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Titaniumaluminophosphate molecular sieves TAPO-5 and TAPO-11 have been hydrothermally synthesized.
These materials were characterized using XRD, TGA, BET, ICP, diffuse reflectance UV-Vis and IR tech-
niques. Especially, infrared and diffuse reflectance UV-Vis spectroscopic measurements were made in order to
determine the evidence for framework substitution of Ti into Al@terials. The calcined TAPO-5 and
TAPO-11 molecular sieves were ion-exchanged with cupric nitrate solution. The location and interactions of
cupric ions ion-exchanged into H-TAPO-5 and H-TAPO-11 molecular sieves with water and ammonia have
been studied by electron spin resonance (ESR) and electron spin echo modulation (ESEM) spectroscopies.
Similarity and difference in Cu(ll) location and coordination were discussed in these two structures. There is a
gradual transition upon dehydration of Cu-TAPO-5 from a Cu(ll) species with ESR paramet@rd@l, A

=155x 10*cni?, and g = 2.08 to a Cu(ll) species with g 2.348, A = 167x 10*cm™and g = 2.07. A sim-

ilar gradual transition upon dehydration of Cu-TAPO-11 was also observed from a Cu(ll) species with ESR
parameters g=2.375, A = 151x 10*cmtand g = 2.08 to a Cu(ll) species with g 2.333, A =170 x 10

cmtand = 2.07. In the hydrated state, Cu(ll) ion directly coordinates to three water molecules in Cu-TAPO-5
while to two water molecules in Cu-TAPO-11. Upon dehydration treatments, Cu(ll) is suggested to be located
in hexagonal prism sites recessed from a main channel for both Cu-TAPO-5 and Cu-TAPO-11. Upon equili-
bration with ammonia, Cu(ll) forms a complex containing four molecules of ammonia for both structures based
on resolved nitrogen hyperfine interaction.

