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A new three-dimensional open-framework aluminophosphate (NHy)2Aly(PO4)4(HPO,)-H,0 (denoted AIPO-CJ19) with
an Al/P ratio of 4/5 has been synthesized, using pyridine as the solvent and 2-aminopyridine as the structure-
directing agent, under solvothermal conditions. The structure was determined by single-crystal X-ray diffraction and
further characterized by solid-state NMR techniques. The alternation of the Al-centered polyhedra (including AlO4,
AlOs, and AlOg) and the P-centered tetrahedra (including PO, and PO3OH) results in an interrupted open-framework
structure with an eight-membered ring channel along the [100] direction. This is the first aluminophosphate containing
three kinds of Al coordinations (AlO,4, AlOs, and AlOg) with all oxygen vertexes connected to framework P atoms.
ZTAl MAS NMR, %P MAS NMR, and *H — 3P CPMAS NMR characterizations show that the solid-state NMR
techniques are an effective complement to XRD analysis for structure elucidation. Furthermore, all of the pos-
sible coordinations of Al and P in the aluminophosphates with an Al/P ratio of 4/5 are summarized. Crystal data:
(NH4)2Al3(PO4)a(HPO4)-H20, monoclinic P2; (No. 4), a = 5.0568(3) A, b = 21.6211(18) A, ¢ = 8.1724(4) A, B =
91.361(4)°, V = 893.27(10) A%, Z = 2, R, = 0.0456 (/ > 20(l)), and wR, = 0.1051 (all data).

Introduction vertex oxygen atoms with an Al/P ratio of exclusively unity,
Since the discovery of aluminophosphate ARO(n a variety of aluminophosphates with anionic chains, layers,

denotes a specific structure type) molecular sieves in the early‘;lnd ot[))en framfzr:/v OTKZ%";':]*‘ an Al{ P Ta“? of _Iesshthanhu?lty
1980s! a large number of new microporous aluminophos- ave been synthesized./hese anionic aluminophosphates

phate materials have been successfully synthesized unde%(e)cons(tjnzted frogql:t)h:a ?Itim dationpof 'sl pCéI)yhsdrao(AIO
hydrothermal or solvothermal conditiofis. In contrast to dS'PanO Qﬁ) an b etrahe traé .4&0. 50, POz, dt
neutral-framework AIP@n, composed of strictly alternating and PQOs where b represents bridging oxygens an

AlO4 and PQ tetrahedra connected through corner-sharing rztigr%s;ings/;e;r?énag /gXﬁ?;ZS),lgr/1fsthaerl1rchllgF/> 1?“05 are 172,
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connected open-framework aluminophosphate with an Al/P Table 1. Crystal Data and Structure Refinement for AIPO-GJ19

_ratio of 4/5 (_AIPO-CJ19) has been synthesized successfully empirical formula HAl NoO,1Ps
in the Al(OP);—H3zPO,—2-aminopyridine-pyridine system. fw 637.88
Since the discovery of AIPO-HDAL Mu-4,12 and SIZ-113 temp 293(2) K
. L . wavelength 0.71073 A
AIPO'CJlg IS the fOUI‘th type Of anionic framework aluml' Cryst Syst’ space group monoc”nml
nophosphate with an Al/P ratio of 4/5. AIPO-CJ19 has a unitcell dimensions a=5.0568(3) A
network of strictly alternating Al units, including AKAIOs, 2: 511351(14()1? A
AlOg, and P tetrahedra, including RCand PQ,OH. ﬁ:g.1.361(47
Solid-state NMR spectroscopy has been proven to be an Vol _ 893.27(10) &
efficient tool for structural elucidation and chemical analysis i’bgaclggf?ens'ty 5'822'57;#9’?”
in aluminophosphates and related matefial¥. In this work, F(000) 640
solid-state NMR techniques have been employed to charac- gf]ystjizte leci g-‘gzg-égpx 0.05 mn#
: H . or data collection . .
terize the coordma_tlon of the Aland P aton"_ns of AIPO-CJ19. limiting indices S6<heb-14<k=25-9<1<9
The results are in good agreement with the structure refins collected/unique 4664/204R(jnt) = 0.0655]

determined by the single-crystal XRD analysis. The coor- completenesst6=24.97  96.4%

- - - refinement method full-matrix least-squaresrén
dinations of the Al anq P atoms of the aIu_mlnophos.phates datalrestraints/parameters 2046/13/289
were found to determine the Al/P rafiovarious possible GOF onF2 0.782
coordinations of Al and P which can result in an Al/P ratio gnaldRindECﬁSd! t>)20(l)]a SF g.gé;ggw%: %&CZJ%

. Inaices (all aata 1= 0. Wk = 0.
of 4/5 are summarized. largest diff. peak and hole 1.493 an®.562 e A3
Experimental Section y Z(RFlZT Y(AF/3(Fo), Re = (S[W(Fe? — FAN/IW(FA)AY2 andw =
04(Fo?).

