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ABSTRACT: The atomic structure of the Si—O—C tetrahedral network of an
amorphous silicon oxycarbide polymer-derived ceramic (PDC) of the
composition SiOgg4+011C1.134008 Was studied at both the short range and the
intermediate range using 1D and 2D *°Si nuclear magnetic resonance (NMR)
spectroscopic techniques, respectively . The 1D *°Si magic angle-spinning NMR
spectrum of the PDC indicates that the Si—O—C network consists of SiO,,
SiO;C, Si0,C,, and SiC, units with relative abundances of approximately 26,
25, 20, and 29%, respectively. The 2D *Si extended CSA amplification
spectrum of this PDC shows that the chemical shift anisotropy (A) of the
mixed-bond SiO,C,_, units is significantly higher than that of the SiO, units.
On the other hand, the unusually high A-value for the SiC, units was
interpreted to be indicative of its role as the connecting element between the
Si—O—C network and the free-carbon nanodomains. The 2D *’Si double-
quantum correlation NMR spectrum of this PDC indicates that there is

extensive direct linking between SiO, and SiO;C units in the Si—O—C network besides the connectivity between like SiO,C,_,
units, while the SiO, and SiO,C, units are only linked via a SiO;C unit. In contrast, the SiO;C units show no restriction in linking
with the other SiO,C,_, units in the network. Finally, the SiC, units show significant clustering, which is consistent with their spatial
localization at the interface between the Si—O—C network and the sp? C nanodomains. Such a spatial distribution of the SiO,C,_,
units is argued to be consistent with their mass-fractal dimensions measured in previous studies.

B INTRODUCTION

Polymer-derived ceramics (PDCs) are a class of amorphous structure.

or SiN,C,_, units and C in the sp* or sp> bonding mode in the

1=46910 The relative fractions of these mixed-bonded

materials that are typically synthesized by the pyrolysis of Si-
based preceramic polymers. PDCs in Si—B—C—O and Si—B—
C—N systems are technologically promising due to their
remarkable thermomechanical stability that can be combined
with an intriguingly wide range of attributes, including high
electrical conductivity, bioactivity, and optoelectronic proper-
ties.'® A fundamental understanding of the relationship
between these properties and the atomic structure of PDCs
is of key importance in the engineering of these materials for
specific applications. In this regard, the ternary Si—O—C and
Si—C—N PDCs serve as model systems, with their structures
characterized by a network of corner-sharing SiO,C,_, and
SiN,C,_, (0 < x < 4) tetrahedra, respectively, that coexist with
nanodomains of sp>-hybridized amorphous carbon.'~**~'* A
wide variety of characterization techniques have been used
over the last two decades to investigate the structure of these
PDCs at various length scales.'™'® In particular, °Si and *C
magic angle-spinning nuclear magnetic resonance (MAS
NMR) spectroscopy have played an important role in the
identification and quantitation of the mixed-bonded SiO,C,_,
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tetrahedral units, at least in PDCs pyrolyzed at temperatures
above 1000 °C, suggest a partial avoidance of the bonding
between the oxygen (nitrogen)-rich and carbon-rich SiO,C,_,
(SiN,C,_,) tetrahedral units, and consequently a spatial
segregation of these units, in the SiOC (SiCN) tetrahedral
networks. The avoidance of bonding between C and O (N)
atoms in these PDCs implies that the SiO, (SiN,) and SiC,
tetrahedra cannot be directly connected to each other.

It may be noted in this regard that two distinctly different
scenarios of intertetrahedral connectivity have been put

12,13,15,

. . 16 .
forward in the literature. In one scenario, the free

carbon is present in nanodomains as dispersed graphene or
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turbostratic graphite, which is embedded in a matrix of a fully
connected network of corner-shared SiO,C,_, tetrahedra.'>"”
In a second model based on small-angle X-ray scattering
studies, the structure of SIOC PDCs was proposed to consist
of a cellular network of free carbon, with nanodomains of silica
sequestered within the cells.'”'® While the silica nanodomains
consist predominantly of corner-shared SiO, tetrahedra, the
domain walls at the interface between these nanodomains and
the carbon network consist primarily of carbon-rich SiO,C,_,
tetrahedra. For each model, the characteristic length scale of
the nanodomains was proposed to be on the order of a few
nanometers. In the second model, the silica-rich domains were
a few nanometers in diameter, while the thickness of the
domain walls was on the order of ~1 nm. These structural
models aside, a number of physical properties of SiOC PDCs
are consistent with the presence of two interpenetrating
continuous networks, one of which is silica-rich and the other
of which is carbon-rich.

