¥® ROYAL SOCIETY
PP OF CHEMISTRY

ChemComm

View Article Online
View Journal | View Issue

FEATURE ARTICLE

Unconventional conjugation in macromonomers

’ '.) Check for updates ‘
and polymers

Cite this: Chem. Commun., 2022,

58, 10596 Richard M. Laine

Multiple reviews have been written concerning conjugated macromonomers and polymers both as general
descriptions and for specific applications. In most examples, conjugation occurs via electronic communi-
cation via continuous overlap of n orbitals, most often on carbon. These systems can be considered to offer
traditional forms of conjugation. In this review, we attempt to survey macromonomers and polymers that
offer conjugation involving novel forms of carbon and/or other elements but with conjugation achieved via
other bonding formats, including many where the mechanism(s) whereby such behavior is observed remain

Received 15th July 2022, unresolved. In particular, this review emphasizes silsesquioxane containing polymeric materials that offer

Accepted 26th August 2022 properties found typically in conjugated polymers. However, conjugation in these polymers appears to occur
DOI: 10.1039/d2cc03968k via saturated siloxane bonds within monomeric units that make up a variety of polymer systems. Multiple

photophysical analytical methods are used as a means to demonstrate conjugation in systems where
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Introduction

Research on conjugated polymers has experienced excep-
tional growth over the last 60+ years"® as multiple types of
organic polymers have been identified that exhibit through
chain conjugation coincident with offering utility in diverse
applications arising from commercially useful photonic,*®
electronic,”® sensor,”'* energy storage,'’ and bio-medical*?
properties to name several. Coincident with this growth, one
can also find extensive studies targeting the development of
new synthetic approaches to conjugated systems.'*™"*

Our goal in this review is not to rehash the extensive
literature on conjugated polymer synthesis, structure-property
relationships or applications but rather to highlight systems
that exhibit what might be defined as unconventional conjuga-
tion. Thus, to begin with, it is expedient that we first provide a
working definition of conjugation.

Defining conjugation

The general concept of conjugation in organic chemistry
is often explained as electronic communication between
n-orbitals on adjacent atoms that allows charge delocalization
across atom chains such that the overall energy of the polymer
(macromonomer) of interest is reduced by approximately the
same energy as the n* antibonding orbitals increases and is
typically chain length dependent. Traditional examples of this

nature would include polyacetylenes,"*™"® polyanilines,**®
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traditional conjugation is not apparent.

24-27 28-31

polythiophenes, and polypyrroles. It is important to
recognize that these polymer systems offer properties that vary
from insulating to semiconducting to metallic. Furthermore,
these properties are relatively amenable to modification often
via simple synthetic methods allowing great scope in terms of
manipulation for property specific applications.

Less traditional systems would include non-carbon atoms in
the main chain especially those that form double bonds and
can participate in nm-n conjugation including polymers with
nitrogen and phosphorus introduced to traditionally conju-
gated polymers.>”*> While these latter systems are interesting
in their own right for example because they can bind metals to
the polymer backbone and also offer n-n* transitions in addi-
tion to m-n* absorption and emission behavior, they do not
offer unconventional (unexpected) conjugation.

In keeping with subsets of polymers with non-carbon atoms
in the main chain, it is important to call attention to sets of
polymers with metal atoms and alkynes in the main chain that
was recently reviewed.** Again, these systems do not exhibit
properties indicative of unconventional conjugation. In the
cited platinum acetylide papers, it is posited that some dn-pn
conjugation may occur. However, an alternate explanation
offered suggests there may be exciton interactions between
the organic moieties.

As an outlier, the non-carbon polythiazyl or -(S=N),~**** is
one of a few limited examples where conjugation does not
involve carbon. However, the mechanism whereby SN, exhibits
conjugation to the point where it offers metal-like (even super)
conductivities remains vague and poorly explored and may not
be via n-n conjugation.**** As such attempts to provide more

This journal is © The Royal Society of Chemistry 2022
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details on its conjugation without sufficient background are
not appropriate.

At this point, one might choose to expand this definition to
materials that exhibit conjugation defined by electronic delo-
calization of charge across multiple atoms within a molecular
structure as evidenced by red-shifts in absorption and/or emis-
sion vs smaller analogs of the same approximate structure. This
latter definition can encompass clusters of atoms that may or
may not have n bonds but still offer delocalization as we will
discuss below including carbon nanodots, carboranes, polya-
tomic metal clusters and silsesquioxanes.

Carbon based materials

It is first important to also discuss limitations beginning with a
discussion of what is the boundary between molecular and
nanostructured behavior or what distinguishes a bulk material
from a cluster, macromonomer, oligomer or polymer?

For our purposes, it is valuable to first consider materials
close to bulk carbon. Amorphous carbon, consisting of a 3-D
mixture of sp* and sp® hybridized bonds with sufficient num-
bers of the former to offer 3-D conductivity, can be defined as a
bulk material and thus not part of our discussion.

Unlike amorphous carbon, graphite consists of planes of sp”
hybridized carbon (graphite plane = graphene) that provide
electron and phonon delocalization via n-n interactions within
a given plane but much less across planes. One can suggest that
graphite is also a bulk material and is therefore also not
considered here. In contrast, single and double layer graphenes
offer two-dimensional regularity with extended n-m conjugation
as found in conjugated polymers. However, for our objectives
they offer conventional conjugation and can be regarded as
materials rather than polymers. Conjugation in graphenes has
been addressed in reviews.**™*®

However, graphenes have been compared to polycyclic aro-
matic hydrocarbons and one might choose to consider gra-
phene nanodots as graphene segments making the leap from
material to macromolecular somewhat indistinct.”” Graphene
dots then can be used as the boundary between conjugated
materials and conjugated polymers structures if we consider
nanodots as 2-D macromolecules that exhibit behavior best
described in analogy to well-defined conjugated polymers.

Carbon nanodots can offer quantum confined behavior
meaning they exhibit absorption and emission behavior where
the relaxed excitonic radius is greater than the diameter of the
particle. This has the effect of driving the exciton energies
higher than found in the relaxed state such that particle sizes
below the relaxed excitonic radius control the absorption and
emission wavelengths (energies). Again, the operative question
here is when does the dot become small enough that it looks
like a macromonomer. Answering this question is beyond the
scope of this review. We briefly address the properties of these
materials just below despite the obvious conundrum.

