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Abstract. The cationic metal cage complex (1,3,6,8,10,13,16,19-octaazabicyclo[6.6.6]eicosane)cobalt(III), 
Co(sep) 3+, has been investigated as a potential pillaring reagent for Na+-magadiite 
(Nal.7Si14027.9(OH)l.9 • 7.6 H20 ) a synthetic layered sodium silicate. Reaction of Na+-magadiite with 
aqueous solutions of Co(sep)Cl 3 at 25°C resulted in the binding of Co(sep) 3+ cations to the external 
crystalline surface of the layered silicate. In contrast, an intercalated product exhibiting a 17.6 A basal 
spacing was generated by reaction at 100°C. 29Si MAS NMR and FT-IR spectroscopy indicate that 
Co(sep) 3+ intercalated reaction products retain the magadiite layer structure. Moreover, scanning 
electron micrographs of the reaction products showed retention of the original particle morphology, 
suggesting a topotactic intercalation. However, during intercalation, some of the Co(sep) 3+ was found 
to undergo an unusual demetalation reaction leaving a combination of Co(II) and Co(sep) 3+ between 
the layers. Nitrogen surface area analysis showed that only a small amount of microporous surface 
existed in the Co(sep) 3+ intercalated derivative, suggesting that most of the interlayer space is 'stuffed' 
with cobalt species. 

Key words. Magadiite, intercalation, cobalt sepulchrate, pillaring reactions, 298i MAS NMR, N 2 gas 
adsorption. 

1. In troduct ion  

Pillared layered materials have at tracted widespread interest recently due in part  to 
their potential utility as catalysts and molecular  sieving adsorbents  [ 1, 2]. Normally,  
pillared microporous  solids are derived f rom materials with ion exchange capabili- 
ties. Examples o f  layered ionic materials that  have been examined previously for 
their pillaring properties include 2:1 phylosilicate clays, layered double hydroxides 
and zirconium phosphates  [1]. Another  class o f  ionic layered minerals, namely the 
hydrous  sodium silicates, have been identified as having intercalation properties 
suitable for producing pillared derivatives [2]. In an effort to broaden the diversity 
o f  pillared materials, we have been investigating the pillaring reactions o f  lamellar 
hydrous  sodium silicates. Examples o f  this unique family o f  silicates include, 
magadiite (Na2Si14029.9H20) ,  kenyaite (Na2Si2oO41.10H20),  and kanemite 
(NaHSi205  • H20) .  All are naturally occurring minerals first found in lake beds at 
Lake Magadi ,  Kenya  [3]. These compounds  also can be conveniently prepared in 
the labora tory  via hydrothermal  synthesis [4-6] .  It has been shown that  the 
hydrated interlayer sodium ions o f  these materials can be exchanged by large 
a lky lammonium cations to form organic derivatives [5-7] .  These a lky lammonium 
derivatives o f  magadii te and kenyaite have been used as precursors for reaction of  
interlayer silanols by organosilanes [8]. 
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Fig. 1. 
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Co(sepulchrate )  3 + 

Schematic representation of the cobalt sepulchrate complex. 

Certain alkylammonium exchange forms of smectites show considerable promise 
as selective adsorbents for the removal of priority pollutants from contaminated 
ground waters [9, 10]. Similar adsorption properties might be expected for organo- 
cation exchange forms of layered silicates. However, in contrast to smectite clays, 
layered sodium silicates have a relatively high layer charge and are not easy to 
swell. The highly charged layers require highly charged cations to induce porosity. 
No examples of magadiite intercalated by a robust cation of charge 3 + or larger 
have been reported previously. 

In this work, we examine the possibility of preparing a pillared derivative of 
magadiite using a high charged cation of known dimension. The cation chosen for 
this purpose was cobalt sepulchrate, [Co(sep)] 3+, a highly stable cobalt cage 
complex derived from the capping of trisethylenediaminecobalt(III) cation [11]. The 
structure of this complex is illustrated in Figure 1. 