Synthesis and Characterization AIPO-CJ19 was synthesized
in the AI(OP);—H3PO,—2-aminopyridine-pyridine reaction sys- X-ray powder diffraction (XRD) data were collected in thé 2
tem with an optimized molar composition range of 1.0/2400/ range of 4-40° on a Siemens D5005 diffractometer with CatK

2.0-6.0/23. Typically, 1.0 g of finely ground aluminum triisopro- ~ radiation ¢ = 1.5418 A). The step size was 0°9&nd the step
poxide was dispersed into 9 mL of pyridine solvent with stirring, time was 12 s. Inductively coupled plasma (ICP) analysis was
followed by addition of 2.76 g of 2-aminopyridine. Phosphoric acid performed on a Perkin-Elmer Optima 3300Dv spectrometer.
(1.33 mL, 85 wt % in water) was added dropwise to the above Elemental analyses were conducted on a Perkin-Elmer 2400
reaction mixture with stirring. The reaction mixture was stirred until elemental analyzer. Thermogravimetric analysis (TGA) was carried
it was homogeneous, and then it was sealed in a Teflon-lined out on a Perkin-Elmer TGA 7 unit in air with a heating rate of 20
stainless autoclave and heated under autogenous pressure at 18@/min.
°C for 8 days. The resulting product, containing colorless platelike  Structure Determination. A suitable single crystal with dimen-
single crystals, was separated using sonication, washed withsions of 0.40x 0.10 x 0.5 mn? was selected for single-crystal
deionized water, and dried at room temperature. The yield of the X-ray diffraction analysis. Structural analysis was performed on a
product was about 70% based on the source of Al{)@Pr Siemens SMART CCD diffractometer using graphite-monochro-
The type of solvent was important for the crystallization of AIPO- mated Mo Kux radiation ¢ = 0.71073 A) at a temperature of 20
CJ19. When butan-2-ol was used as the solvent instead of pyridine,2 °C. Data processing was accomplished with the SAINT processing
the product was AIPO-CJ®,whereas when other solvents were program® Direct methods were used to solve the structure using
used with the other conditions unchanged, no crystalline product the SHELXL crystallographic software packafjeTwo possible
could be produced. On the other hand, 2-aminopyridine was also space groups were suggested: one is centrosymnikgyic, and
important for the synthesis of AIPO-CJ19. Even though it was not the other is noncentrosymmetriR2;. The structure could not be
occluded in the final product, 2-aminopyridine might play a properly solved using th@2;/c space group. Therefore, th2;

structure-directing role in the formation of AIPO-CJ19his space group was selected for the structural solution. All framework
phenomenon is commonly observed in the synthesis of zeolite andAl, P, and O atoms could be unambiguously located. The three
zeolite-like materials, such as AIRQ5' and AIPO-CJ49 In the atoms subsequently located from the difference Fourier map were

absence of 2-aminopyridine, AIPO-CJ19 could not be obtained. suggested to be associated with on®©Hnd two protonated NH

molecules by charge balance and elemental analysis. The H atom

(11) Yu, J.; Sugiyama, K.; Zheng, S.; Qiu, S.; Chen, J.; Xu, R.; Sakamoto, in P-OH group was added geometrically and refined in a riding
Y.; Terasaki, O.; Hiraga, K.; Light, M.; Hursthouse, M. B.; Thomas, model. The non-hydrogen atoms were refined anisotropically.

12) {/'ic’;/elil C['_ _ergrl\;r?]t”ecrhl%/?gplé)t,aﬁoi.'_ Gabelica. Bur. J. Solid State Structure details and selected bond lengths and distances are listed

Inorg. Chem 1998 35, 545. in Tables 1 and 2, respectively.
(13) \?vooperl,d E'5 RI\'/;I AndrSWE,NC- D-éo\évri%tclle)ibfz- S.; Webb, P. B.;  Solid-State NMR Measurements.The solid-state’!P NMR
ormailad, P.; Morris, K. ature . : :
(14) Taulelle, F.. Pruski. M. Amoureux, J. P.. Lang, D.: Bailly, A experiments were cgrrled out at a resonance freq_uency of 161.97
Huguenard, C.; Haouas, M.;"@edin, C.; Loiseau, T.; ey, G.J. MHz on a Varian Infinityplus-400 spectrometer using a Chemag-
Am. Chem. Socl999 121, 12148. netic 5 mm triple-resonance probe. THE single-pulse experiment

(15) Luo, Q.; Deng, F.; Yuan, Z.; Yang, J.; Zhang, M.; Yue, Y.; YeJC. i i -
Phys Ghem B 2003 107, 2435, was performed with a 2.@s pulse width {£/4) and a 180 s re

(16) Loiseau, T.; Fey, G.: Haouas, M.; Taulelle, Ehem Mater. 2004 cycle delay. AlH — 3P cross-polarization magic-angle spinning
16, 5318.

