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Abstract: The formation of paramagnetic defect centers in aluminophosphate gAtR@ecular sieves with different
structures is investigated by electron spin resonance (ESR) spectroscopy. Distinct differences in the position and
number of the ESR signals generated by dehydroxylation of AlRGlecular sieves under a vacuum of ¥ orr

at 773 K clearly show that the nature of the paramagnetic defect centers formed is significantly different in the

structure type of the molecular sieves. In addition, it is

found that the spin concentration of these defects depends

strongly on the pore size of the AIR@olecular sieves as well as their hydration level before dehydroxylation. The
larger ring size the molecular sieve has, the higher spin concentration of paramagnetic defects it shows. Thus, the
extra-large-pore VPI-5 shows the highest spin concentration value among the molecular sieves studied here, which
corresponds to 6.4 defects per 1000 unit cells. The ESR results obtained from#dB€d molecular sieves containing
heteroatoms other than aluminum and phosphorus (such as silicon or cobalt) reveal that the formation of paramagnetic
defect centers is severely restricted when the amount of heteroatoms in their framework increases. On the basis of
the overall ESR results of this study, a reliable mechanism of formation of paramagnetic defect centerssin AIPO

molecular sieves is proposed.

Introduction

The disclosure of aluminophosphate (Alp@olecular sieves
by scientists at Union Carbide Corp. in the early 1980ss
dramatically expanded the structural regime of crystalline
microporous materials. To date, more than two dozen structure
types of AIPQ molecular sieves have been reported. They not
only include framework topologies related to those found in
zeolites but also comprise a large number of novel structures;
for example, the extra-large-pore VPI-5 (VFI topology) is a
member of the AIP@family.2

A serious drawback of AlPPmolecular sieves in terms of

molecular sieves are known to be catalytically active for many
chemical reactions, any simple relationship between Bragnsted
acidity and catalytic activity of the AlP£based molecular
sieves has not been found yet because their acidity is a
complicated function of framework charge, structure type, and
the nature of the element incorporafed.

An important, recurring question arising from the study of
AIPO4 molecular sieves is the unusual surface selectivity of
AIPO, materials, which is significantly different from that of
pure-silica molecular sieves or zeolites.For example, their
water sorption isotherms are characterized by the Brunauer type

their applications as catalysts and separation media is the lackV isotherm which shows little initial adsorption at very low

of Brgnsted acid sites because of their neutral framework. Thus,

pressures followed by vertical rise in adsorption leading to

considerable synthetic effort has been devoted to the generatiorfomplete fillings of pored. In addition, previous studies on

of Brgnsted acid sites in these materials by introducing

the n-hexane reactivity of platinum clusters supported on

heteroatoms other than aluminum and phosphorus, to producemolecular sieves with the same framework structure but different

negatively charged frameworks® Hundreds of compositions
of AIPO4-based molecular sieves incorporating one or more of

compositiong revealed that the clusters on SSZ-24 show high
selectivity to benzene with little formation ofhexenes, while

13 elements from the periodic table have been prepared andthe opposite is observed for those on AIP® Since the weight

include silicoaluminophosphates (SAPO) and metal-substituted

loading of platinum and H/Pt are almost the same for these two

aluminophosphates (MeAPO). Although these new classes ofcatalysts, the observed differences in thiexane reactivity
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are speculated to relate to the differences in the physicochemical
properties of the molecular sieves used as platinum supports.
However, the precise reasons for the unusual surface selectivity
of AIPO, molecular sieves are not completely understood. This
suggests that there must be some intrinsic physicochemical
properties of AIPQ materials which have remained elusive.

Many important properties of zeolites, most notably their ion
exchange and catalytic properties, can be significantly influenced
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by the presence of structural defect sites in their framework.
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Table 1 Structural and Compositional Data of Molecular Sieves

Although there are extensive references on the nature of theand Related Materials Used in This Study

defect sites in zeolites, little attention has been directed toward

the characterization of structural defect sites in Alllecular

sieves and related materials. Very recently, we have demon-

strated that the structural defects in AlP@olecular sieves
change intgparamagnetiaefect centers when dehydroxylated
under a vacuum of @ Torr at 773 K10 Also, we have shown

that these centers can serve as effective electron donors forSAPo_34(”)

electron-withdrawing adsorbates such asa@d NO.

The purpose of this work is to elucidate the physicochemical
properties of the AlIP@molecular sieves that are essential to

produce paramagnetic defect centers via dehydroxylation. Here
we present the electron spin resonance (ESR) spectra ofcoapo.sii)

dehydroxylated AlIP@molecular sieves which cover the range
of crystallographically defined pore sizes from the small-pore
(SOD) to the extra-large-pore (VFI) system. Also, the ESR
spectra of dehydroxylated AlR&ased molecular sieves such
as SAPO and CoAPO materials are reported. All the ESR

structure ring  anhydrous unit BET surface

sample type size cell composition ared(m?g?)
tridymite AIPOy 6 Al,P,Og
AlIPO4,-20 SOD 6 AbP:O24
AIPO4-17 ERI 8 AkPigO7 458
PO,-18 AEI 8  Al24P24095 568
SAPO-34(1) CHA 8 AlgPi6:S1h4O0m 604
CHA 8  Ahg 1565022072 639
AlPO,-11 AEL 10 AboP2oOgo 185
ZSM-5 MFI 10 Alg6Sigg.£O192 431
AlIPO4-5 AFI 12 AlP1:0gg 337
SAPO-5 AFI 12 Ab1P106Si1.d0u8 302
CoAPO-5(1) AFI 12 Ak Pr12.dC00.1048 331
AFI 12 Ah1P12.dC01.Ous 329
SSZ-24 AFI 12 SiOss 300
SAPO-37 FAU 12 AdeP72Si240384 952
AlIPO,-8 AET 14 AlzeP360144 62
VPI-5 VFI 18 AligP:1g072 409
amorphous AIPQ 14

results obtained here are used to propose a plausible mechanism 2 BET surface areas calculated from nitrogen adsorption data.

of formation of paramagnetic defect centers in Ajfalecular
sieves.

