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Abstract: [1]Silaferrocenophanes fcSiM€1) and fcSi(CH)s (3) (fc = Fe@®-CsH,),) were incorporated into

the well-ordered, hexagonal channels of mesoporous silica (MCM-41). Characterization of the composite
materials indicates the presence of ring-opened monomer, oligomer, and polymer, and, in thelcassoof

free monomer. Polymerization of monomeiinside the channels of MCM-41 was demonstrated by DSC.
However, in the case & only the ferrocenophane ring was completely opened, and the silacyclobutane ring
was mostly intact. When pyrolyzed at 900 in a nitrogen atmosphere, the mesoporous silica/ferrocenylsilane
composites formed Fe nanoparticles in the ca-8DA channels of MCM-41. Characterization of the magnetic
properties of the product formed whéris pyrolyzed in the channels of mesoporous silica indicated that the
clusters were superparamagnetic. Magnetization versus field data at 300 K were fit to a sum of two Langevin
functions, implying the presence of two distinct magnetic phases. From the magnetization data, the two phases
are best described as Fe nanoparticles with diameters-e846@ coated with a thin (ca.-46 A) oxide layer.

The product obtained from the pyrolysis of poly(ferrocenylsilaBéh the channels of MCM-41 contains
much smaller Fe particles than those observed in a pyrolysis of Qulkdicating that the silica channels
affect the nucleation and growth of the Fe nanoparticles.

Introduction Specifically, the nanoparticles behave as ferromagnets below
. ) . . . i the blocking temperaturelf) and as giant paramagnets above
Materials with submicron dimensions (e.g., nanofibers, nano- 1, ' aApoveT,, thermally induced fluctuations result in a random

tubes, nanoparticles) represent an exciting new class of materi-yiantation of the magnetic dipoles of the nanoparticles. Su-

1,2 ir ti i i . . .
als:* As a consequence of their tiny size, nanomaterials often nernaramagnetic nanoparticles are of interest for use as contrast
display unique physical and chemical properties that are atypical agents for magnetic resonance imaging (MRI) of biological
of the bulk materiaf. They are of interest for applications (issyes
including solid-state lubricants, electronic interconnects in Although nanomaterials are still predominantly prepared by
mlcrochlp technology, and ceramic relnforcerrfiemt.partl_cular, _physical methods (e.g., sputtering and molecular beam epitaxy),
magnetic nanqmatenals are attractive as components in magneli¢ghere is a desire to prepare the materials by chemical techniques.
recording media and magnetic fluiéisloreover, studies of the  chemical routes are generally simpler and less expensive and
physical properties of magnetic nanoparticles are relevant 10,6 the advantages of improved stoichiometric control and
understanding the ecological significance of magnetosomes injyimate mixing! Numerous methods for the preparation of
magnetic bgcterla (e.g\dagngtosplrlllyum magnetot?cncqﬁﬁ metal nanoparticles have been reported, including reduction of

Nanoparticles of a magnetic material with dimensions smaller meta| salts and thermolysis or sonication of organometallic
than that of a single Weiss domain are superparamaghtic. complexe26.7 Ideally, the fabrication technique should exert

T University of Toronto. control over the particle size, distribution, and morphology. By
* McMaster University. forming the nanoparticles inside templates such as zeolites,
(1) Ozin, G. A.Adv. Mater. 1992 4, 612. i i
(2) For example, see: (a) Special issu€biem Mater. 1996 8 (8). (b) micelles, block copolymers, porous alumina, and polycarbonate
Special issue oNew J Chem 1998 22 (7). (c) Special issue dilew J (5) Matsunaga, T.; Takeyama, Bupramal Sci 1998 5, 391.
Chem 1998 22 (11). (d) Steffens, K. L.; Zachariah, M. R.; DuFaux, D. P.; (6) Leslie-Pelecky, D. L.; Rieke, R. BChem Mater. 1996 8, 1770.
Axelbaum, R. L.Chem Mater. 1996 8, 1871. (e) Dagani, RChem Eng (7) See, for example (a) Chhabra, V.; Ayyub, P.; Chattopadhyay, S.;
News1992 70 (47), 18. (f) Gehr, R. J.; Boyd, R. WChem Mater. 1996 Maitra, A. N. Mater. Lett 1996 26, 21. (b) Choukroun, R.; de Caro, D.;
8, 1807. (g) Gleiter, HAdv. Mater. 1992 4, 474. (h) Whetten, R. L,; Matéo, S.; Amiens, C.; Chaudret, B.; Snoeck, E.; Respaudyélv J Chem
Khoury, J. T.; Alvarez, M. M.; Murthy, S.; Vezmar, |.; Wang, Z. L.; 1998 22, 1295. (c) de Caro, D.; Ely, T. O.; Mari, A.; Chaudret, B.; Snoeck,
Stephens, P. W.; Cleveland, C. L.; Luedtke, W. D.; LandmadJ. Mater. E.; Respaud, M.; Broto, J.-M.; Fert, AZhem Mater. 1996 8, 1987. (d)
1996 8, 428. Gonsalves, K. E.; Carlson, G.; Benaissa, M.; Jose-Yanaa Kim, D.

(3) See, for example: (a) Beaucage, G., Ednostructured Powders Y.; Kumar, J.J. Mater. Chem 1997, 7, 703. (e) Pascal, C.; Pascal, J. L.;
and Their Industrial ApplicationsdMRS: Warrendale, PA, 1998. (b) Jena,  Favier, F.; Moubtassim, M. L. E.; Payen, Chem Mater. 1999 11, 141.
P., Ed.Nanostructured MaterialsNova Science: New York, 1996. (f) Cao, X.; Koltypin, Y.; Katabi, G.; Prozorov, R.; Felner, |.; Gedanken,

(4) (@) Speliotis, D. EJ. Magn Magn Mater. 1999 193 29. (b) A. J. Mater. Chem 1997, 7, 1007. (g) Letellier, D.; Sandre, O.; Mager,
Hadjipanayis, G. C., Prinz, G. A., EdsScience and Technology of  C.; Cabuil, V.; Lavergne, MMater. Sci Eng C 1997, 5, 153. (h) Badker,
Nanostructured Magnetic Materigl®lenum Press: New York, 1991. (c) F.; Marup, S.Hyperfine Interact1994 93, 1421.

Rosenweig, R. E.Ferrohydrodynamics Cambridge University Press: (8) Clement, O.; Siauve, N.; Lewin, M.; de Kerviler, E.; G, C.-A;
Cambridge, 1985. Frija, G. Biomed Pharmacother1998 52, 51.
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membranes, greater control over the particle-size distribution

can be obtainef?®

J. Am. Chem. Soc., Vol. 122, No. 1632090

Pyrolysis of poly(ferrocenylsilanes) in MCM-41 is desirable
as a route to control the particle size of nanomatetalghereas

In 1992, Kresge et al. reported the synthesis of mesoporouslarge Fe particles result from bulk pyrolysis of poly(ferroce-
silica, MCM-41, possessing ordered channels arranged in a hexnylsilanes)t> smaller particles may form in the channels of

agonal latticé® With uniform channel sizes readily varied be-
tween 20 and 100 A in diameter, this material is well-suited to

MCM-41, as a consequence of restrictions from the channel
dimensions. This size control has already been employed in the

be a host for novel nanomaterials. Indeed, researchers havesynthesis of a few nanomateridfsBein and co-workers have
reported a variety of nanochemistry within the channels and encapsulated conducting polyaniline and graphitic nanowires
MCM-41 has been used to template nanosized rhodium oxide inside MCM-411° Mallouk, Ozin, and co-workers have prepared

particles!®12
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We have been exploring the ring-opening polymerization
(ROP) of [1]silaferrocenophanes (e.fj) which yields soluble,
high-molecular-weight poly(ferrocenylsilanez}®14When py-
rolyzed, polymeR2 forms a ferromagnetic ceramic in 22% yield

- 6

that shows hysteresis in its field-dependent magnetization curve

at room temperatur®. To improve the ceramic yield, we have
been exploring the use of spirocyclic [1]ferrocenoph&nie
cross-link poly(ferrocenesy:1” The cross-linked networkt
formed from the homopolymer & can be pyrolyzed at 600

°C to give a shaped superparamagnetic ceramic in 90%

yield.17¢
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(9) (a) Hulteen, J. C.; Martin, C. R. Mater. Chem 1997, 7, 1075. (b)
Martin, C. R.Acc Chem Res 1995 28, 61. (c) Martin, C. RChem Mater.
1996 8, 1739. (d) Schithorn, R. Chem Mater. 1996 8, 1747. (e) Frisch,

H. L.; Mark, J. E.Chem Mater. 1996 8, 1735.

(10) (a) Kresge, C. T.; Leonowicz, M. E.; Roth, W. J.; Vartuli, J. C.;
Beck, J. SNature1992 359 710. (b) Beck, J. S.; Vartuli, J. C.; Roth, W.
J.; Leonowicz, M. E.; Kresge, C. T.; Schmitt, K. D.; Chu, C. T.-W.; Olson,
D. H.; Sheppard, E. W.; McCullen, S. B.; Higgins, J. B.; Schlenker, J. L.
J. Am Chem Soc 1992 114, 10834.

