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Hybrid organosilazane/organosilylamine
telechelic oligomers—I. Two-dimensional NMR
spectroscopy characterization of
dimethylsilylethylenediamine oligomers

Ke Feng, Paul Abrahams and Yitbarek H Mariam
Department of Chemistry, Clark Atlanta University, Atlanta, GA 30314, USA

The detailed characterization of multifunctional
hybrid organosilazane/organosilylamine telechelic
oligomers by IR and 'H, *C and *Si NMR spec-
troscopy in one and two dimenions has been
undertaken. The specific multifunctional oli-
gomers, comprising NH/NH, or SiCl functionali-
ties depending on the monomer feed-ratio, were
prepared from mono- and di-functionally reacted
dichlorodimethylsilane (DDS) and mono-, di-, tri-
and tetra-functionally reacted ethylenediamine
(EDA). Varying the feed-ratio afforded control of
the microstructures of the oligomers and the prep-
aration of oligomers with, in some cases, contermi-
nously located silicon—chlorine (SiCl) groups. The
combination of the NMR methods with the IR
technique has enabled the detailed microstructural
characterization of the oligomers and the identifi-
cation of the functionalities therein. This approach
and the knowledge gained from the DDS/EDA
system has been applied to the microstructural
characterization of other hybrid organosilazane/
silylamine preceramic telechelic oligomers.

Keywords: *Si NMR characterization, *C NMR
characterization, hybrid organosilazene/organo-
silylamine, telechelic oligomers, two-dimensional
NMR spectroscopy, dimethylsilylethylenediamine,
multifunctional

INTRODUCTION

Much research and developmental attention is
given nowadays to high-technology ceramics
because of their potential uses as engineering and
structural materials.' However, despite the inter-
est and the progress made in this area,”® the
processing technology for high-technology cera-
mics has not yet reached a stage that would
warrant widespread introduction of such mat-
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erials for various applications.® Nevertheless, che-
mical routes to advanced ceramics' have been
realized to contribute immensely to the improve-
ment of the processing of ceramics, which is a key
technology for the widespread introduction and
application of complex materials such as ceramic
matrix composites (CMCs).” Consequently, great
effort has been expended in the design of appro-
priate precursors that must meet structural and
reactivity considerations.' ' '2 Furthermore, it is
advantageous to control the microstructures of
the precursors and the functionalities thereof
because it is pertinent to the elucidation of path-
ways of chain growth, termination and
branching.”® Such mechanistic studies, in turn,
can lead to improved synthetic methodologies by,
for example, improving yield and shortening reac-
tion times."”

One key aspect of the success of the above
approaches will depend on knowledge and identi-
fication of the microstructures and functional
groups of the polymeric precursors, although
detailed molecular-level structural elucidation has
either been glaringly lacking or inadequate in this
area. For example, some solution ¥Si NMR data
reported on some polysilazanes and related
systems had not been very useful because they
afforded little insight into the structures/micro-
structures of the polymers.'* !> We were therefore
interested in using multinuclear (*H, ®C and *Si)
NMR techniques, including two-dimensional
NMR spectroscopy, for the purpose of assessing
the utility of such techniques for the elucidation
of the microstructures of hybrid carbosilazane/
carbosilylamine polymers. Such studies on these
hybrid polymers are of interest in their own right
because pyrolysis experiments in our laboratories
on such systems have shown that some of these
systems do give Si-N-C and Si—-N-C-O ceramic
materials.'® The work to be reported here specifi-
cally deals with the characterization of telechelic
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Figure1 (A) ”Si NMR spectra of PDSED prepared by refluxing the reaction mixture for various periods. Spectra were obtained
by the INEPT technique with refocusing for decoupled spectra (INEPTRD). Conditions: pulse sequence, D), 90° ("H)-D, 180°
('H), 180° (¥Si)-D, 90° ('H), 90 (®Si)-D; 180° ('H), 180° (®Si)-Dj~detection with BB in which D,=4s, D,=0.0416s,
D;=0.0208's; '"H and ?Si 90° pulse-widths 45 and 24.7 ps respectively, 180° pulse-widths 90 and 49.4 ps, respectively; 16K data
points; spectral width 2717 Hz. (B) Si NMR spectra of PDSED obtained without refluxing (bottom) and after solution left

overnight (top). Conditions were as in A.

oligomeric systems prepared from varying feed-
ratios of dimethyldichlorisilane and ethylene-
diamine. It demonstrates the utility of the com-
bined use of IR and NMR techniques for unravel-
ing structural information that will be needed to
develop further, and expand, the ‘database’ for
precursor chemistry, and specifically, for the
detailed characterization of hybrid carbosilazane/
carbosilylamine ceramic precursors.

