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An organic molecule containing cobalt phosphate (denoted CoPO-GIS) which is isostructural with the zeolite
gismondine has been synthesized under solvothermal conditions by using EBoleand phosphoric acid as

the reactants and ethylene glycol as the solvent. CoPO-GISNEH.CH,NH3)o5sCoPQ) crystallizes in the
monoclinic space grou@2/c with a = 14.744(3) Ab = 8.850(3) A,c = 10.062(3) A, = 131.609(19), and

Z = 8. The structure consists of a 3-D network of strictly alternating £a@l PQ tetrahedra interconnected by
oxygen bridges, and the charge-balancing diprotonated ethylenediamine cations are highly ordered in the cages
of the CoPQ framework. CoPO-GIS is the only amine-containing cobalt phosphate with a known zeolite topology.

Introduction metal concentration is unprecedentedly hign addition, this
approach has been extended to the synthesis of magnesium and
manganese aluminophosphates which have zeolite RHO type
topology.”

The organically templated 22band 3-0° cobalt phosphates

Zeolites and molecular sieves are important industrial materi-
als that are widely used as catalysts, additives for detergents
and adsorbents. Traditional aluminosilicate zeolite frameworks

are constructed from tetrahedral Al@nd SiQ units linked in which C&" cations are exclusively located in a tetrahedral

through their corners. During the past two decades, a large . .
number of zeolite analogues based on elements other than Slenwronment have been reported. Cobalt phosphates having

and Al have also been synthesized. Among these materials, théA‘BW topology but containing inorganic ip_eme;ss only were
aluminophosphate AIPEL7! is analogous to erionite and the synthesized in the presence of Rénd NH“. lons: To our
gallophosphate GaP&34? has the structure of chabazite, knovyledge, S0 far there has been no trans[tlon-metal phosphate
whereas NegH,0)s(ZnAsQy)e® is isostructural with sodalite. On that is a ze_ollte anologue but contains amine molecules as the
the other hand, a variety of non-aluminosilicate open-framework guest species. In this paper we report the synthesis and structural

. 4 11 5\/D|_E6 characterization of a gismondine analogue of a 3-D framework
S(I;nlgP;(;nlgzbsr?\gnr?a%?gl?yaéii?tliig, cﬁﬁ%rég}tzpl 5 and structure based on Cqo@nd PQ tetrahedral units with occluded

Open-framework transition-metal phosphates are of consider- ethylenediamine.
able in_terest_for their potential applications in the areas _of Experimental Section
catalysis, optics, electronics, and magnetics. Numerous amine-
containing open-framework irchzinc? cobalt® and vana- Single crystals of CoPO-GIS suitable for single-crystal X-ray
diumt! phosphates have appeared in the literature, but none ofStructural analysis were synthesized from a mixture of [CeJ€fy
them are structurally analogous to a known zeolite. Recently, (67 = H2NCH:CH:NH,), phosphoric acid, sodium hydroxide, and

. ... > " ethylene glycol. A typical synthesis was as follows: 3.45 g of [Co-
many efforts have been devoted to the synthesis of transmon-(en)a]ClS' which was prepared by employing the method described in

metal phosphates that have a zeoljte topology. Particolarly, the literaturé® was mixed with 44.4 g of HOEIsOH. After [Co(en)-
Stucky and co-workers have synthesized a family of aluminum ¢y, was dissolved in the solvent, 1.22 g offO; (85 Wt % aqueous

cobalt phosphates with a zeolite structure in which the transition- solution) and 0.60 g of NaOH were successively added into the solution
at room temperature with stirring until the mixture became homoge-

(1) Pluth, J. J.; Smith, J. V.; Bennett, J. Mcta Crystallogr 1986 C42, neous. The final mixture was sealed in a Teflon-lined stainless steel
283. ] ) ) autoclave and heated at about T@for 7 days. Deep blue prismatic

@ Sfuh dOttéBgn%ciC.g;?ané%Z H84 Sl%ullard, M.; Gramlich, V.; Benazzi, E.  ¢ystals were recovered by filtration, washed with distilled water, and

