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Preface

n-Electronic polymer and molecular systems exhibit photo-electronic properties
such as conduction, emission, optical non-linearity, and even photo-catalytic activ-
ity. The properties and functions are based on the mobility of a hole or an electron
in the m-conjugated systems, within a molecule and between molecules. It is hence
important to design a polymer or a molecular system so that charges can be trans-
ported smoothly and transport can be controlled.

The most successful and practical examples in this discipline are main-chain con-
jugated polymers represented by polyacetylene, whose conduction has been ascribed
to mobility of charges injected by doping through a conjugated chain and among
chains. Since the finding of conduction of polyacetylene by Shirakawa, Heeger, and
MacDiarmid (awarded the Nobel Prize in Chemistry 2000), various main-chain
conjugated polymers have been designed and synthesized, among which poly(3,4-
ethylenedioxythiophene) (PEDOT) in combination of poly(styrenesulfonate) (PSS)
is one of the most industrially applied examples. Along with the excellent conduction
behaviors of main-chain conjugated polymers, they have some drawbacks including
deep color, poor solubility, and relatively high HOMO levels. These properties are
inherent in the long main-chain conjugation: a narrow gap in HOMO-LUMO levels
due to the long conjugation allows photo-excitation by visible light, and rigidity of
the polymer chain arising from limited rotation freedom of bonds that constitute the
long main-chain conjugation system promotes interchain interactions. Although fac-
ile doping is feasible due to the rather high HOMO level, the other side of this nature
is oxidation by O, in the air which deteriorates electronic properties.

An alternative m-electronic macromolecular system is a n-stacked polymer.
A stack of aromatic groups is an ideal assembly where mobility of charges is real-
ized. Piling up multiple aromatic groups without forming covalent bonds among
them in an orderly stack in a polymer system may create novel photo-electronic
polymeric materials free from the shortcomings noted above and even with
improved properties. Based on this idea, n-stacked polymeric and molecular sys-
tems have been designed. The first four chapters of this book were written by four
scientists/groups who synthesize and characterize such systems, and the last chapter
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by a group who sheds light on the relation between n-stacked structure and their
photo-electronic properties from a theoretical point of view.

Prior to development of synthetic n-stacked polymers, characteristic features of
n-stacked molecules had been studied for small molecule systems. A representative
example is the tetrathiafulvalene (TTF)-tetracyanoquinodimethane (TCNQ) com-
plex in crystal prepared by the Johns Hopkins group [Cowan et al., Journal of the
American Chemical Society, vol. 95, p. 948 (1973)]. In the TTC-TCNQ complex,
charges generated by the donor—acceptor interaction between TTF and TCNQ are
transported/delocalized through independent columns of TTF and TCNQ stacks in
crystal, leading to a molecular conductor. In order to find parallels of the TTE-TCNQ
crystal, various combinations of donor and acceptor molecules were studied.

In addition, for biological macromolecular systems, DNA duplexes have stacked
aromatic moieties within their helices: base pairs form a long stacking system.
Charge transport through a DNA duplex was pointed out by Barton in 1993 [Barton
et al., Science, vol. 262, p. 1025 (1993)]. Barton’s group synthesized DNA double
helices having an emitting chromophore and a quencher group that were separated
by stacked base pairs, and charge transport was established based on emission mea-
surements where quenching requires charge transport. The DNA n-stack was named
“n-way” by the group.

Although the stacked crystal systems and DNA =-stack are intriguing systems
from the point of view of molecular electronic materials, TTC-TCNQ and its fam-
ily, being crystalline materials, are difficult to fabricate into desired forms such as
thin film; and DNAs, with alternating copolymers of sugar units and phosphonate
units, may not be durable-enough organics under practical conditions. Artificial
n-stacked polymers are expected to overcome these drawbacks and find wide
application in organic electronics complementing main-chain conjugated macro-
molecular systems.

Sapporo, Japan Tamaki Nakano
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Synthesis and Properties of t-Stacked
Vinyl Polymers

Tamaki Nakano

Introduction

Control of spatial arrangements of constituent molecules is crucial in designing
organic materials with desired functions because molecules in a regulated assembly
often indicate properties that are different from those in solution or in gas phase due
to specific intermolecular interactions. Hence, ultimate fabrication of molecule-
based organic material can be achieved by arranging molecules exactly in the posi-
tions where they should be. Although this is not a simple task, various methods have
been developed for molecular assembly control of organic molecules ranging from
the relatively well-established methods such as LB membrane formation, crystal
engineering, and molecular complex formation based on metal-ligand coordination
or hydrogen bonding, in which accumulation of relatively weak intermolecular
forces enables construction of a long-range molecular arrangements [1-9], to
instrument-assisted methods such as molecular manipulation using optical tweezers
or microscopes [10—12].

Another way to organize functional molecules is to align them as a part of a
polymer chain with a regulated conformation and configuration where the polymer
backbone acts as a structural template or scaffold. This is feasible either by polym-
erizing functional molecules as monomers or by attaching functional molecules
through chemical reaction with a polymer chain. In the former case, functional
molecules to be aligned have a polymerizable moiety such as vinyl group; they
become a part of monomeric unit incorporated into a chain, typically as side-chain
groups. In this case, monomer structure itself may significantly contribute to the
formation of regulated polymer chain structure through intermolecular repulsion or
attraction. In the latter case, the polymer chain and the functional molecules to be
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attached have corresponding reactive or interacting groups. An advantage of these
polymer-based methods over the other methodologies is that molecular orders
formed along a polymer chain are generally more stable due to covalent bonds.
Also, a very tight or close packing of molecules (monomeric units), which is not
plausible for the method based on weak intermolecular attractions, is possible when
the enthalpy gain in covalent bond formation by polymerization or by polymer reac-
tion outweighs the loss in free energy in packing molecules tightly into a small
space around the polymer chain. Although these polymer-based methods generally
require more synthetic efforts than the intermolecular-force-based methods which
are mainly applied for small molecules, a wider variety of molecular orders may be
possible based on the recent advances in polymerization chemistry which have
realized various macromolecular architectures. In addition, a clear advantage of
polymers over small molecule systems is that polymeric materials may be readily
fabricated into desired forms by solution processing such as spin coating or drop
casting to form a thin film.

Molecules can assemble in various different fashions. Among them, a rela-
tively simple order known for aromatic molecules is a n-stacked assembly where
planar aromatic molecules form an orderly pile or heap in a co-facial manner.
n-Stacked molecules often show characteristic physical properties such as
reduced photo absorption intensity (hypochromism, hypochromic -effect),
excimer or exciplex formation on photo excitation, and charge transport. The last
property has practical importance and has been demonstrated for organic mole-
cules and metallic complexes, such as the conducting tetrathiafulvalene (TTF)-
7,7,8,8,-tetracyanoquinodimethane (TCNQ) complex where TTF and TCNQ
form independent columnar stacks [13] and the tetramethyltetraselenafulvalene
(TMTSF)-PF¢ complex where TMTSF molecules are in a stacked arrangement
[14]. In either case, the stacked molecules play an important role in effectively
transport a hole or an electron [15-20].

Although the molecular stacks of TTF-TCNQ and (TMTSF)-PF¢ complexes
were achieved in crystal, n-stacked structure has been also constructed using
polymer chains. Stable and regulated n-stacked structures in polymers are
observed in DNAs [21], poly(phenyleneethylnylene)s [22, 23], oligomers consist-
ing of alternating donor and acceptor monomeric units [24, 25], oligomers having
perylene moieties in the main chain [26-28], and polymers of dibenzofulvene
(DBF) and its derivatives [29-40]. In a DNA duplex, paired bases are regularly
stacked inside the helical strand. In the poly(phenyleneethylnylene)s, phenylene
groups in the main chain closely overlap due to helical folding of the polymer
chain. In oligomers consisting of aromatic donor and acceptor units, the chain
folds into a pleated conformation due to a donor—acceptor. In poly(DBF), the
side-chain aromatic groups are tightly stacked on top of each other along the
almost all-trans main chain.

A practical property expected for n-stacked polymers is charge transport. This
was first proposed for DNA duplexes and was examined using double helices hav-
ing an emitting organic group at one end and a quenching group [41-43]. Charge
transport through n-stacked base pairs was established based on the fact that



Synthesis and Properties of n-Stacked Vinyl Polymers 3

quenching requires transfer of charges between the emitting and quenching groups.
Through this work, DNA double helix was given a name, “n-way.” However, DNA
double helix is not a durable chemical from a view of material sciences as it can be
readily hydrolyzed, metabolized by DNases, and unfolded into single, unstacked
chains at an elevated temperature.

Poly(DBF) is a vinyl polymer and is kin of polystyrene, a versatile and durable
material unlike the other n-stacked polymers. However, poly(DBF) and its deriva-
tives have characteristic structural and functional features that are not known for
polystyrene and its analogues and can be recognized, in the context of this chapter,
as a polyethylene derivative which creates an ordered alignment of fluorene, a chro-
mophore molecule. Hereafter, the synthesis, structure, and properties of n-stacked
poly(DBF) and its derivatives are described in detail.

Synthesis of w-Stacked Poly(dibenzofulvene)

Structure and Reactivity of Dibenzofulvene

Dibenzofulvene (DBF), the monomer consisting of fluorene backbone and vinyl
(vinylidene, 1,1-ethenediyl) group, can be readily synthesized from 9-hydroxy-
methylfluorene (Aldrich) by the reaction in a methanol solution containing KOH
[44, 45] and purified by recrystallization from hexane. Polymerization of this com-
pound was first described in 1937; no details of the reaction or the structure of the
products have been reported [46].

The structure of DBF is closely related to that of 1,1-diphenylethylene (DPE)
which is known as a representative vinyl compound that does not produce a homo-
polymer through any kind of catalysis. DPE’s low reactivity has been ascribed to
steric reasons [47-50]. The only difference between DBF and DPE in chemical
structure is the presence/absence of a single bond connecting two benzene rings to
form a fused ring system. In spite of this tiny difference, DBF readily affords a
polymer by anionic, radical, and cationic catalyses while DPE does not (Fig. 1).

To obtain information on why DBF gives a polymer, while DPE does not, the
electron density of the vinyl group was first considered. The *C chemical shift of
the p-vinyl carbon of DBF was 107.7 ppm, while those of DPE and styrene were
114.3 and 113.6 ppm, respectively, as determined in CDCI; at 23 °C, suggesting that

GO — 0

poly(DBF)

Fig. 1 Polymerization of DBF
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Table 1 Mulliken charges of vinyl group of DBF, DPE, and styrene®

DBF DPE Styrene
Basis set a-Carbon  p-Carbon a-Carbon  p-Carbon a-Carbon  p-Carbon
6-31G* 0.154 —0.463 0.057 -0.423 -0.138 -0.416
6-31G** 0.121 -0.326 0.036 -0.298 —-0.084 -0.300

“Estimated by ab initio calculations (HF//MP2/6-31G*, HF//MP2/6-31G**) for PM3-optimized

oo Cuo

DPE styrene
Fig. 2 Structures of DBF, DPE, and styrene optimized by AM1 calculation

the B-carbon of DBF has a higher electron density compared with those of DPE and
styrene. This was supported by the Mulliken charges obtained for DBF, DPE, and
styrene by ab initio calculations (HF//MP2/6-31G* and HF//MP2/6-31G*%*)
(Table 1). The monomer structures were optimized by PM3 calculation [51] prior to
the ab initio analysis. The results support the finding that f-carbon of DBF has a
higher electron density; however, these results only indicate the reactivity of DBF
during cationic polymerization.

Next, the structure of DBF was examined using semiempirical molecular orbital
calculations. The AM1 calculation [51] afforded a nearly planar structure for DBF
which is not possible for DPE (Fig. 2). The nearly planar structure should not only
reduce steric hindrance but also effectively stabilize the anionic, cationic, or radical
species at the a-carbon through electron conjugation. In addition, the bond angle
between the two vinyl-to-phenyl bonds in DBF was 105.6°, which is significantly
deviated from 120°, implying that the vinyl group of DBF contains significant strain
energy. Therefore, strain relief may be a driving force of the DBF polymerization
regardless of the type of active species. This would reasonably explain the fact that
DBF polymerizes even with --BuOK as described in the next section. The enhanced
reactivity of cyclic monomers having an exomethylene group compared with the
acyclic parent vinyl compound has been pointed out [52-55]; however, the acyclic
counterparts do slowly produce homopolymers in the examples in [52—-55], whereas
DPE does not produce a homopolymer.
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alnitiation by carbanion

DBF poly(DBF)
R'M™ = organolithiums, Grignard reagents

b Initiation by oxy anion

tBuOK+ + n _:Buo ' OO

DBF poly(DBF)

Fig. 3 Anionic polymerization of DBF using carbanion species (a) and -BuOK (b)

Polymerization

DBF can be polymerized by anionic, cationic, and radical modes similarly to sty-
rene [29]. In the anionic polymerization, the reactions using n-butyllithium (n-BuLi)
and 9-fluorenyllithium (FILi) led to nearly complete monomer consumption at
—78 °C, while that using a Grignard reagent (CH;MgBr) required room temperature
to achieve a reasonable monomer conversion (Fig. 3a). It is interesting that ~-BuOK,
a weak nucleophile, very effectively polymerized DBF at —78 °C (Fig. 3b). In this
case, a 9-fluorenyl anion, a carbanion, is generated from the oxy anion (+-BuO~) by
the reaction with DBF. Although the generation of a carbanion from an oxy anion
has been accomplished using Si-containing cyclic compounds, the method using a
hydrocarbon compound is only possible with DBF so far [56, 57]. The anionic
methods were used to synthesize uniform oligomers of DBF having completely
controlled chemical and stereochemical structures used for the detailed structure
analyses as described in the following section [30].

Although radical polymerization is more versatile and convenient than anionic or
coordination polymerization, it is generally less selective in stereochemistry except
for limited examples [58—60]. As exceptional examples, bulky acrylic monomers
such as 1-phenyldibenzosubery methacrylate and triphenylmethyl methacrylate can
be polymerized in a highly configuration- and conformation-specific manner, giving
a highly isotactic, helical polymer [61-63]. As shown by these examples, it is of
significant benefit if a polymer with a regulated conformation can be obtained by
facile radical polymerization rather than the anionic polymerization which requires
a strict control of reaction conditions.

The radical polymerization of DBF has been studied in detail [31]. No signifi-
cant difference in chemical structure was found between poly(DBF)s synthesized
by radical and anionic polymerizations. The conformation-specificity (stereospeci-
ficity) of the DBF radical polymerization was also similar to that in the anionic
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Fig. 4 Copolymerization

of DB with O, i 0 ~ . \ot

DBF

polymerization. However, the radical polymerization products appeared to have a
very small amount of irregular, defective conformation incorporated into the mostly
n-stacked chain. The conformation-specificity was affected by the initial monomer
concentration and reaction temperature. This observation was explained by a pro-
posed mechanism where two types of the growing radicals having different confor-
mations mediate the polymerization.

Copolymerization DBF with O,

Due to its high reactivity, DBF reacts even with oxygen contained in the air in the
solid state and affords a copolymer consisting of DBF and —O-O- units (Fig. 4).
Solid-state polymerization is an efficient method in controlling polymer structure.
Several diyne and diene monomers undergo solid-state polymerization, leading to
polymers with controlled chemical and stereostructures [64—70]. However, solid-
state vinyl polymerization is rare ([71] and references therein; [72-75]).

Upon standing in the flask under air or pure O, atmosphere, DBF crystals gave a
polymer. The monomer crystals became slightly yellow during the reaction, but
there was no change in the apparent state of the solid material, indicating that the
reaction took place in the solid state. The reaction under pure O, resulted in higher
polymer yield than that under air while no reaction was confirmed under N, atmo-
sphere. These results indicate that oxygen, as a part of air or as a pure purge gas, is
involved in the polymerization.

The polymerization occurred in the dark as well as in the presence of ambient
light. The ambient light seems to have little effect on the polymerization behavior.
The observed polymerization activity in the dark is in contrast to the fact that sun-
light or UV irradiation is necessary for the octadecyl sorbate-O, copolymerization
system [76]. Pyrolysis experiments gave a support to the structure: molecular weight
of the polymer significantly decreased in a heat treatment at 100-175 °C due to
thermal scission of the —O-O- bonding taking place on heating.

An Alternative, Non-polymerization Method
to Synthesize Oligo(DBF)

Short DBF oligomers have been synthesized by small-molecule-oriented synthetic
method (Fig. 5) [39, 40]. In this case, reaction of fluorene with paraformaldehyde in
the presence of a base afforded a dimer having hydrogen atoms at the terminals.
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Fig. 5 An alternative way

to synthesize n-stacked n-BulLi Bng

DBF oligomers Br Br,

asa e

(€ meom

—» H 3

()

Palladium-catalyzed coupling of the 2-biphenylmagnesium bromide to 9,9-bis(2-
bromopropenyl)fluorene which was prepared from fluorene and 2,3-dibromopropene
followed by an acid catalyzed (intramolecular) Friedel-Crafts alkylation led to a
trimer. However, this method has a limitation that it can only produce a short chain,
not polymer but up to tetramer.

Proofs of t-Stacked Structure

Synthesis and Isolation of Uniform Oligomers

Determining polymer conformations without any ambiguity is still not a straight-
forward task even using state-of-the-art analytical techniques. Principally, no con-
clusive methods have been devised to learn conformation or intermolecular
structures of amorphous polymers. For a polymer chain, the following way may be
most convincing as far as feasible: (1) oligomers with defined chain length (degree
of polymerization) without molar mass distribution are isolated, (2) their single
crystal structures are elucidated by X-ray analyses (solid-state structures), (3) their
solution conformation is proposed based on the solid-state conformation where
theoretical simulations comparing the solid-state structure with other possible
structures are useful, (4) credibility of the conformation proposed in (3) is examined
by solution property measurements, and (5) dependence of solution and/or solid-
state properties on chain length is evaluated. Through step (5), a conformation of an
oligomer whose degree of polymerization (DP) is beyond the point where changes
in properties depending on DP saturate can be taken as a polymer conformation.
This tactics worked out well for poly(DBF) though it may not be applicable for a
conformation that is stable only for a rather long chain such as helix for poly(meth)
acrylates [61].

The n-stacked structure of poly(DBF) has been firmly established both in the
solid state (crystal) and in solution [30]. The structural analyses were performed using
pure oligomers with various terminal groups prepared by anionic polymerization
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1) RLi
2) R'X
poly(DBF)

Fig. 6 Synthesis of poly(DBF)s having different terminal groups (R and R’) by anionic polymer-
ization using various initiators and terminators

using various initiators and terminators (Fig. 6). The initiators were 9-fluorenyllith-
ium (FILi), n-BuLi, methyllithium (MeLi), and phenyllithium (PhLi), and the termi-
nating reagents were methanol (MeOH), ethyl iodide (EtI), and benzyl bromide
(PhCH,Br). Oligomers having uniform degree of polymerization (DP) were isolated
by preparative size-exclusion chromatography (SEC). The conditions and results of
the reactions with the expected polymer structures are summarized in Table 2.

In all cases, the DBF monomer was consumed in a high yield; however, reaction
products were partially insoluble in THF or chloroform at a higher [DBF]/[initiator]
ratios. The THF-soluble and THF-insoluble parts indicated very similar IR signals,
suggesting that chemical structures of the soluble and insoluble parts are identical.
Higher-molecular-weight fractions may tend to become insoluble probably due to
interchain interactions of poly(DBF) chain.

The reactions afforded the products (oligomers and polymers) with five terminal-
group combinations, 1-5. In the structure of 1, n—1 instead of n has been used to
describe the number of monomeric units incorporated into the chain through polym-
erization (DP) so that n corresponds to the number of fluorene units in a chain. This
is because the number of fluorene units in a chain is more important in discussing
the formation of n-stacked conformation of 1 than DP. For 2—5, the number of fluo-
rene units corresponds to DP.

The efficiency of introducing terminal groups was confirmed by MALDI mass
spectrum. The observed mass numbers supported the expected polymer struc-
tures. The spectra for 1, 2, and 5 are shown in Fig. 7 as examples. Although
unintended protonation of the growing anion with protonic contamination could
lead to a polymer having hydrogen at the termination end in entries 3, 5, and 6
aiming at structures 2, 4, and 5§, respectively, the corresponding spectra in Fig. 7
showed no clear peaks based on oligomers having hydrogen at the termination
end of the chain.

In order to obtain detailed information on the n-stacked conformation of the
DBF polymer and its effect on photophysical and electrochemical properties,
THF-soluble products were separated into oligomers that are uniform in terms of
the number of fluorene units in a chain (1-5 in Table 1; n=2-8) and polymers
(n>9, mixture) using a preparative-scale SEC apparatus (Fig. 8). Chain lengths
of the isolated oligomers were determined by MALDI mass spectra. The purity
of the separated oligomers 1 and 2, which were used for the solution structure
and property analyses, was checked by analytical scale SEC. The isolated
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Fig. 7 MALDI-TOF mass
spectra of oligo(DBF)s

1 (Table 2, entry 1) (a),

2 (Table 2, entry 2) (b), and
5 (Table 2, entry 6) (c).
Reprinted with permission
from Nakano et al. [30].
Copyright 2003, American
Chemical Society

T. Nakano
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oligomers contained a small amount of higher- and lower-molecular-weight fractions.
The purity of oligomers 1 of n=2-8 was in the range of 95-99 % and that of
oligomers 2 of n=2-8 in the range of 92-99 %.

X-ray Crystal Analyses

Some of the oligomers isolated by SEC led to single crystals suitable for X-ray
analyses by recrystallization from a chloroform solution, and they were subjected
to crystallization for X-ray crystal structure analysis [30, 35]. Crystal structures
were solved for 1 (n=2and 4),2 (n=2 and 6),3 (n=3),4 (n=4),and 5 (n=2 and 5).
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Fig. 8 SEC curves (II) of a n=4
oligo(DBF)s 1 (Table 1, entry

1) (a), 1 (Table 2, entry 2) 7 6 5 n=3
(b), 2 (Table 2, entry 3) (¢), 3 98

(Table 2, entry 4) (d), 5

(Table 2, entry 6) (e). b

Reprinted with permission
from Nakano et al. [30].
Copyright 2003, American
Chemical Society

12 13 14 15 16 17 18
elution time (min)

The crystal structures are shown in Fig. 9. The single crystal structures indicated two
conformational characteristics: (1) the in-chain fluorene moieties of oligomers of
n=4-6 have n-stacked conformation with the corresponding main-chain carbon—
carbon bonds having a slightly twisted trans—trans structure regardless of the termi-
nal groups; and (2) the chain-terminal fluorene moiety is n-stacked when the terminal
group is ethyl or bulkier, while they are flipped when the terminal group is hydrogen.
It is also noteworthy that the n-stacking is not in a perfectly face-to-face manner, but
the fluorene groups are slightly twisted (slipped); the twist takes place in one direc-
tion in a chain leading to a helical structure. In addition, the stacked fluorene groups
are not completely parallel to each other, which is probably due to steric repulsion.
The twisted n-stacked structure is most clearly confirmed in 2 of n=6, the longest
molecule for which the crystal structure was solved. This oligomer has a n-stacked
conformation throughout the chain and forms a long-pitched, single-handed helical
structure where ca. 9 monomeric units form one turn as a result of the twisted align-
ment of the fluorene groups. The conformationally enantiomeric right- and left-
handed helices are paired in the solid state, i.e., the crystal formed as racemic crystal.
Induction of single-handed helicity (optical activity) is described in a later section.

Experimental and Theoretical NMR Analyses

'H NMR spectra of the oligomers were measured to confirm the chemical structure
and to obtain information on the solution conformation of oligomers 1 and 2
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Fig. 9 Crystal structures of oligo(DBF)s 1 (n=2 (a) and n=4 (b)), 3 (n=3) (¢), 4 (n=4) (d),
5 (n=2 (e) and n=5 (f)), and 2 (n=2 (g) and n=6 (h)). Hydrogen atoms are omitted for clarity.
Reprinted with permission from Nakano et al. [30]. Copyright 2003, American Chemical Society

(n=2-8) and polymers 1 (M,=1,700, 7=9.6, mixture of n>9) and 2 (M, = 1,890,
n=10.4, mixture of n>9). Because poly(DBF) has no stereocenter in the main
chain, the chemical shift information of a proton signal should only reflect confor-
mation of the oligomer in its vicinity.

The 1D spectra are shown in Figs. 10 and 11, and the chemical shift values
are summarized in Tables 3 and 4. The peak assignments were performed on
the basis of H-H COSY and NOESY spectra. The structures of 1 and 2 of n=8
with the proton numbering system are shown in Fig. 12 as generic specimens.
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Fig. 10 'H NMR spectra of CH\CI3 aromatic H
oligo(DBF)s (1) (600 MHz, \

CDCls, r.t.). Reprinted with N -CH;- and -CH
permission from Nakano 929
et al. [30]. Copyright 2003, (mixture) &

American Chemical Society
i

]aromatic H
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w
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The protons showing COSY correlation peaks are marked by blue arrows and those
showing NOESY correlations are marked by red arrows in Fig. 12. The same pro-
ton—proton correlations were also observed for oligomers of n=2-7. As examples
of the 2D NMR spectra, H-H COSY and NOESY spectra of 1 of n=8 are shown in
Figs. 13 and 14, respectively, and those of 2 of n=8 in Figs. 15 and 16.

As for oligomers 1, the triplet peaks having an intensity of two protons were first
assigned to the terminal methine protons, and the signals due to the methylene pro-
tons neighboring the methines were then found by the COSY experiment. In the
case of oligomers 2, the triplet peaks in the highest magnetic-field region were
assigned to the terminal methyl protons, and the neighboring methylene signals
were identified by the COSY experiment.

The peak assignments of the remaining main-chain methylene and aromatic pro-
tons were performed based on the 1D spectral profiles and the NOESY spectra. In
the 1D spectra, all oligomers indicated only one set of terminal peaks: triplet
methine signals for 1 and ethyl signals consisting of a methyl triplet and methylene
quartet for 2. In addition, the number of observed peak sets for the methylene pro-
tons was only half the number of existing methylene groups for the oligomers of
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Fig. 11 'H NMR spectra of CHCl3  aromatic H -Me
oligo(DBF)s (2) (500 MHz, N -CHz- CH2CH3
CDCl,, r.t.). Reprinted with n>9
permission from Nakano (mixture)
et al. [30]. Copyright 2003,
American Chemical Society “b
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n=3,5, and 7 or [(number of existing methylenes)—1]/2+1 for the oligomers of
n=2,4, 6, and 8. This profile may be explained in terms of a conformation sym-
metrical with respect to the central methylene (oligomers of n=2, 4, 6, and 8) or the
central fluorene group (oligomers of n=3, 5, and 7), such as the crystal structures of
2 of n=6 and 5 of n=5 shown in Fig. 9, if the conformation is stable in solution.
A fast exchange between different conformations may also lead to a simple NMR
profile. However, fast conformational dynamics in solution seem unreasonable
because clear NOE correlations were observed that support a stable all-trans confor-
mation as follows.

In the NOESY spectra of all oligomers analyzed here, all in-chain methylene
protons indicated correlation peaks with one or two different methylene groups in
addition to aromatic protons. This finding is best interpreted assuming an all-
trans conformation as illustrated in Fig. 12; only the neighboring groups in such
a conformation will show correlation peaks in the NOESY spectra. Hence, the
methylene protons were assigned as summarized in Tables 3 and 4 assuming an
all-trans conformation, which is consistent with the regular numerical relations
between the number of observed methylene signals and the existing methylene
groups noted above.
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Table 3 'H NMR chemical shifts (8, ppm) of oligo(DBF)s (1)*

n 2 3 4 5 6 7 8 >9P
Hy, 442 325() 278() 2.64() 256() 255() 2.53() 2.62-1.88
Hy 226(d) 280(d) 257(d) 242(d) 228(d) 223(d) 220(d) (methylene

He 328(s) 3.06(s) 2.82(s) 2.70(s) 2.64(s) protons)
Hp 273(s) 249() 2.38(s)
He 2.27 (s)

H. 757(d) 664 641(d) 631(d)F 625() 623(d) 622(d)F 5.55-7.44

Hy, 7.30(dd) 7.04 (dd) 6.96 (dd)c 6.93 (dd) 6.91 (dd) 6.91 (dd) 6.90 (dd)  (aromatic
Hy  7.42(dd) 7.20(dd) 7.14 (dd)* 7.13 (dd) 7.10(dd) 7.10(dd) 7.10(dd)  protons)
Hy 784(d) 7.56(d) 7.50(d) 7.48(d) 7.46(d) 7.45() 7.44(d)

Hy, 774 7.05(d) 6.85(d)F 6.74(d) 6.68(d) 6.64(d)
He, 7.49 (dd) 6.97 (dd)* 6.85 (m)° 6.81 (dd) 6.79 (dd) 6.77 (dd)
Hy, 7.51 (dd)y 7.13 (dd)* 7.02 (m) 6.98 (dd) 6.97 (dd) 6.95 (dd)
Hy, 788(d) 7.22(d) 7.10(d) 7.06(d) 7.03(d) 7.01(d)
He, 6.33 (e 6.12(d) 6.04(d) 5.96(d)
He, 6.40 (dd) 6.31 (dd) 6.29 (dd) 6.25 (dd)*
He, 6.74 (dd) 6.67 (dd) 6.66 (dd) 6.61 (dd)*
H, 6.54(d) 6.50(d) 6.49 (d)F 6.43 (d)
Hy, 593(d) 5.85(d)
Hy, 6.24 (dd) 6.22 (dd)¢
Hp, 6.62 (dd) 6.61 (dd)
Hp, 6.50 (d)° 6.47 (d)

3See Fig. 12 for proton numbering. Spectra were recorded in CDCl; at room temperature
(600 MHz). Residual CHCI; signal (7.26 ppm) was used as an internal reference

A polymer (M,=1,700 (vs. oligo(DBF)), n=9.6, n>9 mixture)

‘Indicate interchangeable assignments

Reprinted with permission from Nakano et al. [30]. Copyright 2003, American Chemical Society

The aromatic signals were assigned also using the 2D NMR information. The
observed NOE signals were interpreted to correlate the protons at the 1- and
8-positions of the fluorene ring, denoted by H,.p, in Fig. 12, and the methylene
groups in the vicinity. The position of each fluorene ring was assigned in this way.
The peak assignments of the remaining aromatic protons were completed using the
COSY information. NOE correlations between protons of neighboring fluorene
units in stacked conformation were also observed although they are not shown in
Fig. 12 for clarity.

It is noteworthy that aromatic proton signals of all samples of 2 were within the
range of 5.6-7.1 ppm. This is in stark contrast to the fact that poly(9,9-dimethyl-2-
vinylfluorene) [77] and poly(2-vinylfluorene) (Nakano T, unpublished results),
which probably have a flexible conformation, showed their aromatic proton signals
in a much lower magnetic-field range (6—8 ppm). This supports the stable n-stacked
conformation of 2 throughout the chain in solution.

The aromatic proton signals of 1 appeared in a wider chemical shift range com-
pared with those of 2, suggesting that 1 may have a less regular n-stacked conformation.
However, the samples of 1 of n=4 and larger showed all aromatic signals, except for



Table 4 'H NMR chemical shifts (8, ppm) of oligo(DBF)s (2)*

no 2 3 4 5 6 7 8 >0

Me-—-0.01 () -0.14() —-0.16() -020() -022() -0.23() —-0.24(t) —-0.25 1)
H, 188(q) 169(q 161(q 155(q 153(q) 151(qQ 150(q) 1.49(q)
Hy 3.05(6) 287() 268(s) 256(s) 251(s) 248(s) 247(s) 246-1.86

H, 267(s) 245(s) 2.34(s) 228(s) 2.25(s) (methylene
Hp 224(s) 2.12(s) 2.07(s)  protons)
He 2.00 (s)

Hy 677(d) 658(d) 6.50(d)e 6.45()F 642 (d)F 6.40(d)° 639 (dF 5.52-6.91
Hy, 683(dd) 6.72(dd) 6.71(dd) 6.68(dd) 6.66(dd) 6.65(d) 6.64(dd) (aromatic
Hy  6.98(dd) 6.90(dd) 6.90 (dd) 6.87 (dd) 6.86(dd) 6.85(d) 6.85(dd)  Protons)
Hy 707 698(d) 698(d) 694(d) 6.93(d) 692(d) 6.92(d)

Hy, 6.25() 6.10(d) 6.00(d) 594(d) 591 5.90(d)
He 6.34 (dd) 6.30 (dd) 6.26 (dd) 6.24 (dd) 6.22 (dd) 6.21 (dd)
Hgs 6.66 (dd) 6.65 (dd) 6.62 (dd)° 6.60 (dd)° 6.59 (dd) 6.58 (dd)
Hy, 648 (d) 648 (d)F 6.45(d)F 642 (d)F 641 (d)° 6.40 (d)
He 590() 581 575(d) 5.72(d)
He 6.22 (dd) 6.19 (dd) 6.16 (dd) 6.15 (dd)
Hes 6.60 (dd)* 6.58 (dd)° 6.56 (dd)* 6.55 (dd)°
He 6.45 (e 642 () 640 (d)F  6.39 (d)
Hy, 570(d) 5.65(d)
Hp, 6.15 (dd)* 6.13 (dd)¢
His 6.56 (dd)* 6.54 (dd)¢
Hi, 6.38 (dF 636 (d)

3See Fig. 12 for proton numbering. Spectra were recorded in CDCI; at room temperature
(500 MHz). Residual CHC1j; signal (7.26 ppm) was used as an internal reference

A polymer (M,=1,890 (vs. oligo(DBF), n=10.4, n>9 mixture)

‘Indicate interchangeable assignments

Reprinted with permission from Nakano et al. [30]. Copyright 2003, American Chemical Society
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Fig. 12 Structures of 1 and 2 of n=8 with the proton numbering systems COSY and NOESY
correlations were marked by blue and red arrows, respectively. NOESY correlations between
aromatic protons are omitted. Reprinted with permission from Nakano et al. [30]. Copyright 2003,
American Chemical Society
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Fig. 13 H-H COSY spectra a He
of oligo(DBF) 1 of n=8: AN
alkyl region (a) and aromatic
region (b) (500 MHz, CDCl;,
r.t.). Reprinted with
permission from Nakano 2.1 4
et al. [30]. Copyright 2003,
American Chemical Society 2.2 4
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a doublet with a four-proton intensity at ca. 7.5 ppm, in the range of 5.6—7.2 ppm,
similarly to all samples of 2, indicating that most part of 1 of n=4 or larger has a
regular m-stacked conformation similar to that of 2. The exceptional four-proton
intensity signals are due to the 4- and 5-positions of the terminal fluorene rings
according to the peak assignments described above. This may indicate that the ter-
minal fluorene rings of 1 are flipped as observed in the crystal structures of 1.
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Fig. 14 NOESY spectra of
oligo(DBF) 1 of n=8:
alkyl-alkyl region (a) and
alkyl-aromatic region (b)
(500 MHz, CDCl,, r.t.).
Reprinted with permission
from Nakano et al. [30].
Copyright 2003, American
Chemical Society

T. Nakano
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The signals of 1 of n=2 were similar to those of fluorene in the chemical shift
range, implying that this oligomer does not have a m-stacked conformation. In the
sample of 1 of n=3, both flipped and stacked conformation may exist because the
spectral profile in the aromatic region is just between those of the longer oligomer

and the shorter one.

In order to obtain information on the stability of the conformation of the oligo-
mers, temperature effects on the NMR spectra were examined for all oligomers in
the range of —50 °C to +60 °C. Most peaks only monotonously shifted upfield or
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Fig. 15 H-H COSY spectra a Her HeH : -Me
of oligo(DBF) 2 of n=8: B fictip 5,0 N
alkyl region (a) and aromatic /I I H n |
region (b) (500 MHz, CDCl,, S |~ % .
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permission from Nakano (@) (5]
et al. [30]. Copyright 2003, 0.0 = -Me-H A o
American Chemical Society )
0.5 :
o |
€ 1.0 o
= &
o 1.5 — @ 0
2.0 - ff‘?
Al
?/
2.5 &
3.0
[ | | L L I
30 25 20 15 1.0 05 00 -0.5
& (ppm)
b ”1}\ “\—\1 Hg»
”\IHUH \ B4 /Hn Her g Ho
\ ” \ “U‘b/ “Ul
__J'U*\_N“J \_!\/\_J'LJUL
5.54 |
) 'b
¢ =
5)
60— \ ( y— I[\ _‘ @
= =—
6.5+
7.0+ 11\1-11\, Hap—H s ;
1 I I
7.0 8.5 6.0 3.5
8 (ppm)

downfield with temperature, and the shift amount was within 0.2 ppm. The peak
shift was reversible with temperature. These results suggest that the m-stacked
conformation in solution proposed so far is stable and does not undergo a drastic
conformational mutation in this temperature range.

It should be noted here that no clear NMR information indicating the helical
twist in solution was obtained even at lower temperatures. The helical structure may
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Fig. 16 NOESY spectra of a Hp HeHp  Hy0 Me
oligo(DBF) 2 of n=8: s ibofpy

alkyl-alkyl region (a) and ‘ ] ‘ ; E ﬂ MHa 1
alkyl-aromatic region (b) |
(500 MHz, CDCl,, r.t.). ~0.5-
Reprinted with permission ' -ng
from Nakano et al. [30]. 0.0+ . 0k .
Copyright 2003, American -Me
Chemical Society

AN
LAWY

E 1.0 i ¢ Hy

g 8 [ g.gb‘ , anzo

2.0+ 3 I ID—I ]l'} - 1 |}.:
& fo—"t S

2.5 t'-'\ '“’\_[IB I::__\“C
o HeHe HeHp !‘ Hy
I I I ] k _
30 25 20 15 1.0 05 00 =05
& (ppm)
b Hug
Ip

A \ 1 [ b .
IV, W, WA, W, W ¥

0 ~=-H
= < A
(el H-Hy, =
I 1o
El'x_ Hg-1 11)1‘
= /
"o 2 (H Hp-Hei @ [ — g
DO T
Hp-Hp” [ SNH
34 D | b
He—H —
C Bl []c—] Ic] ' \I I(‘
2.4 F =
””B_”:\l i I[B—Hn] 1""__:-‘:“8
T T T T
7.0 6.5 6.0 5.5
& (ppm)

be in an exchange between the right- and left-handed local twists that is faster than
the NMR time scale under the experimental conditions of this study.

In order to rationally connect the NMR spectral information to the solution
conformation of the oligomers, the chemical shifts of the main-chain methylene and
terminal methine or ethyl protons were computationally estimated by density
functional theory (DFT) [78] calculation for some optimized conformers of 1 of
n=2 and 2 of n=2 and 4. The conformer structures optimized by the semiempirical
PMS5 method [51] are shown in Fig. 17 with their heats of formation (H;) (PM5) and
theoretical chemical shifts obtained by the LORG method [79] using B88 [80]
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Fig. 17 Conformers of 1 (n=2) and 2 (n=2 and n=4) and calculated chemical shifts of methylene
protons. The values in square brackets are the experimental chemical shifts. Reprinted with per-
mission from Nakano et al. [30]. Copyright 2003, American Chemical Society

exchange and LYP [81] correlation functionals. The H; values of the conformers
having identical chemical structures were similar, indicating that all conformers
shown in the figures could contribute to the experimental NMR spectra at similar
probabilities.

Prior to application of the DFT method to the oligomers, the accuracy of the DFT
chemical shift calculation was tested using fluorene, 9-methylfluorene, and super-
phane, which consist of methylene, methine, and an aromatic ring and are expected
to have little conformational freedom. The experimental —CH,— shift for fluorene
was 3.95 ppm (CDCl;, 500 MHz, Me,Si) and that for superphane was 2.98 ppm
[82], while the calculated shifts were 3.87 and 3.29 ppm for fluorene and super-
phane, respectively. The experimental -CH; and methine shifts for 9-methylfluorene
were 1.53 and 3.95 ppm, respectively (CDCl;, 500 MHz, Me,Si), and the corre-
sponding calculated values were 1.43 and 4.03 ppm. These results mean that the
theoretical calculation in this study may contain an error of 0.1-0.3 ppm.

Conformers 1A,-1C, were evaluated for 1 of n=2. The calculated methylene
shift of 1A, deviated from the experimental value by 1.6 ppm, and one of the calcu-
lated methine shifts of 1B, deviated from the experimental value by 2.0 ppm, sug-
gesting that these are not the most plausible conformers. In contrast, the deviations
of the calculated methylene and methine shifts of 1C, from the experimental values
were only 0.4 and 0.1 ppm, respectively. These results suggest that 1C,, in which
the two fluorenyl groups are flipped, is the most probable conformer though other
conformers could also exist in conformational dynamics.
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Conformers 2A,-2C, for 2 of n=2 were generated and subjected to shift calcula-
tions. The theoretical shifts of the central methylene protons of conformers 2A, and
2B, were rather close to the experimental shifts, while that of 2C, deviated from the
observed value by 1.3 ppm. Therefore, 2C, may not be reasonable. The predicted
chemical shift for one of the terminal methylene groups of 2B, largely deviated
from the experimental value, suggesting that 2A, having a n-stacked conformation
is the most plausible. Although it is noticeable that the experimental terminal methyl
shift of 2A, deviated from the predicted value by ca. 0.8 ppm, this may mean that
the terminal ethyl groups rotate relatively fast and do not give an accurate shift in
calculation of a single conformer. Hence, flipped and stacked conformations were
suggested by the NMR shift calculation for 1 of n=2 and 2 of n=2, respectively. As
in crystal, an ethyl or a larger group may prevent the rotation of terminal fluorene
unit and force it into a stacked form.

For 2 of n=4, four conformers, 2A,~2D, were tested: 2A, is a model of a flaw-
lessly stacked conformation, and 2B4 and 2C, are models of stacked conformations
with a “kink.” Although the models with a kink were predicted to show a remark-
able upfield shift of the main-chain methylene signals (6 1-0.7 ppm) in the vicinity
of the kink, no peak was observed in such a high magnetic-field range in the experi-
mental spectra. In addition, the calculated methylene shifts of 2A, were rather close
to the experimental data. Therefore, 2A, is considered to be the most plausible con-
formation. In this case also, calculated shifts of the terminal methyl protons signifi-
cantly deviated from the observed values, probably due to the relatively fast motion
of the terminal ethyl group as noted above.

As described here, the chemical shift calculation appears to be an effective
method of obtaining information on the oligomer conformation. Although longer
oligomers and polymers were not subjected to chemical shift calculation, their
experimental methylene shifts seem to converge into a value around 2 ppm, and no
peaks of the methylene group were observed in a range higher than 1 ppm in the
spectra. This suggests that the longer oligomers and polymers have a stable n-stacked
conformation without a kink in the chain.

Conformational Simulations

Oligomer conformation was evaluated by force field and semiempirical molecular
orbital calculations using MM3* [83], MMFF94s [84], and COMPASS [85] force
fields and a semiempirical PM5 [51] method.

First, Monte Carlo conformational searches with MM3* and MMFF94s force
fields were performed on a DBF hexamer having ethyl groups at the chain terminals
(2, n=06) [86]. The relative arrangements of the fluorene moieties were fixed, and
the dihedral angles around the 12 main-chain bonds were changed at an interval of
60° in generating initial geometries (Fig. 18). Each conformer generated in the
Monte Carlo process was fully minimized using MM3* or MMFF94s force field
until the RMS residue went below 0.05 kcal/mol/A or 1,000 iterations were
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Fig. 18 Dihedral angle sets for the Monte Carlo simulation of 2 of n=6. Reprinted with permis-
sion from Nakano et al. [30]. Copyright 2003, American Chemical Society

H;=299.05 kcal/mol 2A¢'

H; = 295.10 kcal/mol
2B, 2B’

Fig. 19 Conformers of 2 of n=6 found most stable in the Monte Carlo simulation and optimized
by the PM5 method, 2A¢ (force filed, MM3*) and 2B (force field, MMFF94s), and those after MD
simulation, 2A4" (300 K, 10 ns) and 2B’ (300 K, 8.2 ns), starting from 2A¢ and 2B, respectively.
Reprinted with permission from Nakano et al. [30]. Copyright 2003, American Chemical Society

achieved. Conformers most frequently found within 15 kJ/mol energy range from
the global minimum were considered to be the most stable ones.

In this simulation, two distinctive structures were found to be the most stable
conformations using MM3* and MMFF94s force fields out of 20,000 (MM3*) and
19,550 (MMFF94s) conformers. These two most stable conformers were further
minimized by the PM5 method to afford structures 2A¢ and 2B¢ shown in Fig. 19.
Structure 2A was similar to the crystal structure (Fig. 9) while structure 2B¢ had a
partially trans—gauche-like structure. The two conformers indicated similar values
of H; by the PM5 method.

Next, the stability of conformations 2A4 and 2B¢ were tested by molecular
dynamics (MD) simulations using the COMPASS force field under NVT conditions
with Berendsen’s thermostat [87] implemented in the Discover module of the
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Fig. 20 Conformations of 2 of n=15 observed during the MD simulations: those starting from an
all-trans structure at 300 K (a), those starting from an all-trans structure at 600 K (b), and those
starting from an alternating trans—gauche structure at 300 K (¢). Reprinted with permission from
Nakano et al. [30]. Copyright 2003, American Chemical Society

Material Studio software package(Accelrys). The simulations were performed
under a constant NVT condition in which the numbers of atoms, volume, and ther-
modynamic temperature were held constant. The step time was 1 fs and the decay
constant was 0.1 ps. Conformations obtained through MD simulation were saved in
trajectory files at every 5 or 10 ps and were optimized by MM simulation. The
results are shown in Fig. 19 (right-hand side). While conformation 2A¢ did not
largely change in the MD simulation at 300 K for 10 ns to give structure 2Ay’, con-
formation 2B¢ quickly changed into a mostly all-trans, n-stacked conformation with
a kink (gauche—gauche main-chain conformation) (2B¢’) in the middle of the chain
at 300 K within 0.1 ns, and structure 2B," did not significantly change within 8 ns.
These results suggest that a n-stacked conformation is preferred under dynamic
conditions while several different conformers, including the m-stacked structure,
may have similar steric energies under static conditions.

The conformational stability test was extended to a model of the polymer
(2, n=15). In this case, an all-trans 15-mer and an alternating trans—gauche 15-mer
were generated as initial conformations and optimized using the COMPASS force
field with the Fletcher—Reeves [88] conjugate gradient algorithm until the RMS residue
went below 0.01 kcal/mol/A (2A 5 and 2By5 in Fig. 20). The molecular mechanically



Synthesis and Properties of n-Stacked Vinyl Polymers 25

optimized structures were then subjected to MD simulations. The all-trans model,
2A s, remained in the m-stacked structure throughout the simulation at 300 K for
15 ns. Even in the simulation at 600 K for 15 ns, the nt-stacked structure of 2A ;5 was
only partially distorted; the n-stacked sequence remained at a shorter length than the
initial structure, and they were connected through gauche—gauche kink structures in
the chain. In contrast, structure 2B;s promptly changed into a preferentially all-trans,
n-stacked conformation with a kink at 300 K within 2 ns of the simulation time and
the structure was found unchanged at 10 ns. These results suggest that the n-stacked
conformation is most preferable for poly(DBF). Although some conformers with a
kink in the main chain were observed in the calculations, most of the real molecules
are considered to have a m-stacked structure throughout the chain, based on the
discussions about the NMR spectra in the preceding section.

These results suggest that the m-stacked conformation is most preferable for
poly(DBF). Although some conformers with a kink in the main chain were observed
in the calculations, most of the real molecules are considered to have a m-stacked
structure throughout the chain, based on the discussions about the NMR spectra in
the preceding sections.

Properties of w-Stacked Poly(dibenzofulvene)

Absorbance and Emission Spectra

The absorption and emission spectra of the oligomers (n=2-8) and polymers (n>9)
of 1 and 2 indicated characteristic profiles based on their structures. The absorption
spectra are shown in Fig. 21. Oligomer 1 of n=2 bearing two fluorene groups
indicated slight hyperchromicity relative to 9-methylfluorene, the model for the
monomeric unit, which is obvious in the 240-280 nm region, while oligomers 1 of
n=3-8 and the polymer (M,=1,700, 7=9.6, mixture of n>9) exhibited significant
hypochromicity. In addition, all the samples of 1 of n=3 and larger showed a red
shift of the absorption bands. As for oligomers 2, all the samples, including the one
of n=2, exhibited hypochromicity and a red shift.

Hypochromic effects have been reported for stacked base pairs in a double
helical strand in DNAs [89, 90]. Therefore, the hypochromicity described above is
consistent with the above discussion that the oligomers and polymers studied here
have n-stacked conformation in solution. The degree of hypochromicity found for
the oligomers and polymers in this study is larger than that for DNAs. This may
indicate that the -electron systems are more densely packed in the present systems
than those in DNAs. The fact that 1 of n=2 was hyperchromic [89] while 2 of n=2
was hypochromic supports the conclusion from the '"H NMR studies that the former
compound does not have a stacked conformation while the latter does.

The observed red shift of the absorption bands means that electronic interaction
between neighboring fluorene units in the ground state lowered the excitation energy
of the oligomers or polymers. In main-chain conjugated polymers, a longer chain
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Fig. 21 Absorption spectra of oligo(DBF)s 1 (a), 2 (b) and 9-methylfluorene (MeFl) in THF at
room temperature. Reprinted with permission from Nakano et al. [30]. Copyright 2003, American
Chemical Society

length results in a significantly reduced band gap [91, 92]. Electronic interaction
between closely stacked but not covalently bonded aromatic groups may also make
the band gap narrower from the present results although the effect seems to be
smaller compared with that for main-chain conjugated polymers [92].

In order to more quantitatively evaluate the red shift and the hypochromicity, the
wavelength and molar extinction coefficient (¢) of the lowest-energy absorption
peak were plotted against the chain length (n) of oligomers 2 (Fig. 22). The peak-top
wavelength increased with the chain length and levelled off around n=5 (Fig. 22,
left). In addition, € at the peak top decreased with n and levelled off also around n=5
(Fig. 22, right). These results suggest that in the ground state, the electronic interac-
tion between the stacked fluorene groups may extend over as long as ca. 5 units. An
exciton may be formed over ca. 5 successive monomeric units in a chain upon
photoexcitation.

This may be interpreted as follows. The DBF oligomers and polymers have a
n-stacked structure in solution as we concluded on the basis of the NMR data and
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Fig. 22 Wavelength-vs.-n and molar extinction coefficient (€)-vs.-n plots for the longest wave-
length absorption maxima of oligo(DBF)s 2. Data at n=1 are for 9-methylfluorene, and those at
n=10.4 are for a polymer (M, =1,890 (vs. oligo(DBF)), n"=10.4). Reprinted with permission from
Nakano et al. [30]. Copyright 2003, American Chemical Society

theoretical simulations. However, the n-stacked molecules should experience
thermal vibration that does not largely distort the conformation; this may lead to
slight heterogeneity of the stacked conformation, i.e., the distance between the
fluorene groups and main-chain torsion angle can slightly vary part by part in a
chain, especially in a relatively short time range within which photoabsorption takes
place though exact time scale of the excitation event is not yet known. The roughly
coincidental critical number of fluorene units suggests that ca. five fluorene units are
always in one block of very uniform stacked sequence even at a short time scale. In
other words, the dynamic “persistence length” of a very uniformly =m-stacked
sequence from the view of photoexcitation covers five monomeric units under the
experimental conditions of this study.

An alternative interpretation may be that the electronic interaction of the stacked
fluorene groups in the polymer side chain extends inherently up to ca. five units
even for a long, completely uniform “frozen” m-stacked polymer. Absorption
measurements at an extremely low temperature or in a solid-state matrix that may
significantly retard molecular vibration might provide an answer. Computational
studies on the electronic states of poly(DBF) may also be necessary.

Figure 23 shows the emission spectra of 1 and 2. In the spectra of 1 (Fig. 23a),
those of n>4 indicated predominant emission bands around 400 nm, while that of
n=2 showed a shorter-wavelength emission band around 310 nm, which was similar
in shape and wavelength to that of monomeric fluorene, and that of n=3 indicated
both bands around 310 and 400 nm. The bands around 400 nm are considered to
arise from an excited dimer or an excimer in which excited energy delocalizes over
two neighboring, stacked fluorene units because the band wavelength is rather close
to those of the fluorene excimer [93] (367 nm, in toluene) and the excited side-chain
dimer of poly(2-vinylfluorene) [94] (380 nm, in THF). In contrast to 1, all samples
of 2 indicated predominant dimer emission.

As discussed so far, the terminal fluorene moieties are flipped and are not stacked
in samples of 1. The terminal-flipped conformation explains the monomeric fluo-
rene emission from 1 of n=2 and 3. However, the sample of 1 n>4 showed only the
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Fig. 23 Emission spectra of oligo(DBF)s 1 (a), 2 (b) and fluorene in THF at room temperature
(Aex=267 nm). In (a), spectra in the left panel are expanded in the right panel. Intensity was nor-
malized to a constant absorbance at 267 nm. Reprinted with permission from Nakano et al. [30].
Copyright 2003, American Chemical Society

dimer emission. This suggests that the energy transfer from the terminal, flipped
fluorene moieties to dimer forming, in-chain stacked fluorene moieties quenches
monomeric fluorene in the longer oligomers of 1. The predominant dimer emission
from all 2 samples is consistent with the fact that all oligomers of 2 have a n-stacked
structure throughout the chain.

The emission wavelength of the dimer emission of 1 and 2 was slightly red-
shifted compared with that of the fluorene excimer [93] and the excited side-chain
dimer in poly(2-vinylfluorene) [94], which may mean that the arrangement of two
fluorene molecules in excimer is different from that of two fluorene units in the
oligomers. As can be seen in the crystal structure, the side-chain fluorene moieties
are so densely packed along the chain that the main-chain bends into a slightly
arched shape. Such a close packing of two fluorene units probably enhances the
electronic interaction between stacked m-electrons and, hence, reduces the delocal-
ized excited energy level.

It is noteworthy that the emission profile of oligomer 1 of n=2 is in sharp contrast
to what is expected from “Hirayama’s rule” [95], which predicts that a molecular
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array with two chromophores connected through three CH, groups favors excimer
formation more than others with more or less CH, groups between the chromo-
phores. Although in the structure of 1 of n=2, two fluorenes are connected through
three carbons, this oligomer showed only monomer emission. The conformational
dynamics of this sample seems to be slower than that of the compounds tested by
Hirayama that form a stacked excimer before emission.

Electrochemical Properties

Stacked n-electron systems may facilitate charge delocalization. In order to obtain
information on how the stacked fluorene units may affect the electronic properties,
cyclic voltammetry measurements were performed for oligomers 2. The experi-
ments were performed in a THF solution containing tetrabutylammonium perchlo-
rate as a supporting electrolyte (0.1 M) under N, flow at room temperature with a
conventional three-electrode configuration consisting of a platinum working
electrode, an auxiliary platinum electrode, and a Ag/AgCl reference electrode at a
sweep rate of 100 mV/s. The half-wave potential (E,,) values were determined as
the potential at the current that was half of diffusion limiting current.

The samples showed clear oxidation peaks around 1.5-1.7 V but no clear corre-
sponding reduction peak in the reverse scans from 2 to 0 V (Fig. 24). In addition, the
intensity of the oxidation peak gradually decreased in repeated runs although the
peak position was unchanged. These results suggest that the oxidized species may
undergo some irreversible reaction on the electrode surface.

