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Layered zirconium benzylamino-N,N-dimethylphosphonate phosphate (ZBMPA) was prepared by the
reaction of zirconyl chloride with benzylamino-N,N-dimethylphosphonic acid (H,BMPA) and phosphoric
acid in the presence of hydrofluoric acid. The intercalation of n-alkylamines (n-butylamine, n-heptyl-
amine and n-decylamine) into ZBMPA was primarily investigated at room temperature. These materials
were characterized by elemental analysis, ICP, XRD, SEM, FT-IR, Raman spectra, TG and DSC. The compo-
sition of ZBMPA is Zr(HPO4)(CgHsCH,N(CH,PO3), )05 - 2.0H20. The interlayer distance of ZBMPA, n-butyl-
amine, n-heptylamine and n-decylamine intercalation compounds is 2.03, 2.58, 2.52 and 3.17 nm,
respectively. ZBMPA and the n-alkylamine intercalation compounds are different in the morphology
and vibration spectra. Thermogravimetries of all materials obtained reveal three step mass losses at tem-
peratures of up to 1000 °C. These results indicate that n-alkylamines are intercalated into the galleries of
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1. Introduction

Zirconium phosphate, phosphonate and phosphonate phos-
phate have been the object of a growing interest in the fields of
ion exchange [1,2], catalyst or catalyst support [3,4] for their desir-
able properties of high thermal stability and structural versatility.

Organic derivatives of a-zirconium phosphate (Zr(HPO,4), - H,0)
were synthesized by direct reaction of tetravalent zirconium ions
with organophosphoric or phosphonic acids in 1978, this method
had been applied to preparation of layered compounds with differ-
ent properties and functionalities [5-7]. In recent years, we and
several research groups have reported a variety of hybrid zirconium
phosphonate phosphates Zr(HPO,4),_(03P-G), - nH,0 (x = 0-2, G:
organic groups) such as zirconium sulphophenylphosphonate

phosphate Zr(HPO4),_x(03PCeH4SO3H), - H,O [8,9], zirconium
sulphotolylphosphonate phosphate Zr(HPO4);_x[O3PCsHs3-
(CH3)SOsH]xH,O  [10], zirconium  sulfonated 1,4-phen-

ylenediphosphonate phosphate Zr(HPO,4),_»,[ 03PCsH3(SOsH)POs],,
zirconium sulfonated 4,4’-bisphenylene(phosphonate) phosphate
Zr(HPO4)2,2X[03PC6H4(SO3H)C5H4(SO3H)PO3]x [11,12], zirconium
[N — (phosphonomethyl)morpholine-phosphate] Zr(HPO4)[O3PCH,-
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N(CH; CH),0] - nH,0 and zirconium [N—(phosphonomethyl)imino-
diacetic acid-phosphate] Zr(HPO4)[O3PCH,N(CH,COOH),] - nH,0
[13], zirconium substituted aminoethyl phosphonate phosphate
Zr(HPO4)1.35[03PCH,CH,N(CH3 )z Jo.65 - H20,  Zr(HPOL4); 35[OsPCH,-
CHzNHC(:NH)NHzl()Gs -H,0 and ZI'(HP04)1V35[03PCH2CH2NHCH—
(CH3)z]o6s5 - HoO [14], these zirconium phosphonate phosphate
materials have been applied in heterogeneous catalysis. Interest-
ingly, the organic groups of these materials can be designed for spe-
cial purpose, and organic/inorganic molar ratio (x value) may vary
and optimize from O to 2.

Layered zirconium phosphate can also be used as host material
to intercalate guest species, such as alkylamines, diamines and
poly-amines, alkanols, glycols, urea and its derivatives, hydrazine,
piperidine, dimethyl sulfoxide, dimethyl formamide, heterocyclic
bases (imidazole, benzimidazole, alcohols and histamine), metal
complexes, porphrins, amino azobenzene [15-23]. These intercala-
tion compounds are very attractive materials, which may be ap-
plied in many fields such as special absorbent [24], chemical
separation and catalysis [25,26], and as nonlinear optical materials
[27]. However, the hybrid zirconium phosphonate phosphate as
host material has been paid less attention. Layered zirconium ben-
zylamino-N,N-dimethylphosphonate phosphate was prepared (as
seen Scheme 1), and the intercalation of n-alkylamines into the
layered host material was primarily studied in the present paper.
Hereafter, the intercalation compound of n-butylamine, n-heptyl-
amine and n-decylamine into ZBMPA is abbreviated to ZBMPA-
BA, ZBMPA-HA, ZBMPA-DA, respectively.
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1 2

CeHsCHoN(CH PO3Hy); — 3 Z1(HPO,), 5, (CgHsCH,N(CHoPO3),), o 1 HyO— = ZBMPA -Alkylamine
H,BMPA ZBMPA
Scheme 1.

