T Am. Ceram. Soc, 78 [1] 137-45 (1995)

Joumal

The Evolutionary Process during Pyrolytic Transformation of
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The pyrolytic evolution of poly(N-methylsilazane), -[H,SiN-
Me],~, from preceramic polymer to ceramic product is
followed by heating samples of the partially cross-linked
polymer, in 200°C increments, from ambient temperature
to 1400°C. The intermediate products are characterized by
chemical analysis, diffuse reflectance Fourier transform IR
spectroscopy (DRIFTS), Raman spectroscopy, and *’Si and
BC magic-angle spinning (MAS) solid-state NMR. Spectro-
scopic characterization indicates that the 1400°C pyrolysis
products are amorphous silicon nitride mixed with amor-
phous and graphitic carbon (as determined by Raman spec-
troscopy), rather than silicon carbide nitride, as expected
based on the presence of up to 20 mol% retained carbon.
Efforts to crystallize the silicon nitride through heat treat-
ments up to 1400°C do not lead to any crystalline phases, as
established by transmission electron microscopy (TEM)
and small-area electron diffraction (SAD). It appears that
the presence of free carbon, along with the absence of oxy-
gen, strongly inhibits crystallization of amorphous silicon
nitride. These results contrast with the isostructural poly-
(Si-methylsilazane), -[MeHSiNH],~, which is reported to
form silicon carbide nitride on pyrolysis.

I. Introduction

FroRTS in these and other laboratories to develop easily pro-

cessable silicon nitride polymer precursors have focused
primarily on Si-substituted polysilazanes (-[RHSiNH] —, R =
H, alkyl, or aryl) and silsesquiazanes, —[RSiN, ;] —, with most
of the work centered on poly(Si-methylsilazane), —[MeH-
SiNH],—, and the related silsesquiazanes, —[MeSi(NR), s],—.'"
In all instances, pyrolysis of poly(Si-Rsilazane)s to tempera-
tures of 1000°-1300°C in N, leads to atomically disordered
materials (by NMR and XRD) that exhibit, at best, only limited
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crystallinity. In particular, pyrolysis of various related poly(Si-
methylsilazane)s gives ceramic products that contain =~5-20
mol% carbon.

Physicochemical characterization of these materials indi-
cates that they are not amorphous mixtures of silicon nitride,
carbon, and silicon carbide, but rather silicon carbide nitride
wherein the average silicon has three bonds to nitrogen and one
to carbon. We describe here the pyrolysis of poly(N-methylsila-
zane), —[H,SiNMe],— which in contrast to —[MeHSiNH] —,
results in the formation of a composite ceramic product con-
taining what appears to be phase pure Si;N, and significant
quantities of C, rather than silicon carbide nitride.

As part of our continuing interest in preceramic polymers,
we have synthesized polysilazane precursor —[H,SiNMe] - =
MeNH[H,SiNMe] —[HSi(NMe), 5], —H; poly(N-methylsilazane),
according to the following chemical reactions:'*"

E10/ —T78°C
H,SiCl, + 3MeNH, — 2MeNH,CI

+MeNH[H,SiNMe] ~H (M, ~ 1200 Da) (1)

Rus(CO})2/65°C/40-60h

MeNH[H,SiNMe],—H
MeNH[H,SiNMe] ~[HSi(NMe), ;] -H + H,
(M, ~ 2000 Da)

(2)

Poly(N-methylsilazane), —[H,SiNMe] —, is isostructural with
and chemically identical to (on a monomer basis) -[MeHSiNH] —.
Thus, studies on the pyrolytic transformation of —[H,SiNMe] —
to ceramic product represent an excellent test of the influence of
changes in polymer architecture on selectivity to ceramic prod-
ucts and control of the resulting microstructure.

We previously reported'™'? that pyrolysis of —[H,SiNMe] —
(M, = 2300 Da, 5°C/min/N, to 1000°C, 2-h hold, 63% ceramic
yield) leads to a material with a composition of Si, 4C, 5-
N, H, ,,0y0. This composition was interpreted to indicate
an apparent ceramic composition of 77% Si;N,, 18% excess C
and 3% excess N. This interpretation was based on a simple
accounting method wherein it was assumed that all of the Si
reacts with as much nitrogen as possible to form Si,N,. Any Si
not accounted for by combination with N is then combined with
C to form SiC. The remaining carbon and/or nitrogen is
assumed to be retained in non-silicon-containing species. No
effort was made to consider thermodynamics in this accounting
system, nor was the presence of hydrogen considered. This
approach was used simply for comparison with the results
obtained in related studies on the pyrolysis of -[MeHSiNH] .




138 Journal of the American Ceramic Society—Laine et al.

An insoluble -[MeHSiNH] ~ polymer, from reactions (3)
and (4), was also pyrolyzed under identical conditions to give
an identical ceramic yield (63% at 1000°C) and a chemical

E(0f —78°C

MeHSiCl, + 3NH, — 2NH,CI
+ NH,[MeHSiNH]-H M, =~ 1100 Da (3)

Rus(CO}, 2/65°C/40-60 h

NH,[MeHSiNH] ~H
NH,[MeHSiNH] ~[MeSi(N), 1 -H + H,  (4)

composition of Si, C, 15N, Hys,. Using the same accounting
technique, the apparent ceramic composition is 64% Si,N,, 25%
SiC, and 9% excess C. Soluble analogs give similar composi-
tions but with lower ceramic yields."™

If we rely on the apparent ceramic compositions calculated
for the Si-Me and N-Me polysilazane derived ceramic materi-
als to establish selectivity to ceramic product, then it appears
that the changes in monomer architecture result in a significant
difference in selectivity to ceramic products.'* Unfortunately,
the accounting method, for the reasons mentioned above, pro-
vides only a qualitative indication of the differences in product
selectivity.

