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Abstract
We previously reported that functionalized phenyl- and vinyl-silsesquioxanes (SQs) and [RSiO1.5]8,10,12 (R = Ph or vinyl)
exhibited redshifted absorption and emission, suggesting 3-D conjugation via a cage-centered lowest unoccupied
molecular orbital (LUMO). The functionalized [PhSiO1.5]7(OSiMe3)3 with a missing corner and edge-opened, end-capped
[PhSiO1.5]8(OSiMe2)2 (double decker, DD) analogs also exhibit emission redshifts, indicating 3-D conjugation. DD
[PhSiO1.5]8(OSiMevinyl)2 and R-Ar-Br copolymers exhibit polymerization (DP)-dependent emission λmax and integer
charge transfer (ICT) to 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TNCQ). The terpolymer-averaged redshifts
all suggest conjugation with two (O-Si-O) endcaps, possibly via a cage-centered LUMO. In assessing conjugation limits, it
was anticipated that copolymers of the ladder (LL) SQ, (vinylMeSiO2)[PhSiO1.5]4(O2SiMevinyl), with Br-Ar-Br and without
a cage would eliminate LUMO formation and a redshift. The λmax values observed were greater for analogous copolymers,
which requires a different explanation. Here, we assess the photophysical behavior of copolymers closer to polysiloxanes,
namely, the expanded cage (MeVinylSiO)2[PhSiO1.5]8(OSiMeVinyl)2SQs. Copolymers with Br-Ar-Br exhibit redshifted
absorption and emission, which supports conjugation via Si-O-Si bonds rather than cage-centered LUMOs, contrary to
traditional views of Si-O-Si copolymers. One- and two-photon photophysical probes showed that XDD copolymers exhibit
multiple fluorescence-emitting excited states, in violation of Kasha’s rule stating that emission should occur only from the
lowest excited state. Finally, new modeling studies suggested that conjugation derives from Si-O-Si bond dπ-pπ interactions,
an unexpected result for polysiloxanes that supports two forms of conjugation.

Introduction

Silicon sits just below carbon in the periodic table and is
expected to exhibit similar properties. Thus, silicon is
known to form multiple bonds with other elements but
typically in a constrained environment [1–3]. Unlike car-
bon, silicon has long been known to expand its coordination
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sphere by forming five and six bonds, typically with
electron-donating moieties, including halides, oxygen and
nitrogen [4–7]. The bonding in these systems is apparently a
combination of covalent and partially ionic bonds, but is not
a consequence of hypervalence [8]. Interactions of the Si σ*
orbitals have also been observed in such molecules [9].

In keeping with this latter observation, silicon was also
found to participate in π conjugation in siloles via σ*−π*
bonding [10], which differs from the conjugation in carbon
systems, which typically involves pπ-pπ interactions.
Polysilanes still offer a form of conjugation not seen with all
carbon systems, σ−σ* conjugation [10–13]. In the present
work, we discuss other bonding interactions for silses-
quioxanes and polysiloxanes that lead to apparent con-
jugation via mechanisms not found previously.

Polysiloxanes, silsesquioxanes in particular, have been
studied extensively because they have multiple properties,
including high temperature stability, biocompatibility,
hydrophobicity, transparency, and insulating capacity. Wide-
spread use has led to multiple reviews and one book [14–31].
The first modeling studies of the basic silsesquioxane (SQ)
unit [HSiO1.5]8 identified the formation of a cage-centered
LUMO [32, 33]. Stabilization of a cage-encapsulated F- was
attributed to a cage-centered LUMO, which provided the first
experimental support [34, 35]. We reported that spherical,
cage-centered magnetic fields form in SQs exposed to intense

laser light, providing additional experimental support for the
existence of cage-centered LUMOs [36]. Support for con-
jugation via a cage-centered LUMO was also demonstrated
with two-photon absorption (2PA) spectroscopy, wherein the
absorption cross sections for the series
4-Me2NStilbeneSi(OSiMe3)3 (corner), [4-Me2NStilbeneSi(O)
(OSiMe3)]4 (half-cage), and [4-Me2NStilbeneSiO1.5]8 (cage)
were 12:8:26 per functional group, supporting 3-D conjuga-
tion, also indicated by modeling studies [37].