(17) Huang, Y. N.; Richer, R.; Kirby, C. WI. Phys Chem B 2003 107, (19) SMART and SAINT, Siemens Analytical X-ray Instruments, Inc.:
1326. Madison, WI, 1996.

(18) Pluth, J. J.; Smith, J. V.; Bennet, J. M.; Cohen, A&a Crystallogr, (20) Sheldrick, G. MSHELXL, version 5.1; Siemens Industrial Automation,
Sect C 1984 40, 2008. Inc.: Madison, WI, 1997.
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Table 2. Bond Lengths (A) and Angles (deg) for AIPO-C319
Al(1)—0(6) 1.738(8) Al(1)-0(1) 1.741(8) .
Al(1)—O(14)#1 1.755(9) Al(1yO(4)#2 1.764(8) Experimental
Al(2)—0(18) 1.742(7) Al(2r0O(11)#3 1.787(8)
Al(2)—0(12) 1.826(8) Al(2FO(7)#4 1.873(9)
Al(2)—0(13) 1.932(10) Al(3Y0(8) 1.825(8)
Al(3)—0(5) 1.835(9) Al(3-0(3) 1.897(10)
Al(3)—0O(10)#5 1.900(10) Al(3y0(19) 1.926(8) > I ‘ l ﬂ h |
Al(3)—0(17) 1.995(7) Al(4-0(9) 1.709(9) G
Al(4)—0(2) 1.728(8) Al(4y-O(15)#2 1.729(9) 5
Al(4)—0(16) 1.785(9) P(£)0(@3) 1.503(10) E
P(1-0(2) 1.527(8) P(1X0(4) 1.537(8) Simulated
P(1)}-0(1) 1.546(8) P(2yO(8)#2 1.494(8)
P(2-0(5) 1.517(9) P(2}0(7) 1.548(8)
P(2)-0(6) 1.549(9) P(3}0(10) 1.500(9)
P(3)-0(11) 1.519(8) P(3)0(12) 1.532(8) ﬁ ”
P(3)-0(9) 1.568(9) P(4y0(13) 1.495(10)
P(4)-0(16) 1.496(9) P(4y0O(14) 1.525(8) i
P(4)y-0(15) 1.549(8) P(5)y0(17) 1.506(7) I 1111 TN T TN TR AT TN T T W
P(5-0(19)#3 1.506(7) P(5)0(18)#6 1.533(7) s 10 1s 20 2s 30 35 <0
P(5)-0(20) 1.615(10) 20/° (Cu-Ka)
O(6)—Al(1)—0O(1) 112.1(4) O(6)yAl(1)—O(14)#1 110.5(4) Figure 1. Experimental and simulated X-ray diffraction patterns of AIPO-

O(1)-Al(1)—O(14)#1  107.8(4) O(BYAI(1)—O(4)#2 112.8(5) CJ19.

O(1)—Al(1)—O(4)#2 107.9(4) O(14)#2Al(1) —O(4)#2 105.5(4)

O(18)-Al(2)—O(11)#3  134.4(5) O(18)Al(2)—0O(12) 119.5(4) . '

O(L1Y#3-Al(2)-0(12) 105.8(4) O(18yAl(2)—O(7)#4 88.5(4) dlffgrent fl_el_ds, 7.1 (78.12 MHz) and _9.4 T (194._26 MHz)_,_on
O(11)#3-Al(2)—O(7)#4  92.5(4) O(12YAI(2)—O(7)#4 94.8(4) Varian Infinityplus spectrometers. Typical acquisition conditions

O(18)-Al(2)—0(13) 85.7(4) O(11)#3AI(2)—0(13) 88.5(4) were the following: a single-pulse excitation, a short pulse width
8%)23'?(5)2)__0%)13) 3;2((2)) 8((;;724;83(3)6(%(13) 1971257((2)) of 0.5 us (corresponding to a/15 flip angle), and a recycling
O(5)-AI(3)—0(3) 92:4(4) O(8) Al(3)—O(10)#5 83.2(4) delay of 1.0 . The MAS spin rgte was 8 kHz in single-pulse
O(5)—AI(3)—O(10)#5 92.7(4) O(3YAI(3)—O(10)#5 174.8(4) and CP experiments. The chemical shifts were referenced to a
O(8)—Al(3)—0(19) 168.2(4) O(5YAI(3)—0(19) 94.7(4) 0.1 M AI(NOg); solution for2’Al and to an 85% HPO, solution
O(3)—Al(3)—0(19) 87.9(4) O(10M#5AI(3)—0O(19)  91.3(4) for 31p.