Figure 25 shows the dependence of oxidation potential (half-wave potential,
E,,) on the chain length. The oxidation potential decreased with chain length and
was almost constant when an oligomer contains ca. five or more fluorene units.
This may mean that a hole is stabilized by delocalization over as many as ca. five



30 T. Nakano

Fig. 25 Half-wave 1.75

potential-vs.-n plot for 2.

Data at n=1 are for 1.70 F 4

fluorene, and those at = A
Q

n=10.4 are for a polymer %0 165}

(M,=1,890 (vs. f:&)

oligo(DBF)), n"=10.4). <

Reori ; e + 1.60 | A

eprinted with permission @

from Nakano et al. [30]. ; A

Copyright 2003, American < 155} o

Chemical Society < A
(150 | i

1.75
1.70
1.65
1.60
1.55
1.50

Eyp (V vs. Ag/AgCl)

1.45

1.40 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0

1/n

Fig. 26 Half-wave potential-vs.-1/n plots for the longest wavelength absorption maxima of
oligo(DBF)s 2. Extrapolation of the plot to 1/n=0 gave 1.44 V vs. Ag/AgCl (1.40 V vs. SCE) for
a polymer with an infinite number of fluorene moiety. Data at 1/n=1 are for fluorene, and those at
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from Nakano et al. [30]. Copyright 2003, American Chemical Society

stacked fluorene units. This critical number of fluorene units coincides with
those for the changes in the absorption intensity and edge wavelength depending
on the chain length. As discussed in the preceding section, this may be ascribed
to the proposed dynamic “persistence length” of a uniformly n-stacked sequence
consisting of five fluorene units or to the nature of charge delocalization through
the m-stacked structure of poly(DBF) which may inherently be limited to five
fluorene units even if the chain has a longer, uniform “frozen” n-stacked struc-
ture. A low-temperature or solid-state study minimizing thermal vibration may
provide an answer.

Plots of E,, against 1/n led to a potential of 1.44 V (vs. Ag/AgClI) at an infinite n
by extrapolation (Fig. 26). This value may correspond to the oxidation potential
(half-wave potential) of a long chain of poly(DBF).
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Charge Transport

Conducting polymers are an important class of material required for organic elec-
tronics and optoelectronics [96]. While most conducting polymers so far studied
have a long electronic conjugation system in the main chain, a few vinyl polymers
with no main-chain conjugation indicate intriguing electronic properties as repre-
sented by poly(N-vinylcarbazole) (poly(NVCz)), which finds practical applications
based on its photoconductivity [97, 98]. In this section, the electronic properties of
poly(DBF) are discussed. Hole drift mobility was measured by a time-of-flight
(TOF) method [91, 99, 100] using a cast film of the polymer.

Poly(DBF) prepared by the anionic polymerization of using 9-fluorenyllithium
in tetrahydrofuran (THF) at -78 °C (M,=1,070, M,/M,=1.38, SEC using
oligo(DBF)s as the standard sample) (20 mg) and 2,4,7-trinitrofluorenylidene-9-
malononitrile (TNFMN) (1.0 mg) as an acceptor were dissolved in chloroform
(1.0 mL), and the solution was cast on an indium tin oxide (ITO) glass plate and
slowly dried under air to afford a thin film (thickness 5 pm). A circular Au electrode
(thickness 20 nm, diameter 5 mm) was vacuum deposited onto the film to produce
a sandwich-type cell for the drift mobility measurement (Fig. 27).

In order to investigate the interaction between poly(DBF) and the acceptor mol-
ecule, absorption spectra were taken in a chloroform solution and in film (Fig. 28).
Both in the solution and in the film, a weak band, probably due to donor—acceptor
interaction, appeared around 520 nm in the mixture of poly(DBF) and TNFMN in
addition to the bands due to poly(DBF) and TNFMN. These results indicate that
TNFMN is an effective electron accepting dopant toward poly(DBF). In addition, the
spectra indicate that pure poly(DBF) absorbs much less than TNFNM and the mix-
ture at 337 nm. This means that N, laser irradiation in TOF experiments will mainly
excite the acceptor band or the donor—acceptor band to induce charge separation.

Charge drift mobility (u) was estimated by TOF transient photocurrent measure-
ment under vacuum under N, pulse laser irradiation (337 nm, pulse duration 3 ns,
50 pJ). The value of u was calculated according to u=d/(t*F) (cm?> V™' s71), where
d is the film thickness, , is the transit time determined by the TOF experiment, and
F is the field strength. By switching polarity in the measurement, it was confirmed
that holes mediate the charge drift in the present systems. Figure 29 indicates the u
values at different F’s and different temperatures. Overall, a higher field strength led
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Fig. 28 Absorption spectra of poly(DBF) in CHCI; solution (cell length 0.1 mm) (a) and
poly(DBF) film (0.5 pm) (b): (a—1) poly(DBF) in CHCI; ([DBF unit] 1.1x1072 M), (a-2)
poly(DBF)-TNFMN mixture in CHCI; ([DBF unit] 1.1x 102 M, [TNFMN] 2.8 x 10~ M), (a-3)
poly(DBF)-TNFMN mixture in CHCI; ([DBF unit] 1.1x 10! M, [TNFMN] 2.8 x 1073 M), (a—4)
TNFMN in CHCl; (2.8x10™* M), (b—1) poly(DBF) film, and (b—2) poly(DBF)-TNFMN film
([DBF unit]/[TNFMN]=20). Reprinted with permission from Nakano et al. [33]. Copyright 2004,
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to a higher drift mobility; however, a reversed relationship was observed in the field
strength range below 2% 10° V/cm. In this range, holes may transport in a different
path from that predominantly used at the higher field strength, suggesting that the
polymer sample is somewhat heterogeneous in terms of molecular structure and/or
intermolecular arrangement. The hole drift mobility was higher at a higher tempera-
ture at all field strengths, indicating that the charge drift is thermally activated.

The observed charge drift mobility was as high as 2.7x10™* cm?V~! s7! at 299 K
at F=7x10° V/cm. This value is higher by the order of 10° than those for other
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side-chain aromatic vinyl polymers including poly(NVCz) and poly(1-vinylpyrene)
(107 cm? V-! s7! order) [101] and is the highest so far reported for a vinyl polymer
although mobility values higher than 10 cm? V- s! have been reported for some
other types of organic polymers [102—104]. The hole drift mobility is even higher than
that of main-chain conjugating poly(p-phenylenevinylene) (1x 10> cm? V-1 s7!) [105],
is comparable to that of poly(methylphenylsilane) (1x 10~ cm? V! s71) [105], and is
slightly lower than Se (10~* cm? V~! s7! order) [106], an inorganic semiconductor.

In the film sample, both intramolecular and intermolecular charge transfers may
take place, and the observed charge mobility will mainly reflect the slower process.
Because the poly(DBF) chains used in this study appear to have disordered intermo-
lecular alignments on the basis of the almost linear field dependences of mobility in
the higher field ranges, the major limiting step of the drift mobility will be the inter-
molecular charge transfer. The disordered structure was supported by the fact that
the film did not show birefringence in the polarizing microscopy observation.
In addition, the poly(DBF) sample used here did not show a clear melting point in
DSC analysis, further supporting that the chains do not have an ordered alignment.

From the conclusion of the disordered system, it may be assumed that intramo-
lecular charge transfer is faster than the bulk mobility characterized by
1=2.7x10"* cm? V-! s~! This idea is supported by cyclic voltammetry measure-
ments of poly(DBF) where the oxidation potential for the poly(DBF) was signifi-
cantly lower than that for fluorene, a model of monomeric side chain as discussed in
the preceding section. This indicates that a hole may be readily delocalized over the
n-stacked fluorene groups in the side chain, leading to fast intramolecular charge
transfer. The ordered molecular structure of the n-stacked poly(DBF) may act as a
charge transport pathway.

From the data in Fig. 29, field-dependent activation energies for the charge
transport were calculated to be 0.22 eV at F=7.0x 10° Vcm™'. This value is much
smaller than that of poly(NVCz) (0.4-0.7 eV) [97] and is comparable to that of
poly(methylphenylsilane) (0.24 eV) [106]. For poly(NVCz), locally =n-stacked
chromophores are trap sites for charge drift [107, 108], and the activation energy
corresponds to the thermal hopping-up of charges from the n-stacked trap sites [97].
The smaller activation energies of the poly(DBF) support that the hole transport
mechanism in poly(DBF) is completely different from that in poly(NVCz). Although
comparisons between poly(DBF) and other vinyl polymers with n-stacked struc-
tures should be more appropriate, no such polymer is known other than poly(DBF).
Poly(NVCz) was chosen to be a reference compound in this text as a vinyl polymer
showing a relatively high charge mobility.

In summary, the charge mobility of poly(DBF) film was as high as some main-
chain conjugating polymers. In addition, fast intramolecular charge transport was
suggested to take place through the stacked m-electron systems. Charge transport
through regularly stacked heteroaromatic systems have been proposed for DNAs
where the stacked systems serve as a “z-way” [41-43, 109-111] although there is
controversy as to whether they really conduct [112—-114]. Poly(DBF) may be recog-
nized as a new, synthetic “z-way” molecule. Further studies are under way to estab-
lish the charge transport through single molecule of n-stacked poly(DBF) and to
expand the nt-stacked molecular design to other versatile synthetic polymers.
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Charge mobility behavior can be described by a bandlike regime or a charge
hopping scheme. In the former model, the total conduction [valence] bandwidth
(W,) and the effective mass of the electron [hole] of a poly(DBF) chain are defined
by the electronic coupling (transfer integral, 7) between adjacent fluorene units as
W,=4t and m.;=h?/2at, respectively (here # is the reduced Planck’s constant and a
is the spacing between the fluorene units) [115]. In the latter model, at the micro-
scopic level, a hopping event can be described as a self-exchange electron-transfer
(ET) reaction from a charged, relaxed unit to an adjacent neutral unit. The carrier
mobility is then controlled by the self-exchange ET rate. At high temperature, when
semiclassical ET theory usually applies, the self-exchange electron-transfer
(hopping) rate is given by kgy=A exp(—M4ksT) where the reorganization energy, A,
measures the strength of hole—vibration or electron—vibration interactions and pref-
actor A depends on the strength of the electronic coupling: in the case of weak
coupling (nonadiabatic ET regime), A~ Thus, in both bandlike and hopping
regimes, there are two major parameters that impact the charge mobility: (1) the
intermolecular transfer integral #, which should be maximized, and (2) the reorgani-
zation energy A (electron—vibration coupling), which needs to be small for efficient
transport. For a dimer of DBF having terminal ethyl group, 7 for hole was estimated
to be 0.2-0.3 eV from photoelectron spectral measurements, and DFT calculations
suggested that A values for hole and electron transfers were 0.32 and 0.26 eV,
respectively [115]. For comparison, ¢ for pentacene crystals estimated by INDO
level calculations do not exceed 0.1 eV which is less than half the value for
poly(DBF). In addition, A values for hole and electron transfers in pentacene crys-
tals have been computed to be 0.32 and 0.26 eV, respectively [115]. These results
indicate that holes in DBF chains are characterized by a large transfer integral
(bandwidth) and smaller reorganization energy than electrons; charge transport
along a poly(DBF) chain is therefore expected to be more efficient for holes than
electrons. Hole and electron mobilities of poly(DBF) and derivatives might tend
toward those found in oligoacene systems.

Recently, intramolecular charge mobility of poly(DBF) was estimated to be, at
least, of the order of 10! cm? V! s7! s by time-resolved microwave conductivity
measurements (Seki S, Nakano T, unpublished results). This means that perfor-
mance of poly(DBF) as a charge transport mediator or a conductor would be largely
improved by enhancing intermolecular charge transport through regulation of chain
alignment or formation of controlled chain assemblies.

Poly(dibenzofulvene) Derivative and Analogues

Derivatives Bearing Alkyl Side Chains

In spite of the charge mobility and colorless (transparent) optical properties, a
drawback of poly(DBF) as a practical material is its low solubility in solvents: the
highest M, (vs. polystyrene) of soluble fractions was ca. 2,500 [31]. Fractions of higher
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Fig. 30 Poly(DBF) derivative having aliphatic and polar side chains at the 2- and 7-positions of
the fluorene moiety

molar masses are insoluble. The low solubility hampers fabrications from a solution
that is essential for organic polymer materials and often results in brittleness of
films of the polymer. In order to overcome this shortcoming, various derivatives
of poly(DBF) having substituents at the 2- and 7-positions of fluorene moiety have
been designed and synthesized. The basic idea was to block interchain interactions
by the side-chain groups.

Polymers obtained from 2,7-di-n-pentyldibenzofulvene (PDBF), 2,7-bis(2-
methylpropyl)dibenzofulvene (MPDBF), 2,7-di-2-propyldibenzofulvene
(2PrDBF), and 2,7-bis(z-butyl)dibenzofulvene (tBuDBF) are the examples in this
category (Fig. 30) [116, 117]. PDBF, MPDBF, and 2PrDBF smoothly polymerized
to a polymer: maximum molar masses of the soluble fractions were around 5,500
(DP around 20). Solubility was hence improved by introducing alkyl chains at the
2- and 7-positions of the fluorene moiety of DBF monomer backbone although the
extent of improvement was limited. In a sharp contrast to PDBF, MPDBF, and
2PrDBF, tBuDBF led to only up to 3-mer by polymerization [117]. The low reac-
tivity is considered to arise from bulkiness of #-Bu groups.

Two polymers having polar alkoxy groups were also synthesized from the
corresponding monomers, 2,7-methoxydibenzofulvene (MeODBF) [116] and
2,7-bis(methoxyethoxy)dibenzofulvene (MEDBF) [118]. While solubility of
poly(MeODBF) was similar to that of poly(DBF), poly(MEDBF) exhibited good
solubility in chloroform. Poly(MEDBF) prepared by cationic and radical polymer-
ization was soluble, at least, up to M, over 100,000. It is noteworthy that the
numbers of atoms in a side chain in poly(PDBF) and poly(MEDBF) are the same
(five): polar methoxyethoxy group is far superior than completely aliphatic n-pentyl
group in preventing chain aggregation in chloroform. The reason for this observa-
tion is not immediately clear: however, electrostatic repulsion among the polar
methoxyethoxy chains may have a role. The fact that solubility of poly(MeODBF)
was similar to that of poly(DBF) suggests that electrostatic repulsion exerted by the
menthoxy group at the side-chain terminal is important.
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Fig. 31 Polymerization of
MBEF leading to a n-stacked

polymer @'OQ — @'Q

Poly(MBF)

A Monomer with Lower Symmetry

Another way to improve solubility of m-stacked polymer is to introduce C,-
asymmetry to starting monomer. While fluorene moiety is C,-symmetric and
o-symmetric, 11-methylenebenzo[b]fluorene (MBF) lack a C, axis and a mirror
plane. MBF leads to a n-stacked vinyl polymer as well as DBF in spite of its higher
bulkiness (Fig. 31) [119, 120]. The polymer is soluble up to a DP of ca. 40 (M,
~9,300 (‘H NMR), ~9,500 (light scattering)). For this polymer, stereoisomerism
(tacticity) is possible although it has not yet been clarified. Assuming rather random
or not-highly-stereotactic main-chain configuration, randomness seems to be effec-
tive in preventing chains from aggregating.

Derivatives and Analogues Having Thiophene Moieties

Among various main-chain conjugated polymers, one of the most practically used
may be the poly(3,4-ethylenedioxythiophene) (PEDOT)-poly(styrenesulfonate)
(PSS) mixture [121-124]. PEDOT is a polythiophene derivative that can be doped
using sulfonic acid including PSS and redox active metals. Since the fraction of
PSS is higher than that of PEDOT in commercial aqueous solutions, the material is
acidic. Also due to long main-chain conjugation PEDOT-PSS shows deep blue
color. These two characteristics somewhat limit applications of PEDOT-PSS.

Inspired by the fact that polythiophenes show practical properties, we designed
two poly(DBF) derivatives with thiophene rings directly attached to the fluorene
moiety, poly(2-(2,2"-bithiophen-5-yl)dibenzofulvene) (poly(BT-DBF)) [125, 126]
and poly(2-(5"-(2-ethylhexyl)-2, 2"-bithiophen-5-yl)dibenzofulvene) (poly(ETBF-
DBF)) [125, 126], and a poly(DBF) analogue having bithiophene moiteties in the
side chain, poly(4-methylenecyclopenta[2,1-b;3,4-b]dithiophene) (poly(MCPDT))
[127]. These polymers have a n-stacked structure (Fig. 32). Conformation of these
polymers were clarified by 'H NMR, UV, and fluorescent spectra as well as the of
poly(DBF). Although photoelectronic properties of these polymers are not yet
investigated in detail, we expect that the polymers are candidates of vinyl polymer
that can overcome limitations of PEDOT-PSS.



Synthesis and Properties of n-Stacked Vinyl Polymers 37

n n
Poly(BT-DBF) Poly(EHBT-DBF)

n

4 \
S S

Poly(MCPDT)

Fig. 32 Thiophene-containing n-stacked polymers

Chirality in t-Stacked Polymers

Asymmetric Polymerization: Optically Active Polymer
Without Center of Chirality

An optically active polymer has been obtained from 2,7-di-n-pentyldibenzofulvene
(PDBF) by anionic polymerization using chiral anionic initiators. The optical activity
of the polymer arises only from a chiral conformation. In this polymer, the fluorene
moieties are in a n-stacked assembly which may be twisted in a single sense.

Synthetic polymers with conformational chirality have become a research field
of widespread interest in recent years, and a wide range of polymers with conforma-
tional chirality have been synthesized from various types of monomers including
vinyl monomers [9, 61-63, 128-136]. The existing examples of optically active
vinyl polymers with conformational chirality include isotactic, helical polyolefins
bearing asymmetric side chains [133—135] and isotactic, helical polymethacrylates
bearing bulky, achiral side chains [61-63, 136]. These polymers have stereocenters
in the main and/or side chains. Optically active poly(PDBS) is the first vinyl polymer
with conformational chirality bearing no stereocenters in the main and side chains
whose chiroptical properties arise only from a chiral conformation.

PDBF was anionically polymerized using the complexes of 9-fluorenyllithium
(FILi) with (—)-sparteine (Sp) and (+)- and (-)-1,4-bis(dimethylamino)-2,3-
dimethoxybutane (DDB) in toluene or using n-BuLi in tetrahydrofuran (THF) under
N, atm at =78 °C (Fig. 33). The conditions and results of polymerization are
summarized in Table 5. The chiral complexes have been effectively used in helix-
inducing polymerization of methacrylates [61-63, 136]. The polymers were partially
insoluble in tetrahydrofuran (THF) and chloroform. The THF-insoluble part seems
to have the same chemical structure as that of the THF-soluble part based on IR
spectra; the insoluble part probably has a higher molecular weight as in the case
of poly(DBF) with no substituent.

The introduction of two pentyl groups per fluorene unit seems not to affect the
formation of n-stacked conformation. Similarly to poly(DBF) without substituents,
THF-soluble poly(PDBF)s showed remarkable hypochromism in absorption spectra
and exclusive excimer emission in fluorescent spectra as shown in Fig. 34.
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1) fluorenylLi-
chiral ligand H
2) MeOH fluorenyl n
n
SO ~ ~~ O
PDBF poly(PDBF)
Chiral ligands used as complexes with 9-fluorenyllithium:
(HzC)2N ~—N(CHg), (H30)2N—}_<—N(CH3)2
1 Al
H,CO  “ocH, H:CO™  “ocH, NN
(+)-DDB (-)-DDB (-)-Sp
Fig. 33 Asymmetric anionic polymerization of PDBF
Table 5 Anionic polymerization of PDBF at —78°C*
THF-insol.c part THF-sol. part*
Run Initiator Solvent  Conv.’ (%) Yield (%) Yield (%) M.,¢ M /M8
1 (+)-DDB-FILi  Toluene 40 3 24 5,290 1.03
2 (-)-DDB-FILi Toluene 50 2 49 5,710 1.16
3 Sp-FILi Toluene 73 21 50 5,950 1.05
4 n-BuLi THF >99 Trace 84 4750 1.2

2Conditions: time =24 h, monomer amount=1.00—1.02 mmol, [monomer] =0.20-0.21 M, [ligand]/
[Li]=1.2, [monomer],/[RLi],=20

®Determined by 'H NMR analysis of the reaction mixture

°The quenched reaction mixture was first separated into MeOH-soluble and MeOH-insoluble
parts, and the insoluble part was then extracted using THF

4Determined by SEC using a Viscotek TDA300 detector which collects right-angle laser light scat-
tering, viscosity, and RI information

Reprinted with permission from Nakano et al. [34]. Copyright 2004, The Royal Society of
Chemistry
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Fig. 34 Absorption (left) and emission (right) spectra of poly(PDBF)s prepared using (—)-Sp-FILi
(run 3 in Table 6) (a) and 2,7-di-n-pentylfluornene (b), a model of monomeric unit in THF at room
temperature. Conditions: concentration 1.8 x 107> M (a), 1.7x 10> M (per chromophore) (b); cell
length 0.1 mm (absorption), 10 mm (emission); A, for emission 282 nm. Reprinted with permis-
sion from Nakano et al. [34]. Copyright 2004, The Royal Society of Chemistry
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Fig. 35 CD (top) and absorption (bottom) spectra of THF-soluble poly(PDBF)s prepared using
(+)-DDB-FILi (M, 5,290, M,/M, 1.03) (run 1 in Table 6) (A), (-)-DDB-FILi (M, 5,710, M./M,
1.16) (run 2 in Table 6) (B), (-)-Sp-FILi (M, 5,950, M,/M, 1.05) (run 3 in Table 6) (C), and n-BuLi
(M, 4,750, M,/M, 1.20) (run 4 in Table 6) (D) measured using a JASCO J-820 spectrometer.
Concentration of the film samples for molar ellipticity calculation was determined by comparing
absorbance at 290 nm of a film with that of a solution in THF (conc. 1.10x 1072 M, cell length
0.1 mm, absorbance at 290 nm 0.983). Thickness of film B was 0.10-0.16 pm as measured using
a Keyence VK9500 Laser microscope. Reprinted with permission from Nakano et al. [34].
Copyright 2004, The Royal Society of Chemistry

Although the chiral ligands were used for the anionic polymerization, the THF-
soluble PDBF polymers prepared using the optically active initiators did not show
detectable circular dichroism (CD) absorption bands or optical rotation in a THF
solution. No CD absorption was observed in solution even at —50 °C. However, thin
films cast on a quartz plate from a hexane solution of the polymers (conc. 3 g/L)
showed intense CD bands (Fig. 35A—C). The spectra in film of the polymers
obtained using (+)-DDB-FILi and (-)-DDB-FILi were almost mirror images in
spectral pattern (A and B). The polymer obtained using (-)-Sp-FILi showed an
intense spectrum with a spectral pattern similar to that of the polymer obtained with
(+)-DDB-FILi. The polymer obtained by polymerization with achiral n-BuLi did
not show CD absorptions in film (D). In addition, the film of the polymer synthe-
sized using (—)-DDB-FILi (run 2 in Table 5) showed optical rotatory dispersion
(ORD) in the wavelength range shorter than 330 nm: [a],5 —25°.

The spectral intensity varied from film to film prepared in repeated experiments.
As an example, CD and absorption spectra of the three film samples prepared using
the poly(PDBF) from run 2 in Table 5 are shown in Fig. 36. The films differed in
thickness and roughness of the surface. A smoother film tended to show larger CD
band intensities. Film surface morphologies of samples in Fig. 36A, C are shown in
Fig. 37a, b, respectively. In most cases, the film surface showed a relatively regular,
wrinkled pattern as shown in Fig. 37b. Such macroscopic morphologies might have
a close connection to molecular structure (conformation) of the polymer in the film.
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Fig. 36 CD intensity 6.0 —RImA
variation of films prepared — film B
from poly(PDBF) — filmC
synthesized using (-)-DDB-
FILi (run 2 in Table 6): (A) a
film with a smooth surface,
(B) a film with a modestly
smooth surface (smoothness
was between A and C), and
(C) a film with a wrinkled
surface. Reprinted with
permission from Nakano

et al. [34]. Copyright 2004,
The Royal Society of
Chemistry
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Fig. 37 Surface pictures of films made from poly(PDBF) synthesized using (—)-DDB-FILi (run 2
in Table 6): (a) a film with a smooth surface and (b) a film with a wrinkled surface (wrinkle height
0.3-0.6 pm). Films A and B correspond to spectra A and C in supplementary Fig. 6. This analysis
was performed using a Keyence VK-9500 laser microscope (laser wavelength 408 nm). Reprinted
with permission from Nakano et al. [34]. Copyright 2004, The Royal Society of Chemistry

However, for a certain polymer, the signs and patterns of the CD spectra were
unchanged. In addition, changing the direction and orientation of the film sample
did not significantly affect the spectral intensity and pattern. Furthermore, the films
did not show birefringence in polarized optical microscopy analysis. These observa-
tions rule out the possibility that the CD spectra are due to linear dichroism based
on film anisotropy and support that the film spectra reflect molecular chirality. CD
absorptions similar to those indicated in film were observed also for a decalin sus-
pension of THF-insoluble polymer (fine power ground with a mortar) synthesized
using (—)-Sp-FILi. This further supports that the CD spectra in film (Fig. 34) do not
arise from sample anisotropy.

The chemical structure of the polymers shown in Fig. 33 was confirmed by
MALDI mass analysis of THF-soluble polymers (Fig. 38). Therefore, the polymers
obtained in this study have no chiral ligand fragment attached to the chain and have
no stereocenters in the main or side chain. Hence, the CD absorptions are unambigu-
ously ascribed to a chiral conformation induced during the polymerization process.
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Fig. 38 MALDI mass spectrum of poly(PDBF) synthesized using (-)-Sp-FILi (THF-soluble,
MeOH-insoluble part, M, 5,950 as determined by size-exclusion chromatography) [matrix,
2,5-dihydroxybenzoic acid]. Reprinted with permission from Nakano et al. [34]. Copyright 2004,
The Royal Society of Chemistry

4 um

Fig. 39 Atomic force microscopic images (topographic image) of poly(PDBF)s synthesized
using n-BuLi (left) and (-)-Sp-FILi (right) (runs 4 and 3, respectively, in Table 6) [Seiko
Instruments SPA400-SPI3800N, DFM mode]. Reprinted with permission from Nakano et al. [34].
Copyright 2004, The Royal Society of Chemistry

As described in “X-ray Crystal Analyses” section, DBF oligomers have been
shown to have a n-stacked, single-handed helical conformation in crystal. A n-stacked
structure was indicated also for poly(PDBF) by remarkable hypochromicity in
absorption and exclusive dimer emission in fluorescence spectra (Fig. 34). Therefore,
it will be reasonably assumed that the CD absorptions observed in this work are
based on a helical conformation of poly(PDBF) with excess single handedness.
Because the polymers showing clear CD bands in film did not show chiroptical prop-
erties in solution, molecular aggregation may amplify and stabilize the single-handed
helical conformation induced by the asymmetric polymerization possibly due to
intermolecular cooperative effects in the solid state. Atomic force microscopic
(AFM) analyses supported this assumption (Fig. 39). The samples were prepared by
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Fig. 40 The conformation of a PDBF 20-mer having terminal ethyl groups generated through MD
simulation (NVT, 300 K, 8 ns): side and top views. The main chain is shown in red, fluorene
moieties in gray, pentyl groups in light blue, and terminal ethyl groups in yellow. Reprinted with
permission from Nakano et al. [34]. Copyright 2004, The Royal Society of Chemistry

dropping a dilute THF solution (1 x 10~* M per residue) onto an untreated mica surface.
The polymer prepared using (—)-Sp-FILi formed long, chain-like aggregates. On the
other hand, the polymer prepared by achiral n-BuLi did not from such aggregates but
simple dots. These results suggest that single-handed helical chains in the solid state
may tend to form large helical bundles while racemic helices do not.

In order to obtain information on the poly(PDBF) molecular structure, molecular
dynamics (MD) simulations were performed for a PDBF 20-mer model created on
the basis of the DBF oligomer conformation in crystal (see X-ray Crystal Analyses
section) under a constant NVT condition with COMPASS force field at 300 K for
8.6 ns. The simulation afforded the structure shown in Fig. 40 in which the neighbor-
ing fluorene moieties stack on top of each other in a chiral, slightly twisted arrange-
ment. The entire chain formed a relatively long-pitched helical structure in the
simulation. Hence, the local twist and the helix may contribute to the CD spectra.

The chiral conformation contributing the CD spectra is constructed during the
polymerization by the effect of the chiral ligands. The CD spectra and the chiral
conformation do not arise from residual chiral ligand which may be contained in the
polymer samples in a small quantity. The isolated polymers were washed with
methanol to remove the ligand residue, and the ligand residue contents in the
MeOH-insoluble polymers were less than 0.01 mol% (per monomeric residue) as
determined by 'H NMR. It was confirmed that a film made from a mixture of the
achiral polymer synthesized using n-BuLi and 0.01 mol% of (—)-Sp did not show
clear CD. This rules out the possibility that residual ligand is responsible to the CD
spectra in Fig. 35.

The poly(PDBF)s prepared using chiral initiators have a chiral conformation in
solution although their chiroptical properties are under detectable level, i.e., they are
“cryptochiral” [137]. In order to test conformational stability in solution, THF-
soluble polymer synthesized using (—)-Sp-FILi (run 3 in Table 5) was heated in a
toluene solution at 110 °C for 16 h. A film made from the polymer after the heat
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Fig. 41 Polymerization of
DBF using potassium
menthoxide ~~OK

o XEn

treatment still showed intense CD bands, indicating that the conformation induced
in polymerization was stable in a solution under these conditions.

To summarize this section, asymmetric anionic polymerization afforded
poly(PDBF)s showing significant CD absorptions in film although their intensity of
chiroptical properties is below detectable level in solution. The polymers belong to
anew class of optically active vinyl polymers whose chiroptical properties originate
only from a chiral conformation in the absence of any configurational information.

H

n-Stacked Polymers Bearing Chiral Terminal Group:
CPL-Emitting Polymer

Chirality induction in poly(DBF) and derivative is also feasible by anionic polymer-
ization using potassium menthoxide prepared by KH and (-)-menthol (Fig. 41) [36].
Optically active poly(DBF) obtained by this method indicates intense CD spectra in
the wavelength range of the stacked fluorene chromophore (Fig. 42a). As mentioned
earlier, a hexamer of DBF takes a helical conformation in crystal. Hence, the CD
spectra can be ascribed to a preferred-handed helical conformation of the main chain
induced by the chiral terminal group. The fact that CD intensity, not the spectral
shape, changes depending on the temperature of measurement suggests that the helix
is somewhat dynamic and that helical bias depends on temperature. Also, through
comparisons of the experimental CD spectral with theoretical spectra obtained by
CNDO/S-CI calculations, absolute handedness of the preferred helix was decided to
be left (Fig. 42b, c). Theoretical spectral simulations were straightforward in the case
of poly(DBF) because the polymer has only fluorene chromophore without electronic
interactions among different chromophores that may reduce accuracy of simulations.

Since fluorene is generally a good emitter and poly(DBF) can facilitate charge
transport, application of poly(DBF) and derivatives for organic light emitting diodes
(OLEDs) would be interesting [37]. Especially, chiral n-stacked polymers may emit
circularly polarized light (CPL). From this view, poly(2,7-bis(4-(¢-butyl)phenyl)
dibenzofulvene) (poly(BBPDBF)) was synthesized by anionic polymerization
using potassium menthoxide. The side-chain 4-(z-butyl)phenyl group was intro-
duced to improve fluorescent efficiency by extending m-conjugation of the mono-
meric unit because the quantum efficiency of poly(DBF) is only about 0.06-0.12
[31]. Poly(BBPDBF) indicated intense CD spectra in solution and in the solid state
(cast film), and it exhibited fluorescence at a quantum yield of 0.40 which is only
about half that of 2,7-bis(4-(¢-butyl)phenyl)fluorene as a monomeric unit model
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Fig. 42 Experimental CD a
spectra of poly(DBF) having 151 C
a menthoxy terminal group
measured at different
temperatures (in THF) (a)
and theoretical CD spectra
(b) of model dimer having
different dihedral angles (c).
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(0.79). In general, excimer emission quantum yield is much lower than monomer
emission quantum yield as can be seen for poly(DBF) (0.06-0.12) and fluorene
(0.69) [31]. The rather high yield of poly(BBPDBF) may mean a lower order in
stack: the side-chain phenylene moiety might not be completely stacked with a
larger rotational freedom compared with the core fluorene moiety.

Poly(BBPDBF) indicated white fluorescent light whose emission range was
from 365 nm to beyond 650 nm in the solid state while it showed narrower-range
emission in a THF solution. The white fluorescent may arise from interchain
excimer formation in addition to intramolecular excimer. The side-chain phenylene
moieties of a chain may interact with those with another chain, and the interaction
may not be so uniform, resulting in emission sites with various energy levels to
make the sum emission appear white. In addition, the emission was circularly polar-
ized in the full range of emission wavelength (Fig. 43). This may be the first, organic
white CPL emitter.
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Fig. 43 Structure of and CPL (blue) and fluorescent spectra (red) of optically active
poly(BBPDBF). The spectra were taken on a film casted on a quartz plate. Reprinted with permis-
sion from Watanabe et al. [37]. Copyright 2009, The Royal Society of Chemistry

Conclusions

DBF exhibits characteristic polymerization behaviors including the high reactivity
and the stereochemical features in polymerization which have not been known for
other simple vinyl monomers with aromatic side groups such as styrene, vinylfluo-
renes, and vinylcarbazoles. These characteristics may not be easily imagined from
the simple chemical structure of DBF.

The n-stacked structure of poly(DBF) is not only unique as a basic conformation
of a vinyl polymer but also has practical importance in the facts that it can mediate
charge transport. While this property has been studied mainly for main-chain con-
jugated polymers, through studies on poly(DBF) and family, we found that vinyl
polymers can also be candidates of organic conductive materials. In applications,
advantages of vinyl polymers over main-chain conjugation systems are colorless-
ness or a wider color tuning range, a deeper HOMO level, and higher solubility.
Based on these features, n-stacked vinyl polymers may replace inorganic transpar-
ent (colorless) electrode materials such as ITO.

In addition, the chiral conformation suggests that poly(DBF) and its family may
find applications in the fields such chiral recognition, nonlinear optical materials,
and chiral catalysis. An application based on the combination of chirality and charge
transport is circularly polarized light for OLEDs.



46 T. Nakano

n-Stacked structures have not been generally recognized as an important category
of structure in polymer chemistry probably because there have been only a limited
number of zw-stacked polymers whose structures were clearly identified and also
because their syntheses are not necessarily simple and their practical properties
have not been well exploited. However, studies on poly(DBF) and family have
revealed that they can be readily synthesize in a controlled way and that they are
highly potential in various applications. We envisage that n-stacked polymers can
be excellent complements to main-chain conjugation polymers in practical polymer
materials science and, further, that they could exhibit their own characteristic prop-
erties that are yet to be explored.
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Introduction

Fulvene, benzofulvene (BF), and dibenzofulvene (DBF) derivatives (Fig. 1) have
captured the attention of chemists for more than one century. Fulvene is a cyclic
isomer of benzene and one among the classical nonalternant n-electron systems that
has catalyzed a great deal of attention for its potential tendency to fulfill the Huckel
4N+2 rule [1, 2]. A zwitterionic character has been proposed for fulvene in its sin-
glet ground state (S,) and, in the opposite direction, in the lowest triplet state (T)).
On the basis of this behavior, fulvene was argued to act as an aromatic chameleon
capable of adapting to several excited states [3]. The zwitterionic character of ful-
vene ground state was assumed to result from intramolecular charge transfer from
the exocyclic double bond to the five-member ring (which acquires a pseudo-
aromatic cyclopentadienide character) and can be affected to a variable extent by
the presence and nature of substituents. For instance, electron-donating groups in
position 6 or electron-withdrawing groups on the ring are capable of reinforcing the
dipolar character, stabilizing the fulvene, and decreasing the tendency to oxygen-
ation, dimerization, and polymerization. In fact, the dipole moment of fulvene is
reported to be equal to 0.42 D and becomes 1.44 D in 6, 6-dimethylfulvene and 4.5
D in 6-dimethylaminofulvene [4, 5].

DBEF is an isomer of phenanthrene, in which the fulvene moiety is incorporated
in a tricyclic system. This provides to the fulvene moiety some peculiar features.
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For instance, DBF was found to polymerize under a variety of conditions including
anionic, cationic, and radical catalyses to give poly-DBF and the properties of
polydibenzofulvene derivatives (e.g., poly-DBF) have been largely investigated by
Nakano and coworkers [6—14]. Intriguingly, poly-DBF was found to behave as a
new synthetic “r-way”” molecule showing a hole drift mobility only slightly lower
than that of Se [13], an inorganic semiconductor [6, 7, 11].

Benzofulvene derivatives are isomers of corresponding naphthalene derivatives
that have been relatively less studied than their monocyclic and tricyclic counter-
parts. A particular mention can be made for 7-methyl-1-methylene-3-phenylindene
(BF2, Fig. 2), a benzofulvene derivative described by Londergan and coworkers,
that was reported to polymerize under free radical catalysis to afford a vinyl poly-
mer containing pendant aromatic chromophores [15].

After a Decade from the Discovery of Poly-BF1,
the History of Polybenzofulvene Derivatives

Serendipity has often played a key role in research and, in perfect agreement with
this role, it has had a fundamental responsibility in the discovery of the
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Fig. 4 Design of 4-PIQ derivatives and 1-PI derivatives from angiotensin II AT, receptor
antagonists 4-PQ

thermoreversible spontaneous polymerization of benzofulvene derivatives.
However, “serendipity doesn't come from being the first to see something, but from
being the first to see it in a new way.” [16]

At the beginning of the twenty-first century, our research group was involved in
a large research program devoted to the discovery of new antihypertensive drugs
[17-19]. The program of structural modification of losartan (Fig. 3) derivatives led
us to the design, synthesis, and biological evaluation of a series of 4-phenylquinoline
compounds (4-PQ derivatives).

Certain members of this family of 4-PQ derivatives showed in vitro properties
comparable to those shown by losartan, but the candidate selected for further pre-
clinical studies (CR3210) showed a relatively low oral bioavailability and a rapid
excretion [18].

Thus, the program of structural modification was pursued with the synthesis of
both 4-phenylisoquinolinone (4-PIQ) derivatives and 1-phenylindene (1-PI) deriv-
atives (Fig. 4).

During the synthetic work devoted to the preparation of target carboxylic acid
1-PI-1 (Fig. 5), the cleavage of corresponding tert-butyl ester 1-PI-2 in standard
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Fig. 5 Structures of indenol derivatives, 1-PI-1, 1-PI-2, 21, benzofulvene derivative BF1, and poly-BF1

acid conditions was found to be rather problematic because of the formation of
polymeric materials of which isolation and characterization were difficult. We real-
ized that the contemporary presence of acid (i.e., COOH) and basic (i.e., the
imidazopyridine) moieties made it difficult to study the formed macromolecule.
Therefore, the structure of 1-PI-2 was simplified by eliminating the imidazopyridine
moiety and the ester group was stabilized (to the acid conditions) by transforming
the fert-butyl into ethyl group. These structural modifications led to the synthesis of
indenol 2I and of benzofulvene derivative BF1, as well as to the discovery of its
spontaneous polymerization into poly-BF1 [20]. The properties of poly-BF1 (e.g.,
formation, thermoinduced depolymerization, structure, and aggregation) were stud-
ied in detail and there was consistent evidence suggesting a vinyl polymer structure
stabilized by aromatic interactions [21].

Therefore, the strategy of structure simplification/stabilization showed once
more to provide a wonderful tool for rationalizing and solving complex problems.
Once it was understood that indenol 21 was liable to dehydrate in acid conditions to
provide BF1, which in turn was liable to spontaneous polymerization by solvent
removal, the chemistry of indenol 1-PI-2 was reinvestigated (Scheme 1) [18].

Thus we found that the cautious reaction of indenol 1-PI-2 with formic acid gave
expected acid 1-PI-1 containing trace amounts of benzofulvene derivative BF-AT1.
On the other hand, substantial amounts of the latter were obtained by dehydration
of indenol 1-PI-2 or acid 1-PI-1 in the presence of p-toluenesulfonic acid (PTSA)
in CHCI; (or CDCl;). Surprisingly enough, benzofulvene derivative BF-AT1 was
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Scheme 1 Chemistry of indenol 1-PI-2. Reagents: (a) PTSA, CHCL;, () HCOOH, and (c¢) PTSA, CDCly

stable as a pure crystalline solid, but polymerized spontaneously when the mixture
of the dehydration reaction of 1-PI-1 was concentrated without the elimination of
PTSA. In order to understand this apparently peculiar behavior, the ethyl ester of
acid 1-PI-1 was synthesized and showed the same spontaneous polymerization
behavior as BF1. The stability of pure BF-AT1 was assumed to be related to the
probable intermolecular interaction of its COOH with the imidazole nitrogen in the
solid state otherwise prevented by the presence of PTSA, which was assumed to
protonate the heterocyclic nitrogen atoms. Poly-BF-AT1 showed a thermoinduced
depolymerization behavior similar to that shown by poly-BF1. The depolymeriza-
tion process at 55 °C was very slow and became significantly more rapid at 80 °C;
at 140 °C it was even faster since it was almost complete after 1 h heating. At
120 °C the unzipping process showed an intermediate velocity and reached an
apparent equilibrium after 4 h heating (Fig. 6). Thus, poly-BF-AT1 displayed a
thermoreversible polymerization behavior similar to that shown by poly-BF1, but
characterized by a faster kinetics.
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Fig. 6 Thermoinduced
depolymerization of
poly-BF-AT1, followed by
"H-NMR. A solution of

2.5 mg of poly-BF-AT1
*PTSA in 0.5 mL of
DMSO-d¢ was heated at

120 °C and 'H-NMR spectra
(200 MHz) were recorded at
regular time intervals. The
arrow indicates the solvent
peak, “H,O” the water peak,
and the asterisk the signals
attributable to PTSA.
Reprinted with permission
from Cappelli et al. [18].
Copyright 2006, American
Chemical Society
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This was considered to be an intriguing result because monomer BF-AT1 was
found to show an angiotensin II AT, receptor affinity in the nanomolar range.
Moreover, binding studies suggested that depolymerization occurred also in buffer
at pH 7.4. In conclusion, BF-AT1 could be considered as a polymerizing AT,
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receptor ligand capable of forming a thermoreversible polymer (poly-BF-AT1) and
of being released from the latter by a temperature-dependent kinetics until a
temperature-dependent equilibrium was reached as it occurs in equilibrium polym-
erization processes. This appeared to open a new perspective in the development of
novel polymeric prodrugs based on an original release mechanism and increased
our research efforts in the field.

In those years, the maximum priority was assigned to the exploration of the
chemistry of benzofulvene derivatives. We were aware that the rational design of
new bioactive monomers should be based on the precise knowledge of the chemis-
try of benzofulvene derivatives. Therefore, a comprehensive program of structural
modification of BF1 scaffold was planned in order to investigate on the role of
substituents’ feature on the polymer properties such as formation, molecular mass
distribution (MMD) (often referred as molecular weight distribution, MWD), struc-
ture, thermoreversibility, and aggregation.

A careful analysis of BF1 structure led to the consideration of the ester group as
candidate for systematic variations. In fact, its electron-withdrawing effect was con-
sidered important in determining the reactivity of this benzofulvene derivative (e.g.,
the polarization of the exocyclic double bond and the capability of stabilizing a
negative charge in transition states and of destabilizing cationic or radical species).
Moreover, the presence of two unusually shielded aromatic protons at ca. 6 ppm
suggested a key role of specific aromatic interactions in polymer formation and
structure. In other words, our working hypothesis was the following: the phenyl
group is important for polymer formation and structure and should be left untouched
with its ability to establish aromatic interactions; the ester group could modulate
polymer formation and structure and could be changed.

With this working hypothesis in mind we designed the series of benzofulvene
derivatives BF3 reported in Table 1 [22].

The preparation of these benzofulvene derivatives allowed the synthetic method-
ology to be optimized for a good number of members of the family. The most
important achievements were the easy access to indenol precursors by C-alkylation
of the corresponding indenone derivatives with trimethylaluminum and the easy
dehydration to the benzofulvene derivatives with some limitations due to the insta-
bility of certain functional groups in the methylation/dehydration conditions. The
study ultimately demonstrated that most of the properties (i.e., formation, MWD,
structure, thermoreversibility, and aggregation) of poly-BF3 derivatives were mod-
ulated by the stereoelectronic features of the substituents present in the indene scaf-
fold. For instance, the steric hindrance at the 2-position of the indene nucleus played
arole in inhibiting spontaneous polymerization and in affecting MMD and structure
of the corresponding polymers. The carboxylic group was found to be the most
favorable (as substituent at the 2-position) with respect to several features of the
polybenzofulvene derivatives. In fact, NMR studies suggested that poly-BF1 and its
4’-desmethylderivative poly-BF3k were the most structurally homogeneous poly-
mers of the series, they showed sharp differential scanning calorimetry (DSC) peaks
characterized by high AH values, and their thermoinduced depolymerization was
almost complete after 6 h heating at 150 °C.
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Table 1 Benzofulvene derivatives BF3

CHs3

O’ COOC,Hs

CHg

BF3 derivatives BF3y
Monomer R, R, R;
BF3a H H H
BF3c F H H
BF3d Cl H H
BF3e Br H H
BF3f CH, H H
BF3g CN H H
BF3h CN CH, H
BF3i CN H CH;
BF3j C=C-2-Pyr H H
BF3k COOC,H; H H
BF3ma COOC(CH,); CH;4 H
BF3n CON(CH,), CH, H
BF3o C(CH;)5 H H
BF3y

Since poly-BF1 obtained by spontaneous polymerization regularly showed very
high average molecular masses (MM, i.e., number average molar mass, M,, and
weight average molar mass, M,,), the use of an anionic initiator such as phenyl
lithium (PhLi) was considered in order to synthesize poly-BF1 showing low molec-
ular weight and oligomers (i.e., dimers) to be used as model molecules in the study
of the poly-BF1 structure by NMR [23].

As expected, the anionic polymerization of BF1 produced a mixture of oligo-
mers and a polymeric material in different proportions, which were regulated by the
amount of the initiator used. The polymer was separated from lower oligomers on
the basis of the solubility in n-hexane and the soluble material was purified by chro-
matographic techniques to isolate activated monomers and dimers. The intensive
use of different analytic techniques such as NMR spectroscopy, absorption and
emission spectroscopy, and mass spectrometry allowed the structure of dimers and
of polymer to be elucidated, and the results were convergent in confirming for poly-
BF1 a vinyl (1, 2) polymer chaining stabilized by means of aromatic stacking inter-
actions. Moreover, NMR studies showed that the anionic polymerization of BF1
afforded a polymer showing NMR features very similar to those shown by the poly-
mer obtained by spontaneous polymerization, with some differences involving
BC-NMR signals assigned to carbon atoms belonging to the pendent phenyl group.
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Fig. 7 Structure of serotonin o} H N-CHs
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CR3124

These were assumed to be related to a different tacticity. As expected, the MMD of
poly-BF1 prepared by anionic polymerization featured a significantly lower molec-
ular weight with respect to those shown by poly-BF1 prepared by spontaneous
polymerization. However, a discrepancy was observed in the molecular weight
between the measured value and the one calculated on the basis of the initiator
amount. The discrepancy was assumed to be related to the existence of equilibrium
among the various activated oligomers that lowers the number of the growing
intermediates.

Interestingly, scanning electron microscopy (SEM) showed different aggregation
behaviors for the polymers obtained by the two different polymerization methods
that were probably related to the difference in the molecular weight. The polymer
prepared by anionic polymerization showed lower molecular weight and the ten-
dency to aggregate into nanospheres and microspheres, whereas the polymer
obtained by spontaneous polymerization was characterized by high molecular
weight and the tendency to generate larger fractal-like aggregates.

As nanoparticles, microspheres, and nanoporous materials were used in the
development of advanced drug delivery systems, we considered the aggregation
features of polybenzofulvene derivatives to be promising for their application in
controlled drug release. Among the members of the family the most promising
polymer was believed to be poly-BF3a, which showed a low molecular weight and
the clear tendency to aggregate in nanospheres, and was selected for application
studies [24].

Thus, different batches of poly-BF3a were prepared and their MMD was charac-
terized to show that spontaneous polymerization of BF3a could be considered a
reproducible process suitable for the preparation of this polymer free of catalyst or
initiator impurities and showing a weight average M, in the range of 4.0-7.9 kg/mol
and a polydispersity index (PDI=M,/M,) in the range of 1.2-2.0. The polymer
showed high hydrophobicity, a complex structure, a flat DSC curve, and an appre-
ciable thermal stability and was devoid of the tendency to the thermoinduced depo-
lymerization. After intensive studies, we found that the formation of nanoparticles
in the continuous excess of the bad solvent (ethanol) led to favorable shape and
dimensions. Furthermore, the nanoprecipitation of poly-BF3a in the presence of
poly(ethylene glycol) (i.e., PEG1000) gave the best results in terms of nanoparticle
morphology.

The inclusion of serotonin 5-HTj; receptor antagonist CR3124 (Fig. 7) as a model
drug in the formulation was found to produce nanoparticles showing a variable
degree of cementation ending in the formation of a nanocomposite material in which
CR3124 played the role of the matrix and poly-BF3a nanoparticles were the filler.
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CR3124 is a lipophilic drug possessing a quite extended aromatic moiety and a
pronounced tendency to crystallize in a stable form. It was selected on the basis of
the assumption that its aromatic moiety could interact by means of specific interac-
tions with the aromatic moieties of poly-BF3a. DSC studies suggested that the
interaction of CR3124 with the surface of poly-BF3a nanoparticles was capable of
stabilizing the amorphous state of the drug. However, the low wettability of the
binary system determined aggregation of the formulation in water. The introduction
of PEG1000 in the formulation led to the constitution of a ternary nanocomposite
material formed by a binary matrix showing higher wettability leading to a faster
drug release, a greater released amount, and a higher stability of the suspension with
respect to those obtained in the absence of PEG1000. Therefore, the interaction of
poly-BF3a with CR3124 appeared to stabilize the amorphous form of the drug and
to modulate its dissolution kinetics from a very fast release (in the presence of
PEG1000) to the slow release observed in the absence of PEG1000. These results
suggested that drug molecules possessing physicochemical features similar to those
of CR3124 could benefit from the interaction with poly-BF3a nanoparticles.

However, we realized that the high hydrophobicity of polybenzofulvene deriva-
tives could hamper their application in the development of advanced drug delivery
systems because the pronounced tendency towards the aggregation in water could
prove a very limiting feature. Therefore, also on the basis of the beneficial effect of
PEG on the properties of the above nanocomposite drug delivery system, we planned
the covalent modification of poly-BF1 with PEG side chains [25].

PEG is one of the most widely used polymers in the pharmaceutical field because
it shows favorable features such as water solubility and biocompatibility, so that it
has been used to confer solubility in the physiological environment and prevent the
interaction with plasma proteins and cells, and is therefore used as shielding agent
for in vivo delivery of several bioactive compounds [26, 27].

The covalent conjugation of polymeric matrices with PEG (permanent
PEGylation) has been carried out by polymerization of preformed PEGylated
monomers such as oligo(ethylene glycol) methacrylate (OEGMA) [28-34]. In gen-
eral, homo- or copolymerization of macromonomers (“grafting through” method)
has been used in the synthesis of cylindrical polymer brushes, which have received
a great deal of attention in very recent times [35].

In the design of covalent conjugates between poly-BF1 and PEG, we envisioned
that the employment of the “grafting through” method with monodisperse methyl-
end-capped oligo(ethylene glycol) (MOEG) rather than polydisperse PEG chains
should simplify the study of the resulting polymers. In the first approach, two conju-
gates of BF1 (MOEG-BF1) were prepared with the aim of evaluating the propensity
of the resulting macromonomers towards spontaneous polymerization and of charac-
terizing the properties of the resulting polymers. As the macromonomers 2-MOEG-
3-BF1 (Fig. 8) and 2-MOEG-9-BF1 showed the tendency to polymerize spontaneously
with the same modalities shown by BF1, the presence of MOEG chain did not appear
to alter the molecular recognition events leading to polymerization.

Moreover, poly-2-MOEG-3-BF1 and poly-2-MOEG-9-BF1 showed characteris-
tic NMR features, absorption/emission spectra, and thermoinduced depolymeriza-
tion behavior very similar to those shown by poly-BF1 obtained by spontaneous
polymerization.
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The polymer bearing longer MOEG side chains (poly-2-MOEG-9-BF1) showed
an amphiphilic character and interacts with water to give a strong physical hydrogel.
The system was characterized by combining rheology and NMR transverse (spin—
spin) relaxation measurements in order to determine the pore size distribution in the
hydrogel. This was not perfectly homogeneous and could be considered as a sort of
highly concentrated suspension of homogeneous particles generating small (intra-
particle) pores and larger (extra-particle) channels. Owing to the small pore size, we
assumed that small molecules could migrate at different rates through the intra-
particle spaces, while the activity of larger molecular systems (e.g., large proteins,
enzymes) could be limited to the extra-particle channels.

The hydrogel was then loaded with human immunoglobulin G (HIgG) and was
found to be capable of releasing the loaded protein in physiological mimicking
media for time periods not inferior to 48 h [36]. Because of its large dimensions, the
loaded protein was assumed to be unable to locate inside the hydrogel particles, but
to interact mainly with the surface of the channels pervading gel matrix. Finally,
biological studies suggested potential biocompatibility features for this polymer,
which could be thus considered a promising material for the development of
advanced drug delivery systems such as gastro-resistant oral formulations for sus-
tained release of proteins or in situ gel-forming preparations from which the loaded
protein can be released slowly upon injection.

Based on the encouraging results obtained with poly-2-MOEG-9-BF1, the
design of benzofulvene macromonomers was developed further by shifting the
attachment point used for the covalent conjugation between the MOEG chain and
benzofulvene moiety. Thus, a small series of benzofulvene macromonomers was
designed by placing MOEG chains of different length at the 6-position of BF3k
benzofulvene scaffold (Fig. 9) [37].

All the designed benzofulvene derivatives were found to polymerize by solvent
removal with the same modalities shown by BF1, and the analysis of the NMR
spectroscopic data of the resulting polymers suggested a different arrangement
(flexibility or conformational behavior) of the main chain induced by the steric bulk
of the MOEG side chains.

SEC-MALS analysis was consistent in showing perceptible differences in the
conformational behavior of the backbone. In particular, the polymer bearing the
longest MOEG side chains was significantly more flexible than the other poly-BF3k
derivatives, probably because of the differences in the main chain arrangement
induced by the steric repulsion of the MOEG chains.
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Fig. 9 Design of macromonomers 6-MOEG-2-BF3k, 6-MOEG-3-BF3k, and 6-MOEG-9-BF3k
and structure of reference monomer 6-MO-BF3k

Because of the presence of relatively long MOEG-9 side chains, poly-6-MOEG-
9-BF3k displayed an amphiphilic character similar to poly-2-MOEG-9-BF1.
However, poly-6-MOEG-9-BF3k was found to differ significantly from poly-2-
MOEG-9-BF1 in the aggregation propensity. In particular, the former appeared to
be less liable to aggregation with respect to the latter, and its hydrogel could be
dispersed in water by ultrasound exposure.

