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The reaction between natural phlogopite, having the idealized formula KMgs(AlSizO10)-
(OH),, and phenylphosphonic acid under soft conditions (24 h, 80 °C, reflux) originated a
new layered material of the following idealized composition: [Mg(H>0):]o5(AlSiz06)(03-
PCsHs)2-2H,0. The reaction mechanism involves the rupture of the trioctahedral layers of
phlogopite and the formation of a new basal spacing of a hydrophobic type that is occupied
by phenylphosphonic groups in a pseudomonomolecular arrangement. Simultaneously, the
mobile K* ions become partially substituted by [Mg(H20),]>" groups, a hydrophilic space of

the vermiculite type thus being obtained.

Introduction

Layered inorganic compounds attract special atten-
tion due to their valuable and sometimes unique prop-
erties. The possibility and ease of tailored regulation of
their structure via ion exchange or intercalation routes
is another advantage that gives scientists extremely
powerful tools for creating new compounds with desir-
able properties.

In 1978, Alberti et al.! demonstrated the possibility
of synthesizing organic derivatives of metal(1V) phos-
phates and phosphonates possessing the general for-
mula o-Zr(O3PR)2-Solv or a-Zr(O3POR),-Solv, where R
is an organic group and Solv is an intercalated molecule
(when present). It was found that these new hybrid
compounds adopt the a-zirconium phosphate type struc-
ture,2 which means a layered structure with tetrahedral
O3P—OH groups replaced by tetrahedral OsP—R or
03P—OR moieties.® Many organic derivatives with dif-
ferent functional groups (alkyl, aryl, alcoholic, amino,
carboxylic, sulfonic, etc.) have been prepared since
then.* Moreover, single-phase mixed-derivative com-
pounds with two types of R groups® or different di-, tri-,
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and tetravalent metals®” have been synthesized by
using three different synthetic routes:

(i) from a mixed solution containing phosphoric and
phosphonic acids in the presence of HF,!

(ii) by reaction in hydrothermal conditions,® and

(iii) by partial or complete substitution of the inter-
layer HOPO32~ groups (in a preformed, layered phos-
phate) with the RPO3?~ groups of a phosphonic acid.®

It is interesting that layered metal(1V) phosphates
possess structural characteristics comparable to those
of some phyllosilicates. Thirty years ago, a-zirconium
phosphate was already being compared with montmo-
rillonite,1° a typical representative of layered silicate
minerals.!! Bearing in mind their similarities, it would
be interesting to attempt to extend the aforementioned
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Figure 1. XRD powder patterns of phlogopite (a) and phlo-
gopite treated with phenylphosphonic acid in (b) one step and
(c) three steps.

approaches of creating organic—inorganic hybrid ma-
terials to natural minerals such as micas.

Mica is a generic name for a group of complex hydrous
potassium—aluminum minerals that belong to the 2:1
layer silicates with tetrahedral (tet) sheets on either side
of the octahedral (oct) sheet.’? In the tet—oct—tet
sandwich, the two opposing tetrahedral sheets are not
directly opposite each another and there is an offset
needed to produce octahedral coordination in the octa-
hedral sheet.’® In micas, cation substitution in either
the tetrahedral or octahedral sheets results in an overall
negative charge in the layers which is compensated, and
the layers are bonded together by large, positively
charged interlayer cations, most commonly K*.14 The
best known and most common found in nature of these
are muscovite and phlogopite—biotite, which are, re-
spectively, dioctahedral and trioctahedral micas. Phlo-
gopite is quite abundant in nature. In this mica, Mg?"
occupies the trioctahedral sheet, Si** and AI3* occupy
tetrahedral sheets, and K* occupies the interlayer
positions.

The aim of the current study was to examine the
synthesis of organic—mineral derivative materials using
route iii, namely, topotactic substitution of the mica’s
functional groups with organic radicals.

Experimental Section

Materials. The natural phlogopite sample came from a
copper—gold magnesian skarn located in the Rio Narcea Gold
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Figure 2. IR spectra of (a) phlogopite and (b) phlogopite
treated with phenylphosphonic acid (three steps).

Belt, Central Asturias, Spain.'® Phlogopite is developed by a
hydrothermal metasomatic reaction along the contact between
a Cambrian dolostone and a Carboniferous monzogranite.
Olivine and diopside were formed during a first metasomatic
reaction. Subsequently, during a second hydrothermal stage,
phlogopite was developed from diopside. In this case, phlogo-
pite is the magnesium-rich member (average composition (wt
%): Si, 17.9; Al, 7.3; Ti, 0.2; Mg, 13.8; Fe, 4.7; K, 8.9; Na, 0.1;
F, 2.1).