We previously reported that phenyl- and vinyl-
silsesquioxanes (SQs), [RSiO1.5]8,10,12 (R = Ph or vinyl)
functionalized with three or more conjugated moieties,
exhibit redshifted absorption and emission features that
suggest 3-D conjugation likely via a cage-centered LUMO.
In an effort to find limiting structures wherein cage LUMOs
did not form and evidence that conjugation is absent, we
synthesized [PhSiO1.5]7(OSiMe3)3 without a corner or the
edge-opened, end-capped [PhSiO1.5]8(OSiMe2)2 (double
decker, DD) functionalized analogs that likewise present a
redshifted spectrum, again indicating 3-D conjugation and a
cage-centered LUMO (Fig. 1) [36, 38, 39].

Although the main absorption onsets for almost all of the
functionalized SQ compounds synthesized in these studies show
very small redshifts, these redshifts may be accompanied by
redshifted lower-intensity features, thus deviating from expec-
tations based on well-studied conjugated organic polymers.
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In subsequent generations, we copolymerized MeVi-
nylSi(O-)2 end-capped DD and LL systems with multiple
aromatic agents, as shown in Fig. 2a, b [40, 41] to test the
conjugation limits by using divinylbenzene tethers, as ear-
lier studies of phenyl T10 and T12 cage copolymers showed
that these copolymers were conjugated [42].

In particular, we assumed that the absence of cages in
the LL SQ copolymers would coincidentally prevent for-
mation of a LUMO and conjugation. To our surprise, both
the DD and LL SQ copolymers show conjugation even with
vinyldisiloxane end caps and for LL systems without cages
[41]. In addition to providing photophysical evidence for
conjugation, the DD and LL polymers exhibited integer
electron transfer to F4TCNQ, forming F4TCNQ

-, which also
provides proof of conjugation. Likewise, alternating terpo-
lymers show redshifted emissions that are the averages of
the two homocopolymers [43, 44].

In the present work, we explored further deviations from
the initial structures by searching for limiting siloxane/SQ
oligomers/polymers in which conjugation is absent. To this
end, we expanded the siloxane DD end caps (Vy4XDD,
Scheme 1 trans-E isomer shown) to emphasize/introduce
additional siloxane units and increase the similarity to
polysiloxanes [45, 46]. We again found evidence of con-
jugation in the resulting copolymers. Our results, supported
by 2PA measurements and modeling, pointed to a second
form of conjugation via Si–O–Si bonds, as detailed below.

Synthesis and characterization

Catalytic cross coupling of 1:1 molar ratios of Vy4XDD
SQs and dibromoaryl (Br-Ar-Br) were performed with

previously described protocols. Model compounds with the
simplest conjugated structures were synthesized for com-
parison via Heck catalytic cross coupling of Vy4XDD SQs
with monobromoaromatic (Br-Ar) molecules (Scheme 1).
With four vinyl groups, cross coupling was anticipated to
give polymers consisting of both linear and branched seg-
ments, perhaps limiting the potential for conjugation. As
shown by the MALDI, GPC, FTIR, TGA, DTA and 1H
NMR data presented in Figs. S1–S19, the anticipated mixed
structures were produced (see Figs. S7 and S8). GPC and
TGA data are presented in Table S1.

However, when characterizing the purified mixtures, we
again observed evidence of conjugation even in the isolated
solids (Fig. S20), which revealed redshifted absorption and
emission compared with those of model compounds with
four functional groups (Figs. 3 and S21–23), the data for
which are collated in Table 1.

Both the XDDcoStil and XDDcoTh absorption and
emission spectra exhibit significant emission redshifts
compared with those of models. Figure 3 also reveals that
for XDDcoTh, where the Stokes shift was the largest, the
corresponding absorption spectra show, in addition to the
main peak, a relatively broad and weaker redshifted
shoulder. While the main band is most likely closely related
to the S0→ S1 transition of the corresponding chromo-
phore, the mechanisms for formation of the shoulder are
much less obvious.

To explore conjugation of the XDD copolymers, column
chromatography was used to separate fractions of the
XDDcoStil oligomer mixture and assess the effects of chain
length on the photophysical properties. The original mixture
ranged from monomers up to hexamers, as determined by
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MALDI, but materials with higher DPs may also be present
but not apparent because they do not ionize efficiently, as
shown in Fig. S24.

