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Abstract Supramolecular polymers were prepared by inclusion of a guest in cyclodex-
trin via a covalent bond. The structures of the supramolecular oligomers and poly-
mers were determined by X-ray studies, NMR measurements, absorption and circular
dichroism spectra. The sizes of the supramolecular polymers were determined by va-
por pressure osmometry and pulsed-field gradient NMR. Although hydrocinnamoyl -
cyclodextrin formed an intramolecular complex, hydrocinnamoyl a-cyclodextrin formed
intermolecular complexes. Cinnamoyl S-cyclodextrin gave a cyclic dimer and cinnamoyl
a-cyclodextrin formed a cyclic trimer. a-Cyclodextrin with cinnamic amide at the sec-
ondary hydroxyl side gave supramolecular polymers. Formation of the complexes of
cyclodextrins with various polymers has also been described.

Keywords Cyclodextrin - Host-guest interactions - Inclusion complex - Molecular tube -
Polyrotaxane - Supramolecular polymer

1
Introduction

In recent years, supramolecular chemistry has been expanding to include
supramolecular polymer science [1,2]. Conventional polymers, such as vinyl
polymers and condensation polymers, are made up of covalent bonds. How-
ever, supramolecular polymers are made up of non-covalent bonds. The first
supramolecular polymers were reported by Lehn et al. [1, 3-5], in which each
building block is linked by three hydrogen bonds (Fig. 1). In this case, on
average, several building blocks are linked together to form supramolecu-
lar oligomers. Later, Meijer et al. [6-8] reported supramolecular polymers
formed by four hydrogen bonds in each unit (Fig.2). In this case, high
molecular weight (higher than 10 x 10*) supramolecular polymers were ob-
tained. The concentrated solutions are viscous-like solutions of conventional
polymers. In addition, the viscosity can be controlled by their concentrations,
temperature, and even the addition of a monofunctional unit.

These supramolecular polymers remind us of the discussion concern-
ing the existence of macromolecules over 70 years ago by Staudinger et al.
Although macromolecules made up of covalent bonds are of course ubiqui-
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Fig.2 Supramolecular polymer reported by Meijer

tous in nature and the synthetic world, “macromolecules” made up of non-
covalent bonds are also ubiquitous in nature, especially in living creatures and
are important in the synthetic world as well.

Many kinds of molecular interactions, such as hydrogen bonding, ionic in-
teractions, van der Waals interactions, and hydrophobic interactions can be
used for the design and construction of supramolecular polymers [1-12]. The
most important interaction in biological systems are Host-Guest interactions,
such as enzyme-substrate, antigen-antibody, microtubules, microfilaments,
and flagella. Recently, many kinds of supramolecular polymers have been de-
signed and constructed by synthetic methods. In this Chapter, the authors
would like to introduce some supramolecular polymers constructed through
Host-Guest systems, especially using cyclodextrins as hosts and some ben-
zene derivatives as guests.

2
Supramolecular Polymers in the Solid State

X-ray crystallography has been a major source of information for the three-
dimensional structure of the host-guest complexes. First attempts in the use
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of single-crystal X-ray diffraction were applied to «-cyclodextrin (¢-CD) and
B-cyclodextrin (8-CD) by French and Rundl [13]. James et al. [14] reported
the crystallographic data for several «-CD complexes, but their resolution for
structural analysis of the iodine complex was very low. After several years,
Hybl et al. [15] reported the structure of the complex of o-CD with potas-
sium acetate for a full X-ray structure. Since then, there have been numerous
reports on crystal structures of cyclodextrins and their inclusion complexes,
as summarized in several reviews [16-20]. Crystal structures of CDs and
their inclusion complexes were classified into cage-, channel-, and layer-type
structures. These classes are dependent on the relationship between CDs
and the included guest molecules. Recently, some monosubstituted CDs were
synthesized to give the catalytic activity and the formation of the supramo-
lecular complex. For example: in the crystal structure, 6-O-(tert-butylthio)- 8-
CD molecules was arranged along a screw axis and the tert-butylmercaptan
group was inserted into the next 8-CD cavity to form a helically extended
polymeric structure [21]. This modified CD behaves not only as a donor of
the guest group but also as an acceptor. These types of structure may be
termed “supramolecular polymer” in the solid state. This section focuses on
the crystal structures of monosubstituted CDs.

Fig.3 The crystal structure of 6-O-(tert-butylthio)-8-CD drawing a helical polymer re-
lated by the 2; screw axis
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2.1
Crystal Structure of 6-O-(tert-Butylthio)-S-Cyclodextrin

The structure of 6-(tert-butylthio)-8-CD was characterized by Tabushi
et al. [21]. The compound of 6-O-(tert-butylthio)-B-CD was prepared from
the reaction of 6-O-(p-toluenesulfonyl)-8-CD with fert-butylmercaptan and
recrystallized in water. This is the first example of the determination of crystal
structure of monosubstituted CD derivatives and the first evidence concern-
ing the supramolecular polymer of an inclusion complex of a monosubsti-
tuted CD. The crystal structure of 6-O-(tert-butylthio)-S-CD was arranged
around the two-fold axis to yield a polymeric structure, in which the tert-
butyl group is intermolecularly included in the cavity of CD (Fig. 3).

2.2
Crystal Structure of 6-O-(Phenylthio)-3-Cyclodextrin
and 6-O-(Phenylsulphinyl)-8-Cyclodextrin

Tabushi and Kamitori et al. [22] also reported that a substituted group was
intermolecularly included in the cavity of another CD (Fig. 4). They carried
out the X-ray crystallographic study of two compounds, 6-O-phenylthio-S-

Fig.4 The crystal structure of 6-deoxy-6-(phenylthio)-8-CD. The phenyl group is shown
with filled circles. The molecules are arranged along a 4-fold screw axis, and the phenyl
group is inserted into the cavity of an adjacent 8-CD from its secondary hydroxyl side
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CD and 6-O-phenylsulphinyl-8-CD. From the molecular structure of 6-O-
phenylthio-8-CD, it was found that the phenyl group enters the center of
the CD cavity from the side of secondary hydroxyl groups. In the case of 6-
O-phenylsulphinyl-8-CD, the guest phenylsulphinyl group was more deeply
included in the host CD cavity than that of 6-O-phenylthio-8-CD. In the pack-
ing structures, the molecules are arranged around the screw axis to give
a unique polymeric inclusion column structure formed from a single species
acting both as a guest and as a host. The macrocycles in helical columns are
related by a four-fold screw axis for 6-O-phenylthio-8-CD and by a two-fold
screw axis for 6-O-phenylsulphinyl-8-CD.

23

Crystal Structure of 2-O-[(S)-2-Hydroxypropyl]- 8-Cyclodextrin,
6-0-[(R)-2-Hydroxypropyl]- 8-Cyclodextrin,

and 6-0-[(S)-2-Hydroxypropyl]-8-Cyclodextrin

Harata et al. [23] reported that the crystal structure of 2-O-[(S)-2-hydroxy-
propyl]-B8-CD was solved by X-ray diffraction (Fig. 5). The molecules are ar-
ranged in a herring-bone fashion to form a cage-type packing structure. The
hydroxypropyl group is inserted into the cavity of an adjacent molecule re-
lated by a two-fold screw axis.

In the crystal structures of 6-O-[(R)-2-hydroxypropyl]- and 6-O-[(S)-2-
hydroxypropyl]-B-CD, the 2-hydroxypropyl group is inserted into the S-CD
cavity of the next 8-CD related by the two-fold screw axis, and a helically
extended polymeric structure is formed by repetition of the intermolecular
inclusion (Fig. 6). The hydroxyl group of the substituent group penetrates
through the B-CD ring from the secondary hydroxyl side and is linked to an

Fig.5 Packing structure of 2-O-[(S)-2-hydroxypropyl]-B-CD. Hydrogen bonds involving
the hydropropyl group are shown by dotted lines
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Fig.6 A schematic drawing of the packing in the crystal viewed along the c-axis in 6-0-
[(R)-2-hydroxypropyl]- and 6-0-[(S)-2-hydroxypropyl]-B-CD

HO-6 group by a hydrogen bond. Comparison of intermolecular contacts of
the substituent group indicates that the (S)-2-hydroxypropyl group is better
fitted to the cavity than the (R)-2-hydroxy-propyl group.

24
Crystal Structure of 6-0-(6-Cyclo(r-histidyl-L-leucyl))-8-Cyclodextrin

In the molecular structure of 6-O-(6-cyclo(L-histidyl-L-leucyl)-5-CD, the
cyclo(r-histidyl-L-leucyl) group is included in the center of the CD cavity

Fig.7 The crystal structure of 6-O-(6-cyclo(L-histidyl-L-leucyl)-8-CD along the b-axis
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from the side of the primary hydroxyl groups (Fig.7) [24]. In the pack-
ing structure, the molecules are arranged around the two-fold screw axis to
give the unique polymeric inclusion column structure formed from a single
species acting both as a guest and as a host. The structure of 6-0-(6-cyclo(L-
histidyl-L-leucyl)-B8-CD was arranged along the two-fold screw axis and the
cyclo(r-histidyl-L-leucyl) group is inserted into the 8-CD cavity.

25
Crystal Structure of 6-O-Azido-c-Cyclodextrin, 6-O-Allyl-c-Cyclodextrin
and 6-0-[(6-Aminohexyl)Amino]-8-Cyclodextrin

The X-ray crystal structures of 6-O-azido-a-CD and 6-O-allyl-a-CD were
determined by Hanesian et al. [25]. Azido and allyl groups of each CD
unit are included in the cavity of adjacent units from the secondary hy-
droxyl group side to form along the two-fold screw axis (Fig. 8). 6-O-[(6-
Aminohexyl)amino]-$-CD is arranged along the two-fold screw axis parallel
to the ¢ crystal axis forming a polymeric column structure (Fig. 9) [26]. 6-
Aminohexyl chain groups are inserted into the cavity of the adjacent §-CD
moiety from the secondary side. All the atoms of the chain exhibit large ther-
mal motion. The nitrogen atom is found near the secondary hydroxyl group
rim of host 8-CD and forms a hydrogen-bond with a water molecule. The end
of the nitrogen atom in the substituted group was also hydrogen-bonded to

(a) (b)

Fig.8 The crystal structures of 6-0O-azido-a-CD and 6-O-allyl-o-CD drawing a helical
polymer penetrated by the 2; screw axis
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Fig.9 The crystal structure of 6-O-[(6-aminohexyl)amino]-S8-CD drawing polymeric-like
columns penetrated by the 2; screw axis

a water molecule to form a polymeric column. 6-O-[(6-Aminohexyl)amino]-
B-CD molecules are stacked parallel along the b crystal axis and anti-parallel
along the a axis. Parallel polymeric columns are bound to each other by two
hydrogen bonds.

2.6

Crystal Structure of 6-0-6-(1-Propyl)amino--Cyclodextrin,
6-0-6-[(R)-1-Cyclohexylethyllamino- 8-Cyclodextrin,
6-0-6-[(R)-1-Phenylethyl]lamino- 8-Cyclodextrin,

and 6-0-6-[(1R,25)-2-Hydroxyindan-1-ylJamino-3-Cyclodextrin

Harata et al. [27] reported the crystal structures of four 6-monosubstituted
B-CDs, 6-0-(1-propyl)amino-8-CD, 6-0-[(R)-1-cyclohexylethyl]amino-S-
CD, 6-0-[(R)-1-phenylethyl]amino-8-CD, and 6-O-[(1R,2S)-2-hydroxyindan-
1-ylJamino-B-CD. They discussed the relationship between crystal packing
and the inclusion of the substituent group (Fig. 10). In each crystal, the
substituent groups were inserted into the adjacent S-CD cavity from the
secondary hydroxyl side. This host-guest type self-association through inter-
molecular inclusion generates a one-dimensional polymeric chain. 6-O-
(1-Propyl)amino-8-CD and 6-O-[(R)-1-cyclohexylethyl]amino-8-CD form
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Fig. 10 The crystal structures of 6-O-(1-propyl)amino-8-CD (a), 6-O-[(R)-1-cyclohexyl-
ethyl] amino-8-CD (b), 6-O-[(R)-1-phenylethyl]amino-8-CD (c), and 6-O-[(1R,25)-2-
hydroxyindan-1-ylJamino-B-CD (d) drawing a helical polymer penetrated by the 2; screw
axis

a helically extended chain along the crystallographic two-fold screw axis.
6-0-[(R)-1-Phenylethyl]amino-8-CD and 6-0-[(1R,2S)-2-hydroxyindan-1-
yllamino-B-CD form a linear extended chain. The crystal packing of 6-
O-[(R)-1-phenylethyl]amino-8-CD was similar to that of a channel-type
structure, while the arrangement of the B-CD ring of 6-O-[(1R,2S)-2-
hydroxyindan-1-ylJamino-B-CD belongs to the cage-type.

2.7
Crystal Structure of 8-Cyclodextrin Aromatic Tethers

Crystal structures of aromatic group-modified g-CD derivatives, such as 6-0-
anilino-B8-CD [28], 6-0-(4-formyl-phenyl)-S8-CD [29], 6-O-(4-bromophenyl)-
B-CD [30], 6-0-(4-nitrophenyl)-8-CD [30], 6-O-(4-formylphenyl)-8-CD [30],
6-O-phenylselenyl-8-CD [30], 6-0-(4-hydroxybenzoyl)-g-CD [30], and 6-
O-(p-carboxyphenylamino)-S-CD [31], were determined by X-ray crystal-
lography (Fig. 11). 6-0-Anilino-8-CD, 6-0-(4-formyl-phenyl)-8-CD, 6-O-
(4-bromophenyl)-8-CD, 6-0-(4-nitrophenyl)-8-CD, 6-0-(4-formylphenyl)-
B-CD, and 6-0O-(p-carboxyphenylamino)-8-CD, form a helically extended
chain along the crystallographic two-fold screw axis. 6-O-Phenylselenyl-8-CD
forms a helically extended chain along the crystallographic four-fold screw
axis. 6-0-(4-Hydroxybenzoyl)-8-CD forms a tail-to-tail dimer structure, in
which the substituents penetrate into the CD cavity. Liu et al. [30] stated
this tail-to-tail dimer structure was made possible by the longer and flexi-
ble ester linkage in 6-O-(4-hydroxybenzoyl)-8-CD rather than other aromatic
group-modified 8-CDs.
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(a) (b) : (©

Fig. 11 The crystal structures of 6-O-(p-carboxyphenylamino)-B-CD penetrated by the 2;
screw axis (a), 6-phenylselenyl-6-deoxy-B-CD penetrated by the 4; screw axis (b) and 6-
O-(4-hydroxybenzoyl)-8-CD (c) showing the dimeric columnar structure

238
Crystal Structure of 6-O-4-Aminocinnamoyl-$-Cyclodextrins

The authors studied the X-ray crystallography of 6-aminocinnamoyl-3-CD

(6-aminoCiO-B-CD) (Fig. 12) [32]. Some 6-monosubstituted CDs formed
a helically extended polymeric structure, in which molecules are related by

/

Fig.12 Crystal structure of 6-aminoCiO-8-CD drawing a dimeric columnar structure
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two-fold or four-fold screw axis. The molecular structure of 6-aminoCiO-§-
CD is arranged along a dimeric structure and the 6-aminocinnamoyl group is
inserted into the adjacent §-CD cavity from the primary hydroxyl group side
to form a columnar channel structure.

These crystal structures indicated that the self-assembly of the 6-mono-
substituted §-CD was regulated by physical and chemical properties of the
substituent group included in the adjacent 8-CD ring. This causes variation in
the one-dimensional arrangement depending on the shape, size, and orienta-
tion of the substituent group.

3
Supramolecular Polymers in Solution

Although the native CDs themselves are of interest as host molecules, the
modification of native CDs changes the size, shape and physical properties of
the CD ring. Therefore, great efforts have been made for the preparation of
CDs covalently attached to guest molecules. When a guest group is covalently
attached to the cyclic host molecule, it could form intramolecular [33-42]
or intermolecular complexes [30,32,43-62] in aqueous solutions by host-
guest interactions, depending on the flexibility and length of the substitution
part. Many modified CDs have been prepared and its supramolecular struc-
ture characterized in aqueous solutions. Most of these formed intramolec-
ular complexes. Ueno et al. [33-35] reported that chromophore-modified
CDs act as chemosensors because of the location change of the substitution
part from inside to outside of the CD cavities with the inclusion of another
guest molecule (Fig. 13). Benzoyl-modified 8-CD did not form supramolecu-

» ) =

Fig.13 Schematic illustration of the formation of an intermolecular complex from an
intramolecular complex
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0 — 2. :
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hydracinnamoyl n=7 6-HyCiD-pCOD
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“ &
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a = _ . .
)‘.—CH=CH—@—NH; n=§6 Eg-AminoCid-x-CD

p—aminncinnamnyl n=7 EBg-AminoCi0-gCD

Fig.14 Chemical structures of hydrocinnamoyl- and cinnamoyl-modified CDs

lar polymers [46]. This result suggests that some spacer groups are required
for efficient formation of intermolecular complexes. There are few reports
of the formation of supramolecular polymers by host-guest interactions in
aqueous solutions, although the formation of supramolecular polymers by
these interactions is important in biological systems. The authors [32, 50, 58—
62] have been studying the supramolecular structures of modified CDs with
a hydrocinnamoyl group or a cinnamoyl group in aqueous solutions (Fig. 14).
This section focuses on the formation of the supramolecular polymer con-
structed by monosubstituted CDs.

3.1
Formation of Intramolecular Complexes by Hydrocinnamoyl-8-Cyclodextrin

The 'H NMR spectra of 6-hydroxycinnamoyl-B-CD (6-HyCiO-B-CD) in D,0
showed that the peaks of the phenyl protons of the hydrocinnamoyl group
are shifted to upfield as those of ethylhydrocinnamate with g-CD, indicating
that the phenyl ring was included in a CD cavity. The shifts are independent
of the concentrations, indicating that 6-HyCiO-g-CD forms intramolecular
complexes in D,0. The ROESY spectrum of that 6-HyCiO-B-CD showed the
ROE correlation between the peaks of phenyl protons of hydrocinnamoyl
group and inner protons (C(3)-H and C(5)-H) of CDs, indicating that the
phenyl ring was included in its own CD cavity. All the signals due to §-CD in
the 'H NMR spectrum of 6-HyCiO-B-CD are assigned by measuring various
2D NMR (COSY, TOCSY, ROESY, HMQC) (Fig. 15). The C(3) and C(5) protons
in the cavity are shifted. The glucopyranose unit having a hydrocinnamoyl
group was abbreviated as A ring and other glucopyranose unit were abbre-
viated as the B-E rings. The protons of the glucopyranose units of D and E
rings are largely shifted to upfield indicating that the phenyl ring is included
in the cavity sandwiched by ring A and rings D and E. A proposed structure
of 6-HyCiO-$-CD in water is depicted in Fig. 16a.
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Fig.15 600 MHz NMR spectrum of 6-HyCiO-8-CD

Fig. 16 Proposed structures of 6-HyCiO-8-CD (a) and 6-HyCiO-«-CD (b)

3.2
Formation of Intermolecular Complexes by Hydrocinnamoyl-c«-Cyclodextrin

The 'H NMR spectra of 6-hydrocinnamoyl-a-CD (6-HyCiO-a-CD) in D,0
showed that the peaks of the phenyl protons of the hydrocinnamoyl group
are shifted to upfield. However, the shifts are slightly dependent on the con-
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centrations in D,0, indicating that 6-HyCiO-«-CD forms weak intermole-
cular complexes in D;0. The ROESY spectrum of 6-HyCiO-«-CD in D,0
showed correlation peaks between the phenyl protons and CD inner protons,
indicating that the hydrocinnamoyl group was included in the CD cavity. 6-
HyCiO-a-CD has been found to form a intermolecular complex. A proposed
structure is shown in Fig. 16b. 6-HyCiO-S-CD formed intramolecular com-
plexes and 6-HyCiO-«-CD formed intermolecular complexes. These results
indicate that a hydrocinnamoyl group was too flexible to form intermolecular
complexes. Therefore, the authors have decided to use a more rigid spacer like
a cinnamoyl group that has a double bond.

33
Formation of Supramolecular 6-Cinnamoyl-3-Cyclodextrin Complexes

6-Cinnamoyl-B-CD (6-CiO-8-CD) was sparingly soluble in water, although
most 6-substituted 8-CDs are soluble. However, 6-CiO-8-CD was solubilized
in water on the addition of adamantane carboxylic acid or p-iodoaniline
which could be included in a 8-CD cavity. These results suggest that 6-CiO-§-
CD formed supramolecular polymers in the solid state, as shown in the
proposed structure in Fig. 17. The X-ray powder pattern of 6-CiO-3-CD was
similar to that of the complex between §-CD and ethyl cinnamate, in which
B-CDs formed a layer structure. The crystal structure of 6-aminocinnamoyl-
B-CD (6-aminoCiO-B-CD) is shown in Fig. 12 and we discussed the relation-
ship between crystal packing and the substituent group in Sect. 2.8.

(a) (b)

Fig.17 Crystal structure of the f-CD-ethyl cinnamate complex (a) and a proposed struc-
ture of 6-CiO-S-CD in the solid state (b)
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34
Formation of Intramolecular Complexes by 6-Cinnamamide-3-Cyclodextrin

6-Cinnamamide-8-CD (6-CiNH-B-CD) is sparingly soluble in water. The
solid state NMR studies (1*C CP/MAS NMR) show that the phenyl group is
included in the B-CD cavity. The X-ray powder pattern showed that 6-CiNH-
B-CD forms a layer structure of the CD dimer.

3.5
Formation of a Supramolecular Dimer by 6-Cinnamamide-«-Cyclodextrin

6-Cinnamamide-o-CD (6-CiNH-a-CD) is soluble in water (Fig. 18). The 'H
NMR spectra change with its concentrations in D,0 solutions, although the
spectra did not change in DMSO-de. These results indicate that 6-CiNH-a-
CD formed intermolecular complexes in D,O. The ROESY NMR spectra of
6-CiNH-o-CD showed that the phenyl ring is deeply included into the CD
cavity. The molecular weight measured by VPO (vapor pressure osmome-
try) saturated around 2 x 10%, twice as large as that of the monomer unit.

i T 2 .

cinnatm oyl paminocinnam oyl

R 4= cinnamoyl Rg= OH 6-CiNH-a-CD

CH DH HEIR
? 2he OH R>= cinnamoy 3-CiNH-aCD
Ri= OH R2= pamino 3 p-Amino
cinnam oy CiNH-a.CD

Fig.18 Structures of cinnamamide-modified CDs

-
[l

Fig.19 Structure of supramolecular dimers constructed by 6-CiNH-a-CD in aqueous
solution
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These observations indicate that 6-CiNH-«-CD formed a rigid supramolecu-
lar dimer as shown in Fig. 19.

3.6
Formation of Supramolecular Polymers by 3-Cinnamamide-c-Cyclodextrin

The fact that 6-CiNH-«-CD formed a supramolecular dimer in which cin-
namoyl groups are included from the primary hydroxyl groups led us to use
3-cinnamamide-«-CD (3-CiNH-«-CD) as a building unit, because the phenyl
group can be included in «-CD from the primary hydroxyl side successively
to form supramolecular polymers. Actually, 3-CiNH-«-CD was found to form
long supramolecular polymers with a molecular weight higher than 1.6 x 10*
(Fig. 20).

3.7
Formation of Supramolecular Oligomers by 6-Cinnamoyl «-Cyclodextrin

The 'H NMR spectra of 6-cinnamoyl-a-CD (6-CiO-a-CD) showed that the
phenyl protons shifted to upfield as those of methylcinnamate on addition of
o-CD, indicating that the phenyl ring is included in a CD cavity. The shifts
are dependent on the concentrations in D,0 although they are independent
of their concentrations in DMSO-dg, indicating that 6-CiO-«-CD forms inter-
molecular complexes in D,0. The ROESY spectrum of 6-CiO-«-CD shows
a correlation peak between the phenyl signals and CD signals, indicating that
the phenyl ring is included in the other CD cavity. The molecular weight of
6-CiO-a-CD measured by VPO at various concentrations in water increased
with an increase in the concentrations and the molecular weight reached

Fig.20 Schematic representation of supramolecular polymers constructed by 3-CiNH-«-
CD in aqueous solution
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saturation around 3 x 10°. This result suggests that 6-CiO-a-CD forms an
oligomer. At higher temperature (at 70 °C), the molecular weight observed is
lower than that observed at lower temperature (at 40 °C).

3.8
Cyclic Daisy Chain

When supramolecular polymers are treated with bulky stopper groups, they
may form poly[2]rotaxane “daisy chains” [32,60-68]. Cyclic tri[2]rotaxanes
(daisy chain necklace) containing cyclodextrins have been prepared from the
mixture of 6-(4-aminocinnamoyl)-a-CD and 2,4,6-trinitrobenzene sulfonic
acid sodium salt [50,59] in an agueous solution (Fig.21). If the molecule
changes its conformation (or co-conformation), the ring may expand or
shrink by external conditions (temperature, solvents, photochemically, elec-
trochemically). These compounds are important because the cycle can be
used as a chemical valve as seen in ion channels in biological membranes.

NO,

NOy

Fig.21 Harada’s daisy chain necklace: cyclic tri[2]rotaxane containing a-CD [41]

3.9
Daisy Chains

The supramolecular polymers formed by 3-CiNH-a-CD were stabilized by
attaching bulky stoppers at each end of the guest groups. Poly[2]rotaxanes
(Daisy Chain) were obtained. The authors used trinitorobenzene sulfonic acid
as a stopping agent. The degree of polymerization of the poly[2]rotaxanes
was found to be around 13, characterized by MALDI-TOF Mass spectroscopy.
Figure 22 shows a schematic representation of a poly[2]rotaxane based on
a supramolecular polymer formed by 3-p-aminoCiNH-a-CD.
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Fig.22 Schematic representation of supramolecular polymers constructed by 3-CiNH-o-
CD in aqueous solution

3.10
Formation of Helical Supramolecular Polymers
by p-tert-Boc-Amino-Cinnam-o.-Cyclodextrin

o-CD with a p-tert-Boc-cinnammoylamino group at the 3-position forms
a supramolecular polymer [61]. The existence of substitution/substitution
interactions among the adjacent monomers of the supramolecular polymer
has been proved by the observation of positive and negative Cotton bands
in the circular dichroism spectra. The supramolecular polymers were found
to form a left-handed helical conformation. A proposed structure of a supra-
molecular polymer formed by 3-p-tert-BocCiNH-a-CD is shown in Fig. 23.
The formation of the helical supramolecular polymer with some cooperativ-
ity was shown by the CD spectra. These results remind us that microtubules,
microfilaments and flagella are helical supramolecular polymers formed by
host-guest cooperative interactions in the biological systems.

Fig.23 A proposed structure of a helical supramolecular polymer formed by 3-p-
"BocCiNH-«-CD in aqueous solution

3.1
Supramolecular Polymers with Alternating «- and 8-Cyclodextrin Units

6-p-tert-BocCiNH-$-CD formed intramolecular complexes. When adaman-
tane carboxylic acid was added in the solution of 6-p-tert-BocCiNH-$-CD,
the adamantane group was included in the B-CD cavity and the cinnamoyl
group was kicked out of the cavity to expose in water [62]. As the exten-
sion of the formation of supramolecular polymer, adamantane carboxylic
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-AdHexNH-«-CD

R
-

6-p-"BocCiNH-[-CD
{Intramolacular complex)

in agueous solution

Supramolecular Heterodimer

in agueous solution

Altarnating «-, 3-CD Supramelecular Polymar

Fig.24 Proposed structures of supramolecular polymer containing 3-AdHexNH-«-CD
and 6-p-'BocCiNH-B-CD

acid was attached to a-CD at the 3-position (3-AdHexNH-¢-CD). When the
3-AdHexNH-«-CD was mixed with 6-p-#-BocCiNH-S-CD in D, 0 in a one-to-
one ratio, they formed a heterodimer, which lines up end-to-end in longitudi-
nal rows to form supramolecular polymers in an alternating manner (Fig. 24).

4
Polyrotaxanes

The chemistry of rotaxanes has progressed well in accordance with the in-
terest in their unique structures and the expectation of development as parts
of molecular machines and molecular devices. It was in 1976 that Ogata
et al. [69] reported the synthesis of the inclusion complex with polyamide.
When S-CD was stirred with aliphatic diamines in water, precipitates were
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formed and they were characterized as inclusion compounds. 8-CD was used
as a rotor of rotaxane by Ogino and Ohata in 1984 [70]. They used metal com-
plexes as stoppers. Since then, some rotaxanes containing y-CDs have been
reported [71-75]. Most of those rotaxanes used metal complexes as stopper
groups. However, metal coordination bonds are so labile that CD rings may
escape from the bond. All the rotaxanes reported are ionic and thus soluble in
water. One example in which all the components are non-ionic and soluble in
organic solvents [76] was reported. In such a case there are some interactions
between the a-CD ring and the stopper groups. In all cases, there is no clear
evidence for the rotary motion of CDs around an axle. The dynamic behavior
of the rotaxanes is a subject that remains to be explored. This section focuses
on our work concerning polyrotaxanes having CDs. There are some reviews
including two comprehensive articles on polyrotaxanes [2, 59, 63-65,77-91].
Readers can refer to pertinent reviews for a discussion of the other polyrotax-
ane compounds.

4.1
pseudo-Poly(rotaxane)s between Cyclodextrins and Polymers

pseudo-Polyrotaxanes with CDs have been prepared by polymerization of
a pseudo-rotaxane monomer in situ. These methods had already been
reported by several groups including Ogata et al. [69] and Maciejewski
et al. [92-96]. The authors reported the first investigation of pseudo-rotaxane
formation between polymers and CDs. The authors tested whether CD
would form complexes with some water-soluble polymer or not. Table 1
shows the results of the formation of complexes of CDs with some wa-
ter soluble and insoluble non-ionic polymers, such as poly(vinyl alco-
hol) (PVA), poly(acrylamide) (PAAm), poly(N-vinylpyrrolidone) (PVPo),
poly(ethylene glycol) (PEG) [97-103], poly(propylene glycol) (PPG) [98,
99, 103], poly(trimethylene oxide) (PTMO) [104], poly(methyl vinyl ether)
(PMVE) [103, 105], poly(ethyl vinyl ether) (PEVE) [103], poly(n-propyl vinyl
ether) (PnPVE) [103], oligo ethylene (OE) [100,106], poly(isobutylene)
(PIB) [100, 105, 106], squalane [100, 106], poly((trimethylene adipate) (PTA),
poly(1,4-butylene adipate) (PBA), poly(ethylene adipate) (PEA) [107], poly(e-
caprolactone) (P(e-CL)) [108, 109], poly(butadiene) (PB) [110], poly(isoprene)
(PIP) [111], poly(dimethyl siloxane) (PDMS) [112,113], and poly(dimethyl
silane) (PSi) [114]. &-CD forms stoichiometric complexes with PEG of vari-
ous molecular weights in high yields, but did not form complexes with PPG
of any molecular weights. 8-CD formed crystalline inclusion complexes with
PPG. y-CD formed inclusion complexes with PMVE, PEVE, and PnPVE, al-
though «- or B-CD did not form complexes with these polymers. The yields
of the complexes of «-CD with OE were higher than those of g- and y-CDs
under the same condition. 8-CD formed complexes with squalane, while
o-CD did not. Structures of the complexes of hexa(ethylene glycol) with o-CD
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Table 1 Complex formation between CDs and Polymers

Polymer Structure M,10° yield (%) ref
«CD _p-CD 7-CD
PVA —(—CH2'(|3H—)F 22 0 0 0 97-103
OH
PAAmM _(_CHZ'Cl;H_)?] 10 0 0 0 97-103
CONH,
PEG —(—CHZ-CHZO—)F 1.0 92 0 trace 97-103
PPG _(_CHQ.?H_O_)F 1.0 0 96 80 98,99,103
CH;
PMeVE —(—CHQ'(FH—)T] 1.0 0 0 80 103,105
OCHg,
PEtVE —(—CHg'Cl)H—)?1 1.2 0 0 71 103
OEt
PnPrvVE _(_CH2-(%H_)?1 1.2 0 0 4 103
OnPr
OE(20) ——CHCH 056 63 0 0 100,106
PP _(_CH2'C|>H_)?] ca. 0.8 0 40 7 100,106
CH,
Squalane '('CHQ-C‘)H-CHZ'CHZ-)?1 0.423 0 62 24 100,106
CHs;
e
PIB —(_C—CHZ_)E ca. 0.8 0 8 90 100,105,
ClJHs 106

and that of tetra(ethylene glycol) dibromide with «-CD have been determined
by X-ray crystallographic analysis (Fig. 25) [115]. «-CDs form columns in
a head-to-head (the side of the secondary hydroxyl groups) and tail-to-tail
(the side of the primary hydroxyl groups) fashion. Ethylene glycol chains
are included in channels formed by «-CDs. The crystal structures of the in-
clusion complexes of B-CD with polymers, poly(trimethylene oxide) (P3MO,
(-CH,CH,CH;,0-),, average M,, = 1.4 X 10°), and PPG (average M,, = 425)
were determined by X-ray crystallographic analysis [116]. P3MO (Fig. 26) and
PPG with an all-trans conformation are approximately 97 and 22 A long and
may penetrate 14 and three S-CDs, respectively.

Ripmeester et al. [117] have investigated the single crystal structural an-
alysis of PEG and S-CD (Fig. 27). The crystals of 8-CD-PEG inclusion com-
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Fig.26 Column structure composed of four symmetry-related §-CDs (Mol-1, -2, -3, and
-4) and P3MO, viewed from the b-axis (for clarity, molecules are rotated by 10° along the
vertical axis)

plex was monoclinic, space group C;, Z =4, with the unit cell parameters
a=18.726 A, b=24.475 A, c=15.398 A, B =110.5°. The structure consists of
a PEG chain threaded through hydrogen-bonded head-to-head dimers with
one CD for every three monomeric C;H4O units. The polymer chain is highly
disordered about the axis of the channel that passes through a stack of CD
dimers.

The authors also studied pseudo-rotaxane formation of CDs with aliphatic
polyesters, polydiene, polysiloxane, and polysilane, as summarized in Table 2.
CDs were found to form inclusion complexes with aliphatic polyesters, such
as PTA, PBA, PEA [107], and P(e-CL) [108, 109]. - and y-CDs formed com-
plexes with these polyesters in high yields, although 8-CD gave complexes in
moderate yields. Although the yields of the complexes of ¢-CD with PTA and
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Fig.27 The crystal structure of 8-CD-PEG inclusion complex. The crystal packing struc-
ture is head-to-head

Table2 Complex formation between CDs and Polymers

_ ield (%)
Pol 3 yie f
olymer Structure M, /10 «_CD_ p-CD 1-CD re
Il Il 1.0 71 34 68
PEA {04CH,3;0-C+CHI-C 107
PTA I [ 1.0 72 57 80 107
~+0+CH,)};0-C +CHy)-C
I I 0.84 76 46 77 107
~0+CH,);0-C +CHy)7-C,
I
P(¢-CL) ~CACH} -0 0.53 79 52 71 107,
108
PB +CH2CH=CHCH2—x—c|;H2c;H$h 2.0 1.3 31 24 110
CH=CH2
PIP ~CH,CH=CCH,~X~CH,CH~  0.62 0 3.0 6.3 111
CHj; c|;=CH2
CH;
c|;H3 C|:H3
PDMS CH3—e?i—o—)ﬁ?i—cH3 3.2 0 0 72 112,
CH,4 CH,4 13
g
PSi CH3—¢§i—rnCH3 0.8 0 0 57 114

CHj3
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PBA decreased with increasing molecular weight, «-CD formed complexes
with PEA in high yields even at higher molecular weights. «-CD-P(e-CL)
complexes were stoichiometric one-to-one (CD: monomer unit) compounds,
and y-CD-P(e-CL) complexes were one-to-two compounds when the molecu-
lar weights of P(e-CL) are low.

Polybutadienes (PB) [110] and polyisoprenes (PIP) [111] were found to
form inclusion complexes with CDs with high selectivity to form crystalline
compounds. B-CD formed complexes only with PIP of low molecular weights,
whereas y-CD formed complexes with PIP of high molecular weights. «-CD
did not form complexes with PIP of any molecular weights. The yields of
y-CD complexes increased with increasing molecular weights of PIP and
reached a maximum at ca. 7 x 10%, and then decreased. a- and 8-CDs formed
complexes only with PB of low molecular weights and high 1,4-addition con-
tent, while y-CD formed complexes with PB of high 1,2-contents in low yields.
The yields of the y-CD complexes decreased with an increase in the molecu-
lar weight of PB of similar composition.

B- and y-CDs formed inclusion complexes with poly(dimethylsiloxane)s
(PDMS) [112,113] and poly(dimethylsilane)s (PSi) [114] of various molecu-
lar weights to give crystalline compounds. However, «-CD did not form
complexes with PDMS and PSi of any molecular weights. The yields of
B-CD-PDMS and S-CD-PSi inclusion complexes decreased with an increase
in the molecular weight of the polymer. In contrast, the yields of y-CD-
PDMS and y-CD-PSi inclusion complexes increased with increasing molecu-
lar weight, reaching a maximum around a molecular weight of 760, and
gradually decreased at higher molecular weights. The chain-length selectivity
is reversed between B-CD and y-CD. The §-CD-PDMS inclusion complexes
were stoichiometric 1:1 compounds when the molecular weights of PDMS
were low. The y-CD-PDMS inclusion complexes were 2:3 (CD:monomer
unit of PDMS) compounds. The y-CD-PSi inclusion complexes were 1:3
(y-CD : monomer unit of PSi) compounds. The PSi main chain in the cavities
of y-CD takes an all-trans conformation. Later, Kira et al. [118] reported that
the PSi chain assumes a helical form from the measurements of their circular
dichroism spectra.

y-CD formed a trace amount of complexes with PEG in a series of the
preparation of inclusion complexes of CDs. The amount of complexes formed
is so small that the authors have not characterized them. Some PEG deriva-
tives, such as bis(3,5-dinitrobenzoyl)-PEG and bis(2,4-dinitrobenzoyl)-PEG,
formed crystalline complexes with y-CD in high yields. However, ¢-CD did
not form inclusion complexes with these PEG derivatives, because the end
groups are too large to thread the cavities of o-CD. The authors found the
self-assembly of double-strand inclusion complexes consisting of PEG and y-
CD, in which two polymer chains are threaded through the macrocycles [119].
PEG-bearing fluorescent probes at both ends, such as bis(1-naphthylacetyl)-
PEG (PEG-1-N;) and bis(2-naphthylacetyl)-PEG (PEG-2-N;), were prepared
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to investigate the characteristic of the complex formation between y-CD
and PEG derivatives (Scheme 1). Inclusion complexes between PEG-1-N, or
PEG-2-N, and y-CD formed a PEG:y-CD ratio of 4: 1 determined with 'H
NMR. Emission spectra of the y-CD-PEG-1-N; and y-CD-PEG-2-N, com-
plexes showed a large contribution from excimers, collective excitations aris-
ing from the interactions between two nearby naphthyl groups. It showed
only monomer emission in the absence of y-CD. These complexes are com-
posed of double chains of PEG penetrated to the cavity of y-CDs.

Most of the supramolecular assemblies have been constructed from the so-
lutions of each component. More recently, the authors found that CD formed
inclusion complexes with PEG with high selectivity only by mixing powdered
crystals of CDs and polymer samples without any solvents under ambient
conditions (Scheme 2) [120]. When crystals of o-CD and PEG (M,, = 400)
were mixed without solvent («-CD : ethylene glycol unit=1:2), the X-ray
powder patterns changed; a peak at 20 = 22° characteristic for the cage type
decreased, and a peak at 20 = 20° characteristic for the channel type appeared

PEG-2-N;

Scheme 1

%.:%,;%;% Ho{c:Ec?Hzo}nH
‘b&‘b’#&% - £
%&%&V#% :
L 2

a-CD Crystal a-CD Crystal
in the cage type. in the channel type.

Scheme 2
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and increased. Similar changes in X-ray powder pattern were observed in the
cases of «-CD and poly(oxytrimethylene) or poly(tetrahydrofuran). PEG car-
rying large groups, such as 2,4-dinitrophenyl and 3,5-dinitrobenzoyl groups,
did not give any changes in the X-ray powder pattern of «-CD even after
2 months, indicating that PEG comes into o-CD cavity from its small end
groups.

Tonelli et al. [121] also reported complex formation of «-CD with PEG
without solvent. Takata et al. [122] reported the preparation of polyrotaxanes
from complexes of @-CD with THF in a similar way.

4.2
a-Cyclodextrin Polyrotaxanes and Cyclodextrin Molecular Tube

Polyrotaxanes in which many «-CD are threaded on a PEG chain were pre-
pared by the reaction of the complexes between «-CDs and PEG bisamines
with 2,4-dinitrofluorobenzene which is bulky enough to prevent dethread-
ing [123-125] (Scheme 3). Many kinds of polyrotaxanes were prepared start-
ing from PEG with various molecular weights. Fifteen to 100 o-CD molecules
(on average) are captured in each polyrotaxane. A polyrotaxane with ca. 100
a-CD molecules was obtained by the fractionation of the product prepared
from PEG of average molecular weight 1.0 x 10* using GPC. This is the first
example of a polyrotaxane (not pseudo-rotaxane) and was named a “molecu-
lar necklace”.

. CH,CHzNH,

m

Scheme 3
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Scheme 4

The authors prepared a “molecular tube” by crosslinking adjacent o-CD
units in a polyrotaxane (molecular necklace) [126, 127] (Scheme 4). The mo-
lecular necklace was dissolved in 10% NaOH, to which epichlorohydrin was
then added. Epichlorohydrin was allowed to react with the hydroxyl groups of
the threaded «-CD to link up each «-CD. 2,4-Dinitrofluorobenzene moieties,
bulky stoppers, at both ends were removed by the treatment with a strong
base (25% NaOH). The yield of molecular tube was 92% and the average
molecular weight was estimated to be ca. 2 x 10* by GPC. The molecular
tube could accommodate I3~ ions in an aqueous solution of KI-I, efficiently,
whereas o-CD could not.

43
Molecular Shuttle

CDs form complexes not only with non-ionic polymers but also with ionic
polymers, such as linear polymers consisting of bipyridinium (viologen)
bridged by polymethylene chains (Scheme 5) [128]. The methylene peaks split
in two upon addition of «-CD, although these peaks did not change upon
addition of y-CD. These peaks are broadened upon addition of 8-CD. These
results indicate that a-CD stays at one of the methylene chains on the 'H
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NMR time scale, and B-CD moves along the polymer chain faster than the 'H
NMR time scale. On the basis of these observations, the authors decided to
make a molecular shuttle in which «-CD molecule move back and forth along
a chain.

A molecular shuttle was designed as follows: «-CD as a ring, two poly-
methylene chains as stations, 4,4'-bipyridinium units as linkers, and dinitro-
phenyl groups as stoppers. The molecular shuttles were prepared as shown in
Scheme 6. The authors prepared an axle first, and then the axle was treated
with an aqueous solution of «-CD. A molecular shuttle consisting of do-
decamethylene units, 4,4'-bipyridinium units, and «-CD was obtained by
closing the chain end groups with 3,5-dinitrofluorobenzene [129]. The shut-
tling behavior of the molecular shuttle is sensitive to solvent and temperature,

— —_ 8 NO;
FO-COpeul : @OV o (Ftons,
Br Br

Scheme 6
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and could be controlled by double interactions: a hydrophobic interaction be-
tween the interior of the CD cavity and the station and a repulsive interaction
between «-CD ring and a linker. While the molecular shuttle was prepared,
the authors found that cationic groups serve as a potential surface for the
translocation of the «-CD ring on a polymer chain. Therefore, the authors
studied the interactions between CDs and some dodecamethylene derivatives
with different numbers of cationic groups (Scheme 7). The authors found that
CD did not escape from a dodecamethylene derivative with three cationic
groups at the chain ends. Multiple cationic groups stabilize a rotaxane struc-
ture by inhibiting a CD ring from coming off [130]. A rotaxane containing an
azobenzene group in its axle and «-CD has been prepared (Scheme 8) [131].
The CD ring stayed around the trans-azobenzene site. When the rotaxane was
irradiated with UV light, the azobenzene unit was isomerized from trans to
cis, and the «-CD ring moved to encircle one of the ethylene glycol chains.
Upon irradiation with visible light, the azobenzene unit was isomerized from
cis back to trans, resulting in shuttling of the CD ring along the chain.

4.4
B-Cyclodextrin Polyrotaxanes

An alternative approach for the preparation of CD-based polyrotaxane using
photoreactions is described (Scheme 9). The authors prepared «-CD-based
polyrotaxanes by capping ends of «-CD-PPG complexes, in a pseudo-poly-
rotaxane structure, with covalently bound stoppers. A polyrotaxane contain-
ing a number of B-CD molecules was prepared by photoreactions of a pre-
cursor complex between $-CD with PPG having a triphenylmethyl group at

PPG

B-CD

hv (Visible light)

Scheme 9
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one end and a 2-anthryl group at the other end [132]. First, the authors
prepared a precursor complex of 8-CD with a derivative of PPG having
a triphenylmethyl group at one end and a 2-anthryl group as the other end.
When the precursor complex was irradiated with visible light (A > 340 nm)
using a 500 W Xe lamp and an appropriate cut off filter, the photodimer-
ization of 2-anthryl groups took place to form a polyrotaxane. GPC data
indicated that the elution volume of 8-CDs polyrotaxane was smaller than
that of the starting material, indicating that the hydrodynamic size of §-CDs
polyrotaxane was larger than that of the starting material. The fluorescence
spectrum of PPG axis molecules attached to a triphenylmethyl group and
a 2-anthryl group showed emission around 450 nm, but -CDs polyrotaxane
did not show anthracene emission, showing that the 2-anthryl group in 8-CDs
polyrotaxane was dimerized by visible light. The authors have successfully
prepared a polyrotaxane containing 8-CDs by photoreactions of a precursor
complex between $-CD with PPG having a triphenylmethyl group at one end
and a 2-anthryl group at the other end.

4.5
Cyclodextrin Poly(polyrotaxane)

Bulky substituents, such as dinitorophenyl groups and triphenylmethyl groups,
have been used as stoppers to prevent dethreading of the above-mentioned
ring compounds. Anthracene groups are large enough to prevent dethreading
of «-CD and B-CD from an axle and are able to form dimers by photoir-
radiation [133]. In this case, poly(polyrotaxane)s and poly(catenane)s could
be obtained by photoirradiation of polyrotaxanes with anthracene groups as
stoppers. The authors have prepared poly(a-CD-polyrotaxanes) by photoirra-
diation of polyrotaxanes having 9-anthracene groups as stoppers [133].

First, the authors prepared PEG with an anthracene group at one end of
the polymer chain. Then, the modified polymer was treated with «-CD to
form pseudo-polyrotaxane. Finally, the pseudo-polyrotaxane was capped with
9-anthracene carboxylic acid to obtain polyrotaxane (Scheme 10). The ratio
of CD and monomer units was found to be 4:1 (ethylene glycol unit:CD)
by 'H NMR. When a DMSO solution of a-CD-polyrotaxane was irradiated
with visible light (A > 340 nm) (500 W Xe lamp with UV cut filter) under ar-
gon, poly(a-CD-polyrotaxane) was precipitated out. The 'H NMR spectrum
of the product showed broad resonance bands due to «-CD and PEG and the
absence of the absorption bands due to monomeric 9-anthracene. Charac-
teristic absorption and emission bands due to monomeric 9-anthracene have
completely disappeared.

When the DMSO solution was keptat 120 °Cafter irradiation, UV-visibleand
fluorescence spectra showed that the anthracene monomer came back again in
more than 90% conversion. These spectral changes showed that the reversible
photodimerization and dissociation of 9-anthracene end-groups took place.
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4.6
One-Pot Synthesis of y-Cyclodextrin Polyrotaxane

Some macrocyclic molecules currently inserted while preparing rotaxanes
have a cavity of ca. 6 A diameter, such as crown ether, cucurbituril (CB [6]),
and «- and B-CDs, which make it relatively easy to prepare interlocked
molecules. However, it is difficult to prepare rotaxanes or polyrotaxanes con-
taining larger macrocyclic molecules having a cavity of more than 7.0 A
diameter by the threading method. y-CD has a cavity of 7.5-8.3 A diameter.
Previously, the formation of tetraphenylcyclobutane blocking groups along
the polymer main chain in the presence of both - and y-CDs was achieved
upon irradiation with UV light in aqueous solutions, which are thought to be
self-assembled spontaneously by y-CD in the polyrotaxane and be composed
mainly of B-CD polyrotaxane [134]. The 9-anthryl group is large enough to
prevent o- and $-CDs from dethreading, but it is small enough for y-CD to
thread onto the polymer chain. However, the photocyclodimerization prod-
ucts of 9-anthracene groups are large enough to prevent y-CD from dethread-
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1) hv (Visible light; A>340 nm)

for 3 days
2) washed water
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m; Degree of polymerization
n, Number of v-CD

Scheme 11

ing [135-139]. Therefore, the authors chose PPG as an axle molecule and
9-anthryl groups as bulky stoppers for the PPG end. The authors investigated
a new one-pot method to prepare polyrotaxanes containing y-CDs by the
photocyclodimerization reactions of 9-anthryl groups at the ends of the poly-
mer chain in the presence of y-CDs (Scheme 11) [140]. GPC data indicated
that the molecular weight of y-CD polyrotaxane was higher than that of the
starting materials. The 'H NMR spectrum of y-CD polyrotaxane showed the
absence of resonance bands due to the 9-anthryl group and a new signal ap-
peared at 8 ppm, assignable to the cyclic dimer of 9-anthryl groups. The FT-IR
spectrum showed absorption bands due to y-CD moieties, indicating that
y-CD molecules are interlocked in y-CD polyrotaxane.

4.7
Polyrotaxanes Prepared by Inclusion Polymerization
(Polythiophene Polyrotaxanes)

Conducting polymers have attracted much attention as promising materials
for sensors, because they have potential use as molecular wires as a founda-
tion to put single-molecule electronics into practical use in the future. The
authors expected to see interesting results from a 7-conjugated polymer cov-
ered with organic compound insulation. The authors chose polythiophene
as a w-conjugated polymer. Polythiophenes are an important representative
class of w-conjugated polymers because of their thermal stability. Polythio-
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phenes can be prepared by various chemical and electrochemical polymer-
ization techniques. The authors investigated synthesis inclusion complexes of
B-CD or of 2,6-dimethyl-8-CD (DM-B-CD) with bithiophene (2T) and their
polymerization to obtain polyrotaxanes (Eq. 1) [141].

FeCla
water

B-CD (R = H)
DM-B-CD (R = Me)

1)

In order to obtain pseudo-rotaxane, the polymerizations of 8-CD-2T and
DM-B-CD-2T inclusion complexes were carried out in water using FeCls
as an oxidative initiator. '>C CP/MAS NMR indicated that the DM-8-CD
molecule in the inclusion complex with Poly(2T) had a symmetrical cyclic
conformation, although DM-B-CD assumes an asymmetrical conformation
in the crystal when not including a guest into the cavity. A polythiophene
chain was included into the cavities of DM-8-CD. The signals in the MALDI-
TOF MS spectrum of DM-B-CD-Poly(2T) were clearly assigned to proton
adducts of poly(2T) and sodium or potassium cation adducts of DM-8-CD.
The number-average molecular weight of poly(2T) was up to 5 x 10°. Al-
though there have been a few reports on the polymerization of thiophenes
with CDs in water [142], the resulting poly(ethylenedioxy thiophene) did
not contain any CD molecules, indicating that CD molecules came off from
poly(ethylenedioxy thiophene) during the polymerization and a rotaxane-
type structure was not formed.

5
Supramolecular Polymers Formed by CDs and Polymer Side Chains

In biological systems, macromolecules form supramolecular structures
mainly through their side chains, leading to expression of various functions
necessary for maintaining living activities [143]. Therefore, it is expected that
supramolecular polymers in which their side chains interact through non-
covalent bonds become more important not only for understanding details
of biological systems but also for constructing highly functional artificial
systems. More than twenty years ago, lijima et al. [144-146] reported on
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the interaction of CDs with water soluble polymers, including poly(sodium
methacrylate), copolymers of sodium styrenesulfonate and styrene, and
copolymers of sodium (meth)acrylate and styrene. In the case of copolymers
containing styrene units, they suggested the interaction of CDs with phenyl
side chains, but they did not characterize the structure of supramolecular
polymers. In this section, the authors review recent examples of supramo-
lecular polymers formed by CDs with polymer side chains.

5.1
Side Chain Polyrotaxanes

Ritter et al. [147-155] have been studying side chain polyrotaxanes. They
synthesized side chain polyrotaxanes by amide coupling of polymer-carrying
carboxylic acid moieties with various semirotaxanes of methylated 8-CD(s)
and an axle bearing an amine group at one end [147-154]. These works have
been reviewed in an excellent review by Raymo and Stoddard [78]. Ritter
et al. [155] reported recently a new type of side chain polyrotaxane. They
polymerized inclusion complexes of di(meth)acrylates of butan-1,4-diol and
hexan-1,6-diol with «-CD and with methylated 8-CD using a redox initiator
system in aqueous media, and characterized the polyrotaxane structure by IR
and glass-transition temperature measurements.

5.2
Alkyl Side Chains

The authors studied the interaction of CDs with alkyl side chains attached to
the poly(acrylamide) backbone with 'H NMR spectroscopy and found that
CDs bind alkyl side chains efficiently and selectively [156]. n-Butyl side chains
interacted only with «-CD. On the other hand, ¢-butyl side chains interacted
with 8-CD and y-CD, but did not interact with «-CD. The association con-
stant for the complex formation of 8-CD with a t-butyl side chain was larger
than that for the complex formation of y-CD, indicating that the ¢-butyl side
chain fits well in the 8-CD cavity. The association constant for the complex
formation of ¢-CD with linear alkyl side chains increased with an increase
in the carbon number of the alkyl side chain from butyl to dodecyl. Note-
worthy is that CDs recognize alkyl chains on the polymer main chain more
specifically than low molecular weight ones. This may be because CDs include
polymer-carrying alkyl chains only from one direction.

5.3
Aryl Side Chains

The authors also investigated the interaction of CDs with aromatic side chains
attached to the poly(acrylamide) backbone by several techniques including
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steady-state fluorescence and circular dichroism (cd) spectroscopies [157].
(1-Naphthyl)methyl and (2-naphthyl)methyl side chains interacted most con-
siderably with B-CD. Cd spectra indicated that §-CD included polymer-
carrying INp groups shallowly, but it included deep polymer-carrying 2Np
groups to form inclusion complexes, in which the longer axis of the 2Np
group is rather parallel to the rotation axis of 8-CD.

5.4
Utilization of Supramolecular Polymers Formed by CDs and Polymer Side Chains

Supramolecular polymers formed by CDs and polymer side chains have
been utilized for controlling the association behavior of water soluble poly-
mers. Akiyoshi et al. [158] reported that 8-CD regulated the association and
dissociation of hydrophobically modified pullulan in aqueous media. The
self-aggregates of pullulan modified with cholesterol moieties were disso-
ciated into molecularly dispersed polymers upon addition of B-CD, which
interacts with cholesterol moieties to suppress hydrophobic associations. The
self-aggregates were regenerated upon addition of 1-adamantanecarboxylic
acid, which interacts with B-CD more strongly than cholesterol does.
Yan et al. [159] utilized the complex formation of methyl 8-CD with hy-
drophobically modified copolymers of methacrylic acid and ethyl acrylate
to characterize the polymers molecularly dispersed in aqueous media, be-
cause it is usually difficult to characterize this type of polymer in aqueous
media due to a stronger tendency for interpolymer hydrophobic associa-
tion. Yan et al. determined the weight average molecular weight, hydro-
dynamic radius, and radius of gyration of these polymers in the presence
of excess methyl B-CD. Hogen-Esch et al. [160-162] studied the inter-
action of B-CD with copolymers of N,N-dimethylacrylamide (DMA) and
2-(N-ethylperfluorooctane-sulfonamido)ethyl acrylate (FOSA) by viscometry.
Upon addition of B-CD, the solution viscosity decreased because of suppres-
sion of hydrophobic associations of fluorinated side chains. Upon addition
of sodium 1-adamantanecarboxylate to mixtures of 8-CD and DMA/FOSA
copolymers, the solution viscosity was recovered. Using these observations,
controlled release of methyl orange was also investigated. Ravoo et al. [163]
investigated the interaction of 8-CD with poly(isobutene-alt-maleic acid)s
modified with 4-¢-butylphenyl or adamantyl groups by affinity capillary elec-
trophoresis. From the effect of the 8-CD concentration on the electrophoretic
mobility of the polymers, the association constants for the complex forma-
tion of B-CD with hydrophobic side chains were determined. They deduced
that the change in electrophoretic mobility upon complexation was caused
by a transition of the polymer conformation from a compact conform-
ation to an extended one with an increase in the 8-CD concentration. Ritter
et al. [164] reported copolymerization of N-isopropylacrylamide (NIPAM)
with hydrophobic monomers included by methylated -CD in aqueous me-
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dia to form high molecular weight copolymers. Recently, they also examined
the effect of methylated §-CD on the lower critical solution temperature of
NIPAM copolymers bearing adamantane moieties [165]. Hu et al. [166, 167]
synthesized a series of hydroxypropyl methylcellulose bearing azobenzene
side chains and investigated their photoresponsive sol-to-gel transition be-
havior in the absence and presence of «-CD. Hu et al. observed that, after UV
irradiation, the sol-to-gel transition occurred at a higher temperature in the
absence of ¢-CD and at a lower temperature in the presence of a-CD.

When CD moieties linked together covalently interact with hydrophobic
side chains to form inclusion complexes, these inclusion complexes may act
as cross-links to form network structures, leading to an increase in solu-
tion viscosity, gelation, or phase separation. Wenz et al. [168,169] studied
the interaction of poly(isobutene-alt-maleic acid) bearing B-CD moieties
with poly(isobutene-alt-maleic acid) bearing 4-t-butylanilide side chains
and reported an increase in the solution viscosity. Gosselet et al. [170] re-
ported on the interaction of a 8-CD polymer, prepared by cross-linking with
epichlorohydrin, with N,N-dimethylacrylamide/hydroxyethyl methacrylate
copolymers bearing 2 mol % of adamantyl side chains. Mixing of these poly-
mers led to a viscosity increase and phase separation. Guo et al. [171] studied
the interaction of poly(acrylic acid)s bearing «- and B-CD moieties with
octadecyl-modified poly(acrylic acid). They observed a maximum of solu-
tion viscosity at a 1:1 molar ratio of CD moiety and octadecyl side chain.
The authors reported hydrogel formation from poly(acrylamide)-bearing
azobenzene side chains and poly(allylamine) bearing-S8-CD moieties [172].
When the azobenzene moieties took the trans form, a mixture of poly-
mers forms hydrogel, but when the azobenzene moieties took the cis form,
the mixture of polymers was a sol. Recently, the authors also investigated
gel-to-sol and sol-to-gel transitions utilizing the complex formation of «-
CD with dodecyl side chains attached to the poly(sodium acrylate) back-
bone [173]. When «-CD was added to a hydrogel of poly(sodium acrylate)
modified with 5 mol % of dodecyl side chains, the viscosity decreased dras-
tically. On the other hand, when an «-CD oligomer, prepared by cross-
linking with epichlorohydrin, was added to a solution of poly(sodium acry-
late) modified with 2 mol % of dodecyl side chains, the viscosity increased
remarkably.
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Abstract The purpose of this review article is to give an account of the various types
of dendritic systems that form liquid-crystalline mesophases and to describe the way
they are organized within supramolecular organizations. It is shown that tuning of the
mesophase structure can be achieved by an appropriate molecular design depending
upon the chemical nature of the terminal mesogenic groups, dendritic core and den-
drimer generation. The division of the subject in this review is made by the nature
of the dendritic scaffold. After a general introduction on dendrimers, supramolecular
liquid-crystalline dendrimers are first discussed. Then, a large part of the review is de-
voted to side-chain liquid-crystalline dendrimers with different chemical skeletons. The
section concerning main-chain liquid-crystalline dendrimers is divided into two parts,
the willow-like and the octopus dendrimers. Liquid crystals based on other types of
dendritic matrices are finally discussed, including shape-persistent dendrimers, metallo-
dendrimers, fullerodendrimers, polypedes and rod-coil block co-dendrimers.

Keywords Dendrimer - Dendritic - Liquid crystal - Mesogen - Mesophase - Polypede

Abbreviations

2D two-dimensional

3D three-dimensional

AFM atomic force microscopy

Cr crystalline phase

Colp, Coly, hexagonal columnar phase (p6mm symmetry)
Col; rectangular columnar phase (p2gg or c2mm symmetry)
Colsqu square columnar phase (p4mm or p4mg symmetry)
Colget tetragonal columnar phase

Col, unidentified columnar phase

Cub Cubic phases (Pm3n and Im3m lattice symmetries)
DMF N,N’-dimethylformamide

DOBOB 3,4,5-tris[(4-dodecyloxy)benzyloxy]benzene unit
DP degree of polymerization

DSC differential scanning calorimetry

Fc ferrocene

G glassy or amorphous solid phase

I isotropic liquid

LC liquid crystalline

LCD liquid crystalline dendrimer

MC-LCD main-chain liquid crystalline dendrimer

M, M1, M2 unidentified mesophases

Tet, Miet 3D body-centered tetragonal phase

MD molecular dynamics

N nematic phase

N* chiral nematic or cholesteric phase

OPV oligo(phenylenevinylene)

PAMAM polyamidoamine

Pc phthalocyanine

PE pentaerythritol

PEO polyethylene oxide

PPI polypropyleneimine

Ps spontaneous polarization

SC-LCD side-chain liquid crystalline dendrimer
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SmA smectic A phase

SmB smectic B phase

SmC smectic C phase

SmC* chiral smectic C phase
SmCPg, SmCP polar smectic phases
SmX unidentified smectic phase
THF tetrahydrofuran

uv ultraviolet

XRD X-ray diffraction

1

Introduction

Since their discovery in the late 1970s [1], dendrimers have led to the most im-
pressive developments and rapidly expanding areas of current science [2-11].
This extraordinary enthusiasm is caused by the intrinsic and unique molecu-
lar features of the dendrimers [2-11] and the possibility of generating numer-
ous and original chemical architectures, offering new synthetic concepts and
challenges for chemists [12, 13] as well as raising several interesting theoret-
ical questions [14, 15]. The word dendrimer comes from the Greek dendros
meaning tree and meros meaning part. This is a class of aesthetic, compart-
mentalized, practically monodisperse supermolecules possessing a regular
and controlled three-dimensional branched topology [2-11], with a geomet-
rical rate of growth as the generation number increases. Consequently, these
molecules can possibly carry a large number of functional groups per volume
unit [16]. These features are the result of sophisticated genealogically directed
syntheses consisting of controlled iterative methods involving successive and
specific elementary steps (convergent or divergent directed sequential con-
struction). Furthermore, such “supermolecules” are unique in that they lack
entanglements, leading to a good solubility in almost all organic solvents and
in principle to a lower intrinsic viscosity.