(11) (a) Ozin, G. A.; Chomski, E.; Khushalani, D.; MacLachlan, M. J.
Curr. Opinion Colloid Interface Scil998 3, 181. (b) Moller, K.; Bein, T.
Chem Mater. 1998 10, 2950.

(12) Mulukutla, R. S.; Asakura, K.; Namba, S.; lwasawa, Ghem
Commun1998 1425.

(13) Foucher, D. A.; Tang, B.-Z.; Manners,J.Am Chem Soc 1992
114, 6246.

(14) (a) Manners, IAdv. OrganometChem 1995 37, 131. (b) Manners,

I. Can J. Chem 1998 76, 371.

(15) (a) Tang, B.-Z.; Peterson, R.; Foucher, D. A.; Lough, A.; Coombs,
N.; Sodhi, R.; Manners, . Chem Soc, Chem Commun 1993 523. (b)
Petersen, R.; Foucher, D. A,; Tang, B.-Z.; Lough, A.; Raju, N. P.; Greedan,
J. E.; Manners, IChem Mater. 1995 7, 2045.

(16) MacLachlan, M. J.; Lough, A. J.; Geiger, W. E.; Manners, I.
Organometallics1998 17, 1873.

(17) (a) MacLachlan, M. J.; Lough, A. J.; MannersMacromolecules
1996 29, 8562. (b) Kulbaba, K.; MacLachlan, M. J.; Manners, |. Manuscript
in preparation. (c) MacLachlan, M. J.; Ginzburg, M.; Coombs, N.; Coyle,
T. W.; Raju, N. P.; Greedan, J. E.; Ozin, G. A.; Manner§dience2000
287, 1460.

extractable polypheneiformaldehyde nanofibers inside MCM-
4120 Chomski et al. impregnated MCM-41 with disilane to form
luminescent silicon clusters in the chann®ls.

The reaction of MeOH with [1]silaferrocenophatdeads
to ring-opening OH addition to the SCp bond ofl to give
FcSiMeOMe (Fc= Fe(;®>-CsH)(17°-CsHs) as shown in Scheme
1.22 This methodology has subsequently been used to modify

Scheme 1
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amorphous and mesoporous silica, anchofirig the reactive
=SiOH sites present on the surface of the sifit& O’'Brien

et al. treated MCM-41 with a pentane solutionlofo obtain a
maximum loading of 65 wt % in the hydrated hosg We
have recently reported preliminary studies of the ROPiokide
mesoporous silica and the subsequent pyrolysis to afford a com-
posite with Fe nanoparticles inside the channels of MCM#41.

In this paper, we report full details of our studies of the
synthesis and characterization of ceramic composites made from
mesoporous silica containing or 3. Furthermore, studies of
the pyrolysis, including the first magnetization data for iron
nanoparticles inside mesoporous silica, are reported.

Experimental Section

General Comments[1]Silaferrocenophanesand3 were prepared
by literature method&16 They were both recrystallized and then
sublimed multiple times prior to use. Well-ordered MCM-41 (CPM-

(18) Poly(ferrocene) block copolymers provide an alternative methodol-
ogy for accessing nanostructures via phase separation in the solid state and
aggregation in block selective solvents. See: (a) Massey, J. A.; Power, K.
N.; Winnik, M. A.; Manners, |.Adv. Mater. 1998 10, 1559. (b) Manners,

I. Chem Commun1999 857. (c) Manners, IPure Appl. Chem1999 71,
1471.

(19) (a) Wu, C.-G.; Bein, TSciencel994 264, 1757. (b) Wu, C.-G.;
Bein, T.Chem Mater. 1994 6, 1109. (c) Wu, C.-G.; Bein, TSciencel994
266, 1013.

(20) Johnson, S. A.; Khushalani, D.; Coombs, N.; Mallouk, T. E.; Ozin,
G. A. J. Mater. Chem 1998 7, 13.

(21) Chomski, E.; Dag, PKuperman, A.; Coombs, N.; Ozin, G. A.
Chem Vap Deposition1996 2, 8.

(22) Fischer, A. B.; Kinney, J. B.; Staley, R. H.; Wrighton, M.JSAm
Chem Soc 1979 101, 6501.

(23) (a) O'Brien, S.; Tudor, J.; Barlow, S.; Drewitt, M. J.; Heyes, S. J.;
O’Hare, D. Chem Commun 1997, 641. (b) O'Brien, S.; Keates, J. M,;
Barlow, S.; Drewitt, M. J.; Payne, B. R.; O'Hare, BChem Mater. 1998
10, 4088.

(24) MacLachlan, M. J.; Aroca, P.; Coombs, N.; Manners, I.; Ozin, G.
A. Adv. Mater. 1998 10, 144.
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MCM, ODA-MCM) was prepared by a literature method (base-
catalyzed condensation of Si(ORt)using cetylpyridinium (CPM)
chloride and octadecyltrimethylammonium (ODA) chloride, respec-
tively, as the structure-directing templ&teCalcination under air at
540 °C resulted in template removal. Reflectance tis/near-IR

MacLachlan et al.

NMR (5 kHz spin rate, 10 s recycle delay, 3 ms contact tim&)=
—107 (br, SiQ), —6.6 ([fcSiMe)]n), 0.1, 7.6 (CpSiMgD) ppm. UV~
vis/near-IR: 1 = 2430w, 2392w, 2316w, 1762w, 1714w, 1666m,
1205w, 1135w, 458s, 335m, 268vs nm.

Polymerization of 1 within the Channels of MCM-41 To Give

spectra were obtained on a Perkin-Elmer Lambda 900 spectrometer.Composite 6.The fully loaded compositéc (ca. 200 mg) was placed

Solid-state NMR, PXRD, TEM, ED, SQUID magnetometry, pyrolysis,

and DSC experiments were performed as reported in previous publica-

tions1°24IR spectra were collected as KBr pellets on a Perkin-Elmer

in a Schlenk flask and heated undertd 140°C in an oil bath for 4
h. A color change from orange to yellow was observed, and a small
amount of ferrocene (identified B4 NMR) sublimed onto the colder

Paragon 500 FT-IR spectrometer. Fe analyses were obtained frompart of the glassware.

Quantitative Technologies Inc. (Whitehouse, NJ). Samples were
digested in a mixture of perchloric, sulfuric, and nitric acids and then
analyzed by ICP.

Synthesis of MCM-41/fcSiMe Composites 5.Samples of the
ferrocenylsilane/silica composite were prepared with different loadings
of 1 and different pore sizes of MCM-41. To prepare compoSde
292 mg of ODA-MCM in a Schlenk tube was heated under vacuum
(ca. 10“ Torr) to 250°C over 4 h and held there for 2 h. The sample

Data for 6. PXRD: d = 41.8 (MCM-41,d100), 24.2 (MCM-41,d119),
21.1 (MCM-41,dy00), 15.9 (MCM-41,d210), 6.3 (br halo, [fcSiMg]n),
4 (br halo, SiQ) A. 'TH MAS NMR (10 kHz spin rate, 10 s recycle
delay): 6 = 0.1 (CH;), 1.6 (OH), 3.8 (Cp) ppm**C CP-MAS NMR
(10 kHz spin rate2 s recycle delay, 1 ms contact time)= 0.0 (CH),
68.5 (Cp), 71 (sh, SiCp) ppm.?°Si CP-MAS NMR (79.50 MHz, 6
kHz spin rate, 10 s recycle delay, 5 ms contact tim&)= —108 (br,
Si0,), —6.7 ([fcSiMe],), 0.2, 7.2 (CpSiMgD) ppm. UV-vis/near-IR:

was cooled to room temperature and then transferred to a glovebox.A = 2430w, 2395w, 2318w, 1666m, 1335w, 457s, 335m, 266vs nm.

Monomerl (97 mg, 0.40 mmol) was added and mixed with the silica.
After standing under vacuum for 3 days, the powder appeared

IR (KBr): 4 = 3436w,br ¢OH), 3097m ¢(C—H), 2967m ¢C—H),
2929m ¢C—H), 2874m ¢C—H), 1420w, 1384w, 1249s, 1166m,

homogeneous and orange. The powder was transferred to a sublimeil083s,br ¢Si—0), 904w, 818m, 700w, 679w, 568w, 451m tn

and kept under dynamic vacuum (ca."40orr) at room temperature

Synthesis of MCM-41/fcSi(CH,); Composite 7.CPM-MCM (1.32

for 24 h. The absence of any sublimate indicated that there was no g) was heated overnight in a Schlenk tube at 100raised to 200C

excess monomer in the sample. CompoSitewas prepared by the
same procedure using 310 mg of ODA-MCM and 170 mdlLoho
excess monomer was sublimed from the product. Compésiteas
prepared by the same procedure using 424 mg of ODA-MCM and 315
mg of 1, a small amount of excess monomer was removed by
sublimation. Compositéd was prepared by the same procedure using
1.070 g of CPM-MCM and 1.150 g df, some excess monomer was
removed by sublimation.