Experimental Section

Sample Preparation. AIPO4-5 was synthesized in accordance with
the Union Carbide patent proceddbe AIPO4-5 was also synthesized
in the presence of fluoride iods. AIPOs-11, AIPQ-17, AIPQ:-18,
and AIPQ-20 were prepared according to the procedures described in
the Union Carbide pateft. VPI-5 was synthesized by the procedures
given by Davis and Youn#?® AIPO,8 was prepared by heating
hydrated VPI-5 at 473 K for 24 h. AlPQridymite was synthesized
according to the procedures described by Cheatrag 12> Amorphous
AIPO, with Al/P = 1 was obtained by heating a layered Alf@aterial
in air at 873 K for 24 h, which was produced as an impurity during the
preparation of AIP@17. SAPO-5 and SAPO-37 were synthesized by
the procedures given elsewhéfé® Two SAPO-34 molecular sieves
in which the framework silicon contents are low and high, respectively,

were prepared by varying the amount of the silicon source added during

the crystallizatiorf2 CoAPO-5 and CoAPO-34 were synthesized by
the procedures described in the literaturé proton form of ZSM-5
with a Si/Al ratio of 13.5 was obtained from ALSI-PENTA Zeolithe
GmbH. Pure-silica ZSM-5 was synthesized by the method described
in the literature*® SSZ-24 was prepared by a modification of the
Chevron patent®® Structural information of all materials used in this
study is given in Table 1.

Sample Treatments. All as-synthesized molecular sieves except
VPI-5 and SAPO-37 were calcined in flowing. @t 823 K for 12-24
h to remove the organic structure-directing agents. As-synthesized
VPI-5 was first evacuated at room temperature under vacuum to a
residual pressure of 16 Torr overnight and then heated at 773 K for
2 h. The calcined samples were refluxed in waterdd and dried at
room temperature. When necessary, the degree of hydration of calcine
samples were adjusted by exposing them to ambient air at room
temperature for different periods of time, without refluxing in water.
Prior to ESR experiments, approximately 30 mg portions of the samples
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Hong, S. B.; Kim, S. J.; Choi, Y. S.; Uh, Y. $roceedings of the 11th
International Zeolite Conferenc&hon, H., Ihm, S.-K., Uh, Y. S., Eds.;
Elsevier: Amsterdam, in press.
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Heinemann: Stoneham, MA, 1993; Vol. 1, p 215.

(12) (a) Davis, M. E.; Young, DStud Surf Catal 1991 60, 53—62.

(b) Cheung, T. T. P.; Willcox, K. W.; McDaniel, M. P.; Johnson, M. 84.
Catal 1986 102 10—20.

(13) Sierra de Saldarriaga, L.; Saldarriaga, C.; Davis, M. Em Chem
Soc 1987, 109, 2686-2691.

(14) (a) Szostak, RHandbook of Molecular Siees Van Nostrand
Reinhold: New York, 1992. (b) Zones, S. |. U.S. Patent 4 665 110, 1987.

were placed into quartz tubes of 3-mm inner diameter, slowly heated
in a vacuum of 10° Torr to 773 K, and then kept at this temperature
for 2 h. As-synthesized SAPO-37 was heated in flowinga0823 K

for 6 h, then evacuated under a vacuum of*IDorr at this temperature

for 2 h and cooled to 77 K to measure its ESR spectrum.

Analytical Methods. Crystallinity and phase purity of molecular
sieves prepared here were determined by X-ray powder diffraction using
a Rigaku D/Max-1lA diffractometer (Cu ¥ radiation). All the
materials are highly crystalline and no reflections other than those from
each molecular sieve are observed. This can be further supported by
the nitrogen BET surface area data (see Table 1), which were obtained
on a Micromeritics ASAP 2000 analyzer. Elemental analysis for
selected samples was performed by a Jarrell-Ash Polyscan 61E
inductively coupled plasma (ICP) spectrometer in combination with a
Perkin-Elmer 5000 atomic absorption spectrophotometer. The water
contents of the samples refluxed in water followed by drying at room
temperature were determined by a Dupont 950 thermogravimetric
analyzer.

The 2°Si MAS NMR spectra of SAPO molecular sieves were
recorded on a Bruker AM-300 FT-NMR spectrometer operating at a
29Si frequency of 64.38 MHz. The samples were spun at 3.5 kHz and
the spectra were obtained with an acquisition caf 5000 pulse
transients, which was repeated with a 5-s recycle delay argl8:lse
width. The?Si chemical shifts are reported relative to TMS.

