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ABSTRACT

The dependence of basal spacing and water content of BaCH.PO,xH,O on the relative humidity was studied.
Intercalates of 1-alkylamines (C,— C,)) and l-alkanols (C,- C,) were prepared from barium phenylphosphonate
dihydrate and also from anhydrous host and characterized by powder X-ray diffraction and thermogravimetric
analysis. The intercalates of alkanols and alkylamines prepared from dihydrate are quite stable at ambient conditions
and contain one guest molecule per formula unit. The guest molecules are probably arranged in monomolecular way
and are perpendicular to the host layers in the case of amines or tilted to the host layers at an angle of about 80° in the
case of alkanols. The intercalates prepared from anhydrous host are unstable and their basal spacings indicate parallel
arrangement of the guests chains. Formation of mixed intercalates was not observed when barium phenylphosphonate

dihydrate was contacted with a mixture of alkanols or amines.

Keywords: A. Inorganic compounds; A. Organic compounds; C. X-ray diffraction

Article history
Received: May 4, 2009
Received in revised form: Oct.21, 2009
Accepted:Nov.3, 2009
1. Introduction

Metal organophosphonates belong to a group of inorganic-
organic hybrid compounds which have received much
attention with the aim to obtain novel materials with
interesting properties. Among phosphonates of the alkaline-
earth metal, the structure of hydrogen phenylphosphonates
M(CH,POH), (M=Ca, Sr, Ba) were described [1-3]. The
intercalations of alkylamines and alkyldiamines into calcium
hydrogen phenylphosphonate [4, 5] and barium hydrogen
phenylphosphonate [6, 7] were studied. The intercalations
were interpreted as acid-base solid-state reactions where the
basal spacings of the intercalates formed increase linearly with
increasing guest chain length.

*Corresponding author. Tel.: +420466036146; fax: +420466036011.
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Recently, we have found that compounds with various
metal/phosphorus M/P ratios (M = Ca, Sr, Ba) are formed in
dependence on the acidity of the reaction medium. New
compounds with general formula M(C H,PO,)-2H,0 (M = Ca,
Sr, Ba) were prepared and characterized [8-10]. Even the
determination of their structure was not possible so far, the
powder X-ray patterns indicate that these compounds are
layered and therefore can undergo intercalation. In this paper,
we describe the intercalation of alkylamines and alkanols into
barium phenylphosphonate dihydrate BaCH,PO,.2H,O and
into its anhydrous form.

2. Experimental

The host material, BaCH,PO,-2H,0, was prepared by
precipitation from barium salt and phenylphosphonic acid
solutions with pH adjusted to 8.5 [10]. The guests were
obtained from Fluka or Aldrich and were used as received. All
aliphatic amines were intercalated by stirring a suspension of
BaCH.PO,-2H,0 (0.1 g) in 8 ml of corresponding amine at
room temperature (in the case of ethylamine at 0°C) for two
days. The intercalates of alcohols were prepared by a
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solvothermal treatment of a suspension of BaCH.PO,-2H,0
(0.1 g) in 9 ml of corresponding alcohol in a Teflon-lined 23-
ml Parr acid digestion bomb which was heated under
autogenous pressure at 160°C for 16 hours.

Anhydrous barium phenylphosphonate was prepared by
heating of the dihydrate at 250°C for 1 hour. Amines and
alkanols were intercalated by stirring a suspension of
BaCH.PO, (0.1 g) in 8 ml of the corresponding guest at room
temperature for 2 days.

Samples used for XRD measurements contained small
amounts of the free liquid guest and were covered with a
protection foil. Samples for the TG measurements were dried
by evaporation of the unintercalated guest in the evacuated
ampoule.

Powder X-ray diffraction data were obtained with a
D8-Advance diffractometer (Bruker AXS, Germany) with
Bragg-Brentano - egeometry (40 kV, 40 mA) using CuK
radiation with secondary graphite monochromator. The
diffraction angles were measured at room temperature from 2
to 37° (2 ) in 0.025° steps with a counting time of 2 s per step.