Carbon nanodots (CDs)

There are already multiple reviews on carbon nanodots typically
recognized to be particles <10 nm in diameter.**" Our

This journal is © The Royal Society of Chemistry 2022
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concern here is if they demonstrate unconventional conjuga-
tion and then whether it is molecular or nanostructured. In
general, CDs contain large numbers of sp carbons implying
n-n conjugation;>>°* however, arguments are made that emis-
sive behavior is size dependent implying quantum confine-
ment. This would then not be of interest to this review. But,
there are examples where decreasing size leads to red rather
than blue shifts; contrary to quantum confinement. Further-
more, high emissive quantum efficiencies can be directly
correlated with surface functionalization/passivation. This
leads to conclusions that surface states may be responsible
for emissive behavior for some CDs which may imply novel
forms of conjugation.

One explanation for this is that photoexcitation typically
occurs nearer CD cores which are often found to be more
crystalline. Thereafter, energy is transferred to surface emissive
states or even appended organics.”® The question to be
answered is whether energy transfer is by conjugation or charge
transfer. In addition, it has been reported that multiple emis-
sions can arise simultaneously which may reflect different
surface defects responsible for exciton emission and/or differ-
ent emitting moieties or different conjugation pathways or all
three. The latter may reflect unconventional conjugation.

With respect to this last possibility, two further points to
make concern the observation of excitation dependent emis-
sions contrary to Kasha’s rule;>*>> which states that no matter
what the excitation wavelength, the lowest energy excited state
will be the emitting state. One simple explanation may be that
the excitation wavelength dependent emission wavelengths for
CDs may simply be a consequence of the presence of
impurities.”®®” In addition, and perhaps associated with these
phenomena are the fact that carbon nanodots are also known
to upconvert light (two lower energy photons to one higher
energy photons) and also offer two photon absorption cross-
sections (TPA) that can be very much higher than traditional
organic molecules.”® These observations may be used to argue
unconventional conjugation.

The TPA data is mentioned because it may be a mechanism
for identifying unconventional conjugation that is not an
artifact of impurities, or surface states as we discuss below in
developing some concepts for silsesquioxane macromonomer
and polymer photophysical behavior. Again, CD based materi-
als await further clarification of the issues noted.

We can now begin to move away from pure carbon-based
materials to well-defined carborane clusters that can be clearly
called molecular structures.

Carboranes

Can be defined as polyhedral clusters of carbon and boron
typically capped with hydrogen which provides points for
appending other functional groups, Fig. 1.>°° Related struc-
tures can have one or two vertices missing are called nido- or
arachno-carboranes respectively. There is at least one example
of a “flat carborane.”®® Many more structures have been
described but are not relevant to the topic. If one considers
aromaticity as a subset of conjugation then there are multiple
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Fig.1 Examples of well-known carborane structures [reproduced from
ref. 63 with permission from American Chemical Society, 2011].%*

examples wherein carboranes exhibit aromaticity, as recently
reviewed by Jikle.®” The source of aromaticity in carboranes has
been discussed in terms of available electrons delocalized
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Fig. 2 Examples of carborane oligomers [reproduced from ref. 60 with
permission from American Chemical Society, 2018].°
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between carbons and boron in m, empty p bonds on boron,
and ¢ bonds within the carborane.®*

Cook et al.®® have synthesized carborane oligomers finding a
form of conjugation they suggest arises from radical anion
electron transfer between the Fig. 2 p-carborane cages, finding
that the radical anions are fully delocalized across the phenyls
and p-carborane. These results indicate delocalization that can
be ascribed to Robin-Day class III intervalent (OET) transition
states revealing that p-carboranes promote conjugation.

In contrast to the Cook work, a number of groups have
synthesized polymers with carboranes in their main chain that
offer extended conjugation that must directly involve the car-
borane cluster as pioneered by the Chujo group.

The Chujo group first described several examples of simple,
organic modified carboranes that exhibit conjugation in the
form of modified luminescent behavior (Fig. 3).°*"®” Thereafter,
they synthesized a series of m-carborane copolymers (Fig. 4)
that clearly show conjugation with photophysical properties
(emissive/color) that vary with the comonomer.**>%”

Thereafter they succeeded in synthesizing polymeric sys-
tems with boron in the main chain via hydroboration and then
discovered halo-phenyl boronation, Fig. 5. In the latter systems,
conjugation is suggested to occur via m-empty p orbitals on
the boron.

Ferrocene functionalized o-carborane monomers and aro-
matic bridged dimers (Fig. 6) have been synthesized and their
electrochemistry and photophysical properties reported.®® In
general, evidence is presented that the carborane unit affects
both the HOMO and the LUMO as evidenced by shifts in the
absorption wavelengths and changes in the cyclic voltametric
traces (redox behavior) of the ferrocenyl moieties.

Unfortunately, no examples of longer chains are given that
might offer further evidence for through carborane conjugation
inclusive of the ferrocene units. For a more detailed discussion
of boron containing polymers that show conjugation, the
reader is referred to the Jikle review.®?

Non-carbon clusters

Work by the Sevov group on metal cluster compounds®® may be
viewed as strictly inorganic chemistry; however, DFT calcula-
tions on the Fig. 7 Ge cluster compound suggest n-n delocaliza-
tion via p, bonds such that all four Ge clusters are conjugated

Normalized intensity

350 500 ~ 900

700
Wavelength (nm)

OMe
OMe

Fig. 3 Alkyne appended orthocarborane [reproduced from ref. 67 with permission from American Chemical Society, 2011].”

10598 | Chem. Commun., 2022, 58, 10596-10618

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d2cc03968k

Published on 29 August 2022. Downloaded by University of Michigan Library on 9/22/2022 7:16:29 PM.

Feature Article

View Article Online

ChemComm

YO O g O
cSIFC CH;:;HZ' cSiFC
r.t.,15 min.

