Nanoparticles of Ti and Zr in organosilicon polymer ceramic precursors
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A procedure was developed for introducing Ti and Zr nanoparticles into organosilicon polymer ceramic precursors; all of the
particles were found to be multiphase and to contain the metals, metal carbides, and metal oxides assosiated with the polymer
matrix.

Organic polymers that contain metal nanoparticles occupy particles. CpMCIl, (M =Ti or Zr) exhibits an intermediate
significant place among nanostructured materials, the interest lmehaviour under conditions of thermal degradation. It was
which is currently growing like an avalanchéMetal nano- experimentally found that the principal features of the process
particles <10 nm) are unstable and highly reactive; theyare the same as in the case of polyethylene: drop-by-drop
attracted considerable interest because of their unique physicadidition and very fast thermal decomposition of metal-
properties. The up-to-date level of ceramic polymer technologgontaining compounds, complete removal of organic ligands
is sufficiently high, and therefore, polymer matrices areand homogeneous distribution of metal nanoparticles as a result
preferable for the stabilisation of metal nanoparticles from thef intense agitation of the oligomer/polymer reaction mixture.
practical standpoint of the material science. It is believed that the polymer melt contains a large number

It is well known that refractory metal heteroatoms of (Ti, Zrof cavities (domains) distributed throughout a continuous
etc) are effective stabilisers for ultrafine ceramic structuresmedium. The decomposition of metal-containing compounds and
Moreover, they also give an improvement in the refractorysubsequent particle nucleation proceed in these ca¥ifias.
properties, thermal resistance and sintering alilithe direct transformation of polydimethylsilane into polycarbosilane at
introduction of metals into a ceramics is a rather difficult task300-380 °C usually takes about 28 h. It was found that the
because homogeneous distribution of metal nanopatrticles in tiroduction of metals at an intermediate stage of synthesis is
solid structure is required, and no additional oxygen should bmost effective. If the reaction is carried out in the presence of
introduced. It is believed that the formation of ceramic materialshe products of thermal decomposition of the above Ti- or
via polymeric precursofsopens up a new and effective way in Zr-containing compounds, the reaction time can be shortened to
this direction on condition that new methods for introducing3-5 h. The process speeds up after the introduction of metals;
metal nanoparticles will be developed. however, any negative side effects were not detected. The study

In recent years the problem of polymer stabilisation by metashowed that, in this case, metal nanoparticles took part in
nanoparticles has provoked considerable interest. Some waysarrangement and polycondensation. An optimum time of
have been proposed to introduce metal nanopatrticles into orgargontact between metal nanoparticles and the reaction mixture
polymer matrices. In chemically inert linear polymers such aslepends on the number of Si-Si bonds to be ruptured. The
polyethylene, metal nanoparticles are usually forinesituas  presence of additional Si—H groups in the polymer provides an
a result of fast thermal decomposition of a solution of metalopportunity to graft new active functional groups. The aforesaid
containing compounds, which is introduced into a polymersuggests more active interaction between metal nanoparticles
solution or melt The metal nanoparticles (stabilisers) primarily and polycarbosilane as compared with carbon-chain polymers.
react with oxygen to yield inert products and hence prolong the Polycarbosilane samples containing metal nanoparticles (nano-
lifetime of the polymer (prevent the degradatien). MPCS) with the Ti or Zr content no higher than 5 wt% were

In this study, polycarbosilane was chosen as the basigrepared from different metal-containing compouhdBEyvo
polymer; this ceramic precursor is usually formed by thermal

rearrangement of polydimethylsilah®olycarbosilane is a low- 2000 S ocs
molecular-weight polymer(M = 1200-2000) with active Si-H |  ____. PCS (initial)
and Si—-C bonds; it is considerably different from polyethylene - _ - Differential curve

as a matrix. We performed a detailed investigation of the poly- 150
dimethylsilane conversion into polycarbosilane to find optimum
time and temperature for the introduction of metal- containing"f
compounds. The intermediate and final products of polymer
transformations were analysed by NMR, UV and IR spectroscopy“
gas chromatography—mass spectrometry, gas chromatography aad
high-performance liquid chromatography.

For the formation of Ti- and Zr-containing metal nano- 50
particles, we decided on oxygen-free compounds of these
metals. We found that thermal decomposition of M® = Ti
or Zr) requires a large amount of active Si-H hydrogen to
reduce the metal during the formation of metal nanoparticles.