EXPERIMENTAL

Materials

m-Xylene(solvent), ethylenediamine (EDA) and
triethylamine (TEA) were all purchased from
Aldrich Chemical Co., whilst dichlorodimethyl-
silane (DDS) was from Huls America (Petrarch
Systems). m-Xylene, EDA and TEA were dried
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Figure2 'H, C and Si NMR spectra of PDSED (oligomer
I, R=1). 'H: 8K data points; 6 ps pulse width; eight scans; 4 s
relaxation delay. '*C: Broadband decoupled; 8K data points;
spectral width 15000 Hz; 20us pulse width; 48 scans, 2s
relaxation delay. ¥Si: DEPT puise sequence with recycling
time 3s, spectral width 2500 Hz, delay 0.04s, 32 scans; 8K
data points; observation and decoupling 90° pulse widths were
about 23 and 50 us, respectively. a, b and c refer to acyclic,
bridge and cyclic moieties, respectively. The signals indicated
by an asterisk are due to solvent (m-xylene).
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over sodium metal, calcium hydride CaH, and
P,Os, respectively, all under nitrogen and dis-
tilled before use. DDS was also distilled under
nitrogen before use.

Polymerization reaction

Most oligomers were prepared using varying
monomer feed-ratios (R) of DDS:EDA where R
varied from 0.67 to 2.5. The amounts of DDS and
<TEA were always 0.05 and 0.25 mol, respectively,
in 10 cm? of m-xylene whilst the amount of EDA
was varied for different R values. The details of
the procedure for a prototype g)olymerization
reaction were as reported before.'

Analysis and measurement

FTIR spectra were obtained by using a Nicolet
730 system. Thermogravimetric analysis (TGA)
was done on a DuPont 951 TGA system inter-
faced with a Thermal Analysis 2000 unit. NMR
spectra were obtained by using a Bruker WM/250
spectrometer. All NMR samples were prepared
in a glovebox which contained a dish of P,O;s
powder and which was maintained under a nitro-
gen atmosphere. All NMR tubes were oven-dried
and evacuated before use. Samples for two-
dimensional experiments were contained in
sealed NMR tubes. »C and *Si spectra were
obtained by using primarily the DEPT
technique,'® but the INEPT technique with refo-
cusing for decoupled spectra (INEPTRD) was
also used.'® Unless specified otherwise, chemical
shifts were measured relative to the 2.30 ppm
methyl resonance of m-xylene (internal), the
76.9 ppm resonance of CDCl; (internal) and TMS
(external) for 'H(250.133 MHz), *C(62.89 MHz)
and *Si(49.69 MHz) NMR experiments, respect-
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Figure 3 Proposed structure of PDSED.
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Figure4 (A) ¥Si-'H two-dimensional correlated NMR spectrum for oligomer II, R=1. Conditions: pulse sequence, D, 90°
(‘H)-D, 180° (¥Si)-Dy-D5 90° ('H), 90° (¥Si)-D,~detection with Dy=3ps, D,;=3s, and D, and D, being 65 and 32.5 ms,
respectively; F;= +500 Hz; F,=2000Hz; 40 scans (accumulated over 128¢, increments); LB=2 (F, dimension only); data
matrix = 1024 x 128 (with one level of zero-filling in the F,; dimension during processing). Magnitude spectra were obtained with
the sine bell window function applied in both dimensions prior to FT. (B) Expanded two-dimensional plot showing expansion of
the 'H methyl region. The F)-dimension signals in this and all other two-dimensional plots should be indicated by a number and a
prime (which has been omitted in most cases). The correlations show: signals 10’ ("H, methylene, 3 ppm) and 1 (®Si) are for cyclic
structures (Fig. 3A); signal 11’ (0.12 ppm) which correlates with 1 (*Si) is due to ring methyt; likewise, signals 14’ (‘H, 0.08 ppm)
and 3 (®Si) signify bridge; and signals 13’ (*H, 0.03 ppm) and 2 (*Si) are acyclic.

ively. Most two-dimensional COSY spectra were
obtained by using standard techniques;®?
BC-'H two-dimensional COSY spectra were
obtained by using the homonuclear broad-band
decoupled shift correlation NMR method.?