These results ultimately suggested that polymer—solvent and polymer—polymer
interactions could be modulated by shifting the attachment point used for the cova-
lent conjugation between the MOEG chain and the indene moiety.

In the aim of both expanding the molecular diversity of the side chains attached
to the polybenzofulvene backbone and developing general procedures for the prepa-
ration of a broad range of polybenzofulvene molecular brushes, the chemical design
was developed further by introducing the concept of “click chemistry” in the prepa-
ration of polybenzofulvene brushes.

Click chemistry reactions [38] were defined by Sharpless and coworkers as effi-
cient and versatile chemical transformations capable of producing chemical sub-
stances rapidly, quantitatively, without by-products and side reactions, under mild
reaction conditions, and with broad tolerance to functional groups and applicability.
The most popular click chemistry reactions are the Cu(I)-catalyzed 1,3-dipolar
cycloaddition between organic azides and alkynes (CuAAC) [39] and the addition
of thiols to alkenes (thiol-ene coupling) [40, 41].

The employment of click chemistry reactions in macromolecular science has
allowed the rapid synthesis of a large array of polymers [42-51]. Indeed, the pres-
ence of clickable groups along the backbone, in the side chains, or at chain termini
can be exploited for post-polymerization modifications (i.e., functionalization)
leading to polymers bearing functionalities incompatible with the polymerization
conditions [42].

Molecular brushes can be synthesized by different approaches, of which the
polymerization of macromonomers (grafting through approach) shows appealing
features such as well-defined grafting density and side chain length but also draw-
backs such as a variable polymerization degree and a limited versatility (i.e., the
functional groups in the side chains must be compatible with the preparation and
polymerization of the macromonomer). On the other hand in the “grafting onto”
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Scheme 2 “Grafting through” approach to the synthesis of poly-6-MOEG-9-TM-BF3k. Reagents:
(a, click chemistry) CH;(OCH,CH,)yN;, Cu(PPh;);Br, DIPEA, THF; (b) Al(CH;);, CH,Cly; (c)
PTSA, CHCl;; and (d, spontaneous polymerization) solvent elimination

route, previously prepared side chains are linked to an already formed polymeric
backbone by means of suitable coupling reactions. Thus, the coupling step plays a
key role in determining important characteristics such as grafting density and versa-
tility. The click-type reactions possess all the necessary prerequisites of high yield,
selectivity, and tolerance to functional groups to candidate themselves as the choice
method. The application of click chemistry reactions to the post-polymerization
modification of a macromolecule requires the insertion of clickable groups into the
polymeric backbone.

Thus, the implementation of the “click chemistry” concept in the preparation of
polybenzofulvene brushes led to the design of poly-6-MOEG-9-TM-BF 3k (Fig. 10)
from closely related poly-6-MOEG-9-BF3k. In the newly designed polymer, tri-
azolomethyl (TM) bridges acted as spacers between the MOEG side chains and the
polybenzofulvene backbone.

The polymer was firstly synthesized by adopting a “grafting through™ approach
in which the click chemistry CuAAC reaction represented the key step in the assem-
bling of the precursor of macromonomer 6-MOEG-9-TM-BF3k (Scheme 2) [52].
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Scheme 3 “Grafting onto”
approach to the synthesis of
poly-6-MOEG-9-TM-BF3k
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Notwithstanding its relative structural complexity, the macromonomer polymer-
ized spontaneously by solvent removal in the apparent absence of catalysts or initia-
tors. It is noteworthy that the increase in the structural complexity of benzofulvene
monomers is, however, compatible with spontaneous polymerization. This suggested
the existence of a particularly effective recognition process capable of pre-organizing
the monomer molecules for the polymerization. The insertion of a TM spacer in the
side chains of poly-6-MOEG-9-BF3k leading to poly-6-MOEG-9-TM-BF3k did not
affect the structure of polybenzofulvene backbone, but appeared to modify its inter-
action with water. Poly-6-MOEG-9-TM-BF3k produced clear water solutions, but
transmission electron microscopy (TEM) analysis and dynamic light scattering
(DLS) studies showed the presence (in the solutions) of macromolecular aggregates
with average dimensions in the range of 200-300 nm and suggested thermorespon-
sive colloidal properties for poly-6-MOEG-9-TM-BF3k macromolecules [52].

Subsequently, poly-6-MOEG-9-TM-BF3k was synthesized by post-
polymerization modification of poly-6-PO-BF3k (Scheme 3).

This polymer bearing clickable propargyl groups was obtained from the corre-
sponding benzofulvene monomer bearing a propargyloxy group at the 6-position of
the indene nucleus (6-PO-BF3k) by spontaneous polymerization in the apparent
absence of catalysts.

The persistence of acetylenyl moieties in the final polymer spontaneous polym-
erization was considered the final strong evidence of the existence of a very selec-
tive recognition process capable of pre-organizing the monomer molecules for
spontaneous polymerization.

CuAAC reaction was used to transform poly-6-PO-BF3k into poly-6-MOEG-9-
TM-BF3k showing spectroscopic features virtually indistinguishable from those of
the homopolymer obtained by spontaneous polymerization of macromonomer
6-MOEG-9-TM-BF3k. The very high grafting density obtained by CuAAC
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modification of poly-6-PO-BF3k was also substantiated by the lack of the signals
attributable to the propargyl moiety and by the results of the depolymerization stud-
ies. However, SEC-MALS measurements suggested that the conversion of poly-6-
PO-BF3k into poly-6-MOEG-9-TM-BF 3k led to a decrease in the molecular weight
and to an increase in the polydispersity index. Random ruptures appeared to occur
along the backbone to form macromolecules showing a molecular weight quite
similar to that shown by poly-6-MOEG-9-TM-BF3k obtained by the “grafting
through” approach. This behavior could be considered to be the consequence of the
balance between the increasing steric hindrance around the polybenzofulvene back-
bone and its relative stability to covalent bond scission. The high grafting density
caused MOEG-9 side chains to repel each other and stretch the polybenzofulvene
backbone up to its scission, which can be facilitated by the relative stability of ind-
enyl radical formed by homolytic cleavage.

The polymer prepared by the “grafting onto” approach (poly-6-MOEG-9-TM-
BF3k-GO) formed thermoresponsive colloidal dispersions similar to those obtained
with the polymer synthesized by the “grafting through” approach (poly-6-MOEG-
9-TM-BF3k-GT), but TEM analysis and DLS studies suggested that poly-6-
MOEG-9-TM-BF3k-GO was molecularly dissolved at room temperature.

The absorption/emission spectroscopic features of poly-6-MOEG-9-TM-BF3k
(similar to those fluorescence microscopy reagent DAPI) allowed the interaction of
the polymer with live cells to be studied by fluorescence microscopy. Since biologi-
cal studies suggested potential biocompatibility features for this polymer, we are
confident that our polybenzofulvene derivatives bearing clickable groups can be
functionalized by a suitable strategy to obtain nanostructured materials potentially
useful in a wide range of biological and biotechnological applications.

Thus after a first phase devoted to the exploration of the chemistry of benzoful-
vene monomers and polymers, our research interests moved towards the exploration
of the potential applications of these polymers. Besides the potential use as drug
carriers (which were more congenial to our expertise) we considered the potential
application of polybenzofulvene derivatives in the development of optoelectronic
devices. We were indeed aware that conjugated polymers have been intensively
investigated because of their potential usefulness in the fabrication of optoelectronic
devices such as light-emitting diodes (LEDs), field effect transistors (FETs), and
photovoltaic cells. Charge and energy are transported through a conjugated polymer
backbone or through aromatic rings belonging to the polymer backbone by means
of a hopping mechanism. A large variety of n-conjugated polymers have been syn-
thesized, but little consideration has been devoted to polymers showing stacked
arrays of m-electron systems along the polymer backbone (through-space conju-
gated polymers) [53]. One of the most typical m-stacked polymers is poly(N-
vinylcarbazole) (PVK, Fig. 11), which has been demonstrated to transport charge
via intra-backbone stacked orbitals that result from face-to-face conformation of the
carbazole moieties, and shows photoconductive, photorefractive, hole-transporting,
energy-donating, and carrier-switching properties. Therefore, PVK has been used
in xerography, holographic three-dimensional display, LED, nonvolatile memory,
etc. [54]. Polydibenzofulvene (poly-DBF) derivatives are m-stacked polymers
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Fig. 11 Structures of PVK, poly-DBF, and poly-BF1. Reprinted with permission from Cappelli
et al. [55]. Copyright 2012, The Royal Society of Chemistry
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Fig. 12 Structures of benzofulvene monomers 6-MO-BF3k, 4,6-MO-BF3k, and 4,5,6-MO-BF3k

showing a close similarity with PVK, but differing from the latter for the absence of
configurational isomerism [6]. Poly-DBF does not possess stereocenters and its
stacked structure did not appear based on the complete face-to-face stacking of the
fluorene units (chromophores), but rather on the slightly twisted stacking of the
chromophores leading to a helical conformation and a high hole mobility [14].

Our studies have demonstrated that polybenzofulvene derivatives were n-stacked
polymers, but nothing was known about their electronic properties such as potential
charge-transporting features with respect to the electron distribution in the mono-
meric unit of these n-stacked polymers.

On the basis of the well-known electron-releasing properties of methoxy group,
the structure of benzofulvene derivative 6-MO-BF3k was modified by inserting one
or two additional methoxy groups to obtain the benzofulvene derivatives bearing
two (4,6-MO-BF3k, Fig. 12) or three (4,5,6-MO-BF3k) methoxy substituents on
the benzene ring in order to evaluate the photophysical and electronic properties of
the corresponding polymers and ultimately the effect of the presence of the methoxy
groups on them [55].

The analysis of the photophysical features shown by the three poly-BF3k deriva-
tives suggested the presence of a high degree of n-stacking among the monomeric
units in the polymers. This was confirmed by the significantly hypochromism the
large Stokes shift. Interestingly, the absorption and emission features of the poly-
mers in the solid state were found to be very similar to those shown in diluted solu-
tions. In particular, the stable photoluminescence quantum yield constituted a
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promising feature for potential applications in the development of light-emitting
devices. Finally, the significant hole mobility shown by poly-4,5,6-MO-BF3k along
with the apparent role of the methoxy substituents in increasing the charge mobility,
the thermoreversible polymerization features, the good solubility in the most com-
mon organic solvents, and the consequent processability (e.g., filmability) opened
new routes in the development of materials potentially useful in optoelectronics.

Synthetic Approaches to Benzofulvene Compounds

For the preparation of benzofulvene derivatives, a number of synthetic pathways
have been described in the literature [2]. For instance, the simplest benzofulvene
derivative BF was prepared by dehydration of a-benzofulvanol (Scheme 4) [2, 56]
as well as by elimination of acetic acid from the corresponding acetic ester
(Scheme 4) [57]. Benzofulvene derivative BF was obtained as greenish yellow leaf-
lets melting at 37 °C and was reported to be extremely unstable and polymerizing
readily when kept in vacuo over H,SO, or in sealed tubes [56].

However, the most general and fairly obvious method for the preparation of ben-
zofulvene derivatives is represented by the reaction of the appropriate indenone deriv-
ative with the Grignard reagent followed by the dehydration of the corresponding
indenol formed. This synthetic procedure was applied to the preparation of BF1 as
reported in Scheme 5. Thus, the reaction of indenone derivative 11 with methylmag-
nesium bromide afforded the expected indenol 21 with an acceptable yield (31 %).

Dehydration of 2l in chloroform in the presence of PTSA gave a compound less
polar (by thin layer chromatography, TLC) than 21 that was proved to be of difficult
isolation because the solvent removal led to the obtainment of a polymeric material
containing only trace amounts of the expected BF1, as demonstrated by 'H-NMR
spectroscopy. Therefore BF1 was shown to be a quite elusive chemical entity and its
identification by NMR spectroscopy required dehydration in CDCl;, allowing the
"H-NMR analysis to be carried out without the solvent elimination. In this way, a
clear "TH-NMR spectrum compatible with the structure of BF1 was obtained without
special purifications.

H CH,OH H CH,0Ac

WO\ e

Scheme 4 Synthesis of the "

simplest benzofulvene
derivative BF BF
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Scheme 6 General procedure for the synthesis of benzofulvene derivatives. Reagents: (a)
Al(CH,;);, CH,Cly; (b) PTSA, CHCI; (or HCOOH for 2j)

A significant improvement in the synthetic approach to benzofulvene derivatives
was achieved with the discovery that 11 could be easily methylated by means of a
solution of trimethylaluminum (yield 82 %), and this reactant has been largely used
in the course of our studies for alkylating a large number of different indenone
derivatives (Scheme 6 and Table 2).
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Table 2 Preparation of some relevant benzofulvene derivatives

Indenol

R, R, R; Indenone Preparation (yield) BF derivative
H H H la [58] 2a (87 %) BF3a
Si(CH;); H H 1b [58] 2b (83 %) BF3a*
F H H 2¢ (36 %)* BF3c
Cl H H 1d Scheme 11 2d (84 %) BF3d
Br H H le Scheme 11  2e (92 %) BF3e
CH; H H 1f Scheme 11 2f (67 %) BF3f
CN H H 1g [59] 2g (94 %) BF3g
CN CH; H 1h [22] 2h (84 %) BF3h
CN H CH; 1i [22] 2i (86 %) BF3i
C=C-2-Pyr H H 1j Scheme 11 2j (79 %) BF3j¢
COOC,H; H H 1k [60] 2k (82 %) BF3k
COOC,H;5 CH; H 11 [20] 21 (82 %) BF3l
COOC(CHj3); CH; H 1m [18] 2m (75 %) BF3ma
CON(CHj;), CH; H In [22] 2n (83 %) BF3n
C(CHs); H H 1o [58] 20 (77 %) BF3o
COO(C,H,0);CH; CH; H 1p [25] 2p (82 %) 2-MOEG-3-BF1
COO(C,H,0),CH; CH; H 1q [25] 2q (72 %) 2-MOEG-9-BF1
COOC,H; H OCH; Ir Scheme 9  2r (66 %) 6-MO-BF3k
COOC,Hs H O(CH,0),CH; 1s Scheme 10 2s (82 %) 6-MOEG-2-BF3k
COOC,H;s H O(CH,0);CH; 1t Scheme 10 2t (73 %) 6-MOEG-3-BF3k
COOC,H;s H O(CH,0)CH; 1u Scheme 10 2u (74 %) 6-MOEG-9-BF3k
COOC,H; H  OCH,(C,HN;) 1v Scheme 10 2v (44 %) 6-MOEG-9-TM-BF3k

(C,H,0),CH;
COOC,H;s H OCH,CCH laa Scheme 10 2aa (92 %) 6-MO-BF3k
COOC,H;s H OCH,CH=CH, 1lab 2ab (76 %) 6-AO-BF3k

“BF3a was obtained instead of BF3b because indenol derivative 2b desilylated spontaneously in the
dehydration conditions

®Indenol 2¢ was prepared from 2e by lithium—halogen exchange and subsequent fluorination with
N-fluorobenzenesulfonimide (NFSI)

‘Indenol 2j was dehydrated with formic acid instead of PTSA

YBF3ma was obtained instead of 7-butyl ester BF3m because indenol derivative 2m cleaved spontaneously
in the dehydration conditions

The data shown in Table 2 suggest that C-methylation of indenones 1 with trimeth-
ylaluminum was an important improvement in the synthesis of indenol derivatives 2
because the yields were higher with respect to those obtained by means of other stan-
dard methods. Moreover in most cases, the indenol derivative was used in the follow-
ing step of the synthesis without any further purification. The introduction of a
fluorine atom at the 2-position of the benzofulvene nucleus of BF3c¢ was carried out
at the indenol stage. Thus, indenol 2e underwent lithium—halogen exchange with
t-BuLi in THF and subsequent fluorination with N-fluorobenzenesulfonimide (NFSI).

In general, dehydration of indenols 2 was carried out in chloroform (or CDCI; so
that the reaction could be followed by '"H-NMR analysis) in the presence of PTSA
in order to obtain a stock solution (about 0.1 M) of the expected trans-diene
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Scheme 7 Synthesis of 0 OH
benzofulvene derivatives O O a 0 0
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(a) AI(CH,);, CH,Cly; (b) 5N O N Q
PTSA, CHCI,. Substituents: 2w,x

for compounds 1w, 2w, 3w, b
4w, and 4,6-MO-BF3k, /
R=H; for compounds 1x, 2x,
3x, 4x, and 4,5,6-MO-BF3Kk,
R=0CH;. Reprinted with
permission from Cappelli

et al. [55]. Copyright 2012,
The Royal Society of
Chemistry
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derivative BF3. However, the dehydration of 2b led to BF3a because 2b desilylated
spontaneously in the dehydration conditions, whereas indenol 2m cleaved sponta-
neously in the dehydration conditions leading to BF3ma. Moreover, the dehydra-
tion of indenol 2j required the use of formic acid instead of PTSA because the latter
led to the formation of a number of by-products.

The synthetic work performed in the preparation of benzofulvene derivatives
shows that the methylation/dehydration procedure is viable in producing benzoful-
vene monomers bearing a large variety of substituents on the indene nucleus with
the limitations due to the instability of functional groups in the methylation/dehy-
dration conditions. Furthermore, our work showed that the insertion of additional
methoxy substituents in the benzene ring of monomethoxylated benzofulvene
derivative 6-MO-BF3k leading to 4,6-MO-BF3k and 4,5,6-MO-BF3k was able to
produce differences in the chemical reactivity indicating a different electron density
in the substituted benzene ring and in particular at the 7-position of the indene
nucleus. In fact, the dehydration reaction on both substrates 2w and 2x (Scheme 7)
afforded, beside the expected monomers, a mixture of dimers, some of which (i.e.,
3w.x and 4w,x) were identified by X-ray crystallography.

However, the formation of dimers was minimized by carrying out the dehydra-
tion reaction with low concentrations of indenol and by following the reaction
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course by thin layer chromatography (TLC). It is noteworthy that the dimer forma-
tion appeared to require the presence of PTSA as in the reaction conditions.
Furthermore, the solvent removal from the solutions of purified monomers pro-
duced only the corresponding polymers without dimers. These results suggest that
PTSA plays a key role in the dimerization process.

The alkylation of indenone 11 with triethylaluminum gave ethylindenol deriva-
tive 2y (Scheme 8), which was dehydrated in the usual conditions to give the
mixture of (ca. 2:1) E and Z isomers of ®-methylbenzofulvene derivative BF3y.

The required indenone derivatives were prepared by different methods according
to the substituents present in the indene nucleus. Some selected strategies among
the most significant ones are reported in the following schemes.

Methoxyindenones 1r,w and 1x (Scheme 9) were prepared from benzyl chlo-
rides Sr,w and 5x and ethyl benzoylacetate to provide compounds 6r,w and 6x,
which were cyclized with polyphosphoric acid (PPA) or sulfuric acid to obtain
indene derivatives 7r,w and 7x. Finally, compounds 7r,w and 7x were oxidized
with selenium dioxide to provide indenone derivatives 1r,w and 1x [55].

The presence of methoxy groups in the indenone nucleus can be profitably used
to introduce a large variety of substituents in the final benzofulvene scaffold. As a
matter of fact, the demethylation of 6-methoxyindenone derivative 1r with BBr;
afforded 6-hydroxyindenone derivative 1z, which could be alkylated with a wide
range of alkyl bromides (Scheme 10). For instance, 1z was alkylated with activated
methyl-end-capped oligo(ethylene glycol) (MOEG) side chains composed of two,
three, or nine monomeric units to obtain indenone derivatives 1s,t and 1u, which
were the precursors of macromonomers 6-MOEG-2-BF3k, 6-MOEG-3-BF3k, and
6-MOEG-9-BF3k [37]. On the other hand, the alkylation of 1z with propargyl
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Substituents: for compounds 1r, 5r, 6r, and 7r, R,=R,=H; for compounds 1w, 5w, 6w, and 7w,
R;=0CH;, R,=H; and for compounds 1x, 5x, 6x, and 7x, R;=R,=0CH;

o 7 P

_ HO

O’ COOC,Hs O’ COOC,Hs
O e

e

0 0
H30<O/\%O X_o
N " COOC,Hs " COOC,Hs
1s,t,u O 1aa O

e
N:N (0]
H3C<o/\§ N_A_0
0 ’ COOC,Hs
e
Scheme 10 Preparation of indenones functionalized at the 6-position of the indene nucleus.
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bromide led to 6-propargyloxyindenone derivative 1aa, which was submitted to a
copper(I)-catalyzed alkyne—azide 1,3-dipolar cycloaddition (CuAAC) reaction to
obtain indenone 1v [52]. This compound was the precursor of benzofulvene macro-
monomer 6-MOEG-9-TM-BF3k, which polymerized spontaneously to afford the
water-soluble molecular brush poly-6-MOEG-9-TM-BF3k.

Finally, a number of indenone derivatives functionalized at the 2-position were
prepared by means of the procedure reported in Scheme 11. Trimethylsilylindenone
1b was obtained by palladium-catalyzed annulation of o-bromobenzaldehyde with
I-phenyl-2-(trimethylsilyl)acetylene [58]. The reaction of 1b with sulfuryl chloride
gave chloroindenone 1d, whereas bromoindenone 1e was obtained by bromination
of 1b with N-bromosuccinimide (NBS). Bromoindenone derivative 1e was employed
in a variety of palladium-catalyzed cross coupling to obtain key indenone interme-
diates bearing suitable substituents at the 2-position of the indene nucleus. For
instance, the coupling of le with tetramethyltin in the presence of Pd(PPh;),Cl,
(Stille coupling) afforded methylindenone 1f, or with 2-ethynylpyridine in the pres-
ence of the same catalyst (Sonogashira coupling) gave indenone 1j.
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Polymerization of Benzofulvene Derivatives

The chemical behavior of benzofulvene derivatives depends on their structure (i.e.,
the substituents present on the different positions of benzofulvene nucleus) and on
the environment surrounding their molecules. In general, benzofulvenes are stable
compounds, but their exocyclic double bond appears to express a polar character
and a pronounced tendency to interact with nucleophiles [2].

Our prototypical benzofulvene derivative BF1 was found to be stable in diluted
solutions in the most common organic solvents (i.e., 0.1 M, in chloroform). When
the solvent was evaporated to increase the concentration up to about 0.4 M, we
observed the formation of the corresponding polymer that was almost complete
after the total solvent removal. Thus, BF1 appeared to polymerize spontaneously in
the apparent absence of initiators or catalyst by simple solvent removal (concentra-
tion of the solution) [20, 21].

On the basis of these results, subsequent studies were finalized to investigate on
the effect of the substituents’ features on the propensity of benzofulvene monomers
to spontaneous polymerization.

Our studies showed that quite a large number of differently substituted benzoful-
vene derivatives polymerized upon solvent removal to give the corresponding poly-
mers (poly-BF derivatives, Table 3), with the exception of 2-dimethylamide derivative
BF3n and o-methylbenzofulvene derivative BF3y, which did not show tendency to
spontaneous polymerization. Furthermore, poly-BF30 was obtained only in trace
amounts by following the same procedure used for the other polymers [22].

The results shown in Table 3 suggested that spontaneous polymerization of ben-
zofulvene derivatives is compatible with a large variety of substituents showing dif-
ferent stereoelectronic properties, but it appeared to be very sensitive to steric
hindrance in the near proximity of the polymerizing functionality. In particular, the
dimensions of the substituents at the 2-position of the indene moiety appeared to
affect the spontaneous polymerization, but the comparison of the behavior of BF3g
(R;=—C=N), BF3j (R;=—C=C-2-Pyr), and BF3o0 [R;=CON(CHs;),] suggested that
the steric hindrance at the 2-position of the indene moiety played a more important
role than the total volume of R; substituent in inhibiting spontaneous polymerization.
Indeed, BF3j showed a pronounced tendency to the spontaneous polymerization in
spite of the dimensions of its R, substituent, probably because the presence of the
tube-shaped alkynylene spacer dislocates the hindrance at the 2-position. Moreover,
the lack of tendency to polymerize shown by the isomers of ®w-methylbenzofulvene
derivative BF3y showed that the insertion of a small substituent as the methyl group
in the polymerizing functionality of our protypical benzofulvene derivative BF1 is
able to depress spontaneous polymerization propensity at all [22].

Very interestingly, the spontaneous polymerization of benzofulvene derivatives
appeared to be compatible with the presence in the monomer of relatively long
monomethyl oligo(ethylene glycol) (MOEG) side chains. This result has made pos-
sible the synthesis of biologically relevant polybenzofulvene molecular brushes
(i.e., poly-2-MOEG-9-BF1, poly-6-MOEG-9-BF3k, and poly-6-MOEG-9-TM-
BF3k) by means of the so-called grafting through approach [25, 37, 52].



Reversible Polymerization Techniques Leading to n-Stacked Polymers 75

Table 3 Spontaneous polymerization of some relevant benzofulvene derivatives

CHs3

4,6-MO-BF3k (R = H) CHs

BF derivatives  4,5,6-MO-BF3k (R = OCH,) BF3y
Monomer R, R, Rj Polymer Yield® (%)
BF3a H H H Poly-BF3a 72
BF3c F H H Poly-BF3c 82
BF3d Cl H H Poly-BF3d 77
BF3e Br H H Poly-BF3e 58
BF3f CH; H H Poly-BF3f 60
BF3g CN H H Poly-BF3g 82
BF3h CN CH; H poly-BF3h 90
BF3i CN H CH; Poly-BF3i 87
BF3j C=C-2-Pyr H H Poly-BF3j 55
BF3k COOC,H; H H Poly-BF3k 73
BF3I (BF1) COOG,H; CH, H Poly-BF3I (poly-BF1) 78
BF3ma® COOC(CH,), CH, H Poly-BF3ma 74
BF3n CON(CHy), CH; H - -
BF3o0 C(CHs); H H Poly-BF3o 2
2-MOEG-3-BF1 COO(C,H,0);CH; CH; H Poly-2-MOEG-3-BF1 75
2-MOEG-9-BF1 COO(C,H,0),CH; CH; H Poly-2-MOEG-9-BF1 92
6-MO-BF3k COOG,H; H OCH, Poly-6-MO-BF3k 84
6-MOEG-2-BF3k COOC,Hj; H O(C,H,0),CH; Poly-6-MOEG-2-BF3k 53
6-MOEG-3-BF3k COOC,H; H O(C,H,0);CH; Poly-6-MOEG-3-BF3k 81
6-MOEG-9-BF3k COOC,H; H O(C,H,0),CH; Poly-6-MOEG-9-BF3k 46
6-MOEG- COOC,H; H  OCH,(C,HN;) Poly-6-MOEG- 44
9-TM-BF3k (C,H,0),CH;  9-TM-BF3k
4,6-MO-BF3k Poly-4,6-MO-BF3k 51¢
4,5,6-MO-BF3k Poly-4,5,6-MO-BF3k  42¢
6-PO-BF3k COOC,H; H OCH,CCH Poly-6-PO-BF3k 74
6-AO-BF3k COOC,H; H OCH,CH=CH, Poly-6-AO-BF3k 79
BF3y - -

“The yields were calculated from the starting indenol derivatives

"BF3ma was obtained instead of z-butyl ester BF3m because indenol derivative 2m cleaved
spontaneously in the dehydration conditions

“The relatively low yield was due to the formation of dimers during the dehydration reaction
(see Scheme 7)
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Furthermore, our studies showed the spontaneous polymerization is also com-
patible with the presence of side chains containing unsaturated groups. In fact, ben-
zofulvene monomers bearing propargyl or allyl groups could be induced to
polymerize spontaneously in the apparent absence of catalysts or initiators by sol-
vent removal to give the corresponding polybenzofulvene derivatives showing very
high molecular weight. *C-NMR analysis showed the presence in the polymer
spectra of signals attributed to propargyl or allyl side chains (clickable groups) and
suggested that only the benzofulvene exocyclic double bond was involved selec-
tively in the vinyl polymerization. Thus, the presence of acetylenyl or vinyl moieties
in the side chains of benzofulvene monomers did not affect the monomer interac-
tions leading to spontaneous polymerization. This result was considered as a strong
evidence of the existence of a very selective recognition process capable of pre-
organizing the monomer molecules for spontaneous polymerization.

According to its ability to stabilize a negative charge as indenyl anion, benzoful-
vene derivative BF1 was found to interact with phenyl lithium (PhLi, 1 equiv.) to
give a complex mixture of adducts (Scheme 12) [23].

Normal-phase chromatography (i.e., flash chromatography) allowed the isola-
tion of two activated monomer isomers (Mono-1,2 and Mono-1,4), of two pure
activated dimer isomers (Dimer-1,2-1,4-Major and Dimer-1,2-1,4-minor) and of
the mixture of two other dimers (Dimer-1,2-1,2-Major and Dimer-1,2-1,2-minor),
which were separated by semi-preparative reverse phase HPLC. Furthermore, more
polar fractions of the flash chromatography purification gave a complex mixture of
low molecular weight poly-BF1 (e.g., trimers and higher MW oligomers). These
results suggested that after the initial nucleophilic attack of PhLi to benzofulvene
derivative BF1, the activated monomer Mono-1,2 is able to react with a second BF1
molecule to give dimers and further to provide oligomers and polymers. In fact,
when the same experiments were performed with a low stoichiometric ratio of PhLi
(e.g., 0.1 equiv.), substantial amounts of polymeric fractions insoluble in n-hexane
were obtained. Therefore, the results suggested that benzofulvene derivative BF1 is
able to polymerize in the presence of an anionic initiator such as PhLi to afford a
polymer and/or oligomers depending on the amount of the initiator employed. More
precisely, stoichiometric amounts of PhLi produced almost exclusively soluble
oligomers, while low initiator amounts (i.e., 0.1 equiv.) led to the presence of both
oligomers and substantial amounts of poly-BF1 in the reaction mixture.

The comparative evaluation of the HPLC-MS chromatograms of the oligomer
fractions suggested that the dimeric species were among the major oligomers inde-
pendently of the reaction temperature. We assumed that the conditions of the anionic
polymerization lead to an equilibrium (among various oligomers) similar to that
shown by BF1 in the presence of N-methylpiperazine (NMP, see below) with the
difference that the anionic activated monomer is capable of starting the propagation
step leading to poly-BF1, which becomes the major species when low stoichiomet-
ric ratios of PhLi are used.
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Scheme 12 Reaction of benzofulvene derivative BF1 with phenyl lithium. The red structures in
dimers refer to the bf/ moiety and the blue ones to the bf2 one. Reprinted with permission from
Cappelli et al. [23]. Copyright 2008, American Chemical Society

Polymerization Mechanism

As shown in the previous section, benzofulvene derivatives undergo polymerization
in different conditions. The mechanism of anionic polymerization of BF1 appears
to be pretty comprehensible. The exocyclic double bond expresses a polar character
and interacts with nucleophiles according to its ability to stabilize a negative charge
as an aromatic indenyl anion. Indeed, BF1 was found to react with NMP to afford
the apparently unstable Michael-type adducts 6 and 7 (Scheme 13) analogous to
that described for DBF [61, 62].
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In particular, when solutions of BF1 in CDCl; were treated with increasing
amounts of NMP (1, 2, 3, or 5 equiv.) and quickly submitted to 'H-NMR analysis,
the comparison of the resulting spectra showed that with 1 equiv. of NMP, the con-
centration of 6 and 7 in the mixture was low, but increased with the increasing NMP
concentration. The mixture containing 2 equiv. of NMP was submitted to 'H-NMR
analysis at different times after NMP addition and the comparison of the spectra
suggested that about 24 h was sufficient to reach the equilibrium. In these condi-
tions, BF1 was unable to polymerize even in concentrated solutions. In fact, when a
solution of BF1 in chloroform containing an equimolar amount of NMP was con-
centrated (the same experiment without NMP was run in parallel as the control),
poly-BF1 formation was inhibited and we observed the presence of relatively little
amounts of piperazinyl derivatives 6 and 7 along with substantial amounts of BF1.

On the other hand, BF1 interacts with a strong nucleophile such as PhLi in the
same manner as for NMP, with the difference that the activated monomer Mono-1,2
(Scheme 14) bearing a negative charge stabilized as an indenyl anion is able to react
with a second BF1 molecule to give dimers and further to provide oligomers and
polymer molecules.

Interestingly, the anionic polymerization of BF1 with PhLi as the initiator
occurred in diluted solutions (0.1 M), whereas the spontaneous polymerization
required concentrations at least fourfold higher. This difference suggests a key role
for the negative charge in promoting aggregation of the monomers around the incipi-
ent macromolecules. Another thing worth of nothing is the possible role of the
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Scheme 15 Reaction of BF3a with phenyl lithium

carboxylic group in stabilizing the negative charge. Indeed, when benzofulvene
derivative BF3a (bearing a hydrogen atom in place of —-COOC,H; in position 2 of
benzofulvene scaffold) was treated with PhLi in the attempt to obtain the correspond-
ing polymer, we obtained a complex reaction mixture containing significant amounts
of symmetric dimer 8 (Scheme 15), which was thought to derive from the collapse of
the radicals produced from the initial nucleophilic attack of PhLi to BF3a.

These results suggested that ionic or radical species can be involved in the
polymerization of benzofulvene derivatives according to the nature of substituents
present in the benzofulvene scaffold [63].

The mechanism of spontaneous polymerization of benzofulvene derivatives is
more difficult to be established with precision.

Spontaneous polymerization has been described to occur in a large number of
different systems. For instance, electron-rich olefins react with electron-poor ones
in different ways generating different reaction products such as cycloadducts but
also alternating copolymers and homopolymers depending on the difference in the
electron density between the reactants. The matter has been nicely considered by
Hall and Padias, who have elaborated the so-called bond-forming initiation theory
as a result of their long-standing interest in the research field [64, 65]. In their
reviews, these authors noticed that olefins showing similar polarity usually do not
react when mixed, but a moderate difference in electron density is sufficient to pro-
duce spontaneous free radical polymerization. The spontaneous formation of a ran-
dom copolymer between styrene and methyl methacrylate in the apparent absence
of initiators was described by Walling in 1949 [66]. However, spontaneous polym-
erization has been reported to occur with a number of (metha)acrylic acid deriva-
tives in aqueous and organic solutions in mild conditions. The spontaneous
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Scheme 16 Earlier mechanistic hypothesis for the spontaneous polymerization of BF1. Reprinted
with permission from Cappelli et al. [21]. Copyright 2005, Wiley Periodicals, Inc.

polymerization of (metha)acrylamides in water was demonstrated to occur at high
concentrations of the monomers through the formation of monomeric associates
and the phenomenon of self-organization of the monomers [67]. Finally, alkylcya-
noacrylates are among the most reactive monomers known and show the tendency
to apparently spontaneous polymerization promoted by adventitious traces of
unknown initiators [68].

Our earlier studies led to conceive a mechanistic hypothesis based on the “bond-
forming initiation theory” and on the polar character of the exocyclic double bond of
BF1. Thus, we assumed that the interaction of the strongly polarized exocyclic dou-
ble bonds of two BF1 molecules could produce the formation of an activated dimer
featuring a zwitterionic tetramethylene moiety (Scheme 16). This zwitterionic dimer
intermediate was supposed to show a negative charge stabilized as an aromatic ind-
enyl anion and an unstabilized CH," which could initiate the cationic polymerization
(initiation step) process leading to the corresponding polymer [20, 21].

Because of the steric overcrowding, the zwitterionic intermediate is able to grow
(propagation step) only in very concentrated solutions. The exclusive formation of
the 1,2-polymer appeared to be justified by the fact that the 2-position (Scheme 16)
is evidently less sterically hindered than the 4-position (the freely rotating phenyl
ring at the 4-position occupies more space than the CH,= at the 2-position, which
does not occupy space outside the plane of the bicyclic system) and the zwitterionic
dimer, or the growing zwitterionic intermediate, sufficiently selective in reacting
with the less crowded position of BF1.

This mechanistic hypothesis appeared to be supported by the experimental evi-
dence reported below.

The spontaneous polymerization of BF1 was found to be operative also in the
case of the solvent elimination in the presence of a radical inhibitor such as 2,6-di-
tert-butyl-p-cresol. This result was interpreted in terms of a negligible role of free
radical species in the polymerization mechanism, which was assumed to be ionic in
nature. Moreover, BF1 was found to be stable in solution at reflux in the presence
of a catalytic amount of dibenzoyl peroxide, so that polymerization of BF1 could
not be induced by free radical species.
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Fig. 13 Crystal structure
of the complex between
benzofulvene derivative
BF3n and PTSA. Reprinted
with permission from
Cappelli et al. [22].
Copyright 2007, American
Chemical Society

The spontaneous polymerization of BF1 was active also in the absence of PTSA,
suggesting cationic catalysis to be unnecessary. Furthermore, the formation of the
polymer was observed also during the dehydration process, when concentrated
solutions were processed.

The formation of poly-BF1 was depressed by the presence of a nucleophile such
as NMP.

The isomers of ®-methylbenzofulvene derivative BF3y were lacking of the ten-
dency to polymerize shown by BF1. In other words, the presence of a methyl on the
exocyclic methylene appeared to prevent the interaction and the consequent forma-
tion of the zwitterionic intermediate, which was assumed to initiate the spontaneous
polymerization.

Hindered amide derivative BF3n did not show the tendency towards spontaneous
polymerization and the crystal structure of the complex BF3n-PTSA showed the
interaction of electropositive =CH, with the n-orbital of PTSA (Fig. 13, the distance
between the centroid of PTSA toluene ring and vinylene carbon of BF3n was
3.802 A). This particular cation- interaction was considered to support the pro-
posed initiation mechanism in view of the fact that a similar interaction between the
activated methylene group and the indene nt-orbital could be the basis for the forma-
tion of the postulated zwitterionic dimer.

However, subsequent experimental evidence has led to reconsider the mechanis-
tic hypothesis described above. For instance, the results obtained in the experiments
of spontaneous polymerization of BF1 in the presence of different vinyl monomers
led to the assumption that the molecules of this benzofulvene derivative are capable
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Scheme 17 Spontaneous polymerization of BF1 in the presence of different vinyl monomers

of recognizing themselves among many other molecules with a surprising precision.
In fact, the spontaneous polymerization of BF1 was found to provide the corre-
sponding homopolymer even if the mixture of the spontaneous polymerization reac-
tion contained different vinyl monomers such as styrene, acrylic acid, ferz-butyl
acrylate, and DBF (Scheme 17).

A particular case is represented by DBF because MALDI-TOF analysis of the
polymerization mixture revealed the presence of the two homopolymers along with
a mixture of copolymers (unpublished results).

Therefore, the molecular recognition step seems to play a pivotal role in the
monomer aggregation before spontaneous polymerization. We assume that the ben-
zofulvene derivatives form columnar aggregates in concentrated solutions, the
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Fig. 14 Comparison of the H H H
structure of closely related H / /

H
benzofulvene derivatives O’f O’ O’
BF DBF BF3a Q

aggregates organize their architecture, and, when the inter-monomer distance
becomes compatible with the formation of covalent bonds among the monomers,
the spontaneous polymerization starts and goes on rapidly as a cascade.

In this manner, only the monomers capable of interacting with the benzofulvene
molecules are included in the polymer. Moreover, selectivity has been shown also
between polymerizing moieties present in the same monomer molecule as in the
case of spontaneous polymerization of 6-AO-BF3k and 6-PO-BF3k.

Probably, the freely rotating phenyl ring plays a fundamental role in aggregation,
structure organization, polymerization, and perhaps also in determining backbone
features such as conformational preferences, stiffness, and stability. Interestingly,
the simplest benzofulvene derivatives BF and DBF (Fig. 14) possess planar struc-
tures and are both crystalline solids, while we were unable to crystallize BF3a
because it polymerized spontaneously. Most probably specific aromatic (T-shaped)
interactions are important in governing the behavior of our 3-phenylbenzofulvene
derivatives and of the corresponding polymers.

H

Thermoinduced Depolymerization

One of the most intriguing features shown by polybenzofulvene derivative is the
thermoreversibility of the polymerization process. When the solutions of poly-BF1
in the most common organic solvents showing different boiling points (i.e., ethyl
acetate, toluene, and xylene) were heated to reflux, we observed both the depoly-
merization and the regeneration of the benzofulvene monomer BF1 [20]. In other
words, the solvated conditions led the polymer to release the monomer at relatively
low temperatures, as it occurs in an equilibrium polymerization process, in agree-
ment with the fact that the addition of a solvent to a monomer—polymer system
increases the configurational entropy of the monomeric state, relative to that of the
polymeric state, and lowers therefore the ceiling temperature [69]. The kinetics of
the reaction appeared temperature dependent as the depolymerization was faster in
xylene than in ethyl acetate. In order to develop a practical methodology to study
the depolymerization phenomenon we decided to use 'H-NMR spectroscopy, and
owing to the relatively low speed of the process at low temperatures, we chose to
perform the experiments after heating for different times in deuterated nitrobenzene
at 140-150 °C. The first results obtained by means of this method were encourag-
ing. In fact, the stacking of the 'H-NMR spectra performed at different times in a
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Fig. 15 Thermoinduced
depolymerization of
poly-BF1, followed by
"H-NMR. A solution of

5.0 mg of the polymer in

0.5 mL of nitrobenzene-d;
was heated at 140 °C and
"H-NMR spectra (600 MHz)
were recorded at regular time
intervals. Arrows indicate the
solvent (nitrobenzene) peaks
and the closed circle indicates
the water peak. Reprinted
with permission from ‘

Cappelli et al. [20].
Copyright 2003, American ||
Chemical Society |
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single figure (Fig. 15) clearly showed the progressive disappearance of the broad
lines typical of the polymer as a consequence of the exposure to high temperature
and the progressive increase in intensity of the sharp signals of benzofulvene mono-
mer BF1 [20].

Thus, the methodology and the way to show the results were considered suffi-
ciently informative about the depolymerization process. Moreover, the integral val-
ues of the signals attributable to the vinylene group were compared with that of the
lowest field signal of nondeuterated nitrobenzene (considered as the internal stan-
dard) in order to appreciate the variation in monomer concentration and to evaluate
the trend of the depolymerization reaction. Very interestingly, the comparative study
of the depolymerization process of poly-BF3a,c-k allowed the effects of the sub-
stituents in position 2 of indene nucleus in the trend of the depolymerization reac-
tion to be evaluated [22].

Figure 16 shows that the depolymerization of poly-BF3k was nearly complete
after 6 h heating at 150 °C (in agreement with the results obtained with closely
related poly-BF1) and the heating for prolonged times led to the appearance of peaks
attributed to products deriving from monomer decomposition (see =24 h trace).

By the contrast, the polymer bearing a hydrogen atom at the 2-position of the
indene moiety (poly-BF3a) failed to show any significant depolymerization after
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Fig. 16 Thermoinduced
depolymerization of
poly-BF 3k, followed by
"H-NMR. A solution of

5.0 mg of the polymer in

0.5 mL of nitrobenzene-d;
was heated at 150 °C and
"H-NMR spectra (400 MHz)
were recorded at regular time
intervals. The arrows indicate
the solvent (nitrobenzene)
peaks and the closed circle
indicates the water peak.
Reprinted with permission
from Cappelli et al. [22].
Copyright 2007, American
Chemical Society
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24 h heating at 150 °C. Moreover, the polymers bearing a cyano group at the
2-position of the indene moiety (i.e., poly-BF3g,h,i) showed a particular behavior
because their depolymerization was detectable already at room temperature, rapid
at 150 °C, but it was not completed after 24 h heating at the same temperature. For
the polymers bearing a halogen atom (e.g., poly-BF3c,d,e) or a methyl group in
position 2 of the indene moiety (poly-BF3f) the thermoinduced depolymerization
appeared to be slower and an apparent equilibrium was reached in times variable

from 3 to 24 h (Table 4).

Poly-BF1 was found to depolymerize also in the absence of solvents.
Thermogravimetric analysis (TGA) showed that poly-BF1 in solid state was not
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Table 4 Comparison of the thermoinduced depolymerization of poly-BF3a,c—k with some significant
DSC features

Thermoinduced Peak
depolymerization Peak n. Peak AH
Polymer R, R, R; at 150 °C by 'H-NMR® (appearance) T (°C) (J/g)®
Poly-BF3a H No depolymerization after 24 h
Poly-BF3c F Apparent equilibrium after 3 h 1 (broad) 202 24.4
Poly-BF3d Cl Apparent equilibrium after 6-24 h 1 (broad) 276 51.5

Poly-BF3e Br
Poly-BF3f CH;
Poly-BF3g CN

Apparent equilibrium after 3-6 h 1 (broad) 214 70.5
Apparent equilibrium after 6-24 h 1 (broad) 242 88.5
Apparent equilibrium after 0.25h 2 (broad) 199 4.9

T I TITTT
TTZT T T I T

244 35.1
Poly-BF3h CN CH; H  Apparent equilibrium after 2 (broad) 188 16.8
0.25-1h 242 37.1
Poly-BF3i CN H  CH; Apparent equilibrium after 3 (broad) 212 19.9
0.25-1h 251 15
327 16.3
Poly-BF3j C=C-2-Pyr H H  Apparent equilibrium after 1-3 h
Poly-BF3k COOC,Hs H H  Depolymerization almost 1 (sharp) 232 98.5
complete after 3-6 h
Poly-BF1 COOC,Hs CH; H Depolymerization almost 1 (sharp) 235 94.3

complete after 3-6 h

“In the thermoreversibility experiments samples of the polymers (5.0 mg) were dissolved into nitroben-
zene-ds (0.5 mL) and heated in an oil bath thermostated at 150 °C (140 °C for poly-BF1); the '"H-NMR
experiments were performed at regular time intervals

"The positive values refer to the endothermic peaks, and the negative value is exothermic

subject to thermal degradation up to approximately 210 °C (weight loss lower than
2 %), but a fast thermal degradation started around 240 °C with a maximum of the
derivative at about 250 °C (Fig. 17). Intriguingly, the comparison of TGA and DTGA
(differential thermogravimetric analysis) curves [21] with the DSC (differential
scanning calorimetry) curve (Fig. 18) of the same polymer suggested the existence
of a relationship between the DSC endothermic peak at 235 °C and the DTGA peak
at 240-250 °C. Therefore, the sharp endothermic peak in the DSC curve was attrib-
uted to the depolymerization process rather than to the polymer crystallinity [22].
In order to evaluate the effects of the stereoelectronic features of the substituents
at the 2-position of indene nucleus in the depolymerization in the absence of solvents,
a comprehensive DSC study was performed with the poly-BF3a,c—k series [22]. The
DSC analysis showed that the thermal behavior of these polymers was affected by the
substituent present at the 2-position of the indene nucleus. More precisely, poly-
BF3a (R;=H) showed a flat DSC curve, and the halogen-containing polymers (e.g.,
poly-BF3c¢, R, =F; poly-BF3d, R, =CI; poly-BF3e, R, =Br) showed broad endother-
mic peaks, while in the DSC curve of the polymer bearing a methyl group at the
2-position of the indene nucleus (poly-BF3f) the endothermic peak was more evi-
dent. The polymers bearing a cyano group (poly-BF3g,h.i) show rather complex
DSC curves, which are characterized by the presence of two endothermic peaks.
Finally, the DSC curve of poly-BF3j was even more complex and difficult to explain.
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Fig. 18 DSC curve of poly-BF1. Reprinted with permission from Cappelli et al. [22]. Copyright
2007, American Chemical Society

The data shown in Table 4 suggested the existence of a relationship between the
DSC curve and the thermoinduced depolymerization in nitrobenzene at 150 °C. In
fact, in the polymers showing a sharp peak (characterized by a high AH value) in
their DSC curve, the depolymerization is almost complete after 3—6 h heating,
whereas the polymers showing an apparent equilibrium of the thermoinduced depo-
lymerization in nitrobenzene at 150 °C are characterized by broad DSC peaks.



88 A. Cappelli et al.

6,0
55 | |
2 Peak = 244.34 1C
b= Peak Height = 0.4345 mW
-
- 5,0)
°
c
w
u—g_ 45 | Onset=216.02°C
L
| Area=38.318mJ
4,0 Delta H = 46.6722 J/g
3,7
3,307
40 50 100 150 200 250 300 340

Temperature (°C)

Fig. 19 DSC curve obtained with a sample of poly-BF1-AP. Reprinted with permission from
Cappelli et al. [23]. Copyright 2008, American Chemical Society

Subsequent studies performed with poly-BF1 obtained by anionic polymeriza-
tion with PhLi as the initiator (poly-BF1-AP) demonstrated that the polymerization
method could affect the depolymerization behavior of the resulting polymer [23].

DSC analysis of poly-BF1-AP showed an endothermic peak broader (Fig. 19)
than that of poly-BF1 obtained by spontaneous polymerization.

The application of our methodology to poly-BF1-AP revealed a thermoinduced
depolymerization behavior similar to that shown by poly-BF1 obtained by spontane-
ous polymerization, with the difference that the reaction appeared to reach an apparent
equilibrium after 24 h heating (Fig. 20), whereas an almost complete depolymeriza-
tion was observed for poly-BF1-SP after 3—6 h heating in nitrobenzene at 150 °C.

The apparent equilibrium shown by poly-BF1 obtained by anionic polymeriza-
tion may be interpreted in terms of the equivalence in the depolymerization and re-
polymerization rates (reversible polymerization) but also with the possible presence
of “structural defects” in the polymer chains capable of slowing down the depoly-
merization process. The existence of these “imperfections” was suggested by the
comparison of the 3C-NMR spectra of poly-BF1 obtained in the different condi-
tions (anionic vs. spontaneous polymerization).

We assumed that poly-BF1-AP is terminated at both chain ends. The phenyl
group of the anionic initiator was believed to be fixed, whereas a relatively acidic
proton linked to the indenyl moiety is present at the other end. If the propagation/
depropagation reaction requires the presence of a negative charge in the terminal
indenyl moiety, the reaction kinetics will depend on the concentration of the depro-
tonated chains and ultimately on the acid—base equilibrium. In deuterated nitroben-
zene, the depolymerization rate is negligible at room temperature probably because
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Fig. 20 Thermoinduced depolymerization of poly-BF1 obtained by anionic polymerization.
A solution of 5.0 mg of the polymer in 0.5 mL of nitrobenzene-ds was heated at 150 °C and '"H-NMR
spectra (400 MHz) were recorded at regular time intervals. In order to appreciate the variation in
monomer concentration, the signals attributable to vinylene group were integrated and the integral
values were compared with that of the lowest field signal of nondeuterated nitrobenzene, which
was considered as an internal standard. Integrals are omitted in the figure for the sake of clarity.
The arrows indicate the solvent peaks and the closed circle the water peak. Reprinted with permis-
sion from Cappelli et al. [23]. Copyright 2008, American Chemical Society

of the low amount of the deprotonated chain, while it increases with temperature
probably because of the increase in proton mobility. In these conditions, re-
polymerization of BF1 on cooling is expected to be a very slow process and spon-
taneous polymerization usually occurs at concentration values (e.g., >0.4 M in
chloroform at room temperature) higher than that used in the thermoinduced depo-
lymerization experiments.

Depolymerization experiments with a solution of poly-BF1-AP in deuterated
benzene in the presence and in the absence of a base such as DBU showed that
depolymerization at room temperature was negligible in the absence of DBU, while
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it was appreciable in the presence of the base. At room temperature an apparent
equilibrium is reached after 5-6 days in the presence of DBU. The apparent equilib-
rium is characterized by the presence of a prominent amount of polymer with respect
to the formed monomer. The depolymerization rate increased at 60 °C and an appar-
ent equilibrium was reached after 69 h. A rough estimate of the monomer concen-
tration at the apparent equilibrium at different temperatures supported the reversible
nature of poly-BF1-AP depolymerization. Thus, poly-BF1 appeared to show an
unzipping depolymerization similar to the one shown by polycyanoacrylates.
Indeed, alkyl cyanoacrylate polymers were described to undergo a rapid depolymer-
ization at room temperature as a consequence of the abstraction of the terminal
chain proton by base and the monomer produced by the unzipping depolymerization
is simultaneously polymerized by the base initiator to give a daughter polymer [70].

The subsequent structure manipulation of benzofulvene structure in BF1 and
BF3k gave further information about the role of substituents in affecting the ther-
moinduced depolymerization behavior.

For instance, the replacement of ethyl group of BF1 with MOEG chains com-
posed of three (MOEG-3) or nine (MOEG-9) monomeric units leading to macro-
monomers 2-MOEG-3-BF1 and 2-MOEG-9-BF1, respectively, was demonstrated
to have negligible effects on the thermoinduced depolymerization behavior of the
corresponding polymers [25]. In fact, when solutions of poly-2-MOEG-3-BF1 or
poly-2-MOEG-9-BF1 in deuterated DMSO were heated at 150 °C and 'H-NMR
spectra were recorded at regular time intervals, the depolymerization trends (almost
complete depolymerization after 3—6 h heating, Fig. 21 and Table 5) of both poly-
mers were very similar to that shown by poly-BF1 obtained by spontaneous polym-
erization. Therefore, the presence of relatively long MOEG side chains appended to
the monomeric unities appeared to be unable to alter the usual depolymerization
behavior shown by poly-BF1.

DSC analysis of poly-2-MOEG-9-BF1showed an endothermic peak (215 °C,
85 J/g) significantly broader than that shown by poly-BF1 obtained by spontaneous
polymerization, whereas TGA showed an initial small weight loss at about 215 °C
and a quite sharp maximum of the derivative at 375 °C. The high value of DTGA
peak was interpreted in terms of MOEG chain entanglement, which could hamper
the monomer release leading to weight loss.

On the other hand, the insertion of substituents at the 6-position of the indene
nucleus of BF3k produced significant variations in the thermoinduced depolymer-
ization of the corresponding polymers (Table 6) that appeared related to the nature
of the substituent [37, 52, 55].

The polymer bearing a methoxy group in the monomeric unit (poly-6-MO-
BF3k) showed a relatively rapid depolymerization up to an apparent equilibrium
(after about 8-24 h heating 150 °C) characterized by the presence of a substantial
amount of the monomer. The modification of the methoxy group poly-6-MO-BF3k
into MOEG chains of different length appeared to slow the depolymerization pro-
cess progressively with the increase of the chain length.