2. Experimental 

2.1. PREPARATION OF Na÷-MAGADIITE 

Synthetic Na+-magadiite was prepared by the reaction of NaOH and SiO2 under 
hydrothermal conditions according to a previously described method [4]. A suspen- 
sion of Davisil 62 SiO2 (12.0 g, 0.20 tool) in 60mL of 1.11 M NaOH (0.067 tool) 
was allowed to digest at 150°C for 46 hours in a Teflon-lined stainless steel bomb. 
The solid Na÷-magadiite reaction product was separated by centrifugation, washed 
twice with 200 mL of deionized water in order to remove excess NaOH and air 
dried at 40°C. 

2.2. PREPARATION OF Co(sep)C13 

The synthesis of (l,3,6,8,10,13,16,19-octaazabicyclo[6.6.6]eicosane)cobalt(III) chlo- 
ride, [Co(sep)]C13, was accomplished by using the method described by Creaser et  
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al. [11]. To a stirred suspension of [Co(en)3]C13"H20(18.0 g, 0.05 mol) and Li2CO3 
(25 g, 0.34 mol) in deionized H20 (125 mL) were added 37.9% aqueous formalde- 
hyde (550 mL, 7.5 mol) and 30% aqueous NH4OH (157.4 mL, 2.5 tool diluted to 
550 mL). The solutions were added separately by addition funnel over a period of 
3 h. The mixture was stirred for an additional 30 rain, and Li2CO 3 was filtered from 
the red solution. The pH of the filtrate was adjusted from 9 to 2.5 by the addition 
of concentrated HC104, and the LiC104 that formed was filtered from the solution. 
The filtrate was passed through a Dowex 50W-X8 column (100-200 mesh), and the 
column was washed with five liters of 0.2 M trisodium citrate. The resin was then 
washed with water and 1 M HC1 to remove Na ÷. The resultant orange Co(sep) 3+ 
cation was eluted from the column with 3 M HC1 ( ~ 4L). The orange solution was 
reduced to dryness on a rotoefaporator and recrystallized from water by the 
addition of acetone. Anal. Calcd. for: CoC12NsH30C13: Co, 13.05; C, 31.91; N, 
24.81; H, 6.69; C1, 23.54. Found: Co, 12.41; C, 30.76; N, 23.72; H, 6.96. 

2.3. Co(sep)3+-MAGADIITE REACTIONS 

Co(sep) 3+ exchange forms of magadiite were prepared by the addition of synthetic 
Na+-magadiite (0.50 g, 4.7 x 10 4 mol) in 10 mL of deionized water to Co(sep)C13 
(0.914 g, 2.02 x 10 -3 tool) in water (40 mL). Reaction mixtures were maintained 
either at 25°C for 72 h or at 100°C for 24 h. After each reaction period, the solid 
was centrifuged and reexchanged with 50 mL of fresh 0.04 M Co(sep)C13 solution. 
The exchange solutions were replaced up to four times. Each reaction product was 
recovered by centrifugation and washed with deionized water until the orange solid 
was C1- free. 

2.4. PHYSICAL MEASUREMENTS 

Basal spacings were determined from 001 X-ray reflections using a Rigaku Rotaflex 
diffractometer equipped with CuKc~ radiation. Samples were prepared by depositing 
a suspension of the washed solid on a glass microscope slide and allowing the 
suspension to air dry at 40°C. The extent of intercalation was followed after each 
exchange by measuring the change in basal spacing. 

29Si MAS NMR experiments were performed on a Varian 400 VXR solid state 
NMR spectrometer operated at 79.5 MHz. A Doty multinuclear MAS probe 
equipped with zirconia rotors was used for all measurements. 29Si spin lattice 
relaxation times were determined experimentally by inversion recovery experiments. 
The 298i relaxation time and 90 ° pulse width for Na-magadiite were found to be 280 
seconds and 5.8 #s, respectively. The Q3 and Q4 silicon environments exhibited 
relaxation times of 160 s and 280 s, respectively. A total of 12 scans were recorded 
for each sample. The sample spinning rate was approximately 5 kHz. A delay time 
five times as large as T1 for the Q4 sites was used in order to obtain quantitative 
results. 

Nitrogen adsorption isotherms at liquid nitrogen temperature were determined 
on a Quantachrome Quantasorb Jr. using ultrapure nitrogen. Helium was the 
carrier gas and all samples were outgassed at 120°C under flowing He for 12 h. 
Surface areas were determined using the BET equation and the t-plot method [ 12]. 
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FTIR spectra were obtained on an IBM IR44 spectrometer using the KBr 
pressed pellet technique. All pellets contained 2% sample by weight. 