As will be detailed at a later date, the ceramic material pro-
duced by pyrolysis of -[MeHSiNH],— is a mixture of silicon
carbide nitride and excess carbon.'"* **Si MAS-NMR spectra
of these and related materials show extreme diversity in the
magnetic environment at Si as a result of species wherein Si is
bound to four carbons (SiC,), three carbons and one nitrogen
(SiC,N), etc.'®™® Thus, the apparent ceramic composition
reported previously does not describe the true nature of these
precursor-derived materials. One obvious question is whether
the same problem exists with the poly(N-methylsilazane)
derived materials.

We have now examined, by chemical analysis, Raman spec-
troscopy, MAS solid-state NMR, and DRIFTS, the events that
occur as —[H,SiNMe] — slowly transforms from polymer to
ceramic during pyrolysis from ambient temperature to 1400°C.
We find that in contrast to the poly(Si-methylsilazane) results,
the primary ceramic phases produced are actually consistent
with the apparent ceramic composition. The silicon nitride-con-
taining products described here are similar to amorphous mate-
rials formed in the Tonen “silicon nitride™ fibers and those
produced by ammonolysis of silicon carbide nitride.*"*

II. Experimental Procedure

(1) General Procedures

All operations were carried out with the careful exclusion of
extrancous air and moisture. Air- and moisture-sensitive mate-
rials were manipulated using standard Schlenk and glove-box
techniques. All chemicals were purchased from standard ven-
dors. Ether was distilled from sodium benzophenone ketyl
under nitrogen before use.

(2) Polymer Synthesis

Poly(N-methylsilazane) was prepared by reacting H,SiCl,
with excess MeNH, in ether at — 78°C and was partially cross-
linked, after removing solvent, by heating to 65°C with =~0.2
mol% Ru,(CO),, as catalyst, according to published proce-
dures.'*'* Poly(Si-methylsilazane) was synthesized by reacting
MeHSiCl, with excess NH; in ether at — 78°C and was partially
cross-lined using identical procedures.'*"

(3) Polymer Pyrolysis Protocols

1-2-g samples of polymer were placed in stainless steel or
quartz boats in the glove box. The boats were then placed in a
quartz tube that was then sealed with a quartz cap containing
gas inlet and outlet ports that could be sealed against exposure
to air. The sealed quartz container was then brought out of the
glove box and placed in a mullite process tube (4.3-cm ID) in
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a Lindberg 5814 series, single-zone, horizontal tube furnace,
equipped with a Eurotherm 8188 programmable temperature
controller. N, gas was purged through the pyrolysis tube as the
sample was ramped to temperature at 5°C/min, held isother-
mally for 1 h, and then furnace cooled. Samples pyrolyzed to
1000°C were transferred from the stainless steel or quartz boat
to a graphite or alumina boat for pyrolysis studies to 1400°C.

(4) Analytical Methods

(A)  Chemical Analyses

Elemental analyses were performed by Galbraith Labora-
tories, Knoxville, TN, and at The University of Michigan,
Department of Chemistry, analytical services for analysis of
carbon, hydrogen, and nitrogen content (CHN). At the Univer-
sity of Michigan, a Perkin-Elmer (Norwalk, CT) 2400 CHN
Elemental Analyzer was operated at 1075°C, with He as a car-
rier gas, Duplicate powder specimens (1.5 mg) were loaded into
tin capsules with powdered tin (6-10 mg) as a combustion aid.
Acetanilide was used as a reference standard and was analyzed
in the same manner as the samples. Similar methods were used
at Galbraith except that Si was analyzed by a gravimetric
method. The analyses reported below are averages of two sepa-
rate samples.

(B) NMR Studies

All solution spectra were run in CDCL,; unless otherwise
noted and recorded on a Varian 300-MHz instrument (Palo
Alto, CA). Proton NMR spectra were obtained with the spec-
trometer operating at 300 MHz and using a 4000-Hz spectral
width, a relaxation delay of 1 s, a pulse width of 82° and 16k
data points. *C{'H} NMR spectra were obtained with the spec-
trometer operating at 75 Hz and using a 16000-Hz spectral
width, a relaxation delay of 0.5 s, a pulse width of 60°, and 16k
data points. Si{'H} NMR spectra were obtained on a Briiker
MSL400 spectrometer (Wissembourg, France) operating at
79.5 MHz and using a 12000-Hz spectral width, a relaxation
delay of 15 s, a pulse width of 5 s, and 8k data points.

Solid-state magic-angle spinning (MAS) NMR spectra were
recorded on a Briiker MSL400 spectrometer at 79.5 and 100.6
MHz for “*C and *Si, respectively. The spinning rate was
4 kHz. For the ®Si MAS experiments,”? pulse widths of
2.5 s (8 = 35°) were used with delays between pulses of 60 s.
For CP MAS experiments, contact times of 2 ms were used for
»8i and 1 ms for “C. Sample sizes for solid-state spectra
were =500 mg.