Data for 5a. Yellow powder. PXRD: d = 42.7 (MCM-41,d100),
24.7 (MCM-41,d110), 21.4 (MCM-41,dy00), 16.1 (MCM-41,d210), 6.3
(br halo, [fcSiMe],), 4 (br halo, SiQ) A. 'H MAS NMR (spin rate
2.8 kHz, recycle delay 2 s)d = 0.0 (CH;), 0.8 (CH;), 1.2 (CH;), 1.8
(SiOH), 4.0 (br, Cp) ppm*C CP-MAS NMR (spin rate 10.5 kHz,
recycle delay 2 s, contact time 1 ms):= 0.6 (CH;), 68.0 (Cp), 72.2
(Si—Cp) ppm.2°Si CP-MAS NMR (spin rate 5 kHz, recycle delay 10
s, contact time 3 ms)d = —108 (br, SiQ), —6.5 ([fcSiMe],), 6.4
(CpSiMe0) ppm. UV-vis/near-IR: 1 = 2430w, 2389w, 2317w,
1759w, 1718w, 1665m, 627w, 459s, 336w, 262vs nm. Fe analysis:
3.45%.

Data for 5b. Yellow powder. PXRD:d = 43.1 (MCM-41,d100),
24.8 (MCM-41,d11¢), 21.6 (MCM-41,d200), 16.0 (MCM-41,d10), 6.3
(br halo, [fcSiMe],), 4 (br halo, SiQ) A. *H MAS NMR (9 kHz spin
rate, 10 s recycle delayy) = 0.2 (CH), 1.7 (OH), 4.0 (Cp) ppm-3C
CP-MAS NMR (9 kHz spin rate2 s recycle delay, 1 ms contact
time): 6 = —0.4 (CH), 68.1 (Cp), 71.6 (StCp) ppm.

Data for 5c. Yellow-orange powder. PXRDd = 42.7 (MCM-41,
dio0), 24.4 (MCM-41,d110), 21.2 (MCM-41,0100), 15.9 (MCM-41,d510),
6.3 (br halo, [fcSiMg],), 4 (br halo, SiQ) A. H MAS NMR (7 kHz
spin rate, 10 s recycle delay)) = 0.2 (CH;), 1.0 (CH;), 4.0 (Cp)
ppm.3C CP-MAS NMR (10 kHz spin rate2 s recycle delay, 1 ms
contact time): 6 = 0.4 (br, CH), 15-50 (ipso-Cp), 68.2 (Cp), 72.0
(Si—Cp) ppm.?°Si CP-MAS NMR (5 kHz spin rate2 s recycle delay,
3 ms contact time):0 = —107 (br, SiQ), —6.8 ([fcSiMe)],), 0.3, 6.9
(CpSiMe0) ppm. UV-vis/near-IR: 1 = 2430w, 2392w, 2314w,
1762w, 1714w, 1666m, 1135w, 459s, 337m, 266vs nm. IR (KBr):
= 3101w (C—H), 2963w (C—H), 2903w ¢C—H), 1422w, 1381w,
1367w, 1249s, 1167m, 1083vsSi—0), 901m, 818s, 796m, 666m,
452s cmt. Fe analysis: 5.41%.

Data for 5d. Yellow-orange powder. PXRDd = 37.3 (MCM-41,
d]_oo), 21.7 (MCM-41, dllO). 18.7 (MCM-41, dzoo), 6.3 (bl' halo,
[fcSiMez]n) A, 4 (br halo, SiQ). *H MAS NMR (1.85 kHz spin rate,
2 s recycle delay):0 = —0.5 (CH), 1.7 (CH), 4.0 (Cp) ppm.t3C
CP-MAS NMR (7 kHz spin rate2 s recycle delay, 1 ms contact
time): 0 = 0.2 (CH), 68.3 (Cp), 72.2 (SiCp) ppm.2°Si CP-MAS

(25) Khushalani, D.; Kuperman, A.; Coombs, N.; Ozin, G.@hem
Mater. 1996 8, 2188.

in 1 h, and then held at 200C for 2 h under dynamic vacuum (ca.
104 Torr). After the Schlenk tube was cooled to room temperature,
the silica was transferred to a glovebox, where 1.38 g (5.43 mmol) of
spirocyclic [1]ferrocenophangwas added. The Schlenk tube was then
placed under static vacuum (ca. *0Torr) for 5 days at room
temperature. The color of the mixture was observed to change from a
white and red mixture to a white and orange powder in 1 day and to
a homogeneous orange powder after 3 days. Excess monomer was
removed by sublimation at 48C under dynamic vacuum for 6 days.

Data for 7. Yellow powder. PXRD:d = 36.5 (MCM-41,d10q), 21.5
(MCM-41, d119), 18.6 (MCM-41 o), 14.1 (MCM-41,d510), 6 (br halo,
[fcSi(CHo)3]r), 4 (br halo, SiQ) A. 'H MAS NMR (5 kHz spin rate, 1
s recycle delay):0 = 0.2 (CH), 4.1 (Cp) ppm*3C CP-MAS NMR (5
kHz spin rate, 10 s recycle delay, 5 ms contact time} 14.6 (CH),
17.8 (CH), 68.3 (Cp), 72.2 (StCp) ppm.?°Si CP-MAS NMR (5 kHz
spin rate, 10 s recycle delay, 5 ms contact tim&)= —107 (br, SiQ),
8.8 (RSIO) ppm. UV~vis: 1 = 453s, 270vs nm. IR (KBr):v =
3437m,br {O—H), 3097w ¢C—H), 2967m ¢C—H), 2929m ¢C—
H), 2874w ¢C—H), 1636w, 1420w, 1384w, 1249s, 1166m, 1083vs
(vSi—0), 904w, 818m, 700m, 679m, 568m, 451sénfFe analysis:
4.28%.

Polymerization of 3 within the Channels of MCM-41 To Give
Composite 8.A sample of7 in a Schlenk flask was heated to 280
in 1 h and held at 280C for 4 h under N. The solid changed color
from yellow-orange to yellow-brown.

Data for 8. PXRD: d = 36.3 (MCM-41,d1¢0), 21.3 (MCM-41,dh10),
18.6 (MCM-41,d200), 6.3 (br halo, [fcSi(CH)s]), 4 (br halo, SiQ) A.
13C CP-MAS NMR (6 kHz spin rate2 s recycle delay, 5 ms contact
time): 6 = 16.9 (CH,), 68.4 (Cp), 72 (S+Cp) ppm.2°Si CP-MAS
NMR (4 kHz spin rate, 10 s recycle delay, 5 ms contact tim@)=
—107 (br, SiQ), —58 (w, br, RSiQ), —25 (br, RSIO,), 5, 9 (RSiO)
ppm. UV—vis/near-IR: 1 = 1916w, 1768w, 1666m, 460s, 270vs nm.

Pyrolysis of Composites 5a-d. Sample5a (222 mg) was placed
in a small preweighed quartz boat. The quartz boat was placed inside
a tube furnace and purged with a Btmosphere. Under a slow flow
of N, (ca. 50 mL min?), the temperature was raised from 25 to 900
°C in 8 h and was held at 90TC for 2 h. The product was a brown
powder (yield 190 mg, 86%). During the pyrolysis, a small amount of
ferrocene (identified byH NMR) condensed on the cold part of the
quartz tube. Samplegb—d were pyrolyzed under the same conditions
to give ceramic®9b—d, respectively.

Data for 9a. Ceramic yield: 86%. Brown powder. PXRDd =
40.8 (MCM-41,0100), 23.5 (MCM-41,d110), 20.4 (MCM-41,d200), 15.5
(MCM-41, dp10), 4 (br halo, SiQ) A.

Data for 9b. Ceramic yield: 80%. Fine black powder. PXRO:=
40.8 (MCM-41,d1oq), 23.6 (MCM-41,d110), 20.5 (MCM-41,dz0), 4
(br halo, SiQ) A.
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Table 1. Pyrolysis Temperature, Duration, and Ceramic Yields for
10a-i

J. Am. Chem. Soc., Vol. 122, No. 1632800

Table 2. Summary of Magentization Parameters &io—d from
Fitting to the Langevin Function

sample temp°C) time (h) yield, % 9b 9c 9d
10a 500 6 78 data points 34 23 31
10b 600 6 81 R? 0.9995 0.9997 0.9993
10c 800 6 84 Va 0.021 0.0032 0.067
1o0d 900 6 80 Ms (emu g?) 0.66(2) 0.52(2) 1.84(7)
10e 1000 6 79 udkT (G) 0.00051(2) 0.00047(2) 0.00103(4)
10f 1000 6 77 M. (emu g?) 0.63(2) 0.50(2) 1.44(7)
10g 1000 1 85 w /KT (G) 0.0028(1) 0.0027(1) 0.0057(4)
10h 1000 24 73
10i 900 2 76

aRamp to 900°C in 8 h (for comparison with cerami@a—d).