These results appeared to find a good correlation with the results obtained by
means of DSC analysis. Interestingly, the DSC curves of poly-6-MO-BF3Kk,
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Fig. 21 Thermoinduced depolymerization of poly-2-MOEG-3-BF1 (left) and poly-2-MOEG-9-BF1
(right) followed by "H NMR. Solutions of 5.0 mg of the polymer in 0.5 mL of DMSO-d, were heated
at 150 °C and '"H NMR spectra (400 MHz) were recorded at regular time intervals. The arrows indicate
the DMSO peaks and the open circles the water peak. Because of the low solubility of poly-2-MOEG-
3-BF1lin DMSO-d; at room temperature, the starting spectrum (r=0) was performed in CDCl;.
Reprinted with permission from Cappelli et al. [25]. Copyright 2009, American Chemical Society

Table 5 Comparison of the thermoinduced depolymerization with some significant DSC features of
PEGylated poly-BF1 derivatives

Thermoinduced Peak
depolymerization Peak n. Peak AH
Polymer R, R, R; at150°C by'H-NMR? (appearance) T (°C) (J/g)°
Poly-BF1 COOC,H;s CH; H Depolymerization almost 1 (sharp) 235 94
complete after 3-6 h
Poly-2- (¢(0]6] CH; H Depolymerization almost
MOEG-3-BF1 (C,H,0);CH; complete after 3-6 h
Poly-2- COO CH; H Depolymerization almost 1 (relat. sharp) 215 85
MOEG-9-BF1 (C,H,0),CH; complete after 3-6 h

“In the thermoreversibility experiments samples of the polymers (5.0 mg) were dissolved into DMSO-d,
(0.5 mL, nitrobenzene-ds for poly-BF1) and heated in an oil bath thermostated at 150 °C (140 °C for
poly-BF1); the "H-NMR experiments were performed at regular time intervals

"The positive values refer to the endothermic peaks
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Table 6 Comparison of the thermoinduced depolymerization with some significant DSC features of
poly-BF3k derivatives

Thermoinduced Peaks
depolymerization at ~ Peaks n. Peak AH
Polymer R, R, R, 150 °C by'H-NMR®  (appearance) T (°C) (J/g)°
Poly-BF3k COOC,Hs H H Depolymerization 1 (sharp) 232 985
almost complete
after 3-6 h
Poly-6- COOC,Hs H OCH; Apparent equilibrium 1 (relat. sharp) 231 52
MO-BF3k after 824 h
Poly-6-MOEG- COOC,Hs; H O(C,H,0),CH; Apparent equilibrium 1 (broad) 224 40
2-BF3k after 24 h
Poly-6-MOEG- COOC,Hs H O(C,H,0);CH; Apparent equilibrium 1 (broad) 226 34
3-BF3k after 24-48 h
Poly-6-MOEG- COOC,Hs; H O(C,H,0),CH; Apparent equilibrium 1 (broad) 224 20
9-BF3k after 48 h
Poly-6-MOEG- COOC,Hs; H OCH,(C,HN;) Apparent equilibrium
9-TM-BF3k (C,H,0)¢CH;  after 72 h
Poly-4, Apparent equilibrium
6-MO-BF3k after 824 h
Poly-4,5, Apparent equilibrium
6-MO-BF3k after 824 h

In the thermoreversibility experiments samples of the polymers (5.0 mg) were dissolved into nitroben-
zene-ds (0.5 mL) and heated in an oil bath thermostated at 150 °C; the '"H-NMR experiments were per-
formed at regular time intervals

"The positive values refer to the endothermic peaks

poly-6-MOEG-2-BF 3Kk, poly-6-MOEG-3-BF 3k, and poly-6-MOEG-9-BF3k (Fig. 22)
showed a single endothermic peak centered in the same temperature range (224—
231 °C) measured for parent poly-BF3k (232 °C), and the thermal behavior
appeared to be affected by the substituent present at the 6-position [37]. In detail,
the thermograms of the polybenzofulvene derivatives bearing MOEG chains show
a broad endothermic peaks, which was sharper in the DSC trace of the polymer
bearing a methoxy group (poly-6-MO-BF3k) and was even sharper in the case of
unsubstituted poly-BF3k. The heat flows involved in the unzipping reaction were
found to fall in the range 20-52 J/g and were significantly lower with respect to
unsubstituted poly-BF3k (98.5 J/g). This result was rationalized in terms of poly-
mer stiffness. Poly-BF3k, showing the highest stiffness, was believed to require the
greatest amount of energy to depolymerize. The insertion of the methoxy substitu-
ent of poly-6-MO-BF3k and the MOEG side chains produces both a change in the
backbone arrangement and a decrease of the depolymerization heat as well as a
progressive broadening of the DSC peak.

TGA analysis suggested a complex decomposition pathway for poly-BF3k
derivatives reported in Table 7. The DTGA curves showed that the decomposition
process occurred in different steps.

Poly-6-MO-BF3k, bearing a methoxy substituent, shows the lower T; (the onset of
thermal decomposition or the temperature corresponding to initial 1 % weight loss)
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Fig. 22 DSC curves of poly-BF3k (black), poly-6-MO-BF3k (green), poly-6-MOEG-2-BF3k

(magenta), poly-6-MOEG-3-BF3k (red), and poly-6-MOEG-9-BF3k (blue). Reprinted with per-
mission from Cappelli et al. [37]. Copyright 2010, Wiley Periodicals, Inc.

Table 7 Comparison between DSC and TGA features of poly-BF3k derivatives

DSC TGA  TGA TGA
Polymer R, R, Ry T, CO) T.(°C) Tt CCO)  Tuaa (°C)
Poly-BF3k COOC,Hs H H 232 191 243 310
Poly-6-MO-BF3k COOC,Hs H OCH; 231 193 246 380
Poly-6-MOEG-2-BF3k COOC,Hs H O(C,H,0),CH; 224 218 293 371
Poly-6-MOEG-3-BF3k COOC,Hs H O(C,H,0);CH; 226 252 322 428
Poly-6-MOEG-9-BF3k COOC,Hs H O (C,H,0),CH; 224 260 402¢

Single broad decomposition step

value, which was slightly higher than that obtained with parent poly-BF3k. For the
polymers containing MOEG side chains, the 7; was found to increase with the
increase of the side chain length. Interestingly, a similar trend was observed for the
Tax (the temperature at which the weight loss rate is maximum) value. The presence
of MOEG in the side chain produced a noticeable shift of the DTG peaks towards
higher temperatures compared to poly-6-MO-BF3k. In particular, the 7, value
increases as a function of the side chain length. Similarly to PEGylated poly-BF1
derivatives, the high value of DTGA peaks could be explained in terms of MOEG
chain entanglement, which may hamper the monomer release.

Moreover, the results of the thermal analysis suggest that during the TGA experi-
ments a variable amount of the formed monomers decompose before their release in
the gas stream and that the amount depends on the length of MOEG side chain,
which in turn affects the monomer release temperature.
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Finally, the insertion of small substituents such as methoxy groups in the ben-
zene ring of the indene nucleus of 6-MO-BF3k leading to 4,6-MO-BF3k and
4,5,6-MO-BF3k did not produce significant variations in the thermoinduced depo-
lymerization of the corresponding polymers (Table 6) [55].

Structure of Polybenzofulvene Derivatives

The structure of polybenzofulvene derivatives has been studied by means of differ-
ent techniques such as NMR spectroscopy, absorption and emission spectroscopy,
and matrix-assisted laser desorption ionization time of flight mass spectrometry
(MALDI-TOF MS).

NMR Spectroscopy

Intensive research efforts have been devoted to the NMR characterization of the new
benzofulvene polymers in order to determine the nature of some general and peculiar
aspects. In particular, poly-BF1 was studied in details by means of NMR spectros-
copy in order to confirm its polymeric nature and to determine its structure. Moreover,
an extensive series of polybenzofulvene derivatives have been studied to determine,
for each of them: (1) the vinyl nature of the polymers and the presence of aromatic
stacking interactions; (2) the role of the electron-withdrawing groups (or donors)
present on the benzofulvene fragment in affecting the macrostructure; (3) the influ-
ence of a sterically demanding substituents on the conformational behavior.

Firstly, the polymeric nature of poly-BF1 was assessed based on the following
experimental evidence [20].

The 'H-NMR spectrum of poly-BF1 showed broad signals in the place of the
sharp ones typical of BF1.

The signals of vinyl =CH, group of BF1 (two singlets at 6.35 and 6.55 ppm)
became a broad signal (at about 3.2 ppm) attributed to a —-CH, bridge of poly-BF1
(Fig. 23). Moreover, two *C-NMR signals (a singlet at 57.5 ppm assigned to a qua-
ternary carbon and a broad signal centered at about 48 ppm assigned to the methy-
lene bridge Fig. 24) appeared in the aliphatic region of poly-BF1 spectrum to
replace the vinylene carbon signals of BF1 (116.9 and 144.2 ppm). Thus, the con-
version of BF1 vinylene group into a methylene bridge strongly supported the poly-
meric nature of poly-BF1 [20].

In principle, two structures are possible for the polybenzofulvene derivatives,
depending on the polymer enchainment: 1,2- (vinyl polymer) or 1,4- (diene poly-
mer). Figure 25 shows that the vinyl or diene polymerizations of BF1 produce dif-
ferent polymer backbones.

In order to discriminate between the vinyl and the diene polymer nature, a com-
bined approach was developed as crucial feature of the study involving poly-BF1.
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Fig. 23 Comparison of 'H-NMR spectrum (200 MHz) of BF1 (top) with that of poly-BF1 (bortom).
Adapted with permission from Cappelli et al. [20]. Copyright 2003, American Chemical Society

The strategy included (1) the synthesis of model molecules representative of the
monomeric units in the two different enchainments (1,2- and 1,4); (2) an in-depth
characterization by mono- and two-dimensional NMR spectroscopy of model com-
pounds and polymers; (3) analysis of the chemical shifts by means of different
approaches [21]:

1. The hydrogenation of BF1 afforded two model molecules (Scheme 18).
Ethyl 1-methyl-3-(4-methylphenyl)-1H-indene-2-carboxylate (1,2-model) was
derived from the hydrogenation at the 1- and 2-positions of the diene fragment
and retained the endocyclic double bond in the original position. Ethyl 3-methyl-
1-(4-methylphenyl)- 1 H-indene-2-carboxylate (1,4-model) was derived from the
hydrogenation at the 1- and 4-positions of the diene fragment and showed a
double bond shift [21].

2. The structures of 1,2- and 1,4-model compounds were determined by crossing 1D
and 2D NMR results. The analysis of *C-NMR spectra of the model compounds
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Fig. 24 Comparison of the *C-NMR (150 MHz, CDCl;) spectra of BF1, 1,2-model, 1,4-model,
and poly-BF1. In the poly-BF1 spectrum the cyan arrow indicates the signal attributable to the
carbonyl carbon, the green arrows those attributable to the quaternary carbons, the violet arrows
those attributable to aromatic CH, the blue arrows the CH, signals, and the red arrows the CH,
signals. Reprinted with permission from Cappelli et al. [21]. Copyright 2005, Wiley Periodicals, Inc.
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showed 18 well-defined signals as expected, having resonances quite similar in
terms of chemical shifts. A key role for the structure assignment was played by
the long-term correlations in the HMBC experiments. Specifically, the aromatic
ortho protons (H2'/6") correlate, through three bonds, with the olefinic carbon
atom C3 in the 1,2-structure, while in the 1,4-structure they correlate with the
saturated carbon atom C3.

3. The comparison of the *C-NMR spectra of BF1, 1,2-model, and 1,4-model sug-
gested that the signal attributable to the carbon atom of the pendent phenyl
bonded to the indene moiety (C-1’, Fig. 24) showed a chemical shift almost
equal in BF1 and 1,2-model (131.5 and 131.6 ppm, respectively), while the C-1
signal of 1,4-model was downfield shifted at 136.5 ppm and no signals were
present in the region of the spectrum between 130 and 135 ppm. This observa-
tion was explained by the fact that C-1’ is bonded to unsaturated C-3 atoms in
both BF1 and 1,2-model, while in the 1,4-model the double bond is shifted and
C-1"is linked to a saturated C-3 atom.

The *C-NMR spectrum of poly-BF1 showed a signal of a quaternary carbon at
131.5 ppm, in analogy to what was observed in compounds BF1 and 1,2-model.
This signal was assigned to C-1" on the basis of HSQC and HMBC experiments
since a connection path among C-1", H-3'/5’, and C-1" was observed. Therefore, the
double bond was assumed to retain its position during the polymerization support-
ing the vinyl structure (1,2-enchainment) for poly-BF1.

Our strategy was comprehensive of chemical shift calculations based on the
additive rules by Grant and Paul. Even though the additive method was expected to
give large deviations between the experimental and predicted chemical shift values
when applied to highly substituted and sterically hindered molecules, the calculated
values for the 1,2-enchainment were very close to the experimental ones, confirm-
ing once again a vinyl polymer structure for poly-BF1. More specifically, the chem-
ical shift of the methylene bridge carbon was calculated starting from the one of the
methyl groups of the 1,2- and 1,4-model compounds (16.7 and 12.5 ppm, respec-
tively). The calculated value for the 1,2-enchainment was 45.6 ppm, very similar to
the experimental value of 48 ppm, while the one calculated for the 1,4-enchainment
was 30.2 ppm, rather different from the experimental value. Similarly, starting from
the chemical shift of the quaternary carbons C1 (45.3 ppm) and C3 (55.7 ppm) of
the 1,2- and 1,4-model compounds, respectively, a chemical shift of 54.2 ppm was
calculated for the aliphatic quaternary carbon of poly-BF1 in the 1,2-enchainement
and of 63.1 ppm in the 1,4-enchainement. The experimental value of 57.5 ppm sup-
ports the vinyl nature of poly-BF1.

In addition, 1,2-polymerization preserves conjugation in the polymer between
the donor aryl group and the acceptor ester group.

The presence of two unusually shielded aromatic protons at about 6 ppm in the
"H-NMR spectrum of poly-BF1 was considered to be suggestive of the presence of
strong interactions among the aromatic moieties (x-stacking).
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In order to define if the stereoelectronic nature and/or the steric hindrance of the
substituents present on the indene moieties affects the polymer microstructure, dif-
ferent R, R,, and R; substituted benzofulvene derivatives were prepared and sub-
mitted to a comprehensive NMR study ('H, '*C, and HSQC experiments on the
whole set of the polymers) [22].

These studies evidenced that the macromolecular structure of some newly syn-
thesized polymer was rather complex, with the possible presence of enchainment,
configurational, and/or conformational isomers. Steric hindrance in proximity of
the reactive vinylene group of monomer appeared to play a discriminating role in
determining the macromolecular structure of the resulting polymers.

Poly-BF3k was found to show the simplest NMR features (indicating good struc-
tural homogeneity), which were very similar to the ones shown by poly-BF1. This
result was consistent with the fact that BF3Kk is the 4’-desmethyl derivative of BF1 and
suggested that the 4’-methyl did not affect the polymer structure. The *C-NMR spec-
tra of both polymers showed a single peak attributable to the aliphatic quaternary
carbon with a chemical shift value (about 58 ppm) very similar to the one calculated
for poly-BF1 in the 1,2-enchainment (54.2 ppm, Table 8). Interestingly, the broad
peak assigned to the backbone methylene bridge was resolved in the spectra of both
polymers into two broad peaks (ca. 48 and 51 ppm). The different intensity of these
broad peaks suggested the contemporary presence of a minor species (m) with a major
one (M) and the possible existence of configurational or conformational isomers.

The replacement of the bulky electron-withdrawing group —COOC,H; of poly-
BF1 and poly-BF3k with a small donor methyl as for poly-BF3f produced a signifi-
cant change in the polymer structure. In fact, poly-BF3f backbone was assumed to
present two different enchainments (1,2- and 1,4-) as suggested by the splitting of
the quaternary C1 signal into two peaks having a chemical shift (57.4 and 61.0 ppm)
very close to that calculated for poly-BF1 in the two possible enchainments (54.2
and 63.1 ppm). In other words, some monomeric units of poly-BF3f retained the
indene double bond in the original position, while in some others it could be shifted
as a consequence of a diene (1,4) polymerization.

The introduction of a nitrile group or of a halogen atom at the 2-position of indene
nucleus was again more critical in altering the polymer structure. The number of the
peaks attributable to aliphatic quaternary carbon and their chemical shift suggested
the presence in poly-BF3g,h (showing a nitrile group) and poly-BF3c¢,d,e (showing
a halogen atom) of enchainment, configurational, and/or conformational isomers.

The maximum of the complexity was observed in poly-BF3a (R,=H), which
showed two broad peaks attributable to aliphatic quaternary carbon, while the signals
attributable to backbone methylene were dispersed in a wide range of chemical shifts.

A special case was represented by poly-BF3i where the small electron-
withdrawing CN group at the 2-position of the indene nucleus was associated to the
presence of a methyl group at the 6-position. The evident analogy of its NMR fea-
tures with those of the polymers bearing a bulkier electron-withdrawing ester group
(poly-BF1 and poly-BF3Kk) suggested for the methyl group in the proximity of the
reactive exocyclic methylene group in BF3i monomer a role in inhibiting diene
(1,4) polymerization.
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Table 8 Significant NMR features of the poly-BF3 derivatives

A. Cappelli et al.

Aliphatic
Aliphatic quaternary Backbone
quaternary BC-NMR  Backbone CH, BC-
Polymer R, R, R; BC-NMRn.? ppm® CH, HSQC n.* NMR ppm?
Poly-BF3a H H H 2 broad 554,574 >6 33.0-61.0
Poly-BF3c F H H 3 49.7(M) 5 32.8
50.9(m) 40
54.0(m) 42.7
44.5
46.1
Poly-BF3d  Cl H H 4 56.6(M) 5 37.2
56.8(M) 38.8
57.7(m) 42
59.9(m) 445
47.7
Poly-BF3e Br H H 2 58.1(M) 4 39.3
61.0(m) 42.8
45.8
48.1
Poly-BF3f CH; H H 2 57.4 2 30
61 37.2
Poly-BF3g CN H H 4 56.5(M) 5 37.6
57.7(m) 39.6
59.6(m) 424
61.0(m) 455
48.6
Poly-BF3h  CN CH; H 3 56.3(M) 4 37.4
57.4(m) 422
59.5(m) 459
48.6
Poly-BF3i CN H CH; 1 56.1 2 46.1
49.1
Poly-BF3j C=C2Pyr H H 2 57.1M) 5 39.2
60.9(m) 40
422
473
49.8
Poly-BF3k COOC,Hs H H 1 57.8 NO*® 48.4(M)
50.8(m)
Poly-BF1 COOC,Hs CH; H 1 57.5 NO¢ 47.9(M)
50.8(m)
Poly-BF3ma COOH CH; H 1 57.3 NO® 48.2
Poly-BF2 [15] 57.8 43.8
Poly-BF1 Calcd for 1,2 542 45.6
polymerization
[21]
Poly-BF1 Calcd for 1,4 63.1 30.2

polymerization
[21]

“Number of *C-NMR signals attributable to aliphatic quaternary carbon at the 1-position of the indene moiety
"The ppm value of the *C-NMR signal(s) attributable to the aliphatic quaternary carbon
‘Number of cross-peaks attributable to backbone methylene in the HSQC spectrum

9The ppm value of the signal(s) attributable the backbone methylene *C

°NO: not observed
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Fig.26 Comparison of the 'H-NMR spectra of dimers and poly-BF1 obtained in different conditions.
Reprinted with permission from Cappelli et al. [23]. Copyright 2008, American Chemical Society

Subsequently, the anionic polymerization of BF1 with PhLi as the initiator
allowed us to isolate and characterize monomer and dimer species and the corre-
sponding polymer (poly-BF1-AP). A careful study performed by NMR spectros-
copy on the monomers and dimers, considered as model compounds, was of a great
help in the understanding of the poly-BF1 structure, also providing evidence on
n-stacked nature for the polymer [23].

Dimers showed rather complex NMR spectra, but the combined use of COSY,
NOESY, HSQC, and HMBC experiments allowed the assignment of the'H and
BC-NMR spectra of the four dimers isolated from the polymerization mixture to be
carried out (Figs. 26 and 27). In the strategy of spectral assignment, the benzyl
moiety deriving from the PhLi initiator was used as the starting point.

The analysis of the chemical shift values and NOESY spectra of dimers provided
important information about the tendency to accommodate their bicyclic moiety in
an antiparallel stacked orientation (Figs. 26 and 27). This observation was consid-
ered to be very important for Dimer-1,2-1,2-Major in which the tetrahedral geom-
etry of both the indene C-1 atoms appeared to force the indene moieties to stack
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Fig. 27 Comparison of the *C-NMR spectra of dimers and poly-BF1 obtained in different condi-
tions. In the spectra of dimmers, solid lines indicate the signals attributable to the bfI moiety of
dimers, while dashed lines refer to the bf2 moiety; when this distinction is not indicated, signals
are overlapped. Reprinted with permission from Cappelli et al. [23]. Copyright 2008, American
Chemical Society

closely each other and the pendent phenyl groups to interact with the six-member
ring of the indene nucleus (or with each other) by means of T-shaped aromatic—aro-
matic interactions. This assumption was supported by the comparison of the chemi-
cal shifts and NOESY contacts for major and minor isomers of the 1,2-1,2 dimer.
More specifically, the chemical shift analysis shows the following evidence:

1. 2'/6’-bf1 protons of both species of Dimer-1,2-1,2-Major were upfield shifted
with respect to the corresponding 2'/6’-bf2 protons, indicating that the benzyl
group linked to bf1 induced a shielding effect on these protons owing to mag-
netic anisotropy.

2. H-2'/6’-bf1 and H-2'/6'-bf2 of Dimer-1,2-1,2-Major were strongly upfield
shifted (0.45 and 0.32 ppm, respectively) with respect to the corresponding
H-2'/6'-bf1 and H-2'/6’-bf2 of Dimer-1,2-1,2-minor, indicating these protons of
Dimer-1,2-1,2-Major were affected by an additional shielding field, owing to
magnetic anisotropy of the indene ring.
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3. The chemical shift values of 3'/5’-bf1 and 3'/5’-bf2 protons of Dimer-1,2-1,2-
Major were less affected (0.15 and 0.10 ppm, respectively) by this shielding
effect (with respect to the corresponding Dimer-1,2-1,2-minor protons), because
of their distal position from the indene ring and benzyl anisotropic cones.

The cross-peaks observed in the NOESY spectrum for the methyl protons of the
ethyl group of Dimer-1,2-1,2-Major were considered to be diagnostic. In particu-
lar, A-bf1 and A-bf2 protons showed symmetric intra- and inter-residue cross-peaks.
Namely, H-A-bf1 interacted with both H-2'/6’-bf1 and H-3'/5'-bf1 (intra-residue)
and with H-6-bf2 and H-7-bf2 (inter-residue) and H-A-bf2 interacted with H-2'/6'-
bf2 and H-3'/5'-bf2 (intra-residue) and with H-6-bf1 and H-7-bf1 (inter-residue).
Overall, all these observations supported the hypothesis of an antiparallel stacked
orientation of indene moieties of Dimer-1,2-1,2-Major with a further stabilization
due to “symmetric” (pendant)phenylindene interactions.

The NOESY spectrum of dimer Dimer-1,2-1,2-minor was found to feature the
interaction between H-1-bf2 and H-7-bf1 and the absence of dipolar interactions
between ester CH,—CHj; and the indene hydrogen atoms. The finding suggested for
Dimer-1,2-1,2-minor a peculiar arrangement of the two benzofulvene units due to
the “isotactic configuration.”

Finally, the comparison of the *C-NMR spectra reported in Fig. 27 demonstrated
that the anionic polymerization of BF1 in the presence of PhLi as the initiator
afforded a polymer showing NMR features very similar to those shown by poly-
BF1 obtained by spontaneous polymerization. Subtle differences involving the sig-
nals attributed to carbon atoms belonging to the pendent phenyl moiety were
interpreted in terms of possible existence of isomers of poly-BF1-AP showing dif-
ferences in the environment of the pendent phenyl group. Moreover, the similarities
existing between the spectra of poly-BF1 and those of Dimer-1,2-1,2-minor con-
firmed again the vinyl nature of this polymer and suggested that this dimer could be
considered a good candidate as the dimeric unit of this polymer.

The series of benzofulvene derivatives polymerized through spontaneous reaction
was then enriched by introducing MOEG side chains having different length in place
of the ethyl group of BF1 to produce 2-MOEG-3-BF1 and 2-MOEG-9-BF1 [25].

In order to evaluate if the oligomeric PEG side chains play a role on the polymer
structure, a comparative NMR study was performed. The analysis of the *C-NMR
spectra of poly-2-MOEG-3-BF1 and poly-2-MOEG-9-BF1 (with that poly-BF1
obtained by spontaneous polymerization as the reference, Fig. 28) evidenced a
stringent similarity in terms of chemical shift values. The aromatic regions of poly-
2-MOEG-3-BF1 and poly-BF1 spectra were practically indistinguishable and the
peaks attributed to carbon atoms C1 and D, the carbon atoms forming the polymer
backbone, showed similar chemical shift values. Thus, the presence of the oligo-
meric PEG side chain appeared to be compatible vinyl (1, 2) polymerization of
macromonomers 2-MOEG-3-BF1 and 2-MOEG-9-BF1.

Some differences were observed in the region containing signals of polybenzo-
fulvene backbone and were relative to an increased line broadening. This effect on
the 13C spectra was attributed to the different mobility of the polymer backbone that



104 A. Cappelli et al.

Poly-2-MOEG-9-BF1

W
wﬁm:wu\wwwﬂ\rﬂ 1.0 VY, ST W

Poly-2-MOEG-3-BF1

wawwf&w MWM

Poly-BF1 26 \‘\
c
sl 3 ?a J\f\/u w \ur www)

T
ppm 160 15 50 40 30 20

———

Fig. 28 Comparison of the *C-NMR (CDCl;) spectra of poly-2-MOEG-3-BF1, poly-2-MOEG-
9-BF1, and poly-BF1 obtained by spontaneous polymerization. Reprinted with permission from
Cappelli et al. [25]. Copyright 2009, American Chemical Society

was closely related to the different MOEG length. We assumed that poly-2-MOEG-
9-BF1 (major line broadening) has a lower mobility with respect to poly-2-MOEG-
3-BF1 (minor line broadening) depending on the different length of MOEG chains.

Then, the synthesis of 6-MO-BF3k (the 6-methoxyderivative of benzofulvene
monomer BF3k) and of three methyl-end-capped oligo(ethylene glycol) ethers
(6-MOEG-2-BF3k, 6-MOEG-3-BF3k, and 6-MOEG-9-BF3k) gave the opportu-
nity of proving that the vinyl (1, 2) polymerization mechanism remained operative
also in the presence of oligoether side chains at the 6-position of the indene nucleus
[37]. The NMR study involving these polymers was based on the extensive charac-
terization of indene derivative 6-MO-BF3k-MUM as the model compound for the
monomeric unit concerning the polymer obtained by vinyl (1, 2) polymerization of
6-MO-BF3k. The strategy used to assign the spectra of the model compound was
used in the assignment of the spectra of the polymers. However, the severe line
broadening observed in the HMBC experiments hampered the obtainment of all the
long-term 'H-"*C-connectivities. Thus, the assignment work required the compari-
son of the *C-NMR spectra of the polymers with those of the model compound and
poly-BF3Kk, also in the light of the 2D collected data. The assignments reported in
Fig. 29 demonstrated that the diagnostic signals attributed to poly-6-MO-BF3k
backbone (C-1: 57.1 ppm and D: 48.5 ppm) showed chemical shift values very
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Fig. 29 Comparison of the *C-NMR spectra (CDCl;) of 6-MO-BF3k-MUM, poly-6-MO-BF3k,
poly-6-MO-BF3Kk, poly-6-MOEG-2-BF3k, poly-6-MOEG-3-BF3k, and poly-6-MOEG-9-BF3k.
Adapted with permission from Cappelli et al. [37]. Copyright 2010, Wiley Periodicals, Inc.

similar to those observed for the corresponding signals in poly-BF3k spectrum
[C-1: 57.8 ppm; D: 48.4 (major), 50.8 (minor)].

Furthermore, the comparison of 3C-NMR spectra (Fig. 29) of poly-6-MO-BF3k,
poly-6-MOEG-2-BF3k, poly-6-MOEG-3-BF3k, and poly-6-MOEG-9-BF3k
showed the existence of important correspondences in both the upfield region
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containing backbone C-1 and C-D signals and the low-field portion containing C-1
and C-3 (which may be affected by the potentially competing 1,4-polymerization)
and supported the retention of the spontaneous 1,2-polymerization mechanism in
these benzofulvene carboxylate derivatives. Finally, this comparative analysis
showed that the increase in MOEG chain length produced a broadening and a pro-
gressive upfield shift of the signal attributed to C-2'/6" and a similar broadening
involved the signals attributed to C-2 and C-3, thus suggesting that the presence of
an increasing steric bulk at the 2-position of the indene moiety could induce a differ-
ent main chain arrangement affecting both the nonbonded interaction of the pendent
phenyl substituent and the backbone flexibility or the conformational behavior.

Analogously, the application of click chemistry to the preparation of the biorel-
evant polybenzofulvene brush poly-6-MOEG-9-TM-BF3k provided the opportu-
nity of proving that the vinyl (1, 2) polymerization mechanism remained again
functioning also in the case of elongation of the side chains in position 6 of the
indene nucleus [52]. Very interestingly, the increased structural complexity of the
macromonomer containing the triazole ring did not affect the monomer interaction
leading to poly-6-MOEG-9-TM-BF3k. The resulting polymer was exhaustively
characterized by means of NMR spectroscopy with the aim of establishing how the
introduction of a TM spacer affected the polymer structure. As expected, the com-
parative analysis of *C-NMR spectrum of poly-6-MOEG-9-TM-BF3k with those
of reference substances (e.g., poly-6-MOEG-9-BF3k, poly-6-MO-BF3k, and
model compound 6-MO-BF3k-MUM, Fig. 30) showed a remarkable correspon-
dence in the low-field portion containing C-1’ and C-3 signals (which may be
affected by the competing 1,4-polymerization). The direct comparison between the
BC-NMR spectrum of poly-6-MOEG-9-TM-BF3k and the one of poly-6-MOEG-
9-BF3k allowed the detection of both the additional signals of TM spacer and the
upfield shift of the signal attributed to the methylene carbon of MOEG SC directly
attached to the triazole ring.

Based on the interesting results obtained, we extended the strategy established
on the extensive characterization of the appropriate model compound for the mono-
meric unit concerning the polymer obtained by vinyl (1,2) polymerization also to
the NMR characterization of the methoxy derivatives of 6-MO-BF3k [55]. The two
model compounds bearing two (4,6-MO-BF3k-MUM) or three (4,5,6-MO-BF3k-
MUM) methoxy substituents on the benzene ring were analyzed together with the
corresponding polymers, poly-4,6-MO-BF3k and poly-4,5,6-MO-BF3k (Fig. 31),
in order to confirm vinyl polymerization.

The assignment work begun from 4,6-MO-BF3k-MUM. Specifically, in the ali-
phatic region, the singlet at 3.77 ppm was assigned to the H-1 protons, because it
was the only expected singlet having an integral value corresponding to two pro-
tons. Moreover, these signals showed a NOESY contact with a proton in the aro-
matic region, at 6.71 ppm, assigned to H-7. As a consequence the signal at 6.32 ppm
was attributed to the H-5 proton. Once H-7 and H-5 were established, NOESY
analysis led to the identification of H-E and H-F. All the other resonances were
assigned by means of the 'H-13C heteronuclear two-dimensional techniques.
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Fig. 30 3C-NMR spectrum (CDCl,) of poly-6-MOEG-9-TM-BF3k compared with those of poly-
6-MOEG-9-BF3k and poly-6-MO-BF3k. Adapted with permission from Cappelli et al. [52].
Copyright 2011, The Royal Society of Chemistry

Owing to the close structural similarity, 4,5,6-MO-BF3k-MUM spectra were
assigned by following the same strategy used for 4,6-MO-BF3k-MUM. The assign-
ment was then checked in a comparative study involving the tree model compounds
(6-MO-BF3k-MUM, 4,6-MO-BF3k-MUM, and 4,5,6-MO-BF3k-MUM). The
comparison suggested that C-1 and C-3 were the carbon atoms less affected by the
introduction of the methoxy groups, while C-1’ belonging to the pendent phenyl
group was slightly sensitive (the insertion of a methoxy substituent at the 4-position
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Fig. 31 C-NMR spectra (CDCl;) of poly-4,6-MO-BF3k and related model compound
4,6-MO-BF3k-MUM (left); *C-NMR spectra (CDCl;) of poly-4,5,6-MO-BF3k and related
model compound 4,5,6-MO-BF3k-MUM (right). Adapted with permission from Cappelli et al.
[55]. Copyright 2012, The Royal Society of Chemistry

of the indene nucleus produced a downfield shift of 2.5 ppm and a successive
methoxy insertion in position 5 led to an upfield shift of 0.3 ppm).

The 3C spectra of poly-4,6-MO-BF3k and poly-4,5,6-MO-BF3k showed a pat-
tern of signals very similar in terms of chemical shifts to that shown by the corre-
sponding model compound (i.e.,4,6-MO-BF3k-MUM and4,5,6-MO-BF3k-MUM).
In particular, the signals assigned to C-1’ and C-3 (diagnostic of a competing
1,4-polymerization) did not evidence relevant differences in terms of chemical
shifts, thus supporting the retention of a 1,2-polymerization mechanism.

Furthermore, the analysis of the evolution of the 3*C-NMR features induced by
the subsequent methoxy insertion into parent macromolecule poly-BF3k (Fig. 31)
demonstrated that the changes in the chemical shift values of C-1" and C-3 signals
agreed with those observed in the model compounds and that the insertion of the
second methoxy group led to a dramatic change in the NMR features of these poly-
mers. The change was assumed to be related to the alteration in conformational
preferences as suggested by the conformation plot (see Sec. 5.1).

Recently, two novel benzofulvene monomers bearing propargyl or allyl groups
were synthesized and induced to polymerize spontaneously by solvent removal to
give the corresponding polybenzofulvene derivatives bearing clickable propargyl or
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Fig. 32 '*C-NMR spectra (CDCI;) of newly synthesized poly-6-PO-BF3k and poly-6-AO-BF3k,
compared with those of poly-6-MO-BF3k

allyl moieties. In the absence of the suitable model compounds, *C-NMR spectra of
poly-6-PO-BF3k and poly-6-AO-BF3k were evaluated in comparison with that of
parent macromolecule poly-6-MO-BF3k (Fig. 32) in order to ascertain the corre-
spondence between the structure of these polybenzofulvene derivatives and the pres-
ence of intact clickable groups in poly-6-PO-BF3k and poly-6-AO-BF3k. The
comparative analysis of both the low-field portion containing C-1" and C-3 signals
and the upfield region containing C-1 and C-D (which may be affected by the com-
peting 1,4-polymerization) confirmed the retention of the spontaneous 1,2-polymer-
ization mechanism. Moreover, the presence of the additional signals attributed to
propargyl (poly-6-PO-BF3Kk) or allyl (poly-6-AO-BF3Kk) side chains demonstrates
that 1,2-polymerization involves selectively the benzofulvene exocyclic double bond.
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Fig. 33 Left: *C-NMR spectra (CDCI;) of poly-6-MOEG-7-SPO-BF3k and poly-6-AO-BF3k;
the small signals marked with asterisks were assigned to the residual vinyl groups remained
unmodified after the exposition to the thiol-ene photoreaction conditions. Right: *C-NMR spectra
(CDCl3) of poly-6-MOEG-9-TM-BF3k obtained by exhaustive functionalization of poly-6-PO-
BF3k (grafting onto)

The two polymers bearing clickable moieties (poly-6-AO-BF3k and poly-6-PO-
BF3k) were used as macromolecular precursors in the “grafting onto” approach to
the synthesis of polybenzofulvene brushes. The transformation of the carbon—car-
bon double or triple bonds by coupling with MOEG chains confirmed the availabil-
ity of these groups to react through click chemistry reactions (“CuAAC” for
poly-6-PO-BF3k and “thiol-ene” for poly-6-PO-BF3K) in a selective manner with
the appropriate groups. *C-NMR spectroscopy was demonstrated to be a powerful
tool in the evaluation of the completeness of the coupling reaction (grafting den-
sity). The disappearance of the signals of the propargyl and allyl groups of the two
macromolecular precursors was complete in the case of poly-6-PO-BF3k and par-
tial in poly-6-AO-BF3k (Fig. 33).

Absorption and Emission Spectroscopy

DNA is a biopolymer characterized by a backbone formed by alternating phosphate
and sugar residues and bearing chromophores (the nucleobases) capable of interact-
ing each other to form a structurally complex supramolecular entity. The double
helical structure of DNA is stabilized by two interaction types, namely, hydrogen
bond and stacking interactions among the nucleobases, which form a column inside
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Fig. 34 Structures of model compounds 6-MO-BF3k-MUM, 4,6-MO-BF3k-MUM, and
4,5,6-MO-BF3k-MUM compared with those of benzofulvene derivatives 6-MO-BF3k,
4,6-MO-BF3k, and 4,5,6-MO-BF3k. Reprinted with permission from Cappelli et al. [55].
Copyright 2012, The Royal Society of Chemistry

the double helix. The stacking interactions (also called pi stacking or n—r stacking)
are attractive non-covalent interactions among aromatic rings that have stimulated a
great research interest, but are not completely understood. The presence of stacking
interactions among the nucleobases in the ordered structure of DNA has been con-
nected to the phenomenon called hypochromism, a decrease in the absorption of
light by a chromophore in the ordered state (stacked) with respect to the disordered
(non-stacked) one. In particular, the hypochromism of a solution of helical calf
thymus DNA was found to be 0.37 relative to the constituent mononucleotides [71].

The presence of m-stacking interactions is generally recognized to produce the
formation of excimers, which are characterized by redshifted emission spectra with
respect to those of the noninteracting species. Thus, hypochromism in the absorption
and redshifted emission have been evaluated in polymers bearing different chromo-
phores in order to obtain information on the presence of stacking interactions [7, 15].

Accordingly, the absorption/emission features of our polybenzofulvene deriva-
tives were characterized in order to obtain information on the degree of w-stacking
between the chromophore groups.

The most comprehensive study was performed on the methoxy derivatives of
poly-BF3k and was based on the extensive characterization of indene derivatives
6-MO-BF3k-MUM, 4,6-MO-BF3k-MUM, and 4,5,6-MO-BF3k-MUM (Fig. 34),
as the model compounds for the monomeric unit concerning the polymers obtained
by vinyl (1,2) polymerization of the corresponding monomers (6-MO-BF3K,
4,6-MO-BF3k, and 4,5,6-MO-BF3k) [55].

The choice of the model compounds for the monomeric unit concerning the
polymers obtained by vinyl (1,2) polymerization of the corresponding monomers
appeared to be justified by two important considerations. First, NMR studies sug-
gested that vinyl (1,2) polymerization appeared to dominate in a great number of
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Fig. 35 (a) Absorption spectra of model compounds 6-MO-BF3k-MUM (black), 4,6-MO-BF3k-
MUM (blue), and 4,5,6-MO-BF3k-MUM (red). (b) Absorption spectra of poly-6-MO-BF3k
(black), poly-4,6-MO-BF3k (blue), poly-4,5,6-MO-BF3k (red). The spectra were obtained in
dichloromethane at room temperature. The concentration in monomer unit for poly-6-MO-BF3k,
poly-4,6-MO-BF3k, and poly-4,5,6-MO-BF3k was about 1.78 x 10~ M. The same concentration
was used for model compounds. Reprinted with permission from Cappelli et al. [S5]. Copyright
2012, The Royal Society of Chemistry

polybenzofulvene derivatives. Moreover, the study performed on the model com-
pounds for poly-BF1 monomeric unit (1,2-model and 1,4-model, see “NMR
Spectroscopy” section) demonstrated that their absorption and emission features are
relatively insensitive to the indene double bond shift [21].

The first step of the study on the methoxy derivatives of poly-BF3k concerned
the evaluation of the UV—Vis absorption spectra of the polymers in comparison with
the corresponding model compounds (Fig. 35). The spectrum of 6-MO-BF3k-
MUM showed two absorption components, one centered around 240 nm and a sec-
ond centered at about 310 nm, while in compound 4,6-MO-BF3k-MUM, the
presence of an additional methoxy group at the 4-position of the indene nucleus
caused a redshift of the two absorption peaks to 250 and 330 nm and the appearance
of a third component around 300 nm. The insertion of the third methoxy group at
the 5-position (as in 4,5,6-MO-BF3k-MUM) did not produce the expected further
redshifts, but the blueshift of the second component led the component at 300 nm to
disappear and the absorption spectrum became analogous to that shown by the
model compound bearing a single methoxy group (6-MO-BF3k-MUM).

The comparative analysis of the polymer absorption spectra with respect to
model compounds (Fig. 35) revealed a significant hypochromism (particularly evi-
dent in the component centered around 300 nm) similar to that observed in other
n-stacked macromolecules.

The comparison of emission spectra of the three polymers (poly-6-MO-BF3Kk,
poly-4,6-MO-BF3k and poly-4,5,6-MO-BF3k) and of the related monomeric unit
models provided interesting information (Fig. 36). The insertion of a second and
third methoxy group in the indene nucleus of the monomeric model compounds
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Fig. 36 (a) Emission spectra of model compounds 6-MO-BF3k-MUM (black), 4,6-MO-BF3k-
MUM (blue), and 4,5,6-MO-BF3k-MUM (red). (b) Emission spectra of poly-6-MO-BF3k
(black), poly-4,6-MO-BF3k (blue), and poly-4,5,6-MO-BF 3k (red). The spectra were obtained in
dichloromethane at room temperature. The concentration of model compounds was about
1.78 x 1075 M and the excitation wavelength was 310 nm. The concentration in monomer unit for
poly-6-MO-BF3k, poly-4,6-MO-BF3k, and poly-4,5,6-MO-BF3k was about 1.78x 10° M and
the excitation wavelength was 360 nm. Reprinted with permission from Cappelli et al. [S5].
Copyright 2012, The Royal Society of Chemistry

caused the emission maximum to shift from 400 nm (6-MO-BF3k-MUM) to
405 nm (4,6-MO-BF3k-MUM) and 430 nm (4,5,6-MO-BF3k-MUM) in confor-
mity with the assumed increase in electron density of the resulting molecular orbit-
als. On the contrary, the polymers did not show the same trend. The polymer
emissions were indeed found to be very similar in shape and were characterized by
a peak centered at about 490 nm that resulted redshifted with respect to monomeric
unit models. The result was interpreted in terms of a high degree of chromophore
stacking, which appeared to overshadow the electronic effect of methoxy groups.

Hypochromism in the absorption and redshifted emission were properly evalu-
ated when the appropriate model (MUM) compounds were promptly available (see
Table 9) and were found to be common features shared by the polybenzofulvene
derivatives with well-known z-stacked macromolecules. When the study of the
appropriate model compound was unfeasible, Stokes shifts (energy difference
between the absorption and emission maxima) were used to evaluate the presence
of stacking interactions. Indeed, it is generally accepted that excimer interactions
and efficient energy transfer contribute to larger Stokes shifts.

The analysis of the data reported in Table 9 demonstrated that most of the poly-
benzofulvene derivatives showed large Stokes shifts. In particular, the methoxy
derivatives of poly-BF3k (e.g., poly-6-MO-BF3K, poly-4,6-MO-BF3k, and poly-
4,5,6-MO-BF3k) showed shift values around 150 nm that are convergent with the
information obtained from the comparative study involving the model compounds
in indicating the presence of stacking interactions. Since similar values were found
in the remaining polybenzofulvene derivatives, we assumed that the presence of
stacking interactions is a common feature of the whole family.



Table 9 Absorption and emission features of some relevant benzofulvene derivatives

Abs Em Em

max max MUM*
Polymer R, R, R; (nm) (nm) (nm)
Poly-BF3a H H H 240 350

275sh® 450
Poly-BF3c F H H 240 390

260 sh®
Poly-BF3d Cl H H 240 395

275 sh®
Poly-BF3e Br H H 240 395

280 sh®
Poly-BF3f CH, H H 240 390

275 sh®
Poly-BF3g CN H H 240 360

280 445
Poly-BF3h CN CH; H 240 400 sh®

280 435
Poly-BF3i CN H CH; 240 360

280 455
Poly-BF3j C=C-2-Pyr H H 240 395

346 470
Poly-BF3k COOC,H;s H H 240 440

284
Poly-BF31 COOC,H;s CH; H 240 445 380
(Poly-BF1) 285
Poly-2- COO(C,H,0);CH; CH; H 240 445
MOEG-3-BF1 288
Poly-2- COO(C,H,0),CH; CH; H 240 445
MOEG-9-BF1 288
Poly-6- COOC,H;s H OCH; 240 460 400
MO-BF3k 310 500sh® 420

sh®
Poly-6- COOC,H;s H O(C,H,0),CH; 240 460
MOEG-2-BF3k 310 500 sh®
Poly-6- COOC,H;s H O(C,H,0);CH; 240 460
MOEG-3-BF3k 310 500 sh®
Poly-6- COOC,Hs H O(C,H,0),CH; 240 460
MOEG-9-BF3k 310 500 sh®
Poly-6-MOEG- COOC,H;s H OCH,(C,HN3) 240 460
9-TM-BF3k (C,H,0)oCH; 310 500 sh®
Poly-4,6- 250 460 405
MO-BF3k 300 500 sh® 420
sh®

340
Poly-4,5, 255 460 430
6-MO-BF3k 310 500 sh®
Poly-6-PO-BF3k COOC,H;s H OCH,CCH 240 460

307 500 sh®
Poly-6-AO-BF3k  COOC,H; H OCH,CH=CH, 240 460

310 500 sh®

“Em MUM: this column reports the emission maxima of the appropriate monomeric unit models
"The value followed by sh refers to the shoulder observed in the spectrum
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The fluorescence in solution of a macromolecule bearing aromatic side groups is
usually formed by monomer and excimer emissions. In the emission spectrum of
poly-BF2 [15], the main component at 448 nm was assigned to the formation of an
excimer resulting from chromophore stacking, while the secondary peak at 347 nm
to the emission of the monomer in consideration of the fact that 3-phenylindene (the
model of the monomeric unit) showed an emission peak at 345 nm. The emission
spectra of poly-BF1 and closely related poly-3BFk showed a broad peak centered
at 440-445 nm, while both the models of poly-BF1 monomeric units (1,2-model
and 1,4-model, see NMR section) showed maximum emissions at about 380 nm.
On the basis of this observation and in agreement with the interpretation by
Londergan and coworkers, we have attributed the emission around 350-380 nm in
poly-BF3 spectra to non-stacked monomeric units and the peaks at 440—470 nm to
the stacked ones. This assumption led to the consideration that the degree of the
chromophore stacking in poly-BF3 could be highly variable. Thus, poly-BF3a
(emitting at 350 and 450 nm) was assumed to be less stacked than both poly-BF1
(emitting only at 445 nm) and poly-BF3k (emitting only at 440 nm), while poly-
BF3c—f (emitting only at 390-395 nm) were even less stacked. As far as poly-
BF3g-j are concerned, an intermediate situation has been hypothesized owing to
the variable proportions between the two emission components.

MALDI-TOF Mass Spectrometry

MALDI-TOF MS has become an important tool for the analysis of chemical char-
acterization of complex polymer samples as it is a highly sensitive, non-averaging
technique that provides detailed structural information about the individual mole-
cules contained in polymer systems [72—78]. It is a soft ionization technique that
usually produces single charged quasi-molecular ions with negligible ion fragmen-
tation and makes use of short pulses (3—10 ns duration) of laser light (i.e., N, at
337 nm) to induce the formation of intact gaseous ions. Analyte molecules are not
directly exposed to laser light, but are homogeneously embedded in a large excess
of “matrix,” which consists of small organic molecules. The matrix perform two
functions: (1) it absorbs photon energy from the laser beam and transfers it into
excitation energy of the solid system (analyte/matrix) and (2) it serves to dilute the
analyte molecules, so that their intermolecular forces are reduced and their aggrega-
tion is minimized. MALDI-TOF MS gives information on the mass of each indi-
vidual macromolecule from which repeat units, end groups, the presence of rings,
molar mass distributions, and other information can be derived, in particular in the
mass range up to 20-30 kDa since the single species appears as mass resolved in the
mass spectra. MALDI-TOF MS gives absolute determinations of average molar
masses (M,, and M,), in particular only for polymers with a narrow dispersity
(D=M,/M, <1,1) it succeeds independently of their structure, while fails for poly-
meric materials with a higher polydispersity (D> 1,1) [72, 73, 77], as well as for the
polybenzofulvenes investigated [20, 22-24, 37, 52, 55]. It is known that in
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MALDI-TOF MS analysis of polydisperse polymer low molecular mass species are
more easily desorbed than high molecular mass ones, determining discrimination
effect, and often macromolecules with molar mass higher than 10,000-15,000 g/
mol were not revealed [72—78]. To overcome this failure the off-line SEC/MALDI-
TOF MS coupling method has been used to evaluate the molar masses (M,, and M,)
of several polymer systems [72, 73, 77, 78]. The end groups of the oligomers
revealed in the mass range lower than m/z20,000 are representative of all the mac-
romolecular species, leading information on polymerization reaction mechanism
and on the experimental conditions; when the investigated polymers show high
molar masses (M,, and M,), they were not revealed by ("H and '*C)-NMR analysis
because concentration of these end groups is below the sensibility of the NMR
instruments used. Therefore, MALDI-TOF MS has been generally used in the study
of our polybenzofulvene derivatives to confirm the molecular mass of the repeating
unit and, in particular, to identify the end groups [20, 22-24, 37, 52, 55].

The first complete MALDI-TOF MS characterization of our polybenzofulvene
derivatives was performed in the context of the structure property relationship study
involving poly-BF3k derivatives (e.g., poly-6-MO-BF 3Kk, poly-6-MOEG-2-BF 3Kk,
poly-6-MOEG-3-BF3k, and poly-6-MOEG-9-BF3k) [55]. These polymers were
analyzed by MALDI-TOF MS using 2-(4-hydroxylphenylazo)benzoic acid (HABA)
as a matrix, and the positive ion mass spectra recorded in linear mode show clusters
of homologous peaks separated by a molecular mass corresponding to the repeating
unit of the analyzed polymer. The mass spectrum of poly-6-MO-BF3k showed (in
the range from 900 up to 8,800 g/mol) clusters of peak series corresponding to the
oligomers with repeating units ranging from 3 (M) up to 28 (My). On the other
hand, the MALDI-TOF spectra of the PEGylated poly-BF3k derivatives (poly-6-
MOEG-2-BF3k, poly-6-MOEG-3-BF3k, and poly-6-MOEG-9-BF3k) showed
peaks of oligomers formed by a lower number of repeating units as a result of the
higher weight of the monomeric unit. MALDI-TOF spectra of the polymer fractions
showing a narrow distribution (obtained by size exclusion chromatography, SEC
fractionation) showed the same clusters of peaks in the mass range higher than
10,000 g/mol. Information on the polymer end groups and composition was derived
from the analysis of the enlarged section of mass spectra reported in Fig. 37 [55].
All spectra showed a dominant series of peaks assigned to the protonated ions of the
expected polymer chains terminated with hydrogen at both ends (H/H; species A,).
This peak was accompanied by two additional families of intense peaks, which
were attributed to the macromolecular chains terminated with a benzofulvene unit
bearing one aldehyde moiety (species B,) or one carboxylic acid group (species C,)
in place of the methyl group of species A,. The presence of the carbonyl groups
belonging to the aldehyde and carboxyl acid end groups was confirmed by *C-
NMR spectra (two peaks in the downfield region at 220.6 ppm and at 193.1 ppm)
and was explained in terms of autoxidation of the methylene macro-radical species
formed during the polymerization of the corresponding monomers. The result was
considered to be an interesting piece of information in the development of a revised
mechanistic hypothesis.
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Fig. 37 Enlarged sections of MALDI-TOF mass spectra of poly-6-MO-BF3k, poly-6-MOEG-2-
BF3k, poly-6-MOEG-3-BF3k, and poly-6-MOEG-9-BF3k. Reprinted with permission from
Cappelli et al. [37]. Copyright 2010, Wiley Periodicals, Inc.
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Fig. 38 MALDI-TOF mass spectrum of poly-BF1. Reprinted with permission from Cappelli et al.
[20]. Copyright 2003, American Chemical Society

MALDI-TOF mass spectrum of poly-BF1 obtained by spontaneous polymeriza-
tion (Fig. 38), recorded in linear mode using dithranol (1,8,9-trihydroxyanthracene)
as matrix, shows a series of peaks equidistant of 290.4+0.3 Da, which correspond
to the mass of BF1 repeating unit. In each cluster, two intense peaks were spaced of
about 44-45 Da, probably due to the loss of an acetaldehyde unit from the ethyl
ester moiety. Moreover, each intense peak is also accompanied with two ancillary
peaks at+ 14 Da [20].

The loss of 44-45 uma was also observed in the mass spectrum of poly-BF1
synthesized by anionic polymerization with PhLi as the initiator (Fig. 39), recorded
using the dithranol as matrix. In this case, the difference between the two most
intense peaks belonging to each cluster is about 77 Da, suggesting that the most
intense peaks correspond to the macromolecular chains terminated with a phenyl
group (Ph) at one end, as expected since PhLi was used as initiator [23]. Since very
similar mass spectra were recorded using other matrices, such as CHCA (a-cyano-
4-hydroxycinnamic acid), DCTB [trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-pro-
penylidene]malononitrile], and HABA [2-(4-hydroxylphenylazo)benzoic acid], the
question about the loss of a compound with a mass 44-45 requires appropriate
investigations by means of post-source decay (PSD) and CID (collision induced
dissociation) MALDI-TOF/TOF tandem mass spectrometry methods.
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Fig. 39 MALDI-TOF mass spectrum of poly-BF1-AP

The MALDI-TOF characterization of other polymers belonging to the subfamily
of the poly-BF3k derivatives confirmed a common behavior in the termination step,
with some differences being observed in the composition (in the differently termi-
nated macromolecules) of the polymer mixtures. For instance, the analysis of the
biorelevant molecular brush poly-6-MOEG-9-TM-BF3k (Fig. 40, HABA as the
matrix) suggested a binary composition in the end groups, with the H/H-terminated
species (A,) dominating on the one bearing an aldehyde group (species B,) [52].

End group analysis by MALDI-TOF of poly-4,6-MO-BF3k and of poly-4,5,6-
MO-BF3k samples revealed that the main peaks corresponded to the molecular ions
of oligomers terminated with hydrogen at both ends [H/H; species A, in Fig. 41,
CHCA (a-cyano-4-hydroxycinnamic acid) as the matrix] [55]. The enlarged section
of MALDI spectra of both polymers recorded in reflectron mode showed that the
other two peaks (corresponding to oxidized benzofulvene oligomers bearing one an
aldehyde group (CHO; species B,) and the other one a carboxylic group (COOH;
species C,)) were less intense.

Finally, MALDI-TOF MS characterization of poly-6-AO-BF3k [DCTB (trans-
2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile) was found to be
the best matrix] showed that the most intense peaks correspond to the molecular
ions (M*) of polybenzofulvene oligomers terminated with hydrogen at both ends
(H/H, species A, in Fig. 42) and the second intense peak series belongs to the molec-
ular ions of macromolecules bearing an aldehyde moiety (H/CHO; species B,),
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Fig. 40 MALDI-TOF mass spectrum of poly-6-MOEG-9-TM-BF3k. Asterisk symbols indicate
the adduct with the matrix (HABA). Reprinted with permission from Cappelli et al. [52]. Copyright
2011, The Royal Society of Chemistry

whereas peaks corresponding to species terminated with one carboxylic group (H/
COOH; C,) appeared with weak intensity. Figure 43 shows that a similar trend was
observed with poly-6-PO-BF3k.

The comparison of high-resolution mass spectra of poly-6-MOEG-9-TM-BF3k
obtained by the grafting onto approach with those obtained with its macromolecular
precursor poly-6-PO-BF3k (Fig. 44) revealed the existence of differences in the
composition of the macromolecular mixtures.