O(8)—Al(3)—0(17) 84.6(4) O(5)Al(3)—O(17) 177.9(4)

O(3)—Al(3)—0(17) 86.3(3) O(L0#5AI(3)—O(17)  88.5(4) . .

O(19-AI3)-0(17)  83.6(3) O(9yAI4)—O(2) 1108(4) ~ Results and Discussion

883:2:%:888#2 11118'1((2)) 8%?:52:8823#2 ffg_'sl((;‘)) The experimental and simulated powder X-ray diffraction
O(15)#2-Al(4)—0(16) 109.0(4) O(3)}P(1)}-0O(2) 108.0(5) (XRD) patterns of AIPO-CJ19 are shown in Figure 1. They
O(3)-P(1)-0(4) 111.4(5) O(2}P(1)-0(4) 108.7(5) ; ; :

OR3)-P(1)-0(1) 114.6(3) O(2P(1y-0(1) 107.6(4) are in goqd agreement with e_ach other which proves the
O(4)-P(1)-0(1) 106.3(4) O(8)#2P(2)-0(5) 113.4(5) phase purity of the as-synthesized product. The difference
8%222:;5)):8% 183?% gggg)):ggg iéggg in reflection intensity is probably due to the preferred
O(7)-P@2)1-0(6) 1037(5) O(10yP(3-O(11) 1147(6) orientation effect m_the powder samﬁPeTh_e absgnce of
O(10)-P(3)-0(12) 108.8(5) O(1LHP(3)-0O(12) 109.2(5) some reflections might be a result of their relatively low
012 POIO®) 10885 O13P(OUy  1123@ oo

O(13)-P(4)-0(14) 106.6(5) O(L6)P(4)-0O(14) 108.8(5) ICP analysis givgs the contents of Al and P as 16.7 and
O(13)-P(4)-0(15) 110.2(5) O(16)P(4)-0O(15) 109.4(5) 24.4 wt %, respectively (calcd: Al, 16.92; P, 24.28 wt %).
O(14)-P(4)-0(15) 109.5(5) O(1AP(5)-O(19#3 ~ 1153(4)  Elemental analysis gives the contents of H and N as 1.70
O(17)-P(5-O(18)#6  111.3(4) O(19)#3P(5-O(18)#6 108.6(4) .

O(17)-P(5)-0(20) 109.6(5) O(19)#3P(5)-0(20) 109.8(4) and 4.42 wt %, respectively (calcd: H, 1.74; N, 4.39 wt %).
O((l)ii)#éz—)P(S)IE())(ZO) 101.3((5)) P((1;o§1;—A:Elg 145.455; No carbon element is detected, indicating that no template
P(1)-0O(2)-Al(4 148.9(6) P(1}>O(3)—-Al(3 146.2(5 o ; .
P(1)-O(4)-Al(1)#3 133.8(6) P(2yO(5)-Al(3) 140.5(3) molecqle iS mvolve_d in the prodL_lct. The cc_Jr_nposmonaI
P(2)-0(6)—Al(1) 131.6(5) P(2)-O(7)-Al(2)#5 132.0(5) analysis results are in agreement with the empirical formula,
P(2)#3-0(8)—Al(3) 155.5(7) P(3)-0(9)-Al(4) 136.0(5) (NH4)2Al 4(POy)4(HPO)-H20O, given by single-crystal struc-
P(3-O(10)-Al3)#4  136.6(6) P(3rO(11)-Al(2)#2 142.5(7) ture analysis