Effect of hydrolysis on 2°Si NMR spectra

Since the oligomers were found to be sensitive to
trace amounts of water or moisture, the *Si spec-
tra of all samples were compared with *Si spectra
obtained by intentionally adding some water to a
sample to assure that hydrolysis has not occurred.
All samples for two-dimensional experiments
were checked in this way before and after the
experiments. If any hydrolysis was detected, the
data were discarded.

RESULTS AND DISCUSSION

Initial *Si NMR studies

As exploratory studies of structural changes
during reaction time, a reaction between DDS
and EDA (1:2 ratio, respectively) in toluene was
carried out for various refluxing periods and the
#Si spectra obtained are shown in Fig. 1. It is
clear that the spectrum for zero reflux time (no
reflux) is markedly different from the others (Fig.
1A); it is also evident that there is hardly any
difference between the spectra for short and long
refluxing periods. Interestingly, comparison of
the spectra in Fig. 1(B) shows significant changes
in intensities. Both increments and decrements in
intensity are observed, suggesting that one type of
structure is being converted to some other type.
These spectra gave some clues that the micros-
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Figure5 (A) Broadband homonuclear decoupled “C-'H two-dimensional correlated NMR spectrum of oligomer H, R=1.
Conditions: pulse sequence, D; 90° ('"H)-D, 90° ('H)-D; 180° ('H), 180° (**C)-D, 90° ("H)-D¢D; 90° ("H), 90° (*C)-D,-BB,
FID with Dy=3ps, D,=3s, and D; and D, being 4.1 and 2.05 ms, respectively; F,=+600 Hz; F,=3500 Hz; 24 scans; other
conditions as in Fig. 4. (B) Expanded two-dimensional plot showing expansion of the methyl regions. *C assignments are: cyclic
and acyclic —CH,CH,— at 46.13 and 44.98 ppm (signals 10 and 12), respectively, ring, bridge and acyclic CHs— groups at 3.25,

~0.49 and —0.97 ppm {signals 11, 14 and 13), respectively.
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Figure 6 2580-3600cm™' region of the IR spectra of the
various oligomers. R values for I-V are 0.67, 1, 1.33, 1.82 and
2, respectively.

tructure and/or the nature of the functional
groups in these systems might be controllable to
some degree. Also, since not much *Si NMR
work has been done on these systems, the results
were interesting enough to warrant the detailed
structural elucidation studies described here.

Characterization of oligomer ll, R=1

The 'H, "“C and *Si NMR spectra of
poly(dimethylsilylethylenediamine)  (PDSED)
prepared from a 1:1 molar ratio of dimethyl-
dichlorosilane and ethylenediamine (and 5 parts
of triethylamine) are shown in Fig. 2. The early
'H NMR work by Kummer and Rochow,? who
used a 1:2 ratio without TEA, and recently con-
firmed by us by multinuclear NMR character-
ization,'-7"# indicated that the polymer con-
tained a significant fraction of cyclic structures.
Figure 3 shows two structures of PDSED. Of
these, the putative structure will be predicted to
form from simple condensation of the monomers.
The other one, labelled ‘Average proposed struc-
ture’, represents the experimentally observed cyc-
lic and acyclic composition (about 70% cyclic for
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Figure7 NMR spectra of oligomers I-V. (A) 'H; R values as in Fig. 6; conditions as in Fig. 2 (‘"H). (B) °C; cond'iions as in Fig. 2
(*C). The assignments of signals a and b are discussed in Table 1. (C) #Si; number of scans varied from 32 to 96; observation 90°
pulse width, 22-24 ps; decoupling 90° pulse width, 4852 us; conditions as in Fig. 2 (*si).

the 1:1 ratio) and one of the possible sequences.
The NMR spectra in Fig. 2 are consistent with this
proposed structure (vide infra) and not with the
putative one.

