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Results are presented from theoretical and experimental infrared (IR) spectroscopy studies of the
microstructures of poly(silsesquioxane)s (PSSQs) of varying chemical composition. The calculated IR
spectra show two distinct asymmetric Si-O-Si stretch vibration bands for models of complete polyhedral
cages, incomplete open cages, and short ladder structures. Close analyses of the calculated results indicate
that the higher frequency IR band at about 1150 cm-1 is derived from the parallel asymmetric Si-O-Si
stretch vibration mode in the (Si-O)n ring subunit while the lower frequency band at about 1050 cm-1

is due to the asymmetric Si-O-Si stretch symmetric with respect to the inversion point at the center of
the (Si-O)n ring and is absent in highly symmetric cage structures. Experimentally, poly(methylsilses-
quioxane) (PMSQ), poly(isobutylsilsesquioxane) (PiBSQ), and poly(phenylsilsesquioxane) (PPhSQ) exhibit
a varying tendency of cage-like structures, rather than ladder structures, in as-polymerized samples. When
the thermal conversion (curing) temperature is increased to 400 °C, the microstructure of PMSQ in thin
solid films transforms from open cage-like structure toward a random network with lower symmetry.
This change in microstructure is caused by the secondary condensation reaction and the evaporation of
cage structures, and the effect of cage evaporation becomes most pronounced for PiBSQ films, which
are mostly comprised of cage-like structures that evaporate around 280 °C. In comparison, PPhSQ films
retain cage-like structure upon curing to 400 °C as a result of the high evaporation temperature (ca. 500
°C) of the cages.

Introduction

Poly(silsesquioxane)s (PSSQs) are organosilicates with an
empirical formula (RSiO1.5)n, where R can be hydrogen,
methyl, phenyl, or higher molecular weight organic groups.
PSSQs were developed over 60 years ago and have found
many applications. For example, PSSQ is the first silicone
commercialized for application as a high temperature electri-
cal insulation material.1 In recent years, poly(hydridosilses-
quioxane) (PHSQ with R ) H) and poly(methylsilsesqui-
oxane) (PMSQ with R ) CH3) have emerged as low
dielectric constant interlayer materials for interconnects in
microelectronic devices because of their excellent thermal
and electrical properties.2–6 Films of SiOx containing methyl
substituents, which resemble PMSQ and are called organo-
silicate glasses (OSGs), have been generated by a chemical

vapor deposition (CVD) technique and are currently applied
as the interlayer dielectric material in the most advanced
semiconductor devices with a 65 nm critical dimension. It
has been shown that the dielectric constants of these materials
are directly related to the degree of methylation, decreasing
from 4.1 for SiOx down to 2.7 as the degree of methylation
is increased to 25%.7

Nanoporous PMSQs and OSGs with even lower dielectric
constants have also been prepared, demonstrating the pos-
sibility of further extending the application of this material
to future generations of nanoscale semiconductors with
feature sizes smaller than 50 nm.8–10 The porous PMSQ film
is prepared by incorporating an organic pore generation
material (porogen) into a PMSQ matrix. During the thermal
conversion (curing) of the as-polymerized soluble polymer
at high temperatures to 400 °C, the porogen is thermally
decomposed and volatilized leaving behind stable nanoscale
pores. PMSQ films with 30% porosity have been prepared
and found to have a dielectric constant as low as 2. Recently,
nanoimprint patterning of PSSQs, also called organosilicate
polymers, has become of significant interest because of the
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simplification of multilevel interconnect fabrication by the
nanoimprint lithography employing solution-processed di-
electric materials.11 In addition, porous PSSQs are also of
significant interest for optical wave guides,12 separations and
membranes,13 catalyst supports,14 and biotechnology ap-
plications.15

Despite the importance of PSSQs for a variety of applica-
tions, their microstructure at the molecular level is not well
understood. Specifically, it is difficult to determine whether
the PSSQ molecules are comprised of closed cages, partially
open cages, (double chain) ladders, or random network
structures. The ability to obtain such information from a
simple infrared (IR) spectroscopic technique will be very
important for understanding the structure–property relation-
ships of PSSQs and for improving the desired physical
properties by modifying the monomer structures16 and
incorporating co-monomers.17 In this regard, the most
relevant IR absorption band is the asymmetrical Si-O-Si
stretching mode in the 1000–1200 cm-1 region which is
likely to be little affected by the nature of the substituent
R.18 Therefore, the analysis of the Si-O-Si stretching
vibration modes has commonly been employed for character-
izing various PSSQ and OSG films since the early work by
Brown et al.19,20The IR absorption characteristics of oligomeric
cage-containing compounds are quite simple and clearly
established.20–23 However, PSSQ and OSG samples normally
exhibit complicated IR absorption features, and their analyses
in terms of (double chain) ladder structures19,20,24,25 or cage/
network mixtures,26,27 for example, have been very ambiguous
and confusing.