2. Results and discussion
2.1. Synthesis, composition and schematic structure of ZBMPA

Zirconium phosphonate phosphate was prepared from a mix-
ture of H,BMPA and H3PO4 under the appropriate reaction condi-
tions. Amorphous zirconium phosphonate phosphate was
obtained in the absence of HF. The crystalline zirconium phospho-
nate phosphate can be prepared by adding a strong complexing
agent such as HF. Zr*" ions form soluble complexes [ZrFg]*~ with
excess HF which can prevent premature precipitation. When
[ZrFg]>~ decomposes with loss of HF at elevated temperatures,
the hybrid zirconium phosphonate phosphate slowly crystallizes,
and it is extremely insoluble. The characteristic diffraction peak
becomes increasingly sharp as HF/Zr ratio increases (as shown by
XRD in Fig. 1), indicating an increase in crystallite size and the crys-
talline degree of ZBMPA, but HF/Zr ratio is greater than 15:1, crys-
talline zirconium phosphonate phosphate has not been obtained
for 30 days. Maybe, low HF/Zr ratio gives a low concentration of
[ZrFs]*~ in the reaction mixture and a relatively rapid precipitation
of ZBMPA, high HF/Zr ratio gives a high concentration of [ZrFs]*~ in
the reaction mixture and a relatively slow precipitation of ZBMPA.

Using a polypropylene vessel, with HF/Zr = 8, reaction mixtures
with [Zr**] = 0.1, 0.2 and 0.4 M were prepared and the reaction car-
ried out at 70 °C as described in Section 3. At higher Zr** concentra-
tion, the rate of precipitation of ZBMPA is presumably faster, and
prevents the growth of larger crystals observed at lower Zr*
concentration.

Reaction mixtures with [Zr**]=0.1 M and HF/Zr = 8 were pre-
pared in glass and polypropylene vessels carried out at 70 °C as de-
scribed in Section 3. The reaction of HF with the silicate in the glass
vessel reduces the degree of complexation of the Zr** by F~ ions
and accelerates the precipitation process, resulting in smaller crys-
tallites than in the polypropylene vessel. In addition, the majority
of the dissolved silicon is slowly removed as a volatile silicon fluo-
ride in the glass vessel, the possibility of contamination of ZBMPA
by silica cannot be excluded.

Reaction mixture with [Zr**]=0.1 M and HF/Zr=8 was pre-
pared in polypropylene vessel carried out at room temperature
as described in Section 3. No precipitation was observed after 40
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Fig. 1. XRD pattern of ZBMPA (mole ratio of HF/Zr) 1 (a), 2 (b), 5 (c) and 10 (d).

days, presumably the rate of decomposition of [ZrFg]?~ is too slow
under these conditions.

In a word, the crystallite size and the crystalline degree of
ZBMPA have been shown to depend on a number of factors includ-
ing the HF/Zr ratio, the concentration of Zr*" ions, the material of
the reaction vessel and the reaction temperature.

On the basis of C H N elemental analysis, ICP, TG, the
composition of ZBMPA is formulated as Zr(HPO4)[CsHsCH,-
N(CHzPOg)z]O.S . ZOHzo

In a-zirconium phosphate, each layer may be regarded as sand-
wich consisting of a plane of zirconium atoms between two layers
of tetrahedral HPO42~. Three oxygens of each HPO,2~ are linked to
three zirconium atoms, while the fourth oxygen bears a proton
[28]. If the two phosphonate groups of a diphosphonate are located
far from each other, a pillared structure can be formed, where the
molecule has one of the phosphonaes attached to one layer and the
other phosphonate attached to an adjacent layer. Some of these
pillared compounds have been made from mixture a diphospho-
nate and a monophosphonate (or phosphate like phosphoric acid)
[1,3,29-31]. In the present paper, the two phosphonates are only
three atoms away from each other, so it is almost impossible to
form pillared structure. Instead, the two phosphonates might bind
to the same layer. The interlayer distance as observed by X-ray dif-
fraction is 2.03 nm, which is similar to the calculation value of
2.07 nm when benzylamino groups of adjacent two layers face
opposite each other, suggesting that ZBMPA is a layered structure
similar to that of a-zirconium phosphate, the benzylamino groups
(A) and P-OH (B) arranged as ABBABB alternatively (Fig. 2).
Although the lamellar surface -OH of a-zirconium phosphate are
partially substituted by benzylamino groups of ZBMPA, which
may accept guest molecules to form intercalation compounds.

