorbed molecules (as suggested b§)@inithcould  two hydrogen molecules and there is approximately one defect per
react further to form a more stable species. As such these siteschannel intersection.
could play an important role in the catalytic chemistry of hydro-  The weak water signal during the last ramp in the TPD of Figure
carbons at high temperatures (see below). 1 indicates that the reaction of Schen?@ is not prevalent and
Figure 1 shows the MSTPD traces of/e = 2 (H,) andm/e = that different chemistry occurs during heating. A homolytic bond-
18 (water) desorbed from two samples of H-ZSM-5 ($KD,Os breaking process (Scheme 2) could explain the results of Figure 1.
= 20, 40) under helium flow (see Supporting Information for The first step is the dissociation of the OH bond of the BAS to
experimental details). During the initial heating to 280 (not form hydrogen atoms adsorbed on adjacent framework oxygen

shown) only water is desorbed. However, during the last temper- atoms and a [AIG]° site (step 1). This is followed by diffusion of
ature ramp to 750C a substantial amount of hydrogen is observed the hydrogen atoms (step 2) and finally the recombination of two
simultaneously with a small amount of water. Clearly, the sample H atoms to form molecular hydrogen. H atoms trapped in zeolite
of ZSM-5 with SiQ/Al,03 = 20 produces more hydrogen than a cavities and [AIQ]° defects have both been observed by ESR in
similar amount of ZSM-5 with SigJAl,O; = 40. Zeolites HB and y-irradiated H-zeolited3 and there is extensive experimeftaind
H-mordenite (SiQAlO; = 18) also produce hydrogen upon theoretical® evidence for the presence of [Al@ defects in quartz.
heating. The process is irreversible since a sample of H-mordenite Note that in all cases we find small amounts of water desorbed at
(SIO,/Al,03 = 18) heated to 75€C, cooled to 500C, and reheated  high temperatures and that the reaction depicted in Scheme 1 (or
to 750°C produces hydrogen in the first temperature ramp only. some similar process) can occur simultaneously with the dehydro-
Samples with higher aluminum content{M, SiOJ/Al,O; = 5, genation. This explains the formation of LAS in dehydroxylated
H-mordenite SiQAI,O; = 10.4) produce hydrogen but also ZSM-5 samples treated under similar conditions to the ones used
produce much more water. We conducted a series of control here812

experiments to ensure that this signal is not an experimental artifact The formation and properties of [A sites in quartz have been
(see Supporting Information). The empty reactor and the reactor investigated extensiveRf2° Formally they can more clearly be
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Figure 2. Optimized local structures surrounding, &ites for the products

— 300 of step 1 and 2 in Scheme 2. Portions of this model have been shown in
stick form to facilitate the visualization of theyGsites.
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— m/e=18 SAR =20 | 200 Table 2. Values of A® for Each O Acid Binding Site in Steps 1
T | | T T | and 2 for Scheme 2
1000 2000 3000 4000 5000 6000
Time (s) AP,
Figure 1. MS—TPD traces of watem{/e = 18) and hydrogennf/e = 2) step 1 step 2
for two samples of zeolite H-ZSM-5 in flowing helium (1 bar). The O4(1) — Ow(2) 0(2) — Ox(3)
temperature profile corresponds to ZSM-5 with 8&,0; = 20, the other Ou(D) —0.2468 0.0437
being nearly the same. Ou(2) 0.2792 —0.1867
Table 1. Reaction Energies Predicted for Scheme 2 O(3) 0.0490 0.1850
AE
step description (kcalimol) per OH site is 65.8 kcal/mol where step 3 is tentatively identified

1 O—H bond dissociation and H diffusion 28.7 as the rate-dett_armlnlng Ste_p- o _ _

2 H diffusion (first to second coordination sphere) 4.5 The geometries surrounding each-B binding site, @, in steps

3 Y2Hzassociation (from second coordination sphere) 30.4 1 and 2, are similar to those reported by Franke &t Al the H

diffuses away from the BAS site theq(1)—Al bond is shortened

described as [AlI@h]° whereh is a hole located (at low temper- from 1.89 to 1.75 A, along with an increase in &lD(1)~Al -0,

atures) on one of the oxygen atoms surrounding the aluminum, thatresulrt]ing iﬁ a rt]etrz(ijhedrallyd%oordingted A.Is(?ite (_see Figure 2).
is, one oxygen atom is oxidized to a formal oxidation state-ef 1 On the Ot, er hand, as H diffuses into a-&l—Si enwronment
These [AIQ]° sites can be formed starting with [ARD M+ (M = the opposite is observed. The-%)4 bond lengths to which the H

Na*) which substitutes for Si in quartz, sweeping with hydrogen &M Is bound increase, along with a decrease in10g—Si—O.

in an electric field to form [AIQ] H* (i.e., BAS) and heating in qun H association (step 3), the hole §tate pecomes Ioca!lzed on
vacuum (1400 K) whereby internal OH groups dissociate producing a smgle. O atom bon_de_d to the Al 3|te_W|th a geometric and
hydrogeni®3! Quartz samples treated in this form are ESR silent electronic structure similar to that predicied by OtWé@'A

and the [AIQ]° sites are only observed after irradiation with X-rays complete descrlptlon of the_local geomgtry for each step in Scheme
or y-rays3? The ESR spectroscopy of the [Al@site at 77 K shows 2 ca;]n t:jgﬁfognd n Suppqrtlgghlnforn;qtlon. d o be that of
that the unpaired electron (likewise, the hole) is localized on an The diffusion process In Scheme 2 IS propose to be t at.o aH
oxygen aton?* At room temperature the hole associated with atom, not a proton as previously suggested by Franke%(Tdiis

this paramagnetic electron jumps rapidly between the four chemi- d'St'nCt'(_)n can be made on th_e basis of chan_ges in orbital
cally equivalent oxygen atoms of the [AJ[® site broadening the occupatloqs between each dlf‘fL.ISIOFI step. .We dem_ as the
ESR signak® Furthermore, irradiated quartz samples thermolumi- summed difference of gross orbital populations for a given dom
nesce (at-110°C) suggesting [AIG]° sites are not the most stable n n
electronic structure of the systeéthThe structure of the oxidized AD, = z ¢final _ z ¢!nitial (1)
sites in the more stable state after thermoluminescence is unkfown. K - K - k