Thermogravimetric analyses were performed using a Cahn TG  system 121 
analyzer. All samples were heated to 1000°C at a heating rate of 5°C/rain. 

3. Results and Discussion 

3.1. PREPARATION OF Na+-MAGADIITE 

Base hydrolysis of silica gel at 150°C under autogenus pressure produced a well 
crystallized Na+-magadiite product. The X-ray diffraction pattern for an air dried 
film sample, shown in Figure 2, exhibited 001 reflections corresponding to a basal 
spacing of 15.6 A. Despite the planar structure of Na+-magadiite and efforts to 
produce well oriented films, several hkl reflections with h v a k ¢ 0 were observed due 
to the rosette-like morphology of the aggregated platelets. The broad lump in the 
X-ray pattern centered near 20 degrees 20 (d = 4.43 A) may be indicative of a 
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Fig. 2. X-ray diffraction pattern (Cu-K~) of an oriented film sample of Na+-magadiite. 
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quasi-crystalline silica impurity. The peak positions for this synthetic product 
agreed closely with values reported previously for synthetic and natural magadiite 
[3, 13-15]. 

The sodium content of synthetic Na+-magadiite depended in part on the extent 
of hydrolysis that occurred during the washing procedure. Initial washes removed 
excess NaOH associated with the material. However, repeated washes leached Na-- 
cations from the interlayer and caused layer hydrolysis. The chemical composition 
of Na+-magadiite was obtained by combining the results of thermogravimetric 
analyses and chemical analyses. Air dried Na+-magadiite that had been well 
washed to remove excess NaOH (Figure 3a) lost 13% of its total weight as water 
below 200°C. An additional 1.6% was lost between 200-1000°C. The weight loss 
above 200°C was assigned to the dehydroxylation of SiOH groups. The combina- 
tion of Na20 content (4.98%) and weight loss provided an empirical composition 
for synthetic Na+-magadiite of Nal 7Si14027.9(OH)l.9"7.6 H20. These data agreed 
well with those put forth by Lagaly et aI. [7] and Garces et al. [14] that indicated 
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Fig. 3. Thermogravimetric analysis curves obtained under flowing argon for samples (A) Na+-magadi - 
ite, (B) Co(sep)3+-mag(25°C) and (C) Co(sep)3+-mag(100°C). 
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Table I. Chemical compositions of natural and synthetic magadiite 

Weight % (mole ratio) Mole ratio/14 Si 

Sample Na20 SiO 2 H20 Total Na Si H20 

Na+ magadiite, synthetic 6.58 75.8 15.5 97.88 2.35 14 10.9 
unwashed, this work (1.00) (11.9) (8.11) 

Na+magadiite, synthetic 4.98 80.2 14.6 99.78 1.69 14 8.5 
washed, this work (1.00) (16.6) (10.0) 

Na+magadiite, synthetic 5.58 74.9 18.2 98.68 2.02 14 11.3 
Lagaly (1975) (1.00) (13.4) (3.26) 

Na + magadiite, natural 5.6 77.4 15.2 98.2 2.13 14 9.2 
McAtee (1968) (1.00) (13.8) (2.71) 

Na+magadiite, synthetic 6.56 84.8 7.8 99.16 2.09 14 4.29 
Garces (1988) (1.00) (12.9) (1.19) 

Na+magadiite, synthetic 6.31 87.0 8.1 101.4 1.96 14 4.35 
Garces (1988) (1.00) (14.2) (4.42) 

an ideal unit cell of Na2Si14029-9H20. Other workers report compositions shown 
in Table 1 that vary between 2.13 and 1.96 sodium cations per 14 silicon atoms. 
The samples synthesized in this work (cf. Table 1) straddle these compositions, 
depending on post hydrothermal treatment of the product, especially the number 
of washings. The water content also varied dramatically depending on differences 
in drying conditions. The low sodium content of our washed product, 1.69 Na-- 
per 14 Si, was a direct result of hydrolysis caused by the extensive washing with 
water. 