The combination of a precise functionality at the termini or in the cavities
with large and defined macromolecular structures also offers many oppor-
tunities in materials science and medicine, as well as many fundamental
aspects. Research in this area has been further boosted by the appreciation
of their uses as potentially interesting candidates in widespread applica-
tions [17,18]. They may be used, when suitably functionalized, in biology
as drug or gene delivery devices (encapsulation of guests in the cavities of
dendritic hosts) [19], because of their rough resemblance to some living com-
ponents (bio-mimetism) [20-24], or in chemistry (multiredox, chiroptical,
catalytic properties). Alternatively, as ideal functionalized oligomeric sub-
stances (incorporating active or reactive functions), they may be designed as
materials with precise functionalities in which molecular level information
is transferred from the initiator core to the periphery (or vice versa) with
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the expectation of complementary and synergic phenomena (i.e. induction of
new properties), and/or cooperative effects (i.e. amplification of the existing
properties) [25-31]. Several excellent comprehensive review articles have em-
phasized many of these interesting assets of dendrimers [2-11, 14-16, 32-45].

Molecular engineering of liquid crystals is also an important issue for con-
trolling the self-assembling ability [46,47] and the self-organizing process
of single moieties into controlled meso- and nanostructures [48-52]. It was
therefore logical to functionalize such supermolecules in order to obtain well-
defined giant-like liquid crystalline materials [53-58] with the possibility
of discovering new types of mesophases and original morphologies [59-
66]. The first liquid crystalline dendrimers (LCDs) to be reported were ob-
tained by simply incorporating mesogenic groups within a hyperbranched
dendritic scaffold either by random self-polymerization of an appropriate
difunctionalized mesogenic monomer [67-73] or by the grafting of mono-
functionalized mesogenic units at the terminal branches of a pre-formed
tree-like polymer [71]: such hyperbranched polymers [74], a denomination
presently preferred to dendrimers, are characterized by randomly branched
structures with a high degree of branching and broad molecular weight dis-
tributions [75-77]. Despite their great interest, these systems will not be
further discussed here as they are out of the scope of this review.

So far, most studies have focused on side-chain liquid crystalline den-
drimers (SC-LCDs; Fig. 13). Induction of liquid crystalline properties may
simply be achieved by grafting mesogenic promoters on the periphery of a den-
drimer, though a few LCDs with non-mesogenic end-groups have also been
reported [53-57]. Mesomorphism results essentially from both the enthalpic
gain provided by anisotropic interactions, and the strong tendency for mi-
crophase separation due to the chemical incompatibility between the flexible
dendritic core and the terminal groups as in AB-block copolymers [78]. The
structure of the mesogen as well as the topology of attachment to the core
(end-on and side-on; Fig. 13) determine the mesomorphism of the entire com-
pound. The control of the ultimate molecular architecture (size and shape)
can be modulated by the generation growth, the multiplicity of the branches
and the connectivity of the focal core. Other sub-classes of LCDs that will also
be considered in this review include supramolecular dendromesogens, shape-
persistent, main-chain, polypedic, metal- and fullerene-containing LCDs.

2
Supramolecular Liquid-Crystalline Dendrimers

Such mesogenic systems represent a class by themselves often referred to as
dendromesogens. The dendritic concept results from the self-organization of
these dendromesogens into various liquid crystalline morphologies. Cylindri-
cal supramolecular dendrimers are generally obtained by the self-assembly
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of first generation monodendrons [79-85] (and of their corresponding side-
group polymers [86-95]) that exhibit a tapered fan shape. The wide end of
these molecules is usually made up of three flexible aliphatic chains such
as in the DOBOB (3,4,5-tris[(4-dodecyloxy)benzyloxy]benzene unit; Fig. 1A)
and 3,4,5-trialkoxybenzene derivatives (Fig. 1B), whereas the summit is made
hydrophilic by using acid, ester or alcohol functions, or by grafting crown
ethers or ethylene oxide chains. Malthéte already successfully demonstrated
the great aptitude of systems containing the DOBOB unit (Fig. 1A, m = 12) to
self-organize into columnar mesophases. Indeed, unconventional mesogens
such as the conical-like, pyramidal-like and the so-called diabolo-like meso-
genic molecules [96-98] were produced by the connection of the DOBOB
units to various multivalent molecular sub-units.

Self-assembly of such tapered dendritic molecules into infinite columns
can be seen as an arrangement of “parts of a cake” to form a flattened circular
slice followed by the stacking of these slices on top of another (Fig. 2), the cen-
tral core of the columns being filled by the polar parts (crown ether, ethylene
oxide segments) or the polymer backbone. This process is driven by micro-
segregation of the different parts constituting the molecules, steric con-
straints as well as in some cases H-bonding interactions. The self-assembly
ability of these systems into columnar organizations is strongly enhanced

Q)
el ¢
R =H, Me, M*
o™ ¢
CO o A= X‘Q*O C or
0O
QZ%

oﬁo’\o > - OR

o~
io JJ 0 R = CoHane1, (CH2)n(CF2)mF
\\/O (DOBOB) R= C12H25
(0] OR
6]
g S
p
OR
R=H, Me / R = CpH2p+1, (CH2)n(CF2)mF

Fig.1 Various types of flat tapered molecules self-assembling into cylindrical columns
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Fig.2 Schematic representation of the self-assembling of flat tapered monodendrons into
cylindrical columns and their self-organization into the Col}, phase

by fluorination of the dodecyl side chains (Fig. 1, R = C,H3,CpFams1 with
n+m=12 and n,m =4, 6, 8) [99-101]. A rich mesomorphism was also pro-
moted in alkali metal salts of 3,4,5-trialkoxybenzoic acids (G1-CO;M, n = 12,
14, 16, 18) that were found to self-organize at low temperatures into Col;
(M* =Nat, m =12) or Col, (M =Li*, Na*, K*, Rb*, Cs*, m =12, 14, 16,
18) phases and at high temperature into both Pm3n and Im3m cubic phases
or only the cubic Im3m phase (M = Li*, m = 12; M = Li*, Na*, K*, m = 14;
M =Li*, Na*, K*, Rb*, m = 16; M = Li*, Na*, K*, Rb*, Cs*, m = 18), depend-
ing on chain-length and alkali metal [102].

Thus, essentially all the flat tapered molecules are found to lead to
columnar structures, but when laterally attached to a flexible polymer
backbone, the nature and symmetry of the phase was found to be deter-
mined by the degree of polymerization. And indeed, for some polystyrene,
poly(methacrylate) [90] and poly(ethyleneimine) [92] polymers containing
3,4,5-tri(dodecyloxy)benzoyl minidendritic side-groups, those with a DP
> 15-20 led to hexagonal columnar organizations, whereas those with lower
DP self-organize into “inverse micellar-like” thermotropic cubic mesophases
with Pm3n and Im3m space groups, respectively [90, 92]. About two macro-
molecules pair up to form inverse micellar-like objects with globular cores
containing polymer backbones and aromatic groups, the alkyl chains radiat-
ing out to ensure a continuous matrix.

It was anticipated that a change in dendritic shape to a nearly spherical
one should occur upon increasing the generation number [103]. And in-
deed, cone-shaped, hemisphere-like and even spherical monodendrons were
obtained by increasing the generation number, producing spherical supra-
molecular dendrimers that in turn self-assemble into micellar cubic phases
(Fig. 3). In addition, the rate of this dendritic deformation can be modulated
by the degree of branching (branching multiplicity) and the “surface”-chain
topology (position and number of terminal aliphatic chains).

This is first illustrated by the four generations of monodendrons based on
the AB3 building block unit shown in Fig. 4 [104, 105]. The substitution of
the terminal benzyl ethers by three alkoxy groups (in their 3,4,5 positions)
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Fig.3 Schematic representation of the self-assembling of conical-like monodendrons into
spherical supramolecular dendrimers and their self-organization into cubic phases (here
Pm3n symmetry)

allows only a restricted-cooperative rotation that requires the external ben-
zyl ethers to be approximately orthogonal to the internal one, thus favoring
the conical shape of the monodendron (Fig. 3). Starting from the second
generation, all the dendrons (benzoates, corresponding benzyl alcohols and
benzoic acids) exhibit in addition to the crystalline phase an isomorphous
cubic liquid-crystalline phase with the Pm3n space group (Table 1).

Studies of electron density profiles and histograms computed from the
X-ray diffraction data demonstrate that the cubic phase results from the
self-assembly of these supramolecular dendrimers; the aromatic regions are
centered around the corners, the center of the cubic lattice, and in the 1/4 and
3/4 positions along one of the bisectors of each face [106]. This model was fi-
nally confirmed by the analysis of the electron density profiles of the phase
exhibited by a G2-CO,H derivative with perfluorinated side-chains (Fig. 4,
G2-COyH, R = C4HgCgF;7) and doped with small amounts of the equivalent
rubidium salt to modify the contrast [107]. This model is quite similar to
that generally found in micellar lyotropic systems with the same symme-
try [108-111]. The aggregation of the monodendrons into a supramolecular
dendrimer is also favored by the H-bonding network generated by the api-
cal acid or alcohol functions of the monodendrons, the former leading to
the most stable cubic mesophase (Table 1). A convenient way to describe the
cubic phase formed by these supramolecular dendrimers is to consider mi-
celles with “polyhedral” shapes (vide infra). The fluorination of the terminal
chains of the G2-CO,Me monodendron (Fig. 4, R = C12Hj5 to R = C4HgCgF7)
led to the transformation of the “spherical” supramolecular dendrimer into
a pyramidal columnar supramolecular dendrimer. As a consequence, not only
the phase symmetry was changed (cubic-Pm3n vs. Col,-p6mm), but the sta-
bility considerably enhanced (Cr 22 Coly, 92 I) [112]. This unique result shows
an interesting alternative for the control of the molecular conformation and
its mechanism of self-assembly into pre-designed morphologies.

Continuing their investigations, Percec and coworkers also considered sev-
eral generations of benzyl ether monodendrons containing only one aliphatic
terminal chain on the outside benzyl groups (Fig. 5) [113]. Optical polarizing
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Fig.4 Monodendrons based on the AB3 building block unit (X = CO,Me, CO,H, CH,0H;
R =0C;H>s)

microscopy studies and X-ray diffraction data show unambiguously the ex-
istence of a columnar mesophase (p6mm lattice) for the low generation den-
drons and of a cubic mesophase (Pm3n lattice) for the third generation den-
dron (Table 2). Thus, the first two generations of monodendrons (G1-CO,H
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Table1 Mesomorphic behavior of the monodendrons based on the AB3 building block
methyl 3,4,5-trishydroxybenzoate (X = CO;Me, CO,H, CH,O0H; R = OC,H3s) ab

GnX X= C02CH3 CHon COzH

Gl Cr231 Cr471 Cr591

G2 Cr 58.5 (Cub 56) I Cr 58 Cub 881 Cr83 Cub 1171
G3 Cr-11Cub 941 Cr -12 Cub 106 I Cr-12 Cub 1391
G4 Cr-11G42 Cub 771 Cr-12Cub 851

2 Cubic phase with the Pm3n symmetry
b Phase in brackets: monotropic phase

and G2-CO,Me) self-assemble into cylindrical supramolecular dendrimers.
For an idealized model, it is convenient to view the columns as resulting from
the stacking of cylindrical strata (taken at about ca. 4.5-4.7 A thick), each
containing a precise number of dendrons. In this idealized view, the former
system is made up of four monodendrons, each having a shape equivalent
to a quarter of a disk, whereas the latter is formed by two monodendrons
with a half disk shape. The third generation monodendrons self-assemble
into a spherical supramolecular dendrimer containing six monodendrons;
those monodendrons undergo the most dramatic change in shape and be-
come cone-like. So, a continuous change in the shape of the monodendron is
induced by the generation number.

Therefore, for identical arborescence (here ABs-type for both families of
dendrons; Figs. 4 and 5), the number of terminal alkoxy chains can be greatly
modified, simply by changing the nature of the terminal group. This straight-
forward modification affects significantly the mesophase behavior, as well as
the self-assembling process. Indeed, the apparition of the cubic phase is de-
layed, and the increase in the number of alkyl tails (from 27 to 81) increases
the size of the monodendrons from a sixth of a sphere (Fig. 5, G3-CO,Me) to
a hemisphere (Fig. 4, G4X).

In order to assess the criteria that govern the control of the shape and
size of their supramolecular assemblies, Percec also investigated libraries of
monodendrons that differ in their architecture on the periphery (number of
peripheral aliphatic chains), in the internal repeat unit architecture (type of
arborescence, i.e. branching multiplicity), in the generation number or core
functionality and connectivity. For example, they studied the evolution of the
mesomorphism in a series of dendrimers related to that shown in Fig. 5, but
instead of grafting three 4-dodecyloxybenzyloxy groups at the periphery of
the monomeric AB3 building units, only two of them were attached to the AB,
unit (the terminal chain number was changed from 3, 9, 27 in the former to 2,
6 to 18 for the latter from G1 to G3, respectively) [114]. The cubic phase ap-
pears from the second generation onwards (Pm3n lattice), whereas the first
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G1X G2X

Fig.5 Monodendrons based on the 3,4,5-AB3 arborescence and with DOBOB as terminal
group (X =CO,;Me, COH; R = OC12H25)
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Table2 Mesomorphic behavior of the monodendrons based on the 3,4,5-AB3 arbores-
cence and with DOBOB as terminal group (X = CO;Me, CO,H; R = OC;,Hys) 2

GnX X= C02CH3 COzH

Gl Cr661 Cr 43 Col,, 1451
G2 Cr -18 Coly; 98 Coly, 1171 Cr 182 Cub 1951
G3 Cr -17 G 47 Cubl 179 Cub2 197 1

2 Cubic phase with the Pm3n symmetry

generation forms a Coly, phase. Comparing these two series showed that the
use of the AB; unit versus the AB3 unit at the periphery led to an increase of
the diameter of the supramolecular dendrimer, consequent to a decrease of
the solid angle of the dendron. Upon increasing the generation number, all
the dendrimers increase their solid angle until they become a single sphere.
This trend was generally confirmed for this class of materials.

In another example, they considered the attachment of the first generation
3,4-bis(n-dodecan-1-yloxy)benzoyl ether monodendron to the periphery of
Fréchet-type dendritic units (3,5-disubstituted benzyl ethers) leading to an-
other class of mixed monodendrons (Fig. 6) [115]. Interestingly the second,
third and fourth generation monodendrons (4, 8 and 16 terminal chains)
self-assemble into supramolecular cylinders which in turn self-organize into
a hexagonal columnar p6mm liquid-crystalline lattice. The fourth generation
dendron is shown to be the first monodendron with a disk-like shape. The
fifth generation dendron (32 chains) self-assemble into a cubic phase of Pm3n
symmetry, where each monodendron is equivalent to a fifth of the supramo-
lecular pseudo-spherical micelle.

Monodendrons based on the AB3 arborescence (as those shown in Figs. 4
and 5) but with two terminal chains per peripheral phenyl group (as those
shown in Fig. 6) were also synthesized up to the fifth generation (6, 18, 54,
162 dodecyloxy chains for G2 to G5, respectively) [116]. A cubic phase only
with the same Pm3n 3D lattice was detected right from the second gener-
ation. All the above examples of cubic phases were found to result from the
self-organization of dendrons which are conical or hemispherical in shape.
However, the fifth generation monodendron is the first quasi-spherical func-
tional monodendron that self-organizes into a cubic lattice (Pm3n) to be
reported (Fig. 12). The oblate spherical shape was confirmed by scanning
force microscopy (the average diameter and average height of the molecule
were found to be 6 and 5 nm, respectively, in a disordered monolayer of den-
drons on a mica surface).

Two other isomeric libraries of self-assembling AB, monodendrons
based on 3,4- and 3,5-disubstituted benzyl ether internal repeat units con-
taining four first generation monodendrons, i.e., 3,4,5-tris(n-dodecan-1-
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G4x

G5X

Fig.6 Monodendrons based on the 3,5-AB, arborescence with 3,4-bis(n-dodecan-1-
yloxy)benzoyl ether terminal groups (X = CO;Me, CO,H, CH,OH; R = OC;,2H;s)
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yloxy)benzoyl ether, 3,4-bis(n-dodecan-1-yloxy)benzoyl ether, 3,4,5-tris(n-
dodecan-1-yloxy)benzyloxy ether, 3,4-bis(n-dodecan-1-yloxy)benzyloxy et-
her, on their periphery were also considered (Fig.7) [117]. It was shown
that the supramolecular dendrimers derived from 3,4-dibenzyl ether mon-
odendrons are spherical while the supramolecular dendrimers derived from
3,5-dibenzyl ether monodendrons are cylindrical. As a consequence, the
monodendritic building blocks of the 3,4-disubstituted series have a cone-like
shape while those of the 3,5-disubstituted series have a shape which corres-
ponds to fragment of a disk or a disk-like shape (Fig. 12). In all the previous
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Q

Fig.7 Library of dendromesogens built up from a 3,4-AB,, 3,5-AB;, and mixed 3,4-3,5-
type of arborescence (R = OC;3Hys, X = CO;Me, CH,0H, CO,H)
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libraries, the structure of the internal repeat unit determines the shape of the
monodendron and of the supramolecular dendrimer. However, for the same
internal repeat unit, the size of the monodendron and of the supramolecu-
lar dendrimer is determined by the structure of the unit on its periphery. On
increasing the generation number, the shape of the monodendron changes
from a fragment of a disk to a disk, to a cone, to half a sphere, and ultimately
to a sphere. Please note that within all these libraries the library based on
3,5-disubstituted benzyl ethers provides the first example of supramolecu-
lar dendrimers able to change their shape in a reversible way as a function
of temperature and also the first example of a spherical supramolecular den-
drimer that self-organizes into a cubic phase of Im3m symmetry (Fig. 12).

Further studies by electron microscopy on some of the samples exhibiting
the Pm3n cubic phase show the existence of grain boundaries and stacking
faults [118]. These are all consistent with the presence of quasi-spherical as-
semblies or more precisely to polyhedral-like micelles, and moreover suggest
that the supramolecular spheres are deformable, interacting with one another
through a relatively soft pair potential [119]. The majority of such quasi-
spherical assemblies are thus distorted into an oblate shape.

Wedge-shaped dendrons such as those described above form mainly
columnar and cubic phases. However, a liquid-crystalline phase with a tetrag-
onal three-dimensional unit cell (Tet phase) containing 30 globular supramo-
lecular dendrimers has been reported recently. Each of these supramolecu-
lar dendrimers is the result of the self-assembly of 12 dendrons, as is shown
in Fig. 8 [120,121]. Interestingly, the complex tetragonal phase of symme-
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Fig.8 Structure of the monodendrons with a 3,5-AB; arborescence showing the tetragonal
phase
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try P4,/mmm is shown to be the equivalent of tetrahedral closely packed
Frank-Kasper structures [122] found in metals and metal alloys. The authors
suggest that the analogy between dendrimers and metals lies in the role
played by the “soft” d orbitals in the metals and the soft globular supramo-
lecular dendrimers. In addition, with dendrons of the same family, quasiperi-
odic structures analogous to those found with some metal alloys, have been
found. Whereas the characteristic length of the self-assembled quasicrystal
is of a few A in metal alloys, it is nearly 10 nm in the case of self-assembled
dendrons.

Note that this geometrical model—that can be compared to the spherical
micelle model used for cubic phases—which visualizes these 3D structures as
an arrangement of space-filling polyhedra [123], as in the case of foams [124],
appears more convenient for the description of the cubic structures than the
3D packing of spheres. In this view, the mean distances between the micel-
lar nuclei can be represented by polyhedral hollow solids, the nature and
type of which obviously are related to the symmetry of the cubic phase.
Thus, for the Im3m phase, the symmetry is generated by the use of a sin-
gle semi-regular Archimedean polyhedron, namely the truncated octahedron
(a regular tetrakaidecahedron with 8 hexagonal and 6 square faces of iden-
tical edge) and located at the nodes of the cubic lattice (N=8x1/8 + 1 x
1 =2). Concerning the Pm3n space group, two polyhedra must be consid-
ered, namely the regular Platonic dodecahedron (12 pentagonal faces of same
edge) located at the center and corners of the cubic cell (8 x1/8 +1x1=2)
and a semi-regular 14-faced polyhedron (tetrakaidecahedron with two hex-
agonal faces and 12 pentagonal faces of same edge), occupying two of the four
tetrahedral sites of each face of the cubic lattice (6 x 2 x 1/2 = 6).

In view of obtaining functional dendrons, crown ethers have been incorpo-
rated at the focal point of some of these dendromesogens (as in Fig. 1). The
dendritic building blocks thus prepared self-assemble either spontaneously
or after complexation with NaOTf in two-dimensional smectic B, smectic A,
and p6mm hexagonal columnar and three-dimensional Pm3n cubic lattices
with increasing generation [125]. A very delicate dependence is described
between the shape of the dendritic crown ether and the stability of its supra-
molecular lattice obtained by complexation with NaOT{. Nevertheless, these
supramolecular dendrimers represent interesting materials for selective ion
transport.

In all the examples reported above concerning the self-assembly of den-
drons based on AB3, AB;, and combinations of AB; and AB; building blocks,
the shape and the diameter of the resulting supramolecular dendrimers were
limited to less than 8 nm, mainly because of the solid angle of the dendron. In
fact, because of the shape change of the self-assembling dendron as a function
of generation, the increase in generation is generally not accompanied by an
exaggerated increase of the supramolecular dimensions, despite the fact that
the molecular weight increases exponentially. In order to produce supramo-
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lecular dendrimers of larger dimensions, new libraries of compounds based
on various combinations of AB, AB, and AB; building blocks have been de-
signed and synthesized. This led to a very broad and original study (34 new
compounds were reported) where the length of the branches, the number
of terminal chains, the degree of branching and the multiplicity were sys-
tematically varied. Thus, two new families of dendritic mesogens such as
the (AB),-AB; and (AB),-AB; series (Fig. 9; y: number of AB blocks; for the
(AB)y-AB3 system, y=3n+3+m=3-11, and for the (AB),-AB; system
y=2n+3+4m=2-7) were first prepared [126].

Most of the first generation supramolecular dendrimers thus synthesized
from the AB; building block (Fig.9) self-organize into lamellar (n =1, 2;
m = 0), columnar hexagonal and rectangular (n =0, 1, 2; m =0, 1) and Pm3n
cubic phases (n=0; m =1, 2, 3), whereas those derived from the AB, unit
(Fig. 9) form lamellar (n =1, 2; m =0, 3) and columnar (n=0, 1, 2; m=1,
2, 3) phases only. The dimensions of the mesostructures are much larger (up
to three times) than those of the phases of same symmetry exhibited by the
highest generations of the supramolecular dendrimers obtained through the
self-assembling of dendrons based on AB3, AB;, and combinations of AB3 and
AB; building blocks.

The corresponding families of the second generation of the AB3 hybrid
dendrons of the type (AB)},-(AB3)2 (Fig. 10, y =0, 9, 18, 27) and (AB),-
(AB;)(AB3) (Fig. 10, y =0, 6, 12) were also prepared by varying the total
number of benzyl AB groups n and m. A hexagonal columnar phase was ob-
tained for the first series (AB)},—(AB3)2 (Fig. 10, n =1, 2), except for n =0
which shows a Pm3n cubic phase and n = 3, which is crystalline. As for the
mixed hybrid series (AB),-(AB;)(AB3), a Pm3n cubic phase was obtained for
all n (Fig. 10, n =0, 1, 2), with an additional Col}, phase for n = 2. Unlike the
previous series of the first generation, no smectic phases were detected.

C12H250 C12H250
C2Ho50 ;o C12H250 ;fo
0 n o) n
lo] o]
S0, “Fon o

Ci2Hp50 (AB)y-AB3 (AB)y-AB;

Fig.9 Structure of the (AB),-AB; and (AB),-AB, dendrons of the first generation
(y: number of AB blocks, see text)
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Fig.10 Structure of the (AB)/V-(AB3)2 and (AB),-(AB2)(AB3) hybrid dendrons of the
second generation (y: number of AB blocks, see text)

Continuing in this direction, because of the large structural possibili-
ties offered by this synthetic approach, other compounds with mixed hybrid
structures could be prepared. A few isomeric dendrimers based on the (AB;)
unit with the 3,4 and 3,5 arborescence were also synthesized. The AB; hybrid
dendrons (AB)y-(3,4-AB;)-AB),-(3,4-AB;) (Fig. 11,y +2=4,6,12,2=0, 2, 4)
yielded 3D cubic structures with an additional Coly, phase for the compound
with m =1 and n = 0. In contrast, the isomeric series (AB),-(3,4-AB;)-(AB).-
(3,5-AB;) yielded mainly 2D columnar phases, namely a Coly,, then both
Col; and Coly, and finally a single Col; phase for the three compounds with
m=n=0,m=1and n=0,and m =2 and n = 1, respectively.

All the above examples show that supramolecular dendromesogens of var-
ious shape and dimensions (in the nanometer scale) can be obtained through
a large variety of AB building blocks connected together according to var-
ious topologies, and through an efficient three-dimensional self-assembling
process (Fig. 12). There is no doubt that such supramolecular nanostructures
are of particular interest in complex soft matter in general, but represent also
promising materials for optoelectronics, electronics and surface nanopat-
terning. Surface alignment and control of self-assembled columnar dendritic
liquid crystals in thin films [127-129] as well as formation of Langmuir
monolayers were also reported [130, 131].
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Fig.11 Structure of the isomeric (AB),-(3,4-AB2)-(AB).-(3,4-AB;) and (AB),-(3,4-AB;)-
(AB);-(3,5-AB;) hybrid dendrons of the second generation (y and z: number of AB
blocks, see text)
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Fig.12 Schematic representation of the self-assembly of dendromesogens into various
type of mesophases (smectic, hexagonal and rectangular columnar, micellar cubic, and
tetragonal phases) by the control of the molecular shape conformation (from flat tapered
to cylindrical to conical and to spherical shape). From [126]
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3
Side-Chain Liquid-Crystalline Dendrimers

The overall structure of such side-group LCDs (this terminology is used by
analogy to side-chain liquid crystal polymers) consists of a flexible branched
network with a branching multiplicity N, emanating from a single multiva-
lent initiator core with a connectivity N¢, and mesogenic or pro-mesogenic
units attached laterally (end-on) or terminally (side-on) at the termini of the
branches (Fig. 13). The number of peripheral groups, Z, depends on these
two structural parameters (Nc and Np) as well as the generation number, G,
according to the geometrical law: Z = NcN§. The control of the molecular
conformation in such side-chain LC dendrimers will be considered thor-
oughly hereafter.

O Multivalent core
Nc: connectivity

@ Branching point
Ng: multiplicity

@ Mesogenic groups

a ~~ -l b

Fig.13 Schematic 2D representation of an end-group dendrimer of second generation
with a 4-fold core connectivity (Nc = 4), and a ternary branch multiplicity (Ng = 3). The
mesogen can be attached terminally or laterally to yield a end-on or b side-on LCDs

3.1
Silicon-Containing Dendrimers

Silicon-containing dendrimers were the first heteroatom-based dendrimers
synthesized, and three types of linkage were used at the branching points:
carbosilane (Si— C), siloxane (Si— O) and carbosilazane (Si—N) bonds [41-
45]. The carbosilane type represents the most important class of silicon-
containing dendrimers mainly because of their excellent chemical and ther-
mal stability, and the versatility of Si — C chemistry allowing access to macro-
molecules of high generation (up to the seventh) [43,44]. Liquid crystalline
dendrimers based on polycarbosilane and polysiloxane branched backbones
have been reported by several groups.
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3.1.1
Carbosilane Dendrimers

Frey and coworkers have prepared dendrimers-based on the carbosilane
backbone with 4 (G0), 12 (G1), 36 (G2), and 108 (G3) cholesteryl end-groups
via esterification of dendritic carbosilane polyols with cholesteryl chlorofor-
mate (Fig. 14) [132-134]. The fast increase in the number of terminal groups
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Fig. 14 Carbosilane dendrimers (N¢ = 4, Ng = 3) from the zeroth to the second generation
and the various groups attached at the periphery (R = A, B, C, D)
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was because of the combination of a high core connectivity (Nc = 4) and the
ternary degree of branching (Np = 3), and despite the synthetic challenge, the
polydispersity indices were in all cases close to unity. The mesomorphism of
these dendrimers is nevertheless not totally clear. Indeed, the authors first
reported that the G1 and G2 dendrimers (Fig. 14, R = A) were crystalline
powders at ambient temperature and formed smectic mesophases between
80-90 °C and 130 °C, whereas that of the third generation was not mesomor-
phic. However, in a subsequent paper, and on the basis of X-ray diffraction
experiments, they reported a lamellar structure for G1, but a 3D Col}, phase
for G3, whereas it was not definite that G2 was mesomorphic [135]. These
dendrimers were also found to be capable of self-assembly into ultrathin
monolayers and multi-layer films.

In further studies, the same group investigated the effect of the nature of
the mesogenic end groups and of the spacer length between the dendritic
scaffold and the mesogen on the liquid crystalline properties. Thus, den-
drimers of the first and second generation were prepared by esterification of
the hydroxyl groups of the carbosilane arborols by derivatized cyanobiphenyl
units (Fig. 14, R = B and C) [136, 137]. The four dendrimers possess a smec-
tic mesomorphism identified by X-ray diffraction as SmA (R =B, GI: G 17
SmA 98 I and G2: G 17 SmA 130 I) and SmE and SmA phases (R =C, G1: G
14 SmE 67 SmA 106 I, G2: G 7 SmE 61 SmA 130 I). The clearing temperature
was independent of the spacer length, but increased from G1 to G2.

Interestingly, besides the use of such classical calamitic mesogens, at-
tachment of the non-mesomorphic perfluorinated alkyl chains to the same
carbosilane polyols also yielded original mesomorphic systems. Thus, perflu-
orinated dendrimers of the zeroth to the third generation having 4, 12, 36, and
108 perfluoalkyl chains were prepared (Fig. 14, R = D) [138, 139]. Whereas GO
was obtained as a crystalline material devoid of mesomorphism (Cr 23 I), G1
and G2 exhibited a smectic phase (G1: G -30 SmA -15 I; G2: G -39 SmX) and
G3 a Coly, phase (G -41 Coly) [140, 141]; no transition to the isotropic liquid
was detected for G2 and G3. In this series, mesomorphism clearly results from
microphase segregation between the fluorophilic shell and the lipophilic in-
terior of the dendrimer, since no mesogenic promoter is present [142]. The
crossover behavior may be due to the increasingly dense packing of the per-
fluorinated chains at the periphery forcing the dendrimer core to deform and
to adopt a more constrained conformation as the generation increased.

Terunuma and coworkers reported the properties of a different type of car-
bosilane dendrimer (N = 3, Np = 3) bearing either cyanobiphenyl species
or an optically active unit derived from 2-phenylpyrimidine at the periph-
ery (Fig. 15). Only three branches emanated from the central silicon atom, the
fourth valency being blocked by a phenyl group leading to 3 (G0), 9 (G1), and
27 (G2) terminal functional units.

All the dendrimers with cyanobiphenyl units (Fig. 15, R=A, m =5) ex-
hibited a single enantiotropic SmA phase, for which the stability was found
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Fig. 15 Carbosilane dendrimers (N¢ = 3, Np = 3) functionalized by various R groups

to increase with generation number (Table 3) [143], whereas it was not af-
fected to a great extent by the spacer length at a fixed generation (Fig. 15,
R = A, m=4-7) [144]. The dendrimers containing the chiral moieties (Fig. 15,
R = B) exhibited a broad SmA phase only from room temperature up to
around 80, 100, and 110 °C respectively [145]. However, the blends containing
10 wt % of the dendrimer with a non-chiral, liquid crystal material (also de-
rived from 2-phenylpyrimidine), exhibited a broad ferroelectric SmC* phase
from room temperature up to ca. 60 °C with additional SmA and N* phases
before isotropization at 83-85°C. No influence of the generation could be
felt here, but the mixtures exhibited ferroelectric behavior, with an electro-
optical switching time increasing with the generation number as in ferroelec-
tric liquid crystalline polymers.

Table3 Mesomorphic behavior of the compounds shown in Fig. 15

Gn Mesogen A (m =5) Mesogen B Blend
GO G7SmA 44 1 SmA 80 I Cr 5.5 SmC* 62 SmA 71 N* 83 I
Gl G14SmA 721 SmA 1051 Cr 7 SmC* 59 SmA 72 N* 85 1

G2 G 15SmA 1151 SmA 1101 Cr 7 SmC* 56 SmA 72 N* 83 I
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Let us also mention the only example of a bent-core molecule [146] fixed
to the zeroth generation of a carbosilane core (Fig. 16) [147]. Truly speak-
ing, this molecule, abusively referred to as a dendrimer, should be seen as
a branched tetramer, since there is no branching, but the concept may be
successfully applied for the supermolecules of higher generations (vide infra
the case of PPI dendrimers bearing bent core mesogens). This compound ex-
hibits a new type of polar smectic mesophase between the glassy state and the
isotropic liquid (G 47 SmCPg 139 I), this organization resulting from a com-
promise between both the constraints imposed by the bent molecule and by
the carbosilane moiety. By X-ray diffraction and optical microscopy, it was
proposed that the molecules are tilted and adapt a polar order within the
layers, but both the polar and tilt directions change randomly (no long-range
orientational correlation between layers) in such a way that the polarization is
cancelled, leading to an optically uniaxial phase. Switching into the ferroelec-
tric organization (SmCPg) can be achieved upon the application of a strong
electric field due to the alignment of the polar directors of the layers parallel
to the electric field. Once formed, the ferroelectric state remains stable, and
spontaneous polarization as high as Ps = 1400 nC cm~2 could be measured.

Probably the most complete study on silicon-containing LCDs was that car-
ried out by the group of Shibaev. The dendritic motif is based on a tetravalent
core (N¢ = 4), and a binary branching point (N = 2) leading to 4, 8, 16, 32,
64 and 128 terminal mesogens from GO up to G5 (Fig. 17). The link with the
mesogenic group is achieved by the hydrosilylation reaction between the pe-
ripheral double bonds of the dendrimer and the monosilylated mesogen. The
effect of the nature of the mesogen and the generation of the dendrimer has
been systematically analyzed.

These mesomorphic carbosilane dendrimers are characterized by a “sur-
face” layer of mesogenic groups on the dendritic macromolecules of regular
structures, responsible for the liquid-crystalline states of these compounds.
The possibility of the creation of a liquid-crystalline shell around a central
nucleus core formed by the soft dendritic matrix opens perspectives for the
applications of such compounds. In a first paper [148], only the smallest
generation (G1) of carbosilane dendrimer was synthesized and studied, the
basic reaction used being hydrosilylation between the mesogen-containing
fragments and the allyl groups of the dendritic matrix [149]. The liquid-
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crystalline properties of the dendrimers were determined by optical polariz-
ing microscopy in combination with differential scanning calorimetry (DSC)
measurements and X-ray diffraction.

The phase behavior of the G1 compounds depends on the chemical na-
ture of the terminal mesogenic groups. In the case of cholesteryl-containing
dendrimers, a single smectic A phase was observed above a glassy phase, the
glass transition temperature being below room temperature (Fig. 18, R =C:
G -15 SmA 100 I). The layer spacing is in the range of 43-45 A with an
intermolecular distance of about 6 A between the cholesteryl moieties. In the
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other cases of cyanobiphenyl- (Fig. 18, R = A, Table 4) and methoxy phenyl
benzoate-containing dendrimers (Fig. 18, R = B, Table 5), lamellar smectic
A and C mesophases were identified with a layer spacing of about 42 A; in
these cases, two additional diffuse bands in the wide angle region of the X-ray
diffraction patterns are related first to the intermolecular distance between
the mesogenic groups (~ 5 A) and to the dendritic matrix itself (~ 7 A). In-
vestigations of electro-optical properties of these dendrimers show that the
dielectric polarization is proportional to the second power of the electric
field in accordance with the Kerr law and that the Kerr constants are close
to those of the low molar mass analogues of the corresponding mesogenic
groups [150]. This suggests that the freedom in the orientation of the meso-
genic groups is one of the most important factors influencing the capability
of these compounds to form mesomorphic phases.

The synthesis of higher generations, up to the fifth one, was later de-
scribed by the authors (Tables 4 and 5) [151, 152]. Following a divergent
scheme, the strategy used for preparing the carbosilane dendrimers with ter-
minal mesogenic groups (Fig. 18, R = A and B) involved three main steps:
first the synthesis of carbosilane dendrimers with terminal allylic groups,
then the modification of mesogens by the introduction of reactive terminal

Table4 Mesomorphic behavior of the carbosilane dendrimers bearing cyanobiphenyl
mesogens*®

Gn R=A

Gl G -22.5 SmC 50 SmA 91.51

G2 G -21 SmC 55 SmA 89.51

G3 G -22.5 SmC 57 SmA 92 1

G4 G -21 SmA 109 I

G5 G -20 SmA Tx Col; 121 Coly, 130 I

? Tx: transition temperature was not determined

Table5 Mesomorphic behavior of the isomeric carbosilane dendrimers bearing
methoxyphenyl benzoate (B) and anisic acid derivative (D) mesogens

Gn R=B R=D

Gl G30SmC 771 G 30 SmC 52 SmA 58 1
G2 G 27 SmC 60 SmA 78 1 G 25 SmC 64 SmA 70 I
G3 G 15 SmC 67 SmA 811 G 10 SmC 65 SmA 79.5 1
G4 G 15.5 SmC 80 SmA 86 1 G 8 SmC 69 SmA 77.5 1

G5 G 12.8 Col; 80.2 SmA Tx Coly, 96 1 GOM150M2951
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groups such as Si — H and finally the attachment of these modified mesogenic
groups onto the surface of the carbosilane dendrimers. Structural studies
on both series of dendrimers, containing either terminal cyanobiphenyl or
methoxyphenyl benzoate groups, show the existence of disordered smectic
phases (smectic A and C) up to the fourth generation despite the assumed
globular shape of the dendritic core [153], with layers of mesogenic groups al-
ternating with layers formed by the carbosilane dendritic cores and aliphatic
spacers. This model is supported by viscosity measurements in toluene and
chloroform solutions of dendrimers which indicate that an increase in the
generation number entails an increase in the crown size due to uncoiling of
the terminal chains in the direction normal to the core surface [154, 155]. It
is interesting to note that the layer spacing is almost constant with the low
generation materials, and varies slightly for the high generation compounds,
always in the range between 40 and 50 A.

The phase diagram for the system G3 dendrimer (Fig. 18, R = A) and CCly,
in the temperature range 0-90 °C, and concentration range 1-55wt % was
realized experimentally [156]. It showed two domains of phase co-existence:
between 1 and 36.5 wt % of dendrimer, two phases coexist without varying
their composition with temperature, and in the concentration range 36.5-
55 wt %, the system separates into two phases, one being liquid-crystalline.

Molecular dynamics simulation studies of a third generation carbosilane
dendrimer bearing cyanobiphenyl groups (Fig. 18, R = A) in solution have
been carried out [157]. An hybrid model was used where the heavy atoms of
the dendritic core are represented by Lennard-Jones sites and the mesogenic
peripheral units by Gay-Berne potentials. It is shown that in the isotropic
phase, the dendrimer adopts a spherical shape, with the alkyl chains (link-
ing the mesogenic groups to the dendritic core) wrapping around the core
and the terminal mesogenic units arranged randomly near the surface of the
dendrimer. In the nematic and smectic solvents, the dendrimer core adopts
a similar structure to the isotropic phase, but the terminal mesogenic units
align to lie close to the solvent director. This occurs through a rearrange-
ment of the alkyl chain conformations resulting in the dendrimer forming
a rod shape. Such fluctuations in the conformations of the alkyl chains al-
low the dendrimer as a whole to become elongated along the nematic director
and the peripheral mesogenic groups to align with an order parameter ap-
proaching that of the solvent. Such an elongation of dendrimers to form
rod-shaped structures is consistent with the induction of lamellar phases
in the bulk.

Unexpectedly, the fifth generation of the carbosilane LC dendrimers con-
taining 128 terminal cyano groups not only form a lamellar but also supra-
molecular columnar mesostructures [158]. A smectic A phase exists at low
temperature, for which the molecular organization is the same as that of the
previous generations with a layer spacing of 53 A despite the presence of
the large number of peripheral mesogenic groups. At higher temperature,
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this lamellar mesophase transforms firstly into a rectangular columnar phase,
and on further heating into a hexagonal columnar phase. The explanation
of this behavior given by the authors is based on a change of the molecular
shape. With the increase of the temperature, the carbosilane LC dendrimers
become less elongated and their shape more circular, favoring the formation
of ellipsoidal columns. Each column consists of the stacking of ellipsoidal
molecules, elongated in a direction perpendicular to the columnar axis. Fur-
ther increase of the temperature leads to a more symmetrical shape of the LC
dendrimers which become circular. The columns would then result from the
stacking of these quasi-discoid molecules, and the arrangement of the latter
into a hexagonal packing (Fig. 19). In both rectangular and hexagonal phases,
the surface of the columns is covered by the mesogenic groups while their
inner part consists of soft dendritic cores. A similar trend in the mesomor-
phic properties was observed with carbosilane dendrimers terminated with
methoxyphenyl benzoate groups and with the mesogens based on anisic acid
derivatives, isomeric system to B, (Fig. 18, R =B and D, Table 5) with little
differences in the transition temperatures [159, 160].

The dielectric properties of fourth-generation mesogenic carbosilane den-
drimers with alkyloxycyanobiphenyl terminal groups were studied. Permit-
tivity and dielectric loss measurements were performed in the mesophase
and isotropic phase in the range of electric field frequencies 1 kHz-100 MHz.
A dispersion of permittivities was observed in this frequency range. It was
shown that dispersion in the isotropic phase could be caused by two Debye-
type relaxation processes. The activation energy of the low-frequency relax-
ation process decreased as the length of the alkyl chain of terminal dendrimer
mesogen groups increased [161].

The analysis of these systems was completed by AFM studies [162, 163].
In particular AFM pictures of a monolayer of the fifth generation of the
cyanobiphenyl-containing dendrimer shows patches with a thickness of
~ 3 nm on silicon substrate. These patches consist of individual particles. The
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Fig.19 Schematic diagrams of model structures formed by carbosilane LC dendrimers of
the fifth generation (G5)
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distance between the particles is close to the estimated size of one individ-
ual dendrimer which equals 5.5 nm according to X-ray diffraction data. Using
a mica substrate, one can distinguish a rectangular two-dimensional pack-
ing. The structural ordering of some of these carbosilane LCDs within surface
monolayers was studied, and found to strongly depend on the nature of the
substrates (hydrophilic or hydrophobic) [164].

The influence of generation number on the phase behavior shows firstly
that the glass transition temperature remains more or less constant and sec-
ondly that both the temperature and the enthalpy of the SmC-SmA transition
increase whereas the enthalpy of the SmA-I transition temperature decreases
with increasing the generation number. The increase of the transition tem-
peratures is explained by a strengthening of the cooperative interactions of
the increasing number of terminal mesogenic groups, and the decrease of the
enthalpy by the more and more symmetrical shape of the LC dendrimers. Ac-
cording to the authors, these two opposite tendencies compete and result in
the appearance of new supramolecular structures with a columnar morph-
ology for the highest generation dendrimer [165].

In order to introduce electro-optical properties such as ferroelectric prop-
erties, Shibaev and coworkers first prepared carbosilane dendrimers of gen-
eration 1 to 3 with 8, 16 and 32 terminal ethyl-L-lactate-containing mesogenic
groups (Fig. 18, R = H, I and ], Table 6) [166-169]. All the dendrimers exhibit
a chiral smectic C mesophase above the glass transition in a broad tempera-
ture range, leading to ferroelectric properties (Table 6). For these dendrimers,
the glass transition temperature does not depend on the generation number
and is about -5 °C (Fig. 18, R=H and I) or -17 °C (Fig. 18, R =]). However,
the decrease of the anisotropy of the mesogen leads to a strong diminution of
the clearing temperature near to room temperature. The spontaneous polar-
ization measurements were only possible at relatively high temperature, i.e.
80 °C, mainly because of the high viscosity of the materials at lower tempera-
ture. The highest values of Ps have been found to be around 140 nC cm™. The
increase in generation number leads to a decrease in the value of Ps and to an
increase in the switching time.

Table6 Mesomorphic behavior of the carbosilane dendrimers bearing chiral mesogens
(H,Tand )

Gn R=I1 R=H R=]J
Gl G-5SmC* 176 SmA 1821 G -5 SmC* 175 1 G -17 SmC* 47 1
G2 G -5SmC* 159 SmA 166 I G -4 SmC* 167 I G -17 SmC* 46 1
G3 G -5SmC* 156 SmA 1831 G -4 SmC* 158 I G -17 SmC* 44 1
G4 G-4Col 1731 G -4Col; 160 I

G5 G-6Col; 1781 G -6 Col; 162 1
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The analogous dendrimers of higher generation (fourth and fifth, Table 6)
exhibit only a rectangular columnar mesophase above the glass transition
temperature, always about -5 °C [170]. According to the authors, each col-
umn consists of ellipsoidal disks of dendrimers as before, flattened towards
the columnar axis in one direction and elongated perpendicular to that direc-
tion. The mesogenic groups are located entirely on the surface of the columns,
while the inner part of the columns consists of the dendritic cores.

More recently, they also considered photosensitive dendrimers. The inter-
est in such compounds is because of new opportunities provided by such
systems in the production of various optical devices and the preparation
of materials suitable for optical data storage. Moreover, the development of
photoactive dendrimers capable of forming liquid-crystalline phases is par-
ticularly interesting, because a low viscosity of dendrimers is expected to
induce a fast response of the so-called dendrimers to the action of an exter-
nal field such as for example light irradiation (photosensitive materials). The
first example concerns a liquid crystalline carbosilane dendrimer of first gen-
eration with azobenzene terminal groups (Fig. 18, R = E), exhibiting a smectic
A mesophase (G -15 SmX 9 SmA 51 I) as for the dendrimers described above
with various terminal mesogenic groups [171]. In this case, the azobenzene
terminal moiety serves a dual function; on one hand, its rigid anisometric
shape ensures the development of a mesomorphic state, and on the other
hand, the presence of azo-chromophores ensures that the LC dendrimer is
sensitive to light irradiation. It was shown that the E - Z photopolymeriza-
tion of the azobenzene groups proceeds both in solution and in film under
UV irradiation. This process is reversible photochemically and thermally. In
addition, it was shown that UV irradiation destroys the smectic ordering
and gives rise to a transition to the isotropic liquid, because of the fact that
the Z-isomer of an azobenzene moiety possesses a low anisometry. A very
similar photochemical behavior is observed for the related non-mesomorphic
azobenzene-containing dendrimers of higher generations (Fig. 18, R =F, G1,
G3, and G5) [172].

The irradiation of the same dendrimer with a linearly polarized light
(365 nm) results in an angular dependent E/Z photoisomerization, but the
photo-orientation process was not observed practically. A quite different be-
havior is observed when the film of the dendrimer is irradiated with a linearly
polarized green light (488 nm), where a well-pronounced linear dichroism is
observed. However, the degree of photo-orientation of the azobenzene groups
is rather low, the photo-induced parameter being much lower than the order
parameter of the aligned smectic A phase [173]. In contrast, a strong effect is
observed in different generations of carbosilane dendrimers where the termi-
nal azobenzene moiety has a very slightly different chemical structure [172].
Under irradiation of the amorphous films by polarized light, a process of
photo-orientation of azobenzene groups in the direction perpendicular to the
direction of vector E of incident light is observed with three mean features.
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First with UV radiation, the values of linear dichroism and of the order pa-
rameter do not depend on the generation number of the dendrimers. This
indicates that a local surrounding of azobenzene groups in these films is simi-
lar independently of the molecular weight of the dendrimers. The second
feature is the unusual behavior of the order parameter of the azobenzene
groups under irradiation. After an increase at the beginning of the irradi-
ation, the order parameter levels off and decreases down to zero, leading to
a full degeneration of the orientational order of the system under prolonged
light exposure. The third feature is the absence of photo-orientation processes
under irradiation of the films by polarized light from an Ar-laser (488 nm).

Another carbosilane dendrimer of first generation containing terminal
cinnamoyl groups (Fig. 18, R=G: G -28 SmA 58 I) which undergo E/Z
photoisomerization was prepared according to a new synthetic approach,
consisting of the synthesis of the dendrimer with terminal hydroxyl groups,
followed by the coupling of 4-methoxycinnamoyl chloride [174]. In the liquid-
crystalline phase under UV radiation, the dendrimer undergoes E/Z isomer-
ization of the cinnamoyl groups, but also photo-cycloaddition leading to the
formation of a three-dimensional network. These processes lead to a dis-
ordering effect and to an isothermal photo-induced smectic A to isotropic
liquid phase transition.

As for the silane-containing dendrimers discussed above, some zeroth gen-
eration siloxysilanes were reported (Fig. 20). Again, these branched oligomers
cannot be called dendrimers, but the interest of this study was the relation-
ships between the core connectivity (N¢ = 2, 3, and 4) and the mesomorphic
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Fig.20 Effect of the connectivity number of the core of some zeroth generation den-
drimers
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properties, able to bring useful information once extended to dendrimers.
Thus, the linear dimer and the branched trimer and tetramer (Fig. 20) con-
taining several cyanobiphenyl groups were prepared [175, 176]. As the num-
ber of mesogenic groups increases, the temperature range and the stability
of the SmA phase increases quite steadily, but as expected the nature of the
phase was not changed. Likely as the molecule becomes larger, the meso-
genic arms have less freedom, and thus certain molecular conformations are
more favored than others. As above, the smectic structures consist of a central
silicon-containing layer, sandwiched between mesogenic groups, overlapping
between layers. The related tetrakis(dimethylsilyl)silane functionalized by
pro-mesogenic groups also gives rise to smectic phases [177].

3.1.2
Siloxane Dendrimers

There have been very few families of dendrimers built up around a pure silox-
ane core. One such dendrimer consisted of a dendritic methylsesquioxane
matrix (N¢ = 3, Np =2, Fig. 21) to which six terminal cholesteryl groups were
attached via undecylene spacers [178]. This G1 compound exhibited a very
broad temperature SmA phase (G -1.5 SmA 120 I). The molecules arrange in
a single layer smectic phase with complete overlap of the cholesteryl meso-
gens separated by siloxane layers.

Cyanobiphenyl groups have been attached to tetrakis(dimethyloxy)siloxane
to form a branched tetramer or tetrapede (Fig. 22, R = A, G0), which is simi-
lar to the siloxysilane derivative just discussed above (Fig. 20). Here again,
whatever the spacer length, a smectic mesomorphism was detected, and
a substantial increase of the mesophase stability and temperature range were
observed as the aliphatic connector length increases; an additional unidenti-
fied phase was observed for n =9, SmX (likely SmC) [179]. Lateral attachment
of mesogenic groups onto such a tetravalent core led to the formation of
a nematic phase above the SmC phase (Fig. 22, R = B, G0) [180].

In contrast to siloxanes, silsesquioxanes exist as ladder- or cage-type
nanostructures, and are formed by complete hydrolytic condensation of their
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Fig.22 Tetrakis(dimethyloxy)siloxane bearing four mesogenic groups with end-on and
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trifunctional monomers SizOg. Such 3D organosilicon cages are promis-
ing in the area of nanocomposites, as when suitably functionalized in the
corners, they can be incorporated into organic systems to form hybrid
inorganic-organic copolymers with novel properties [181]. The use of these
silsesquioxane polyhedral frameworks as initiator cores for liquid crystal
dendrimers has only been recently the focus of attention in accordance
with the development of efficient syntheses as well as the improvement
of the techniques of separation [182]. Such cage-like cores provide a use-
ful central core because they possess several radial primary branches for
derivatization, allowing the dense packing limit [183] to be reached at
early generations. To start, several polyhedral liquid crystals have been pre-
pared containing cubic cores such as the octa(hydrido)silsesquioxane and
octa(dimethylsiloxy)octasilsesquioxane [184-187], and to a lesser extent the
hexa(dimethylsiloxy)silsesquioxane [184] with a trigonal prismatic core and
the deca(dimethylsiloxy)silsesquioxane [185] with a pentagonal prismatic
core functionalized by eight, six, and ten mesogenic side groups (end-on),
respectively (Fig. 23). These first generation polyhedral cage-like materials es-
sentially display SmA and SmC phases often directly at the ambient and over
broad temperature ranges; the exception are those cuboid materials giving
rise to a nematic phase either after partial substitution of the cube [188-190],
or by lateral attachment (side-on) of the mesogens [191].

As for the tetramers and dendrimers previously described, the meso-
genic arms of the octasilsesquioxane-based materials can arrange parallel to
one another; thus these supermolecules can pack together in layers to form
a lamellar phase. Molecular simulations in the gas phase at absolute zero
confirm this point of view and show that the minimized structure of the
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cyanobiphenyl-substituted octasilsesquioxane is made by the cyanobiphenyl
mesogenic arms packed together in a parallel arrangement thereby produc-
ing a supermolecular system that has a rod-like shape which is favorable
to the formation of smectic A phases. Changing the chemical nature of the
cyanobiphenyl groups by other mesogenic groups led to the induction of
other smectic phases (eg., SmC) or to chiral phases (when chiral mesogens
are attached).

Some dendrimers were eventually obtained by doubling the number of
mesogenic groups fixed at each summit of the octa(dimethylsiloxy)octasil-
sesquioxane cage (Fig. 24). Branching was achieved by using either biforked
carbosilane or malonate groups allowing for the preparation of materials
containing 16 mesogenic units R (Fig. 24, R =B [192], D [175], F [57,193]
and G [175]). Substituted with cyanobiphenyl groups attached end-on, all
first [186] and second generation [175,192] systems yield to solely smectic
phases, with in one case a decrease of the mesophase stability and tem-
perature range on increasing the generation (Fig. 24, R = A — B), whereas
the opposite was observed in the other case (Fig.24, R=C — D). A more
drastic change was, however, observed when the mesogens were laterally
attached. Indeed, whereas the first generation system strongly promoted chi-
ral nematic phases over broad temperature ranges, starting directly at the
ambient [175,194], the compound of the next generation appears to favor
a columnar mesomorphism with both Col,; and Col}, phases being detected;
the N* phase existed over a 6 °C temperature range only (Fig. 24, R =E — F).
Moreover, in this study, the topology of mesogen attachment was found to
strongly influence the mesomorphism (compare the isomeric compounds
with R = F and G, Fig. 24). In order to understand the formation of such var-
ious mesophases, the authors proposed two extreme but feasible situations.
One possibility results from the decoupling of the mesogens and the siloxane-
cage thus acting independently, the cuboid core being surrounded by loosely
packed mesogens. In the other possibility, the materials act as giant molecular
systems, having either rod-like or disk-like shapes. To understand the forma-
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Table 7 Thermal behavior of the R-functionalized octa(dimethylsiloxy)octasilsesquioxane
cage-like dendrimers

R Transition temperatures

A G -7 SmA 128.5 1

B G -17.5 SmC 63 SmA 92 1

C Cr 34.5 SmX 44 SmC 64 1

D Cr 35 (SmC 30) SmA 96 I

E G24N* 1171

F G 5.5 Col; 30 Col, 102 N* 108 I
G Cr 133 SmC* 162 N* 165 1

tion of columnar mesophases, a “cotton-reel” model was proposed in which
the dendrimer is assumed to have a cylindrical shape that has approximately
the same height as its diameter. The long axes of the mesogenic units are
roughly parallel to or slightly tilted with respect to the rotational axis that
is normal to the cylinder. It seems that, contrary to the case of side-chain
polysiloxane analogues where no columnar mesophase could be observed,
the silsesquioxane core assists in the formation of the hexagonal and rectan-
gular disordered structures, presumably through segregation of the siloxane
cores from the mesogenic units in distinct columns.

3.1.3
Carbosilazane Dendrimers

Recently, a new dendritic system based on a carbosilazane core (N¢ =3,
Np = 2) with laterally attached mesogenic units (Fig. 25) [195-197] was syn-
thesized. Depending on the mesogenic unit, these dendrimers exhibit a sin-
gle, enantiotropic, room temperature nematic phase (Fig. 25, R =A), or in
addition to the N phase, an additional SmC (GO0, G1), or a Col phase (G2) be-
tween ca. 50 and 130 °C (Fig. 25, R = B) (Table 8). It is interesting to remark
that although the molecular weight of these dendrimers doubles with each

Table 8 Mesomorphic behavior of the carbosilazane dendrimers

Gn Mesogen A Mesogen B
GO G-26 N421 Cr 73 SmC 74.5 N 130.5 I
Gl G-23N401 Cr 58 SmC 74.5 N 130 I

G2 G-22N411 Cr 52 Col, 73 N 126 1
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subsequent generation, the mesomorphic properties and transition tempera-
tures are similar. This behavior has to be compared with the usual behavior
of side-on liquid-crystalline polymers where a strong stabilization of the ne-
matic phase is observed with increasing the degree of polymerization. This
indicates that in the case of these nematic dendritic systems, the microphase
separation of the silicon- and carbon-rich molecular moieties is not suffi-
ciently pronounced on increasing generation to enhance the stability range
of the mesophase. The orientational order and the dynamics of GO in the ne-
matic phase was analyzed by optical and dielectric studies, and confirmed
the complete decoupling between the carbosilazane core and the mesogenic
pendant groups [198].

3.2
Polydamidoamine and Polypropyleneimine Dendrimers

The dendritic motif of these systems is based on a tetravalent core (N¢ = 4)
and a binary branching point (N = 2) leading to 4, 8, 16, 32, 64 and 128 ter-
minal mesogens from GO up to G5 as was the case for some of the carbosilane
dendrimers. These materials are built by the functionalization of the periph-
ery of a pre-formed dendrimer poly(amidoamine) and poly(propyleneimine)
(Fig. 26) with units (R) that promote the formation of supramolecular orga-
nizations giving rise to liquid crystal mesophases [53-57, 199]. For instance,
the introduction of rod-like or disk-like units at the periphery of the ori-
ginal dendrimer leads to dendritic architectures that display liquid crystalline
properties. The mesomorphic properties of these LC dendrimers (phase type,
transition temperatures and thermodynamic stability) are determined by the
enthalpy/entropy balance, the degree of chemical incompatibility of the con-
stituent parts, their size and the structure of the (pro)mesogenic unit itself.

3.2.1
Structure-Property Relationships

In a pioneering work, Meijer et al. [200] described two series of PPI den-
drimers functionalized with pentyloxy and decyloxy cyanobiphenyl meso-
genic groups (Figs. 26 and 27, R = A and B). All the dendrimers with the
pentyl spacer show liquid-crystalline phases above the glass transition tem-
perature (between 10 and 30 °C) and below the isotropic liquid (ca. 130 °C).
The dendrimers with the decyloxy spacer also exhibit liquid-crystalline be-
havior (between 100°C and 114, 124 and 135°C for GO, G2 and G4, re-
spectively). X-ray diffraction experiments suggest that all the mesophases
observed are smectic A in nature. One striking feature is the almost constant
value of the layer spacing whatever the generation number for a given spacer.
The authors explained the formation of smectic phases by a microphase sep-
aration between the mesogenic rigid units and the flexible dendritic skeleton.
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Fig.26 Representation of the five generations of PPI dendrimers, functionalized by the
R group. PAMAM dendrimers are closely structurally related: (i) the segment contain-
ing three methylene groups between two consecutive N junctions in the PPI dendrimer

is replaced by the — (CH;); — CONH - (C

H,), — segment; (ii) the spacer between the two

central N atoms is two methylene groups long (rather than four in the PPI)

The arrangement of the mesogenic end-groups is predominantly perpendicu-

lar with respect to the layer planes,

with the dendritic cores located between

these mesogenic sublayers. This orientation of the mesogenic groups is the

same as for the low molecular we

ight cyanobiphenyl molecules which are

well known to adopt antiparallel arrangements due to strong dipole-dipole
interactions between the terminal cyano groups. The fact that the layer spac-

ing does not vary as a function of t

he number of peripheral mesogenic units

implies that the dendritic core should be in a pronounced distorted con-
formation, which seems to indicate an extension which occurs only in two
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dimensions in a plane parallel to the smectic layers with increasing gener-
ation number.

The flexibility and thus the possibility of distortions of the PPI core was
confirmed by the study of the self-assembly of amphiphilic dendrimers based
on PPI dendrimers of five different generations with up to 64 end groups
modified with long hydrophobic chains or azobenzene moieties (Fig. 27,
R =C, D) [201, 202]. These molecules are able to arrange themselves in Lang-
muir monolayers in which the dendritic core is in contact with the water
subphase and the alkyl chains are all pointing toward the air, forming a hy-
drophobic layer. Calculations showed that the shape of the dendritic core is
distorted with an axial ratio of 1 : 2.5 for the first generations to approximately
1: 8 for the three highest generations of dendrimers. Let us also remark that
such dendrimers of the fourth generation (Fig. 27, R = B and C) were used
as additives in a classical nematic matrix in order to develop electro-optical
switches based on light scattering [203].

