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It is well-known now that the intercalation of organic 
molecules and inorganic species into layered inorganic 
substances is one of the promising ways for the synthe- 
sis of new materials with finely regulated porous 
structure, which can be used as shape-selective cata- 
lysts, selective ion-exchangers, semiconductors,  et^.'-^ 
Among such layered inorganic materials are crystalline 
lamellar group IV element phosphates for which the 
intercalation mechanism and the properties of obtained 
pillared materials have been studied in detail.5-10 At 
the same time there is no analogous information con- 
cerning the possibility of preparation of pillared materi- 
als based on amorphous group IV element phosphates, 
though the amorphous adsorbents possess more effec- 
tive surface area and porosity in comparison with 
crystalline ones. An additional advantage of amorphous 
group IV element phosphates is that there is technology 
of their preparation in the form of mechanically strong 
spherical granules, which facilitates their large scale 
app1ication.l' 

In this communication, preliminary results are pre- 
sented on the reactions of spherically granular amor- 
phous titanium phosphate with amines and phenylphos- 
phonic acid. The intercalation leads to the ordering of 
the structure of the initial adsorbent with formation of 

(1) Catalysis Today, Pillared Clays; Burch, R., Ed.; Elsevier: 

(2) Pillared Layered Structures; Mitchell, I. V., Elsevier: Amster- 
Amsterdam, 1988. 

dam, 1990. 
(3) Multifunctional Mesoporous Inorganic Solids; Sequeira, C. A. 

C., Hudson, M. J., Eds.; Kluwer Academic Publisher: Amsterdam, 
1993. 
(4) Garcia, J. R.; Llavona, R.; Suarez, M.; Rodriguez, J. Trends 

(5) Tindwa, R. M.; Ellis, D. K.; Peng, G.-Z.; Clearfield, A. J .  Chem. 

(6) Clearfield. A. In Design of New Materials: Cocke, D. L., 

Inorg. Chem. 1993,3, 209. 

Soc., Faraday Trans. 1 1986, 81, 545. 

Clearfield, A,, Eds.; Plenum P;ess:' New York, 1987; p 121. 
(7) Alberti, G.; Costantino, U. In Inclusion Compounds. Inorganic 

and Physical Aspects of  Inclusion; Atwood, J. L., Davies, J. E. D., 
MacNicol, D. D., Eds.; Oxford University Press: Oxford, 1991; Vol. 5, 
p 136. 

(8 )  Clearfield, A.; Roberts, B. D. Inorg. Chem. 1988,27, 3237. 
(9) Maireles-Torres, P.; Oliveira-Pastor, P.; Rodriguez-Castell6n, E.; 

Jimenez-Lopez, A.; Alagna, L.; Tomlinson, A. A. G. J .  Mater. Chem. 
1991, 1 ,  319. 
(10) Espina, A.; Parra, J. B.; Garcia, J. R.; Pajares, J. A,; Rodriguez, 

J. Mater. Chem. Phys. 1993, 35, 250. 
(11) Strelko, V. V. In The Chemistry Role in  Environmental Protec- 

tion; Naukova Dumka: Kiev, 1983; p 179. 
(12) Christensen, A. N.; Andersen, E. K; Andersen, I. G. K.; Alberti, 

G.; Nielsen, M.; Lehmann, M. S. Acta Chem. Scand. 1990,44, 865. 

0897-4756/95/2807-0249$09.00/0 

Table 1. Interlayer Distances (A) in Titanium Phosphate 
Based Adsorbents 

amine TiP a-TiP y-TiP TiPPh 
7.6" 11.6" 15.2 

propylamine 17.0 16.gb 18.4c 
butylamine 18.8 18Bb 2O.Oc 15.2, 13.2 

a Reference 12. Reference 13. Reference 14. 

semicrystalline phases with distinct interlayer distances 
the value of which depends on the type of organic 
compounds intercalated. 

Synthesis of titanium phosphate (Ti(0H)P) has been 
carried out by a gel method as described in ref 11. 
Before the experiments the granules of Ti(0H)P xerogel 
(diameter 0.25-1.00 mm) have been thoroughly washed 
first with 1 M solution of HC1 and then with distilled 
water (till the pH = 3.5) and dried at 50 "C. The molar 
ratio P:Ti in sorbent was 0.9:l; surface area 200 m2 8-l 
(AI.). 

The synthesis of mixed spherically granular titanium 
phosphate-phenylphosphonate (TiPPh) has been car- 
ried out by treatment of Ti(0H)P granules with an 
excess of 1 M solution of phenylphosphonic acid at 60 
"C for 2 days. The granules of TiPPh have been washed 
with distilled water until pH = 4 and dried at 50 "C. 

Intercalation compounds with amines were prepared 
by placing the titanium phosphate based adsorbents in 
an atmosphere saturated with the corresponding amine 
at room temperature for 3 days. The intercalated 
samples were dried at 50 "C. 

X-ray measurements have been carried out in a 
Philips diffractometer, Model 1050/23 with Cu Ka 
radiation. TGA measurements were performed by using 
a Mettler Model TA 4000 (TG 50); rate of heating 10 "C 
min-l, with an air flow of 10 mL min-'. IR spectra were 
obtained on Perkin-Elmer infrared spectrometer 1720-X 
FT model by the KBr pellet technique. Microanalytical 
data (C and N) were obtained with a Perkin-Elmer 240B 
elemental analyzer. 