Data for 9¢c. Ceramic yield: 75%. Brown-black powder. PXR:
= 41.5 (MCM-41,d100), 23.9 (MCM-41,d110), 20.8 (MCM-41,d500),
15.7 (MCM-41,d,10), 4 (br halo, SiQ), 2.0 (br halo, Fe) A.

Data for 9d. Ceramic yield: 69%. Black powder. PXRQt = 33.0
(MCM-41, d]_oo), 20.0 (MCM-4l,d110), 17.5 (MCM-41,d200), 4 (bl’ halo,
Si0,), 2.02 @-Fe, diig) A.

Pyrolysis of Composite 7.Ceramic10a was prepared from the
pyrolysis of 7 at 500°C. A sample of7 (206 mg) was placed in a

Subsequent pyrolysis of 150 mg of this composite at @8 h ramp,
held for 2 h) gave a light gray powdérd (97 mg, 65% yield).

Control samplel2 was prepared by making a physical mixture of
191 mg of CPM-MCM and 48 mg (24 wt %) of poly(ferrocenylsilane)
2. Subsequent pyrolysis of 146 mg B2 under N (ramp to 90C°C in
8 h and holding at 900C for 2 h) gave ceramid3 as a dark gray
powder (127 mg, 87% yield). Compositd was prepared by mixing
297 mg of CPM-MCM and 74 mg (20 wt %) of cross-linked polymer
4. Subsequent pyrolysis df4 (177 mg) under KN afforded light gray
ceramic15 (162 mg; 92% yield). The polymers were finely ground
before use, and the mixture was lightly ground.

quartz boat inside a tube furnace. The atmosphere was then purged Data for 11. Gray-white powder. 4 (br halo, SipA.

with nitrogen. Under a slow flow of N(ca. 50 mL mirr?), the sample
was heated from room temperature to 3@in 4 h and maintained at
500°C for 6 h. After cooling naturally to room temperature, the sample
was weighed. CeramitOa appeared as a light brown powder (161
mg, 78% yield). CeramicdOb—e were prepared by an identical
procedure starting with 266300 mg of7, but the pyrolysis temperature
and time were varied as listed in Table 1. Ceranfi€sl,f—i were
prepared using a different sample of compogitene prepared under
identical conditions.

Data for 10a. Light brown powder. PXRD:d = 37.2 (MCM-41,
leO)« 21.3 (MCM-41,d110), 18.5 (MCM-41,d200), 4 (br halo, SIQ) A

Data for 10b. Dark brown powder. PXRD:d = 37.0 (MCM-41,
dloo), 21.5 (MCM-41,d110), 18.6 (MCM-41,C|200), 4 (bl’ halo, SIQ),
2.2 (br halo, Fe) A.

Data for 10c. Black powder. PXRD:d = 36.7 (MCM-41, d100),
21.0 (MCM-41,d110), 18.4 (MCM-41,dx00), 4 (br halo, SiQ), 2.1 (br
halo, Fe) A.

Data for 10d. Black powder. PXRD:d = 35.1 (MCM-41,d100),
20.4 (MCM-41,d110), 17.8 (MCM-41,d20), 4 (br halo, SiQ), 2.1 (br
halo, Fe) A.

Data for 10e. Black powder. PXRD:d = 35.3 (MCM-41, d100),
20.6 (MCM-41,d110), 17.9 (MCM-41,d00), 4 (br halo, SiQ), 2.52
(F&04, da11), 2.08 (-Fe, di1y), 2.03 @-Fe, di1o) A.

Data for 10f. Black powder. PXRD:d = 34.4 (MCM-41, d10),
20.1 (MCM-41,d110), 17.3 (MCM-41,d00), 4 (br halo, SiQ), 2.52
(FQ;O4, d311), 2.08 6/-Fe, d111), 2.03 @-Fe, dllO) A

Data for 10g. Black powder. PXRD:d = 35.0 (MCM-41,d;00),
20.5 (MCM-41,dh10), 17.7 (MCM-41,dx00), 4 (br halo, SiQ), 2.5 (br
Ralo, FgOs, d311), 2.07 (-Fe,dh11), 2.02 @-Fe,di10), 1.79 -Fe, d2o0)

Data for 10h. Gray powder. PXRD: 4.25 (quartalioy), 4.04
(cristobalite,dio), 4 (br halo, SiQ), 3.34 (quartzdioes), 2.96 (FgOa4,
dz20), 2.52 (FgO4, ds11), 2.45 (quartzdiig), 2.28 (quartzdiey), 2.23
(quartz,di1q), 2.12 (quartzdsog), 2.06 (-Fe, di1q), 2.02 @-Fe, di1g),
1.98 (quartzdoy), 1.82 (quartzgiio), 1.79 (FgOa4, daz), 1.67 (quartz,
doo2), 1.66 (quartzphey), 1.54 (quartzdss), 1.45 (quartzgdiis) A.

Data for 10i. Black powder. PXRD:d = 35.4 (MCM-41, d10),
20.6 (MCM-41,d110), 17.8 (MCM-41,d200), 2.53 (FgOs, br ds11), 2.1
(br halo, Fe) A.

Control Samples.A control sample of monomet on amorphous
silica was prepared as follows: Hi-sil (synthetic precipitated silica, 322
mg) was heated in a Schlenk tube under vacuum (ca* T6rr) to
250 °C over 4 h and held there for 2 h. Monom&r(134 mg; 0.55

Data for 12. Heterogeneous orange and white powder. PXRD:
= 39.1 (MCM-41,d10g), 22.3 (MCM-41,0dh10), 19.3 (MCM-41,dzq0)

Data for 13. Gray powder. PXRD:d = 37.2 (MCM-41,d100), 21.3
(MCM-41, d119), 18.3 (MCM-41,0d20), 4 (br halo, SiQ), 2.03 @-Fe,
dllo) A

Data for 14. Heterogeneous red and white powder. PXRD=
38.6 (MCM-41,d0q), 22.3 (MCM-41,d110), 19.3 (MCM-41,d200) A.

Data for 15. Gray powder. PXRD:d = 37.9 (MCM-41,d100), 21.8
(MCM-41, di10), 18.9 (MCM-41,d200), 4 (br halo, SiQ), 2.07 ¢-Fe,
dlll)y 2.03 (I-Fe,dllo) A

Fitting Magnetization Data to the Langevin Function. When
superparamagnetic particles are present in a system, the isothermal
magnetization versus magnetic field data should obey the Langevin
function,

kT
uH

M _ L HeH)
s = cot kT) Q)

where M is the magnetization of the sampl®l® is the saturation

magnetizationu is the average magnetic moment of the particlés,

is the magnetic field,k is Boltzmann's constant, and is the

temperaturé. When a distribution of particles with different magnetic

moments is present, the magnetization may be represented as a sum of

the individual Langevin functionsFor example, if a bimodal distribu-

tion is present, then the data sets may be fitted to the sum of two

Langevin functions,

kT kT
whereMS, M7, us, anduy distinguish the saturation magnetization and
magnetic moment of the small and large particles, respectively.

As M vs H data for9b—d (300 K) fit very poorly to eq 1, they were
fitted to eq 2. Initial estimates favig, Mf, us, andu, were made by
solving a system of four equations using representative data points.
The variables were then refined by least squares to minimize
Y iWi(Mexpt — Mcai)?, Where the weighting factaw for theith data point
was equal taHi;1 — Hi—1 (to compensate for the uneven density of
data points collected as a function of magnetic field). The points at
highest and lowest field were weighted with equal to 2H; — Hi_1)

and 2{Hi+1 — Hi), respectively. The curves fit well to two Langevin
equations as signified by loy? values and correlation coefficient??

