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Figure 4. Packing model for alkyl chains in M(03PC,H2,,).H20. The 
angle between the P-C bond and the c axis (83’) is taken from the 
Mn(O3PC6H&H20 structure. The tilt angle 7 is the angle between the 
c axis and the alkyl chain axis. 

are added to the chain. From the angle between the P-C bond 
and the ac plane in Mn(O3PC6H5).H20 (82.7’) and an average 
C-C-C bond angleZZ of 11 1-1 12O, we anticipate an “ideal” tilt 
angle 7, the angle between the chain axis and the ac plane, of 
approximately 49O. From the C-C single bond distance (1.53 
A) we calculate an average increase in b of 1.91 A per carbon 
atom added to the chain. Experimentally, we observe in the Mg 
series A b / h  = 1.78 A for Cl-C3 and 1.99 for C4-CI2, implying 
tilt angles of 45 and 52O, respectively. That the tilt angle is smaller 
for Cl-C3 than for C4-C12 follows from a packing model shown 

(22) (a) Wyckoff, R. W. G. Crystal Structures; Wiley-Interscience: New 
York, 1966; Vol. 5 ,  pp 589-612. (b) Kitaigorodskii, A. I. Molecular 
Crystals and Molecules; Academic: New York, 1973; pp 48-62. 
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in Figure 4. The nth carbon atom in a given chain makes closest 
contact with the n + 3 carbon in a neighboring chain (related by 
a c axis translation). For C1-C3 there is no n + 3 carbon, and 
the smaller tilt angle allows more efficient packing of the alkyl 
groups. 

For CZ4, the avoided n, n + 3 contacts cause the tilt angle to 
increase. Even with the higher tilt angle, unreasonably close (C3.0 
A) C,, Cn+3 contacts are calculated if all carbon atoms are forced 
to lie in the mirror (bc) planes. There is, however, sufficient room 
in the structure for the chains to twist out of these planes via 
rotation about P-C and C-C bonds: the chain width22 perpen- 
dicular to the bc plane is ca. 4.0 A, but the a axis spacing (the 
separation distance between chains) is 5.7 A. It is reasonable that 
the chains might twist alternately above and below the mirror 
planes, while maintaining an approximately all-trans configuration, 
as shown in Figure 4. Calculations of alkyl chain densityZ3 for 
Mg(03PR) -H20  give an average value of 0.85 g/cm3. This is 
comparable to the densities of crystalline n-alkanes, e.g. CH3(C- 
H2),,CH3 (0.78 g/cm3), CH3(CH2)20CH3 (0.79 g/cm3), and 
CH3(CH2),,CH3 (0.96 g/cm3), and suggests that the chains are 
packed reasonably efficiently despite the long (5.7 A) separation 
distance between them along the a axis. 
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The formation process of the layered silicic acid H-magadiite, obtained after hydrochloric acid treatment of magadiite, has been 
studied by IR and (’H and 23Na) NMR spectroscopies combined with X-ray diffraction, chemical, and thermogravimetric analyses. 
This study shows that magadiite is a hydrogen silicate of layer structure, in which the negative charge of the layers is compensated 
by sodium ions or by protons (Si-O-Na+/Si-OH ratio -2/3). The progressive exchange of sodium ions by protons decreases 
the average H-H distance between OH groups from -4 8, in magadiite to -2.5 8, in H-magadiite. When all the sodium ions 
have been exchanged, the silicic structure collapses as a consequence of the establishment of hydrogen bonds between adjacent 
layers. These interactions prevent the interlayer water adsorption in H-magadiite. 