NMR spectra were simulated using least-squares methods.
Peak parameters (chemical shift, intensity, line width, and line
shape (adjusted with a Gaussian/Lorentzian ratio) were opti-
mized to fit the experimental data. Peak integration can be esti-
mated with an accuracy of =3%.”7*

(C) Diffuse Reflectance Infrared Fourier Transform (DRIFT)

DRIFT spectra were obtained on a Mattson Galaxy Series
3020 bench adapted with a Harrick Scientific Corporation
“Praying Mantis” diffuse reflectance accessory (DRA-2CO).
Potassium bromide (KBr, FTIR grade, Aldrich) powder, dried
under dynamic vacuum for >8 h at 110°C, was used as the non-
absorbing medium. Powder specimens were prepared by grind-
ing analyte in an alumina mortar and pestle, weighing 0.5 wt%
analyte to KBr (3 mg analyte in 650 mg KBr), The powder mix-
ture was mixed in a polystyrene container (Crescent No. 3111)
with a polystyrene ball (No. 3112) in a Wig-L.-Bug Amalgama-
tor (Crescent No. 3110-3A) for 5 min. Parameters were opti-
mized on the bench to obtain a >5000:1 signal-to-noise ratio,
and an intensity of =1 Kubelka-Munk unit. Typical scan con-
ditions were 512 scans at 2 wave number resolution measured
in the forward direction, with a forward mirror velocity of 0.10
cm/s (3175 Hz) and a reverse mirror velocity of 0.32 cm/s
(10000 Hz). Survey scans were taken by accumulating 16 scans
at 4 wave number resolution in the forward direction, with the
same mirror velocities.
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(D) Raman Spectra

Raman spectra were collected using either a Spex 1403
0.85-m double spectrometer equipped with a red-sensitive
photomultiplier tube or a Spex Model 1877 triplemate mono-
chromator equipped with a nitrogen-cooled CCD detector
(Princeton Instruments). Powders or small lumps of the heat-
treated material were excited in a backscattering geometry, and
spectra were acquired using several probe wavelengths (457.9,
488.0, 632.8, and 650.0 nm) at power levels between 5 and
25 mW. Slit widths were maintained at 250 p.m. Spectra were
acquired using a 2-s integration time (photomultiplier detec-
tion) or a 500-s integration time (CCD).

(5) TEM Studies
(A) Sample Preparation

TEM samples were prepared by powder dispersion on a
holey carbon-coated 100 mesh copper TEM grid. The sample
was ground in an ultrasonically cleaned alumina mortar and
pestle. The mortar and pestle were wiped clean and more sam-
ple was ground for 2-3 min to avoid alumina contamination.
Powder was dispersed on the grid, and the grid was tapped to
remove excess powder and placed in the double-tilt TEM sam-
ple holder such that the particles would be on the top of the grid,
allowing both scanning and scanning transmission electron
microscopy (SEM and STEM) imaging. Efforts to prepare sam-
ples by microtoming polymer-impregnated powders with sap-
phire and diamond blades were not successful, owing to the
extremely hard nature of the ceramic powder product.

(a) TEM: TEM was done on a JEOL 2000FX analytical
electron microscope with X-ray energy-dispersive spectros-
copy (XEDS). Standard start-up and alignment procedures were
followed to ensure maximum beam throughput. Beam current
was between 114 and 116 pA, with an operating voltage of
200 kV.

(b) TEM Imaging and Diffraction: After identifying a
particle or group of particles as being alumina-free (from grind-
ing) and thin enough to allow good beam throughput, micro-
graphs were taken and the location of the particle noted.
Diffraction patterns were generated using the smallest available
aperture to avoid contributions from neighboring particles. Dif-
fraction patterns were also taken of the background, the carbon
coating, by rolling away from any particles. Multiple particles
were examined from various areas on the grid.

III. Results

(1) Chemical Analysis

The chemical analyses for the polymer pyrolyzed at selected
temperatures are presented in Table I. The results of these anal-
yses in terms of the molar ratios of the elements are plotted in
Fig. 1 (to 1000°C). From room temperature to 400°C, the
chemical composition of the samples is almost constant, sug-
gesting that under the pyrolysis conditions used in these studies,
the polymer is stable (i.e., does not undergo mineralization).
Between 400° and 800°C, but especially between 400° and

Table I. Elemental Composition (Molar Amounts) of the
Intermediates Formed by Pyrolysis of
Poly(N-methylsilazane) to Selected Temperatures®

Composition
Pyrolysis temperature C H N Si
RT 1.12 4.98 1.12 1.0
200 1.68 7.84 1.62 1.50
400 1.76 6.86 1.54 1.36
600 1.44 2.39 2.28 1.65
800 1.51 0.93 2.54 1.63
1000 1.50 0.70 2.40 1.66
1400 1.52 0.28 2.27 1.76

#Polymer M, = 2300 D with a ceramic yield of 63% at 900°C.""* Polymer heated at
a ramp rate of 3°C/min/N, followed by a I-h hold at lemperature.
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600°C, the H content drops precipitously, suggesting that the
polymer undergoes significant chemical reorganization as it
decomposes to form a ceramic-like material. Thus, longer hold
times at lower temperatures (e.g., 10 h at 500°C) are likely to
have the same effect.

