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Using ethylenediamine as a template, two one-dimensional (1-D) aluminophosphate compounds [AIP,0gH][NHs-
CH,CHyNH3] (1) and [AIP,0g][NH3CH,CH,NH3][NH,] (2) have been prepared from a gel system: 1.0:x:y:44
Al(i-PrO);—HsPO,~en—EG (x = 3.0-9.0, y = 1.0-11.0). Compound 1 consists of edge-sharing four-membered
ring (MR) chains, denoted as AIPO-ESC, and compound 2 consists of corner-sharing 4-MR chains, denoted as
AIPO-CSC. The molar ratio of en:HsPO, in the starting gel has an important influence on the final product. If
en:HsPO4 = 1, AIPO-CSC is obtained, while if en:HsPO4 < 1, AIPO-ESC is formed. These two chains can transform
to each other upon addition of some extra amount of en or HsPO, to the reaction mixture in which AIPO-ESC or
AIPO-CSC is crystallized. On the basis of XRD and ?’Al and 3'P MAS NMR analyses, a possible chain-to-chain
transformation mechanism is proposed. The corner-sharing 4-MR chains of AIPO-CSC, as well as the edge-
sharing 4-MR chains of AIPO-ESC can be assembled to 3-D open-framework compound NiAIP,0g-C,N,Hg through
Ni?* cations. It is noted that AIPO-CSC remains in the structure of NiAIP,Og-C,N,Ho. It is believed that AIPO-ESC
might be first transformed to AIPO-CSC followed by the assembly to 3-D open-framework of NiAIP,0g+C,N,Hg
through Ni%* cations.
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and synthesis of microporous materials are still full of
difficulties because of the unclear formation mechanism
under hydrothermal or solvothermal conditions. The 1-D
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transformation of two types of 1-D Af@g®~ chains in the
Al(i-PrOx—HsPO,—en—EG system. Using the 1-D chains
of AIPO-ESC as the building units, the 3D open-framework

aluminophosphate chains built up by edge-sharing or corner-NiAIP,0g:C:NoHg can also be assembled through?Ni

sharing of the AP, 4-MRs, denoted as AIPO-ESC and
AIPO-CSC, respectively, are two types of fundamental

cations.

chaing-1°that can be found in a range of aluminophosphate Experimental Section

frameworks. For example, the structure of AIPO-ESC can

be seen in the framework of A;0:5(OH)™ (AIPO,-21)#
and AIPO-CSC in the structures of #O;o(OH), '8
A|5P602437 (JDF-ZO)?9 Al 2(PO4)3H27,35 etc. Ozin and co-

Synthesis of [AIROgH][NH 3CH,CH,NH;] (1) and [AIP,Og]-
[NH3CH,CH,NH3][NH 4] (2). Compoundsl and?2 were prepared
in a gel system Al¢tPrOx—H3PO,—en—EG. Typically, 0.40 g of
finely ground aluminum triisopropoxide was first dispersed into

workers proposed that further hydrolysis and condensation9.0 mL of ethylene glycol, followed by the addition of certain
reaction of the linear corner-sharing 4-MR chain, the so- amount of ethylenediamine (en). Phosphoric acid (85 wt % in water)
called parent chain, would lead to the formation of more Was added slowly to the above reaction mixture under continuous
complex structures such as 1-D chains, 2-D layers, and 3-pstirring. The reactant gel was transferred to a Teflon-lined stainless
frameworks® Recently, using the 1-D chains of AIPO-CSC steel autoclave and h_eated at T&dfor 3 days under autc_)gen_ogs
as building units, we have successfully prepared the 3-D pressure. The crystalline product was filtered, washed with distilled

o t d then dried at 7T ight.
open-frameworks MAIRDe-CoNoHs through transition metal wasc?;aar;n chnChrr:l?n-tz-Chai(r:\;'er:rgformation To the reaction
cations M* (M = Fe, Co, and Ni). This provides the y :