Figure 4a, b shows optical images of the column separa-
tion process and the individual samples collected as elution
continued. The absorption and emission data, along with the
MALDI data, are shown in Table 2. Samples marked with

large numbers contain oligomers with higher DPs. The colors
produced with 365 nm irradiation varied from purple to blue
to greenish blue within the column and the isolated samples.
In the isolated samples, the absorption λmax values were
redshifted from 276 (monomer) to 356 nm (oligomer), as
shown in Fig. 4c. Similarly, the emission λmax values were
redshifted from 385 to ~470 nm, as shown in Fig. 4d.

Fig. 3 a Normalized absorption and emission of XDDcoStil and XDD(Stil)4. b Normalized absorption and emission for XDDcoTh with the model
compound XDD(Th)4 (excitation, 265 nm/DCM)
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In comparing the emission spectra with the associated
MALDI data, new emission peaks appearing at λmax= 410,
439, and 475 nm are assigned to samples in which the
dominant components are dimers, followed by trimers and

tetramers to hexamers. These results offer additional proof
of extended conjugation that is DP-dependent, a typical
result for conjugated polymeric systems.

The series of relatively weak absorption peaks at
260–280 nm in Fig. 4c likely derive from vibronic pro-
gression of the attached phenyl groups. Interestingly,
however, the amplitudes of these features when scaled
relative to the main 355 nm absorption peak appear to
decrease with increasing order of chromatographic fraction.
The data reveal that the dimers have the highest quantum
yields. When the proportion of oligomeric DPs increases,
the quantum yields decrease. Sample 15 exhibited a quan-
tum yield of 48%, which might have been caused by
emission from low concentrations of dimers.

Coincidentally, most of the copolymers react with
F4TCNQ via integer electron transfer, as indicated by both
changes in the UV‒Vis spectrum (Figs. 5, S31) and νC≡N
frequency shifts (Fig. S32 and Table S2), in accordance
with our previous studies [41].

Fig. 4 a XDDcoStil excited at 365 nm showing changes in emission
vs. the position on the column as a function of DP (see below).
b Selected fractions from column chromatography. (the color changes

from purple to greenish blue from right to left). c Absorption (solid
lines) and (d) emission (dashed lines) spectra of selected samples of
XDDcoStil in DCM after column chromatographic separation

Table 1 Photophysical properties of the XDD copolymers

Substance Absorption
λmax (nm)

Emission†

λmax (nm)
Estokes

(nm)
ΦF (%)

XDDcoPh 298 391, 412 93 89 ± 1

XDDcoBiPh 313 409, 432 96 60 ± 1

XDDcoTerPh 320 375, 394 74 61 ± 2

XDDcoStil 340 436, 456 96 71 ± 1

XDDcoTh 337 473,501 136 8.7 ± 0.2

XDD(Ph)4 259, 264 391, 410 132 0.1 ± 0.05

XDD(BiPh)4 289 385, 404 96 4 ± 1

XDD(Stil)4 334 386, 421 52 2.1 ± 0.2

XDD(Th)4 289 430, 411 141 0.7 ± 0.1

†underlined number is λmax
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2D absorption-emission spectra

Kasha’s rule states that on photoexcitation, molecules/
polymers in the excited state relax to the lowest-energy
excited state before relaxing to the ground state with
emission of a low energy photon [47, 48]. Most of the
polymers synthesized here seemed to violate this rule, as
exemplified by the following data.

Given that the thiophene copolymers exhibit the most
significant redshifts, we explored their photophysics in detail
by generating 2D absorption-emission spectral maps for both
one-photon absorption (1PA) and two-photon absorption
(2PA). Figure 6a, b shows the 2PA 2D spectral map for
XDDcoTh in ACN, in which the horizontal axis shows the
emission wavelength (λem= 230–700 nm) and the vertical
axis shows the excitation wavelength (λex= 200–550 nm).
The diagonal straight lines are spectrometer artifacts. The
panel on the left (right) shows the emission intensity plotted
on a linear (logarithmic) scale. One can identify two distinct
“origins” at which the emission wavelengths approach the
excitation wavelength, λem ≈ λex, at ~420 and ~460 nm. A
relatively weaker feature is observed at ~360 nm.

In comparing the XDDcoTh 2D spectrum to the corre-
sponding linear absorption profile (Fig. 3b), the weaker
emission at 360–420 nm is likely due to the same electronic
transition that gives rise to the main vibronic absorption
band with a maximum at 345 nm, while the 420 and 460 nm

origins are likely due to different electronic transitions
located at lower energies. Although reliable assignments of
the 420 and 460 nm origins are complicated because of
substantial spectral broadening and overlap between adja-
cent bands, it is likely that both are related to the excited
states responsible for the redshifted absorption shoulder.