Recent *Si NMR spin—lattice relaxation (SLR) studies of
SiOC PDCs indicated that the constituent SiO,C,_,
tetrahedral units form a network such that the spatial
distribution of these units or their mass M scales with distance
R as M ~ R with the fractal dimension D; being substantially
smaller (2.0 < D¢ < 2.5) than the embedding Euclidean
dimension of 3. It was hypothesized that the mixed
coordination of Sj, i.e., the presence of both C and O atoms
as the nearest neighbors of the Si atoms combined with the
absence of any carbon—oxygen bonding, could lead to steric
hindrance in the way of the efficient packing of the SiO,C,_,
units and conse(}uently to the mass-fractal character of the
SiOC network.”” However, the connectivity between the
mixed-bonded tetrahedral units, which is believed to be of
crucial importance in controlling the thermodynamic stability
of these PDCs, remains poorly understood to date.'” As noted
above, the distinctive °Si and '*C NMR isotropic chemical
shifts 6, have allowed the identification and quantitation of
various Si and C environments in SiOC PDCs. However,
besides the J,, of a nuclide, which is characteristic of its
coordination environment, the chemical shift anisotropy
(CSA) carries important complementary information related
to the symmetry of the local electronic environment of a
nuclide and, in combination with &, can often be useful in
deciphering the intermediate-range order in a glass structure
beyond the nearest-neighbor length scale."®™" Chemical shift
is a a second-rank tensor with principal components 6,,, 6,,
and 6, such that 16, — 6, | 2 1 6,y — 8o | 216, — G, |-
Therefore, the &, is defined as

1
= g(éxx + 6yy + 67.7_)

On the other hand, the CSA is characterized by the anisotropy
A and the asymmetry parameter # (0 < 5 < 1), which are
defined as

6iso

A= 6zz - 6iso
n= Oy = O
5zz - 5iso

The parameters A and # represent the deviation of the tensor
from spherical and uniaxial symmetries, respectively. However,
the CSA of the corner-shared tetrahedral Si environments in
PDCs is expected to be rather small and thus difficult to
accurately estimate from simple one-dimensional (1D) NMR
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spectra, especially in the presence of multiple center bands that
cover a wide range of J, in the 1D spectrum. Recent studies
have shown that in such situations two-dimensional (2D) CSA
amplification NMR methods, such as xCSA, can be successfully
employed to accurately determine small A values of less than
10 ppm.”*** Here, we report for the first time the application
of 2D Si xCSA NMR spectroscopy to determine the *’Si CSA
parameters of the various SiO,C,_, units in a SiCO PDC,
which are then compared to the *Si NMR chemical shift
tensor parameters calculated on molecular fragments using
density functional theory (DFT). In addition, the connectivity
between the SiO,C,_, units in this PDC is determined using
2D *Si double-quantum (DQ) correlation NMR spectroscopy,
where the spatial proximity information is generated through a
homonuclear dipolar recoupling sequence. These results are
used to build a comprehensive structural model of the
intermediate-range order in SiOC PDCs.

B METHODS

Sample Synthesis and Chemical Analysis. The SiOC
PDC sample used in this study was synthesized using
commercially available polysiloxane SPR-212 (Starfire Systems
Inc,, NY, USA). The polymer was cross-linked in an alumina
tube furnace at 250 °C for 2 h under a flowing argon
atmosphere. Subsequently, the cross-linked sample was
pyrolyzed in an alumina-tube furnace at 1100 °C (heating
rate of 100 °C/h, Ar atmosphere) for 2 h. The chemical
composition of the sample was determined in triplicate using a
carbon analyzer Leco-200 (Leco Corporation, St. Joseph, MI,
USA) and a N/O analyzer Leco TC-436 (Leco Corporation,
St. Joseph, Michigan, USA). The silicon weight fraction was
calculated as the difference to 100 wt % assuming that no other
elements were present in the samples. The analyzed
composition of the sample was then calculated as
5i00.94+0.11C1.13x0.08:

29Si NMR Spectroscopy. All Si NMR spectra of the
SiOC PDC sample, with the **Si nuclide in natural abundance,
were collected at the National High Magnetic Field Laboratory
(NHMFL) in Tallahassee, FL, USA using a 31 mm bore 19.6
T magnet equipped with a Bruker Avance NEO console
operating at the resonance frequency for *°Si of 165.2 MHz.
Carr—Purcell Meiboom—Gill (CPMG) multiple-echo acquis-
ition was used for the signal enhancement of all spectra, where
the time-domain echoes were summed during processing.”® A
low-E double-resonance 3.2 mm MAS probe designed and
built at the NHMFL*’ was used for the 1D MAS and 2D
double-quantum (DQ) correlation spectra, with 7/2- and 7-
pulses of 4 and 8 s, respectively, a rf field of 62.5 kHz, spectral
widths of 100 kHz, and a MAS frequency v, = 12 kHz. The 1D
¥Si MAS spectrum was acquired with 60 CPMG loops of ~2
ms echo acquisition windows, a recycle delay of 10 s, and 2048
scans, resulting in a total experimental time of ~6 h. Spectra
collected with different recycle delays indicated the absence of
any differential relaxation. The 2D *°Si DQ correlation spectra
were acquired with 163 CPMG loops of ~1 ms echo
acquisition windows, a recycle delay of 30 s, 640 scans, an
indirect spectral width of 24 kHz, and 12 complex t; points,
resulting in a total experimental time for each spectrum of
~129 h. Si DQ coherences were generated using the
symmetry-based SR26}' sequence™® with a rf field of 78 kHz
(6.5x the MAS frequency) and durations for DQ_excitation
and reconversion of 7 = 6.7 and 9.3 ms for the two different
spectra. Hypercomplex 2D acquisition was performed using

https://dx.doi.org/10.1021/acs.jpcc.0c09860
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the States method”” on the DQ excitation segment of the pulse
sequence. The 2D *Si extended CSA amplification (xCSA)
spectrum”* was acquired with a single-resonance 7.0 mm MAS
probe designed and built at the NHMFL, 7/2- and 7-pulses of
5.9 and 11.8 ps, respectively, a rf field of 42.4 kHz, a spectral
width of 100 kHz, a MAS frequency v, = 6 kHz, 72 CPMG
loops of ~2 ms echo acquisition windows, a recycle delay of 27
s, 160 scans, and 16 complex t, points, resulting in a total
experimental time of ~39 h. The xCSA sequence employed 7
m-pulses that spanned four rotor periods to disrupt the
averaging of the CSA by MAS and efficiently amplify it by a
factor of k = 6, i.e., the spinning sideband intensities along the
indirect dimension appear as if the MAS frequency is 6X lower
than that applied. In the current instance, the observed CSA is
equivalent to that which would be observed at 1 kHz MAS.
Evolution along the indirect dimension spans one rotor period
7, ie, t; = [0, 7,], and the resulting spectral width in the
indirect dimension is equal to the number of complex ¢, points
multiplied by v,/6. Hypercomplex 2D acquisition was
performed using the States method simultaneously on the
phases of the CPMG z-pulses and the receiver.””*”’
Processing of the xCSA indirect dimension was performed
without first-point scaling, apodization, or zero-filling, which
resulted in 16 discrete points that corresponded to CSA
spinning sideband intensities.

DFT Calculation of 2°Si NMR Parameters. The *Si
NMR chemical shift tensor parameters for the relevant
SiO,C,_, units were calculated using the gauge-includin%
projector augmented wave (GIPAW) method based on DFT.’
The GIPAW method relies on the reconstruction of the all-
electron magnetic response from the pseudowave functions
and can be used to calculate the NMR parameters for a wide
variety of nuclides with good accuracy.”® The NMR
calculations in this study were carried out on molecular
fragments containing the relevant SiO,C, . units after their
geometry optimizations (Figure 1). These molecular fragments
were hydrogen--terminated using —SiH; groups (see Figure 1).
These molecular fragments were placed inside a 20 A cubic cell
with periodic boundary conditions, and a geometry optimiza-
tion and NMR calculations were carried out using the codes
CASTEP and CASTEP-NMR (Biovia Inc.), respectively,
within the generalized gradient approximation with PBE XC
functionals, on-the-fly-generated ultrasoft pseudopotentials,
and plane wave basis sets with an energy cutoff of 610 eV.
These calculations yielded the absolute shielding tensor
principal components 6,,, 0,,, and o,,. The isotropic chemical
shift J,, was obtained from the isotropic shielding o, = 1/
3(6+ 0,+ 0,,) using the relationship &, = —(0y, — Orep),
where o, is the isotropic shielding of a reference material. The
crystalline SiO, polymorph a-quartz was used as a reference in
this study, and the calculated *’Si 6,,, = 429 ppm was equated
to the experimental value of *Si &, = —107 ppm.