Introduction 5 and AIPQ-11. Cu(ll) ion is incorporated into TAPO-5 and
TAPO-11 by ion-exchange to explore the coordination char-
Porous molecular sieves including zeolites have been thacteristics of Cu(ll) in TAPO-5 and TAPO-11 framework.
subject of extensive study in recent years in view of theiiThe interactions of Cu(ll) with D and ammonia were
great importance as industrial and laboratory scale catanonitored by electron spin resonance (ESR) and electron
lysts1? In particular, titanium containing molecular sieves spin echo modulation (ESEM) spectroscopy to deduce the
are of current interest in zeolite science with respect to theipcation and coordination geometries of Cu(ll) in these two
unique catalytic behaviodiTitanium compounds have been TAPO framework structures. In my best knowledge, Cu(ll)
widely used as catalysts in the selective oxidation of variougons in the Cu(ll)-exchanged TAPO molecular sieves are
organic substrates. Titanium silicalite (TS-1) is an effectiveexplored at the molecular level by ESR and ESEM tech-
molecular-sieve catalyst for the selective oxidation ofniques for the first time in this work. Parameters obtained
alkanes, the hydroxylation of phenol and the epoxidation ofrom ESR can be used to deduce the oxidation states and the
alkenes in the presence 05®3.*° Several other new tita- local symmetry of transition metal ions, and the analysis of
nium containing molecular sieves have been synthesizeHSEM signals yields information about the number of inter-
including TS-2) Ti-ZSM-48 andTi-3,° and been explored acting adsorbate nuclei (N), their interaction distance (R),
for their catalytic activities and their characterization. Thereand their weak isotropic hyperfine couplingsgh*™*°
is another interesting group of titanium containing molecular
sieves called titaniumaluminophosphate (TAPO-n), where Experimental Section
titanium is substituted into the frameworks of aluminophos-
phate (AIPQ-n).2%13Tj is substituted for phosphorus atoms  Synthesis and Exchange ProcesEAPO-5 and TAPO-11
in AIPO4-5. For the AIP@-11 sample, divalent and trivalent were synthesized hydrothermally using synthetic gel mix-
metals are substituted for 3Alwhereas tetravalent metals ture based on the literature. TAPO-5 was synthesized on the
(i.e. S and T") are substituted for either P or for Al + P basis of the method described in European p&t&ttos-
atoms'? Thus these TAPO-n molecular sieves can have botphoric acid (85%, Aldrich), pseudo-bohemite (Vista), tita-
ion-exchange capacity and catalytic activity. nium isopropoxide (97%, Aldrich), tetrapropylammonium
In this work, TAPO-5 and TAPO-11 were hydrothermally hydroxide (1.0 M solution in water, Aldrich) and deionized
synthesized and infrared and diffuse reflectance UV-Viswvater were used to prepare the oxide molar ratio of TPAOH :
spectroscopic measurements were made in order to detekt,Os: POs: 0.3 TiG : 40 HO. The mixture was aged with
mine the evidence for framework substitution of Ti in AIPO stirring at room temperature to form a homogeneous gel.
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The resulting reaction mixture was placed in a stainless steeample at room temperature followed by slowly heating to
pressure vessel lined with Teflon and heated at®C5for ~ 450°C over an 12 h period in a static reactor. Following this
264 h without agitation. evacuation the sample was exposed to 200-400 Torr of static
TAPO-11 was synthesized on the basis of the methodligh-purity dry oxygen for 6-10 h at 458G in order to oxi-
described by Ulgappan and Krishnasd@el mixturevas  dize any copper species that was reduced during the heating
prepared with dipropylamine as templating agent. Gel A waperiod. Finally, the oxygen was pumped off at room temper-
prepared by soaking aluminium isopropoxide (98%, Ald-ature under a I8 Torr vacuum. This heat treated sample
rich) in deionized water. Solution B consisted of deionizedwith flowing oxygen is termed a dehydrated sample.
water and phosphoric acid (85%, Aldrich), to which titanium After dehydration, adsorbates as both vapor and gas were
tetrabutoxide (97%, Aldrich) was added, followed by addi-admitted at room temperature to the sample tube and left to
tion of hydrogen peroxide (30%, Oriental Chem. In.), whichequilibrate. Adsorbates such agiDand®NH; were obtained
resulted a clear dark orange solution. Solution B was addefilom Aldrich and Cambridge Isotope Laboratories, and used
to gel A, followed by the addition of the appropriate amountafter repeated freeze-pump-thaw cycles.
of triethylamine (99.99%, Aldrich) and stirred to form a Spectroscopic measurementinfrared spectroscopic mea-
homogeneous gel with the oxide molar ratio of dipropyl-surements were carried out using a Perkin Elmer Spectrome-
amine : AbOz : P.Os : 0.1 TiGy : 40 HO. The resulting gel ter. For measurements, the sample diluted with dry KBr was
was placed in a stainless steel pressure vessel lined witompressed to a wafer with a diameter of about 1 cm and
Teflon and heated at 18 for 24 h without agitation. placed directly in the IR beam. UV-VIS diffuse reflectance
The resulting white solid was washed repeatedly with disspectra were measured with Shimadzu UV-2501PC spectro-
tilled water, filtered and then dired at room temperature. Th@hotometer equipped with a reflectance attachment and,BaSO
structure of the synthesized materials was examined by powvas used as a reference material. ESR spectra were mea-
der X-ray diffraction (XRD) using a Rigaku diffractometer sured at 77 K and room temperature on an ESP 300 Bruker
with Cu K, radiation. The XRD patterns of the as-synthe-spectrometer. ESEM spectra were recorded at 4.5 K with a
sized materials agreed with those of AIF80and AIPQ-11 Bruker ESP 380 pulsed ESR spectrometer. Three pulse ech-
in the literaturé®? Thermogravimetric analysis (TGA) were oes were measured by using & 800°-T-9¢° pulse sequence
performed on a Dupont 950 thermogravimetric analyser.  with the echo measured as a function of T. In a typical
The as-synthesized TAPO materials were then heated BBSEM study, the deuterium modulation from a deuterated
flowing oxygen at 550C for 10 h to remove the template. adsorbate is analysed to determine its coordination to Cu(ll)
Chemical analysis was performed by a Jarrel-Ash Polyscaim terms of the number of deuterium nudiiat distanceR,
61E inductively coupled plasma spectrometer. The nitrogemith isotropic hyperfine couplingiso. For typical datalN is
BET surface areas were measured on a Micromeritics ASAHetermined to the nearest integerio £0.01 nm and A to
2000 analyser. The chemical compositions of the dehydratetll0%. The time between the first two pulsesjs set to
materials determined by inductive coupled plasma (ICP)naximize the deuterium modulation. Theory and simulation
spectrometer are dd{Al 0.51Po.47Ti0.0dO2 and HofAlossz of three pulse ESEM spectra are described elsewwhere.
Po.46Ti0.01]O2 for H-TAPO-5 and H-TAPO-11, respectively
(see Table 1). The resulting H-TAPO molecular sieves were Results and Discussion
then partially exchanged at room temperature for 12 h by
dropwise addition of 10 mM copper(ll) nitrate(Alfa) accord- Powder XRD measurements were performed before and
ing to the procedure described in earlier w8k The sam-  after calcination of as-synthesized TAPO-5 and TAPO-11 to
ples were then filtered, washed with hot distilled water inconfirm the synthesized structures. Figures 1(a) and 1(b) show
order to remove excess Cu(ll) ions on the surface of théhe XRD patterns of as-synthesized TAPO-5 and TAPO-11
sample, and dried in air at room temperature to form CuHsamples. The XRD pattern is consistent with those of ABPO
TAPO-5 and CuH-TAPO-%% with the composition Gibi>  and AIPQ-11 in the literaturé®?® There was no significant
Ho.01dA| 0,51P(),47Ti0,02]02 and CU.012H0.04({A| 0.5?0.46“0.0]]021 changes in the peak pOSitiOﬂS before and after calcination.
respectively. The peak intensity was slightly increased after calcination
Sample Treatment The CuH-TAPO sample was loaded for TAPO-5, while decreased by about 20 % for TAPO-11.
directly into a Suprasil quartz ESR tube (2 mm id by 3 mm Figure 2 shows the IR spectra of TAPO-5 and TAPO-11 in
od) connected to a vacuum and gas handling line. Dehydrahe range of 4000-400 ¢fnIn general, IR spectra of TAPO
tion of the sample was carried out by first evacuating there similar to those of AIPand SAPO. But TAPO-5 and