As seen in Table I and Fig. 1, the H/Si molar ratio varies
from =3 at 400°C to =0.16 at 1400°C. At the same time, the
N/Si ratio increases from =~1.1 to =1.5 (at 800°C) before
decreasing to ~1.28 at 1400°C, while the C/Si ratio decreases
from =1.3 to ~0.86 at 1400°C. The compositional changes are
more pronounced as the polymer transforms to ceramic in the
400°-600°C range. Above 600°, the compositions change, but
in a more subtle manner. The C/Si ratio varies slightly, ranging
between .93 at 800°C and 0.86 at 1400°C (from Table I); coin-
cidentally, the hydrogen content drops to <0.3%. The N/Si
ratio drops from a 1.5 maximum at 800°C to 1.28 (from Table I)
as the sample is heated to 1400°C. At this point, the N/Si ratio is
slightly less than the 1.33 expected for pure silicon nitride.

(2) NMR Results

The liquid-phase **Si NMR spectrum shown in Fig. 2 is that
obtained from a bulk sample (1 g) of —[H,SiNMe],— heated to
200°C and then dissolved in CDCl,. It is dominated by a triplet
characteristic of [H,SiNMe], sites (8 = —24.7 ppm; |Jg 4l =
222 Hz).* The peaks between —37 and —47 ppm likely arise
as a consequence of two kinds of chain termini H,SiNMe (8, =
—41.3 ppm; |J 54! = 208 Hz, and CH,NHSiH,(8, = —43.5
ppm; 1,541 = 207 Hz)). These sites represent 7% of the total
Si sites. The presence of other peaks between —25 and — 30
ppm arises from cross-linked Si, e.g., —[HSi(NMe), ;]— and —
[Si(NMe),]—. However, the sharp peaks observed indicate that
the types of Si magnetic environments in the polysilazane are
well defined and therefore relatively few in number.

6

T —e —N/Si
5 5

o

=z 4

X/Si molar ratio (X
ra

0 200 400 600 800 1000
Temperature (°C)

Fig. 1. Molar ratios for poly(N-methylsilazane) heated to selected
temperatures. Polymer M = 2300 D with a ceramic yield of 63% at
900°C."""*

I T
-10 -20 -30 -40 -50 -60
Chemical Shift (ppm)

Fig.2. *Si NMR solution spectrum (CDCl;) of —[H,SiNMe],~
heated to 200°C for 1 hin N,.
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The corresponding °C NMR solution spectrum for the 200°C
polymer shows the presence of three types of N-CH, at 27.9,
29.6, and 31.1 ppm. The *Si MAS NMR spectra of 1-g samples
heated in 200°C increments (5°C/min/N,/1-h hold) from 200°
to 1000°C are shown in Fig. 3(a).

(A) 400°C

At this temperature, the well-defined peaks of the 200°C
polymer do not shift, but broaden considerably as is typical of a
highly cross-linked polymer. Cross-linking immobilizes the
polymer chains, which in turn broadens the distribution of mag-
netic environments about the various Si centers, especially the
chain ends. This is in keeping with the chemical analyses which
support the continued existence of a polymeric material.

A cross-polarized (CP) *Si MAS NMR (Fig. 3(b)) was also
run on the 400°C sample. CP techniques provide better signal-
to-noise ratios as long as there are hydrogens near the Si cen-
ters, In addition, proton decoupling during signal acquisition
allows better resolution of the various Si centers. At 400°C, two
peaks at — 18 and — 30 ppm show much enhanced intensities,
especially the — 18-ppm peak, as a consequence of cross-polar-
ization, As discussed below, these peaks are attributed respec-
tively to silicon centers of the type SiH,N, (e.g., —H,SiNMe-)
and SiHN, [HSi(NMe), ;].

The corresponding *C CP MAS NMR spectrum shown in
Fig. 4 gives a single, rather sharp peak (560-Hz linewidth) cen-
tered at 28.5 ppm, indicating that the methyl group remains
intact on heating to 400°C. These results corroborate the
observed chemical analyses, ’Si NMRs, and the DRIFT spectra
(see below), all of which indicate that the polymeric character
of the material is retained at 400°C.

(B) 600°C

As seen in Fig. 3(a), the species responsible for the — 18-
ppm peak are no longer present in the 600°C spectrum, although
the peak centered at — 30 ppm remains. However, the majority
of the Si centers now experience a new magnetic environment
that results in a peak at = —46 ppm. The corresponding CP
spectrum (Fig. 3(b)) contains two components at —30 and —45
ppm, with the —30-ppm peak somewhat enhanced by the
applied cross-polarization.