Introduction 
The mineral magadiite, first described by Eugster’ as a sodium 

layered silicate, is available as a powder with an average particle 
size of 1-2 km and can be easily synthesized under hydrothermal 
 condition^.^^^ By acid treatment, sodium ions are exchanged by 
protons, yielding the layered silicic acid called H-magadiite in 
a topotactic process. Although the crystalline structures of both 
magadiite and H-magadiite are unknown at the present, ?Si NMR 
spectroscopy has allowed us to identify two types of Si04 tet- 

(1)  Eugster, H. P. Science (Washington, 0.0 1967, 157, 1177. 
(2) McCulloch, L. J .  Am. Chem. SOC. 1952, 74, 2453. 
(3) Lagaly, G.; Beneke, K.; Weiss, A. Proc. Int .  Clay Conf., 1972, 1972, 

663. 

rahedra:4,5 those within the layers sharing four oxygens with 
neighboring Si04  tetrahedra and those located at the interlamellar 
surface that share three oxygens with other tetrahedra and bear 
one O H  group. Silanol groups in H-magadiite have been char- 
acterized by IR and ‘H N M R  spectroscopies, showing two types 
of OH groups: those that are involved in relatively strong hydrogen 
bonds between adjacent layers and those more free, probably 
pointing to holes of the next layers6 The two types of O H  groups 

(4) Rojo, J. M.; Sanz, J.; Ruiz-Hitzky, E.; Serratosa, J. M. Z .  Anorg. Aflg. 
Chem. 1986, 5401541, 227. 

(5 )  Pinnavaia, T. J.; Johnson, I. D.; Lipsicas, M. J .  Solid State Chem. 1986, 
63, 118. 

(6) Rojo, J .  M.; Ruiz-Hitzky, E.; Sanz, J.; Serratosa, J. M. Reu. Chim. 
Miner. 1983, 20, 807. 
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Figure 1. Titration curve of magadiite with a 0.01 N HCI solution. pH 
is plotted versus amount of acid added to a suspension of 70 mg of 
magadiite in 10 mL of water. 

are located in the interlayer space and are involved in the in- 
terlamellar adsorption of organic molecules' and in the intra- 
crystalline grafting reactions of o r g a n ~ s i l a n e s . ~ ~ ~  

The aim of this work is to analyze by IR and (23Na and 'H) 
NMR spectroscopies the formation process of the silicic acid 
H-magadiite. In particular, we have studied the evolution of the 
different types of OH groups and sodium ions present in the 
interlayer space of magadiite during the acid treatment of this 
silicate. 
Experimental Section 

The magadiite used in this work is a natural sample from Trinity 
County, CA. The titration curve of magadiite has been obtained by using 
an automatic buret coupled to a Radiometer Copenhagen RTS 822 pH 
meter. About 70 mg of silicate was dispersed in 10 mL of water and 
titrated under continuous stirring at 25 OC with a 0.01 N HCl solution. 
The sodium content of the samples was determined by extraction of Na' 
ions with diluted HC1 and analysis of the corresponding solutions with 
an Eppendorf flame spectrophotometer. The SiOz content was deter- 
mined by conventional chemical analysis (gravimetric and atomic ab- 
sorption methods). Thermogravimetric curves were obtained with a 
Mettler instrument, at a heating rate of 10 OC/min. 

X-ray diffractograms were obtained with a Philips Model PW 1010 
instrument equipped with a Cu anode and Ni filter. The scanning rate 
was 1°/min for 3 < 28 < 60'. The samples were examined as self- 
supporting oriented films. 

IR spectra were recorded on a Perkin-Elmer Model 580B double-beam 
spectrophotometer coupled to a PE M-3500 data station. Samples (films 
of thin wafers of approximately 2 mg/cm2) were examined in a typical 
vacuum cell with CaF, windows in order to prevent the rehydration of 
the samples during the thermal treatments. 