. . . system in which compoundl or 2 was crystallized was added 1.0
experimental evidence that the 1-D AIPO-CSC chain is a ;| f ethylendiamine or 0.130.50 mL of HPQO, at room

parent chain for the formation of a range of aluminophos- temperature, respectively. The reactant was further heated in the
phates’38Because both AIPO-ESC and AIPO-CSC are built stainless autoclave at 18C for about 10 days.

up from 4-MRs that are linked in a different manner, we  Several such reactions were carried out parallely. At a certain
believe that both of them are important structural building time interval (2 days), an individual autoclave was taken out from
units (SBU) or precursors for open-framework aluminophos- the oven, followed by quenching in cold water immediately. The
phates. Thus, further experimental study on the structural product was separated by centrifugation. The solid product was
relationship of these two types of chains will be helpful in dried at ambient temperature.

the understanding of the formation mechanism of mi- Study on the Chain-to-Open-Framework Transformation. To
croporous materials. the reaction systems in which compouhdsas crystallized, 1.96

. . . . 5.88 mmol of Ni(OAc)-4H,O was added, followed by further
In this work, we report the synthesis and chain-to-chain heating at 18CC for about 10 days. The final product in light-
green color was filtered out, washed, and dried at ambient
temperature.
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35, 6373. i i i inti
" o e ) collected on a Siemens D5005 diffractometer with Gurddiation
(22) 52305(79_" Li, B.; Chen, J./ Li, S.; Xu, R. Solid State Che997 (A =1.5148 A). Solid-state NMR experiments were performed with

(23) Chippindale, A. M.; Cowley, A. R.; Huo, Q.; Jones, R. H.; Law, A.
D. J. Chem. Soc., Dalton. Tran$997, 2639.

(24) Vidal, L.; Marichal, C.; Gramlich, V.; Patarin, J.; GabelicaChem.
Mater. 1999 11, 2728.

(25) Xu, Y.; Zhang, B.; Chen, X.; Liu, S.; Duan, C.; You, X.Solid State
Chem.1999 145, 220.

(26) Oliver, S.; Kuperman, A.; Lough, A.; Ozin, G. €hem. Mater1996
8, 2391.

(27) Yu, J.; Sugiyama, K.; Zheng, S.; Qiu, S.; Chen, J.; Xu, R.; Sakamoto,
Y.; Terasaki, O.; Hiraga, K.; Light, M.; Hursthouse, M. B.; Thomas,
J. M. Chem. Mater1998 10, 1208.

(28) Vidal, L.; Gramlich, V.; Patarin, J.; Gabelica, Eur. J. Solid. State
Inorg. Chem.1998 35, 545.

(29) Huo, Q.; Xu, R,; Li, S.; Ma, Z.; Thomas, J. M.; Jones, R. H,;
Chippindale, A. M.J. Chem. Soc., Chem. Commud®892 875.

(30) Wang, K.; Yu, J.; Shi, Z.; Miao, P.; Yan, W.; Xu, B. Chem. Soc.,
Dalton Trans.2001, 1809.

(31) Yan, W.; Yu, J.; Xu, R.; Zhu, G.; Xiao, F.; Han, Y.; Sugiyama, K.;
Terasaki, OChem. Mater200Q 12, 2517.

(32) Feng, P.; Bu, X.; Stucky, G. Dnorg. Chem.200Q 39, 2.

(33) Tuel, A.; Gramlich, V.; Baerlocher, QVlicroporous Mesoporous
Mater. 2001, 47, 217.

(34) Bennett, J. M.; Cohen, J. M.; Artioli, G.; Pluth, J. J.; Smith, J. V.
Inorg. Chem.1985 24, 188.