3.2. REACTION WITH Co(sep) 3+ 

The basal spacings of the products obtained by ion exchange reaction of Co(sep) 3÷ 
with Na+-magadiite depended greatly on the reaction temperature. For reactions 
carried out at 25°C, there is little or no change in the basal spacing of the host 
material as shown by the XRD patterns in Figure 4. After three treatments with 
0.12 N Co(sep)  3+, the magadiite basal spacing increased slightly from an initial 
value of 15.6 ~ to ~ 15.9/~. The 001 peak became less symmetric with a possible 
shoulder developing on the low angle side of the diffraction peak, and the hkl 
reflections in the region 24-30 ° 20 decreased in intensity. 

The color of the reaction product obtained at 25°C was orange indicating that 
some Co complex was bound to the magadiite surface. Despite the change in 
diffraction pattern and the color change, it was unlikely that significant intercala- 
tion had occurred. The change in basal spacing was far too small to be directly 
attributed to intercalation of Co(sep)  3+. The change in hkl intensities in the 24-30 ° 
region most likely were due to breakdown in the rosette morphology of the 
magadiite as a result of prolonged stirring of the crystals during the exchange 
reaction. Multiple exchange reactions at 25°C most likely resulted in the Co(sep)  3+ 
being bound at the external surfaces of the crystals. Chemical analysis, to be 
presented below, verified this conclusion. 
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Fig. 4. X-ray diffraction patterns for oriented film samples of the reaction products obtained after 
successive exchange of Na+-magadiite with 0.12 N Co(sep)Cl 3 at 25°C. 

In contrast to the results obtained at 25°C, the successive treatments of Na+-ma - 
gadiite with fresh 0.12 N [Co(sep)]C13 solutions at 100°C resulted in the steady 
increase in the basal spacing from 15.6 ~, before exchange to 17.6 ~ after the 3rd 
exchange reaction, as shown in Figure 5. Further exchange did not result in 
additional expansion of the structure. The increase in basal spacing indicated 
intercalation of [Co(sep)] 3+ between the layers of magadiite. On the basis of an 
11.2 A thickness for magadiite in the absence of hydrated Na + ions, the observed 
spacing corresponded to a gallery height of ~ 6.4 ~. This value was in agreement 
with the gallery height reported for smectite clays pillared by Ir(diamsar) 3", an 
oval-shaped metal cage complex with dimensions similar to Co(sep) 3+ [16]. 

The compositions of the products obtained by ion exchange reaction of Na+-ma - 
gadiite with Co(sep) 3-- at 25°C and 100°C were deduced from TGA and chemical 
analysis. TGA curves for the reaction products produced at 25°C and 100°C, 
henceforth designated Co(sep) 3.._Mag(25oc) and Co(sep) ~'-Mag(100°C), respec- 
tively, are shown in Figure 3b and 3c. Included in the figure for comparison 
purposes are the TGA curves obtained for Na+-magadiite before exchange with 
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Fig. 5. X-ray diffraction patterns for oriented film samples of the reaction products obtained after 
successive exchange of Na+-magadiite with 0.12 N Co(sep)C13 at 100°C. 

Co(sep) 3+. The product produced at 25°C exhibited an initial weight loss of 
8.5 wt.-% between 20-200°C assigned to adsorbed H20. In addition, the 2.0 wt.-% 
loss from 200-350°C was attributed to dehydroxylation. Above 350°C the weight 
loss (4.5%) was assigned to the oxidation by air of the sepulchrate ligands of 
Co(sep) 3+. Elemental analyses, given in Table II, indicated a total of 4.4 wt.-% 
carbon and nitrogen, in good agreement with the TGA results. 

The product prepared at 100°C exhibited a weight loss of 8.0% below 350°C, 
which we assigned to the loss of H20 and hydroxyl groups. The additional 10% 
weight loss from 350-1000°C was probably due to the loss of sepulchrate ligand by 
desorption and/or oxidation. Elemental analyses for total carbon and nitrogen was 
(9.8 wt.-%) in close agreement with the 10% weight loss observed by TGA above 
350°C. 