180

B RESULTS AND DISCUSSION

The 1D *Si CPMG MAS NMR spectrum of the PDC sample
collected at an MAS frequency of 12 kHz is shown in Figure 2.
This spectrum reveals four well-resolved peaks centered at
—107, =71, =33, and —10 ppm, which can be readily assigned
to Si0,, SiO;C, SiO,C,, and SiC, units, respectively, based on
previous studies.”” The simulation of this spectrum with
Gaussian peaks yielded relative fractions of the SiO,, SiO;C,
Si0,C,, and SiC, structural units from the corresponding peak
areas as approximately 26, 25, 20, and 29%, respectively, within
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Figure 1. Geometry-optimized molecular fragments used to calculate
2Si NMR parameters for various SiO,C,_, units. Si, O, C, and H are
shown in yellow, red, gray, and blue, respectively. (A) SiO, and SiO;C
units linked via oxygen and terminated with —SiHj groups, (B) SiO,
and SiO,C, units linked via oxygen and terminated with —SiH;
groups, (C) SiO, and SiOCj units linked via oxygen and terminated
with —SiH; groups, (D) the central SiC, unit terminated with —SiH,
groups, and (E) the central SiC, unit terminated with three —SiH,
groups and a C¢Hj ring.

Sio,

Si0,C
sic,

T T 1
100 0 -100 -200

298i chemical shift (ppm)
Figure 2. Experimental (solid black line) and simulated (red dashed
line) 2°Si MAS spectra of the SiOC PDC sample. Individual Gaussian

simulation components corresponding to SiO,, SiO;C, SiO,C,, and
SiC, units are shown in yellow, cyan, green, and red, respectively.

an uncertainty of +3% (Figure 2). These relative concen-
trations of various SiO,C,_, units were used to calculate the
chemical composition of this PDC under the assumptions of

https://dx.doi.org/10.1021/acs.jpcc.0c09860
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(1) the complete absence of any carbon—oxygen bonds, (2)
tetrahedral coordination for Si and C atoms in the network,
and (3) that each oxygen is bonded to two Si atoms. The
resulting composition of the SiOC network from *°Si NMR is
thus SiO| 4910.08Co4s1+003 Which is consistent with the chemi-
cally analyzed composition of SiOgg4.011C1.134008 in terms of
the Si/O ratio and yields a free-carbon content of 0.68 + 0.08
atoms of C per Si atom in the structure. It is noteworthy that
the width of the peak corresponding to the SiC, unit is ~2.1—
2.5 ppm wider than those for the SiO;C and SiO,C, units,
which may suggest the composite nature of the SiC, peak and
the possible presence of SiOC, units. However, a recent >°Si
NMR study has indicated the lack of any detectable fraction of
SiOC; units in a SiOC PDC obtained from the same precursor,
which was pyrolyzed at 600 °C.>" Therefore, it is likely that the
relative fraction of these units in the SIOC PDC sample used in
the present study is also rather small, and their role in the
connectivity of the network can be safely ignored. Indeed, a
comparison between the Si/O ratios obtained from the
chemical analysis and from *’Si NMR provides an upper
bound for the concentration of the SiOCj; units in this PDC of
~8%. This result is consistent with the observation in the
literature that the typical range for the relative fraction of
SiOC; units in SiOC PDCs is only ~2—5%. Finally, the
relative fractions of the various SiO,C,_, units in this PDC as
obtained from *’Si NMR can be compared to those expected
from a random distribution of Si—O and Si—C bonds in the
network. The latter can be obtained from the following
expression:9

4! M —x
7(1@—0) (pSi—C)4

P(SiO,C =
(510.G,-.) x!(4 — x)!