(35) Chippindale, A. M.; Powell, A. V.; Bull, L. M.; Jones, R. H;
Cheetham, A. K.; Thomas, J. M.; Xu, B. Solid State Chen1.992

magic angle spinning (MAS) on an InfinityPlus-400 spectrometer
operating at frequencies of 104.26 and 161.97 MHz?fat and

31p, respectively. Chemical shifts were referenced to an external
standard of Al(HO)s3* for 2’Al and 85% HPQ; for 31P. The sample
was spun at 8.0 kHz for boAl and 31P.

Results and Discussion

Compounddl and?2 containing chains of AIPO-ESC and
AIPO-CSC, respectively, are crystallized in the system with
a gel composition of 1.8:y:82.4 Al(-PrOx—H3PO,—en—

EG. The synthesis conditions are listed in Table 1. Itis noted
that different HPOy:en molar ratios in the starting gel can
lead to different products. Figure 1 illustrates the products
change with different en:#PQO, ratios. Compoundl is
crystallized in the area with enzRO, < 1. If en:HPOy >

1, compouna is crystallized. However, under the condition
that the amount of en is too low, a dense aluminophosphate
phase, cristobalite, is formed. In addition, no matter how
much en is added to the starting gel, no crystalline phase

96, 199. . .
(36) Oliver, S.; Kuperman, A.; Ozin, G. AAngew. Chem., Int. EA.99§ can be obtained when the molar amount gPBj is equal
37, 46. to 1.0. During the synthesis of AIPO-ESC and AIPO-CSC,

(37) Wei, B.; Yu, J.; Shi, Z.; Qiu, S.; Yan, W.; Terasaki, Chem. Mater.
200Q 12, 2065.
(38) Wang K.; Yu, J.; Song, Y.; Xu, RDalton Trans.2003 99.

the phosphoric acid not only supplies the source of phosphate
but also affects the alkalinity and acidity of the starting gel
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Transformations of 1-D Aluminophosphate Chains

Table 1. Synthesis Conditions for AIPO-ESC and AIPO-CSC
Al(i-PrOs  H3POy en pH product APO.CSC )¢¢¢<
1.0 1.0 1.6-6.0 9.0-10.0 gel without crystal
1.0 3.0 1.6-2.0 5.0-8.0 AIPO-ESC l ®
3.0-8.0 9.0-10.0 AIPO-CSC A aennA, AA -
1.0 5.0 1.0 4.65.0 cristobalite
2.0 5.0 AIPO-ESCt cristobalite
3.0-4.0 6.0 AIPO-ESC
5.0-8.0 9.0-10.0 AIPO-CSC Andossoanscadon (€)
1.0 7.0 2.0-3.0 4.0-5.0 AIPO-ESC+ cristobalite >
4.0-60 6.0 AIPO-ESC bt
7.0-8.0 9.0-10.0 AIPO-CSC § (d
1.0 9.0 6.0-8.0 5.0-6.0 AIPO-ESC D
9.0-11.0 9.0-10.0 AIPO-CSC 4 J
aNote: pH value was determined by pH test paper. _' (c) |
4 (b)
12 ¢ AIPO-CSC ’
®  AIPO-ESC - + -
o107 ¢ = APo-Esc T
Q e . -
o I"(a)
< 8+ * * * L
3
s * g - 5 10 15 20 25 30 35 40
5 ©- L " 20/°(Cu-Kar)
2 * ¥ [ ] [ ] Fi . .
5 igure 2. XRD studies on the phase transformation from AIPO-ESC to
T 44 ¢ = L] L] AIPO-CSC: (a) AIPO-ESC; samples heated for (b) 1, (c) 3, (d) 5, (e) 7,
g > n » and (f) 9 days.
= 24" | ] | | . .
. CSC to AIPO-ESC can be achieved by addition of 6:13
o 0.50 mL of HPQO, to the reaction mixture containing
M 1 M T M 1 v T M .
2 4 6 8 10 12 crystalline compouna.
Molar ratio of H,PO /Al(i-PrO), The chain-to-chain transformation from AIPO-ESC to
Figure 1. Diagram showing the influence of ensPIO, ratios on the final AIPO-CSC is further investigated by XRD aftAl and 3'P
products. MAS NMR analyses. XRD study on the transformation