The data of the values of interlayer distances of the 
synthesized pillared materials are presented in Table 
1. Table 2 shows the analysis data and the total weight 
loss for these compounds. X-ray powder diffraction 
patterns of Ti(OH)P, TiPPh, and products of their 
reaction with butylamine are shown in Figure 1. As 
can be seen from these data the initial titanium 
phosphate is a completely amorphous material without 
any reflections in its X-ray diffraction pattern. At the 
same time its amine derivatives show distinct reflec- 
tions. It means that amine intercalation into the 
amorphous titanium phosphate results in ordering of 
the polymeric (Ti-0-Ti) chains, to which functional 
-OH, -H2P04, and =HPO4 groups are attached, with 
formation of intercalated structures like that in crystal- 
line materials. The values of interlayer distances in 
these compounds concur with those characteristic of the 
a-TiP/amine intercalation compounds,13 though the 
degree of crystallinity (intensity of peaks) is consider- 
ably lower. The y-Tiplamine intercalation compounds 
show larger interlayer distances.14 This fact suggests 
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Table 2. Microanalytical Data (C and N) and Experimental Weight Loss at 800 "C of the Intercalation Compounds and 
Those Calculated from the Formula 

comoound formula 
experimental theoretical 

% C  % N  %w.1. % C  % N  9iw.l. 

'6.6 d 
~ 15.2 d 
/ I  

d 

10 20 30 LO 
angle, 26 P) 

Figure 1. X-ray diffraction patterns of (a) TifOH)P, fb) Ti- 
(0H)P-butylamine, (c) TiPPh, and (d) TiPPh-butylamine. 

that the predominant structure of Ti(0H)P is of the 
a-type. Such semicrystalline states exist only in the 
presence of amine and amorphization takes place when 
the amine is removed from the host material (at high 
temperature or by treatment with solution of mineral 
acid). 

A structural rearrangement of amorphous titanium 
phosphate also takes place when it is treated with a 
solution of phenylphosphonic acid (Figure IC). We 
suppose that in this case the phenyl radicals substitute 
for the free hydroxyl groups of Ti(0H)P with formation 
of pillared, mixed, titanium phosphate-phenylphospho- 
nate. The interlayer distance of TiPPh is 15.2 A, which 
is slightly larger than that of a-titanium phenylphos- 
phonate (a-TiPh, 15.0 &.15 The reaction of TiPPh with 
butylamine favors ordering of the material and a new 
basal plane spacing at 13.2 A appears (Figure Id), 
probably due to the amine intercalation as a mono- 
layer.16 

Acid treatment of TiPPh-butylamine gives rise to an 
initial semicrystalline TiPPh compound, which is able 
to react with amine again. Such operations (intercala- 
tioddesorption of amine) can be repeated many times, 
and in each case we have obtained essentially the same 
pillared compounds. 
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Figure 2. Infrared spectra of (a) Ti(OH)P, fb) Ti(0H)P- 
butylamine, (c) TiPPh, and (d) TiPPh-butylamine. 

Figure 2 shows the infrared spectra of these com- 
pounds. Ti(0H)P presents the characteristic bands of 
the titanium phosphates; the P-OH(str) band centered 
at 1038 cm-l, very strong, and the typical 0-H(str) 
strong and wide band at 3400 cm-l. The presence of 
both phosphate and phenylphosphonate groups in the 
TiPPh compound gives rise to two new bands at 1438 
cm-l (very sharp typical of phosphonic acids) and 1145 
cm-l. Tip-propylamine and TiPPh-butylamine com- 
pounds have the characteristic bands of the amine deriv- 
atives: 2960 cm-l (strong signal typical of the N-H(str)); 
several peaks at 1500-1550 cm-l (medium intensity, 
N-H(d)); and the 1394 cm-l band (low intensity, 
C-N(str)). 

The general formulas T~~OZ(HPO~)~(HZPO~)~(OH)~-,. 
yHzO is proposed for amorphous titanium phosphates.17Js 
Ti(0H)P has a P:Ti ratio of 0.9:1, a weight loss by 
calcination at 800 "C of 32.4% and a cationic exchange 
capacity of 3.5-4.0 mequiv g-l, corresponding to the 
Ti20010(HP04)15(H2P04)3(OH)2,.52.5HzO formulas, de- 
rived from the earlier one for x = 3/5. 

Assuming that Ti(0H)P has a prestructure of the 
a-type, the intercalation of n-alkylamines should be 
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original solids with a molecula of amine per atom of 
phosphorus. If we assume the earlier formula for Ti- 
(OH)P, the saturated compounds should be composition 

Ti,oO,o(HPO,),,(H,PO,),(OH),,(C,H,,+,NH,),,* 
YH,O 

When Ti(0H)P is treated with phenylphosphonic acid, 
a product with the formula 

Ti,o0,0(HP04),5(H,P04~3(03PC6H5~13,5~H~0 

should be obtained if the reaction 

affects to all OH- groups. The saturation of phosphate- 
phosphonate with butylamine should lead to the com- 
pound 

Quantitative data derived from these hypothesis concur 
in good approximation with the experimental results 
(Table 2). 

From the TGA curves (Figure 3) it is clearly seen that 
the thermal stability of amorphous titanium phosphate 

1 

temperature (OC) 

Figure 3. TGA curves for (a) Ti(OH)P, (b) TiPPh, and (c) 
a-TiPh. 

greatly increases after its modification with phenylphos- 
phonic acid and that it is very similar to that of 
crystalline a-titanium phenylphosphonate. This makes 
it possible to use such a granular material for shape 
selective catalysis at appreciably high temperature. 
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