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The intercalation behaviour from the liquid phase of n-alkylamines (n = 1-6) and the cyclic amines aniline,
benzylamine, cyclohexylamine, piperidine and pyridine in a-hafnium phosphate Hf(HPO,),-H,O has been studied.
The composition of the intercalation compounds was determined and the arrangement of the amines in the
interlayer region as mono-(pyridine) or bi-molecular films (the remaining amines) is discussed from data obtained
from X-ray diffraction, IR spectroscopy and chemical and thermal analysis.

a-Hafnium hydrogenphosphate monohydrate Hf(HPO,),-H,O
(o-HfP) is a layered compound which crystallizes in the mono-
clinic symmetry with cell constants a = 901.42(1), b = 525.66(5),
¢ =1547.68(2) pm, p=101.66° and space group P2,/c.! The
layers consist of metal atoms lying slightly above and below the
mean plane and bridged by phosphate groups from above and
below. The water molecule sits inside the cavity near its center
forming a hydrogen-bonding network with the phosphate
groups as illustrated in Fig. 1.2 The interlayer distance is 760 pm
and the thickness of the layer calculated as the shorter distance
between the baricenter of the oxygen of P-OH groups present
in the opposite sides of one layer is 630 pm. The free area
associated with each P-OH group is 23.7 x 10* pm?. This com-
pound should exhibit ion-exchange and intercalation properties
very similar to those of a-ZrP since they are isomorphous® and
the replacement of the tetravalent metal atom does not appre-
ciably modify the acid strength of the phosphate group. Both
compounds can readily intercalate basic organic molecules in
addition to exchanging ions.*

The chemistry of metal(tv) phosphates with an a-type
layered structure has grown considerably and a large number
of compounds with a variety of organic groups has been
prepared.>® Extensive information has been compiled in recent
reviews and books.**3

Interest in the intercalation reactions of a-zirconium phos-
phate and in the preparation of intercalation compounds with
particular properties, such as proton conductivity and catalysis,
has led to the preparation of several intercalation compounds
with alkylamines, aromatic and heterocyclic bases.? Neverthe-
less, a-HfP has scarcely been investigated. Only ion exchange
toward Li* and K* and intercalation from the vapour phase of
some alkylamines*® has been previously reported.

This paper describes the intercalation behaviour from the
liquid phase of n-alkylamines (methyl, ethyl, propyl, butyl,
pentyl and hexyl) and cyclic amines (aniline, benzylamine,
cyclohexylamine, piperidine and pyridine) in a-HfP. X-Ray dif-
fraction, IR spectroscopy and thermal and elemental analysis
of the intercalated species allow their composition and the pos-
sible arrangement of the amines in the interlayer region to be
discussed.

Experimental
Preparations

Crystalline o-HfP was prepared by refluxing newly formed
amorphous hafnium phosphate in 12 mol dm— H,PO, at the
boiling point for more than 210 h.*® The gel was obtained by
precipitation of a solution of HfCl, in aqueous HCI with dilute

OHf (OpFp OO0 oH

Fig. 1 Cauvities in the structure of a-Hf(HPO,),-H,O

H,PO,. The solid was washed with deionized water until pH
3.5, dried at 50 °C and ground to a particle size of less than 0.03
mm. The totally substituted ammonium phase of a-HfP was
obtained by equilibrating a-HfP for 48 h with a mixture of NH,
(aq) (0.1 mol dm~3) and NH,CI (aq) (0.1 mol dm~®) in a ratio
of 250 cm®:1 g. The resulting crystallites were identified by
means of X-ray diffractometry, IR spectroscopy and chemical
and thermal analysis (TG).

Intercalation procedure

The compound a-HfP (200 mg) was placed in contact with a
portion (20 cm?®) of the pure amine C,H,,.,NH, (n = 1-6) and
the five mentioned cyclic amines and shaken for 48 h at 25 °C
following the batch method. After equilibration, the solids were
separated by centrifugation, dried in air at 50 °C and stored
over a solution of 50% H,SO,. The solid phase was analyzed by
means of X-ray power diffraction, IR spectroscopy and chem-
ical and thermal analysis.