In particular, the relative intensity of peaks corresponding to poly-6-PO-BF3k
chains terminated with H/H, H/CHO, and H/COOH was about 54:39:7, while in the
spectra of poly-6-MOEG-9-TM-BF 3Kk (obtained by the grafting onto approach) the
most intense peaks were assigned to chains terminated with H/CHO groups (species
B, in Fig. 44) so that the relative intensity of peaks belonging to chains terminated
with H/H, H/CHO, and H/COOH groups was 30:42:28. In conclusion, the end
group composition of the functionalized polymer was different from that of its pre-
cursor. This is probably related to the molecular weight decrease (and the
polydispersity increase) indicating the occurrence of multiple ruptures in the poly-
benzofulvene backbone in the transformation of poly-6-PO-BF3k into poly-6-
MOEG-9-TM-BF3k. The end group composition is probably related to the
environment in which the macromolecular species are formed or broken with the
formation of macro-radical intermediates.
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Fig. 44 Enlarged sections of MALDI-TOF mass spectra of (a) poly-6-PO-BF3k and (b) poly-6-
MOEG-9-TM-BF3k-GO, recorded in reflectron mode

In conclusion, the mass spectra here presented unequivocally show the potential
of the MALDI-TOF MS technique into the characterization of end groups of the
polybenzofulvene derivatives and then on the understanding of the experimental
conditions used to their syntheses.

Properties of Polybenzofulvenes

Molecular Weight Distribution

The molecular characterization of polybenzofulvene derivatives was performed by
means of a multi-detector size exclusion chromatography (SEC or GPC) system.
The macromolecular characterization consisted in the determination of both the
MWD and the radius of gyration distribution (RGD), which is related to the size of
macromolecules and to the conformation of the polymers. Owing to the different
chemical structure, solubility, and aggregation liability, the experimental conditions
(in particular the SEC fractionation) have been optimized carefully. The average
molar masses of the polymers were measured by a multi-angle laser light scattering
(MALS) detector online to the SEC system coupled with a differential refractome-
ter (DRI) as a concentration detector. The molecular weight measured by means of
an online MALS detector is absolute rather than relative to particular standards
(polystyrene, e.g., in THF solvent). Sometimes an online differential viscometer
(DV) has been also used for the determination of the intrinsic viscosity (1) and the
conformation of the polymer by the Mark—Houwink—Sakurada (MHS) plot.
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Polybenzofulvene derivatives are generally soluble in common organic solvent as
THEF, CHCI;, etc. However, the use of a solvent as a SEC mobile phase needs com-
plete solubility of the polymer at molecular level, absence of aggregation, and steric
fractionation. Because of the different chemical structures of polybenzofulvene
derivatives, different SEC mobile phases were used. The best SEC-MALS results
were obtained with THF or CHCl;, as well as with a mixture (8:2) of
THF +(DMF+0.01 M LiBr) when the chemical structure of the polymer contained
a polar functional group (see Table 10).

The molecular weight of different polybenzofulvene derivatives ranges from
very low (oligomers) to high and ultrahigh. This SEC-MALS system gave weight
average molecular weight (M,,) values ranging from about 4.0 (for poly-BF3a) to
2,670 kg/mol (for poly-BF1-SP-P400) and variable polydispersity indexes M,/M,
(Table 10).

It is noteworthy that the molecular weight and, consequently, the degree of
polymerization (i.e., the average number of monomeric units forming a polymeric
macromolecule) appear to be generally related to the steric hindrance in the close
proximity of the 2-position of the indene nucleus. The comparison of the molecular
weight values shown by the polymers with different substituents in position 2 (poly-
BF3a,c-g,k,j) demonstrates that high values were related to the presence of a bulky
group such as an ethyl ester (e.g., poly-BF1 and poly-BF3k), whereas the values
decreased with the diminishing of the dimension of the substituent, until it became
minimum for poly-BF3a bearing a hydrogen atom. The presence of a hydrogen or
a methyl group in para-position of the pendent phenyl group does not affect the
molecular weight of these polymers (compare poly-BF1-SP with poly-BF3k). On
the contrary, the introduction of methoxy groups at the 4-, 5-, and 6-position of
indene nucleus of poly-BF3k monomeric unit causes the molecular weight of the
resulting polymers (poly-6-MO-BF3k, poly-4,6-MO-BF3k, and poly-4,5,6-MO-
BF3k) to be significantly reduced with respect to parent macromolecule poly-BF3k.
Curiously, the presence at the 6-position of some substituents bulkier than the
methoxy group (e.g., short MOEG chains, allyloxy or propargyloxy groups) is well
tolerated and does not affect the very high molecular weight of these polybenzoful-
vene derivatives.

On the other hand, the presence of long MOEG chains at the 6-position (either
directly attached as in poly-6-MOEG-9-BF3k or spaced by means of a triazolo-
methyl bridge as in poly-6-MOEG-9-TM-BF3Kk) is related to lower molecular
weights. This effect could be explained in terms of steric hindrance generated by the
high degree of MOEG-9 grafting on the polymer backbone. This hypothesis is
based on evidence collected by molecular weight analysis of poly-6-MOEG-9-
BF3k-GO synthesized by “grafting onto” approach. This polymer was synthesized
from poly-6-PO-BF3k showing ultrahigh molecular weight values (M,,=1,794 kg/
mol) and relatively broad polydispersity indices (PDI=M,/M,=2.2). When poly-6-
PO-BF3k was reacted with MOEG-9-N; by CuAAC reaction to afford poly-6-
MOEG-9-TM-BF3k-GO, a significant decrease in the molecular weight
(Mw=821 kg/mol) and an increase in polydispersity index (PDI=My/M,=8.9)
were observed. These evidences have highlighted the possibility that the polybenzo-
fulvene backbone undergoes ruptures, which were assumed to occur randomly



Table 10 Macromolecule features of polybenzofulvene derivatives

Mobile M, M, R,

Polymer R, R, R; phase  (kg/mol) (kg/mol) PDI (nm) «
Poly-BF1-SP COOC,H;s CH; H THF 955 867 2.0 30.8 -
(P100) [21]
Poly-BF1-SP COOC,H;s CH; H THF 1,870 1,605 1.8 43.1 -
(P200) [21]
Poly-BF1-SP COOC,H;s CH; H THF 2,950 2,670 1.6 602 -
(P400) [21]
Poly-BF1-SP COOC,H;s CH; H THF - 1,437 1.8 410 -
(P800) [21]
Poly-BF1-AP COOC,H;s CH; H THF 13.9 12 2.1 - -
(entry I) [23]
Poly-BF1-AP COOC,H;s CH; H THF 8.2 7.4 20 - -
(entry J) [23]
Poly-BF3a [22] H H H THF - 4.0 1.3 - -
Poly-BF3c [22] F H H THF - 26 45 - -
Poly-BF3d [22] Cl H H THF - 48 2.1 - -
Poly-BF3e [22] Br H H THF - 109 3.1 - -
Poly-BF3f [22] CH; H H THF - 531 47 43.0 -
Poly-BF3g [22] CN H H THF - 392 6.3 325 -
Poly-BF3h [22] CN CH; H THF - 500 44 268 -
Poly-BF3i[22] CN H CH; THF - 476 43 243 -
Poly-BF3j[22] C=C-2-Pyr H H THF - 289 25 - -
Poly-BF3k [55] COOC,H; H H THF 1,900 1,506 3.4 49.9 0.60
Poly-BF3ma [22] COOH CH; H THF - 695 9.6 - -
Poly-2-MOEG- COO CH; H CHCl; - 108 24 - -
3-BF1 [25] (C,H,0);CH;4
Poly-2-MOEG- COO CH; H CHCl; - 175 30 - -
9-BF1 [25] (C,H,0)4CH;
Poly-6-MO- COOC,H;s H OCH; THF 312 347 43 194 0.61
BF3k [37]
Poly-6-MOEG-  COOC,H; H O(C,H,0),CH; THF 821 768 40 28.7 -
2-BF3k [37]
Poly-6-MOEG-  COOC,H; H O(CH,0);CH; THF 1,857 1,408 2.0 38.7 -
3-BF3k [37]
Poly-6-MOEG-  COOC,H; H O(CH,0),CH; THF 527 456 1.8 20.8 -
9-BF3k [37]
Poly-6-MOEG-  COOC,H; H  OCH,(C,HN;) THF- 193 358 39 155 -
9-TM-BF3k- (C,H,0),CH; DMF*
GT [52]
Poly-6-MOEG-  COOC,H; H  OCH,(C,HN;) THF- 484 821 89 33.6 0.50
9-TM-BF3k-GO (C,H,0),CH; DMF*
Poly-6-PO-BF3k COOC,H; H OCH,C=CH THF 2,030 1,794 2.2 51.5 0.8
Poly-6-AO-BF3k COOC,H; H OCH,CH=CH, THF 1,864 1,497 2.6 47.7 0.52
Poly-4,6-MO- COOC,H;s H  Structure in THF 185 207 1.8 11.8 0.94
BF3k [55] “Absorption

and Emission

Spectroscopy”

section
Poly-4,5,6-MO- COOC,H; H  Structurein“ THF 252 245 1.8 129 0.92
BF3k [55] Absorption

and Emission

Spectroscopy”

section

“The mobile phase was a (8:2) mixture of THF+(DMF+0.01 M LiBr)
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Fig.45 MWD obtained by SEC-MALS, of two poly-BF1-AP samples (entries I and J of Table 10)
and three poly-BF1-SP samples (P100, P200, and P400 of Table 10). Reprinted with permission
from Cappelli et al. [23]. Copyright 2008, American Chemical Society

along the polymer backbone, thus providing a material with a high degree of
MOEG-9 grafting and a molecular weight quite similar to that shown by the same
polymer obtained by spontaneous polymerization of the macromonomer
(poly-6-MOEG-9-TM-BF3k-GT).

Interesting results were provided by SEC-MALS analysis of poly-BF1 obtained
by anionic polymerization with phenyl lithium (PhLi) as the initiator. In fact, the
average M,, value of poly-BF1-AP (Table 10) was found to be relatively low and
very different from the corresponding values determined for poly-BF1 obtained by
spontaneous polymerization (Fig. 45). The average M,, values of two preparations
of poly-BF1-AP (12.2 and 7.4 kg/mol) evidenced a little difference, which was
assumed to be due to both the concentration variability of the commercial phenyl
lithium solution and the experimental uncertainty. The spontaneous polymerization
experiments performed with BF1 (leading to different poly-BF1-SP samples
labeled P100, P200, P400, and P800 in Table 10) suggested that the M, average
obtained by spontaneous polymerization was affected by the amount of the mono-
mer in the starting solution. On the contrary, the average M,, of poly-BF1-AP sam-
ples significantly depends on the amount of the PhLi initiator used.

It is well known that the use of a MALS detector also provides the size of mac-
romolecules R, from the angular variation of the scattering intensity. Using an elas-
tic or total intensity MALS detector online to a SEC chromatographic system the
minimum R, size measurable with a sufficient accuracy is about 8-10 nm.
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Consequently, when the molecular weight and the size of the macromolecules were
adequate, also the size distribution (RGD) and the polymer conformation can be
studied by means of the conformation plot: R,=KMa.

Similarly to the molecular weight, the R, value measured for polybenzofulvene
derivatives ranges in a wide interval of sizes (i.e., from about 12 nm shown by poly-
4,6-MO-BF3k to 59 nm shown by poly-BF1, P400). As expected, R, values
appeared to be strongly related to the degree of polymerization of polybenzofulvene
derivatives.

The conformation plot is the scaling law between macromolecule size and
molecular weight (i.e., the chain length) and it is very useful in studying the stiff-
ness (flexible, stiff, or compact conformation) of polymers. Also branching, degree
of functionalization, or derivatization could be studied using the conformation plot
of the polymer. Therefore, it is very useful in the molecular characterization of
polymers.

The conformation plot of several analyzed polybenzofulvene derivatives was
almost always linear in the whole molecular weight range, and in general, these
polymers did not show any meaningful degree of branching in particular of long-
chain branching (LCB).

As far as the stiffness of macromolecules (conformation) is concerned, different
results were obtained for the different polybenzofulvene derivatives. In general, the
slope a of the conformation plot for the majority of polybenzofulvene derivatives
ranged between 0.50 and 0.61. Such slope « values are typical of random coil poly-
mers in an ideal theta solvent (a=0.50) or in a good solvent (a¢=0.54-0.58). Higher
a values (¢=0.60-0.61) substantially denote a more rigid conformation (semi-stiff).
Some exceptions were represented by poly-4,6-MO-BF3k and poly-4,5,6-MO-
BF3k, which showed slope a values higher than 0.90 indicating for these two poly-
mers a very stiff (rod) conformation. Substantially, the stiffness of different
polybenzofulvene derivatives strongly depends on the chemical structure of the
monomeric unit and, obviously, on the solvent used (good, theta, poor). The
derivatization of polybenzofulvene backbone provides a wide range of polymer
conformations. For instance, Fig. 46 shows the conformation plot of some polyben-
zofulvene derivatives with the slope ranging from a=0.52 (flexible macromolecules
close to the ideal theta condition) to a=0.6 (semi-stiff macromolecules) and to
a=0.92 (stiff rod macromolecules).

Solubility and Aggregation

Poly-BF1 and its most remarkable 4’-desmethyl derivative poly-BF3k are charac-
terized by both a high solubility in the most common organic solvents (CHCI;,
CH,Cl,, THF, EtOAc, DMSO, etc.) and a weak interaction with water. In addition,
they have been found to be strongly prone to aggregation. In fact, the significant
change in the solubility of poly-BF1 observed after its prolonged storage as a solid
could be due to the possible formation of macromolecular aggregates derived from
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Fig. 46 Examples of conformation plot of some different polybenzofulvene derivatives: poly-6-PO-
BF3k (red), poly-6-AO-BF3k (cyan), poly-4,6-MO-BF3k (blue), and poly-4,5,6-MO-BF3k (green)

specific combinations of the individual poly-BF1 chains in the solid state [21]. This
hypothesis has been tested by performing TEM studies on metal replicas that have
shown the liability of this polymer to give nanostructured aggregates (Fig. 47) [21].

The observed architecture elements were believed to derive from the helical
arrangement of this particular type of n-stacked polymer [21]. Poly-BF1 aggregates
were then studied by SEM, and the results obtained were comparable with the ones
obtained by TEM.

Thus, systematic investigations on the aggregate structure of poly-BF3 deriva-
tives were performed by SEM and the results suggested that the aggregation proper-
ties (e.g., shape and dimensions of nanoaggregates) could be possibly related to
MWD [22]. In particular, the polymers characterized by low molecular weight, such
as poly-BF3a, were particularly inclined to form nanospheres with well-defined
dimensions and morphology, whereas the polybenzofulvene derivatives showing a
higher degree of polymerization (e.g., poly-BF3f and poly-BF3i) were found to
form larger fractal-like structures (Fig. 48) [22]. Since the substituent in position 2
of monomeric unit indene nucleus was demonstrated to be capable of affecting
MWD, as a consequence, it exerts its influence also on the aggregation behavior of
the corresponding polybenzofulvene derivative by acting on MWD.

In order to support these findings further, the propensity towards aggregation
shown by a lower molecular weight poly-BF1 sample (M,,=7.4 kg/mol) obtained
by means of anionic polymerization (poly-BF1-AP) was compared with that shown
by a higher molecular weight poly-BF1 (M,,=2,670.0 kg/mol) obtained by means
of spontaneous polymerization (poly-BF1-SP) [23].



Fig. 47 Some of the most representative images obtained by TEM analysis performed on freshly
prepared poly-BF1 (left panel) and poly-BF1 stored at room temperature for 6 months (right
panel). The presence of several differently ordered nanostructures grown on an apparently amor-
phous film (AF) is shown in the images: (1) RLSA flat aggregates showing a raspberrylike struc-
ture; (2) SDKT small diameter (30 nm) knotted tubes; (3) NS nanospheres showing a diameter of
about 75 nm; (4) LDKT large diameter (90-130 nm) knotted tubes; and (5) SDTN small diameter
three-dimensional net which includes (6) (LDTN) a large diameter three-dimensional net. SDTN
and LDTN are the main species detected in experiments performed with aged poly-BF1. To make
the interpretation easier, the images are reported in negative contrast (e.g., dark shadowing).
Reprinted with permission from Cappelli et al. [21]. Copyright 2005, Wiley Periodicals, Inc.

Fig. 48 Scanning electron microscopy (SEM) micrographs of freshly prepared poly-BF3i (a) and
poly-BF3f (b—d). Reprinted with permission from Cappelli et al. [22]. Copyright 2007, American
Chemical Society



130 A. Cappelli et al.

Fig. 49 Molecular aggregate structure found by SEM analysis of poly-BF1 precipitated from a
dichloromethane solution with ethanol. (a) Microspheres obtained with poly-BF1-AP; (b)
nanoparticles obtained with poly-BF1-AP; and (c¢) and (d) more complex aggregates obtained
with poly-BF1-SP shown at different magnification ratios. Reprinted with permission from
Cappelli et al. [23]. Copyright 2008, American Chemical Society

SEM studies confirmed a plausible relationship between molecular weight and
aggregation behavior. In fact, poly-BF1-AP appeared to be liable to give nano-
spheres and microspheres showing favorable shapes and dimensions, while poly-
BF1-SP has the tendency to generate larger fractal-like aggregates (Fig. 49) [23].

In conclusion, the abovementioned aggregation properties could be explained in
terms of aromatic stacking interactions among the hydrophobic polybenzofulvene
backbones of individual polymer chains. The intermolecular collapse appeared to
be dependent on molecular weight and it could be modulated by introducing suit-
able substituents on 3-phenylindene moiety.

The weak interaction with water and the pronounced tendency to the aggregation
shown by polybenzofulvene derivatives were tentatively exploited in the formation
of a nanocomposite material potentially useful in drug release [24], but, at the same
time, were considered to be limiting factors hampering their potential development
in biological applications. Thus, by virtue of the susceptibility to molecular manipu-
lation of the benzofulvene scaffold, these features have been improved by the inser-
tion of monomethyl nona(ethylene glycol) (MOEG-9) side chains onto
polybenzofulvene hydrophobic backbones using suitable coupling reactions both in
pre- and post-polymerization steps (e.g., grafting through and grafting onto
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poly-2-MOEG-9-BF1 poly-6-MOEG-9-BF3k

poly-6-MOEG-9-TM-BF3k n

Fig. 50 Structures of PEGylated polybenzofulvene brushes (PPBBs). For the sake of clarity, the
structural moieties used to define the polymer names are colored differently. MOEG-9 side chains
are reported in red, while triazolomethyl spacer is shown in blue. Finally, polybenzofulvene back-
bones of the parent macromolecules poly-BF1 and poly-BF3k are depicted in black

synthetic strategies). The insertion of MOEG-9 fragments in specific positions (e.g.,
2 and 6) of the benzofulvene scaffold has led to three PEGylated polybenzofulvene
brushes (PPBBs), namely, poly-2-MOEG-9-BF1 [25], poly-6-MOEG-9-BF3k
[37], and poly-6-MOEG-9-TM-BF3k [52] (Fig. 50).

On the basis of similarities existing among benzofulvene, methacrylate, and cya-
noacrylate derivatives, the polymerization of preformed PEG macromonomers such
as OEGMAs has inspired the covalent conjugation of PEG oligomers (permanent
PEGylation) with polybenzofulvene backbones.

The presence and the location of MOEG-9 side chains have been demonstrated
to significantly modulate the hydrophilic character and the aggregation properties of
these amphiphilic macromolecules belonging to a new family of polymer brushes.
In fact, they showed different behaviors in interacting with the water environment
ranging from the formation of a compact physical hydrogel to the water solubility
of isolated polybenzofulvene macromolecules (Table 11) [25, 37, 52].

In particular, poly-2-MOEG-9-BF1 showed an amphiphilic character and inter-
acted with a large variety of organic solvents (e.g., CHCl;, THF, DMF, DMA, DMSO,
ethanol, methanol) to originate transparent and dissoluble gel aggregates and with
water to give a more compact physical hydrogel, stabilized by weak non-covalent
interactions and stable when exposed to ultrasounds [25, 36]. On the other hand,



132

A. Cappelli et al.

Table 11 Synthetic and hydrophilic features of PPBBs

Polybenzofulvene

brushes Synthesis Interaction with water
Poly-2- Grafting through (GT) After swelling, the polymer generated a
MOEG-9-BF1 approach strong, compact, and biocompatible
Spontaneous polymerization physical hydrogel, which was stable to
of macromonomer ultrasounds [25, 36]
2-MOEG-9-BF1 [25]
Poly-6-MOEG- Grafting through (GT) After swelling, the polymer generated a
9-BF3k approach physical hydrogel, which was rapidly
Spontaneous polymerization broken by ultrasounds and could be
of macromonomer dissolved in water (thermoresponsive
6-MOEG-9-BF3k [37] dispersion), where isolated macromol-
ecules are in equilibrium with nanosized
water-soluble aggregates [37]
Poly-6-MOEG- Grafting through (GT) The polymer formed clear water solutions
9-TM-BF3k approach becoming slightly opalescent when
Spontaneous polymerization heated at 37 °C (thermoresponsive
of macromonomer behavior) [52]

6-MOEG-9-TM-BF3k [52]
Grafting onto (GO) approach
CuAAC* post-polymerization
functionalization of
poly-6-PO-BF3k®
with MOEG-9-N; in
the presence of DIPEA
and CuBr*

The polymer appeared to be molecularly
dissolved in water at room temperature
giving a thermoresponsive colloidal
dispersion

*CuAAC =Cu(I)-catalyzed azide—alkyne cycloaddition

"Poly-6-PO-BF3k was the corresponding precursor polymer bearing one clickable propynyloxy
groups (PO) in position 6

“The synthetic GO approach was performed in THF by means of microwave irradiation for 40 min
(4x10 min, T=60 °C, W=150)

poly-6-MOEG-9-BF3k appeared to be more readily soluble in organic solvents and
less liable to aggregation in aqueous medium than poly-2-MOEG-9-BF1. In fact, the
former polymer generated a physical hydrogel stabilized by weaker non-covalent
interactions, which can be weakened by means of ultrasounds to give a milky water
suspension leading to the separation of a transparent hydrogel. Interestingly, the clear
supernatant solution has been demonstrated (by "H NMR spectroscopy) to contain a
substantial amount of poly-6-MOEG-9-BF3k and became cloudy when gently
warmed at 35-37 °C, suggesting thermoresponsive features [37].

Thus, variations in the temperature were able to affect the aggregation ability of
this PPBB in the aqueous environment. Poly-6-MOEG-9-BF3k macromolecular
structure in water was investigated also by TEM analysis that suggested the coexis-
tence of different conformations and the liability of this brush to generate water-
soluble nanoparticles showing heterogeneous shapes and dimensions around
30-50 nm [37]. The preponderance observed for globular architectures together with
the presence of aggregates in the analyzed samples led to assume for poly-6-MOEG-
9-BF3k the tendency to collapse both intramolecularly and intermolecularly [37].
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Fig. 51 Structure of macromolecular entities present in the solutions of poly-6-MOEG-9-TM-
BF3k-GT (left panel) and poly-6-MOEG-9-TM-BF3k-GO (right panel)

The insertion of relatively long MOEG-9 side chains in poly-BF1 and poly-BF3k
macromolecules leading to poly-2-MOEG-9-BF1 and poly-6-MOEG-9-BF3k
allowed these amphiphilic polybenzofulvene derivatives to interact with water, but
the length of side chains was found to be inadequate to warrant a complete dissolu-
tion in the aqueous environment. Thus, in order to enhance the hydrophilic character
of polybenzofulvene derivatives by increasing side chain protrusion, a triazolo methyl
(TM) spacer was inserted between the hydrophobic polybenzofulvene backbone and
each MOEG-9 side chain. The resulting polybenzofulvene brush carrying triazolo-
methyl spacers (poly-6-MOEG-9-TM-BF3k) was found to be promptly soluble in
water, confirming that the elongation of side chains increases the efficiency of the
interaction with aqueous medium by separating the hydrophilic domain (MOEG-9
fragments) from the hydrophobic one (polybenzofulvene backbone) [52]. In addi-
tion, it appeared to be less prone to aggregation in water because of its improved
solvation shell and because the greater steric hindrance of the side chains makes the
hydrophobic interactions leading to aggregation more difficult to be established.

However, TEM studies performed on water solutions of the polymer synthesized
by the “grafting through” approach (poly-6-MOEG-9-TM-BF3k-GT) revealed the
presence of objects (Fig. 51) showing dimensions larger than those determined by
SEC-MALS analysis for the isolated macromolecules in a good solvent (radius of
gyration around 15 nm).

As confirmed by DLS measurements, the objects observed by TEM were macro-
molecular aggregates showing average dimensions of 245 nm at 25 °C and of
302 nm at 37 °C (Fig. 52). This result suggested thermoresponsive colloidal proper-
ties for poly-6-MOEG-9-TM-BF3k-GT water dispersion [52].

Poly-6-MOEG-9-TM-BF3Kk prepared by the “grafting onto” approach (poly-6-
MOEG-9-TM-BF3k-GO) showed solubility features consistent with that observed
with the abovementioned poly-6-MOEG-9-TM-BF3k-GT. In short, also the trans-
parent water solutions of poly-6-MOEG-9-TM-BF3k-GO showed the character of
thermoresponsive colloidal dispersions with the difference that the polymer brush
synthesized by the “grafting onto” approach appeared to be molecularly dissolved
at room temperature, probably because of its higher Z potential value (—7.23 mV
with respect to —1.24 mV shown by poly-6-MOEG-9-TM-BF3k-GT). DLS
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measurements suggested that the small objects (average dimensions of 57 nm)
observed in water solution at room temperature increased their dimensions with the
rising of the temperature (290 nm at 37 °C) (Fig. 52). The dimensions observed at
room temperature are significantly smaller than those detected with the same poly-
mer brush obtained by spontaneous polymerization of macromonomer 6-MOEG-9-
TM-BF3k (“grafting through™ approach) and agree with the radius of gyration as
measured by SEC-MALS analysis (=34 nm).

The DLS data were in agreement with the images obtained by TEM studies per-
formed at room temperature. In fact, Fig. 51 shows the presence of wormlike
objects, which were assumed to be isolated macromolecules, together with rela-
tively abundant globular species presumably resulting from intramolecular col-
lapses, and rare small aggregates confirming the low propensity towards aggregation
shown by poly-6-MOEG-9-TM-BF3k-GO.

The above-described features have allowed us to propose a possible aggregation
mechanism for amphiphilic PPBBs in water (Fig. 53). By segregating and hiding the
hydrophobic domain in core structure, a homogeneous three-dimensional distribution
of the MOEG-9 side chains represents the essential requirement to obtain a complete
solvation of isolated macromolecules. However, these systems are not motionless and
the molecular dynamics may induce variations leading to expose the lipophilic moi-
eties of polybenzofulvene backbone. Thus, their incompatibility with the aqueous
environment may cause both a hydrophobic intramolecular collapse (backbone
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a

Fig. 53 Hypothesis proposed for the aggregation mechanism of PEGylated polybenzofulvene
brushes in water. By way of example, poly-2-MOEG-9-BF1 is reported (see the magnified insert).
The blue tubes represent the polybenzofulvene backbones, whereas the wavy golden tubes repre-
sent the MOEG-9 side chains. (a) PPBB interacting with aqueous environment shows a regular
distribution of the MOEG-9 side chains. (b) When MOEG-9 chains modify their regular distribu-
tion around the polybenzofulvene backbone, hydrophobic portions of the polybenzofulvene back-
bone become partially exposed and available for hydrophobic interactions both (c) intramolecularly
(backbone folding) and (d) intermolecularly. Intermolecular collapse leading to aggregation by
means of hydrophobic non-covalent interactions (e.g., t-stacking) among lipophilic backbones

folding by virtue of its flexibility) and an intermolecular one (aggregation). The steric
hindrance due to grafting density of MOEG-9 side chains, together with their loca-
tion, was assumed to explain the progressively decreasing tendency to give water
aggregates observed for PPBBs.

Photophysical Properties

The analysis of the absorption spectra of polybenzofulvene derivatives (see Table 9
of “Absorption and Emission Spectroscopy” section) showed the existence of a
common absorption component centered around 240 nm attributed to the
3-phenylindene moiety. Moreover, a second component around 285 nm was
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Fig. 54 Emission spectra of some polybenzofulvene derivatives. The spectra were obtained in
dichloromethane at room temperature and the solutions were excited at 260 nm. The concentration
in monomeric units was about 1.8 x 10~ M for the spectra in panel (a), 1.8 x 10~ M for the spectra
in panel (b), and 1.8 x 10~° M for the spectra in panel (¢) and (d)

particularly evident in the spectra of the polymers bearing an ester group at the
2-position of the indene moiety (e.g., poly-BF1, poly-BF3k). This second absorp-
tion component is probably related to the presence of an extended m-conjugation
(for instance, an ethyl cinnamate fragment can be recognized in the monomeric unit
of poly-BF3K) and found to be sensitive to the presence of auxochromes such as
methoxy groups in the methoxy derivatives of poly-BF3k. On the other hand, the
second absorption component was less evident in the polymers bearing a halogen
atom, a methyl group, or a hydrogen atom at the 2-position of the indene nucleus of
the monomeric unit. Finally, a component centered at about 346 nm was present in
poly-BF3j spectrum owing to its even more extended conjugation. In conclusion,
the absorption features of polybenzofulvene derivatives are modulated by the nature
of the substituents present in the indene nucleus of the monomeric unit. A good cor-
respondence has been noticed between the absorption spectra of the polymers and
those of the model compounds.

The polybenzofulvene derivatives bearing an ester group in position 2 of the indene
moiety (e.g., poly-BF1, poly-BF3Kk) have been found to show intense emission bands
around 440-460 nm (see Table 9 of “Absorption and Emission Spectroscopy” sec-
tion), whereas the presence of substituents different from the COOR was found to
decrease significantly the emission intensity (Fig. 54). This result complicated the
study and the eventual exploitation of the emission properties of poly-BF3 derivatives
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Fig. 55 Comparison of absorption and emission spectra of poly-6-MO-BF3k (black), poly-4,6-MO-
BE3k (blue), and poly-4,5,6-MO-BF3Kk (red) thin films (absorption) and powders (emission).
Reprinted with permission from Cappelli et al. [55]. Copyright 2012, The Royal Society of Chemistry

having a halogen atom, a methyl group, a cyano group, or a hydrogen atom at the
2-position of the indene nucleus of the monomeric unit and was one of the reasons
leading us to develop mainly the chemistry of the poly-BF3k derivatives.

One of the most interesting developments in the chemistry of the poly-BF3k
derivatives was the design of polybenzofulvene molecular brush poly-6-MOEG-9-
TM-BF3k, its preparation by both “grafting onto” and “grafting through” approaches,
and the evidence that poly-6-MOEG-9-TM-BF3k-GO was molecularly dissolved at
room temperature. Interestingly, the absorption/emission features of poly-6-MOEG-
9-TM-BF3k were found to be compatible with its detection by means of fluores-
cence microscopy equipments with standard filters commonly available for the use
with fluorescence stain DAPI (4’-6-diamidino-2-phenylindole). This offered the
rational basis for the design of nanocarriers, which can be monitored in their move-
ments in the biological environment by fluorescence microscopy.

Owing to the favorable absorption/emission features shown by poly-6-MO-
BF3k, poly-4,6-MO-BF3k, and poly-4,5,6-MO-BF3Kk in solution, the optical and
electrical properties of these polymers were characterized in the solid state (Fig. 55)
in the aim of evaluating their use as active materials in electronic devices.

No significant variations were observed in the absorption and emission spectra
passing from diluted solutions to films for the three polybenzofulvene derivatives. In
the case of PVK, Stokes shift (Av) was found to double in the solid state indicating
stronger carbazole interactions, while for the three poly-BF3k derivatives, Av was
already quite high in diluted solutions and did not increase further in the solid state.
This result once more supported the assumption of a tight chromophore stacking in
diluted solutions that induces excimer emission via intramolecular interactions. The
photoluminescence (PL) quantum yield (QY) in the solid state was similar and even
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Table 12 Absorption (abs), photoluminescence (PL) properties, and mobility (1) of poly-6-MO-BF3k,
poly-4,6-MO-BF 3k, and poly-4,5,6-MO-BF3k compared with those of PVK

Solution Solid state
AbS Anax PL A PL Abs Apax PL Anx Av PL
Polymer (nm) (nm) Av (eV) QY (%) (nm) (nm) V) QY (%) u(cm?/Vs)
PVK 344 368 0.23 10 344 412 0.59 16 1.67x1078
Poly-4,5, 314 490 1.42 4 319 487 134 8 7.12x107°
6-MO-BF3k
Poly-4, 305 348sh 488 1.52 5 308 485 147 7 1.07x107°
6-MO-BF3k 346sh
Poly-6- 314 488 1.41 6 318 465 1.23 7 9.31x1071°
MO-BF3k
Fig. 56 Current—voltage =
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slightly higher than in solution (Table 12) suggesting for these polymers a potential
utility in optoelectronic applications. It is noteworthy that the decreased emission
efficiency in the solid state with respect to the solution observed in most conducting
polymers represents a limit for their use in light-emitting devices.

The hole-transporting features of the poly-BF3k derivatives were evaluated in a
comparative study involving poly-6-MO-BF3k, poly-4,6-MO-BF3k, poly-4,5,6-
MO-BF3k, and PVK, which possesses good hole-transporting properties and is
therefore largely used in optoelectronic applications. The hole mobility in the three
polybenzofulvene derivatives was evaluated by using a simple hole only device struc-
ture (ITO/PEDOT/Polymer/MbQ;/Al) that has been shown to give good ohmic con-
tacts. The J-V curves of the polymers showed ohmic behavior at low fields (Fig. 56),
space charge-limited current (SCL) at intermediate fields, and trap fill-limited current
at high fields. The mobility values were obtained by fitting the data at intermediate
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voltages with the Mott—Gurney law and found to be in the range of 10%-10~ cm?/
V/s, about one order of magnitude lower than that previously reported for PVK mea-
sured with an ITO/PEDOT/PVK/AI device. Very intriguingly, the hole mobility
appeared to increase in a parallel way with the increase in the number of methoxy
substituents up to the corresponding value shown by poly-4,5,6-MO-BF3k, which
showed a mobility value only 2.3-fold lower than that of PVK measured in the same
conditions (see Table 12). Therefore, the results demonstrated that the polybenzoful-
vene derivatives possess interesting optical and electrical properties. Furthermore,
the propensity shown by benzofulvene scaffold towards its structural manipulation
by the introduction of suitable substituents together with the good solubility in the
most common organic solvents and the consequent processability (e.g., filmability)
pave the way in the development of advanced materials for optoelectronics.

Biological Properties

Our basic assumption in studying the biological properties of polybenzofulvene
derivatives has been that the interaction of a polymer with the biological environ-
ment requires suitable hydrophilic properties. Therefore, PPBBs have been synthe-
sized and demonstrated to be lacking of cytotoxic effects in the experimental
conditions used, suggesting a potential biocompatibility for these materials.

In particular, the potential cytotoxicity and the effects of poly-2-MOEG-9-BF1
on cell viability were evaluated by LDH (lactate dehydrogenase) and MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] tests, respectively,
in human hepatocellular carcinoma cells JHH6 (undifferentiated) and HepG2
(hepatocyte-like) incubated at 37 °C in the presence of the solubilized polymer
(50 pm) for 1 or 2 days. On the basis of the results, poly-2-MOEG-9-BF1 was dem-
onstrated to possess a negligible biological impact on human hepatocellular carci-
noma cells HepG2 and JHH6, characterized by different phenotypes [25].

Subsequently, a further cell viability study was performed on MCF-7 cell line
(human breast cancer cells) and the results confirmed the absence of toxic effect of
poly-2-MOEG-9-BF1 at concentrations of 50, 100, and 200 pM in monomer units
for either 24 or 72 h [36].

Similarly, the potential biocompatibility of poly-6-MOEG-9-BF3k has been
assessed on a healthy human bronchial epithelial (16-HBE) cell line in the same
environmental conditions applied for MCF-7 cells used in the abovementioned test.
More specifically, cell viability was evaluated by MTS [3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium]  assay on
16-HBE cells, incubated at 37 °C in the presence of polymer aggregate dispersions
in Dulbecco’s modified Eagle’s medium (DMEM, at concentrations of 0.1, 0.25,
and 0.5 mg/mL, highly superior to the critical aggregation concentration) for 4 and
24 h. The results provided sound evidence that no cytotoxic effects were produced
by this polybenzofulvene derivative, even at the highest polymer concentration
tested still after 24 h incubation.
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The potential biocompatibility of poly-6-MOEG-9-BF3k was evaluated also in
vivo by injecting a polymer dispersion (concentration of 0.5 mg/mL) subcutane-
ously to rats. Then, the animal healthy parameters were monitored and, after 1 and
7 days, histological analyses of tissue cross sections were carried out on the epider-
mis, dermis, and subcutis. The image analysis of the scrutinized cross sections
suggested that no inflammatory process and stromal reaction were generated both
after 1 and 7 days. Indeed, the lack of necrosis areas or neutrophilic granulocyte
infiltrations indicated that poly-6-MOEG-9-BF3k did not stimulate inflammatory
response and could be considered to be a highly biocompatible and bioreabsorbable
material [79].

The favorable absorption/emission features of poly-6-MOEG-9-TM-BF3k
allowed fluorescence microscopy experiments to be easily performed with standard
equipments. The results of the studies performed with poly-6-MOEG-9-TM-BF3k-
GT demonstrated that the polymer obtained by the “grafting through” approach was
unable to enter HEK293T live cells (human embryonic kidney 293 T cells) and to
alter their morphology, probably because of its tendency to form aggregates show-
ing dimensions in the range of the hundreds of nanometers in aqueous medium [52].

Owing to the relatively smaller dimensions of the macromolecular entities gener-
ated in aqueous medium by poly-6-MOEG-9-TM-BF3k prepared by the “grafting
onto approach,” its potential cytotoxicity was assessed in two different cell lines
(i.e., immortalized mouse fibroblasts NIH3T3 and human neuroblastoma IMR-32
cells). Poly-6-MOEG-9-TM-BF3k-GO showed low cytotoxicity, which was well
related with its low propensity to interact and cross the cytoplasmic membrane as
suggested by the weak fluorescence uptake observed in both the different cell lines
used, even after a prolonged incubation time.

In conclusion, the PPBBs are devoid of cytotoxicity and did not stimulate inflam-
matory response. The interesting biorelevant features make these biocompatible and
bioreabsorbable polymers potentially useful in a broad range of biological
applications.

Applications of Polybenzofulvene Derivatives

On the basis of their interesting properties (which can be suitably modulated by
structure manipulation) intriguing applications for polybenzofulvene derivatives
can be envisioned in synthesis, pharmaceutics, optoelectronics, and in several other
fields of materials science.

Firstly, polybenzofulvene derivatives can be synthesized completely free from
by-products, impurities, or harmful substances because their preparation does not
require the use of catalysts or initiators. Secondly, the absence of any relevant toxic
effects and cell viability impairments allows PPBBs to be potentially functional in
a wide range of biological, biomedical, and biotechnological applications, such as
drug delivery, molecular recognition, biosensing, protein and DNA separation,
micro- and nanofluidics, as well as tissue engineering.
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By means of PEGylation, also the potentially limiting aggregation features
shown by polybenzofulvene derivatives could be modulated in order to develop new
macromolecular nanocarriers suitable for drug loading and release, and the nano-
meter dimensions shown by the macromolecular entities present in the water solu-
tions of poly-6-MOEG-9-TM-BF3k-GO make this biocompatible polybenzofulvene
brush a perfect candidate for this aim.

It is important to recall that valuable features of PEG (water solubility, biocom-
patibility, lack of toxicity, shielding properties preventing opsonization) allow this
inexpensive FDA-approved material to be used in pharmaceutical field to confer a
better solubility in the physiological environment and/or to prevent the interaction
with plasma proteins and cells.

The interesting physical hydrogel generated by poly-2-MOEG-9-BF1 showed
the typical elastic properties of strong gels, as confirmed by rheological studies. The
combination of rheology and NMR transverse relaxation measurements provided
information about the hydrogel network structure and the probable pore size distri-
bution [25]. The picture obtained from these studies was that the hydrogel could be
considered as a highly concentrated suspension of homogeneous gel particles, in
which small intra-particle pores are accompanied by larger channels formed by the
imperfect contact among gel particles. In the light of the suggested mean mesh size
(~3-7 nm), poly-2-MOEG-9-BF1 hydrogel appeared to be capable of acting as a
controlled delivery matrix in which small molecules, such as theophylline (van der
Waals radius=0.37 nm) and vitamin B12 (van der Waals radius=0.85 nm), can
migrate at different rates, while larger molecular systems (e.g., proteins, enzymes,
dendrimers) can be entrapped inside gel network or confined onto polymer surface
[25]. Thus, poly-2-MOEG-9-BF1 has been investigated as hydrogel-forming mate-
rial able to complex and release HIgG at physiological mimicking conditions [36].
Release studies have provided experimental evidence about the ability of the hydro-
gel to release intact the functional form of the loaded model protein HIgG as a func-
tion of pH. Biphasic and prolonged HIgG release profiles (Fig. 57) were detected at
both the two different pH values with a relatively low first burst release (probably
due to the release of the protein adsorbed onto hydrogel surface) and a second slower
release stage controlled by the diffusion of the protein through the large hydrogel
channels. The pH dependence of the release kinetics was assumed to be related to
the different protein solubility at the two pH values taken into consideration.

On the basis of the protein dimensions (height=14.5 nm, width=8.5 nm, thick-
ness =40 nm) and the mesh size distribution, the antibody was indeed assumed to be
hosted outside the polymer network on the surface of gel channels pervading poly-
2-MOEG-9-BF1 matrix, as supported by the analysis of SEM images (Fig. 58).

Similarly, the interesting features (e.g., aggregation properties, biocompatibility,
and bioreabsorbability) shown by second-generation PPBB poly-6-MOEG-9-BF3k
stimulated its evaluation as a material for the production of injectable thermore-
sponsive microgels for the release of low molecular weight peptide drugs. The
physical hydrogel generated by poly-6-MOEG-9-BF3k was found to be relatively
unstable to ultrasound exposure and formed a dispersion leading to thermorespon-
sive microgels. Indeed, the dispersion was transparent (as a solution) at temperature
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Fig. 57 pH-dependent release profile of HIgG from the complex poly-2-MOEG-9-BF1/antibody.

A biphasic and prolonged protein release can be observed at both pH values (6.8 and 7.4). Reprinted
with permission from Licciardi et al. [36]. Copyright 2010, Elsevier

HigG aggregates HIgG crystals

Fig. 58 SEM images of lyophilized samples of poly-2-MOEG-9-BF1 loaded with HIgG.
Magnification values: 1,000x (leff) and 10,000x (right). HIgG aggregates are present on the poly-
mer surface and in the gel fractures probably produced by cryogenic freezing. This particular dis-
tribution of the carried guest can explain the biphasic profile of HIgG release from hydrogel.
Reprinted with permission from Licciardi et al. [36]. Copyright 2010, Elsevier

values below 25 °C, while it became opalescent when temperature increased to
provide a homogeneous microgel population near 37 °C (at this temperature the
critical aggregation temperature was estimated to be 0.019 mg/mL, and the average
diameter of the aggregate was 459 nm). The thermoresponsive nature of the system
was exploited in developing a drug delivery system potentially capable of protecting
peptide drugs from degradation and regulating the drug release rate in function of
the temperature. Leuprolide, the peptide drug used in the treatment of hormone-
responsive tumors such as breast cancer, was selected as a model drug because it
contains in its structure aromatic amino acids (tryptophan, tyrosine, and histidine),
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released leuprolide

Fig. 59 Release profile of leuprolide from the complex with poly-6-MOEG-9-BF3k. Reprinted
with permission from Licciardi et al. [79]. Copyright 2012, Elsevier

which were assumed to establish aromatic interactions with poly-6-MOEG-9-BF3k
aromatic rings. These interactions were thought to be the basis for the suitable load-
ing and delayed diffusion of the peptide drug from microgel aggregates. Leuprolide
was easily and effectively loaded in poly-6-MOEG-9-BF3Kk. Then, the release stud-
ies showed temperature-dependent release profiles (Fig. 59) with a prolonged, con-
stant, and complete release at 37 °C and a prominent burst effect (50 % of leuprolide
was released after 2 h) at 25 °C in agreement with the thermoresponsive behavior
shown by this PPBB [77].

The establishment of aromatic interactions was the driving idea also in the design
of the nanocomposite material constituted by poly-BF3a nanoparticles (filler) and
the drug model CR3124 (matrix). We assumed that the aromatic interactions between
the polymer and the drug molecule (on the nanoparticle surface) could stabilize the
amorphous form of the latter despite of its pronounce tendency to crystallization.
Two different nanoprecipitation/desolvation methods (procedure A, gradual excess
of bad solvent; procedure B, continuous excess of bad solvent) were evaluated either
in the absence or in the presence of PEG1000 as wetting agent to obtain various
nanocomposite materials, which were characterized in terms of loading, morphol-
ogy, and release. The formation of nanoparticles showing favorable shape and
dimensions was related to the procedure used and to the presence of PEG that played
a beneficial role in affecting nanoparticle morphology (Fig. 60). The inclusion of the
drug molecule in the formulation produced nanoparticle aggregation and the interac-
tion of the resulting materials with the aqueous environment was found to depend on
the hydrophilicity of the matrix (CR3124 and PEG when present) [24].

Similarly, the release profile was dramatically affected by matrix composition.
The high wettability of the binary matrix composed by CR3124 and PEG produced
very rapid releases, whereas in the absence of PEG, the lower wettability of CR3124
caused the dissolution kinetics to slow down (Fig. 61).
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Fig. 60 SEM micrographs of poly-BF3a nanoparticles (fop panels (a)-(c)) and CR3124-loaded
poly-BF3a nanoparticles (bottom panels (d)—(f)) obtained in different conditions. Panel (a): poly-
BF3a 100 %, procedure A. Panel (b): poly-BF3a 100 %, procedure B. Panel (¢): poly-BF3a 70 %,
PEG1000 30 %, procedure B. Panel (d): poly-BF3a 80 %, CR3124 20 %, procedure A. Panel (e):
poly-BF3a 90 %, CR3124 10 %, procedure B. Panel (f): poly-BF3a 60 %, PEG1000 30 %, CR3124
10 %, procedure B. Reprinted with permission from Cappelli et al. [24]. Copyright 2010, Springer
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Fig. 61 CR3124 release profiles of different poly-BF3a nanoparticle formulations. Legend.
Preparation 10A: poly-BF3a 90 %, CR3124 10 %, procedure A. Preparation 10B: poly-BF3a
90 %, CR3124 10 %, procedure B. Preparation 10B30P: poly-BF3a 60 %, PEG1000 30 %,
CR3124 10 %, procedure B. Preparation 10B40P: poly-BF3a 50 %, PEG1000 40 %, CR3124
10 %, procedure B. Reprinted with permission from Cappelli et al. [24]. Copyright 2010, Springer

In conclusion, polybenzofulvene nanoparticles demonstrated to be useful as sub-
strates for the stabilization of the amorphous form of drug molecules showing pro-
nounced tendency to the crystallization and for the modulation of their dissolution
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Fig. 62 AT, receptor binding: competition curves of poly-BF-AT,, its monomer BF-AT,; and
PTSA. Stock solutions of BF-AT; and poly-BF-AT, were freshly prepared and stored at 37 °C for
3 or 6 days. PTSA (cross) was considered an impurity of poly-BF-AT; and it was assayed to evi-
dence its inactivity. The assays performed on freshly prepared solutions of poly-BF-AT, (filled
diamond) revealed a dose-dependent inhibition of the radioligand-specific binding AT, receptors.
The inhibition curve of poly-BF-AT) is significantly shifted to the left when the stock solution was
used after stored in buffer at 37 °C for the first 3 days (filled square), but does not undergo signifi-
cant changes after stored for additional 3 days (filled triangle). On the contrary, monomer BF-AT,
(open circle) tested in parallel in each assay was insensitive to the storage conditions; values indi-
cated the mean +standard error of three replicates. Reprinted with permission from Cappelli et al.
[18]. Copyright 2006, American Chemical Society

kinetics. Thus, polybenzofulvene derivatives could find applications as inactive
components of different drug delivery systems (e.g., hydrogels, microgels, and
nanoparticles). However, the thermoreversible polymerization of AT, receptor
ligand BF-AT1 opens the perspective of applying polybenzofulvene derivatives as
active components of drug delivery systems such as polymeric prodrugs. The angio-
tensin II AT, receptor affinity shown by BF-AT1 (binding IC5o=60 nM) was appar-
ently lost as a consequence of the spontaneous polymerization, but was partially
recovered when the poly-BF-AT1 was incubated in buffer at pH 7.4 and 37 °C for
three days (Fig. 62) [18].

The appreciable depolymerization of poly-BF-AT1 observed in buffer at room
temperature increased its extent during the storage of freshly prepared solutions at
37 °C up to establishment of an apparent equilibrium within about 3 days. The ICs,
values measured for the polymer and its corresponding monomer appeared to be
different in terms of 2 orders of magnitude, letting us to assume that in these condi-
tions poly-BF-AT1 was able to release one molecule of monomer BF-AT1 each
about 100 monomeric units [18].

Although the design of new polymeric prodrugs could be considered a fascinat-
ing research theme, we have soon realized the complexity of the development mat-
ter and the results of several different attempts performed in our laboratories lay still
unpublished over our desks.
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Scheme 19 Synthesis of spirocyclopropane derivative BF-SCP from poly-BF1. Reagents: (a)
solvent, heating (open triangle); (b) solvent removal; and (c) CH,N,, (CH;COO),Pd, CHCl;

One of the first applications evaluated for polybenzofulvene derivatives was their
use as stock forms of the corresponding monomers in synthetic approaches. For
instance, trans-diene BF1 generated from poly-BF1 has been found to be syntheti-
cally useful to obtain a spirocyclopropane derivative BF-SCP by means of a
palladium-catalyzed cyclopropanation with diazomethane (Scheme 19) [20].

Finally, the promising photophysical properties of n-stacked poly-4,6-MO-BF3k
and poly-4,5,6-MO-BF 3k, such as the interesting hole mobility shown by the latter
polybenzofulvene derivative, can pave the way in the development of advanced
polybenzofulvene materials for optoelectronic applications. A suitable chemical
design based on the apparent key role of the methoxy substituents in controlling the
electrical features of this new class of polymers (i.e., enhancing effect on charge
mobility) might allow to achieve further improvements in order to obtain newswor-
thy alternatives to the host polymers commonly used in electronic devices [55].

Conclusions and Perspectives

Since its discovery in 2002, the spontaneous polymerization of benzofulvene deriva-
tives has attracted our attention because of the particular features shown, and we felt
committed to bringing them to the attention of the scientific community. After a
decade of research work in our laboratories, around 50 new polymers belonging to
this family have been synthesized and the relevant studies have been published in the
most important journals dealing with polymer science or in different ones depending
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on the application explored for the newly synthesized polybenzofulvene derivatives.
Thus, the spontaneous polymerization of benzofulvene monomers and the special
features of the corresponding polymers appear to become a well-established topic.
However, many things remain to do. The exploration of the chemistry is still ongo-
ing and provides everyday new evidence. At a first sight, the chemical space around
benzofulvene derivatives could appear limited, but we are sure that a portion of the
infinity is still too big for our limited possibilities. Moreover, new applications are
under evaluation for these polymers as new advanced functional materials.
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Cyclophane-Based mt-Stacked Polymers

Yasuhiro Morisaki and Yoshiki Chujo

Introduction

Cyclophane is a general term for a cyclic compound containing at least one aro-
matic ring in the cyclic skeleton. [2.2]Paracyclophane, which plays an important
role in the discussion in this chapter, is a typical cyclophane compound consisting
of two benzene rings bridged at the para-positions by two ethylene chains. It was
first synthesized by Brown and Farthing in 1949 as a pyrolysis product of p-xylene
[1]. In 1951, Cram and Steinberg reported its direct synthesis by the Wurtz-type
intramolecular cyclization of 1,4-bis(bromomethyl)benzene [2]. Since then, several
synthetic routes to [2.2]paracyclophane have been developed as a result of the nota-
ble progress made in the last 60 years in organic chemistry [3, 4]. At present, [2.2]
paracyclophane is commercially available and readily obtained on the gram scale.

[m.n]Cyclophanes (in particular, m <3 and n <3, where m and n are the number
of carbon atoms in the alkyl chains), consisting of two stacked benzene rings and
two bridging alkyl chains, have unique structures and characteristic n-electron sys-
tems. Considerable attention has been paid to their synthesis, reactivities, optoelec-
tronic properties, and theoretical features in the field of organic chemistry [3, 4].
However, despite the large number of studies on cyclophane chemistry, conjugated
polymers containing cyclophane skeletons in the polymer main chain have been
largely ignored [5-10]. In addition, the few cyclophane-containing polymers
reported were insoluble in common organic solvents and did not have film-forming
abilities [11-16]; hence, their structures and properties were not elucidated in detail
until recently.
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Over the last decade, we have focused our attention on the unique structures of
[2.2]paracyclophane and related compounds. In particular, we studied the synthesis
of novel conjugated polymers that included [2.2]paracyclophane as a repeating unit
in their main chains [5, 6, 8—10]. Incorporation of a [2.2]paracyclophane skeleton
into a m-conjugated polymer backbone leads to a m-stacked structure, in which
n-electron systems are partly m-stacked in proximity in a polymer chain. In this
chapter, we will focus on unprecedented n-stacked polymers based on [2.2]paracy-
clophane. Because of the limited number of studies on such n-stacked polymers, we
will primarily introduce our recent results, together with important examples of
cyclophane-containing n-stacked polymers developed by other research groups.

nti-Stacked Polymer Based on [2.2]Metacyclophane

The first example of a m-stacked polymer containing a cyclophane skeleton as a
repeating unit in the polymer chain was reported in 1985 [11, 12]. In this case,
8,16-dihydroxy[2.2]metacyclophane 1 was incorporated as a key component, as
shown in Scheme 1. Metacyclophane 1 is an electron-rich compound, which led to
oxidative coupling with air (oxygen) under sunlight to yield a metacyclophane
dimer 2 in the form of bright reddish-orange whiskers. Compound 2 was used as a
monomer and heated at 300-400 °C to yield poly[2.2]metacyclophane 3. The
obtained polymer 3 was insoluble in common organic solvents; the reaction was
monitored and the structure was confirmed by FTIR spectroscopy. The reported
estimate of the electrical conductivity of polymer 3 was of the order of 10~ S cm™!,
and it increased dramatically to 0.25 S cm™' by chemical doping with H,SO, vapor.

The synthesis of n-stacked polymer 4, in which diphenoquinone units were
stacked and layered, was reported by the same group in 1985 [11]. As shown in
Scheme 1, the oxidative coupling polymerization of 1 in the presence of FeCl,
afforded diphenoquinone-stacked polymer 4 quantitatively. This polymer was also

Scheme 1 Synthesis of polymers 3 and 4
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insoluble in any solvents and was therefore characterized by FTIR spectroscopy as
well as elemental analysis. The electrical conductivity of 4 was measured. The
value for the pristine sample was 10 S cm™!, and chemical doping with H,SO,
vapor provided a conductivity of 10™* S cm™.

nti-Stacked Polymers Based on Pseudo-para-Disubstituted [2.2]
Paracyclophane

After the report of poly[2.2]metacyclophane 3 described above, there were no
reports on the synthesis of cyclophane-based n-stacked polymers for over 15 years.
In 2001 and 2002, polymerizations of thiophene-substituted [2.2]paracyclophanes
were reported independently by two research groups [13—16]. Both groups synthe-
sized m-stacked polymers by electrochemical polymerization using cyclic voltam-
metry. For example, Audebert and coworkers reported that the electrochemical
polymerization of monomer 5 deposited n-stacked polymer 6 on a glassy carbon or
indium-tin oxide electrode (Scheme 2) [13, 14].

