Synthesis and thermal decomposition of organosilicon hexamine cobalt-containing
xerogels
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The treatment of 3-aminopropyltriethoxysilane (APTES) with Co,(CO)g resulted in hexa(3-aminopropyltriethoxysilane)cobalt(ll)
bis(tetracarbonylcobaltate) 1, the co-hydrolysis of which with APTES, tetraethoxysilane, MeSi(OMe), and HO(Me,SiO),OH
afforded cobalt-containing xerogels or transparent films.

Organosilicon gels are produced by hydrolysis of alkoxide pre-
cursors or alkali metal organosilicated Transparent aerogéfs 12 (EtO}SIiCH,CH,CH,NH, + 3Cg,(CO); —>

and monolithic glasséxan also be obtained. A sol-gel silica 2{[(EtO)3SICH,CH,CH,NH;]¢Co}{Co(CO),l, + 8CO
host matrix is an excellent medium for organic non-linear optical

materials, which improves their optical transparency and me- !
chanical strength and protects the dopant from harmful environ- ag. EtOH :

ments. Indeed, transparent silica glasses containing transition ! {10 1AEtO) SICH,CHCHNH,I,CONCO(COML,
metal atoms are the most promising versatile materials possessing

useful electrical, magnetic and optical properti@sSupported- 1+ (RO)SIR aq. EtoH
metal porous materials are of interest to heterogeneous catalysis.
Transition metal-containing inorganic—organometallic hybrid ma-

2

[(O4 sSICH,CH,CH,NH,)¢Co][Co(CO)5(O; sSiR),

terials were described previousiy.® Here, we consider novel 3a R = CHCH,CH,NH,, n = 4 5R=Men=6
hexamine cobalt-containing silica glasses and powders prepared 3h R= CH20H20H2NH2: n=6 6 R=Phn=6
by the sol-gel method. The method is based on a homomolecular 3¢ R = CH,CH,CH,NH,, n=12
disproportionation reaction of dicobalt octacarbonyl with 3-amino- 4aR=Qy;n=12 R = Me, Et
propyltriethoxysilane (APTES) giving hexa(3-aminopropyltri- 4b R=0y5n=30

ethoxysilane)cobalt( bis(tetracarbonylcobaltaté)which was
co-hydrolysed with an excess of APTES, tetraethoxysilane
(TEOS), MeSi(OMej or PhSi(OMe) (Scheme 1j. porous gels4a and4b). Xerogels5 and6 are transparent brown

Complex1 is an oxygen- and moisture-sensitive red liquid glasses; the gelation occurred after 12—15 h.
soluble in benzene, diethyl ether, CHGInd THF and sparingly The preparation of complek at atmospheric pressure of
soluble in hexane. Satisfactory elemental analysis f@ @ argon was accompanied by the evolution of only 0.8 mol of CO
complex1 was obtained by the N& precipitation methotl. instead of 8 mol expected (Scheme 1). About 90% CO reacted
No gel was formed on the hydrolysis bivith distilled water.  with amino groups to give amide derivatives. This is confirmed
Removal of alcohol from the reaction mixture gives comglex by the appearance of two bands at 1630 (CO) and 1545 cm
(transparent glassy brown granules) containing unreacted ethoxiH) in the IR spectrum of the reaction products. The absorption
groups. The addition of an excess of water (10-12%) to a solwf carbon monoxide in the reaction of primary amines with
tion of 1 in APTES (thel: APTES molar ratios 1:4, 1:6 and 1:12) Co,(CO); was observed previously:11 The amide derivatives
results in gelation after 10-12 h. Removal of the alcohol andormed are included in the coordination sphere df ©gether
drying of the gel gives lilac non-porous glass-like xerogels ofwith NH, ligands. However, the reaction of £LOO), with
3a—c. Co-hydrolysis oflL with TEOS (the molar ratios 1:12 and APTES performed in a vacuum with the removal of CO from
1:30) results in rapid gelation with the formation of chalk-likethe reaction mixture gave compl&enriched in NH ligands.
The IR spectra ofl-6 exhibit bands at 2000-1965 and
T Compoundl was prepared by mixing G€0); (1.49 g, 4.35x18mol) 1870 cm? attributed to the [Co(CQ)- anion. All the products
and APTES (3.80 g, 1.72x3mol) in a vacuum with continuous stirring, exhibit Si—O—Si bands in the region 1140-1006%@nd amine
;3_?10””9 alft‘_d removal of SVIQ'V‘?C? Cco fromh”ée r?ﬁ?ion mixtlr:’e f-o:dz h.and/or amide ligand,,_,, absorption bands at 3450-3010-&m