1

= Ar—= Ar
| | 2a-d = =
@\ /©/ Pd(PPha)a, Cul
CTTC THF, EGN CZ \f ‘::3
40°C, 18 h
1 P3a-d
OCgH17 OC6Hg3 CF3
CgH170 C1gH330 CeHiz CeHis FoC
a b c d
10
(a) (b)
— P3a — P3a
5 —— P3b P3b
— P3c — P3c
— P3d — P3d

(2]

I

Molar extinction coefficient
(x10% M'em™)

0
300 350 400 450 500

Wavelength (nm)

Normarized intensity (au)

350 400 450 500 550 600
Wavelength (nm)

EAmax
compound Apg (nm)¢ (M~} cran_l)“ Ex (nm)>¢ PL (nm)° shift (nm)¢ ®p¢

P3a 314,378 36 000
P3b 314,378 22 000
P3c 319, 362 69 000
P3d 345, 366 56 400
6 313,375 33000
7 307, 365 41 000

Stokes
378 415 37 0.25
378 415 37 0.25
362 386, 410 24,38  0.11
366 409 43 0.22
375 414 39 0.23
365 403 38 0.49

4 Measured in CHCl; (1.0 x 107> M) at room temperature. © Excited
wavelength. © Measured in CHCl; (1.0 x 1077 M). ¢ Fluorescence quantum
yields (relative to 9,10-diphenylanthracene in cyclohexane at room

temperature).

Fig. 4 Copolymers of bis(p-bromophenyl m-Carborane) with various p-aromatic dialkynes [reproduced from ref. 64 with permission from American

Chemical Society, 2009].54

making this one of the more exotic systems showing unconven-
tional conjugation.

In related work on Sn clusters (Fig. 8),° the same
group reports that the pentagonal rings in these columnar
clusters also resemble cyclopentadienides and exhibit what is
classified as conjugation within the rings. In addition, because
these compounds offer conducting behavior based on the
availability of two extra electrons, this indicates that these
systems are conjugated via what is suggested to be overlapping
cationic s-orbitals and n*-orbitals on the Sn;® cyclomers
suggesting that communication occurs along and between the
stacks.

This journal is © The Royal Society of Chemistry 2022

A further example from the same publication shows a
polymer like structure, Fig. 9, which is suggested to offer
conjugation reminiscent of polyacetylene.

Unfortunately, these systems are highly air and moisture
sensitive complicating any efforts to explore modification via
appended conjugated organic groups. If this were at all possi-
ble, it might provide hybrid systems perhaps also providing a
stabilizing effect, making them more attractive for further
studies.

Gold and silver clusters are well-known and studied in great
detail especially with respect to their quantum dot-like behavior
and ability to exhibit electron delocalization.”*”* This subject

Chem. Commun., 2022, 58, 10596-10618 | 10599
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Fig. 5 General synthetic routes to alkenyl and bromoalkenyl polyboranes
[reproduced from ref. 62 with permission from American Chemical
Society, 2010].%2

area deserves a review in its own right and cannot be
addressed here.

While we have touched on the structures of metal clusters
with the work of Sevov et al., it is clear that there are numerous
other metal cluster systems that could also be mentioned and it
is the authors decision that this constitutes too large and
diverse a subject area to address given our original mission
which focuses on silicon containing systems.

Unconventional conjugation in silsesquioxanes (SQs)

SQs offer multiple unique properties including well defined 3-D
nanostructures with regular symmetry; cubic for Tg [(RSiO; 5)s],
Dsp for Tqo [(RSiO15)10] and Cyv for Tqo [(RSi()lS)lZ] cages. The
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Fig. 7 (Rb-18C6)glGeg—GCGeg—Geg—GCGeg] 2en 18C6 is crown ether and
en is ethylene diamine [reproduced from ref. 69 with permission from
American Chemical Society, 2003].%°

Fig. 8 Stacked Sns®~ aromatic rings separated by Ca/Eu (AeRe) cations
[reproduced from ref. 70 with permission from American Chemical
Society, 2005].7°

single crystal silica-like cores suggests that SQs are simply
organic decorated silica nanoparticles imbuing extremely

Fig. 6 Oligomers of o-carborane bonded to ferrocene and selected aromatic bridging systems [reproduced from ref. 68 with permission from Royal

Chemical Society, 2020].%¢
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Fig. 9 Fragment of flat zigzag chain in LiMg(Eu/Sr),Sns with coplanar Li/
Mg mixed occupancy positions (M), resembling a polyacetylene, (CH).,.
Chain. Eu/Sr = light-green spheres above and below plane of chain
[reproduced from ref. 70 with permission from American Chemical
Society, 2005].7°

robust properties to any derivatives synthesized therefrom such
that selected polyamides offer thermal stabilities in air to
600 OC.75_79

Additionally, they can be multiply and selectively functiona-
lized in 3-D at 1-3 nm length scales, particularly the phenyl and
vinyl derivatives, using a wide variety of chemical reactions but
especially electrophilic substitutions to introduce multiple
moieties at their peripheries.®® Fig. 10 provides examples of
the types of SQ (R-SiO; 5) and Q (O-SiO; 5) cages known in the
literature. Hence they have been extensively studied for their
structural properties and multiple reviews and one book have
appeared in the last 30+ years.®’® Also of note is the fact that
germanium analogs have been prepared that also exhibit
evidence of a cage centered LUMO in (cyclohexylGeO; 5)s and
(n-OctylGeO, 5)¢ suggesting the existence of semiconducting
behavior extends to other related structures.’”

Our original interest in these compounds extends from their
high symmetry and approximately one nanometer diameters as
potential nanobuilding blocks, especially the octaphenyl silses-
quioxane, [PhSiO; 5]s, OPS. With cubic symmetry, OPS places
each phenyl in a different octant in Cartesian space in principle
offering the potential construct 3-D connected structures

View Article Online
ChemComm
Table 1 Bromination and iodination of [PhSiO; slg with/without Fe cata-

lysis [reproduced from ref. 99 with permission from American Chemical
Society, 2005]°°192

Br; ;OPS/Fe catalyzed”® BrgOPS/uncatalyzed'*> LOPS/ICY
Major isomers Mol fraction % Mol fraction % 0 °Cc'*
4-Halogenation 39 5 95
Phenyl 37 2 1-2
3-Halogenation 15 5 2-3
2-Halogenation 6 85 1
Dibrominated 3 3

nanometer by nanometer. Efforts to functionalize OPS led to
the discovery that this compound can be nitrated in fuming
nitric acid to give the m-octanitro compound that is readily
reduced to the octaaminophenyl compound.’® This finding
suggested exploring electrophilic substitution reactions leading
to studies on bromination and iodination.” %"

Initial bromination studies used an iron catalyst resulting in
product distributions recorded in Table 1. By accident, a
bromination reaction was run without adding iron with the
extremely surprising finding that bromination proceeds almost
exclusively at the ortho position. Equally surprising is iodina-
tion with ICI gives primarily p-I;OPS.'*" Likewise, bromination
of [PhSiO, 510,12 Without catalyst also preferentially goes ortho
and ICI gives para iodination.'**"%?