In this expression, P(SiO,C,_,) is the probability of finding any
SiO,C,_, unit, while pg;_o and pg;_c are the probabilities of
finding a Si—O and Si—C bond, respectively, in the network.
Since every O atom is bonded to two Si atoms in the network,
Psi—o = 0.5%(0/Si), and pg_c is given simply by 1 — (pg;_o)-
Therefore, for the PDC sample used in this study, the NMR-
derived value of O/Si = 1.09 predicts only ~8.8% SiO, units
from a random distribution model, which is substantially
smaller than the observed value from **Si MAS NMR of ~26%.
This result directly implies the significant spatial segregation
and clustering of the oxygen-rich and carbon-rich SiC,O,_,
units in the SiOC network of this PDC.

The 2D *Si xCSA/CPMG spectrum of the PDC sample is
shown in Figure 3. A projection along the isotropic dimension

50 0 50 -100
28i isotropic shift [ppm]

Figure 3. Stacked plot of the 2D *’Si xCSA spectrum of the SiOC
PDC sample.
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(not shown) is consistent with the MAS spectrum in Figure 2,
while the anisotropic dimension provides CSA information for
each site that is magnified sixfold in this spectrum. The
simulation of these spinning sideband manifolds along the
anisotropic dimension (Figure 4) was carried out using a
Gaussian distribution of 6,,, 6,, and 6, with a full-width at
half-maximum of 12—14 ppm to account for the structural
disorder characteristic of an amorphous material. The results of
these simulations indicate that all Si sites are characterized by
rather small |Al values, ranging from 13 ppm for the SiO, sites
to 23 ppm for the SiO,C, and SiC, units. The asymmetry
parameter 7 for all sites ranged between 0.5 and 0.8 (Table 1).
These chemical shift tensor parameters are compared in Table
1 with those calculated on the molecular fragments using the
GIPAW method. The calculated &, values for various Si sites
show rather good agreement with the experimental values. It
may be noted here that in a previous study similar values of
»Si §,, were obtained from the GIPAW method-based
calculations on three-dimensionally extended structural models
of Si-oxycarbide networks.”” It was shown in that study’” that
the *Si &, for the SiO,C,_, units was strongly correlated to
the average Si—O-—Si angles, but no clear correlation was
observed between the former and the Si—C bond length.
These results indicate that the **Si &, for a SiO,C,_, unit is
primarily controlled by its nearest-neighbor environment, and
the structure beyond this length scale does not significantly
affect this NMR parameter, thus justifying the termination
scheme for the molecular fragments used in the present study.
Here we also report the calculated A-and 5-values for the
various SiO,C,_, units and compare them to the experiment
(Table 1). The calculated A-values for these units vary within a
relatively narrow range and display the same trend as that in
the experiment for SiO,, SiO;C, and SiO,C, units (Table 1).
On the other hand, the calculated A-value for the SiC, unit
connected to four next-nearest neighbor Si atoms shows a
significant departure from the observed experimental trend,
although the former is in good agreement with the
experimental and calculated values for crystalline polymorphs
of SiC.>’ The relatively high **Si A-value that was
experimentally observed for the SiC, units is also inconsistent
with that calculated for the SiOC, units (Table 1) and is likely
indicative of the connectivity of the SiC, units to the sp> C
atoms at the interface between the SiOC network and the
amorphous C domains. Such a connectivity would significantly
lower the local symmetry of the bonding environment of these
units, which could manifest in an increase in the 2°Si A-value.
This hypothesis is supported by the results of DFT calculations
of the chemical shift tensor parameters of a SiC, unit
connected to three nearest-neighbor Si atoms and a C that is
part of a six-membered C-ring (Figure 1). The calculated &,
for this “asymmetric” SiC, unit is not significantly different
from that calculated for the “symmetric” SiC, unit connected
to four next-nearest neighbor Si atoms (Table 1). However,
the calculated A- and #-values for the asymmetric unit are
rather similar to those determined experimentally for the SiC,
unit (Table 1).

The 2D *’Si double-quantum vs single-quantum (DQ-SQ)
correlation spectra collected at a spinning speed of 12 kHz is
shown in Figure S after being sheared into a SQ—SQ
correlation representation. Although previous studies™ have
shown that such spectra for long recoupling times (>10 ms)
can provide information on *’Si spin pairs separated by up to 8
A, the spectra collected in the present study with short

https://dx.doi.org/10.1021/acs.jpcc.0c09860
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Figure 4. Representative experimental °Si NMR anisotropic spinning sideband spikelet patterns (orange lines and circles) for SiO,, SiO,C,
Si0,C,, and SiC, units. Anisotropic slices for these sites were taken along the F1 dimension at the maximum for each peak. Corresponding

simulations are shown as blue lines.