Note that this behavior is in marked contrast to that of the zeroth to
the second generation of related PAMAM and PPI dendrimers (Nc =3,
Ng = 2) with 4'-cyanobiphenyl hydrogen glutarate that did not produce any
mesomorphic behavior, except a lyotropic nematic phase in 80 wt % N,N’-
dimethylformamide (DMF) solutions containing lithium bromide [204, 205].

Similarly, the functionalization of the GO, G1 and G2 PPI dendrimers with
cholesteryl groups through carbamate linkage appeared to be the right strat-
egy to induce mesomorphism in these systems [206]. They all exhibit a glass
transition between 63 and 78 °C, and after a rich thermal history, all melt
into birefringent fluids at ca. 149-162 °C, identified as a SmA phase. GO then
clears at 170 °C, whereas both G1 and G2 clear at 210 °C.

In another pioneering work, Lattermann et al. [207, 208] have also consid-
ered poly(propyleneimine) dendrimers (Fig. 26) of different generations but
substituted with the non-mesogenic 3,4-bis(decyloxy)benzoate groups. Re-
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markably, mesomorphic behavior was observed in the four first generation
compounds (the G4 dendrimer was thought to be devoid of mesomorphism).
Induction of mesophases was because of the chemical incompatibility be-
tween the dendritic core and the peripheral substituents. Contrary to the
behavior of conventional non-mesomorphic and mesomorphic linear poly-
mers the melting temperatures of these dendrimers decrease with increasing
molar mass. The observed mesophases are all hexagonal columnar in na-
ture, monotropic for GO, and enantiotropic for G1, G2 and G3 (GO: Cr 100
(Coly, 69) I; GI1: Cr 100 Col,, 102 I; G2: Cr 76 Coly, 124 I; G3: Cr 60.5 Coly
107.5 I). Recently, the G4 derivative was found to exhibit also a Coly, phase,
and on cooling an additional monotropic cubic phase [209]. The lattice pa-
rameters of these hexagonal columnar phases did not correspond to the
diameter of flat, two-dimensional, disk-like molecules, as determined from
molecular modeling, even if a total interdigitation of the terminal aliphatic
chains is assumed which is, on the other hand, not probable at all when
taking into account the extremely dense packing of the alkyl chains in the
outer shell. Thus, the formation of a columnar phase by a stacking of con-
ventional flat disks can be excluded and the model of a spheroid (oblate
or globular) structure of the dendrimer which can be accepted in solution
is not valid in the liquid-crystalline phases. Consequently, the authors de-
scribed the organization of the columnar phase of their dendrimers as re-
sulting from the piling of three-dimensional cylindrical segments consisting
of a polar core surrounded by an apolar shell. The corresponding thick-
ness of the dendrimeric cylinder segments has been estimated to be around
10-12 A, whereas their diameter has been determined by X-ray diffraction
to be in the range of 40-50 A. Such an anisotropic deformation of the poly-
meric structure is thought to be driven by the microphase separation in polar
and apolar regions along the hexagonal columnar lattice. The G3 dendrimer
bearing 4-decyloxybenzoate groups exhibits a transient SmA phase. Induc-
tion of lyotropic polymorphism was achieved in binary mixtures of some
of these dendrimers bearing 4-decyloxybenzoate, 3,4-bis(decyloxy)benzoate
and 3,4,5-tris(decyloxy)benzoate groups respectively with chloroform, cy-
clohexane, n-hexane, decane, decanol, THF, DMSO [209]. Some of these
dendrimers were complexed with copper(11), and EPR spectroscopy was suc-
cessfully applied for the determination of the structure and geometry of
copper(11) coordination sites within the liquid crystalline dendrimers [210].
More recently, a systematic study of the properties of side-chain LC den-
drimers has been undertaken on these PPI dendrimers and also on PAMAM
systems by Serrano et al. [211]. In these dendrimers, the mesogenic group is
connected to the dendritic scaffold by an imine linkage. In all cases, it was
found that the enthalpic gain of the mesogenic units arranged as in a clas-
sical liquid crystalline mesophase dominates over the entropic tendency of
the dendrimer core to adopt a globular isotropic conformation. The flexibil-
ity of the dendritic PAMAM and PPI cores allows the macromolecule to adopt
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a microphase-separated molecular conformation which gives rise to various
types of liquid crystalline supramolecular organizations. The chemical struc-
ture of the (pro)mesogenic units (shape, number of terminal alkoxy chains)
determines the type of mesophase formed (nematic, lamellar, columnar).

LC dendrimers obtained by functionalization of the various generations of
commercial amino-terminated PAMAM and PPI dendrimers with mesogenic
units bearing one terminal alkoxy chain, namely 4-alkoxybenzoyloxysalicyl-
aldehyde (Fig. 28, R = L;), display as expected smectic mesophases and a ne-
matic phase for GO (Fig. 29) [212]. In this case and in agreement with the
first suggestions of Meijer et al. [200], the molecular model proposed con-
sists of cylinder-like shaped dendrimers in which the dendritic core occu-
pies the central slab and the lateral mesogenic units are arranged parallel
to each other, extending up and down from the molecular dendritic matrix
(Fig. 30). This model explains the mesogenic behavior of these PAMAM and
PPI derivatives since the dendrimeric supermolecules can be considered as
large rods that would be ordered parallel to each other promoting the supra-
molecular order typical of smectic mesophases (Figs. 30 and 35).

In this type of supramolecular organization, the dendritic core deforms
strongly with increasing generation number, since the layer spacing remains
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«— Aliphatic chains

<+— Mesogenic segments

«— Dendritic matrix

«— Mesogenic segments

<+— Aliphatic chains

Fig.30 Schematic representation of the molecular model for dendrimers with one-
terminal-chain mesogenic units. Model for the Smectic A supramolecular organization
(here G3-L; dendrimer)

around 4-5nm whatever the molecular weight (Fig. 31). This deformation
takes place in two dimensions in a plane parallel to the smectic layers. Sys-
tematic calculations performed from X-ray diffraction and volume data indi-
cate that the diameter of the dendrimer cylinder increases from 1.3 nm up to
6 nm when going from the lowest generation up to the fourth one containing
64 peripheral mesogenic units. These results were further confirmed by MD
calculations.

The same dendritic matrices functionalized with mesogenic units bearing
two terminal alkoxy chains (3,4-dialkoxybenzoyloxysalicylaldehyde, Fig. 28,
R = L) exhibit solely a hexagonal columnar mesophase (Fig. 32) [213, 214].

These dendrimers cannot be arranged in a molecular cylindrical model
as that proposed for the smectic phases, since the cross-sectional area of the
terminal chains is larger than the area occupied by the mesogenic units. In

h=46nm h=43nm h=4.7nm h=4.3nm h=4.8nm
®=13nm @®=2.0nm @ =3.0 nm ® =4.5nm @ =6.0 nm
Fig.31 Variation of the size of the elementary dendrimer cylinder as a function of gen-

eration number (Gn). @ is the diameter and h the height of the cylinder (i.e. lamellar
periodicity)



Liquid Crystalline Dendrimers and Polypedes 89

200, i i s 0
M :nisotropic glas 200 B nisotropic glass
B Col,

150+ 150+
2 100 &
ﬁ 1 & 100

50- 50- D
0- 0
4 8 16 32 64 4 8 16 32 64

Fig.32 Mesomorphism of PAMAM (left) and PPI (right) dendrimers functionalized by L,

this case, the dendrimers tend to adopt a different and more stable conform-
ation, so that the mesogenic units can be accommodated optimally. The most
probable conformation consists of a disk-like radial arrangement that allows
the filling of the space in three distinct regions corresponding to the central
core, the rigid part of the mesogenic units and the terminal chains (Fig. 35).
Therefore, the dendritic molecules fill up thick disks or disk equivalents: for
the low generations, two or three molecules are needed to form a complete
disk, and from the second generation onwards, just one molecule constitutes
a disk, whose thickness depends on the generation number (Fig. 33). These
molecular disks self-assemble into supramolecular cylindrical columns which
are arranged according to a hexagonal symmetry.

This proposed model was further justified by MD simulation which re-
produces the paving of the hexagonal lattice of the dendrimers in a flattened
wedge conformation. The result of the calculation evidenced a good filling
of the available volume. An enhancement of the micro-segregation over the
entire simulation experiment time was also observed, contributing to the sta-
bilization of the structure. Furthermore, the compensation of the molecular

D=54nm D=6.1nm D=59nm D=67nm D=63nm

Fig.33 Schematic representation of the molecular model for the dendrimers bearing
the L, mesogenic unit. Model for the columnar supramolecular organization (D: inter-
columnar distance)
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areas at the dendritic/mesogen interfaces implies the tilt of the peripheral
rigid segments with respect to the radial directions (Fig. 34).

It is interesting to note that the diameter of the columns does not vary sig-
nificantly with the generation number. Indeed, it varies irregularly between
5.3nm and 6.7 nm, despite the fact that the molecular weight of one single
dendrimer varies between 2660 up to 48500 Daltons when going from the
lowest generation up to the fourth generation. In other words, this clearly
indicates that the dendritic core deforms strongly in one main direction cor-
responding to that of the columnar axis, whereas the mesogenic units are
arranged radially (Fig. 35) to ensure efficient lateral interactions within and
between columnar slices. Similarly to the case of lamellar phases described
above, systematic calculations performed from XRD and volume data indicate

Fig.35 Relationship between dendritic core deformation and mesogen type and the con-
formation of the side-chain liquid crystalline dendrimers
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that the highest generation dendrimer (containing 64 peripheral mesogenic
groups) can fill the equivalent of a disk 1.9 nm thick, whereas the second
generation dendrimer containing 16 peripheral mesogenic groups alone fills
a disk 0.5 nm thick. It has been found that, whatever the generation, there is
on average 16 mesogenic units over 0.5 nm along the columnar axes.

To conclude this part, let us emphasize that both lamellar and colum-
nar mesophases can be obtained with dendrimers, even with those of high
molecular weight, the stability of the corresponding phases being ensured
by lateral interactions between the (pro)mesogenic units and by a signifi-
cant deformation of the conformation of the dendritic core. The difference
in the symmetry of the mesophase is only related to a small difference in
the molecular design of the peripheral mesogenic groups. Those with only
one terminal end-chain produce lamellar mesophases by the lateral expan-
sion of the dendritic matrix within the layer (prolate deformation), whereas
those with two terminal end-chains lead to columnar mesophases by stretch-
ing of the matrix along the columnar axis (oblate deformation) (Fig. 35). Let
us point out also that the dimensions (a few nanometers) of the elementary
dendrimer cylinder can be tuned according to the generation number, but the
fundamental dimensions of the mesophase structure (layer spacing for the
lamellar phases and intercolumnar distance for the columnar phases) do not
depend on the size of the dendrimer itself.

In the field of liquid crystals, it is well known that many of the materi-
als displaying a columnar mesophase are constituted of disk-like (discotic)
molecules, but very little attention has been paid to LC dendrimers containing
discotic mesogenic units, for example based on hexa-substituted derivatives
of triphenylene. The latter are also of special interest because of their pho-
toconductive properties. A series of PPI-based dendrimers that incorporate
discotic triphenylene mesogenic units (with decyloxy side-chains) at their pe-
riphery has been prepared and their properties investigated [215]. All the
dendrimers except that of the zeroth generation (Cr 61 Col; 79 I) show
a hexagonal columnar mesophase over a wide temperature range (between
ca. 40-50°C and 110-115 °C). The XRD characterization of this mesophase
reveals that its parameters are, here also, practically independent of the den-
dritic generation considered. In the model proposed by the authors, the
flexible dendritic part adopts a cylindrical arrangement with the four gen-
erations having a similar diameter but their height increasing. Once more,
the interactions between the mesogenic units determine the supramolecular
structure and the dendritic central core adopts the elongated conformation
necessary to allow this molecular arrangement.

Side-chain LC dendrimers exhibiting the nematic mesophase, which is the
most disordered liquid crystalline phase, can also be achieved by the appro-
priate choice of the mesogenic unit(s) attached to the dendrimer central core.
For example, side-chain PPI-derived dendrimers containing mesogenic units
of type L; (Fig. 28) but with short terminal alkoxy chains (ethoxy, butoxy
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Fig.36 Structure of the mesogenic groups for end-on and side-on dendrimers

and pentoxy) or mesogenic units attached laterally (Fig. 36, L1, amide link-
age), have been prepared in a similar approach to that employed in side-chain
liquid crystal polymers [216,217]. In this case, the side-by-side molecular ar-
rangement typical of lamellar phases is disfavored, thus promoting a nematic
order. For the end-on dendrimers, the clearing temperature range decreases
with increasing generation number GO to G3 (from ca. 120 to 70-80 °C), and
then increases for G4 (to ca. 100 °C). No influence of the chain length was de-
tected. Typically, the average temperature range of the nematic phase for the
latter compounds phase remains almost generation independent (between ca.
25-30°C and 70-80 °C), and decreases for the G4 dendrimer (G 14 N 53 I).
Nematic or lamellar phases (SmC and SmA) have also been obtained with the
third generation of PPI liquid-crystalline co-dendrimers containing various
proportions of two types of pro-mesogenic units, i.e. one being laterally at-
tached (Fig. 36, L1) and one terminally attached (Fig. 36, Ly) [218] through
an amide linkage. Decreasing the proportion of the side-on mesogens with re-
spect to the end-on one contributes rapidly to the suppression of the nematic
phase at the expense of the smectic phases (SmA and SmC). In these cases,
2D NMR experiments carried out on one of these co-dendrimers have proved
that the symmetry of the nematic phase is uniaxial, in contrast to the biaxial
nematic phase observed for some side-on-polymers [219].

As described above, the presence of one or two terminal alkoxy chains
in the chemical architecture of the mesogenic units induces a drastic mod-
ification in the thermotropic behavior of the dendrimer (from lamellar to
columnar structures). The introduction of both types of mesogenic units
(Fig. 28, L; and L;) in different concentrations within the same dendritic
structure, i.e. random co-dendrimers, should present a greater possibility of
tuning the symmetry of the mesophase exhibited by the material. A series of
such G3 co-dendrimers was synthesized, in which both types of mesogenic
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units were introduced in various proportions [220]. The study of the phase
diagram (Fig. 37) obtained for these PAMAM co-dendrimers revealed that,
for intermediate compositions, two other mesophases (SmC and Col,) ap-
peared between the smectic A and the hexagonal columnar phases of the two
homodendrimers, respectively. Co-dendrimers with a small content of the
two-terminal-chain comonomer exhibit a smectic C phase below the smec-
tic A phase. The appearance of the tilted smectic mesophase is a consequence
of the increase in the total number of terminal chains for a constant size
of the pre-dendritic matrix. The tilt of the molecule affords a larger area of
the ideal cylinder base, which allows the accommodation of all the terminal
chains (Fig. 38). Larger contents of the two-terminal-chain comonomer in the
co-dendrimers favor the occurrence of a rectangular columnar mesophase.
As the number of terminal chains increases, their accommodation within
a cylindrical rod-like structure becomes unlikely. This elementary dendritic
cylinder is deformed into some kind of parallelepiped structure, which in
turn promotes the existence of a rectangular columnar mesophase (Fig. 38).

Thus, depending upon the relative concentration of each of the two
monomers, orthogonal and/or tilted lamellar mesophases, or else rectangular
and/or hexagonal mesophases can be obtained.

The molecular dynamics of the co-dendrimer G3-(L;)16 — (L2)16 in its two
phases, i.e. a low temperature Col; phase and a high temperature SmA phase,
was studied by 'H NMR relaxation [221]. In the high frequency range, the
motions appear similar in both phases and are ascribed to reorientations of
the dendritic segments, whereas in the low frequency ranges, notable dif-
ferences in the dynamics between the columnar and layered phases were
observed, and were discussed in terms of elastic deformations of the columns
and layer undulations.

200

N
UMMM

0 2 4 8 12 16 24 28 32
X

W Glass ESmC O0SmA CColr ZCol h

Fig.37 Phase diagram of the co-dendrimer G3-(L;)1_x-(L2)x (X: proportion of L, meso-
gens)
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Fig.38 Schematic representation of the molecular model for codendrimers with one- and
two-terminal-chain mesogenic units (SmC and rectangular columnar phases)

As mentioned above, other PPI co-dendrimers have been obtained by mix-
ing in their structures terminal- and laterally attached pro-mesogenic units
using a dendritic matrix bearing 32 terminal amine groups [218]. It is shown
that there is a gradual evolution from a nematic phase to an orthogonal lamel-
lar phase through the appearance of a tilted smectic C phase (not present in
the homodendrimers) when increasing the proportion of terminally attached
mesogenic units. These studies confirm that the mesomorphic behavior of
such block co-dendrimers could be modulated and controlled by a simple
modification of the ratio of two pro-mesogenic units present around the den-
dritic core.

3.2.2
Tuning the Dimensions of the Nano-Dendritic Object

In order to further investigate the influence of the structure of the meso-
genic units on the mesomorphic behavior of the dendrimers, bulky units
have been introduced at the periphery of the third and fourth generations
of amino-terminated PAMAM and PPI (Fig. 39, Ls, L, Lg), with the aim of
achieving cubic mesophases, since the increased volume around the dendritic
core could in principle force the dendrimer to adopt a globular conform-
ation [199, 222].

However, all the dendrimers prepared showed only a hexagonal colum-
nar mesophase, even those bearing the largest mesogenic units containing
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Fig.39 Chemical structure of the bulky mesogenic units

nine terminal chains each. A model of organization of these dendritic super-
molecules, deduced from X-ray diffraction results and theoretical calculations
made thereof, was proposed. This molecular model implies a cylinder, whose
inner part is occupied by the dendritic core and the bulky mesogenic units
spreading around it, as shown in Fig. 40.

The dendritic core adopts an extended conformation which is possible
due to the great flexibility (conformational freedom) of the PAMAM and PPI
skeletons. In this way, the molecular model of thick disks proposed for the
LC dendrimers with two-terminal chain mesogenic units is transformed into
a model consisting of a long cylinder, which is the result of the axial elonga-

Fig.40 Molecular model for the LC dendrimers with bulky mesogenic units
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Fig.41 Variation of the size of the elementary third and fourth generations dendrimer
cylinder with bulky mesogenic groups. L3, L and Lg are for the bulky groups containing
3, 6 and 9 terminal aliphatic chains, respectively. h is the height of the cylinder, @ the
diameter, and @;y is the internal diameter corresponding to the dendritic part only

tion of the oblate structure caused by the extended conformation adopted by
the dendritic core in order to accommodate the bulky units around it. X-ray
diffraction investigations show that the diameter of the cylinder is about the
same whatever the generation and the bulky peripheral group (Fig. 41). But
more detailed calculations indicate that the internal diameter of the cylin-
der corresponding to the dendritic core decreases when the bulkiness of the
peripheral group increases, for example going from 2.5 down to 1.8 nm in
the case of the fourth generation dendrimers, in agreement with an addi-
tional elongation of 2.6 nm of the dendritic core along the columnar axis.
This example also emphasizes another way to tune the dimensions of the
nano-dendritic objects by molecular engineering involving bulky peripheral
groups. Note that other PPI dendrimers of the zeroth, second and fourth
generation functionalized in the termini by anisotropic oligo(p-phenylene
vinylene) units bearing three terminal dodecyloxy chains and lateral methyl-
butoxy side chains were reported to exhibit a lamellar mesomorphism be-
tween ca. 50-70 (melting) and 160-180 °C (clearing) [223].

3.23
Theoretical Aspects

A theoretical approach to identify the key topological and statistical ingre-
dients for the description of the self-organization and of the mesomorphic
behavior of such dendritic supermolecules has been developed [224-226].
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The model is based on convex deformable hard body supermolecules that
can interconvert between spherical and cylindrical states. In other words, the
dendrimer is considered to be a deformable object that can exist in a certain
number of conformational states governed by the intra-dendrimer interac-
tions. Then, these objects are assumed to interact with one another as a whole
in a way that is dictated by inter-dendrimer segmental interactions. It is
shown that isotropic, nematic, smectic and columnar phases can be generated
and that there is a strong thermodynamic selection of conformations accord-
ing to their packing efficiency in each of the mesomorphic phases. In this
model, the smectic and columnar phases are mainly stabilized by the anisom-
etry of the global shape of the predominant supermolecular conformations.
A second theoretical approach has been to consider directly the interactions
among the dendritic segments in a pair-wise manner and to impose on the
intra-dendritic pairs the configurational constraints dictated by their connec-
tivity within the same dendrimer [227]. With this approach, the ensemble
of dendrimers reduces to an ensemble of mesogenic dimers with spacers of
different lengths corresponding to the different branch paths within the den-
dritic scaffold. This segmental approach is more suitable for the description
of the mesomorphic properties that are sensitive to the ordering and to the
motion of dendritic segments rather than of the dendrimer as a whole.

3.24
Chiral Properties

In order to get ferroelectric properties, a series of chiral PPI co-dendrimers
bearing chiral and achiral terminal chains has been investigated [228]. Such
an approach has been chosen to mimic the situation occurring in classical
mixtures of low molecular weight liquid crystals using chiral dopants. It is
shown that the presence of small quantities of the chiral mesogen unit (the
chiral monomer is L;* and the co-monomer is L;; Fig. 28) favors the forma-
tion of the smectic C* ferroelectric phase and that this mesophase disappears
only when the ratio of chiral terminal groups is larger than 75%. The stabil-
ity of this smectic C* phase increases from the zeroth to the fourth generation
of co-dendrimers. Unfortunately, ferroelectric behavior is revealed to be very
poor. Switching was detected only in the small dendrimers (GO and G1) and in
co-dendrimers bearing a small number of chiral mesogenic units. Similarly,
a third generation of PPI liquid-crystalline co-dendrimers containing vari-
ous proportions of two types of pro-mesogenic units (Fig. 36; L, Ly;) show
a modulated SmC (or modulated SmA) and a N* (or N) phase for low contents
of L}, a SmC* for a ratio 40 : 60 of Ly /L, and a single SmA phase for a higher
content of Ly [218].

Four PPI dendrimers of the zeroth and first generations containing bent-
core molecules at the periphery were recently reported (Fig. 42, Table 9) [229].
These dendrimers exhibit a relatively high viscosity which is unfavorable for
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Fig.42 Structure of the bent mesogens

Table9 Mesomorphic behavior of the dendrimers bearing bent-mesogens

Gn Mesogen Bl Mesogen B2
GO 1151 Col, 104 Cr 1144 SmX 113 Cr
G1 I 162 Col; 120 Cr 1149 SmX 122 Cr

detailed investigation of the physical properties. No switching and thus ferro-
electric behavior could be observed for any of the dendrimers.

3.2.5
Amphiphilic PPl Dendrimers

The alkylation of PPI dendrimers of the third and fourth generation has
been undertaken by reaction of all the amino end groups of the parent den-
drimers with n-dodecyl isocyanate. While mesomorphism was not induced in
these compounds, their corresponding protonated homologues were shown
to exhibit thermotropic cubic phases of Ia3d symmetry [230]. This is at-
tributed to the enhancement of the amphiphilic character and the subsequent
“nanophase” segregation of the two incompatible parts. The proposed struc-
ture consists of 24 nearly spherical, multicationic dendrimeric entities located
in the axes constituting the skeletal graph of the gyroid, while the aliphatic
chains are located on each side of the minimal surface [231-234].

GO to G4 generation amphiphilic PPI dendrimers with facial amphiphilic
carboxylic acids were prepared (Fig. 43). Some of these ionic systems show
a sequence with unconventional liquid crystalline phases, depending on the
dendrimer generation, the structure of the facial amphiphilic acid and the
external conditions (temperature and concentration) [235]. For example,
different square columnar phases, as well as a channelled layered phase,
i.e. a mesophase combining a layer structure with a hexagonal organiza-
tion of columns have been observed (Table 10). The supramolecular den-
drimers thus formed represent a new class of mesomorphic materials, whose
properties can be tailored by the dendrimer generation and dendrimer-to-
mesogen ratio. A single SmA phase is formed when there is no spacer (A0)
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Fig.43 Structure of the facial amphiphilic mesogenic side-groups A0 and An

Table 10 Mesomorphism of the facial mesogen-containing dendrimers

Gn A0 A3 A4

GO SmA 1551 Coly, 87 1 Colsqu 10912

Gl SmA 159 T Colé, 116 I Colsqu-p4mm 123 1
G2 SmA 1651 Colgqu 1251 Colsqu-p4mm 124 1
G3 SmA 167 I Colé, 1241

G4 Colgy, 1171 Colsqu-p4mm 116 1

# Two co-existing columnar mesophases Colsqu with p4mm and p4gm symmetries

or when the amphiphilic spacer is short (A2) between the terphenylene and
the dendrimer, whereas for the other materials with A3 and A4, solely Coly
and Colsqu phases were observed (Table 10). A dimorphism of two different
columnar phases, with two different square 2D lattices (p4mm and p4gm),
was observed for all the blends of the Gn-A3 series, except for G0-A3, which
leads to a Col}, phase only. As for the blends Gn-A4, exclusively the p4mm
square columnar phase was found for all generations except the GO which
showed the two square columnar phases (Table 10).

Ionic liquid crystals derived from the protonation of PPI dendrimers with
a cholesteryl-based carboxylic acid led to materials exhibiting mesomorphic
properties, which are dictated by the degree of protonation of primary amino
groups [236]. GO to G4 systems exhibit a glass transition at ca. 36-38 °C. At
higher temperatures, they become birefringent fluids, followed by another
transition at ca. 90-110 °C into a second mesophase. Both mesophases were
identified as SmC* and SmA phases, respectively. They all decompose before
clearing at 150 °C, the onset of the degradation. The mesophase stability was
considerably reduced compared to the covalent systems [206].

Non-covalent thermotropic liquid crystal dendritic systems have been
achieved recently by converting the amphiphilic surface of the dendrimers
(- NH;) into a hydrophobic shell (alkanoate chains). Tomalia et al. reported
on the “non-aqueous lyotropic” behavior of supramolecular complexes re-
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Table 11 Mesomorphism of the ionic dendrimers

Gn [PPI—H+]'[702CC17H35] [PPI—H+]~[702CC13H27] [PAMAM—H+]'[702CC17H35]

GO Cr67 SmA 1161 Cr 27 SmA 116 1 Cr 55 SmA 99 1

Gl Cr55SmA 1341 Cr 28 SmA 1251 Cr 71 SmA 1301
G2 Cr56 SmA 1311 Cr 34 SmA 1271 Cr 63 SmA 126 1
G3 Cr48 SmA 1271 Cr 11 SmA 731 Cr 53 SmA 130 I
G4 Cr 68 Colget 102 1 Cr 5 Col, 78 1 Cr 62 SmA 133 1
G5 Cr 63 SmA 140 1

sulting from ionic interactions between the second generation of a PPI den-
drimer (N¢ = 3, Np = 2, Z = 12) terminated with amino groups and octanoic
acid [237]. The presence of a lamellar phase was detected by polarized light
optical microscopy and X-ray diffraction for acid/dendrimer molecular ra-
tios of 30 to 13. Similar ionic liquid crystal systems of PAMAM and PPI
dendrimers (from GO to G4) and long chain carboxylates were obtained
recently [238-240]. All of the dendrimers, in approximately a 1:1 stoi-
chiometry (primary amine groups: carboxylic acid groups) show lamellar
phases (G0-G5) [238,240], except for the highest generations of PPI den-
drimers (G4) which exhibit columnar phases with hexagonal or tetragonal bi-
dimensional symmetries, namely Col;, or Coli: phases, depending on chain
length (Table 11). It is also interesting to remark that such ionic dendrimers
do not have aromatic mesogenic groups in their structure, which indicates
that the ionic interactions play a key role in the formation of these ther-
motropic mesomorphic phases. For the PAMAM G3 dendrimer, the increase
of stearic acid ratio with respect to primary amine groups leads to the trans-
formation of the mesophases from SmA (for 0.11-1.5 ratio) to a columnar
phase (for an acid/amine ratio of 2.33) [239].

PPI dendrimers (G1 to G4) functionalized on the periphery by pyridyl
moieties (obtained by reacting 3-pyridyl isothiocyanate with the — NH; end-
groups) form hydrogen-bonding supramolecular complexes when mixed
with 3-cholesteryloxycarbonyl-propanoic acids [241]. The complexes are
birefringent glasses at room temperature. Above the glass transition tempera-
ture (ca. 49-57 °C), they turned into viscous birefringent fluids, characterized
as SmA phases. In all cases the isotropization could be reached, as the com-
plexes decomposed at ca. 140 °C.

3.2.6
Photoactive PPl Dendrimers

In view of obtaining photo-responsive surfaces, photo-active Langmuir—
Blodgett films based on the fourth generation PPI dendrimer, randomly sub-
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stituted with palmitoyl- and azobenzene-containing alkyl chains, have been
prepared (Fig. 27, R = C and D). The co-dendrimer thus obtained has a ran-
dom functionalized shell with 32 functionalities on average [201, 202, 242].
This partial modification of the dendritic surface gives rise to materials which
can be processed into stable Langmuir and Langmuir-Blodgett films where
the dendrimer anchors the azobenzene units and hence prevents microphase
separation of the azobenzene moieties, thereby facilitating reversible cis-trans
isomerization.

In many of the PPI dendrimers described above, the mesogens are linked
to the dendritic scaffold through an amide linkage. There is only one re-
port concerning the same type of dendrimers coupled with rigid meso-
gens by ester linkages which show also smectic phases. These are obtained
by using the zeroth and first generation PPI dendrimers and w-(4'-cyano-
biphenyloxy)alkyl acrylate [243, 244]. They all show ordered smectic phases
(probably SmE) between ca. -10 °C and 90 °C. The advantage of such an ap-
proach is to cover the dendritic scaffold with a number of mesogen groups
that is twice larger for identical generation than in the cases discussed above,
i.e. 8,16, 32, 64 and 128 groups for GO to G4 (as in Fig. 26, but the NHR termi-
nal functionality is replaced by a NR; functional end). A whole family of such
dendrimers was synthesized, bearing peripheral 2,3-difluorobiphenyl meso-
genic units [245]. Whereas the SmE-to-SmA phase transition is generation-
independent (around 50 °C), a net enhancement of the mesophase stability is
observed with generation (the clearing temperature increases linearly from 70
to 95 °C from GO to G4).

33
Dendrimers with Polyether Dendritic Cores

Third-generation amphiphilic monodendrons extended by linear polyethy-
lene oxide chains have shown to self-assemble into various supramolecular
architectures. Thus, the AB-block copolymers with n = 31 (Fig. 44) melted at
63 °C from a crystalline lamellar into a Pm3n micellar cubic phase (clearing
at 93 °C), whereas increasing the polyethylene oxide chain (n = 96) modifies
substantially the phase sequence as a function of temperature: Cr 63 Col,
114 Cub-Ia3d 190 lamellar 226 I; the cubic phase is likely continuous [246].
With an intermediate polyethylene oxide chain length (n = 62), the AB-block
material melts from a crystalline lamellar phase into a Coly, phase (clear-
ing at 175°C) [247]. The dendrons themselves are not mesomorphic [248].
Here, mesomorphism clearly results from microphase segregation between
the chemically incompatible parts, namely hydrophobic dendrons and hy-
drophilic linear polymer. Ionic conductivity of ion-doped samples was mon-
itored in these different phases. It appears that it is strongly correlated to the
mesophase behavior. Thus, charge transport has been measured in a nano-
structured material in which the conducting medium is confined to either mi-
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Fig.44 Structure of the extended amphiphilic monodendrons with a polyether core

celles, infinite cylinders, lamellae or even bicontinuous networks throughout
the entire macroscopic sample. This can be of importance in devices such as
ion conductors, photovoltaic or electroluminescent cells.

Other dendritic frameworks were used, but did not always yield to meso-
morphic systems. For instance, the polyalkylarylether dendrimers function-
alized by azobenzene mesogens failed to show any liquid crystalline property
despite the mesomorphic side-group promoter [249].

34
Dendrimers with Polyester Dendritic Cores

Hult and coworkers reported the first ferroelectric LCDs by attaching chiral
mesogens onto a polyester dendritic core [250]. This dendritic core is quite
original and is built by various generations of 2,2-bis(hydroxymethyl)pro-
pionic-based monodendrons that are coupled in the last stage of the reac-
tion to 1,1,1-tris(hydroxyphenyl)ethane (Fig. 45, Nc =3, Np = 2) [251, 252].
The zeroth (G0), first (G1), second (G2) and third generation (G3) dendrimers
end-capped with 3, 6, 12 and 24 mesogenic units (Fig. 45, R = A) were found
to exhibit a SmC* phase (Table 12) [253,254]. As the generation was in-
creased, additional smectic mesophases could be observed for G2 and G3
among others, a SmA phase, and two unidentified tilted smectic phases M1
and M2; at the same time, the stability of the mesophases was enhanced.
Moreover, once these compounds were placed into a surface-stabilized fer-
roelectric cell, all showed ferroelectric behavior upon the application of an
external electric field, but electro-optical measurements did not reveal any
cooperative effect since neither the spontaneous polarizations nor the tilt an-
gles were found to be influenced by the generation number (at the same
reduced temperature, Ps ~ 35 nCcm™ and 0 & 25°). Similarly, the second
harmonic generation and the dielectric relaxation processes [255] seemed in-
sensitive to the increasing generation number.
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GO G1 G2

Fig.45 Structure of the dendrimers with a polyester ramified core

The mesomorphic properties of the G2 dendrimer were substantially
modified by the grafting of mesogenic units containing a nitro group (Fig. 45,
R =B, C) [256]. In both cases, the two unidentified phases disappeared, and
only the SmC* and SmA were observed (Table 12). For the dendrimer bearing
the B moiety, the mesophases appeared at much lower temperatures than for
the dendrimer functionalized by A groups, whereas for the compound bear-
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Table 12 Mesomorphic behavior of the dendrimers with a polyester core

Gn R Phase sequence

GO A Cr 77 SmC* 135 1

Gl A Cr 82 SmC* 124 1

G2 A Cr 84 SmC* 91 M1 121 M2 127 SmA 150 I
G2 B G 34 SmC* 69 SmA 82 1

G2 C G 70 SmC* 152 SmA 208 I

G3 A Cr 84 SmC* 107 M1 130 M2 134 SmA 151 I

ing C groups, the liquid crystalline phases were substantially stabilized due
to the elongation of the mesogenic core. Moreover, the crystalline phase of
G2-A is suppressed to yield a glassy state instead in G2-B and G2-C.

4
Main-Chain Liquid-Crystalline Dendrimers

Regarding the dendrimers considered in this part, the branching points are
no longer single atoms (C, N, Si) but consist of anisotropic molecular moi-
eties instead. These units are linked together through long and flexible alkyl
spacers and form therefore the dendritic matrix; the differentiation between
side-chain and main-chain occurs at the first generation onwards (Fig. 46).
The mesogenic groups are now present at every level of the dendritic hier-
archy, and the dendrimers are forced to adopt constrained and regular
structures. As such, the anisometric branches do not radiate isotropically
as in side-chain dendrimers, but, on the contrary, favor preferentially an
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Fig.46 Schematic of the structural difference between side-chain (left) and main-chain
(right) dendrimers
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anisotropic order by a gain in the enthalpy of the system in order to produce
the most stable structure.

These main-chain dendrimers may represent an interesting alternative for
the development of original molecular materials having a new architecture.
Shibaev et al. foresaw the elaboration of such compounds, but have not yet
reported on their synthesis and physical properties [151]. Up to now two fam-
ilies of such systems have been identified, namely the willow-like and the
octopus dendrimers.

4.1
Willow-Like Dendrimers

The study of the so-called willow-like dendrons and dendrimers echoes a pre-
vious important study by Percec on non-regular hyperbranched polymers,
another class of cascade macromolecules but distinct from the purely den-
dritic systems. Indeed, in the original study, Percec et al. synthesized cascade
macromolecules by a random self-polymerization of tri-functionalized AB,
mesogenic monomers derived from biphenylene, naphthalene and terpheny-
lene moieties [67,69]. These hyperbranched polymers exhibited a single
nematic phase and did not crystallize on cooling; depending on the ba-
sic mesogenic unit, the nematic temperature range varied from 20 to ca.
80 °C. Because of such a statistical mode of construction [74-77], these hy-
perbranched macromolecules were characterized by a randomly branched
structure with a high, and non-controllable degree of branching and broad
molecular weight distributions. Despite these interesting results, they later
synthesized regular dendrimers, based on the terphenylene monomer unit
free of these imperfections [257-261]. Thus, the four generations of mon-
odendrons (DH1-4) and the corresponding dendrimers (G1-4) resulting from
the attachment of DH1-4 onto a tribenzoic acid were obtained by convergent
methods with polydispersity indices close to unity (Fig. 47). All the monoden-
drons and dendrimers were mesomorphic and formed both enantiotropic
nematic and smectic phases; only DH1 exhibits a single monotropic nematic
phase (Table 13). Note that the corresponding hyperbranched system exhib-
ited a single nematic phase (G 50 N 132 I). On average, the isotropization
temperature increases with the generation as well as the stability of the ne-
matic phase, but this effect is very much diluted for the third and fourth
generation of both the monodendrons and dendrimers which exhibit an al-
most identical mesophase temperature range. The nature of the smectic phase
is not clear, but on the basis of X-ray diffraction, a SmI or SmF phase (or the
more ordered ones SmJ or SmG) seems most likely.

In these systems, the formation of both the nematic and smectic phases is
attributed to a particular chain conformation implying that all the sub-units
lie parallel to each other to give an overall rod-like shape, rather than a disk-
like or spherical shape. This is possible since the racemic AB, monomer pos-
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Fig.47 Structure of the willow-like dendrons (DH#n) and dendrimers (Gn)

sesses a carbon linkage between the terphenylene and phenylene units, which
exhibits conformational flexibility. Amongst the stable conformational iso-
mers, the anti isomer has an extended conformation and leads to mesogens
aligning in a parallel fashion, whereas the gauche isomer produces a kink in
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Table 13 Mesomorphic behavior of the willow-like dendrimers (dendrons and den-
drimers)

DHn Dendrons Gn Dendrimers

DHI1 Cr 66 (N 54) I Gl G5Cr32S45N731
DH2 G58S61N92I G2 G20S42N961
DH3 G 52 Cr63 SmX 69 N 1051 G3 G53S66 N1061
DH4 G63SmX 73N 1101 G4 G49S70 N 1081

the chain, resulting in a decrease of the temperatures. The subtle combination
of both of these conformations of the monomeric sub-units allows for the in-
duction of both smectic and nematic phases at rather accessible temperatures.

A series of polynorbornenes containing the second generation dendron
D2 as a side group (R = Cy;Hy;), with different degrees of polymerization
were also synthesized [262, 263]. They exhibit a nematic (over 2 °C), two SmA
and a hexatic B phase on cooling from the isotropic liquid (which occurs at
around 100 °C).

4.2
Octopus Dendrimers

For the octopus dendritic materials, a modular synthesis was elaborated for
the preparation of the branches. Each constitutive part was prepared sepa-
rately and later assembled selectively together. The anisotropic units selected
were a tolane- or stilbene-based moiety, because of both their thermal stabil-
ity and chemical versatility. Such poor mesogenic segments, despite their in-
trinsic anisotropy and rigidity, were also chosen in order to test whether me-
somorphism could be induced solely by the dendrimerization process [264].
The dendritic branches, bearing mesogenic moieties and functionalized by
a focal acid group, were coupled to a small tetra-podand core unit, bearing
four amino groups, to yield the final dendrimer (Fig. 48).

Homolithic (Fig. 48, X =Y) [264,265] and heterolithic (Fig. 48, X # Y)
[264] dendrimers were synthesized and all of them were liquid crystalline. In
such systems, mesomorphism was induced by the precise assembling of these
non-mesogenic units within the dendritic frame. Moreover, the mesophase
stability was found to greatly depend on the localization of the various
units within the heterolithic systems (Fig. 51). Indeed, the principles of the
modular construction can be applied here for the preparation of regular
co-dendrimers made of at least two basic building blocks which can be ar-
ranged in a very controlled manner, alternated or segmented (Fig. 49). Only
the former has been prepared to date. The possibility of creating such poly-
functional and discrete dendritic structures with the ability to self-organize
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Fig.48 Example of octopus LCD of the second generation (R!, R? and R® stand for
OC12H25 or H)

Fig.49 Schematic representation of homolithic (A) and heterolithic alternated (B), seg-
mented (C) and alternated-segmented (D) octopus-like dendrimers

into mesophases is an attractive strategy in the field of material science for the
elaboration of multicomponent systems.

The dendrimers bearing only one aliphatic end-chain at the extremity
of the outer tolane unit exhibit a smectic behavior (Fig. 48, R? = 0Cj,Hys,
R! = R? = H). The X-ray diffraction patterns are characterized by the presence
of 3-4 orders of reflection corresponding to a well-defined lamellar stacking.
On the basis of these X-ray patterns, a high-temperature phase has been as-
signed as a disordered smectic A phase, whereas the other, low-temperature
phase (due to an extra in-layer order) as a hexatic smectic B phase, the layer
spacing being rather large, in the range 10-12 nm (homolithic derivative:
SmB 101 SmA 121 I; heterolithic derivative: SmB 109 SmA 132 I). This con-
firms the prolate conformation of the dendrimers in both smectic phases with
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the peripheral anisotropic units being almost perpendicular to the layer nor-
mal direction. In this case, the morphology of the smectic phases generated
by such multiblock molecules is quite unique in that it possesses a two-level
molecular organization, each being dependent on the other. It consists of an
internal sub-layer made of tilted rigid segments with no correlation of the tilt,
flanked by outer slabs inside which the mesogenic groups are arranged per-
pendicular to the layer (Fig. 50). Molecular modeling supports this view of
strongly segregated multilayer structures, with interfaces between the vari-
ous molecular parts. Obviously, these interfaces are not so well defined due
to thermal fluctuations. Nevertheless, let us point out that because of this
peculiar structural feature, such layered mesophases cannot exactly be de-
scribed as purely SmA or SmB phases, and were referred to as “supersmectic”
phases [264].

As for the other set of dendrimers bearing two (Fig. 48: R! =R?=0C;3Hys,
R*=H, X=/#Y; Rl =R? = 0C;;H,5, R? = H, X =Y =double bond: Coly,
42 1) or three aliphatic chains (Fig. 48: R'=R?2=R3=0C;3Hy5, X=Y =
double bond: Col;, 84 I) at the extremity of the outer tolane or stilbene
part, they all exhibit a columnar mesophase with a hexagonal symmetry
(Fig. 51) [264,265]. The formation of columnar mesophases in non-discotic
systems, and particularly with polycatenar mesogens [266,267], is a conse-
quence of the mismatch between the surface areas of the aromatic cores and
the cross-section of the aliphatic chains, resulting in the curvature of all the
interfaces, as has been discussed with SC-LCDs bearing polycatenar end-
groups. In the present case, in order to compensate the discrepancy between
the cross sections of both the anisometric segments and the chains, one can
also imagine the former to be tilted and distributed in a “splay” fashion,
with respect to the columnar axis, also resulting in the curvature of the in-

Fig.50 Snapshot of the molecular conformation of the octopus dendrimers with 8 termi-
nal chains and model for their molecular organization in smectic layers
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Fig.51 Diagram showing the evolution of the mesophase stability from tolane-rich (left
side) to stilbene rich (right side) octopus LCDs (R! = R? = 0Cj,Hys, R? = H)

terfaces [268, 269]. Indeed, the parameters of the hexagonal lattices obtained
experimentally, a = 9-10 nm, correspond fairly well to the diameter of the
dendrimers in a flattened conformation, ranging between 10 and 11 nm as es-
timated by MD simulation (Fig. 53). It is therefore highly probable that the
octopus preferably adopts an oblate shape within the columns that is a flat-
tened or wedge-like conformation with the anisotropic blocks lying more or
less in the 2D hexagonal lattice plane, rather than a prolate conformation
(cylindrical) as in the smectic systems.

As for the dendromesogens described by Percec et al. [79-85], where
columnar structures are generated from the self-assembling of the most stable
molecular conformations having either a wedge-like or half-disk shape, the
mesophase formation of these dendrimers results from the self-assembling
process into disks and columns of octopus molecules necessarily adopt-
ing pre-defined shapes. The overall molecular conformations of the den-
drimers in the mesophase are driven by the steric congestion of the terminal
aliphatic chains and depend on the segregation between the different con-
stitutive blocks. In the present case, one (R! =R? =R3 = 0C;3Hy;) or two
(R! = R? = OCy,Hys, R? = H) molecular conformations likely predominate to
satisfy the geometrical requirements. The supramolecular disks or columns
thus result from the molecular association of two or three dendrimers (de-
pending on the aliphatic chain substitution) in the appropriate conformation,
as depicted in Fig. 52; and these columns are packed in a hexagonal lat-
tice. Moreover, considering the diblock, alternated chemical nature of these
octopus dendrimers, an onion morphology for the columns is most likely
probable (Fig. 53) [264].
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Fig.52 Schematic representation of the self-assembling and self-organization processes of
octopus-like dendrimers into the Coly, phase

Fig.53 Snapshot of the molecular conformation in the Col, phase of a 16 chains octopus
LCD

This model of an onion internal structure of the columns was supported
by molecular dynamics on the homolithic stilbenoid system (Fig. 48, X =Y :=;
R! = R? = OCjpH,s, R* = H). It showed good segregation at the molecular
level by means of interlocked crowns of stilbenoid units belonging to the
same generation, such crowns being stabilized by intermolecular interactions.
Each crown was separated by neutral aliphatic coronas.

For these dendrimers, the morphology of the mesophase is thus deter-
mined by the number of alkyl chains grafted on the peripheral mesogenic
group, ie. the change in the number of terminal chains per end group
modifies the relationships between the hard parts and the soft parts, and
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consequently the molecules will adopt either a parallel (prolate) or flat
(oblate) conformation. The formation of the smectic lamellar phases is the
result of the parallel disposition of the mesogenic groups on both sides
of the focal tetravalent core, the dendrimer adopting the shape of a gi-
ant elongated multipede (vide infra), and then organizing into layers. In
contrast, the grafting of additional terminal chains at the periphery pre-
vents such a parallel disposition of the pro-mesogenic groups, which are
forced into a radial arrangement around the central moiety: the dendrimer
can adopt the shape of a flat-tapered object and self-arrange into supra
molecular columns.

To complete this analysis, the variation of the core connectivity number
and the effect on the mesomorphism was studied [270]. Three new sec-
ond generation main-chain dendrimers (with the same heterolithic branch:
Fig. 48: R! =R? =0C;3Hys, R*=H, X =/ #Y) were prepared from vari-
ous amido-cores of zeroth generation and with different multiplicities: 1,4-
diaminobutane (N¢ = 2), tris(2-aminoethyl) amine (N¢ = 3) and PAMAM-Gy
(Nc = 4); the latter was also prepared for the possibility to rigidify the core by
additional hydrogen-bonds (amido groups) and the consequent effects on the
mesophase stability. They all exhibit a broad Coly, phase. The transition tem-
peratures and mesophase stability were found to be influenced by the nature
and the connectivity number of the core (Fig. 54).

Since the overall number of peripheral chains per dendritic molecule is
changed, while the lattice parameter of the Col}, phases remains roughly simi-
lar, the number of dendrimers self-assembling into columns is different in
order to keep the total number of radiating chains constant as shown in
Fig. 55.
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Fig.54 Evolution of the mesophase stability from N¢ =2 to Nc =4
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Fig.55 Self-assembling and self-organization process into columns for the octopus den-
drimers with various core connectivity numbers
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5
Shape-Persistent Liquid-Crystalline Dendrimers

The so-called “shape-persistent LC dendrimers” represent an unusual and
original family of dendrimers [271]. The particularity of these systems is the
nature of the dendritic matrices, which are completely rigid and highly conju-
gated, and are different from the dendrimers described previously since they
have the potential to be intrinsically mesogenic. Adequately functionalized
by terminal aliphatic chains, they can behave as large, disk-shaped meso-
genic molecules right from early generations potentially showing columnar
mesomorphism. Because of their expanded and electron-rich core, such den-
drimers should find many applications in materials science owing to their
interesting photochemical and photophysical properties, and to their readily
attainable nanoscale dimensions [271].

Pesak and Moore [272] described a convergent scheme for the synthesis of
three generations of shape-persistent tolane-based dendrimers functionalized
at the periphery by oligo(ethylene oxide) chains (Fig. 56). All the dendrimers,
existing as stiff glasses at room temperature, were mesomorphic on heating,
exhibiting wide temperature-range hexagonal columnar phases with clear-
ing points increasing dramatically with the generation number (Table 14).
Surprisingly, preliminary data for the dendrimer of the fourth generation in-
dicated that this compound was amorphous.
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Fig.56 Chemical structures of the tolanoid-like dendrimers (R = O(CH,CH,0)3Me)

Stilbenoid-like dendrimers possessing an analogous molecular structure
were reported by Meier to be mesomorphic too [273]. The five generations
of stilbene-based dendrimers (Fig. 57) [274,275] and the first two gener-



Liquid Crystalline Dendrimers and Polypedes 115

G2

Fig.57 Chemical structures of the stilbenoid-like dendrimers (R = OC3H;, OCgHjs,
OC12Hys)

ations of distyrylbenzene-based dendrimers (Fig. 58) [276] were synthesized
by a convergent scheme based on the Wittig-Horner reaction, which allowed
an E-configuration with double bonds to be obtained. It was found that only
generations G1 and G2 showed columnar mesophases as long as the alkoxy
chains were long enough (R = OC¢H;3, OC3Hjs), whereas higher generations
(not drawn here) failed to exhibit mesomorphism (Table 14). The unusual
phase sequence Col,-to-Col, was attributed to the presence of several con-
formers whose distribution is temperature-dependent, leading to distortion
of the columnar structures of the Col, phase at high temperatures. Note
that the elongation of the dendritic arms results in a huge stabilization of
the mesophases. An interesting temperature-dependent 2D NMR study car-
ried out on the neat phases of the stilbenoid dendrimers (Fig. 57), selectively
deuterated in specific positions, showed different molecular and segmental
motions in the crystalline, liquid crystalline and isotropic phases [277]. It
particularly revealed that G1 adopts an average planar shape, despite the sig-
nificant deviation of the styryl arms from the molecular plane, whereas in
contrast G2 does not show large angle motions. These motions are correlated
with the photophysical properties of the materials (fluorescence, photochem-
istry and photo-oligomerization).

In these series of compounds, X-ray diffraction studies revealed that the
inter-columnar distance significantly increases between G1 and G2, and then
remains constant for G3, whereas the unit cell parameter ¢ (representing
the stacking periodicity between adjacent molecules in the column) nearly
doubles on the passage from second to third generation. Molecular model-
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Fig.58 Chemical structure of elongated distyrylbenzene-based dendrimers (R = OC3Hy,
OCgHi3, OC12H;s)

ing showed that in fact the dendrimers of the first and second generation
have a planar conformation without any steric hindrance. In contrast, such
a purely planar conformation is impossible for the largest dendrimers be-
cause of overcrowding of the terminal chains preventing as such a regular
arrangement. For these compounds, the expansion of the molecule occurs
in the molecular plane for the first generations to form megadisks and the
growth expands out-of the molecular plane for higher generation numbers to
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Table 14 Mesomorphism of the shape-persistent dendrimers

Gn  Tolanoid dendrimers Stilbenoid dendrimers Elongated Stilbenoid
(R =0C12H>s) dendrimers
(R=0Ci2Has)

Gl G -58 Coly, 41 Coly, 621 Cr 38 Col, 75 1 G 21 Coly, 108
G2 G -58 Colp, 31 Col, 1811 Cr 11 Col, 32 Col, 991 G -27 Col, 195 1
G3 G -52Coly 1911

form cylindrical objects. The stability of the columnar mesophases of these
large unimolecular disks, which are formed by their face-to-face stacking is
primarily enhanced in consequence to the increasing interactions between
successive macrodisks. Then, the mesomorphic properties are lost once this
out-of plane growth becomes too important because of steric repulsions and
strong distortions of the molecular shape.

Structurally related dendrimers of the elongated stilbenoid systems based
on a 1,3,5-triazine star-shape of the first generation having styryl or higher
oligo(phenylenevinylene) arms were also prepared [278]. The four materials
exhibit a liquid crystalline phase (still unidentified) with increasing phase sta-
bility on lengthening of the arms (clearing temperatures 109.5, 96.0, 233.3,
and > 300 °C for mono-, di-, tri- and tetra(styrylbenzene) systems, respec-
tively).

Other related dendrimers of the first [279] and second [280] generation
based on the 1,3,5-triazine unit and tolane arms were also reported by Lee
and Yamamoto. The dendrimers of the first generation bearing two chains
exhibit a Col}, phase as expected. Surprisingly, the members of the second
generation also showed a Col}, phase between 130 and 150 up to 170-230 °C,
despite of the grafting of only one terminal chain per peripheral arm.

6
Liquid-Crystalline Metallodendrimers

Metallomesogens are metal complexes which exhibit liquid-crystalline prop-
erties, forming the same type of mesophases as found in purely organic ma-
terials. They may have a covalent (neutral) or an ionic character, and a large
number of thermotropic [281, 282] and lyotropic [283] metal-containing li-
quid crystals have been reported. Metallomesogens are becoming a very im-
portant class of mesogenic materials, as new properties may be expected on
the introduction of metals into a liquid-crystalline material. In addition, they
offer wider possibilities for structural variations than simple organic materi-
als as, for example, several types of coordination geometry can be envisaged
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through the metal and by the use of polydentate ligands. This may in turn
lead to new mesophases or new types of molecular organizations, which could
eventually form the basis for new effects and devices.

While in general the vast majority of dendrimers prepared are purely or-
ganic systems, there has been some interest in the synthesis of dendrimers
containing transition metals [34-40]. Indeed, their incorporation within
a dendritic structure may find many applications in various areas of sci-
ence as for example efficient catalysts because of the high concentration of
active sites, electro-active molecules due to the multiredox centers, sensors
due to their multivalent and selective binding ability, or as molecular anten-
nas due to their particular photo-physical properties. These properties can
be tuned and modulated depending on the location of the active moieties
within the dendrimer: the metals can be incorporated at the core, throughout
the structure or at the periphery of the dendrimer. Some interesting aspects
concerning these “supra-supermolecular” systems have been discussed else-
where [34-40, 48-52].

Only a few studies have looked at metal-containing liquid crystalline den-
drimers. In these examples, the metal is either located at the core or in the
branches of the dendrimer. The first report of a metallomesogen with a den-
dritic architecture can be backdated to 1993, though they were not described
as such. Serrette et al. [284] prepared a first generation of “Fréchet-Percec”
dendritic branch, which they then grafted around several coordinative salen-
units varying in spacer length (Fig. 59: Y = - CH,;CH; —, —- CH,CH,CH; —
— CH,;CMe; — CH; -). Induction of mesomorphism was observed upon com-
plexation to the oxovanadyl metal ion (Table 15), probably due to the rigid-
ification of the central chelating part, since the flexible ligands themselves
were devoid of liquid crystalline properties. Infrared spectroscopy further
revealed the formation of linear chain structures for complexes with Y =
propyl and dimethylpropyl, whereas the complex with Y = - CH,CH; — was

Ci4H290  OCy4H2 C14Ha9O  OCy4H2g
C14H290 OC14Hzg
: —QO Il 0 :<<
\

C14H290 OC14H29
Ci4H290  OCy4Hz Ci14Hog0  OCi4H2g

Fig.59 Structure of the dendritic oxovanadyl complexes
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Table 15 Thermal behavior of the dendritic oxovanadyl complexes as a function of the
spacer Y

Y Mesomorphism

- CH2CH2 - COlrl 119.5 COlrz 156 1

—-CH; -CH,; -CH; - Coly; 36 Coly, 97.5 Col, 151 1
—CH; - CMe; - CH; - Coly, 55 Col; 108 I

monomeric; it nevertheless displayed the largest mesomorphic range. The
high-temperature mesophase was identified as a Col; (c2mm) mesophase in
all cases, and two of the complexes exhibited the Coly,-to-Col; phase sequence
(Table 15). The destabilization of the hexagonal structure at the expense of
the rectangular phase was thought to be due to the bulkiness of the termi-
nal groups and to their spatial requirements, and the driving force for the
Coly-to-Col; transition may then be linked to the formation of linear chain
structures. These could limit the lateral diffusion of the cores, and force the
stacking of the core with limited conformational options.

Another series of related mesomorphic metallodendrimers, having the
metal located at the core of the dendrimer, were also reported [285]. The
dendritic ligands were obtained by condensation of the corresponding 1,3-
dione with aminopropanol, and the dicopper complexes were then formed
by the reaction with copper(11) acetate (Fig. 60). These ligands, also based
on the first generation “Fréchet-Percec” dendron motif, were not themselves
mesomorphic, but upon complexation, mesophases were observed whose sta-

C H2n+1O OoC nH2n41

CnHz2n410
CoHon1Q OCpHzp44
Q’oanZnﬂ
c HWOQ
C H2n+1O ocC nH2n41
OCnH2n+1

CnH2n+1O OCnHZn+1

Fig.60 Structure of the dicopper dendritic complexes
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bility was found to be dependent on the number of chains and on their
length. Induction of mesomorphism is also likely due to the rigidification
of the chelating unit as above. The systems having one and two chains per
terminal phenyl groups were not mesomorphic, but those with three chains
showed a Col;, phase. The occurrence of the mesophase depended strongly on
the chain-length. Thus, short- and long-chain derivatives (n =5, 14 and 16)
were not mesomorphic, whereas the intermediate chain length compounds
(n=6-9, 10, 12) displayed a Coly, phase with transition temperatures sensi-
tive to the chain-length (between 80-100 °C for the melting temperature and
100-120 °C for the clearing temperature). The more circular core of the di-
copper complexes with respect to that of the oxovanadyl ones just discussed
above may explain the observation of only the Coly, phase for the latter.
Metallomesogens with branched, dendrimeric ligands L1 and L2 de-
rived from tris(2-aminoethyl)amine were reported in 1996 by Stebani et al.
(Fig. 61) [286]. This series of metallomesogens of the type [MX,(Li)] (i=1
or 2) was obtained subsequently to the complexation of L1 and L2 with var-
ious metal salts, CoCl,, NiX; (X = Cl, NO3), CuX, (X = Cl, SCN and NO3) and
ZnCl,. Depending on the metal, the complexes could be obtained with two
possible coordination geometries, either with the trigonal bipyramidal mode
giving rise to pentacoordinated ionic complexes ([MXL]*[X]") (Fig. 61a) or

|0H21
OC4oH
OC;oHy4 CyoH210 o
OCoH21 CyoH210 OC+oHy4
Ox /( I
\L OC+oHy4
CioHa10. NH hN 0 N N/\/NH
K/N H CyoH210 N
C10H210 j
N (o)
HN C1oHp1O \/\N L2
L1
N
; OC;oHy4 OC+oH2
OC;oHy4 OC+oH2;
OC10H21
OC1OH21
+
N
/\ N/\
\+N-CH,R RCHy F/,,,“_MM.,“\\\“E‘CHZR
H
H ChoR
X
a b

Fig.61 Dendritic ligands L1 and L2, and the corresponding metal complexes in the trig-
onal bipyramidal (a) and octahedral (b) geometry
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as the neutral octahedral complexes ([MX;L]) (Fig. 61b). The distinction
between these two modes of coordination was elucidated by infrared and
UV/Vis spectroscopy: the copper(11) and cobalt(11) complexes adopted the
trigonal bipyramidal structure and the nickel(11) complexes were octahe-
dral, whereas it was not possible to determine the structure of the zinc(1r)
complexes. A Coly, phase was observed for quasi all the complexes with L1
between 40-60 °C and 65-85 °C, and up to 120 °C for the zinc(11) complex
(Table 16), the exception being [Ni(NOj3),(L1)] which melted directly to the
isotropic liquid at 46.5 °C.

Dendrimer L2 was itself mesomorphic, showing a monotropic Col}, phase,
Cr (79.5 Coly) 98.5 I, [287] which upon complexation to CuCl, became enan-
tiotropic (Table 16). By UV/Vis spectrum, the complex was found to adopt
a trigonal bipyramidal structure as [CuCl(L1)]Cl. Thus, a dendritic effect
could be observed in this series in that the stability of the mesophase in-
creased considerably with the dendrimer size; the complex [CuCI(L1)]Cl
cleared at 75 °C whereas the clearing point of the complex [CuCI(L2)]Cl was
140 °C.

In these three series of dendrimers, the metal was located as the central
node of the macromolecule, and induction of mesomorphism was system-
atically observed on complexation to the metal ion. When coordinated, the
dendritic core is likely to lose its flexibility, its conformation being locked by
the metal center, and thus the molecule adopts a molecular shape approxi-
mating that of a disk.

A quite different approach was used by Serrano et al. So far, whatever the
generation number, the number of metallic centers was constant and equal
to one, because the unique coordinative site was located at the center of the
dendrimer and the metal was embedded within. Here, dendrimers based on
the zeroth- and first-generation of PPI dendrimers and end-functionalized
by four or eight coordinating 4-(alkoxybenzoyloxy)salicylaldimine were con-

Table 16 Mesomorphism of the metallodendromesogens

Dendrimers Transition temperatures
[CoCI(L1)]CI G 56 Coly, 85.51
[NiCl,(L1)] G 40 Cr 47 Col,, 64.51
[Ni(NOs3),(L1)] G 36 Cr 46.5 1
[CuCI(L1)]Cl G 41 Col, 751
[CuSCN(L1)](SCN) G 41 Cr 48.5 Col, 75 1
[CuNO3(L1)](NO;3) G 36 Cr 47.5 Col, 79 1
[ZnCly(L1)] G 60 Coly, 126 1

[CuCl(L2)]Cl G 49 Col;, 140
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sidered as potentially multicoordinative organic ligands [288]. Whereas all
the organic dendromesogens were found to possess a smectic mesomor-
phism [213], the complexation of copper(11) affected strongly the mesomor-
phic properties of the corresponding complexes. Indeed, mesophase forma-
tion was either suppressed in some of the corresponding metallodendrimers
(Fig. 62, GO: n =10, mp: 179 °C; G1: n =10, mp: 110 °C; n = 14, mp: 80 °C),
or the mesophase temperature ranges strongly reduced for the mesomorphic
complexes (Fig. 62, GO: n =14, Cr 163 SmC 197 I; n = 18, Cr 167 SmC 187 I;
G1: n =18, Cr 35 SmC 108 I). Interestingly, the transition temperatures were
raised upon complexation for the zeroth generation dendrimers, while for the
first generation systems, the temperature interval was similar for the ligand
and complex. By X-ray diffraction, the unique mesophase was identified as
a SmC phase. The structure of the smectic phases of the dendritic ligands is
explained by a parallel arrangement of the mesogenic units extending up and
down from the molecular center. However, the complexation of copper(1r) re-
sulted in the breaking of this parallel arrangement, and in the opening of the
branches, allowing as such interdigitation of the molecules located in neigh-
boring layers. This model is in agreement with the diminishing of the layer

o o]
O N \__. ~N_ 0O
Cu SN Ccu GO
o NN TN
[¢] o)&@\
CnH2n+1O OCnH2n+1
CnHzp+10, OCrHzp41

NN G1
0 QA /\/N/ \N\/\ 7 R
CpH2p410 N f \L N OC,Hapi1
¢} O‘CU\N N,E:u'0 [¢]
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o
Q)Lo Ob
CpHzn410 OCpHzn41

Fig.62 Dimetallic and tetrametallic dendrimers
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periodicity and with the increasing molecular area of the complexes com-
pared to those of the ligands.