ESR measurements were performed at 77 K on a Bruker ER-200D
spectrometer operating at X-bang¢9.45 GHz) with 100-kHz field
modulation. The ESR spectra acquired were interfaced to a home-
built signal average convertor and then transferred to an IBM compatible
computer for storage, analysis, and plotting. The microwave frequency
was monitored by an Anritsu MF76A microwave frequency counter
to an accuracy oft0.1 kHz, andg values were determined through

OI(:omparison of the resonant field with that of the 2,2-diphenyl-1-

picrylhydrazyl (DPPH) radical aj = 2.0036. The spin concentrations

of the paramagnetic centers formed in dehydroxylated AlRGlecular
sieves and related materials were determined by comparing the
intensities of the doubly integrated defect spectra with those obtained
from various weighted amounts of copper(ll) sulfate pentahydrate
(CuSQ-5H;0). The estimated error in spin concentrationt50%.

The ESR spectra were frequently contaminated by a sharp lige=at
2.0035 even after the prolonged thermal treatments of samples in
flowing O, at temperatures higher than 823 K. This line is due to the
residual carbonaceous materials produced during the calcination step.
Thus, the ESR line a = 2.0035 in the ESR spectra reported here has
been eliminated for clarity.

Results and Discussion

ESR Results from AIPO,; Molecular Sieves. Figure 1
shows the ESR spectra at 77 K developed after dehydroxylation
of AIPO, molecular sieves with six different structures in a
vacuum of 105 Torr at 773 K for 2 h. All the spectra in Figure
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Figure 2. ESR spectra at 77 K of paramagnetic defect centers
developed after dehydroxylation of AIRG samples with different
hydration levels. As-synthesized AIR® was first calcined in flowing
0O, at 823 K for 12 h and then transferred to an ESR tube (a) without
exposure to atmospheric moisture, (b) after rehydration in air for 3 d,
(c) after rehydration in air for 5 d, and (d) after refluxing in water for
4 h. The dehydroxylation conditions used are the same as those in
Figure 1.

(a) 9=1.941 x5.0

Figure 1. ESR spectra at 77 K of paramagnetic defect centers formed
in AIPO, molecular sieves with different structures: (a) APZD, (b)
AIPO,-17, (c) AIPQ-11, (d) AIPQ-5, (€) AIPQ-8, and (f) VPI-5. Prior

to ESR measurements, all samples were first refluxed in water for 4 h
and then dehydroxylated under a vacuum of%1Dorr at 773 K for 2

h.

1 were obtained from the AlPQOmolecular sieves refluxed in
water fa 4 h before dehydroxylation, in order to maximize their
ESR signal intensitiesv{de infra). The hydrated AIPQ®
molecular sieves exhibited no ESR signals. As seen in Figure

1, however, distinct ESR signals were produced when they Weresignal intensity is observed from AIRG refluxed in water for

dehydroxylated under conditions described above. Numerous4 h, as seen in Figure 2d. The ESR signal from this AHBO

Papers on the charactenzatlon of paramagnetic def_ect Ce_nterssample is approximately 2 orders of magnitude stronger than
in zeolites have involved the samples exchanged with various

metal cations. In the majority of cases, paramagnetic defectthat in Figure 2a. Itis expected that the amounts of paramag-

centers are formed by or X irradiation of the zeolites after netic impurities p055|blly present in AIF;&BI.samples_ with
. ) ; o different levels of hydration would not be significantly different,
their dehydroxylation at high temperatufésHowever, it is

. ; since essentially the same amount of solids has been used in
also reported that the formation of paramagnetic defect centers - I .
. ) . . - obtaining the spectra in Figure 2. Thus, if AlRB® used here
in zeolites can be achieved only by dehydroxylation, if the . . L D . .
is contaminated by paramagnetic impurities, the ESR intensity

z_eohtes contain no metal catloh%.Actu_aI AIPQ, molecular should not be remarkably changed with the hydration level of
sieve crystals cannot be crystallographically perfect because of

the structural defects generated during the synthesis andA":)O“'5 prior to dehy_droxylayon._ The other structure types
) . of AIPO4 molecular sieves with different levels of hydration
postsynthesis treatments. In addition, they have no charge-

balancing metal cations due to their neutral framework. There- also show the same changes in ESR signal intensity as those

fore, we speculate that the ESR signals shown in Figure 1 arefound in Figure 2. This argument taken in total qu us to believe
attributed to the paramagnetic centers, which were generatedthaa;;ni!l trrllgti(I:Egge(?tl%r:aart:tserlsnfo':rlr?w::jeinl Afégbfgérsjtl):rtes?e\}gsthe
by dehydroxylation of the structural defects in hydrated A/lPO paramagnet o - "
molecular sieves. Itis interesting to note that a 5|x-I|_ne hyperfine structure with
One may speculate that the reason AlR@blecular sieves a spllttlng_ qf approximately 38 G |s.observable N Figure 2d,
show ESR signals after dehydroxylation is that the materials although it is not well-resolved. This can be attributed to an

: L .. _unpaired electron trapped on defect centers, where it interacts
prepared here contain a small amount of paramagnetic impurities . . e 102
such as transition metal ions, which possibly originated from with one aluminum atom €= 5/2) of the AIPQ-5 framework:

the chemicals used in their synthesis. To rule out this possibility, ~ TWO importgnt results are observed in the ESR SpeCtra.Shown
we have performed ESR measurements on a series of AP0  In Figure 1. First, the position and number of the ESR signals
samples with different levels of hydration. Figure 2 shows the N these spectra differ _S|gn|f|cantly according to the structure
ESR spectra at 77 K developed after dehydroxylation of MBO  type of the molecular sieves. For example, AlPishows a
samples in differently hydrated states. Figure 2a was obtainedProad signal centered gt= 1.933. However, VPI-5 exhibits
from the sample which was not exposed to atmospheric moisturetWo Signals which appear gt= 1.985 and 1.895. On the other

after its calcination for the elimination of the occluded organic hand, the ESR spectrum obtained from AIPLY is character-
ized by three signals & = 1.996, 1.911, and 1.873. Second,