Table 1 Gel and product compositions of TAPO-5 and TAPO-11

Gel compositiof Product composition of calcined sanfple N
Sample Composition of Cu(ll) exchanged samples
X y z a b c
TAPO-5 1 0.3 1 0.51 0.47 0.02 et1H0.01dAl 0.51P0.47Ti0.09]O2
TAPO-11 1 0.1 1 0.53 0.46 0.01 e1Ho.04dAl 0.58P%.46Ti0.0]O2

2 template: y TiQ: z ALOs : POs :40 O TPAOH and DPA were used as templates for TAPO-5 and TAPO-11, respet(iNgiTic)O,
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Figure 3. Diffuse reflectance UV-VIS spectra of calcined TA
. 5 and TAPO-11.
(a) as-synthesized TAPO -5
TAPO-5 and TAPO-11, which is accepted as evidence of
10 2 0 © 5 isolated Ti(IV) in the framework positiofi3 This signal is
20 considered to be due to charge-transfer process in][@fO
Figure 1. XRD patterns for (a) as-synthesized TAPO-5 and (b)[OHTIOg] units, and thus is directly connected with frame-
as-synthesized TAPO-11. work Ti(IV).*° Absorption is also weakly observed at about

320 nm, which is characteristic for Ti(IV) species in extra-

TAPO-11 have a weak absorption band near 970-960 cmframework titania particles. Thus some of titanium species
which doesn’t appear in IR spectra of corresponding AIPO may be also located in extraframework position. Spectral band
and SAPO molecular sieves. A characteristic absorption dor rutile, which is usually above 400 nm is not observed in
970-960 crit was also observed in the framework IR spec-our TAPO samples. As-synthesized TAPO-5 and TAPO-11
tra of titanosilicate-1, which was attributed to the presencalso showed almost an identical broad absorption band with
of titanium in the tetrahedral Si-O-Ti linkagé3hus the IR about the same intensity ratios at 230 nm and 320 nm to
band can be interpreted either as a stretching mode of fram#hose of calcined samples. This indicates that as-synthesized
work Ti(IV) containing units such as [Tior [OHTIOg] or TAPO samples themselves have extraframework titanium
as a mixture of the two mod#s. species, and there was no observable extraction of titanium