) o ) process from AIPO-ESC to AIPO-CSC is presented in Figure
together with ethylenediamine which acts as a structure- 5 compound. with chains of AIPO-ESC is first crystallized
directing agent for the formation of AIPO-ESC and AIPO- i, the reactant after heating for 3 days, to which 1.0 mL of
CscC. en is added followed by further heating for 10 days. After

Both compoundsl and 2 are prepared in a similar 3 gay, a little amount of compourglis crystallized and no
solvothermal system. The difference of their synthesis lies compoundl exists any longer. With the increase of the

in the alkalinity and acidity of the starting gel that is affected oaction time, the crystallinity of compoun@l increases
by the en:HPQ, ratio as presented in Table 1. It is noted evidently.

that when certain amount of base such as ammonia, tripro-  274; MAS NMR spectra of the samples obtained at
panamine, or sodium hydroxide solution is added to the initial yifferent reaction time are shown in Figure 3. The chemical

gel in which compound should have been crystallized, the  gpitts at 30.9 and 39.0 ppm are attributed to the tetrahedrally
pH value of the gel is increased to 9:00.0 and the final  coordinated Al atoms in AIPO-ESC. The peak at 30.9 ppm
product is compound®, whereas the addition of certain g caused by second-order quadrupolar interactidAshas

amount of acid to the starting gel of compoudo lower a nuclear quadrupolar momeht£ 5/2) which interacts with
the pH value to 5.68.0 results in the formation of compound e electric field gradient caused by the nonspherically

1. On the basis of the fact that the 1-D AB*~ chains in symmetric charge distribution arourfdAl nucleus. Line

compoundsl and 2 are both built up by AP, four-  155dening and chemical shift changes may arise from those
membered rings linked together in a different connection q,adrupolar interactior8.When the reactant is heated for
style, it is believed that there might be some intrinsic ahqyt 1 day after the addition of extra en, the resonance at
structural relationship between these two types of chains andsq g ppm disappears and a small peak &8 ppm emerges.
that the structures of AIPO-ESC and AIPO-CSC might Tpe gisappearance of the peak at 30.9 ppm implies that the
transform to each other under appropriate conditions. There'charge distribution arourfdAl nucleus becomes spherically
fore, we further investigate their chain-to-chain transforma- symmetric. The signal a+6.8 ppm corresponds to the
tion under suitable synthesis conditions. It is found that upon -hemical shift introduced by the six-coordinated Al atoms.
addition of 0.5-1.0 mL of en or NH-H,O to the reaction  \yjith the increase of reaction time, the peak-8.8 ppm

mixture in which compound has already been crystallized, pecomes smaller and smaller, while the signal at 39.0 ppm
AIPO-ESC can transform to AIPO-CSC after further heating.

On the other hand, the structural transformation from AIPO- (39) Staker, M. Stud. Surf. Sci. Catall994 85, 429.
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Figure 3. 27Al MAS NMR spectra of (a) AIPO-ESC and samples heated
for (b) 1, (c) 3, and (d) 9 days.

)
°)
b)

(
(
(

)

%

Wang et al.

(d)

(©

(b)

(@)

T T
-20 -40

ppm
Figure 4. 3P MAS NMR spectra of (a) AIPO-ESC and samples heated

20 0

for (b) 1, (c) 3, and (d) 9 days.