€ resulling viscous red fiquid was washed with nexane, the yield Waghe pands at 1155, 1075, 950 and 775%cim the spectrum
3.879 (78%)HNMR (CDCl, 100 MHz)o: 0.51 (s, 12H, CbBI). o 1 are attributed to Si(OEtfragments. Fop—4, a broad band

1.07 (s, 54HMeCH,0), 2.39 (s, 12H, CKN), 3.65 (s, 36H, MeB,0). . . . O3 n
IR (v/cmr2): 3380, 3250, 3120 (Nj), 1995, 1870, 550 (CO), 1630, 1570 in the range 2730-2500 chindicates the presence of —§IH

[NH,, NHC(O)H], 2950, 2900, 2870, 1470, 1430, 1380, 1358, 12g9formed on the hydrolysis df by partial decomposition with the

1155, 1075, 950, 775, 465 [Si(G@k SIOEt]. Found (%): C, 42.20; H, ) )
8.17; Cd, 3.36; N, 4.73. Calc. for GH,;3dC0NO,Sis (%): C, 43.07;  Table 1 Physical properties of xerogels.
H, 8.04; Cd, 3.41; N, 4.86. Cowas determined by the known metkbd

Scheme 1

in methanol. . Skeletal Bulk Effecti Effective Surface area/fg-!
Compound2, 95% yield. IR ¢/cmr2): 3380, 3280, 3140 (NJ} 2700—  Xerogel density/ density/ ective | olume/ ]

2500 (NH), 1990, 1870, 543 (CO), 1630, 1580, 1540 JNNHC(O)H], gcm3  gems  POrOSIY gy S‘a”'”gl ﬁf‘er.

1150, 950, 780, 460 (SiOEt), 1050 (SiOSi). Found (%): C, 32.80; H, xerogel heating

5.88; N, 6.82. Calc. for GHggCoNgO,,Sis (%): C, 32.87; H, 5.52; N, 2 1.42 1.43 — — — 38.8

7.02. 3a 1.83 1.85 — — — —
Compoundb, 92% yield. IR ¢/cm™1): 3420, 3340, 3250 (N}), 2000, 3b 1.40 1.46 — — — 8.1

1870, 540 (CO), 1615, 1570, 1530 [NHNHC(O)H], 1255, 760, 710, 4a 1.71 1.49 0.13 0.09 12.5 15.1

[Si(CH,),, SIOEt, SiMe], 1125, 1025 (SiOSi). Found (%): C, 31.33; H, 4b 1.66 0.69 0.58 0.85 28.4 59.1

5.74; Co, 10.48; N, 4.98. Calc. for,f8leeC0NgO,Si, (%): C, 31.09; 7 1.89 0.39 0.79 2.03 35.9 —

H, 5.53; Co, 10.83; N, 4.39. aThe skeletal density (density of the xerogel solid framework only) ani

¥ Xerogels were prepared by the addition of an excess of water (10-15%gnsity (porous solid density with the pore volume included) were
in ethanol to an ethanolic solution of compleand (RO);SiR. Xerogel mined by the use of a pycnometer with methanol as the penétiale
7 was obtained by the same method from APTES and TEOS (1:4).  argon in a closed system at 500 °C.
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formation of H{Co(CQ)]. This hydride is a strong protic acid, Table 3 Effect of the conditions of thermal treatment on the xeroge
which reacts with APTES to give —GNH3[Co(CO),]- units.  facearea.