Deschenaux and co-workers have designed liquid-crystalline dendrimers
based on aromatic polyester cores containing ferrocene [289] for the pur-
pose of designing dendrimer-based molecular switching devices. All of the
dendrimers were prepared by a convergent and iterative synthetic method-
ology leading to precisely monodisperse macromolecules. The dendrimers
shown in Fig. 63 [290] and Fig. 64 [291-293] possess respectively 6 and 12
terminal groups (i.e. ferrocene units), each including a cholesteryl mesogenic
promoter. Both dendrimers bearing a cholesteryl unit form an enantiotropic
smectic A phase (G 47 SmA 1501, and G 52 SmA 169 I). The other dendrimer
(Fig. 64, R = B), for which the ferrocene unit is located at the periphery of
the dendrimer, shows an unidentified smectic phase (SmA or SmC) between
119 and 256 °C. The higher temperatures observed for this compound are
likely due to the elongated calamitic core unit used to promote the mesophase
formation. The SmA mesophase was unambiguously determined by X-ray
diffraction on powder and aligned samples. The structure of the mesophase
can be explained by the formation of layers containing the dendrimer cores,
with interdigitation of the mesogenic units from layer to layer.

A mixed [60]fullerene-ferrocene dendrimer (Fig. 65) was also found to be
mesomorphic, showing a room temperature smectic A phase which cleared
at 157°C (no glass transition temperature was detected) [294,295]. The
mesophase was only slightly destabilized upon the addition of Csp when com-
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Fig.63 Structure of the ferrocene-containing dendrimer with six mesogenic arms
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Fig.64 Structure of the ferrocene-containing dendrimers with twelve mesogenic arms

pared to its malonate ferrocene-containing liquid crystalline dendrimer pre-
cursor (Fig. 65, SmA 169 I), probably because both species possess a similar
size, and Cgp is embedded within the dendritic matrix. The zeroth generation
was also mesomorphic (SmA 118 I) [296]. This result showed that the as-
sociation of fullerene (electron-acceptor unit) and ferrocene (electron-donor
unit) within the same structure may be an attractive strategy to elaborate
liquid-crystalline switches [297] based on the photo-induced electron transfer
occurring from ferrocene to fullerene [298].
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7
Liquid-Crystalline Fullerodendrimers

Following the work described above, Deschenaux and co-workers engaged
in a more systematic study of the elaboration of fullerene-containing ther-
motropic dendrimers [299,300] and on the understanding of how such
a sphere-like structure could be inserted within liquid crystals in order to
ultimately control the properties through dendrimer generation. The use
of mesomorphic dendritic addends to functionalize Cgp was thought to be
a suitable solution to avoid aggregation of Ce units (decreasing the unfavor-
able interactions), and thus to favor the formation of mesophases.

An addition reaction of malonate-based dendritic addend onto Cgq led to
a new series of methanofullerodendrimers (Fig. 66) [301]. In such systems,
Ceo is buried within the large dendritic branches, and as a consequence the
supramolecular organization of these fullerodendrimers is independent to
the change of the generation number of the dendritic carapace (for G2, G3
and G4) and is similar to that of the corresponding malonate species. The
mesophase stability was, however, slightly enhanced with generation for both
systems (Fig. 67). The only drastic change concerned G1 where the nematic
phase was suppressed and replaced by the SmA phase upon the insertion of
Ceo-

The GO analogues (Fig. 66, Gn = R) were also found to be mesomorphic, Cr
97 SmA 153 N 162 I and G 29 SmA 142 I, for the malonate and Cgy adduct,
respectively. The supramolecular organization of these dendrimers was de-
duced from a detailed X-ray diffraction analysis and molecular simulation.
For GO, both arms of the molecules are folded towards the same direction,
and then the structure consists of a head-to-tail arrangement of such con-
formers. As for G1, the molecule adopts a V-shape (constituted by pairs of
mesogenic groups), and arranged in a head-to-tail fashion favored by the
antiparallel packing of the polar end groups. For both structures, lamellae in-
teract through a layer of fullerene. For the next system, G2, the branching part
begins to have significant lateral extension with respect to the layer normal,
and the two branches extend on both sides of the Cgg nucleus. Then, for G3
and G4, the structure is solely governed by the polar cyano groups. The cen-
tral part of the layer is constituted by the fullerene moiety embedded in the
large dendritic segments, and the layer interface is formed by partially inter-
digitated mesogenic groups. In all cases mesophases are likely stabilized by
dipolar interactions (antiparallel arrangement of the cyanobiphenyl units).

The corresponding G1 and G2 hemi-dendritic systems were also prepared
for comparison (Fig. 68) [301]. Similar trends were observed in that the SmA
phase was preferred to the nematic phase, suppressed upon the insertion
of Cgp. The same type of supramolecular organizations is suggested. Inter-
estingly, the mesomorphic temperature range was strongly reduced in the
hemi-dendrimers compared to that of the corresponding dendrimers. It was
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Fig.68 Hemidendritic malonate and methanofullerene systems

also shown by the electro-optical Kerr effect and hydrodynamic methods that
the hemidendrimers are more sensitive than dendrimers to the incorporation
of fullerene in their structure (viscosity, shape changes) [302, 303].
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Let us note that two homologues of the malonate addends and of the cor-
responding methanofullerene derivatives described above (Fig. 66) were also
prepared with chiral pendant mesogenic groups, laterally attached (Fig. 69).
Both the G1 [304] and G2 [57] fullerodendrimers were found to show a chiral
nematic phase (Fig. 69, G1: G 26 N* 69 I; G2: G 24.3 N* 80.6 I), and are the first
Cep derivatives that possess a chiral mesophase; the G1 Cgp-free malonate was
also mesomorphic (G 20 N* 113 I).

As for the silsesquioxane cages (Fig. 24, vide supra) [182], covalent adducts
of [60]fullerene offer multiple possibilities for the design of highly func-
tionalized derivatives. In particular, C¢p can be used as an original initia-
tor core or template for the construction of dendritic systems with high
and variable connectivity number with various controllable geometries of
attachment. Though, more appropriately referred to as polypedes [57], hex-
akis(methano)fullerene with 4 (Fig. 70B) [305] and 12 (Fig. 70A) [306] meso-
genic groups derived from cyanobiphenyl proved to be mesomorphic. The
hexa-adduct malonate difunctionalized in the two poles of the sphere exhib-
ited a transient nematic phase (Cr 85 N 157 I), i.e. observed during the first
heating only, while the hexa-adduct functionalized in the six apical positions
of Cgp showed an enantiotropic SmA phase (G 80 SmA 133 I). Unfortunately,
no higher generations based on these poly-adducts of Cg have yet been
reported.

RO,C COR
%}OZCOO(CHZMQC CO27(CHz)1o OOC%Q
RO,C COzR
COR RO,C
RO,C COR
(0] (0]
[¢] [¢]
OchO'(CHz)m*OzC CO2-(CH2)10 OOCOZ
[¢] (0]
o (¢]
RO,C COzR
COR RO,C

OCgHq7

Fig.69 First Cg derivative showing a chiral nematic phase
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R = CO,Et
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D:R=R= —CO,—(CHp)s—O
R" = CO,CH,0C(CHa);

Fig.70 Liquid crystalline hexakis(methano)fullerene materials

A:R=R=R"

Following a judicious design and challenging chemistry, two novel hexa-
adducts bearing 12 (Fig. 70C) and 10 cholesteryl units (Fig. 70D), respectively,
were reported by Felder-Flesch et al. [307] and found to be mesomorphic.
They both exhibit a similar mesomorphic behavior, with a broad tempera-
ture SmA phase, quite different to that of the malonate mesogenic promoter
for which a chiral nematic phase was observed (G 67 N* 88 I). On heating,
a glass-to-SmA phase transformation is observed just above room tempera-
ture, followed by the transition to the isotropic liquid at 165 °C and 180 °C for
the C and D systems, respectively. The supramolecular organization of these
species within the smectic layer consists of an overall smectic bilayer struc-
ture in which one of the active moieties (Cgp) is confined in a central sub-layer
sandwiched by two outer-layers of cholesteryl groups; each single layer is sep-
arated by thin films of molten aliphatic chains. Moreover, and because of
the quasi-spherical structure of Cg, the latter likely pave the sub-layer ac-
cording to a 2D hexagonal arrangement (deduced from XRD and MD). The
selected design, i.e polyaddition of cholesteryl moieties on the carbon sphere
used as a spherical template to create new 3D architectures, then seems to be
a method of choice to obtain stable anisotropic materials and prevent the Cg
aggregation tendency. This approach should allow the preparation of a wide
variety of fullerene hexaadducts, symmetrical or non-symmetrical and with
a variable and controlled number of active pendant mesogenic units.

There has been one derivative of bis(methanofullerene) carrying two den-
dritic wedges (Fig. 71) that was claimed to show a mesophase between 40
and 70 °C, though the phase was not identified; the precursor itself displayed
a nematic phase (Cr 48 N 63 I) [305].

Fulleropyrrolidines constitute an important family of Cgp derivatives that
have the advantage over the methanofullerene systems in that they lead to sta-
ble reduced species, allowing the development of fullerene-based redox mo-
lecular switches. In order to promote mesomorphism in such a mono-adduct
structure, Deschenaux et al. decided to modify the Cgy derivative by the use
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R= —O—(CH2)11-OCN

Fig.71 Structure of the bis(methanofullerene) with dendritic wedges

of a dendritic addend bearing several cyanobiphenyl groups. Four gener-
ations of fulleropyrrolidines were prepared (Fig. 72) [308]. This appeared to
be the right strategy since, with the exception of the first fulleropyrrolidine
derivative that was found to be non-mesomorphic (Fig. 72, G1: Cr 178 I), all
the other fullerene-based dendrimers gave rise to a SmA phase (Fig. 72, G2:
G 44 SmA 168 I; G3: G 51 SmA 196 I; G4: G 36 SmA 231 I), the stability
of which was found to increase with the generation number. The precur-
sory aldehydes and alcohols showed essentially a broad SmA phase, except
those of the first generation which showed a nematic phase above a crys-
talline phase. As for the molecular organization within the SmA phase, the
G2 molecules are oriented in a head-to-tail fashion within the layers, and for
each molecule the mesogenic groups point in the same direction interdigi-
tating with mesogenic groups of adjacent layers. For the higher generation
dendrimers, G3 and G4, the mesogenic units are positioned above and be-
low the bulky dendritic cores, and interdigitation occurs between layers;
Ceo is now hidden in the dendritic core and has no influence in the supra-
molecular organization as was the case for the methanofullerodendrimers
discussed above.

The first synthesized mesomorphic fulleropyrrolidine, G2, (Fig. 73A) [309]
was chosen as a representative reference for a systematic variation of the R
group in order to evaluate the effects on the mesomorphic properties. When
R =H (Fig. 73B) [308], the compound exhibited a broad temperature range
SmA phase (SmA 161 I). Modification of the R group by oligophenyleneviny-
lene conjugates (OPV) led also to similar results (Fig. 73C: G 50 SmA 171 I,
D: G 50 SmA 169 I) and indicated that the overall behavior is dominated by
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Fig.73 Fulleropyrrolidine dendrimers of the second generation with various R groups

the dendritic framework [310]. Preliminary luminescence measurements in
solution revealed a strong quenching of the oligo(phenylenevinylene) fluo-
rescence by the C¢p moiety, indicating that these donor-acceptor systems ap-
peared suitable candidates for photovoltaic applications. Second-generation
fulleropyrrolidine bearing a ferrocene unit (Fig. 73E) showed a SmA phase
between 40 and 135°C [311]. For this compound, photo-induced electron
transfer was observed (through space mechanism) with a lifetime of the
charge-separated state of 560 ns in THEF. The association of Fc and Cgp within
a liquid-crystalline architecture could be an interesting method for the elab-
oration of supramolecular switches.

8
Polypedes

The molecular design of these materials is based on a central focal point
to which mesogenic units are linked, so that restricted molecular topolo-
gies and limited molecular flexibility are induced [57]. They represent a class
of materials intermediate between low molecular weight liquid-crystalline
compounds and dendritic systems, and can be described as supermolec-
ular entities or giant molecular systems made up of covalently attached
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(end-on or side-on) identifiable molecular units (Fig. 74). These architec-
tures once adequately functionalized may then self-organize into mesomor-
phic supramolecular assemblies with unusual morphologies. When all of
the grafted units are the same, they can be considered as a first step of
dendritic architectures (zeroth generation) or a polypedal supermolecule.
Alternatively, if the mesogenic units are different to one another, they are
referred to as multipedal supermolecules (Fig. 74) [57]. This approach also
provides the access to several potentially interesting multicomponent struc-
tures and materials.

The most simple molecular topology of such systems reported so far is
a tetrahedral supermolecule obtained by reacting tetrakis(dimethylsiloxy)-
silane with alkenyloxy-cyanobiphenyls (Fig.22), as discussed previously.
Such tetramers exhibit smectic A liquid crystal phases [179]. For such end-
on materials, microsegregation at the molecular level favors the formation
of the smectic A phases in preference to the nematic phase exhibited by
the mesogenic monomers themselves. The use of different polyhedral silox-
ane systems (Fig. 24) or the Cgp polyhedron as the template for multi- and
polypedal hexakis(methano)fullerenes (Fig. 70) substituted with a large num-
ber of terminally attached mesogenic groups confirm the same tendency to
the formation of smectic A phases (vide supra).
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The concept of multipedal liquid crystals was recently further developed
by Saez and Goodby [312] who provided an elegant strategy to design
tetrameric liquid crystalline polypedes and multipedes around a PE central
core (Fig. 75) [57]. Liquid-crystalline materials were previously obtained with
a PE central core to which were attached covalently mesogenic sub-units.
Despite the large tetrahedral unit, PE was proved not to be particularly detri-
mental to the formation of mesophases, with a necessary condition, however,
being that the peripheral units are strong liquid-crystalline promoters (e.g.
calamitic, discotic, conical) and that the attachment is end-on [96-98, 313-
322]. In this study, they used two types of mesogenic units, i.e. cyanobiphenyl
and biphenyl benzoyloxybenzoate types (Fig. 75, R = A, B, C). The topology
of attachment to the core (end-on for the cyanobiphenyl and side-on for the
biphenyl benzoyloxybenzoate to yield the various structures I, II, III, and
V, Fig. 74), and the chemical nature of the connection between PE and the
mesogen (ether, ester and tetramethyldisiloxane moieties) have been used
to tailor the mesomorphic properties. The pure cyanobiphenyl derivative
(Fig. 75, type I, R = A) exhibits a smectic A phase, whereas all the other
oligomers (Fig. 75, II, III, V) exhibit a chiral nematic phase. A chiral nematic
phase was induced by the lateral attachment of the chiral phenylbenzoate unit
to the core. The stability of the mesophases for the polypedes and multipedes
is reported in Table 17.

Complementary dendritic hexamers based on a central scaffold made up
of linked pentaerythritol and tri(hydroxymethyl)amino methane units have
been found to also exhibit liquid-crystalline properties. This star-shaped
scaffold was used to create supermolecules containing two different hemi-
spheres, referred to thereafter as “Janus” supermolecular liquid crystals
(Fig. 76) [323,324]. One of the hemisphere contains three cyanobiphenyl
end-groups, whereas the other lobe consists of three chiral phenyl benzoate
mesogenic moieties laterally attached. The type of mesophase observed (N*

Table 17 Mesomorphic behavior of the tetrameric polypedes and multipedes

Compound type Transition temperatures

Tetrapedes (Fig. 75)

I(R=A) G -34.3 SmA 21.1 1
Il (R=A,R =C) G -20 N* 18.6 I

V (R=B,R =A) Cr 36.2 N* 58.8 I

II (R=B) Cr 55.8 N* 79.7 I

Hexapedes (Fig. 76)
R=A,R =B,n=9 G -2.8 SmC* 33.8 N* 60.8 I
R=B,R=A,n=4 G-79N*38.21
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or SmC*) depends on the overall topology of the molecule in respect to
the inner core (in other words, which hemisphere carries which mesogen,
Table 17).

In addition, these materials have very good thermal stabilities and nearly
room temperature mesomorphic range and are serious candidates to compete
with the famous commercial cyanobiphenyl compounds, and despite their
high molecular weight, their physical properties are closer to those of low
molecular mass materials than to polymers or dendrimers.

Table 18 Transition temperatures of the nematic supermesogens

Gn(R) I Il 11

Gl (A) G75N 2351 G 68N 1951 G7IN1731(G84N2221)?
G2 (A) G 106 N 183 I G108 N 197 G102 N 1871

Gl (B) Cr 239 N > 360 I Cr 200 N 310 I Cr 150 N 305 I

G2 (B) G 127 N 308 - -

? Isomeric exo,exo-bicyclo[2.2.2]oct-7-ene-2,3,5,6-tetracarboxylic acid counterpart
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Another nice piece of work was provided by Chen et al. [325, 326] on struc-
turally related branched systems. In this work cyano-containing mesogenic
pendants were grafted onto various polyvalent central cores.

These zeroth and first generation supermolecules were mesomorphic ex-
hibiting almost exclusively a nematic phase (Table 18), which could be fur-
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ther frozen into a glassy state. To assess the effects of the molecular struc-
tures on the thermal behavior, several structural parameters were systemat-
ically varied such as the shape and connectivity of the central cores namely
1,3,5-benzenetricarboxylic acids, cis,cis-1,3,5-cyclohexanetricarboxylic acids
as well as bicyclo[2.2.2]oct-7-ene-(2,5)-exo0-(3,6)-endo-tetracarboxylic acids,
the mesogenic pendant and the spacer (Fig. 77).

Using the same strategy, photoresponsive glassy liquid crystals were also
obtained using dithienylethene moieties [327].

9
Miscellaneous

9.1
Mesomorphic Dendrimers with Rigid Discotic Cores

Instead of having a flexible core, such as in the PAMAM and PPI LC den-
drimers discussed in another section, the central node of the dendrimers
can also be made of a rather rigid chemical unit. Fullerene-containing LC
dendrimers are beautiful examples of such a morphology. Star-like discotic
liquid crystals can also be considered as one of the first example of this
category. The star-like heptamer of triphenylene has been shown to exhibit
a hexagonal columnar mesophase between 69 and 122 °C (Fig. 78, R =R!,
R?, R?) [328]. Triphenylene has also been used as a central core from which
oligomethyleneoxy-chains radiate symmetrically through amide bonds to be
terminated by S-p-glucopyranosyl residues [329]. These unusual dendritic-
like amphiphilic materials show two well-defined molecular regions, i.e. the
central hydrophobic part and the peripheral hydrophilic part (Fig. 78, R = R?,
R>, R®, R7). As a consequence, they exhibit amphotropic liquid crystalline
properties, showing both thermotropic and lyotropic behavior. The nature of
the molecular arrangements (hexagonal or rectangular) associated with the
thermotropic columnar mesomorphism is shown to be strongly dependent on
a delicate balance between the volume occupied by the central hydrophobic
regions, corresponding to the triphenylene core and the side-chains, and the
sizes of the hydrophilic sugar parts attached at the end of the chains. Note
that Percec et al. reported hyperbranched liquid crystalline polyesters with
discotic cyclotetraveratrylene mesogens as branching cores [330].

Peripheral substitution of phthalocyanine with one or four Fréchet-type
dendrons (polyarylether without alkyl chains) surprisingly produces me-
somorphic materials whose properties are dominated both by the colum-
nar self-association of the Pc cores and by the glass-forming character
of the dendritic wedges [331,332]. The resulting glassy solids appear in-
definitely stable towards crystallization and their structure is governed by
the size, number and position of the dendritic wedges attached to the
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Pc macrocycle. Some of them are mesomorphic and show a Col; phase
(Fig. 79: I-G1: G 115 Col}, 270 I; II-G1: G <-20 Coly, > 320 I; II-G2: G 115
Coly, 250 I; I1I-G3: 94 Coly, 108 I) for which the structure of the columnar
mesophase is frozen at room temperature (anisotropic glasses). The function-
alization of these dendrons in the 3 and 5 position of the terminal rings by
oligo(ethyleneoxy) chains (OCH,CH;)30CH3, and their subsequent grafting
onto the phthalocyanine of type I (Fig. 79) led to amphiphilic materials [333].
In concentrated ethanol solutions (~ 20-40% by mass), the compound with
the functionalized G1 dendron behaves as a discotic amphiphile forming
a columnar nematic lyotropic phase. In addition, it possesses a columnar
mesophase stable from room temperature up to 260 °C. Systems of type III
are not mesomorphic.

Another example of a rigid macrocycle used as the central core of a den-
drimer is the porphyrin. First and second generation phenylene-based den-
dritic porphyrins with 8 and 16 long alkyl chains on their periphery have
been studied (Fig. 80). Only the second generation exhibits mesomorphic be-
havior with the formation of a rectangular columnar mesophase upon heating
(Cr 39 Col, 110 I) [334]. A stable supramolecular 1:1 complex was formed
between the second generation and Cg, which led to the enhancement of
the mesophase stability of the formed (unidentified) columnar phase (Cr 99
Col 250 I).



Liquid Crystalline Dendrimers and Polypedes 141

Me(OH,CH,C),0  O(CH,CH,0),Me
Gn e(OH,CH,C),0.
o
Z T Yo
7 Gn Me(OH,CH,C),0

6(OH,CH,C),0  O(CH,CH,0),Me

42¢©

Z
Z—g
Z

¢©

Si(0Gn),

=
[0

5, @'m o
@q Y o q@

L Geg woﬁ
o g 4

b4

G2

Fig.79 Dendrimers with central phthalocyanine cores

HosC12

HosC12
O (O )owa
R
e bsnr-—C) . )
R
&, ()0
Ci2Hzs O

HosC12

Fig.80 Dendrimers with central porphyrin cores

9.2
Supramolecular Rod-Coil Block Codendrimers

In order to develop active materials for optics, supramolecular structures
derived from rod-coil block copolymers appeared to be materials of par-
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ticular interest [335]. Molecular dumbbells consisting of a conjugated rod
and dendritic wedges have been synthesized and characterized, and their
self-assembling behavior has been investigated (Fig. 81). For example, these
dumbbell-shaped molecules are made of a conjugated rod segment con-
sisting of three biphenyls connected through vinyl linkages, and of flexible
amphiphilic dentritic wedges with different cross sections (Fig. 81) [336].
These molecular dumbbells self-assemble into discrete bundles of tuneable
size that organize into three-dimensional superlattices. The molecules based
on a dibranched dendritic wedge, organize into primitive monoclinic crys-
talline and body-centered tetragonal liquid crystalline (M) structures, while
the molecules based on tetra- and hexabranched dendritic wedges form
only body-centered tetragonal liquid crystalline structures. The number of
molecules per bundle decreases systematically when increasing the cross-
section of the dendritic wedge (going down from 73 molecules for the di-
branched wedge to 39 for the hexabranched wedge). Therefore, the size con-
trol of the bundles assembled from the rod building blocks is determined by
the cross-section of the flexible segment attached to the rod ends. In addition,
spectroscopic studies of these molecules demonstrate that the size of the op-
tically active rod bundle has an influence on the photophysical properties of
the conjugated rods (blue shift of the emission maximum when going from
the dibranched to the hexabranched molecule).
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Another strategy to manipulate the aggregation structure assembled from
a conjugated rod building block has been to connect hydrophilic, flexible
dendritic branches to one side only, leading to a tree-shaped molecule. For ex-
ample the latter consists of an octa-phenylene stem segment for the conjuga-
tion rod block and of oligo(ethylene oxide) dendrons for the flexible branches
(Fig. 82) [337]. These molecular trees can also be considered as a new class of
amphiphiles because they consist of a hydrophobic rod and a hydrophilic flex-
ible head [338]. The molecular trees based on a small flexible head were found
to self-assemble into a monolayer lamellar structure, whereas those with
a larger head-group were found to self-assemble into bundles (containing
seven molecules) that are organized according to a 3D primitive orthorhom-
bic supercrystal. When both sides of the linear oligo-p-phenylene moiety are
functionalized by amphiphilic dendritic wedges, formation of helical super-
structures were observed in aqueous solutions [339].

New molecules based on a branched rod block and surrounding flexi-
ble ether-type coils represent a class of materials leading to similar self-
organizations (Fig. 83, n =6, 8). Such molecules have been shown, pro-
vided that the central rigid rod is long enough, to self-assemble into nano-
structures (bundle type) that self-organize into a primitive monoclinic struc-
ture [340].

More recently, a novel combination of flexible and rigid conjugated parts
has been tested, resulting in ABC wedge-coil triblock molecules made of a Y-
shaped p-phenylene rigid wedge bearing aliphatic chains on one side and
a flexible poly(ethylene oxide) (PEO) coil on the other side (Fig. 84A, n =12,
17, 21, 34, 45, 77, 91, 114, 182) [341,342]. These molecules self-assembled
successively, as the length of the PEO chain is increased, into 3D micellar
cubic phases with various symmetries (with Im3m for n = 12 and Pm3n for
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Fig.82 Octa-p-phenylene molecular trees
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n =17), 2D hexagonal columnar (n =21, 114, 182), 3D perforated lamellar
(n =21, 34), and smectic-like structures (n =45, 77, 91). The melting tem-
peratures remained almost the same (50-60 °C), whereas the clearing tem-
peratures increased when increasing the PEO segment (from 80 to 145 °C).
The primary force responsible for this structural change is believed to be
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the combination of shape complementarity and microphase separation be-
tween the rigid and flexible segments. Among all the mesophases exhibited
by such systems, let us point out the case of the unusual bilayered lamel-
lar structure with in-plane ordered coil perforations (perforated lamellar
mesophase).

This approach was pursued with the synthesis of “inverted” amphiphilic
ABC triblock systems consisting of a hydrophilic dendritic block, a rigid aro-
matic part and a hydrophobic docosyl chain (Fig. 84B) [343]. X-ray scattering
has demonstrated that the molecules with a rather rod-like aromatic unit self-
organize into a 2D hexagonal columnar structure (B, n = 1: Coly, 36.4 I), while
the molecules based on a more wedge-like aromatic unit self-organize into
a 3D micellar cubic structure (B, n = 2: Cub-Im3m 46.1 I). The dimension
(8.1 nm) of the hexagonal parameter implies that the rod-like rigid segments
arrange axially with their preferred direction within a cross-sectional slice
of the column, in which disordered docosyl chains pack in an interdigitated
fashion. As for the cubic phase, it consists of a 3D body-centered arrangement
of discrete polyhedral aggregates. Interestingly, dynamic light scattering and
scanning electron microscopy studies of aqueous solution with the addition
of CHCl; showed that these rigid-dendritic block molecules self-assemble
into stable capsule-like micellar aggregates in the presence of a hydrophobic
solvent.

10
Conclusions

The above examples show that liquid-crystalline phases can been pro-
duced with high molecular weight monodisperse dendrimers, dendrons and
polypedes. Nematic, lamellar, columnar, cubic phases as well as less conven-
tional mesophases are obtained depending upon the chemical nature of the
terminal mesogenic groups, dendritic core and dendrimer generation. Such
a tuning of the mesomorphic structure by an appropriate molecular design
makes possible the development of new liquid-crystalline materials contain-
ing active molecular units with specific physical properties to be used in
nanotechnology. The high sensitivity of such dendrimers to the surrounding
environment (properties vs. molecular structure) could be, in principle, ben-
eficial to some kinds of molecular sensors, i.e. to use such supermolecules as
tools to test how properties in general may be altered or modulated through
delicate external stimuli.
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Abstract This review summarizes mostly the literature data accumulated during the last
decade on betaine-type polyampholytes. Synthetic pathways to polybetaines consisting
of radical polymerization, the Michael addition reaction, and polymer-analogous trans-
formation are discussed together with methods of controlled polymerization, such as
group transfer polymerization, atomic transfer radical polymerization, and reversible
addition fragmentation transfer. The role of intra- and interchain associates resulting in
insolubility in pure water due to the formation of ionically cross-linked network struc-
tures, and solubility in saline water because of the disruption of the ionic networks, are
outlined. Attention is also paid to the recent advancement of hydrophobically modified
polymeric betaines with emphasis on phospholipid-containing vinyl polymers. Polymer
complexes of polybetaines, in particular interpolyelectrolyte, polymer-surfactant, and
polymer-metal complexes, are considered in the light of the competition between intra-
and intermolecular ionic contacts and the cooperative character of interactions. Stimuli-
sensitive behavior and morphological changes of polybetaine hydrogels triggered by
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changes of the pH, ionic strength, water-organic solvent mixture, metal complexation,
and DC electric field are discussed with respect to the ionization state of the macro-
molecules and the thermodynamic quality of solvents, as well as osmotic, chelating, and
polarization effects. Some application aspects of polybetaines in medicine, biotechnology,
hydrometallurgy, and the oil industry are also discussed.

Keywords Application - Complexes - Polymeric betaines - Solutions and gels - Zwitterions
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t Time
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1

Introduction

Polymeric betaines (also referred to as polyzwitterions) are macromolecules
containing identical numbers of anionic and cationic species on the same
monomer units. Thus, they present a special case of polyampholytes. In
dependence on the nature of the ionic groups, polymeric betaines may
be grouped into various subclasses, the most widespread ones being poly-
carbobetaines, polysulfobetaines, and polyphosphobetaines. The specific
properties of polymeric betaines are dominated by the number and type
of zwitterionic groups. In combination with hydrophobic and hydrophilic
fragments, polymeric betaines can form well-defined nanosized assemblies,
such as spheres, capsules, ultrathin films, or structured hydrogels. Also, self-
organized systems such as monolayers, Langmuir-Blodgett (LB) multilayers,
and vesicles are easily formed from hydrophobized polymeric betaines. Par-
ticularly, polyphosphobetaines—phospholipid-analogous polymers—have
attracted much attention for the mimicking of biomembranes, good bio-
and hemocompatibility, and nontrombogenicity. Moreover, the structural
and behavioral similarity of polybetaines to biopolymers and biomembranes
gives access to models for protein folding, or to biomimetic functions.
Application areas of polybetaines include enhanced drag reduction, oil re-
covery, catalysts, drug delivery systems, and cosmetic and pharmaceutical
formulations.
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2
Synthesis and Structure of Polymeric Carbo-, Sulfo-, and Phosphobetaines

As the synthesis of polymeric betaines has already been the subject of sev-
eral reviews [1-5], this chapter is focused on the developments and progress
made during the last decade.

The polybetaines (or “polyzwitterions”) are dipolar species, in which the
cationic and anionic groups are separately bound to the same monomer unit
and can be completely dissociated in a medium of sufficient dielectric per-
mittivity. Typically, the use of the term “polybetaine” implies that the cation
is a permanently cationic species, such as fully quaternized ammonium or
phosphonium groups, and that the coexistence of the different charges applies
to a broad range of physicochemical conditions, e.g., pH and ionic strength.
The following overview also contains copolymers made of at least one zwit-
terionic monomer, as well as alternating copolymers of cationic and anionic
monomers, giving rise to a zwitterionic constitutional repeat unit. However,
polymers for which the zwitterionic structure is in equilibrium with a non-
polar form (such as polymeric merocyanines), or mesoionic polymers and
polymeric ylides, are not discussed in this overview, except for some brief
remarks. Also excluded are polyampholytes synthesized by statistical copoly-
merization of cationic and anionic monomers or corresponding ion pairs,
as the oppositely charged groups are not regularly distributed within such
copolymers.

As for any other functional polymer, polymeric betaines are accessible
by two different synthetic routes: (1) the polymerization of zwitterionic
monomers or (2) the zwitterionic functionalization of reactive precursor
polymers. Both routes have inherent advantages and disadvantages. The poly-
merization of the zwitterionic monomers leads to polymers with 100% be-
taine functionality, but their molecular characterization is difficult for several
reasons. For instance, the conformation of the polymers in aqueous solution
is very sensitive, not only to the ionic strength but also to the type of added
salt, and in the case of polycarbobetaines also to the pH. Furthermore, poly-
meric zwitterions often exhibit strong interactions with other matter, e.g.,
chromatographic columns. Hence, reliable GPC or HPLC measurements are
very difficult to perform, if at all.

In contrast to the direct polymerization of zwitterionic monomers, the
polymerization of precursor monomers is generally easy to conduct and leads
to reactive polymers with adjustable molecular parameters whose character-
ization can usually be carried out without problems. However, neighboring
group effects may involve complex reaction kinetics during the chemical
functionalization to the betaine form, and the polymer-analogous reaction
cannot be carried out to 100% yield in every case. Nevertheless providing
a high yield, this strategy leads to well-defined polymeric betaines. Using dif-
ferent reagents, polymers with varied chemical structure but constant degree
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of polymerization are available by this strategy. This is most useful for all
investigations concerning structure-property-performance relationships.

The most widespread chemical classes of polybetaines are carbo-, sulfo-
, and phosphobetaines, i.e., polymers with repeat units bearing simultan-
eously a quaternized ammonium group and a carboxylate, a sulfonate, or
a phosphate group, respectively. These three classes will be focused on in
the following discussion. Mostly, these polybetaines are prepared by free
radical polymerization by virtue of the tolerance of this method to many
functional groups and the presence of water, keeping in mind that most zwit-
terionic monomers are more or less hygroscopic. The preference for free
radical polymerization was for a long time a major obstacle to preparing
well-defined (model) polymers or complex polymer architectures, such as
block copolymers. Therefore, the newly emerging methods of the so-called
controlled radical polymerization (CRP) of both the zwitterionic and the
reactive precursor monomers has given a fresh impetus to polybetaine syn-
thesis in recent years [6,7]. CRP of the precursor monomers in organic
solvents or in bulk is now well known, but CRP in aqueous media has been
established, too [4,8,9]. Atom transfer radical polymerization (ATRP) and
particularly the reversible addition fragmentation transfer (RAFT) method
are promising routes to overcome certain shortcomings in the polymeriza-
tion of zwitterionic monomers. CRP in aqueous solution has not only been
demonstrated to be a convenient method to polybetaines with defined end
groups, but also to block copolymers containing betaine blocks. Moreover,
the narrow molecular weight distributions of betaine polymers prepared by
CRP improve and facilitate the precision of any physical or physicochemical
measurement.

2.1
Polycarbobetaines

The chemical structure of most polycarbobetaines falls into one of three
groups:

e Quaternary polypyrrolidinium compounds containing linear and branched
alkylcarboxy groups

e Quaternary esters or amides of (meth)acrylic acid, in which the quater-
nary nitrogen is substituted by an alkoxy group of different chain length

e Polyzwitterions derived from polymeric heterocyclic or aromatic vinyl
compounds

Polycarbobetaines may be synthesized via a number of reaction pathways
by functionalization of suitable monomers or polymers, most commonly
by reaction of a tertiary amine with a strained lactone, an a,p-unsaturated
acid, a haloalkylcarboxylate, or a haloalkylcarboxylic ester followed by hydro-
lysis of the ester. Alternatively, the quaternization of halogen-containing
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monomers and polymers with esters of amino acids were reported. Due to
the possible protonation of the carboxylate moiety in aqueous (acidic) solu-
tion, the polymerization kinetics of carbobetaine monomers may be strongly
pH dependent [10], but this aspect did not receive further attention. In some
cases, the ionic strength of the solvent was increased by inorganic salts [11,
13], obviously to increase the solubility of the polymers.

The free radical cyclopolymerization of diallylammonium compounds
leads to linear water-soluble polymers containing predominantly pyrroli-
dinium rings as the structural unit of the polymer chain [14, 15]. This well-
established principle of polymer synthesis was used for the synthesis of the
polycarbobetaines from their zwitterionic monomers (route (1), see above),
which are summarized in Scheme 1.

Such polymers excel in their hydrolytic stability, as potentially labile
carbon-heteroatom bonds are a priori absent. Polycarbobetaines of type
la, containing linear alkoxy groups with up to ten methylene groups sep-
arating N* and COO™, were obtained by the polymerization of their pure
monomers to provide polymers completely free of salt impurities [16, 17]. The
monomers were synthesized by reacting diallylamine with an ester of w-bro-
moalkanoic acids, followed by alkylation of the tertiary amine with CH3I. The
key step in the salt-free synthesis is the conversion of this cationic precur-
sor to the zwitterionic monomer by treatment with an OH™-loaded anion-
exchange resin. In a similar way, polymers 2a, 2b, and 3 were obtained by
varying the length and the position of hydrophobic side chains [17]. How-
ever, the polymerization ability of diallylammonium monomers decreases
generally with the size of the substituents on the nitrogen. Accordingly, high
monomer and initiator concentrations were required to obtain polymers. The
synthesis of 2a and 3 needed peroxide initiators and a comparatively high
temperature.

Several similar polycarbobetaines were prepared via polymer-analogous
reaction, too (route (2), see above). Diallylammonium monomers bearing
a carboxyalkyl group are reacted to form precursor polycations, which by
subsequent hydrolysis of the ester group provide the desired polyzwitteri-
ons. In this way polymers 1b were synthesized by complete hydrolysis of
the cationic methyl ester precursors [18,19]. Polymers 4 and 5 were ob-
tained by a similar procedure [20, 21]. They are not classical polyzwitterions,
because they may carry an excess charge in every monomer unit in depen-
dence on the pH. Such so-called poly(ampholyte-electrolyte)s exhibit both
polyelectrolyte and polyampholyte character simultaneously [3]. Photoiniti-
ated cyclocopolymerization of 4-(N,N-diallyl-N-methylammonio)-butanoate
with N,N-diallyl-N,N-dimethylammonium chloride (DADMAC) proceeded
in NaCl-containing aqueous solution in a nearly ideal fashion, and resulted
in copolymers 6 [22]. Copolymers with a large excess charge exhibit typical
polyelectrolyte behavior, while those with a balanced charge show antipoly-
electrolyte behavior like true polyzwitterions.
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Scheme 1 Polycarbobetaines with quaternary pyrrolidinium units

An interesting extension of the cyclopolymerization strategy is the poly-
merization of allyl acrylate quaternary ammonium salts, where the resulting
ester precursor of 7 is easily hydrolyzed by trifluoroacetic acid to the poly-
betaine [23]. Polyampholyte 8 was prepared by copolymerization with a high
excess of DADMAC [24].

Poly(meth)acrylates and poly(meth)acrylamides offer at present the most
versatile, straightforward access to polycarbobetaines (Scheme 2). Mostly, they
are derived from quaternary esters or amides of (meth)acrylic acid and are
prepared by free radical polymerization of the corresponding monomers. The
pure monomers of 9a [11], 9b [12], and 9c [13] are available by quaternization
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of 2-acrylamido-2-methylpropanedimethylamine with bromoacetate, ethyl-4-
bromobutyrate, or ethyl 6-bromohexanoate followed by saponification with
an anion-exchange resin. Polymerization occured in 0.5 M NaBr using persul-
fate as initiator; the reaction was terminated at low conversion. Polymer 10a
was obtained by quaternization of poly(N,N-dimethylaminoethyl methacry-
late) with 1,4-butyrolactone [25]. Polymers 10b-e were synthesized for NMR
studies and investigations of structure-dependent differences of the properties
in solution [26]. Monomers were prepared by quaternization of the dimethy-
laminoalkyl (meth)acrylates or amides with propiolactone, and polymerized
in 0.4 M aqueous solution using azo initiators. High yields were obtained
after long reaction times, but such poly(3-ammoniopropanoates) are Mannich
bases, and thus are subject to facile fragmentation. Light scattering studies of
solutions of 10e in deionized water indicate that the polymer exists as a mix-
ture of individual chains and interchain associates [27]. Polymers 11 and 12
are prepared by the 2,2'-azobisisobutyronitrile-initiated polymerization of the
zwitterionic monomers exhibiting surfactant properties in water. Monomers
(and polymers) are tertiary acrylamides and, therefore, exhibit improved re-
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Scheme 2 Polycarbobetaines derived from quaternary esters or amides of (meth)acrylic
acid
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sistance to hydrolysis. This is a necessary presupposition for the success of
the multistep monomer synthesis which includes the preparation of a mixed
secondary-tertiary diamine, conversion to the tertiary acrylamide, alkylation
by an w-bromoester and, finally, conversion to the carbobetaine monomer by
an OH™-loaded anion exchanger [28]. In this way, completely salt-free polybe-
taines are obtained. Notably, the “tail-end” type polymers 11 dissolve in highly
polar solvents such as water. In contrast, the isomeric “head”-type polymers 12
dissolve in only some organic solvents, but are insoluble in water and, therefore,
precipitate during the polymerization.

Polycarbobetaines derived from aromatic or heteroaromatic systems are
listed in Scheme 3. The vinylimidazolium betaines 13 and 14 were prepared
by alkylation of 1-vinylimidazole with the corresponding bromocarboxylic
acid, and aqueous solution polymerization using an azo initiator [29]. Poly-
mers 13b, 15, 16, and 17b were made by the addition of acrylic or propiolic
acid to poly(4-vinylpyridine) and poly(N-vinylimidazole). Kinetic measure-
ments revealed a mechanism consisting of two reactions: first, addition of two
molecules of acid to the polymer; second, the formation of an equilibrium
between the adduct and the betaine structure [30, 31].
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Scheme 3 Polycarbobetaines derived from aromatic or heteroaromatic systems



Polymeric Betaines: Synthesis, Characterization, and Application 167

The N-oxyl-mediated CRP of 4-vinylpyridine [32] and vinylbenzyl chlo-
ride [33] results in useful precursors for the synthesis of polycarbobetaines
with narrow molecular weight distribution. Alkylation with bromocarboxylic
acid esters, or quaternization with amino acid esters, respectively, both fol-
lowed by hydrolysis of the ester moiety, led to 17a, 18, and 19 with very
high degrees of functionalization. This approach is extremely versatile and
enables the facile variation of the alkyl spacer length between both charges,
the length of an additional alkyl chain at the o carbon, and different sub-
stitution at as well as hybridization of the quaternary nitrogen [34, 35]. The
influence of the chemical structure on the pH-dependent solution properties
in aqueous systems and the interaction of the different charges of the poly-
betaines were demonstrated by capillary electrophoresis and charge titra-
tion [34-37]. Acid-base titrations of 17a and 18 became possible provided
the betaines were complexed by strong polyanions [38]. An interesting path-
way to linear and cross-linked polycarbobetaines based on acrylic acid and
the ethyl ester of 3-amino-2-butenoic acid comprises a Michael addition re-
action of these reactants followed by a spontaneous polymerization [39, 40].
Also, cross-linked betaine gels were synthesized similarly in the presence of
N,N-methylenebisacrylamide. The alternating copolymerization of maleamic
acids and diallylammonium derivatives results in copolymers 20 with alter-
nating cationic and anionic charges [41-43] (Scheme 4).
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Scheme 4 Polycarbobetaines derived from alternating copolymers of maleic or maleamic
acid
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Increasing the chain length of R; results in an increase of the polymer-
ization rate, probably caused by the formation of ordered structures in the
monomer solution, as well as an increase of the surface-active properties of
the polymers [42]. Polycarbobetaines 20 (R;, R; = CH3; R3 = H, C¢Hs, C¢Hs-
n-C4Hy) form complexes with fatty acids which self-assemble into nanopar-
ticles with sizes in the range of 3-5nm [43]. Alternating copolymerization
is also successful with maleic acid to give 21 [41, 44], the water solubility of
which decreases with increasing length of R; [44]. Polymers 21 are used to
prepare new organic-inorganic blends [45, 46], and multimetallic oxide cat-
alysts therefrom after calcination.

Carbobetaine units are employed in many copolymers with uncharged
monomers. Examples are the alternating copolymers of 1a (n = 1) [47], 4 [20]
or 5 [21] with SO, or alternating copolymers 22 with betaine structures de-
rived from maleamic acid [48, 49].

Statistical copolymers were reported for N-vinylimidazole and 13b [50],
for acrylamide with 9a [11], 9b [12], and 9c [13], and for terpolymers of
acrylamide, sodium acrylate, and 9b [51]. Several hydrolytically stable am-
monioacetate and pyridiniocarboxylate monomers based on isobutylene with
variable length of hydrophobic side chains did not homopolymerize, but
these monomers with surfactant properties are suited for copolymerization
with electron-poor monomers [52].

2.2
Polysulfobetaines

Similar to polycarbobetaines, the chemical structure of polysulfobetaines can
be subsumed in several groups, where the different polymers bear an alkyl-
sulfonate group. Most widespread are:

e Quaternary polypyrrolidinium compounds

e Quaternary esters or amides of (meth)acrylic acid

e Polyvinylpyridinium or polyvinylimidazolium compounds
e Ionenes

Also, various unconventional polymerizable sulfobetaines have been pre-
pared occasionally in the context of hydrophobized polybetaines, and will be
discussed in Sects. 2.5 and 4.

Sulfobetaines are typically prepared by alkylsulfonation of a monomeric or
polymeric tertiary amine with strained sultones, usually 1,3-propanesultone
or 1,4-butanesultone. An alternative route is the reaction of tertiary amines
with a haloalkylsulfonate. Most of the early investigations on polymeric
betaines relate to the sulfo derivatives 23a-e, 24, 25, and 26 listed in
Scheme 5 [1-4,178].

In recent years, only a few new polysulfobetaines have been described.
Polymers containing pyrrolidinium rings were synthesized by cyclopolymer-
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ization of the corresponding diallylammonium sulfobetaines (Scheme 6). The
monomers of 27 were prepared by the usual sultone procedure [17, 28, 53, 54].
The poly(electrolyte-zwitterion) 28 [55] and the polyampholyte copolymer
29 [56] are analogues to 5 and 6. The photoinitiated copolymerization process
leading to 29 is a random one; the reactivity ratios were determined by NMR
spectroscopy. Cyclocopolymers containing less than 40 mol % of sulfobetaine
show classical polyelectrolyte behavior.

As for polycarbobetaines, mechanistic studies of the polymerization of
these sulfobetaine monomers are scarce. An example is the investigation of
the influence of the ionic strength on the propagation rate of some ammo-
niosulfonates, which increases after adding NaCl [57]. Kinetic investigations
of the polymerization of 23a indicate that high monomer conversion can be
achieved at lower temperatures. The conversion is enhanced in the presence
of various salts in aqueous solution [58]. FTIR studies of the persulfate-
initiated polymerization of 23b in water showed significant changes of the
overall rate equation and a decrease of the overall activation energy after
adding inorganic salts [59].
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Scheme 6 Polysulfobetaines containing quaternary pyrrolidinium moieties

Several papers compare the properties of sulfobetaine (meth)acrylic poly-
mers. NMR spectra and solution properties of 23a and 23b [59,60] are
correlated with data from the corresponding polycarbobetaines [26]. The
photophysical and solution properties of pyrene-labeled 23c were studied in
terms of fluorescence emission. Addition of surfactants induces the formation
of mixed micelles in aqueous solution [61]. Excluded volume effects of the
unlabeled polymer were measured by light scattering [62], its adsorption on
silica was studied by adsorbance measurement and ellipsometry [62, 63], and
the electrostimulated shift of the precipitation temperature was followed at
various electric field intensities [64]. Polysulfobetaines may accelerate interi-
onic reactions, e.g., oxidation of ferrocyanide by persulfate [65]. The thermal
and dielectric properties of polysulfobetaines 23d were investigated. The flex-
ible lateral chain of the polymers decreased Tg, for which a linear relationship
with the number of C atoms was shown [66, 67].

A series of sulfobetaine monomers derived from N,N-dialkylaminophenyl-
methacrylamide were synthesized using conventional pathways and poly-
merized to give polymers 30 (Scheme 7). The NMR spectra and solution
properties were compared with those of 31 and the corresponding cationic
polyelectrolytes [68, 69].

Polysulfobetaines derived from alternating styrene-maleic anhydride
copolymers 32 are easily prepared by ring opening of the anhydride moi-
ety with 3-dimethylaminopropylamine, imidizing the resulting poly(amic
acid) by heating, and alkylation with propane sultone [70-72]. For investi-
gations of structure-property relationships additionally to 32b, the polymers
33 and 34 were synthesized [71]. The ionene-like polymer 33 was prepared
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by dealkylation of a typical quaternary ionene polymer followed by reac-
tion with propane sultone. The zwitterionic ionene 34 is made by reacting
stoichiometric amounts of dimethylamine and epichlorhydrin, followed by
sulfatation of the OH group. In the series 32b, 33, and 34, the charged groups
are increasingly moved from the side chain to the polymer backbone. This
reduces markedly the solubility in aqueous solutions, as apparently the inter-
molecular Coulombic interactions are increased. Hydrophobic substituents
and higher charge densities enhance these effects [71]. Several segmented
poly(tetramethylene oxide) zwitterionomers 35 were investigated with re-
spect to phase separation [73,74]. Polysulfobetaines 36 were prepared via
functionalization of the urethanes derived from 2,4-toluene diisocyanate,
which bear a tertiary amino group [75].

Alternating sulfobetaine copolymers were reported for 27 with SO, [76],
by analogy with the carbobetaine analogues described above. A very dif-
ferent approach was chosen for the alternating copolymer poly(ampholyte-
electrolyte) 37, by condensing sodium 3-(pyrrol-1-yl) propanesulfonate with
squaric acid [77].

Many more papers deal with statistical copolymers containing sulfobe-
taine units, mostly prepared by free radical polymerization in solution. This
includes copolymers of 23e [78] or 23b [79,80] with butyl acrylate, of 23a
with styrene or N-vinylpyrrolidone [81], of 23e with N-isopropylacrylamide
(NIPAM) [82], and of 30 (R = CH3) with methacrylamide [83]. Copolymers
of N,N-dimethylmaleimidopropylammonium propanesulfonate and acryl-
amide [84] with a structure similar to 32 were labeled with naphthalene for
investigations of the solution behavior on the microscopic level [85]. Statis-
tical copolymers 38 containing both carbobetaine and sulfobetaine groups
were obtained from the corresponding monomers in aqueous solution con-
taining NaBr [86]. Their solubility behavior is complex and varies with com-
position, pH, and ionic strength.

Water-soluble graft copolymers of polysaccharides and polysulfobetaines
were synthesized by grafting 3-dimethyl(methacryloyloxyethyl)ammonium
propanesulfonate (DMAPS) onto hydroxyethyl cellulose using a ceric ammo-
nium nitrate/EDTA initiating system [87]. Similar terpolymers containing
additionally acrylamide were also described [88]. Sulfobetaine copolymers
found a particular interest as hydrogels, e.g., for thermoreversible cross-
linked hydrogels of NIPAM and 1-(3-sulfopropyl)-2-vinylpyridine [89] or
DMAPS together with a cationic monomer [90], 1-vinyl-3-(3-sulfopropyl)imi-
dazolium betaine [91], or N,N-dimethyl(acrylamidopropyl)ammonium pro-
panesulfonate (DMAAPS) [92]. Other sulfobetaine hydrogels were made by
copolymerization of 2-hydroxyethyl methacrylate and DMAPS [93], and su-
perabsorbents were obtained by the copolymerization of sodium acrylate and
DMAAPS together with a cross-linker [94, 95].

Polysulfobetaines were also used to modify surfaces. For instance, poly-
sulfobetaines were grafted onto argon plasma-pretreated polytetrafluorethy-



Polymeric Betaines: Synthesis, Characterization, and Application 173

lene films and the chemical composition of the surfaces was studied by
X-ray photoelectron spectroscopy [96,97]. Also, silica gel surfaces were
modified by polysulfobetaines for different purposes, by grafting of 2-(di-
methylamino)ethyl methacrylate with subsequent reaction with propanesul-
tone [98]. Silicone rubber was also grafted after ozonization directly with
betaine monomers [99]. In another example, polysulfobetaine grafts were
prepared by first self-assembling a disulfide-functionalized azo initiator on
a gold surface, and subsequently initiating the polymerization of the zwitte-
rionic monomer to produce an ultrathin film of 23e as a stimulus-sensitive
hydrogel layer [100].

23
Polyphosphobetaines

Most of the known polyphosphobetaines are polymeric phospholipid ana-
logues, as many research groups have been interested in mimicking lipid
bilayer biomembranes with such polymers (see Sect. 4). The work up to the
mid-1990s is described in the excellent review of the late D. O’Brien [101],
who pioneered the field together with the groups of D. Chapman, S.L. Re-
gen, H. Ringsdorf, and E. Tsuchida. Whereas the basic lecithin structure is
maintained in most of these approaches, a plethora of polymerizing groups
such as diynes [102, 103], (meth)acrylates [104-108], acrylamides [104-106],
styrenes [109], dienes [110], and polyunsaturated fatty acids [111] have been
incorporated at various positions of the phosphorylcholine moiety or of
the fatty acid chains. Polymerization is mostly achieved by redox-initiated,
or thermally or photochemically induced free radical polymerization of the
zwitterionic monomers. Occasionally, the (different) polymerizable groups
were cumulated in such reactive lipids, in order to achieve stepwise polymer-
ization and cross-linking of self-organized structures [112-114]. An interest-
ing extension of the use of such polymeric lipids is the preparation of organic
nanotubes, as reviewed recently [115].

A major difficulty in the synthesis used to be the incorporation of the
phosphatidylcholine moiety into the polymerizable lecithins. Nowadays, the
main pathway to phosphobetaine vinyl monomers is the reaction of an OH
group containing (meth)acrylate or (meth)acrylamide with 2-chloro-2-oxo-
1,3,2-dioxaphospholane, with subsequent ring opening by trimethylamine
leading to phosphorylcholine-containing compounds. This strategy is highly
versatile [5]. Many of the known polymers which do not directly copy nat-
ural lecithins contain 2-methacryloyloxyethyl phosphorylcholine (MPC) as
structural unit. Polymers based on MPC are well known for excellent bio-
and blood compatibilities. They have delivered clinically proven benefits
in various biomedical applications. A review compiles the literature up to
1997; attention is mainly focused on the development of phosphatidylcholine-
analogous polymers, describing the synthesis of vinyl phospholipid poly-
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mers, phospholipid-modified polypeptides, phospholipid organosiloxanes,
and phospholipid urethanes [5] (Scheme 8). The published data of the last few
years continue this development.

The kinetics of free radical polymerization of MPC leading to 39a (n = 2)
were studied in ethanol [116] and water [117]. In both cases a higher than
normal dependence of the overall rate of polymerization on the monomer
concentration was observed due to monomer aggregation. The presence of
alkaline halides accelerated the polymerization in aqueous media [118]. Poly-
mers 39a with an increasing number of CH; groups between the ester and
the phosphate group (n =4, 6, 10) are available in good yields [118]. Sev-
eral other polymeric methacrylates 39b [119,120] and fumarates 40 [121]
bearing a phosphorylcholine moiety were synthesized and characterized. The
phospholipid-analogous polymers 4la and 41b, prepared by radical poly-
merization in water, show the properties of polyelectrolytes in polar sol-
vents [103]. Similar results were obtained with 42 [105]. Polymer 41b contain-
ing a vitamin E moiety was easily prepared in high yield by polymerization
in chlorobenzene/methanol [106]. A stacked bilayer structure was proposed
from X-ray diffraction analysis.

A multistep reaction pathway leads to polymers 43 and 44 with phos-
phatidylcholine moieties in the main chain and long alkyl groups in the side
chain [122]. These polymers exhibit thermotropic liquid-crystalline behavior.
Polyamides 45 were obtained by interfacial polycondensation; they are insol-
uble in any normal solvent [123]. Poly-MPC capped with cholesteryl moieties
at one or both polymer ends was prepared by the radical polymerization
of MPC initiated with 4,4’-azobis[(3-cholesteryl)-4-cyanopentanoate] in the
presence of a chain transfer agent [124]. The self-organization of these poly-
mers was analyzed with fluorescence and NMR measurements.

Polyurethanes were modified with phosphobetaines to improve their
hemocompatibility. Polyurethanes 46 containing cholesterol were synthe-
sized by step growth polymerization. Surprisingly, they showed the viscosity
behavior of common polyelectrolytes [125]. Excellent blood compatibilities
were reached by introducing long-chain alkyl groups instead of cholesterol in
polymer 46 [125], or by placing the phosphate group in the side chain [126].
The latter case results again in polymers with properties similar to those of
the usual polyelectrolytes. Another variation led to segmented polyurethanes
with polybutadiene and phosphobetaines in the main chain and long-chain
alkyl groups in the side chain [127,128]. A further successful attempt was
the grafting of MPC and similar monomers onto polyurethane surfaces [129-
131].

Microspheres containing a corona of polyphosphobetaines were obtained
by emulsifier-free emulsion copolymerization of methyl methacrylate and
1-methyl-2-methacrylamidoethyl phosphorylcholine [132], MPC [133], or the
fumarate monomers of 40 [133], as well as by precipitation polymerization
of styrene with MPC macromonomers [134]. Poly-L-lactic acid nanoparti-
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cles covered with both bioinert phosphorylcholine groups and p-nitrophenyl
ester groups are useful for immobilizing enzymes [135]. Surface modifica-
tion of polypropylene membranes by tethering phosphatidylcholine analo-
gous polymers created biocompatible interfaces [136,137]. A similar result
was obtained by reacting the OH groups of poly(acrylonitrile-co-hydroxyethyl
methacrylate) membranes with 2-chloro-2-oxo-1,3,2-dioxaphospholane fol-
lowed by ring opening with trimethylamine [138].

MPC is part of several statistical copolymers prepared by free radical
polymerization. Copolymers with poly(ethylene glycol) monomethyl ether
methacrylate show polyelectrolyte behavior [139]. The surface of copolymers
with 2,2,2-trifluoroethyl methacrylate was analyzed by different methods.
The amount of protein adsorbed could be strongly reduced [140]. Copoly-
mers with 2-aminoethyl methacrylate were employed as DNA carrier [141].
The structure and hydrogen bonding of water in the vicinity of copolymers
with n-butyl methacrylate was studied by vibrational spectroscopy [142],
and copolymers with styrene were developed as effective blocking agents for
the enzyme-linked immunosorbent assay (ELISA) method [143]. Several new
monomers were only used for the synthesis of copolymers. Typical examples
are 47, useful for stable Langmuir-Blodgett films [144], and 48, useful for
coatings which are resistant to protein absorption [145] (Scheme 9).

Phosphobetaines are known as a component of hydrogels, too. MPC
copolymers with methacrylic acid prepared by radical polymerization in
water show spontaneous gelation [146]. To improve the hydrogel proper-

a: Ry = C4gH37, Ry = (CHy)gCH=CH(CH,)7CH3
b: Ry =Ry =CqgHaz
¢: Ry = CooHys, Ry = (CH3)gCH=CH(CH,);CH3

47
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Scheme 9 Statistical phosphatidyl analogue copolymers
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ties a new dimethacrylate cross-linker with a phosphorylcholine-like linkage
was used in the copolymerization of MPC and 2-hydroxyethyl methacry-
late [147]. Cross-linking of the acrylamide derivative of 39a (n =2) with
N,N-methylenebisacrylamide leads to hydrogels whose degree of swelling
decreases with increasing temperature [148]. Phosphorylcholine-based sta-
tistical terpolymers were obtained by adding phosphorylcholine groups to
a preformed hydrophobically modified copolymer of NIPAM with several hy-
drophobic comonomers [149].

24
Narrowly Distributed Homopolymers and Block Copolymers

CRP is a powerful tool for the synthesis of both polymers with narrow mo-
lecular weight distribution and of block copolymers. In aqueous systems,
besides ATRP, the RAFT method in particular has been used successfully.
A number of uncharged, anionic, cationic, and zwitterionic monomers could
be polymerized and several amphiphilic block copolymers were prepared
from these monomers [150, 153]. The success of a RAFT polymerization de-
pends mainly on the chain transfer agent (CTA) involved. A key question is
the hydrolytic stability of the terminal thiocarbonyl functionality of the grow-
ing polymers. Here, remarkable progress could be achieved by the synthesis
of several new dithiobenzoates [150-152].

The RAFT homopolymerization was mainly applied to vinylic sulfobe-
taines, for the synthesis of homopolymers as well as of block copolymers.
The synthesis of the latter proceeds mainly in two steps: a macromolecular
CTA of a monomer A is synthesized, which is subsequently employed in the
polymerization of a monomer B. Polymers 49a, 49b, and 50 (Scheme 10) were
prepared using 4-cyanopentanoic acid dithiobenzoate as CTA. M, /M, values
between 1.04 and 1.08 at higher conversion were reported [154].

Recent attempts to prepare 26 by RAFT, however, failed [153]. Dou-
ble hydrophilic block copolymers of NIPAM and 23e [154], as well as of
N,N-diethylacrylamide and 23b [155], were prepared with the CTA benzyl
dithiobenzoate, and exhibit LCST and UCST behavior in water. The new poly-
mer 51 is also part of amphiphilic di- and triblock copolymers [152]. Diblock
copolymers with poly(ethylene glycol) methyl ether acrylate, dimethylacry-
lamide, or 4-vinylstyrene sulfonate are macrosurfactants with a switch-
able hydrophobic block. Triblock copolymers containing additionally 4-
vinylbenzoic acid differ in the nature of the hydrophilic part [152]. Near-
monodisperse block copolymers of N,N-dimethacrylamide and 49a were
synthesized in different ways via macro-CTAs of both monomers as the first
step. Such sulfobetaine block polymers form aggregates in pure water but are
molecularly dissolved after addition of salt [152, 156, 157].