It should be noted that similar absorption and emission
features were observed previously, though to varying
degrees, with related polymers and some model compounds
[40]. The purities of the samples were determined using
NMR, MALDI, FTIR, and GPC coupled with TLC. Fur-
thermore, the fact that the observed spectral features are
consistent from sample to sample and that we used different
solvents provides additional assurance for our purification
and analytical characterization procedures. Therefore, we
did not consider sample contamination, e.g., contamination
with a highly fluorescent impurity (or impurities), and
interpret the above observations as evidence of behavior
that does not conform to Kasha’s rule.

Figure 6c shows the 2PA-excited 2D emission intensity
map for XDDcoTh in DMSO. The 2-photon excitation
wavelengths are shown on the right vertical axis and span
680–1000 nm, while the corresponding fluorescence
appears at 400–660 nm. The 2-photon spectral map overlay
the conventional (1-photon) 2D spectrum measured in the
same solvent but with a slightly broader range of
wavelengths.

Fig. 5 CT experiments with mixed XDD copolymers (a) without and (b) with F4TCNQ in DCM. XDDcoPh, XDDcoBiph, XDDcoTerph,
XDDcoStil, XDDcoTh

Table 2 Normalized absorption
and emission data for
XDDcoStil oligomers vs. DPs
determined by MALDI

Sample Abs.
(nm)

Ex.
(nm)

ΦF (%) Em. (nm) MALDI† /DA

16 276, 335 335 48 ± 2 385, 403 1483 (XDD)

30 356 356 75 ± 7 390, 410 1587 (XDD-Stil), 3037((XDD-Stil)-XDD)

40 355 355 63 ± 6 392, 411, 439
(shoulder)

1587 (XDD-Stil), 3213 ((XDD-Stil)2), 4590
((XDD-Stil)2-XDD)

50 355 355 57 ± 4 392, 411, 439
(shoulder)

3388 (Stil-(XDD-Stil)2),(4767(XDD-Stil)3),
6141((XDD-Stil)3-XDD)

70 356 356 54 ± 1 391, 411, 439, 475
(shoulder)

6317 ((XDD-Stil)4),7865 (pentamers),
9411(Stil-(XDD-Stil)6)

†Figures S25–S30
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While 2-photon and 1-photon excitation profiles both
exhibit absolute maxima near λex (1PA)= 360–370 nm [λex
(2PA)= 720–740 nm], the corresponding absolute maximum
emission intensity of the 2-photon spectrum is shifted
≈50 nm. The latter may be explained by internal filter effects
caused by considerably higher absorbance of samples used in
the 2PA study (see the SI for further experimental details).
Close to the region, dashed diagonal line indicating λem=
λex, shows two features at 430 and 470 nm. We attribute
these shifts of ~10 nm to redshifted versions of the 420 and
460 nm origins, respectively, as discussed above.

These redshifts may arise from an internal filter effect or,
in part, a slight shift in the solvent (higher) polarity.
Although the exact nature of the associated excited
electronic states remains under discussion, it is remarkable

that 2-photon excitation produces a picture that is, in many
respects, similar to that observed for 1-photon excitation. In
particular, the appearance of an origin in the 2-photon
spectral map indicates that the excited species most likely
lack inversion center(s) because, otherwise, the emission
would emanate from a different excited state. Figure 6d
summarizes the absorption and emission characteristics of
XDDcoTh.

Modeling studies

One reasonable conclusion from the 2PA results is that the
two emitting states indicate two forms of conjugation. As
noted above, our original work with phenyl SQs indicates
conjugation via a cage-centered LUMO; however, our

Fig. 6 2D emission spectrum of XDDcoTh (ACN) with
λem= 230–700 nm (horizontal axis) plotted vs. excitation wavelength,
λex= 200–550 nm (vertical axis); (a) the emission intensity is shown
on a linear scale and (b) on a logarithmic scale. The vertical and
horizontal dashed lines indicate the locations of the three origins at
360, 420 and 460 nm. The diagonal lines are spectrometer artifacts,
λem= λex, and λem= 2λex. c Log-scale 2D emission spectra of
XDDcoTh in DMSO obtained by 1-photon (main panel) and 2-photon
excitation (insert). The right vertical axis shows the 2-photon

excitation range, λex (2PA)= 680–1000 nm. The vertical and hor-
izontal dashed lines indicate the origins at 430 and 470 nm, respec-
tively. The diagonal dashed line shows that λem= λex. DMSO was
used to increase the solubility. d Summary of the characteristic fea-
tures of the absorption and emission spectra of XDDcoTh in ACN.
Blue curves—normalized absorption spectrum; Red curve
–normalized emission spectrum at λex= 375 nm. The vertical bars
show the frequencies of the origins observed in the 1-photon 2D
excitation emission