(15) (@) Che, M.; Tench, A. JAdv. Catal 1983 32, 1-148. (b) the relative intensities of the ESR signals become stronger when
Lunsford, J. HAdv. Catal 1972 22, 265-344. ) . .
(16) (a) Shih, SJ. Catal. 1983 79, 390-395. (b) Ryoo, R.; Ihee, H.: the pore size of an AIPEmnolecular sieve is larger. Thus, VPI-5

Kwak, J. H.; Seo, G.; Liu, S. BMicroporus Mater 1995 4, 59—64. with 18-membered rings gives ESR signals which are stronger

structure-directing agent. This spectrum shows a very weak
ESR signal ag = 1.933. Interestingly, the intensity of this

signal becomes stronger with increase of the hydration level of
AIPOy4-5 before its dehydroxylation. Eventually, the strongest
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Table 2. Spin Concentrations of Paramagnetic Defects Formed in 10
Dehydroxylated AIP@ Molecular Sieves and Related Materials 2
spin no. of paramagnetic §
concentratioh defect centers per 5 gl
sample pore size (A) (107 g1 1000 unit cells o .

AlPQ, tridymite 0.4 <0.1 5
AIPO4-20 2.2 1.1 0.1 - [ ]
AIPO,-17 3.1x 5.1 2.8 1.0 B 6r ®
AlIPO,-18 3.8 0.6 0.3 © P
SAPO-34(l) 3.8 0.5 0.2 by
AIPOs-11 3.9x 6.3 4.9 2.0 bt 4L o .
AIPOs5 7.3 16.3 4.0 &
AIPO,-5P 7.3 0.9 0.2 £ ,
SAPO-5 7.3 3.9 1.0 g
CoAPO-5(1) 7.3 6.3 15 8 2t )
AIPO,-8 7.9x 8.7 7.7 5.6 °
VPI-5 12.1 17.5 6.4 S o
amorphous AIPQ 0.3 0 0 \ . \ , .

aDetermined by comparing the intensities of the doubly integrated 6 8 10 12 14 16 18
defect spectra with those obtained from various weighted amounts of Ring size
CuSQ-5H,0. The estimated error in spin concentration4i50%. . . .
b Prepared in the presence of fns. Figure 3. Plot of the number of paramagnetic defects per unit cell

versus the T-atom number of the largest rings in AlRfblecular
sieves. The open circle indicates the number of paramagnetic defects

than those from any other molecular sieve studied here. Thls{)er unit cell obtained from AIP@LS.

observation suggests that the amount of paramagnetic defec

centers depends on the pore size of the AlRWIecular sieves AIPO; molecular sieve may not be necessary. However,
(vide infra). Upon exposure to 10 Torr of oxygen, all the signals  mjcroporosity may play a significant role in achieving high
in the ESR spectra of Figure 1 are immediately destroyed, but concentrations of paramagnetic defects. From the anhydrous
the @~ ESR signals have been producéd. Therefore, itis  ynit cell weights of the AIP@molecular sieves, the numbers
most likely that the structural defects in dehydroxylated AIPO  of paramagnetic defects per 1000 unit cells can be calculated
molecular sieves would trap electrons to produce the F-type and are also listed in Table 2. Notice that the larger pore size
centers. We speculate that the observed differences in thethe dehydroxylated molecular sieve has, the more defects per
position and number of the ESR signals in Figure 1 are due to 1000 unit cells are generated. In order to develop a more
the formation of different types of F centers, depending on the gyantitative version of this correlation, we have focused on the
structure type of the molecular sieves, although itis not possible numper of tetrahedral atoms in the largest rings of each AIPO
to make an unequivocal identification of these F-type centers. molecular sieve as a structural parameter. As seen in Figure 3,
The aluminum and phosphorus atoms in Alfiblecular sieves  there is a nearly linear relationship between the number of
occupy tetrahedral framework positions in strict alteration with paramagnetic defects per 1000 unit cells and the T-atom number
Al/P = 1. However, the tetrahedral atom sites are crystallo- gf the largest rings present in each AlP@olecular sieve, with
graphically different in the structure type of the molecular sieves. the exception of AIP@18. To the best of our knowledge, this
Furthermore, several different tetrahedral atom sites can existjs the first study showing that the amount of paramagnetic

in a particular structure type. This suggests that there must begefects in molecular sieves is dependent on the size of the largest
crystallographic differences in the tetrahedral framework atoms rings present in molecular sieves.
which are part of the paramagnetic defect centers. From this The structural defects in AIPOmolecular sieves can be
point, we believe that the local environment of electrons trapped simply depicted as either-JO~ or T-OH groups, where T is
on the paramagnetic defect centers can differ according to thegluminum or phosphorus. The type and amount of structural
structure type of the AlPOmolecular sieves, which causes defects in zeolites are known to depend on a number of factors
differences in the position and number of the observed ESR including synthesis methdd framework compositiott and the
signals. On the other hand, all the ESR signals in Figure 1 manner of sample treatmel®t. AIPO; molecular sieves and
disappeared when dehydroxylated AlP@aterials were ex-  related materials are usually prepared in the absence of inorganic
posed to water vapor. However, these signals were regeneratedations. Thus, the TO~ defects in an as-synthesized form of
when hydrated AlPQmolecular sieves were dehydroxylated these molecular sieves balance primarily the charge of organic
under conditions described earlier. Therefore, itis most likely cations present in their cavities. On the other handOH
that the formation of paramagnetic centers in AlRlecular  groups exist on the external surface of the crystals and can be
sieves is reversible. generated by hydrolysis of TO—T linkages, removal of