Another route to narrowly distributed sulfobetaine homopolymers and
block copolymers is the functionalization of precursors prepared by group
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Scheme 10 Polysulfobetaines prepared by RAFT polymerization as homopolymers and
part of block copolymers

transfer polymerization (GTP). Using 2-(dimethylamino)ethyl methacrylate
(DMAEM), nearly monodisperse polymeric amines were made which were
betainized in high yields via 1,3-propanesultone, resulting in 23b [158, 159].
This principle was extended to block copolymers of n-butyl methacrylate
(BMA) and DMAEM, resulting in hydrophilic-hydrophobic sulfopropylbe-
taine block copolymers BMA-b-23b [158, 160].

The synthesis of narrowly distributed polycarbobetaines 17a, 18, and
19 has already been mentioned. Block copolymers containing these struc-
tures and styrene were prepared likely by functionalization of reactive block
copolymer precursors [161]. Well-defined block copolymers with phospho-
lipid sequences were prepared using both RAFT and ATRP techniques.

Amphiphilic block copolymers composed of poly(butyl acrylate) and
poly(2-acryloyloxyethyl phosphorylcholine) were synthesized via RAFT
using a poly(butyl acrylate) macro-CTA with a ratio My /M, = 1.11-1.18. The
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conversion was followed by FT-NIR spectroscopy. The polymers have a strong
tendency to aggregate in different solvent compositions [162]. RAFT poly-
merization of MCP leads to a dithioether end-capped macro-CTA used for
the preparation of block copolymers with BMA with variable block length,
whose associative properties [163] and interaction with enzymes [164] were
investigated. MPC can also be polymerized in aqueous media via ATRP,
showing first-order monomer kinetics to high conversion in protic solvents
at ambient temperature. Polymers with relatively narrow polydispersities
(My /M, = 1.15-1.35) were thus obtained [165,166]. Several MPC diblock
copolymers were synthesized using the same principle. Macroinitiators were
employed to prepare PEO-MPC and PPO-MPC diblocks, and the sequen-
tial monomer addition route was used for the block copolymerization of
MPC with 12 different methacrylic comonomers. Generally high conversions
were achieved with low polydispersities of 1.1-1.3 [167]. MPC-based ABA tri-
block copolymers with 2-(diisopropylamino)ethyl methacrylate (DIPAEM) 52
or 2-(diethylamino)ethyl methacrylate (DEAEM), prepared by ATRP using
a bifunctional ATRP initiator, lead to polymers with adjusted block length.
Polydispersities of the initial MPC homopolymers prior to the addition of
the comonomer were less than 1.20, and final triblock polydispersities ranged
from 1.5 to 1.8. The copolymers dissolve in acids but form freestanding gels
at neutral pH [168]. Similarly obtained triblock copolymers with NIPAM
building the outer block form gels over a narrow temperature range [169].
Folic acid functionalized MPC-b-DIPAEM or MPC-b-DEAEM block copoly-
mers were synthesized by ATRP using a protected primary amine-based
initiator. After deprotection, folic acid was chemically conjugated via the
primary amine terminus of the MPC block with a degree of functionaliza-
tion in the range 38-100%. The copolymers were designed for gene delivery
and encapsulation of hydrophobic drugs [170]. Using a cholesterol-based
macroinitiator, the ATRP of MPC results in block copolymers whose associ-
ation behavior in aqueous solution was studied extensively [171].

2.5
Polymeric Surfactants

Zwitterionic polysoaps have been considered to combine ionic and nonionic
polysoap behavior advantageously. The ionic groups with an overall neu-
tral charge render the polymer very hydrophilic, avoid problems of a LCST,
and hold the possibility of modifying the properties in solution by adding
salt. A series of zwitterionic vinyl surfactants free of salt contamination was
prepared by attaching a polymerizable moiety to a tertiary amine followed
by sulfopropylation with propanesultone. The structural variation includes
the nature and the position of the polymerizable moiety while keeping the
length of the hydrophobic tail constant. Thus, polymers 53-56 with “head”
or “tail”-end structure were obtained by free radical polymerization in wa-
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ter or ethanol [172], and the effects of added salt on the solution prop-
erties [173] as well as on the molecular packing [174] were investigated.
Furthermore, several alternating SO,-containing polysoaps like 57 were syn-
thesized by copolymerization of olefinic zwitterionic surfactants and SO,
and a series of zwitterionic polysoaps containing oligo(ethylene oxide) spac-
ers such as 58 was prepared [175]. Copolymers of sulfobetainic surfactant
monomers of different geometry like that corresponding to 55 and po-
lar nonionic comonomers such as acrylamide were synthesized and their
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bulk and solution properties were extensively investigated [176]. A great
number of polymeric surfactants all bearing the ammoniopropanesulfonate
head group were prepared by radical homopolymerization of monomers
containing diallyl, diene, or vinylcyclopropane moieties, thereby varying
the density of surfactant side groups. The solubility of these polymers is
dominated by the polymer geometry [176-178]. This work was continued
by the synthesis of a series of polysulfobetaines with the principal struc-
ture of 53, but variation of the spacer lengths and the substituents at the
quaternary nitrogen. The influence of the structural variation on the bulk
properties was the subject of detailed investigations [178]. A number of
sulfobetaine monomers were characterized by one- and two-dimensional
NMR spectroscopy [179]. Instead of synthesis by free radical chain growth
polymerization, polymeric sulfobetaine surfactants were also synthesized
from hydrophobized sulfopropylammonio monomers containing two olefinic
groups by free radical step growth polymerization, namely via thiol/ene
addition [180] (Scheme 11).

Copolymers 59 [181] and terpolymers 60 [182] were synthesized by mi-
cellar copolymerization and characterized with respect to their molecular
and solution properties. The subject of further investigations was the inter-
action with low molecular weight surfactants [181, 183]. Another interesting
use was made of hydrophobized sulfopropylammonio monomers as surface-
active monomers (or “surfmers”) [184]. Their use in emulsifier-free emulsion
polymerizations [185] reduced the water uptake and improved the mechani-
cal stability of the resulting filmed latexes.

3
Properties of Polybetaines in Solution, Condensed, and Gel States

The unique properties of polymeric betaines are strongly related to the
interaction of the opposite charges in aqueous and aqueous salt solu-
tions [1-4, 186]. One of the features of betaine-type polyampholytes is the
tendency of the zwitterionic fragments to form a cyclic conformation of the
cationic and anionic groups of neighboring monomer residues (intragroup),
or a head-to-tail stacking (intrachain) within single macromolecules and in-
terchain ion contacts between neighboring macromolecules. This results in
the appearance of cross-linked networks (Scheme 12).

Therefore, polymeric betaines are usually sparingly soluble in pure water,
and present gel-like characteristics, but they are soluble in salt-containing so-
lutions. In contrast to ordinary polyelectrolytes, polymeric carboxy-, sulfo-,
and phosphobetaines in dilute solutions have a very small disturbing effect
on the structure of the hydrogen-bonding network of water molecules, be-
cause of the intra- and intertether proximity between the oppositely charged
groups [187].
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Scheme 12 Intragroup (a), intrachain (b), and interchain (c)salt bonds in polybetaines

According to molecular modeling calculations and NMR spectra [188], low
molecular weight zwitterions are able to fold intramolecularly into a loop
conformation in which the positive charge on one end of the molecule inter-
acts with the negative charge on the other end, in dependence on the length
and flexibility of the spacer. This folding motif can be useful for the design of
supramolecular polymers by varying the linker length and its flexibility. The
design of self-assembling molecules that are able to fold into predictable, spe-
cific conformations can help us to learn more about the self-organization, in
particular protein folding processes.

Capillary electrophoresis proved to be a powerful tool for studying the
intra- and interchain associations in various polycarboxybetaines as a func-
tion of the structure, the pH, and the molecular weight [35-37]. At low
pH, the polymer particles migrate to the cathode side as the dissociation of
the carboxylic groups is suppressed. The mobility differences of the charged
species depend on their primary structure. For instance, the cationic group of
19b is more effectively shielded by ethyl substituents than that of 19a, which
is surrounded by methyl groups. This lowers the association of the carboxylic
groups with the quaternary ammonium groups. It is therefore easier to pro-
tonate the carboxylic functions in compound 19b. The overall cationic charge
of 19b is higher, and the mobility is greater than that of 19a. If intramolecu-
lar association prevails, the resulting electropherogram of the mixture of two
samples of different molecular mass should be the overlap of the two sin-
gle injections. When the electropherogram of the mixture results in a narrow
peak with a mobility in between the peak maxima of the single injections, the
dominating process should be intermolecular association. The intramolecu-
lar association is pH dependent. With increasing pH of the buffer solution
the mobility of polycarboxybetaines drastically decreases due to the increased
ionization of the carboxylic groups [36].

The effects of alkyl spacer length between both charged moieties with
different substitution at, and with different hybridization of, the quat-
ernized nitrogen were studied for a series of poly(carboxybetaines) de-
rived from poly(4-vinylpyridine) and poly(vinylbenzyl chloride) by capil-
lary electrophoresis, charge titration, and FTIR spectroscopy. A strong pH-
and structure-dependent shift in electrophoretic mobilities is revealed for
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the samples bearing different numbers of methylene groups between the
charges [35-37]. The protonation of carboxylic units is increased with in-
creasing charge distance and leads to enhanced mobility. The efficiency of
the intramolecular electrostatic interaction is decreased by additional alkyl
chains at the o carbon atoms. The “ion pair” formation ability of dimethyl-
and diethylammonium acetate having sp> hybridization was compared with
some sp’-nitrogen-containing pyridiniocarboxylates. As expected, the in-
tensity of interaction drops with an sp® hybrid orbital instead of an sp?
ammonium ion. The findings of the FTIR measurements reveal that the asso-
ciation structures of the polycarboxybetaines are preformed in bulk. Strong
interaction of sterically less shielded positive charges with a carboxylate moi-
ety leads to increasing bond strength of the COO™ moiety and therefore to
a higher wave number of the IR band (1643.1 cm™). The opposite happens
with highly shielded cationic charges as in 19b (1627.8 cm™') or with charges
separated by four methylene spacers (1640.3 cm™). The increase in distance
from one carbon up to four and ten carbons in polycarboxybetaines caused
the carboxylate band to shift from 1632 to 1570 and 1561 cm™! [16].

The pK, values of ionizable groups in macromolecules can significantly
differ from those of the isolated groups in solution because of interactions
between neighboring ionizable groups, solvation effects, and conformational
changes [189]. The approach developed in [190] for equimolar annealed
polyampholytes can be applied to a comprehensive analysis of the po-
tentiometric titration data of the polycarboxybetaines and -sulfobetaines
derived from N,N-diallyl-N-carboethoxymethylammonium chloride and
3-(N,N-diallylammonio)-propanesulfonate [75, 191]. These zwitterionic poly-
electrolytes can also exist in the form of anionic and cationic polyelectrolytes
and in an uncharged form in dependence on pH (Scheme 13). The trans-
formation from the uncharged form to the polyzwitterion or vice versa is
determined by micro- and macroscopic ionization constants. The relation-
ships between the microscopic (ki, k2, k12, k21) and macroscopic (Ki, K3)
ionization constants as well as the tautomeric (K;) constant can be described
as follows:

K, = k] + k2

1/Ky =1/kia + 1/kn
K1K; = kikiz = kzka
Ki=ki/ky = ka1 /k12 .

As in the case of the simple amino acid glycine, the zwitterionic form of
the polycarbobetaine should be more stable than its uncharged form because
of K¢ > 1. The polycationic form might be considered as a two-base acid hav-
ing pK} and pK2, which correspond to successive titration of COOH and NH*
groups, while the polyanionic form can be considered as a two-base base with
pKé and pK2, which reflect the protonation of tertiary amine N groups and
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Scheme 13  Transformation of zwitterionic polybetaine (ZPE) to anionic (APE) and
cationic (CPE) polyelectrolytes and uncharged molecular form [191]

carboxylate ions COO™. In its turn, the polyzwitterionic form can serve as
both an acid that loses protons and is converted to the polyanion (k;,), or as
a base that binds protons and is transformed to the polycation (k).

Table 1 summarizes the values of k; and ki, determined in salt-free and
saline water containing 0.1 M KCl, together with the solubilities of the poly-

Table 1 Ionization constants and solubility behavior of polycarboxybetaines and -sulfo-
betaines in salt-free water and 0.1 M KCl solutions

Polybetaine Salt-free water 0.1 M KCl Solubility

k1 k12 ki ki Salt-free water 0.1 M KCl
PCB (n=1) 2.52 10.70  2.66 9.87 Soluble Soluble
PCB (n=5) 3.52 — 4.36 — Soluble Soluble
PCB-c0-SO; (n=1) — 873 — 7.88 Insoluble Insoluble
PCB-c0-SO; (n=5) — 888 — 8.04 Insoluble Soluble
PSB (n=1) — 10.82 — 9.88 Soluble Soluble
PSB-c0-SO; (n=1) — 8.51 — 7.54 Insoluble Soluble

PSB-c0-SO; (n=3) — — — — Insoluble Insoluble
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betaines. It is evident that the presence of the electron-withdrawing SO, unit
considerably lowers kj;. As can be seen from Table 2, the polycarbobetaine
with the shorter spacer (n =1) is easier to protonate. The microscopic ion-
ization constant k; of the polycarbobetaine with n=5 in 0.1 M KCl is close
to those of polycarboxylic acids. The strong acidic character of the polycar-
bobetaine with n = 1 may be attributed to a “nearest-neighbor effect” specific
for polyampholytes [192]. Also, the changes in the dissociation constant of
a weak acid (carboxyl) in the vicinity of strong basic (ammonium) groups
based on Hill’s theory should be taken into account [189].

The distribution of the cationic, anionic, and zwitterionic forms of the
polyampholyte calculated from the k; and k;, and the viscosity data show
that polybetaine molecules exist in the zwitterionic form and as a compact
coil in the vicinity of the isoelectric point (IEP) (Fig. 1). Deviation from
the IEP leads to prevalence of the anionic or cationic forms and expanding
conformations.

The viscometric curves of the polyzwitterion form are not symmetri-
cal, e.g., the increment in the reduced viscosity is significantly lower on
the acidic side in contrast to the basic region. The reason is either the for-
mation of hydrogen bonds between carboxylate ions and H* of the type
COO~---H*---700C that reduce the hydrodynamic volume of the polybe-
taines, or the specific binding of chloride ions to the protonated amine
groups.

The intramolecular dipolar interaction in solution should decrease with
increasing size of the substituents in the order: pyridinium > N*(CH3), >
N*(CyHs), [34]. The potentiometric titration curves of polybetaines resem-
ble those of the titration of weak acids and weak bases. Measurements of the
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Fig.1 Distribution curves for the anionic, cationic, and zwitterionic forms of polybe-
taines [191]
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accessibility of the carboxylic group to protons show significant differences
as a function of the chemical structure of polycarboxybetaines derived from
poly(4-vinylpyridine) (17) and from poly(vinylbenzyl chloride) (19). Only 6%
of the carboxylic groups of 17 were titrated in pure water. The addition of
NaCl resulted in an increase of protonated carboxylates up to only 15%. The
larger ethyl groups in 19b are responsible for decreasing intramolecular in-
teractions, so that a much higher proportion of acid groups can be titrated
(up to 75% in 0.5 M NaCl). These results are in good agreement with viscosity
measurements. Polycarboxybetaine 19b shows a typical polyelectrolyte effect
in water, while polycarboxybetaine 17 (n = 1) shows a nearly linear slope. The
reason is that the free charges of the polycarboxybetaine 17 (n =1) is close
to zero in contrast to polycarboxybetaine 19b, which has a noticeable num-
ber of free charges because of the hindered formation of an internal salt. The
reduced viscosity of 19a and 19b passes through a minimum as a function of
pH (Fig. 2) [193].

The difference in replacement of the IEP for 19a (pHgp = 3.6) and 19b
(pHigp = 2.9) is probably connected with the different hydrophobicity of poly-
carboxybetaine chains, e.g., the cationic group of 19b is more effectively
screened by ethyl substituents, as they are bulkier than the methyl groups
of 19a. The effect of organic solvent on the solution behavior of 19b was
studied [193]. In saline water, the conformation of 19b is compact due to
the screening of the electrostatic repulsion by the neutral salt KCl. Add-
ition of ethanol improves the thermodynamic quality of the solvent with
respect to the hydrophobic parts of the macromolecules, and the reduced
viscosity increases and has the maximal value at 60-80 vol % of ethanol in
a water/ethanol mixture.
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Fig.2 Dependence of the reduced viscosity of 19b (curve 1) and 19a (curve 2) on pH in
water. Concentration = 0.3 g/dL [193]
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A reasonable explanation of this phenomenon may be the unfolding of the
macromolecules due to preferential solvation of the betaine parts of 19b by
water, and of the benzyl ones by the organic solvent. The viscosity of 19b
decreases in pure ethanol because of the low solubility of ionic species and
enhanced condensation of counterions to polyions.

The main distinction between polycarboxybetaines and -sulfobetaines is
the difference in basicity, the carboxylate group in polycarboxybetaine be-
ing a stronger base than the sulfonate group of polysulfobetaine [13,51]. In
aqueous solution, the carboxylate group can be rendered nonionic by lower-
ing the pH, whereas the sulfonate group remains anionic even at low pH due
to the low pKj. As a result, the reduced viscosity of polycarboxybetaine passes
through a minimum undergoing a polyanion < polyzwitterion <> polycation
transition. In contrast, the polysulfobetaine does not exhibit an enhanced vis-
cosity at low pH due to the weak basicity of the sulfonate group. A combina-
tion of static and dynamic laser light scattering was used to study the effects
of temperature, pH, and ionic strength on inter- and intrachain interactions
in poly(N,N-dimethylmethacrylamidopropylammonium propiolactone) [28].
An increase of the temperature to 50 °C shifts the equilibrium from associates
toward individual chains. The addition of NaOH also suppresses interchain
aggregates due to the ionization of carboxylic groups. The addition of a small
amount of NaCl (at pH 12) at first enhances the dissociation of interchain
associates, because both the hydrodynamic radius and molar mass decrease.
The further addition of salt results in chain extension as the intrachain asso-
ciation is broken up. Thus intragroup, intrachain, and interchain ion contacts
are disrupted at sufficiently high salt concentration. The solubility of polybe-
taines in aqueous solution depends on the nature of the anions and cations of
added salts [194, 195]. For salts with a common anion (Cl~) and monovalent
cations, the solubility decreases as K* > Na* >NH,* > Li*, while for diva-
lent cations the solubility decreases in the order Ba?* > Sr?* > Ca?t > Mg?*.
In the presence of salts with a common cation (K*) but different anions, the
solubility decreases in the order ClO4~ >1I" > Br™ > Cl™ > F~. The Hofmeis-
ter lyotropic sequence can successfully be applied to describe the solubility
behavior of most polybetaines.

The common feature of polyampholytes with betaine structure is that the
viscosity of the solution and the second virial coefficient A, increase with in-
creasing salt concentration [196] beyond a critical minimum value [173]. The
Huggins constant K, which is generally considered to be related to polymer—
solvent interaction, decreases as the salt content is increased. In other
words, the solvent quality for polybetaines increases with increasing salt con-
centration. However, the properties of copolymeric polysulfobetaines [197,
198] based on styrene-N,N-dimethyl(maleimidopropyl)ammonium pro-
panesulfonate, styrene-N,N-dimethyl(maleamidic acid)propylammonium
propanesulfonate, or acrylamide-N,N-dimethyl(maleimidopropyl)ammo-
nium propanesulfonate in aqueous salt solutions are different from the gen-
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eral polysulfobetaines containing just a single sulfobetaine group [70, 199].
This may be attributed to the hydrophobic or hydrophilic character of macro-
molecules induced either by the presence of styrene segments or carboxylic
(acrylamide) moieties in addition to sulfobetaine groups.

Poly(ampholyte-electrolyte)s containing both polybetaine and anionic
(or cationic) polyelectrolyte can exhibit simultaneously both “antipoly-
electrolyte” (the viscosity increases with growth of the ionic strength)
and polyelectrolyte behavior (the viscosity decreases with increasing ionic
strength) [22, 57]. The study in [56] provides an interesting opportunity to
investigate which structural features—polyelectrolytic or polyzwitterionic—
dictate the solution properties of novel poly(electrolyte-zwitterions) synthe-
sized from sodium N-(3-sulfopropyl)-3-(N,N-diallylamino)propanesulfonate.
As distinct from classical polybetaines, such poly(electrolyte-zwitterion)s
have two negative and one positive charges in each monomer unit. This ex-
plains their very good solubility in water and many protic solvents except
methanol, triethylene glycol, and acetic acid. In the absence of added salts,
poly(electrolyte-zwitterion)s behave as typical polyelectrolytes. The poly-
electrolyte effect disappears in salt-containing solutions, and the intrinsic
viscosity values decrease with increase in various salt concentrations in favor
of polyelectrolyte character. It is interesting to note that the hydrodynamic
volume of poly(electrolyte-zwitterion)s increases continuously with increas-
ing temperature in both 0.1 and 0.5 M NaCl. This property could be useful for
viscosification of water at high temperatures. The polybetaines obtained by
cyclopolymerization from N-(4-sulfobutyl)-N-methyl diallylammonium be-
taine show enhanced solubility in salt water, increased stability in the solid
state, and enhanced thermal hydrolytic stability in comparison with betaines
containing ester or amide linkages [56].

The aqueous solutions of aromatic and aliphatic polyzwitterions exhibit
significantly different phase behavior: while 26 has an upper critical solu-
tion temperature (UCST) at 286 K, 23b shows both an UCST at 306 K and an
“apparent inverted” lower critical solution temperature (LCST) at 289 K [196,
200]. Compound 25 is insoluble over the whole temperature range between
273 and 373 K. Thus, 23b is considered to be in a collapsed coil in water below
the UCST due to intra- and/or interchain association.

The solution properties of a polybetaine containing the phosphatidyl-
choline group, poly[(2-methacryloyloxy)ethyl-2-(trimethylammonioethyl
phosphate)], which has PO4~ and N*(CHj3)3 groups separated by two methy-
lene groups, were reported [201,202]. A linear relationship between [7]
and 1/u was observed for the polyampholyte at low p near pHigp. When
> 0.0025, [n] increases as the attractive interactions between the oppositely
charged units are diminished. By comparing the y dependence of the elec-
trostatic expansion factor of the polyampholyte with that of poly(sodium
acrylate), it is suggested that there is a pronounced intramolecular attraction
between the oppositely charged segments even when the pH deviates from
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the IEP. For the sulfobetaine-type polyampholyte [66], the intrinsic viscos-
ity [n], second virial coefficient A;, exponent a in the Mark-Kuhn-Sakurada
equation, radius of gyration Ry, and hydrodynamic radius Ry, increase with
increasing salt concentration Cs. The exponents of the Mark-Kuhn-Sakurada
equation are a = 0.5, 0.67, 0.70, and 0.70 for Cs = 0.06, 0.3, 1.0, and 4.0 M
NaCl aqueous solution, respectively. Judging from the experimental results
for a = 0.5, it was found that the NaCl solution of Cs = 0.06 M is a theta-solvent
at 30 °C. The electrostatic expansion factors for the polyampholyte effect,
oe, Were estimated over a wide range of molecular weights and Cs values. It
was concluded that the chain expansion for a neutral polyampholyte is con-
trolled by the nonionic excluded volume effect and the electrostatic excluded
volume effect (polyampholyte effect) at moderate concentrations of added
salt. The electrostatic expansion factor can reasonably be described by an o3-
type equation, although no such equation has so far been proposed for the
polyampholyte.

The adsorption of 23 onto a silica surface from aqueous NaCl solutions with
various concentrations was studied [203]. Comparison of the thickness of the
adsorbed layer with the radius of gyration of 23 in NaCl solutions revealed the
existence of collapsed (pancake)-, normal (fence)-, and elongated (pole)-like
conformational regimes that were described theoretically by Joanny [204].

The three-dimensional plot [57] of Ry, as a function of salt and polymer
concentrations for cyclocopolymers consisting of sulfobetaine and cationic
monomers shows that the value of Ry, passes through a minimum at any
polymer concentration as the ionic strength of the medium is increased. The
initial decrease of Ry, is attributed to the screening of electrostatic repulsions
between positive charges by small ions. The minimum R}, corresponds to the
collapsed state of the polymer chain. The reexpansion of the macromolecular
chain with increasing ionic strength is due to the suppression of intramolec-
ular dipole-dipole interactions between the sulfobetaine mer units.

Figure 3 shows the influence of pH on the viscosity and electrophoretic
mobility of poly(carboxyethyl 3-aminocrotonate) (PCEAC) [205-211]. The
minimal viscosity and the zero mobility are observed at extremely low pH
(2.1-2.2) and correspond to the isoelectric point (IEP). The “asymmetric”
character of chain stretching and the “anomalous” low magnitude of the IEP
(pHiep ~ 2.0-2.1) may be explained by the different accessibility of the car-
boxylic and secondary amine groups to ionization. Carboxylic groups placed
far from the polymer main chain can be ionized more easily than the sec-
ondary amine groups that are close to the main chain and in a hydrophobic
environment. These results are in good agreement with the electrophoretic
data, e.g., the number of negative charges on the macromolecules is signifi-
cantly higher at pH > 2 than the number of positive charges at pH < 2. The
values of Rg, A, and 1sp/C at pH = 2.1 (IEP) and 7.0, when the PCEAC chains
are correspondingly in the collapsed and expanded state, correlate well with
the data of Fig. 3 (Table 2).
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Fig.3 Reduced viscosity (curve 1) and electrophoretic mobility (curve 2) of PCEAC vs pH
of the solution [255]

Table 2 Hydrodynamic parameters of PCEAC in aqueous solution at different pH and p =
0.1 [212]

Polybetaine pH M,10°® PDI® My10° Ry 7sp/C, Az x 107, Mean® Peak®
nm dLg! cm®molg? dy,nm dy, nm

PCEAC 2.1 — — 44 — 0.5 -38.8 40 18
7.0 31 215 96 32 60.0 18.9 191 16

2 Results are obtained using SEC
b DLS results are obtained at fixed polymer concentration and 90° scattering angle

The negative value of the second virial coefficient and the low value of the
reduced viscosity at pH = 2.1 confirm a globular conformation of the polymer
particles at the IEP [212]. The pH-dependent swelling behavior of the PCEAC
gel is consistent with its linear analogue and a minimum at pHygp & 2.1-2.2.

The electrostatic self-assembly of thermally responsive copolymers of
N-isopropylacrylamide with up to 10 mol% of the sulfobetaine monomer
3-[N-(3-methacrylamidopropyl)-N,N-dimethyl]ammonium propanesulfon-
ate) and poly(ethylene oxide) modified with terminal cationic or anionic
groups was studied in methanol and aqueous solutions by static light scat-
tering, turbidimetry, viscometry, and rheological measurements [82]. The
formation of graftlike complexes at stoichiometric dipole-ion ratio and their
self-association was detected in the dilute and semidilute regime at tem-
peratures below and above the LCST. The ability of the graftlike complexes
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to associate below the LCST depended on the sulfobetaine content of the
copolymers, the functionality of cationic or anionic groups, and the polymer
concentration. The effect of the terminal group on the solution behavior of
the graftlike complexes was less pronounced. With increasing temperature
their semidilute aqueous solutions form gels, which are stable over a wide
temperature range.

Polybetaines in the solid state are able to form ionic aggregates or
clusters [2]. The microphase separation in various zwitterionomers was
analyzed [67,213,214]. Copolymers based on five different sulfobetaine
monomers and butyl methacrylate (or 2-ethoxyethyl acrylate) exhibited a bi-
phasic morphology with the appearance of ion-rich and ion-poor phases
in dependence on spacer length between positive and negative charges
and on the bulkiness of the alkyl substituents at the quaternary ammo-
nium functionality [213]. The cluster phase undergoes a glass transition
at a higher temperature than the ion-poor matrix. A series of segmented
poly(tetramethylene oxide) zwitterionomers of the ammonioalkanesulfonate
(N*(CH3),S037, p = 3, 4) or the alkoxydicyanoethenolate (N*(CH,),0COC"
(CN)2, p =2, 3) displays thermally stable biphasic structures as a result
of the quantitative segregation of the dipolar segments within the highly
mobile and weakly polar poly(tetramethylene oxide) matrix [74, 215]. Tran-
sition from a lamellar structure for the shorter poly(tetramethylene oxide)
segments (high zwitterion density, lamellar spacings between 7 and 8 nm
with a thickness of the zwitterionic layer of about 1nm) to a hexagonal
structure (low zwitterion density, radius of the zwitterionic cylinder of
about 1.2nm) for the longer ones is observed. Matrix polarity effects
on the microphase separation in zwitterionic A;B random copolymers
(where A; units are — CH,CH(CH;R;)O — corresponding to epichlorohy-
drin (PEC, R; =Cl), glycidol (PGOH, R; = OH), glycidyl acetate (PGAC, R; =
OCOCH3), or glycidyl p-nitrobenzoate (PGNB, R; = OCOCsH4NO;); B unit
is — CH2CH[CHzo(CHz)2N+(C2H5)2(CH2)20COC_(CN)z]O —, the ammonio-
ethoxydicyanoethenolate type) were further analyzed [214,216]. DSC and
NMR results show that (1) PGOH zwitterionomers are monophasic (one Tg
between 3 and 31°C) as a result of hydrogen bonding; (2) PGNB zwitter-
ionomers are likely monophasic (one Tg around 58 °C) as a result of strong
dipolar and dispersion interactions; (3) PEC zwitterionomer is a biphasic ma-
terial characterized by a quasi-quantitative segregation of the dipolar units
in the “hard” phase (high Ty ~ 22 °C) and a segregation rate of PEC units
in the “soft” phase (low Tg ~ — 18 °C) of about 84%; and (4) PGAC zwitter-
ionomers are monophasic (one Tg between - 12 and 15 °C), despite fairly
close and weak van der Waals interactions and a fairly similar matrix mo-
bility when compared to the previous PEC case. Thus, the development of
a two-phase structure in random A;B zwitterionomers is very sensitive to
small variations of the matrix characteristics and of the A-B interactions. Mi-
croscopic structural features of three methacrylate polymers with different
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numbers of diethylene glycol residues and sulfobetaine pendant groups (23d)
were determined by WAXS, SAXS, SEM, TEM, scanning probe microscopy,
and AFM [67]. The basic morphology of methacrylate-based polysulfobe-
taines was found to be a core-shell configuration of molecular aggregates
embedded in an amorphous polymer matrix. The studied polysulfobetaines
are crystalline systems that can be adequately described by a lamellar struc-
ture. As the number of pendant groups increases, the crystallinity decreases,
and the lamellar aggregates become smaller.

Due to the high density in dipolar units and dipole moment, polybetaines
have a strong binding capacity with respect to low molecular weight salts
and may be used as solid electrolytes for high-energy batteries. Such behav-
ior was demonstrated for a number of polybetaines blended with LiClOy,
NaClO4, NaNO3, NaBr, or Nal [16, 28, 174, 178, 217-219]. Equimolar mixtures
of polycarbobetaines with Nal give homogeneous blends, as indicated by
the missing signals of residual Nal in X-ray diffractograms demonstrating
the full miscibility. Moreover, the small-angle peaks in the diffractogram of
polycarbobetaine change or disappear, indicating modification or loss of the
superstructure, and giving additional evidence for the miscibility of polymer
and salt. Dielectric spectroscopy was used to analyze the molecular dynamics
and the charge transport in mixtures of poly3-[N-(w-methacryloyloxyalkyl)]-
N,N-dimethylammonium propanesulfonate with Nal in the frequency range
of 102-107 Hz and in the temperature range of 110-400 K for different salt
concentrations (0, 100, and 200 mol %) [220]. One relaxation process is ob-
served whose relaxation rate depends strongly on the length of the aliphatic
spacer between the polymethacrylate main chain and the zwitterionic groups.
This relaxation process with activation energy E4 =47 kJ/mol is assigned
to the fluctuation of the quaternary ammonium groups in the side chains.
At higher temperatures, the dielectric properties and the conductivity are
primarily dominated by the mobile inorganic ions: conductivity strongly
depends on the salt concentration, showing a pronounced electrode polar-
ization effect. The conductivity contribution can be quantitatively described
by the hopping of charge carriers in the frame of a random free-energy
model. The Barton-Nakajima-Namikawa relationship is fulfilled for the low-
frequency regime and for the critical frequency.

Similar to polyelectrolyte gels, polybetaine gels are also sensitive to the
variation of external stimuli such as pH, temperature, ionic strength, sol-
vent nature, and DC electric field. The pH-dependent behavior of xerogels
based on sodium acrylate and N,N-dimethyl(acrylamidopropyl)ammonium
propanesulfonate is bell-shaped [94, 95]. The contraction of the hydrogels in
the strong acidic region is explained by the suppression of the ionization of
the sulfonate and carboxylic moieties by mineral acid. The sharp swelling of
hydrogels in the region of pH 2-3 is accounted for by the ionization of mostly
sulfonate groups (with pKj, =~ 2.8), which results in electrostatic repulsion by
the negative charges. A roughly constant swelling of the hydrogels between



Polymeric Betaines: Synthesis, Characterization, and Application 193

pH 4 and 10 is the result of the ionization of both the carboxylic and sulfonate
groups. The considerable shrinking of gel specimens at pH > 10 is proba-
bly explained by the suppression of the polyelectrolyte effect by the excess of
NaOH that plays the role of the low molecular weight electrolyte.

Discontinuous and continuous collapse of PCEPAC and poly(carboxyethyl
3-cyclohexylaminocrotonate) (PCECHAC) hydrogels was observed [221] in
water/acetone and water/ethanol mixtures (Fig. 4). These results confirm the
universal behavior of hydrogels with respect to the thermodynamic quality of
solvents.

SEM pictures of PCECHAC taken in water/acetone mixtures are also in
good agreement with the swelling-shrinking behavior of such hydrogels
(Fig. 5). The average pore size of PCECHAC gel in pure water is 30-40 pm.
Increasing the acetone content in the water/organic solvent mixture results
in a decrease of the gel pore size down to 15-20 pm. In pure acetone the gel
sample is in a collapsed state with pore sizes of 1-2 um. The swelling of hy-
drogels in polar solvents changes in the sequence: water > DMSO > DMF >
ethanol > acetone.

It is well known that polyelectrolyte gels swell, shrink, or bend when an
external electric current is applied [222, 223]. The electric-stimuli property of
polybetaine gels depends on the pH of the outer solution, the ionic strength,
the applied voltage, and the direction of the electric field with respect to the
gel specimen [208,221]. The bending behavior of PCEPAC gels was studied
under an externally imposed DC electric field. A gel rod placed parallel to the
electrodes bends to the cathode side. If the electric stimulus is removed, the
gel gradually returns to the original position. When the polarity of the elec-
trodes is altered, the gel bends toward the opposite direction. The bending
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Fig.4 Swelling-deswelling behavior of PCEPAC (1,2) and PCECHAC (3,4) gels in wa-
ter/acetone (1,3) and water/ethanol (2,4) mixtures [221]
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Fig.5 SEM pictures of PCECHAC gel in water, acetone, and water/acetone mixtures [221]

angle increases with increasing voltage across the gel. The driving force of the
bending toward the negative electrode is the swelling of the gel on the an-
ode, and the shrinking on the cathode side induced by the osmotic pressure
difference.

If the gel rod is placed perpendicular to the electrodes, the applied DC
electric field causes a sharp appearance of pH gradient during 1-2 min [208].
After 5 min, the pH value becomes stable. The magnitude of the pH in the gel
volume returns quickly to the initial state if the electricity is switched off. The
values of ApH = pHy - pH;—¢ (where pHy and pH;_,¢ are the initial value of
pH and pH value extrapolated to t — 0, respectively) are a function of the
DC electric field. Figure 6 presents the dependence of the pH on the distance
+L when the glass electrode is placed on the cathode or anode side of a gel
specimen in comparison with its central section where L = 0.

Without an applied DC electric field, the pH gradient along the sample is
uniform and equal to 5.46. An increase of the electric field shifts the pH gra-
dient to the more acidic region. The dependence of the pH gradient on L is
linear, but the slopes of the straight lines differ and depend on the value of
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and at E=5 (2), 10 (3), and 15V (4) [208]
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Scheme 14 Distribution of fixed and mobile charges in polybetaine gels under the im-

posed external DC electric field [208]

the applied DC electric field. In order to interpret these data, the distribution
of fixed network charges and counterions along the gel specimen should be

considered (Scheme 14).

The externally imposed potential across the gel causes the accumu-
lation of negative fixed charges (COO~) and mobile ions (OH™) on the
anodic side (zone A), while the accumulation of positive fixed charges
(NH,*) and mobile ions (H*) takes place on the cathodic side (zone C).
Zone B probably contains an equal number of positive and negative charges.
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As a result, zones A, B, and C have comparatively a basic, neutral, and
acidic character, respectively. Increasing the DC electric current leads to
the overall acidification of the gel sample (see Fig.6, curve 4) due to
the easy ionization of the acidic groups. Consequently, this narrows the
zones B and C and expands zone A. Polybetaine hydrogel membranes of
isopropyl-2-[2’-(trimethylammonium)ethyl phosphoryl] ethyl fumaramate
and 2-hydroxyethyl methacrylate effectively enhance the water content in
comparison with poly(2-hydroxyethyl methacrylate) [224]. The content of
water in hydrogel membranes increases, but the amount of adsorbed BSA de-
creases with the increase of the betaine content in the feed. The values of the
tensile strength and tensile elongation of the hydrogel reach 68.4 g mm? and
239%, respectively.

4
Behavior of Hydrophobically Modified Polybetaines

Hydrophobically modified polybetaines combine the behavior of zwitterions
and amphiphilic polymers. Due to the superposition of repulsive hydrophobic
and attractive ionic interactions, they favor the formation of self-organized
and (micro)phase-separated systems in solution, at interfaces as well as in the
bulk phase. Thus, glasses with liquid-crystalline order, lyotropic mesophases,
vesicles, monolayers, and micelles are formed. Particular efforts have been
dedicated to hydrophobically modified polyphosphobetaines, as they can be
considered as polymeric lipids [5,101,225-228]. One can emphasize that
much of the research on polymeric phospholipids was not particularly fo-
cused on the betaine behavior, but rather on the understanding of the lipid
membrane, and on biomimicking. So, often much was learnt about biology
and the life sciences, but little on polybetaines as such.

Although deviating chemically more from the natural prototype than
polyphosphobetaines, hydrophobically modified polybetaines with other
zwitterionic groups behave similarly. If the density and size of the hydropho-
bic fragments is reduced, the polymeric betaines become soluble in water
(or in brine, see Sect. 3), but are still able to self-organize in aqueous so-
lution and in bulk [17,18,28,53,172-174,177,178]. For instance, the low
viscosities of so-called zwitterionic polysoaps are attributed to the intra- and
intermolecular aggregation of the zwitterionic and hydrophobic side chains,
keeping the hydrodynamic radius small. Simultaneously, X-ray studies of the
same zwitterionic polysoaps reveal the formation of superstructures in the
bulk. In the example in Scheme 15, both electrostatic attractions between
ammonium and carboxylate groups and hydrophobic interactions between
long hydrophobic side chains are the driving force of superstructure forma-
tion [17, 45, 174], supported by an appropriate spacer length in the polymer
backbone.
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a hydrophobically modified polycarboxybetaine [17]
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Fluorescent hydrophobes (naphthyl and pyrenyl groups) incorporated into
the polysulfobetaines are a powerful tool for studying the formation of intra-
and interpolymer aggregates in aqueous and aqueous salt solutions [85,229-
231]. Intermacromolecular hydrophobic association is observed as an in-
crease in the excimer emission relative to that of the “monomer” emission,
where Ig/Iy is the ratio of intensities of excimer and monomer fluores-
cence which reflects the extent of inter/intra macromolecular interactions. In-
tramolecular micellization is easily monitored by the quenching efficiency of
the thallium ions. The decrease of Ig /Iy reflects the breaking of the intra- and
interchain associations in aqueous salt solutions, leading to chain expansion.

The surface activity and solubilization capacity of amphoteric polysoaps
were studied [172,177,178]. The surface activity of zwitterionic polysoaps
is diminished by added salt due to their “antipolyelectrolyte” character.
The sequence to solubilize hydrophobic dyes is often “mid-tail” > “head”
> “tail-end” geometry. An extended study on the solubilization ability of
hydrophobically modified polybetaines can be found in [232]. The surface
activity of the cyclocopolymers containing the pH-responsive hydropho-
bic monomer N,N-diallyl-N-methylamine and the salt-sensitive sulfobetaine
monomer 3-(N,N-diallyl-N-methylammonio) propanesulfonate was utilized
to solubilize p-cresol within microdomains [233]. Other studies corroborate
the general picture [182, 183].

Amphiphilic polybetaines that are end-capped by fluoroalkyl chains
and which possess unique properties imparted by the fluorocarbon frag-
ments were developed [234-236]. The polymers of common structure [Rg-
26-Rg], [Rg-23a-Rg], and [Rg-(APDMAE),-Rg] (where APDMAE is 2-(3-
acrylamidopropyldimethylammonio)-ethanoate and R is fluorinated hydro-
carbons) were shown to exhibit a wide variety of dispersing, aggregate, and
emulsion properties. The viscosity of [Rp-(APDMAE),-Rg] in water consid-
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erably increases in comparison with that of [Rp-23e-Rg]. The gelation of
[RE-(APDMAE),-Rg] at a concentration of IOgL‘1 is connected with the
aggregation of the end-capped fluoroalkyl segments and the strong ionic
interactions between the betaine segments. Polymer [Rg-23e-Rg] could not
form gels in water because of the electrostatic repulsion between the sulfonate
units (Scheme 16), but was able to induce gelation in methanol. The reduction
in the surface tension of water depends on the length of the fluoroalkyl seg-
ments in the polymers. The longer perfluoro-oxyalkylated polymers are more
efficient for reducing the surface tension of water than the corresponding
polymers with shorter fluoroalkyl chains, or polyAPDMAE without fluori-
nated end groups.

Whereas the above examples focused on end-capped polybetaines, the
other molecular structural extreme is polymers end-capped with betaine
groups, which are known, too. The dilute solution and bulk properties of
such polymers with zwitterionic end groups were reviewed by Hadjichristidis
et al. [237].

Block copolymers of 23b and alkyl methacrylates [158] and diblock
copolymers of 23b with 2-(diethylamino)ethyl methacrylate (23b-DEAEM),
2-(diisopropylamino)ethyl methacrylate (23b-DIPAEM), or 2-(N-morpholino)
ethyl methacrylate (23b-MEMA) exhibited reversible pH-, salt-, and tempera-
ture-induced micellization in aqueous solution under various conditions. The
micelle diameters were 10-46 nm [238]. The micelles of these hydropho-
bically modified polybetaines consist of coronas from 23b and cores from
polyDEAEM, polyDIPAEM, or polyMEMA. In aqueous solution, the 23b-
MEMA diblock copolymers form micelles with cores of polyMEMA above an
upper critical micelle temperature of about 50 °C, and reversibly betainized-
DMAEM core micelles below a lower critical micelle temperature of approxi-
mately 20 °C [239].

Reversible pH-, salt-, and temperature-induced micellization has been
reported for several other block copolymers containing a zwitterionic
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Scheme 16 Surface arrangement of fluoroalkylated betaine-type polysoaps in aqueous
solutions [236]
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block [152, 154,240-242]. In certain cases, multiple switching between com-
plex self-organized structures becomes possible [152, 240-242].

Another parameter suitable for modifying the aggregation behavior of
hydrophobically modifed polybetaines is the composition of the solvent
used. This is exemplified in Fig. 7, which illustrates the changes of the
intrinsic viscosity and of the swelling degree of linear and cross-linked
poly3-[(2-carboxy-1-methylethyl)dodecylaminocrotonate] (PCMEDDAC) in
water/DMSO mixtures [243]. The insoluble betaine parts of PCMEDDAC tend
to aggregate in pure DMSO and form intra- or interchain associates sur-
rounded by a hydrophobic corona. Addition of 10 vol % of water to DMSO
considerably increases both the swelling degree and the intrinsic viscosity.
A reasonable explanation of this phenomenon may be the unfolding of the
macromolecules due to the preferential solvation of the betaine fragments
of PCMEDDAC by water, and of the dodecyl chains by the organic solvent.
However, a further enrichment of the solvent mixture by water causes the
shrinking of the macromolecules, due to reversible micelle formation stabi-
lized by hydrophobic interactions of the long alkyl chains. The insolubility
of PCMEDDAC at more than 30 vol % of water is probably connected with
a strong compactization of the polymer particles. A hypothetical structure of
PCMEDDAC in DMSO, water/DMSO, and water environments is presented in
Scheme 17.

The behavior of linear PCMEDDAC in water/DMF mixtures differs from
the water/DMSO system. Increased temperatures increase the intrinsic vis-
cosity of PCMEDDAC in DMSO, while they decrease it in DMF. This opposite
behavior may be the result of the different solvent qualities with respect to the
functional groups of PCMEDDAC.

A particular interest in hydrophobically modified phosphorylcholine poly-
mers is due to the remarkable bio- and hemocompatibility of the surfaces
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Fig.7 Dependence of the swelling degree (1) and intrinsic viscosity (2) of PCMEDDAC on
water/DMSO mixture [243]
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Scheme 17  Hypothetical scheme of the conformation of PCMEDDAC in DMSO,
DMSO/water, and water solutions [243]

onto which they are coated. Conformational transitions of phosphorylcholine-
based hydrophobically modified polybetaines were studied by 'H NMR spec-
troscopy in D,0, CD30D, and CDCl3 [149]. The line broadening of the
proton signals in D0 indicates that the motion of the corresponding pro-
tons is restricted, providing evidence for the occurrence of hydrophobic
microdomains stabilized by the association of the long alkyl chains. The
assembly of the polymers in water is triggered by two cumulative effects:
(1) hydrophobic interactions between the hydrocarbon chains and (2) ion
pair formation between the phosphorylcholine groups. The hydrophobic in-
teractions disappear when the polybetaine is dissolved in CD3OD, while the
solvation of the betaine moieties persists so that no aggregation is observed.
In CDCIl3, however, inverse micelles are formed in which the core is made
of agglomerated phosphorylcholine units and the corona is made of freely
moving alkyl chains. In CD;0D/CDCIl3 mixtures, a gradual conformational
change from the swollen coil in CD30D to the collapsed structure in CDCl;3
is observed [244].

The behavior of polymerized phospholipids and analogues is exemplified
in the following by the example of the new polyCEACPhos (poly(carboxyethyl
3-aminocrotonate) modified by phosphatidylethanolamine). The FTIR spec-
tra of polyCEACPhos synthesized in bulk, chloroform, and ethanol are simi-
lar (Scheme 18) [245, 246].

The potentiometric titration curve of polyCEACPhos shows three bends
due to the presence of three ionizing groups, namely OPOH, COOH, and

COOH
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Scheme 18 Derived structure of phosphatidyl-containing poly(carboxyethyl 3-aminocro-
tonate) [245]
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NH™*. The apparent ionization constants (pK,) of OPOH, COOH, and NH*
groups found from the Henderson-Hasselbalch equation are 2.57, 4.75, and
7.08, respectively. These values coincide well with the acidic strengths of
phosphatidyl, carboxyl, and amine groups. The dependence of the pK; on
the ionization degree () plotted for the entire region of the potentiomet-
ric titration exhibits a nonmonotonic change of the pK, (Fig. 8). The values
of pK, increase with « and show a local maximum at « ~ 0.4. This is at-
tributed to a change of polyCEACPhos from a compact conformation to
an expanded polyelectrolyte-like state. The electrostatic Gibbs energy (Gej)
that corresponds to the additional work required to remove the protons
from the macromolecule was calculated according to the equation: AG, =
2.303RTA (where R is the Boltzmann constant, T is absolute temperature, and
A is area of conformational change). The value of AG = 45.72 k] mol~! found
for polyCEACPhos is much higher than that for poly(methacrylic acid) [247]
and hydrophobically modified polyelectrolytes of 8.68 k] mol™! [248]. This is
explained by a more stable compact conformation of polyCEACPhos, due to
the stabilization of the globular structure by the hydrophobic interactions of
the phospholipid fragments, which needs more electrostatic force to undergo
the globule-to-coil transition.

The construction of biomembrane systems from polymers containing
phosphatidylethanolamine and -choline analogues in the side chains by
spreading at the air/water interface and by the Langmuir-Blodgett technique
is of great interest [5, 101, 249, 250]. For instance, multilayers of dipalmitoyl-
pL-a-phosphatidylethanol methacrylamide polymerized under y radiation
resemble a natural phospholipid structure and show a fine lamellar struc-
ture with a periodicity; the average monolayer was estimated to be 32 A
thick [251].
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Fig.8 Conformational transition and pK, values of functional groups of polyCEACPhos
in aqueous solution. [polyCEACPhos] = 1.4 x 102 mol L', T =303 K [245]
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5
Interpolymer, Polymer—Surfactant,
and Coordination Complexes of Polybetaines

The formation of interpolyelectrolyte complexes (IPC) of polybetaines with
anionic or cationic polyelectrolytes differs in important aspects from the
complex formation between two oppositely charged polyelectrolytes. In the
latter case, the main driving force is the liberation of the low molar mass
counterions, which is not possible for complexes with polybetaines. Also,
the composition of the complexes with polybetaines may be nonstoichio-
metric, in contrast to the usual stoichiometric complexation found for two
polyelectrolytes. Characteristic features of IPC formation of polybetaines are
exemplified in the following for selected polysulfobetaines, polycarboxybe-
taines, and polyphosphobetaines.

Osada et al. [252] studied the complexation of 23b with poly(2-acrylamido-
2-methylpropanesulfonic acid) (polyAMPS), quaternized polyN-[3-(dime-
thylamino)propyl]acrylamide chloride (PDMAPAA-Q), and x, y-ionene bro-
mides (x = 3, 6; y = 3, 4) in aqueous solution. Depending on the concentration
and the mixing ratio of the constituent polymers, water-soluble IPCs were
formed which exhibit an UCST, like the parent polybetaine. The UCST de-
creased markedly when a small amount of the polyanion polyAMPS was
added to the solution of 23b, and eventually disappeared at high concentra-
tions of polyAMPS.

This pronounced change in the UCST indicates a strong interaction be-
tween the two polymers. The addition of the polycation PDMAPAA-Q until
R =0.17 (where R signifies the molar ratio of polyelectrolyte/polyDMAPS)
decreases the UCST first from 65 to 15°C. The mixtures with the cationic
ionenes show a similar evolution of the UCST, but also exhibit a minimum
at R =0.1-0.17. Thus, when polycations are added to 23b, the UCST de-
creases first, then passes through a minimum and increases again. This was
attributed to the different geometrical structure of polyelectrolyte complexes
(Scheme 19).

Since the ammonium cations are placed in the middle and the sulfonate
anions at the end of the side chain of 23b, the complex can be solubilized
due to free anionic groups of 23b (Scheme 19a). In contrast, PDMAPAA-Q
and ionenes bind to 23b via the sulfonate groups, which are located at the
end of side chain (Scheme 19b and c). The ammonium cations of PDMAPS
are thus strongly shielded as hydrophilic solubilizing groups because they are
surrounded by two hydrophobic polymer main chains in the complex. Table 3
summarizes the yields and UCSTs of the IPCs resulting from the addition of
anionic (PAA, PMAA, NaPSS), cationic (polyDADMAC, PDMAPAA-Q), and
nonionic (polyacrylamide, PAAm) polymers to 23b.

A “cascade”-type complexation with self-propagating association of 23b
was reported when small amounts of x, y-ionene bromides (x = 3 or 6; y = 3,
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Scheme 19 Polyelectrolyte complexes of polybetaines with anionic (a) and cationic (b, ¢)
polyelectrolytes [252]

Table 3 The yield and UCST of IPCs formed between polyDMAPS and anionic, cationic,
and nonionic polymers at ;= 0.1 M NaCl [252]

Polymer type Polymer name UCST (°C) Yield ? (mol %)
None PDMAPS 65 —
Polycation 3,3-ionene bromide 26.1 93.1
PDMAPAA-Q —b 7.9
PDADMAC —b 11.9
Polyanion PAMPS 11.6 —¢
PAA 11.5 —¢
PMAA 11.0 —¢
NaPSS 10.7 —¢
Nonionic polymer PAAm 114 —¢

? Yield is defined as the weight ratio of precipitates to PDMAPS in feed
b No UCST was observed until 98 °C
¢ No precipitate was formed at 15°C

4, 6, 10, or 12) were added [253]. Large amounts of IPCs are formed and pre-
cipitate. This behavior, specifically observed for polycations, is attributed to
the particular geometry of the IPCs. The addition of some polycation to 23b
provides an overall cationic complex where the positive charges are located in
the middle of two polymers (Scheme 20).

This may favor the subsequent complexation with more macromolecules
of 23b due to the suppressed thermal fluctuation and the solvation of the
cations, and initiates a cascade reaction until most of the 23b is consumed.
In the case of added polyanions, however, the IPC is overall anionic, but with
the negative charges on the surface of the complex. Therefore, the solvation
is favored and an association of excess 23b is unfavorable. The equilibrium at
step 1 corresponds to chain initiation, and steps 2 and 3 to chain propagation.
The observed phenomenon is useful for the selective separation of charged
polymer systems.
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PDMAPS

Scheme 20 A “cascade”-type complexation of polyDMAPS and ionene bromide [253]

For IPCs between polycarboxybetaines and negatively charged natural and
synthetic polyelectrolytes such as DNA, PMAA, and NaPSS, competition be-
tween the intra- and intermacromolecular ion pairing was observed [38].
The weak interaction with DNA and PMAA with polycarboxybetaines was
attributed to the formation of stable ion pairs between the carboxylate and
quaternary ammonijum groups within the repeat units of the polybetaine
chains. In contrast, the sulfonate groups of NaPSS bind more strongly to the
ammonium groups, thus destroying the internal ion pairs and liberating the
carboxylate groups. The titration of 107> M polycarboxybetaine solution with
1073 M NaPSS$ may result in soluble as well as insoluble IPCs [36]. The amount
of positive charge involved in the IPC formation is pH dependent in the range
of pH 1.4-4.0. It is extremely high (53-81%) at pH 1.5 and drastically low
(0.7-13%) at pH 4.0. These findings can be interpreted by a competition of
intra- and interpolymeric ion-pair associations. At low pH, when the dis-
sociation of the carboxylic groups is suppressed, the polycarbobetaines are
positively charged and efficently complexed by the sulfonate groups of NaPSS.
But higher pH values provoke the cooperative formation of internal ion pairs
between the ammonium and carboxylate groups.

Due to the simultaneous presence of ammonium and carboxylate groups,
polycarboxybetaines are able to form interpolymer complexes stabilized by
cooperative hydrogen or ionic bonds. Linear and cross-linked poly(carboxy-
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ethyl 3-aminocrotonate)s (PCEAC) were involved in the complexation with
anionic (PAA, NaPSS) and cationic (polyethyleneimine, poly(hexamethylene
guanidine)) polyelectrolytes, as well as the nonionic polymers poly(N-
vinylpyrrolidone), PEO, and poly(vinyl alcohol) [254]. The composition of the
IPCs and some of their characteristics are summarized in Table 4.

IPC formation diminished the high viscosity and swelling degree of linear
and cross-linked PCEAC by one to two orders of magnitude. The influence
of external factors, such as temperature, pH, ionic strength, and thermo-
dynamic quality of solvent, on the conformation (coil-globule) and volume
(swelling-collapsing) transitions of the IPCs was studied [254].

The turbidimetric titration curves of BSA by PCEAC indicate three re-
gions of complex formation [255]. The first region of constant turbidity is
due to electrostatic repulsive forces between the oppositely charged protein
and PCEAC that retard complex formation. The weak plateau on the curve
can be considered as the region of primary or soluble complex formation. In
the third region, the sharp increase in turbidity indicates phase separation.
Here, pH, represents the boundary between the nonassociative and primary
phases, and pHy, represents the boundary between the primary and aggre-
gate phases. The phase boundaries of the PCEAC-BSA system as a function of
pH and ionic strength are presented in Fig. 9. Complex formation takes place
in the region between their isoelectric points. An increase of ionic strength
leads to a shielding effect of charged groups of both the BSA and PCEAC, and
increases both pH. and pHy.

Table 4 Some characteristics of IPCs made of linear and cross-linked PCEAC and anionic,
cationic, and nonionic polymers in water [254]

PCEAC Polymer Composition of Intrinsic Swelling
IPC (mol/mol) viscosity (dL/g) degree (g/g)

Linear — — 14.2 —
PVP 2:1 0.14 —
PEG 2:1 0.13 —
PVA 2:1 — —
PAA 1:1 — —
NaPS$S 1:1 — —
PEI 1:1 0.08 —
PHMG 2:1 0.11 —

Cross-linked — — — 115
PEI 01 — 8
PHMG? 3:1 — 5

# PHMG is poly(hexamethylene guanidine)
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Fig.9 Phase boundary for BSA/PCEAC. Cprotein = 1 gL [255]

The phase behavior of aqueous two-phase systems containing poly(diallyl-
aminoethanoate-co-sulfur dioxide) (PAESD) and PEO is very sensitive to pH
and salt concentration [256]. The reason is the dualistic character of PAESD,
which can transform to a polyanion with expanded conformation at pH 7.89
and to a polybetaine with a collapsed structure at pH 7.37. At high pH, the
mixture of PAESD and PEO is compatible because the hydrodynamic sizes
of the two polymers are close. At low pH, however, PAESD and PEO are in-
compatible due to a large size asymmetry between the two polymers. The
addition of salt was found to screen charges and to minimize the influence
of pH on their compatibility. The coexistence curve of the PAESD-PEO aque-
ous two-phase system is described by a semiempirical two-parameter model.
The model describes the experimental data accurately, especially when the
size asymmetry of the two polymers increases. Further partitioning of two
model proteins (BSA and cytochrome c) was studied in an aqueous two-phase
system of PAESD and PEO as a function of polymer concentration, salt con-
centration, and pH [257]. Under all the pH values and salt concentrations
investigated, cytochrome c prefers the PAESD-rich (bottom) phase due to its
complexation with the protein. For BSA, the best uneven partitioning and
separation were obtained at pH 7.89 and in 0.1 M KCL

Cross-linking of 23b by ethylene dimethacrylate (EDMA) leads to forma-
tion of porous monolithic sulfobetaine polymers [258]. Alternatively, grafting
of the internal surfaces of porous poly(trimethylpropane trimethacrylate)
(polyTRIM) by DMAPS provides grafted monoliths. Both synthesis routes
yielded polymers capable of interacting reversibly with proteins in aqueous
solutions. The SEM pictures show the copolymerized monolith poly(DMAPS-
co-EDMA) comprised of spherical units with average diameter approximately



Polymeric Betaines: Synthesis, Characterization, and Application 207

1.5-2 um agglomerated into larger clusters transected by a large pore size.
Such a structure allows liquids to be forced through the monolith sorbent
without compression of the particles using flow rates suitable for chro-
matographic purposes. Indeed, poly(DMAPS-co-EDMA) monoliths adsorbed
the basic proteins lysozyme, chymotrypsinogen A, and cytochrome ¢ when
loaded from pure water, whereas acidic and neutral proteins eluted in the
void volume. It is reasonable to assume that the terminal sulfobetaine moi-
eties interact electrostatically with the net cationic charges of basic proteins,
because their elution is achieved by increasing the ionic strength according
to the Hofmeister lyotropic series (SCN™ >1" > Br™ > Cl7). Perchlorate ions
strengthened substantially the interactive forces between the proteins and
the poly(DMAPS-co-EDMA) monoliths. The role of hydrophobic interactions
in stabilizing polybetaine-protein complexes was tested using a strong pro-
motor for hydrophobic interaction (2 M ammonium sulfate buffer, pH 7) as
eluent. None of the model proteins was adsorbed on the monoliths. Thus, hy-
drophobic interactions were only minor for the interaction behavior of the
sulfobetaine-based monoliths.

Interestingly, the interaction of polybetaines with many polyelectrolytes is
strong enough and/or sufficiently kinetically favored to give nonstoichiome-
tric complexes at interfaces, and thus to enable the formation of polyelec-
trolyte multilayers via the layer-by-layer technique [259, 260]. Such unusual
variations of the layer-by-layer growth of ultrathin coatings are potentially use-
ful for analyzing proteins, or for producing nonlinear optical coatings [261,
262]. The membranes of terpolymers having 2-methacryloyloxyethyl phos-
phorylcholine (MPC), methacryloyl or acryloyl poly(oxyethylene) macro-
monomers, and n-butyl methacrylate (BMA) were found to complex with
BSA [263].

Low charge density, hydrophobically modified polybetaines were shown to
interact and comicellize with nonionic, anionic, cationic, and amphoteric sur-
factants [181-183] and many ionic organic dyes [264, 265]. The association
mechanism of hydrophobically modified polymers and surfactants in depen-
dence on the concentration of interacting components can be modeled by two
pathways (Scheme 21) [183].

The first pathway is the formation of mixed micelles or hemimicelles,
composed of polymer-bound hydrophobes comicellized with surfactant
molecules. Intermolecular physical cross-links often enhance the viscosity of
the micellar solutions. The second pathway is intramolecular comicellization
so that the hydrodynamic size of the associates contracts.

The addition of surfactants increases the viscosity much more for low
charge density polybetaines than for high charge density polybetaines [183].
The addition of the anionic surfactant sodium dodecyl sulfate (SDS) pro-
duced the largest increase in solution viscosity for low charge density poly-
betaines, while the cationic N-dodecyl-N,N,N-trimethylammonium bromide,
the zwitterionic N-dodecyl-N,N-dimethylammonio-1-propanesulfonate, and
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Scheme 21 Formation of hydrophobically modified polybetaine-surfactant complexes [182]

the nonionic Triton X-100 surfactants were less efficient. In most cases, high
charge density polycarbobetaines exhibited diminished solution viscosity
upon addition of surfactants.