Conjugation in polysiloxane copolymers via unexpected Si-O-Si dπ-pπ overlap, a second mechanism? 583



finding of conjugation in LL SQs that had no cages points to
another mechanism. In several of our previous papers, we
described “unconventional conjugation” in these systems;
however, traditional modeling approaches did not indicate
the reason for this behavior. Figures S33, S34 represent a
traditional Guassian 16 approach to modeling the XDD
polymers, which indicate aromatic-centered HOMO and
LUMO interactions without conjugation or prediction of the
photophysical properties that reflect these interactions.

As with our previous publications [41, 49], examples of
calculated HOMOs and LUMOs for the XDD-coTerPh and
coTh systems and corresponding absorption spectra pre-
sented in Fig. S34 indicate localization of the aromatic
components, in contrast to the above evidence for extended
conjugation. This result is consistent with the calculated
emission behavior (Table S3). Efforts to establish more
encompassing modeling approaches are ongoing.

Fortunately, we were able to use DFT studies (see sup-
porting information) to evaluate the structural properties and
related bonding phenomena of silicon cage structures coupled
with various (hetero)aromatic functional groups connected via
disiloxane-vinylene bridges. The optimized structures were
assessed to investigate the optoelectronic properties by
extending the π-conjugation from n= 1, 2, and 3 repeat units.

Quantum chemical calculations that predict photophysical
properties induced by the SiO-bridged cage framework are
potentially quite intriguing for the following reasons:

(1) Differences in the electronegativities of Si (1.7) and O
(3.5) induce substantial polarization;

(2) Near alignment of orbital energies and symmetries
between Si and O result in effective overlap, resulting
in energy level variations, optical properties, and
molecular packing patterns [50, 51].

(3) A natural bond orbital (NBO) analysis reveal that the
O and Si atoms in the cage framework interacted via
sp and sp3 hybridization, respectively.

(4) In addition, a partial contribution of hybridization

ranging from 2.63 to 3.07% arose from the vacant d-
orbitals of the silicon atom (Table S4).

Closer observation of the oxygen lone pair electrons
reveal remarkable hybridization of the Si atoms, an indication
of possible lateral π-overlap between Si and O atoms [12]. In
addition to the existence of Si-O σ-bonds along the x-axis,
symmetry matching between the oxygen lone electron pair pz
orbitals and two dxy and dxz lobes of Si orbitals lying on
either side of the σ-bond led to lateral dπ-pπ interactions
(Fig. 7). The empty d-orbitals may have accepted lone pair π-
electrons from the pz orbitals of the O-atom, leading to
substantial polarization of Siδ+and Oδ− (Table S5). The
strengths of the dπ-pπ interactions were not greater than those
of pπ-pπ overlap, implying that modest double-bond character
may have tuned the optoelectronic properties through their
limited π-conjugation pathway. The lengths of the Si-O
bonds are predicted to range from 1.632–1.656 Å (Table S6).

Energy level variations and electron density distributions
in the frontier molecular orbitals were analyzed to under-
stand the structural and electronic properties of the materi-
als. Figure 8 shows that the HOMO and LUMO of
(XDDcoStil)1 are computed to be −5.415 and −1.725 eV,
respectively, with a band gap of 3.69 eV.

Figure S
Extending the π-conjugation to n= 2 decrease the band

gap via synergistic destabilization and stabilization of the
HOMO and LUMO, respectively. However, the band gap
reduction of 3.295 eV for n= 3 originates mainly from
HOMO destabilization, while the LUMO is unchanged.
Identical trends in energy level fluctuations are also found
for other derivatives. (Figs. S35–S38).

