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Abstract

Two porous iron phosphates were synthesized hydrothermaly from a reaction mixture of FeCl3:H3PO4:1,2-

diaminoethane:H2O in the molar ratio 1:3:5:70. The chemical formulas indicate difference only in water content; however,

the crystal structures and thermal behaviour of the iron phosphates are completely different. After the removal of 1,2-

diaminoethane and water, both products exhibit structural transformation. # 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The widespread use of aluminosilicates (zeolites) in

absorption, catalysis and ion exchange processes

directs synthetic efforts towards the development of

novel inorganic porous materials. Generally, in the

synthesis of open-framework materials organic tem-

plates (structure-directing agents) have been used for

the generation of porous texture. This fact is of special

interest since it enables not only pore size control but

also the design of microporous solids with speci®cally

tailored physico-chemical properties. Thus, during the

last ®fteen years many open-framework metallopho-

sphates (MPOs) (M�Al, V, Co, Ga, Zn, Sn, In, Ni)

have been discovered [1±8].

A large diversity of iron phosphates with open-

frameworks have been recently synthesized under

hydrothermal conditions [9±19]. These solids exhibit

not only interesting structural features but also unique

magnetic properties. Thus, mixed-valence iron ¯uor-

ophosphates, ULM-10 and ULM-15, exhibit a mag-

netic ordering corresponding to different Fe2�±Fe3�

or Fe3�±Fe3� interactions [13,14]. An iron phosphate

that possesses unusually large elliptical voids of 24

(Fe, P) atoms exhibits a gradual low- to high-spin

transformation [19]. Furthermore, iron phosphates

have been known as effective catalysts [20]. However,

data on thermal behaviour of iron phosphates with

open-frameworks have still been very scarce.

In the present paper, we report thermal investigation

of two iron phosphates synthesized in the presence of

1,2-diamnoethane (en).

2. Experimental

The synthesis was carried out in poly(tetra¯uor-

oethylene)-lined stainless-steel containers under auto-
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geneous pressure. The reaction of FeCl3�6H2O

(12.5 mmol), H2O (870 mmol), H3PO4 (37.5 mmol),

and en (62.5 mmol) at 1908C for 24 h yielded products

containing two well distinct crystalline phases: a ®ne

yellow crystalline solid and large black crystals. The

phases could easily be separated: the black phase

settled rapidly, whereas the yellow phase remained

suspended in water long enough so as to be separated

from the black phase by decanting. The products were

washed with distilled water and dried at 808C.

3. Instrumentation

The crystalline products were characterized by X-

ray powder diffraction analysis (Simens D5000 dif-

fractometer using CuKa radiation). Scanning electron

microscopy (SEM) (JEOL JSM 5800) was used for the

determination of crystal morphologies and dimen-

sions.

Elemental composition of the products (Fe, P) was

determined by using JEOL 5800 SEM with an energy

dispersive X-ray analyser attachment (EDX). Carbon,

hydrogen and nitrogen were determined with a stan-

dard C±H±N analyser.

Thermal analyses were performed using TG 951

and DSC 910 modules (TA Instruments, USA). Sam-

ples were heated in a 50 ml/min ¯ow of helium in the

temperature range from 20 to 8008C at a heating rate

of 108C/min.

4. Results and discussion

The synthesis of iron phosphate using 1,2-diami-

noethane as the structure-directing agent yields two

crystalline phases. In an attempt to obtain single phase

product, we examined various molar ratios of reac-

tants under various crystallization conditions (time

and temperature). The reaction mixture composition

reported here seems to be an optimal one. It has also

been found that the crystallization at 1908C for 24 h

results in a high yield (�90%) and gives the yellow

phase, whereas a longer treatment (168 h) at the same

temperature yields the black phase as a main one.

Crystal habits of the products are shown in Fig. 1.

Black phase exhibits large truncated-edge cube-like

crystals (>100 mm) while the yellow phase consists of

plate-like crystals (�10±30 mm) mutually combined

into aggregates. Elemental analysis when considering

TGA and C±H±N-analysis results gives the following

overall chemical formulas:

Black phase : FePO4 � 0:5en� 0:25H2O

Yellow phase : FePO4 � 0:5en� H2O

The XRD patterns of the products are given in Fig. 2.

Although the chemical formulas are similar, indicat-

ing a difference only in water content, the diffracto-

grams show completely different crystal phases. The

®rst phase is consistent with a three-dimensional (3-D)

open-framework, mixed valence (Fe3�/Fe2�) iron

phosphate [9]. Until now it has been known that

crystals of this solid appear as a co-product in very

low yield (�1%) obtained from a ¯uoride medium in

the presence of 1,2-diaminoethane as template. The

Fig. 1. Crystal morphologies of black (a) and yellow (b) products.
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diffractogram of the second, yellow phase corresponds

to that of the layered two-dimensional (2-D) iron

phosphate [11].

The organic (en) species are occluded within both

the framework structures. The 3-D framework con-

tains protonated en species (enH2
�) strongly H-

bonded to the oxygen atoms of the framework [9].

The structure of the 2-D iron phosphate consists of Fe±

O±P chains linked into the sheets that are separated by

enH2
� ions. The enH2

� species connect adjacent

layers via a complicated hydrogen bonded network

[11].1

Fig. 3 shows TGA and DSC curves of the products.

Up to �4008C, both TGA and DTG pro®les are not

signi®cantly different for both the products. It is

evident that there is no weight loss up to 2008C.

For the black phase, that indicates that water mole-

cules (which together with en occupy the framework

tunnels) are strongly bounded to the framework.