A different situation arises with thermal decomposition of . .
(C¢HsCH,),Ti in polycarbosilane: toluene and dibenzyl (1:3) A
were guantitatively detected in the distillation products. That is, ) rl

all benzyl radicals from the initial metal-containing compodund Figure 1 X-ray RED curves for nano-ZrPCS.
predominantly undergo a homotransformation to release nake_
hot metal atoms, which become aggregated into metal nang;

=100

T Satisfactory analyses for C, H, Si and metals were obtained for all
amples by standard procedures.
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series of analytical experiments were carried out with thes&O, phase (probably anatase). The distancel.82 A may
materials. First of all, the polymeric portion of nano-MPCS wascorrespond to the Ti—C bond resulting from partial replacement
examined in comparison with the initial metal-free polycarbo-of silicon in the Si—C chains of a polymeric matrix.
silane. It was found that the method used for preparing nano- X-ray diffraction analysis showed that all samples were
MPCS did not introduce additional oxygen, provided moreamorphous; this means that the size of the crystallites (nano-
regular polymeric structure and increased the amount of Si-iarticles) is less than 20 A. Figure 1 compares the RED curve
groups. The molecular-weight distribution (MWD) is consistentof nano-ZrPCS with the RED curve of the initial matrixa
with that of the best samples of starting polycarbosilane. Adifferential curve is also presented. As in the case of EXAFS,
narrow unimodal MWD a polydispersity index of about 2 wasthe differential curve exhibits peaks due to thé trase (=
observed. The average molecular weight lied in the range 10693.20 and 5.60 A). The phase composition of metal nano-
to 1200. High-molecular-weight components (tails) were alisentparticles in the nano-TiPCS sample is different: both metal and
According to their rheological characteristics, nano-MPCS caoxide phases were observed. The modelling of X-ray RED
be used as spinning melts at lower temperatures in comparisaurves showed that the inserted Ti is distributed between the
with unmodified polycarbosilane. A viscositgf about 1000 P, Ti% and TiQ phases in the ratio 1:5 (Figure 2). The formation
which is needed for the spinnability, was achieved at aboutf TiO, in the nano-TiPCS sample was supported by XPS
120-150 °C instead of initial 250—280 °C. Preliminary experi-analysisi® The spectrum of Ti23/2 consists of three compo-
ments showed that metal contents of up to 3% did not prevemnients; for chemical identification, we need to discuss only the
stable spinning of fibres. peaks withE, =455.0 and 459.2 eV. According to reference
TGAT of nano-ZrPCS exhibited a considerably larger yielddatal4.15the peak withE, = 459.2 eV can be reliably assigned
of the solid phase (up to 10% at 1.0-1.3% of the metal) ito Ti—-O bonds in titania or titanate. The component \Eijt¥
comparison with the initial polycarbosilane. DSC analysis= 455.0 eV may be attributed to the Ti—C bond. Note that bulk
showed active exothermic processes over a broad temperaturestallic Ti hask, = 454.0 eV, but the corresponding value for
range and demonstrates some differences between nano-TiPTiShanopatrticles is unknown for us.
and nano-ZrPCS. The behaviour of the latter is similar to that of Note that modifications of matrices in the course of the
the starting polycarbosilane. This is likely due to the well-formation of metal-containing polycarbosilane can be observed
known fact that titanium, especially finely divided, exhibit in the differential RED curve: there is strong disordering of
higher catalytic activity. bonds with lengths of about 2 and 4-5 A in the case of nano-
The nature of metal nanoparticles in polycarbosilane matricegiPCS. Analogous changes were observed for the nano-ZrPCS
was also analysed. Earlier, we have examined similarly obtaineshmple; it is not improbable that they are associated with the
samples of model nano-MPCS containing up to 5 wt% Fe usingntroduction of nanoparticles deep within the polymer structure.
X-ray emission and Mdssbauer spectroscoye have found The XPS analysis also showed that no Ti or Zr (to within the
that polycarbosilane as a matrix does not differ from othefimit of detection of 0.1-1 at%) were present at the surface of
examined polymers in both the structure of nanoparticles antthe investigated samples. Using long scanning it was possible to
the particle-size distribution: more than 80% of particles had aecord the Ti P line and to determine the Ti concentration near
size of no more than 5 nm. All particles were multiphase: theyhe surface film to be equal to 2x2@t%,; this value is lower
contained iron, iron carbide and iron oxides. The formation of a
FeSi phase was reliably detected; bonds between nanoparticieshe EXAFS spectra of K-edges of Ti or Zr were obtained on the
and the matrix were also detected as in other nanometallEXAFS spectrometer at the Siberian Synchrotron Radiation Centre. The
polymers?O0 It is known that Ti and Zr nanoparticles exhibit the VEPP-3 storage ring with an electron-beam energy of 2 GeV and an
highest chemical activity; thus, it is clear that their effect onaverage stored current of 80 mA were used as the radiation source. The
transformations of the matrix will be no less than that of FeX-ray energy was monitored with a channel cut Si(111) monochromator.
nanoparticles. AII _of ;he spectra were recorded in the transjmlssn_on _mode using two
The phase analysis of nano-MPCS samples (M = Ti or Zr onisation chambers as detectors. The harmonics rejection was performed