2.2. Morphology of ZBMPA and the n-alkylamine intercalation
compounds

SEM images of ZBMPA and its n-butylamine intercalation com-
pound have significant difference in morphology (as shown in Figs.
3a and 3b). ZBMPA consists of thin plates with the size of 5-10 pm.
The n-butylamine intercalation compound appears to be aggregate

® ZIr
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Fig. 2. Schematic structure representation of ZBMPA.
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Fig. 3a. SEM image of ZBMPA (1000 times).

Fig. 3b. SEM image of ZBMPA-BA (2000 times).

of much small particles, the morphology of the other alkylamine
intercalation compounds is similar to that of the n-butylamine
intercalation compound.

2.3. XRD of ZBMPA and the n-alkylamine intercalation compounds

The characteristic diffraction peak with the interlayer distance
of 2.03 nm of ZBMPA in Fig. 4a appears at 20 = 4.3°, which is much
larger than that (d = 0.76 nm) of o-zirconium phosphate, and is
attributed to the effect of benzylamino groups in the interlayer re-
gion. The new major diffraction peak of n-butylamine intercalation
compound splits into two peaks, indicating the intercalation com-
pound contains more than two phases with two different inter-
layer distance, but the lowest diffraction peak with the interlayer
distance of 2.58 nm in Fig. 4b is observed at 20 = 3.4°. The n-heptyl-
amine intercalation compound gives a single peak with the inter-
layer distance of 2.52 nm in Fig. 4c at 260 = 3.5°. The new major
diffraction peak of the n-decylamine intercalation compound is
similar to that of the n-butylamine intercalation compound, the
lowest diffraction peak with the interlayer distance of 3.17 nm in
Fig. 4d is observed at 20 = 2.8°. The characteristic diffraction peak
of host ZBMPA disappears in all intercalation compounds. Thus
the X-ray powder diffraction patterns clearly demonstrate that
alkylamines are intercalated into the galleries of host ZBMPA and

2100 10.00 2000 30.00 40,00

26 (degree)

Fig. 4. XRD patterns of ZBMPA (a), ZBMPA-BA (b), ZBMPA-HA (c) and ZBMPA-DA
(d).

form intercalation compound along with the expansion interlayer
distances at low angles [32].

2.4. Infrared and Raman spectra of ZBMPA and the n-alkylamine
intercalation compounds

The character of the interactions between the guest molecules
and the host ZBMPA layers in the intercalation compounds was
studied using FT-IR and Raman spectra.

The two bands near 2928 and 2856 cm™! are due to asymmetric
and symmetric stretching vibrations of the NHs*, the correspond-
ing deformation vibration being observed at about 1560 cm™! in
the infrared spectra of the intercalation compounds, which clearly
indicates that some proton transfer from host ZBMPA layers to
alkylamine has taken place. Note that, the stretching vibration of
—NH, observed at about 3280 cm ! in the intercalation compounds
is probably overlapped by the stretching vibration of P-OH, and the
band at 1632 cm ™' can be caused either by the deformation vibra-
tion of -NH, or by the deformation vibration of cointercalated H,0
in the infrared spectra, indicating that proton transfer from host
ZBMPA layers to alkylamine is incomplete. The band at
1250 cm™! is caused by stretching vibration of C-N or in-plane
deformation vibration of P-OH. The bands at 980 cm™! can be
attributed to out-plane deformation vibration of P-OH in the infra-
red spectra. Suggesting that some alkylamine molecules are in-
volved in NH3"* ionic bonding to PO~ of the host ZBMPA layers,
the other alkylamine molecules are involved in NH;, van der Waals
bonding to POH of the host ZBMPA layers.