(3) Gier, T. E.; Stucky, G. DNature 1991, 349, 508. dried at ambient temperature. _

(4) Bennett, J. M.; Cohen, J. P.; Flanigen, E. M.; Pluth, J. J.; Smith, J. v.  Powder X-ray diffraction (XRD) data were collected on a Siemens
ACS Symp. Sefl983 218 109. D5005 diffractometer with Cu & radiation ¢ = 1.5418 A). The ele-

(5) Bennett, J. M.; Richardson, J. W., Jr.; Pluth, J. J.; Smith, Zedlites mental analyses were conducted on a Perkin-Elmer 240C element ana-
1987 7, 160. lyzer. Inductively coupled plasma (ICP) analysis was performed on a

(6) Davis, M. E.; Saldarriaga, C.; Montes, C.; Garces, J.; Crowder, C.
Nature 1988 331, 698.
(7) Jones, R. H.; Thomas, J. M.; Chen, J.; Xu, R.; Huo, Q.; L. Solid

Perkin-Elmer 1000 spectrometer. A Perkin-Elmer DTA 1700 differential

State Chem1993 102 204. (12) Feng, P.; Bu, X.; Stucky, G. DNature 1997, 388 735.
(8) Lii, K.; Huang, Y.; Zima, V.; Huang, C.; Lin, H.; Ziang, Y.; Liao, F.; (13) Feng, P.; Bu, X.; Stucky, G. Microporous Mesoporous Matet998
Wang, S.Chem. Mater1998 10, 2599. 23, 315.
(9) Song, T.; Xu, J.; Zhao, Y.; Xu, Y.; Xu, Rl. Chem. Soc., Chem. (14) DeBord, J. R. D.; Haushalter, R. C.; Zubieta) JSolid State Chem
Commun1994 1171. 1996 125, 270.
(10) Chen, J.; Jones, R. H.; Natarajan, S.; Hursthouse, M. B.; Thomas, J.(15) Feng, P.; Bu, X.; Tolbert, S. H.; Stucky, G. D. Am. Chem. Soc
M. Angew. Chem., Int. Ed. Engl994 33, 639. 1997, 119, 2497.
(11) Soghomonian, V.; Chen, Q.; Haushalter, R. C.; Zubieta, J.; Oconnor, (16) Fernelius, W. Cinorganic SynthesedcGraw-Hill: New York, 1946;
C. J.Sciencel993 259 1596. Vol. II.
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Table 1. Crystal Data and Structure Refinement for CoPO-GIS Table 2. Atomic Coordinates % 10* and Equivalent Isotropic
empirical formula (NHCH,CHNHz)o 5 CoPQ, Displacement Parameters{A 10°)2 for CoPO-GIS
fw 216.02 X y z Ueq)
T (K) 293
2 (R 0.710 73 (Mo ko) Co(1) 3565(1) 1038(1) —15(1) 19(1)
space group C2/c (No. 15) P(1) 3762(1)  —1736(2)  —1855(2) 18(1)
a(A) 14.744(3) o(4) 3499(4) —1083(4) —716(5) 23(1)
b (A) 8.850(3) (0]¢)) 3582(3) —517(4) —3092(5) 26(1)
c(R) 10.062(3) 0(2) 5094(3) —2285(4) —592(5) 22(1)
B (deg) 131.609(19) 0(1) 2934(3) —3091(4) —2869(5) 26(1)
V (A3 981.7(5) N(1) 1173(4) —2105(5) —2152(7) 30(1)
z 8 C(1) 687(6) —795(6) —1864(9) 32(2)
peaica(Mg m~3) 1.462 H(2A) 1980 —2067 —1372 80
w(mmt 1.882 H(2B) 898 —2070 —3251 80
final Rindices ( > 20(1))2 R1=0.0311, wR2= 0.0869 H(2C) 932 —2961 —2006 80
Rindices (all data) R* 0.0413, wR2= 0.0935 H(1A) 959 134 —2014 80
AR1= 5 (AF/3(Fo); WR2 = (S[W(Fe2 — F]/SW(F]Y, w = HiE) - 1010 821 653 80