Pulse 'H NMR spectra were obtained in an SXP 4/100 Bruker in- 
strument using a working frequency of 70 MHz. NMR data were pro- 
cessed on an Aspect 2000 computer equipped with a suitable fast Fourier 
system that allowed by successive accumulations a signal/noise ratio 
better than 30. The samples were formed by superimposing individual 
plaques from oriented aggregated films on the interior of a square-section 
Pyrex cell designed to conserve the degree of hydration. This procedure 
allowed the sample orientation to be changed relative to the external 
magnetic field. High-resolution ,)Na MAS NMR spectra were recorded 
at 105.8 MHz with a Bruker MSL 400 spectrometer. The spinning 
frequency of the samples was 4.8 kHz. A diluted aqueous solution of 
NaCl was used as an external reference. Cross polarization and proton 
decoupling were not used. A time interval of 2 s between successive 
accumulations was selected to avoid saturation effects. Accumulations 

(7)  Rojo, J. M.; Ruiz-Hitzky, E. J .  Chim. Phys. Phys.-Chim. B i d .  1984, 
81, 625. 

(8) Ruiz-Hitzky, E.; Rojo, J. M. Nature (London) 1980, 287, 28. 
(9) Ruiz-Hitzky, E.; Rojo, J. M.; Lagaly, G. ColloidPolym. Sci. 1985, 263, 
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Figure 2. 23Na NMR spectra of samples A (magadiite), B, and C (as- 
terisks, indicate spinning sidebands). 

amounted to 100 fid's. All spectra were recorded at room temperature. 
Results 

Titration Curve. The titration curve of magadiite with hy- 
drochloric acid (Figure 1) is similar to that described by Lagaly,lo 
showing two different steps: one in which the p H  dispersion 
changes from 9.8 to -7 and other in which it changes from -7 
to 2.5. Samples A and D in Figure 1 are magadiite and H-ma- 
gadiite, respectively, while B and C correspond to intermediate 
stages of the titration process. The four samples have been studied 
by IR and NMR spectroscopies; 23Na NMR spectroscopy makes 
it possible to identify different kinds of sodium in magadiite, and 
IH NMR and IR spectroscopies make it possible to follow the 
formation of new OH groups. 

NMR Spectroscopy. (a) 23Na NMR spectra of samples A, B, 
and C are represented in Figure 2 .  The spectrum of sample A 
shows two signals, of different intensity, a t  +6.7 and -1.8 ppm. 
The first signal is not observed in the spectrum of sample B, Le. 
when the pH dispersion is -7. The frequency of the second signal 
does not appreciably change in the three spectra, but the intensity 
progressively decreases upon going from sample A to C. This 
signal disappears from the spectrum in sample D. The sodium 
content of the silicate, during the acid treatment, was deduced 
from the total intensity of the spectrum in each sample. 

(b) The evolution of 'H NMR spectra corresponding to the four 
samples heated a t  different temperatures is shown in Figure 3. 
The spectra of samples A, B, and C, recorded at  20 O C  when the 
sample plaques are disposed perpendicular to the magnetic field, 
present a single signal with a full width at  half-maximum (fwhm) 
of 0.4 G. When these samples are heated at  110 "C, the intensity 
of the signal centered at  the resonance frequency decreases and 
two doublets with component separations of 6 and 3 G are ob- 
served. These doublets are eliminated in the range 110-300 "C, 
first the 6-G doublet (110-170 "C) and then the 3-G doublet 
(1 70-300 "C). The dehydration of these samples is accompanied 
by a decrease in the basal spacing from 15.5 to 11.4 A, which is 
attributed to the elimination of water molecules adsorbed in the 

(10) Lagaly, G .  Adl;. Colloid Interface Sci. 1979, I!, 105 
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Figure 3. ' H  NMR spectra of samples A (magadiite), B, C, and D 
(H-magadiite) treated a t  increasing temperatures. 

interlayer space. On the contrary, in sample D, the same thermal 
treatment does not affect the basal spacing (1 1.2 A) and the IH 
N M R  spectra show exclusively the elimination of a narrow com- 
ponent centered at  the resonance frequency, which corresponds 
to water adsorbed at  the external surface of this compound. 