The strategy used for the detailed NMR charac-
terization of PDSED oligomers prepared with
different R values was to establish connectivities
(via two-dimensional COSY NMR) with proton
signals that have already been assigned definiti-
vely and to use the ¥Si-'H and “C-'H correla-
tions to make further detailed assignments. Since
the '"H NMR work of Kummer and Rochow® on
model compounds showed that the cyclic and
acyclic —CH,CH,— proton signals appear at 3
and 2.65 ppm respectively, this information was,
by and large, adequate to make all other assign-
ments using connectivities that arose from the
two-dimensional COSY experiments. Figure 4
shows correlation between the proton signal at
3.0 ppm (10’) and the %Si signal at 11.6 ppm (1).
Since the former has been assigned as cyclic by
Kummer and Rochow,? the assignment of the
cyclic #Si signal is thus confirmed. (In the num-
bering scheme in the figures, the primes for the
proton signals have been omitted.) The acyclic
—CH,CH,— signals at 2.65 ppm (12") should cor-
relate with the Si signal at —8.46 ppm (2) but
this is not observed in Fig. 4, presumably because
of lack of sensitivity under the experimental con-
ditions used. The correlation was confirmed,
however, in a two-dimensional experiment using

oligomer I (R=0.67, not shown). Other assign-
ments are indicated in the Figure. The assignment
of the most downfield *Si signal to the azasilacyc-
lopentane is consistent with the expected depen-
dence of ®Si chemical shifts on bond strain.
Furthermore, Cragg and Ma® had shown that for
a model compound they synthesized, bis(1,3,2-
diazasilacycloalkyl)dimethylsilane, the ring sili-
con atoms and the silicon in the bridge dimethylsi-
lyl group (between cyclic moieties) appeared at
10.63 and —9.51 ppm, respectively. We have also
obtained the ¥Si NMR spectrum of the commer-
cially available bis(monoethylamino)dimethyl-
silane, which has a chemical shift of —8.6 ppm,
i.e. very similar to that of the acyclic moiety. The
above assignments from the two-dimensional
experiments are thus consistent with these find-
ings.

Using the known assignments of the proton
spectrum and the correlations observed in the
two-dimensional *C-"H correlated spectra in Fig.
5, assignments of the “C signals can be made
(indicated in the Figure).

Spectra of oligomers prepared from
varying monomer feed-ratios (R)

Figure 6 shows the functional region of the IR
spectra of PDSED prepared from the various
ratios (R) indicated in the Figure. No NH or NH,
is observed for oligomer V; oligomers III and IV
show NH (3406cm™'); both NH and NH,
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(3315 cm™") are however observed for oligomers I
and II.

Figure 7(A)-(C) shows the 'H, “C and *Si
NMR spectra of the oligomers. It is clear that the
spectra for oligomers IV and V show the greatest
changes. The proton signals at 0.47 and 0.48 ppm
can be assigned to CH;Si—Cl. This assignment is
consistent with the electron-withdrawing effect of
the Cl atom; reacting an oligomer of this ratio
with EDA or NH; results in the disappearance of
the proton signals, thus providing additional sup-
porting evidence for a silicon—chlorine (Si—Cl)
functionality. The *Si signal at about 13.5 ppm (8
in Fig. 7) is downfield from the cyclic Si signal at
11.6 ppm (1 in Fig. 7). Signal 8 therefore probably
arises as a result of the perturbation of the elec-
tronic structure and/or geometry of the ring
system by the Si—Cl functionality. This is more

evident in the spectra for oligomers IV and V
which contain more Si—Cl functionality.

Chemical shifts, assignments and
2%Si—"H and '*C—'H correlations

The #Si, *C and 'H chemical shifts of the various
NMR signals observed for the different oligomers
are summarized in Table 1. The signals are identi-
fied by the type of moiety (ring, acyclic or bridge)
and functionality they represent. Although some
of the experimental evidence used to extract this
Table is to be presented later (vide infra), the
Table is presented here to aid in the discussion of
the two-dimensional NMR data. The entries in
the Table are designed to show the correlation
and/or connectivities observed in the two-
dimensional NMR experiments (see Table 1 for
details). When used in conjunction with Fig. 9