Accordingly, over the 200±4008C range, the black

phase displays two DTG maxima at 354 and 3708C,

respectively. The yellow phase exhibits one sharp

DTG maximum at 3148C. Finally, for both the solids,

it can be seen that the removal of hydroxyl groups (i.e.

water molecules) and en proceeds simultaneously.

However, it is evident that the major difference

between the phases appears in the weight loss that

occurs at higher temperatures. For the black phase the

weight loss up to 4008C is the major one. Namely, a

15.1% weight loss is observed up to 4008C, the overall

weight loss (up to 8008C) being 20.1%. For the yellow

phase, there are two approximately equal weight

losses. The ®rst loss (12.6%) takes place within the

same temperature range as for the black phase, while

the second one (11.7%) is over the range from 500 to

6508C. Accordingly, the high-temperature weight loss

for the yellow phase is higher than that for the black

one. This seems unexpected, since it has been known

that a low-degradation temperature of organic mole-

Fig. 2. XRD patterns of the products.

Fig. 3. TGA and DTA curves of the products.

1 Fe(III) ions are coordinated not only by four oxygen atoms

from PO4 tetrahedra but also by bridging OH groups. The resulting

negative charge of the framework is compensated for by the

interlayer enH2
� cations.
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cules is characteristic of a layered structure [21]. This

could suggest stronger `en-FePO' interactions in the

yellow product than in the black one.

DSC pro®les of the solids are given in Fig. 4. The

DSC curve of yellow product shows two sharp

endotherms centred at 308 and 3488C, and two

exotherms at 569 and 5858C. The endotherms are

attributed to hydroxyl removal and organic decom-

position, respectively, while appearance of the

exotherms indicates a two-step structural transforma-

tion of the FePO framework. Black product displays

signi®cantly different DSC pro®le. Although it also

exhibits two endotherms, the second endotherm con-

sists of four well distinct peaks. Thus, the ®rst

endotherm in DSC curve of black phase is centered

at 3288C, while the others are at 350, 360, 369 and

3898C. It seems likely that the ®rst one is due to the

water removal, while the others indicate the decom-

position of en. Several-step decomposition of the

organics may have at least two origins: (1) all en

species are not crystalographically equivalent or/and

(2) `en-FePO' interactions differ. The sharp exotherm

at 5688C indicates that the process of the loss of water

and en causes a structural transformation of the FePO

framework.

The thermal decomposition of the products has also

been studied by high-temperature X-ray diffraction.

References

[1] S.T. Wilson, B.M. Lok, C.A. Messina, E.M. Flanigen, J. Am.

Chem. Soc. 104 (1982) 1146.

[2] V. Soghomanian, Q. Chen, R.C. Haushalter, J. Zubeta, J.

O'Connor, Science 259 (1993) 1596.

[3] P. Feng, X. Bu, S.H. Tolbert, G.D. Stucky, J. Am. Chem. Soc.

119 (1997) 2497.

[4] M. Esterman, L.B. McCusker, C. Baerlocher, A. Merrouche,

H. Kessler, Nature 352 (1991) 320.

[5] G.-Y. Yang, S.C. Sevov, J. Am. Chem. Soc. 121 (1999) 8389.

[6] S. Natarajan, M.P. Att®eld, A.K. Cheetham, Angew. Chem.

Int. Ed. Engl. 36 (1997) 978.

[7] H. Du, J. Chen, W. Pang, J. Yu, I.D. Williams, Chem.

Commun. (1997) 781.

[8] N. Guillou, Q. Gao, M. Nogues, R.E. Morris, M. Hervieu, G.

Ferey, A.K. Cheetham, C.R. Acad. Sci. Paris, t. 2, Serie II c,

1999, 387 pp.

[9] J.R.D. DeBord, W.M. Reiff, C.J. Warren, R.C. Haushalter, J.

Zubeta, Chem. Mater. 9 (1997) 1994.

[10] K.-H. Lii, Y.-F. Huang, J. Chem. Soc., Dalton Trans. (1997)

2221.

[11] J.R.D. DeBord, W.M. Reiff, R.C. Haushalter, J. Zubeta, J.

Sol. Stat. Chem. 125 (1996) 186.

[12] K.-H. Lii, Y.-F. Huang, J. Chem. Soc., Chem. Commun.

(1997) 1311.

[13] M. Cavellec, D. Riou, G. Ferey, J. Sol. Stat. Chem. 112

(1994) 441.

[14] M. Cavellec, J.M. Greneche, D. Riou, G. Ferey,

Microp. Mater. 8 (1997) 103.

[15] M. Cavellec, D. Riou, J.M. Greneche, G. Ferey, Inorg. Chem.

36 (1997) 2187.

[16] M. Cavellec, D. Riou, C. Ninclaus, J.M. Greneche, G. Ferey,

Zeolites 17 (1996) 250.

[17] M. Cavellec, J.M. Greneche, G. Ferey, Micropor. Mesopor.

Mater. 20 (1998) 45.

[18] M. Cavellec, C. Egger, J. Linares, M. Nogues, F. Varret, G.

Ferey, J. Sol. Stat. Chem. 134 (1997) 349.

[19] A. Choudhury, S. Natarajan, C.N.R. Rao, J. Chem. Soc.,

Chem. Commun. (1999) 1305.

[20] M. Ai, Catal. Today 52 (1999) 65 and references therein.

[21] A. Tuel, Chem. Mater. 11 (1999) 1865.

Fig. 4. DSC pro®les of the products.
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