Organic—mineral derivative compounds were prepared us-
ing the following procedure: 1 g sample of finely powdered
phlogopite was treated with 50 mL of 1 M phenylphosphonic
acid at 80 °C (water bath, constant shaking) for 24 h. The mica
was then recovered by centrifugation and repeatedly treated
with a new portion of 1 M phenylphosphonic acid five more
times. After the final treatment, the phlogopite was washed
with distilled water and dried at room temperature in air.

Both aluminum and magnesium chlorides were treated with
phenylphosphonic acid following the same route described in
the synthesis of the organic—mineral derivative compounds.
Finely powdered AICIl3-6H,0 (2.4 g) or MgCl,-6H,0 (2.0 g) was
treated with 50 mL of 1 M phenylphosphonic acid at 80 °C
(water bath, constant shaking) for 24 h. The solids were
recovered by centrifugation, washed with distilled water, and
dried at room temperature in air.

Analytical Procedures. Microanalytical data (C and H)
were obtained with a Perkin-Elmer 2400B elemental analyzer.
Elemental analysis was performed on a Cameca SX-50 electron
microprobe equipped with four wavelength-dispersive spec-
trometers with TAP, PET, and LIF analyzing crystals. Gas
flow proportional counters using P-10 gas (90% argon, 10%
methane) were used on all spectrometers. Analyses were
conducted at a 15 kV accelerating voltage, a beam current of
15 nA, and a beam diameter of 3 um (counting time 10 s). The
powder diffractometer used was a Philips 1050 model (Cu Ka,
40 kV, and 30 mA). Thermal analysis was performed using a
Mettler TA 4000 (TG 50, DSC 30, air atmosphere, and a
heating rate of 10 °C min™). IR spectra were obtained on a
Perkin-Elmer 1720-X FT spectrometer by the KBr pellet
technique. 3P MAS NMR spectra were obtained on a Bruker
AC-300 spectrometer. SEM micrographs were recorded using
a JEOL JSM-6100 electron microscope operating at 20 kV.
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TEM micrographs were recorded using a JEOL 2000 EX-I1
electron microscope operating at 180 kV.

Structural Model. The structure plot and some of the
modeling calculations were made using the PowderCell 2.1
program.®

Results and Discussion

Figure 1 shows the XRD powder patterns of phlogo-
pite and the materials formed after its treatment with
phenylphosphonic acid. It is seen that even a single
treatment results in the formation of a new phase with
a basal spacing of 15.3 A, which coexists with an
unmodified phlogopite phase (d = 9.9 A). The 15.3 A
phase becomes the sole phase only after three successive
treatments with phenylphosphonic acid.

A possible explanation of the experimental data could
be that the strong acidity of the phenylphosphonic acid
destroys the original structure, with the subsequent
precipitation of insoluble metal phosphonates with an
interlayer distance of 15.3 A. However, additional facts
indicate that this hypothesis should be discarded. Under
our experimental conditions, the treatment of aluminum
chloride with phenylphosphonic acid originates the
formation of AI(HO3PCg¢Hs)s*H,O with a interlayer
distance of 14.5 A ((experimental wt %) Al, 5.2; P, 17.9;
C, 40.4; H, 3.5; weight loss at 800 °C, 47.2; (calculated
wt %) Al, 5.23; P, 18.02; C, 41.86; H, 3.88; weight loss,
48.84).17 Similarly, when the starting solid of the process
is magnesium chloride, the formation of Mg(O3PCgHs)-
H»O with a basal spacing of 14.3 A should be expected.18
However, under our experimental conditions, magne-
sium phenylphosphonate is not obtained. Thus, phlo-
gopite derivative materials are not simple metal phos-
phonates.
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Figure 3. ldealized mechanism for the transformation of phlogopite into a mineral—organic hybrid material with vermiculite-
type layers: (a) phlogopite, (b) destruction of the triocthaedral layer, anchorage of the phenylphosphonic groups, and formation
of a hydrophobic area, (c) K*-[Mg(H20).]?* ion-exchange in the hydrophilic interlayer space and formation of a vermiculite-type
hydrophilic area.
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The new materials were characterized using spectro-
scopic methods. The IR spectra shown in Figure 2
furnish some data that are helpful in the identification
of the functional groups in the materials. Namely, the
appearance of new bands at 693, 724, 748, and 1438
cm™1, in addition to the characteristic bands for phlo-
gopite, strongly suggests the presence of phenylphos-
phonic groups in the mica.’® This is in agreement with
the 3P MAS NMR data. The 3P NMR spectrum present
one wide peak, centered at —1.4 ppm, with their
spinning sidebands. Considering that similar spectra
were observed for metal(1V)-based phenylphospho-
nates,?1° we may conclude that the phenylphosphonate
groups have been incorporated into the phlogopite
structure. Additionally, the broadness of the peak
indicates a certain local disorder in the phosphorus
environment.