Thus, product®—6 contain, in addition to the main structure
{(O, SICH,CH,CH,NH.,)Co}[Co(CO)],, the structures arising Surface area/fg
from partial amide substitution {(QSiCH,CH,CH,NH,),-

[0, §SICH,CH,CH,NHC(O)H]s _,Co}[Co(CO),],. Product®—4  Compound

Thermal treatment conditions

Starting

also contain cobalt carbonyl anions neutralised by the ammo- xerogel Argon flow, Oxygen flow, Oxygen flow,
nium cation —CHNHJ3 rather than C&. If MeSi(OMe); or 600 °C 600 °C 1000 °C
PhSi(OMej} is used in the co-hydrolysis, the IR spectra of thegy 20 19 25 31
resulting xerogels exhibit bands due to Si-Me (1255 and 0.4 236 148 90

760 cmy) or Si—Ph (3060-3000, 730 and 690-&qrespectively, 6 0.3 478 272 228

rather than —NEi units.

The solid-stat&3Si NMR spectra of the xerogels consist of 250 °C. A metallic cobalt phase appeared on treatment at 500 °C.
three broad resonance signals at —66, —79 and —82 ppm, whiThe presence of COand CH in the gas phase may be ex-
correspond to the fragments RQR,SIO (T,), R(RO)SIO, (T,) plained by the following well-known reactions of cobalt:
and RSiQ (T,) (R = CH,CH,CH,NH,, Me, Ph; R=Et, Me),
respectively. Thus, all T-structures that can be formed on hy- 2Co + 2CO —— Cg¢C + CO;;
drolysis of organotrialkoxysilanes are present in the xerogels. CoC + 2H, CH, + Co.

The absence of signals in the region from —90 to —110 ppm
shows the absence of Si®agments in the products. Thus, the Two temperature regions can be distinguished in the TGA curves
cleavage of Si-C bonds does not occur during the hydrolysisf xerogels3b, 5 and 6 (Figure 1), which correspond to the
Elemental analysis gives the empirical formula {[(EtO)OSi- most rapid weight loss between 100—-300 and 300-500 °C. The
CH,CH,CH,NH,];C0}[C0o(CO),],[0; sSiR],. first region is due to decomposition of cobalt carbonyl groups

Table 1 summarises data on the density and porosity of xerand the second, to cobdl(hexamine groups. The maximum
gels. The similar skeletal and bulk densities and the absence wkight loss on heating to 1200 °C depends on the relative mass
a nitrogen desorption peak in the BET data are consistent withf the organic radicals (Me, Ph or gEH,CH,NH,) present in
the non-porous structure of glass-like produgtS8a and3b.  the xerogel; it was higher f@b and 6 containing CHCH,-

The specific surface area of chalk-like xerogés and 4b CH,NH, or Ph groups and lower fércontaining Me groups.

increased with diluting complek by TEOS (thel: TEOS ratio Note that the composition of the hydrocarbons formed on
is 1:12 ford4a or 1:30 fordb). The surface area is maximum for heating depends on the xerogel composition. For example, after
xerogel7 obtained in the absence of metal complexes. heating to 300 °C for 2 h, the ethane:ethylene:propane:propylene:

We examined the thermal decomposition of prodBcisand  isobutylene ratio is 9:69:6:0:16 or 10:4:16:14:56 for xerogels
6. Product3a remained transparent after thermal treatment aBb and6, respectively. The difference in the composition of the
150 °C, and the IR spectra remained almost unaffected aftgas phases resulted from different catalytic effects of the solid
treatment at 150-200 °C. However, after heating to 250 °C, theyrolysis products on the Fischer-Tropsch reaction between CO
intensities of bands due to CO stretching and deformation vikand H, evolved in the thermal decomposition of xerogels. The
rations in the cobalt carbonyl anion decreased considerably. éomposition of the crystalline phase of these solid products
similar effect was observed for tlvg_, bands in the region depends on the nature of the starting xerogel and also on the
3500-3100 cnt. After treatment at 250 °C, no absorption duepyrolysis conditions. In all cases, amorphous silica was formed
to —NH; appeared in the region 2800-2500-&nmowever, the  (halo for scattering angle range$-215-28°, 28-32°, 43-48°,
intensities of theg;_,_g;stretching bands at 1110 and 1076tm CuKa radiation), but the products may also contain phases of
increased. Pyrolysis at 200-250 °C gives rise 0G0, CQ, elemental cobalt in different crystalline modifications, as well as
NH,;, and saturated and unsaturated hydrocarbons. An increasebalt oxides or carbides (Table 2).
in the temperature from 150 to 250 °C was accompanied by a The heating of xerogels and6 to 600 °C in an argon flow
sharp increase in gas evolution (from 0.75 to 9.2 mol). Afteled to a very great increase in the surface area (Table 3). A
heating to 150, 200 and 250 °C, the ratig@GD:CH, (deter-  further increase in the temperature, as well as the presence of
mined by gas chromatography on NaX zeolite) was 27:73:Qyxygen caused agglomeration of the materials with a subsequent
14:86:0 or 33:45:22, respectively. Two processes are responsilidecrease in the surface area. Thus, we found optimum conditions
for hydrogen formation. First, dissociation of S$iCH,CH,CH,- for the production of porous Co-containing materials.
NH;Co(CO), results in Q;SiCH,CH,CH,NH, and HCo(CO) Transparent high-quality greyish-green sol—gel films on a glass
at relatively low temperatures. The cobalt carbonyl hydridesubstrate can be obtained from a mixturd,dflO(SiMe,0),H
formed is converted into GEO); and H. This process is (n=3-7) and PhSi(OMg)in the molar ratio 1:6:6. The sol—gel
accompanied by the disappearance of the IR absorption @focess is accompanied by complete decomposition of [CCO)
—NHZ. The second process is the interaction of the [CofI0) and by the appearance of strong IR bands in the regions 3200-
anion and the intermediate sub-carbonyl Co species with NH3600 and 1300-1500 cit which are indicative of the formation
groups at higher temperatures (250-500 °C). Heating to 500 °6f a hydroxy cobalt carbonate. The latter is homogeneously
leads to complete disappearance of cobalt carbonyl, NH andcorporated into the gel matrix as a result of the sol-gel pro-
CH fragments; the IR spectrum exhibited only two bands in the

region 1150-1000 crh corresponding to a siloxane frame- or

work. No crystalline phase was formed on pyrolysis at 150—

Table 2 X-ray powder diffraction analysis of pyrolyzed xerogeksnd6. -10-

T/I°C Atmosphere Compound Solid phases identified g 20k

150 argon 5 amorphous g 5
6 amorphous

200 argon 5 amorphous -30- 3b
6 elemental cobalt traces

250 argon 5 a-Co, B-Co, CgC 6
6 a-Co, B-Co, CgC -40-

600 argon 5 a-Co, 3-Co . . | | | |
6 a-Co, B-Co, graphite 0 200 400 600 800 1000 1200

600 oxygen 5 Co;0,, a-Co,-Co T/°C
6 Co30,, a-Co,B-Co Figure 1 TGA curves of xerogel8b, 5 and6.
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cess, and the TEM images of these films exhibit the absence & R.J. P. Corriu and D. Leclercangew. Chem., Int. Ed. Engl996,35,
any structure. Thus, the sol-gel films exhibit homogeneity and 1420. .
good optical properties. The absorption bands at 521, 575 and C- Sanchez and F. Ribdigw J. Chem 1994,18, 1007.
633 nm in the visible spectrum, as well as the broad band a)% N. Husing and U. Schubengew. Chem 1998,110, 22.
e

. . J. Fricke and T. TillotsorThin Solid Film$1997,297, 212.
1200 nm, confirm the presence of the cobalt hexamine complex ZarzyckiHeterogen. Chem. Red994.1, 243,
incorporated into the sol—-gel matrix.

7 L.S.Klein,Annu. Rev. Mater. S¢i1993,23, 437.

. 8 D. Levy and L. Esquiviasidv. Mater, 1995,7, 120.
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