Table 1. Experimental (In Bold) And Calculated (In
Parentheses) *°Si Chemical Shift Tensor Parameters for
Various SiO,C,_, Units

structural units 8iso (ppm) average A (ppm) average 7]
Sio, —107 (-110) —12 (-10) 0.5 (0.2)
$i0,C —71 (=73) ~16 (-30) 0.5 (0.3)
$i0,C, —33 (=37) 23 (36) 0.8 (0.3)
SiOC, (-6) (18) (0.1)
SiC, ~10 (-3) 24 (12) 0.9 (0.0)
SiC, (asymmetric) —10 (-1) 24 (30) 0.9 (1.0)

recoupling times of 7 = 6.7 and 9.3 ms should be dominated by
DQ signals from *°Si nearest-neighbors at ~3.0—3.2 A for Si—
O-Si linkages and ~3.2—3.4 A for Si—C—Si linkages in the
structure of SiOC PDCs. Moreover, no significant difference in
the correlation peak pattern was observed with increased
recoupling times (not shown), suggesting that these peaks in
Figure S correspond predominantly to the connectivity
between the nearest-neighbor Si atoms in the structure of

the PDC. The peaks along the diagonal that correspond to the
Si0,, Si0;C, Si0,C,, and SiC, structural units indicate that all
these units are self-correlated, i.e., display connectivity between
like units at the nearest-neighbor length scale. The strong
cross-correlation peak between the SiO, and the SiO;C units
indicate that these two types of units are directly connected in
the structure, while the appearance of the rather weak
correlation peaks between the SiO, and the SiO,C, units
only at the longer recoupling time of 9.3 ms (Figure SB),
suggesting significantly less direct connectivity between them.
It is likely that this correlation peak in Figure SB results from
SiO,C, next-nearest neighbors connected to the SiO, units via
the SiO;C units. On the other hand, the minimal direct
connectivity between the SiO, and the SiO,C, units in the
spectrum is consistent with the absence of a random
connectivity between the SiO,C,_, units in the structure of
this PDC. The complete absence of any cross-correlation
between the SiO, and the SiC, units is also consistent with the
chemical impossibility of any direct connectivity between these
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Figure 5. 2D *Si DQ correlation spectra collected with DQ
excitation times of (A) 6.7 and (B) 9.3 ms, which were sheared
along the indirect dimension to yield a SQ—SQ representation. Self-
and cross-correlation peaks between various Si environments are
indicated in the spectra, where SiO,, SiO;C, SiO,C,, and SiC, units
are denoted as 1,2,3, and 4, respectively. The asterisk denotes a likely
spinning sideband from the SiO,C, (3) sites. The 1D *Si MAS
spectrum in Figure 2 is reproduced on top of the 2D spectra.

units. Additionally, the correlation peak pattern in Figure $
indicates significant connectivity between the SiO;C units and
all other units in the structure, including the high C-containing
Si0,C, and SiC, units, irrespective of the recoupling time. At
the same time, the SiC, peak along the diagonal in Figure S
shows a pronounced broadening, suggesting a strong
preference toward self-connectivity and hence a spatial
clustering.

In principle, it may be possible to go beyond this qualitative
analysis of the 2D *’Si DQ-SQ_ correlation spectrum and
simulate the correlation peak intensities to obtain a more
quantitative estimate of the average connectivity between the
various nearest-neighbor SiO,C,_, units in the structure of the
PDC. Such a simulation to a first-order approximation would
be valid if (a) only the nearest-neighbor Si nuclei from the Si
site of interest contribute to the DQ-SQ_cross-peaks and (b)
the *Si—*°Si dipolar couplings to each of the Si sites in this
coordination sphere are all the same. However, it is not
obvious whether either of these assumptions would be tenable
since (a) it has been shown that the contributions to the
correlation peaks from longer range distances, though smaller,
do exist and (b) the variation of the **Si—**Si dipolar coupling
even within the nearest-neighbor sphere can be significant,
introducing a large error in the simulations of cross-peak
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intensity. This could be an interesting avenue for a more in-
depth investigation in future.