The thermogravimetric measurements were carried out in
air between 30 and 960°C at a heating rate of 5°C min'".

3. Results and Discussion

The barium phenylphosphonate host was prepared by
precipitation in a moderately basic environment. It was found
that the basal spacing of the freshly precipitated wet
compound (14.85 A) differs from the value reported for
barium phenylphosphonate dihydrate (13.4 A) [10]. The
dependence of the basal spacing and water content on the
relative humidity (RH) is shown in Figure 1. The phase with
basal spacing of 14.85 A exists only in contact with parent
solution and cannot be isolated and the water content cannot
be determined. The phase with basal spacing of about 13.78 A
is stable between 33 and 98% RH and contains about 2.75
water molecule per formula unit. The phase with basal spacing
of 13.30 A described previously as a dihydrate [10] is formed
between 11 and 22% RH. The barium phenylphosphonate
monohydrate with basal spacing of 14.22 A can be prepared
by storing the sample over phosphorus pentoxide. It cannot be
prepared by thermal dehydration because all water molecules
are released in one step. Anhydrous barium
phenylphosphonate is formed by thermal dehydration at 250°C
and its basal spacing is 15.39 A. Anomalous increase of basal
spacing when going from dihydrate to monohydrate and
anhydrous compound could be probably caused by changing
the hydrogen bond system in the case of monohydrate and
reorganization of the layer structure in the case of anhydrous
compound.
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Fig. 1. The dependence of basal spacing and water content
x in the BaC H,PO,-xH,0 on relative humidity (RH).

3.1 Intercalation into barium phenylphosphonate dihydrate

In contrast to amines, which can be easily intercalated at
room temperature, alkanols must be intercalated at elevated
temperature. Intercalates of all alkanols studied were prepared
by solvothermal treatment at 160°C. The alkanol intercalates
of can also be prepared by heating in microwave field in a way
described previously [11, 12], except the propanol and butanol
ones probably due to their low boiling point.

All the intercalates prepared are white crystalline powders.
The diffractograms of the intercalates contain a series of sharp
basal reflections (see Figure 2a, c). The alkanol intercalates
are quite stable in air. For example, the butanol intercalate can
be isolated either by drying in evacuated ampoule or by
washing with toluene. When the dry intercalate is exposed to
ambient air (about 30% RH), a  peak of parent
BaC,H,PO,-2H,0 slowly appears in the diffractogram. The
stability of the intercalates decreases with increasing chain
length, phases with lower basal spacing appear during washing
the intercalates with toluene. The amine intercalates are less
stable than the intercalates of alkanols; they decomposes
during washing with toluene or hexane and new phases with
lower basal spacings were sometimes formed during the
drying in an evacuated ampoule. Therefore, the samples for
thermogravimetric analyses were carefully dried and their
basal spacings were checked to confirm that they are the same
as those of the intercalates with a small excess of the guest.
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Fig. 2. The diffractograms of pentanol intercalates prepared
from dihydrate (a) and from anhydrous (b) host; and
octylamine intercalates prepared from dihydrate (c) and from
anhydrous (d) host.

On heating, all the intercalates lose weight in two steps. As
an example, the thermogravimetric curves of the intercalates
with butanol and pentylamine are shown in Figure 3. In the
case of the butanol intercalate, the first weight loss of 19.5% is
in the temperature range 100-260°C, the second one of
roughly 18.5% occurs from 400 to 520°C. Thus, the first
weight loss corresponds to the release of one molecule of
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butanol from BaC H.PO,-0.95C H,OH (calculated 19.4%), the
second loss of weight is due to the decomposition of the
phenylphosphonate group (calculated 19.0%). The product of
heating to 950°C is Ba,P,0,, as confirmed by powder X-ray
diffraction (PDF No. 83-0990) [13]. Similarly, in the case of
the pentylamine intercalate, the first weight loss of 22.5%
corresponds to the release of one amine molecule from
BaCH.PO,-C.H  NH, (calculated 22.9%). The second weight
loss (18%) corresponds to the decomposition of the
phenylphosphonate group (calculated 18.2%). On the basis of
TGA results for the intercalates of other alkanols (propanol,
pentanol, hexanol) and amines (ethylamine, propylamine,
butylamine, and hexylamine) we suppose that the intercalates
contain one guest molecule per BaC H,PO, and do not contain
any water.
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Fig. 3. Thermogravimetric curves of the butanol and
pentylamine intercalates.