The spin concentrations of the paramagnetic defects formed .
in a variety of AIPQ molecular sieves and related materials mggg@s‘iggze?g)' “kx'\é'r'; Dse"thtEfirlTb;vviLliithbib;i; (S:g;‘;?rfg’zg; 'gis
are listed in Table 2. These data reveal that, among the 27-34." (c) Vinje, K.; Ulan, J.; Szostak, R.; Gronsky, Ropl. Catal 1991
molecular sieves studied here, the extra-large-pore VPI-5 shows72, 361-372. (d) Annen, M. J.; Young, D.; Davis, M. E.; Cavin, O. B.;
e argest spnconcentralion Vaa(1. x 10°g™). Tis bt ¢ ) T Chan 190 00 Lot 1ot (@) oo T
material was calculated to contain 6.4 defects per 1000 unit | 5h, 'R F: Burkett, S. L.; Davis, M. B. Phys Chem 1995 99, 12588-
cells. Table 2 also reveals that paramagnetic defect centers can2596.
be generated on nonmicroporous AlP®aterials such as (18) (2) Chester, A. W.; Chu, Y. F.; Dessau, R. M.; Kerr, G. T.; Kresge,
tridymite and amorphous phases, although their amounts aref'. L‘Iejr'nggiml_sgc.’ Dcehsesr:ucgmwnclhﬁfefsz_ \ZA%OO'"t(ebs)l\gAé%oge%?'
small as compared to those from AlP@olecular sieves. For  1g. T o o '
example, the ESR spectrum (not shown) of dehydroxylated (19) (a) Engelhardt, G.; Fahlke, B.; Magi, M.; Lippmaa, Z.Phys

amorphous AIPQ(AI/P = 1) is characterized by a weak, broad Chem (Leipzig) 1985 266, 239-245. (b) Fyfe, C. A.; Gobbi, G. C.;
. — Kennedy, G. JJ. Phys Chem 1984 88, 3248-3253. (c) Samoson, A,;
signal atg = 1.946. The amorphous AIR(@hase has a surface | jppmaa, E.; Engelhardt, G.; Lohse, U.; Jerschkewitz, HOBem Phys

area of approximately 14 frg~1. Thus, the presence of an Lett 1987 134 589-592.
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Figure 4. ESR spectra at 77 K of dehydroxylated (a) SAPO-5, (b)

SAPO-34(l), and (c) SAPO-34(Il) molecular sieves. The ESR signal . soc PPM .
intensity is referenced relative to the signal in Figure 2d. The Figure 5. #Si MAS NMR spectra of as-synthesized (a) SAPO-5, (b)

dehydroxylation conditions used are the same as those in Figure 1. SAPO-34(l) and (c) SAPO-34(ll) molecular sieves.

tetrahedral framework atoms, or stacking disorder. Recently, third of that in Figure 2d. This indicates that the substitution
Parlitz et al2 have reported that some AD—P linkages in of silicon into the AIPQ-5 framework results in a decrease in