Collard and coworkers synthesized polymer 8, which was obtained by electro-
chemical oxidation as well as chemical oxidation using FeCl; in CHCI; (Scheme 2)
[15, 16]. The octyl groups in the thiophene rings of polymer 8 enhanced solubility
in organic solvents such as hexane and CHCl;. The molecular weight of the polymer
could be measured by gel permeation chromatography (GPC) in CHCl;, and the
weight-average molecular weight (M,,) of the CHCl;-soluble portion of 8 was cal-
culated to be 50,000 [16].

Palladium-catalyzed cross-coupling is a powerful tool for the synthesis of various
n-conjugated molecules and polymers through sp? and sp carbon—carbon bond for-
mation [17-20]. Scheme 3 shows the synthetic routes for poly(p-arylene—ethynylene)-
type (PAE-type) n-stacked polymers by Sonogashira—Hagihara cross-coupling [21,
22]. Polymer 13 was obtained from the monomers pseudo-para-dibromo[2.2]

electrochemical
polymerization

BuyNPFg¢
0.9-1.2 V vs Ag/Ag*
CH3CN

‘ S/ @ J CgHiz FeClg | S/ y CgHi7
S-S (7, O
CgHy7 S CHCly CgHy7 S
n
7 8, 25%
M,, = 50000

(CHCI3 soluble part)

Scheme 2 Synthesis of polymers 6 and 8
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Scheme 3 Synthesis of PAE-type polymer 13

paracyclophane 9 and diethynylbenzene 10 in the presence of a catalytic amount of
PdCl,(PPh;), [23]. The polymerization of pseudo-para-diethynyl[2.2]paracyclo-
phane 11 with diiodobenzene 12 afforded the same n-stacked polymer 13 with a
higher number-average molecular weight (M,=14,500) than that of the polymer
obtained from 9 to 10 (M,=8,000). The dibromo[2.2]paracyclophane 9 was consid-
ered to be relatively inert to oxidative addition by palladium because of steric hin-
drance and the electron-rich nature of the paracyclophane moiety.

Scheme 4 shows the synthesis of poly(p-arylenevinylene)-type (PAV-type)
n-stacked polymer by Heck—Mizoroki cross-coupling [24, 25]. The treatment of
pseudo-para-divinyl[2.2]paracyclophane 14 with diiodofluorene 15 using a
Pd(OAc),/P(0-Tol);/NBu; catalytic system afforded the corresponding zm-stacked
polymer 16 in 96 % isolated yield with M,=5,200 [26]. Poly(p-arylene)-type
(PA-type) m-stacked polymers were prepared by Suzuki—-Miyaura cross-coupling
[27, 28], and a representative example is shown in Scheme 5. The Pd(PPh;),-
catalyzed polymerization of monomer 9 with bis(boronic acid ester) monomer 17
afforded the polymer 18 in 89 % isolated yield (M,=2,600) [29].

All the polymers described above were reasonably soluble in common organic
solvents such as THF, CHCI;, CH,Cl,, and toluene, which enabled the characteriza-
tion in their solutions by NMR, UV-vis absorption, and fluorescence spectroscopy.
The polymers exhibited sufficiently good film-forming abilities, and the thin films
were readily formed by casting and spin coating from the corresponding toluene
solutions. They also exhibited good thermal stability; for example, polymer 18 was
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Fig. 1 Thermogravimetric analysis of polymer 18 under air (10 °C min™")

found to have a 10 % weight loss temperature (7;,) of 428 °C, as determined by
thermogravimetric analysis (Fig. 1) [29].

One of the most characteristic features of [2.2]paracyclophane-based polymers is
the unique nt-stacked structure of n-electron systems. Here, we will focus on the struc-
ture of PAE-type polymer 13. As illustrated in Fig. 2, we can see that polymer 13
consists of m-electron systems corresponding to compound 19. In a single polymer
chain, the m-electron systems are partly stacked and layered one-dimensionally.
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Fig. 2 m-Stacked structures of polymer 13 and model compounds 19-21

As a result of incorporation of the [2.2]paracyclophane into the conjugated polymer
backbone, the [2.2]paracyclophane does not act as a [2.2]paracyclophane unit but as
a bridge unit linking the m-electron systems. The principal part of the [2.2]
paracyclophane-based n-stacked polymers is the stacked m-electron system rather
than the [2.2]paracyclophane; therefore, their opto-electrical properties depend on the
properties of the stacked m-electron systems, regardless of [2.2]paracyclophane. In
this case, the properties of compound 19 are strongly reflected in the properties of 13.

To obtain an insight into the conjugation system of [2.2]paracyclophane-based
n-stacked polymers [30], compounds 20 and 21 were prepared (Fig. 2), in which
two and three -electron systems were n-stacked, respectively. In addition, n-stacked
polymer 22 containing xylyl groups at the polymer chain ends was synthesized; 22
was separated into four fractions 22a-d by size-exclusion chromatography (SEC),
as shown in Scheme 6. Figure 3a shows the UV-vis absorption spectra of com-
pounds 19-21, polymers 22a—-d, and polymer 13 in dilute CHCI; (1.0x 1075 M). All
the compounds and polymers exhibited a typical n—r* transition band derived from
the arylene—ethynylene skeleton. The absorption maxima (4,.) of 19-21 were
observed at 371, 378, and 381 nm, respectively. Their 4., and absorption edges
exhibited a clear redshift with an increase in the number of the stacked m-electron
systems. As would be expected, such a redshift in the spectra of polymers 22a—d
was observed with an increase in molecular weight.

For the conjugated oligomers and polymers, systematic changes in properties such
as UV—vis absorption can be expected with increasing numbers of repeating units
[31-36]. For example, it is known that a linear relationship exists between the band-
gap energy (E/cm™), estimated from the A, and the reciprocal of the number of
repeating units (1/n). We applied this relationship to the m-stacked polymers and
investigated whether this relationship held for the present system [30]. Figure 3b
shows the plot of E, against 1/n for compounds 19-21 and polymers 22a—d. A good
linear relationship (R*>=0.99) was obtained, which indicated the existence of so-called
through-space conjugation. On the basis of this relationship, the 4., of PAE-type
n-stacked polymers (n=o00) was predicted to be 388 nm, which was in good agree-
ment with the observed A,,.x (387 nm) of polymer 13 (M,=14,500, n=21). According
to the empirical power-law relationship (E=1/4,,~n") and the data pertaining to
compounds 19-21 and polymers 22a—d, the effective conjugation length, i.e., the
repeating unit number (n), of the n-stacked polymer was calculated to be 11.4.
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Scheme 6 Synthesis and separation of polymer 22

On the other hand, it was reported that the electronic interactions among the
n-stacked aromatic rings in poly(dibenzofulvene) [37-44] extended to five repeat-
ing units. In addition, the effective conjugation repeating unit of
poly(phenylnorbornane) [45-47] was also studied and was estimated to be 4-5.
Those effective conjugation repeating units were smaller than that of the [2.2]
paracyclophane-based m-stacked polymer. In both of poly(dibenzofulvene) and
poly(phenylnorbornane), n-stacked and unstacked conformations are in equilibrium
in a single polymer chain, as shown in Fig. 4; therefore, 4-5 aromatic rings com-
prise the m-stacked sequence uniformly in solution. In the [2.2]paracyclophane-
based m-stacked polymer, m-electron systems are forced to be n-stacked with each
other by proximity, leading to a conformationally stable n-stacked structure. Thus,
electronic interactions extend through at least ten m-electron systems via the
through-space interaction in the ground state.

The emission behaviors of [2.2]paracyclophane-based n-stacked polymers were
investigated in detail. Almost all the polymers exhibited photoluminescence in solu-
tion with high photoluminescence quantum efficiencies (®p;). For example, the
relative ®p; values of polymers 13 and 16 were calculated to be 0.82 and 0.70,
respectively. The photoluminescence spectra of 13 and the stacked model com-
pound 19 in CHCI; (1.0x 10> M) were obtained upon excitation at the absorption
maximum (Fig. 5). In polymer 13, the emission spectrum was observed in the visi-
ble blue region with a peak top wavelength of 430 nm. It is noteworthy that the
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Fig. 3 (a) UV-vis absorption spectra of 19-21, polymers 22a—d and 13 in CHCI; (1.0x 1075 M).
(b) Correlation between A, and 1/n
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Fig. 4 Conformations of m-stacked polymers: poly(dibenzofulvene), poly(phenylnorbornane),
and [2.2]paracyclophane-based polymer

spectrum of 13 exhibited clear vibrational structures as well as a high @ of 0.82.
The spectrum and ®p; of 13 were similar to those of 19. Thus, the n-stacked poly-
mers based on [2.2]paracyclophane did not exhibit broad spectra with a low @y,
like an excimer emission, although two dozen m-electron systems were stacked in
proximity in a single polymer main chain.
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Fig. 5 Photoluminescence
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compound 19 in CHCl3
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Bazan and coworkers investigated the emission behavior of [2.2]paracyclophane-
based compounds [48-55]. They reported two types of emission mechanisms for
[2.2]paracyclophane-based compounds, i.e., emission from “the monomer state”
and emission from ‘“the phane state (excimer-like emission).” The conjugation
length of the stacked m-electron system, the extent of overlap, and the orientation
between the stacked n-electron systems determine the mechanism. According to the
photoluminescence spectra of 13 and 19 (Fig. 5) and their high ®p; (0.82 for 13 and
0.86 for 19), the emission of the [2.2]paracyclophane-based n-stacked polymer
occurred from the monomer state. Fluorescence lifetime studies supported this
hypothesis. Both fluorescence decay curves of 13 and 19 were a single exponential,
and the fluorescence lifetime (7) of the polymer was 1.27 ns (y*=1.14), which was
identical to the lifetime of 19 (z=1.24 ns, y*=1.00) [30].

The electroluminescent (EL) properties of polymer 16 were examined by fabri-
cating a standard EL device, ITO/PEDOT-PSS/16/BCP/Alq;/LiF/Al ITO =indium—
tinoxide, PEDOT = poly(3,4-ethylenedioxythiophene), PSS = poly(4-styrenesulfonic
acid), BCP=2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline, and Alq;=tris(8-
hydroxyquinolinato)aluminum [26]. The EL spectrum exhibited a maximum peak
at around 490 nm with a turn-on voltage of 13 V. The luminescence brightness was
found to be 150 cd m= at a drive voltage of 19 V with a current density of 546 Am=2.
The external quantum efficiency was estimated to be 0.88 % at 38 cd m™ under a
bias of 14 V. Thus, we expect the application and development of [2.2]
paracyclophane-based n-stacked polymers in optoelectronic devices.

After the polymerization of monomers 11 and 12 (mol ratio=10:11) for 24 h
using the Sonogashira—Hagihara protocol, ethynylxylene was added to afford the
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Scheme 7 Synthesis of end-capped polymers 22e and 23

corresponding polymer 22e with xylenes as the end-capping groups in 94 % isolated
yield (M,=5,400), as shown in Scheme 7 [30]. In addition, polymer 23 end-capped
with anthracenes (55 %, M,=6,200) was synthesized using the same procedure
(Scheme 7). The M, values indicated that 22e consisted of an average of seven
n-electron systems and that 23 consisted of an average of six n-electron systems with
two anthracene-containing m-electron systems stacked at the polymer chain ends.
Figure 6a shows the UV—vis absorption spectra of compound 19 and the anthra-
cene-containing n-electron system 24 in dilute CHCl; (1.0x 1075 M). In addition,
Fig. 6b shows the UV-vis absorption spectra of polymers 22e and 23 in CHCI;
(1.0x107° M). The absorption spectrum of 19 exhibited n—r* transition bands corre-
sponding to the typical arylene—ethynylene moiety at around 320 and 370 nm,
whereas the spectrum of 24 exhibited a unique absorption band corresponding to the
anthracene ring at 270 nm as well as at around 430 nm. In the spectrum of polymer
23 (Fig. 6b), absorption bands derived from both compounds 19 and 24 were observed;
namely, the broad band at around 450 nm in polymer 23 was assigned to the transition
band of the anthracene-containing n-electron systems at the polymer chain ends.
When compounds 19 and 24 were excited at each absorption maximum in dilute
CHCI; solutions (1.0x 107 M), they emitted with peak maxima at around 400 and
470 nm, respectively, as shown in Fig. 7a. Figure 7b shows the photoluminescence
spectra of polymers 22e and 23 in CHCI; solutions (1.0x 10 M). Polymer 22e
emitted with a photoluminescence peak maximum at around 410 nm upon excited
at 385 nm, suggesting that the emission originated from the stacked n-electron sys-
tems. In the case of polymer 23, upon photoexcitation at 385 nm, the spectrum
exhibited a small emission peak at around 410 nm and a main peak at around 470 nm
(Fig. 7b). Comparison of the spectra of 19 and 24 implied that the peak at 470 nm
was attributed to the emission from the anthracene-containing n-electron systems at
the polymer chain ends. Time-resolved photoluminescence spectra of 23 were
obtained, as shown in Fig. 8. The intensity of the emission peak from the stacked
n-electron systems decreased, whereas that of the emission peak from the anthracene-
containing m-electron systems increased. The good overlap between the emission
peak of the stacked n-electron systems (around 410 nm) and the absorption peak of
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Fig. 6 (a) UV-vis absorption
spectra of compounds 19 and
24 in CHCI; (1.0x 107 M).
(b) UV-vis absorption
spectra of polymers 22e and
23 in CHCI; (1.0x 107 M)
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the anthracene-containing m-electron systems (390—470 nm) caused fluorescence
resonance energy transfer (FRET) [56] from the stacked m-electron systems to the
terminal anthracene-containing n-electron systems in polymer 23.

The electrical conductivity of the n-stacked polymer was investigated by the flash-
photolysis time-resolved microwave conductivity (FP-TRMC) method [57-68]. We
could observe the charge mobility in 22e through the stacked n-electron systems in a
single polymer chain using this noncontact measurement technique [30]. Polymer
22e was dispersed in a polystyrene film without any dopants, and the cast film on
quartz was excited by a laser pulse at 355 nm. The kinetic traces of microwave
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conductivity transients are shown in Fig. 9. The product of the photo carrier genera-
tion yield (¢) and the sum of charge mobilities (Xu) was estimated to be
¢Zpu=1.9x107 cm? V! s7L. Studies of the triplet states by photoexcitation and direct
photocurrent measurements revealed that intramolecular charge carrier mobility (u)
of 22e (through-space system) was of the order of 102 cm? V! s7! and a few tens of
percentage higher than the through-bond system.
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Figure 10 presents the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) of the neutral state of the dimer model of the
n-stacked polymer obtained by the density functional theory (DFT) calculations.
The molecule had the delocalized HOMO and LUMO over the two repeating
n-electron systems. Radical cations of the singly occupied molecular orbital (SOMO)
were also delocalized in a similar manner. In addition, the stacked m-electron sys-
tems were observed to be highly planar. The structure of the dimer model did not
change significantly between the neutral and cationic states, and the SOMO was
obviously delocalized through the space, not only at the central cyclophane unit but
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Fig. 10 DFT calculation using B3LYP/6-31G(d,p) of dimer model compound: (a) HOMO and
LUMO of neutral states and (b) SOMO of radical cations

also at the end cyclophane units. This result indicates that the rigidity of the main
chain of polymer 22e can decrease the reorganization energy for charge transport
and can contribute to the increase in intramolecular through-space charge carrier
mobility [68—70]. In addition to the results on energy transfer, [2.2]paracyclophane-
based n-stacked polymers are promising candidates as the single molecular wires
that can carry flows of energy and/or charge through stacked n-electron systems.
The synthesis of conjugated polymers, including [2.2]paracyclophane-based
n-stacked polymers, has been accomplished using several useful reactions. Scheme 8
shows the synthesis of PAV-type n-stacked polymers [71, 72] by Knoevenagel
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rBuOK
\\ toluene- ’BuOH
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Scheme 8 Synthesis of PAV-type polymers 27 and 31
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reaction [73], which provided an electron-withdrawing substituent at the olefin
moiety. The treatment of pseudo-para-diformyl[2.2]paracyclophane 25 with
bis(cyanomethyl)benzene monomer 26 in the presence of ‘BuOK afforded cyano-
substituted polymer 27 in 95 % isolated yield (M,=6,600, PDI=3.0). Polymer 31,
which also contained cyano substituents at different positions, was obtained in 96 %
isolated yield (M,=8,000, PDI=2.3) by the same polymerization of pseudo-para-
bis(cyanomethyl)[2.2]paracyclophane 29 and diformylbenzene monomer 30. As
shown in Scheme 8, polymers 27 and 31 consist of repeating units of compounds 28
and 32, respectively. The difference between polymers 27 and 31 was the substitution
position of the cyano groups in the vinylene moieties, i.e., they were substituted at the
a- and B-positions from the dialkoxyphenylene units in 27 and 31, respectively.

The optical properties of polymers 27 and 31, as well as compounds 28 and 32,
were compared. UV-vis absorption spectra and photoluminescence spectra are
shown in Fig. 11, and the data are summarized in Table 1. The A, of 27 and 31
were observed at 380 and 436 nm, respectively, which were redshifted in compari-
son with those of 28 (A,,x=370 nm) and 32 (4,.,,=413 nm), as a result of the
through-space conjugation among the stacked m-electron systems.

Photoluminescence spectra of polymers 27 and 31 were obtained in sufficiently
diluted CHCl; solution, and peak maxima were observed at around 477 and 510 nm,
respectively. It is noted that their @ values were different from each other. The @y,
values of the polymers were calculated to be less than 0.01 and 0.32, respectively.
The @y, values of compounds 28 and 32 were also estimated to be less than 0.01 and
0.30, respectively. Polymer 27 and compound 28 were poor emitters, which was
attributed to the substitution position of the cyano groups. As shown in Fig. 12,
m-conjugation between the dialkoxyphenylene unit and the cyano groups at the
a-positions of the vinylene moieties in 27 and 28 was apparently broken. On the other
hand, for 31 and 32, the n-conjugation lengths were extended (Fig. 12), and there was
a donor—acceptor resonance effect. X-ray crystallography supported the optical
behaviors; it was reported that the center phenylene units were twisted, depending on
the substitution position of the cyano groups. This case of the cyano-substituted
n-stacked polymers is a good example of how the properties of the [2.2]paracyclo-
phane-based n-stacked polymers reflect those of the stacked n-electron systems.

A donor—acceptor-type n-stacked polymer, in which a donor m-electron system
and an acceptor m-electron system were alternately stacked, was synthesized
(Scheme 9) [74]. The treatment of cyclophane-containing monomer 33 with 34 in
the presence of a catalytic amount of palladium complex and a bulky phosphine [75]
afforded the corresponding donor—acceptor n-stacked polymer 35 in good isolated
yield with the M, of 17,000 (PDI=2.9). The structure of polymer 35 comprised
compounds 36 and 37, in which fluorene and benzothiadiazole existed as donor and
acceptor units, respectively.

In Fig. 13, the UV-vis absorption spectra (1.0 x 10~ M in CHCl;) and photolumi-
nescence spectra (1.0x 10° M in CHCI;) of polymer 35, donor compound 36, and
acceptor compound 37 are shown. As shown in Fig. 13a, the absorption band attrib-
utable to the m—xt* transition of the fluorene moiety in 36 was observed at around
300 nm, and the maximum emission peak appeared at 364 nm with a vibrational
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Fig. 11 (a) UV-vis
absorption spectra

(3.0 10 M in CHCl;) and
photoluminescence spectra
(3.0x107° M in CHCI;) of
polymer 27 and compound
28. (b) UV-vis absorption
spectra (2.0x 10° M in
CHCl;) and
photoluminescence spectra
(2.6x10° M in CHCl;) of
polymer 31 and compound 32

Table 1 Optical properties
of 27, 28, 31, and 32
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j-Abs.max/nnl B APL,max/nm b q)PL ¢
Polymer 27 327, 380 477 <0.01
Compound 28 315, 370 484 <0.01
Polymer 31 360, 436 510 0.32
Compound 32 330,413 491 0.30

M avs. max Of UV—vis absorption spectra in CHCl;
®ApLmax Of photoluminescence spectra in CHCl,

‘Relative photoluminescence quantum efficiencies cal-
culated by using 9-anthracenecarboxylic acid in CH,Cl,

as a standard
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Fig. 13 (a) UV-vis
absorption spectrum in CHCI,
(1.0x 10~ M) and
photoluminescence spectrum
in CHCl,; (1.0x 107 M) of
polymer 35. (b) UV-vis
absorption spectrum in CHCI,
(1.0x 10 M) and
photoluminescence spectrum
in CHCl; (1.0 10° M) of
donor m-electron system 36.
(¢) UV—vis absorption
spectrum in CHCly

(1.0x 10 M) and
photoluminescence spectrum
in CHCl; (1.0 10° M) of
acceptor 7t-electron system 37
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structure upon excitation at 260 nm. Figure 13b shows the absorption and photolu-
minescence spectra of 37, which exhibited absorption bands at around 310 and
360 nm derived from the n—n* transition band of the xylyl-phenylene—xylyl back-
bone and the charge-transfer (CT) band from the benzene to the thiadiazole moieties,
respectively. By the excitation of the CT band of 37 at 360 nm, a green emission
peak appeared at 467 nm. As shown in Fig. 13c, the absorption spectrum of 35
exhibited broad peaks at around 325 nm and around 400 nm, indicating that the
spectrum comprises the spectra of both the donor and acceptor n-electron systems.
On the other hand, when the donor n-electron system in 35 was excited at 290 nm,
only a green emission at 475 nm was observed. The complete overlap of the



Cyclophane-Based n-Stacked Polymers 171

photoluminescence spectrum of the donor 36 with the absorption spectrum of the CT
band of the acceptor 37 resulted in effective intramolecular FRET from the donor
n-electron systems to the acceptor n-electron systems in the single polymer chain.

nti-Stacked Polymers Based on Pseudo-ortho-Disubstituted
[2.2]Paracyclophane

There are several stereoisomers in disubstituted [2.2]paracyclophane, such as ortho-,
meta-, para-, pseudo-ortho-, pseudo-meta-, pseudo-para-, and pseudo-geminal-
disubstituted [2.2]paracyclophanes. Iron-catalyzed dibromination of commercially
available [2.2]paracyclophane yields the mixtures of the dibromo[2.2]paracyclo-
phane isomers, and pseudo-para-dibromo[2.2]paracyclophane 9 can be obtained by
recrystallization as it has the poorest solubility in common organic solvents [76].
Thermal isomerization of 9 in triglyme afforded the pseudo-ortho isomer 38, as
shown in Scheme 10. This transformation is an equilibrium reaction; when the reac-
tion was allowed to cool to room temperature, pseudo-para isomer 9 was precipi-
tated as a result of its low solubility and was readily separated by simple filtration to
obtain pseudo-ortho isomer 38 in moderate isolated yield [76]. Pseudo-ortho-
dibromo[2.2]paracyclophane 38 was converted into pseudo-ortho-diethynyl[2.2]
paracyclophane 40 via pseudo-ortho-diformyl[2.2]paracyclophane 39 (Scheme 10)
[77]. Sonogashira—Hagihara coupling polymerization of 40 with 12 afforded the cor-
responding z-stacked polymer 41 in 23 % isolated yield with the M, of 3,800 [78].

"BuLl
ALy e () E
triglyme : EtZO
220°C Br -78°Ctort

9 38, 59%
39, 53%
1) (PhgPCHBr,)Br
BuOK
THF, =78 °C tort, 3h 12
2) BUOK Pd(PPhg), OR

rn, 10 h Cul
. . _
@ - THF-NEt, @ T O n
\\ reflux, 48 h \( RO

40, 52%

41 (R = Cy5Hy5), 23%
M, 3800, PDI 1.3

Scheme 10 Synthesis of polymer 41
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Table 2 Optical properties of 13, 41, and 9

Mabs max/0M ¢ MpLmar/NM ° Dpy. ¢
Pseudo-para-linked polymer 13 319, 386 411 0.82
Pseudo-para-linked polymer 41 319, 377 407 0.86
Compound 19 320, 369 398 0.86

Noavs. MaxOf UV—vis absorption spectra in CHCl; (1.0x 1075 M)

ApLmax Of photoluminescence spectra in CHCl; (1.0x 107 M)

‘Relative photoluminescence quantum efficiencies calculated by using 9-anthra-
cenecarboxylic acid in CH,Cl, as a standard

The optical profiles of pseudo-ortho-linked polymer 41 were almost identical to
those of pseudo-para-linked polymer 13 [78]. The optical property data of com-
pound 19, pseudo-para-linked polymer 13, and pseudo-ortho-linked polymer 41 are
summarized in Table 2. Both polymers 13 and 41 consisted of the same n-electron
systems corresponding to 19, which was n-stacked straight in polymer 13 and
n-stacked with a zigzag structure in polymer 41. Therefore, there was no substantial
difference between the optical properties of 13 and 41. The absorption spectrum of
41 was consistent with that of 13, and the maximum of the absorption peak of 41
was observed at 377 nm (Table 2). This A, value was smaller than that of 13
(Table 2) because of the shorter chain length of 41 (M, =3,800) relative to that of 13
(M, =14,500). The photoluminescence spectra of 13 and 41 were also similar to the
spectrum of 19, showing a clear vibrational structure with peak maxima at around
400 nm. In addition, the ®p values of 13, 41, and 19 were estimated to be 0.82,
0.86, and 0.86, respectively (Table 2). This result suggests that the pseudo-ortho-
linked n-stacked polymer 41 would emit bright blue light from the monomer state
rather than the phane state in a similar manner to pseudo-para-linked polymer 13.

Substituted [2.2]paracyclophane compounds exhibit planar chirality [3, 4]. In
contrast to conformationally flexible chiral molecules with an axis of rotation and a
rotatable bond around a stereogenic center, the planar chirality of [2.2]paracyclo-
phane compounds possesses a conformationally stable chiral space because of the
fixed aromatic rings. From this structural viewpoint, various methods for the optical
resolution of planar chiral [2.2]paracyclophanes have been developed since the
1990s [79-92]. In comparison with the establishment of the optical resolution of
monosubstituted [2.2]paracyclophanes, there was more scope for the development
of optical resolution of pseudo-ortho-disubstituted [2.2]paracyclophanes [85-92].
Recently, a simple optical resolution method for racemic pseudo-ortho-dibromo[2.2]
paracyclophane rac-38 was reported [93]. As shown in Scheme 11, treatment of
rac-38 with a slight excess of n-BuLi and (1R,2S,5R)-(—)-menthyl (S)-p-
toluenesulfinate provided a mixture of diastereomers (R,,S)-42 and (S,,S)-42. These
were readily separated by conventional SiO, column chromatography to afford
(R, S)-42 and (S,,5)-42 (each in 39 % isolated yield).

It is known that the sulfinyl-lithium exchange reaction readily proceeds upon
treatment with alkyllithium reagents [81, 94-96]. The reaction of (R,,5)-42 with
excess t-BuLi afforded the (R,)-pseudo-ortho-dilithio[2.2]paracyclophane (R,)-43.
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Scheme 11 Optical resolution of racemic pseudo-ortho-disubstituted cyclophane and synthesis
of optically active diethynyl monomers (R,)-40 and (S,)-40

This intermediate was allowed to react with electrophiles such as DMF to obtain
(R,)-pseudo-ortho-diformyl[2.2]paracyclophane (R,)-39 in 71 % isolated yield
(Scheme 11). Enantiomer (S,)-39 was obtained in 87 % isolated yield from (S,,5)-2
through the same route. The formyl groups of (R,)-39 were converted into the ethy-
nyl groups using the Ohira—Bestmann reagent to give enantiopure (R,)-pseudo-
ortho-diethynyl[2.2]paracyclophane (R,)-40 in 60 % isolated yield; the enantiomer
(S,)-40 was similarly obtained in 57 % yield.

As shown in Scheme 12, n-stacked polymers (R;)-41 and (S,)-41, in which the
n-electron systems partially overlapped to form chiral zigzag structures, were syn-
thesized from (R,)-40 and (S,)-40 [97], respectively, by Sonogashira—Hagihara
polymerization. The appropriate combination of a palladium complex and ligand
was important for successful polymerization. In this case, the Pd,(dba);/P(-Bu);
(dba=dibenzylideneacetone) catalytic system gave the best result, and the polymers
were obtained in better yields and with higher M, than those obtained through
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Scheme 12 Synthesis of optically active polymers (R,)-41 and (S,)-41 and cyclic compounds
(R,)-44 and (S,)-44

Pd(PPhs), catalysis (Scheme 10). In addition to the target polymer, enantiopure tri-
mers (R,)-44 and (S,)-44 were obtained in 14 % and 8 % isolated yields,
respectively.

The UV-vis absorption spectra of (R,)-40 and (S,)-40 in dilute CHCI; solution
(1.0x 1075 M) are shown in Fig. 14. The spectra exhibited typical 7—n* transition
bands attributable to the stacked m-electron systems and peak maxima at 378 nm.
Figure 14 includes the circular dichroism (CD) spectra of (R,)-40 and (S,)-40 solu-
tions (1.0x 10> M in CHCI;). The spectra exhibited strong Cotton effects in the
n—n* transition regions of the m-electron systems, and they were complete mirror
images. The absolute value of their molar ellipticity [6] was found to be approxi-
mately 0.8 x 10° deg cm? dmol~'. This large [6] value was caused by the stable chiral
zigzag orientation of the n-electron systems, which was created by the planar chiral
pseudo-ortho-disubstituted [2.2]paracyclophane moieties.

As mentioned above, polymer 40 emitted bright blue photoluminescence in
dilute CHCI; solution, and, of course, (R;)-40 and (S,)-40 showed identical photolu-
minescence (Fig. 15). Polymers (R,)-40 and (S,)-40 exhibited intense circularly
polarized luminescence (CPL), and their CPL spectra in dilute CHCl; (1.0x 107 M,
excitation wavelength: 320 nm) are shown in Fig. 15. The mirror-image CPL sig-
nals in the observed photoluminescence range appeared, and the CPL g-factors of
(R,)-40 and (S,)-40 at the photoluminescence peak maxima were calculated to be
2.3%x107 and -2.0x 1073, respectively. The CPL observed in several n-conjugated
polymers was induced only by their ordered structures in the film [98—103], partly
aggregated states [104, 105], chiral network structures [106], and liquid crystalline
states [107, 108]. In addition, it was reported that chirality of the optically active
solvent such as limonene and pinene was transferred to m-conjugated polymer
aggregates [109, 110]. Because of the conformationally stable structure of the pla-
nar chiral [2.2]paracyclophane, (R;)-40 and (S,)-40 showed intense CPL with a
large CPL g-factor in such dilute solutions (1.0x 107> M).
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Fig. 14 UV-vis absorption
and CD spectra of polymers

(R,)-41 and (S,)-41 in CHCI,

(1.0x 105 M)

Fig. 15 Photoluminescence
spectra (in CHCl;,

1.0x107° M, excited at

370 nm) and CPL spectra (in
CHCl;, 1.0x 1075 M, excited
at 320 nm) of polymers
(R,)-41 and (S,)-41
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The UV-vis, CD, photoluminescence, and CPL spectra of cyclic trimers (R;)-44
and (S,)-44 are shown in Fig. 16. The absolute [0] values were reached at approxi-
mately 2.0x 105 deg cm? dmol™! (Fig. 16a), which were greater than the values for
the polymers (0.8 x 10° deg cm? dmol™!) because of the completely fixed chiral tri-
angular structure. As shown in Fig. 16b, CPL was clearly observed for (R,)-44 and
(S,)-44 in the observed photoluminescence range; however, the absolute CPL g-
factor values were smaller than those of the polymers. Although the reason for that
remains unclear, the following may be considered. The polymer adopts a second-
ordered structure such as an optically active zigzag or one-handed helix in the
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excited state, whereas the structure in the ground state is random with local chirality
around the planar chiral cyclophane moieties. In the cyclic trimer, the structure does
not change between the ground state and excited state. The higher-ordered structure
of the polymer in the excited state would result in the larger CPL g-factor value.

nti-Stacked Polymer Based on Pseudo-geminal-Disubstituted
[2.2]Paracyclophane

Recently, the synthesis of n-stacked polymer 45 consisting of a pseudo-geminal-
disubstituted [2.2]paracyclophane skeleton, in which the m-electron systems are
fully stacked in the polymer main chain (Fig. 17), was reported [111, 112]. The
UV-vis absorption spectrum exhibited considerable tailing. In addition, a large
Stokes shift was observed, and the photoluminescence spectrum was broad and fea-
tureless, indicating that the emission from 45 arises from the phane state. Synthetic
details and a further discussion of the n-stacked polymers based on pseudo-gemi-
nal-linked [2.2]paracyclophane are reviewed in “n-Stacked Oligomers as Models
for Semiconducting Conjugated Organic Materials” in this volume.
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45 (R = CgH4g)

Fig. 17 m-Stacked polymer 45 consisting of pseudo-geminal-disubstituted [2.2]paracyclophane

Conjugated Microporous Polymers Based on [2.2]
Paracyclophane

Network polymers constructed of organic molecules have attracted considerable
attention in polymer chemistry as well as in materials chemistry [113—-127]; those
composed of n-conjugated frameworks have been extensively studied over the past
5 years. These compounds, known as conjugated microporous polymers (CMPs),
constitute a new class of polymers [128—137]. They have received considerable
attention as new materials because of their merits such as facile synthesis, high
chemical stability, rigid micropores, and delocalization of m-electrons throughout
their frameworks. Recently, CMPs containing [2.2]paracyclophane units in their
conjugated main chains were synthesized and characterized [138, 139]. As shown
in Scheme 13, cyclophane monomer 11 and 1,3,5-triiodobenzene 46 were used as
bifunctional and trifunctional monomers, respectively, to construct the rigid net-
work. Polymerization was carried out by Sonogashira—Hagihara polymerization to
yield the CMP 47 containing pseudo-para-disubstituted [2.2]paracyclophanes, and
CMP 48 without the cyclophane skeletons was also prepared for comparison
(Scheme 13). In addition, 4,7,13,16-tetrasubstituted [2.2]paracyclophane 49 was
also polymerized with diiodobenzene 50 to obtain CMP 51 (Scheme 14), in which
a step crisscross structure of tetrasubstituted [2.2]paracyclophane existed as a net-
work junction in the CMP.

The CMPs were precipitated during the polymerization and were completely
insoluble in any solvents; therefore, their purification was carried out by washing
repeatedly with organic solvents and water using a Soxhlet extractor. The structures
were confirmed by the solid-state 3*C NMR and FTIR spectra. The networks were
characterized by the N, adsorption measurement, and the Brunauer—Emmett—Teller
(BET) surface areas (Sger) of CMPs 47 and 51 were found to be 501 and 640 m? g~
respectively. The Sper values decreased in comparison with that of 48 (822 m? g™!)
by the incorporation of the [2.2]paracyclophane skeletons; however, they possessed
large surface areas over 500 m? g~'. It is considered that a three-dimensional net-
work structure was formed effectively in 48 because of the bending of the struts. On
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| | Pd(PPhg),
Cul
1+ _—
toluene-NEt;

| 80°C,72h

(11 : 46 mol ratio = 3: 2) -

Scheme 13 Synthesis of CMP 47 consisting of pseudo-para-disubstituted [2.2]paracyclophane
and reference CMP 48
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Pd(PPh3),
Cul

_——
toluene-NEt,
80°C,72h

Scheme 14 Synthesis of CMP 51 consisting of tetrasubstituted [2.2]paracyclophane

the other hand, m-conjugated frameworks were offset by the [2.2]paracyclophane
units to form a partial two-dimensional stacked structures in 47 and 51, which
resulted in the covered nanopores and a smaller surface area. Figure 18 shows the
N, adsorption—desorption isotherms of 47, 48, and 51 measured at 77 K. All iso-
therms were categorized as type I gas sorption profiles by IUPAC classification
[140]. It seemed that the isotherms of 47 and 51 exhibited H4-like hysteresis loops,
implying the existence of narrow slit-like mesopores. Scanning electron microscope
(SEM) observations were carried out, and the SEM images of 47 and 48 are shown
in Fig. 19. CMP 47 revealed the presence of aggregates of masses and plates due to
the partial two-dimensional structures and slit-like pores created by the step struc-
ture of [2.2]paracyclophane, whereas the morphology of 48 mainly exhibited aggre-
gates of spherical particles with submicrometer diameters derived from growth of
the network in three dimensions.
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Fig. 18 N, adsorption—desorption isotherms of 47, 48, and 51 at 77 K; a filled circle and an open
circle indicate adsorption and desorption isotherms, respectively
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Fig. 19 SEM images of 47 and 48

Conclusion

This chapter focused on the synthesis and fundamental properties of n-stacked poly-
mers, which consist of the stacked m-electron systems created by the [m.n]cyclo-
phane, in particular [2.2]paracyclophane, in the polymer main chain. As described
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above, cyclophane forms the n-electron systems and stacks them in proximity; thus,
cyclophane acts as a bridging unit, when it is incorporated into the m-conjugated
polymer backbone. Pseudo-para-, pseudo-ortho-, and pseudo-geminal-disubstituted
[2.2]paracyclophanes allow the construction of various m-stacked conformations
such as straight, zigzag, and fully stacked structures. Optically active m-stacked
polymers comprising the planar chiral pseudo-ortho-disubstituted [2.2]paracyclo-
phanes open a new frontier in chiral polymer chemistry. It should be emphasized
again that the properties of the cyclophane-based polymers depend on the properties
of the stacked n-electron systems rather than the cyclophanes.

Common n-conjugated polymers have a set of HOMO (valence band) and
LUMO (conduction band) energy bandgaps, whereas in the n-stacked polymers
each m-electron system has its own HOMO-LUMO energy bandgap. Various aro-
matic groups can be incorporated into the polymers; therefore, energy and charge
transfer through the polymer chain can be controlled by appropriate tuning of the
bandgaps and energy levels of the stacked m-electron system. It was shown that
n-stacked polymers based on pseudo-para-disubstituted [2.2]paracyclophane car-
ried energy effectively due to the proximity of the n-electron systems, the overlap
between the absorption and photoluminescence spectra, and alignment of the dipole
moments of the stacked m-electron systems. n-Stacked polymers based on pseudo-
geminal-disubstituted [2.2]paracyclophane would exhibit high charge mobility
because of the fully stacked structure of the m-electron systems. Furthermore, for
example, we could make the Z-scheme in a single polymer chain as can be seen in
a photosynthetic system and use the transferred electrons for chemical reduction.
We hope that this new class of n-stacked polymers can make a fundamental contri-
bution to the field of molecular electronics in the form of single molecular wires.
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nt-Stacked Oligomers as Models
for Semiconducting Conjugated
Organic Materials

David M. Collard

Introduction

Background

Semiconducting n-conjugated oligomers and polymers show great promise in
applications ranging from field-effect transistors to light-emitting diodes and photo-
voltaic cells [1-3]. Across this broad class of materials the electronic and optical
properties of thin films are highly dependent on intermolecular interactions between
the & systems of each chain. Accordingly, optimization of these properties may be
achieved by the design of new materials and by exerting control over the packing of
the conjugated chains in the solid state.

The packing of conjugated chains in the crystalline state may vary from a per-
pendicular herringbone arrangement to a face-to-face assembly. Benzene, linear
fused polynuclear aromatic hydrocarbons (e.g., naphthalene, anthracene, tetracene),
and paraphenylenes (e.g., biphenyl, p-terphenyl, p,p-quaterphenyl) all crystallize in
a herringbone arrangement. The edge-to-face arrangement of chains in these crys-
talline materials is favored by interactions between the hydrogen atoms of one mol-
ecule and the & system of another [4]. The angle between the planar molecules
decreases as they become longer, which leads to a greater amount of intermolecular
n—7 interaction. The presence of side chains on such linear structures interferes with
the edge-to-face interaction of the conjugated units, thereby leading to a face-to-
face arrangement. This is illustrated with reference to two well-characterized
molecular semiconductors: pentacene and sexithiophene. Pentacene molecules
pack in a tilted herringbone motif with a significant amount of intermolecular ©—x
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Fig. 1 Molecular packing
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Fig. 2 Face-to-face packing
of thiophene oligomer and
polymer chains

interaction that accounts for its semiconducting properties. Installation of substitu-
ents on the long edges of pentacene (most commonly at the 6 and 13 positions)
switches the packing to a face-to-face arrangement (Fig. 1) [5-7]. Similarly, sexi-
thiophene and a,w-dialkylsexithiophenes crystallize in a herringbone arrangement
[8, 9], and poly(3-alkylthiophene)s crystallize in a lamellar fashion with stacks of
conjugated backbones that are separated by the side chains (Fig. 2) [10, 11].

The importance of interactions between conjugated chains is illustrated by the
effect of orientation of poly(3-alkylthiophene)s on the mobility of charge carriers in
field-effect transistors [12, 13]. Thin films in which the polythiophene backbone of
a poly(3-alkylthiophene) is oriented perpendicular to the surface of the gate elec-
trode (see Fig. 2) yield a higher measured hole mobility than the case in which the
conjugated chains are primarily oriented parallel to the surface. This is interpreted
in terms of the orientation of m stacks that define a pathway for facile charge
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Y/ — L X

Fig. 3 Organization of conjugated segments in stacked conjugated oligomers and polymers. (a)
Stacked “dimers,” left to right: end-on-end, cross, and fully stacked; (b) polymers with end-on-
end “staircase” arrangement of conjugated segments (/eff) and fully stacked segments (right)

transport. When the conjugated polymer backbones stand perpendicular to the gate
electrode the n stacking axis lies along the source-drain direction, thereby creating
a pathway for charge transport through the stacks.

Significant efforts have been devoted to exploring the influence of interactions
between oligomeric m systems on the electronic structure of molecules in which
pairs of conjugated segments are held in close proximity by a rigid scaffold. The
arrangement of conjugated segments in such molecules may mimic the stacked
organization of conjugated oligomers and polymer chains in semiconducting thin
films. Accordingly, these molecules may serve as models to provide a greater under-
standing of the effect of intermolecular interactions on the nature of excitons and
charge carriers in conjugated materials.

Studies of such molecules are reviewed in this chapter with a regard for how
judicious choice of the scaffold provides control over the distance, orientation, and
extent of overlap between the conjugated segments (Fig. 3a). The discussion is
focused on well-defined structures in which conjugated segments that resemble
common linear conjugated polymers (e.g., polythiophene [14], poly(phenylene vin-
ylene) [15], and poly(phenylene ethynylene) [16]) are held in a stacked organiza-
tion. An emphasis is placed on molecules in which [2.2]paracyclophane,
bicyclo[4.4.1]undecane and extended [n,n]heterocyclophanes serve as a scaffold to
hold oligomeric conjugated segments in a face-to-face arrangement. Comparisons
of the spectroscopic and electrochemical properties of these stacked compounds to
those of analogous unstacked linear oligomers illustrate the effects of interactions
between & systems. In addition to the oligomeric structures described in this chap-
ter, there is significant interest in the preparation and characterization of analogous
n-stacked polymers—macromolecules consisting of relatively short conjugated seg-
ments that are held in a stacked arrangement, as depicted in Fig. 3b. These materials
are described by Chujo and Morisaki of Kyoto University in “Cyclophane-based
n-Stacked Polymers” in this volume.
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Charge Carriers in Conjugated Materials
and the Role of Interchain Interactions

Early studies of conducting oxidized (“p-doped”) conjugated polymers revealed the
lack of an ESR signal, consistent with a spinless charge carrier that is analogous to
a bipolaron. A renewed emphasis has been placed on gaining greater insights into
the electronic structure of these materials since the demonstration of semiconduc-
tivity of neutral (undoped) conjugated oligomers and polymers, and with the recog-
nition of the potential to use such materials in new applications. While conjugation
is important in facilitating the formation of low-energy resonance-stabilized charged
species, intermolecular interactions are clearly important in defining the nature of
these species and to the process of charge migration in these materials.

A number of species may account for the formation of spinless positive charge
carriers in conjugated materials. These may result from (1) intrachain pairing of
resonance-stabilized radical cations to form a bipolaron-like delocalized dicationic
species [17-21], (2) reversible formation of sigma bonds between radical cations to
form dicationic “sigma dimers” [22-27], or (3) reversible non-covalent dimeriza-
tion of radical cations to form spinless dicationic “z dimers.” In particular, the latter
species has received a significant amount of interest in explaining charge transport
in conjugated materials

Oligothiophenes that bear substituents at the terminal a-positions undergo oxida-
tion to afford resonance-stabilized radical cations that are sufficiently stable to allow
for spectroscopic characterization. Detailed analyses of oligothiophenes and related
compounds by Miller [28-33], Baiierle [34-36], Tour [37, 38], Garnier [39], Meijer
[40], Zotti [41, 42], Hotta [43, 44], and Roncali [45-47] indicate that the radical
cations of these compounds associate in solution to form x dimers. The dimerization
process overcomes the Coulombic repulsion between the delocalized monocations.
The 7 dimers give rise to new absorption bands in the near-IR region of the electro-
magnetic spectrum and are ESR silent. This behavior is illustrated by the changes in
the UV-vis-near-IR spectrum of the monocation of 3",4",5,5""-tetramethyl-
2,2":5',2".5"2"":5" 2" "-quinquethiophene that are illustrated in Fig. 4 [48]. In
methylene chloride, the neutral oligomer gives rise to a n—x* transition at 400 nm.
Oxidation of the oligothiophene by addition of FeCl; to the solution provides the
resonance-delocalized radical cation that results in the appearance of two new tran-
sitions (731 and 1,322 nm, Fig. 4, dashed line). These peaks disappear upon cooling
the solution and two new peaks appear: a new n—n* transition (620 nm) and a charge
transfer band in the near-IR region of the spectrum (1,085 nm). This spectral change
is reversed upon warming the solution back to room temperature.

The equilibrium between the radical cation and m dimer is also driven by
the choice of solvent. For example, oxidation of 3",4".,5,5""-tetramethyl-2,2":
5',2":5",2"":5" 2""-quinquethiophene to the monocationic state in acetonitrile pro-
vides a solution that displays characteristics of the radical cation ® dimer even at
room temperature. Whereas the radical cations of oligothiophenes and related con-
jugated oligomers often undergo reversible dimerization in solution, the neutral and
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dicationic states of these oligomers generally do not display this behavior (although
evidence has been presented for the dimerization of the dicationic state of a duo-
decithiophene [49]).

Even large phenyldimethylsilyl substituents [31] and bicyclo[2.2.2]octane
groups [50] at the terminal positions of oligothiophenes do not interfere with the
dimerization process. Miller suggests that such large substituents are accommo-
dated by a twisting of the oligomers with respect to one another within the & dimer
[28]. However, an analysis of fused heptathienoacenes suggests that the association
of radical cations is impeded by particularly bulky substituents at the termini of the
oligomer. Whereas the radical cation of tetra(n-decyl)heptathienoacene (Fig. 5)
shows spectral characteristics that are consistent with formation of a spinless =
dimer, the bis(triisopropylsilyl) compound does not [51].

Spectroscopic studies of the equilibrium between oligomeric resonance-
delocalized radical cations and spinless dicationic © dimers do not provide direct
evidence for the structure of the latter species or for the role of radical cation ©
dimers in charge transport in solid materials. Evidence for the potential role of &
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dimers in the solid state comes from single crystal X-ray diffraction of electrocrys-
tallized oligothiophene radical cation salts [33]. The chemical oxidation of
3',4'-dibutyl-2,5"-diphenyl-5,2":5’,2"-terthiophene with NOPF,, or by electro-
chemical oxidation in the presence of n-Bu,PF, affords diffraction-quality crystals
of the radical cation hexafluorophosphate salt. The crystals possess the spectral
characteristics of radical cation n dimers and exhibit a conductivity of 102 S cm™.
The X-ray crystal structure shows that the planar radical cations assemble into tilted
stacks (Fig. 6).

The spectral characteristics of a radical cation ® dimer are also noted for a poly-
ester that contains oxidized quaterthiophene units (Fig. 7) [52]. The isolated quater-
thiophene units of this polymer are too short for the formation of a stable dicationic
oxidation state. However, oxidation of the polymer affords a material that has a
strong optical absorption spectrum that resembles that of a radical cation & dimer, a
weak ESR signal, and a conductivity of 0.8 S cm™. Thus, it is posited that spinless
charge carriers arise from the association of the mono(radial cation)s derived from
oxidation of the quaterthiophene units within the solid polymeric material.
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The aggregation of conjugated chains, both in solution and in the solid state, is
hindered by incorporation of particularly rigid and bulky substituents along the
edges of the oligomers. Minimizing the interactions between conjugated chains in
this manner results in distinct changes in the electronic and optical properties of the
materials. For example, Swager has prepared polypyrroles in which each heterocy-
clic repeat unit is canopied with a rigid bicyclic unit (Fig. 8a) [53]. Upon oxidation,
the canopied polypyrrole exhibits similar conductivity and changes in the UV—
visible spectrum as the unsubstituted polypyrrole. However, the conductivity
reaches a maximum at an intermediate level of oxidation, at which the intensity of
the ESR signal is at a maximum. This is in contrast to the behavior of polypyrrole
which reaches a maximum value of conductivity at a higher level of oxidation, at
which the material exhibits a small ESR signal. Accordingly, the conductivity of
polypyrrole may be ascribed to a bipolaron-like charge carrier for which interchain
interactions play a significant role. For the canopied analog, resonance-stabilized
radical cations that are isolated on individual noninteracting conjugated chains
appear to account for conductivity.

A second example of a conjugated polymer in which side chains impede chain—
chain contacts is the self-threading polythiophene shown in Fig. 8b [54]. The poly-
mer, in which the conjugated backbone is sheathed by its cyclic side chains, exhibits
a UV-visible spectrum, both in solution and in the solid state, that is consistent with
noninteracting polymer chains. In the absence of interchain interactions the high
conductivity of the material is ascribed to intrachain charge transport. Sheathing of
conjugated polymer backbones to prepare such insulated molecular wires [55] may
also be achieved by rotaxination with cyclodextrins [56] and crown ethers [57, 58].

Extensive studies of the aggregation of conjugated radical cations to form spin-
less dicationic & dimers in solution and extended & stacks in the solid state provide
some insights into the roles of intermolecular interactions in conjugated materials.
However, the equilibrium nature of the dimerization process and the limited amount
of structural information about the packing of conjugated units in & dimers present
significant challenges. This has led a number of research groups to prepare new
compounds in which pairs of conjugated segments are held in well-defined stacked
arrangements by attachment to a molecular scaffold. These mimic the face-to-face
packing of chains that is present in conjugated materials and may provide new
opportunities to explore aspects of the charge transport and photophysics of organic
semiconductors.
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[2.2]Paracyclophane-Scaffolded wt-Stacked
Conjugated Oligomers

[2.2]Paracyclophane: Structure

A significant number of molecules in which two conjugated segments are held in a
stacked arrangement are based on the use of [2.2]paracyclophane as a scaffold. [2.2]
Paracyclophane consists of two benzene rings that are held in a stacked arrangement
by ethano bridges which are in para positions to one another on each ring. X-ray
crystallography reveals that the two benzene rings are slightly bent out of planarity
(Fig. 9a) and twisted by ca. 6° relative to one another around an axis that passes
through their centers (Fig. 9b) [59]. This is accompanied by a small twist in the
ethano bridges and a relatively long benzyl-benzyl o bond. As a consequence, pairs
of carbon atoms in the stacked benzene rings are held at a distance of 2.8 and 3.1 A.
Larger paracyclophanes (e.g., [3,3] [60, 61] and [4.4] [62]), along with simple meta-
cyclophanes and orthocyclophanes, are conformationally flexible such that the aro-
matic subunits are often not held in such a stacked arrangement (Fig. 9b).

The placement of conjugated arms on a [2.2]paracyclophane scaffold has pro-
vided a large number of conjugated polymers and oligomers in which the stacked
benzene rings of the cyclophane are part of the conjugated segments (Fig. 10). In the

a — b

Y=

Fig. 9 Structural features of [2.2]cyclophanes. (a) [2.2]Paracyclophane structural parameters;
(b) low-energy unstacked anti conformations of [2.2]orthocyclophane and [2.2]metacyclophane
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Fig. 10 General structures of [2.2]paracyclophane-scaffolded conjugated oligomers
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pseudopara and pseudoortho disubstituted compounds,' only the terminal benzene
rings of the two conjugated segments are held in a stacked arrangement (i.e., those
within the cyclophane core itself). In the “cross” and “step” [63] tetrasubstituted
compounds the point of interaction between & systems is at the center of each con-
jugated segment, and it is still restricted to the single pair of benzene rings within
the cyclophane scaffold. In pseudogeminal analogs there is a potential for interac-
tion between the conjugated segments over extended lengths. As such, this molecu-
lar geometry might be a better mimic of the interaction of conjugated chains in
organic semiconductors.

General Synthetic Routes to Functional
[2.2]Paracyclophane Cores

The preparation of substituted [2.2]paracyclophanes has a long and rich history
[64—68]. Electrophilic aromatic bromination of [2.2]paracyclophane proceeds rap-
idly in the presence of Lewis acids to afford a mixture of pseudopara, pseudoortho,
pseudometa, and para isomers of dibromo[2.2]paracyclophane (Fig. 11). Repeated
recrystallization of the mixture from chloroform provides the pseudopara isomer,
albeit usually in modest yield (~25 %) [69, 70]. Cram showed that the pseudopara
isomer is equilibrated with the pseudoortho compound upon heating to 200 °C in
triglyme [71]. The reaction proceeds by heterolytic cleavage of a two-carbon bridge
to form a diradical and subsequent ring closure to afford a mixture of the two

!Tdentification of the position of substituents using the pseudo prefix, along with the “cross” and
“step” descriptors, avoids the use of conflicting and potentially ambiguous nomenclatures [63].
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Fig. 12 Synthesis of pseudogeminal dibromo[2.2]paracyclophane

isomers, as shown in Fig. 11. Pye optimized the conditions for this reaction (230 °C,
3 h, triglyme) to afford a 69 % isolated yield of the pseudoortho isomer on a multi-
gram scale [72]. A further improvement was realized by Braddock through the use
of microwave irradiation (180 °C, 6 min, DMF), with simple separation of the two
isomers based on precipitation of the pseudopara isomer from the reaction mixture
upon cooling to room temperature and removal of the solvent to afford the pseu-
doortho isomer [73]. Preparation of the pseudometa isomer is achieved by chro-
matographic separation of the mixture of isomers obtained from the dibromination
reaction [74].