The H-zeolite samples investigated here behave similarly to
quartz samples with aluminum impurities. Besides producing where¢® and 4" are the populations of atomic orbitafor
hydrogen, we have also found that upon dehydrogenation our atomk in the initial and final structures for a given diffusion step,
samples (H-mordenite and H-ZSM-5) are ESR silent (see also refsrespectively. TheA® values for each O atom binding site,;On
11,15). This is consistent with reports where X-ray joray steps 1 and 2 of Scheme 2 are reported in Table 2.dfcdon
irradiation is required to produce the ESR signals assigned to were diffusing from Q(initial) to Oy(final), breaking the @
[AlIO4]° sites in quartz. This provides further evidence that the (initial)—H bond would shift orbital occupation from the*Ho
ground state is not composed of [A]® sites. Presumably, the  the Qu(initial) thus increasing the gross orbital population qf-O
structure of this unknown ground state is similar to the one formed (initial). Similarly, as the proton forms a new bond with@nal)
in quartz. orbital occupation will shift from @(final) to the proton decreasing

We have investigated the energetics and structures for thethe gross orbital population of (ffinal). However, this is the
reactions in Scheme 2 using ZSM-5 cluster models with 188 opposite of what is observed in the optimized models (Table 2). In
T-atoms, optimized with hybrid quantum mechanics/molecular step 1 as the H moves fromy@) to O4(2), a decrease iN®g, 1)
mechanics (QM/MM) methods. Details on the computational correlates with an increase i®g, ) of a similar magnitude. For
methods can be found in Supporting Information. From the reaction this step the value oA®q, ) is effectively zero as it does not
energies, AE, Table 1), the predicted overalE for Scheme 2 contribute to H bonding. The same trend occurs for step 2 with
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The AE reported for steps 1 and 2 in Table 1 are similar to those 4 getails of the electronic structure calculations. This material is

reported by Franke et &.for proton diffusion between two Al
sites in ZSM-5. The small differences<(Z kcal/mol) may be due
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to the different methodologies and ZSM-5 models employed. This References

suggests that both theoretical studies probe the same diffusion
process. The above analysis &y presents evidence for simul-
taneous diffusion of an electron with the hydrogen species,
supporting the assignment of the diffusing entibyat H atom.

A recent AI-EXAFS investigatio#t of the thermal treatment of
H-mordenite shows that after dehydrogenation the aluminum
remains in the zeolite framework. Bugaev ef%bbserved that
the framework aluminum atoms are in the expected distorted
tetrahedral geometry of a BAS upon dehydration at 573 K (in
vacuum) but that upon heating to 985 K (i.e., dehydroxylation) the
alumina tetrahedra become very uniform. This geometry is con-
sistent with a [AIQ]° site where the unpaired electron is delocalized
among the four oxygen atoms surrounding the aluminum, also
consistent with the broadening of the ESR sigiialnpaired
electrons in [AIQ]° sites will greatly broaden théAI NMR signal
of framework aluminum through paramagnetic interactions and may
also explain the lack of detection of the so-called NMR invisible
aluminum specie§ reported in dehydroxylated zeolit&s.

The sites formed upon dehydrogenation are oxidation sites and
are likely the destination of the electrons abstracted from organic
molecules that form radical cations in zeolite pores. It has been
puzzling that upon formation of the radical cations in zeolites, there
has been no direct evidence by ESR of the abstracted eleéfrons.
This issue is resolved by recognizing that upon electron abstraction
an [AlO,]° site is reduced to [AlG] -, the normal oxidation state
of the zeolite framework that should not, of course, give rise to an
ESR signal. It has also been reported that molecular oxygen can
accelerate the rate of formation of one-electron oxidation &ites.
This is not surprising since formally the dehydrogenation of BAS
(Scheme 2) results in the oxidation of the framework. The reaction
of O, with BAS to form wate? and [AlO,]° sites should occur at
lower temperatures than the dehydrogenation observed here.

Given the rapid rate of dehydrogenation of BAS above 873 K
(Figure 1) it is tempting to speculate on the role of the resulting
redox sites in fluidized catalytic cracking (FCC). Prior to contacting
the hydrocarbons in the FCC riser, the catalyst particles spend tens
of minutes at 9451000 K under oxidizing conditions in the FCC
regenerator. On the basis of the results reported here, it would be
expected that a large fraction of the BAS of the catalysts particles
would be dehydrogenated at the point of contact of catalysts and
hydrocarbons. The catalytic chemistry observed in the early portions
of the FCC riser could be greatly affected by radical cation
intermediates formed by interaction with redox sité8in addition
to surface alkoxide intermediatés.lt is possible that BAS
dehydrogenation is the first step toward the formation of ex-
traframework aluminum by steaming at high temperatures.
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