P(3)-0(12)-Al(2) 139.4(5) P(4y-0O(13)-Al(2) 149.4(5) S _
P(4y-O(14)-AlQL)#7  142.4(8) P(4YO(15)-Al(4)#3 131.8(6) The TG curve in Figure 2 shows the two stages of weight
E(‘S‘);S—%GSEAI(AA'I)Z iﬁ-g(g) E(?;?L%%A'(Aﬁ)s iig-g(‘s‘) loss occurring at 156700 °C. The first weight loss, a total
P§5;_O(2(())_)H_(l)( ) 109'.5( ) PEHEO9-AI®) 56) of 7.54 wt % at 156-360°C, corresponds to the loss of the

as v transformat dt . valent at H,0 and NH molecules (calcd 8.16 wt %). The second loss
rollovs: #1308 rlarl,s S Ti;'i’;sx‘fi, y?zgigira_elfﬁuzl;vzf rlxafg],syare *of 2.48 wt % at 366-700°C corresponds to the loss of the
+ Yy, =24+ 3 #5—X+ 3,y — Yo, 24+ 3, #6—X+ 2,y — Yp, 2+ 2; —OH moiety attached to P in the form of,&8 (calcd 2.82
#ix—1lyz-1 wt %).22 Powder XRD analysis indicates that AIPO-CJ19

(CPMAS) NMR spectrum was recorded using conventional Hart- becomes amorphous upon calcination at 300for 4 h.

mann-Hahn cross-polarization with'& zz/2 pulse duration of 4.6 D .
; 21) Wang, K.; Yu, J.; Miao, P.; Song, Y.; Li, J.; Shi, Z.; Xu, R Mater.
us, a contact time of 0.2 ms, and a recycle delay of 5.6Hs. Chem 2001, 11 1898.

decoupling with a field strength of 40 kHz was applied during the 22y vyan, H. M.; Chen, J. S.: Shi, Z.: Chen, W.; Wang, Y.: Zhang, P.:
acquisition period2’Al MAS NMR spectra were obtained at two Yu, J.; Xu, R.J. Chem Soc, Dalton Trans.200Q 1981.
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Figure 2. TG curve of AIPO-CJ19.

Figure 3. Thermal ellipsoid plot (50%) and atomic labeling scheme of
AIPO-CJ19.

AIPO-CJ19 consists of an open framework with macroan-
ion [Al4PsO0H]?". Charge neutrality is achieved by proto-
nated NH molecules. As seen in Figure 3, each asymmetric
unit contains four crystallographically distinct Al atoms.
Al(1) and Al(4) are tetrahedrally coordinated and share four
oxygens with adjacent P atoms with-AD distances in the
range of 1.709(9¥1.785(9) A. Al(2) is pentacoordinated
to five oxygen atoms (A+tO bond lengths: 1.742(7)
1.932(10) A) to form a distorted trigonal bipyramid. Al(3)
is octahedrally coordinated to six oxygen atoms to form a
distorted octahedron with AIO bond lengths in the range
of 1.825(8)-1.995(7) A. To the best of our knowledge, this
is the first aluminophosphate in which the Al atoms exist in
three kinds of coordination, i.e., AlQAIOs, and AIQs, with
all of the oxygen atoms connected to P atoms. Of the five
crystallographically distinct PQetrahedra, four (P(H)P(4))
share all vertex oxygen atoms with adjacent Al atoms.
The P-O bond lengths for P(£)P(4) are in the range of
1.494(8)-1.568(9) A. P(5) shares only three oxygens with
the adjacent Al atoms (2AlQand 1AIG) which leaves
one oxygen, O(20), terminal. The longer bond length of

4394 Inorganic Chemistry, Vol. 44, No. 12, 2005
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Figure 4. (a) Framework of AIPO-CJ19 viewed along the [100] direction
(the dotted frame is shown in (b)). (b) Characteristic network structure in
AIPO-CJ19 viewed along [001] direction and the SBU.

1.615(10) A for P(510(20) indicates a POH group
which protrudes into the eight-membered ring channels.
The existence of POH groups in AIPO-CJ19 results in
an interrupted open framework with the Al/P ratio de-
viating from unity, as in the case of JDF2&nd AIPO-
HDA.1

The open framework of AIPO-CJ19 has eight-membered
ring (8-MR) channels along the [100] direction, and th©®©H
and protonated Nimolecules reside in the channels (Figure
4a). Interestingly, the structure features a series of puckered
continuous networks constructed from the ordered connection
of Al,P, four-membered rings (4-MR) (Figure 4b). Two types
of one-dimensional (1D) aluminophosphate chains, edge-
sharing 4-MRs (AIPO-ESC) and corner-sharing 4-MRs
(AIPO-CSC), are present in the net and cross-linked at the
node of Al(3) and P(2). If P(5) atoms are omitted, the net
becomes a square of & 4-MR. The six-coordinated
Al(3) atoms are essential for the formation of AIPO-CSC
chains. To our knowledge, a network with such an arrange-
ment has never been found in previously reported micro-
porous aluminosilicates and aluminophosphate-based com-