The dependence of the basal spacing on the number of
carbon atoms in the guest chain is given in Figure 4. The
dependence is linear with the slope of 1.29 and 1.26 for
amines and alkanols intercalates, respectively. It means that
the guest molecules are probably arranged in a monomolecular
way and are perpendicular or nearly perpendicular in the case
of alkanols to the host layers. It is surprising that the
intercalates of amines have the basal spacing by about 2.5 A
higher than the intercalates of alkanols with the same number
of carbon atoms.
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Fig. 4. The dependence of basal spacing on the number of
carbon atoms in the guest chain n_ for the intercalates prepared
from barium phenylphosphonate dihydrate.

To determine how the aliphatic guest molecules with
different chain lengths compete in the interlayer space of the
host, we studied mixed intercalates of BaCH,PO,-2H,O
containing two different amines or two different alkanols. The
preparation was similar as in the case of the intercalation of
pure amines or alkanols that is the reaction of the barium
phenylphosphonate dihydrate with a mixture of amines at
room temperature and with a mixture of alkanols at 160°C.
The dependences of basal spacings of the intercalates formed
on the composition of the guest mixtures are shown in Figure
5. No new phase containing both amines was observed, only
the intercalates of either butylamine or octylamine were
formed. Similar results were obtained in the case of exposition
of barium phenylphosphonate dihydrate to the mixture of
butanol and octanol. The fact that mixed intercalates are not
formed supported our suggestion of monomolecular
arrangement of the guest molecules in the interlayer space.
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Fig. 5. The dependence of basal spacing of the intercalates
formed on the molar fraction of the guest with longer chain y
in the liquid guest mixture: ¢ butylamine - octylamine, *
butanol - octanol.
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3.2 Intercalation into anhydrous BaC H PO,

Both aliphatic amines and alkanols can be intercalated into
anhydrous barium phenylphosphonate at room temperature.
Again, a series of sharp basal reflections were observed in the
powder X-ray patterns of the intercalates prepared (see Figure
2b, d). The intercalates are less stable than the corresponding
intercalates prepared from the dihydrate and loses the guest
during washing with toluene or hexane. Only the intercalates
of butylamine, pentylamine, hexylamine, pentanol and
hexanol can be dried in an evacuated ampoule and the guest
content can be determined. On heating, the intercalates lose
weight in two steps. The first weight loss up to about 300°C
corresponds to the release of roughly half molecule of the
guest per formula unit; the second one is due to the
decomposition of the phenylphosphonate. The product of
heating to 950°C is Ba,P,0,, as confirmed by powder X-ray
diffraction (PDF No. 83-0990) [13].

Basal spacings of the intercalates prepared from the
anhydrous host are markedly different from the intercalates
prepared from the dihydrate. Basal spacings of the alkanol
intercalates are in the range from 19.6 to 20.2 A irrespectively
to the chain length. The basal spacing of these intercalates is
about 4.5 A higher than that of anhydrous barium
phenylphosphonate (15.4 A) so we can deduce that the alkanol
molecules are probably arranged parallel to the host layers.
The basal spacings of the intercalates of shorter amines are in
the range 19.7-20.6 A and the arrangement of the guest
molecules can be similar as in the case of the alkanol
intercalates. The basal spacings of the intercalates of
nonylamine, decylamine and dodecylamine are higher than 24
A. That is, the interlayer distance is about double of that
observed for shorter amine intercalates. It can be probably
caused by a bimolecular arrangement of the guest molecules
which are parallel to the host layers. Similar arrangement of
the guest molecules was observed for vanadyl phosphate
intercalates with poly(ethylene glycols) [14].
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