The '*C CP NMR (Fig. 4) is quite different from the 400°C
spectrum. It now presents very broad peaks typical of amor-
phous glasses (3000-Hz linewidth) rather than cross-linked
polymer. The peak present at 400°C is gone suggesting disap-
pearance of all C-N single bonds, although the Fig. 1 data indi-
cate that the carbon is not lost (see below). Two components are

(a) - 2°Si MAS-NMR (b) - Si CP MAS-NMR

1000°C

800°C

o' JL—:;OJG&;\

| | | | | |
I T | | T |

40 0 -40 -80 -120 40 (4] -40 -80 -120
Chemical Shift (ppm) Chemical Shift (ppm)

b

Fig. 3. *Si MAS (a) and CP-MAS (b) NMR spectra of —[H,SiNMe],—
samples pyrolyzed to selected temperatures. Ramp rate of 5°C/min/N,
followed by a 1-h hold at temperature. The bands around 0 and — 100
ppm are spinning side bands.
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present in the sp* and sp? regions of the spectrum. The sp* C
signal is associated with numerous spinning sidebands charac-
teristic of considerable chemical shift anisotropy typical of
aromatic hydrocarbon compounds such as pyrene, coronene,
and graphite. The sp® signal is typical of an amorphous carbon
phase as confirmed by Raman spectroscopy, as discussed
below.

(C) 800°, 1000°, and 1400°C

Continued heating to 800°, to 1000° and then to 1400°C
diminishes and then eliminates the contribution of the
— 30-ppm component and shifts the main peak in the *Si NMR
to —49 ppm. At these temperatures, the low H content (Table I)
prevents the application of CP for either **Si or *C spectra.
Indeed, it is no longer possible to obtain meaningful *C spectra
without recourse to very long relaxation times. Note that the
1400°C *Si spectrum is identical to the 1000° spectrum and is
therefore not shown.

(D) NMR Computer Simulation

NMR computer simulation®”** of all of the *Si spectra per-
mits clear-cut identification and quantification of the various
silicon species contributing to the individual spectra. Short
pulse angles and relatively long recycle delays were chosen to
overcome the problem of long *Si relaxation times and allows
the quantitative analysis of the various *Si environments. The
results of the computer simulation studies are presented in
Table 1. The procedure used was the following. The CP **Si
MAS NMR spectra were simulated to obtain precise chemical
shifts. Then, these values were used to simulate the MAS NMR
data. Three components appear in the spectra at approximately
— 18, — 30, and —45 ppm. These peaks can be assigned respec-
tively to SiH,N,, SiHN,, and SiN, units. The assignments of the
first two peaks are based on the **Si chemical shifts found for
the 200°C polymer and the corresponding peak intensity
changes that occurred during CP. In the 400°C spectrum, the
— 18 ppm peak is greatly enhanced compared to the — 30 ppm
peak, indicating more hydrogens per silicon. The assignment of
the third peak to SiN, sites relies on previously published chem-
ical shift values for crystalline silicon nitride phases (—46.8
and —48.9 ppm for a-Si;N, and —48.7 ppm for B-Si,N,).?**

Using these assignments, the following general events are
observed to occur. At 400°C, the silicon atoms are in local envi-
ronments similar to those of the starting polymer with a higher
cross-link density that “blurs™ the unique magnetic environ-
ments about each Si, forcing line broadening. At 600°C, the
environment changes drastically, with more than 80% of the Si
atoms existing as SiN, units. This is primary evidence for the
formation of a silicon nitride phase. Given that the 600°C poly-
mer sample is analyzed after a 1-h hold at temperature, it is
likely that longer hold times will force the remaining 20% of the
Si centers into a SiN, magnetic environment, as occurs on
incremental heating to 800° or 1000°C.

600°C

400°C

I T
250 200 150 100 50 0 -50
Chemical Shift (ppm)

Fig.4. '"C CP-MAS NMR spectra of —[H,SiNMe],— samples pyro-
lyzed to 400° and 600°C. Ramp rate of 5°C/min/N, followed by a 1-h
hold at temperature.
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Table II. Results of the Simulation of the
§i MAS NMR Spectra of the Pyrolyzed Samples

Temperature (°C) Chemical shift (ppm) Line width (Hz) %

400 =315 804.5 53.6
—18.5 1273.5 46.4

600 —45.0 1304.0 83.1
—30.0 795.0 8.8

—23.0 715.5 8.1

800 —46.0 1192.5 85.0
—-32.0 795.0 9.6

—24.0 795.0 5.4

1000 —49.5 1113.0 100.0

At 1000°C, the *Si MAS NMR can be simulated with a sin-
gle line centered at —49 ppm with a 1110-Hz line width. The
1400°C spectrum (not shown) is nearly identical to the 1000°C
spectrum, although there is some slight line broadening (to
1200 Hz). These values are narrower than those (1600 Hz) pre-
viously reported for amorphous silicon nitride.”*

(3) DRIFTS

The DRIFT spectra shown in Fig. 5 were obtained using bulk
samples prepared in a manner identical to the MAS NMR sam-
ples. At room temperature (rt), the spectrum is characteristic of
a polymeric material. The very small peak at 3450 cm ™' corre-
sponds to the vN-H of the CH,NHSiH,—polymer endcaps. The
peaks at 2800-3050 cm™' correspond to the vC-H of the
CH,N- groups. The prominent peak at =~2090 cm ' corre-
sponds to vSi-H of —SiH,NMe—. Spectra taken at 1000°C were
essentially identical to the 800°C sample and thus are not
shown. Spectra taken at 1200° and 1400°C are also nearly iden-
tical except for the absence of the small peaks at 2090 and
2850-3050, which disappear as the hydrogen content drops to
<0.3 wt%.