(23) Huo, Q.; Xu, R.; Li, S.; Ma, Z.; Thomas, J. M.; Jones, R. H,;
Chippindale, A. M.J. Chem Soc, Chem Commun 1992 875.
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pounds. The secondary building unit (SBU) tool has proven
to be helpful for understanding the construction of the

framework structures of aluminophosphates and related

materials®?425 Upon investigation of the open framework
of AIPO-CJ19, a new type of SBU, which can be viewed as

a branched edge-sharing three 4MR, was found, and the

connection of these SBUs results in the network shown in

Figure 4b. Adjacent networks are further connected to each

other through O(2) and O(18) to compose the 3D open
framework. Both AIPO-ESC and AIPO-CSC chains are
fundamental building units for the construction of open-
framework aluminophosphatés3® AIPO-ESC or AIPO-

CSC chains have been found in some aluminophosphate

frameworks, for example, AIPO-CSC chains in JDP2(hd
AIPO-ESC chains in SAPO-43.In AIPO-CJ19, both of the

chains coexist; this has never before been found in an

aluminophosphate family.
The protonated NEkimolecules, which balance the negative

Experimental

Experimental

Simulated

Decomposition

ppm
Figure 5. 27Al MAS NMR spectra of AIPO-CJ19 acquired at 9.4 and

7.1T.

Table 3. 27Al Chemical Shifts and Quadrupolar Interaction Parameters

charge of the framework, are trapped in the channels. The¢,, biferent Al Sites in AIPO-CJ19

H,O molecules interact with the terminal oxygens attached
to P(5) atoms through H-bonds (O(2Hi(1)---O(1W)
2.944(16) A). The Ni#* cations also form weak hydrogen
bonds with the framework oxygen atoms. Each N atom
provides two hydrogen bonds to the framework oxygen
atoms. The N-O distances are in the range of 2.943.088

A, measured by the Ceritipackageé? Obviously, the NH*
cations must have come from the fragmentation of 2-ami-
nopyridine under solvothermal conditions. Such a phenom-
enon has been observed in the previously reportgdg{0.-
[Al2(HPOy)(PQy),). %

Solid-State NMR Spectroscopy.The 27Al MAS NMR
spectrum of AIPO-CJ19 acquired at 9.4 T shows four
resonances at 44.4, 396,10, and—14.5 ppm (Figure 5).
The two low-field resonances at 44.4 and 39.6 ppm are from
the four-coordinated aluminum; the broad one-di0 ppm
is from the five-coordinated aluminum, and the one-&4.5
ppm is from the six-coordinated aluminum. These assign-

ments are based on the approximate chemical shift ranges

known to be typical of different aluminum coordinatiotis®
The broad line shape of the resonance 20 ppm is a result
of a second-order quadrupolar interaction which is not

(24) Yu, J.; Sugiyama, K.; Hiraga, K.; Togashi, N.; Terasaki, O.; Tanaka,
Y.; Nakata, S.; Qiu, S.; Xu, RChem Mater. 1998 10, 3636.

(25) Faey, G.Chem Mater. 2001, 13, 3084.

(26) Jones, R. H.; Thomas, J. M.; Xu, R.; Huo, Q.; Xu, Y.; Cheetham, A.
K.; Bieber, D.J. Chem. SocChem Commun199Q 117Q

(27) Williams, I. D.; Yu, J.; Gao, Q.; Chen, J.; Xu, Rhem Commun
1997 1273.

(28) Wei, B.; Yu, J.; Shi, Z.; Qiu, S.; Yan, W.; Terasaki, Chem Mater.
200Q 12, 2065.

(29) Wang, K.; Yu, J.; Song, Y.; Xu, R. Chem. Soc., Dalton Tran8003
99.

(30) Wang, K.; Yu, J.; Li, C.; Xu, RInorg. Chem 2003 42, 4597.

(31) Helliwell, M.; Kaucic, V.; Cheetham, G. M. T.; Harding, M. M.;
Kariuki, B. M.; Rizkallah, P. JActa Crystallogr, Sect. B1993 49,
413.

(32) Cerius 2 Molecular Simulations/Biosym Corporation: San Diego, CA,
1995.

(33) Song, Y.; Yu, J.; Li, Y.; Li, G.; Xu, RAngew Chem, Int. Ed. 2004
43, 2399.

(34) Zahedi-Niaki, M. H.; Xu, G.; Meyer, H.; Fyfe, C. A.; Kaliaguine, S.
Microporous Mesoporous Matet999 32, 241.