The interaction between a phosphorylcholine-based polybetaine (equimo-
lar copolymer PNIPA-PC of N-isopropylacrylamide and N-phosphorylcholine-
N’-ethylenedioxybis(ethyl)acrylamide) and anionic, cationic, amphoteric,
and neutral surfactants was studied by a fluorescence probe, isothermal titra-
tion calorimetry, and 'H NMR spectroscopy [266]. The main results obtained
in this study can be summarized as follows. The charge of the surfactant
headgroup is the major determinant that controls the interactions. Only an-
ionic surfactants associate with PNIPA-PC. For such associating systems,
the surfactant concentrations at which binding first takes place are much
lower than the respective critical micelle concentrations of the surfactants.
The association between PNIPA-PC and the anionic surfactants occurs first
via the electrostatic attraction between the surfactant headgroups and the
polymer-bound ammonium groups. None of the mixed systems investigated
underwent macroscopic phase separation, as the neutral comonomer (NI-
PAM) may act as solubilizing agent.

It is interesting to compare the behavior of polyelectrolyte-surfactant,
polyampholyte-surfactant, and polybetaine-surfactant complexes. Addition
of ionic surfactants to solutions of oppositely charged polyelectrolytes results
in the precipitation of polyelectrolyte-surfactant complexes even at low poly-
mer concentration. While partially charged polyampholytes are often insolu-
ble in water, the association with either anionic or cationic surfactants results
in solubilization due to the neutralization of one type of charge. The remain-
ing nonneutralized charges confer polyelectrolyte character to the polyam-
pholyte, ensuring its solubility. The addition of anionic or cationic surfactants
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to polybetaines results in soluble polybetaine-surfactant complexes, convert-
ing the whole macromolecule either to a polycation or to a polyanion.

The interaction of low molar mass salts with polybetaines differs from
the behavior of polyelectrolytes in that both low molar mass ions of the
added salt may bind to the polymer [46,47,178,267]. Typically, the inten-
sity of interaction follows the well-known Hofmeister lyotropic series. This
can be exploited for separation purposes. In particular, polycarboxybetaines
containing acidic and basic groups are able to bind metal ions efficiently
via their multidentate character. For example, poly(N-propylene glycine)
(PPG), poly(1-isopropylcarboxylethyleneimine) (PIPCEI), and poly(ethylene
alanine) (PEA) form five-membered chelate cycles [268]. The stability of
polyampholyte-metal complexes with respect to bivalent ions decreases as
Zn** > Ni** > Cd** > Co?* > Pb?* > Fe?* > Ca?* > Mg?* and coincides well
with the stability constants of their complexes with EDTA. In another ex-
ample, the binding ability of poly(carboxyethyl 3-aminocrotonate) modified
by ethanolamine (PCEAC-Ea), glycine (PCEAC-Gly), f-alanine (PCEAC-Ala),
and lysine (PCEAC-Lys) was studied with respect to various metal ions [269-
275] (Table 5).

The polymer-metal complexes stabilized by the formation of intra- or in-
termacromolecular ionic and coordination bonds were precipitated. The ad-
sorption capacity of linear polybetaines decreases with PCEAC-Gly > PCEAC-
Ala > PCEAC-Lys, and depends on the metal cation to be bound with the
following orders:

PCEAC-Gly:
Cd(II) > Cr(III) > Ga(III) > Cu(II) > Fe(III) ~ Ni(II) > Co(II) > AI(III)
PCEAC-Ala:
Cd(II) > Cr(III) > Ga(III) > Cu(II) > Co(II) > Fe(III) > Ni(II) > AI(III)
PCEAC-Lys:
Ga(III) > Cd(II) > Cu(II) > Cr(III) > Fe(III) > Co(II) > Ni(II) > AI(III)

Accordingly, the detailed polymer and betaine structures are important for
the strength of the complexation. The high adsorption capacity of PCEAC-
Gly and PCEAC-Ea in comparison with that of the parent PCEAC is probably
due to the additional chelating groups such as OH and COOH that can form
very stable mixed five- and six-membered cyclic structures with metal ions
(Scheme 22).

The sorption of metal ions by betaine hydrogels is accompanied by gel
contraction. At first, a thin colored layer is formed on the gel surface. Then
the colored zone gradually moves into the gel interior. The driving force of
this process is “ion-hopping transportation” of metal ions through intra-
and intermolecular chelate formation, e.g., constant migration of metal ions
deep into the gel volume by exchange of free ligand vacancies. In min-
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Table5 Metal ion binding capacity of linear PCEAC-Gly, PCEAC-Ala, and PCEAC-
Lys [275]

Linear polybetaine ~ Amount of metal ion (mg) adsorbed by 1 g of linear polymer
Al(III) Cd(II) Co(Il) Cr(Il) Cu(Il) Fe(Il) Ga(Ill) Ni(II)

PCEAC-GIY 153 984 345 791 600 373 726 366
PCEAC-Ala 164 1007 408 732 560 400 711 391
PCEAC-Lys 126 609 345 465 475 385 633 293
\/\ Hh/gz\ gm
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Scheme 22 Chelate complexes of Cu(II) with PCEAC (a), PCEAC-Ea (b), and PCEAC-Gly
(¢) [275]

eral acids, metal ions are replaced by protons and desorption of the metal
ions takes place. Regeneration of the gel samples occurs in fresh water,
e.g., the gel samples gradually return to the initial state. These experiments
clearly demonstrate the ability of gel samples to adsorb and desorb metal
ions several times. They imply the potential application of water-soluble and
water-swelling polybetaines for purification of wastewater from metal ion
contaminants.

6
Application of Polybetaines

Polybetaines are specialty polymers. Accordingly, they are typically discussed
for high added value applications, or in cases where no satisfactory alternative
materials exist. The application fields of polybetaines comprise, for instance,
the oil industry, hydrometallurgy, biotechnology, medicine, and catalysis.
The drag reduction behavior was examined for poly3-[(2-acrylamido-2-
methylpropyl)dimethylammonio]-1-propanesulfonate (AMPDAPS) [276]. In
this study, the polybetaine excelled by having good long-term stability. The
drag reduction properties of polyAMPDAPS and PEO in 0.5 M NaCl are com-
pared in Fig. 10. PolyAMPDAPS retains approximately 60% of its initial level
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Fig. 10 Drag reduction profile for 3-ppm solutions of polymer of AMPDAPS (1) and PEO
(2) in 0.5 M NaCl at T, = 1122 dyne cm™ in the rotating-disk rheometer [276]

of drag reduction after 100 min at 1000 rpm in the rotating disk. PEO retains
only 28.5% of its initial drag reduction under similar conditions.

The most widely used synthetic and natural enhanced oil recovery poly-
mers, such as partially hydrolyzed polyacrylamide, carboxymethyl(ethyl)
cellulose, polysaccharides, or xanthan gums, are not suitable for high-
temperature reservoirs (> 90 °C) with high-density brine fluid due to exces-
sive hydrolysis and precipitation [277]. The main advantages of polymeric
betaines over the mentioned standard polymers are: (1) thermostability (up
to 120°C); (2) brine compatibility; and (3) viscosification in brine solu-
tion [278]. Carbobetaines grafted onto hydroxyethyl cellulose were tested as
a drilling-mud additive for clay hydration inhibition and mud rheological
control [279]. An increase in the content of carbobetaine moieties resulted in
an enhanced inhibitive ability, especially for saline mud.

Polybetaine gels were used for the separation of water and oil from water-
in-oil emulsions [280]. These gels destructed water-in-oil emulsions by ab-
sorbing water, which was subsequently released under an externally imposed
DC electric field that made the swollen gel shrink. The invention [281] con-
cerns an improved process for stabilizing asphalt in a water emulsion using
certain polybetaine surfactants as an asphalt emulsifier.

A hydrophobically modified polybetaine proved to be an efficient pour
point depressant (PPD), to inhibit the deposition of wax, and to improve the
viscosity of waxy crude oil from the Kumkol-Akshabulak oil field (western
Kazakhstan) [282]. The inhibition of wax deposits in the presence of the hy-
drophobic polybetaine was interpreted in terms of its interference with the
wax crystallization process, due to the formation of inverse micellar struc-
tures. While the zwitterionic parts on the polymer backbone stabilize the
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Table6 The pour point and kinematic viscosity of a Kumkol-Akshabulak oil mix-
ture [282]

PCMEDDAC, 100 ppm Kinematic viscosity (cSt) Pour
point
20°C 30°C 40°C 50°C 60°C (°C)

Crude oil without depressant 9.87 543 407 322 276 15
Preheated oil without added depressant 9.40 5.68 421 3.33 2.76 6
Depressant prepared in DMF 744 581 442 346 291
Depressant prepared in o-xylene 721 556 433 3.10 2.80
Depressant prepared in n-hexane 737 560 436 313 289 -3

small size of the aggregates, the hydrophobic side chains of the polymer
provide nucleation sites and cocrystallize with the paraffins, thus modifying
the paraffin crystal structure. The PPD effectiveness of poly3-[(2-carboxy-1-
methylethyl)dodecylaminocrotonate] (PCMEDDAC) is shown in Table 6 for
a Kumkol-Akshabulak oil mixture (89: 11 wt %).

The best activity was observed for PCMEDDAC dissolved in n-hexane.
Initial waxy crude oil behaves like a viscoplastic fluid. Doped by PCMED-
DAC, waxy oil approaches a Newtonian liquid, and the shear stress decreases
considerably due to the modification of the paraffin crystals by the hydropho-
bized macromolecules. In oily environments, PCMEDDAC forms micelles
consisting of a hydrophilic core (made of the betaine groups) and a hy-
drophobic corona (made of the dodecyl groups). The PPD mechanism of
PCMEDDAC with respect to waxy crude oil suggests the adsorption of def-
inite fractions of paraffin molecules on the surface of micelles and further
retardation of agglomeration.

The antipolyelectrolyte effect of polymeric betaines in saline media is
used to thicken, retain saline water, or stabilize electrolyte-containing aque-
ous media. Polybetaines were applied to absorbing aqueous electrolyte solu-
tion [283], as viscosifying agents [284] for aqueous solutions within a wide
salinity and temperature range, and as modifying agents for the surfaces of
particles in aqueous suspensions.

The recovery of transition metal ions and organic impurities by both
water-soluble and water-swelling polybetaines is especially important for hy-
drometallurgy processes and environmental protection [285]. The formation
of five- or six-membered chelate “bridges”, where transition metal ions bind
to at least two monomeric units, is specific for polycarboxybetaines [286,
287]. Figure 11 shows the ability of PCEPAC hydrogels to absorb and desorb
copper(Il) ions [40,269-275]. Adsorption of copper(Il) ions starts from the
gel surface, then the shell layer gradually moves into the gel interior. Desorp-
tion of copper(II) ions from the gel interior takes place in the medium of
mineral acid due to destruction of ligand-metal complexes and replacement
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Fig.11 Adsorption (1-4) and desorption (5-7) of copper(II) ions by a PCEPAC gel, and

washing of the gel by water (8) as a function of time. Initial state (1), after 30 min (2), 1 h
(3), 7h (4), 3 min (5), 15 min (6), 1 h (7), 2 days (8) [273]

of metal ions by protons. According to UV/Vis measurements, up to 90% of
copper(Il) ions are released from the gel volume over 2 h. Regeneration of
the gel sample can be realized in fresh water. As seen from Fig. 11, the gel
sample gradually returns to its initial state after 2 days. Adsorption and de-
sorption of copper(Il) ions followed by gel regeneration were repeated ten
times without the loss of gel capacity, durability, and reusability. Thus, the ad-
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vantages of polycarbobetaine-type gels over others are: (1) high adsorption
capacity (1 g of dry gel adsorbs up to 500 mg of copper(II) ions); (2) easy and
fast desorption of metal ions by mineral acid (for instance, by 0.1 M HCl);
(3) durability of the hydrogel materials (ten times repeatable use of the adsor-
bent); and (4) good mechanical stability (preservation of gel shape without
cracks). Therefore, one can conclude that betaine-type hydrogels are attrac-
tive materials for the removal and recovery of metal ions from wastewater.

Among the various protein analysis and purification techniques, isoelec-
tric focusing and chromatofocusing are the main tools for separating and
purifying proteins for analytical and preparative purposes. However, the
main disadvantage of these methods is that they use expensive polyampholyte
buffers (a mixture of hundreds or thousands of low molecular weight am-
photeric molecules) to generate linear or quasi-linear pH gradients and high
applied voltage (up to 200 V/cm). Moreover, amphoteric buffers tend to as-
sociate with proteins and often yield irreproducible gradient shapes. A new
approach [288-290] was developed for the electrophoretic resolution of pro-
teins, which combines both the gel matrix and carrier ampholytes in one and
the same sample, as in polycarbobetaine gels (Fig. 12).

In practice, the aqueous solution of proteins to be separated is injected by
a syringe into the central section of the polyampholyte gel specimen. Then,
the DC electric field is switched on, which induces the formation of a linear
pH gradient along the gel sample. In its turn, the generated pH gradient pro-
motes the migration of protein molecules until they are gradually localized at
their isoelectric pH. Protein molecules will be separated and concentrated if
the isoelectric pH of the proteins coincides with appropriate pH zones of the
amphoteric gel.

Polybetaine-based materials [291] and polybetaines grafted (or adsorbed)
onto an inorganic particle surface are applicable as a stationary phase for ion
chromatography [292]. The separation capability of poly[3-diethyl(methyl-
methacryloylethyl)ammonium propanesulfonate] (polyDMAPS) grafted to
silica gel and physically adsorbed onto silica gel was compared with respect

Before applied electric field After applied DC electric field

PHo pH1  pHo pl=pH;
1

1

%

o

Q Protein 1

pH gradient
Q Protein 2

Fig. 12 Resolution of protein mixtures with the help of carbobetaine gels [288]
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to various anions. The columns packed with polyDMAPS-grafted silica gel
were able to separate Ce**, Lit, Ca?*, and Mg?*. Moreover, the polyDMAPS-
grafted silica gel has better durability than that of the physically immobilized
polybetaine.

Polyetherurethanes end-capped with zwitterions of sulfobetaine via a hex-
amethylene diisocyanate spacer were found to show good blood compati-
bility [293]. Phospholipid-based polymers can serve as coatings for blood
contact devices, drug carriers [294], and bioconjugates [295] due to their
excellent biocompatibility, or as templates for the structure-directed syn-
thesis of organic polymers [296]. The controlled permeation and release of
drugs from polybetaine-coated implants provides a new approach to treating
device-based infection, tumors, and stent restenosis [294].

The enzymatic activity profiles of the native papain and polybetaine-
conjugated papain at 40 °C were compared [295]. The enzymatic activity of
the native enzyme decreases continuously with the storage period, while pa-
pain maintains 50% of the initial enzymatic activity when conjugated with
polybetaine. Enrichment of the polybetaine chain by hydrophobic monomers
such as butyl methacrylate maintains the enzymatic activity of papain for
28 days. DMAEM-MPC diblock copolymers exhibit a stabilization effect with
respect to DNA and can serve as a synthetic vector for gene delivery [297].
Highly condensed, sterically stabilized DMAEM-MPC/DNA complexes of
120-140-nm diameter or partly condensed with “spaghetti” structures are
formed which prevent promiscuous interactions with tissues in the body.
They potentially allow for the cell-specific delivery of the condensates follow-
ing the attachment of a targeting ligand.

Fluoroalkylated end-capped 2-(3-acrylamidopropyldimethylammonio)-
ethanoate (APDMAE) polymers (Rg-(APDMAE),-Rg) were found [235] to
exhibit high antibacterial activity against Staphylococcus aureus or Penicil-
lium aeruginosa. It is suggested that the cationic moieties in the betaine
segments of the fluorinated APDMAE polymers are able to interact tightly
with the negatively charged bacterial cell. In particular, the longer perfluo-
rooxyalkylated APDMAE polymer was more active against both S. aureus and
P. aeruginosa (below 10° colony-forming unit levels).

Several authors [298-300] reported on the preparation of platinum and
palladium nanoparticles having a preferential diameter from about 1 to 2 nm
stabilized by polymeric carbo-, phospho-, and sulfobetaines for fuel-cell cat-
alysts and vinyl acetate production.

7
Concluding Remarks

The synthetic strategy, solution properties, complexation ability, and applica-
tion aspects of polymeric carbo-, sulfo-, and phosphobetaines are outlined in
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this review. The advantages and disadvantages of direct polymerization of the
zwitterionic monomers and betainization of polymeric precursors are dis-
cussed. The newly developed controlled radical polymerization (CRP) of both
the zwitterionic and the reactive precursor monomers in organic solvents,
bulk, and aqueous media has become a powerful tool to obtain polybetaines
with narrow polydispersities and defined end groups, as well as copolymers
containing betaine blocks. The narrow molecular weight distribution of be-
taine polymers prepared by CRP supports the precision of any physical or
physicochemical characteristics in solution and in the condensed and gel
states. Atom transfer radical polymerization (ATRP), and particularly the
reversible addition fragmentation transfer (RAFT) method, are promising
routes to overcome certain shortcomings in the polymerization of zwitter-
ionic monomers. A novel approach to designing zwitterionic polysoaps has
been developed most recently.

The existence of intragroup, intrachain, and interchain interactions of
the positive and negative charges in dependence on the length and flexibil-
ity of spacer between opposite charges determines the solubility, ionization
ability, phase, volume, and conformational state of polymeric betaines in
aqueous and saline media. The solubility of polybetaines in salt-containing
solutions can satisfactorily be described by the charge/radius ratio, Hofmeis-
ter series, and Pearson theory. Transformation of zwitterionic species to
anionic, cationic, and molecular forms can be determined by micro- and
macroscopic ionization constants. The antipolyelectrolyte character compris-
ing chain expansion upon addition of neutral salts is specific for polybetaines.
Hydrophobically modified polybetaines exhibit reversible pH-, salt-, solvent-
, and temperature-induced micellization and conformational transition from
the coil (collapsed) to expanded (swollen) structure. The conformational and
phase (or volume) transitions of linear and cross-linked polybetaines in re-
sponse to pH, ionic strength, temperature, solvent nature, etc. expands our
knowledge on the universality of synthetic and natural systems.

Interpolymer, polymer-surfactant, and coordination complexes of poly-
betaines are less developed. The “cascade”-type complexation observed for
the polybetaine-polyelectrolyte system is similar to the “layer-by-layer” de-
position found for oppositely charged polyelectrolytes. The behavior of the
polybetaine-surfactant system differs from that of polyelectrolyte-surfactant
and polyampholyte-surfactant complexes, leading to inter- or intramolecular
comicellization or converting the whole macromolecule to either a polycation
or polyanion.

The accumulated knowledge on synthesis-structure—property relation-
ships can be exploited for technological purposes. Polymeric betaines are
finding increased use in separation and enrichment technologies through
combined adsorption, chelating, and ion-exchange processes. The antipoly-
electrolyte effect can be applied to drag reduction, enhanced oil recovery,
and desalination. Formation of a pH gradient within a monolithic betaine
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gel,

stimulated by an externally imposed DC electric field, may provide an

alternative protein separation and purification principle.
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Abstract Polyhedral oligosilsesquioxane (POSS)-based hybrid polymers have generated
much interest recently, both from the academic and industrial points of view. POSS



226 K. Pielichowski et al.

are completely defined molecules of nanoscale dimensions that may be functionalized
with reactive groups suitable for the synthesis of new organic-inorganic hybrids, thus
providing the opportunity to design and build materials with extremely well-defined
dimensions possessing nanophase behavior. POSS have been successfully incorporated
into common polymers via copolymerization, grafting or blending. A variety of POSS-
containing copolymers have been prepared and they have displayed great potential in
the development of a wide range of hybrid nanomaterials with diverse properties. This
work has critically evaluated the recent developments in syntheses of POSS polymer
materials leading to POSS nanocomposites. The syntheses of POSS cages, monomers
containing POSS cages, POSS-dendrimers’ cores, POSS-containing polymers (nanobuild-
ing blocks) and POSS nanocomposites are described in detail. This work also assesses
the properties of POSS nanobuilding blocks that can be otherwise used for developing
nanocomposites. Such properties include mechanical, thermal, flame-retardant and vis-
coelastic properties. Investigations into the structure, morphology and compatibility of
POSS nanobuilding blocks have been reviewed. Other properties covered include the ion-
mobility and swelling characteristics as well as porosity of POSS nanobuilding blocks.
Lastly, existing and possible future applications are highlighted and final conclusions are
drawn.

Keywords Applications - Nanohybrid polymers - POSS - Properties - Synthesis
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ATRP atom-transfer radical polymerization
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1
Introduction

The growth of new materials with specially designed chemical, mechanical
or physical properties is becoming increasingly important in many fields of
practical application. In this respect, recent years have seen increased de-
mand for organic-inorganic hybrid polymer materials in a wide range of ap-
plications. These needs have been met with accelerated advances in polymer
science and technology, taking benefit from nanophase technology geared to-
wards enhancements to polymer materials. In order to accomplish the various
practical requirements, a tailor-made material design is necessary, which in-
cludes direct control of both bulk and surface characteristics [1]. The nanos-
tructure, degree of organization and properties that can be obtained for such
materials certainly depend on the chemical nature of their components, but
they also rely on the synergy between these components.

Interest in polyhedral oligomeric silsesquioxanes (POSS) materials is
based on the facts that their rigid framework closely resembles that of sil-
ica and that they offer a unique opportunity for preparing truly molecularly
dispersed nanocomposites [2,3]. They combine a hybrid inorganic-organic
composition, R,(SiO15),, where R may be a range of organofunctional
groups, while # is an even integer > 4, with nanosized cage structures hav-
ing dimensions comparable to those of most polymeric segments or coils [4].
POSS chemical reagents are nanostructured with sizes of 1-3 nm and can be
thought of as the smallest particles of silica possible. However, unlike silica or
silicones, each POSS molecule may contain nonreactive organic substituents
that make the POSS nanostructure compatible with monomers or polymers.
POSS molecules have been easily incorporated into common polymers via
copolymerization, grafting or blending [5]. A variety of POSS-containing
copolymers have been prepared using condensation, ring-opening metathesis
and radical, both conventional, and atom-transfer, copolymerization tech-
niques. Many varieties of substituents may be fixed onto the Si atoms at the
corners of the cages to optimize polymer-POSS interactions and simultan-
eously to aid in the easy dissolution of the POSS moieties in common solvents
for synthesis purposes. These groups may be incorporated into almost any
conventional polymer and in a variety of different chain architectures. Thus,
inorganic nature and multiple reactive functionalities of POSS make these
compounds ideal for their use in the construction of organic-inorganic hy-
brid nanomaterials [6].

POSS have also been commonly employed in polymerization as build-
ing blocks for hybrid inorganic-organic nanocomposites. The nanobuilding
block approach offers a powerful tool to control arrangement at the nanoscale
because not only the building segments but also their macroscopic organiza-
tion can be controlled completely [7]. Thus, a key point for the design of new
hybrids is the tuning of the nature, extent and accessibility of the inner in-
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terfaces [8]. In other words, systematic construction of nanocomposites using
selectively designed building blocks offers an excellent chance to develop and
tailor novel properties. However, to assemble the right segments in forming
building blocks and to process them properly for target properties, a thor-
ough understanding of nanostructure-processing—property relationships in
nanocomposites is critical. Equally important, incorporation of nanosized
components also offers the potential to greatly improve the reproducibility
of composite properties because complete control of the smallest building
segments offers the best potential for controlling macroscopic properties.
Finally, detailed structure-processing-property studies of nanocomposites
should eventually permit prediction of properties for specific applications.

Hybrids may be produced by blending POSS into a polymer matrix, by
covalently bonding POSS into a polymer backbone, or by using POSS as a pen-
dant group of a polymer. Using POSS as a pendant group of a linear polymer
gives a linear organic-inorganic hybrid. The organic fragments in the building
blocks range from rigid acrylenic [9, 10], acetylenic [9, 11] and olefinic bridging
groups to flexible alkylenes ranging from 1 to 14 methylene groups in length.
They also include a variety of functionalized groups such as amines, ethers,
sulfides, phosphines, amides, ureas, carbamates and carbonates. In addition,
bridging groups have included organometallics in which the metal is part of
the bridge or pendant to the bridge [12]. In particular, organic-inorganic hy-
brid nanomaterials are generally achieved by forming a POSS macromonomer
possessing a single polymerizable functional group, with the remaining ver-
tices having inert organic groups. The macromonomer is then copolymerized
with a suitable monomer, yielding the desired organic-inorganic hybrid mate-
rial. Hybrids produced using this methodology include polypropylene-based
blends and copolymers [13-15], polyurethanes [16], poly(alkyl methacryla-
tes) [17, 18], poly(4-methyl styrene) [7,19-21], ethene-propene [13] copoly-
mers, epoxies [22-24], polynorbornene [25-27] and polysiloxanes [2, 28, 29]
as cores in dendrimers [30] and in highly porous POSS-based network poly-
mers [31]. Such polymers show many improved properties over those that
use more traditional fillers, such as silica, including higher usage tempera-
tures and increased fire retardance. These hybrid polymers also show improved
properties, such as higher Tg, increased oxygen permeability and enhanced
mechanical strength. This has led to proposed uses of these molecules as hard
blocks or reinforcing particles in high-performance polymer materials.

These interesting POSS features, briefly mentioned above, have motivated
this work to critically review recent developments in the syntheses of POSS
polymer materials to form POSS nanocomposites. The work further examines
the properties of POSS nanobuilding blocks that can otherwise be used for
developing polymeric nanocomposites. In particular, the syntheses of POSS
cages, monomers containing POSS cages, POSS-dendrimers’ cores, POSS-
containing polymers and POSS nanocomposites are covered in details. It
should be emphasized that the assessment of the relationship between the
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POSS nanobuilding blocks and the resultant POSS nanocomposites is be-
yond the scope of the current work. However, the enhanced properties of
POSS nanobuilding blocks will be comprehensively reviewed. Such proper-
ties include mechanical, thermal, flame-retardant and viscoelastic properties.
Investigations into POSS nanobuilding blocks’ cube structure and reactiv-
ity, morphology, compatibility, dispersion, organization and catalytic effects,
have been presented. Other properties covered include ion-mobility and
swelling characteristics and porosity of the POSS nanobuilding blocks. Lastly,
current and future applications are discussed.

2
POSS Cages

Silsesquioxanes exist in a variety of structures from random polymers to
more ordered arrangements [32], but the POSS with their unique cage-like
structures and nanoscale dimensions are of particular interest. Polyhedral
silsesquioxanes (RSiO;;5),, where R =H, Cl, or a wide variety of organic
groups, are unique structures generally formed by hydrolysis and conden-
sation of trialkoxy- or trichlorosilanes. Several structural representations of
silsesquioxanes with the empirical formula RSiO; 5 are possible, e.g. trigo-
nal prismatic (SigO9) cages, cubane (SigO12) cages, double five-ring (Sij0O;5)
cages, double six-ring (SigO9) cages (Fig. 1) and miscellaneous silsesquiox-
anes with an extra vertex have all been synthesized [33].

The two most common representations are of a ladder-type and a cubic
structure, containing eight silicon atoms placed at the vertices of the cube.
In essence, cubic silsesquioxanes can be thought of as the smallest silica par-
ticles possible that can be up to octafunctional; they may contain groups
available for copolymerization or responsible for features like adhesion, light
sensitization, catalytic activity and solubility. In other words, their well-
defined almost cubic silica-like core surrounded by eight organic groups (R)
makes them topologically ideal for the preparation of intimate nanocom-
posite materials, with the size of the inorganic region precisely defined by
the size of the core. All or some of each type of functionality can in princi-
ple be introduced to a given platform. As “silica particles”, studies of their
copolymerization with organic monomers may represent the simplest models
of silica-reinforced composites. When the silsesquioxane/organic copolymers
do behave as silica-reinforced composites, then soluble, copolymerizable
silsesquioxanes offer unique potential because single-phase composite pro-
cessing becomes possible, as opposed to the two-phase monomer/silica filler
mixtures typically used [34]. The SigO;, core can have a wide variety of
functional groups attached to each vertex, leading to its use in a variety of
different applications. For instance, Hasegawa [35] has developed effective
routes to the related ((RMe;Si0)SiO; 5)s compounds. Their rigid framework
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Fig.1 Four typical structures of POSS cages: a trigonal prismatic (SigOg) cage, b cubane
(SigO12) cage, ¢ double five-ring (SijoO15) cage, and d double six-ring (Si;2013) cages

offers many appealing properties that have been exploited by, among others,
Feher and coworkers to develop unique patterns of silica surfaces as models
of zeolites [36], as novel sol-gel precursors [37], and by other groups for di-
verse applications [38].

3
Methods of POSS Cage Synthesis

POSS are an interesting class of three-dimensional Si/O clusters derived
from the hydrolytic condensation of trifunctional organosilicon monomers.
Since their discovery in the 1940s, many stoichiometrically well-defined
POSS frameworks have been reported, but it was only recently that POSS
frameworks with functionality suitable for most chemical applications have
emerged. Several condensed (complete Si— O cage) and incompletely con-
densed (partial Si— O cage with multiple Si atoms capped with OH, also called
silanols) POSS compounds of different cage sizes have been investigated [39].
The POSS-cage synthesis methods can be classified as hydrolitic condensa-
tion, and are hereby presented in the following subchapters.

3.1
Completely Condensed POSS

Without exaggerations, the ability of POSS to combine unique hybrid
(inorganic-organic) chemical compositions with nanosized cage structures
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Scheme 1 Scheme of completely condensed polyhedral oligosilsesquioxanes synthesis by
hydrolytic condensation of trichloro- or trialkoxysilanes

has long been important and interesting class of materials because of their
unusual structures involving several rings connected together in a finite
three-dimensional molecular skeleton. Of the two synthetic routes, the most
common process used to obtain the polyhedral Si— O core of completely
condensed POSS is by one-step hydrolytic condensation of trifunctional
monomers XSiY3, where X is a chemically stable organic substituent or H,
and Y is a highly reactive substituent, such as Cl or alkoxy (Scheme 1). This is
a difficult process that involves careful control of several factors, such as the
concentration of initial monomer in the solution, nature of the solvent, type
of catalyst employed, temperature, character of substituted X and functional
group in the initial monomer, solubility of the polyhedral oligomers, quantity
of water added and rate of its addition [33].

Generally, increase of temperature results in highly condensed polymers
and therefore the temperature should be kept low, at room temperature or
preferably subambient. Slow, careful addition of water helps to keep the con-
centration of silanol groups formed low, though this can also be done by the
careful selection of a suitable solvent, such as an alcohol, which stabilizes the
silanol group adequately. Some representative syntheses of completely con-
densed POSS (XSiY1,5)s, by condensation of XSiY3 precursors are given in
Table 1.

3.2
Incompletely Condensed POSS

Increased interest in using incompletely condensed silsesquioxanes and
oligosilsesquioxanes, containing more than one hydroxyl group, as mo-
lecular building blocks in many polymer systems, have been observed in
recent times. This is mainly driven by significant property enhancements
imparted by inclusion of a nanosized inorganic particulate into an organic
matrix, yielding models for silica surfaces, building blocks for macromolec-
ular networks and precursors to new families of silsesquioxane-containing



233

Polyhedral Oligomeric Silsesquioxanes (POSS)

[£s 2 ‘o8] — HONYIN UBINJOIPAYRIIIL, SH®DO ¥Z T U SH%D
[zs] — HONPIW ueInjoIpAyenay, SH®DO 01 SH?D
[25-06] 88 HONE(¢HD)HDUd sudzuag €HDO 8 SH?D
[67] — IOH [oueng €HDO 01 HD = HD
[67] 0z DH [oueyIdON ¢HDO 8 THD =HD

[8% ‘c¥] — HO dUIZUIQOIIIN ¢HDO 8 TH%)-2
[87] L DH 3U0)DY D 9 1TH9)-2
[£¥] 91 IOH [oueng 6] 01 SHY

[9F ‘c¥] L€ IOH [ouBIaN ie] 8 SHY
[97] — [DH sudzudyg SHDO 9 SHYD

[S¥ “c7] — HOM auazuag SHDO (A0 €HD
[s7-T%] L€ DH [oueyIaN 0 8 €HD
(7] — IOH sudzudg SHYDO0 9 ¢HD
[o7] Ge—GI £0S + YOST™H audZUdg i) 91 ¥1 “CI ‘01 H

[1% ‘0%] €1 HOODfHD + [DH auexayoPA) ¢HDO 8 H
EN| % PRIA 3sh1ereD JUSA[0S X u X

[9%Z] s1osimdaxd €X1SX Jo uoresusapuod Aq *(STZISY) SSOJ pPasuapuod A[o391durod jo sasayjuds sanejussaiday | ajqer



234 K. Pielichowski et al.

polymers [54-62]. Of particular interest have been reactions of trisilanols
with ligand-deficient trivalent-metal complexes, because of the inability of
these trisilanols to support trigonal planar coordination environments that
usually lead to more complex structures.

Feher and his team of researchers have also described a procedure for syn-
thesis of three closely related groups of incompletely condensed POSS via
slow hydrolytic condensation of cyclohexyltrichlorosilane c-CsH10SiCl3 [63]
in aqueous acetone (Scheme 2).

The published work claimed that hydrolytic condensation reactions of
¢-CsHoSiCl3 led to 29% Yleld of (¢c-CsHg)7Si;O9(OH)3 (III), while that of
C-C7H13SiCl3 afforded (C-C7H13)7Si709(OH)3 (V) and (C-C7H13)6Si607(OH)4
(VI) in high yields (26% and 7%, respectively) within a few days. (c-C7Hi3)e
SigO7(OH)4 (VI) tetrasilanols are formally derived from hydrolytic cleav-
age of two adjacent silicon atoms from the cube-octameric POSS. It was
further claimed that (¢-C7H;3)6SisO7(OH)4 (VI) provided a tetrahydroxylic
silsesquioxane ligand capable of accommodating two metal ions in a com-
pletely condensed silsesquioxane framework and therefore of significant im-
portance in advancing chemical fields relevant to bimetallic silica-supported
catalysts.

In recent years a remarkable trend has been observed towards actively ex-
ploring the reactions of silsesquioxanes with strong bases and acids, e.g. in
Feher et al. [64-66] works on acid-mediated cleavage and rearrangement of
(c-C6H11)6Si609 to (c-C¢H11)6Si60sX, and base-mediated cleavage of POSS
(Scheme 3).

A good example of such a reaction is that in which cube-octameric poly-
hedral silsesquioxanes (RgSigO12) (VII) reacted with strong acids to produce
RgSig011X; frameworks, resulting from selective cleavage of one Si— O — Si
linkage [67]. Subsequent hydrolysis afforded RgSigO;;(OH), (VIII) frame-
works derived from the net hydrolysis of one Si— O — Si linkage in RgSigO13.
The results of this work demonstrated that readily available RgSigO1, frame-
works could be used as precursors to incompletely condensed Si/O frame-

R R
R S0~ RO O g"
~si—7OH HO™| ~si—7OH HO™
) H,O/acetone / © (o]
RSICIS (0] R\\Si OH/ + o} R\\Si
\S_o' ~ /Si\R \S__o' ~0—Si o
B, i
- oS © 7~ OH
R
R = cyclopentyl (1l1) R = cycloheptyl (VI)

cyclohexyl (V)
cycloheptyl (V)

Scheme 2 Scheme of incompletely condensed POSS synthesis by slow hydrolytic conden-
sation
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Scheme 3 Scheme of incompletely condensed POSS synthesis by acid- and base-mediated
cleavage of completely condensed POSS

works and have important implications for the manufacture of hybrid
inorganic-organic materials based on POSS.

Further developments have seen the inclusion of spherosilicates, which can
be obtained at high yields from either silica or (EtO)4Si [68-70]. Such works
reflect the expected revolution in the way that many classes of silsesquioxanes
are prepared.

Experimental and theoretical parameters have been successfully developed
to accurately model the gas-phase conformations of a variety of POSS com-
pounds with different Si— O cage sizes and substituent groups. Incompletely
condensed POSS molecules are commonly used to create specific condensed
POSS systems by capping with the appropriate reactive functional group.
Some of the POSS compounds were functionalized with cyclohexyl groups,
but data has also been obtained for POSS functionalized with cyclopropyl,
vinyl and phenyl groups [71].

4
Structure and Reactivity of POSS

Investigations on star polymers have determined that they constitute unique
three-dimensional structures among the branched polymers since there is
a large number of arm chains radiating from the central core and each
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molecule has only one branching point [72,73]. These works claimed that
well-defined star polymers offer lower melt and solution viscosities compared
to those of linear polymers. Evidently, living polymerization is one of the
best methods to synthesize a variety of star polymers of well-defined archi-
tectures. Along this direction, Kobayashi et al. [74] and Kim et al. [75] have
steadily studied a wide variety of functional materials based on ring-opening
polymerization of 2-methyl-2-oxazoline, which is a good candidate for living
polymerization because the obtained polyoxazoline had unique properties,
such as hydrophilicity and good compatibility with common organic poly-
mers. 'H nuclear magnetic resonance (NMR) and gel permeation chromatog-
raphy (GPC) results confirmed that star-shaped polyoxazolines with a POSS
core, having at most four or five arms with different lengths out of eight pos-
sible arms, were obtained [76]. The different lengths of four or five arms were
attributed to the steric hindrance and the different initiation rates for the
eight initiation sites, which were derived from the unique structure of POSS,
was due to inefficient commencement of the reaction. Also, the kinetic rate
of polymerization initiated by methyl p-toluenesulfonate (MeOTs) was found
to be much faster than that of polymerization initiated by cube-O-Ts, which
is more evidence that confirms the steric hindrance imparted by POSS struc-
ture.

Zhang and Laine [77] reported on vinyl cubic polyhedral silsesquioxanes
(vinylSiO; 5)g (XI) and ((vinylMe;SiO)SiO;5)s (XIV) that were epoxidized
using ten equivalents of m-chloroperoxybenzoic acid (m-CPBA) per cube
(Scheme 4).

The ((vinylMe,Si0)SiO;5)s (XIV) compound converts, quantitatively, to
the octaepoxide, ((epoxyMe;Si0)SiO15)s (XV). The (vinylSiO; 5)s (XI) cube
was likewise fully epoxidized, as determined by NMR; however, efforts to iso-
late it led to intractable gels. Partial epoxidation was achieved using only three
equivalents of m-CPBA.

The partially epoxidized compound was shown to have an average of two
epoxy groups per cube. Both polyepoxides readily polymerized in the presence
of Lewis acid catalysts or in reaction with amines. This suggested their potential
as coupling agents in the synthesis of novel inorganic-organic hybrids.

Neumann and coworkers [6] reported the first synthesis and charac-
terization of a novel POSS, possessing eight isocyanate groups (XVIII)
(Scheme 5) via the hydrosilylation of m-isopropenyl-u,o’-dimethylbenzyl
isocyanate (m-TMI) (XVII) by octakis(dimethylsiloxy)octasilsesquioxane
(QsMs'!) (XVD).

Initial attempts to obtain QgMg ™" using dry toluene as the solvent af-
forded a product with incomplete substitution of the starting compound
QsM;st, as evidenced by a peak in the 'H NMR spectrum attributed to re-
sidual Si—H groups. Increased reaction time, temperature and catalyst con-
centration did not enable the reaction to be completed. In an effort to obtain
complete substitution, dry tetrahydrofuran was used as a solvent for the reac-

TMI
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Scheme 4 Scheme of the epoxy-group-containing POSS synthesis by epoxydation of vinyl
group [77]

tion. The presence of only two singlets in the 2°Si NMR spectrum confirmed
that the cubic structure of POSS remained intact during the reaction. FT-IR
and microchemical analysis provided further confirmation of the complete
reaction of TMI with QsMgH 1. This POSS isocyanate is also suitable for
synthesis of other compounds such as organic-inorganic dendrimers or star
polymers.

Lichtenhan et al. [23, 24] prepared several monosubstituted POSS epoxides
(XIX). The Cs-based chain epoxy (5-9 wt %) was used with 1,4-butanediol
diglycidyl ether (BDGE) (XX), diglycidyl ether of Bisphenol A (DGEBA)
(XXIIT) and polyoxypropylene diamines (XXI) to prepare nano-reinforced
epoxy network glasses (Scheme 6) [23].

The addition of a monofunctional POSS epoxy did not alter the shape of
the viscoelastic spectrum despite their ability to shift it to higher tempera-
tures. This means that the POSS epoxy nano-reinforcement did not contribute

!In silsesquioxane chemistry the symbols M and Q are used to represent framework silicon atoms
which possess 3 and 0 organyl substituents, respectively. Subscripts are used to indicate the number
of framework silicon atoms with the various designations.
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to the deformation process of the network while enhancing its thermal prop-
erties. The Cg-based chains exhibited excellent solubility in organic solvents,
such as chloroform, THF, hexane and toluene [24]. The concentrations that
can be reached in aliphatic or aromatic epoxides or curatives ranged from
only 1 to 5wt %. The researchers envisaged increasing the solubility of these
POSS epoxides in aromatic-based epoxy resins by incorporating compatibiliz-
ing, nonreactive aromatic substituents or reactive aromatic epoxy functional-
ities into the cage and also developing difunctional POSS-epoxy monomers.
Even more, the effects of cubes as inorganic crosslinkers was studied by
comparing structure of DGEBA/OAPS (octaaminophenylsilsesquioxane) with
DGEBA/DDM (diaminodiphenylmethane) structure [7]. The networks con-
sisted of identical DGEBA/aniline segments and only the introduction of fully
dispersed rigid silica particles as cube cores caused structural differences.
In contrast, octaglycidyldimethylsiloxyoctasilsesquioxane, octaaminophenyl-
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silsesquioxane and polyaminophenylsilsesquioxane (OG, OAPS and PAPS,
respectively) nanocomposites were used to study the effects of tether lengths
on nanocomposite behavior because the OG/OAPS tether lengths were essen-
tially half those of the DGEBA/OAPS or OG/DDM tethers.

Morrison et al. [78] NMR studies of the treated polymer revealed broaden-
ing of the resonance associated with the POSS silicon atoms at § = — 66 ppm
and a significant resonance at about - 58 to — 60 ppm, similar to those re-
ported by Feher et al. [79] for the disilanol-functionalized POSS species.

The former indicated that the reaction with the triflic acid had indeed ring-
opened a small proportion of the POSS species to produce silanol groups
that can be further functionalized. Direct-polarization 2°Si NMR experi-
ments indicated that the amount of POSS species reacting was relatively
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small (10 vol %) and, although there was no evidence for the location of the
reaction because of the relatively large size of the network’s pores, it was ex-
pected that reaction would have taken place at both external and internal
surface sites.

Apparently, one of the first steps in structure-property studies is the iden-
tification and characterization of pertinent structural features. The cubic
topology of the molecule leads to some interesting opportunities to prepare
micro- or mesoporous materials, as it is geometrically difficult to link cubes
through only their corners and still fill all available space, although the degree
of porosity must depend on the efficiency of polymerization and the flexi-
bility of the organic polymerizable group. Harrison and Kannengisser [80],
and, subsequently, Zhang et al. [81] have shown that porous polymers can
be prepared by the hydrosilylation of octavinyl-POSS (XV-3) structures with
octahydrido-POSS species (XIV-1). They reported polymeric materials (XVI)
with high surface areas that showed adsorption isotherms consistent with
volumes of the pores in the mesoporous regime (Scheme 7).

Furthermore, the proton NMR spectrum revealed more complicated res-
onance in the methylene region than would have been expected for the regu-
lar structure. This was accounted for by a small amount of addition at the
B-position, rather than at the «-position (terminal CH;) of the POSS vinyl
groups. Such scenario has been reported for hydrosilylation under similar
conditions revealing that the reaction is often regioselective at the ¢-position,
especially when sterically hindered alkenes are used. However, in certain
cases, such as the hydrosilylation of vinylsiloxanes to octahydridopentacy-
closiloxanes (octahydrido-POSS) carried out by Bassindale and Gentle [82],
there was up to 30% of B addition depending on the catalyst used. In Man-
son et al’s [83] POSS system, the problem of g addition was at worst 5%, and
could be reduced markedly by careful control of the temperature. High tem-
perature (80 °C), such as that used in work [82], seemed to favor 8 addition,
while lower temperature (room temperature) suppressed this unwanted side
reaction. It was proposed that initial mixing of the reactions at ice-bath tem-
perature might also suppress the undesired side reactions even further to the
extent that the f addition could be reduced to levels that are generally difficult
to quantify by NMR.

Other works on POSS proposed that the spacer cubes are more reactive
than nonspacer cubes, based on the gelation times required to prepare the
resultant polymers [81]. This characteristic was ascribed to steric effects,
where the longer and more flexible SiMe, O spacers give the functional groups
more freedom of movement, thus making them more accessible than func-
tional groups on the nonspacer cubes. However, in hydrosilylation studies
with 4-allyloxymethylbenzoate, the (HSiO;5)s cube was found to be much
more reactive than HMe,Si — O — SiMe, H. It was further noted that, because
the Si— H environment in HMe,Si — O — SiMe,H resembles that in the spacer
cube, a closer look at this reactivity discrepancy was suggested.
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Scheme7 Copolymerization of multifunctional vinyl POSS macromonomers 3 and 4 by
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Sellinger and Laine [34] presented methacrylate/cube hybrids (XXIX)
(Scheme 8) that can act as thermosets or photocurable monomers.

NMR showed substitutions at the opposite vertices of the cube. Although
this substitution pattern is likely, no assignments regarding the exact posi-
tioning on the cube was made. Additionally, idealized structures indicated
only tetrasubstituted hybrids. Differential scanning calorimetry (DSC) stud-
ies of freshly prepared tetramethacrylate cubes showed exotherm onsets at
50 °C with maxima at 120 °C, which probably result from inter- and/or in-
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Scheme 8 Synthesis of the methacrylate functionalized POSS [34]

tramolecular alkene/Si—H hydrosilylation [34]. In contrast, the octasubsti-
tuted cubes, which had no Si—H bonds, showed exotherm onsets only at
100 °C with maxima at 170 °C due to methacrylate polymerization. Aged
samples of the tetrasubstituted cubes or cubes prepared using a Pt/C catalyst
showed slight onsets at 50-70 °C with maxima at 120 °C. When active catalyst
was added to the aged samples, intense exothermic effects reappeared with
onsets at 50 °C. Thus, the initial exotherms likely resulted from Pt-catalyzed
hydrosilylation.

No observable thermal events occurred in subsequent heating/cooling cy-
cles. Hydrocarbon-soluble methacrylate-functionalized cubes are highly reac-
tive, viscous liquids that are readily polymerized either thermally or photo-
chemically to produce clear, hard hybrid polymers containing up to 65% silica
and thus paved the way for methods of producing novel copolymers.

Generally, POSS cages can be treated as spheres that pack hexagonally in
a sequence in which spheres in one layer lie above the interstitial spaces in
adjacent layers. Waddon and Coughlin [84] have shown that POSS monomers
with alkyl corner units form a family of materials with structural similari-
ties. POSS units with one norbornyl group in place of an alkyl clearly fit into
the same pattern. Corner units occupied space in the structure and prevented
close-packing of the spheres. When corner units were other than simply
hydrogen atoms, the crystal structures had self-similar geometries, which
were characterized by the same ratio of lattice parameters. In the case where
the corner units were hydrogen atoms, spheres packed more closely and
the stackings of adjacent layers were observed to be modified, as indicated
by a different ratio of lattice parameters. Transmission electron microscopy
(TEM) allowed correlation of the crystal structure with an external crys-
tal habit. This showed the monomer to crystallize as well-defined, plate-like
facetted crystals, showing a high degree of crystallographic regularity.

Fu et al. [85] studied the structural development of a unique polyurethane
system having inorganic POSS molecules attached to the hard segments as
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Fig.2 The X-ray powder-diffraction profile of octacyclohexyl-POSS. The crystal can be
indexed by rhombohedral unit cell with a = 11.57 A, @ =95.58° [82]

nanoscale reinforcing agents. One was octacyclohexyl-POSS, which showed
a rhombohedral unit cell with a = 11.57 A, o = 95.58° (Fig. 2) while the other
was hydrido-POSS, which showed a similar rhombohedral unit cell with
a=1153 A, o =95.38°.

A systematic X-ray pattern change was observed from POSS monomers
to POSS-PU polymers, with an increase in the amorphous fraction and high
disordering in the structure.

Simultaneous WAXD and SAXS techniques were applied to reveal the POSS
crystal structural and POSS-PU morphological changes under deformation.
The WAXD data indicated that POSS molecules formed nanoscale crystals in
the hard segment domains. Under stretching, the full-width at half-maximum
of the POSS crystal peak was found to decrease, which suggested the destruc-
tion of POSS crystals and also the hard segments.

Another hydrolytic condensation reaction resulted in the formation of
ammonium-salt-substituted silsesquioxanes. Its free amine adduct was ob-
tained by eluting solutions in ethanol or a 14 : 1 ethanol-water solution across
a cation-exchange resin. The resulting free amine silsesquioxane was stable
for 1-2 days at 25 °C, but decomposed to an ill-defined T-gel upon prolonged
storage at room temperature or when the solvent was removed. Other neutral-
ization led to the destruction of the Si/O framework. It was suggested that the
free amine could be used to react with methyl acrylate, followed by an excess
of ethylenediamine to produce a second-generation dendrimer that has free
amine groups on the surface.

On the other hand, hydrosilylation is an efficient reaction for preparing
hybrid crosslinked monomers in high yields from compounds bearing two
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or more terminal olefinic moieties [86, 87]. This method has been used for
synthesis of alkylene- and heteroatom-functionalized bridging groups. The
addition of the Si — H groups in trichlorosilane or trialkoxysilanes is generally
catalyzed with a noble-metal-containing catalysts, such as chloroplatinic acid
or Karstedt’s or Spier’s catalyst. To cite a few good examples, methacrylate-
functionalized cubes have been synthesized via Pt-catalyzed hydrosilylation
of propargyl methacrylate [88,89] with (HSiO;5)s and (HMe,SiOSiO; 5)s.
The propargyl route eliminates side reactions found with allyloxy chem-
istry [90].

It has been found that propargyl groups reacted in preference to methacry-
late groups in Pt-catalyzed hydrosilylation, as modeled using triethylsi-
lane [91]. Further, tetramethacrylate cubes have been reported as being pho-
tochemically curable by using visible light and free-radical initiators [34].
For example, the cubes, when mixed with camphorquinone (0.15 wt %), cure
almost instantaneously in the presence of visible light (450 nm), forming
clear, hard, crosslinked materials insoluble in common solvents. In addition,
both compounds cured at 100 °C without initiator to produce clear, abrasion-
resistant coatings.

Synthesis of the POSS macromonomer has also been successful via in-
completely condensed trisilanol (c-C5Hyg)7Si;O9(OH)3 (XXX) prepared at
29% yield by the hydrolytic condensation reaction of cyclopentyltrichlorosi-
lane in refluxing aqueous acetone [92]. The obtained trisilanol and triethyl-
amine were dissolved in THF. The solution was cooled in an ice bath, and
(3-acryloxypropyl)trichlorosilane (XXXI) in THF was added slowly to the
mixture (Scheme 9).

The resulting solution was stirred at room temperature overnight. After
the removal of insoluble salt by filtration, the filtrate was concentrated and
poured into acetonitrile. The white precipitate was collected by filtration and
dried in a vacuum to produce a solid material (XXXII).

To sum up, octakis(3-hydroxypropyldimethylsiloxy)octasilsesquioxane
(OHPS) has also been synthesized by direct hydrosilylation of allyl al-
cohol with octakis(dimethylsiloxy)octasilsesquioxane, (HSiMe;0)gSigO12
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Scheme 9 Synthesis of the methacrylheptacyclopentyl-POSS [92]
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(QgMsH), using platinum divinyltetramethyldisiloxane (Pt(dvs)) as a cat-
alyst [93]. It was proposed that direct hydrosilylation of QsMg! with
2-allyloxyethanol also proceeds primarily via C- rather than O-silylation. In
contrast, compounds such as 1,3,5,7-tetramethylcyclotetrasiloxane, 1,1,3,3-
tetramethyldisiloxane (TMDS) or terminal Si— H functionalized poly(dime-
thylsiloxane) (PDMS-H, M,, = 400) gave significant amounts of O-silylation
along with C-silylation. Initial catalyst concentration studies suggested that
the catalytic cycle requires the intermediacy of Pt cluster complexes in con-
trast to recent studies on the mechanism of hydrosilylation that suggested
monometallic complex catalysis. Even further, octakis(3-methacryloxypro-
pyldimethylsiloxy)octasilsesquioxane (OMPS) was found to be easily pre-
pared directly from OHPS. Previous unwanted polymerization that accom-
panies hydrosilylation of allyl or propargyl methacrylates was eliminated.
Preliminary polymerization studies showed that OMPS readily polymerizes
under UV light to give a crosslinked nanocomposite.

POSS reagents containing not more than one or two points of function-
alization are desirable for the design of linear polymeric POSS systems. An
efficient method for preparing such reagents involves the corner-capping of
incompletely condensed POSS trisilanols R;T7(OH)3. Corner capping of the
POSS trisilanol can be carried out using a variety of trichlorosilane coup-
ling agents to produce fully condensed Tg-POSS silicon-oxygen frameworks.
Schwab et al. [94] synthesized POSS molecules (SiO3/2), (n =8, cage-like),
with the cyclohexyl corner group, of M, >1000. This molecule was consid-
erably larger than the regular size of polyurethane hard domains and was
later used to produce a POSS-PU system in different work that resulted in
a nanocomposite [95].

Lichtenhan and coworkers [96] have also used the functionalization
method to prepare octameric Tg-POSS reagents in which only one corner is
functionalized with a graftable or polymerizable group, leading to families
of functionalized POSS R;Tg-acrylic, a-olefin and -silane reagents suitable
for the preparation of linear POSS polymers that have been prepared in this
manner. Typically the macromonomers were prepared by dissolving POSS tri-
ols and triethylamine in THF. The solution was cooled in an ice bath, and
a THF solution of (3-methacryloxypropyl)trichlorosilane was added dropwise
over a 5-min period to the stirred solution. The mixture was allowed to warm
to room temperature and reacted for 12 h. The reaction was then filtered to
remove Et3N — HCI, and the filter cake was washed with THE.

Removal of volatiles under reduced pressure and ambient temperature af-
forded a yellow solid that was subsequently dissolved in a minimum amount
of benzene and precipitated into acetonitrile at five-fold excess. After filtra-
tion and drying under vacuum, the yield of POSS polymer white powder
was 94%.
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5
Synthesis of POSS-Containing Polymers

As a new paradigm, incorporation of POSS cages into polymers often results
in interesting improvements in the materials’ properties, including increases
in use temperature, oxidation resistance and surface hardening, resulting in
improved mechanical properties, as well as reductions in flammability and
heat evolution [97]. Several works have focused on developing a repertoire of
functionalized octahedral silsesquioxane (cube) macromonomers as a start-
ing point for formulating nanocomposites with the objective of determin-
ing whether well-defined monomer/composite nanostructures and periodi-
cally placed organic/inorganic components might offer novel and predictable
properties 7,17, 19].

Apparently, when chain polymerization is performed, the inorganic part
of the organically functionalized nanobuilding blocks plays the role of a side
group or a crosslinking knot that does not participate in the chain construc-
tion. Depending on the chemical nature of the functionalities, the choice of
synthesis mode definitively turns the expected structure and properties of
the hybrid material toward those of polycondensates and related macrostruc-
tures or toward those of vinyl-type polymers [8]. Also, homopolymerization
is a useful tool for obtaining materials in which properties reflect those of the
precursor, whereas copolymerization broadens the field of possible structures
with potential synergies between the organic backbone and inorganic side
groups. For most technological uses and handling purposes, the nanoparti-
cles have to be processed in bulk or as films, yet they must still exhibit their
nanoscale-dependent properties, such as quantum dot, band-gap reduction,
plasma resonance, nanomagnetism and superparamagnetism.

It is therefore possible that many nanocomposites using functionalized
POSS derivatives with traditional polymers may be designed. For instance,
a wide variety of octafunctional cubes has been prepared with polymerizable
moieties that offer access to highly crosslinked thermosetting nanocompos-
ites having controlled porosities with high surface areas [81], novel mechan-
ical properties [81,98-100], high thermal stabilities [101] and many other
enhancements, such as ranging from dielectric properties to catalytic effects.
In a complementary fashion, POSS materials offer access to robust ther-
moplastics with good-to-excellent properties including resistance to atomic
oxygen [102-104]. Such enhancements have been shown to apply to a wide
range of thermoplastic and a few thermoset systems based on methacrylates,
styrene, norbornene, siloxanes and vinyl esters as well as epoxies [20, 21, 96,
105-109]. The synthesis of POSS monomers and their incorporation into the
respective polymer systems has been demonstrated recently. A few examples
of such synthetic processes are given in the following subsections.

In a few words, the synthetic approaches can be presented as condensa-
tion polymerization, ring-opening metathesis polymerization and free and
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controlled/living radical polymerization [15,26,95,96,102,110-113]. The
nanobuilding block approach aims to create nanoparticle-based hybrid mate-
rials, however it includes the introduction of already synthesized nanoparti-
cles into polymer or organic hosts, synthesizing the nanoparticles inside such
matrixes, connecting particles with adequate organic spacers and polymeriz-
ing functionalized nanoparticles [8, 95,105, 114].

5.1
Free Radical Polymerization

Monomethacrylate-functionalized POSS reagents are capable of being poly-
merized into novel linear silsesquioxane-based materials. Efforts to copoly-
merize these methacrylate-functionalized POSS with other acrylic comono-
mers have been successful [96,112]. In a typical polymer synthesis, a 0.5 M
toluene solution of macromonomer was prepared, to which 2,2"-azobis(iso-
butyronitrile) (AIBN) based on macromonomer was added from a stock so-
lution. The clear solution was heated at 60 °C for 24 h and then precipitated
into methanol. Further purification was performed by reprecipitation from
toluene into methanol to yield white powder.

Conventional radical polymerization was engaged on investigations of
organic-inorganic star-shaped polyoxazolines using octafunctional silsesqui-
oxane as an initiator whereby the hybrid terpolymers with various POSS
compositions were synthesized [92]. The 4-vinyl-4'-methyl-2,2-bipyridine
(VMB) in hybrid terpolymers was fixed at 10 mol % in the feed ratio. The
N,N-dimethylacrylamide, VMB, POSS macromonomer and AIBN were dis-
solved in toluene (15% solution) under nitrogen. After bubbling with dry
nitrogen gas for 5 min to release oxygen, the monomer solution was stirred at
60 °C for 2 days. After polymerization, the polymer was precipitated as a pale
yellowish solid in an excess of hexane and dried under vacuum.

Recent advances in controlled/living radical polymerization as in the
works of Matyjaszewski [115,116] have offered a versatile tool to pre-
pare model copolymers from a wide range of monomers such as styrenes
or (meth)acrylates, enabling investigation of structure-property relation-
ships [117]. In analogy to controlled/living cationic polymerizations, radical
polymerizations can become controlled under conditions in which a low, sta-
tionary concentration of the active species is maintained and a fast, dynamic
equilibrium is established between the active and dormant species. Such
advances have been demonstrated by the ability to introduce methacrylate
functional POSS monomers into polyacrylate materials for the synthesis of
well-defined star diblock and ABA triblock copolymers using atom-transfer
radical polymerization (ATRP) [118-121]. In these block copolymers, POSS
moieties are attached to the copolymer backbone as pendant side-chain
groups. In one of such work on POSS-containing ABA triblock copolymers,
ATRP enabled the preparation of well-defined model copolymers possessing
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a rubbery poly(n-butyl acrylate) (pBA) middle segment and glassy poly(3-
(3,5,7,9,11,13,15-heptaisobutyl-pentacyclo(9.5.1.13’9.15’15.17’13)-octasiloxane-
1-yl)propyl methacrylate (p(MAPOSS)) outer segments. By tuning the relative
composition and degree of polymerization (DP) of the two segments, phase-
separated microstructures were formed in thin films of the copolymer.

Elsewhere, poly(acetoxystyrene-co-isobutylstyryl-POSS)s (PAS-POSS) hy-
brid nanocomposites were prepared by a free-radical polymerization me-
thod [123]. The polymerization reactions were carried out under nitrogen
using a vacuum-line system. A typical reaction example of experimental
procedure for these polymers involved polymerization of acetoxystyrene
and isobutylstyryl-POSS-monomers in dried toluene using the AIBN ini-
tiator (1 wt% based on monomer) at 80°C under nitrogen atmosphere
for 24 h. The product was then poured into excess cyclohexane under vig-
orous agitation to precipitate the copolymer, followed by purification in
THF/cyclohexane and drying in a vacuum oven to afford a characteristic
average of 40 wt % yield.

In another interesting development, Yei et al. [124] prepared POSS-
polystyrene/clay nanocomposites using an emulsion polymerization tech-
nique. The emulsion polymerization for both the virgin polystyrene and
the nanocomposite started with stirring a suspension of clay in deionized
water for 4h at room temperature. A solution of surfactant ammonium
salt of cetylpyridinium chloride or POSS was added and the mixture was
stirred for another 4 h. Potassium hydroxide and sodium dodecyl sulphate
were added into the solution and the temperature was then raised to 50 °C.
Styrene monomer and potassium persulfate were later on added slowly to
the flask. Polymerization was performed at 50 °C for 8 h. After cooling, 2.5%
aqueous aluminium sulphate was added to the polymerized emulsion, fol-
lowed by dilute hydrochloric acid, with stirring. Finally, acetone was added
to break down the emulsion completely. The polymer was washed sev-
eral times with methanol and distilled water and then dried overnight in
a vacuum oven at 80 °C. The obtained nanocomposite was reported to be ex-
foliated at up to a 3 wt % content of pristine clay relative to the amount of
polystyrene.