becomes sharper and sharper. At last, only one sharp peak

at 39.0 ppm can be observed, which is due to the four- corner-sharing 4-MRs. If this process proceeds simulta-
coordinated Al atoms in AIPO-CSC. The emergence and neously or in the forward direction, the corner-sharing 4-MR

weakness of the signal at6.8 ppm indicates the change of
the environment of Al atoms during the chain-to-chain
transformation. The six-coordinated Al atoms might be a
transition state during the transformatichP MAS NMR
spectra are presented in Figure 4. The peaksldt.9 and
—10.3 ppm are ascribed to two crystallographically distinct
P atoms in AIPO-ESC. The former is attributed to the four-
coordinated P atoms within the backbone of AIPO-ESC,
while the latter to the pendant HR@roups. When the

chains of AIPO-ESC will be finally transformed into edge-
sharing 4-MR chains of AIPO-CSC. Similarly, if extra acid
is added to the reactant containing compondith the
chains of AIPO-CSC, this process is expected to proceed in
the reversed direction. Through a similar hydrolysis
condensation self-assembly pathway, AIPO-CSC will finally
transform into AIPO-ESC. It is believed that the acidic and
basic media play a key role in this hydrolysisondensation
self-assembly.

reactant is further heated for about 9 days after the addition The 1-D AIROg* chains, AIPO-ESC and AIPO-CSC,

of extra en, the signal at10.3 ppm disappears, indicating
that the pendant HPOgroups are transformed to the
backbone P@groups. The broad peaks around O ppm might

both contain terminal 0 and/or P-OH groups. This
indicates their potential ability in condensing to 3-D open
frameworks. In our recent work, 3-D open frameworks

be assigned to the transition states of P species. TheMAIP,Os C,N,Hg have been successfully built up through
disappearance of these peaks implies that all the P speciesissembly of the corner-sharing 4-MR chains of AIPO-CSC
have changed to four-coordinated ones. The sharp peak avia transition metal cations ¥ (M = Ni, Co, and Fe§’38
—12.7 ppm is assigned to the unigque tetrahedral environmentThe interactions between ¥ species and the terminatP

of P atoms in the backbone of AIPO-CSC.
On the basis of thé’Al and 3'P MAS NMR analyses, a

O groups of the chains of AIPO-CSC lead to the formation
of the 3-D open frameworks. It is believed that AIPO-CSC

possible scheme for the chain-to-chain transformation from acts as a structural building unit for the construction of the
AIPO-ESC to AIPO-CSC is proposed (Figure 5). Because 3-D open frameworks MAIFDs:C;N,Hg. Since AIPO-CSC
of the addition of extra base to the reaction mixture, some and AIPO-ESC can transform to each other, we use AIPO-

of the AI-O—P bonds are cleaved through hydrolysis and
transitional AHFOH and P-OH terminal groups are thus
formed. This is consistent with tHéAl and 3'P MAS NMR

ESC as a structure building unit to assemble 3-D open
frameworks through transition metal’Mspecies. As in the
assembly of AIPO-CSC to NiA®g-C,N,Hg, AIPO-ESC is

spectra discussed above. Under solvothermal conditions first prepared and followed by the addition of?Nications.
rapid rotation and bending motions are expected to the The appropriate molar ratio of Ni(OAcQI(i-PrO)is 1.0—

unhydrolyzed A-O—P linkages. Rotations will bring the
Al—OH and P-OH groups close together, and further
intrachain condensations will occur with the release gbH
In this way, two edge-sharing 4-MRs transform to two

4600 Inorganic Chemistry, Vol. 42, No. 15, 2003

3.0. Interestingly, the 3D open-framework NiAB-C,N,Hg
which is featured by the chains of AIPO-CSC is built up.
The experimental powder XRD pattern is in good agreement
with that simulated on the basis of the single-crystal structural
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Figure 5. Possible structural transformation pathway from AIPO-ESC to AIPO-CSC.