(A) 200°C

Incremental heating of the polymer to 200°C causes no
apparent changes in the spectrum as would be predicted from
the 2Si NMR results, although the vN-H peak is somewhat
broader.

(B) 400°C

At this temperature, many of the peaks start to broaden
slightly as cross-link density increases; however, the peak posi-
tions and their relative intensities all remain approximately
equivalent. The vN-H peak appears to increase in intensity and
broaden slightly. This may be as a result of some C-N bond
cleavage at this temperature (see discussion). These results
again correlate with the *Si and "*C NMR data.

(C) 600°C

As expected, based on the chemical analysis and *Si NMR
results, the 600°C spectrum indicates that the transition to a
ceramic has occurred, as evidenced by the appearance of broad
peaks for each type of stretching vibration—indicative of a
much wider range of physical environments than possible in the
polymer. Two key events are the significant decrease in intensi-
ties of the vC—H and vSi—H peaks, corroborating the Fig. 1 data.
Coincidentally, the 3450-cm ™' peak for vN-H has grown in rel-
ative intensity. Still other peaks appear in the region of 1480,
1620, and 1730 cm ", The 1480- and 1620-cm ' peaks are typi-
cally associated with aromatic rings such as formed during the
graphitization of organic polymers.” The peak at 1730 cm ™'
may be due to vC=N or vC=0 absorptions indicating the for-
mation of species containing C-N or C-O double bonds. An
alternate interpretation would be that it is an overtone of vN-H
at 3450 cm ™.
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Fig.5. Diffuse reflectance infrared fourier ftransform spectra
(DRIFTS) of —[H,SiNMe],— samples pyrolyzed to selected tempera-
tures. Data points for |-g samples heated at 5°C/min/N, to temperature
and held for 1 h.

(D) 800°C

By 800°C, the vC-H and vSi-H peaks are much diminished,
and there is a considerable reduction in the vN-H peak. By
comparison, the relative intensities of the peaks at approxi-
mately 1480, 1620, and 1730 cm™' have grown in intensity
and become better resolved. In particular, the peak at 1730-
1750 em ™" is now one of the better-resolved peaks in the spec-
trum. Given that the *C NMR indicates that most of the carbon
at 600°C is present as graphitic or amorphous carbon, it could
be argued that the 1730-1750 cm ™' is an overtone of the strong
vN—H peak rather than a species that incorporates N or O; how-
ever, chemical analysis indicates the presence of excess nitro-
gen and supports the possibility of species containing C=N,
which can exhibit stretching absorptions in this region.

III. Discussion

The salient features of the poly(N-methylsilazane) polymer-
to-ceramic transformation are readily discernible using *°Si,
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3C MAS NMR, and DRIFT spectroscopic techniques and
chemical analysis. The first of these is that the precursor poly-
mer undergoes considerable cross-linking (by *’Si NMR and
DRIFTS) on heating to 400°C for 1 h, although it does not
appear to undergo mineralization.

After 1 h of pyrolysis at 600°C, the **Si MAS NMR spectrum
contains both residual “polymer” peaks (— 30 to — 35 ppm) and
the ceramic product peak (—46 ppm), with the major portion of
the material being the ceramic product. These results indicate
that the polymer-to-ceramic transition temperature is close to
600°C, and only the hold time at 600°C determines whether the
recovered material is polymer or ceramic. Another way of inter-
preting the results is to say that the kinetics and/or thermo-
dynamics that control the transformation process(es) permit
reasonable reaction rates to be reached only at temperatures
close to 600°C. This interpretation is supported by all of the
analytical techniques used.

It can be argued that the 600°C *Si MAS NMR signal at
— 46 ppm is sufficiently close to the peak position reported for
amorphous silicon nitride*"* as to indicate that phase-pure
Si;N, forms at this temperature. However, considerable hydro-
gen (as N-H bonds by DRIFTS) remains in the material, which
contradicts this interpretation. Pyrolysis studies on the conver-
sion of poly(Si-methylsilane) to SiC have shown that elimina-
tion of residual hydrogen is necessary to obtain a well-ordered,
B-SiC ceramic phase.* Ordering is readily observed in the *'Si
NMR, as the number of silicon magnetic environments dimin-
ishes, leading to significant narrowing of the *Si peak width.
Ordering can occur well before crystallization can be observed
by XRD.*

In the present case, further heating to 1400°C results in con-
tinued loss of hydrogen (Fig. 1, Table I). Coincident with the
hydrogen loss, the once-intense vN-H and vC-H bands in the
DRIFT spectrum diminish and then disappear and a single, nar-
row peak at —49 ppm appears in the **Si MAS NMR. This *’Si
peak has a width of only 1100—1200 Hz, which is narrower than
that previously reported for amorphous silicon nitride (1600
Hz). The loss of hydrogen coincides with our inability to obtain
CP MAS NMR spectra at 800°C.