AIPO, molecular sieves can be hydrolyzed by the adsorption the amount of paramagnetic defects. Itis well-established that
of water in the temperature region between 323 and 473 K, the silicon substitution into the framework of Alz@olecular
leading to an increase in the amount of-A)H and P-OH sieves can be for phosphorus, an alumirtphosphorus pair,
groups. If the formation of paramagnetic defect centers in OF both of themi22! As seen in Figure 5a, téSi MAS NMR
AIPO, molecular sieves during the dehydroxylation step occurs SPectrum of SAPO-5 used here shows two broad resonances at
mainly in the defects generated by hydrolysis of-@-pP ~ —95 and—115 ppm. Thus, the silicon atoms in our SAPO-5
linkages, their ESR signal intensity should not differ significantly Substitute for a portion of phorphorus atoms and-@&-P
according to the method of molecular sieve synthesis. In order linkages. This indicates that this SAPO-5 sample includes three
to test whether this speculation is correct, we have prepareddistinct regions with different oxide compositions: alumino-
AIPO,-5 in the presence of fluoride anions and performed ESR Phosphate, silicoaluminophosphate, and silica. Structural defects
measurements on this AIRG sample. Although this sample ~ Can existin all three regions. However, those in the silica region
was calcined and then refluxed in water before dehydroxylation, 40 not appear to be involved in the formation of paramagnetic
the observed intensity of its ESR signal was found to be much defect centers. This is because SSZ-24, which is the pure silica
weaker than that in Figure 2d. This is not unexpected because/0rm Of AIPO,-5, shows no noticeable ESR signal even after
the use of F ions as mineralizing agents in the synthesis of dehydroxylation under more severe conditions than those
zeolites is known to significantly reduce the amount of structural described earlier. Then, it is interesting to examine whether
defectsl7ab Therefore, it is most likely that the amount of Paramagnetic defect centers can be generated in the silicoalu-
T—O" defects in AIPG-5 prepared in the presence of ns minophosphate region where silicon, aluminum, and phosphorus
must be very small as compared to that ot @~ defects in atoms are homogeneously distributed. This can be unravelled
AIPO,-5 prepared by the conventional method. This suggests Py ESR measurements on SAPO-34 molecular sieves with low
that the formation of paramagnetic defect centers in AIPO and high silicon contents. These two SAPO-34 samples show
molecular sieves may be associated with theOT defects ~ Only one narrow resonance arour®2 ppm, as seen in parts
generated during the synthesis rather than wittOH groups P @nd c of Figure 5. Thus, they contain only one type of silicon
derived from hydrolysis of A+O—P linkages or those present ~ €nvironment, i.e., Si(4Al). This implies that we can eliminate
on the external surface of the crystals. As shown in Figure 2, @1y ambiguity arising from multiple silicon environments in
however, there is a strong dependence on the hydration levelthe interpretation of the ESR results from these SAPO-34
of AIPO, molecular sieves before dehydroxylation for the Samples. Figure 4b was obtained after dehydroxylation of
intensities of the ESR signals from paramagnetic defect centers SAPO-34(l) with a Si/Al ratio of 0.08. The spectrum is
This result can be rationalized by suggesting thaOT defects ~ characterized by a very weak signal gt= 1.938, which
in calcined AIPQ molecular sieves should be transformed into indicates the presence of paramagnetic centers. However, no
T—OH groups via hydration in order to form paramagnetic detectable ESR signals are observed in Figure 4c obtained from
defect centers by subsequent dehydroxylation. A plausible SAPO-34(1l) with a higher Si/Al ratio (0.12). Therefore, it is
mechanism of formation of paramagnetic defect center in AlPO Most likely that the substitution of phosphorus by silicon in the
molecular sieves will be given below. hypothetical AIPQ-34 framework reduces significantly the
ESR Results from AIPO,-Based Molecular Sieves.Figure amount of paramagnetic defect centers.
4 shows the ESR spectra recorded at 77 K after dehydroxylation TO more accurately ensure the conclusion given above, we
of SAPO-5, SAPO-34(l), and SAPO-34(ll) under conditions have also measured the ESR spectrum of SAPO-37. The
described earlier. Figure 4a was obtained from SAPO-5 (Si/ tetrahedral (T) atom ratios of SAPO-37 prepared in this study
Al = 0.17), which exhibits essentially the same position and Was found to be 4:3:1 Al:P:Si within experimental error (see
shape as those of the signal from AIPR However, notice  Table 1). In addition, th&’Si MAS NMR spectrum (not shown)
that the relative intensity of this signal is approximately one- of SAPO-37 gives only one narrow resonance-&0 ppm.

(20) Parlitz, B.; Lohse, U.; Schreier, Blicroporous Mater 1994 2, (21) Hasha, D.; Sierra de Saldarriaga, L.; Saldarriaga, C.; Hathaway, P.
223-228. E.; Cox, D. F.; Davis, M. EJ. Am Chem Soc 1988 110, 2127-2135.
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These results indicate a homogeneous distribution of silicon,
aluminum, and phosphorus atoms in the SAPO-37 framework.
Unfortunately, the structure of SAPO-37 after removal of the
occluded organic structure-directing agents collapses completelyScheme 1
during the rehydration step at room temperature because of its, o H HO o 0
poor resistance to water. Thus, ESR measurements on SAPO- \+/ \Al/o «';/ \Al/
37 have been performed without rehydration after calcination '~/ S /o
of the as-synthesized sample. No noticeable ESR signals areo 00 o O 00 ‘0
observed. The same result was also obtained from the
amorphous SAPO phase, which was prepared by refluxing I
calcined SAPO-37 in water for 4 h. As described earlier,
however, amorphous AlRQvith Al/P = 1 shows a weak, broad
ESR signal atg = 1.946. Therefore, it appears that the
formation of paramagnetic centers in SAPO molecular sieves o o
is not possible in the silicoaluminophosphate region.

Let us now attempt to investigate whether the substitution of 11
aluminum by heteroatoms in the AIR@amework affects the
formation of paramagnetic defect centers. Figure 6 shows the i
ESR spectra at 77 K of two CoAPO-5 samples with different o o o o 0
cobalt contents. CoAPO-5(1) with a very low Co/P ratio (0.01)
shows a broad ESR signalgt 1.933. Notice that the position
and shape of this signal are quite similar to those of the signal o
from AIPOy4-5, but its intensity is less than a half of that in
Figure 2d. On the other hand, no detectable ESR signals are
observed from CoAPO-5(Il) with a Co/P ratio of 0.08, indicating
the absence of paramagnetic defect centers. Unlike the SAPOtetrahedral framework atoms (T vacancies) is also possible.
molecular sieves described above, cobalt in CoAPO-5 samplesAccording to Pauling’s bonding rulé$on the other hand, the
substitutes exclusively for aluminum. Therefore, it appears that bond strength on the bridging oxygen atoms in a perfect
the cobaltophosphate region in CoAPO-5, produced by substitu-molecular sieve framework should not exceed their valency,
tion of cobalt for aluminum, would not be involved in the i-€., 2. In Figure 7 this principle is illustrated for zeolites and
formation of paramagnetic defect centers. The chemical Pure-silica and AIP® molecular sieves. The ESR results
composition data in Table 1 show that cobalt in CoAPO-5(1l) ©btained from this study demonstrate that paramagnetic defect
has replaced only a small portion of the framework aluminum centers are easily formed in AlRQnolecular sieves after
atoms. This indicates that the cobaltophosphate region in thisdehydroxylation of the molecular sieves under a vacuum of 10
CoAPO-5 sample is much smaller than the aluminophosphate TOrT at 773 K. This suggests that not all bridging oxygen atoms
region. Itis reported that the amount of internat-®H defects can reside in dehydroxylated molecular sieves, without violating
in ZSM-5 decreases significantly with increasing aluminum bond strength concepts. Therefore, we have investigated bond
content in the zeolité3® Therefore, we cannot rule out the Strengths on bridging oxygen atoms in possible defect structures
possibility that, regardless of the type of heteroatoms substitu- after dehydroxylation. For convenience sake, the defect struc-
tion, an increase in the content of heteroatoms other thanture considered here is postulated to contain two hydroxyl groups
aluminum and phosphorus in the framework of the Alf@sed attached to adjacent aluminum and phosphorus that are part of
molecular sieves leads to a significant decrease in the numberthe AIPQ; molecular sieve framework, as seen in structuoé
of the inherently structural defects which can be transformed Scheme 1. The dehydroxylation process in this defect structure
into paramagnetic defect centers during the dehydroxylation step.can occur between (1) the proton of hydroxyl attached to