Table1 'H, C, Si chemical shifts and assignments
ZQSi IHa 13ca
Segment, 4
Moiety agn® cs® agn cs agn cs (Fig. 9)
. 10’ 2.91-3.02° 10 46.13¢
Ring 1 11.6 1 012 n 325 A
. 12/ 2.59,2.75° 12 44 98°
Acydic 2 846 13 003,006 13  —097
Bridge 3 -10.12 14’ 0.08, 0.10 14 -0.49
a 45.39° F
b 44.19°
R 15 3.14° 15 46.16°
Ring 4 13 16 025 16 285
Ring 5 11.40, 11.80 17’ 0.13 17 3.33 C
Functional 6 11.15 18’ 0.48 18 2.78
Bridge 7 -9.36 , . _
74 _9.75 19 0.07-0.12 19 0.49
20’ 3.01,3.03 20 45.77°
Ring 8 13.53, 13.58 21’ 0.19 21 3.1 D
Functional 9 10.7 22’ 0.47 22 2.75
¢ 3.07,3.09° ¢ 46.53°

2 13C signals a, b (Fig. 7B), ¢ and 20 (Fig. 10C), and 'H signals ¢’ and 20’ (Fig. 10C) have
not been assigned definitively, but a and b are probably due to segment F (Fig. 9), and the
tentative assignments of ¢ and 20, as well as that of ¢’ and 20, are probably interchange-
able. ® The last column assigns the segment to which a given moiety or functional group
belongs. For example, the first entry is for a ring moiety in segment A (Fig. 9) with signals
1 (¥Si), 10 and 11 (*C), and 10’ and 11’ (*H). The first entry is also designed to show the
#Si-'H correlation of Si atom 1 with methylene protons 10’ and with methyl protons 11',
as well as the *C—'H correlations between methylene protons 10’ and carbons 10, and
between protons 11’ and carbon 11 of the methyl group. ‘Chemical shifts are for
methylene protons and carbons; all other 'H and *C chemical shifts are due to methyl
groups.  Only Si and C atoms are indicated by numbers in Fig.9; an H atom attached to a
given C atom is indicated by the number of that C atom with a prime. ©agn and cs denote
assignment and chemical shift (ppm), respectively.
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Figure8 A 2Si-'H two-dimensional correlated spectrum of oligomer V. Conditions as in Fig. 4 with 24 scans, Dy=70ms,
D,=35 ms. Note the correlation between 15’ and 4. (B) Expanded two-dimensional plot. Inset shows cross-sections parallel to the
F, axis at the Si chemical shifts of the projection peaks 7 (—9.36 ppm) and 7* (—9.8 ppm). Correlations ohserved are between:
18’ and 6; 22’ and 9; 16’ and 4; 21’ and 8; 17’ and §; 19’ and 7 (also 7*).

and Scheme 1 and the various spectra, Table 1
summarizes the assignments made.

Two-dimensional COSY spectra of
oligomer V

The #Si-'H two-dimensional COSY spectra of
oligomer V are shown in Fig. 8. The proton
signals at 0.48 and 0.47 ppm (18’ and 22’, respec-
tively, in Fig. 8B) have been assigned to CH;
Si—Cl and their correlations with the *Si signals 6
and 9 allow the assignment of the »Si signals to
Si—Cl. *Si signals 4 and 8 are downfield from
signal 5§ (or 1 in Figs 4 and 7), which is due to the
azasilacyclopentane moiety. Since these signals
do not correlate with the protons of CH;SiCl,
they cannot be due to the Si—Cl functionality. Nor
could they be due to acyclic or bridge moieties
because the chemical shift difference between
signals 4 and 8, and signals for the acyclic and
bridge moieties (upfield region of spectrum) is so
large that it cannot be accounted for by micro-
structural changes and/or effects due to func-
tional groups, suggesting that the signals are
probably due to ring moieties. Upon closer
examination of the ¥Si NMR spectra in Figs 7, 8
(and 12), it is evident that the intensities of 4 and

6, and the intensities of 8 and 9, increase or
decrease concomittantly, i.e. the signals in each
pair must be associated with each other structur-
ally. Hence, 4 and 8 must be due to ring moieties
adjacent to an Si-Cl functionality and are
assigned to atoms 4 and 8 in segments C (or C¥)
and D (Fig. 9), respectively. Segment C* is simply
a combination of segments C and E, and Si atom 5§
is assigned a chemical shift that is very similar to
that of 1 in segment A. It should be noted here
that the spectrum in Fig. 1 (bottom, no reflux) is
very similar to that of oligomer V. Having eluci-
dated the structure of oligomer V, it is clear that a
reaction when R = 0.5 (with no TEA added) gives
some Si—Cl and a long period of refluxing is not
apparently necessary to react further the Si-Cl
functionalities. The results may suggest that the
major pathway of the polymerization reaction
between DDS and EDA probably proceeds via
branching and then cyclization (vida infra).