Theoretical modeling studies of bromination sans Fe
catalyst, reveals the presence of cage centered LUMOs
(Fig. 11) for all cages.'®® Apparently the LUMO engages incom-
ing Br, presumably extracting electron density. Coincidentally
phenyl ortho hydrogens form electrostatic bonds to the incom-
ing Br,, Fig. 12.

Efforts to model iodination were unsuccessful. It seems
likely that iodine’s much larger diameter hinders interactions
via the cage face. Thus, para substitution is favored despite the
likely existence of an energetically accessible LUMO. These
results are presented to provide a basis for the reader to
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/
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R = alkyl, aryl, heteroaryl, etc

Fig. 10 Examples of various T (RSiOz) and Q (SiO4) cages.

This journal is © The Royal Society of Chemistry 2022
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Fig. 11 Molecular structures and electron density isocontours of
[PhSiO15lg1012. The left column shows a 3D view of the optimized
structures with H (white), O (red) and Si (gray). HOMOs are shown in the

middle and the right column presents LUMOs [reproduced from ref. 103
with permission from Royal Chemical Society, 2014].2%%

Fig. 12 Br, absorption centrally above the Tg cage face is preferred. The
face has two phenyls oriented with hydrogens in (wing) and two turned at
90°. Br, is stabilized in this configuration by hydrogen bonding to the
closer Br atom and the two o-hydrogens on the wing-oriented phenyls.
Polarization occurs coincidentally as the Br, interacts with the Tg face
[reproduced from ref. 103 with permission from Royal Chemical Society,
2014].20%

understand the photophysical data and explanations of con-
jugation presented in the following sections.

The opportunity to have well defined and easily purified [o-
BrPhSiO; 5]s and [p-IPhSiO; 5]s provided the impetus for their
use as starting points to synthesize nanostructured
materials’®'** as well as model compounds for photophysical
studies. In this latter instance, we began by synthesizing o- and

10602 | Chem. Commun., 2022, 58, 10596-10618
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p-4-substituted stilbenes as models for the eventual synthesis of
star versions of polyphenylene vinylene. Although polypheny-
lene vinylene is a highly efficient blue emitter for display
applications;'%>'°® its very regular structure means efficient
crystal packing leads to very poor solubility making processing
difficult.

One can envision that a 3-D analog would offer better
solubility and therefore processing of value for display applica-
tions. Photophysical characterization of the 4-Rstilbene model
compounds unearthed unusual photophysical behavior that
completely sidetracked efforts towards these original goals.
Heck catalyzed cross coupling of p-IgOPS with 4-substituted
styrene provides access to cage appended 4-Rstilbenes.'”” As
seen in Fig. 13; all compounds exhibit absorption spectra
(320 nm excitation) as expected for simple 4-Rstilbenes
Amax ~ 280-320 nm. However, all emission A, are red-
shifted ~50-70 nm vs. stilbene and 30-40 nm from the model
compound p-stilbeneSi(OEt);. Similar behavior was found for
o-4Rstilbene analogs.

Traditional interpretation of red-shifts in macromonomers
and polymers would indicate greater conjugation lengths
thereby reducing n-n* band gaps. One might explain the red-
shifts in the ortho stilbenes as being a result of formation of
internal exciplexes but this cannot work for the para derivatives
as each appended moiety sits in its own octant in Cartesian
space. The only other explanation is conjugation into the cage
LUMO in the excited state. Such conjugation is not accessible in
the ground state; hence, the lack of coincident ground state red-
shifts. Otherwise, fluorescence quantum efficiencies are all < 10%
implying excited states similar to simple stilbenes. This then is the
first example of unconventional conjugation in silsesquioxanes.

Coincident with this discovery, was the appearance of work
by Bassindale et al. and others of a series of SQ cages with
encapsulated F~, Fig. 14.7°®%° One rationale for the formation
and stability of these types of structures is the presence of a
cage centered LUMO.

Complementary evidence in favor of conjugation via cage
centered LUMOs comes from finding similar red-shifts
obtained by functionalizing [vinylSiO;s]s first forming [4-
BrStryenylSiO; 5]s via metathesis then 4-R-vinylstilbene com-
pounds per Fig. 15."*° Absorption and red-shifted (vs. vinylstil-
bene) emission data are shown in Fig. 16. Of particular
importance, the Fig. 17 absorption and emission behavior of
amine terminated NSOVS exhibits a further red-shift in more
polar acetonitrile vs. CH,Cl,. This observation suggests the
emitting state results from charge transfer from the NH, to
the cage centered LUMO, again supporting conjugation.

These results are particularly important when compared
with studies on the dimethylaminostilbene substituted com-
pounds shown in Fig. 18. As a mechanism to further character-
ize these systems, we also conducted two photon absorption
(TPA) studies on this series of compounds. TPA cross-sections
depend on the degree of polarization of the moieties following
absorption of the first photon. Higher polarization coupled
with increased stabilization of this state leads to higher mea-
sured TPA cross-sections.

This journal is © The Royal Society of Chemistry 2022
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Fig. 13 (a) Normalized absorption. (b) Emission of [(p-4-R-stilbene)SiO, slg in THF [reproduced from ref. 107 with permission from American Chemical

Society, 2010].%%”

Fig. 14 OPS with an encapsulated F~ [reproduced from ref. 108 with
permission from Wiley, 2003].108

Representative two photon absorption (TPA) cross-section
studies compare the 4-dimethylaminophenyl compounds of
Fig. 18 in Fig. 19.'%” The wavelength dependent data plotted
reveal very different TPA cross-sections for the full cage vs. the
corner and half cages. Table 2 compares TPA data for both
systems.

One might expect linear behavior for the TPA cross-sections
for the Fig. 18 compounds but instead (6 GM) values for the full

7O

= = p-Vinylstilbene Abs.
—p-Vinylstilbene Em.
= = SOVS Abs.
——SOVS Em.