Figure 3 shows diffuse reflectance UV-VIS spectra forspecies from framework position during calcination. The ICP
calcined TAPO-5 and TAPO-11. Absorption is rather broaddata of calcined TAPO-5 and TAPO-11 molecular sieves in
but absorption maximum near 230 nm is observed for botfiable 1 also support the incorporation of Ti into the frame-
work. The determined chemical composition of the calcined
TAPO samples indicates that Ti mainly replaces P rather
than Al when incorporated into AIR@ramework as also

have a neutral framework showed very weak Cu(ll) intensity
upon Cu(ll) ion exchange. However, TAPO-5 and TAPO-11

o mamremasaror ) suggested by Zahedi-Niagi al'> Thus occuring ion-exchange
@sonese [ capacity of TAPO materials was confirmed by paramagnetic
\/ \ ;\v\ Cu(ll) ESR signal intensity. AIP&5 and AIPQ-11, which
'/’h -
/\

(c) as-synthesized TAPO-11

3 |- showed much stronger ESR Signal (~100 times stronger) as
E \\\ B oo shown below.
el NI The BET surface area of calcined TAPO-5 and TAPO-11
E () as-synhesized SAPOS | | are 385 rfig and 138 rfig, respectively. These values are
L mostly consistent with those in the literatifreFigure 4
* shows the thermogravimetric analysis (TGA) and derivative
I thermogravimetry (DTG) curves for as-synthesized TAPO-5
(8) as-synthesized TAPOS | | and TAPO-11 samples. There are three distinct weight losses
e U at 20-300, 300-450, and 450-880 for TAPO-5. The first
1 — 1 —J Y . . .
3010 200 070 loss is due to desorption of water, and the second and third
Wave number (cn) losses are assigned to the decomposition of the templates.

i 0, 0,
Figure 2. IR spectra of (a) as-synthesized TAPO-5 (b) aS_Symhe_The second and third loss correspond to 10.0% and 0.6% of

sized SAPO-5 (c) as-synthesized TAPO-11 (d) as-synthesizeBOJ[‘?lI sample weight, respectively. For TAPO-11, two distinct
SAPO-11 at room temperature. Absorption band near 970-960 cmWeight losses at 20-200 and 200-8G0Qwere observed, which
is marked by an arrow in TAPO-5 and TAPO-11 sample. correspond to water desorption and template decomposition.
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Figure 4. TGA and DTG curves of as-synthesized TAPO-8 an
as-synthesized TAPO-11.

After calcination, there was only one weight loss at 20°200
corresponding to water desorption for both TAPO structures
Framework structure and site locations Figure 5 shows
the framework structure of TAPO-5 and TAPO-11 molecular
sieves. These structures do not have analogs in zeolite strt
tures. TAPO-5 consists of 4-, 6- and 12-ring channels while
TAPO-11 consists of 4-, 6- and 10-ring channels, which art
interconnected by 6-ring windows. Figure 5¢c shows a view
looking down the c-axis into the 10-ring with an elliptical

cross section of 0.620.39 nm? The dashed lines at the
borders of the 10-ring represent 6-ring edges in the faces 1
the 10-ring channel which are probable positions for catior
location by analogy to cation locations in zeolites in TAPO-
11 framework. The 6-ring locations are denoted as site Il b'
analogy to the_6-r|ng Iocath_ns |n_ zeolifés> Notice that_ Figure 5. Simplified framework structures of TAPO-5 and TAI
there are two different Il positions in the TAPO-11 materialsi1. The smallest and next smallest rings are 4-rings and €
which are denoted as lnd Ib. The Il position corresponds  respectively, While the large ring is an elliptical 10-ring in TA
to a position in the plane of three oxygens in the 6-ring win-11 and a circular 12-ring in TAPO-5. (a) TAPO-5 structure
dow whereas II* corresponds to displacement from thaTAPO-11 structure and (c) view along the large central
position out towards the 10-ring and II' corresponds to disChannel axis of TAPO-11 where the dashed lines show edge

" . - ._._ring windows that form the surface of a 10-ring channel.
placement of that position back into the 6-ring. This is
shown more clearly in Figure 5b. Also note that site | is in
the center of a double 6-ring and site U is in the center of &efore evacuation produces predominantly one species with
10-ring. Site I' is in the plane of the Gxygens of the 6-ring. ESR parameters ofig= 2.401 and A=155<10"* cni* char-