In another work aimed at the preparation of POSS thermosets vinyl ester-
POSS nanocomposite were synthesized [108]. First, multifunctional POSS
nanoparticles, ((C¢H5;CHCHO)4(SigO12)(CH = CHCgHs)4), were dissolved in
styrene to produce a transparent solution that was later mixed with a com-
mercial vinyl ester resin to produce a clear, transparent solution containing
50 wt % styrene. Methyl ethyl ketone peroxide and cobalt naphthanate were
added to the solution. The total formulation was then put into a mould with-
out degassing and cured at room temperature for 24 h followed by postcuring
in an oven at 90 °C and then by a further 5h at 150 °C to afford vinyl ester-
POSS multifunctional nanocomposite.
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5.2
Polyaddition and Polycondensation

Choi and coworkers [7] synthesized epoxy-functionalized cube nanocom-
posites that were prepared from octaaminophenylsilsesquioxane (OAPS),
PAPS, octa(dimethylsiloxypropylglycidyl ether) silsesquioxane (OG), DGEBA
and diaminodiphenylmethane (DDM). In processing DGEBA/OAPS and
DGEBA/PAPS nanocomposites, a variable N was first defined as the molar
ratio of NH; (in OAPS) to epoxy groups (in DGEBA). A conventional stoichio-
metric ratio of 2 mol of epoxy to 1 mol of amine would occur at N = 0.5.

Later, OAPS/PAPS powder was weighed into a glass vial containing a mag-
netic stir bar. THF was then added to the vial and the OAPS/PAPS dissolved
completely on stirring. DGEBA was then added to the solution and the mix-
ture was stirred to give a homogeneous solution. The dark yellow, transparent
solution was then transferred into an aluminium mould preheated to 50 °C.
THF was slowly removed under vacuum at this temperature. Following re-
moval of solvent after 30 min, the mixture was cured for 12 h at 50 °C, then
6h at 100 °C, and finally 6 h at 150 °C under Ny, resulting in complete cur-
ing [125]. Similar works on OG/OAPS and OG/PAPS nanocomposites also
involved the definition of N and a similar synthesis procedure as in the
DGEBA/OAPS and DGEBA/PAPS nanocomposites as described above, ex-
cept for the cure conditions because of the poor miscibility of OAPS/PAPS
with OG.

Earlier results had demonstrated that the architecture of the organic teth-
ers between vertices can be manipulated to optimize rigidity, processability
and resulting thermomechanical properties [126, 127]. One of the works fo-
cused on imide nanocomposites prepared from OAPS (XXXIII) as a model
nanobuilding block for rigid, high-temperature hybrid nanocomposite mate-
rials [126]. The OAPS units were linked from the NH; to the NH; vertex by
reaction with various dianhydrides to form three-dimensional nanocompos-
ites (Scheme 10).

Studies were then initiated using an extreme tether structure with zero
flexibility prepared by solvent casting and then curing mixtures of OAPS with
pyromellitic dianhydride (PMDA) (XXXIV) at 330 °C. The resulting materi-
als (XXXV) were claimed to be extremely brittle such that it was difficult to
take thermomechanical property measurements. Tether rigidity, length and
crosslink densities were then modified using reactions of OAPS with oxy-
diphthalic anhydride (ODPA) and diluting with oxydianiline (ODA) to adjust
nanocomposite stiffness. In Tamaki et al. [127], the synthesis of novel three-
dimensionally structured polyimide by reaction of OAPS with PMDA was
performed successfully. With model studies with phthalic anhydride provided
useful cure conditions, stoichiometrically correct OAPS/PMDA nanocompos-
ites were obtained following curing of N-methyl-2-pyrrolidone (NMP) and
dimethylformamide (DMF) reaction solutions at lower temperatures and then
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Scheme 10 Reaction of OAPS with pyromellitic dianhydride (PMDA) to form a nanocom-
posite with completely rigid imide tethers between cube vertices [126]

to > 350 °C under vacuum. The resulting materials offer thermal stabilities
in air and N, of > 500 °C (5% mass-loss temperature) and char yields > 75%

under nitrogen.

Another interesting work employed Schwab et al’s [94] synthesis method
to investigate the derivative of a POSS molecular structure (SiO3/,R)g con-
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taining R = cyclohexyl (octacyclohexyl-POSS) with one corner group sub-
stituted by a hydridomethylsiloxy group (hydrido-POSS) and a 3-(allyl-
bisphenol-A) propyldimethylsiloxy group (BPA-POSS), thus obtaining POSS-
polyurethane (POSS-PU) containing 34 wt % POSS molecules [95]. The BPA-
POSS compound was a diol, which was used in the polyurethane synthe-
sis as a chain extender. The POSS-PU used contained soft segments of
poly(tetramethylene glycol) (PTMG), hard segments of 4,4'-methylenebis
(phenyl isocyanate) (MDI) and BPA-POSS.

In another development, a rapid and versatile synthetic approach to-
wards the study of FeCls-catalyzed hydrolytic polycondensation of suit-
able trichlorosilanes in a biphasic system, which yielded octasilsesquioxane
(BrCH,CH,CH;)3SigO12, was presented [1]. The work proposed that, depend-
ing on the functional group R attached to the Ts cage, crosslinking of the
monomeric building blocks could be carried out in different ways. Also, in the
case of alkenyl-octasilsesquioxanes (R = CH,; = CH- or CH; = CH - CH;-),
connection of the SigO1, units may be possible via polymerization or copoly-
merization with typical organic monomers such as vinyl acetate or acrylate.

In investigations of PU-POSS nanocomposite, pendant POSS were intro-
duced through polycondensation reactions for segmented polyurethane-based
elastomers [85]. The nanobrick (HMe; — SiO)(c-CgHi1)7SigO12 (XXXVI)
was first grafted by hydrosilylation of 3,3'-diallylbisphenol A (XXVII) and
then copolycondensed with poly(tetramethyleneglycol) and 4,4’-methylenebis
(phenyl isocyanate) (MDI) (Scheme 11).

The inorganic nanobuilding blocks were found to be attached to the hard
segments and greatly enhanced the tensile modulus and strength of the elas-
tomer. Haddad et al. [111] and Fu et al. [128] have similarly provided works
on condensation polymerization. The well-defined functionalized POSS have
been prepared by the hydrosilylation reaction of terminal olefins with octahy-
dridosilsesquioxane or direct hydrolytic condensation reactions of silane-
bearing compounds [75, 100, 129]. However, clear explanation on the mech-
anism of direct hydrolytic condensation reaction has not been explored yet.

In a different work, octakis(3-methacryloxypropyldimethylsiloxy)octasil-
sesquioxane (OMPS) was easily prepared directly from octakis(3-hydroxy-
propyldimethylsiloxy)octasilsesquioxane (OHPS). Previous unwanted poly-
merization that accompanies hydrosilylation of allyl or propargyl methacry-
lates was first eliminated [93]. OHPS cube was first put into a Schlenk flask
equipped with an addition funnel, a reflux condenser, and a magnetic stir
bar. CH,Cl, was then added to dissolve the OHPS followed by triethylamine
addition and the mixture was cooled in an ice bath, followed by stirring for
15 min. Methacryloyl chloride was later added dropwise through the add-
ition funnel. A light-pink precipitate of triethylammonium chloride formed
on adding the methacryloyl chloride. After all the methacryloyl chloride was
added, the reaction was further stirred at room temperature for 2 h. To isolate
the methacrylate product, the reaction mixture was first filtered, and then the
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filtrate was transferred to a separatory funnel and washed with water three
times, 5% NaHCO3 solution twice, 0.5 N NaOH twice, and lastly brine once.
The solution was then dried over Na;SO4. Removal of the solvent gave OMPS
as a clear, yellowish, slightly viscous oil that readily polymerized under UV
light to give a crosslinked nanocomposite.

Tanaka et al. [101] synthesized octa(aminophenyl)silsesquioxane (OAPS),
an aromatic amine-functionalized silsesquioxane free from aliphatic compo-
nents. OAPS reacts rapidly with the 2-pyridinecarboxaldehyde under mild
conditions, giving an imine that emits green light under UV illumination.

Leu et al. [130,131] have demonstrated that covalently tethering nano-
porous POSS to presynthesized polyimide chain ends or the side chains
results in organic-inorganic nanocomposite materials with low dielectric
constant and controllable mechanical properties. Recent work by this team
of researchers reported on polyimide-tethered nanocomposites with well-
defined architectures that were prepared by the copolymerization reaction
of a new type of diamine monomer: POSS-diamine, 4,4'-oxydianiline (ODA),
and pyromellitic dianhydride (PMDA) [132]. In the synthesis of poly(amic
acid) (PAA), PMDA-ODA was first synthesized by first putting ODA into
a three-necked flask containing NMP/THF under N, purge at 25 °C. Then,
after the ODA had dissolved completely, PMDA, divided into three batches,
was added to the flask batch-by-batch with a time interval of 0.5h between
batches. When PMDA had completely dissolved in the solution, the solution
was stirred continuously for 1h, and a viscous PAA solution was obtained.
The mixture was then mixed for an additional 12 h using a mechanical stirrer.
PMDA-ODA/POSS-diamine(copoly(amic acid)) was synthesized in a simi-
lar process except that various proportions of POSS-diamine were added.
The PAA of PMDA-ODA and PMDA-ODA/POSS-diamine mixture were later
cast onto glass slides and subsequently put in a vacuum oven at 40°C
for 48 h before the imidization step. Imidization of PMDA-ODA and POSS-
PMDA-ODA was carried out by putting the samples in an air-circulation
oven at 100, 150, 200, and 250°C for 1h and then at 300°C for 0.5h
to ensure complete imidization. The polyimide-side-chain-tethered POSS
nanocomposites presented self-assembly characteristics when the amount
of POSS exceeded 10 mol%. Furthermore, POSS/polyimide nanocompos-
ites had both lower and tunable dielectric constants, with a lowest value
of 2.3, and controllable mechanical properties, compared to that of pure
polyimide.

5.3
Ring-Opening Metathesis Polymerization (ROMP)

Jeon et al. have recently reported on ring-opening metathesis copolymeriza-
tions of cyclooctene and the POSS-norbornylene monomer performed with
Grubbs’s catalyst. Random copolymers were then formed and fully charac-
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terized with POSS loadings as high as 55wt %. Diimide reduction of these
copolymers afforded polyethylene-POSS random copolymers [102].

The homopolymer of POSS-norbornyl was also synthesized and presumed
to have a rigid backbone (Scheme 12).

Norbornyl-POSS hybrid copolymers having either cyclohexyl corner
groups (c-C¢H;1-POSS) or cyclopentyl corner groups (c-CsHg-POSS) showed
shape-memory effect. Samples containing 50 wt % of POSS macromonomer
were mechanically drawn at temperatures above their glass-transition tem-
peratures, followed by rapid quenching in liquid N;. Interestingly, the types
of corner groups in the POSS macromonomer affect the shape-memory be-
havior, with the ¢-C¢H1;-POSS copolymer showing lower percentage recovery
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Scheme 12 Scheme of the polynorbornene-POSS copolymers synthesis [102]
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than the ¢-C5Hg-POSS copolymer due to enhanced aggregation of c-C¢Hj;-
POSS macromonomers. Additionally, incorporation of POSS comonomers
within the polymer system was found to slightly reduce the percentage recov-
ery, while improving thermal stability significantly [102].

In another work, Mather et al. [26] prepared random copolymers of
norbornene/POSS-norbornene for microstructural and mechanical relax-
ation investigations. The POSS-norbornyl monomer was prepared by reaction
of ethyl-trichlorosilane-substituted norbornene with cyclohexyl (c-C¢Hj;-)
or cyclopentyl (c-CsHo-) POSS triol in the presence of triethylamine. The ran-
dom copolymers were synthesized under nitrogen using the ROMP catalyst,
Mo(C;oH12)(C12H17N)(OC4Hy),, in chloroform with various proportions of
norbornene and the POSS-norbornyl derivatives (Scheme 12). The polymer-
izations were designed to yield polymers with degrees of polymerization of
500 by controlling the ratio of monomers to catalyst. The reactions were
terminated by the addition of benzaldehyde. The polymers were later precip-
itated and purified by adding the chloroform solutions to a large excess of
methanol and collecting the precipitate resulting in random copolymers in
yields over 90%.

Kobayashi et al. [74] and Kim et al. [75] have also studied a wide var-
iety of functional materials based on ring-opening polymerization of 2-me-
thyl-2-oxazoline, which is a good candidate for living polymerization be-
cause the obtained polyoxazoline has advantageous properties, such as
hydrophilicity and good compatibility with common organic polymers.
Liquid-crystalline silsesquioxanes having various mesogenic moieties were
synthesized by hydrosilylation reaction of octa(hydridosilsesquioxane) and
terminal alkenes with mesogenic groups using hexachloroplatinic acid as
a catalyst [75]. In a typical synthesis, octa(5-(4-methoxybiphenyloxy)pentyl)-
octasilsesquioxane (cubic-OCHj3) was prepared. Hydridosilsesquioxane was
dissolved in distilled 1,2-dichloroethane. The mixture was then stirred,
and methoxybiphenyloxy-1-pentene and 1,2-dimethoxyethane solution of
H,PtClg - 6H,0 were added. The reaction mixture was later refluxed for 24 h
under nitrogen. The white precipitate appeared when the solution was cooled
down to room temperature. The white crude product was recrystallized from
1,2-dichloroethane.

Most recently organic-inorganic hybrid thermoset copolymers have been
prepared by ring-opening metathesis polymerization catalyzed with bis(tri-
cyclohexylphosphine)benzylideneruthenium(II) dichloride [133]. Dicyclo-
pentadiene (DCPD) and norbornenylethyl polyhedral oligomeric silsesquiox-
ane (INB-POSS) and tris(norbornenylethyl)-POSS (3NB-POSS) with isobutyl
pendent groups have been copolymerized at 60°C over a range of POSS
loadings. For example, in a typical reaction, the reaction mixture for PDCPD-
c0-1NB-POSS with 20 wt % added POSS was composed of DCPD, 1NB-POSS,
triphenylphosphine (PPhs3) in benzene and the catalyst-bis(tricyclohexyl-
phosphine)benzylideneruthenium(II) dichloride in benzene. The addition of
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PPh; was necessary to reduce the activity of the catalyst to allow sufficient
time to fill the molds before gelation. Plaques were made by mixing the re-
actants in a beaker and pouring into a mould. The mould was placed into
an oven at the cure temperature (60 °C) for 24 h and postcured at 100°C
for 4 h. Compression samples were made in a similar fashion in which the
DCPD/POSS was poured into test tubes and cured as stated. It is import-
ant to note that the INB- and 3NB-POSS copolymers were synthesized from
different lots of DCPD, and slight changes in the physical properties of the
homopolymers were observed such that each POSS copolymer system could
be compared to the PDCPD homopolymer cured from the same lot. In
conclusion, the synthetic methodology allowed for synthesis of covalently
bonded and well-dispersed inorganic moieties. At high INB-POSS loadings
aggregates of approximately three to four POSS molecules were found, while
3NB-POSS remains uniformly dispersed over all loadings.

6
Synthesis of POSS-Dendrimer Cores

Dendrimers are molecules with a globular structure in which well-defined
branches radiate from a central core, becoming more branched and crowded
as they extend out to the periphery. Since the first successful synthesis of
a symmetrical branched dendrimers [134], this class of polymers has received
considerable interest, with possible applications ranging from drug-delivery
agents, micelle mimics, nanoscale building blocks to high-performance poly-
mers [134-137]. For example, the use of octafunctional POSS cores provides
an easy route to highly functional dendrimers molecules. They may also be
advantageous in tuning the properties of the dendrimer to suit the environ-
ment in which a particular application will occur.

Much of the interest in polyhedral silsesquioxane molecules in polymer
chemistry is in their use as “hard blocks” to modify the thermal and mechan-
ical stability of materials [114]. The use of POSS molecules in dendrimers
should have a similar effect, leading to dendrimers with different properties
from those based on, for example, tetravinylsilane cores. The properties of the
dendrimers can also be altered by changing the length of the carbon chain be-
tween branching silicon atoms by using different alkenyl Grignard reagents in
the alkenylation step. This will have a marked effect on the physical charac-
teristics of the molecules, especially their size and the number of generations
that can be synthesized before surface congestion becomes the size-limiting
factor. Dendrimers are therefore almost certainly foreseen to play an import-
ant role in any catalytic utility of these molecules, affecting, e.g. the selectivity
of a catalyst [135].

Dendrimers are generally prepared using two approaches: a divergent
method, where successive dendrimer layers or generations are added to
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a core, and a convergent method, where the arms of the dendrimer are syn-
thesized first and subsequently attached together at a focal point to produce
the final molecule. A major drawback with dendrimer synthesis, especially in
the divergent method, is that it often requires many repetitive steps in order
to build the dendrimer outwards leading to multiple steps that often result in
low-yield preparations. However, initiative work by Jaffres and Morris [135]
sorted out this problem by preparing POSS-dendrimers that can be used as
supports for catalysts, combining a high number of active sites on the exte-
rior of the molecule with the possibility of separating the catalyst from the
reaction mixture using ultrafiltration techniques, so taking advantage of the
relatively large size of the dendrimers to produce a molecule that combines
the advantages of homogeneous and heterogeneous catalysts while minimiz-
ing the disadvantages of each. Since then, significant progress have been seen
in the synthesis of POSS-dendrimers as shown in the follows.

6.1
Convergent Method

Several approaches to the production of dendrimers have been success-
fully developed. Of these methods, the convergent growth strategy couples
together groups that will ultimately become the peripheral surface of the
macromolecule to form wedge-shaped units termed dendrons [138,139].
The dendrons are in turn coupled with multifunctional monomers to pro-
duce higher-generation dendrons that are finally reacted with a central core
molecule to form the desired monodisperse dendrimer system of defined
generation number and unique molecular weight. The convergent growth
method allows for the production of monodisperse dendrimers by taking ad-
vantage of the relative ease of separation of the intermediate dendrons at each
growth step and in the final coupling of the dendrons to the central core.

In addition, a wide variety of surface functionalities can be incorporated
into the final structure by utilizing suitable molecular components at the out-
set of the convergent dendrimer synthesis or by deriving structures from
the coupling of several different dendrons to the central core. Investigation
involves the inclusion of recognition sites or chirality into the dendritic ar-
chitecture with a long-term goal of ultimately developing soluble reaction
supports for use in a clean chemical processes [140].

This approach has also been employed for synthesis of highly enan-
tiomerically enriched cyclic silanes with silicon-centered chirality [141].
Zhang et al. [142] prepared second-generation dendrimers based on poly-
hedral silsesquioxane cores with up to 72 terminal groups at their surface
(Scheme 13).

Repetitive hydrosilation/allylation of vinyl-functionalized polyhedral sil-
sesquioxanes (XLIV) produced chlorosilyl- (XLV and XLVII) and allyl-
derivatized (XLVI and XLVIII) dendrimers, respectively. Hydroboration/oxi-
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Scheme 13 Synthetic scheme for the production of 24-Cl dendrimer, 24-allyl dendrimer,
72-Cl dendrimer, 72-allyl, and POSS-72-OH dendrimer [142]

dation of the allyl-functionalized dendrimers produced alcohol (hydroxy)-
terminated dendrimers (XLIX). The results showed the dendrimers to be
relatively spherical, globular molecules, with a large proportion of the termi-
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nal hydroxy groups located in a shell at the exterior of the dendrimer. Again,
as the number of terminal groups on the dendrimers increased, the number
of the dendrimer branches that back-fold towards the core of the dendrimer
was also noted to increase. Experimental and modeling work illustrated two
general features of the hydrosilation reactions in dendrimers. Firstly, steric
influences are important in determining both the rate and regioselectivity the
reactions, and, secondly, that the temperature is important in determining the
regioselectivity. In general, it was found difficult to hydrosilate-unhindered
allylsilanes in a regioselective manner. This was presumably because of the
B-effect in silicon chemistry that tends to promote addition at the S-position
in allylsilanes, instead of addition at the usually more favored «-position. It
was further noted that in vinylsilanes the effect of the silicon would be ex-
pected to promote hydrosilation at the a-carbon of the vinyl group, thereby
increasing the regioselectivity of the reaction.

Work report by Ropartz et al. [143] described a procedure whereby rad-
ical additions of HPR, (R =Et, Cy) onto alkenyl groups or nucleophilic
substitution reactions on chlorosilanes by LiCH,PR; (R = Me, Hex) were
used to prepare first and second-generation alkylphosphine-containing den-
drimers based on a polyhedral oligomeric silsesquioxane (POSS) core. The
first generation dendrimers were built on 16 or 24 arms, which were chlo-
rides, vinyl groups or allyl moieties. Hydrosilylation followed by vinyla-
tion or allylation of octavinyl-functionalized POSS gave these dendrimers.
It follows that successive hydrosilylation/allylation followed by hydrosily-
lation/vinylation produced the framework for the second-generation den-
drimers. The phosphorus-containing dendrimers were later on used as lig-
ands for the hydrocarbonylation of alkenes (hex-1-ene, oct-1-ene, non-1-
ene, prop-1-en-2-ol) in polar solvents (ethanol or THF) using the complexes
(Rh(acac)(CO),) or (Rh; (O,CMe)4) as a metal source. Linear-to-branched
ratios up to 3: 1 for the alcohol products were obtained for the diethylphos-
phine dendrimers. The reactions were found to proceed mainly via the for-
mation of the corresponding aldehydes.

Kim et al. [92] synthesized hybrid star-shaped polyoxazolines having
a POSS core by ring-opening polymerization of 2-methyl-2-oxazoline using
various octafunctional POSS as an initiator with changing the feed ratio of
POSS to 2-methyl-2-oxazoline. The core-first method, which uses an active
multifunctional core to initiate growth of polymer chains, was applicable
to make hybrid POSS-core star-shaped polyoxazolines. Various works by
Coupar et al. [144] and Manson et al. [83] have prepared a number of POSS-
based dendrimer molecules with functionalities ranging from terminal silane
(Si-H), silanol (Si— OH), aromatic aldehyde, carboxylic acid and Schiff base
groups and also prepared a number of phosphine functionalized dendrimers
for use as catalytic ligands. Use of these molecules in combination with
rhodium as the catalytic metal produced some very interesting results on the
selectivity of hydroformylation reactions. Phosphines prepared from vinyl-
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terminated dendrimers, i.e. with two carbons between the last silicon and
the phosphorus atoms, show greatly improved selectivity, compared with
similar small-molecule catalysts, towards the preferred long-chain aldehyde
products [145]. On the other hand, those made from the Cl-functionalized
dendrimers with only one carbon between the Si and P atoms, showed only
a small improvement over their small molecule analogues [146]. It can then
be justified to say that the length of the alkylene chain between the outermost
silicon atom and the terminal functionality on the dendrimer is of crucial
importance.

6.2
Divergent Methods

Divergent synthetic methods have been used to prepare a number of novel
POSS-based dendrimers. Conversely, chloro-silyl or -vinyl dendrimers of the
chosen generation number prepared using divergent methods can subse-
quently be used as synthetic platforms for other, more useful functional ma-
terials. Jaffres and Morris [147] have presented octavinyl-POSS species that
have eight terminal vinyl groups on the exterior of an almost cubic core. Re-
action at all eight of these terminal groups, with for example HSiCl3, produces
a first-generation dendrimer with a relatively large number of chloro groups
at the exterior of the molecule. Vinylation of the dendrimer followed by fur-
ther hydrosilation with HSiCls produce dendrimers with 72 chloro groups.
In this way dendrimers with a high number of terminal groups can be pre-
pared in only three high-yielding synthetic steps. This reduces the number of
steps required to produce such a high number of terminal groups compared
to that needed for a core, citing terminal vinyl groups (e.g. tetravinylsilane)
as a good example [148]. Importantly, this also reduces the need for waste-
ful isolation and purification steps during the synthesis. Another potential
advantage of POSS-based dendrimers is the effect of the high multiplicity of
the core on the structure of the molecule. The cubic shape and high multi-
plicity of the POSS core, in principle, can be amplified by the dendrimer
branches to produce a fairly spheroidal, globular molecule with a large pro-
portion of the terminal groups at, or near, the surface of the dendrimer, even
at low generations [142]. Such molecules have been previously used as core
species to produce what can be described as zeroth-generation dendrimers,
for example, the octopus molecules [82,149,150] or the ferrocene deriva-
tized octasilsesquioxane species [151]. Other works have reported the use of
polyhedral silsesquioxanes as cores for dendrimers, based on functionalizing
phosphine-derivatized dendrimers, and functionalizing the rather unstable
y-aminopropyl-derivatized silsesquioxane core [152, 153, 160].

The optimum conditions for divergent synthesis have been identified and
molecular modeling studies have shown the resulting molecules to have low-
energy conformations yielding relatively spherical structures with the major-
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ity of the terminal groups on the exterior surface of the molecule [142]. Thus,
energy-minimization and molecular-dynamics techniques have been used to
model the architectures of the dendrimers.

Another work [154] reported the effects of monomer flexibility on over-
all dendrimer configuration. While it was found that dendrimers constructed
of flexible monomers were more globular in shape, all dendrimers gave dis-
tributions of terminal groups throughout the molecules thought to be due to
back-folding in the former case and branching-angle effects. Similar “back-
folding” effects were reported by Cavallo and Fraternali [155], who reported
the results of a molecular-dynamics study of the first five generations of
polypropyleneimine with N-tert-Boc-I-phenylalanine terminal units. It was
found that the shape of the dendrimer was generation-dependent, with higher
generations becoming more spherical. Some back-folding of the terminal
groups into the interior was also observed, similar to that reported by Zhang
et al. [142].

Manson et al. [83] work reported the synthesis and full characteri-
zation of dioxolane (LII) and aldehyde (LIII) functionalized dendrimers
(Scheme 14). The conditions of synthesis were shown to be important in de-
termining whether the initial hydrosilylation reaction occurs at the «- or
B-position.

NMR spectroscopy revealed that all the vinyl resonances on the cube had
disappeared, indicating that, at least within the limits of detection by NMR,
the reaction had gone to completion. Deeper investigations indicated that
the products were of the correct mass for addition to all the corners of the
POSS cube, although in the case of the dioxolane in the three-position an
unidentified peak of lower mass was also present, leading to suspicion that
unusual fragmentation of the molecular ion had occurred, as reported else-
where [156]. Furthermore, a close look at the proton NMR spectrum revealed
more complicated resonances in the methylene region than would have been
expected for the structure as drawn.

Moreover, as mentioned earlier, cube-octameric polyhedral silsesquiox-
anes (RgSigO12) react with strong acids to produce RgSigO11X, frameworks
resulting from selective cleavage of one Si— O —Si linkage [67]. Jaffres and
Morris [135] reported a divergent synthetic route to dendrimers using POSS
molecules as the core. The synthesis of the dendrimer molecules was ac-
complished, using a similar repetitive hydrosilation/vinylation procedures to
those preferred previously by Zhou and Roovers [157], van der Made and
van Leeuwen [158], and also by Seyferth et al. [159], to yield dendrimers
with a high density of branch ends per generation. It was claimed that a cau-
tious choice of hydrosilating agent (HSiCl3, H(CH3)SiCl, or H(CH3),SiCl)
produced dendrimers with varying numbers of chain ends, and alkeny-
lating agents of different lengths produce molecules with different physi-
cal properties without resorting to repetitive synthesis of large numbers of
generations.
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7
Properties of POSS-Containing Nanohybrid Polymers

Interestingly, the mode of polymerization defines the type of participation of
the nanobuilding blocks in the structure of the hybrid material. Conversely,
the synthesis of linear organic/inorganic hybrid polymers containing POSS
groups has recently received attention as a route to prepare novel nanocom-
posite materials. In the pursuit to understand the effect of POSS inclusions
in polymeric hybrids, the synthesis of well-defined model copolymers of
precise molecular weight, composition and architecture is required. Incom-
pletely condensed silsesquioxanes have been extensively employed as models
for silica surfaces [161-163], ligands [164-166], building blocks for network
solids [167, 168] and precursors to new families of silsesquioxane-containing
polymers [169, 170]. The last few decades have seen further developments and
the use of oligosilsesquioxanes containing more than one hydroxyl group be-
coming important as building blocks for many metalosiloxanes. Of particular
interest have been reactions of trisilanols with ligand-deficient trivalent-
metal complexes because the inability of these trisilanols to support trigo-
nal planar coordination environments is expected to produce more complex
structures.

An exhaustive review of the synthesis and nature of nanoparticles is
beyond the scope of this work, and readers are referred to more-specific
sources. However, the properties of POSS-containing nanobuilding blocks are
discussed in details in the following chapters. Just to mention briefly, the
synthetic approaches can be presented as condensation polymerization [95,
111,113], ring-opening metathesis polymerization (ROMP) [26,102,110],
metallocene-mediated processes [15] and free-radical polymerization [96,
112] techniques. Additionally, recent advances in controlled/living radical
polymerization [115,116] have offered a versatile tool to prepare model
copolymers from a wide range of monomers, e.g. styrene or (meth)acrylates,
enabling investigation of structure-property relationships [117]. Such ad-
vances have been demonstrated by, e.g., the ability to introduce methacrylate
functional POSS monomers into polyacrylate materials for the synthesis of
well-defined star diblock and ABA triblock copolymers using atom-transfer
radical polymerization (ATRP) [118-121]. In these block copolymers, POSS
moieties are attached to the copolymer backbone as pendant side-chain
groups.

Nanobuilding units are versatile and exhibit a large variety of interfaces be-
tween the organic and the inorganic components such as covalent bonding,
complexation, electrostatic interactions, etc. [8]. These nanobuilding blocks
with tunable functionalities can, through molecular recognition processes,
permit the development of a new vectorial chemistry. However, depending on
the set of chosen experimental conditions, these nanobuilding blocks keep or
lose their integrity. Therefore, they can be used as true building blocks that
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can be connected through organic spacers in surface-driven condensation re-
actions or treated as a reservoir of inorganic matter that can be delivered at
the hybrid interface to build an extended inorganic network.

71
Mechanical Properties

Multifunctional POSS, containing four epoxide groups on the periphery,
copolymerized with aliphatic diepoxides and an amine-curing agent in-
creased and broadened the Tg, increased the tensile modulus, but lowered the
flexural modulus over that of the neat epoxy resin [2] (Fig. 3).

Incorporation of monofunctional epoxy POSS into an amine-cured epoxy
network increased and broadened the Ty without changing the crosslink
density and enhanced the thermal properties. Additionally, it was found that
the thermal and thermal-mechanical properties of resultant styrene-POSS
vinylester resin nanocomposites were dependent on the percentage of POSS
incorporated into the resin [171]. Over a range of POSS incorporations, the
T of the copolymers changed very little, but the flexural modulus increased
with increasing POSS content.

In one further work on epoxy-POSS, comparative studies were conducted
on epoxy/ladderlike polyphenylsilsesquioxane (PPSQ) blends and the associ-
ated nanocomposites [2]. The work revealed that, although a decrease in the
flexural strength and modulus of epoxy/POSS nanocomposites in compari-
son to the neat epoxy resin was observed, only flexural strength deteriorated
in the epoxy/PPSQ blends compared to the neat epoxy resin. Flexural mod-
ulus of epoxy/PPSQ blends was reported to be much higher than that of
the epoxy resin and also increased with an increase in POSS content. It was
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Fig.3 Curves of bending modulus (E’) and tan § versus temperature at 1 Hz (from DMTA)
of epoxy/POSS 75/25 (w/w) composite before and after curing at 150 °C/10 h [2]
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further noted that the epoxy became harder and more brittle upon incor-
poration of POSS. In this respect, the flexural strength of the epoxy/PPSQ
blends was lower than that of neat epoxy resin and it decreased sharply
with an increase in PPSQ content. The sharp drop in flexural strength of the
epoxy/PPSQ blend suggested that the adhesion between the resin and PPSQ
phase was not strong in accordance with a low chemical-bond density con-
necting these phases.

For norbornene-POSS polymers, lack of mobility of the POSS units led
to the conclusion that the reinforcement effect arises primarily due to the
POSS units behaving as strong anchoring points [27]. In the case of a polynor-
bornene chain with the cyclopentyl rings (c-CsHg), the molecular-dynamic
simulation approaches show diffused behavior above 200 °C and therefore the
drop in the modulus was found to be higher than for the polynorbornene
chain with cyclohexyl rings (c-C¢H;11) where the MSD remained very small at
all temperatures. In addition, the results for the mechanical properties were
also in agreement with the slower conformational dynamics observed in the
case of (c-C¢Hq1) versus (c-CsHy). It was also noted that the trends observed
for the bulk and shear moduli follow similar lines to those seen in the tensile
modulus case.

7.2
Thermal Properties

Lee and Lichtenhan [109] reported on thermal studies of monofunctional
epoxy-substituted POSS monomer that was incorporated into a network com-
posed of two difunctional epoxy monomers, the diglycidyl ether of bisphenol-
A (DGEBA) and 1,4-butanediol diglycidyl ether (BDGE), at a DGEBA/BDGE
9: 1 mole ratio.

The glass-transition region was observed by differential scanning calorime-
try (DSC) to broaden with an increase in weight percent of the POSS, but
there was no change on the onset temperature of the glass-transition range
(Table 2) [23].

The topological constraints provided by the presence of POSS reinforce-
ments slowed the motion of the network junctions.

Table 2 Differential scanning calorimetry results of POSS-containing epoxy glasses [23]

Sample Onset of Midpoint of Endpoint of
transition (°C) transition (°C) transition (°C)

Neat 66.9 71.2 75.3

5wt % of POSS 67.2 74.8 80.3

10 wt % of POSS 67.2 78.9 83.4
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Therefore, the time needed to reach structural equilibrium substantially
increased relative to that for non-nanoreinforced networks. Elsewhere [172],
thermal stability of the eightfold alkyl-substituted silsesquioxanes was re-
ported to vary with n values. It was shown that when n = 1, the silsesquioxane
sublimated at ambient temperature, while when n =2, the silsesquioxane
had a relatively high melting point (212 °C). For n < 3, derivatives showed
a clear “odd-even” effect, with the compounds with odd numbers of carbon
atoms exhibiting generally lower melting point. Thermogravimetry (TG) re-
sults under N, conditions showed that the onset of the weight loss was found
to shift to higher temperatures with increasing alkyl chain length.

Although in air the onset of the decomposition was found at lower tem-
peratures than in an N, atmosphere, the total weight loss was lower than
under N3, a phenomenon that was attributed to the formation of a crosslinked
silicate network.

In another development, thermal analysis of POSS-containing ABA tri-
block methacrylate/butyl acrylate copolymers (Fig. 4) indicated the presence
of two clear glass transitions in the microphase-separated system, with strong
physical aging observed in samples annealed at temperatures near the Tg of
the poly(methacryl-POSS) phase [122].

Wide-angle X-ray scattering indicated that rearrangement of POSS moi-
eties observed in glassy domains further supported the occurrence of physical
aging. It was found that the T of the poly(methacrylate-POSS) (p(MA-POSS))
phase from triblock copolymers sequestered in microphase-separated do-
mains was nearly 25 °C higher than a poly(MA-POSS)-homopolymer of the
comparable molecular weight, therefore suggesting a strong confinement-
based enhancement of Tg in this system. In a different study, Zhu et al. [173]
revealed an analogous sensitivity of polyethylene oxide (PEO) crystal stabil-
ity on the matrix Ty of PEO/PS cylindrical diblocks and reported a similarly
large T, difference in aging behavior. However, in both studies, no definite
explanations were given.

Similar reports to that of Ref. [122] based on DSC studies of cyclopentyl-
and cyclohexyl-substituted POSS homopolymers reported the onset of
decomposition occurring before observation of the Ty [96, 112]. This phe-
nomenon was ascribed to retardation of segmental motion of polymer chains
due to the presence of bulky side-chain groups at each repeat unit of the back-
bone [21]. In addition, another study [174] on diblock copolymers of poly-
norbornene (PN) and PN/POSS showed that increasing the length of the PN-
POSS block had no effect on the PN-rich-phase Ty, with Ty of 55 °C, while the
morphologies traversed the usual sequence of spheres-cylinders-lamellae.
Other findings on POSS-methacrylate copolymers have shown that high-
molecular-weight POSS-containing homopolymers (M,, = 200 000) do not re-
veal a glass transition below thermal decomposition around T =400 °C [96].

The aniline groups of octa(aminophenyl)silsesquioxane (OAPS) offer ver-
satility both as reaction sites to which other nanobuilding blocks can be
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Fig.4 Differential scanning calorimetry (DSC) characterization of triblock copolymer
methacryl-POSS/n-butyl acrylate using a heating rate of 20 °C/min for the following ther-
mal history: (i) the first scan (after cooling to T =—100 °C); (ii) heating scan following
(i) and direct cooling to T =45 °C for 40 hours of annealing and subsequent cooling at
20 °C/min to T =—100 °C; (iii) heating scan after (ii); (iv) heating scan following (iii) and
direct cooling to T = 45 °C for 7 days of annealing and subsequent cooling 20 °C/min to
T =-100 °C for reheating [122]

added and as starting points for generating other functional groups, thereby
providing access to diverse and novel nanocomposites [28]. A key problem
with almost all of the materials explored to date is that the aliphatic com-
ponents limit the thermal stability of the resulting nanocomposites, strongly
influence (lower) Ty, and decrease mechanical properties potentials. How-
ever, OAPS nanocomposites when reacted with diepoxides or dianhydrides
were proposed to provide high-crosslink-density materials with good thermal
stability, and good-to-excellent tensile and compressive strengths [19, 101].
Reacting OAPS with pyromellitic anhydride (PMA) at > 300 °C, yields mate-
rial that exhibited a 5% mass loss at a temperature of 540 °C (air and N,) and
75wt % char yield at > 1000 °C/N,. This robustness is exemplary and offers
potential for many diverse applications.
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The core-first method, which uses an active multifunctional core to ini-
tiate growth of polymer chains, was applicable to make hybrid POSS-core
star-shaped polyoxazolines that showed an increase in Tg, compared to that
of polyoxazoline initiated by methyl p-toluenesulfonate (MeOTs) with poly(2-
methyl-2-oxazoline) (POZO) [76]. Other hybrid star-shaped polyoxazolines
initiated by cube-OTs or cube-benzyl revealed the same phenomenon. This
was attributed to the reduction of segmental mobility of POZO in star-
shaped polyoxazolines, which was caused by the incorporation of hard, com-
pact POSS moiety to the core of star polymer with the “core-first” tech-
nique. The conclusions were drawn that the thermal stabilities of star-shaped
polymers increased as the POSS wt % was increased, and this was used as
a measure of the effect of the inorganic POSS unit on polymer thermal
properties.

In another report [81], thermal analyses of polyhedral octahydridosilses-
quioxanes—(HSiO;5)s and ((HSiMe;0)SiO;15)s hydrosilylatively copoly-
merized with stoichiometric amounts of the octavinylsilsesquioxanes,
(vinylSiO; 5)s and ((vinylSiMe;0)SiO15)s in toluene using platinum di-
vinyltetramethyldisiloxane (Pt(dvs)) as catalyst indicated that the polymers
are thermally stable to temperatures > 300 °C. Post-synthesis heat treat-
ments at > 100 °C promoted further reaction of residual functional groups,
which changed polymer porosities. For polymers (i) — CH, — CH; — and
(ii) — O —Si(CH3); — CH; — CH; — bridges, a slight mass gain was observed
just above 200 °C in air as residual Si—H groups oxidize. In polymer (iii)
with — O — Si(CH3), — CH, — CH; — Si(CH3), — O — unit, the oxidation was not
as significant due to the lower concentration of Si—H groups. Further heat-
ing caused some mass loss above 350 °C. On heating to 950 °C, white silica
residues resulted, with ceramic yields that correspond well to the theoretical
calculations. All the polymers showed good-to-excellent thermal stability in
N3, apart from small mass gains that resulted from inevitable oxidation due
to traces of O, in the N, purge gas used. It appeared that polymer (i), which
had no siloxane spacer, was by 140 °C more stable than polymers (ii) and (iii),
implying that the decomposition of (ii) and (iii) occurred at 300 °C probably
due to fragmentation of the siloxane spacers. Continued heating in N; resulted
in gray/black oxycarbides. DSC traces in N, of the first heating-cooling cycle
for all the copolymers exhibited exotherms that disappeared in subsequent
cycles. This observation likely corresponds to thermally promoted hydrosily-
lation of residual Si — H and vinyl groups. DRIFTS measurements made before
and after DSC analysis confirmed this conclusion, as absorption intensities
decreased significantly after cycling in the DSC. It was likely that this post-
polymerization coupling of the residual groups influenced the crosslinking
and, in turn, the copolymer porosity. The researchers suggested that the ther-
mal history might be an important reason why similar materials have been
reported to have quite different porosities. Also, the DSC exotherm-onset tem-
perature decreased from 145 to 110 °C, suggesting that the activation energy
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for reaction of the residual functional groups decreased in all the polymers,
a trend that agreed with the reactivity comparison in solution.

The effects of introducing POSS moieties onto polymeric chains as pen-
dant groups have been explored too via atomistic molecular-dynamics simu-
lations in the study of norbornene-POSS polymers [27]. The simulation pre-
dicted volume-temperature properties and X-ray scattering intensities that
were in good agreement with experimental results for all three polymers
studied. An increase in the glass-transition temperature was seen upon in-
corporation of the cyclopentyl (c-C5Hg-POSS) and cyclohexyl rings (¢-C¢Hj1-
POSS). The Ty for c-CsHy-POSS-containing polynorbornene was predicted
to be higher than that for c-C¢H;;-POSS. Chain packing around the ¢-CsHo-
POSS moieties was more efficient compared to that around c¢-C¢H;;-POSS
moieties. This was traced to the intrinsic conformational attributes of the
moieties arising out of the contrasting behavior of cyclopentyl versus cyclo-
hexyl rings attached to the POSS polyhedral. Cyclopentyl groups are packed
more efficiently around the POSS moieties and can approach the polyhe-
dral cage composed of Si and O atoms more closely, compared to cyclohexyl
groups, which tend to fan out, being subject to large steric hindrances.

To assess the thermal stability of the polymers and the effect of calcination
on the porosity of the materials, samples of POSS copolymer were calcined
under a steady flow of oxygen [78]. For each temperature studied, a sam-
ple was heated at 10 °C/min and allowed to remain at the set temperature
for a period of 200 min. After being allowed to cool to room temperature,
nitrogen absorption was used to determine the surface area. The reported
results show a steady decrease in accessible surface area as the calcination
temperature is increased. TG results showed that, at 400 °C, the mass lost
by the sample is almost enough to account for all the organic component of
the polymer and that the residue was essentially a mesoporous unordered
silica.

In Neumann et al. [6], TG results of the octakis(m-isopropenyl-a,o’-
dimethylbenzyl isocyanatodimethylsiloxy)octasilsesquioxane (QsMg™!) un-
der nitrogen displayed two degradation steps. The first loss of 15%, beginning
at 250 °C, was attributed to cleavage of the peripheral arms attached to the
POSS core, whereas the second weight loss began at 380 °C and was ascribed
to breaking down of the core Si— O structure.

Xu et al. have investigated Ty of poly(acetoxystyrene-co-isobutylstyryl-
POSS) (PAS-POSS) copolymers [175]. It was found that the presence of POSS
at a relatively lower content actually reduces the dipole-dipole interactions of
PAS molecules and plays an inert diluent role to decrease the self-association
interactions of PAS molecules. The Tg of the PAS-POSS decreases with the
increase of the POSS content (up to 1.47%) in the hybrid polymer (Fig. 5).

At a higher POSS content, the POSS-POSS and POSS-PAS interactions
become dominant. As a result, the observed T, of the PAS-POSS hybrid de-
creases and then increases with the increase of the POSS content.
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Fig.5 Differential scanning calorimetry profiles of PAS and PAS-POSSs [175]

7.3
Viscoelastic Properties—Rheological Behavior

In the case of POSS-containing ABA methacrylate/butyl acrylate triblock
copolymers, studies observed modest applicability of time-temperature su-
perposition with lack of fluidity at even the highest temperatures and lowest
frequencies probed, although this is not expected for microphase-separated
morphologies [122]. This was clearly illustrated by comparison of the stor-
age and loss modulus profiles with the expected fluid scaling of G’ ~ w? and
G" ~ w. Indeed, a slope near 1/2 was observed for the low-frequency re-
gions of both the storage and loss shear moduli. Such a response is consistent
with other rheological observations for ordered block copolymers and also
implicates elasticity derived from the microphase-separated morphology of
a strongly segregated system as presented by Larson [176]. It was further ob-
served that no indication of an order-disorder transition in the system at
170 °C, the highest temperature probed in the experiments, was found, but
it was expected that Topt may be quite high due to the large incompatibility
between the poly(methacrylate-POSS) (pMA-POSS), and poly(butyl acrylate),
(pBA), phases.

No significant difference in the Ty of pBA-rich phase was observed for
the ABA triblock copolymers, indicating a negligible influence of POSS on
PBA softening in either the single- or two-phase systems [122]. The ef-
fect of a larger weight fraction of POSS in the p(MA-POSS);9-b-pBAz0;-b-
p(MA-POSS)1p copolymer was also seen in the DMA by doubling of the
cryogenic modulus (below Ty of pBA) relative to p(MA-POSS)s-b-pBAyg; -b-
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p(MA-POSS)s, which is consistent with another report for random copolymer
systems containing POSS [26]. However, molecular weight for pure pBA was
reported by Tong and Jerome [177] to be 28 000, which is substantially larger
than the 8800 values for pMA [178, 179], but other work suggested that pBA
behaves, after estimating the plateau modulus in shear of 0.1 MPa or 0.3 MPa
in tension, as an ordinary entangled poly(n-butyl acrylate) [122].

According to a report presented by Fu et al. [180], the influence of POSS-
triol on epoxy-amine reaction depends mostly on the magnitude of AT (T -
T.) used. Since T for epoxy cured with linear aliphatic diamine—2-methyl-
1,5-pentadiamine (MPDA)—was higher than the Ty of the same epoxy cured
with diamine-terminated polypropylene oxide (PPO), when cured at the same
temperature, epoxy-cured MPDA showed a greater improvement in the value
of Tg. Moreover, the addition of POSS-triol in tetraglycidyl diamino diphenyl
methane (TGDDM) cured with MPDA also increased the rubbery plateau
modulus (Fig. 6).

On the other hand, the glassy-state modulus was retained in all epoxy
systems. The Ty improvement was caused by the promotion of the diffusion-
controlled epoxy-amine reaction, hence, this promotion worked better in
a network with a higher AT. Moreover, the addition of a small amount of
POSS-triol ensured the consistency of the thermomechanical properties of
epoxy networks with a high degree of steric constraints (high functionality of
epoxy monomer), as evidenced by several parallel experiments. Because the
addition of such a small amount of POSS-triol did not increase the viscosity of
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Fig.6 Storage modulus (E’) and tan§ versus temperature for TGDDM containing 1 wt %
POSS-triol cured with MPDA at 150 °C for 12 h and at 100 °C for 24 h [180]
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the epoxy resins, and did not accelerate the reaction in the pre-gelation stage,
it was believed that the technology is of significant importance when used
in the fabrication of fibre-reinforced epoxy composites using rapid process-
ing methods such as the resin-transfer moulding process or vacuum-assisted
resin-transfer moulding process.

7.4
Morphology of the POSS-Containing Nanohybrid Polymers

The effect of nanoconfinement on organization within microphase-separated
domains of POSS-based copolymers is a phenomenon gaining increasing
attention. While substantial work has been conducted on copolymers con-
taining crystalline polymers with POSS segments, very limited attention has
been given to the structure and morphology in block copolymers composed
of amorphous segments with POSS groups [174].

Of particular interest is whether phase-separated domains of POSS are
crystalline or glassy in nature. The POSS-rich-phase domains may serve as
physical crosslinks, but there have been few investigations on the physical
aging behavior in “pseudo”-network systems [181].

Prompted to question whether the glassy phase in ABA block copoly-
mer would exhibit the same behavior and properties relative to the anal-
ogous POSS-containing homopolymers, Pyun et al. [122] investigated the
POSS-containing ABA triblock microstructure by wide-angle X-ray scattering
(WAXS).

In another development, WAXS results showed behavior intermediate be-
tween the high level of ordering in POSS monomer and the low ordering of
POSS homopolymer, but very similar to previously reported observations on
POSS-based multiblock polyurethanes (Fig. 7) [85].

By tuning the relative composition and degree of polymerization (DP)
of the two segments, phase-separated microstructures were formed in thin
films of the copolymer. Specifically, dynamic mechanical analysis (DMA)
and transmission electron microscopy (TEM) observations revealed that, for
a small molar ratio of p(MA-POSS)/pBA (DP = 6/481/6), no evidence of mi-
crophase separation was evident while a large ratio (1:2: 1) revealed strong
microphase separation (Fig. 8) [122].

Surprisingly, the microphase-separated material exhibited a tensile mod-
ulus larger than expected (ca. 2 x 108 Pa) for a continuous rubber phase for
temperatures between a pBA-related T and a softening point for the p(MA-
POSS)-rich phase.

Elsewhere [182], the morphology of polystyrene/poly(methyl methacry-
late) blends with methyl methacrylate/POSS random copolymers (containing
5.5% m/m—PMMA-POSS5 2; 8.0% m/m - PMMA-POSS10 and 10.7% m/m—

2 This number means content (mol%) of methacrylopropyl-POSS (PMA-POSS) in PMMA-POSS
copolymers.
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Fig.7 a Two-dimensional WAXD patterns of POSS-containing nanohybrid polyurethanes
at stretching ratio of: (A) 0; (B) 100; (C) 200; (D) 300, and (E) 400%. The exposure time of
each pattern was 1 min. b WAXD profiles of POSS-containing nanohybrid polyurethanes
along the equatorial direction at different strains. The asterisk symbol indicates the
strain-induced crystallization of the soft segments [82]

PMMA-POSS15 cyclopentyl-POSS) as compatibilizer, using scanning trans-
mission X-ray microscopy (STXM) and scanning probe microscopy (SPM)
methods was examined.

STXM and SPM showed that bicontinuous microemulsion structure with
well-defined wave vector has been formed, indicating that the interfacial ten-
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Fig.8 Transmission electron microscopy (TEM) of thin sections of POSS triblocks pre-
pared with cryomicrotomy at T =-80°C to yield samples of thickness ~ 50 nm. The
microtomed sections were chemically treated with RuOy, an agent selective for POSS.
a Low-magnification micrograph showing overall morphology, b-c Higher-magnification
micrographs revealing cylindrical morphology, d Fourier transform of selected area from
micrograph (a) revealing symmetry consistent with local hexagonal packing of the cylin-
ders [122]

Fig.9 STXM images of films after 24 h of annealing at 170°C: A PS/PMMA with 2%
(weight) cyclopentyl-POSS particle; B PS/PMMA with 10% cyclopentyl-POSS-PMMA
copolymer (black bars in the image are 2 pm in length; both images are “PS” images
which were taken at 285.2 ¢V) [182]
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Fig.10 SPM images of films after 96h of annealing at 170°C: a PS/PMMA-POSSO0;
b PS/PMMA-POSS5; ¢ PS/PMMA-POSS10; d PS/PMMA-POSS15. (All images are 25 um-
by-25 pum scans) [182]

sion between the phases has been reduced. The topographical images show
that size of the PS domains decreased when the POSS-PMMA copolymers
were added (Figs. 9 and 10).

In Abad et al. [171] study of epoxy networks (from diglycidyl ether of
bisphenol A (DGEBA) and glycidylisobutyl-POSS) containing POSS, the pres-
ence of smooth and rough macrodomains was described, as presented in
Fig. 11.

Rough areas are POSS-rich regions (Fig. 11c) and smooth areas corres-
pond to epoxy-rich regions (Fig. 11d). The primary phase separation oc-
curred when adding DGEBA to the POSS-BSA precursor and was fixed by
the polymerization reaction. The origin of this phase separation may be the
incompatibility between the isobutyl groups of the POSS molecule with the
aromatic epoxy-amine species. A secondary phase separation is observed in
the smooth regions. Possibly, during the primary phase-separation process,
the epoxy-rich phase was enriched in DGEBA, BSA, and a fraction of BSA-
(POSS) (the species with only one cube attached to BSA). In the course of the
formation of the epoxy-amine network, POSS was phase separated from the
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Fig.11 SEM micrographs of the POSS-modified epoxy network: a general view show-
ing the presence of rough and smooth regions; b magnification of coexisting rough and
smooth regions; ¢ rough domains; d smooth domains showing a dispersion of small
particles [171]

epoxy-rich phase (smooth domains), leading to POSS-rich particles with sizes
in the range 0.5-1 wm. This size of dispersed-phase particles is characteristic
of a polymerization-induced phase-separation process.

7.5
Interfacial Interactions, Compatibility and Dispersion Characteristics

Kim et al. [183] prepared polymer hybrids by using three kinds of oc-
tasilsesquioxanes with hydroxyl groups and polymers such as poly(2-
methyl-2-oxazoline) (POZO), poly(N-vinylpyrrolidone) (PVP) and poly(N,N-
dimethylacrylamide) (PDMAAm). The obtained homogeneous and trans-
parent hybrid films could be dissolved in different solvents and cast again
without any separation. It was found that the high homogeneity of poly-
mer hybrids was the result of hydrogen-bonding interaction between oc-
tasilsesquioxanes and organic polymers, as confirmed by the carbonyl
stretching shifts in IR measurements (Fig. 12).
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Fig. 12 FT-IR spectra of POZO and POZO-POSS polymer hybrid [245]

Also, the influence of flexibility of the eight arms bound to silica-like core
on the homogeneity of polymer hybrids was examined to reveal that the sol-
ubility of POSS and transparency of polymer hybrids from POSS were closely
dependent on this flexibility. It was found as well that remaining inorganic
parts of polymer hybrids in TGA matched well with the calculated contents
of inorganic parts. In a more recent work, the same researchers investi-
gated on ternary polymer hybrids POZO, PVP and aminopropylsilsesquiox-
ane (cube-aminopropyl) utilizing the sol-gel reaction of tetramethoxysilane
(TMOS) [184]. In this hybrid system, hydrogen-bonding interactions played
a critical role in the formation of the transparent polymer hybrids. Poly-
mer hybrids using POZO showed high transparency and homogeneity in
a wide range of the feed ratios of POZO to cube-aminopropyl. On the other
hand, in the case of polymer hybrids using PVP, a higher cube-aminopropyl
ratio brought about the phase separation, indicating the aggregation of the
cube-aminopropyl itself. The homogeneity of ternary polymer hybrids was
found to be closely dependent on the difference between the strength of the
hydrogen-bonding interaction of polymer and residual silanol groups of sil-
ica gel and the strength of that of polymer and cube-aminopropyl. It was also
observed that the initial decomposition temperature of the polymer hybrids
increased with increasing cube-aminopropyl ratio.

In another work it has been claimed that epoxy/PPSQ blends have several
similarities to the epoxy/multifunctional POSS nanocomposites; the main-
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chain structure of PPSQ is quite similar to that of the POSS [2]. The PPSQ
used in this work had some Si— OH groups present which might have
displayed some reactivity with the aliphatic epoxides of the epoxy resin.
However, this PPSQ had no other functional groups that could react with
components of the epoxy system during curing. Finally, PPSQ molecules
(M,, = 4636) were substantially larger than the multifunctional POSS, which
had My, of 1305. Thus, the volume of their microphases was expected to be
larger than those of POSS, even when the PPSQ was completely compatible
and molecularly dispersed in the epoxy. The epoxy/PPSQ (95/5) blend was
found to be transparent, but the (9 : 1) blend was slightly translucent. In con-
trast, the epoxy/PPSQ (85/15) blend was opaque, leading to speculation that
some phase separation had occurred in this blend. It was reported that some
PPSQ precipitated within liquid resin mixtures after all the THF solvent had
evaporated during the preparation of blends with higher amounts of PPSQ
(less or equal to 20%).

Hydrosilylation of allyl alcohol with octakis(dimethylsiloxy)octasilsesqui-
oxane, (HSiMe;0)SigO1, (QgMsH) was discovered to provide C-silylation at
C = C, which provides one-step access to octakis(3-hydroxypropyldimethyl-
siloxy)octasilsesquioxane (OHPS), and hence an efficient route to octakis(3-
methacryloxypropyldimethylsiloxy)octasilsesquioxane (OMPS) [93]. The
success of the reaction with 2-allyloxyethanol suggested that a broad spec-
trum of OH-functionalized cubes can be synthesized using this facile
methodology, and thus provided access to a wide variety of macromonomers
incorporating ester functionality on the periphery of octasilsesquioxane
cores, such as the octamethacrylatesilsesquioxane. Although OHPS is very
stable as a dry powder, in the reported work it turned into viscous oil in
methanol solution after a few days. GPC analysis indicated a significant
amount of high-molecular-weight species, a phenomenon also explained by
the backbiting process. The results were contrary to the anticipation that,
as a dry powder, the OH groups on OHPS are likely to be immobilized by
H-bonding between OH groups, and thus are unable to backbite. On dissolu-
tion in methanol, H-bonding with methanol competes with that between the
propanol groups and provides the propanol groups with the mobility essen-
tial for backbiting to occur. In another words, OHPS provided a basis for the
development of polyester nanocomposite precursors, e.g. polyester nanocom-
posites [185]. These compounds also offer potential utility for developing new
ligands for inorganic and organometallic chemistry [164, 186], and as cores
for hyperbranched or dendritic materials [67, 187].

Organic-inorganic OAPS particles that have a cubic silica core and eight
amino-phenyl groups have been extensively studied. OAPS can be easily dis-
solved in NMP, which facilitates proper mixing between POSS and polyamic
acid (PAA). For instance, Huang et al. [188] terminated PAA by anhydride
groups in that only a small excess amount (5% mole) of the dianhydride
was added. When the OAPS/NMP solution was mixed with the PAA/NMP
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solution, the amine groups of OAPS reacted readily with the terminal an-
hydride groups of PAA, which resulted in the formation of amide bonds.
During the imidization process, the amide bonds were converted into imide
groups. As a result, the linkage between the polyimide and the POSS was
the phenyl group and the imide group. The amine groups of OAPS may also
react with the side carboxylic groups of the PAA to form amide bonds, thus
offering an alternative method. However, the chance of forming the amide
bonds between POSS and side carboxyl groups is small due to the low reac-
tivity of the latter. Furthermore, this kind of the ortho amide bonds is not
stable in the process of imidization. In this case, two adjacent amide bonds
are transformed into one amine group and one imide group. However, link-
age between the polyimide and the POSS is still the phenyl group and the
imide group. In a parallel study by Choi et al. [19] of OAPS and PAPS, in 2°Si
NMR spectra Si peaks at 68.0 and 76.0 ppm representing T,(Ph)(OR)? and
T3(Ph), respectively, were reported. T,(Ph)(OR) was proposed to contain only
hydroxyl groups (R = H) because potential alcoxy groups in the polyphenyl-
silsesquioxane starting materials are most likely removed during nitration by
nitric acid. The PAPS 5% mass-loss temperature (140 °C) was blamed for con-
densation reactions between these hydroxyls. Otherwise, the PAPS-ceramic
yield was expected to be lower than that of OAPS because of the presence
of uncondensed Si— OH units. However, according to the study, the ceramic
yield (41.4%) was reportedly higher than expected, suggesting that some Si
units had lost phenyl groups, forming Si— OH groups in the process. Support-
ive work has also been presented by Prado et al. [31] and Zhu et al. [189].

Elsewhere, no evidence for intermolecular aggregation was seen from the
packing analysis in case of norbornene-POSS polymers [190]. However, the
researchers warned that this did not imply that aggregation could not occur
since the temporal and spatial scales employed in the atomistic-level sim-
ulations in the work did not permit such a determination. Rather, it was
demonstrated that, in the case where no aggregation was present, the bene-
ficial effects of incorporating the POSS moieties were realized nevertheless.
The source of the reinforcement was therefore traced to the low mobility of
the POSS moieties, which behave as strong anchoring points in the poly-
meric matrix, rather than any specific intermolecular interactions between
the POSS moieties. In addition, transparent ternary polymer hybrids con-
sisting of random copolymer and POSS were prepared via two simultaneous
physical interactions (hydrogen bonding and aromatic (7 - 1) interactions)
coexisting in one system [190].

In another work, the POSS-24Cl dendrimer was found to react with vinyl-
magnesium bromide to give a 24-vinyl dendrimer [142]. However, POSS-
24Cl also reacted with allylmagnesium bromide to give a 24-allyl dendrimer,

3 The symbol T represents framework silicon atom which poses one organyl substituent. Subscripts
are used to indicate the number of framework silicon atoms with the various designations.
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POSS-24-allyl, in a similar manner to that shown in other carbosilane den-
drimer preparations. This allylation reaction occurred almost quantitatively
and once recovered from solution, the purity was sufficient to be used in sub-
sequent reactions without any further purification, as it was confirmed by
NMR studies. The POSS-24-allyl dendrimer was hydrosilylated by trichlorosi-
lane to give the POSS-72Cl dendrimer. In this case, the hydrosilylation was
more effectively catalyzed by Karstedt’s catalyst (a platinum divinylsiloxane
complex), allowing the reaction to be completed at or below room tempera-
ture. Purification and characterization of this dendrimer was claimed to be
hard due to the difficulty of removing all the solvent (THF) from the prod-
uct, presumably because of the long dendrimer arms—a common problem in
many high-generation dendrimer syntheses due to effectively trapped solvent
molecules. 1>C NMR clearly showed that, in the hydrosilation of POSS-24-
allyl by trichlorosilane, silicon was only connected to the «-carbon atoms
of the allyl groups. This is consistent with previous work by the same team
of researchers on hydrosilation reactions, which showed that reaction at low
temperature lead to addition exclusively at the a-carbon [147].

In yet another work, NMR studies were performed to address two main
points concerning the hydrosilylation route, i.e. whether hydrosilylation can
produce either linear Si— CH; - CH;—Si (B-hydrosilylation) or branched
Si— CH(CH3) — Si bridges («-hydrosilylation) [81]. On this point, the bridge
geometry certainly affects the development of the network microstructure
and therefore the resultant porosity, pore volume and pore-size distribution.
Thus, identification of the types and quantification of the bridges that are
formed during hydrosilylation is essential. Analysis of both 1*C and 2°Si NMR
results would give a quantitative estimation of the number of crosslink sites
and hence the crosslink density. In conclusion, the work observed that the
inversion-recovery cross-polarization (IRCP) technique allowed the proposal
of definitive assignments for all 1*C lines in polymers studied and showed
that B-hydrosilylation is the main crosslinking reaction. Moreover, segmen-
tal motion of the bridging carbons was detected along the transition of the
hybrid polymers. Furthermore, solid-state 1>C and ?°Si MAS-NMR (MAS—
magic angle spinning) analyses of POSS indicated that S-hydrosilylation was
the primary process that occurs during copolymerization for all polymers
studied [81].