- = MSOVS Abs.
~——MSOVS Em.
OSOVS Abs.
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Normalized absorption or
emission
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Fig. 16 UV-Vis and PL spectra of R-vinylstilbeneOS in THF [reproduced
from ref. 110 with permission from American Chemical Society, 2008].**°

cage are 26/moiety, 8/moiety for the half cage and 12/moiety for
the corner. The fact that the full cage offers 2-3 times the TPA
of the fragments suggests that this system offers much higher
charge transfer than the fragments. The data continue to
support the idea of unconventional conjugation via cage
centered LUMOs.

’@/0\\‘4 ~of-Si= Pd Catalyst
Br &0 _do h R = -H, Me, MeO, NH,

Fig. 15 R = —H (SOVS), (p-Me) MSOVS, p-MeO (OSOVS, p-NH, (NSOVS) [reproduced from ref. 110 with permission from American Chemical Society,

2008].11°

This journal is © The Royal Society of Chemistry 2022
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Fig. 17 UV-Vis and emission data for NSOVS in two good solvents
[reproduced from ref. 111 with permission from American Chemical
Society, 2008] 1

The formation of cage encapsulated F~ led to the question of
how does the encapsulation process work. To this end, we
discovered that F~ can cause extensive cage rearrangements
even to the point of promoting depolymerization of cured
silicone rubber forming R,Phg 110 y12 » cages.">'™* Initial
studies explored using F~ to promote synthesis of difunctiona-
lized cages per Fig. 18. Thereafter further functionalized per
Fig. 19 and then copolymerization per Fig. 20 provides oligo-
mers joined by divinylbenzene tethers. Model single cages with
divinylbenzene endcapped with triethoxysilyl groups were also
synthesized and the photophysical properties of both systems
compared as seen in Fig. 25 (Fig. 21 and 22).

In the Fig. 23 spectra, the model compounds absorb (Amax ~
255 nm) and emit (Anax & 325 nm) as expected for divinylben-
zene alone. The oligomers absorb at the same energies (Amax &
255 nm) but in contrast present red-shifted emissions (Apmax =
385 nm). Given the above explanations of the source of these
red-shifts, we can suggest that these ‘“beads on a chain” or
BoCs exhibit conjugation both via the divinylbenzene tethers
and via the Ty, and T,, cages.

These results indicate that unconventional conjugation is
not exclusive to Tg cages but can also be observed in T;, and Ty,
cages as might have been expected from the Fig. 11 modeling
results. With these results in hand, we were able to expand the
BoC concept to other cages. One approach was to copolymerize
I;OPS with divinylbenzene followed by functionalization of the
remaining iodides, Fig. 24.""> Unexpectedly the first step gave
polymers with DPs > 20 before further functionalization. Alter-
nately, an average of 6 iodides were first functionalized and

View Article Online

Feature Article

— o Me,NStil-corner
. —=— Me,NStil-half
—— Me,NStil;OS

g

g
1
>

g

:::wfﬁx:

T T

690 740 790
Wavelength(nm)

Fig. 19 Two-photon absorption cross-section spectra for the investi-
gated chromophores [reproduced from ref. 107 with permission from
American Chemical Society, 2010].2%7

Cross Section(GM)
8

Table 2 TPA properties of silsesquioxane derivatives [reproduced from
ref. 107 with permission from American Chemical Society, 2010]*°”

Sample 0 (GM) o/moiety (GM) Jmax (NM)
MeStil,0S 11 1.2 735
Me,NStil-corner 12 12 780
Me,Nstil-half 30 7.5 790
Me,NStil;0S 211 26 755
stilovs**? 25 3 705
MeOStilovs*? 110 14 705
NH,Stilovs''® 810 101 720

then the remaining two iodides copolymerized as shown in
Fig. 25 for the dialkynyl copolymers.**

Perhaps most important to this review comes from copoly-
merization with two different monomers to generate a terpoly-
mer as presented in Fig. 25. Fig. 26 provides absorption/
emission spectra for copolymers of diethynylbenzene with
monomer II (methoxystilbene) and monomer III (aminostil-
bene). The diethynylbenzene terpolymer emission is red shifted
~20 nm compared with the methoxystilbene co-polymer (P 10).
This suggests that the energy levels of the copolymer differ from
their homopolymers arising from communication of each

__Si~ —_
/\Si/ iR o\saé >Si’ \Si N o\s|\/ ’
\ \Si \ | // =~ / ~ l N /N\
(a) N (b) (©) \

Fig. 18 (a) Me,NStil-corner, (b) Me,NStil-half, and (c) [Me,NStilSiO; slg [reproduced from ref. 107 with permission from American Chemical Society,

2010].1%7
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10:1 PVS:PPS CaCl;
[{ )—Si0, 5 } RT/48 h 8 mol%
15 a.
PPS 1 mol% TBAF
+ THF
b.
[ //—Si01_5 4.4:1 PPS:PVS CaCl,
16 RT/48 h 10 mol%

PVS

Fig. 20 Fluoride-mediated rearrangement of PPS and PVS to (a) vinyl,Ph;

silsesquioxanes [reproduced from ref. 112 with permission from American Chemical Society, 2010

THF/RT/48h

Grubb's 1st Catalyst

(x = 9 and 11) Typ and Ty» and (b) vinyl,Ph, (x = 8 and 10) Typ and Ti»
112

Fig. 21 Alkene metathesis of vinyl,Ph, (x = 8 and 10) Ty and T12 SQs with 4-bromostyrene [reproduced from ref. 112 with permission from American

Chemical Society, 2010].1

Pd Catalyst
1,4 Dioxane/RT/72 h

Fig. 22 Heck coupling vinylbPhy T10/T12 SQs with BrStyroPh, T10/T12 SQs (x = 8 and 10) [reproduced from ref. 112 with permission from American

Chemical Society, 2010].*2

different SQ cages via conjugation. The terpolymer emission
averages those of the two copolymers.

At this point, we sought to expand the generality of uncon-
ventional conjugation in SQs exploring the effects of removing
a cage corner and opening the cage twice as suggested in Fig. 27
and 28 followed by functionalizing via halogenation and sub-
sequent cross coupling.'*®

In both systems, we continue to see red-shifted emissions as
witnessed in Fig. 29 and 30.