In TAPO-5 as shown in Figure 5a the structure is someacteristic of an axial powder spectrum of Cu(ll) as shown in
what different in that only one type of site Il exists which Figure 6a. The hyperfine lines of the perpendicular compo-
corresponds to theslposition in TAPO-11. The other sites nent are not resolved. A value ofg 2.08 was estimated for
are the same as in TAPO-11. TAPO-5 has a 12-ring maithe perpendicular component of the g tensor. An almost
channel with a circular cross section of 0873 nm* identical anisotropic ESR spectrum is observed when mea-

Electron spin resonance and Electron spin echo modu- sured at room temperature. The ESR parameters are consis-
lation. X-ray diffraction analysis can be employed to deter-tent with octahedral geometry for the Cu(ll) idh& When
mine the location of catiorfs.All of the TAPO molecular the sample is evacuated at room temperature followed by
sieves have very low framework negative ch&r@mso see  higher temperature, the galue decreases while Boupling
Table 1). So only a small amount of Cu(ll) ions aregradually increases. Figure 6b shows the ESR spectrum of
exchanged. This is typically at the limits of X-ray analysis.fresh sample measured at 77 K after evacuation 28
However, ESR and ESEM techniques can be used to detetd h. A new species occurs, which has ESR parameters of g
mine the location of paramagnetic cations even thougks 2.346, A= 168x 10“*cm*and g =2.07. The Cu(ll) ESR
present in very low concentratiéh'® ESR signals are useful intensity was decreased to about 12% of fresh sample, based
for identification of the local geometry and oxidation state ofon double integration of the total Cu(ll) intensities. This
transition metal ions. The Cu(ll) ESR spectral measuremenisdicates the decrease of Cu(ll) spin concentration because
at 77 K of Cu-TAPO-5 before and after various evacuationCu(ll) is thermally reduced to Cu(l) during evacuation. Fur-
treatments are shown in Figure 6. A fresh hydrated samplier evacuation for a longer period and at higher temperature
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a. Fresh Hydrated
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b. Evac. 210 °C, 2h

c. Dehydrated

200G
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Figure 7. ESR spectra at 77 K of Cu-TAPO-11 (a) in fi
hydrated state and (b) evacuated atZ16or 2h.

Cu(ll) species were not broadened by adsorbedTis
Figure 6. ESR spectra at 77 K of Cu-TAPO-5 (a) in fresh indicates that t_he Cu(ll) ions in dehydrated state are located
hydrated state, (b) evacuated at 26Gor 10h and (c) dehydrated at recessed sites which oxygen cannot efitérTable 2

by evacuation at 45t for 10 h, oxidation with dry oxygen at 450 summarizes the ESR parameters of Cu-TAPO-5 and Cu-
°C for 5-10 h, and then evacuation at room temperature for 20 minTAPO-11 after various sample treatments.

When dehydrated Cu-TAPO-5 and Cu-TAPO-11 samples
didn't change the g values of the signal. The second speciage rehydrated by exposure to the vapor pressure of water at
is the only Cu(ll) species observed for evacuation af@50 room temperature, the original Cu(ll) species as shown in
But the intensity of Cu(ll) signal was decreased due to furthe ESR spectra in fresh hydrated samples of Figure 6a and
ther thermal reduction of Cu(ll). 200 Torr of oxygen wasFigure 7a were regenerated from Cu(ll) species in dehy-
added into the evacuated samples, and the sample witlrated state, respectively. Three pulse ESEM spectra record-
added oxygen was heated to 460and maintained there for ed at 4.5 K and the simulation parameters for Cu(ll) in dehy-
8-12 h in order to reoxidize any copper species reduced dudrated Cu-TAPO-5 and Cu-TAPO-11 samples fully rehy-
ing evacuation. After evacuation of oxygen at room temperdrated with DO, each of which has almost the same ESR
ature, the ESR spectrum recovers most of its intensity anspectrum as a fresh hydrated sample are shown in Figure 8.
shows the same Cu(ll) species as that in Figure 6b, with ESRII ESEM spectra were recorded with the time between the
parameters of g= 2.348, A = 167x 10*cmtand g =2.07 first two pulses set to maximize the deuterium modulation at
as shown in Figure 6c. the magnetic field corresponding to thepgctral region of