The FT-IR and Raman spectra of the host ZBMPA and the inter-
calation compounds exhibit many common features. The strong
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bands near 1160 and 1050 cm™! are probably caused by stretching
vibration of P-O in the infrared spectra, these bands are in good
with 1155 and 1052 cm™! in the Raman spectra. The multiple
bands between 2856 and 3100cm™' can be assigned to the
stretching vibration of saturated hydrocarbon and arene C-H in
the infrared and Raman spectra. The band at 1460 cm™! is due to
the deformation vibration of C-H in the infrared spectra, and the
corresponding band is shifted to 1435 cm™! in the Raman spectra.
The characteristic band at 699 cm™! is the result of deformation
vibration of mono-substitued arene C-H in the infrared spectra
(see Figs. 5 and 6).

2.5. TG-DSC of ZBMPA and the n-alkylamine intercalation compounds

The TG curve of ZBMPA indicates three step mass losses at tem-
peratures of up to 1000 °C, as shown in Fig. 7a, the DSC curve is in
agreement with TG data. The first mass loss at below 250 °C is due
to dehydration of interlayer water, the endothermic peaks at 106
and 200 °C corresponding to the loss of water. The second in the
range of 250-610 °C is ascribed to decomposition of the organic
moiety and dehydration of structural water, the exothermic peaks

4000 3000 2000 1500 1000 500 400

Cm"'

Fig. 5. FT-IR spectra of ZBMPA (a), ZBMPA-BA (b), ZBMPA-HA (c) and ZBMPA-DA
(d).

at 334 and 509 °C are evidently related to the decomposition of the
organic moiety and the condensation of hydroxyl groups. The third
at above 610 °C is primarily due to decomposition of the residual
organic moiety. The total mass loss is found (cacl.) to be 39.7
(39.3)%.

The TG curve of n-butylamine intercalation compound reveals
three steps mass loss at temperatures of up to 1000 °C in Fig. 7 b.
The first mass loss at below 250 °C is probably assigned to dehydra-
tion of interlayer water and desorption of n-butylamine, the second
in the range of 250-575 °C and the third at above 575 °C are the
same as the mass loss of ZBMPA. The total mass loss is found (cacl.)
to be 37.5 (37.8)%. The DSC curve clearly confirms all losses, the
endothermic peaks at about 110 and 186 °C, and the exothermic
peaks at about 332, 524 and 621 °C, respectively. The similar TG
curves of n-heptylamine and n-decylamine intercalation com-
pounds are obtained, the total mass loss is found (cacl.) to be 45.7
(45.2) and 42.3 (41.9)%, as shown in Fig. 7c and d. The intercalation
of alkylamine into the galleries of host ZBMPA is also confirmed by
TG-DSC. Interestingly, the TG-DSC measurements show very simi-
lar results for the n-butylamine intercalation compound and the
compound without intercalation. Butyl amine is volatile and is
expected to escape from the host very easily when heated.

2.6. Arrangement of the n-alkylamine in the interlayer region of
ZBMPA

It is very difficult to prepare a single crystal of intercalation
compound suitable for the diffraction analysis. The X-ray powder
diffraction patterns are in addition influenced by a strong preferred
orientation. Therefore, the arrangement of guest molecules in the
interlayer region is usually suggested on the basis of steric de-
mands of the guest molecules, the composition of intercalation
compound, the experimentally found interlayer distance and host
layer thickness.

Combination of elemental and thermogravimetry analysis, the
compositions of intercalation compounds are Zr(HPO,4)[CsHsCH,-
N(CH,PO3);]05 - 0.34BA - 0.4H,0, Zr(HPO,)[CsHsCH,N(CH,PO03)3]0:5 -
0.28HA - ]]Hzo and Zr(HPO4)[CGHSCHZN(CHZPO3)2]OA5 -0.25DA -
0.66H,0, respectively.

When the alkyl chain of amine has a trans, trans conformation
and the guest molecules are intercalated perpendicular to the host
layers, the length of alkyl chain should increase by 0.127 nm for
each additional carbon atom [33], in comparison with observation
value of the interlayer distance, the calculation value of the inter-
layer distance for n-butylamine, n-heptylamine, n-decylamine
intercalation compound is 2.54, 2.92 and 3.30 nm, respectively.