The evolution of the spectra as a function of the sample ori- 
entation with respect to the external magnetic field made it 
possible" to assign the two doublets to two types of water mol- 
ecules. The separation of the doublet at 6 G (type I) decreases 
to 3 G ,  overlapping with the 3-G doublet (type 11), when the 
magnetic field changes from a perpendicular to a parallel orien- 
tation with respect to the sample plaques. The 3-G doublet is not 
sensitive to the magnetic field orientation. 

N M R  spectra of the samples heated at 300 "C, i.e. when the 
adsorbed water has been completely eliminated, show only one 
signal assigned to OH groups, whose intensity increases from 
samples A to D. The signal of sample D consists of two com- 
ponents centered at  the resonance frequency, one whose fwhm 
is 0.7 G and other whose intensity is greater, with a fwhm of 5.1 
G, which is not present in the spectra of samples A, B, and C. 
When the four samples are heated between 300 and 500 "C, a 
decrease in intensity of the 'H N M R  signals is observed due to 
the partial condensation of OH groups. These signals are elim- 
inated in the range between 500 and 1000 O C .  

IR Spectroscopy. Infrared spectra of the samples heated at 
increasing temperatures are shown in Figure 4. The spectra of 
samples A, B, and C at  20 O C  show different bands in the 
4000-2500-cm-' region (stretching vibrations vOH) and two bands 
a t  1670 and 1630 cm-' (bending vibrations bH+H) assigned to 
two types of water in the silicate. The thermal treatment produces 
the elimination at different temperatures of both bands. However, 
the continuous and similar decrease of all the bands in the 
4000-2500-~m-~ region precludes the identification of the 
stretching bands associated with the two different types of water. 

(11) Rojo, J.  M. Ph.D. Thesis, University Complutense Madrid, 1983. 
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Figure 4. IR spectra of samples A (magadiite), B, C, and D (H-maga- 
diite) treated at  increasing temperatures. The spectra labeled as RS are 
those of the rehydrated samples after heating at  500 O C .  

The comparison of the spectra of the four dehydrated samples 
(200 "C) affords information about the evolution of the OH groups 
in the interlayer space of magadiite during the acid treatment. 
Thus, the spectrum of magadiite presents two bands at 3660-3610 
and 3490 cm-] and an additional broad band centered at 3000 
cm-'; this band is narrowed and shifted toward higher frequencies 
(3180 cm-]) by acid treatment (Figure 4B). The spectrum of 
sample C shows new bands at  3380 and 3280-3250 cm-I, typical 
of the silicic acid H-magadiite, which become narrower and more 
intense in the spectrum of sample D. 

When samples A, B, and C are heated between 200 and 500 
"C, the bands at lower frequencies (3400-3000-cm-' region) are 
eliminated, and an increase in intensity of the bands at 3660 and 
3490 cm-' is observed. In sample D, the same thermal treatment 
produces the elimination of the low-frequency bands (3380, 3280, 
and 3180 cm-I); however, the intensity of the higher frequency 
bands (3660 and 3490 cm-I) is almost unaffected. 

On the other hand, the spectrum of sample A, when it is heated 
at  500 "C and subsequently exposed to the atmosphere, shows 
two bands at 1630 and 1650 cm-I, which are assigned to water 
readsorbed in the silicate, and a new band at  1450 cm-', which 
is assigned to asymmetric stretching vibrations of carbonate ions.12 
The intensity of this band decreases with the previous acid 
treatment of the sample, disappearing from the spectrum of sample 
C. 