In this paper, we report the predicted IR frequencies for
various microstructure models of PSSQs obtained from high-
level ab initio quantum chemistry calculations and compare
the calculated spectra with experiments. Moreover, based on
the calculated IR spectra, we elucidate the microstructures
of PSSQs with various organic substituents of methyl,
isobutyl, and phenyl group as a function of the thermal
conversion (curing) temperature.

Computational Method

The geometries, relative energies, and IR spectra of model
HSQ and MSQ molecules were obtained from quantum
chemistry calculations using the Gaussian98 computer pro-
gram.28 The calculations were carried out using the density
functional theory (DFT) with the hybrid B3LYP functional
and the 6-31G(d) atomic orbital basis set. The IR spectra
were generated from the calculated harmonic frequencies and
fundamental intensities by assuming a Gaussian line shape
with a half-width of 10 cm-1 for each vibrational mode. The
model molecules considered include cages with 4–12 Si
atoms (denoted Tn where n is the number of Si atoms with
molecular formula RnSinO1.5n), a partially open T7 cage
R7Si7O12H3 (the T8 cage with one Si-R removed and the
three dangling Si-O bonds terminated with hydrogens), and
short ladder structures such as R8Si8O10(OH)4 consisting of
three fused Si4O4 rings with OH groups to tie off the dangling
Si bonds as shown in Figure 1. The cage structures can be
thought of as polyhedra with Si atoms at the vertices and O
atoms at the midpoints of the edges. The polyhedra consid-
ered are tetrahedron, triangular prism, cube, and pentagonal
prism for T4, T6, T8, and T10, respectively. For T12 both a
hexagonal prism and a polyhedron consisting of four
pentagonal and four square faces with D2d symmetry were
considered.

Experimental Section

Samples. Low molecular weight samples of PMSQ, poly(isobu-
tylsilsesquioxane) (PiBSQ), and poly(phenylsilsesquioxane)
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Figure 1. Structure examples of a T6 cage (R6Si6O9), a T8 cage (R8Si8O12),
an open T7 cage (R7Si7O12H3), and a short ladder (R8Si8O10(OH)4).
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(PPhSQ) were synthesized by the sol–gel method under acidic
condition, according to the procedure described previously.16,17,29,30

The concentration, the molar ratio of catalyst/reactant (r1), and the
molar ratio of water/reactant (r2) were varied to obtain optimal
coating solutions.29 The spin-coated films of PSSQs were prepared
as follows. For PMSQ and PPhSQ, a solution containing 25% (w/
w) of the polymers in propylene glycol methyl ether acetate was
loaded into a disposable syringe and passed through a 0.2 µm
Acrodisc CR PTFE filter directly onto a silicon wafer for IR
measurement. The wafer was spun at 2500 rpm for 30 s in the
ambient and placed directly into a vacuum furnace. The sample
temperature was ramped to and held at the desired temperature for
1 h before cooling, and the final film thickness was about 500 nm.
However, in the case of PiBSQ, the Fourier transform infrared (FT-
IR) spectra were measured with cured powder samples in a KBr
pellet because the thin films of PiBSQ on the silicon wafer did not
maintain a good film surface after the thermal curing process (see
below). The T8 cage MSQ powder sample was used as received
from Aldrich Co. to prepare the KBr pellet.