was performed by two techniques. One of them consisted in tH8" (e Ti K-spectra. For the EXAFS measurements, the samples were
construction of radial electron-density distribution functionspreF’ared as pellets with thickness varied so that a 0.5-0.8 jump at the

btained f he i - f . absorption K-edges of Ti or Zr was obtained. The EXAFS spectra were
obtained from the intensity curve of X-ray scattering (x'raytreated using standard procedu¥e$he background was removed by

RED), and the other was EXAFS spectroscopy. The advantag&irapolating the pre-edge region to the EXAFS region in the form of
of EXAFS spectroscopy consists in its selectivity, which makesyictoreen's polynomials. Three cubic splines were used to construct the
it possible to obtain the atomic radial distribution curve for thesmooth part of the absorption coefficient. The inflection point of the
local arrangement of a selected chemical element in the sampkgige of the X-ray absorption spectrum was used as the initial point
Both of these techniques give interatomic distancgsaid  (k=0) of the EXAFS spectrum. The radial distribution of the atoms
coordination numbersZf, which can be compared with those (RDA) function was calculated from the EXAFS spectraagk) using
calculated from structural data for a particular phase. Thughe Fourier analysis for the wavenumber rakget.0-12.0 AL A curve
X-ray RED and EXAFS techniques inspect and supplemerﬁtt'ng procedure with the EXCURV92 prografnwas employed to
each other. etermine precisely the distances, coordination numbers and the Debye—

Experimental EXAFS data on r and Z for nano-ZrPCS Waller factors. This was performed (k) over a similar wavenumber

showed that the sample contained zirconium metal (the inte;rgl:1 gﬁlsf(t:grmpg(e):;r:ér;ary Fourier filtering with engaging known XRD data

atomic distances 3.11, 3.27 and 5.58 A agree well with thery ray RED: diffractometer; Cul radiation monochromated with a
calculated data). The peak with= 1.97 A can be assigned graphite monochromator; all samples were X-ray amorphous; the

to the Zr-C distance and is indicative of the metal-matrixjiffraction pattern of the matrix had a wide halo with the intensity
interaction. The Zr@phase was absent from the sample sincenaximum at the interplanar distanais = 8.8 A; this halo is shifted to
there are no Zr—Zr and Zr-O peaks characteristic of this phaseé/n = 8.4 A upon introducing Ti or Zr. For calculating the RED curves
The alternative results were obtained by EXAFS for nanofor all of the samples, the intensities of X-ray scattering in the angle
TiPCS: the sample contained both the metal phase and tfi@nge 3 to 150° () at MoKa radiation were measured. For determining
the phase composition of the supported component and the modification
* MWD curves were obtained by exclusive gel-permeation chromatoef a polymeric matrix (polycarbosilane), the difference RED curves
graphy on Shodex styrogel columns (Knauer) with a UV detector. Drywere constructed; the technique for calculating the RED curves was
THF was used as a solvent, and polystyrene was used as the referedescribed in ref. 13.

substance for calibration. 88The samples were analysed on a VG ESCALAB HP electron

8 Rheological characteristics were measured in an argon atmosphespectrometer. The samples were applied to a rough surface of copper
using a Reotest-Lovo instrument; the heating rate was 5-10K.min plates or to the surface of an adhesive tape by pressing and powdering.
' TGA was performed within the range 20-800 °C (He, 5 K#)in  Survey scans with the high pass endryy= 100 eV were recorded to
DSC analysis was performed at 20-600 °C in Ar; 2, 5 or 10 KImin obtain high-sensitivity spectra. Particular spectral lines were taken with
(DuPont). high resolution usinglV = 20 eV.
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Figure 2 Modelling of differential X-ray RED curves for nano-TiPCS. 12

than the Ti concentration in the sample. This observation can Bé
easily explained by an effect of capsulation of Ti nanoparticle§ 4
inside the cavities (domains) of an organic polymer matrix.
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