This journal is © The Royal Society of Chemistry 2022

Thus, cage centered LUMOs and 3-D conjugation appear to
occur when a corner is missing or two oxygen bridges are
broken suggesting a LUMO forms between two face-to-fact
silsesquioxane rings. Perhaps most pertinent is the finding in
both figures that if only two phenyl groups on average are
transformed to stilbenes no red-shift is observed and emission
is typical of isolated stilbenes suggesting no conjugation. This
implies that LUMO formation onset requires more than two
appended conjugated moieties to reduce the energetics for
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Fig. 23 Solution absorption and emission spectra (THF, Aexcitation = 265 nm) of “beads on a chain” and the corresponding model -Si(OEt)s compounds
[reproduced from ref. 112 with permission from American Chemical Society, 2010].12
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L~ O3 RO & (}‘i\ bd —
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Polymer |

R =H (Polymer I1)
OMe (Polymer III)
NH, (Polymer IV)

Fig. 24 Copolymerization of divinylbenzene with IgOPS then further functionalization [reproduced from ref. 115 with permission from American
Chemical Society, 2013].1*°

interaction with a LUMO generated within the cage. However, It is only recently that research has uncovered photophysical
there are several related photophysical effects that should be behavior that suggests that pendant conjugated groups can
noted based on data presented in Table 3 below. interact with SQ cores providing photonic properties that can
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OMe and NH, (Polymer 12)

Fig. 25 Syntheses of dialkynyl copolymers [reproduced from ref. 115 with permission from American Chemical Society, 2013].%°
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Fig. 26 UV-vis and emission spectra for methoxystilbene polymers, aminostilbene polymers and their terpolymers in THF [reproduced from ref. 114 with
permission from American Chemical Society, 2013].2*
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Fig. 27 Capping of commercially available trisilanol allows further functionalization.**
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Fig. 28 Capping of commercially available tetrasilanol allows further functionalization [reproduced from ref. 117 with permission from American
Chemical Society, 2019].1*
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Fig. 29 Photophysical characterization of corner missing phenyl cage [reproduced from ref. 116 with permission from American Chemical Society,

2019].116
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Fig. 30 Photophysical characterization of capped tetrasilanol phenyl cage [reproduced from ref. 117 with permission from American Chemical Society,
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Table 3 Photophysical data for corner missing, doubly open, and tetra-
methyl capped cages [reproduced from ref. 116 with permission from

American Chemical Society, 2019]*1¢
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this behavior can be highlighted based on the fact that most @x
measured for most stilbene compounds are quite low, typically
<10% as the excited state is more prone to result in cis-trans

AbS. Apax  EM. Apax Esores @p  TPA-6  isomerization than emission of a photon. Thus, the very much
-1 . . ..

(nm) (nm) (em™) (=) (GM) higher & values seen for the MeStilbene corner missing cage
p-MeStilbene 298,311 355 0.07 compounds and the doubly open cages is unexpected. Even the
VinylDDvinyl 265 312, 330 doubly substituted corner missing cage which emits in the
pMeStil;OPS 305,320 400,422 9090 0.57 1.4 same place as simple 4-methylstilbene offers a ¢ = 0.73 vs
0-MesStil, T,(OTMS); 304,317 406,418 7790  0.81 0.7 p p y ene F- 0 -
0-MeStil,Ph;T,(OTMS); 299, 311 354 5196 073 — 0.07. The most reasonable explanation is that the excited state
0-MeStil,DDMe, 305,316 403,426 8170  0.69 2.9 resides primarily in the cage center and is thus protected from
0-CNStil,DDMe, 317,325 420,442 8115 0.36 17 solvent promoted radiationless decay. This again points to the
p-MeStilsDDMe, 321 427 7730 0.28 6.3 vent p : ‘ Y- gain p :
0-Br;DD(OTMS), 272 312 cage LUMO playing a role in the photophysical properties of
0-MeStil,DD(OTMS), 305,317 401,421 7793  0.75 2.5 these compounds.
o-CNSLDD(OTMS), 314,326 420,442 8050 048 37 In this set of studies, we were also able to use an unusual
p-MeStiLL,bDD(OTMS), 305 355 5054 0.0 2.7 - udies, we were aiso u unusu
p-MeStil,DD(OTMS), 330 408, 425 spectroscopic method of characterization that explores mole-

best be explained by 3-D conjugation through these cores,
unconventional conjugation.'®”11%1187120 The explanation for

Si’ Br—Ar—Br

cular responses to intense laser light that generates high
frequency magnetic fields that can be correlated with molecular
structure.”'® The method relies on non-linear magnetoelectric
scattering characterization from excitation with intense laser

light. Details of the methods and characterization techniques

Heck Cross coupling — o/ Si*

n =5-20

Fig. 31 Copolymerization of vinyl,DD with dibromoaromatic compounds [reproduced from ref. 117 with permission from American Chemical Society,

201911
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Fig. 32 Photophysics of [vinylDDvinyl-Ph], where x > 20.
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Table 4 GPC and steady-state photophysical data for vinylDDvinyl co-polymers [reproduced from ref. 121 with permission from American Chemical

Society, 2020]*2

GPC

M, M, D ADS. Jmax (nm) Em. Amax (Nm) [
Vinyl(Me)DD(Me)vinyl 1010 1080 1.07 264 281
DD-co-Phenyl 19550 49410 2.53 298 390, 412 0.08 £ 0.001
DD-co-Biphenyl 11690 24480 2.09 314 357, 373 0.66 + 0.05
DD-co-Terphenyl 15780 34770 2.20 321 374, 392 0.87 + 0.04
DD-co-Stilbene 9210 25390 2.76 357 393, 412, 436 0.61 + 0.04
DD-co-Thiophene 22540 43250 1.92 340 478, 505 0.09 &+ 0.001
DD-co-Bithiophene 3580 7200 2.01 391 505, 538 0.17 + 0.02
DD-co-Thienothiophene 4480 10040 2.24 358 496, 526 0.13 + 0.01
DD-c0-9,9-Dimethylfluorene 20790 46100 2.22 339, 353 424, 448 0.34 4+ 0.003
DD-co-Benzothiadiazole 8390 17 380 2.07 392 481 0.22 + 0.003
DD-co-Carbazole 13680 33850 2.47 301 373, 392 0.41 + 0.02

can be found here and references therein.''® The results of
these studies find further evidence for formation of spherical
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excited state LUMOs adding further corroboration for uncon-
ventional conjugation.
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Fig. 34 (a) The characteristic region of “*C=N in FTIR spectra for DD-co-thiophene, -bithiophene, -thienothiophene mixing with 10 mol% F,TCNQ and
pristine F,TCNQ [reproduced from ref. 122 with permission from Wiley, 2021].12?
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Fig. 36 (a) Normalized absorption and emission of DD-thiophene-DD,
Absorption and emission of ter-thio-DD-biph and corresponding copolymer

The next step in expanding the number of SQs that offer
unconventional conjugation was to examine the functionaliza-
tion of the vinyl groups in the divinyl double decker (vinyl,DD)
system as suggested by Fig. 31.">"'** Our original expectation
was that the double caping with disiloxane linkages should lead
to the end to possible conjugation. Thus, finding we were
incorrect was perhaps one of the more surprising discoveries
as illustrated in Fig. 32.