On the basis of the data summarized in Table II for Co(sep)3+-Mag(25°C), 
there were approximately 0.18 cobalt atoms per Si14 unit. The N/Co molar ratio 
was 6.63, in reasonable agreement with the expected N/Co molar ratio of 8 for 
Co(sep) 3+. A substantially lower N/Co ratio of 4.1 was obtained for Co(sep) 3+-  
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Table II. Compositions (wt.-%) of products prepared by reaction of Na+-magadiite with 
Co(sep) 3+ at 25°C and 100°C 

Co(sep) 3+ Mag(25°C) Co(sep) 3+-Mag(100°C) 

Na20 6.1 0.3 
SiO 2 82.7 80.5 
Co 1.0 4.2 
C 2.7 5.6 
H 1.97 2.35 
N 1.6 4.2 
H20a 8.5 8.0 
Total 102.6 103.3 

Chemical A B 
formula 

A. Ho.46Na+o[Co(sep)]~.+sSi14029"l.l H20. 
B ,  2 +  3 +  ' Ho.loC00.36 [Co(sep)] o.39Sl14029.1.4 H20. 
aWeight loss below 200°C from TGA. 

Mag(100°C). The C/N molar ratio was 1.6, in close agreement with the expected 
C/N molar ratio of 1.5 for Co(sep) 3+. This suggested that Co(sep) 3+ cations and 
uncomplexed cobalt cations were present in this material. Cobalt(II), the most 
stable uncomplexed form of cobalt in aqueous solution, is known to form a blue 
complex with SCN in ethanolic solution [17]. The supernatant recovered after 
leaching Co(sep) 3+ Mag(100°C) with 6 M HC1 became deep blue when ethanolic 
KSCN was added, indicating the presence of Co(II). However, Co(sep) 3+- 
Mag(25°C), gave a negative SCN test for Co(II), indicating that essentially all the 
cobalt was bound as the Co(sep) 3+ complex. Thus, the composition of Co(sep) 3+- 
Mag(25°C) was consistent with Co(sep) 3+ present mainly at the external surfaces 
of the layered silicate. Whereas Co(sep)3+_Mag(100°C) was an authentic intercala- 
tion compound that contained a mixture of Co(sep) 3+ and uncomplexed Co(II), 
formed as a result of demetalation of Co(sep) 3+. 

The 29Si MAS NMR spectra for Na+-magadiite, Co(sep)3+-Mag(25°C) and 
Co(sep)3+-Mag(100°C) are shown in Figure 6. Na + magadiite exhibited two 
general Si environments, namely Q3 type HOSi(OSi)3 or Na+[OSi(OSi)3] sites and 
Q4 type Si(OSi)4 sites [2]. A single Q3 peak was centered at -99.8 ppm and three 
Q4 resonances occurred at - 110.7 ppm, - 111.7 ppm and - 114.2 ppm, respec- 
tively. The ratio of integral intensities for Na+-magadiite, Q3/Q4= 0.35, corre- 
sponded to 3.63 Q3 sites/Si~4. These data were in close agreement with the Q3/Si14 
ratio obtained from the analytical composition (Q3/Si~4 = 3.6). 

The Q3 and Q4 resonances in Co(sep)3+-Mag(25°C) exhibited chemical shifts 
similar to those found for Na+-magadiite, but the lines are somewhat broadened. 
For instance, the shoulder present at -110.7 ppm in Na+-magadiite was unre- 
solved in Co(sep) 3+-Mag(25°C) due to line broadening. The increase in linewidth 
was even more apparent in Co(sep)3+_Mag(100°C). The presence of paramagnetic 
Co 2+ in the latter product undoubtedly contributed to the spectral broadening. A 
comparison of relative integral intensities for the 29Si r e s o n a n c e s  indicated that the 
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Fig. 6. 29SiMagic Angle Spinning NMR spectra ~r(A) Na+-magadiite,(B) Co(sep) 3+ mag(25°C), 
and (C) Co(sep)3+-mag(100°C). 

Q3/Q4 ratio was very similar for Na+-magadii te  (Q3/Q4 =0.35),  Co(sep) 3 + -  
Mag(25°C) (Q3/Q4=0.27), and Co( sep )3+-Mag(100°C) (Q3 /Q4=0 .26 ) .  These 
data confirmed that the layer structure of  magadiite remained intact after intercala- 
tion of [Co(sep)] 3 +. Earlier workers have published Q 3/Q4 ratios for Na  +-magadi- 
ite that range from 0.25-1 [2, 15, 18]. However, a careful evaluation of the 
relaxation times for the various 29Si environments has not been undertaken until 
now. We have found that the spin-lattice relaxation times for the Q3 site is 160 s 
and ~ 280 s for the Q4 sites. The differences in Q3 and Q4 relaxation times can be 
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Fig. 7. Infrared spectra (2% w/w KBr pellet) of (A) Na+-magadiite, (B) Co(sep) 3+ mag(25°C), and 
(C) Co(sep) 3+ mag(100°C). 