analysis of NiAIROg:C,N2Hg (Figure 6)37 It is believed that
during this assembly process the edge-sharing 4-MR chains
of AIPO-ESC might first transform to the corner-sharing
4-MR chains of AIPO-CSC and then assembly to 3-D open-
framework NiAIROg C,N,Hg through Nt cations. This
experimental result indicates that the chains of AIPO-ESC
and AIPO-CSC built up by 4-MRs might be the parent chains (a)
for the crystallization of open-framework aluminophosphates.
Insight into the literature on the open-framework materials
reveals that the 1-D chains constructed by corner-sharing or 8
edge-sharing 4-MRs are ubiquitous. It has been shown &
recently by Rao et al that the edge-sharing 4-MR chains of
Zn(HPQy),?~ are the building block in some layered and
open-framework zinc phosphat&sSuch 1-D 4-MR chains
are also known in gallophosphat&s# iron phosphate®, (®)
cobalt phosphate;*’ zirconium phosphate/$,and chromium
phosphite®® The transformation from 1-D chains to 3-D open
frameworks provides an insight into the possible pathways
involved in the built-up process of complex structures of | (A REETERE R TRR A R |
metal phosphates. It is believed that using the low- 5 10 15 20 25 30 35 40
20/°(Cu-Ka)
(40) Ceriu$; Molecular Simulation/Biosysm Corp.: San Diego, CA, 1995. Figure 6. (a) Experimental XRD pattern of the product prepared by the

(41) Rao, C. N. R.; Natarajan, S.; Choudhury, A.; Neeraj, S.; Vaidhy- 4ssemply of AIPO-ESC via Ri cations and (b) that simulated from single-

anathan, RActa Crystallogr.2001, B57, 1. ? . ; - . -
e A e . . crystal diffraction analysis of NiAIfDg:C;N2Hg with the Ceriud software
(42) Walton, R. I.; Millange, F.; Ball, A. Le; Loiseau, T.; Serre, C.; O'Hare, package® The insert is a section of the structure of NiAMR-CoNaHs

(43) I?:h;;%al%ihelvlm goonrgmx%gpeaﬁloi. D.; Cowley, A. R. Solid showing the connection between the chains of AIPO-CSC afitddiions.

State Chem1998 136, 227'.
gigg éﬂigﬁ‘:c T,\)i..sg{gﬁg%j.Fé'r;%eefh,fgyCgTr?;‘r’g%ghze#fgw dimensional metal phosphates as precursors, other multi-

36, 2187. dimensional structures might be developed.

nsity
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Conclusion with the 1-D chains of AIPO-CSC, AIPO-ESC can also be

The synthesis conditions for two 1-D aluminophosphates used to asiemt?ly to 3-D open-framework Ni&l CoNoHo
with edge-sharing and corner-sharing 4-MR chains of AIPO- through N#* cations. The transformations provide an insight

ESC and AIPO-CSC have been investigated. The alkalinity into the possible pathways involved in the built-up process
and acidity of the starting gel have an important influence of complex structures of metal phosphates.

on the final product. By addition of extra base or acid tothe  Acknowledgment. We are grateful to the National
reactant mixture in which AIPO-ESC or AIPO-CSC is Natural Science Foundation of China and the State Basic
formed, the structures of these two types of chains can Research Project (Grant G2000077507) for financial support.
transform to each other. It is proposed that the transformationWwe also thank Professor Feng Deng (Wuhan Institute of

of these two aluminophosphate chains is achieved by thePhysics and Mathematics, Chinese Academy of Sciences)
cleavages and reconstructions of some-@-P bonds. As  for helpful discussions.

(46) Cowley, A. R.; Chippindale, A. MI. Chem. Soc., Dalton Tran999 Note Added after ASAP: Due to a production error, this

21;}7. i . paper was posted ASAP on June 12, 2003, before all of its
238 ﬁu'g?hgc;uzg' ,\S,l‘_"B_.S,\}lzﬁ?kCK_em%quhBOiéioj_ M. Chen 1. xu 3. corrections had been made. The correct version was posted

Song, T. and Xu, RRuss. Chem. Bulll994 43, 1787. on June 26, 2003.
(49) Feriadez, S.; Mesa, J. L.; Pizzaro, J. L.; Lezama, L.; Arriortua, M.
I. and Rojo, T.Angew. Chem., Int. EQR002 41, 3683. 1C034015K

4602 Inorganic Chemistry, Vol. 42, No. 15, 2003