XRD and TG Analysis. Figure 5 shows the X-ray diffracto- 
grams of the four samples. The X-ray diffraction pattern of 
sample B is similar to that of magadiite (sample A), and in both 
cases the basal spacing is 15.5 A. The diffractogram of sample 

(12) Farmer, V. C. The Infrared Spectra of Minerals; Mineralogical Society: 
London, 1974. 
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Figure 5. X-ray diffraction patterns obtained on self-supporting oriented 
films of samples A, B, C,  and D. The peaks have been assigned according 
to Brindley.'* 

C shows peaks characteristic of samples A and D; moreover, some 
disorder in the stacking of individual layers of silicate is detected, 
as indicated by the peak broadening in the X-ray diffraction 
pattern. When the silicic acid is formed (sample D), the basal 
spacing becomes 11.2 A. 

Thermogravimetric curves of the samples are shown in Figure 
6. The weight losses in the ranges 20-250 and 250-1000 "C are 
due to the elimination of water and OH groups, respectively. The 
amount of water retained by the silicate decreases slowly from 
samples A to C, being very low in the case of sample D. The 
quantity of O H  groups lost increases upon going from sample A 
to D. A change of slope between 350 and 550 "C is observed in 
the curves of samples B, C, and D, indicating that the dehy- 
droxylation process occurs in two steps: the first one corresponding 
to the condensation of OH groups assigned in the IR spectra to 
uOH bands at low frequencies (3400-3000 cm-I) and the second 
corresponding to O H  groups that give stretching bands at higher 
frequencies (above 3400 cm-I). In the case of sample A, the 
differentiation between both dehydroxylation steps is not clear. 
Discussion 

The X-ray diffractogram of magadiite obtained from H-ma- 
gadiite treated with a diluted solution of sodium hydroxide co- 
incides with that of the starting natural silicate, showing that the 
moderate acidic or basic treatment of magadiite and H-magadiite, 
respectively, does not alter the structure of the silicic layers. This 
fact is confirmed by 29Si N M R  spectra5 of magadiite and H- 
magadiite, in which the two signals, assigned to Si surrounded 
by 4 Si and Si surrounded by 3 Si and 1 Na' or 1 OH, have the 
same intensity ratio. 

The titration of magadiite with diluted hydrochloric acid is not 
a simple process since it occurs in two different steps. The first 
one, in which the pH dispersion changes from 9.8 to -7, should 
be associated with the neutralization of an excess of sodium hy- 
droxide adsorbed in the silicate, and the second step, in which the 
pH changes from -7 to 2.5, with the exchange of sodium ions 
by protons in the structure. 

This interpretation is supported by IR and NMR spectroscopies. 
Thus, the signal at 6.7 ppm in the 23Na NMR spectrum of sample 
A (Figure 2), assigned to Na+ of sodium hydroxide, disappears 
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Table I. Chemical Composition of Samples A, B, C ,  and D and Relative Sodium Content (%) Deduced from 23Na NMR Spectroscopy and 
Conventional Chemical Analysis 

Z3Na NMR chem anal. chem formula sample 
A (magadiite) H3.1Na2.ISf14030.6 0.25NaOH 8.4HTO 100 100 
B H3.5Na1.7S114030.6 
C H4.1Nal.lSi14030.6 
D (H-magadiite) H5.2S114030.6 

T i  -! 

v magadiite 
- L A  

1 1 2 A  

u 
H H-magadiite 
- 2 5 A  

Figure 7. Schematic representation of the interlayer space of magadiite 
and H-magadiite. 

alkali which favors the adsorption of an additional 
amount of these species. However, the coexistence of weakly acidic 
silanol groups and sodium hydroxide can only be explained by 
the difficulty in transforming all the Si-OH in SiO-Na+ 
 group^.'^*'^ This fact also explains why magadiite is a hydrogen 
silicate, similar to other layer silicates reported in the literature.'5,'6 
However, the model of interlayer space here presented is different 
from those proposed by other authors: Eugster' considers that 
magadiite is composed of alternating sodium hydroxide and silica 
sheets, and Lagaly et al." suggest that the negative charge of the 
layers is compensated by sodium and do not consider the existence 
of silanol groups in this silicate. In sample B, the sodium hydroxide 
is mostly neutralized and only a few new Si-OH groups are 
formed. 