Measurements. IR spectra were obtained using a JASCO FT-
IR spectrometer (model 660 Plus) at a resolution of 4 cm-1 and
taking 90 scans per spectrum. Thermogravimetric analysis (TGA,
Q50, TA Instrument) was employed for the measurement of weight
change as the sample was heated at 10 °C/min. Graphite plate laser
desorption/ionization time-of-flight mass spectrometry (GPLDI-TOF
MS) of selected PiBSQ sample was carried out as described
previously.16

Results And Discussion

For the polyhedral cages of HSQ, our calculated relative
energies per Si atom are similar to the Hartree–Fock results
of Earley31 and the numerical local density approximation
(LDA) results of Ziang et al.32 in that the T10 and T12 (D2d)
cages are slightly more stable than the T8 cage and the T4

and T6 cages are considerably less stable. The calculated
fundamental vibration frequencies, without scaling, for the
T8 HSQ cage are in excellent agreement with the published

experimental IR spectrum,21 as listed in Table 1. The largest
error in the theoretical frequency is 4% (98 cm-1) for the
Si-H mode, and the corresponding error for the important
Si-O-Si stretching modes is 2% (14–20 cm-1).

We compared the theoretical IR spectra for the cage, open
cage, and short ladder structures of the HSQ and MSQ model
compounds and used the theoretical results for the assign-
ments of the various vibration modes of the PSSQ samples.
In particular, we have focused on the Si-O-Si stretching
absorption bands in the 1000–1200 cm-1 region. The
calculated IR spectra of the model compounds of HSQ T6

cage and Si8 ladder structures (Figure 2a,b) feature two bands
derived from displacements of the O atoms relative to Si in
the (SiO)n rings at around 1050 cm-1 and 1150 cm-1,
respectively. For each Si-O-Si ring edge, these modes are
all classified as asymmetric Si-O-Si stretch. However, they
can combine into symmetric or asymmetric modes with
respect to the inversion through the center of the ring. If the
O atom displacements on opposite sides of a ring are parallel,
as shown schematically in Figure 3a, the mode exhibits a
higher frequency around 1150 cm-1 (this mode will be
referred to as νring-asym). If the O atom displacements on
opposite sides of a ring are antiparallel, as shown schemati-
cally in Figure 3b, the mode exhibits a lower frequency
around 1050–1100 cm-1 (this mode will be referred to as
νring-sym). It is important to note that the atomic displacements
associated with the lower frequency mode are symmetric with
respect to the center point of the (Si-O)n ring; thus, the mode
is IR forbidden for cages with (Si-O)2n ring subunits (see
Figure 3b). In contrast, for cages with (Si-O)2n+1 ring
subunits, open cages, and short ladder structures, this
symmetry restriction does not apply; hence, this absorption
feature is observed in the IR. The higher frequency mode is
IR active for all structures containing (Si-O)2n rings.

Calculated IR spectra for more symmetrical polyhedral
cage compounds, namely, the Si8 cage (T8) structure of HSQ
and MSQ, are shown in Figure 4a,b, with the major
absorption frequencies listed in Table 1. The Si-H bands
in the HSQ spectrum, at about 2390 cm-1 and 900 cm-1,
assigned as the Si-H stretching and wagging modes, show
little change from those of the model HSQ compounds for
the Si6 cage and Si8 ladder structures. The spectrum for the
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Table 1. Vibration Frequencies of PHSQ (R ) H) and PMSQ (R ) CH3) Calculated (DFT) and Experimentally Measured (Expt) in cm-1

T8 cage (DFT) T8 cage (Expta) T7 open cage (DFT) PSSQ (Exptb)

R ) H
Si-O-Si (ring-asym) 1155 1140 1155
Si-O-Si (ring-sym) (1117) (1117c) 1119
Si-H (stretch) 2375 2277 2367–2383
Si-H (wag) 898 881 867
O-Si-O (bend) 559 531 597
Si-O-Si (bend) 451–453 465 450

R ) CH3

Si-O-Si (ring-asym) 1138 1117 1137–1141 1118
Si-O-Si (ring-sym) (1107) 1101 1037
Si-C (stretch) 1345–1347 1270 1345–1347 1273
Si-C (wag) 856 824 861 856
Si-C (wag) 781 773 776 780, 767
O-Si-O (bend) 510–512 518 514
Si-O-Si (bend) 450 464 440

a HSQ data are from ref 21, and MSQ data are obtained for the sample obtained from Aldrich Co. b The results for PMSQ are taken from Figure 6
(120 °C). c Observed in Raman spectra; values in parentheses have negligible IR intensity.
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T8 MSQ exhibits absorption bands associated with the
Si-CH3 stretching mode at about 1340 cm-1. In addition,
the T8 cage MSQ spectrum also contains other Si-CH3