Uo¥(F?). aU(eq) is defined as one-third of the trace of the orthogonalizgd

tensor.

thermal analyzer was used to obtain the differential thermal analysis

(DTA) curve and a Perkin-Elmer TGA 7 thermogravimetric analyzer Table 3. Selected Bond Lengths (A) and Angles (deg) for

to obtain the thermogravimetric analysis (TGA) curve in an atmospheric CoPO-GIS

environment. The heating rate was ZDmin™%, and the sample weight Co(1)-O(1)#1 1.939(4) P(H)0O(2) 1.548(4)

was 5.267 mg. The infrared spectra were recorded from 400 to 4000 Co(1)-O(3)#2  1.972(4) O(3yCo(L)#4  1.972(4)

cm! on a Nicolet Impact 410 FTIR spectrometer using KBr pellets, Co(1)-O(2)#3  1.974(3) O(2yCo(1)#3  1.974(3)

whereas the diffuse-reflectance UVis spectra were obtained on a  C0(1)-0(4) 1.985(3) O(1yCo(1)#5  1.939(4)

Shimadzu UV-365 spectrometer within the range of 2600 nm. P(1)-0(1) 1.522(4) N(1yC(1) 1.489(8)
A deep blue prismatic crystal of dimensions of 003.04 x 0.14 Eg)):ggjg igiégi; C(IrC(r)#6 1.516(12)

mm was glued to a thin glass fiber with epoxy resin and mounted on
a Siemens Smart CCD diffractometer equipped with a normal-focus, O(1)#1-Co(1)-O(3)#2 115.64(16) O(HP(1)-0O(2) 108.6(2)
2.4 KW sealed-tube X-ray source (graphite-monochromated Mo K O(1)#1-Co(1)-O(2)#3 107.11(15) O(3)P(1)}-0(2) 109.2(2)
radiation,A = 0.710 73 A) operating at 50 kV and 40 mA. Intensity O(3)#2-Co(1)-O(2)#3 117.97(16) O(4)P(1y-0(2) 108.4(2)
data were collected in 1271 frames with increasingwidth of 0.3 O(1)#1-Co(1)-O(4)  103.58(17) P(HO(4)-Co(l) 129.8(2)
per frame). The total numbers of measured reflections and observedO(3)#2-Co(1}-0(4) ~ 95.36(16) P(£yO(3)-Co(1)#4 121.0(2)
unique reflections were 991 and 651, respectively. The agreement factorO(2)#3-Co(1)-O(4)  116.20(15) P(HO(2)-Co(1)#3 122.9(2)

between equivalent reflectionRi() was 0.036. Absorption corrections 8(?:5(1)_8(‘31) ié;g(g) E(?%(ll)i(éoil?);? E’g‘?(g’)
were applied WithTun = 0.7657 andTme = 0.90634 Systematic ogsg—PE&oE 43 110'38 (Bred-ca@ 4(5)

absences and the statistics of intensity distribution resulted in the space
groupCz2/c (No. 15) for CoPO-GIS. The structure was solved by direct a Symmetry transformations used to generate equivalent atoms: (#1)
methods. The cobalt and phosphorus atoms were first located. Carbon,—x + Y2, y +%2, =z — Y, (#2) X, =y, z+ Yp; #3) —x + 1, -y, —Z,
nitrogen, oxygen, and hydrogen atoms were found in the difference (#4) X, =y, Z — 2, (#5) —x + Y, y — Yo, =z — Yy (#6) —X, ,
Fourier map, with the exception of the hydrogen atoms residing on the =2 — Ya.

e o ety 1 el <0199 conlaining etiahedral CoQinis. These absorpiion bands are
P : 9 ‘believed to arise from the -ed transition of tetrahedrally

The full-matrix least-squares refinements were agdstnd included di d C& with o fi . Th hedral
secondary extinction correction and anisotropic displacement parameterscoor inated Co™ with a configuration. e tetranedra

for non-hydrogen atoms. The structure solution and refinement were CoOrdination of C&* in CoPO-GIS is also reflected by the deep
performed by using the SHELXTL program system (version 5.1).  blue color of the compound.