In the first plateau of the titration curve, where the pH dis- 
persion is almost constant (pH -7),  new silanol groups are 
produced as a consequence of the exchange of sodium ions by 
protons: 

H,Ot 
ESi-O-Na+ - E S i + H  

Thus, the intensity of the signal a t  -1.8 ppm, assigned to sodium 
of Si-O-Na' groups, progressively decreases in the 23Na N M R  
spectra of samples B and C (Figure 2), while the intensity of the 
'H N M R  signal, due to OH groups, increases upon going from 
samples B to C and C to D (Figure 3). In addition, the IR 
spectrum of dehydrated sample C shows new stretching uOH bands 
at 3380, 3280-3250, and 3180 cm-', characteristic of silanol groups 

(13) Heston, W. M.; Iler, R. K.; Sears, G. W. J .  Phys. Chem. 1960, 64, 147. 
(14) Allen, L. H.; Matijevic, E. J .  Colloid Interface Sci. 1969, 31, 287. 
( 1  5 )  Le Bihan, M. T.; Kalt, A.; Wey, R. Bull. Soc. Fr. Mineral. Cristallogr. 

1971, 94, 15. 
(16) Johan, 2.; Maglione, G. F. Bull. SOC. Fr. Mineral. Cristallogr. 1972, 

95, 371. 
(17) Lagaly, G.; Beneke, K.; Weiss, A. Am. Mineral. 1975, 60, 642. 
(18) Brindley, G. W. Am. Mineral. 1969, 54, 1583. 

7.6H;O 69 73 

0.8H20 0 0 
5.9H20 39 46 

of the silicic acid H-magadiite (Figure 4). In sample C, where 
sodium ions have been partially exchanged by protons, the X-ray 
diffractogram shows typical peaks for magadiite and H-magadiite, 
indicating the coexistence of the two phases. When all the sodium 
ions have been exchanged by protons, the pH dispersion reaches 
the value of the hydrochloric acid solution used in the titration 
process. 

The progressive exchange of sodium ions by protons produces 
a continuous elimination of the two doublets detected by 'H NMR 
spectroscopy and associated with interlayer water coordinated to 
sodium ions. This fact shows that these ions are mainly responsible 
for the presence of water in the interlamellar space. In the case 
of sample D, in which all the sodium ions have been exchanged 
by protons, the basal spacing decreases to 11.2 8, and water is 
exclusively adsorbed at the external surface of H-magadiite. 

During the acid treatment, the quantity of OH groups located 
in the interlayer surface increases, and when it becomes high 
enough (sample D), the structure spontaneously collapses, which 
indicates that the O H  groups have more tendency to establish 
hydrogen bonds with oxygens of the next layers than with water 
molecules. The decrease of the basal spacing from 15.5 to 1 1.2 
A produces (Figure 7) a clear differentiation of the silanol groups 
in two types: one more free (OH,) , probably pointing to holes 
defined by tetrahedral rings of the next layers, and the other one 
(OH,) involved in relatively strong hydrogen bonds between 
adjacent layers, which are responsible for the interlamellar co- 
hesion. In agreement with this interpretation, the IR spectrum 
of sample D shows bands at  3660-3640 and 3490 cm-I, which 
have been assigned6 to stretching uOH vibrations of OHA groups, 
and bands at  3380, 3280, and 3180 cm-I, due to OHB groups. 