On the basis of these results, there are more than two phases in
the n-butylamine intercalation compound, and they are probably
different in the arrangement and the content of n-butylamine in
the interlayer space. But there is single phase in the n-heptylamine
intercalation compound, n-heptylamine may be arranged mono-
layer according to the interlayer distance. The arrangement of
n-decylamine intercalation compound is similar to that of the
n-butylamine intercalation. This is in striking contrast that alkyl-
amines usually form an inclined bilayer in interlayer regions of
a-zirconium phosphate and zirconium phosphonate [34,35].

3. Experimental

3.1. Synthesis of zirconium benzylamino-N,N-dimethylphosphonate
phosphate

Benzylamino-N,N-dimethylphosphonic  acid  (H,O3PCH,),-
NCH,CsHs was synthesized according to Ref. [36]. A white solid
was recrystallized from ethanol-water (1:1, v/v) in yield of 83%.
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Fig. 6. Raman spectra of ZBMPA (a), ZBMPA-BA (b), ZBMPA-HA (c) and ZBMPA-DA (d).

m.p.: 247-249 °C, and the purity was confirmed by NMR and ele-
mental analysis. Elemental analysis for CoH;5NOgP,: found (cacl.)
C 36.50 (36.62), H 5.08 (5.12), N 4.74 (4.78)%. '"H NMR: 6 = 7.30-
735 ppm (CgHs, m, 5H), 4.20 ppm (ph-CH,-N, s, 2H), 3.46-
3.50 ppm (N-CH,-PO3, d, 4 H). 3'P NMR: 6 = 8.19 ppm.

ZrOCl, - 8H,0 (20 mmol) was dissolved in 50 ml of distilled
water, followed by the addition of 0.16 mol of 40% HF, then

10 mmol of H,BMPA and 40 mmol of 85% HsPO, dissolved in
200 ml of distilled water were added with stirring, the reaction
mixtures had been stirred at 70 °C for 72 h in polypropylene vessel,
white solid was centrifuged, washed with distilled water to pH 5
and dried in vacuo, ZBMPA was obtained in yield of 66% [10]. Ele-
mental analysis for ZrC4sHi05Ngs09P,: found (cacl) Zr 24.61
(24.73), C 14.53 (14.65), H 3.01 (2.92), N 1.84 (1.90)%.
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Fig. 7. TG-DSC curve of ZBMPA (a), ZBMPA-BA (b), ZBMPA-HA (c) and ZBMPA-DA (d).

3.2. Intercalation reactions

Fifty millilitre of 0.01 moldm 3 of n-alkylamines (n-butyl-
amine, n-heptylamine or n-decylamine) was added to 0.5g of
ZBMPA, the mixtures had been shaken at 25°C for 7 d, after

which the solids were centrifuged, washed with petroleum ether
and dried at room temperature. Elemental analysis for ZBMPA-
BA, ZBMPA-HA, ZBMPA-DA: found (cacl.) Zr 24.88 (25.00), C
19.41 (19.29), H 2.94 (3.05), N 3.17 (3.22)%; Zr 23.62 (23.70),
C 2027 (20.16), H 3.44 (3.52), N 2.76 (2.84)%; Zr 23.63
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(23.76), C 21.76 (21.89), H 3.61 (3.56), N 2.80 (2.73)%,
respectively.

3.3. Analytical and instrumental procedures

C, H, N elemental analysis were carried out with a Perkin-Elmer
2400 analyzer, and Zr analysis by TPS-7000 ICP analyzer. 'H and
31p NMR were recorded on a Bruker AV-300 NMR instrument.
Micrographs were taken by S3000 scanning electron microscope.
FT-IR spectra were recorded on Spectrum GX instrument (KBr
pellet). Raman spectra were recorded on Bruker RFS 100/S instru-
ment. X-ray powder diffraction is performed with a D/MAX-3C
automatic diffractometer with Cu Ka radiation. TG-DSC was per-
formed with Netzsch STA449C thermoanalyzer.

4. Conclusion

Layered zirconium benzylamino-N,N-dimethylphosphonate
phosphate material Zr(HPO,4)[CeHsCH,N(CH,PO3);,]0.52.0H,0 was
prepared. n-Butylamine, n-heptylamine and n-decylamine are
incorporated in the interlayer region of the ZBMPA, which is a
new type of hybrid layered material with intercalation perfor-
mance. Furthermore, the n-alkylamine intercalation compound as
absorbent will be investigated.
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