Analytical procedures

Quantitative analysis of hafnium was performed gravi-
metrically.” Microanalytical data (C, H, N) were obtained with
a Perkin-Elmer, model 2400 elemental analyzer. The TG curves
were taken with a Mettler TA 4000 (TG 50) thermoanalyzer at a

J. Chem. Soc., Dalton Trans., 1997, Pages 2757-2759 2757


http://dx.doi.org/10.1039/a702071f

Table 1 Microanalytical data (C and N) and experimental weight loss
at 800 °C for the intercalated compounds with linear amines and those
calculated (in parentheses) from the formulae

Analysis (%)
Compound C N Weight loss (%)
a-Hf(HPO,),*3CH;NH,-H,O 7.60 8.70 26.95
(7.48) (8.72)  (26.79)
a-Hf(HPO,),-2C,H;NH,-H,0 10.10 5.81 26.45
(10.03) (5.85) (26.33)
a-Hf(HPO,),-2C;H,NH,-H,0 14.31 5.56 30.52
(14.22) (5.53)  (30.40)
a-Hf(HPO,),-2C,H,NH,-H,O 17.84 5.32 34.16
(17.96) (5.24)  (34.05)
a-Hf(HPO,),-2CsH;NH,-H,0  21.21 5.06 37.50
(21.33) (4.98) (37.33)
a-Hf(HPO,),2C¢H3sNH,-H,O0  24.27 4.75 40.35
(24.39) (4.74)  (40.30)
(a) (b)
{c) (@)
LJ L 1 1 | I ] 1 L 1 [ 1
(e) (f)
| 1 i I i a4 fl | { Lo 1
0 10 20 30 40 50 O 10 20 30 40 50
20/°

Fig. 2 X-Ray diffraction patterns of the n-alkylamine intercalates:
(a) methylamine, (b) ethylamine, (c) propylamine, (d) butylamine,
(e) pentylamine and (f) hexylamine

heating rate of 5 °C min~* in an atmosphere of nitrogen. X-Ray
diffraction patterns were recorded at room temperature on a
computer-controlled Philips PW 1729/1720 diffractometer with
Cu-Kao radiation (L = 1.5418 A).

Results and Discussion
Alkylamine intercalation

Elemental analysis and the total weight loss at 800 °C enabled
the composition of the intercalates to be determined (Table 1).
There is a good agreement between the theoretical and experi-
mental values. All the crystal sites available for intercalation are
occupied and phases of composition a-HfP-2RNH,-H,O are
formed (except in the methylamine case), consistent with a
bilayered disposition of the amine molecules between the o-HfP
layers. When the intercalated amine is methylamine the inter-
calation process may be represented by equation (1).

a-Hf(HPO,),"H,0 + 3CH,NH, —>
a-Hf(PO,),2CH,NH;-CH,NH,-H,0 (1)

X-Ray patterns of the intercalated solids (Fig. 2) show that
the compounds are crystalline and maintain the lamellar struc-
ture. Their interlayer distances are always higher than that of
the a-HfP (7.6 A) (Table 2).
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Table 2 Interlayer distances and inclination angles of linear amine—a-
HfP intercalates
Amine d/A al®
Ethyl 135 56.8
Propyl 17.0 90.0
Butyl 18.6 67.0
Pentyl 21.0 67.7
Hexyl 23.2 66.3
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Fig. 3 X-Ray diffraction pattern of Hf(NH,),(PO,),-H,0O
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Fig.4 The TG and DTG of the ethylamine intercalate of o-HfP

The fully saturated ammonium phase of a-HfP was obtained
in order to determine its interlayer distance. The process occurs
in a single stage and leads to the formation of the phase
Hf(NH,),(PO,),-H,O with an interlayer distance of 9.25 A
(Fig. 3). Taking into account this value and that the increment
of the alkyl-chain length is estimated as 1.27 A for each add-
itional carbon atom,® the inclination angle of the intercalated
molecules with respect to the layer plane can easily be deter-
mined: sin Y(dyy, — 9.25/2:n.-1.27). The results are shown in
Table 2.

Thermal analysis (TG) was performed for the intercalated
compounds from room temperature to 900 °C. The curves show
comparable shapes. At least four well defined steps of weight
loss can be observed except in the methylamine case. The first
includes surface and crystal water. Loss of amine occurs in two
equal steps, one for each mol of amine, in the range ~175-
350 °C. At higher temperatures (<600 °C) the transformation of
hydrogenphosphate groups into pyrophosphate takes place. As
an example, Fig. 4 shows the TG and DTG of the ethylamine
intercalate.