Mechanism of Paramagnetic Defect Center Formationin  aluminum and the hydroxyl linked into phorphorus or (2) the
AIPO, Molecular Sieves. Unlike zeolites, the AIP@molecular hydroxyl attached to aluminum and the proton of hydroxyl
sieves are built from alternating AlO and PQ* tetrahedra. linked into phosphorus. If mechanism 1 is dominant, dehy-
Thus, the local aluminum and phosphorus environments presentdroxylation may proceed via the breaking of one® bond
in their structural defects can be expressed as AlB)-n instead of one A+O bond. Then, phosphorus would be

and P(OH)(OAI)—n with n = 14, respectively. This implies (22) (a) Pauling, LJ. Am Chem Soc 1929 51, 1010-1026. (b) Davis,
that the presence of hydroxyl nests generated by missingM. E. Acc Chem Res 1993 26, 111-115.

Figure 7. Bond strengths on bridging oxygen atoms in zeolites and
pure-silica and AIP@molecular sieves.
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surrounded by three bridging oxygen atoms with a bond strength

of 3/4+ 5/3=2.42, as indicated by an asterisk in structlire
However, mechanism 1 yields one -AD bond where both

aluminum and oxygen atoms have a single negative charge. As

a result, structurdl is unlikely to exist and structural rear-
rangement may occur via the—® bond formation. This
produces the perfect framework (structuble), implying that

the formation of paramagnetic defect centers cannot be followed
by mechanism 1. This speculation can be further supported by

the fact that the enthalpgd 143 kcal mot?) of the P-O bond
dissociation is higher than thatg, 122 kcal mot?) of the Al-O
bond dissociation. On the other hand, if mechanism 2 occurs,
then structurdV would be observed (Scheme 2).

Unlike structurell, this structure has no contradiction
concerning the charge distribution, since it contains or®©P

bond where phosphorus and oxygen have a single positive

charge and a single negative charge, respectively. Also, it is
expected that structu®/ be transformed into a more stable
structureV containing one 0 bond. Notice that the bond
strength (3/3+ 5/4 = 2.25) on bridging oxygen atoms linked
into the tricoordinated aluminum of structuié orV is weaker
than that (3/4+ 5/3 = 2.42) of oxygen atoms linked into the
tricoordinated phosphorus of structute but it is still higher
than 2. Therefore, it is most likely that the formation of
paramagnetic defect centers in AlP@olecular sieves may
proceed via mechanism 2 rather than mechanism 1.

demonstrated in Figure 1, no strong hyperfine interactions

between the unpaired electron and the tricoordinated aluminum

atom ( = 5/2) in the AIPQ framework were found. This

Hong et al.

flowing O, at 773 K. He has proposed that high-temperature

calcination of H-ZSM-5 under the flow of £or air gives rise

to the formation of paramagnetic defect centers via the chemical
reaction outlined in Scheme 3. Thus, the paramagnetic defect

Scheme 3
H+
o} o} o}
N/ \./
2 Si Al + 120 i
/ B / "’t
o (oY) o}
VI
o O o
2 \Sj *\Al/ + HO
- / "‘,’
o 00 o
VII

centers generated have been attributed to positive holes (V
centers) on bridging oxygen atoms in Brgnsted acid sites. This
speculation can be further supported by the fact that the ESR
signal atg = 2.0028 due to paramagnetic defects in H-ZSM-5
is not destroyed by exposure ta,& unlike the signals from
AIPO, materials. However, the reaction in Scheme 3 reveals
that the formation of paramagnetic defect centes in H-ZSM-5
requires the dehydroxylation of the zeolite in the presence of
0O,. This suggests that the formation of paramagnetic defect
centers in decationated zeolites is not possible when the zeolites
are dehydroxylated under the conditions used in this study, i.e.,
in the absence of © We have performed ESR measurements
on H-ZSM-5 (Si/Al= 13.5), which had been pretreated under
a vacuum of 10° Torr from room temperature to 773 K and
kept at this temperature for another 2 h. As expected, no
detectable ESR signals are observed. To rationalize this
observation, we start by considering a possible dehydroxylation
pathway in ideally defect-free, decationated zeolites. This is
because they contain no extraframework metal cations that can
serve as paramagnetic centers. As seen in strudflite of