Laine et al. [77] synthesized epoxy-containing silsesquioxanes and, al-
though these compounds were soluble in common solvents, they con-
tained crystalline phase and therefore were not practical for processing in
dense, single-phase nanocomposites. To improve processability and impart
the potential for toughening, the same group devised the synthesis of li-
quid silsesquioxane with the epoxide tethered to the cube via a flexible
spacer [125]. The photochemically cured polymers gave hard, scratch- and
solvent-resistant materials containing up to 65% of masked silica. As an
additional feature, analysis by matrix-assisted laser desorption ionization
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time-of-flight (MALDI-TOF) mass spectroscopy at various stages of oxi-
dation illustrated how species are formed containing n carboxylic groups,
where n ranges from 0 for the freshly prepared octaaldehydes to 8 for fully
oxidized species [83]. As a matter of fact, the synthesis of octacarboxylic-
acid-functionalized POSS species is attractive because of their potential uses
in supramolecular chemistry and as building blocks in macromolecular en-
gineering experiments. However, some attempts to prepare a pure sample of
the octacarboxylic acid have been reported fruitless—a fact mainly blamed
on unchanged aldehyde groups that contaminate it to some extent, as char-
acterized by 'H NMR and confirmed by CHN analysis. On the other hand,
attempts to use mild oxidizing agents in solution proved difficult because of
solubility problems.

7.6
Catalytic Effects of POSS

The influence of phenyl-trisilanol polyhedral silsesquioxane (POSS-triol)
on the thermo-mechanical properties and curing of epoxy-amine networks
was investigated using DMA and FTIR to demonstrate that the addition
of soluble POSS-triol can be used to improve the crosslinking of epoxy-
amine networks [81]. Two of the most common epoxy monomers, digly-
cidyl ether of bisphenol A (DGEBA) and tetraglycidyldiaminodiphenyl-
methane (TGDDM) were used. These epoxies were cured with linear aliphatic
diamine—2-methyl-1,5-pentadiamine or diamine-terminated polypropylene
oxide. Using an identical curing schedule, when minor amounts of POSS-triol
were added to the epoxy-amine networks, resulted in a significant improve-
ment in the value of Tg. Due to the small quantity of POSS-triol used, this
enhancement in T was attributed to the catalytic activity of phenyl-trisilanol
POSS that could have promoted a more completely cured epoxy network. This
argument is consistent with observed increases in the rubbery-plateau mod-
ulus due to increases in the crosslink density. However, unlike other catalysts
such as phenol, acceleration of reaction in the pre-gelation stage by this acidic
POSS-silanol was not observed. Because of its nanoscopic size, it promoted
additional epoxy-amine crosslinking in the post-vitrification stage, which was
dominated by a diffusion-controlled mechanism.

A significant amount of work has been reported in the literature concern-
ing the nature of reactions between epoxides and amines. The curing kinetics
of epoxy can be accelerated by many factors, such as the hydroxyl groups gen-
erated during cure, the addition of alcohols and Lewis acids. Among them,
the catalytic effect of alcohols has been widely acknowledged. The catalytic
efficiency of alcohols and phenols can be approximately proportional to their
acidity, which explains the high catalytic activity of phenol. This is because
acids or electrophilic species accelerate the addition of most nucleophiles
considerably by the reversible formation of the more reactive conjugated acid
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of the epoxide, as in the case of Lewis acids [191, 192]. The influence of silanol
groups on the epoxy curing kinetics has been studied by some researchers
at high concentration of silica fillers, which have silanol groups on the filler
surface, and reported that it could accelerate the reaction of certain epoxy
resins [193-195], or at least in the circumstances where aluminum com-
plex was present [196]. Elsewhere it have been claimed that it is possible to
incorporate titanium into the polymer and so this scenario is a distinct pos-
sibility [78]. Unfortunately, while the cyclopentyltitanium chloride (CpTiCls)
species used as the titanium source is excellent for characterization of the re-
sulting polymers (equidistant carbon atoms are convenient marker in EXAFS
spectroscopy), for this type of material to be useful for catalysis, the Cp units
should be removed by calcination in oxygen. Unluckily, the polymer network
itself is not thermally stable enough to allow this activation procedure, and
so catalytically active polymeric materials must be prepared that do not need
this extra calcination step. Nevertheless, it was claimed that catalytic func-
tional materials are achievable in this system.

Interestingly, the fascinating reactions of POSS molecules with triflic acid
in solution also occur in the polymeric species, with evidence that a number
of the POSS units in the polymers are ring-opened by having one or more
of the Si— O —Si linkages broken. Similar reactions also occur with dilute
sodium hydroxide. These reactions open up the exciting possibility of deriva-
tizing the polymers with metals. One obvious use of such metal-derivatized
polymers is as catalysts, possibly used in a similar way to other porous solids
like zeolites and mesoporous silica. In fact, there are potential advantages of
using inorganic-organic hybrid polymers, including the fact that the presence
of organic regions in the structure must surely affect the hydrophobicity of
a catalyst, which can be truly important in a number of reactions [78].

7.7
lon Mobility and Swelling Studies

Ion mobility is based on the measurement of the amount of time it takes for
an ion to drift through a buffer gas under the influence of a weak electric field.
This drift time inherently contains information about the conformation of the
ion. Differently shaped ions have various collision cross sections and hence
different mobilities (and drift times) when drifting through the gas. Thus,
various computational methods are then used to generate model structures
of the ions and calculate their cross sections for comparison to experiment.
For instance, X-ray crystallography and NMR spectroscopy are usually used
to obtain structural data on POSS molecules. However, POSS-polymer sys-
tems can be difficult to examine with these methods since synthetic polymers
exist as a mixture of chain lengths; data can thus only be obtained for the
entire polymer distribution as a collective using these methods. In this re-
spect, detailed information about how POSS interacts with one particular
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polymer chain is almost impossible to obtain. However, by combining mass
spectrometry with the ion-mobility experiments, conformational data can be
measured for one POSS-oligomer system at a time and detailed information
about how the POSS molecules interact with the polymer chains can be ob-
tained [197, 198].

Several condensed (complete Si—O cage) and incompletely condensed
(partial Si—O cage with multiple Si atoms capped with OH, also called
silanols) POSS compounds of different cage sizes (SigOg, SigO12, SijpO1s,
Si;2013) have been investigated [39]. Experimental and theoretical param-
eters have been successfully developed to accurately model the gas-phase
conformations of a variety of POSS compounds with different Si— O cage
sizes and substituent groups. Incidentally, incompletely condensed POSS
molecules are commonly used to create specific condensed POSS systems by
capping with the appropriate reactive functional group. In this work, some
of the POSS compounds were functionalized with cyclohexyl groups, but
data were also obtained for POSS functionalized with cyclopropyl, vinyl and
phenyl groups [71]. In addition, X-ray collision cross sections of these struc-
tures were compared to those obtained from the ion-mobility measurements,
and the theoretical modeling to check the validity of the calculations and
also to determine if any structural changes occurred when POSS was intro-
duced to the gas phase, was performed. Good agreement between theoretical
and experimental cross sections was observed for all of the POSS systems,
with differences falling within 1-29%. The theoretical work indicated that the
sodium ion, used to cationize the POSS compounds, essentially acted as a
“spectator ion” and simply attached to oxygen in the Si— O cage or interacted
with the vinyl and phenyl groups. In neither case did the Na* ion significantly
alter the structure of the POSS cage. It was envisioned that the parameteri-
zations developed in the study could be confidently used to accurately model
POSS-polymer systems in which detailed conformational information is not
well known.

Elsewhere, the mobility of the POSS moieties in the polymer has been ad-
dressed via the mean squared displacements during the study of norbornene-
POSS polymers [27]. In both cases the MSD was very small, with that for
cyclohexyl-POSS (¢-CsH11-POSS) being smaller compared to cyclopentyl-
POSS (c-C5Hg-POSS). Conformational dynamics were also retarded by the
presence of the POSS moieties as ascertained via the computation of the
torsional autocorrelation function. It was demonstrated that the main-chain
dynamics were sensitive not only to the presence, but also to the nature
of the POSS moieties; the dynamics were slower in the case of the poly-
mer with ¢-C¢H;;1-POSS pendant groups compared to ¢-CsHg-POSS pendant
groups. These results were found to be in good agreement with the me-
chanical properties predicted from simulations in the same report where the
tensile, bulk and shear moduli for ¢-CsHg-POSS/norbornene and ¢-C¢Hy;-
POSS/norbornene copolymers showed an increase and less change with in-
creasing temperature compared to the polynorbornene homopolymer.
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Kim and Chujo [199] prepared organic-inorganic hybrid gels having func-
tionalized silsesquioxanes via a common radical polymerization method, i.e.
by metal-complex formation between bipyridine groups of the terpolymers
and various metal ions. Highly concentrated solutions of terpolymers with
iron(II) sulfate or ruthenium(III) chloride gave hybrid gels in good yields.
On the other hand, no hybrid gel was formed with nickel(II) chloride even
at much higher concentrations of nickel ions due to rapid ligand-exchange
reactions causing the polymer network to disappear as a result of a change
in the nature of the coordination bonds from an intermolecular network to
an intramolecular network. The stability of the hybrid gels was related to
the nature of the solvent and the properties of the metal, i.e. on the coordi-
nation strength between the bipyridine group and the metal ion. Also, the
degree of swelling of the hybrid gels in water showed a sudden drop with only
a small amount of POSS in the hybrid gel because of the increased hydropho-
bicity caused by the seven cyclopentyl groups of POSS. The critical “turning”
percentage of POSS moiety, above which the degree of swelling in nonpolar
solvents changes, was reportedly greater than 10 mol % in the hybrid gel due
to the increase of physical crosslinking points caused by the occurrence of
hydrophobic interactions between the cyclopentyl groups in POSS, which re-
sulted in a volume-phase transition. The work concluded that the degree of
swelling and the thermal stability of the gels in various solvents were depen-
dent on the content of POSS moiety in the hybrid gel where ruthenium gel
was considerably more stable than the iron and nickel gels. The hybrid gels
containing POSS had properties characteristic of hydrogels as well as those of
lipogels depending on the content of POSS in the hybrid gel. By analysis of the
degree of swelling, it was concluded that the amount of POSS moiety in the
hybrid gel has a significant effect on the degree of swelling in this system.

7.8
Porosity

Much of the research to date has been successfully focused on engineering of
the size of pores through the choice of the bridging groups. Parallel to this,
parameters allowing control of the pore-size distributions are well under-
stood. More recently, however, the focus has shifted to building functionality
into the bridging groups to make materials with controlled porosity that are
capable of selective adsorption or catalysis [200].

POSS, particularly the cubic (RSiO; 5)s octamers, offer 4,4’ cage structures
akin to those found in Linde A and related zeolites [201]. Zeolites are the
epitome of high surface area, controlled-porosity materials and are typically
made by hydrothermal processes. In principle, the polymerization of se-
lected organofunctional cubic silsesquioxanes could offer access to organic-
inorganic hybrids with controlled surface area, porosity and functionality via
nonaqueous methods. It follows that the main aspects of POSS-nanobuilding
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blocks’ porosity characteristics include control over the porosity, pore size
and pore templating. To date, there is sufficient understanding through em-
pirical data available to predict with fair confidence if a given bridging group
under a defined set of sol-gel polymerization [202,203] conditions will be
porous [12]. To start with, porosity is a key property of materials used for
the preparation of catalysts, chromatographic supports, membranes and ad-
sorbent materials. High surface areas and control over the pore size are
important goals for synthetic design of materials.

The ability to tailor nonporous-bridged polysilsesquioxanes may be use-
ful for fabricating chemical barriers, dense membranes or optical coatings. It
is also important to note that, because of the sensitivity of the sol-gel pro-
cess to factors such as pH, catalyst, temperature, solvent and aging time, these
factors must be carefully controlled to permit the structure-property effects
of the bridging group to be determined reproducibly. On this point of in-
terest, less-compliant networks prepared with basic catalysts give condensed
networks and/or rigid bridging groups that retain their porosity after drying.
For instance, arylene- [9,11] and ethenylene-bridged [176] polysilsesquiox-
anes give rise to materials with surface areas as high as 1800 m?/g. The
high surface area contains large contributions from ultra micropores with
mean pore diameters < 20 A. Loy et al. [194] showed that alkylene-bridged
polysilsesquioxanes prepared with base catalysts and bridging groups up to
10 carbons in length are in the form of mesoporous xerogels of 20 A < mean
pore diameter < 500 A. The mean pore diameter was shown to be roughly
proportional to the length of the bridging groups. Introduction of unsat-
urated functionalities such as olefinic or aromatic groups into the organic
bridges might have decreased the flexibility and further prevented collapse of
pores during drying.

Admittedly, in recent times, intense efforts have been directed toward the
development of new micro- and mesoporous materials because of their util-
ity (or potential utility) as catalysts and catalyst supports, dielectric materials
for electronic applications media for optical and sensor applications and se-
lective permeability membranes. The most extensively explored synthetic
approach is via sol-gel polymerization of tri- or tetraalkoxysilanes and other
metal alkoxides [81]. Controlled hydrolysis and condensation of silanes under
acidic or basic conditions result in crosslinked gels that can be air-dried to
give xerogels or supercritically dried to produce aerogels. For example, POSS
aerogels based on organo-bridged bis(trialkoxy)silanes that provide access to
micro- and mesoporous materials with surface areas up to 1000 m?/g, pore
volumes up to 0.6 mL/g and very well defined micro- and/or mesoporosity
have been prepared [194, 195]. The obtained results suggested that the inor-
ganic — O — Si— O — moieties are built up through hydrolysis and condensa-
tion of bistrialkoxysilane monomers with the organic portion retained intact.
Other researchers have also shown that organofunctional cubic silsesquiox-
anes can be polymerized to form porous hybrid polymers [205]. Elsewhere it
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has been suggested that the length of the bridges between the cubes is a criti-
cal factor in determining porosity. Only materials with six-atom bridges were
suggested to be porous, while shorter (four-atom) or longer (seven-atom)
bridges led to nonporous materials. Other works reported specific surface
areas (SSAs) for polymers prepared by hydrosilylation to be in the range
of 150-570 m?/g [205]. Still on porosity, another work prepared polymers
whose preliminary porosity measurements revealed that they exhibited high
SSAs, even with bridge lengths of two to four atoms [80].

Zhang et al. [81] suspected that these discrepancies arose as a conse-
quence of differences in synthesis conditions, such as concentrations of the
monomers and catalysts, type of solvent, etc., and the conditions used to dry
the materials, a fact observed elsewhere too [12]. The investigators went even
further and presented a standard syntheses of porous POSS-polymers and
offered detailed analysis of the degree of condensation that occurs during
polymerization, and also a study of the types of pores generated during the
crosslinking process, aiming to establish the structure-property relationships
that would in turn permit the synthesis of hybrids with controlled surface
area, porosity and functionality. Nitrogen sorption provided a view of the
pore sizes in the 10-500 A range, while PALS allowed identification of pores
in the cubes (~ 3 A) and in between of the cubes (10-11 A); SAXS provided
overlapping confirmation of the two methods.

In yet another interesting study of POSS-nanobuilding blocks’ porosity,
POSS-based network polymers were prepared using hydrosilation copoly-
merization reactions of a silyl-functionalized POSS molecule with a vinyl-
functionalized moiety [206]. However, the N, adsorption isotherm obtained
was not of the classical type, normally associated with mesoporous materi-
als, as it contained a non-closing hysteresis where the two branches remain
nearly horizontal and parallel over a wide range of pressures. The low-pressure
hysteresis extended to the lowest attainable pressures, indicating that some of
the adsorption was irreversible under particular experimental conditions. This
phenomenon was associated with the swelling of a non-rigid porous structure
or with the irreversible uptake of molecules in pores or through pore entrances
of about the same width as the adsorbate molecules. This unusual behavior was
therefore probably due to the presence of micropores as well as mesopores in
the polymer, and due to the flexible nature of the organic linking groups.

The use of the organic group as a template for porosity is just an-
other method for creating porosity. While this a common strategy in the
preparation of zeolites, this has only recently been applied in hybrid sol-
gel materials [12]. Templating relies on an organic group to occupy space
until calcination, chemical oxidation, chemical rearrangements or hydro-
lysis eliminate the template. This leaves a pore whose size and shape
roughly corresponds to that of the organic molecule. One work performed
templating serendipitously with acetylene-bridged polysilsesquioxanes that
lost acetylene during thermolysis [9]. An alternative approach used low-
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temperature, inductively coupled plasma to burn away organic bridging
groups in crosslinked polysilsesquioxane xerogels and resulted in porous sil-
ica gels [86, 87]. However, when the xerogels were porous before oxidation,
the mean pore diameter shifted to larger sizes. When nonporous alkylene-
bridged polysilsesquioxane xerogels were treated, mesoporous silica gels were
obtained. The size of the pores increased as the length of the bridging group
increased. Elsewhere, the bridged polysilsesquioxanes were subsequently
used to template porosity in silica membranes [207].

8
Applications

Incorporation of POSS, for example as a pendant group of a linear polymer,
generally increases oxygen permeability and glass-transition and degrada-
tion temperatures, while reducing flammability. There is enough evident that
POSS and POSS-hybrid nanomaterials have many applications in a wide var-
iety of fields, ranging from surface modifiers and coatings to catalysts and
membrane materials. Such inorganic-organic hybrid polymers possess sev-
eral attractive properties such as increased thermal stability, higher glass-
transition temperature, better flame and heat resistance and enhancements in
the modulus and melt strengths [24]. Importantly, these property enhance-
ments occur at low POSS contents (< 10 mol %). Moreover, POSS chemistry
is very flexible and therefore offers even accelerated possibilities. For ex-
ample, the OAPS synthesized by Tanaka et al. [101] reacts rapidly with the
2-pyridinecarboxaldehyde under mild conditions, giving an imine that emits
green light under UV illumination. This type of imine offers potential for
forming metal chelate complexes for sensor, electrochemical, photonic and
catalytic applications. The OAPS itself contains an inorganic core as a foun-
dation and rigid arylamine moieties serving as highly functional anchors;
therefore, OAPS was suggested to provide access to numerous materials with
a high density of functional groups in a very small volume. Some of these ma-
terials can be thus used as structural “bricks” to construct a large number of
thermally robust nanocomposite materials nanometer-by-nanometer.

It is evident that the incorporation of POSS cages into polymeric mate-
rials often results in substantial improvements in polymer properties and
offer the possibility to control the mechanical, chemical and physical prop-
erties of the system during polymerization as well. Intense efforts have
recently been directed toward the development of new porous materials
because of their utility and potential utility as catalysts and catalyst sup-
ports [208,209], dielectric materials for electronic applications [210], media
for optical [211] and sensor [212] applications, and selectively permeability
membranes [213] and precursors [10] for POSS nanocomposites. Significant
property enhancements imparted by the inclusion of a nanosized inorganic
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particles into an organic matrix include models for silica surfaces, well-
defined ligands, building blocks for network solids and precursors to new
families of silsesquioxane-containing polymers [54-62]. While the primary
application of hybrid polysilsesquioxanes has been for surface modification
as coupling agents such as those with sulfides in the bridging group that are
used with silica-filled rubber, POSS nanomaterials offer reinforcements and
improved end products [143]. For example, the methacrylate-functionalized
cubes synthesized via Pt-catalyzed hydrosilylation of propargyl methacry-
late with (HSiO;5)s and (HMe;SiOSiO; 5)g results into compounds cured at
100 °C without an initiator to produce clear, abrasion-resistant coatings [88,
89]. Also, bridged polysilsesquioxanes have been applied as a part of coating
formulations [12]. Materials with alkylene [214], ether [215] and urea [216]
functionalized hybrid groups can result in the formation of tough and rela-
tively hard films, applied for protection of easily scratched surfaces. POSS
hybrid coatings can also be used as protective layers for metals or for micro-
electronic applications such as low-k dielectrics and photoresists [217, 218].
A more recent application took advantage of the more hydrophobic, yet
readily gelled, alkylene-POSS as encapsulating sol-gel networks for enzymes
and cells [219]. Most recently, functional POSS have been prepared for use
as high-capacity adsorbents [220] since the same functionalities that make
suitable ligands for catalysts can also be used to bind metals in adsorbent
materials. Functional groups that have been employed in the preparation of
crosslinked hybrid materials include epoxy [17, 19, 77, 221], amine [101, 222],
methacryloyl [93], vinyl [81], alkyl halide [223], and hydrido [81]. Even
further, high surface area and chemical functionality make POSS materi-
als excellent candidates for catalyst supports [208]. Incorporation of dyes
the like of anthracene, terphenylene, coumarin, fullerene, oligothiophenes,
lanthanide complexes, triarylamines, nitroaromatics, phthalocyanines, por-
phyrins, and phenylenevinylidene functionalities into the sol-gel POSS ma-
trix is another useful strategy for preparing waveguides, lasers, sensors, light-
emitting diodes and nonlinear optical (NLO) materials [9, 12,224-234]. The
use of a dye molecule as a bridging group provides an exceptionally high
loading of chromophores and ensures against leaching and/or phase sepa-
ration of the dye molecule. The fine degree of control over bulk chemical
and physical properties in addition to capability to manipulate the properties
by incorporating chromophores in the organic component has made these
POSS-based materials attractive candidates for applications ranging from
optical-device fabrication [235,236] to catalyst supports [237] and ceram-
ics. For example, dithienylethene-bridged polysilsesquioxanes that are pho-
tochromic materials, which refractive index can be reversibly photoswitched,
offer significant potential for optical components for wave guiding [238]. Op-
tical properties can also be manipulated by incorporating chromophores in
the bridging organic component [12]. POSS dendrimers possible applica-
tions range from drug-delivery agents, micelle mimics, nanoscale building
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blocks, high-performance polymers and nanoscale reactors [134-137]. The
rigid spheroidal architecture of these molecules leads to properties such as
low intrinsic viscosity, high solubility and miscibility, and high reactivity
due to the presence of many chain ends. An alternative application that has
achieved some attention is that of catalysis where dendrimers have some
striking advantages over both homogeneous and heterogeneous catalysts in-
cluding the possibility of preparing highly active yet recyclable catalysts [114,
135,239-241]. POSS-dendrimer systems are currently under investigation as
biomimetic catalysts, building blocks for fabrication of designed biomateri-
als, molecular carriers for chemical catalysts and potential vehicles for deliv-
ery of drugs and immunogens [242], and as selective molecular gates [243],
as well as light-emitting diodes, signal amplifiers, frequency converters and
other photonic devices [244].

9
Concluding Remarks

The incorporation of POSS cages into polymeric materials often results in
major improvements in polymer properties, including increases in use tem-
perature, oxidation resistance and surface hardening, resulting in improved
mechanical properties, as well as reductions in flammability and heat evolu-
tion. As a result, POSS-based hybrid polymers have recently generated much
interest. Appropriate choice of the outer groups confers a wide range of tai-
lored properties to the molecule, e.g., the surface properties and the miscibil-
ity behavior that can be changed by the choice of hydrophobic or hydrophilic
attachments. Nevertheless, the nature of the interface between the organic
and inorganic components, together with the connectivity and functional-
ity of the nanobuilding blocks are of primary importance in determining the
final structure of the hybrid materials.

In principle, there are several ways to adapt the POSS-nanobuilding blocks
approach to create nanoparticle-based hybrid materials, yet, creating the hy-
brid structures requires fine-tuning at the hybrid interface level. Further, the
nanoparticles have to be functionalized to be compatible with the organic
components of the hybrid. In this case, colloidal interactions must be taken
into account, in addition to the chemical nature of the system. The resulting
hybrid networks can be either amorphous or nanostructured, or can even ex-
hibit long-range ordering. Enhancements have been shown to apply to a wide
range of POSS-polymer thermoplastics and a few thermoset systems, such as
those based on siloxanes, vinyl esters, methacrylates, styrene, norbornene,
ethylene, epoxies and urethanes. The applications of the resultant materials is
therefore immense and of many diversities.

So far these well-defined functionalized POSS have been prepared by
the hydrosilylation reaction of terminal olefins with octahydridosilsesquiox-
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ane or direct hydrolytic condensation reaction of silane-bearing compounds.
However, the clear explanation on the mechanism of direct hydrolytic con-
densation reaction has not been explored yet. The relationships between the
structures of POSS molecules and of polymer matrix, and the resulting rhe-
ological and mechanical property changes in POSS nanocomposites needs
further understanding. In addition, some of the reported ad hoc synthetic
procedures need to be standardized to foresee significant developments in
acquiring greatly improved properties as forecasted. This need can be re-
flected by the great variation in the resultant material properties, in which
some remarkable improvements have been reported, while at the same time
significant property deterioration have been observed, e.g. enhanced thermal
properties at the expense of mechanical properties or vice versa; therefore
better understanding and optimization procedures are a must for further ad-
vances in chemistry and technology of these materials. Furthermore, some of
these synthetic procedures are yet to be established for large-scale produc-
tion. Also, much of the reported works on POSS-monomers, nanobuilding
blocks and nanocomposites cover POSS-cubic cages, while there is hardly
any work on other POSS-cages. It is important to mention that, despite these
shortcomings, advances in POSS-based hybrid polymers are currently fast-
growing and looks very promising. POSS commercial products and industrial
applications are readily available; with the ongoing demands for better quality
applications, one would only expect continuous growth in all areas of POSS
chemistry and in particular the nanocomposites area.

To sum up, this work has reviewed the recent developments in synthe-
ses of POSS polymer materials, otherwise used for developing nanocom-
posites. Examination of the relationships between the POSS-nanobuilding
blocks and the resultant POSS nanocomposites, though vital, is beyond
the scope of the current work. The syntheses of POSS cages, monomers
containing POSS cages, POSS-dendrimers’ cores, POSS-containing polymers
(nanobuilding blocks) and POSS nanocomposites is described in fine details.
The enhanced properties of POSS-nanobuilding blocks have been critically
reviewed and conclusions drawn. Such properties include mechanical, ther-
mal and flame-retardant, and viscoelastic properties. Investigations in to
POSS-nanobuilding blocks’ structure/reactivity, morphology and compatibil-
ity have also been reviewed. Other properties covered include ion-mobility,
swelling characteristics and porosity of the POSS-nanobuilding blocks.

References

1. Lucke S, Stoppek-Langner K (1999) Appl Surf Sci 144-145:713

2. Li GZ, Wang L, Toghiani H, Daulton TL, Koyama K, Pittman Jr CU (2001) Macro-
molecules 34:8686

3. Ramirez C, Vilarino JML, Abad M]J, Barral L, Bouza R, Cano J, Diez FJ, Garcia-
Garabal S, Lopez J (2004) J Appl Polym Sci 92:1576



Polyhedral Oligomeric Silsesquioxanes (POSS) 291

13.
14.

15.
16.

17.
18.
19.
20.
21.

22.
23.
24.

25.
26.

27.
28.
29.
30.

31.

32.
33.
34.
35.
36.
37.
38.
39.

40.
41.
42.

. Lichtenhan JD, Schwab JJ, Reinerth WA Sr (2001) Chem Innov 31:3
. Haddad TS, Stapleton R, Jeon HG, Mather PT, Lichtenhan JD, Phillips S (1999) Polym

Prepr 40:496

. Neumann D, Fisher M, Tran L, Matisons JG (2002) ] Am Chem Soc 124:13998
. Choi J, Kim SG, Laine RM (2004) Macromolecules 37:99
. Sanchez C, Soler-Illia GJAA, Ribot F, Lalot T, Mayer CR, Cabuil V (2001) Chem Mater

13:3061

. Shea KJ, Loy DA, Webster OW (1992) ] Am Chem Soc 114:6700
10.
11.
12.

Corriu RJP (2000) Angew Chem Int Ed 39:1376

Corriu RJP, Moreau JJE, Thepot P, Man MWC (1992) Chem Mater 4:1217

Choi KM, Shea KJ (1998) In: Wise G, Wnik G, Trantolo M, Graham B (eds.) Photonic
Polymer Synthesis. Marcel Dekker, New York, p 437

Kim GM, Qin H, Fang X, Mather PT (2003) J Polym Sci Polym Phys 41:3299

Fu BX, Yang L, Somani RH, Zong SX, Hsiao BS, Phillips S, Blanski R, Ruth P (2001)
] Polym Sci, Polym Phys 39:2727

Zheng L, Farris RJ, Coughlin EB (2001) Macromolecules 34:8034

Fu BX, Hsiao BS, White H, Rafailovich M, Mather PT, Jeon HG, Phillips S, Lichten-
han J, Schwab JJ (2000) Polym Int 49:437

Choi J, Harcup J, Yee AF, Zhu Q, Laine RM (2001) ] Am Chem Soc 123:11420

Gao F, Culbertson BM, Tong Y, Schricker SR (2001) Polym Prepr 41:580

Laine RM, Choi J, Lee I (2001) Adv Mater 13:800

Haddad TS, Lichtenhan JD (1996) Macromolecules 29:7302

Romo-Uribe A, Mather PT, Haddad TS, Lichtenhan JD (1998) ] Polym Sci Polym
Phys 36:1857

Sellinger A, Laine RM (1996) Macromolecules 29:2327

Lee A, Lichtenhan JD (1998) Macromolecules 31:4970

Shockey EG, Bolf AG, Jones PE, Schwab JJ, Chaffee KP, Haddad TS, Lichtenhan JD
(1999) Appl Organomet Chem 13:311

Andrews R, Weisenberger MC (2004) Curr Opin Solid State M 8:31

Mather PT Jeon HG, Romo-Uribe A, Haddad TS, Lichtenhan JD (1999) Macro-
molecules 32:1194

Bharadwaj BK, Berry R]J, Farmer BL (2000) Polymer 41:7209

Laine RM, Tamaki R, Choi J (2002) World Patent WO 02100867

Lichtenhan JD, Vu NQ, Carter JA (1993) Macromolecules 26:2141

Shan L, Verghese KNE, Robertson CG, Reifsnider KL (1999) J Polym Sci Polym Phys
37:2815

De A Prado LAS, Radovanovic E, Pastore HO, Yoshida IVP, Torriani IL (2000)
J Polym Sci Polym Chem 38:1580

Baney RH, Itoh M, Sakakibara A, Suzuki T (1995) Chem Rev 95:1409

Harrison PG (1997) ] Organomet Chem 542:141

Huang J, Lim PC, Shen L, Pallathadka PK, Zeng K, He C (2005) Acta Mater 53:2395

Hasegawa I (1989) Chem Commun 208

Bartsch M, Bornhauser P, Calzaferri G (1994) J Phys Chem 98:2817

Agaskar PA (1991) Inorg Chem 30:2708

Schockey E, Lichtenhan JD (1994) Polym Prepr 35:525

Gidden ], Kemper PR, Shammel E, Fee DP, Anderson S, Bowers MT (2003) Int ] Mass
Spectrom 222:63

Frye CL, Collins WT (1970) ] Am Chem Soc 92:5586

Muller R, Khole R, Sliwinski S (1959) J Prakt Chem 9:71

Sprung MM, Guenther FO (1955) ] Am Chem Soc 77:3990



292

K. Pielichowski et al.

43.
44,
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.

57.
58.
59.
60.

61.
62.
63.

64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.

79.
80.
81.

82.
83.
84.
85.

Barry AJ (1955) ] Am Chem Soc 77:4248

Sprung MM, Guenther FO (1955) ] Am Chem Soc 77:6045

Vogt LH, Brown JF (1963) Inorg Chem 2:189

Sprung MM, Guenther FO (1955) ] Am Chem Soc 77:3996

Voronkov MG, Lavrent’yev VI, Kovrigin VM (1981) J Organomet Chem 220:285
Brown JE Vogt LH (1965) ] Am Chem Soc 87:4313

Voronkov MG (1979) Zh Obshch Khim 49:1522

Brown Jr JF (1965) ] Am Chem Soc 87:4317

Sprung MM, Guenther FO (1958) J Polym Sci 28:17

Brown JE, Vogt LH, Prescott PI (1964) ] Am Chem Soc 86:1120

Brown JF (1963) J Polym Sci 1C:83

Tishchenko G, Bleha M (2005) ] Membrane Sci 248:45

Bent M, Gun’ko Y (2005) J Organomet Chem 690:463

Pielichowski K, Janowski B (2004) World Polymer Congress MACRO 2004—
Conference Proceedings, p 169

Njuguna J, Pielichowski K: Composites A, submitted

Lee Y-J, Huang J-M, Kuo S-W, Lu J-S, Chang F-C (2005) Polymer 46:173

Chen Y, Kang E-T (2004) Mater Lett 58:3716

Chen W-Y, Wang Y-Z, Kuo S-W, Huang C-E Tung P-H, Chang F-C (2004) Polymer
45:6897

Lee Y-J, Kuo S-W, Su Y-C, Chen J-K, Tu C-W, Chang F-C (2004) Polymer 45:6321

Ni Y, Zheng S, Nie K (2004) Polymer 45:5557

Feher FJ, Budzichowski TA, Blanski RL, Weller K], Ziller JW (1991) Organometallics
10:2526

Feher FJ, Soulivong D, Lewis GT (1997) ] Am Chem Soc 119:11323

Feher FJ, Nguyen F, Soulivong D, Ziller JW (1999) Chem Commun 1705

Feher FJ, Soulivong D, Nguyen F (1998) Chem Commun 1279

Feher FJ, Wyndham KD (1998) Chem Commun 323

Feher FJ, Terroba R, Ziller JW (1999) Chem Commun 2309

Feher FJ, Terroba R, Ziller JW (1999) Chem Commun 2153

Feher FJ, Terroba R, Jin R-Z (1999) Chem Commun 2513

Gidden J, Jackson AT, Scrivens JH, Bowers MT (2002) ] Am Soc Mass Spectr 13:499
Angot S, Taton D, Gnanou Y (2000) Macromolecules 33:5418

Kobayashi S, Kaku M, Saegusa T (1988) Macromolecules 21:334

Kim KM, Keum DK, Chujo Y (2002) Polym Prepr Jpn 51:304

Kim KM, Chujo Y (2001) Polym Bull 46:15

Kamigaito M, Ando T, Sawamoto M (2001) Chem Rev 101:3689

Zhang C, Laine RM (1996) ] Organomet Chem 521:199

Morrison JJ, Love CJ, Manson BW, Shannon IJ, Morris RE (2002) ] Mater Chem
12:3208

Feher FJ, Soulivong D, Eklund AG (1998) Chem Commun 399

Harrison PG, Kannengiesser R (1996) Chem Commun 415

Zhang C, Babonneau F, Bonhomme C, Laine RM, Soles CL, Hristov HA, Yee AF
(1998) ] Am Chem Soc 120:8380

Bassindale AR, Gentle TE (1993) ] Mater Chem 3:1319

Manson BW, Morrison JJ, Coupar PI, Jaffres PA, Morris RE (2001) Dalton Trans 1123
Waddon A]J, Coughlin EB (2003) Chem Mater 15:4555

Fu BX, Hsiao BS, Pagola S, Stephens P, White H, Rafailovich M, Sokolov ], Mather PT,
Jeon HG, Phillips S, Lichtenhan J, Schwab ] (2001) Polymer 42:599



Polyhedral Oligomeric Silsesquioxanes (POSS) 293

86.

87.

88.
89.
90.
91.
92.
93.
94.

95.
96.
97.
98.
99.
100.
101.

102.
103.
104.
105.

106.

107.
108.
109.
110.
111.
112.
113.

114.
115.

116.

117.
118.
119.
120.
121.
122.

123.
124.

Loy DA, Jamison GM, Baugher BM, Russick EM, Assink RA, Prabaker S, Shea K]
(1995) J Non-Crystal Solids 186:44

Loy DA, Baugher BM, Prabaker S, Assink RA, Shea KJ (1995) Mater Res Soc Symp
Proc (Adv Porous Mater) 371:229

Sellinger A, Laine RM (1994) Polym Prepr 35:665

Harvey DF, Lund KP, Neil DA (1992) ] Am Chem Soc 114:8424

Laine RM, Sellinger A, Chu V, Viney C (1994) J Polym Sci Polym Chem 32:3069
Lewis LN, Sy KG, Bryant Jr GL, Donahue PE (1991) Organometallics 10:3750

Kim KM, Ouchi Y, Chujo Y (2003) ] Mater Chem 49:341

Zhang C, Laine RM (2000) ] Am Chem Soc 122:6979

Schwab JJ, Lichtenhan JD, Carr MJ, Chaffee KP, Mather PT, Romo-Uribe A (1997)
Polym Prepr 77:549

Devaux E, Rochery M, Bourbigot S (2002) Fire Mater 26:149

Lichtenhan JD, Otonari YA, Carr MJ (1995) Macromolecules 28:8435

Schwab JJ, Lichtenhan JD (1998) Appl Organomet Chem 12:707

Zhang C, Baranwal R, Laine RM (1995) Polym Prepr 36:342

Liu H, Zheng S (2005) Macromol Rapid Commun 26:196

Laine RM, Zhang C, Sellinger A, Viculis L (1998) Appl Organomet Chem 12:715
Tamaki R, Tanaka Y, Asuncion MZ, Choi ], Laine RM (2001) ] Am Chem Soc
123:12416

Jeon HG, Mather PT, Haddad TS (2000) Polym Int 49:453

Hoflund GB, Gonzalez RI, Philips SH (2001) J Adhes Sci Technol 15:1199

Feher FJ, Soulivong D, Eklud AG, Wyndham KD (1997) Chem Commun 1185
Mather PT, Jeon HG, Romo-Uribe A, Haddad TS, Lichtenhan JD (1998) Macro-
molecules 32:1194

Barral L, Diez FJ, Garcia-Garabal S, Lopez ], Montero B, Montes R, Ramirez C,
Rico M (2005) Eur Polym ] 41:1662

Dodiuk H, Kenig S, Blinsky I, Dotan A, Buchman A (2005) Int ] Adhes Adhes 25:211
Li GZ, Wang L, Toghiani H, Daulton TL, Pittman Jr CU (2002) Polymer 43:4167

Liu H, Zhang W, Zheng S (2005) Polymer 46:157

Zheng L, Farris R], Coughlin EB (2001) J Polym Sci Polym Chem 39:2920

Haddad TS, Lee A, Phillips SH (2001) Polym Prepr 42:88

Haddad TS, Choe E, Lichtenhan JD (1996) Mater Res Soc Symp Proc 435:25

Fu BX, Zhang W, Hsiao BS, Johansson G, Sauer BB, Phillips S, Blanski R,
Rafailovich M, Sokolov J (2000) Polym Prepr 41:587

Lichtenhan J (1995) Comments Inorg Chem 17:115

Matyjaszewski K (ed) (1998) Controlled Radical Polymerization. Proceedings of
a Symposium at the 213th ACS National Meeting 685:483

Matyjaszewski K (ed) (2000) Controlled/Living Radical Polymerization. Progress in
ATRP, NMP, and RAFT. Proceedings of a Symposium on Controlled Radical Poly-
merization 768:484

Matyjaszewski K (2001) Macromol Symp 174:51

Wang JS, Matyjaszewski K (1995) Am Chem Soc 117:5614

Pyun J, Matyjaszewski K (2000) Macromolecules 33:217

Matyjaszewski K, Xia J (2001) Chem Rev 101:2921

Patten TE, Matyjaszewski K (1999) Acc Chem Res 32:895

Pyun ], Matyjaszewski K, Wu J, Kim GM, Chun SB, Mather PT (2003) Polymer
44:2739

Xu H, Kuo S-W, Huang C-F, Chang F-C (2002) J Polym Res 9:239

Yei D-R, Kuo S-W, Su Y-C, Chang F-C (2004) Polymer 45:2633



294 K. Pielichowski et al.
125. Sellinger A, Laine RM (1996) Chem Mater 8:1592

126. Choi J, Tamaki R, Kim SG, Laine RM (2003) Chem Mater 15:3365

127. Tamaki R, Choi J, Laine RM (2003) Chem Mater 15:793

128.

129.
130.
131.
132.
133.
134.
135.
136.
137.
138.
139.
140.

141.
142.

143.

144.
145.
146.

147.
148.
149.
150.
151.
152.
153.

154.
155.
156.
157.
158.
159.
160.
161.
162.
163.
164.
165.
166.

Mather PT, Romo-Uribe A, Otonari Y, Carr MJ, Lichtenhan JD (1997) Soc Plast Eng
Symp Proc 1817

Unno M, Suto A, Takada K, Matsumoto H (2000) Bull Chem Soc Jpn 73:215

Leu C-M, Reddy GM, Wie KH, Shu CF (2003) Chem Mater 15:2261

Leu C-M, Chang Y-T, Wei KH (2003) Chem Mater 15:3721

Leu C-M, Chang, Y-T, Wei K-H (2003) Macromolecules 36:9122

Constable GS, Lesser AJ, Coughlin EB (2004) Macromolecules 37:1276

Tomalia D, Dewald R (1985) US Patent 4,507,466

Jaffres PA, Morris RE (1998) Dalton Trans 2767

Ardoin N, Astruc D (1995) Bull Soc Chim Fr 132:875

Dagani R (1996) Chem Eng News 74:30

Romagnoli B, Hayes W (2002) ] Mater Chem 12:767

Zeng F, Zimmerman SC (1996) ] Am Chem Soc 118:5326

Hayes W, Osborn HMI, Osborne SD, Rastall RA, Romagnoli B (2003) Tetrahedron
59:7983

Oestreich M, Schmid UK, Auer G, Keller MA (2003) Synthesis-Stuttgart 17:2725
Zhang X, Haxton KJ, Ropartz L, Cole-Hamilton DJ, Morris RE (2001) Dalton Trans
3261

Ropartz L, Foster DF, Morris RE, Slawin AMZ, Cole-Hamilton DJ (2002) Dalton
Trans 1997

Coupar PI, Jaffres P-A, Morris RE (1999) Dalton Trans 2183

Ropartz L, Foster D, Morris RE, Cole-Hamilton DJ (2001) Chem Commun 361
Ropartz L, Schwarz G, Foster D, Morris RE, Cole-Hamilton DJ (2000) Inorg Chem
Commun 714

Jaffres P-A, Morris RE (1998) Dalton Trans 2770

Matthews OA, Shipway AN, Stoddart JF (1998) Prog Polym Sci 23:1

McCusker C, Carroll JB, Rotello VM (2005) Chem Commun 996

Bassindale AR, Gentle TE (1996) J Organomet Chem 521:391

Moran M, Casado CM, Cuadrado I, Losada J (1993) Organometallics 12:4237

Hong B, Thoms TPS, Murfee H]J, Lebrun MJ (1997) Inorg Chem 36:6146

Ropartz L, Morris RE, Foster DE, Cole-Hamilton DJ (2002) ] Mol Catal A: Chem 182-
183:99

Cavallo L, Fraternali F (1998) Chem Eur J 4:927

Gorman CB, Smith JC (2001) Acc Chem Res 34:60

Murfee HJ, Thoms TPS, Greaves ], Hong B (2000) Inorg Chem 39:5209

Zhou LL, Roovers J (1993) Macromolecules 26:963

van der Made AW, van Leeuwen PWNM (1992) Chem Commun 1400

Seyferth D, Son DY, Rheingold AL, Ostrander RL (1994) Organometallics 13:2683
Saez IM, Goodby JW, Richardson RM (2001) Chem Eur ] 7:2758

Feher FJ, Phillips SH, Ziller JW (1997) Chem Commun 829

Feher FJ, Budzichowski TA, Rahimian K, Ziller JW (1992) ] Am Chem Soc 114:3859
Feher FJ, Newman DA, Walzer JF (1989) ] Am Chem Soc 111:1741

Feher FJ, Budzichowski TA (1995) Polyhedron 14:3239

Murugavel R, Chandrasekhar V, Roesky HW (1996) Acc Chem Res 29:183
Herrmann WA, Anwander R, Dufaud V, Scherer W (1994) Angew Chem Int Ed Engl
33:1285



Polyhedral Oligomeric Silsesquioxanes (POSS) 295

167.
168.
169.

170.
171.
172.
173.

174.

175.
176.

177.
178.
179.
180.
181.
182.

183.
184.
185.
186.
187.
188.
189.
190.
191.
192.
193.

194.
195.
196.

197.
198.
199.
200.
201.
202.
203.
204.
205.
206.

207.

Abbenhuis HCL, van Herwijnen HWG, van Santen RA (1996) Chem Commun 1941
Abbenhuis HCL, Krijnen S, van Santen RA (1997) Chem Commun 331

Li GZ, Cho H, Wang L, Toghiani H, Pittman Jr CU (2005) ] Polym Sci Polym Chem
43:355

Lichtenhan JD, Noel CJ, Bolf AG, Ruth PN (1996) Mater Res Soc Symp Proc 435:3
Abad MJ, Barral L, Fasce DP, Williams R]J] (2003) Macromolecules 36:3128

Bolln C, Tsuchida A, Frey H, Mulhaupt R (1997) Chem Mater 9:1475

Zhu L, Mimnaugh BR, Ge Q, Quirk RP, Cheng SZD, Thomas EL, Lotz B, Hsiao BS,
Yeh E Liu L (2001) Polymer 42:9121

Haddad TS, Mather PT, Jeon HG, Chun SB, Phillips SH (2001) Mater Res Soc Symp
Proc 628:cc2.6.1

Xu H, Kuo SW, Lee JS, Chang FC (2002) Macromolecules 35:8788

Larson RG (1999) The Structure and Rheology of Complex Fluids. Oxford University
Press, New York

Tong JD, Jerome R (2000) Macromolecules 33:1479

Fujino K, Senshu K, Kawai H (1961) ] Colloid Sci 16:262

Wu S (1989) J Polym Sci Polym Phys Ed 27:723

Fu BX, Namani M, Lee A (2003) Polymer 44:7739

Tant MR, Wilkes GL (1981) Polym Eng Sci 21:325

Zhang W, Fu BX, Seo Y, Schrag E, Hsiao B, Mather PT, Yang NL, Xu D, Ade H,
Rafailovich M, Sokolov J (2002) Macromolecules 35:8029

Kim KM, Inakura T, Chujo Y (2001) Polym Bull 46:351

Kim KM, Adachi K, Chujo Y (2002) Polymer 43:1171

Majoros I, Marsalko TM, Kennedy JP (1997) Polymer Bull 38:15

Feher FJ, Tajima RL (1994) ] Am Chem Soc 116:2145

Hong B, Thomas TPS, Murte HJ, Lebrun MM (1997) Inorg Chem 36:6146

Jun-Chao H, Chao-Bin H, Yang X, Yi MK, Jie D, Ping SY (2003) Polymer 44:4491
Zhu B, Katsoulis DE, Keryk JR, McGarry FJ (2000) Polymer 41:7559

Kim KM, Chujo Y (2003) J Polym Sci Polym Chem 41:1306

Aylott JW, Richardson DJ, Russell DA (1997) Analyst 122:77

Dire S, Pagani E, Babonneau F, Ceccato R, Carturan G (1997) ] Mater Chem 7:67
Brinker CJ, Scherer GW (1990) Sol-Gel Science: The Physics and Chemistry of Sol-
Gel Processing. Academic Press, San Diego

Loy DA, Russick EM, Yamanaka SA, Baugher BM (1997) Chem Mater 9:2264

Loy DA, Shea KJ (1995) Chem Rev 95:1431

Mackenzie JD (1997) In: Pope EJA, Sakka S, Klein LC (eds.) Sol-Gel Science and
Technology. American Ceramic Society, Westerville, OH, p 25

Bowers MT, Kemper PR, von Helden G, van Koppen PAM (1993) Science 260:1446
Clemmer DE, Jarrold MF (1997) ] Mass Spectrom 32:577

Kim KM, Chujo Y (2003) ] Mater Chem 13:1384

Shea K]J, Loy DA (2001) Chem Mater 13:3306

Breck DW (1984) Zeolite Molecular Sieves. Wiley, New York

Matejka L, Plestil ], Dusek K (1998) J Non-Cryst Solids 226:114

Matejka L, Dusek K, Plestil J, Kriz J, Lednicky F (1998) Polymer 40:171

Hoebbel D, Pitsch I, Heidemann D (1992) Eurogel’91 467

Hoebbel D, Endres K, Reinert T, Pitsch I (1994) J Non-Cryst Solids 176:179
Rouquerol E, Rouquerol J, Sing K (1999) Adsorption by Powders and Porous Solids:
Principles, Methodology and Applications. Academic Press, San Diego

Brinker CJ, Sehgal R, Hietala SL, Deshpande R, Smith DM, Loy DA, Ashley CS (1994)
] Membr Sci 94:85



296

K. Pielichowski et al.

208.
209.

210.

211.
212.
213.
214.

215.
216.

217.

218.
219.
220.

221.
222.
223.
224.

225.

226.
227.
228.
229.
230.

231.
232.
233.

234.
235.
236.
237.
238.
239.
240.

241.
242.
243.
244.
245.
246.

Schubert U (1994) New ] Chem 18:1049

Lopez T, Bosch P, Navarrete ], Asomoza M, Gomez R (1994) ] Sol-Gel Sci Technol
1:193

Jeng S-P, Taylor K, Seha T, Chang M-C, Fattaruso J, Havemann RH (1995) VLSI
Technology Symposium Digest 61

Hsuie G-H, Lee R-H, Jeng R-] (1997) Chem Mater 9:883

Aylott JW, Richardson DJ, Russell DA (1997) Analyst 122:77

Dire S, Pagani E, Babonneau F, Ceccato R, Carturan G (1997) ] Mater Chem 7:67
Loy DA, Carpenter JP, Alam TM, Shaltout R, Dorhout PK, Greaves ], Small JH,
Shea KJ (1999) ] Am Chem Soc 121:5413

Li C, Glass T, Wilkes GL (1999) J Inorg Organomet Polym 9:79

Vlasova NN, Pestunovich AE, Pozhidaev YN, Kirillov Al, Voronkov MG (1989) Izv
Sib Otd Akad Nauk SSSR Ser Khim Nauk 2:106

Jin C, List S, Yamanaka S, Lee WW, Taylor K, Hsu W-Y, Olsen L, Luttmer JD, Have-
mann R, Smith D, Ramos T, Maskara A (1997) Mater Res Soc Symp Proc 443:99
Koike N, Tsukagoshi H (1985) Japanese Patent 60169847

Reetz M, Zonta A, Simpelkamp J (1995) Angew Chem Int Ed Engl 34:301

Kirillov Al, Panezhda EV, Pozhidaev YN, Belousova LY, Vlasova NN, Voronkov MG
(2000) Zh Prikl Khim 73:520

Laine RM, Choi J, Costa ROR (2000) Polym Prepr 41:524

Tamaki R, Choi J, Laine RM (2001) Polym Mater Sci Eng 84:564

Costa ROR, Vasconcelos WL, Tamaki R, Laine RM (2001) Macromolecules 34:5398
Corriu RJP, Moreau JJE, Thepot P, Man WCM, Chorro C, Lere-Porte JL, Sauvajol JL
(1994) Chem Mater 6:640

Suratwala T, Gardlund Z, Davidson K, Uhlmann DR, Watson J, Peyghambarian N
(1998) Chem Mater 10:190

Xia H, Zhu C, Gan E, Chen Y, Yu B, Cai R, Huang Z (1997) Fullerene Sci Technol 5:1621
Ki CD, Kim JK, Hwang SS, Hong SI (2000) Polym Prepr 41:600

Gaudiello JG, Ghosh PK, Bard AJ (1985) ] Am Chem Soc 107:3027

Taylor-Smith RE, Choi KM (2000) Polym Mater Sci Eng 83:237

Li W, Wang Q, Cui J, Chou H, Shaheen SE, Jabbour GE, Anderson ], Lee P, Kippe-
len B, Peyghambarian N, Armstrong NR, Marks TJ (1999) Adv Mater 11:730

Han S, Li Z, Ji S, Dai D, Zhang R, Zhu C, Wang C (2000) J Sol-Gel Sci Technol 18:137
Ribeiro AO, Biazzotto JC, Serra OA (2000) ] Non-Cryst Solids 273:198

Ciuffi KJ, Sacco HC, Biazzotto JC, Vidoto EA, Nascimento OR, Leite, CA, Serra OA,
Iamamoto Y (2000) J Non-Cryst Solids 273:100

Corriu RJP, Hesemann P, Lanneau GF (1996) Chem Commun 1845

Corriu R (1998) Polyhedron 17:925

Cerveau G, Corriu RJP, Framery E (2000) ] Mater Chem 10:1617

Lindner E, Schneller T, Auer F, Mayer HA (1999) Angew Chem Int Ed 38:2155
Biteau J, Chaput E Lahlil K, Boilot J-P (1998) Chem Mater 10:1945

Tomalia D, Dvornic P (1994) Nature 372:617

Knapen J, van der Made AW, de Wilde JC, van der Leeuwen PWNM, Wijkens P,
Grove DM, van Koten G (1994) Nature 372:659

Haggin J (1995) Chem Eng News 73:26

Newkome GR, He E, Moorefield CN (1999) Chem Rev 99:1689

Kovvali AS, Chen H, Sirkar KK (2000) ] Am Chem Soc 122:7594

Andronov A, Frechet JMJ (2000) Chem Commun 1701

Kim KM, Ouchi Y, Chujo Y (2003) Polym Bull 49:341

Li G, Wang L, Li H, Pittman Jr CU (2001) J Inorg Organomet Polym 11:123

Editor: K. Dusek



Author Index Volume 201

Author Index Volumes 1-100 see Volume 100
Author Index Volumes 101-200 see Volume 200

Donnio, B. and Guillon, D.: Liquid Crystalline Dendrimers and Polypedes. Vol. 201, pp. 45-
156.

Guillon, D. see Donnio, B.: Vol. 201, pp. 45-156.

Harada, A., Hashidzume, A. and Takashima, Y.: Cyclodextrin-Based Supramolecular Poly-
mers. Vol. 201, pp. 1-44.

Hashidzume, A. see Harada, A.: Vol. 201, pp. 1-44.

Jaeger, W. see Kudaibergenov, S.: Vol. 201, pp. 157-224.
Janowski, B. see Pielichowski, K.: Vol. 201, pp. 225-296.

Kudaibergenov, S., Jaeger, W. and Laschewsky, A.: Polymeric Betaines: Synthesis, Character-
ization, and Application. Vol. 201, pp. 157-224.

Laschewsky, A. see Kudaibergenov, S.: Vol. 201, pp. 157-224.

Njuguna, J. see Pielichowski, K.: Vol. 201, pp. 225-296.

Pielichowski, ]. see Pielichowski, K.: Vol. 201, pp. 225-296.

Pielichowski, K., Njuguna, J., Janowski, B. and Pielichowski, J.: Polyhedral Oligomeric
Silsesquioxanes (POSS)-Containing Nanohybrid Polymers. Vol. 201, pp. 225-296.

Takashima, Y. see Harada, A.: Vol. 201, pp. 1-44.






Subject Index

2-(3-Acrylamidopropyldimethylammonio)-

ethanoate (APDMAE) 215
Antipolyelectrolyte 212

Betaines 157

Bipyridinium (viologen) 28

2,2-Bis(hydroxymethyl)propionic-based
monodendrons 102

Bis(methanofullerene) 131

Bithiophene 35

Butanediol diglycidyl ether (BDGE) 237

1,4-Butyrolactone 165

Carbobetaine gels, resolution of protein
mixtures 214

Carbosilane 64, 65

- polyols 65

Carbosilane-siloxy dendrimers 70

Carbosilazane 64, 81

Cholesteryl chloroformate 65

6-Cinnamoyl-S-cyclodextrin 15

Coordination complexes 202

Crown ether 33

Cucurbituril 33

Cyclodextrin, aromatic tethers 10

- polyrotaxanes 31

Cyclohexyltrichlorosilane 234

Dendrimers, carbosilane 65

-, carbosilazane 81

-, central triphenylene cores 140

-, distyrylbenzene-based 116

-, fullerene-ferrocene 123

-, LC 45

-, main-chain liquid-crystalline 104

-, mesomorphic, rigid discotic cores 139

-, metallodendrimers, liquid-crystalline
117

-, PPI, amphiphilic 98

-, shape-persistent liquid-crystalline 113

-, side-chain liquid-crystalline 64

-, silicon-containing 64

-, stilbenoid-like 115

-, tolanoid-like 114

-, willow-like 105

Dendromesogens 48

N,N-Diallyl-N,N-dimethylammonium
chloride (DADMAC) 163

4-(N,N-Diallyl-N-methylammonio)-
butanoate 163

Dicopper dendritic complexes 119

Diglycidyl ether of bisphenol A (DGEBA)
237

Distyrylbenzene-based dendrimers 116

DOBOB 49

Drug delivery devices 47

Dumbbell 142

Epoxy network, POSS-modified 276

Ethylene dimethacrylate 206

2-(N-Ethylperfluorooctane-sulfonamido)
ethyl acrylate (FOSA) 37

Ferrocene-containing dendrimer 123
Frank-Kasper structures 59
Fullerene-ferrocene dendrimer 123
Fullerodendrimers, liquid-crystalline 126
Fulleropyrrolidines 130

Gene delivery devices 47
Glass-forming materials, nematic 138

Hexa(ethylene glycol) 21
Hexakis(methano)fullerene 130
Host-guest interactions 1,3
Hydrocinnamoyl-8-cyclodextrin 13

Inclusion complex 1



300

Subject Index

Interpolyelectrolyte 157
Inversion-recovery cross-polarization 280

Kumkol-Akshabulak oil mixture 212

Malonate-based dendritic addend 126

Mesogens 45

Mesophase 45

Metallodendrimers, liquid-crystalline 117

Metallodendromesogens, mesomorphism
121

Metallomesogens 117

2-Methacryloyloxyethyl phosphorylcholine
(MPC) 207

Methanofullerene dendrimers 127

Methylsesquioxane 77

Molecular shuttle 28

Molecular tubes 1, 28

Molecular wires 34

Monodendrons, 2,2-bis(hydroxy-
methyl)propionic-based 102

Multipedes 135

Nanohybrid polymers, POSS-containing
263
Norbornene-POSS polymers 283

Octaaminophenylsilsesquioxane 249

Octa(dimethylsiloxy)octasilsesquioxane
78

Octa(hydrido)silsesquioxane 78

Octakis(dimethylsiloxy)octasilsesquioxane
236

Octa-p-phenylene molecular trees 143

Octopus dendrimers 107

Oligo(ethylene oxide) 113

Oligophenylenevinylene conjugates (OPV)
131

Oligosilsesquioxanes 232

Onion morphology 110

Oxovanadyl complexes 119

PAMAM, mesomorphism 87
Papain 215

PEG 26

Pentaerythritol 135
Photocyclodimerization 33
Phthalocyanine 139
PNIPA-PC 208

Poly(acrylamide) 36
Poly3-[(2-acrylamido-2-
methylpropyl)dimethylammonio]-
1-propanesulfonate 210
Poly(3-ammoniopropanoates) 165
Poly(carboxyethyl 3-aminocrotonate) 209
Poly3-[(2-carboxy-1-methyl-
ethyl)dodecylaminocrotonate] 212
Poly(catenane)s 32
Poly(diallylaminoethanoate-co-sulfur
dioxide) (PAESD) 206
Poly[3-diethyl(methylmethacryloylethyl)
ammonium propanesulfonate] 214
Poly(N,N -dimethylacrylamide)
(PDMAAm) 276
Poly(N,N-dimethylaminoethyl
methacrylate) 165
Poly(dimethylsilane)s (PSi) 25
Poly(dimethylsiloxane)s (PDMS) 25
Poly(DMAPS-co-EDMA) 207
Poly(ethylene alanine) (PEA) 209
Poly(ethylene oxide) (PEO) coil 143
Poly(isobutene-alt-maleic acid) 38
Poly(1-isopropylcarboxylethyleneimine)
(PIPCEI) 209
Poly(meth)acrylamides 164
Poly(meth)acrylates 164
Poly(2-methyl-2-oxazoline) (POZO) 276
Poly(oxytrimethylene) 26
Poly(polyrotaxane) 32
Poly(N-propylene glycine) (PPG) 209
Poly(propyleneimine) dendrimers 85
Poly(tetrahydrofuran) 26
Poly(trimethylpropane trimethacrylate)
206
Poly(N-vinylpyrrolidone) (PVP) 276
Polyaminophenylsilsesquioxane 239
Polybetaines, gel states 181
-, interpolymers 202
Polybutadienes (PB) 25
Polycarbobetaines 162
-, quaternary pyrrolidinium units 164
Polycarbosilane 64
Polydamidoamine dendrimers 83
Polyether dendritic cores 101
Polyhedral oligosilsesquioxane (POSS)
225
Polyisoprenes (PIP) 25
Polymer-surfactant 202



Subject Index

301

Polyoxypropylene diamines 237
Polypedes 45, 133
Polyphosphobetaines 160, 173
Polypropyleneimine dendrimers 83
Polyrotaxanes 1,20
Polysiloxane 64
Polysulfobetaines 168
Polythiophene polyrotaxanes 34
Polyzwitterions 160

Porphyrins 140

POSS cages 230
POSS-dendrimer cores 256
POSS-triol 281

Pour point depressant (PPD) 211
PPI dendrimers, amphiphilic 98
- -, mesomorphism 87

- -, photoactive 100

Pullulan 37

Pyromellitic dianhydride 249

Rod-coil block codendrimers,
supramolecular 141
Rotaxanes 1,21

SC-LCDs 48
Silicon-containing dendrimers 64

Siloxane 64
- dendrimers 77
Silsesquioxanes 77, 225, 230
-, cages 129
Star-like discotic liquid
crystals 139
Stilbenoid-like dendrimers 115
Supermesogens, nematic 137
Supramolecular liquid-crystalline
dendrimers 48
Supramolecular polymer 1
Surfactants 179

Tetra(ethylene glycol) dibromide 22

Tetraglycidyldiaminodiphenylmethane
(TGDDM) 271, 281

Tetrakis(dimethyloxy)siloxane 77

Tetraphenylcyclobutane blocking groups
33

Tolanoid-like dendrimers 114

3,4,5-Tris[ (4-dodecyloxy)benzyl-
oxy]benzene 49

Ureido pyrimidinone 3

4-Vinyl-4’-methyl-2,2’-bipyridine 247