According to the idealized formula, KMgs(AlSizO1p)-
(OH),, a schematic mechanism of the modification of the
mica can be presented as in Figure 3. This process
suggests the rupture of the trioctahedral layers of
phlogopite, with the formation of a new basal spacing
of a hydrophobic type occupied by phenylphosphonic
groups. Simultaneously, the mobile K* ions would be
partially substituted by [Mg(H.0),]>* groups, a hydro-
philic space of a vermiculite type thus being obtained.
The idealized formula for the new mineral—organic
hybrid compound might be represented as [Mg(H20)2]os5-
(AlSi306)(03PCsH5s)2'nH0. This material presents a
segregation of hydrophobic groups from hydrophilic
groups, previously described for Zr-based layered com-
pounds.20
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Figure 4. Electron microscopy images: (a, top) SEM image
(1000x magnification, reproduced at 58% of original size) of
the phlogopite treated with phenylphosphonic acid (one step)
when the corrugated sheets (new material) of the phlogopite
flakes can be distinguished, (b, bottom) TEM image (210000 x
magnification, reproduced at 71% of original size) of the
mineral—organic hybrid material.

Table 1. Analytical Data and Experimental Weight Loss
at 800 °C (in Air) of the New Mineral—Organic Hybrid
Material and Those Calculated from the Formula
[Mg(H20)2]0.5(AlSi306) (03P CeHs)2 2H,0

exptl calcd exptl calcd
% Si 13.2 14.36 % P 10.1 10.60
% Al 4.2 4.61 % C 23.4 24.62
% Mg 1.3 2.08 % H 2.5 2.39
% Fe 0.4 % weight loss 335 32.81

% K 0.9

In nature, under meteoric conditions, phlogopite
transforms to vermiculite.?* During vermiculitization,
the loss of K™ from the parent mica causes a charge
imbalance, which may be compensated in different
ways. Gruner?? was the first to suggest that the charge
deficit is partly compensated by Fe?" oxidation to Fe3*,
or by the introduction of H'. Several authors have
investigated this process thoroughly, particularly in

(21) (a) Basset, W. A. Am. Miner. 1959, 44, 282. (b) Hydrous
Phyllosilicates. Reviews in Mineralogy; Bailey, S. W., Ed.; Mineralogical
Society of America: Washington, DC, 1988; Vol. 19.

(22) Gruner, J. W. Am. Miner. 1934, 19, 557.
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Figure 5. TG (—), DTG (---) and DSC (--) curves for the
mineral—organic hybrid material.
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soils, and have identified the different parameters that
connect vermiculitization and oxidation. These param-
eters include the chemical composition of the parent
mica and particularly its Fe?* content,?® the chemical
properties of the geological environments, i.e., the redox
conditions or the Fe®" activity,?* and the structural
modifications, i.e., the loss of octahedral Fe,?> upon
vermiculitization. A quite different vermiculitization
process which is completely independent of the Fe
content of the parental mica has been suggested by
Barshad,?® who proposed that the charge deficit is
essentially balanced in the interlayer and that the
replacement of K+ by Mg?" is accompanied by hydration.
Summarizing, the octahedral sheet participates actively
in the reaction, and its composition changes during the
vermiculitization although, evidently, the most impor-
tant changes are observed in the interlamellar space.

The morphology of the 15.3 A phase is similar to that
of the minerals of the vermiculite group. As occurs in
nature, the SEM image (Figure 4a) shows that the new
mineral—organic hybrid (lighter in color) replaces phlo-
gopite flakes (darker in color). We can see how the
corrugated sheets of the new material grow on the
phlogopite flakes in which some crystal form (rectan-
gular) and cleavage can be distinguished. In the new
material the cleavage, more open than in phlogopite,
very irregular, can also be seen. The layered structure
preservation of the mineral—organic hybrid has been
proven by transmission electron microscopy (Figure 4b).