attributed to the presence of H20  in the interlayer. The importance of 298i-]H 
dipolar relaxation via water molecules has been shown for other layered materials 
[19]. The close proximity of interlayer water to the Q3 29Si sites of Na+-magadiite 
allows for their relaxation via 29Si-lH dipolar relaxation and, in turn, reduces the 
relaxation time of the Q3 site greatly as compared to the Q4 site. 

Infrared spectra for Na+-magadiite and the Co(sep) 3+ reaction products are 
shown in Figure 7. The IR spectrum for Na+-magadiite, Figure 7(c), agreed well 
with those reported elsewhere [15,20]. The bands centered at 3500cm -~ and 
1650 cm ~ were assigned to the stretching and bending frequencies, respectively, of 
intercalated water. The bands from 1500-400cm 1 have been attributed to the 
stretching and bending frequencies of  the SiO 4 units that make up the layer. Garces 
et al. [15] have assigned the bands at about 1225 cm -1 to five membered rings of 
SiO 4 tetrahedra, which are known to be present in certain zeolites. 

The IR spectrum of Co(sep)3+_Mag(100oc) exhibited all the peaks characteris- 
tic of magadiite, along with peak absorptions from Co(sep) 3+. Weak broad IR 
bands at 3100 cm 1, 2960 cm l and 2850 cm 1 were assigned to the C - - H  stretch- 
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ing frequencies of the ligand. Also, a weak absorption at 1465 cm- 1 was character- 
istic of the C--H asymmetric bending modes of Co(sep) 3+. The characteristic 
magadiite absorptions in the 1500-400cm -1 region remained unchanged upon 
intercalation of Co(sep) 3+ cation, indicating that the layered structure was not 
changed during intercalation. 

Nitrogen adsorption isotherms over the partial pressure range of 0 < P/Po < 0.4 
were obtained at - 196°C for Na+-magadiite, and the Co(sep) 3+ reaction products. 
The data were treated using the BET equation [ 12] in order to obtain surface area 
values. The equivalent surfaces areas were determined from the BET monolayer 
volume Vm (BET), and the microporous volumes determined from the t-plots (see 
Table III). A very small microporous surface area, (7 m2/g), was observed for 
Co(sep)3+-Mag(25°C). The virtually non-existent microporosity was consistent 
with little or no Co(sep) 3+ intercalation for the reaction product obtained at 25°C. 
Somewhat more surprising was the low microporous surface area for Co(sep) 3÷- 
Mag(100°C), (8.7m2/g). Although Co(sep) 3÷ had been intercalated, apparently 
insufficient space was available to allow access to the nitrogen molecule (kinetic 
diameter 3.6 A). That is, the mixed Co(sep) 3+ and Co 2÷ intercalation product 
appeared to be 'stuffed' with little free volume between the metal complex pillars. 

Na+-magadiite is known to adopt a particle morphology composed of silicate 
layers intergrown to form spherical nodules resembling rosettes [15]. The proton 
exchange form of magadiite also has this characteristic particle morphology [7]. 
Scanning electron micrographs of the Co(sep) 3+ reaction products, shown in 
Figure 8b and 8c, revealed the same morphology as the starting Na+-magadiite, 
Figure 8a, except that the size of the rosettes were reduced by the attrition caused 
by vigorous stirring during reaction. This result indicated that the Co(sep) 3+ in 
Co(sep)3+-magadiite(100°C) was intercalated in a topotactic fashion. Close inspec- 
tion of the micrographs also indicated the absence of other crystalline phases. 