The model distyrenyl compound behaves as expected with
an absorption Ay, = 260 nm and an emission Amax = 310 nm.
Although the vinylbenzene copolymer offers an absorption
Amax = 300 nm, the observed emission A, = 390 nm matches that
of the divinylbenzene copolymer of Fig. 23 suggesting conjugation
despite the two disiloxane caps in each DD monomer unit.

Fig. 33 provides another example but for a copolymer with
thiophene revealing a further red-shift. In general, introducing
thiophene based co-monomers gives red-shifts >100 nm with
respect to copolymers with phenyl, biphenyl and terphenyl.
Table 4 provides data from a recent publication.'®* Note that

This journal is © The Royal Society of Chemistry 2022
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mixture of DD :thiophene 3:1 and longer DD-co-thiophene (1:1). (b)
s, DD-co-biphenyl and DD-co-thiophene.*?®

the thiophene copolymers all offer @y values that are much
lower than the all carbon aromatic co-monomers suggesting
alternate radiationless decay process(es) not available to these
systems.

Disiloxane linkers and NO cage

Ph /s‘-// ° si/
Ny

Fig. 37 Vinyldisiloxane capped ladder (LL) silsesquioxane [reproduced
from ref. 126 with permission from American Chemical Society, 2019].12¢

Chem. Commun., 2022, 58,10596-10618 | 10611


https://doi.org/10.1039/d2cc03968k

Published on 29 August 2022. Downloaded by University of Michigan Library on 9/22/2022 7:16:29 PM.

ChemComm

1.0 4

0.8

0.6 1

0.4 1

Normalized absorption and emission

300

—— 1,4-[(MeO),SiMevinyl],benzene Abs.
----- 1,4-[(MeO),SiMevinyll,benzene Em.
—— DD-co-phenyl Abs.

L DD-co-pheny Em.

Ladder(Me)-co-phenyl Abs.
I Ladder(Me)-co-phenyl Em.
Y. | Ladder(Ph)-co-phenyl Abs.

|

ol

h W k4 Ph \ Ph

o \ W R = _0—si /

P IR YA w P"\OI © No )Y VAR Y

" s IR NN 2 /'\ q \ N/
* \ o) St si R % \ o} i

I ", P Ladder(Ph)-co-phenyl Em.

View Article Online

Feature Article

/DMe
-si——OMe
o O N
Me

n R=Me, Ph
0.2 +
O S -
250 300 350 400 450 500 550 600 650
Wavelength (nm) GPC
M, M, PDI | DP
DD-co-phenyl 14500 | 39200 |2.71 |~12
Ladder(Me)-co-phenyl 3700 7600 2.05 |~4
Ladder(Ph)-co-phenyl 3500 7100 2.01 | ~4

Fig. 38 UV/vis spectra of DD-co-phenyl, LL-co-phenyl and model compound [reproduced from ref. 122 with permission from Wiley, 2021,

One further proof of conjugation in these systems comes
from studies of their interactions with F,TCNQ where the
conjugated polymer can donate an electron to F,TCNQ gener-
ating a radical anion.

Thus, selected DD copolymers and model cage compounds
were mixed with F,TCNQ via the mixed-solution method.****%*
A yellow-orange CH,Cl, solution of F,TCNQ was added to
bright orange to red colored solutions of DD-co-thiophene,
-bithiophene and -thienothiophene. The resulting solutions
turn dark green to black, depending on the mole percent
F,TCNQ added. One can also observe electron transfer via
shifts in ¥C =N associated with charge transfer (CT) promoted
color-changes, Fig. 34.

Given that it appears disiloxane capped doubled decker (DD)
copolymers exhibit conjugation, we have very recently synthe-
sized terpolymers of these systems akin to the results reported
in Fig. 26."" Our approach is presented in Fig. 35. Examples of
both co- and ter-polymer photophysical characterization data
are presented in Fig. 36, related data available elsewhere.'*®

The most important observation is that as with the earlier
work, the terpolymer emission Anax & 490 nm is the average of
the two co-monomers meaning that the terpolymer shows
conjugation through the backbone and delocalization must
occur that involves all components supporting our continuing
efforts to expand our understanding of conjugation in these
systems.

At this point, we were able to explore still another type of
silsesquioxane system synthesized by the Unno group in

10612 | Chem. Commun., 2022, 58, 10596-10618
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Gunma University; ladder compounds which do not have cages
but do have vinyldisiloxane caps (vinyl,LL), Fig. 37."*® Given the
above premise that a cage format or at least opposing silses-
quioxane rings (doubly open, Fig. 28) is required for a LUMO to
form, it seemed reasonable that the lack of a cage would
preclude formation of an internal LUMO. Thus, we synthesized
LL analogs of the DD copolymers (see Fig. 31).

Fig. 38 compares the photophysical properties of the DD-
phenyl model, DD-co-phenyl (DP 12) with the LL-co-phenyl
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Fig. 39 UV/vis spectra of DD-co-thiophene, LL-co-thiophene vs. DP and
model compound [reproduced from ref. 122 with permission from Wiley,
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Table 5 GPC and steady-state photophysical data for vinyl,LL co-polymers [reproduced from ref. 127 with permission from the American Chemical

Society, 2020]*?”