Figure 7 shows the ESR spectra of Cu(ll) at 77 K in ahe Cu(ll) powder spectrum. Deuterium modulation from
fresh hydrated Cu-TAPO-11 before and after evacuation. DO is clearly observed with a period of about 450 ns. The
a fresh hydrated TAPO-11 sample, one species is observettuterium modulation is further confirmed by Fourier trans-
with ESR parameters ofi g2.375, A; =151x10*cmitand g formation of these signals. The simulation, shown by broken
=2.08 as shown in Figure 7a. A similar anisotropic ESR
spectrum is also observed at room temperature. When Cyzpie 2 ESR parameters at 77 K of Cu(ll) in Cu-TAPO-5 and
TAPO-11 is evacuated at Increasing temperature, a similaty-TAPO-11 after various sample treatments
trend in the ESR spectra to that for Cu-TAPO-5 is observed

; " . . Cu-TAPO-5 Cu-TAPO-11
with a gradual transition upon dehydration from a speciesTreatment
with ESR parameters of the fresh hydrated sample to another 9* A" g g® A" g°
new species with ESR parameters 0f=.333, A; =170x Fresh hydrated  2.401 155 208 2375 151 2.08
10“cm™and g=2.07 as shown in Figure 7b. Upon dehydra-Dehydrated 2348 167 207 2333 170 207
tion, the ESR spectrum also produces the same secort:0 2.398 157 208 2371 151 2.08
Cu(ll) species with Cu(ll) ESR intensity fully recovered. + NHs 2241 192 2.044 2230 187 2.041

When 100 Torr of oxygen gas was adsorbed into dehydrategsiimated uncertainty is +0.005he unit of A is 1x 10*cm™ and the
Cu-TAPO-5 and Cu-TAPO-11 samples, the les of the  estimated uncertainty is #710*cm™. °Estimated uncertainty is +0.01.
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5 Figure 9. Schematic diagram of a &uon, located at site II* i

w 0 ] D) 3 ) 5 an octahedral environment in TAPO-5, directly coordinatir

=10 three framework oxygens and three water molecules.

Z .

2 o8l b. Cu-TAPO-11 + D,0 between the results in TAPO-5 and TAPO-11, we conclude

i N -4 that the cupric ion must be in different locations in these two

N N - 029 TAPO materials. Thus, since the site is unique to TAPO-

5 A ='0 12 MHz 11, we suggest that it is the site preferably occupied by

Z 0.4 o cupric ion In hydrated TAPO-11, coordinating to two water

g molecules as shown in Figure 10. In TAPO-5 there is only

o 02 one type of Il site which corresponds to thesite in TAPO-

é 11. Deviation of the g values and hyperfine coupling between
0 1 P) 3 4 5 the fresh and the dehydrated samples suggests that water sig-

T, us nificantly varies the local environment of the Cu(ll) ions.

Figure 8. Experimental {—) and simulated (-—-) three-pulse Cu(ll oftgn migrates inFo cpordination sit_es, which can com-
ESEM spectra at 4.5 K of fully rehydrated (a) Cu-TAPO-5 and (b)Pensate its lost coordination when losing the coordinated
Cu-TAPO-11 with RO. water molecules during dehydration process. Hexagonal prism
site, where Cu(ll) forms distorted octahedral coordination with
lines, indicates that Cu(ll) interacts with six neighboring six framework oxygens, three above and three below the Cu(ll),
deuterium nucleii.e. three water molecules, with a Cu(ll)-D is electrostatically the most stable and thus is generally the
distance of 0.28 nm for Cu-TAPO-5. most favored site for exchanged transition metal {ofsin
Interestingly, the deuterium modulation shown in Cu-TAPO-5 and TAPO-11 structure, site | corresponds to the
TAPO-11 in Figure 8b is not as deep as that in Cu-TAPO-5center of hexagonal prism recessed from a main channel. We
The best simulation of the ESEM signal for Cu-TAPO-11conclude that Cu(ll) ions in dehydrated state are also located
indicates that Cu(ll) interacts with four deuterium nuclei, in hexagonal prism sites. In these cases, Cu(ll) moves into
two water molecules, with a Cu(ll)-D distance of 0.29 nm.
The probable Cu(ll) location can be determined on the
basis of the ESR and ESEM observations for the Cu(ll) spe
cies in connection with characteristics of TAPO framework.
ESEM result shows that three water molecules situate at
distance of 0.28 nm from a Cu(ll) for Cu-TAPO-5. ESR
results indicates that the waters directly coordinate with ths
Cu(ll) and the Cu(ll) ion has an octahedral environment,
From the TAPO-5 structure, only sites | and site 1I* permit
octahedral geometry. Of site | and II*, the former is not rea:
sonable because Cu(ll) ion would directly coordinate with
six framework oxygens at that site. Site I1* is the only possi-
bility left, and a Cu(ll) ion at this site is able to coordinates
directly with three oxygens from water molecules and three
oxygens form six-ring window, thus forming a octahedral
configuration as shown in Figure 9. In the case of Cu-TAPO
11, Cu(ll) coordinates only to two water molecules based ol
ESEM results although there are enough room in the chann /
for coordination to more than two water molecules. Consid ®) H
ering lower coordination of Cu(ll) in Cu-TAPO-11 com- Figure 10. Schematic representation for2C_uoordinated to wat
pared to Cu(ll) in Cu-TAPO-5, we think that sites; lénd in H-TAPO-11, showing two directly coordinated water molec