The "C-'H two-dimensional COSY spectra are
also given in Fig. 10. In this case the resolution is
not as good for detailed assignments. For exam-
ple, detailed analysis showed correlations
between 'H signals 18’ or 22’ and the *C signals at
2.75 and 2.78 ppm (18 and 22) and 'H signal (16’)
at 0.25 ppm and the “C signal at 2.85 ppm (16)
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Figure9 Possible/proposed functional groups and backbone compositions.

(Fig. 10B). These correlations were gleaned from
analysis of two-dimensional slices since the C
signals (16, 18 and 22) apparently overlap (Fig.
11). Other correlations observed are indicated in
Fig. 10 (B, O).

Functional groups and backbone
composition

The variations in backbone structure and func-
tional group with R can be accounted for, by and
large, by a combination of the structural segments
shown in Fig. 9 and Scheme 1, and the compo-
sition for each R value is summarized in Table 2.
For example, oligomer II has primarily a compo-
sition of 69% cyclic structures and can be repre-

sented by segments A and B (Fig. 9). Oligomer 1
is similar to II but has only 50% cyclic structures
and thus contains more of segment B. As a result,
it can be expected to have a greater fraction of
segment E (isolated rings). That this is so is
evident in the proton spectra in Fig. 7(A) and the
data in Table 2 which show the relative intensities
of signals 11’ (ring), 14’ (bridge) and 13’ (acyclic).
Other segments that are probably present but in
small amounts are also indicated in Table 2.
Similarly, as can be seen in the 'H spectra in Fig.
7(A), the predominant segment in oligomer III is
A and other minor segments are indicated in
Table 2. Oligomers IV and V contain the Si—Cl
functionality which shifts the acyclic —CH,CH,—
'H signals downfield to the region where the cyclic
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Scheme 1 Proposed reactions during the postpolymerization modification of oligomer II with DDS.

—CH,CH,— appear. It was not therefore poss- from the intensity of *Si signal 5 [Figs 7(C) and
ible to calculate the cyclic: acyclic ratio for these 8], however, these oligomers should contain some
oligomers using the methylene region. Judging  amounts of segments A and/or E, and predomi-
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341 1
H
o y\.
19
285 H 0.197,
/f\ J[L °
21
J\ o.jk
18,22’ 17

B
Figure 11 Cross-sections paraliel to the F, (A) or F, (B) axes
at the 'H (A) or °C (B) chemical shifts of the projection
peaks, respectively. The data present supporting evidence for
the connectivities summarized in Table 1, where the chemical
shifts of the *C and 'H projection peaks are listed.

O

nantly segments C and D. Further discussion
rationalizing why oligomers IV and V should have
segments C and D is provided in the next section.

L
J
_—

L.JL

. { puanasites
18 14 12 10 -8 -0 18 14 12 -8 -10

Figure 12 ¥Si NMR sets of spectra obtained by the inverse-
gated decoupling technique with recycling time 90's, spectral
width 5000 Hz, 8K data points, pulse width 20 ps, 40-120
scans (see text for reaction details). R=1 for set A, bottom
spectrum and R =2.5 for set B, bottom spectrum.

Potential for postpolymerization
modification: stepwise reaction

The oligomers prepared with various R values
should be useful for postpolymerization modifica-
tions as a means of controlling the microstructure
and the composition of the oligomers. This, for
example, can be accomplished by starting with a
certain monomer feed-ratio R, and reacting the
resulting oligomer with the appropriate monomer
(in a stepwise manner). Figure 12 illustrates two
such cases. The bottom spectrum in Figure 12(A)
is for the starting oligomer (R==1). When this
oligomer (with —NH and some —NH, functiona-
lity) is reacted (stepwise} with DDS, the back-
bone structure and the functional groups of the
resulting oligomer, as can be gleaned from the
spectra, resemble that shown in Fig. 7(C) (for
oligomer V). Figure 12(B) shows the results
obtained when a starting oligomer of R=2.5 is
reacted (stepwise) with EDA. The microstructure
of the final oligomer in this case resembles that
shown in Fig. 7(A) (for oligomer II). It is thus
evident from the data in Fig. 12 that an oligomer
akin in structure to that for R==1 can be con-
verted to an oligomer with structure akin to that
for R=2.5, and vice versa.