(35) Blackwell, C. S.; Patton, R. L1. Phys Chem 1984 88, 6135.

assignment dexd (7.1 T) Oexe9.4 T) Adexp 0iso(PPM) Pg(MHz) 7
Al(1) 33.5 39.6 6.1 47.6 38 -
— - - 17.0 4.2 0.1

Al(3) —15.4 —14.5 0.9 —13.4 1.4 -
Al(4) 41.5 44.4 2.9 48.1 2.6 —

completely removed by MAS. To obtain the parameter of
quadrupolar interactiorPg) and the isotropic chemical shift
(diso) for four- and six-coordinated aluminum atoms’Al

MAS NMR experiment was carried out at a different field
of 7.1 T3637The line width (Figure 5) becomes broader and
the high-field shift appears because of the increase of the
second-order quadrupolar interaction in a relatively low field.
On the basis of the difference between the chemical shift
values at two different fields, it is easy to obt&pg anddiso

with eqs 1 and 2

Ab,= 6 x 10°P3 [1ivp)* — (Lhvg)*D

+ 6 x 103(&)2
v

0

@)

6iso = 6exp (2)
wherew, is the resonance frequency?dl in different fields.

The detailed experimental results are listed in Table 3. The
simulations of thé’Al MAS spectrum were performed using
the DMFIT program® and thePq, dis,, and asymmetry
parameteri#g) for the five-coordinated aluminum atoms are
obtained and listed in Table 3. The simulated spectrum and
its decomposition indicate that the corresponding four-, five-,
and six-coordinated aluminum atoms are present in a ratio
of 2/1/1 which is consistent with the structure determined

by the single-crystal XRD analysis. It has been demonstrated

(36) Massiot, D.; Miler, D.; Hubert, Th.; Schneider, M.; Kentgens, A. P.
M.; Cote B.; Coutures, J. P.; Gessner, Bolid State Nucl. Magn.
Reson1995 5, 175.

(37) Azas, T.; Bonhomme-Coury, L.; Vaissermann, J.; Bertani, P;
Hirschinger, J.; Maquet, J.; Bonhomme, i@org. Chem 2002 41,
981.

(38) Massiot, D.; Fayon, F.; Capron, M.; King, |.; Le Cah\&; Alonso,
B.; Durand, J.-O.; Bujoli, B.; Gan, Z.; Hoatson, Glagn Reson
Chem 2002, 40, 70.
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Figure 6. (a)3'P MAS NMR spectrum and (b)H — 3P CPMAS NMR spectrum of AIPO-CJ19 (the dashed lines indicate the decomposition8Pthe
spectrum).

that a more distorted tetrahedral site will have a Stronger Table 4. Environments and Chemical Shifts for Different P Sites

quadrupolar interactioff. A parameteny was proposed as a environment of P chemical shift (PPM)
measurement of the distortion (eq 3) P(1) 1AI0; 3AI0, —227
P(2) 2AICs 1AIOs 1AI0, —25.2
W= z tan|0i —109.5| (3) P(3) 1AI0s 2Al0s 1AI0,4 —22.7
| P(4) AlOs 3AI0, -18.8
P(5) 2AICs AlOs —-16.7

where 6; is theith O—AI—O bond angle and is equal t©0 ey similar environment. It has been shown that the presence
109.5 for perfect tetrahedral symmetry. On the basis of the ¢ A| atoms with coordination states higher than four in

O—Al—0 bond angles determined for AIPO-CJ19 by single- 4 yminophosphates may result in a decreaséothemical
crystal XRD analysis, eq 3 yieldpa) = 0.248 anda) shifts#2 Therefore, in AIPO-CJ19, the number of five- and
= 0.169. Thus, the signal correspondingRe = 3.8 is iy coordinated Al neighbors must be taken into consider-
assigned as Al(1), and the other signal correspondiy10  4iion. The environments of different P sites are listed in Table

=2.6 5 assigned as Al(4). . 4. As can be seen in Table 4, P(2) has the highest number
The*’P MAS NMR spectrum of AIPO-CJ19in Figure 6a ¢ gjx_ and five-coordinated Al neighbors. Therefore P(2) is

shows four components located-a16.7,-18.8,~22.7,and enatively assigned to the chemical shift-a5.2 ppm.
—25.2 ppm. The deconvolution of the spectrum with Gauss- accordingly, P(1) and P(3) may contribute to the component
ian lines (dashed line in Figure 6a) indicates that the g o5 7 ppm, and P(4) may contribute to the component at
integrated intensity ratio of the four resonances is close to _1g g ppm.