When taken together, these results provide a detailed picture
of the structure of SiOC PDCs in terms of the spatial
distribution and connectivity between the mixed-bonded
SiO,C,_, units. The oxygen-rich SiOC network appears to
consist of interconnected SiO, and SiO;C tetrahedra, with the
latter further connected to some SiO,C, tetrahedra present as
next-nearest neighbors of the SiO, units. Although the direct
connectivity between the SiO,, and the SiC, units is chemically
prohibited, the avoidance of direct connectivity between the C-
rich SiO,C, units and the SiO, units is likely a result of the
steric hindrance caused by the tetrahedral bonding displayed
by both Si and C atoms in these units. Such avoidance is
consistent with the previously reported fractal mass distribu-
tion of the Si atoms in the structure of SiOC PDCs with mixed
bonding. No such bonding restriction is observed between the
C-containing SiO,C,_, units. However, the strong preference
for self-connectivity between the SiC, units, as mentioned
above, implies the spatial clustering of these units, most likely
at the interface between the SiOC network and the amorphous
sp® C that is presumably present as either turbostratic carbon
or graphene-like sheets. This interfacial clustering is expected
to give rise to a mass distribution for these Si atoms that
should have a significantly lower mass-fractal dimension D
compared to those in the O-rich SiO,C,_, units. This
expectation was indeed borne out experimentally, as previous
studies reported that over a length scale on the order of ~1 nm
the oxygen-rich SiO,C,_, units exhibit D; = 2.5, while the C-
rich units display a lower value of D¢ = 2.0 for the SiC,
units.”** The nearly two-dimensional mass distribution of the
SiC, units is consistent with their role in the structure as the
linking interfacial “tissue” between the tetrahedral SiOC
network and the free-carbon nanodomains.” As mentioned
above, this scenario is also consistent with the relatively large
value of °Si A that was observed for the SiC, units (Table 1).
In this regard, it is interesting note that a recent 3D
transmission electron microscopic imaging study of a SiBOC
PDC has shown that the sp* C planes are indeed bonded to
Si—C nanodomains at their boundaries via Si—C covalent
bonds that encase the silica-rich regions.35

Finally, an upper bound for the average diameter of oxygen-
rich silica-like nanodomains in this PDC can be estimated by
assuming a maximum avoidance in the connectivity between
the SiO, and mixed-bonded SiO,C,_, units as well as noting
that SiO, and SiO;C units are present in a subequal (~25—
26%) concentration in the PDC. Considering the observation
that the direct connectivity between the SiO, and the mixed-
bonded SiO,C,_, units in this PDC is largely restricted to
SiO;C units, the silica-like nanodomains are expected to be
terminated by SiO;C units that decorate their surfaces.
Therefore, if the surfaces of these nanodomains are defined
by a shell of a single layer of SiO, tetrahedra (~0.3 nm), and
each of these tetrahedra in this shell is terminated by one
SiO;C unit on an average, then the average diameter of these
domains would have to be ~2.3 nm to yield subequal
concentrations of the SiO, and SiO;C units in this PDC.

B SUMMARY

While the 1D *Si magic angle-spinning NMR spectrum of the
SiOC PDC provides usual information on the relative fractions
of the constituent SiO,C,_, tetrahedral units in the Si—O—C
network, the full chemical shift tensor for each unit was
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obtained for the first time from a 2D *Si extended CSA
amplification (xCSA) spectrum. A comparison between these
experimental *’Si chemical shift tensor parameters and those
obtained from ab initio density functional theory-based
calculations shows a good agreement in the &, values and
the increasing trend of IAl in the order SiO,C, > SiO;C >
SiO,. On the other hand, the unusually large experimental Al
value for the SiC, units likely originates from the linking of
these units with the sp* C atoms in the free-carbon
nanodomains at their interface with the Si—O—C network.
The 2D *Si DQ-SQ_correlation spectrum of this PDC
indicates the extensive connectivity between the SiO, and
SiO;C units. On the other hand, direct linking between SiO,
and SiO,C, units appears to be largely avoided, possibly
implying steric hindrance. No such avoidance in direct linking
was observed for the C-containing SiO,C,_, units, although
the strong self-correlation between the SiC, units suggests
spatial clustering consistent with their role as the linking tissue
between the tetrahedral Si—O—C network and the sp® C free-
carbon nanodomains. Such steric hindrance to random
connectivity between the constituent SiO,C,_, units and the
spatial localization of the C-rich units is likely responsible for
their fractal mass distribution, as determined in previous
studies using *’Si NMR SLR spectroscopy.
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