For comparison purposes, we include the *Si MAS NMR
for —[MeHSiNH] - (Fig. 6) produced as in reactions (3) and (4)
and heat-treated under conditions identical to those used to
obtain the data in Fig. 3. These NMR data clearly illustrate the
disorder and exceptional differences in *Si magnetic environ-
ments between the pyrolysis products derived from —[H,SiN-
Me],~ and —[MeHSiNH],—. More detailed studies on the
poly(Si-methylsilazane) pyrolysis studies will be presented at a
later date.'*"*

By 1000°C, only very small amounts of hydrogen remain
(0.70 wt%), bound primarily as N-H and some C—H. Given that
chemical analysis (at 1000°C) indicates that more nitrogen is
present than can be accounted for simply by bonding to silicon,
it is quite possible that some of the hydrogen present is bonded
to nitrogen, not bound to silicon. At 1400°C, the hydrogen
content decreases to 0.28 wt% and the nitrogen content
(N/Si ratio = 1.28) is close to that expected (1.33) if all of the
silicon is present as silicon nitride.

Three questions remain to be answered: (1) is the amorphous
silicon nitride truly amorphous or nanocrystalline, (2) what
happened to the carbon, and (3) where is the excess nitrogen
seen in the chemical analysis at 1000°C? To determine whether
the silicon nitride is truly amorphous or nanocrystalline, sam-
ples of the polymer were pyrolyzed to 1000°, 1200° and
1400°C for 1 h and the resulting powders examined by trans-
mission electron microscopy (TEM) and small-area diffraction
(SAD). Neither of these analytical methods provided any indi-
cation of crystallinity. The 1400°C sample was examined in
more detail by TEM, SAD, Raman spectroscopy, and EELS
with the following results.

Figure 7 provides a TEM image with the corresponding SAD
diffraction pattern superimposed. The TEM image shows no
evidence of crystallinity. The absence of discernible rings in the
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Fig. 6. Si MAS NMR spectra of —[H,SiNMe],— samples pyrolyzed
to selected temperatures. Ramp rate of 5°C/min/N, followed by a 1-h
hold at temperature.

circle of illumination for the SAD pattern supports our con-
tention that the sample is amorphous. The portion of the disk
seen in the SAD can be attributed to the carbon coating on the
grid. Efforts to prepare thin specmens by microtoming particles
mounted in a polymer matrix were unsuccessful, as both sap-
phire and diamond microtome blades were insufficiently sharp/
hard enough to provide clean, thin samples.

The TEM studies on the 1400°C sample support th2 1000°
and 1400°C *Si MAS NMR results, all of which suggest that
any silicon nitride present is amorphous. These findings are also
supported by our earlier work, which indicated that only after
heating the poly(N-methylsilazane)-derived material to greater
than 1600°C for extended periods under 1 atm of N, was it pos-
sible to see crystalline a- and -Si;N,."* It is important to note
that no evidence was found for the coincidental formation of
SiC.

Amorphous silicon nitride has previously been shown to
crystallize readily at =1400°C.* Thus, our continued observa-
tion of a fully amorphous material at 1400°C is somewhat sur-
prising. One explanation for the stability of the amorphous
phase is that the presence of significant amounts of carbon at the
individual silicon nitride “grain” boundaries acts as a barrier to
diffusion, thereby inhibiting crystallization of silicon nitride.
Given the fact that (1) crystallization of amorphous silicon
nitride frequently requires the presence of oxygen contami-
nants,™ (2) crystallization is proposed to occur via a VLS mech-
anism,” and (3) minimal amounts of O are present (<1%,
detectable to =1% by **Si MAS NMR) in the current composite
material, limited potential exists to form glassy phases that can
promote diffusion and crystallization. If standard sintering aids
(e.g., yttria) are mixed with the polymer before pyrolysis, then
it is possible to obtain quite good densification and crystalliza-
tion with carbon retention.™
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Fig.7. TEM image with superimposed SAD of 1400°C particles.
Both analytical methods indicate that the sample is amorphous.

Efforts to delineate the fate of the carbon “lost™ from the
N-methyl groups during pyrolysis focused on the use of Raman
spectroscopy. Spectra acquired following pyrolysis at 1000°,
1200°, and 1400°C reveal no sharp first-order bands in the
regions ascribed to C-H (2900-3100 cm ') or C=C (2100~
2300 cm™') stretching vibrations, strongly suggesting the
absence of these functional groups in the pyrolyzed materials. A
complex band profile is present in the 1300-1600-cm ' region,
and weak features near 1100 and 450 cm ' can be seen in
the spectrum of the 1400°C pyrolyzed material shown in
Fig. 8(a). Spectra acquired from materials pyrolyzed at 1200°
and 1000°C are qualitatively similar, but also exhibit a broad
fluorescence emission baseline which increases in intensity
toward the red end of the spectrum. Fluorescence emission is
noticeably reduced in materials pyrolyzed at higher tempera-
tures or when Raman excitation with longer wavelength light is
used.