1/1/2/1, suggesting the presence of five distinct crystal-  \/a1i0us Coordinations of Al and P of Aluminophos-
lographic phosphorus sites, in good agreement with the yhates with an Al/P Ratio of 4/5.Until now, four unique
structure determined by the single-crystal XRD. The shift gctyral connectivities with an Al/P ratio of 4/5 have been
at —16.7 ppm is a result of the P(5) tetrahedron with a 55 including the 2D layer Mu% and the 3D open-
terminal oxygen belonging to a hydroxyl group for its smaller ¢.- ework AIPO-HDA!! S|Z-113 and AIPO-CJ19. Mu-4
shielding effect, which has been proven by e — *'P 514 171 are based on the alternation of 3AIQAIOs,
CPMAS technique. In théH — 3P CPMAS NMR spectrum  3py 1pq, 0, and 1PG,0,c AIPO-HDA is based on the
(Figure 6b) with a contact time of 0.2 ms, the intensity of 41amation of 2A1Q, 2A10s, 4PQy, and 1PG,O%, and AIPO-
the resonance at-16.7 ppm is increased significantly 319 is pased on the alternation of 2AIQAIOs, 1AIO.,
which confirms the assignment of that resonance to P(5). ypq, and 1PQ,0.. We have found the relationship between

P(1)-P(4) lie within the characteristic chemical shift range o Al/P ratio and the Al and P coordination st&tesich
of P(OAl), species®* The two phosphorus sites, corre-  atisfies eq 4

sponding to the component &22.7 ppm, are probably in a

Myoin X iaon = Noap X ipg 4
(39) Engelhardt, G.; Veeman, W. Chem. Sog.Chem. Commun1993 Iz AlOib ~* "AlOib ]z Pob X Jpap 4)
622.

(40) Caldarelli, S.; Meden, A.; Tuel, Al Phys Chem B 1999 103 wherei (j) is the number of bridging oxygens coordinated
(41) Jelinek, R.; Chmelka, B. F.; Wu, Y.; Grandinetti, P. J.; Pines, A,
Barrie, P. J.; Klinowski, JJ. Am Chem Soc 1991, 113 4097. (42) Akporiaye, D. E.; Steker, M. Zeolites1992 12, 351.
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Table 5. All Possible Coordinations of Al and P of the It is well-known that solid-state NMR techniques are
Aluminophosphates with an Al/P Ratio of 4/5 sensitive to local orderings and geometries. They will be
Al coordination P coordination helpful for distinguishing different Al and P coordinations
no AlO; AlOs AlOs POy POsOr POz PQ,Os refe and will serve as a useful tool for the understanding of
1 4 o o0 3 1 0 1 - aluminophosphate structures.
2 4 o o0 3 0 2 0o - .
3 4 0o o 2 2 1 0 Conclusions
S S o 9 = AIPO-CJ19, with an Al/P ratio of 4/5, has been synthesized
6 3 1 0 3 1 1 0 Mu-4, SIz-1 solvothermally in the Al(OP)y;—H3PO,—2-aminopyridine-
7 3 1 0 2 3 0 0o - pyridine system. It is composed of strictly alternating Al
O S o - units, including AlQ, AlOs, and AlQ;, and P tetrahedra,
0 2 2 0 4 0 1 0 AIPO-HDA including PQy, and PQyOH, to form a 3D open framework
1 2 2 0 3 2 0 0o - with 8-MR channels along the [100] direction. Solid-state
g 22 % 12 ‘é %) % % ﬁ'PO'leg NMR techniques confirm the single-crystal X-ray diffraction
14 1 3 0 4 1 0 0 analysis results. THEAI MAS NMR spectrum indicates four
15 1 2 1 5 0 0 0 - Al signals with a ratio of 2AIQ/1AIOs/1AI06. The3P MAS
6 0 4 0 5 0 0 o - NMR spectrum presents five tetrahedral P signals with a ratio
aThe — means not found. of 1/1/2/1. Sixteen combinations of Al and P coordinations,
which may lead to the [APsOy®" stoichiometry, are
to Al(P), m (n) is the number of the Al (PQp) coordina-  symmarized. Until now, three combinations have been
tion, Maoin/Negp = Al/P, i = 3, 4, 5, and 6, corresponding  known. It is believed that many more new aluminophosphates

to the AIQ(OH), AlO,, AlOs, and AIQ; coordinations,  jith [Al,PsO,q3~ stoichiometry will be continuously syn-
respectively, ang = 1, 2, 3, and 4, corresponding to PO thesized.
tetrahedra with one, two, three, and four bridging oxygens,
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