Table 1 shows the analytical data and the mass losses
after calcination at 800 °C in air for the new material
in comparison with the theoretical ones derived from
the formula [Mg(H20)2]05(A|S|305)(03PC6H5)2'2Hgo
Considering that the starting material was a natural
mineral, the agreement between experimental and
theoretical data is excellent. The fact that the concen-
tration of magnesium is significantly lower than the one

(23) Roy, R.; Romo, L. A. J. Geol. 1957, 65, 603.

(24) (a) Wilson, M. J. Clay Miner. 1970, 8, 291. (b) Bouda S.; Isaac,
K. P. Clay Miner. 1986, 21, 149. (c) Graf v. Reichenbach, H.; Beyme,
B. Clay Miner. 1988, 23, 261.
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D.; Ahlrichs, J. L.; Rimsaite, J. Y. H. Miner. Magn. 1971, 38, 121.
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Figure 6. Proposed structure for the K(AISi3Og6)(03PCsHs), intermediate compound viewed along the a-axis (black, carbon; blue,
silicon; red, oxygen; brown, phosphorus; yellow, potassium; hydrogen atoms not shown for greater clarity).

calculated and that the concentration of both iron and
potassium is appreciable indicates that K* and perhaps
Fe2* compensate for the Mg?" shortage.

Analysis of TG data (Figure 5) shows that the thermal
decomposition of the new material occurs in three steps.
In the first stage, which takes place in the temperature
range 50—130 °C, the hydration water is released. The
weight loss in the second stage (130—180 °C) is con-
nected to the release of water coordinated to the
magnesium ion, and the basal spacing decreasing to 15.0
A. The oxidation of the organic phenylphosphonic group
takes place at a higher temperature. Accordingly, the
DSC curve also has three peaks. Two endothermic peaks
are clearly associated with water desorption, and the
high-temperature exothermic band is due to the oxida-
tion of organic matter.

The main argument against the reaction mechanism
described in Figure 3 might be the high interlayer
distance that must be achieved by the new material,
which has to be capable of including a bilayer of phenyl
groups. With the aim of checking the possibility of a
final structure compatible with our hypothesis, we
carried out structure modeling starting from the struc-

ture of phlogopite.2” The whole process can be described
by the following points.

(1) The symmetry of the phlogopite structure (C2/m)
was eliminated and the c-axis of the unit cell increased
until reproduction of the interlayer distance observed
in the diffraction pattern (15.3 A). The 8 angle of the
monoclinic cell was held constant (100.03°).

(2) The silicate layers were separated to leave empty
space enough to host the phenylphosphate groups.
Phenylphosphate groups substituted the Mg?" ions of
the phlogopite structure so that the P atoms completed
a tetrahedral environment bonding to three oxygen
atoms of the same layer (two oxygen atoms of the silicate
anion and an oxygen atom originally belonging to an
OH group). The geometry around the phosphorus atoms
was optimized to be tetrahedral.

(3) One of the two silicate layers was slid parallel to
the b-axis direction and the phenyl groups were rotated
around the P—C bond until the contiguous layers were
able to interpenetrate, thus forming a pseudomonolayer.

(27) Rayner, J. H. Miner. Magn. 1974, 39, 850.
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Figure 7. Simulated XRD powder pattern for K(AISizOg)(Os-
PC5H5)2.

Figure 6 indicates that the experimental interlayer
distance of the new organic—inorganic hybrid material
is consistent with the existence of phenylphosphonic
groups in a pseudomonomolecular arrangement. The
dimensions of the silicate anion make possible the fitting
of phenyl groups in this pseudomonolayer. The experi-
mental XRD pattern (Figure 1c) is in agreement with
the simulated XRD pattern (Figure 7) generated on the
basis of structural data. The differences in reflection
intensity are probably due to both the preferred orienta-

Trobajo et al.

tion effects and the true composition of the sample (see
Table 1).

Conclusions

The interlayer region of synthetic metal phosphonates
can be seen as a well-ordered place in which many
reactions of intercalated molecules can take place
between these molecules themselves and/or with the
organic groups of the layers. The reactivity of layered
phosphonates suggests that it might be possible to
engineer solids with guest molecules attached according
to their shape and chemical properties. Our results show
that new types of layered phosphonates can be synthe-
sized using natural minerals as starting materials. The
perspectives of application of these new materials are
very exciting.?8
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