Contrary to the case of H-magadiite obtained from natural 
silicate, the layer silicic acid prepared from a synthetic magadiite 
retains an appreciable amount of water. The basal spacing ( d ,  
= 13.2 A) corresponds to the presence of a monolayer of water 
molecules in the interlamellar space of this compound. The ob- 
served difference proves that the interlamellar cohesion, derived 
from the establishment of hydrogen bonds between adjacent layers, 
is weaker in the synthetic silicic acid. This is confirmed by IR 
spectroscopy;6 the stretching uOH band assigned to hydrogen- 
bonded OHB groups of this sample is detected at higher frequency 
(3440 cm-I) than in the case of silicic acid obtained from the 
natural silicate. These facts show that the two silicic acids are 
different, probably due to a poorer crystallinity of the synthetic 
material. In this way, data from the 29Si NMR spectra4s5 suggest 
that the condensation degree of SiO, tetrahedra within the layers 
is different in both silicic acids. 

From the analysis of the second moment of the 'H NMR signal, 
the average H-H distances between neighboring protons can be 
deduced.6 This method demonstrates a decrease of the distances 
between O H  groups from -4 A in sample A to -2.5 A in sample 
D. Taking into account that the surface density of O H  groups 
in sample D is -3.5 OH/100 A2, as deduced from the O H  content 
and the interlayer surface area," we calculate that the average 
H-H distance between nearest neighboring protons should be 4.6 
%, for a homogeneous distribution of OH groups. As the value 
deduced from the 'H  N M R  signal is -2.5 A, it is evident that 
O H  groups must be preferentially distributed in certain directions 
of the interlamellar surface. Moreover, not having each Si04 
tetrahedron with more than one OH group4 requires that H-H 
distances smaller than 3 A must be necessarily between OH groups 
belonging to superimposing tetrahedra of adjacent layers. 

Finally, the quantity and distribution of interlayer O H  groups 
have a significant influence on the adsorption properties of the 
thermally treated samples. Thus, when sample D is heated be- 
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tween 200 and 500 OC, OHB groups are mostly eliminated, giving 
Si-0-Si bridges between layers, which prevent interlayer re- 
hydration and sorption of organic molecules.6 In sample C, in 
which the amount of OH groups is lower than in sample D, the 
capability of rehydration is higher. However, the same thermal 
treatment of samples A and B does not preclude the subsequent 
interlayer rehydration and carbonation (basal spacing 14.2 A), 
as deduced from infrared and X-ray data. Therefore, it is clear 
that the interlayer sodium hinders the formation of Si-0-Si 
bridges between silanol groups of adjacent layers, during the 
thermal treatment of the samples. 
Conclusions 

Magadiite is a sodium hydrated hydrogen silicate of lamellar 
structure that has an excess of sodium hydroxide adsorbed to it. 
The layers are built up by condensation of two silica tetrahedral 
 sheet^,^^^ and the negative charge of the S O 4  tetrahedra pointing 
out of the layer is compensated by sodium ions or by protons, which 
give silanol groups. The relative proportion of these Si-O-Na' 
and Si-OH groups is approximately 2/3. 

The acid treatment of magadiite produces first the neutrali- 
zation of adsorbed sodium hydroxide and then the exchange of 
sodium by protons, yielding new Si-OH groups. This treatment 
increases the interlayer surface density of silanol groups, and the 
average H-H distances between these groups decrease from -4 
A in magadiite to -2.5 A in H-magadiite. When the silicic acid 
H-magadiite is obtained, the structure collapses, producing a clear 
differentiation of the O H  groups in two types: those involved in 
hydrogen bonding between adjacent layers and those that do not 
interact with the tetrahedral sheet of contiguous layers. 