The demetalation of Co(sep) 3+ that occurred upon reaction of the complex with 
Na÷-magadiite at 100°C is particularly noteworthy. Sargeson and this coworkers 
have reported previously that it was not possible to remove the metal from the 
Co(III) complex [11]. Co(sep) 3+ is very stable and remains intact even after 
prolonged treatment in boiling 12 M HC1. Elemental analyses suggested that during 
the intercalation of Co(sep) 3+, one half of the metal centers were no longer 
complexed by the sepulchrate ligand. This was confirmed by qualitative analysis for 

Table III. Surface area analysis of intercalated derivatives 

Sample SBETm 2 g 1 gmCm 3 liq g - I  Nonmicroporous 
Surface m 2 g 

Na + -magadiite 24 0 24 
H + -magadiite 45 0 45 
Co(sep) 3+ Magadiite (25°C) 33 0.0025 24 

(Tm2g 1) 

Co(sep) 3 + -Magadiite (100°C) 57 0.0031 48 
(8.7 m 2 g 1) 
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(a) (b) 

(c) 
Fig. 8. Scanning electron micrographs at x 6000 and x 1500 magnification for (a) Na+-magadiite, (b) 
Co(sep)3+-mag(25°C), and (c) Co(sep)3"--mag(100°C). 
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Fig. 9. Proposed positions of Co(sep)3 + ions in the pleated folds of magadiite. Co 2 + cations are placed 
at the ridges which form between folds. Vertices of the magadiite layer represent silicon positions; 
oxygen positions are between adjacent silicon pairs. The fourth coordination position of silicon is not 
shown. 

Co(II). The stability of Co(sep)C13 was tested in basic solution under reaction 
conditions identical to those used to obtain the 100°C intercalation product. Under 
these conditions no Co(II) was detected using the S CN -  qualitative test. Demetala- 
tion seemed to be a direct result of the interaction of Co(sep)3 + with magadiite. It 
has been shown that treatment of Co(sep) 2+ with acid leads to release of Co(II) 
from the sepulchrate ligand [11], but an analogous reaction does not occur for the 
3 + cation. The mechanism of decomplexation on the magadiite surface may have 
involved reduction of the Co(sep) 3+ complex by water followed by rupture of the 
cage and release of Co(II). The oval shaped Co(sep) 3+ is oriented with its long axis 
parallel to the silicate sheet, as judged from the 6.4 A gallery height obtained by 
X-ray diffraction. Magadiite might facilitate the reduction of Co(sep)3+ by distort- 
ing the bicyclic complex in the intercalated state. 

The relatively sharp X-ray diffraction pattern observed for Co(sep)3+-magadi - 
ite(100°C) indicated that the material was regularly intercalated. That is, both the 
Co(sep) 3+ and Co 2+ cations appear to be mixed within each interlayer in a uniform 
manner. A previously proposed model structure for Na+-magadiite suggested that 
the magadiite layer has a corrugated surface [15]. A plausible arrangement in this 
case could involve placement of the larger Co(sep) 3+ cations between the pleated 
folds of the layer with the Co 2+ cations adopting positions at the ridges as 
illustrated in Figure 9. Confirmation of this structure will have to await future 
studies of the magadiite structure. 

4. Conclusions 

The reaction of Co(sep) 3+ with Na+-magadiite at 25°C resulted in a product that 
contained Co(sep) 3+ cations bound to the external crystallite surfaces of the 
layered silicate. In contrast, reaction at 100°C resulted in penetration of the metal 
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complex between the layers of magadiite. The magadiite structure was retained even 
after prolonged reaction with Co(sep) 3+ at 100°C. Moreover, the particle morphol- 
ogy for the Co(sep)3 + intercalated derivative was the same as the starting Na +-ma- 
gadiite suggesting a topotactic was the partial demetalation of Co(sep) 3+ which 
resulted in a mixed ion intercalate containing both Co 2+ and Co(sep) 3+ between 
the layers. N 2 surface area analysis indicated that only a small amount of micropo- 
rous surface existed in the Co(sep) 3+ intercalated derivative, indicating that most of 
the interlayer space was stuffed with little or no available microporosity between 
pillars. Thus, Co(sep) 3+ is not suitable for the pillaring of  magadiite, even though 
this cation has been successfully used previously as a pillaring agent for related 
ionic structures such as smectite clays [16]. In the case of the layered sodium 
silicates it seems that pillaring is difficult to achieve by direct ionic exchange. Future 
work will focus in part on the use of  robust organic cation intercalated derivatives 
of magadiite for accessing the intracrystalline space of magadiite by organic 
molecules from aqueous solution. 
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