bands, at about 780 cm-1 and 860 cm-1, associated with
wagging modes. Moreover, these theoretically derived spectra
for the T8 HSQ and MSQ match those of the experimental
IR spectra (insets in Figure 4a,b). For the Si-O-Si stretching
bands in the two highly symmetrical T8 HSQ and MSQ
structures, it is important to note that the IR spectra exhibit
the higher energy νring-asym band at about 1150 cm-1, whereas
the lower energy νring-sym band is not detected. Consistent
with the assignment for the symmetrical νring-sym stretching
bands, it is expected that this band will not be present due
to the cancellation of the dipole moments in the highly
symmetrical cubic T8 structure. In contrast, the parallel
νring-asym stretching would exhibit a high absorption intensity
as a result of the six (Si-O)4 ring subunits associated with
this cubic structure.

Model compounds with opened T7 cages of HSQ and MSQ
are also calculated to further verify the assignment of the
vibration modes associated with Si-O bonding. Suffice it
to say that these two open cage structures have lower
symmetry than the cubic T8structure and contain fewer
(Si-O)4 ring subunits; therefore, it is expected that the IR
spectra should contain both Si-O-Si stretching bands. Indeed,
the calculated IR spectra (see Figure 5a,b and Table 1) do
exhibit both νring-asym and νring-sym absorption bands. Furthermore,
the Si6 ladder structure (R6Si6O7(OH)4 with R ) CH3, Figure
5c), which has lower symmetry than the opened cage, shows
that the intensity of the 1150 cm-1 band is weaker as compared
with that of the open cage, while the intensity of the 1050 cm-1

band is increased. The results presented here demonstrate that
the microstructure of PSSQs can be elucidated to a large degree
by IR spectroscopy. In brief, the presence of the νring-asym band
indicates a highly symmetrical structure with (Si-O)4 ring
subunits which are found in closed cages and partially open
cage structures. The relative intensity of the νring-sym absorption
around 1050 cm-1 reflects the local symmetry around the
Si-O-Si unit, with the higher intensity indicating a less
symmetric, random network structure.

Figure 2. Calculated IR spectra of model compounds of (a) HSQ T6 cage (H6Si6O9) and (b) HSQ Si8 ladder structure (R8Si8O10(OH)4 with R ) H).

Figure 3. (a) νring-asym mode and (b) νring-sym modes of (Si-O)4 ring subunits.
The νring-asym has a high intensity absorption band at about 1150 cm-1,
whereas the νring-sym modes have an absorption band in the range 1050-1115
cm-1.

Figure 4. Calculated IR spectra of (a) T8 of HSQ (H8Si8O12) (the inset
shows experimental data from ref 21) and (b) T8 of MSQ ((CH3)8Si8O12)
(the inset shows experimental data obtained for the sample purchased from
Aldrich Co.).
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Experimental IR spectra for thin PMSQ films cured at
various temperatures are presented in Figure 6. The major
absorption bands for the initial sample cured at 120 °C match
those of the simulated IR spectra, including the Si-CH3

stretching and wagging bands as well as the νring-asym and
νring-sym bands (see Table 1). The bands of Si-CH3 associated
with the stretching mode and wagging modes are shown at
about 1274 cm-1 and at 773 and 825 cm-1, respectively.

They are in good agreement with the calculated results,
although the band positions are not exactly matched. On the
basis of the assignment from our theoretical calculation,
examination of the IR spectra in Figure 6 shows that the
initial PMSQ structure cured at 120 °C is comprised of a
more symmetrical structure (cage/open cage), but this is
transformed toward a random network structure when cured
to the maximum temperature of 430 °C. The initial sample
reveals a lower intensity at the νring-sym absorption band as
compared to the intensity of the higher energy νring-asym band.
When cured at 250 °C, the νring-sym band at 1030 cm-1 shows
an increase in intensity and the νring-asym at 1118 cm-1 shows
a slight decrease in intensity, making the intensities of these
two modes comparable. However, upon increasing the curing
temperature to 430 °C, the IR spectra of PMSQ show further
changes of intensity in the νring-sym and νring-asym bands, making
the 1030 cm-1 band much stronger than the 1118 cm-1 band.
The increase in intensity of the νring-sym absorption band
indicates that the molecular structure formed in the PMSQ
film favors a lower symmetry random network-like structure.
At the same time, the weakening of the νring-asym band gives
evidence for the disappearance of the (Si-O)4 ring subunits
of the highly symmetrical cage/open cage structures. There-
fore, these IR data show (1) the occurrence of solid-state
chemical reaction, primarily by secondary condensation of
hydroxyl and alkoxy groups, resulting in highly asymmetric
Si-O-Si bond structure devoid of (Si-O)4 ring units and
(2) volatilization of highly symmetric low molecular weight
PMSQ molecules comprising cage/open cage structures,17

leading to the overall decrease of symmetry toward a random
network-like structure.