The major contribution to HOMO destabilization and
band gap reduction originates from delocalization over the
π-framework through σ*-π* and dπ-pπ orbital overlap
interactions [10]. The band gaps obtained for the
(XDDcoAr)3 derivatives increase in the order (XDDcoStil)3
(3.295 eV) < (XDDcoTh)3 (3.754 eV) < (XDDcoTerPh)3

Fig. 7 a Optimized geometry of the silicon cage framework used for the study. Hydrogen atoms were omitted for clarity. b Schematic illustration
of dative π-bonding occurring through pπ-dπ orbital interactions between vacant d-orbitals of silicon and lone pair electrons of oxygen atoms
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(3.971 eV) < (XDDcoBiPh)3 (4.044 eV) < (XDDcoPh)3
(4.059 eV). The (XDDcoStil)3 band gap was the lowest in
this series due to extended π-conjugation. The planarity of
the thiophene units put (XDDcoTh)3 in second place.
However, the dominant ortho-hydrogen effects in biphenyl
and terphenyl units marginally affect the band gap.

The electron populations for the HOMOs and LUMOs
are distributed within the conjugated (hetero)aromatic seg-
ments. The dipole moments computed for the transient
excited states are lower than those of the ground state.
MESP analysis demonstrates that electropositivity in the
cage framework is induced by the Si atoms and further π
extension to n= 2 and 3 significantly neutralize the charge
populations of the derivatives (Figs. S39–S41).

The spectra for the (XDDcoAr)n derivatives simulated at the
M062X/6-311G**/C-PCM(CH2Cl2) level of theory exhibit a
trend consistent with the experimental absorption spectra
(Figs. S42, S43). Extending the π-conjugation led to a bath-
ochromic shift in the absorption spectrum with a concomitant
increase in the oscillator strength (f). Moreover, the major
transitions for (XDDcoAr)n= 1, 2 involved the HOMO and
LUMO, which were ascribed to charge transfer (CT) transi-
tions; however, further extension to the n= 3 unit changed the
transitions to localized π-π* type, in which the HOMO-1 and
LUMO+ 1 were major contributors. This trend was corrobo-
rated by the DOS-PDOS analysis (Figures S43, S44).

Conclusions

In all of our earlier studies [37, 42, 43, 52–55], efforts cen-
tered on the study of functionalized phenyl and vinyl sil-
sesquioxanes repeatedly demonstrated 3-D conjugation based
on the formation of a cage-centered LUMO. More recently,
we explored double-decker silsesquioxane copolymers again
and found conjugation, but apparently through siloxane
endcaps [40, 41, 44]. Most recently, we examined the

photophysical properties of ladder copolymers without cages
and did not anticipate conjugation given that no cages were
involved; thus, no cage-centered LUMOs could have formed
[41]. This form of conjugation was termed unconventional
because, at the time, there was no logical explanation for why
conjugation was observe.

Herein, we continued to attempt to define the extent and
source of unexpected conjugation in siloxane and SQ com-
pounds linked by VinylMe2Si-O-SiMe2Vinyl tethers, and we
explored unique configurations to identify limiting structures;
again, we find conjugation. In the examples presented here,
we identified conjugation by redshifted emissions in both the
1PA and 2PA studies, by observing charge transfer from
polymeric species to the electron acceptor F4TCNQ, by
correlating the degree of polymerization (DP) with the extent
of the redshifts and finally with modeling studies that
revealed unexpected dπ-pπ conjugations. We also find
unexpected failures of Kasha’s rule, in that many of the
compounds studied exhibited multiple emitting states, an
uncommon feature of conjugated polymers.

In the structures studied, we still could not distinguish
between what might be called trans vs. cis conjugation in the
structures shown in Scheme 2. A follow on paper will
describe conjugation even in simple divinylsiloxane copoly-
mers; this contrasts with what is known about polysiloxanes
but supports a second mechanism for conjugation in poly-
siloxane copolymers [56].

As noted by one of the reviewers, there may be an alter-
nate explanation in which conjugation arises in part from the
interactions of oxygen lone electron pairs with silicon σ*
orbitals, as described previously [9, 10]. This may also
explain the conjugation illustrated in Scheme 3 for the
copolymers, which were synthesized to probe the exact nat-
ure of this new form of conjugation. The properties of these
new systems will be described at a later date, together with
more complete theoretical modeling studies of both the model
compounds and the complementary copolymers [56, 57].

Fig. 8 Schematic diagram
illustrating the energy level and
isodensity surfaces of the
frontier molecular orbitals
(FMOs) for the π-extended
(XDDcoStil)n=1, 2, 3
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