Figure 8(b) shows an expanded trace of the 1100-1800-cm ™
region. The complex band contour is fit by three Gaussian com-
ponents located at 1340, 1533, and 1595 cm ™' with line widths
of 185, 130, and 74 cm™', respectively. Band assignments for
the modes at 1595 and 1340 are based on a recent publication
by Visscher et al.,” which describes work involving character-
ization of hard carbon products formed by the pyrolysis of con-
jugated carbon-containing polymers. The feature at 1595 em™'
is ascribed to microcrystalline graphite. A significantly broader
feature (200-cm ™' line width) at 1340 cm™' has been assigned
to both graphitic carbon and disordered sp® bonded carbon due
to its proximity to the principal line in diamond at 1333 cm ™"
The assignment of the 1340-cm~' feature to a disordered
diamond-like carbon is based on previous work involving vapor
phase deposition of carbon films.***

The third mode, located at 1540 cm ™', requires additional
explanation. The polymer precursor to the pyrolyzed product
contains principally silicon, carbon, nitrogen, and hydrogen. As
the polymer decomposes, formation of —~C=N- moieties in the
structure is likely. The vibrational frequency of such units may
be estimated based upon the known frequency of graphitic
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carbon (1607 em™")*" and the ratio of the reduced masses (L)
for -C=C- and —C=N-. Here, 1/pcy = 1/12 + 1/14, and
l/iee = 1/12 + 1/12. Because the bond-stretching force
constant ( f) can be written in terms of the vibrational frequency
o and the reduced mass of the oscillator, an estimate of the
—C=N- mode frequency becomes possible if the bond force
constants are similar:

f=pw’ (3
Oey = ey [Pon/Pec]™ (6)

Therefore, the predicted frequency for the -C=N- mode is
1540 em~', in good agreement with the fitted peak at 1533
cm ™', If this analysis is correct, and the 1540-cm ' peak actu-
ally corresponds to a —C=N- stretching mode in the 1400°C
material, based on our contention that silicon is bound only to
nitrogen in this material, we must conclude that this silicon
nitride is in the form of highly dispersed particles bounded by
carbon and frequently bound to carbon. In essence, if our
assessment is correct, the Raman data provide a spectroscopic
view of the silicon nitride—carbon interface at the atomic level.

Finally, the weak feature at 1100 cm ™' with a line width of
=400 ¢cm™', is assigned to sp® hybridized carbon in a highly
disordered environment.”” Based on these assignments, the
pyrolyzed product contains significant percentages of disor-
dered carbon present in both sp* and sp” bondirg environments.
The weak, low-frequency mode near 460 cm ™' and the breadth
of the 1100-cm ™' mode are indicative of amorphous Si,N, as
described by Wada ef al.*” Raman measurements, therefore,
confirm the presence of both graphitic and diamond-like carbon
regions in an amorphous silicon nitride matrix and suggest the
presence of -C=N- moieties at the interface. These carbon
analyses are qualitatively consistent with the "C CP MAS
NMR data at 600°C, the highest temperature at which “C MAS
NMRs could be realistically obtained.

The final question of where the excess nitrogen is located in
the 1000°C ceramic product still remains unresolved. The
DRIFT spectra at 800°C show a peak at 1730-1750 cm ™' that
could simply be an overtone of the very strong vN-H peak at
3450 cm~' or result from the presence of species containing
C=N and/or C=0 bonds. If we consider that on heating from
600° to 800°C the vN-H at 3450 cm ™' diminishes in intensity
relative to the band at 1730-1750 cm ™', we can argue that the
two bands are not coupled harmonically. Consequently, we can
argue for the presence of C=N and/or C=0 bonds in the prod-
uct. Given the excess nitrogen and the Raman results for the
higher temperature materials, we believe that it resides in moie-
ties that contain C=N bonds and thus we are seeing a vC=N
peak. This is not unexpected, given thai previous efforts to
make carbon nitride typically fail because of the evolution of
cyanide-containing species.*'** A species containing C=N is
well on its way to forming cyanide containing leaving groups
(e.g., HC=N or N=C-C=N). The loss of these types of
species would account for the somewhat lower carbon and
nitrogen contents at 1400°C.

IV. Conclusions

The analytical data from the DRIFTS, "*C and *Si MAS and
CP MAS NMR, and chemical and Raman analysis indicate that
the product derived from pyrolysis of poly(N-methylsilazane)
is a composite of nearly phase-pure (very narrow *Si NMR line
width) amorphous silicon nitride particles bounded by a mixed
graphitic/amorphous carbon phase. The evidence against the
presence of Si—C bonds is all negative in that none are observed
by NMR or DRIFTS or suggested by the analytical data. Efforts
to identify crystalline phass by TEM for samples heated to
1400°C were unsuccessful, indicating that the product remains
amorphous.

The fact that the —[H,SiNMe],— derived material remains
amorphous at temperatures where other researchers observe
ready crystallization of amorphous silicon nitride,* but with
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Fig. 8. (a) Raman spectrum of —[H,SiNMe],— pyrolyzed to 1400°C. Data points for 1-g samples heated at 5°C/min/N, to temperature and held for
1 h. (b) Best-fit Gaussian peaks to the band contour in the carbon—carbon stretching region.

samples containing significant amounts of oxygen, suggests
that oxygen-containing species (e.g., Si0 and SiO,N, ) play an
important role in the proposed VLS crystallization mecha-
nism.* This conclusion is supported by the facile crystallization
of —[H,SiNMe] — derived material in the presence of common
sintering aids (e.g., Y,0,), which aid crystallization through
formation of glassy oxynitride phases.*® An alternate interpreta-
tion is that there is no facile mechanism for diffusion at the
amorphous silicon nitride particle—carbon interface, and thus
grain growth and crystallization are prevented.

Finally, it is important to note that the results reported
above clearly indicate that the architecture of the monomer unit
in a preceramic polymer can have a significant impact on selec-
tivity to ceramic product(s) and perhaps the evolution (or lack
thereof) of the microstructure.
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