For comparison with PMSQ, we also investigated the IR
spectra of PiBSQ powder (Figure 7) as polymerized and
cured at 190 °C and the IR spectra of PPhSQ thin films
(Figure 9) as polymerized and cured at 250 and 450 °C,
respectively. Even though the IR spectra of various PiBSQ
and PPhSQ structures were not calculated here, the micro-
structures of these materials can be deduced from the IR
spectra. The spectrum of PiBSQ at room temperature (Figure
7, curve a) shows, in the frequency range 1000–1200 cm-1,
a single strong band at around 1115 cm-1 associated with
νring-asym band from the asymmetric Si-O-Si stretch mode

Figure 5. Calculated IR spectra of (a) open T7 of HSQ (R7Si7O12H3 with
R ) H), (b) open T7 of MSQ (R7Si7O12H3 with R ) CH3), and (c) MSQ
Si6 ladder structure (R6Si6O7(OH)4 with R ) CH3).

Figure 6. Experimental IR spectra of PMSQ samples cured at various
temperatures. The spectra were normalized to keep the same area of the
Si-C stretching peak at about 1280 cm-1.
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of the T8 cage and a broadened shoulder. This result indicates
that the PiBSQ contains a lot of highly symmetric structures,
especially in the insoluble fraction of the PiBSQ (Figure 7,
curve b) obtained after dissolution in acetone.30 Indeed,
according to the GPLDI-TOF mass spectrum, shown in
Figure 8, the insoluble fraction of PiBSQ is comprised of
mainly T8 cage (R8Si8O12 Na+: 895.307 m/z), open T8(OH)2

(R8Si8O13H2 Na+: 913.318 m/z) cage, and open T7 cage
(R7Si7O12H3 Na+: 813.283 m/z) structure species. The TGA
data show that the initial PiBSQ sample (Figure 7, inset curve
a) lost most of its weight after being heated up to 450 °C,
and such weight loss became more dramatic for the insoluble
fractionated PiBSQ (Figure 7, inset curve b) which evapo-
rated completely between 200 and 300 °C. As a result, after
curing the PiBSQ thin film, the film surface became quite
rough. Therefore, the FT-IR measurements of PiBSQ samples
(Figure 7) were carried out with powder samples in the KBr
pellet. The result for the sample cured at 190 °C shows a
significant decrease of the high frequency peak around 1115
cm-1associated with the νring-asymband. In addition, the low-
frequency peak at around 1034 cm-1 associated with the
νring-sym band is slightly increased. Qualitatively, these results
are similar to the PMSQ results and indicate a strong
tendency to undergo evaporation of highly symmetric
structure species as well as to form random network
structures by the secondary condensation reaction during a
thermal curing process in the solid state.

As shown in Figure 9, the FT-IR spectrum of the initial
PPhSQ sample shows a result similar to that of PiBSQ,
namely, the existence of a sharp band at around 1137 cm-1

associated with the νring-asym band and a broad shoulder. As
the initial sample is heated to 250 °C, a new peak appears
at around 1044 cm-1, which indicates the formation of
Si-O-Si bonding involved in low-symmetry structures as
a result of the secondary condensation reactions in the solid
films. However, unlike PMSQ and PiBSQ, further heating
up to 450 °C does not result in the switch in relative
intensities between the band at 1137 cm-1 and the band at
1044 cm-1 accompanied by the decrease of absorption
intensity around 1137 cm-1 associated with the νring-asym band.
This can be explained by the high thermal stability of the

symmetric cage structure species which are contained in the
PPhSQ films; indeed, Brown et al. first reported the thermal
stability of the PhSQ T8 cage without evaporation up to
approximately 500 °C.20