Preparation of the pseudogeminal dibromo isomer requires a multistep synthesis
that was first described by Hopf [75]. The entire synthetic route from [2.2]paracy-
clophane is outlined in Fig. 12. Methyl [2.2]paracyclophane-4-carboxylate is pre-
pared by Friedel-Crafts acylation of [2.2]paracyclophane with oxalyl chloride [76],
which is followed by thermal decarbonylation and quenching with excess of metha-
nol to give the methyl [2.2]paracyclophane carboxylate [77]. The pseudogeminal
substitution pattern is attained by Rieche formylation upon treatment of the methyl
ester with a,a’-dichloromethyl methyl ether in the presence of TiCl,. The for-
mylation is regioselective with the reaction primarily taking place at the carbon
atom below the ester-substituted position. Presumably, this regioselectivity arises
from chelation of the ester with the titanium which delivers the electrophilic reagent
to the proximate position. Having established the pseudogeminal substitution
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pattern, the remaining steps in the synthesis involve a series of functional group
interconversions. Reduction of both the ester and the aldehyde in a single step
(LiAlH, in THF) provides the symmetrically substituted bis(hydroxymethyl) ana-
log. Oxidation of the diol upon treatment with H,O, and KOH affords the corre-
sponding diacid. Conversion of the diacid to the acyl azide followed by a Curtius
rearrangement and hydrolysis of the intermediate isocyanate gives pseudogeminal
diamino[2.2]paracyclophane [77]. Diazotization followed by reaction with bromine
affords the pseudogeminal dibromo[2.2]paracyclophane [75]. A number of more
highly ring-brominated [2.2]paracyclophanes have also been prepared. These
include tribromo compounds [78, 79] and the “cross” and “step” tetrabromo com-
pounds (Fig. 13) [79].

The pseudopara dichloro- and dibromo- [2.2]paracyclophanes are also available
in modest yields (~20 %), and free from other regioisomers, from Winberg 1,6-
elimination-dimerization [80, 81], of (2-halo-4-methylbenzyl)trimethylammonium
hydroxides (Fig. 14) [82]. Similarly, reaction of (2,5-dihalo-4-methylbenzyl)trimethyl-
ammonium hydroxides affords the “cross” tetrahalo[2.2]paracyclophane substitution
pattern previously reported by de Meijere [79]. Additional value of this route might
also lie in the ability to prepare new highly halogenated [2.2]paracyclophanes, includ-
ing 4,8,12,16-tetrabromo[2.2]paracyclophane and 4,5,7,8,12,13,15,16-octabromo[2.2]
paracyclophane.

In addition to the brominated compounds, the vinyl-, ethynyl-, and formyl-
substituted [2.2]paracyclophanes have proven useful for the preparation of n-stacked
oligomers. The pseudopara and pseudoortho divinyl compounds are available from
Heck coupling reactions of the corresponding dibromo[2.2]cyclophanes with ethyl-
ene or by Stille coupling [83]. The diethynyl[2.2]paracyclophanes are available by
Sonogashira coupling of the dibromo compounds with trimethylsilylacetylene, fol-
lowed by fluoride-promoted desilylation (Fig. 15a) [84, 85]. More highly ethynyl-
ated analogs are available from ethynylation of the corresponding tetrabromides
(Fig. 15b) [86]. Pseudogeminal dibromo[2.2]paracyclophane resists Heck and
Sonogashira coupling reactions [87].

The pseudopara and pseudoortho diformyl[2.2]paracyclophanes are available
by formylation of the corresponding dibromo compounds (Fig. 16a). The
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Fig. 14 Winberg 1,6-elimination-dimerization to prepare halo-substituted [2.2]paracyclophanes [82]

pseudogeminal dialdehyde is conveniently prepared by oxidation of the
bis(hydroxymethyl) compound (a synthetic intermediate in Fig. 12) with dichloro-
dicyanoquinone (DDQ) or pyridinium chlorochromate (PCC) (Fig. 16b). Another
approach to prepare the diformyl compounds is by the reaction of 1,2,4,5-hexatriene
and 2-propynal (propiolic aldehyde) [88, 89]. Recrystallization and chromato-
graphic separation of the crude mixture of products provide access to multigram
quantities of the pseudopara, pseudometa, pseudoortho, and pseudogeminal dicar-
boxaldehydes (Fig. 16d) [90]. A variety of “step” tetrasubstituted [2.2]paracyclo-
phanes bearing electron-withdrawing substituents are available from the analogous
reaction with other disubstituted alkynes (Fig. 16e) [91].

A Wittig reaction of the diformyl[2.2]paracyclophane with methyltriphenyl-
phosphonium bromide affords the corresponding divinyl[2.2]paracyclophane
(Fig. 16¢) [92, 93]. Treatment of the dialdehyde with the Bestmann—Ohira reagent
(CH;COCN,PO(OCHj3),) provides the corresponding diethynyl[2.2]paracyclophane
[94-96].

Coupling of [2.2]Paracyclophane Cores and Conjugated Arms

The bromo-, formyl-, vinyl-, and ethynyl-substituted [2.2]paracyclophanes serve as
versatile precursors for the preparation of a variety of n-stacked oligomers. Arylene
vinylene arms may be installed onto the [2.2]paracyclophane core by a Wittig
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Fig. 15 Preparation of ethynyl and vinyl [2.2]paracyclophanes: (a) Divinyl and diethynyl
compounds from dibromo[2.2]paracyclophanes; (b) “cross” and “step” tetra(ethyne)s prepared
from the corresponding tetrabromo compounds

reaction of the diformyl[2.2]paracyclophane with a benzyl phosphonium ylide or by
a Heck reaction of the vinyl-substituted cyclophanes with an aryl iodide (Fig. 17).
The pseudopara and pseudoortho dibromo[2.2]paracyclophanes, and the “cross”
and “step” tetrabromo[2.2]cyclophanes (see “General Synthetic Routes to
Functional [2.2]paracyclophane Cores” section), undergo Heck coupling reactions
with styrenes to allow for the installation of arylene vinylene arms on each ring of
the cyclophane core. Arylene ethynylene arm may be installed by Sonogashira
coupling of the dibromo- or diethynyl- [2.2]paracyclophane.

n-Stacked Conjugated Oligomers Based on Pseudopara
and Pseudoortho [2.2]Paracyclophane Cores

Following a seminal report from the group of Armin de Meijere at the University of
Gottingen [79], the group of Guillermo Bazan of the University of California, Santa
Barbara, has performed extensive studies of stacked conjugated systems (e.g., phen-
ylene vinylenes and phenylene ethynylenes) that are scaffolded by a [2.2]paracyclo-
phane core [97, 98]. The original motivation for these studies was to address the role
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Fig. 16 Preparation and reactions of diformyl[2.2]paracyclophanes. (a) formylation of dibromo
[2.2]paracyclophanes; (b) preparation of pseudogeminal diformyl[2.2]paracyclophane; (c¢) Wittig
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between 1,2,4,5-hexatetrene and substituted alkynes; (e) preparation of “step” tetrasubstituted
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of aggregates of polymer chains on the photophysics of poly(phenylene vinylene)
thin films in organic light-emitting diodes [99, 100]. The substituted [2.2]paracyclo-
phanes bring together two conjugated segments in a stacked arrangement, thereby
making it possible to explore the effect of interchain interactions in chemically
well-defined systems. Spectroscopic features of the stacked phenylene vinylene
analogs based on the pseudopara and pseudoortho disubstituted [2.2]paracyclo-
phane scaffolds are provided in Table 1 [101, 102].
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Comparison of the absorption maximum of stilbene (A,,s =244 nm) and vinyl[2.2]
paracyclophane (A, =281 nm) provides the first indication of the effect of stacking
phenylene units in this series of compounds [102]. The red-shifted absorption of the
cyclophane-stacked compound compared to the unstacked analog is a common fea-
ture for this series of compounds. Substitution of both rings of the cyclophane core
with vinyl groups in either a pseudoortho (pe) or pseudopara (pp) arrangement pro-
vides stacked arrangements of two styrene segments (denoted here as phenylene
vinylene, PV) that serve as models for a pair of interacting repeat units of
poly(phenylene vinylene). The pseudopara and pseudoortho analogs of CP[PV],
exhibit absorption maxima at 254 and 288 nm, respectively, that are both red shifted
compared to styrene.

Extending the substituents on the [2.2]paracyclophane core from vinyl substituents
to styryl units affords a model for stacked stilbene units, “PV,”—here the subscript
identifies the number of phenyl groups in the oligo(phenylene vinylene) segment.
As noted for the vinyl compounds, the absorption maximum of the monostyryl-
substituted [2.2]paracyclophane (A,,;=318 nm) is shifted to lower energy than the
unstacked dimethylstilbene, PV, (A, =294 nm). Holding two stilbene units (PV,) in a
stacked arrangement based on the cyclophane in pp-CP[PV,], and po-CP[PV,],
results in more complex red-shifted absorption peaks, with contributions in the spectra
of both compounds at ~310 nm and ~330 nm (Fig. 18a). For the pseudopara analog the
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Table 1 [2.2]Paracyclophane phenylene vinylenes and unstacked model compounds®

Styrene (PV) analogs
% styrene
Q X vinyl[2.2]paracyclophane
<>
<~
NS Ppp-CP[PV],
<~
> Ppo-CP[PV],
Stilbene (PV,) analogs
S oV,
Q X Q styryl[2.2]paracyclophane
<
e = PP-CPIPY:I;
M
Sa <=
—p PO-CPIPV,],
>
N - <o S PP-CPI(PV )V,
KD N

p-Distyrylbenzene (PV;) analogs

MC(CHS)B

<o
<>

PV,

S5 o s

4-styryl(styryl)[2.2]paracyclophane

(CHg) e —=> >
B c(cHs)s

Pp-CP[PV3],

AN
L—>—C(CHy)s

po-CP[PV;],

C(CHy)s

Ay =244 nm

Aapy=281 nm
Aem=374 nm®

Ay =254 nm
Aem =394 nm®

Ay =288 nm
Aem=386 nm®

A =294 nm
Aem=2338, 355 nm"®

Ap=318 nm
Aem=2386 nm

Aay=307, ~330°" nm
Aem=412 nm®

A =325 nm
Aem=401 nm®"

Aap=338 nm
Aem=390°", 409 nm®

A =349 nm
Aem=391 nm"®

Aap =366 nm
Aem=403, 427 nm"®

Aap =369 nm
Aem=407, 430 nm"®

Aay=355 nm
Aem=408, 431 nm*®

[103]

[103]

[103]

aSpectra obtained in hexane
"Broad at room temperature, vibronic at 77 k
"Broad, *"Shoulder, “®Vibronic
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Fig. 18 UV-vis and fluorescence spectra of pseudopara and pseudoortho phenylene vinylenes and
model unstacked oligomer: (a) stilbene (PV,) analogs; (b) distyrylbenzene (PV3) analogs; (¢) low-
temperature emission spectra (77 K in 2-methyltetrahydrofuran glass). Modified with permission
from Bazan et al. [102]. Copyright 1998 American Chemical Society

contribution at shorter wavelength predominates (A, =307 nm) and the longer wave-
length contribution appears as a shoulder. For the pseudoortho isomer the situation is
reversed, with the longer wavelength contribution (A,,, =325 nm) being stronger. This
is in contrast to the unstacked analog, stilbene, which has an absorption maximum at
294 nm and does not have the longer wavelength contribution in the absorption spec-
trum. Thus, the lower-energy contribution appears to be a result of stacking the stil-
benoid segments. A more dramatic difference is observed in the fluorescence spectra
of the stilbene analogs PV,, pp-CP[PV,],, and po-CP[PV,],. The fluorescence
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spectrum of the unstacked model compound displays a vibronic progression with the
0-0 peak at 338 nm. The spectra of the two stacked analogs exhibit broad featureless
emission peaks that are significantly red shifted, with a maximum at 412 nm for the
pseudopara analog and 401 nm for the pseudoortho compound.

Further extension of the pp-CP[PV,], analog by incorporating vinyl substituents
at the 4 position of the peripheral phenyl rings to afford pp-CP[(PV,)V], results in a
further red shift in the absorption spectra, as expected upon increasing the length of
the conjugated segments. In contrast to the broad emission peaks of pp-CP[PV,],, the
emission peak of the vinyl-extended analog has a significant shoulder at ~390 nm.

Substitution of the cyclophane core with 4-styrl(styryl) arms to afford stacked
distyrylbenzene segments (PV;) results in absorptions at lower energies. In common
with the shorter pseudopara and pseudoortho analogs, the absorption peaks of pp-
CP[PV;], and po-CP[PV;], (A =369 and 355, respectively) appear at lower energy
than the unstacked model (349 nm). Both display low-energy shoulders that are not
present in the spectra of the shorter stacked PV and PV, compounds. Also in con-
trast to the case of the shorter stacked analogs, the fluorescence spectra of pp-
CP[PV;], and po-CP[PV;], are dominated by a series of vibronic peaks that appear
at lower energy (A.,(0—0)=~408 nm) than those of the model compound PV;
(Aem(0-0)=391 nm) (Fig. 18b). The vibronic structure of the emission peak of the
stacked distyrylbenzene pp-CP[PV;], becomes even more pronounced at low tem-
perature (77 K in a 2-methyltetrahydrofuran glass), whereas the emission of the
shorter stilbene analog pp-CP[PV,], remains broad (Fig. 18c). The pseudopara
compound thathas a conjugation length between these two analogs, pp-CP[(PV), V1,,
which has a broad emission at room temperature with a low-energy shoulder, gives
a distinctly vibronic peak at low temperature.

Thus, all of the stacked PV and PV, analogs (vinyl[2.2]paracyclophane and
styryl[2.2]paracyclophane, pp-CP[PV1,, po-CP[PV],, pp-CP[PV,],, and po-CP[PV,],)
give a broad emission peak that is significantly red shifted relative to the absorption
maximum. The emissions of these compounds are also significantly red shifted relative
to their unstacked analogs (i.e., PV and PV,). Similar shifts in the emission maximum
are also observed for a series of [2.2]paracyclophane-terminated oligo(arylene ethynyl-
ene)s [103, 104]. This behavior is in contrast to that of the longer stacked PV; analogs
4- styrylstyryl[2.2]paracyclophane, pp-CP[PV;], and po-CP[PV;],. The latter all dis-
play vibronic structure in their fluorescence spectra, have smaller Stokes shifts, and are
less red shifted from the emission of the unstacked analog PV;.

Accordingly, the spectra of the cyclophanes with shorter stacked segments (PV,
PV,) resemble those of excimers and are distinct from those of the corresponding
unstacked analogs, whereas the spectra of compounds with the longer stacked PV,
segments closely resemble those of the unstacked model. pp-CP[(PV,)V], appears
to represent a transition between these two cases, with a broad excimer-like emission
spectrum at room temperature and a vibronic emission at low temperature.

The spectroscopic behavior of the pseudopara and pseudoortho phenylene vinyl-
ene analogs presented in Table 1 can be explained by the energy diagram shown in
Fig. 19. The similarity of the absorption spectra of the stacked compounds and those
of the corresponding unstacked linear oligomers suggests that the electronic structure
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Fig. 19 Qualitative energy level diagram accounting for the electronic spectral properties of
stacked PV analogs [102]

of the absorbing chromophore in the stacked compounds resembles that of a single
conjugated segment. Stacking of two segments within the [2.2]paracyclophane scaf-
fold results in only minor perturbations that give rise to the small red shift in the
absorption maximum and emergence of a low-energy tail in the spectrum. For the
stacked compounds that consist of relatively short conjugated segments (PV and
PV,), the appearance of broad peaks in the fluorescence spectra that are significantly
red shifted from the absorption maximum and from the emission of the correspond-
ing unstacked analogs suggests the presence of a second, lower-energy excited state.
Thus, it is proposed that absorption affords an excited state that is primarily localized
on a single segment and this is followed by rapid internal conversion to the lower-
energy excited state that is delocalized over both tiers of the cyclophane core. Bazan
named this a “phane” state. This latter state is responsible for the broad, featureless
low-energy emission. For stacked compounds consisting of longer conjugated seg-
ments, the segment-localized excited state is lower in energy than the phane state.
Accordingly, there is no driving force for internal conversion, and the single-segment
chromophore is responsible for both absorption and emission. Thus, the absorption
and fluorescence spectra of the longer stacked compounds resemble those of the
unstacked analogs in terms of energy and the presence of vibronic splitting.

The effect of changing the site of interaction between two stacked PV; segments
is illustrated by the difference between the spectra of pp-CP[PV;],, in which the
terminal rings of the conjugated segments are held in a stacked arrangement by the
cyclophane core, and the “crossed” tetrasubstituted compound X-CP[PV;],, in
which the central rings of each PV; segment are stacked with one another (see
Fig. 20 and Table 2) [105]. The absorption spectra of compounds with the latter
architecture display two peaks with wavelengths greater than 300 nm. A high-
energy peak in this region (R =fert-butyl, A =~350 nm) resembles the peak in the
absorption spectrum of terminally stacked pp-CP[PV;], and the unstacked analogs
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Fig. 20 UV-vis and fluorescence spectra of X-CP[PV;],. Modified with permission from
Bartholemew and Bazan [97]. Copyright 2001 American Chemical Society

PV; (Table 1) and PV;' (Table 2), which all have absorption maxima in the range of
349-369 nm. However, there is an additional low-energy peak at ~410 nm in the
absorption spectrum of X-CP[PV;],, which is in the same region of the spectrum as
the low-energy shoulder to the absorption peak of pp-CP[PV;],. The emission max-
imum of X-CP[PV;], (450 nm) is also red shifted relative to that of the terminally
stacked and unstacked PV; compounds (which all appear in the range of 390—
410 nm). In contrast to the PV; analogs in which the terminal ring of each segment
is held in a stacked arrangement within cyclophane core (i.e., pp- and po-CP[PV;],),
the emission band of X-CP[PV;], lacks vibronic structure (Fig. 20). Thus, changing
the location of the interaction between the conjugated segments from the terminal
ring of the PV; segments in pp and po-CP[PV3], to the central rings in X-CP[PV3;],
has a strong influence on the electronic structure in this series of compounds.
In particular, stacking of the central rings of the PV; conjugated segments in
X-CP[PV;], results in a low-energy emissive state, as previously reported for the
terminally stacked PV and PV, analogs, but which is not observed for the longer
terminally stacked PV; compounds. Extension of the “cross” phenylene vinylene to
the “pentamer” X-CP[PVs], results in a red-shifted emission relative to the unstacked
model PVy', as in the case of the PV; analog. However, in the longer analog the
vibronic nature of the emission peak is restored, although it is red shifted by ~40 nm
from that of the unstacked analog (Table 2).

The effect of the location of the point of contact between segments on the spectra
of the stacked PV; compounds may be explained by the distribution of the highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) of an isolated PV; segment [97]. The strong contributions of the central
ring to the frontier orbitals are consistent with the impact of intersegment contact at
this position in X-CP[PV;], compared to the smaller effect of stacking PV; seg-
ments by their terminal rings in the pseudopara or pseudoortho arrangements.

Accordingly, the model presented in Fig. 19 must be modified to account for the
location of contact between the conjugated segments. A new model, presented in



n-Stacked Oligomers as Models for Semiconducting Conjugated Organic Materials 205

Table 2 Four-armed [2.2]paracyclophane phenylene vinylenes and unstacked model compounds

R=-H [79]
Aap=353 nm

Aem =404 nm*®

R=-C(CH;); [105]
Aap=~350 nm

Aem=~400, ~430 nm"®

R=-H [79]
A =328, 394 nm

Aem =465 nm""

R=-C(CH,); [105]

x-CP[PV;],

A =~340, ~390 nm
Aem=~450 nm"™
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PV

(CHasC L ) SR =429 nm [105]
\ Aem=~490, ~510 nm"®
S

x-CP[PV3],

oh
(CHg)sC

"Broad, ¥'Vibronic

Fig. 21, recognizes that the S, and S, states each have contributions from (1) an
electronic state that is dominated by the single segment (named TB, for “through
bond,” by Bazan) and (2) a second state that is associated with the [2.2]paracyclo-
phane scaffold (TS, for “through space”) [98]. For cyclophane-scaffolded com-
pounds that consist of short conjugated segments that are stacked by a single terminal
ring (e.g., po- and pp- CP[PV], and CP[PV,], analogs) the energy of the TB state is
higher than that of the TS state, as shown in Fig. 21a. Internal conversion from the
TB-dominated (i.e., localized) S, state populates the delocalized TS-dominated S,
state, from which emission takes place at a relatively low energy and without
vibronic coupling. For longer conjugated segments that are stacked in this manner
(e.g., po- and pp-CP[PV;],) the energy of the TB state is lower than the TS state
(Fig. 21b). Thus, the S, state more closely resembles the localized TB state such that
absorption and emission involve this state and the spectra are similar to those of the
corresponding unstacked model compounds. For the “cross” PV; analog X-CP[PV;];
a match in the energy of the TB and TS states means that the excited state is delocal-
ized over the entire molecule, resulting in a broad, low-energy emission.

The redox properties of cyclophane-stacked phenylene vinylene compounds
have received less attention. X-CP[PV;], undergoes a sequence of four reduction
steps at E,, values of —2.05, -2.27, -2.52, and —2.99 V (versus SCE), whereas the
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Fig. 21 Refined model for the description of the electronic spectral properties of stacked PV
analogs [98]

unstacked analog undergoes two one-electron reductions at —2.25 and -2.54 V
[106]. Changes in the chemical shifts of signals in the *C NMR spectrum that take
place upon reduction with alkali metals indicate a delocalization of the negative
charge towards the peripheral rings of the molecule and away from the point of
interaction between the two charges conjugated segments.

The effects of conjugation length on “cross” cyclophane chromophores are also
apparent in the series of tetraamino-substituted analogs of X-CP[PV,], (Table 3)
[107]. The absorption maxima of the amino-substituted “cross” [2.2]paracyclophane-
scaffolded analogs are all red shifted by ~25 nm relative to the respective unstacked
linear models. In each case, the emission spectrum consists of a vibronic progres-
sion. While the stacked and unstacked “trimers” (i.e., the shortest member in this
series) display the largest difference in emission energy, the amino-substituted
stacked compound displays vibronic emission. This is in contrast to the emission of
the analogous hydrocarbon “trimer.” The longer stacked PV, analog exhibits absorp-
tion and emission maxima that are similar to those of the PV; analog, suggesting
that the minimum energy for the excited state is reached at five rings in this particu-
lar molecular geometry. In addition, a number of analogs of X-CP[PV,], bearing
electron-donating amino groups and electron-accepting nitro groups [108, 109] and
water-soluble analogs [110-112] have been prepared (Table 3).

A further extension of the spectroscopic characterization of [2.2]paracyclophane-
stacked oligomers reveals that interchain interactions between conjugated segments
have distinctly different effects on one- and two-photon absorption [107, 112, 113].
This finding may provide impetus for the design of new two-photon absorbing chro-
mophores and for further exploration of the role of aggregation of these dyes.

Fewer [2.2]paracyclophane-scaffolded phenylene ethynylene (PE) analogs have
been prepared and characterized (Table 4). The pseudopara cyclophane pp-CP[PE,],
displays a broad red-shifted emission peak (A, =405 nm) relative to the maximum
of the unstacked dixylyl acetylene analog, PE, (A.,=340 nm), consistent once again
with internal conversion to a lower-lying phane state [97]. As in the case of the
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Table 4 [2.2]Paracyclophane phenylene ethynylenes and unstacked models

o= > PE, Aap=~280, 300 nm [97]
Aem=~340 nm
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o Aem=~405 nm®"
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S c;Haao’ == = PEs D= ~400, ~420 nm"»
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phenylene vinylene oligomers, the absorption and emission spectra of the longer
phenylene ethynylene analog, pp-CP[PE;],, are similar to those of the unstacked
analog, PE;. Thus, lowering of the localized TB state relative to the TS state leads
to emission from the segment-localized excited state. Also in common with the
phenylene vinylene series, moving the point of contact from the terminal ring of
pp-CP[PE;], to the central ring of corresponding “cross” stacked compound X-
CP[PE;], leads to excimer-like emission. The peak maximum of the broad emission
from the “cross” PE; compound (A.,=415 nm) is strongly red shifted from its
absorption maximum (A4,,=346 nm) and relative to the unstacked analog
(Aem=353 nm) [79]. Chujo and Morisaki have reported additional pseudopara PE;
analogs as models for analogous stacked conjugated polymer (e.g., general struc-
tures shown in Fig. 1b as described in “Cyclophane-based n-Stacked Polymers” in
this volume) [114, 115].

In addition to its use as a scaffold for linear conjugated segments that may serve
as models for semiconducting organic materials, [2.2]paracyclophane has also been
used to explore the electronic structure and dynamics of chromophores that consist
of combinations of electron donors and acceptors, as illustrated by the examples
shown in Fig. 22. These include symmetrically substituted N,N-diphenylamino-
substituted pp-CP[PE,], analogs [116-118], donor—bridge—acceptor triads [119,
120], and pp-CP analogs that are substituted with metal-centered redox active
groups [121, 122]. Finally, “wiring” of the two benzene tiers of a [2.2]paracyclo-
phane core with conjugated bridges provides macrocycles in which the stacked n—n
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Fig. 22 Examples of [2.2]paracyclophane-bridged donor-acceptor compounds: (a) symmetrical
N,N-di(4-methoxyphenyl)amino-substituted pp-[PE,],; (b) donor-bridge—acceptor pp-[PE,], and
pp-[PV,]; triads; (¢) metal-centered redox active substituted [2.2]paracyclophane

contact brings together the middle or two ends of a conjugated chain in a series of
intriguing molecules (Fig. 23) [123, 124].

Increasing the Extent of n-Stacking: Pseudogeminal [2.2]
Paracyclophane-Scaffolded Phenylene Vinylenes

While the pseudopara and pseudoortho disubstituted and “cross” tetrasubstituted
[2.2]paracyclophanes hold two conjugated segments in close proximity, only the
benzene rings within the paracyclophane core of these compounds are arranged in a
stacked arrangement. This results in minimal interaction between the two conju-
gated segments. This is in contrast to the situation in thin films of semiconducting
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Fig. 23 “Wiring” of the two benzene tiers of a [2.2]paracyclophane core with conjugated bridges
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Fig. 24 Heck coupling of PV arms onto pseudogeminal divinyl[2.2]paracyclophane [125]

conjugated materials in which there is stacking of the m systems over extended
lengths. To increase the length over which pairs of conjugated segments are held in
a stacked arrangement, Subodh Jagtap at the Georgia Institute of Technology pre-
pared new stacked phenylene vinylene analogs that are based on a pseudogeminal
(pg) disubstituted [2.2]paracyclophane scaffold. The U-turn provided by the pseu-
dogeminal substitution pattern of the cyclophane core holds conjugated segments in
a stacked arrangement over an extended length (although crystal structures are not
yet available to determine the precise arrangement of the segments or to discern any
distortion of the [2.2]paracyclophane core arising from steric interactions between
the pseudogeminal substituents).

A Heck reaction between pseudogeminal divinyl[2,2]paracyclophane and
1-iodobenzene in the presence of Pd(OAc), and P(o-tol); affords pg-CP[PV,],
(Fig. 24). The longer stacked analog, pg-CP[PV;],, was similarly prepared by Heck
coupling with 1-iodo-4-styrylbenzene [125]. The longer PV; analog was prepared
with n-butyl groups at the para position of the terminal phenyl rings to impart solu-
bility without introducing sterically bulky substituents that might interfere with
stacking. In contrast to the pseudopara and pseudoortho analogs, the pseudogeminal
compounds are sensitive to light. This observation is in accord with the finding of
Hopf that similar cyclophanes in which conjugated units are held in pseudogeminal
positions undergo intramolecular photochemical cyclizations, as illustrated by the
example shown in Fig. 25 [126].
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Fig. 25 Photochemical intramolecular [2+2] cycloaddition of cinnamate units of a pseudogeminal
substituted [2.2]paracyclophane [126]
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Fig. 26 UV-vis and fluorescence spectra of pseudogeminal and pseudopara phenylene vinylenes
and model unstacked oligomer: (a) stilbene (PV,) analogs; (b) distyrylbenzene (PV;) analogs

(inset: long wavelength peak from deconvolution of the emission spectrum of pg-CP[PV;],) [125]

The stacked pseudogeminal phenylene vinylene compounds and their unstacked
analogs were characterized by UV-vis and fluorescence spectroscopy to explore the
effect of interaction between the stacked segments over extended lengths (Fig. 26
and Table 5). As with the pseudopara and pseudoortho series, the pseudogeminal
stacked compounds display absorption spectra that are similar to those of the cor-
responding unstacked linear analogs. The absorption maximum of the pseudogemi-
nal stacked analog pg-CP[PV,], and the unstacked chromophore MePV, are similar
(297 and 296 nm, respectively), as are the maxima of the stacked and unstacked PV,
analogs (352 and 350 nm, respectively) [125]. However, in both cases there are
significant low-energy tails to the absorption peaks of the stacked compounds that
are not present in the spectra of the corresponding unstacked oligomers. These
absorption tails are also much more prominent than in the spectra of the correspond-
ing pseudopara and pseudoortho analogs. Deconvolution of the absorption peaks
reveals contributions for the pseudogeminal stacked PV, and PV; analogs at 358
and 404 nm, respectively (Fig. 26).

The fluorescence spectrum of the unstacked model PV, consists of a series of
vibronic peaks at 345, 359, and 381 nm, with the 0-0 peak shifted by 48 nm from
the absorption maximum. In contrast, the spectrum of pg-CP[PV,], consists of a
broad peak with a maximum at 435 nm. This is red shifted by 139 nm from the
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Table5 Pseudogeminal [2.2]paracyclophane phenylene vinylenes and unstacked model compounds®
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aSpectra obtained in CH,Cl,
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absorption maximum and by 90 nm from the 0—0 emission of the unstacked analog.
This is also a particularly low-energy emission compared to that of the pseudopara
and pseudoortho analogs (412 and 401 nm), which are red shifted from the respec-
tive absorption maxima of these compounds by a smaller amount (74 and 63 nm,
respectively, Table 1) than for the fully stacked pseudogeminal analog.

The intensity of the fluorescence of the longer stacked analog pg-CP[PV3;], is
greatly reduced compared to that of the unstacked model compound Me,PV;.
However, the peak maxima of a series of vibronic peaks (404, 427, 446 nm) and the
Stokes shift (54 nm) are all similar for the stacked and unstacked analogs, as well as
for the pseudoortho and pseudopara compounds. However, in addition to these
peaks, there is a significant broad contribution in the spectrum of the pseudogeminal
compound with a maximum at 481 nm that is absent from the spectrum of the other
analogs. This longer wavelength peak resembles the emission peak for the “cross”
isomer X-CP[PV;], (A.mn~460 nm) and can be ascribed to emission from a low-
energy excimer-like state. This is in contrast to the segment-localized emission of
the pseudopara and pseudoortho stacked PV; compounds.

Time-dependent DFT calculations conducted by Sukrit Mukhopadhyay and
Veaceslav Coropceanu in the group of Jean-Luc Brédas support the notion that for
pp-CP[PV,], the absorption populates a segment-localized S, state. Rapid internal
conversion to the excimer-like S; state takes place, and the fluorescence spectrum is
dominated by the low-energy emission from this state [125]. These calculations indi-
cate that the fully stacked pseudogeminal isomer undergoes a significant change in
geometry upon excitation, with a decrease in the distance between the conjugated
segments. Natural transition orbitals corresponding to the Sy— S, (i.e., absorption)
and relaxed S, — S, transitions (i.e., fluorescence) of the PV, and PV; analogs of the
pseudopara and pseudogeminal isomers are shown in Fig. 27. This demonstrates that
the relaxed S, state of pg-CP[PV,],, which corresponds to an excimer-like state, is
delocalized over the entire molecule (Fig. 27b). This is in contrast to the phane-like
S, state of pp-CP[PV,], where the delocalization is primarily limited to the cyclo-
phane core (Fig. 27b). For the longer stacked PV; analog, a single distyrylbenzene
segment-localized excited state dominates both the absorption and emission for the
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Fig. 27 Natural transition orbitals (NTOs) of the relaxed S; — S, transitions (a-d) and S, — S,
transitions (e-h) for pp and po arrangements of PV, and PV; segments (from [125])

pseudopara analog (Fig. 27c, g). For the pseudogeminal PV; isomer, the new broad
low-energy emission arises from the relaxed S; excited state that is once again exten-
sively delocalized over the entire length of both tiers of the molecule (Fig. 27d, h).

Further extension of the concept of stacking conjugated oligomers over their
extended lengths led Jagtap to prepare polymeric structures based on the pseudo-
geminal disubstituted [2.2]paracyclophanes [87]. Most other [2.2]paracyclophane-
containing wt-stacked polymers are based on a pseudopara disubstituted core (along
with a few pseudoortho analogs) that provides only a limited amount of overlap
between each pair of conjugated segments. The pseudopara and pseudoortho poly-
mers (poly-pp-CP[PE;] and poly-po-CP[PE;]) exhibit vibronic emission, with the
0-0 peak shifted by ~30 nm from the absorption maximum [127] (Table 6). In con-
trast, the fully stacked and multilayered pseudogeminal polymer (poly-pg-CP[PV;])
displays a broad emission peak that appears at a particularly low energy
(Aem=3530 nm), which is shifted by 171 nm from the absorption maximum. The PE;
segment has a sufficiently large conjugation length that there is no driving force for
internal conversion from the segment-localized S, state to the excimer-like S, state
in the unstacked and terminally stacked arrangements (i.e., pseudopara and pseu-
doortho), thereby resulting in vibronic emission.
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Fig. 28 Otsubo’s synthesis of [n.n]quinquethiophenophanes [129]

Extended Heterocyclophanes as Models for Spinless
Charge Carriers

[n.n]Quinquethiophenophanes

Tetsuo Otsubo et al. of Hiroshima University have explored the electronic structures
of intramolecular radical cation & dimers in molecules consisting of stacked quin-
quethiophene segments that are incorporated into a macrocyclic cyclophanes
(Fig. 28). In these structures the conjugated segments are held in a stacked arrange-
ment along their entire length, as might be imagined for the pseudogeminal [2.2]
paracyclophane-scaffolded oligomer (see previous section).

Otsubo’s synthetic approach to the [n.n]quinquethiophenophanes makes use of
the Ellington oxidative homocoupling of ethynylbithiophenes to form diacetylenes
that are subsequently subjected to cyclization upon treatment with sodium sulfide to
form the central thiophene ring of each quinquethiophene unit (Fig. 28) [128, 129].

While single crystal structures of the [n.n]quinquethiophenophanes are not avail-
able, small upfield shifts in the "H NMR spectra for the p-thienyl hydrogen atoms of
the cyclic compounds relative to the uncyclized model compound are consistent
with the expected effects of ring currents in the stacked structure. The stacked
arrangement of the oligothiophenes in the [2.2] and [3.3]quinquethiophenophanes
is also apparent in the energy-minimized structures obtained from quantum
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chemical calculations. In both calculated structures, the quinquethiophene tiers
adopt an all-trans conformation. In the [2.2] analog the two tiers are stacked in an
anti arrangement, whereas in the [3.3] analog they are stacked in a syn
arrangement.

The [n.n]quinquethiophenophanes have similar absorption maxima (A,,;=401-
413 nm) as the maximum of the unstacked analog (A,,=416 nm). As for other
compounds that consist of stacked conjugated segments, the extinction coefficients
for the stacked quinquethiophenophanes are consistently lower than twice that of
the unstacked analogs. The analogs with shorter alkylene spacers emit at the highest
energy and have the lowest molar absorptivity among this series of compounds,
with the spectral characteristics of the [6.6] analog most closely resembling those of
the unstacked model. The [n.n]quinquethiophenophanes all exhibit vibronic fluo-
rescence bands that are similar to those of the unstacked model compound (model,
Aem=503 and 533; [n.n]quinquethiophenophanes, A.,=508-513 nm and 536-
540 nm). Although the quinquethiophene segments of the [2.2] and [3.3] analogs
are held in a stacked arrangement over their entire length, only small differences in
their emission spectra may be attributed to intersegment interactions. This behavior
is in contrast to the broad excimer-like emission observed for pg-CP[PE;],, which
has a similar geometry. This may arise from differences in the electronic structure
of the & systems of the thiophene and phenylene ethynylene segments and suggests
the need for further studies to gain a more complete understanding of the effect of
the structure and packing of conjugated segments on the properties of stacked n
systems. While there are only small differences in the absorption and emission
spectra of the neutral [n.n]quinquethiophenophanes and model quinquethiophene,
the effect of interchain interactions is clearly observed in the spectra of the corre-
sponding radical cations.

The unstacked oligomer exhibits two one-electron oxidation waves, correspond-
ing to sequential oxidation from the neutral molecule to the radical cation
(E1,=+0.31V versus Ag/AgCl) and to the dicationic state (E;,=+0.53 V). For each
of the [n.n]quinquethiophenophanes there is a two-electron oxidation wave that
appears at a lower potential (E,,=+0.22-0.28 V) than for the first oxidation of the
unstacked analog (Fig. 29). The lower potential required to oxidize the stacked
compound to the dicationic state suggests that this state is stabilized relative to the
mono(radical cation) of the unstacked model oligomer. Stabilization of the dica-
tionic state of the stacked compounds must overcome the Coulombic destabilization
that might be expected in the more highly charged state.

In all cases, the stacked compounds undergo further oxidation to the tetracationic
state at higher potentials than for that of the second oxidation of the unstacked
model. These higher potentials are consistent with Coulombic repulsion between
highly charged segments and destabilization of the more highly charges species,
even in the presence of long alkylene spacers. The [3.3] analog of this series dis-
plays the lowest first oxidation potential, the highest second oxidation potential, and
a distinct splitting of the second redox wave into two one-electron peaks.

The UV-visible-near-IR spectra of the [n,n]quinquethiophenophane dication for
the compounds with n=3-6 (Fig. 30a) are similar to those of the ® dimer of the
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Fig. 29 Electrochemistry of [n.n]quinquethiophenophanes. Left, plot of Ej, for reversible first
(open circles) and second oxidations (open squares) compared to unstacked model compound.
Right, Cyclic voltammogram of [3.3]quinquethiophenophane. Asterisk denotes some splitting of
the peak. Used with permission from Sakai et al. [129]. Copyright 2005 American Chemical Society

radical cations of the model linear quinquethiophene in solution (Fig. 30b). Removal
of one electron per molecule from the unstacked quinquethiophene affords a spec-
trum at room temperature that has peaks at 752 and 1,408 nm, corresponding to an
isolated radical cation. Upon cooling to 248 K these peaks diminish but do not
entirely disappear, and new peaks at ca. 650 and 1,084 nm grow in size. These latter
peaks can be ascribed to the formation of the radical cation & dimer (Fig. 31a). The
equilibrium between the radical cation and the & dimer is supported by the presence
of peaks corresponding to both of these species in the UV-vis-near-IR spectrum and
the reversibility of these changes.

Two-electron oxidation of the [3.3]quinquethiophenophane provides a spectrum
at room temperature that consists of two strong peaks (at ca. 670 and 1,230 nm,
Fig. 30b) that resemble those of the radical cation & dimer of the linear oligomer (650
and 1,084 nm, Fig. 30a). Differences in the values of the absorption maximum of the
radical cation © dimer of the linear oligomer and of the stacked dication might be
attributed to differences in the arrangement of the conjugated segments in the non-
covalently linked dimer and in the cyclophane structure (Fig. 31b). The presence of
a radical cation & dimer electronic state is further supported by the lack of an ESR
signal for the dicationic state of the stacked compound. When [3.3]quinquethiophe-
nophane is treated with one equivalent of oxidant, the resulting spectrum indicates
the presence of the neutral, monocationic, and dicationic states, as shown in Fig. 30b
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In a second approach to explore the interactions between oxidized conjugated
segments, Otsubo explored the spectra of various oxidation states of o,m-
di(quinquethiophenyl)alkanes (Fig. 32) [130]. The absorption and emission spectra
of the neutral compounds (n=2-6) are similar to those of the unstacked quinque-
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et al. [130]. Copyright 2004 American Chemical Society

thiophene model. As expected, one-electron oxidation of the 1,2-di
(quinquethiophenyl)ethane (i.e., n=2) with FeCl; provides a UV-vis-near-IR spec-
trum at room temperature that has peaks which are consistent with equal amounts of
neutral quinquethiophenyl unit (418 nm; compared to 417 nm for the neutral linear
oligomer) and radical cation (peaks at 752 and 1,419 nm; compared to 751 and
1,412 nm for the radical cation of the linear oligomer). Two-electron oxidation pro-
vides a spectrum in which the peak assigned to the neutral quinquethiophenyl seg-
ment has disappeared, and those of the quinquethiophenyl radical cation have
doubled in intensity.

The spectrum obtained after two-electron oxidation of the analog with a
1,3-propanediyl spacer (i.e., n=3, shown in the inset of Fig. 32) has a prominent
pair of peaks at 676 and 1,193 nm. These correspond to the formation of a radical
cation & dimer: the spectrum of the radical cation & dimer of the linear quinquethio-
phene oligomer obtained at low temperature has peaks at ~650 and 1,084 nm. One-
electron oxidation affords a spectrum that has a peak which corresponds to the
presence of the neutral quinquethiophene unit (A,,;=418 nm), a pair of peaks for the
radical cation of the quinquethiophene unit (753 and 1,422 nm), and the pair of
peaks for the radical cation ® dimer. Accordingly, it appears that all three species
shown in Fig. 32 are present in equilibrium. Similar sets of peaks are observed upon
oxidation of the analogs with longer spacers (n=4-6). Thus, linking two quinque-
thiophenyl units with an alkylene chain (n=3-6) facilitates formation of the radical
cation ©t dimer. m dimerization is hindered in the case of the 1,2-ethanediyl spacer by
torsional strain within the short alkylene bridge.

A number of pseudopara thiophene-substituted [2.2]paracyclophane-stacked
dimers and polymers have also been reported [131-134].
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Table 7 Spectroscopic characterization of diphenylfuran cyclophanes, cyclophenes, and linear model
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[n,n]Diphenylfuranophanes

Tien-Yau Luh of National Taiwan University has reported a series of related cyclo-
phanes that hold 2,5-diphenylfuran chromophores in close proximity [135-138]
(Table 7). The absorption maximum of the [2.2]cyclophane (A,,=314 nm) and the
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linear model oligomer (A, =321 nm) are similar, as is the vibronic nature of the
fluorescence peaks at ~360—410 nm for the two compounds, as shown in Table 7
(left). The corresponding stacked compound in which one of the two-carbon bridges
is unsaturated gives a similar absorption maximum (A,,s=321 nm). However, the
peak exhibits a significant tail out to ca. 430 nm. The fluorescence spectrum of this
compound is dominated by a strong broad red-shifted emission with a peak maxi-
mum at 499 nm and a very weak set of vibronic peaks in the region of the emission
of the [2.2]cyclophane and the linear model compound (370-420 nm) [135]. For a
series of analogs of the alkene-bridged cyclophanes (Table 7, right), the absorption
maximum increases slightly as the length of the saturated bridge increases, suggest-
ing that a relief of ring strain allows for greater conjugation. There is also an increase
in the strength of the tail of the absorption peak. These analogs all display a broad
red-shifted emission peak (494-506 nm), with the quantum yield increasing mono-
tonically with an increase in bridge length [136]. While calculations suggest that
these compounds do not adopt a stacked conformation, the spectral properties of the
cyclophene analogs suggest significant contributions from two excited states. The
similarity in the absorption maxima for this series of compounds may be interpreted
as the formation of a single segment-localized excited state. Internal conversion to
a lower-energy excited state, resembling a phane state or an extended excimer-like
state, is responsible for the broad red-shifted emission [137].

Other [2.2]cyclophanes in which extended m-systems are held in a stacked
arrangement by bridges at their termini include [2.2] (4,4") diphenylophane, syn-
[2.2] (2,7) fluorenophane, anti-[2.2] (2,7) fluorenophane [139], stilbenophane [140,
141], [2.2] (2,7) phenanthrenophane [142], and [2,2] (2,7) pyrenophane [143—145].

HOCH,CH,0H c
A S
A L .
Q\,“ ) 25°
‘ \ HO ’0
1. RXXX R Q‘
2. H;0* s

Fig. 33 Conformation of benzo-fused bicyclo[4.4.1]undecanone and ketal. (a) Pseudo boat/boat,
boat/chair and chair/chair conformations of bicyclo[4.4.1]undecanone; (b) ketalization or addition
of Grignard reagent locks bicyclic framework into pseudochair/chair conformation in which the
fused arenes are stacked atop one another; (¢) structural parameters for pseudo chair—chair confor-
mation of benzo-fused bicyclo[4.4.1]undecanone core
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nti-Stacked Bicyclo[4.4.1]Undecanone-Fused
Conjugated Oligomers

Bisarene-Fused Bicyclo[4.4.1]Undecanes: Structure

In another approach to prepare well-defined conjugated oligomers in which planar
conjugated segments are stacked over their entire length, Kurt Knoblock [48] at
Georgia Tech was drawn to the idea of investigating n—= interactions in ketals of
arene-fused bicyclo[4.4.1]undecanes (Fig. 33). Orthocyclophanes such as these are
often conformationally flexible and the arene units typically do not interact (as illus-
trated for [2.2]orthocyclophane shown in Fig. 9b). Shuntaro Mataka of Kyushu
University showed that dibenzo[c,h]bicyclo[4.4.1]undedec-3,8-dien-11-one exists
as a mixture of conformations in which the two seven-member rings of the bicy-
cloundecane core exist in any of the three possible combinations of pseudochair and
pseudoboat conformations (Fig. 33a). However, conversion of the ketone into a
ketal with ethylene glycol introduces sufficient steric bulk to the one-carbon bridge
so as to confine the bicyclic structure in a pseudochair/pseudochair conformation in
which the arene rings are held in a stacked arrangement (Fig. 33b) [146]. The 'H
NMR spectrum of the ketone consists of a series of very broad peaks that are con-
sistent with the conformational flexibility of the bicycloundecanone framework. In
contrast, the spectrum of the ketal exhibits a series of sharp peaks, including sepa-
rate signals for the two sets of diastereotopic benzylic hydrogen atoms in non-
exchanging pseudoequatorial and pseudoaxial positions. X-ray crystallography of
the benzo-fused ethylene ketal reveals that the individual benzene rings are held in
a stacked arrangement at an angle of ~25° and with an intercentoid distance of
~3.4 A (Fig. 33¢c) [147].

Synthesis of Bicyclo[4.4.1]Undecane-Scaffolded
Conjugated Oligomers

Mataka’s synthetic approach to stacked arene-fused bicyclo[4.4.1]undecanes is
illustrated for the benzo-fused compound in Fig. 34a [148]. Briefly, dimethyl
1,3-acetonedicarboxylate is alkylated with two equivalents of a 1,2-bis(bromomethyl)
arene (1,2-bis(bromomethyl)benzene in this case) to form the bicycloundecane
core. Saponification followed by thermal decarboxylation removes the ester groups.
Finally, ketalization affords the stacked compound. Variation of the bis(bromomethyl)
arene, and stepwise alkylation with two different bis(bromomethyl)arenes, as shown
in Fig. 34b, allows for the synthesis of a series of symmetric and unsymmetric com-
pounds, as illustrated by the examples shown in Fig. 34c.

Knoblock’s study began with the preparation of the bisthieno-fused bicy-
clo[4.4.1]undecanone by alkylation of dimethyl 1,3-acetonedicarboxylate with 3,4-
bis(bromomethyl)thiophene followed by saponification, decarboxylation, and
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Fig. 35 Thieno-fused bicyclo[4.4.1]undecanes. (a) Preparation of bisthieno-fused bicyclo[4.4.1]
undecan-11-one and stacked ketal; (b) installation of thienyl arms to prepare s¢-BU[Th,],, and
model unstacked tetramethyloligothiophenes

ketalization (Fig. 35a) [149]. Ketalization with ethylene glycol locks the bicycloal-
kane into a pseudochair/pseudochair conformation.

An upfield shift for the a-thienyl protons in the 'H NMR spectrum of the ketal
(86.5) compared to the ketone (67.0) is consistent with the change in chemical shift
anisotropy that might be expected upon bringing the two fused arenes into a stacked
arrangement. The appearance of distinct sets of doublets of doublets in the 'H NMR
spectrum for the pseudoequatorial and pseudoaxial hydrogen atoms provides further
support for the presence a locked pseudochair/pseudochair conformation. X-ray
crystallography confirms that the thiophene rings of the ketal are held in a stacked
fashion at a distance of ~3.6 A and an angle of 28°, which is similar to the conforma-
tion of Mataka’s benzo-fused compound. Having established the ability to stack thio-
phene units by fusion to the bicycloundecane core, we set about the incorporation of
conjugated arms. The thieno-fused ketone undergoes bromination to provide the tet-
rabromide (Fig. 35b), which was subjected to Stille coupling with 2-trimethylstan-
nyl-5-methylthiophene followed by ketalization to give the stacked terthiophene
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Table 8 Bicyclo[4.4.1]undecane-scaffolded stacked oligothiophenes
F

First and second
oxidation potentials

E\/V (no.e”) E)/V (no.e")

+1.36 (1) - Aabs =242 nm
h Aem=307 nm
+1.09 (1) - Aaps =241 nm
st-BU[Th,], +1.59 (1) Aem =308 nm
+0.96 (1)  +1.23 (1) Aabs =345 nm
o AD~S Thy hem=423, 442 nm"®
\ /S \

+0.70 (1)*  +1.49 (2) Aaps =335 nm
st-BU[Thgl, +0.90 (1)* Nem =444 nm®

+0.79 (1) +1.02(1)  Aw,=400 nm
The Aem=492, ~500 nm"*®

+0.67 (1 +1.22(2) Aaps =386 nm

+0.73 (1)* Aem =526 nm™
st-BU[Thg],

*Split wave
"Broad excitonic with tail to >600 nm, “®vibronic

st-BU[Th;],. Coupling with 5-trimethylstannyl-5'-methyl-2,2’-bithiophene in the
same sequence afforded the corresponding stacked quinquethiophene, s¢&-BU[Ths]..

The Electronic Structure of Stacked Bicyclo[4.4.1]Undecane-
Fused Conjugated Oligothiophenes: Stabilization of the +2
Oxidation State

The unstacked models Thz and Ths exhibit vibronic emission peaks, whereas the
stacked bicycloundecane-scaffolded oligothiophenes display broad emission peaks
with tails extending beyond 600 nm (Table 8). Thus, the fluorescence spectra are
consistent with excitation to give a segment-localized excited state that undergoes
internal conversion to give a lower-energy excimer-like excited state which is
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Fig. 36 Differential pulse voltammograms (DPV). (a), st-BU[Th,], and unstacked model Thy; (b)
st-BU[Th;], and unstacked “trimer” Thj; (c¢) plot of oxidation potentials of linear (Th,) and
stacked analogs (s¢-BU[Th,],) (from [149])

responsible for a low-energy emission. This behavior is in contrast to the vibronic
emission noted by Otsubo for [3.3]quinquethiophenophanes.

The effects of n stacking in this series of compounds are also apparent from their
electrochemical behavior. The differential pulse voltammogram of thiophene-
stacked compound s¢-BU[Th,], indicates separate one-electron oxidations at +1.09
and +1.59 V (versus Ag/Ag®) for conversion to the +1 and +2 states, respectively
(Table 8, Fig. 36a). In contrast, the unstacked analog tetramethylthiophene Th,
exhibits a single irreversible oxidation wave at +1.39 V. Thus, removal of the first
electron from the stacked compound to form the monocation is facilitated by the
stacked arrangement of the arene rings. However, the second oxidation of the stacked
compound takes place at a higher potential than the oxidation of the unstacked model,
suggesting that Coulombic repulsion between the charged aromatic segments raises
the energy of the stacked dication.

When comparing the redox behavior of the terthiophene analogs Th; and st-
BU[Th;],, we see that the stacked compound undergoes two one-electron oxidations,
which both take place at a lower potential (+0.70 and +0.90 V) than the first oxidation
of the unstacked model (+0.96 V) (Fig. 36b). A similar pair of one-electron oxida-
tions at relatively low potentials is also observed for the stacked quinquethiophene
st-BU[Ths], at+0.67 V and +0.73 V, compared to the first oxidation of the unstacked
model 3,3",4",5""-tetramethyl-2,2":5',2":5",2"":5""2""-quinquethiophene, Ths) at
+0.79 V. The observation that removal of the second electron from sz-BU[Ths], and
st-BU[Ths], to give the dication takes place at lower potentials than the first oxida-
tion of the corresponding unstacked analogs suggests that both the cationic and the
dicationic state are stabilized by the interaction between stacked segments. The sta-
bilizing effect outweighs the Coulombic repulsion between the charged segments.
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Fig. 37 UV-vis-NIR spectra: dication of st-BU[Ths], compared to the n dimer of the model
unstacked quinquethiophene Ths

Addition of FeCl; to a solution of st-BU[Ths], to afford the dicationic state results
in a UV-vis-near-IR spectrum that consists of two strong absorptions, at 654 and
1,123 nm (Fig. 37). The appearance of the spectrum closely resembles that of the radi-
cal cation & dimer of the unstacked analog Ths that is formed at low temperature and
has peaks at 620 and 1,085 nm (Fig. 37). The stacked “trimer” s¢-BU[Th;], displays
similar behavior. Thus, the lower potentials for oxidation of the stacked oligothio-
phenes to form the dications are in accord with the formation of an intramolecular
radical cation & dimer that is stabilized relative to unstacked radical cation by interac-
tion between the conjugated segments. The organization of the conjugated segments in
the stacked compounds provides direct access to the & dimer electronic state at room
temperature. In contrast to the thermally reversible & dimerization of radical cations of
linear conjugated oligomers, the attachment of the oligomers to a scaffold to provide a
stacked arrangement allows for direct access to, and investigation of, the dicationic
species by electrochemical methods. The enhanced stability of the intramolecular
radical cation & dimer, as determined by electrochemistry, is consistent with the obser-
vation of intermolecular & dimerization of delocalized radical cations in solution.

Photophysical and Redox Properties of Stacked Bicyclo[4.4.1]
Undecane-Scaffolded Oligo(Phenylene Ethynylene)s

Subodh Jagtap and Glen Brizius at Georgia Tech further extended the work of
Knoblock to prepare bicycloundecane-scaffolded oligo(phenylene ethynylene)s,
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Fig. 38 Synthesis of bicyclo[4.4.1]undecane-scaffolded oligo(phenylene vinylene)s s¢-BU[PE, ],,
n=1,3,5[150]

st-BU[PE, ],, as shown in Fig. 38 [150]. The molecular design of the st-BU[PE, ],
series includes methyl groups in the 4 and 5 positions of the bicycloundecane-fused
benzene rings. These allow us to direct the functionalization of the fused arene rings
to the positions that are ortho to the points of fusion to the bicyclic scaffold and
thereby stack two linear phenylene ethynylene segments atop one another. We pre-
pared the dimethylbenzo-fused bicyclo[4.4.1]undecanone following Mataka’s gen-
eral synthetic route, iodinated the aromatic rings, displaced the iodides with the
phenylene ethynylene arms using Sonogashira coupling, and ketalized to form st-
BU[PE,],, n=1, 3, and 5 (Fig. 38).

The methyl groups on the benzo-fused bicycloundecane core of this series of com-
pounds do not interfere with stacking of the arene units, as shown by X-ray diffraction
and conformational analysis by "H NMR spectroscopy. The center-to-center distance
between the stacked benzene rings of st-BU[PE,], is 3.42 A; the benzene rings are
tilted at an angle of 16.8° (Fig. 39a). The phenylene ethynylene arms also do not
interfere with stacking: the central rings of the two conjugated PE; segments of s¢-
BU[PE;], are held 3.42 A apart (Fig. 39b) at a tilt angle of 17.9°. Thus, the stacked
pseudochair/pseudochair conformations of the phenylene ethynylene compounds are
similar to those of the parent compound that was originally reported by Mataka. The
two segments are held in a stacked arrangement along their entire length (Fig. 39¢).