If such is . . .
: Scheme 4, the ideally protonated form contains hydroxyls which
the case, where does the paramagnetism come from? As yP yaroxy

are protons associated with negatively charged framework
oxygens linked into Al@™ tetrahedra (Brgnsted acid sites). The
protons are very mobile at temperatures higher than 473 K and

suggests that the paramagnetism is not due to the tricoordinateds.heme 4

aluminum in structurdV or V.19 Thus, we speculate that it
originates largely from bridging oxygen atoms linked into the
tricoordinated aluminum. This speculation can be further
supported by the fact that the ESR spectra ¢f @enerated in
dehydroxylated AlP@molecular sieves with different structures
by adsorption of @show no hyperfine splittings, although they
have been taken even at a very low temperature, i.e.,'% K.
Dehydroxylation of Zeolites and Pure-Silica Molecular
Sieves. As described earlier, the production of paramagnetic
defect centers in zeolites normally requires dehydroxylation of
the zeolites at high temperatures and subseqgemr X
irradiation!®> However, there are several examples where
irradiation is not necessary to produce paramagnetic ceft€rs.

In such cases, dehydroxylation is sufficient because the ex-

traframework metal cations balancing the negative framework

charges of zeolites or present as impurities in zeolites can act
as paramagnetic centers. On the other hand, the production of
paramagnetic defects in decationated zeolites without irradiation

is rare but known. For example, SHikhas observed an ESR
signal atg = 2.0028 from H-ZSM-5 (Si/Al= 22) calcined in

(23) Imai, T.; Habgood, H. WJ. Phys Chem 1973 77, 925-931.
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are thus lost as water with the consequent formation of Lewis
acid sites (structuréX). Bridging oxygen atoms adjacent to
the tricoordinated silicon in structureX possess the bond
strength of 3/4+ 4/3 = 2.08. However, structur&X should

not be stable since the tricoordinated silicon is positively
charged®* Consequently, an annealing process may stabilize
the structure and produce the so-called “true” Lewis acid sites
(structure X) by ejecting aluminum from the framework.
Therefore, it is most likely that the dehydroxylation of defect-

free, decationated zeolites under a high vacuum or in the absence

of O, does not lead to the formation of paramagnetic defect
centers, although their formation as unstable, short-lived transi-
tion states cannot be ruled out.

A logical next step would be to consider the dehydroxylation

in decationated but defect-containing zeolites. For convenience

sake, the defect structure in these zeolites is assumed to contai
two hydroxyls attached to adjacent aluminum and silicon atoms,
as shown in structur®l of Scheme 5. Thus, the dehydroxy-

Scheme 5
\/ \; /°””°\ / N7 N\ / O iy
| —_—
AT AN
(0] [e)e] O (o] (0] 0] OO (o]
X1

H HO
lation process in this structure can take place between (1) the \ / \ /0 /

proton of hydroxyl attached to aluminum and the hydroxyl
linked to silicon, andvice versa (2) the proton of Brgnsted
acid sites and the hydroxyl attached to either aluminum or
silicon, or (3) the hydroxyl of Brgnsted acid sites and the proton
of hydroxyl linked into either aluminum or silicon. If dehy-
droxylation mechanism 1 is dominant, Brgnsted acid sites
(structureVIIl ) should be created. Then, it is expected that
further dehydroxylation may proceed via the pathway analogous

to that stated in ideally defect-free, decationated zeolites (see

Scheme 4). The same result is observed from dehydroxylation

J. Am. Chem. Soc., Vol. 118, No. 34, 1984609
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of decationated zeolites at high temperatures does not lead to
the formation of paramagnetic centers, regardless of the presence
of structural defects.

Finally, we discuss dehydroxylation in pure-silica molecular
sieves containing structural defects. As seen in structitié
of Scheme 8, dehydroxylation in these molecular sieves may

via mechanism 2 or 3 (see Schemes 6 and 7). This is because

Scheme 6
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the Al-0O bond formation ¢a. —122 kcal mot?) or the Si-O
bond formation ¢a. —191 kcal mot?) in structuresXil —XV
is more thermodynamically favorable than the-B© bond
formation €a. —102 kcal mot?). Therefore, it can be
concluded from Schemes—# that dehydroxylatiorin vacuo

(24) Dyer, A.An Introduction to Zeolite Molecular Sies Wiley: New
York, 1988.
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yield the formation of a positively charged, tricoordinated
silicon. Furthermore, a SiO- group must be adjacent to
tricoordinated silicon in this structure. Thus, structil is
unlikely to exist and the perfect framework (structu¢elll )
would be produced via one SO bond formation. This
suggests that paramagnetic defect centers cannot be formed in
pure-silica molecular sieves. In fact, we could not observe any
noticeable ESR signals from dehydroxylated pure-silica ZSM-5
or SSZ-24.

Conclusions

ESR spectroscopy has been used to investigate paramagnetic
defect centers in aluminophosphate (Alfp@olecular sieves
with different structures dehydroxylated underi@orr at 773
K. Itis observed that the nature and amount of paramagnetic
defect centers formed in AIR@nolecular sieves depend highly
on the structure type of the molecular sieves and their synthesis
method. In particular, the spin concentration of paramagnetic
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defects per unit cell of the molecular sieve increases as the ringto produce paramagnetic defect centers in a dehydroxylated state
size of the molecular sieve is larger. The ESR results obtainedwill increase their applications as catalysts and separation media.
from SAPO and CoAPO molecular sieves reveal that the
formation of paramagnetic defect centers is significantly

; . : . D
restricted by increasing the amount of heteroatoms present in
the framework. The proposed mechanism of formation of
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