The crystallographic data are summarized in Table 1 and the atomic  The powder X-ray diffraction pattern for CoPO-GIS is shown
coordinates and bond distances and selected bond angles are listed iin Figure 1 with the pattern simulated on the basis of the single-

Tables 2 and 3, respectively. crystal structure. The diffraction peaks on both patterns cor-
. . respond well in position, indicating that the as-synthesized
Results and Discussion sample is pure.

The ICP analysis for COPO-GIS gives rise to a Co/P ratio of ~ COPO-GIS was synthesized under predominantly nonaqueous
unity. No sodium has been detected, suggesting that tHe Na conditions, and the minor amount of water brought with the
cations in the reaction mixture did not enter the CoPO-GIS Phosphoric acid had no distinct effect on the nature of the
structure. The element analysis shows that the contents of C réaction medium. However, when a significant amount of water
H, and N in COPO-GIS are 5.92, 2.42, and 6.87%, respectively, Was added intentionally to the reaction system, DAF-2 instead
corresponding well to the values (5.53, 2.30, and 6.45%) of the Of COPO-GIS crystallized. Therefore, the formation of CoPO-
single-crystal structure formula (see Table 1). GIS stron_gly relles_ on the pre_domma_ntly nonagueous nature _of

The UV-vis diffuse-reflectance spectrum of CoPO-GIS the reaction medium. The interaction between the organic
exhibits three bands at 540, 586, and 640 nm, rather @ese  Solvent and reactants has been found to be critical to the
those for the previously discovered DAF-2 (a novel open- synthesis of many cobalt phosphates. For example, ACPLEDI,
framework cobalt phosphate with a composition ofNi€H,- ACP-CHA, ACP-GIS;? and NHCoPQ-ABW* were all ob-
CH,NHs)o5'CoPQ, exactly the same as that of CoPO-GIS) tained by using ethylene glycol or mainly alcoholic solvent as

the reaction medium. This suggests that a nonaqueous medium
(17) Sheldrick, G. M. SHELXTL-NT, Version 5.1; Brucker Axs Inc., 1@vors the crystallization of open-framework cobalt phosphates.

Madison, WI, 1997.
(18) Yu, J.; Gao, Q.; Chen, J.; Xu, Btud. Surf. Sci. Catall997, 105 (19) Bu, X.; Gier, T. E.; Feng, P.; Stucky, G. Dlicroporous Mesoporous
381. Mater. 1998 10, 2546.
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(b) Figure 2. ORTEP drawing of the asymmetric unit of CoPO-GIS.
Thermal ellipsoids are shown at 50% probability.
\ . \ . ) . successful synthesis of CoPO-GIS indicates that a transition
10 20 30 40 metal alone can also act as a main framework element for the
Two Theta (degrees) formation of a zeolite analogue with occluded amine molecules.

Figure 1. Experimental (a) and simulated (b) powder X-ray diffraction Crystallographlca!ly,_there is_only one .COb‘?lt and one
patterns for COPO-GIS. phosphorus atom site in the asymmetric unit (Figure 2). The