Finally, it is worthwhile to note that silanol groups with both 
characteristics, short H-H distances and participation in relatively 
strong hydrogen bonds, have never been observed in amorphous 
silica and are the consequence of an ordered arrangement of the 
adjacent layers in the silicic acid H-magadiite. 
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Reaction of M 0 2 -  (M = Mo, W) with [(CH3)2(CH3(CH2)7)Si]2Se provides a new synthetic route to the tetraselenometalates 
MSez-. Reaction of MSe2- with See, SeS2, or Se4(NCSHlo)2 affords the MQ(Se4)2- ion with Q = Se, S, or 0, respectively. 77Se 
NMR studies of this system confirm the general assignment trends of terminal Se (>1200 ppm), "metal bound" Se (1200-600 
ppm), and ring Se (<600 ppm). The M = Mo series resonates at lower field than does the M = W series. These trends are in 
agreement with those seen in I7O and previous 77Se NMR studies. The compound [NEt,],[MoO(Se,),] crystallizes in the 
monoclinic space group P2, /c  with a = 9.287 (2) A, b = 17.132 (4) A, c = 18.353 (4) A, f l  = 97.38 (l)', and Z = 4. The 
MoO(Se4)2- ion shows square-pyramidal coordination of the MoIV center by the apical 0 atom and the two bidentate Sez- units. 
[PPh,],[WS(Se,),] crystallizes in the monoclinic space group P21/a  with a = 18.366 (7) A, b = 12.873 (6) A, c = 20.666 (8) 
A, B = 100.74 (l)', and Z = 4. WS(Se4):- is structurally analogous to MoO(Se4)?-. All of the MSe4 (M = Mo, W) rings exhibit 
conformations similar to that of cyclopentane. 

Introduction 
The relatively rare soluble transition-metal selenide anions 

(M,Sey2-) that are currently known in some instances have no 
direct counterparts among the more common sulfide anions. Those 
that are analogous to known sulfides include M O S ~ ~ ~ - '  (vs 

WSe42-3 (vs WSt-2), Fe2Sel?-4 (vs FezS12-4), W3Sq2- 
and W,0Se82-5 (vs W3Sg2- and W30S2-6), and the unsymmetrical 
isomer of W2SeIo2- 5,7 ( (Se2)(Se) W(pSe)zW(Se)(Se4)z-) (vs 
W2S,02-8). Those with no known sulfide analogues include 
W2Seg2-, 5 9 7  symmetrical W 2Se (( Se,) (Se) W ( p S e )  W (Se)- 
(Se3)z-),5,7 and V2Se132-.9 Routes to the Mo and W selenides begin 
with the M o S ~ ~ ~ - '  or WSe42-3 species, and these in turn were 
originally prepared from reactions of MOO, or WO, in concen- 

Muller, A.; Krebs, B.; Diemann, E. Angew. Chem., Int. Ed. Engl. 1967, 
6, 257-258. 
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2740-2741. 
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trated aqueous ammonia solution with excess H2Se. As the use 
of excess H2Se is both expensive and dangerous, we have developed 
an alternative synthesis of these MSe42- (M = Mo, W) ions. This 
involves the use of bis(dimethyloctylsily1) selenide ( ( d m o ~ ) ~ S e )  
as the source of selenium in place of HzSe. We describe this 
alternative synthesis here. 

The ions MQ(S4)," [Q = 0, S; M = Mo (n = 2),1° Re (n = 
l )"]  are known. Here we describe the synthesis and charac- 
terization of the ions M O Q ( S ~ ~ ) ~ ~ -  and WQ(Se4)z2- (Q = 0, S, 
Se), starting from the MSet -  ions. While these Mo selenides are 
directly analogous to their sulfur counterparts, the W selenides 
have no known corresponding sulfide analogues. 
Experimental Section 

All solvents and reagents were used as obtained. Reactions were 
routinely carried out with the use of standard Schlenk-line procedures 
under an atmosphere of dry dinitrogen. Microanalyses were performed 
by Galbraith Laboratories, Inc., Knoxville, TN, or by Analytical Labo- 
ratories, Engelskirchen, FRG. Na2MoO4-2H20, [NH4],[W04], and 
(CH,)z(CH3(CH2)7)SiCI were purchased from Aldrich Chemical Co., 
Milwaukee, WI. LizSe was prepared by the method of Gladysz et al.,Iz 
and Se,(NC5Hlo)z and red selenium (See) were prepared by the method 
of Foss and J a n i c k i ~ . ' ~  
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