% . - . in one 10-ring channel and three lattice oxygen atoms from tt
II* , are not both populated after incorporation of the cuprlcring window around G, giving a five-coordinate complex, wh

ion by ion exchange. Note that site i in a more con-  he positions of Ciiions (O ) and water (- ); (b) detailed view ¢
strained environment than site. Because of the differences the geometry. From ESEM data, the’GH distance is 0.29 nm.
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hexagonal prism sites from the site II* or*lin the main
channel during dehydration process. This assignment is fu
ther supported by a lack of oxygen broadening.

Figure 11 shows ESR spectrum at 77 K of a dehydrate
Cu-TAPO-11 after adsorption of 30 Torr of ammonia. A new
cupric ion species is observed with ESR parameters of g
2.230 and A =187x 10“*cm . Cu-TAPO-11 with adsorbed
NH;z (**N has a nuclear spin of 1/2) show fi?&l hyper-
fine lines centered at g=2.042 and splitted by 20*cm™
which are also shown in the expanded second derivativ
spectrum in the bottom of Figure 11. The intensity ratio ofrjgyre 12 Representation for Gucoordinated to four molecu
the five>N hyperfine signals is close to the expected ratio oiof ammonia in Cu-TAPO-11.
1:4:6:4:1 for interaction with four nitrogens. With
adsorbed NEl(**N has a nuclear spin of 1) the ESR spec-Cu(ll)-exchanged SAPO-5 and SAPO-11 by ESR and
trum shows nine hyperfine lines in therggion, but they are ESEM?#24¢4'In general, these results are similar to those in
not resolved clearly (not shown). It can be assigned to th€u-TAPO-5 and Cu-TAPO-11. But there are also some
coupling of four equivalent N atoms, indicating that theinteresting differences. The anisotropic line shapes of Cu(ll)
complex is [Cu(NH)4]**. Tetracoordinated cupric complexes in both SAPO and TAPO materials correspond to Cu(ll) ions
such as CuX(X=Cl, NHs, etc.) generally prefer a square subject to an axial crystal field. The observed magnetic
planar configuratiof? The ESR parameters are consistentparameters of Cu(ll) was rather different to each other between
with those of other tetraammonia complexes of Culth Cu-TAPO-5 and Cu-SAPO-5 and between Cu-TAPO-11 and
square planar configuratidii®® Thus the Cu(ll) is suggested Cu-SAPO-11. There was also interesting differences in the
to be located at site U, the center of the double ten ring, coochange of Cu(ll) ESR intensities during evacuation for dehy-
dinating to four molecules of Nisee Figure 12). The hydro- dration. ESR spectra continue to laseCu(ll) ESR intensi-
gen from ammonia can form hydrogen bond to frameworkies during evacuation at increasing temperature in Cu-TAPO
oxygens. The ESR spectrum also show a development of samples (2-3% of Cu(ll) concentration in hydrated Cu-
similar new Cu(ll) species with ESR parameters 0£¢.241  TAPO for evacuation at 43C), while maintained about 20-
and A, =192x 10*cm™ upon adsorption of Nybnto dehy-  30% of Cu(ll) in hydrated Cu-SAPO for the identical pro-
drated Cu-TAPO-5. Cu-TAPO-5 with adsorbENHz also  cesses. Similar dehydration behaviors were observed in alu-
show five'>N hyperfine lines centered at g=2.047 and split-minosilicate L and gallosilicate L molecular sieve¥But
ted by 20x 10“*cm? like in Cu-TAPO-5 (figure not shown). trends of magnetic parameters were similar during dehydra-
In this case, Cu(ll) also forms a square planar configuratioion processi.e. g values slightly decreased and &alues
with four ammonia molecules. Table 3 summarize the ESRncreased. The adsorbate interactions of Cu(ll) wib &hd
parameters of tetraammonia complexes formed between Cu(Bmmonia were also similar to each other between Cu-TAPO-n
and ammonia in various zeolites and molecular sieves foand corresponding Cu-SAPO-n. Cu(ll) coordinates with 3 water
comparison. molecules in Cu-TAPO-5 and Cu-SAPO-5 while 2 water mol-