The modification of the preformed R=1 oli-
gomer by stepwise addition of DDS helps to
elucidate the microstructure of oligomer V. The
microstructure of the R=1 oligomer, II, has
already been elucidated and it contains primarily
segments A and B, and some E, F and G (Fig. 9).
Of these, only the —NH functionalities of B and
F can react with DDS as shown in Scheme 1.
When there is a sufficient excess of DDS (as is the
case for R=2.5), one can easily envisage how a
segment like B can be converted to a segment like
D (cf. segment L Scheme 1) and how F can be
converted to O (cf. segment C, Fig. 9). Since
there is no —NH or —NH, functionality in oli-
gomer V, segments F and G in Fig. 9 and seg-
ments K, M, N, P and Q in Scheme 1 can be ruled
out as constituents of oligomer V. The ¥Si NMR
spectra for oligomer V (Fig. 7C) and oligomer II
after modification with DDS (Fig. 12A) are simi-
lar except for differences in signal intensity, and
the foregoing discussion rationalizes how seg-
ments such as C and D can be obtained from
oligomer II. With the IR and NMR data taken as
a whole, as well as the supporting information
gleaned from the stepwise reaction (Fig. 12A), we
conclude that oligomer V contains predominantly
combinations of segments C and D.
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Figure 13 Examples of possible/proposed ‘average’ structures for oligomers IV and V, i.e. the most
likely structures consistent with 'H NMR signal intensity data. Y represents unspecified end groups such
as C (Fig. 9) or possibly R (Scheme 1B), or SiCl.
Proposed structures gomers IV and V in Fig. 13. Structures A,1 and

The data presented, when taken in totality, B.1 are proposed to be major forms of oligomers
should enable one to propose representative Iv dar};dZV,Fr.esple;tlvely; sgructures tSlI}I)lllaI‘ to AEZ
structures for the oligomers by taking combi- 2M¢ (Fig. 13) must be present, however, to

nations of segments and functional groups pre- account for most of the data presented.
sented in Fig. 9 and Scheme 1, although the exact

sequence of segments and positions of the func-

tional groups cannot be ascertained from the = CONCLUSION

data. The proposed structure of oligomer II,

given in Fig. 3, can for example be constituted by ~ The system investigated in this work has served to
taking one of each of segments A, B and E. illustrate that a rather simple approach which
Proposed structures are also presented for oli- involves controlled conventional condensation
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Table2 Summary of backbone composition and functional groups of each oligomer

(A) Backbone compositions

Composition

Major/minor® Some®
Oligomer A B C D E F G H
I + ++ - — ++ 0+ +
It +++ ++ = — + + +
I +++ + —_— + + + + 2
v + — ++ ++ + e
A — — +++ +++ + - - =

* Entries with more pluses represent major components. ° Relatively small to mini-
mal. Larger than 5-membered ring moieties may also be present. ° Proposed to be
present but not experimentally confirmed. Y— Not present.

(B) Functional groups and other relevant data

Functional group

Compositional
Oligomer  Cyclic (%)* NH NH, SiCl Cl(%)"® ratiof
I 50 ++ + — 0 0.9:0.4:1
I 69 ++ + — 0 0.6:0.6:1
114 89 + —_ + 2 0.2:0.8:1
v 2 + — ++ 24 0.7:1°
A 7 —f — +++ 39 0.4:1°

*Determined from 'H signal integration of the methylene region. ® Estimated from
integration of 'H signals 18’ and 22'. ° Determined from integration of the methyl
region of the spectra in Fig. 7; ratios correspond to groups of signals that correspond
to the ratio acyclic (13’): bridge (14’):ring (11’). ¢ Not determinable. ¢ Ratio corre-
sponds to (acyclic + bridge): ring. — Not present.

reactions can be available for the synthesis of
ceramic precursors and for the development of a
‘database’ for precursor chemistry. Our approach
has been,? and is being, extended to systems that
can serve as ceramic precursors. The data
reported here also illustrate that a combination of
IR and ?Si, “C and 'H NMR techniques can be
extremely valuable for unravelling structural
information in hybrid organosilazane/silylamine
systems, information that will certainly be needed
to expand the ‘database’ for precursor chemistry.
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