_ kT
usH

KT

M= Mglcot + M? [ cot “H @)
L

mmol) was then added, and the mixture was placed under static vacuumclose to 1. Each of the two components was resolved from the function
for 4 days. The resulting orange powder was transferred to a sublimerand best-fit values olmg Mf, us, andyy are listed in Table 2.

and kept under dynamic vacuum (ca."10orr) at room temperature

If the particles are assumed to be spherical, to have the same density

overnight. Excess monomer was sublimed off to leave a yellow powder. as the bulk phase, and to possess the same saturation magnetization as
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Figure 1. (a) Low-angle PXRD patterns of (§c and (ii) calcined ODA-MCM llustrating the decreased intensity observed in the hexagonal

reflections after introducing into the mesoporous silica host. (b) High-angle PXRD patterns of (i) calcined ODA-MCMg(i@nd (iii) amorphous
polymer2.

the bulk phaseNJ), then the average magnetic particle diameter, PXRD confirmed that none of the samplea—d contained

Dmag Can be calculated from the magnetic momeras follows?® excess crystalline monomer. Moreover, the positions of the
reflections assigned to calcined MCM-41 were essentially

Dinag= (_6«“_8)1’3 3) unchanged, indicating that the long-range hexagonal order of

Mg the mesoporous host was maintained. Samples prepared with

mesoporous silica templated by both ODA-MCM and cetylpy-
For the calculations reported in this paper, the saturation magnetizationridinium chloride (CPM-MCM) displayed a large decrease in
values of Fe and R®, were assumed to be 1700 and 480 em#i g peak intensity upon filling the material with monontefFigure
respectively. L _ _1a). This phenomenon results from a reduction in the electron
The histogram of particle-size distribution was obtained by measuring ¢qnrast between the channel walls and interior and is consistent

about 150 particles in a TEM image. The standard deviationvas with loading of the channels in the mesoporous matéfial.
calculated as the square root of the variance using the equation ; - o
Moreover, in the region of 2 = 12—16°, a new amorphous

1 halo emerged that is characteristic of amorphous poly(ferroce-
0= A /Nzi(Ni(Di - D)? nylsilanes) (Figure 1b). MCM-41 possesses a broad hald at 2
= 15-30°, characteristic of amorphous silica channel walls.
where D and N are the average diameter and number of particles, R SPectroscopy of the samples showed absorptions expected
respectively. A single particle that was about twice the size of any for vibrations of ferrocenylsilane moietfsand the silica
other particle in the image was neglected. Moreover, particles smaller framework. Upon further loading, the intensity of the peaks
than ca. 2 mm in the image (2 nm) were not included as they could attributed to C-H stretching increased relative to the-%)
not be easily distinguished from the sample roughness and granularitystretching peak (1083 cm). Furthermore, the broad €H
of the image. stretching peak near 3400 cfwas noticeably more intense
in the partially loaded sampka compared with the fully loaded
samplesbc, as expected if fewer of the SiOH groups were reacted
Synthesis and Characterization of fcSiMg@MCM-41 Com- in the partially loaded samplga. This confirmed the titration
posites 5.Ferrocenophang was introduced into MCM-41 by  of silanol OH groups with ferrocenopharieas the channels
vapor deposition. Thus, dehydrated MCM-41 was combined were filled with the organometallic species.
with monomerl in a Schlenk tube under vacuum to allow the ~ Reflectance UVvis spectra of the orange-yellow solids
monomer to sublime into the channels. Initially, the heteroge- 5a—d were all similar, showing intense bands characteristic of
neous mixture contained white powder and red crystals but ferrocene moieties. Notably, a broad absorption at 458 nm
changed to a homogeneous orange powder over several dayssorresponding to a-€d transition characteristic of the ferrocenyl
The partially and fully loaded products obtained after subliming groups is blue shifted relative to monome(Amax = 487 nm
excess monomet at room temperature were investigated by in CH;Cly). This hypsochromic shift is typical of ring-opening

Results and Discussion

multiple techniques. [1]ferrocenophane® The presence of a weak absorption at 627
From the synthesis of several samples, the maximum loadingnm in 5a signaled the presence of trace ferrocenium moieties,
occurred when a weight ratio of 74%:%%) of 1 to host MCM- possibly generated from protonation of Fe(ll) from acidic silanol

41 was used. Fe analysis of a representative sample that wagroups within the sample. Reflectance near-IR spectroscopy of
completely loaded withl inside ODA-MCM o) indicated that ~ 5a—d showed resonances at ca. 166760 nm corresponding

it contained 5.4 wt % Fe, corresponding to an organometallic to overtones of the stretching frequencies for the ferrocenyl
content of 24 wt % (31 mg of per 100 mg of host). Thisis  moieties.

substantially less than the loading reported by O'Brien et al. ~ The loading ofl into MCM-41 was monitored by solid-state
where the composite contained approximately 40 wt % of NMR spectroscopy. Figure 2a shows thd magic-angle
organometallic speci€d. Fe analysis of a sample prepared spinning (MAS) NMR spectra of the composites—c asl was
starting with ca. 33 mg of guest per 100 mg of hydrated host loaded into the channels of ODA-MCM. The partially loaded
(5a) indicated that it contained 3.45 wt % Fe, corresponding to

(27) Marler, B.; Oberhagemann, U.; Vortmann, S.; Gies\Viitroporous

an organometallic content of 15 wt % (ca. 18 mg of gugseér Mater. 1996 6, 375.
100 mg of host)_ (28) (a) Osborne, A. G.; Whiteley, R. H.; Meads, R.EOrganomet
Chem 198Q 193 345. (b) Rulkens, R.; Gates, D. P.; Balaishis, D.; Pudelski,
(26) Charles, S. W.; Popplewell, J. Ferromagnetic MaterialsWohl- J. K.; Mcintosh, D. F.; Lough, A. J.; Manners,Jd. Am. Chem. S0d.997,

farth, E. P., Ed.; North-Holland Publishing: Amsterdam, 1982; Vol. 2. 119 10976.
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(a) 295i CP-MAS NMR spectra of each of the samples examined
showed resonances atl00 to —120 ppm, near 7 ppm, and
200 4 near—7 ppm.2°Si NMR spectra of compositesa and 5c¢ are
shown in Figure 2c. @(SiO3(OH)) and Q (SiO,) resonances
of silica are observed at100 to—120 ppm. Upon loading the
channels with monomet, there was a noticeable decrease in
the intensity of resonances assigned todiicon atoms (ca.
—100 ppm). This would be expected if mononieeacted with
the silanol groups on the surface. Although the use of CP limits
the gquantification of these Si assignments, the same observation
has been made by othefsThe chemical shift of 7 ppm is
assigned to CpSiM@® environments by comparison with similar
species in the literatur®. These sites are attributed either to
ferrocenophang attached to the silica via ring-opening addition

Relative Intensity

10 8 6 4 2 ° 2 “ of a silanol group to the SiCp bond, or to oligomers attached
Chemical Shift (ppm) to the surface of the silica via an-SD—Si linkage. The narrow
resonance at ca-7 ppm is assigned to oligomers and polymer
(b) 2, [fcSiMey],, (cf. 2°Si NMR of [fcSiMey]; 6 = —6.4 ppm in

CeDg).22 Samplessc and 5d also showed a smaller resonance
near O ppm, a signal that was not observed in the partially loaded
sample5a. We speculate that this arises from (FcSH4©
trapped inside the channe®%i NMR of (FcSiMe),0: 6 =

0.4 ppm)3° This compound may form in the presence of any
water in the silica (Scheme 2) and would be retained in the

Relative Intensity

Scheme 2
Me, Me Me Me
“, ' ‘ s
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180 pores. Ferrocenophadevould be expected to react much faster
with acidic silanol groups inside the channel than with water,
explaining why the partially loaded sample, which still contained
a substantial number of silanol groups, did not show this
disiloxane species. In addition, O’Brien et al. did not observe
the disiloxane by solid-state NMR as it would have been washed
from their sample in the solution phase preparation.

Our evidence suggests that ring-opened and oligomeric
products, bound to the SiQare present inside the channels of
MCM-41 (Scheme 3). This is consistent with the NMR and
EXAFS results of O'Brien et a® We believe that our results
also show that the ferrocenylsilanes arsidethe channels of
A o 0 100 MCM-41. Although there is undoubtedly a monolayer on the

Chemical Shift (ppm) exterior surface, bound by surface hydroxyl groups, the surface
area inside MCM-41 is much greater than on the outside. The
dramatic intensity reduction observed in the PXRD patterns upon
loading the channels cannot be accounted for by a physical
composite5a, shows several peaks that are attributed to protons mixture of the monomer and MCM-41. Moreover, the absence
of ferrocenyl, methyl, and OH groups in the channels of MCM- of crystalline species in the PXRD pattern is consistent with
41. Upon full loading withl, nearly all of the OH sites have the inclusion of the ferrocenylsilanes. At very high loading, free
reacted with monomer to form ring-opened species, and new monomer could be trapped inside the channels. We investigated
peaks attributed to CHgroups of the ferrocenylsilanes are the polymerization of fred within the channels of MCM-41.
observed. Th&3C cross-polarization (CP) MAS NMR spectra Polymerization of 1 in MCM-41. When1 was studied by
of the same series are shown in Figure 2b. A partially loaded DSC, the ferrocenophane melted neaf@sand then underwent
sample a) of MCM-41 showed resonances consistent with exothermic ROP. Composites partially loaded wit(samples
ring-opened species, showing only a broad methyl resonance5a and 5b) showed neither the melt transition nor the ROP
near 0 ppm, a free Cp resonance at 68.0 ppm, and other Cpexotherm when examined by DSC. However, DSC analysis of
resonances near 72 ppm. When the MCM-41 was loaded with 5¢ revealed a broad exotherm corresponding to ROPL of
excess monomer, several new resonances emerged between Igtween 75 and 208C. The absence of an endothermic melt
and 50 ppm that are attributed to tipsoC of the Cp ligands (29) Sindorf, D. W.; Maciel, G. EJ. Am Chem Soc 1983 105 3767.
in 1, present in different chemical environments in the com-  (30) angelakos, C.: zamble, D. B.; Foucher, D. A.: Lough, A. J.:
posite. Manners, l.Inorg. Chem 1994 33, 1709.