Co—0 bond distances vary from 1.941 to 1.979 A, and the

In the synthesis of cobalt aluminophosphates such as CoAPO-average value (1.962 A) is in good agreement with that for £00
34%° and CoAPO-391 Co complexes were used as the cobalt tetrahedral units found in DAF-2 and other cobalt phos-
source and the complexes exhibited a templating effect to aPhatesThe P-O bond length ranges from 1.510 to 1.544
certain degree. A few layered aluminophosphates also formed”. With the average value (1.531 A) being in the range usually
in the presence of a Co complex as the temp#g2*However, observed for P-O distances in thg aluminophosphdtasd the
cobalt complexes serving as sources of cobalt in the synthesiscobalt phosphates reported earfiéfThere are no CeO—Co
of cobalt phosphates have not been reported so far. Also, all@nd P-O—P linkages in the structure. The framework anionic
the cobalt phosphate compounds in the literature were obtainedformula unit [COPQ]™ has the same negative charge as the
by employing an inorganic cobalt salt as the Co sot?é&The alumlnos'|llcate [S|A_IQ]* foqnd in a zeolite Wlth a Si:Al ratio
initial compound [Co(en]Cls is highly soluble in ethylene of 1:1 which obe_ys Lwe_nstem’s ruléé that forbids the presence
glycol, and it can be decomposed very slowly by NaOH. of an AI—O—AI Imkage in the structure. The structure consists
Because no ethylenediamine was added in the reaction mixture0f @ three-dimensionally connected framework of strictly
the amine molecules occluded in CoPO-GIS must be formed altérating Co@and PQ tetrahedra, as is predicted by Stucky
from the decomposition of [Co(eTls. The fact that DAF-2 and co-workeré_.2 These tetrahedra are connected V\_nth one
can also be obtained from the reaction system by increasing@nother by sharing vertexes to form four-membered rings that
the amount of water and decreasing that of NaOH without €VOIve into double-crankshaft chains along thandc axes, -
variation of other synthetic conditions suggests that the path of réspectively. The double-crankshaft chains are cross-linked into
the breakdown of the Go complex plays a critical role in the ~ @n |nf|_n|te 3-D fr_amework in which there are chanr_lels bounded
creation of different framework structures. by 8-rings running parallel to thg crystallographic [OO;] and

Nearly a dozen compounds with various chemical composi- [101] directions (Figure 3), respectively. These channels intersect
tions are structurally related to the naturally occurring mineral 0 generate cavities. The channels are elliptical with an aperture
gismondine, which has a network of alternating Akhd SiQ (O—0O distances) o_f about 8.59 5.00 A in the [001] direction
tetrahedr@5 The main framework elements for these gismon- and 9.46x 4.76 A in the [101] direction. .
dine-analogous materials include Si, Al, Be, antf Rll these Several organic amines have been found to direct the
elements are located in the main groups of the periodic table. formation of the gismondine topology. For example, MAPO-
Occasionally, a considerable amount of transition metal can also#3° was synthesized using dpropylamine as the structure-
be substituted into the framework of the gismondine analogues. directing agentN,N'-Diisopropylethylenediamine leads to the
However, prior to the present work, no gismondine-analogous formation of a gismondine analogue of cobalt aluminum
transition-metal compounds have been synthesized without thePhosphaté? Although the ethylenediamine (en) molecules are

involvement of a main-group metal such as%dr Ga?’ The introduced into the reaction system for CoPO-GIS in the form
of a Co complex, there are no chemical bonds between the en
(20) Hill, S. J.; Williams, C. D.; Duke, C. V. AZeolites1996 17, 291. and the Co cations in the structure of CoPO-GIS. The en
(21) Canesson, L.; Tuel, D. AZeolites1997, 18, 260. molecules are diprotonated, balancing the negative charges of
(22) ggy, M. J.; Jasper, J. D.; Wilkinson, A. €hem. Mater 1997 9, the CoPQ framework. There exist NH---O hydrogen bonds
(23) Bruce, D. A.: Wilkinson, A. P.: White, M. G.: Bertrand, J. A.Chem. between the protonated amines and the oxygen atoms of the
Soc., Chem. Commuf995 2059. CoPO-GIS framework. The observed distances of the N atom

(24) Morgan, K. Gainsford, G.; Milestone, NI. Chem. Soc., Chem.  tg three framework oxygen atoms are 2.844, 2.737, and 3.032

Commun.1995 425. .
(25) Fisher, K. FAm. Mineral 1963 48, 664. A for N1---04, N1::-:02, and N1:-O3, respectively.
(26) Meier, W. M.; Olson, D. H.; Baerlocher, Chtlas of Zeolite Structure

Types Elsevier: Amsterdam, 1996. (28) Lowenstein, WAmM. Mineral 1954 39, 92.