For this series of compounds, as with the other systems described above, only
small differences are observed between the absorption spectra of the stacked and
unstacked analogs. The absorption maximum of the stacked “trimer” st-BU[PE;],
(Ap=325 nm) and pentamer st-BU[PEs], (A, =355 nm) appears at slightly higher
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Fig. 39 X-ray crystal structures. (a) Ketal st-BU[PE,],; (b) side view of st-BU[PE;],; (¢) top view
of st-BU[PE;], (from [150])
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Fig. 40 UV-vis and fluorescence spectra of bicycloundecane-scaffolded oligo(phenylene ethyn-
ylene)s, st-BU[PE, ], and unstacked analogs. (a) st-BU[PE;], and PE;; (b) st-BU[PEs], and PE;
(from [150])
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Table 9 Bicyclo[4.4.1]undecane-scaffolded oligo(phenylene vinylene)s s£-BU[PE, ], and unstacked

models
" _ — " PE, Ap=330 nm [150]
Aem=360, 375 nm"®

st-BU[PE;], Ap=325 nm
Aem=382, 397"

490 nm“kbr
W )H P =365 nm
Aem=2399, 418 nm"®
D= D> = = > =<
st-BU[PEs], Ap=2355 nm
0o) ‘ :
_ _ _ _ Aem =398 nm»k vie
H<_S>—< >= __ = =< __>—H em
X 495 nm"

"Broad, “®Vibronic, **Weak

energy than for the corresponding unstacked linear oligomers (A,,=330 and 365 nm,
respectively) (Fig. 40 and Table 9). As with the [2.2]paracyclophane-scaffolded
oligomers, the similarity of the UV-visible spectra of the stacked and unstacked
analogs suggests that absorption affords a segment-localized excited state. Larger
differences are seen in the fluorescence spectra. The emission spectrum of the
shorter oligomer, st-BU[PE;],, is dominated by a vibronic progression that is red
shifted relative to the emission of the unstacked model. On close inspection, there is
a long low-energy tail to the emission. Deconvolution of the spectrum reveals that
the origin of the tail is a broad and weak emission with a peak at 490 nm. In contrast,
the emission spectrum of the longer analog, st-BU[PEs],, is dominated by a broad
and significantly red-shifted excimer-like emission. In addition, there is a weak
vibronic peak in the spectrum that matches the energy 0-0 peak of the unstacked
model, PEs. Thus, both stacked analogs exhibit emission from both a segment-
localized state and an excimer-like excited state. For the shorter analog the emission
from the segment-localized state is stronger, and for the longer fully stacked com-
pound it is the excimer state that dominates the spectrum.

TD-DFT calculations indicate that a significant geometric relaxation in the
excited state leads to the formation of an excimer-like state in the bicycloundecane-
scaffolded oligothiophenes. These calculations indicate that the energies of the
excimer-like state of st-BU[PE;], and st-BU[PEs], are similar, which is consistent
with the observation that the peak maxima are similar in both cases (ca. 490 nm).
This is explained by the delocalization of the frontier molecular orbitals in the two
cases (Fig. 41). In st-BU[PE;], these are distributed over the entire length of the
molecule, whereas in the stacked pentamer, s-BU[PEs],, they are primarily
restricted to the central three-ring section of the PEs segments.
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Fig. 41 Frontier molecular orbitals of s&-BU[PE;], and st-BU[PEs], (from [150])
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Fig. 42 Simple three-state model depicting emission from the segment-localized (L) and excimer-
like (E) excited states, with exchange between them via the forward (k(L — E)) and backward
(k(E— L)) processes (from [150])

The relative strength of the contributions in the fluorescence spectra from the
segment-localized state (vibronic, high-energy emission) and excimer-like state
(broad, featureless long wavelength emission) can be explained by the simple three-
state model depicted in Fig. 42. For the shorter analog, s-BU[PE;],, the localized
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Fig. 43 Differential pulse PE3
voltammograms (DPV) of
st-BU[PE;], and unstacked

analog PE; st-BU[PE3]2

1500 1600 1700 1800 1900 2000 2100
E/V(versus Ag/Ag*)

state (L) dominates the emission spectrum, whereas for the longer PE; analog, there
is a greater contribution arising from emission from the excimer-like state (E).
A semi-qualitative analysis of the various pathways leading to emission suggests
that a relatively high activation barrier for the transition from the localized excited
state to excimer-like state of sz-BU[PE;], means that emission from the higher-
energy localized state predominates. In contrast, for st-BU[PE;],, with its longer
phenylene ethynylene segments, the activation barrier for this transition appears to
be lower and there is a significant transfer to the excimer-like state, thereby resulting
in a strong low-energy emission from this state.

As with the bicyclo[4.4.1]undecane-scaffolded oligothiophenes, the stacked
oligo(phenylene ethynylene)s exhibit two one-electron oxidations, both at lower
potential than the corresponding unstacked oligomer, as shown in Fig. 43.

Other Intramolecular wt-Stacked Oligomers

Aromatic Edges as Scaffolds for Stacked Segments

A number of research groups have explored the use of arenes as scaffolds to hold con-
jugated side chains in a stacked arrangement. Crisp demonstrated that substitution of
the 1 and 8 positions of anthracene with phenylene ethynylene units does not result in
a fixed stacked arrangement of the side arm segments—there is sufficient conforma-
tional flexibility to allow for rotation of the arms (Fig. 44a). However, side chains and
additional tethers might be used to restrict this rotation such that the side chains are held
in a face-to-face manner and largely orthogonal to the anthracene scaffold [151-153].
To reduce the space between the conjugated side chains, Bradley Carson at Georgia
Tech explored the synthesis and properties of a series of naphthalenes that bear
oligo(phenylene ethynylene)s side arms at the 1 and 8 positions (Fig. 44b). This was
based on a study by House in which he showed that phenyl substituents in these posi-
tions of a naphthalene are held in a stacked arrangement [154]. However, substituents
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Fig. 44 Arene edge scaffolds: (a) 1,8-disubstituted anthracenes; (b) 1,8-disubstituted naphthalenes;
(¢) 4,5-disubstituted xanthenes; and (d) 1,3-disubstituted [4]calixarenes [151-157, 165, 166]

on the phenylene ethynylene arms have a strong influence on the conformation of the
molecules, with significant in-plane and out-of-plane distortions of the naphthalene
[155]. Thus, the distortion of the scaffold, conformational flexibility, and deviation
from orthogonality of the aromatic core and conjugated segments mean that the use of
these structures as models for interactions between nt systems is not straightforward.
The 4,5-disubstituted xanthene core has also provided a versatile scaffold for the
preparation of stacked oligothiophenes by Swager [156]; perylenediimides by
Wasielewski [157] (Fig. 44c) and oligomers and polymers with thiophene [158,
159], carbazole [160, 161], phenylene [162], ferrocene [163], or 9,10-disubstituted
anthracene [164] units by Chujo. Swager made use of this scaffold in an exploration
of how the formation of intramolecular radical cation & dimers may form the basis
for the design of molecular actuators in which a stimulus (i.e., redox switching in
this case) brings about a conformational change that may be harnessed in the form
of mechanical motion. The two-electron oxidation of a xanthene-scaffolded quater-
thiophene in solution at room temperature affords a UV-vis spectrum that is consis-
tent with the formation a radical cation & dimer (Fig. 45a) [156]. As in the case of
the bicycloundecanone-scaffolded oligothiophenes, the differential pulse voltam-
mogram of the xanthene-scaffolded compound clearly shows splitting of the oxida-
tion processes for the first and second oxidation. Similarly, a calix[4]arene bearing
oligothiophene arms on rings 1 and 3 (Fig. 45b) displays stepwise oxidation with
formation of a dicationic state that has the spectral signatures of a radical cation ©
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Fig. 45 Proposed components of molecular actuators in which formation of 7 dimers induces a
change in conformation

dimer [165]. Similar effects of intersegment interaction are observed with
perylenediimide-substituted calixarenes [166], Fig. 44c.

Further insights into the interactions between conjugated segments may also be
gained from the spectroscopic analysis of chromophores that are held in well-
defined architectures by new stacked scaffolds (e.g., Smith’s m-terphenyl oxacyclo-
phanes [167, 168] and Swager’s benzene-sandwiched phenylene ethynylenes [169])
or by their incorporation into larger macrocycles (e.g., shape-persistent conjugated
macrocycles [170, 171]).

Stacked Fused Arenes

While differences in the spectroscopic behavior of stacked conjugated oligomers
and their linear unstacked analogs may be attributed to the effect of interactions
between  systems, they may also arise from differences in the conformation of the
conjugated segments in the two molecular arrangements. For example, the close
packing of the conjugated arms of the pg-CP[PV,], may enforce a largely planar
conformation, whereas the conjugated arms of the pseudopara and pseudoortho
analogs are likely to possess more conformational flexibility in solution. Thus,
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Table 10 Arene-fused [2.2]paracyclophanes and unstacked fused arene analogs

Syn and anti [2.2](4,7)benzothiadiazolophanes [172]

CH,CI S—Ng
_N, Nal /N‘s N=
s — S |—
=N acetone N N_/NS

}"aba

}\@ma

(pﬂ

E, (red)®

356, 311, 233 nm
478 nm

0.028

-2.05V

syn

349, 310, 236 nm
478 nm

0.002
-1.92,-1.34V

SN

CHg
unstacked
model

311, 305, 222 nm
402 nm

0.005

-1.98V

Anti [2.2](1,4)biphenylenophane [86]

1

T™MS

. CpCo(CO),
TMS-C=C-TMS

— Tms 2. TFA nBudNF

)\'ab
}\'em
E, (ox) ¢

gy

anti

257 nm
537 nm
+1.37,1.55V

unstacked
model

252, ~270 nm
458, 485,518 nm
+1.59V

Anti [2.2](1,4)-naphthalenophane and anti [2.2]isoindolinophanes and dihydro|[c]furanophane
([173] and [175], respectively)

BrCH,
QQ BreH,—<
QQ = >

CH,Br

—_—
—_ >

Example of a [2.2](1,4)-anthracenophane [145]

1. 2.1 eq. nBuLi

Ph

Br 0O

Br—<__> Ph

_>—Br 2 (CHa)3Sil

Br

“EtOH

°CH,Cl1,/0.1 M n-Bu,NPF, potentials versus Fc/Fc*

°CH,Cl,/0.1 M n-Bu,NCIO,, potentials versus Ag/AgCl
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Fig. 46 The effect of multilayer stacking of arenes. (a) Oxidation potentials of multitiered [2.2]
paracyclophanes (data from [176]); (b) first and second oxidation potentials of multitiered benzo-
fused bicycloundecanes (data from [177]); (c) energy of near-IR band of oxidized
oligo(dibenzofulvene)s (data from [178]) and X-ray crystal structure of hexamer. Used with per-
mission from Nakano and Yade [179]. Copyright 2003 American Chemical Society

construction of stacked fused arenes, in which planarity is assured in both stacked
and unstacked analogs, might provide better mimics of the conformation and local
environment of the backbone of conjugated oligomers and polymers in semicon-
ducting thin films. Examples of fused arenes held in a n-stacked arrangement by a
[2.2]paracyclophane scaffold include [2.2](4,7)-benzothiadiazolophane [172], [2.2]
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(1,4)-biphenylenophane [86], [2.2](1,4)-naphthalenophane [173, 174], [2.2]
(4,7)-isoindolinophane [175], and [2.2](1,4)-anthracenophane, shown in Table 10.

Multitiered Architectures

Further insights into the effect of holding conjugated units in a stacked architecture
might come from the analysis of series of multilayered compounds. For example,
whereas electrochemical oxidation of benzene affords a reactive radical cation that
undergoes polymerization, multitiered [2.2]paracyclophanes undergo reversible or
quasireversible oxidation (Fig. 46) [176]. The two, three, and four-layered paracy-
clophanes undergo oxidation at progressively lower potentials, consistent with sta-
bilization of the cationic species by virtue of delocalization over the stacked
architecture (Fig. 46a). A similar decrease in the oxidation potential of stacks of
benzene rings is observed in Mataka’s multitiered bicycloundecanes shown in
Fig. 46b [177]. Finally, the effect of n-stacking on the spectroscopy of cationic spe-
cies is demonstrated by the trend in the energy of the near-IR charge resonance
absorption of oxidized oligo(dibenzofulvenes) (Fig. 46¢) [178, 179].

Stacked Conjugated Oligomers in Electronic Devices

The studies described in the previous sections explore the role of interchain interac-
tions on the electronic structure of & systems that are held in close proximity and
mimic the packing of chains in films of semiconducting conjugated oligomers and
polymers. However, they do not directly address the impact of & stacking on charge
transport. The study of stacked conjugated oligomers in electronic devices has
received little attention and is potentially a rich area for investigation. The covalent
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Fig. 48 General

structure of arylene
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attachment of conjugated segments to a scaffold to provide some pre-organization,
when combined with methods to optimize molecular packing, may provide new
approaches to the creation of materials with enhanced properties.

The potential for strong through space coupling of the & systems of [2.2]paracy-
clophane to promote charge transport is apparent from a study of the conductivity
of a molecular monolayer of a pp-CP[PV,], derivative [180-182]. Comparison of
I-V curves for metal-molecule—metal junctions containing either a thiol substituted
derivative of pp-CP[PV,], or an unstacked oligophenylene vinylene analog
(Fig. 47a, b, respectively) indicates similar conductivity on a per molecule basis
(albeit that the molecular packing density of the linear oligomer is approximately
twice that of the cyclophane derivative). Thus, the interaction between conjugated
segments, in the absence of a fully conjugated pathway, provides a mechanism for
charge transport through the junction. While this result clearly indicates that a fully
conjugated pathway between the electrodes is not necessary for charge transport, it
should be noted that intermolecular chain—chain interactions are present in both
cases and presumably have a role to play even in the behavior of the device that
incorporates the linear unstacked phenylene vinylene.

Marrocchi and co-workers at the University of Perugia have reported initial
experiments to incorporate [2.2]paracyclophane-containing conjugated oligomers
in thin film devices (Fig. 48). Their work includes the development of methods to
fabricate and pattern thin films and the demonstration of photocurrents from devices
that contain oligo(arylene ethynylene)s, shown below [183-185].

Conclusion

As described in the preceding sections, the study of molecules in which conjugated
oligomeric segments are held in well-defined stacked arrangements continues to
provide new insights into the effect of molecular packing on the electronic structure
of conjugated materials. The electronic structure of stacked n-conjugated oligomers
depends on the structure of the oligomer (i.e., phenylene vinylene, phenylene ethy-
nylene, thiophene), the length of the oligomer, the position of the interacting seg-
ments within each conjugated segment (e.g., at the terminus or interior), the length
over which the segments interact, and the number of interacting segments that are
held in a stacked arrangement. The presence of a low-energy excited state that leads
to excimer-like emission is favored by interaction between central rings within short
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oligomers (i.e., X-CP[PV3;], versus pp-CP[PV;],) and a greater length over which
the segments interact (e.g., pg-CP[PE;], and st-BU[PE;], compared to pp-
CP[PE;],). The stacking of multiple conjugated segments atop one another results
in further stabilization of the excited state (e.g., poly-pg-CP[PE;]). The design of
additional scaffolds to allow for control over the packing of n systems, further
extension of the length of the segments, and the creation of well-defined, monodis-
perse, multitier structures will provide new opportunities to explore the evolution of
the electronic structure upon proceeding from individual molecules to 3D conju-
gated materials.
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st-Stacking on Density Functional Theory:
A Review

Takao Tsuneda and Tetsuya Taketsugu

Introduction

Van der Waals Interactions in DFT

In line with increasing use of density functional theory (DFT) in quantum chemistry,
it is presently employed in more than 80 % of van der Waals calculations. Since
most van der Waals calculations target at large-scale systems such as biomolecules
and nanomaterials, it is natural to use DFT having features of both high speed and
high accuracy. Nevertheless, it has been reported that DFT provides poor van der
Waals bonds for many years [1]. For example, until recently, no exchange-correlation
functional gives meaningful potential energy curves for the van der Waals bonds of
rare gas dimers in Kohn—Sham calculations [1]. The main cause for the poor DFT
results of van der Waals bonds is the neglect of van der Waals interactions in con-
ventional exchange-correlation functionals [2].

By definition, van der Waals interaction is the collective term of dipole—dipole,
dipole—induced dipole, and dispersion interactions [3]. The dipole—dipole interaction is
the electrostatic interaction between permanent dipoles in polar systems. For the inter-
actions between systems A and B, the corresponding potential is given classically as
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where uy is the permanent dipole of system X and R,; is the distance between sys-
tems A and B. Note that atomic units (h=e=m.=1/(4x &) =1, energies are in har-
tree, and distances are in bohr) are used in all equations of this review. In the
Kohn—Sham equation [4], which is usually the main equation of DFT, this interac-
tion is contained as a part of Coulomb interactions. The dipole—induced dipole
interaction is the interaction between polar and nonpolar systems. Assuming the
permanent dipole moment of polar system A as u, and the polarizability, the linear
response for electric field producing induced dipole moment, of nonpolar system B
as ag, the classical potential of this interaction is given as [3]

2

v, =t @
AB

Since this interaction is very weak, it causes the low solubility of polar molecules in
nonpolar solvents. This interaction is also incorporated in Kohn—Sham SCF calcula-
tions. The dispersion interaction is a universal interaction, which acts even between
the bodies of neither charge nor multipole moment. As a classical expression, the
potential function between two heterogeneous bodies, which London developed
using perturbation theory, is used [5],

VLona’on (r) — _E aA aB IAIB (3)
ar 2R, I,+1

6
AB A B

where Ix is the ionization potential of partial system X. This dispersion interaction
is interpreted as the interaction between an instantaneous dipole moment by the
fluctuation of electron distribution and an induced dipole moment by the electric
field formed of the instantaneous dipole moment. That is, two spatially separated
electron distributions fluctuate around these equilibrium distributions by electron
correlation to produce interactions between two bodies. Therefore, dispersion inter-
action is a pure electron correlation between two bodies, which cannot be incorpo-
rated by one-body mean-field approximation, and it is long-range correlation
explicitly acting between distant electrons. This dispersion interaction is the only
van der Waals interaction that is not incorporated in Kohn—Sham calculations using
conventional correlation functionals.

Although dispersion interaction should be included in correlation functionals,
it has usually been not taken into consideration in conventional correlation
functionals. Conventional generalized-gradient-approximation (GGA) correlation
functionals are classified into two types: density gradient expansion-type and Colle—
Salvetti-type correlation functionals. In density gradient expansion-type correlation
functionals, local density approximation (LDA) correlation functionals are corrected
using the functionals of density gradient. For example, Perdew—Wang 1991 (PW91)
[6] and Perder—Burke—Ernzerhof (PBE) [7] correlation functionals are involved in
these functionals. However, since electron density and its gradient are essentially
one-electron functions, these functionals cannot give dispersion interactions, which
are explicit long-range electron—electron interactions as shown in Eq. (3).
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Colle—Salvetti-type correlation functionals [8] are derived from correlation wave-
functions, in which uncorrelated wavefunctions are multiplied by the factor of cor-
relation holes. Lee—Yang—Parr (LYP) [9] and one-parameter progressive (OP)
correlation functionals [10] are included in these functionals. Since these function-
als contain only short-range correlation resulting from correlation holes, long-range
correlations including dispersion interactions are neglected in these functionals.
Naturally, Kohn—Sham calculations using these GGA correlation functionals have
almost always failed with no dispersion interaction to give van der Waals bonds even
qualitatively. It is, therefore, reasonable to consider that dispersion interaction
should be explicitly supplemented in conventional correlation functionals.

nt-Stacking Interactions

n-Stacking interaction is one of the dispersion interactions and often significantly
contributes to the structures of large-scale systems. The name “z-stacking” comes
from the structures of z-stacked systems, in which z orbitals seem to overlap.
However, it is theoretically revealed that z orbitals do not play a special role in
z-stacking interactions [11], as implicated by experimental phase-change studies.
That is, z-stacking interactions are nothing more than usual dispersion interactions.
n-Stacking interactions have also been interpreted by various models: e.g. solvo-
phobic (entropic interaction), donor—acceptor (charge transfer interaction), and
atomic charge (electrostatic interaction between uneven charge distributions)
models [12]. However, these classical models have been disconfirmed both experi-
mentally and theoretically [12]. Hunter suggested a model, in which the repulsive
electrostatic interactions of quadrupole moments are balanced with attractive dis-
persion interactions [13]. However, as clearly shown in section “Long-Range
Exchange Interactions”, long-range exchange interactions are actual repulsions
against the attractions of long-range dispersion correlations in z-stacking bonds
[14]. In most cases, z-stacking interactions indicate the noncovalent interactions
between aromatic rings. z-Stacking interactions have three types of conformations:
parallel, T-shaped, and parallel-displaced configurations (Fig.1). As anticipated
from the above discussion, similar potential energy curves are given for the bond
dissociations of parallel and T-shaped configurations, although parallel configura-
tions tend to give shorter bond distances with smaller binding energies than those of
T-shaped configurations [14]. Therefore, most theoretical studies have assumed that
n-stacking interactions are accurately reproduced by appropriate methods giving
correct dispersion interactions.

So far, it has been experimentally reported that z-stacking interactions play impor-
tant roles in various large systems: e.g., carbon nanomaterials (stackings on fullerene,
graphene, and nanotube available in hydrogen storage materials [15], drug-delivery
vehicles [16] and biochemical sensors [17, 18]), biomolecules (DNA stackings [19,
20] and protein foldings [21, 22]), and supramolecules (molecular recognitions [23,
24], crystal packings [25, 26], and host—guest interactions [27, 28]). Therefore, past
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3

Parallel(P) T-shaped(T) Parallel-displaced(PD)

Fig. 1 Three conformation types of benzene dimer

theoretical investigations have also mainly approached the z-stacking natures of these
large systems. Carbon nanomaterials having polycyclic structures use z-stackings to
solvate in organic sovents. In DNA, z-stacking interactions form stacking bonds
between the bases to build up the double-helical structure [29]. Protein foldings are
also critically affected by the z-stacking of aromatic rings in proteins. For supramol-
ecules, z-stackings are usually used to self-assemble z-conjugated molecules [30].
On the other hand, 7-stacking interactions hardly contribute to chemical reactions.
For the substitution reaction of benzene dimer shown in Fig.2, Wheeler and Houk
suggested that even for the reaction of z-stacked benzene derivatives, the substituent
group (X) directly interacts with the aromatic ring to proceed the reaction with no
contribution of the z-stacking [31]. This is analogous to Diels—Alder reactions, in
which dispersion interactions between z orbitals hardly affect the reaction enthalpies
[32]. However, it is also found that dispersion interactions clearly decrease reaction
barriers of these Diels—Alder reactions [32]. We, therefore, suppose that z-stackings
may contribute to reactivities in reactions of z-stacked systems, although they may
not directly affect reaction mechanisms.

As described above, z-stackings essentially consist of dispersion interactions.
Dispersion effects should, therefore, be explicitly taken into consideration to calcu-
late z-stackings. However, many conventional DFT calculations have used
exchange-correlation functionals containing no explicit dispersion interaction such
as pure LDA and GGA functionals and consequently have provided poor results in
z-stacking calculations. To open the door to quantitative discussions of van der
Waals bonds including z-stackings, a wide variety of dispersion corrections have
been developed in the field of DFT. In this review, we will briefly explain major
dispersion corrections for DFT exchange-correlation functionals on their basic con-
cepts in section “Dispersion Corrections in DFT”. We will then list past DFT
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Fig. 2 The displacement
reaction of benzene dimer

applications to z-stacking systems with mentioning their limitations in section
“DFT Calculations of z-Stacking Systems”.

Dispersion Corrections in DFT

So far, various types of dispersion corrections have been suggested. These disper-
sion corrections are generally classified to five types: classical dispersion correc-
tions, combinations with perturbation theories, linear-response theories, van der
Waals (dispersion) functionals, and semiempirical dispersion-corrected functionals.
Besides these dispersion corrections, long-range exchange interactions and correla-
tion functionals are also significant in calculating van der Waals bonds. In this sec-
tion, these dispersion corrections and the effects of long-range exchange interactions
and correlation functionals are briefly reviewed.

Classical Dispersion Corrections

The simplest dispersion correction may be the empirical correction for the Kohn—
Sham energy using the London’s classical interatomic dispersion energy,

ondon C A 4
EL{ : :_21;_6fdamp(RAB) ( )

disp
A>B M AB

where A and B are usually the labels of atoms and C4*® is the interatomic dispersion
coefficient parameterized, and fy,, is @ damping function for cutting off unneces-
sary short-range interactions. The feature of this correction method is much less
computational time required in dispersion calculations than those of other disper-
sion corrections. Since this classical correction also accurately reproduces experi-
mental results with well-calibrated dispersion coefficients, it is the most widely used
dispersion correction in classical molecular dynamics (MD) simulations. It is, how-
ever, difficult to apply this correction to the calculations of new uninformed systems
due to the empirically parameterized dispersion coefficient and it has been reported
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that this correction gives much different results dependent on exchange-correlation
functionals combined. Therefore, the right-hand side of Eq. (4) is usually multiplied
by adjusted parameters dependent on exchange-correlation functional combined as
seen in DFT-D (section “Semiempirical Dispersion-Corrected Functionals™).
However, these methods are too empirical to be appropriate for a wide variety of
systems. To solve this problem, Becke developed the exchange-hole dipole moment
(XDM) method [33, 34], in which the C¢*® coefficient in Eq. (4) is calculated by

AB _ <df >A <dx2 >B 0,0

C Tl ©)
(@), =Y [d'rp,(nd, () (6)

and
d,q(r)= {_pal(r) X[[drroo, (r')]¢,-6(r>¢,6<r)} -r )

Although this method is also empirical, it has a physical meaning at least in the
dispersion coefficient and gives more accurate dispersion interactions than those of
the London’s classical dispersion energy.

Combination with Perturbation Theories

Perturbation theories such as the second-order Mgller—Plesset perturbation (MP2)
method [35] have been appreciated as ab initio wavefunction theories reproducing
dispersion interactions with relatively short computational time. Therefore,
dispersion interactions can be incorporated in the Kohn—Sham method by combin-
ing with the perturbation theories in principle. One of the methods based on this
concept is DFT symmetry-adapted perturbation theory (DFT-SAPT), which uses
Kohn—Sham orbitals to calculate the perturbation energies [36]. In contrast to ab
initio SAPT calculating both inter- and intra-molecular electron correlations, only
intermolecular electron correlations are calculated as a dispersion correction for
the Kohn—Sham method in DFT-SAPT. Consequently, this drastically reduces the
computational cost to tenths or hundredths of an ab initio SAPT one with similar
accuracies. Although DFT-SAPT is a promising dispersion calculation method for
clearly separated systems, it cannot reproduce intramolecular dispersion interac-
tions. Moreover, despite the drastically reduced computational time, DFT-SAPT
calculations need much more computational time than those of Kohn—Sham cal-
culations even for the lowest-order DFT-SAPT2. Therefore, these are conse-
quently applicable to systems containing only up to several dozens of atoms with
current commercial computer performance. As another method combining DFT
with perturbation theories, there are double-hybrid functionals, which mix
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perturbation energies in correlation functionals at a constant rate [37]. That is,
these functionals extend hybrid functionals by mixing correlation functionals with
MP?2 perturbation energies such as

E_=(0-a)E +aFE+(1-a)E +akFE,, ®)

where Eyp, is MP2 electron correlation energy. B2PLYP functional [38] is one of
the double-hybrid functionals. Although this method gives middle-range electron
correlations, it is not appropriate for dispersion calculations because of the incom-
plete dispersion interactions incorporated.

Linear-Response Theories

By using linear-response theories, dispersion interactions can be calculated directly
in the framework of the Kohn—-Sham method. Adiabatic connection/fluctuation-
dissipation theorem (AC/FDT) method is a linear-response theory for calculating
dispersion interactions based on the Kohn—Sham method [39]. In this AC/FDT
method, electron correlation is calculated as the energy response quantity for the
spontaneous fluctuations of electronic motions coming from the perturbation of
interelectronic interactions as

1 -
EACTT —{d}L”d**rd%’ L x{%{du{xl (r,r',iu)—;(0 (r,r',iu)}}, ©)

Ir-r | |2

where r and r’ are the position vectors of electrons. In this equation, y; and y, are
density response functions for interacting and independent electrons, respectively,
and these are obtained by solving the Dyson equation as

X (r,r',a)) =% (r,r',a)) +J-_|.d3r]d3r2;(0 (r.r,0)
><{L+fx’l(rl,rz,a))}xl(rz,r',w), (10)

I, —r, |

where f,/ is the exchange-correlation integral kernel for interacting systems. Since
the electron correlation in Eq. (9) contains dispersion interactions as the long-range
correlation, the long-range part of this correlation energy is often used as a disper-
sion correction, which is called “RPAx” [40]. Analogously to the time-dependent
response Kohn—Sham (TDKS) method, the correlation energy is calculated by solv-
ing the TDKS matrix equation. Although this AC/FDT method is obviously the
most superior dispersion correction from a physical point of view, this method
requires an enormous amount of computational time, which is more than thousand
times the time needed in Kohn—Sham calculations, unless drastic approximations
would be adopted.
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Van der Waals (Dispersion) Functionals

Van der Waals (dispersion) functionals have been developed to reduce the enormous
computational time required in the AC/FDT method with keeping the accuracies
and to be easy-to-use like the London’s classical potential. Lundqvist and cowork-
ers proposed a dispersion functional called Andersson-Langreth—Lundqvist (ALL)
functional by using a local density approximation for the electron density response
function of the AC/FDT method [41],

ALTp]= - o jd* j \/\/:\/\/:i"; (11)

As almost the same functional, Dobson and coworkers independently suggested a
dispersion functional based on local density approximation in the same year [42].
Note that explicit numerical two-electron integrals, which usually take long compu-
tational time to be calculated, are included in the formulations of these functionals.
However, in actual calculations, the computational time is usually less than that of
the Kohn—Sham calculation, because spatial regions of small momentum variations
and core regions can be neglected in the integral calculations. On the other hand,
these functionals are applicable only to two-body systems having well-separated
electron distributions and need damping functions fy,,, shown in Eq. (4) for short-
range electron—electron distances. To solve this problem, many researchers have
attempted to develop dispersion functionals applicable to the regions of overlapped
electron distributions. Lundqvist and coworkers also proposed a dispersion func-
tional available for such electronic regions [43]. This functional has a complicated
form using ¢(r,, r,) function containing the spatial coordinates of two electrons and
the electron density and its gradient at these coordinates,

EpS [p] = [ d'n [ dr,p(x,)o(x,.x,)p(r, ), (12)
o(r,.r,) = %JdaazfdbeW(a,b)T(vl (@), v, (), v, (@),v, (b)), (13)
0
T(w,x,y,z)=%[ 1 + 1 H 1 + 1 }, (14)
w+x y+x||(w+y)x+z) (w+2)(y+x)

and
2 2 . 2 .
W(a,b):v[(3—a )bcosbsina+ (3—b")acosasinb
p
+(a* + b’ —3)sinasinb—3abcosacosb], 5)

where
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V() =y 12(1-exp(-4my* 194))). (16)
and
d; = 1,4,(x,). a7

In Eq. (17), g, is given using the Fermi momentum, kz=(37%p)"?, as

2

r) = k.(r)| 1+0.09434 Lj . 18
6o () = ke ){ [2kF(r)p(r) (18)
This functional requires no damping function, because it naturally approaches zero
for short electron—electron distance. Therefore, this functional can reproduce intra-
molecular dispersion interactions. This dispersion functional is used in, e.g., vdW-
DF dispersion correction [43] combining with revPBE or another GGA functional.
As other interesting dispersion functionals, Vydrov—van Voorhis 2009 (VV09)
functional [44], which uses the dielectric model smoothing the real-space cutoff,
and local response dispersion (LRD) functional [45], which combines the local
response approximation functional of Dobson and coworkers [42] with the real-
space cutoff [44], are also suggested. Combining with long-range corrected DFT,
this LRD functional has succeeded to reproduce various kinds of reaction energy
diagrams and photochemistries, which have been poorly given by conventional

DFTs, as mentioned in section “Long-Range Exchange Interactions”.

Semiempirical Dispersion-Corrected Functionals

Semiempirical dispersion-corrected functionals intend to reproduce accurate prop-
erties including van der Waals interaction energies by using dispersion terms with
many adjusted semiempirical parameters like CHARMM [46] and Amber [47]
molecular force fields in classical MDs of biological systems. DFT-D functionals
such as BLYP-D, B3LYP-D, and B97-D functionals [48] and Mx-series functionals
such as M05-2x and M06-2x functionals [49] are included in these semiempirical
dispersion-corrected functionals. In DFT-D functionals, there are three versions,
DFT-D1, -D2, and -D3, based on the level of dispersion corrections. For deep under-
standing of dispersion corrections, it is interesting to show the highest-level DFT-
D3 functional [50],

EDFT-D3 — EKS _Eéii) _ E((li)p (19)
(2) CnAB n
Edisp = _z Z Sn n fdamp (RAB )’ (20)
A>B n=68.10,-- RAB
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C*3¢(3¢cos6 cosO, cosO +1
R e

; Fiamp (Rasc), @
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where A, B, and (; are atomic labels, 6,, 6,, and 6, are the internal angles of

ABC triangle, and R,;. is geometrically averaged radii. The damping functions are
given by

1
amp (Rap) = (22)
1 6(Ry /(s R

r,n

and

— 1
Fiomy (Ragc) = — —, (23)
T 1 6(Rype 1 (4R 1)

All the remaining parameters are semiempirical: R*B and Ry*E€ are cutoff radii
adjusted to each atomic pairwise and three-body. Coefficients s, (n=8,10,-:-) are
fitted in benchmark calculations depending on functionals combined, while s4 is one
or an adjusted value less than 1. For dispersion coefficients, C,A and Cy*E, time-
dependent DFT (TDDFT) and recursion relations are used to determine the values
for each atomic pairwise and three-body. The lowest-order C4*B is expressed in the
Casimer—Polder formula [51],

= %jdwaA(iw)aB(iw), (24)
0

where a(i w) is the averaged dipole polarizability of atom A at imaginary frequency.
Other C,AB coefficients are derived by the recursion relations [52] as

C;B = 3C6ABJQAQB, (25)
49 (CAB )2
CSB =E CZ*B , (26)
and
cre Y’
Criy = C;‘Bz,(—c';éj @7)
with
<r >A
0, =+VZ, (28)
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where Z, is the nuclear charge of atom A and (r*), and (r*), are the expectation
values derived from the electron density of atom A. The remaining triple—dipole
C"BC coefficient is given by

3 o0
CPC = ;jdwaA(ia))aB(iw)ac(z’a)) ~ —CIPCPCEt. (29)
0

These coefficients are determined by TDDFT calculation for each atomic pairwise
and three-body. Since these values are fixed after one TDDFT calculation, these
dispersion calculations are not the bottleneck of DFT-D3 calculations. For DFT-D3
functionals, BLYP-D3 and B2PLYP-D3 functionals are suggested [50]. In Mx-series
and other semiempirical dispersion-corrected functionals, dispersion interactions
are incorporated in the similar manner, although only the C¢*B term is usually con-
tained. This type of dispersion corrections is obviously efficient, because dispersion
interactions are easily incorporated with high accuracy only by using functionals.
However, it has been reported that the calculated results depend on the parameters
used and the R-% decay of dispersion interaction cannot be reproduced.

Long-Range Exchange Interactions

Although only dispersion corrections have so far been presented in this section, we
should notice that repulsions balanced with dispersion attractions are equivalently
significant in dispersion calculations. As seen in the Lennard—Jones potential (sec-
tion “Biomolecules: DNA and Proteins”), the repulsions have been interpreted to
come from long-range exchange interactions. Nevertheless, long-range exchange
interactions have been neglected in conventional exchange functionals similarly to
dispersion interactions in conventional correlation functionals. Figure 3a displays
the dissociation potential energy curves of Ar dimer, which are calculated using
various exchange functionals [1]. It is well known that the bond of Ar dimer consists
only of dispersion interactions. This figure clearly indicates that the dissociation
potentials of van der Waals bonds are significantly affected by exchange functionals
used: LDA, Becke 1988 GGA (B88), and Perdew—Burke-Ernzerhof GGA (PBE)
exchange functionals give qualitatively different potential energy curves, despite
these functionals have been combined with dispersion corrections mentioned above.
In contrast, the figure shows that long-range correction clearly makes these poten-
tial energy curves close to each other. Therefore, this figure reveals that the different
potential energy curves of GGA functionals mainly come from the lack of long-
range exchange interactions.

Tsuneda and coworkers suggested the long-range correction, in which exchange
interactions are divided into short- and long-range parts, and then the short-range
part of a general exchange functional is combined with the long-range part of the
Hartree—Fock (HF) exchange integral [53]. In this correction, the two-electron oper-
ator 1/ry, is divided by the error function as
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Fig. 3 Dissociation potential energy curves of argon dimer calculated with (a) various pure and
long-range corrected (LC) functionals and (b) LC functionals combined with ALL dispersion
functional. The curves of CCSD(T) and other dispersion-corrected DFT are also shown for
comparison
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Since usual exchange functionals, however, have no corresponding density matri-
ces, the short-range part of exchange functionals are derived assuming that all the
difference in exchange functionals is reflected to the momentum k, as

O'
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where a,, b,, and ¢, are given as

KI/Z
a, # _ 6”\/_/)”3 (32)
1
b, = exp(—4 5 J—l, (33)
and
) 1
¢, =2a.b, +5. (34)

A dimensionless coefficient K is defined in usual GGA exchange functional form as

1
E = —Egjd%p;” . 35)
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The significant feature of this correction is to use the following momentum k,, which
becomes the Fermi momentum when combined with the LDA exchange functional,

9 1/2
T 1/3
k == 36
o [K] P (36)

o

This momentum makes long-range corrected (LC) LDA functional identical to the
form that Savin previously proposed as a long-range correction for LDA exchange
functional, which is called range-separation hybrid (RSH) functional [54]. For the
long-range part of the HF exchange integral, the two-electron operator is simply
replaced with the error function such as

ELeo Zizj d'rd’r, g, (6)9,,(x;) (‘2)¢,a(r>¢,a(r (37)

The only parameter y is determined for each exchange functional: e.g., for B88 [55]
and PBE [7] exchange functionals, ¢ =0.33 in response property calculations [56]
and 0.47 in ground-state property calculations [57] are adopted. The computational
time needed in LC-DFT calculations is almost the same as that in B3LYP calcula-
tions. Nevertheless, it has been reported that long-range correction solves or
improves various problems in conventional DFT calculations: e.g., charge transfers,
Rydberg excitations, and oscillator strengths in TDDFT [56], optical response prop-
erties of long-chain molecules [58] and diradicals [59], and orbital energies of
valence molecular orbitals [60]. Due to its high applicabilities, many types of LC
functionals have been developed: e.g., CAM-B3LYP [61], LC-wPBE [62], and
wB97X [63] functionals. By using this long-range correction, long-range exchange
interactions are naturally incorporated in exchange functionals.

Figure 3b illustrates the potential energy curves of LC-DFT combining with a
dispersion functional (ALL functional in section “Van der Waals (Dispersion)
Functionals”). As shown in the figure, LC functionals give very accurate potential
energy curves, which are close to ab initio coupled-cluster singles, doubles, and per-
turbative triples (CCSD(T)) one [64], in contrast to those of a dispersion-corrected
semiempirical functional (mPWI1PW91) and a classical dispersion-corrected one
(B3LYP+vdW). In addition, it was suggested that long-range exchange interactions
play a determinant role in van der Waals bond angles [65]. Besides ALL dispersion
functional, LC functionals have been combined with various dispersion corrections:
e.g., LRD dispersion functional (section “Van der Waals (Dispersion) Functionals”)
[45], AC/FDT dispersion energy (section “Linear-Response Theories) [40], semiem-
pirical functionals (section “Semiempirical Dispersion-Corrected Functionals™) such
as wB97X-D [66], and perturbation energies (section “Combination with Perturbation
Theories”) such as wB97X-2 [67]. Actually, LC functionals can be easily combined
with any dispersion correction.
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Effects of Correlation Functionals

In DFT calculations of dispersion interactions, the choice of correlation functionals
is also important. Figure 3a also compares the dissociation potential energy curves
of Ar dimer for using one-parameter progressive (OP) [10] and Lee—Yang—Parr
(LYP) [9] correlation functionals, which are both Colle-Salvetti-type correlation
functionals [8]. The Colle—Salvetti-type correlation functionals are derived from
correlated wavefunctions, in which uncorrelated wavefunctions such as the HF
wavefunction are multiplied by a correlation factor (Jastrow factor) satisfying the
correlation cusp condition for short-range interelectrons. Therefore, these function-
als essentially contain only short-range electron correlations and neglect long-range
electron correlations including dispersion interactions. Nevertheless, artificial van
der Waals bonds are given using the LYP correlation functional with no dispersion
interaction. This is attributed to the inappropriate behavior of this functional. To
give appropriate weak bonds like van der Waals bonds, correlation functionals have
to obey the high-density-gradient low-density (HDGLG) limit condition for correla-
tion energy [68, 69],

limp™'E, =0, (38)
where x=1V pl/p*?. However, the LYP functional does not satisfy this condition
differently from the OP functional [1]. The Kohn—Sham method using a correlation
functional violating this condition usually overstabilizes van der Waals bonds.
Therefore, we should carefully select a correlation functional satisfying the HDGLG
limit condition in DFT calculations of dispersion interactions.

DFT Calculations of z-Stacking Systems

In this section, past DFT studies on z-stacking interactions are briefly reviewed.
Except for small benchmark molecules, the most frequently raised z-stacked sys-
tems are carbon nanomaterials including nanotube and graphene, biomolecules
including DNA and proteins, and supramolecules. Summarizing previous dispersion-
corrected DFT calculations of these z-stacked systems, we will anticipate the future
trend of DFT studies on z-stacking interactions.

Small t-Stacked Systems

The applicabilities of dispersion corrections have so far been examined by calculat-
ing small weakly bonded systems including z-stacked systems. In particular, ben-
zene and naphthalene dimers have been used as test targets of dispersion corrections
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Fig. 4 Dissociation potential energy curves of benzene dimer for the parallel conformation calcu-
lated using (a) various pure and long-range corrected (LC) functionals and (b) LC functionals
combined with ALL dispersion functional. The curves of CCSD(T) and other dispersion-corrected
DFT are also shown for comparison

for z-stacking interactions [14, 70, 71], because these dimers are the simplest sys-
tems for discussing three conformations shown in Fig. 1. For clarifying the repro-
ducibilities of z-stacking interactions, it is one of the best strategies to calculate the
dissociation potential energy curves of these dimers. Figure 4 illustrates the disso-
ciation potential energy curves of benzene dimer for the parallel conformation cal-
culated with (a) pure LDA and GGA functionals and LC functionals and (b) LC
functionals with ALL dispersion functional. As shown in Fig.4a, traditional DFTs
using pure LDA and GGA functionals give much different dissociation potential
energy curves for benzene dimer [14] similarly to the curves of rare-gas dimers [1].
This difference is also attributed to the lack of long-range exchange interactions in
exchange functionals (section “Long-Range Exchange Interactions”) and the poor
HDGLG limit of some correlation functionals (section “Effects of Correlation
Functionals™) [14]. Figure 4b indicates that all LC exchange functionals with OP
correlation functional, which gives the correct HDGLG limit, produces very accu-
rate potential energy curves close to CCSD(T) one by combining with a dispersion
functional. Since similar curves are obtained for naphthalene dimer [14], this indi-
cates that besides dispersion corrections, long-range exchange interactions should
be included with an appropriate correlation functional satisfying the HDGLG limit
condition in DFT calculations of dispersion interactions. Nonetheless, further
quantitative validation is required, because some other dispersion-corrected DFTs
also give correct potential energy curves for benzene dimer with no long-range
correction [70, 72].

As a benchmark set for the quantitative validation of dispersion corrections,
Hobza and coworkers suggested the S22 set [73], which contains 22 dimers includ-
ing benzene dimer and other z-stacked systems (Fig.5). This S22 benchmark set
provides interaction energies of hydrogen-bonded, dispersion-bonded, and mixed
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Fig. 5 The S22 benchmark set of weakly bonded systems

complexes, which are the calculated results of the CCSD(T) method at the complete
basis set (CBS) limit [74]. Due to its convenience, this benchmark set has been used
not only in testing the accuracies of dispersion corrections but also in determining
the adjustable parameters of semiempirical dispersion-corrected functionals.
Table 1 displays the mean absolute deviations (MAD) of various dispersion-
corrected DFT calculations for the S22 benchmark set in the ascending order. This
table clearly shows that independent of dispersion corrections combined, LC func-
tionals give better accuracies than those of semiempirical functionals and vdW
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functionals. In contrast, relatively poor results are given by vdW-DF functionals,
which combine pure functionals such as revPBE or the HF exchange integral with a
vdW functional. Therefore, this table obviously supports the above suggestion that
long-range exchange interactions should be included to reproduce van der Waals
bonds. It is interesting to note that some dispersion-corrected DFTs give more accu-
rate results than those of the MP2 method at the CBS limit. In this connection, it is
reported that DFT-SAPT (section “Combination with Perturbation Theories”) gives
close accuracies at the CBS limit to those of M06-2x and BLYP-D for the S22 set,
although it is not listed in this table due to the unrecording of MAD [74]. These
accuracies may be taken as poorer-than-expected, because perturbation theories
have been believed to give highly accurate dispersion interactions. However, these
results are reasonable because the poor interaction energies in MP2 calculations
have been found for several z-stacked dimers having near-degenerate orbitals that
usually cause instability in perturbation calculations [65].

Carbon Materials: Nanotube and Graphene

Besides benzene and naphthalene dimers, various carbon materials have also
attracted attentions in the context of z-stacking interactions. The most frequently
targeted systems are nanotube and graphene for their electronic, adsorptive, and
reactive properties. So far, many DFT studies have been reported especially for
single-walled carbon nanotube (SWCNT) and graphene in the fields of both quan-
tum chemistry and solid state physics.

For SWCNT, some studies focus on the z-stacking-mediated solubility in organic
solvent (Fig.6). SWCNT is a promising multifunctional material to be an efficient
gas storage element, a sensor, and a drug-delivery agent. However, it is well known
in the field of carbon materials that SWCNT is hardly dissolved in any solvent. This
may impose restrictions on industrial or medical use. For solving this problem,
many DFT calculations have been performed to suggest organic molecules solvat-
ing SWCNT by z-stacking interactions. The z-stacking on SWCNT has been exam-
ined with various model systems of SWCNT for the adsorptions of various organic
molecules: e.g., planar organic molecules [77], liquid crystal molecules [78], and
benzene derivatives [79]. SWCNT has also attracted attentions as gas storage mate-
rials [15]. Therefore, DFT studies have also focused on the adsorptions of various
small molecules [80]: e.g., hydrogen [81] and methane [82] molecules, on SWCNT.
These studies have reported that conventional DFTs provide reasonable interaction
energies. However, further investigations are required for approaching to the adsorp-
tive properties of SWCNT, because most conventional calculations have used unre-
liable dispersion-uncorrected functionals such as pure LDA and GGA functionals
for evaluating the dispersion interactions. The adsorptive property of SWCNT is,
therefore, still a challenge in DFT calculations.

Graphene is also one of the most frequently studied z-stacking systems in carbon
materials because of its high carrier mobility, high thermal and electronic conduc-
tivity, and strong material behavior. For graphene, the adsorptive property has been
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Fig. 6 An example of the z-stacking of single-walled carbon nanotube

explored in the z-stacking calculations of its model systems such as coronene [83,
84]. Dispersion-corrected DFTs have provided accurate z-stacking interaction ener-
gies between these graphene models, if appropriate dispersion corrections are incor-
porated. Therefore, graphene models are usually used as trial systems for examining
dispersion corrections. These calculations have consequently revealed the adsorp-
tive properties of planar polyaromatic systems. For example, z-stacking interaction
energies of these systems are found to increase as a function of the number of
hydrogen atoms at the edge [84]. Graphene is also theoretically investigated for the
adsorption of biomolecules such as DNA in the context of drug delivery, molecule
immobilization, and biosensor [85, 86]. As a result, it is suggested that the nucleo-
bases of DNA form weak hydrogen-bond-like interactions with graphene between
the pyramidal amino groups of the bases and the z-center of graphene [86]. Graphene
is also well known as a semiconductor, which has zero band gap in the electronic
state. In association with this unique electronic state, band gap calculations are also
performed for the z-stacking of aromatic systems on graphene to develop high per-
formance nanodevices [87]. Since graphene is attractive for its unique electronic
properties, we expect that the z-stacking of graphene would be much more investi-
gated from the viewpoint of electronic structure.
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Fig. 7 DNA nucleobases

Biomolecules: DNA and Proteins

n-Stackings have also been attracted attentions in the field of biological science.
Besides z-stacking effects on the structures of DNA and proteins, there are various
DFT studies on z-stackings of biomolecules: e.g., DNA-nanotube [88] and DNA-
graphene [86] stackings. However, most DFT studies have drawn attentions to the
base stackings of DNA and protein foldings in this field.

The base stackings in DNA have been studied using the hydrogen-terminated
models of five nucleobases (Fig.7), i.e. guanine, cytosine, adenine, thymine, and
uracil, in DFT calculations. For the base stackings, there is even a benchmark set in
JSCH-2005 database [73], which contains hydrogen-bonded DNA base pairs,
stacked base pairs, and amino acid pairs besides S22 set mentioned above, for
examining the applicabilities of dispersion corrections. However, this benchmark
set has been calculated only with DFT-D (section “Semiempirical Dispersion-
Corrected Functionals”) [89] in dispersion-corrected DFTs, while this set is fre-
quently calculated using semiempirical molecular orbital theories combined with
semiempirical dispersion corrections. This is due to the computational cost needed
in the calculation of this set containing 143 complexes. Most dispersion-corrected
DFT calculations of DNA focus only on the stackings of five nucleobases. So
far, DFT-D [38], vdW-DF (section “Van der Waals (Dispersion) Functionals”) [90],
and DFT-SAPT (section “Combination with Perturbation Theories”) [91] have been
applied to the base-stacking calculations and consequently have provided accurate
interaction energies. For the stacked bases, excited state calculations have also been
performed by TDDFT using LC functionals (section ‘“Long-Range Exchange
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Fig. 8 The Lennard-Jones potential and empirical potential of argon dimer

Interactions™) [92, 93]. We see that dispersion-corrected DFT studies of DNA would
shift attentions from base-stacking structures to electronic properties.

In most dispersion calculations of proteins, folding structures have been dis-
cussed with no particular attention to z-stackings. These folding structure calcula-
tions are carried out by classical MDs using empirical potentials such as CHARMM
[46] and Amber [47]. In these empirical potentials, dispersion interactions are
incorporated by London’s classical dispersion energy in Eq. (4) multiplied by an
empirical parameter in the Lennard—Jones potential (Fig.8). Note that exchange
interaction is also incorporated as the repulsion term in this potential as supported
by the above discussion. Most dispersion-corrected DFT studies of proteins have
used hydrogen-terminated small amino acid residues to discuss z-stackings in pro-
teins [49], because DFT calculations are too time consuming to determine the fold-
ing structures of proteins. In practice, since protein structures are essentially not so
sensitive to the quality of calculation methods, classical potential calculations may
be the best way to obtain the structures. However, proteins would be further inves-
tigated for the electronic structures in near future at the request of drug discovery
field. We, therefore, suppose that dispersion-corrected DFT becomes more impor-
tant even in the research field of proteins.
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Fig. 9 Buckycatcher

Supramolecules

Recently, supramolecules become one of the hottest z-stacked systems in DFT cal-
culations. In supramolecules, molecules self-assemble with weak bonds such as
hydrogen and van der Waals bonds. We should notice that optimized structures do
not always provide enough information to design new materials. Material design
often requires the detailed information on electronic properties, which are not given
in classical MD calculations. Dispersion-corrected DFTs are best suited to obtain-
ing this information. Fullerene is one of the most frequently used constituent mate-
rials in z-stacking supramolecules. In particular, Cy, fullerene has been studied for
its z-stacking with polycyclic organic molecules to produce supramolecules such as
buckycatcher (Fig.9) [94, 95]. Self-assembled nanowires are also frequently raised
systems in DFT calculations. For example, the nanowires of azaadamantanetrione
[96] and cyclic oligothiophene [97] have been calculated. Moreover, metal com-
plexes self-assembling to huge structures are noteworthy. That is, many metal
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complexes coordinating aromatic ring molecules are z-stacked to form huge systems.
Dispersion-corrected DFTs are promising even in determining the structures of
these metal complexes, because it is hard to optimize the geometries of metal-
contained systems in classical MD calculations. Actually, several calculations are
recently performed [98]. DFT calculations have also been used for other
self-assembled systems to analyze their electronic states. Since most of these calcu-
lations have been carried out in recent 5 years, the use of dispersion-corrected DFTs
may keep increasing in the calculations of supramolecules.

Conclusions

n-Stacking is a dispersion interaction between cyclic compounds such as aromatic
rings. Since z-stacking often determines the structures of significant large systems
such as carbon nanomaterials, biomolecules, and supramolecules, it currently draws
attentions in a wide variety of scientific and industrial fields. Although the name
“m-stacking” implies the contribution of z orbitals, it is confirmed that z orbitals
play no particular role in z-stackings. Namely, z-stacking is nothing but usual dis-
persion interaction. Dispersion interaction is the only van der Waals interaction that
the Kohn—Sham SCF calculation using conventional exchange-correlation function-
als cannot reproduce. Therefore, an explicit dispersion correction is required for
functionals to investigate z-stackings on the Kohn—Sham SCF calculations.

Various dispersion corrections have, so far, been developed in the field of DFT.
Fortunately, these corrections are generally classified into only five categories: clas-
sical dispersion corrections, combinations with perturbation theories, linear-
response theories, van der Waals (dispersion) functionals, and semiempirical
dispersion-corrected functionals. Naturally, these corrections have both advantages
and disadvantages as explained in the text. However, due to practical reasons such
as computational time and user-friendliness, only van der Waals and semiempirical
dispersion-corrected functionals seem to be frequently used in current DFT calcula-
tions. What should not be overlooked is the repulsion, which balances with the
dispersion attraction in van der Waals bonds. In the Lennard—Jones potential, this
repulsion appears as the R'? term, which is interpreted to come from long-range
exchange interaction. Note that this long-range exchange interaction is also defi-
cient in conventional functionals.

The significance of the long-range exchange interaction is also numerically
shown in the potential energy curves of small z-stacked benzene and naphthalene
dimers and the dispersion interaction energies of the S22 benchmark set. As a result
of these calculations, long-range corrected (LC) DFTs, in which long-range
exchange interactions are complemented to exchange functionals, give the best per-
formance in all dispersion-corrected DFTs. Nevertheless, LC-DFTs have not been
applied to significant z-stacked systems that various dispersion-corrected DFT's
have been examined: nanotube, graphene, DNA, protein, and supramolecule.
However, the use of other dispersion-corrected DFTs is also not so common in the
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calculations of these systems. Since this is mainly due to the high computational
cost required in the calculations, we expect that dispersion-corrected DFTs become
one of the main tools for investigating these systems theoretically.
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