(©)

Relative intensity

Figure 2. (a)H MAS NMR spectra, (b}°C CP-MAS NMR spectra,
and (c)2°Si CP-MAS NMR spectra of (iBa, (i) 5b, and (i) 5c.
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transition for 5¢ indicates that the free monomer was not

crystalline, in contrast to bulk. This is consistent with the
absence of high-angle diffraction peaks in the PXRDbaflt

MacLachlan et al.

sample showed no ferrocenophapso-C atoms present using
the same NMR acquisition parameters asSarThese results
are consistent with the ROP of a very small amount of excess

is unlikely that monomer trapped within the narrow channels 1 within the channels of MCM-41.

of MCM-41, where ring-opened monomeric and oligomeric

Synthesis and Characterization of fcSi(CH)s/MCM-41

species are tethered to the walls, would be able to crystallize. Composite 7.We have recently shown that ceramic yields from
The breadth of the ROP exotherm may result from the poly(ferrocenylsilanes) are drastically improved when the

inhomogeneity of the trapping sites df inside MCM-41.

polymer is cross-linked’?€Incorporation of monome3, which

Monomer molecules may be near oligomers, polymers, or silica possesses two strained rings, into MCM-41 should give an
inside the channels, and their orientations may vary. Integrationimproved ceramic precursor if it undergoes cross-linking,

of the curve from DSC scans b€ indicated an enthalpy change
of 6(2) J g*. Given that the enthalpy of polymerization bfs
ca.—330 J gt 33tand that5c contained ca. 31 mg df per
100 mg of host (from Fe analysis), sampbe contained
approximately 2 wt % of free monometr (i.e., ca. 8% of
monomer 1 introduced into the channels of MCM-41 was

perhaps facilitating the synthesis of extractable ceramic nanofi-
bers in the channels. Compositewas prepared by vapor
deposition using a procedure similar to that used to incorporate
1 into MCM-41, though it was necessary to sublime at ca. 45
°C to remove all excess monomer from the product. Fe analysis
of a representative sample indicated that the sample contained

present as free monomer). It is noteworthy that the partially 4.3 wt % Fe, corresponding to an organometallic content of 20

loaded samplesha and 5b, did not show an exotherm in the
DSC, as expected if they did not contain excess monomer.
To examine the bulk polymerization, a sample5af was
heated at 140C under N for 4 h togive a yellow solid 6. H
NMR, 2°Si NMR, and PXRD of the polymerized sample were
essentially identical to those for sampbe. Moreover, the
reflectance UV-vis/near-IR spectrum @ was nearly the same
as that of5c, with the d-d transition observed at 457 nm.
However, the'3C CP-MAS NMR spectrum of the polymerized

wt % (i.e., 24 mg of3 per 100 mg of host).

PXRD confirmed that the long-range order of the hexagonal
mesoporous material was maintained. Lia-d, compositer
showed decreased PXRD intensities compared to calcined
MCM-41, consistent with impregnation of the monomer into
the channels. A broad halo observed # 2 10—20° is
characteristic of amorphous poly(ferrocenylsilanes).

Figure 3 shows the results of solid-state NMR studie3.of
The IH MAS NMR spectrum of7 showed a single broad
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Figure 3. (a) 'H MAS NMR spectra, (b)3C CP-MAS NMR spectra, and (&/Si CP-MAS NMR (i) spectra of monome, (ii) polymer 4, and
(iif) composite7.

resonance near 4 ppm. It is noteworthy that the peak is Polymerization of 3 in MCM-41. Our studies of [FcSi-
substantially narrower than the same peak observed in polym-(CH,)3].O have indicated that this monomer undergoes thermal
erized 3, indicative of enhanced mobility. In th®C NMR ROP of the silacyclobutane rings at 24Q.32 To test if the
spectrum of7, broad peaks centered at 17.8 and 14.6 ppm are silacyclobutane rings in composi#ewould undergo ROP, a
assigned to the silacyclobutane group. Peaks at 68.3 and 72.Zample of7 was heated under \at 280°C for 4 h. Thel3C
ppm are assigned to free Cp and SiCp resonances, respectivelyCP-MAS NMR spectrum of the resulting mater@alvas similar

295i NMR of 7 showed broad resonances at 8.8 arid7 ppm, to that of composit@, but the?°Si CP-MAS NMR spectrum of
assigned to Si from ring-open&dand MCM-41, respectively. 8 was substantially changed from thatioshowing broad peaks
The NMR results are consistent with monomer that has beenat ca.—107,—58, —25, 5, and 9 ppm assigned to Si(host),
ring-opened by the silanol groups to afford ring-opened mon- [RSiO3] (host), [RSiO;] (guest), [RSiO] (guest), and [ESiO]
omeric and oligomeric species within the mesoporous host. For (guest), respectively. These new peaks are consistent with ring-
comparison, the®Si NMR resonance for [FcSi(ChE].O is opening of silacyclobutane within the channels. The small
observed at 0.54 ppm ingDe.32 amount of RSi@observed likely arises fromCH,SiO; groups,

The UV—vis absorption of the ferrocenyl groups in composite where a reactive silacyclobutane has reacted with a silicon of
7 (453 nm) was blue-shifted by 25 nm compared with monomer the host. All of the peaks in the NMR spectrum are broad,
3, consistent with ring-opening of the [1]ferrocenophé&hEor indicating that the species are immobile as expected for cross-
comparison, [FcSi(ChJ3].0, which structurally resembles ring-  linked polymers and monomers pinned to the channels. IR
opened monomeB attached to silica, haénmax = 451 nm in spectroscopy oB indicated small structural changes to the
CH,Cl,.32 A charge-transfer band observed at 299 nm in ferrocenylsilane encapsulated in the MCM-41. In the aliphatic
monomer3 was observed at 270 nm in compositeonsistent C—H stretching region, peaks were observed at 2962X3Hs),
with a substantial structural change in the ferrocenyl moiety 2932 (s CH,), and 2876 cm! (vs CH, and CH). Moreover,
upon incorporation into MCM-41. a reduction in intensity of the ©H stretching frequency (ca.

IR spectroscopy o7 was consistent with the presence of 3450 cntl, broad) was observed Birelative to7. These results
ferrocenylsilane moieties inside MCM-41. Modes attributed to suggest that the silacyclobutane ringgiopened after thermal
vC—H stretching were observed at 3097 drfor the Cp ligands treatment, but reacted at least partially by ring-opening addition
and 2967, 2929, and 2874 cifor the methylene groups. The  of O—H to the Si-CH; bond, forming a propyl group on silicon
high frequency of the first aliphatic-€H stretch is characteristic ~ (Scheme 4). This may be accompanied by ROP of the
of a closed silacyclobutane ring in which the symmet@:-H

stretching frequency is elevated due to the ring stfaifor Scheme 4

comparison, monomeB shows aliphaticvC—H stretching Sio

modes at 2970, 2943, 2924, and 2867 ¢m \—— oo
These results are consistent with the presence of ring- opened@/sl\o/sloz &7 Si~0—Si02

monomer3 and oligomers tethered to the walls of the meso- I + HOSIO FIe
porous host with the silacyclobutane rings intact. To clarify Fe 2
whether the silacyclobutane rings were still closed, polymeri- Qb

zation of composit& was undertaken.

(31) Foucher, . A, Synthesis and P o of New Siicon Containi silacyclobutanes, but polymeric carbosilane could not be dis-

oucner, D. A. synthesis an ropertes o ew ollicon Containing  4; H . . _ .
Inorganic and Organometallic Polymers. Ph.D. Thesis, University of tmgu.'ShEd. from the Sllacyclobut.ane groups ring-opened with
Toronto, 1993. terminal silanol groups present in the MCM-41.