Paramagnetic Cu(ll) species were also characterized un

Table 3. ESR parameters at 77 k of tetraammonia complexes of
Cu-TAPO-11 + "*NH; Cu(ll), [Cu(NHe)s)?>* with square planar symmetry in various
molecular sieves. “ch” represents a channel-type zeolite and “ca”
represents a cage-type zeolite. The values 1.3 and 1.2 nm are the
internal diameters af-cage

Matrix gi? AP Type:size Reference
TAPO-5 2.241 192 ch:12-ring  this work
TAPO-11 2.230 187 ch:10-ring  this work
AIMCM-41 2.281 170 ch:39 nm 35
Siliceous MCM-41  2.289 178 ch:43 nm 36

K-L gallosilicate 2.254 175 ch:12-ring 37
K-L aluminosilicate  2.255 177 ch:12-ring 38

ZSM-5 2.246 183 ch:12-ring 39-41
SAPO-11 2.226 190 ch:10-ring 42
X zeolite 2.228 178 ca:1.3 nm 43
Y zeolite 2.235 175 ca:1.3nm 44
h 2.239 175 1.2 45
200 G g=2.042 rno . call.znm
=

. _ ®Estimated uncertainty is +0.008he unit of Ais 1-10*cm™ and the
Figure 11. ESR spectrum at 77 K of Cu-TAPO-11 after adsomptio estimated uncertainty is #710™* cnmi®. °SAPO-11 represents silico-
of 30 Torr of*>NHjz at room temperature. aluminophosphate molecular sieves.
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ecules in Cu-TAPO-11 and Cu-SAPO-11. Cu(ll) also forms 8.
a square planar tetraammonia complex in both Cu-TAPO-11
and Cu-SAPO-11. But Cu(ll) coordinates only with three 9
ammonia molecules in Cu-SAPO-5 while with four ammo-
nia molecules in Cu-TAPO-5. These new structural resultd9-
are relevant to Ti and Cu(ll) catalyzed reactions in TAPO11
molecular sieves. '

Conclusions 12.

TAPO-5 and TAPO-11 were synthesized hydrothermallyii:
and confirmed by a X-ray diffraction. IR, diffuse reflectance ;5.
UV-Vis and ESR spectra indicate that Ti ions mostly incor-1g.
porate into tetrahedral framework sites in TAPO-5 and
TAPO-11. It was found that Ti atoms are mainly substitutediL.
for P atoms in these two structures. Cu(ll) ion was incorpo-
rated into TAPO-5 and TAPO-11 by ion-exchange to explorel8.
the coordination characteristics of Cu(ll) in TAPO-5 and
TAPO-11 framework for the first time. ESR and ESEM datal®-
indicate that Cu(ll) is initially located in a main channel 20.
coordinating to water molecules in hydrated states and the
migrated into the hexagonal prism of the structures during
dehydration process. Cu(ll) is located in a more recessed
site, which is unique in TAPO-11 coordinating to two wateroo.
molecules, while to three water molecules in Cu-TAPO-5.
Cu(ll) forms distorted octahedral coordination with six 23.
framework oxygens, three above and three below the Cu(ll)
in the center of the hexagonal prism upon dehydration24-
When polar adsorbates are adsorbed on dehydrated samplés,
Cu(ll) migrates back to a main channel where Cu(ll) carS:
coordinate with adsorbates. When water is adsorbed on tie-
dehydrated samples, the original Cu(ll) species in hydrated
TAPO samples is regenerated with Cu(ll) coordinating t 8
water molecules in the main channel. Upon adsorption ggg:
ammonia, Cu(ll) forms a tetraammonia complex with a
square planar configuration in the main channel.
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