In the methylamine case the first loss takes place at <100 °C
and is due to the crystallization water. The amine is lost in three
steps between 150 and 400 °C and the loss of structural water
occurs at 600 °C. The results of thermal analysis concur in all
cases with the formula proposed from elemental analysis.

Infrared spectra of the intercalation compounds are very
similar and the amine protonation is reflected by the presence
of a band at 1560 cm™*. The band at 1250 cm™ assigned to the
out-of-plane deformation of the P-O—H group and diagnostic
of the presence of a monohydrogenphosphate group was never
detected, indicating that the protonation of the amines is total.

The bilayered arrangement can be explained since there is
just room for one alkyl chain in the upright position for every
P-OH group (the cross-sectional area of a trans-trans alkyl
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Table 3 Microanalytical data (C and N) and experimental weight loss
at 800 °C for the intercalated compounds with cyclic amines and those
calculated (in parentheses) from the formulae

Analysis (%)
Compound C N Weight loss (%)
a-Hf(HPO,),-2C,H,NH,-H,0  28.21 4.59 41.62

(27.88)  (4.64)  (41.49)
a-Hf(HPO,),-2C;H;NH,-H,0  23.65 4.62 38.91

(23.82) (4.63) (38.71)
a-Hf(HPO,),-2C;H;N-H,0 21.73 4.97 37.01

(21.48) (5.01)  (36.88)
a-Hf(HPO,),-CsHsN-H,O 12.77 3.05 24.75

(12.83) (2.99)  (24.60)
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Fig. 5 X-Ray diffraction patterns of cyclic amine intercalates: (a)
benzylamine, (b) cyclohexylamine, (c) piperidine and (d) pyridine
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chain, 18.6 x 10* pm?, is comparable to the free area surround-
ing each phosphate group, 23.7 x 10* pm?), intercalated amines
cannot interpenetrate the film already present and an ordered
bilayer is obtained.*®

Cyclic amines

Except for aniline, X-ray diffraction patterns of the cyclic
amines—a-HfP intercalates (Fig. 5) show the formation of pure
phases (the peak corresponding to a-HfP is never detected), the
interlayer distances being: 18.7 (benzylamine), 15.4 (piper-
idine), 18.0 (cyclohexylamine) and 11.1 A (pyridine). When the
intercalated amine is aniline a reflection at 18.2 A appears but
the peak corresponding to o-HfP remains with a marked
intensity.

Table 3 shows the corresponding formula determined from
elemental analysis. In the aniline case the stoichiometry was
estimated approximately also from the relative intensity of
the reflection corresponding to the interlayer distance, giving
the composition 0.25[Hf(HPO,),-2CsH;NH,-H,0]-0.75a-HfP
from the values of the total weight loss (18.96%) and elemental
analysis (C, 8.27; N, 1.61%).

Thermal analysis shows the loss of crystallization water at
<100 °C, the amine is desorbed in one to four steps in the range
150-350 °C and the condensation water is lost between 550 and
600 °C. The TG and DTG curves for intercalated pyridine can
be seen in Fig. 6.

The IR spectra presents the characteristic bands of the pro-
tonated amines. In the aniline case, despite the fact that only
25% intercalation takes place, an absorption at 2927 cm™* and
shoulder at 2870 cm™ can be observed, characteristic of the
stretching vibrations v,g,, and vy, respectively of the NH;"
group, and a band at 1250 cm™* corresponding to P-O-H is
clearly observed, corresponding to partial amine saturation.

106 (TG)
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Fig.6 The TG and DTG of the pyridine—a-HfP intercalate

This band disappears for the rest of the amines indicating that
protonation and saturation are complete.

These facts are in agreement with the behaviour reported
previously*? for intercalates of this type: when the guest mol-
ecule contains a NH, group (aniline, benzylamine, cyclo-
hexylamine, piperidine) which upon protonation gives rise to a
sp3-hybridized NH," group, giving a good fit to the hexagonal
arrangement of the P-OH on the layer, the intercalation com-
pound contains 2 mol of amine per mol of Hf and the guests
are arranged in a bilayered fashion, while molecules containing
a sp>hybridized N (pyridine) give rise to compounds contain-
ing 1 mol of amine per mol of Hf.
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