(32) MacLachlan, M. J.; Thieme, K.; Ginzburg, M.; Lough, A. J.; Pyrolysis Study of 5a-d and 7.We have previously reported
Manners, |. Manuscript in preparation. ; ; ;
(33) Silverstein, R. M.; Bassler, G. C.; Morrill, T. CSpectrometric the pyrolysis of poly(ferrocenylsilanes) to afford ceramics

Identification of Organic Compoungsth ed.; John Wiley & Sons: Toronto, containing Fe Partides inside a SI/C/N matkb&’By pyro-
1991; p 105. lyzing composites5, we hoped to form Fe nanostructures
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Figure 4. PXRD patterns of an MCM-41/composite (i) before and
(ii) after pyrolysis showing the (a) low-angle and (b) high-angle
transformations that occur.

confined to the channels of MCM-41. SamplesSaf-d were Figure 5. (a) TEM image of cerami®d. The striped region shows
heated at 900C for 2 h under a slow flow of Nto yield the MCM-41 mesostructure parallel to the channel axis, while the
ceramicDa—d. The yellow powder was transformed into a fine remainder illustrates the hexagonal mesostructure perpendicular to the
black powder that was attracted to a magnet. A small amount channel axis. (b) Electron diffraction &fc reflecting the hexagonal

of ferrocene sublimed from the material during the pyrolysis °rder in the ceramic.

and collected on the cold part of the pyrolysis tube. Ceramic ) ) ]

yields of 69-86% were obtained. As expected, the highest yields Where Lnq is the average diameter of the crystallitds,=

were for the lowest loadings df in MCM-41 since calcined ~ [Bmeasured = Bstandard™ is the root-mean-square difference
MCM-41 alone shows little mass loss up to 9TD. between the angular fwhm for the sample with respect to a

Figure 4 shows the PXRD patterns of a typical composite Powder Fe standard (radiang)is the wavelength of the X-ray
before and after pyrolysis. At low angles, PXRD revealed a radiation, and is the Bragg ang!e for Fhe reflection (radians).
contracted interpore distance resulting from the condensation804 or F&Os and Fe were evident ifia, but only Fe was
polymerization of residual SiOH groups in the silica channels €vident by PXRD in9b—d. It was assumed that the Fe
after pyrolysis. An enhanced peak intensity relative to the loaded Nanoparticles were onlg-Fe, though the peaks were broad
sample is consistent with a structural improvement of the chan- €nough to conceal the (111) reflection of gnffe present. Peaks
nel walls and the loss of considerable electron density from Were fitted several times with standard peak-fitting software to
within the channels as the polymer was transformed into a 9ive an estimate of the error in the fwhm. Using the Scherrer
ceramic. At higher angles, the amorphous halo attributed to the €quation, we calculated particle sizes of 28(2), 31(2), and 41-
ferrocenylsilane polymer @= 14°, d = 6.3 A) had disappeared  (5) A for samples9b, 9c, and 9d, respectively. The iron
from the ceramic and a new peak nedr=2 45° (d = 2.03 A) nanoparticles |r9b. and 9c are virtually identical in size and
had emerged. This latter peak is assigned to the (110) reflection@PPear to be confined to the channels of the mesoporous host.
of a-Fe. As a consequence of the very snoaffe particle sizes The iron nanopartlcles_ ifd, however, appear larger and may
in the samples, the peak is substantially broader (e.g., full width have grown out of a single channel.
at half-maximum (fwhm) for9b was A9 = 6.2(4Y) than for Itis worth noting how the pyrolysis of the poly(ferrocenyl-
bulk a-Fe (fwhm: A6 = ~0.18). The Scherrer equation (eq Silane) within the ordered channels of mesoporous silica differs

4) was employed to calculate the particle size of the Fe from the bulk pyrolysis o2. The Fe nanoparticles obtained in
nanocrystalliteg* MCM-41 are substantially smaller than the particles obtained

. (34) Guinier, A.X-Ray Diffraction in Crystalsimperfect Crystalsand
Ly = [0.94/B cos6)] (4) Amorphous BodieDover: New York, 1994; p 124.
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Figure 6. PXRD patterns for calcined CPM-MCM, compositeand ceramicd0a—e at (a) low angles and (b) high angles. (Note thad was
prepared using a different sample of compogiteom the others.)

from the bulk pyrolysis. Additionally, neither graphite nor Figure 7 shows TEM images d0b and10e (microtomed).
a-SisN4 was observed in the pyrolyses, compositions that were The ceramic prepared at 60C (10b) shows very small Fe

obtained from the bulk pyrolysis @.15.17¢ nanoparticles that appear confined to single channels. In the
The samples were imaged by transmission electron micros-sample prepared at 100C, however, the particles are much
copy (TEM). Figure 5a shows a TEM image of cera®it Fe larger and nearly round. The particles visible in the TEM image

nanoparticles are confined to the channels, though somewere counted and are plotted in a histogram in Figure 7c. The
“appear” to be larger than a single channel. A particle-size particle-size distribution is monomodal, and the average particle
distribution could not be determined from the TEM images due size was calculated to be 10483.9 nm (histogram in Figure

to the difficulty of distinguishing the edges of particles from 7c). Using the Scherrer equation, the size of the Fe particles
the silica walls. The mesostructured order of the MCM-41 host were ca. 26-40 nm in diameter. This clearly overestimates the
material was evidently maintained at even 9@ The walls size observed in the TEM micrograph. There may be larger
appeared slightly thicker and showed greater electron contrastparticles, which were not observed by TEM, that contribute
than MCM-41 itself. This is consistent with the structural significantly to the particle size determined by PXRD. The
improvement and contraction of the hexagonal unit cell of the Fe;04 observed in the PXRD pattern may exist as a surface
host. An electron diffraction (ED) pattern of the ceramic coating on the Fe particles.

compositeé9cis shown in Figure 5b. The observation of ED up Samples were pyrolyzed at 100G for different lengths of

to the third order (300) indicates the excellent structural order time and examined by PXRD (Figure 8). Afté h at1000°C,

of the hexagonal mesostructure. They spacing obtained from  the mesoporous structure was still present in the samioR, (

the ED pattern (thelgo~ 45 A) is similar to the value obtained  although the intensity of the peaks was reduced relative to the
from PXRD (dig0 &~ 42 A). sample prepared fdl h (10g). Both a-Fe andy-Fe as well as

Samples of were pyrolyzed under nitrogen for various times Fe;O4 were present in this sample. After 24 h of pyrolysis at
to examine the changes that occur to the ceramic; conditions1000°C (10h), however, an enormous change had occurred to
are summarized in Table 1. After pyrolysis, powdel8) (vere the composite structure. No evidence for mesoporosity was
obtained in 73-85% yields. apparent in the PXRD pattern of the materiedh. Moreover,

The pyrolysis of7 was monitored by PXRD. Figure 6 shows the halo ad = 4 A, attributed to glassy Si)was less intense,
the PXRD patterns of ceramici)a—e. Although the silica giving way to crystalline quartz and cristobalite in the sample.
underwent further polymerization-induced contraction during Both forms of Fe as well as magnetite were still present in the
heating, the hexagonal mesoporous structure of the host wassample. This is, to our knowledge, the first observation of the
maintained up to 1000C. PXRD indicated that the ferroce- transformation of mesoporous silica to quartz.
nylsilane guest had already undergone a large structural Finally, a sample o¥ was pyrolyzed under the same condi-

transformation by 500C as the broad amorphous halodat tions as used to prepare sam@tk Although the ceramic yield
6.3 A, a signature of ferrocenylsilanes, had disappeared, leavingwas slightly higher forl0i than for9d, there appears to be no
only the amorphous halo dt= 4 A, characteristic of Si@ A substantial difference between products prepared when monomer

peak that has been assigned todhg of a-Fe first emerged at 1 or 3 was inside the mesoporous silica. Ceradficshowed a
600°C and grew to 900C. In the PXRD pattern of the sample  broad halo near 2.1 A, consistent withFe, and some E€;.
prepared at 1000C (106, peaks assigned to both the high- Control Pyrolysis Studies. To confirm that our chemistry
temperaturey-Fe (fcc) and low-temperature-Fe (bcc) were takes placanside the channels of MCM-41, several control
apparent, as well as a peak due to magnetiteQke experiments were performed. A composite prepared under
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Figure 7. TEM images of (a) ceramitOb prepared at 600C and (b) ceramidOeprepared at 1000C which show Fe nanopatrticles in the ordered
channels of MCM-41. (c) A histogram of the particle-size distribution as measured from a TEM image of cégamic

similar conditions to those used to prep&a-d with amor- Moreover, the MCM-41 diffraction peak intensity for samples
phous silica in the place of MCM-41 was pyrolyzed at 9@ with imbibed monomer/polymer5( 7) increased dramatically
to yield 11. Since excess monomer was sublimed off prior to after pyrolysis (e.g., 30% fda, 140% for9d, 100% for10i vs
pyrolysis, it is expected that only a monolayer of monomer the preceramic composites). Physical mixtures of MCM-41 and
would adhere to the surface. Fe nanopatrticles were not apparenpolymer @ and4) showed only small increases upon pyrolysis
by PXRD, and only isolated Fe particles were observed by TEM. (to 13 and15). The large change observed for the pyrolysis of
This further confirms that any iron present on the outside surface the composite® and7 can be best explained by the presence
is not significant. of monomers/polymergiside the channels of MCM-41 prior
Further control sample&2 and 14 were prepared through to pyrolysis. Upon pyrolysis, much of the organic material
physical mixing of MCM-41 and polymesand4, respectively. present inside the channels is lost as volatile species, leaving
The resulting composites were heterogeneous orange and whitehe Fe nanoparticles.
mixtures (SiQ:polymer ratio was set to correspond with the There is compelling evidence that the Fe nanoparticles are
elemental analyses determined far and 7). When imbibed insidethe channels of MCM-41. First, comparison of the PXRD
with monomer, the intensity of the 100 diffraction peak of the results for the composites, ceramics, and controls suggests that
MCM-41 decreased by ca. 8®0% (e.g., 80% foba, 90% for the polymer is inside the channels. Second, TEM images show
5d, 93% for 7). However, the physical mixtures of monomer Fe nanoparticles inside the host. Only samples which were
and MCM-41 showed significantly smaller intensity decreases known to contain excess monomer showed residual ceramic on
for the 100 diffraction peak which correlated with the percent the exterior surfaces of the particles. Third, we attempted to
dilution of the mesoporous silica. This difference can be obtain the Fe and Si distribution in samples from high-resolution
explained by the incorporation of monomieside the meso- TEM line scans across the channels of the microtomed host.
porous host for compositésand7, where the intensity reduction ~ Scans showed that the Fe was inside the channels, but the sample
has two components: reduction due to dilution of the diffracting decomposed under the electron beam before we could obtain a
species; and reduction due to decrease of the electron contrassuitable signal-to-noise ratio to distinguish silica of the channel
between the channels and the host walls. walls from iron in the interior of the channels. Finally, XPS
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Figure 8. PXRD patterns for ceramick0f—h formed at 1000°C at (a) low angles and (b) high angles.

analysis of pyrolyzed samples showed very little, if any, Fe on
the surface of the particles.