(27) Cowley, A. R.; Chippindale, A. MJ. Chem. Soc., Chem. Commun. (29) Pluth, J. J.; Smith, J. V.; Bennett, J. .Am. Chem. Sod989 111,
1996 673. 1692.
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Figure 5. Thermogravimetric analysis (a) and differential thermal
analysis (b) curves for CoPO-GIS in air.

aluminophosphates, the main bands observed at 1112, 1000,
and 904 cm? are associated with the asymmetric stretching
vibrations of PQ units and that at 806 cm corresponds to the
Figure 3. Framework structure of CoPO-GIS viewed along the (a symmedric stretching mode of Et(groupsg the_ban_ds at 623,
[181], (b) [001], and (c) [010] directions, respectively. For clgrity, tge) 549, and 491 cm' are related to the bending vibrations of £O

O atoms are omitted. groups?

The TGA and DTA curves (Figure 5) show that the template
ethylenediamine encapsulated in the CoPO-GIS decomposes
endothermically at 386450 °C, corresponding to a marked
weight loss of 16%. A decomposition temperature as high as
380°C for an amine which normally has a boiling point lower
than 200°C implies that there is a strong interaction between
the template and the framework. A weight loss of 4.1% also
occurs at 586660 °C with an exothermic effect. This latter
effect is attributed to the removal of water in the recrystallization
process

Transmittance

2CoHPQ— Co,P,0, + H,0

The formation of CeP,0,32 after recrystallization is confirmed
P T T SO S T B by powder X-ray diffraction. CoPO-GIS is unstable upon the
4000 3500 3000 2500 2000 1500 1000 500 thermal decomposition of the en molecules, and it becomes
Wavenumbers (cm'1) amorphous when the template is removed from the structure.

Figure 4. Infrared spectrum of CoPO-GIS.

Conclusions

CoPO-GIS was prepared in the presence of sodium cations A cobalt phosphate (CoPO-GIS) of a gismondine analogue
and amines simultaneously in the reaction mixture. But chemical with occluded ethylenediamine in its diprotonated form crystal-
analysis shows that no Na&ations are occluded in the structure. lizes under solvothermal conditions from a reaction system
A number of open-framework cobalt phosphates have beencontaining [Co(enCls, phosphoric acid, and NaOH. X-ray
synthesized with N& cations, and the cations do enter the structural analysis shows that the structure is composed of
structure of the compounds as a guest species in the frameworkstrictly alternating Co® and PQ tetrahedra units sharing
channels. Under the synthetic conditions for CoPO-GIS, it seemsvertexes. The protonated ethylenediamine molecules have strong
that the Nd cations are less competitive than the protonated interaction via hydrogen bonding with the framework oxygen
en molecules in entering the framework structure. Besides theatoms so that they are highly ordered in the framework channels.
matching between the cation size and the framework topology, The successful synthesis of CoPO-GIS demonstrates that it is
the H bonds may also play a role in determining the final possible to assemble transition-metal phosphates with a zeolite
composition and structure of the cobalt phosphate. The formationtopology using organic species as the structure-directing agent.
of CoPO-GIS is a result of framework self-assembling controlled Acknowledgment. Financial support by the National Natural

by host-guest charge and size matching and hydrogen bonding. g jence Foundation of China is gratefully acknowledged.
The protonated en molecules in CoPO-GIS are also charac-

terized by the FTIR spectrum (Figure 4), which exhibits

absorptions at 25513176 cn1! due to stretching vibrations of ; .
’ - via the Internet at http://pubs.acs.org.

the —NH3" and C-H species. The band at 2100 chis also PP g

characteristic of a primary amine in its protonated féGfn@n 1C990719B

the basis of the framework vibration modes for microporous (31) Gao, Q.; Chen, J.; Li, S.; Xu, R.; Thomas, J. M.; Light, M.; Hursthouse

M. B. J. Solid State Cheni996 127, 145.
(30) Pouchert, C. JThe Aldrich Library of Infrared SpectraAldrich: (32) Forsyth, J. B.; Wilkinson, C.; Paster, S.; Wanklyn, B. MPhys. C
Milwaukee, WI, 1981. 1989 1, 169.
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