Finally, it is important to point out that our findings on
the PSSQ microstructure differ from the conclusions of the
previous IR studies.19,24–27 Previously, Adachi et al.24 and
Xie et al. 25 obtained the IR spectra of PMSQ samples, which
are very close to our result from the initial sample (cured to
120 °C), and concluded that they had (double chain) ladder
structures, following the earlier conclusion by Brown19 on
PPhSQ samples with similar IR spectra. Such a ladder
structure is not favored by our calculated IR results.
Moreover, this simple ladder structure is not consistent with
the observed chain end concentration29 nor with the 29Si
NMR results of Lee et al.,26 who showed the presence of
various ratios of T1, T2, and T3 structures. The ladder
structure is also inconsistent with a careful, detailed measure-
ment of the degree of intramolecular condensation versus
average molecular weight from the mass spectrum profile
of poly(n-propylsilsesquioxane), which exhibits a similar IR
pattern, reported by Wallace et al.33 On the other hand, Lee
et al.26 and Grill and Neumayer27 analyzed the IR spectra
of PMSQ and PMSQ-type OSG samples, respectively, as a
simple combination of cage and network structures. Such a
simple description of the PSSQ IR spectra, ignoring partially
open cage structures, is not realistic enough to provide a
meaningful insight into the PSSQ structures and their
evolution with process conditions, which are critically needed
to understand and improve the functional properties of
organosilicate polymers in general.

Conclusion

In summary, we have investigated the solid-state structure
of PMSQ and PPhSQ as spin-coated films and PiBSQ as
KBr pellet by IR spectroscopy. Quantum chemistry calcula-
tions of the IR spectra for model compounds aid in the
interpretation of the 1050 cm-1 and 1150 cm-1 absorption
bands associated with the asymmetric Si-O-Si stretching
vibrations. The intensity of the lower frequency νring-sym band,
which arises from the Si-O-Si stretch symmetric with
respect to the inversion point of the (Si-O)n ring, is very
sensitive to the microstructure as its intensity is very low
for highly symmetric cage structures and large for low-
symmetry silsesquioxane structures such as branched random
networks. The higher frequency νring-asym band, which arises
from multiple Si-O-Si asymmetric stretch vibrations, is
stronger when there are (SiO)4 rings that constrain these
vibrations to be in phase. The presence of a strong ring-
asymmetric stretch band is indicative of highly symmetrical
molecular structures, such as the cage and open cage
structures. The relative intensity of these two Si-O-Si
stretch bands to some degree indicates the density of cage-
like versus open network structures in the film. On the basis
of such assignments for the Si-O-Si stretching bands, IR
spectroscopy offers a simple technique for probing the

(33) Wallace, W. E.; Guttman, C. M.; Antonucci, J. M. Polymer 2000, 41,
2219.

Figure 7. Experimental IR spectra of PiBSQ samples: (a) as-polymerized
initial sample, (b) precipitated portion after dissolving the intial PiBSQ in
acetone, and (c) initial PiBSQ cured at 190 °C. The inset shows the TGA
data of a and b. The spectra were normalized to keep the same area of the
Si-C stretching peak at about 1230 cm-1.
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molecular structure of organosilicate polymers and providing
insight into the changes of their microstructures during high
temperature curing, which can be extended to study OSG
films obtained from other preparation methods such as CVD.
We demonstrated this method for the thermally cured

samples of PMSQ and PPhSQ as spin-coated films and
PiBSQ as powders; we found that at high cure temperatures
the initially open cage-like structure of PMSQ changes
toward a low symmetry, random network structure caused
by the secondary condensation and the loss of cage structures
via evaporation around 280 °C. Compared with PMSQ,
PPhSQ and PiBSQ contain more cage-like structures in the
as-polymerized samples; at high cure temperatures, PPhSQ
still remains a thermally stable, cage-like structure species
while only a small part of PiBSQ remains in the film,
primarily as a result of the significantly different evaporation
temperatures of the PhSQ cages (ca. 500 °C) and the PiBSQ
cage (ca. 280).
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Figure 8. Experimental GPLDI-TOF MS of an insoluble fraction of PiBSQ obtained from initial PiBSQ after dissolving in acetone.

Figure 9. Experimental IR spectra of PPhSQ as a function of curing
temperature. The spectra were normalized to keep the same area of the
Si-C stretching peak at about 1430 cm-1.
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