Magnetization Measurements.PXRD of ceramic indi-
cated that ther-Fe particles are small enough to be superpara-
magnetic. To further understand the magnetic properties of these
materials, we examined cerami®®—d by superconducting
qguantum interference device (SQUID) magnetometry. There are
several experimental criteria that are used to determine if a
sample contains superparamagnetic particlése temperature-
dependent magnetization will exhibit a cusp at the blocking
temperatureT;,) in the zero-field-cooled (ZFC) magnetization.
When cooled in the absence of a magnetic field (zero-field
cooling), the magnetic moments will initially be spatially locked
in random orientations. If a weak external magnetic field is then
applied, the moments may slowly align (Boltzmann equilibra-
tion) and will remain aligned until the temperature is increased
aboveT,. AboveTy, the thermal energy overwhelms the ordering
effect of the magnetic field and the net magnetization of the
sample decreases. Thus, the magnetization curves will display
hysteresis belovil,, but no hysteresis abovg,. Finally, the
plots of M versusH/T should superimpose in the superpara-
magnetic regime.

Figure 9 shows the temperature-dependent magnetization data

for the zero-field-cooled susceptibility ddb—d. All of the
samples show cusps in their ZFC magnetization curves, with
maxima {I,) centered at ca. 30 K f@db and9c, and ca. 45 K

for 9d.

Field-dependent magnetization data were obtaine@kp®c,
and9d at several temperatures. Figure 10 shows magnetization
curves for9c. While hysteresis was not observed at room
temperature, the materials all showed hysteresis below 40 K.
Sample9b showed essentially the same magnetization data as
9c.

The absence of room-temperature hysteresis in the magne-
tization curves indicated that the particles were superparamag-
netic and the magnetization should be described by the Langevin
equation (eq 1). In a distribution of particle sizes, the low-field
component of the Langevin function is primarily affected by
large particles, while the high-field component is most sensitive
to the small particles in the systéhihe magnetization data
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Figure 9. Zero-field-cooling curves of (a®b, (b) 9¢, and (c)9d at
for the superparamagnetic materials were fitted to a Langevin 100 G.
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Figure 10. Isothermal magnetization curves of cerarfizat (a) 5 K, (b) 25 K, (c) 40 K, and (d) 300 K.

function assuming that the particles were essentially monodis-
perse within the channels. As the data fit poorly to a single

Langevin function, the data were fitted to a sum of two Langevin

functions (eq 2). Honda et al. have used this equation in their
treatment of Fe nanoparticles in alumina and silica substfates.

This modification of the Langevin function is reasonable when

a bimodal distribution of grain sizes is present, or when patrticles
of two magnetic materials are present.

Essential approximations, which may not necessarily be valid
were made during data analysis. First, the particles were assum
to be precisely bimodal and spherical, and to possess isotropi
magnetization. However, the inherent geometry of the silica
channels, the ironsilica anchoring, and the iron structure may

fization (emug”)

o
Magne

introduce a degree of magnetic anisotropy. Second, the particles
were assumed to be isolated and non-interacting. The potential
contribution to the magnetization from other magnetic phases %
that may be present in the material (e.g., F&&0y, FeSjOy,
FeSj, and FeN) was ignored. Finally, the diamagnetism of the
silica and pyrolyzed organosilicon products was assumed to beFigure 11. Magnetization data fa®c (at 300 K) fitted to the Langevin
negligible. function. The upper trace shows the data poifts énd the fit curve.
Figure 11 shows the plot ol vs H at 300 K along with the The two Langevin components of the fit are shown below.
components of the Langevin function (eq 2) for cerade If a bimodal distribution of Fe nanoparticles is in fact present,
Magnetization parameters are summarized in Table 2. Figurethe particle sizes approximately represent smaller clusters
12 illustrates two pOSSible models to eXpIain the bimodal nature confined to a Sing|e channel (Ca_ 40 A) and |arger clusters
of the particle distribution. As onlyg.-Fe was observed in the  confined to two channels. The latter could form if the ca. 10 A
PXRD patterns o8b—d, it was first assumed that the particles  sjlica wall between two particles in adjacent channels was
were a-Fe. From the calculated fit to the bimodal Langevin disrupted.
function (eq 2), the largest Fe particles had diameters@80 More likely, the smaller superparamagnetic contribution arises
A and the smaller particles had diameters-28 A (Table 3).  from an oxide layer on the Fe particles (Figure 12b). If a
spherical surface coating of #& (the only oxide phase
confirmed in any of our experiments) is assumed, then the
particles possess oxide layers that aré&4 in thickness (Table

1

2000 4000 6000 8000 1X10

Magnetic Field (G)

(35) (a) Sakamoto, I.; Honda, S.; Tanoue, H.; Hayashi, N.; Yamane, H.
Nucl. Instrum Methods PhysRes B 1999 148 1039. (b) Honda, S.; Okada,
T.; Nawate, M.; Tokumoto, MPhys Rev. B 1997 56, 14566.
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Table 4. Comparison of Fe Particle Sizes Determined by PXRD
and Magnetization

9b 9c 9d

Fe particle size from PXRD (&) 28(2) 31(2) 41(5)
Fe particle size from magnetization (A) 50.9(0.7) 50.0(1.0) 64.4(1.4)
channel diameter from PXRD () 47 48 38

aFrom Scherrer equatiofi.This is calculated frongy = 2d10d+/3
for a hexagonal lattice. Note that the quoted channel diameter does
) ) . not take into account the width of the silica wall.
Figure 12. Two proposed models to explain the observed magnetiza-
t'?rl‘:data for m"’tlg?et'c pgrt'glef:'” MCM"‘% I(a) a b'T‘_’daé distribution 1 cking temperature by ZFC magnetization measurements for
of Fe nanoparticles and (b) Fe nanoparticles contained in an-iron 9b,c. The particle sizes calculated from the Langevin function

siicate shell. are consistent with the relative blocking temperatures and
Table 3. Fe Particle Sizes and Oxide Thickness particle sizes calculated from PXRD f8b—d.
9 % 9d Conclusions
Dmag(A) of small Fe particles  28.7(0.4) 28.0(0.5)  36.3(0.5) . . .
Dimag (A) Of large Fe particles ~ 50.9(0.7) 50.0(1.0)  64.4(1.4) This paper presents the synt_heS|s and charactenzatlpn of a
oxide thickness (&) 4.5(0.8)  4.4(1.0) 5.8(1.4) novel class of superparamagnetic nanostructured ceramics. The

use of ring-opened poly(ferrocenylsilanes) as precursors to Fe-

3). This oxide layer could constitute the F8i0, interface contain_ing ceramics in_side mesoporous_silica re_presen_ts a new
between the nanoparticles and the channel wall. Other researchSynthetic strategy to this class of magnetic materials, which may
ers have noted that magnetic particle siZBgs) may overes- be a candidate for applications that require nanoscopic metal
timate the particle size measured by TEM by up to 40% due Particles.

most likely to particle interaction®.Thus, the Fe nanoparticles
for 9b,c (Dmag ~ 50 A in diameter) may actually be confined
to a single channel (diameter o#0 A). There are clearly larger
particles present i®9d that could form by merging images of
particles in adjacent channels of MCM-41. These results are in
agreement with the data obtained from PXRD (Table 4).

The magnetization behavior of sampl®s and 9c was
remarkably similar, suggesting that the choice of host silica . X
affected the magnetic particles obtained from the pyrolysis. Eﬂgﬁ?&%ﬁ%i&?gg& 4a;nd the Ontario Government for a
Moreover, the calculated particle sizes fis,c were smaller )
than those for9d, agreeing with the observation of a lower JA992006Y
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