GPC

M, M,, D ADS. Jmax (Nm) Em. Apax (Nm) [
Vinyl-LL(Me)-vinyl 490 530 1.08 264 281
Vinyl-LL(Ph)-vinyl 540 620 1.15 265 285
LL1: LL-co-phenyl 5420 15190 2.80 298 392, 415
LL2: LL-CO-biphenyl 4810 11730 2.44 312 412, 430 0.45718
LL3: LL-co-terphenyl 15850 46 580 2.95 321 378, 418, 437 0.61 + 0.02
LL4: LL-co-stilbene 6280 19620 3.12 356 448, 472 0.35 + 0.03
LL5: LL-co-thiophene 5600 16070 2.87 343 540
LL6: LL-co-bithiophene 5540 11330 2.05 392 550 0.07307
LL7: LL-co-thienothiophene 5290 10470 1.98 356, 371 530 0.09346
LL8: LL-co-dimethylfluorene 5810 15780 2.72 337, 353 383, 426, 451 0.68 4+ 0.02
LL9: LL-co-benzothiadiazole 2750 5130 1.87 285, 393 493 0.04285
LL10: LL-co-carbazole 2580 4300 1.67 259, 298 403 0.24451

(DP 4) unexpectedly revealing further red-shifts in Apa. to
415 nm from 390 nm.'*® These results mean that a cage
centered LUMO may not be the only mechanism whereby
conjugation occurs. As with the DD copolymers, the longer
the chain the further the red shift as seen for LL-co-thiophene
in Fig. 39. All of the A, are shifted further red than with the
DD copolymers indicating better conjugation—without a cage!

Table 5 records the properties of the various LL-co-polymers
synthesized to date."®* As with the DD copolymers, we also find
that the LL copolymers interact with F,TCNQ, Fig. 40.

We are currently in the process of synthesizing LL terpoly-
mer systems; unfortunately, this system is quite fragile and
subject to ring opening polymerization if not -carefully
worked up.

Now we have a conundrum; how does conjugation occur and
how can it be modeled? To date, we have worked with two
groups that have attempted to model conjugation in these
systems using DFT modeling methods VASP and Gaussian
16."*® Unfortunately, both approaches cannot identify LUMOs

|—— DD-co-bithiophene:F,TCNQ 10 mol%
1.0 4 |—— DD-co-bithiophene
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5
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DD-co-bithiophene

delocalized across DD-co-monomer units. These results are not
surprising because of the unconventional behavior of these
systems.

Indeed, preliminary TPA studies of the DD- and LL-
copolymer systems, find that they deviate from Kasha’s rule
in that many of these compounds exhibit different emissions
depending on the excitation wavelength used.

For example: “the fluorescence emission spectra of many if
not all studied so far SQ-based systems defy Kasha’s rule, i.e.
there appears to be a notable shift of the emission spectrum
depending on the excitation wavelength. As an immediate
consequence, measurements of 2PA cross-sections and 2PA
spectra that rely on detection of fluorescence; in particular,
such as reported recently'® may yield largely varying values,
depending on what part of the fluorescence signal is being
detected.

Indeed, “the maximum 2PA cross sections in the series vary
greatly, depending on the Ar substituent, by more than one
order of magnitude. In some cases, these variations correlate

—— LL(Ph)-co-bithiophene
5 —— LL(Ph)-co-bithiophene:F,TCNQ 10mol%
—F,TCNQ
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Fig. 40 Solution mixing of F,TCNQ CT with DD-co-bithiophene and LL-co-bithiophene revealing integer charge transfer [reproduced from ref. 122

with permission from Wiley, 2021] 122
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and in some cases do not with the behavior observed in the
2PEF (photon emission fluorescence) measurements per-
formed on the exact same systems. For example, the highest
non-linear transmittance-based 2PA cross sections are obtained
with benzothiadiazole, g,ps (780-550 nm) = 100-600 GM, and
carbazole, g,ps (700-550 nm) = 100-400 GM.””*?®

For both DD-copolymers, these values are more than an
order of magnitude larger than reported previously using the
2PEF method, which may be related to deviation from Kasha’s
rule or caused by a very strong ESA effect or both. An expansion
of these results will be published at a later date.'*®

Conclusions

It is extremely rare to find new forms of conjugation especially
in molecular structures where one expects insulating behavior
(e.g. with disiloxane bridging caps) given the traditional view of
these components. We attempt here to review a number of
systems where conjugation is not simply via n-n overlap or
related, known forms of conjugation. The latter are found when
non-carbon elements are included in the main chain that
provide empty p orbitals, which is especially true for boron
containing systems. When the non-carbon elements can form
double bonds, then traditional n-r overlap again is the primary
mechanism for delocalization/conjugation.

tetra(vinylmethyldisiloxane) capped DD, Vinyl,XDD

Our overall observation is that unconventional conjugation
seems to occur in 3-D structures including carboranes, metal
clusters, and in particular silsesquioxanes. In each case, the
mechanisms of conjugation where understood can involve
electron delocalization including via intervalence charge trans-
fer within the clusters or via radical anion electron transfer. To
date, the mechanism(s) whereby conjugation occurs in silses-
quioxanes; given the above multiple examples, remains
unknown despite multiple efforts to model the photophysical
behavior of these systems.

Given the considerable published (patented) efforts to mod-
ify the properties of well-known conjugated polymer systems
with the many resulting commercial applications; one might

10614 | Chem. Commun., 2022, 58, 10596-10618
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suggest that further efforts to expand our knowledge of the
various manipulable properties of these newly discovered sil-
sesquioxane systems might also lead to commercially impor-
tant materials.

Clearly, there is an opportunity to develop new modeling
methods but the method of approach at present remains to be
defined. Given the successful modeling to date (Fig. 11),"* and
the magnetic field generation results,""® we would have been
very happy to suggest that formation of cage centered LUMOs
as the simplest explanation. However, recent results with
ladder polymers that exhibit even further red-shifts than the
cage SQs studied previously but have no cage, likely suggest one
or more unique delocalization processes.

The identification of multiple systems that exhibit conjuga-
tion but not via traditional mechanisms perhaps requires a
broader definition of conjugation: One that involves charge
delocalization across multiple components or moieties both
organic and inorganic that substantially lowers system ener-
gies/band gaps. As with the traditional polymers noted at the
outset, the potential for new semi-, conducting and perhaps
superconducting behavior represent challenges to both model
and expand our knowledge base vis a vis silsesquioxane macro-
monomer and polymer systems.

Finally, this story is not finished as we have now begun to
study the photophysical properties of the following more
extreme examples of silsesquioxanes:

| j\ -
\Me /Me/\\i

tetra(vinyldimethylsiloxane) capped half cage

Copolymers of both systems also show what appears to be
extended conjugation which will be the subject for a future
publication.
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