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Preface

The pleasingly favourable reception of the tetralogy on dendrimer chemistry in
the Topics in Current Chemistry series prompted us to assemble the present fol-
low-up issue “Dendrimers V”. This is also justified by the quickly growing field,
in particular, because the focus had not been directed towards the exciting appli-
cations that dendrimers have found recently. Dendrimer chemistry is experienc-
ing new challenges coming from supramolecular chemistry, nanotechnology,
and biochemistry and the new developments emerging from these interdiscipli-
nary marriages of different fields are invaluable for the future of materials and
life sciences. This is also reflected in the large number of recent publications in
these areas dealing with dendritic molecules.

In this issue, the reader will find contributions from the whole scope of den-
drimer chemistry, some of which are shorter as they describe new developments
which are currently emerging. We start with the synthesis of hyperbranched
acrylates reviewed by Hideharu Mori and Axel Miiller who give profound insight
into the properties of hyperbranched polymers in solution, the melt and on sur-
faces. The exciting new results in the field of metallodendrimers form the focus
of the next chapter written by Kiyotaka Onitsuka and Shigetoshi Takahashi,
which at the same time introduces a “mini-series” of articles dealing with den-
drimers containing particular building blocks implementing exactly defined
properties which may lead to function. These are porphyrin-containing den-
drimers which are highlighted by Ken-ichi Sugiura, dendrimers that bear
fullerenes as expertly discussed by Jean-Francois Nierengarten, and dendrimers
with mechanically bound entities incorporated within their scaffold summar-
ized and beautifully categorized by Kimoon Kim and Jae Wook Lee. Several
reviews deal with the applications of dendrimers: Kensuke Naka gives an excel-
lent overview on the potential of dendrimers to stimulate and control the
crystallization of calcium carbonate, Vincenzo Balzani, Manabu Kawa, Shiyoshi
Yokoyama and their coworkers acted as pioneering authors of three chapters
containing a firework of applications of dendrimers in photochemistry and
their photochemical analysis. Luminescent dendrimers, antenna effects, and the
use of optoelectronics are described in depth in these reviews. Finally, the jour-
ney through this volume and the chemistry of dendrimers ends with two in-
triguing biochemistry- and biology-oriented contributions on gene transfection
by Jorg Denning and on antibody dendrimers by Hiroyasu Yamaguchi and Akira
Harada which demonstrate the enormous potential of dendritic structures and
the broad scope this field has meanwhile developed.
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VIII Preface

It is with great pleasure and enthusiasm that we present this fifth volume of
what was originally intended to be a tetralogy. This volume is not only a heavy-
weight because of its size and the sheer number of contributions (eleven!), but
also due to the variety and quality of its scientific contents. Reflecting the quick-
ly growing field of dendrimer chemistry, we also regard it as a timely update to
the two ,,dendrimer bibles“ by Fréchet and Tomalia' and Newkome et al.2 which
appeared in print earlier. In this respect, we are looking forward to learning
about the further progress made beyond the results discussed here at the 3rd
International Dendrimer Symposium, September 17th-20th, 2003, in Berlin.

Bonn, March 2003 Christoph A. Schalley,
Fritz Vogtle

! JM]J Fréchet, DA Tomalia (2001) Dendrimers and other Dendritic Polymers. Wiley, Chichester, UK.
2GR Newkome, CN Moorefield, F Végtle (2001) Dendrimers and Dendrons. Wiley-VCH, Weinheim,
Germany.
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Hyperbranched (Meth)acrylates in Solution, Melt,
and Grafted From Surfaces

Hideharu Mori - Axel H. E. Miiller

Makromolekulare Chemie II, Bayreuther Institut fiir Makromolekiilforschung
and Bayreuther Zentrum fiir Kolloide und Grenzflichen, Universitit Bayreuth,
95440 Bayreuth, Germany

E-mail: Axel. Mueller@uni-bayreuth.de

This review summarizes recent advances in the synthesis and characterization of hyper-
branched (meth)acrylates. We will focus on self-condensing vinyl (co)polymerization as an
effective method for the synthesis of hyperbranched polymers. Molecular parameters of
hyperbranched polymers obtained by self-condensing vinyl (co)polymerization are discussed
from a theoretical point of view. Solution properties and melt properties of the resulting
hyperbranched poly(meth)acrylates and poly(acrylic acid)s are reviewed. A novel synthetic
concept for preparing hyperbranched polymer brushes on planar surfaces and nanoparticles
is also described.

Keywords. Hyperbranched polymers, (Meth)acrylates, Self-condensing vinyl polymerization,
Controlled polymerization, Surface-grafted hyperbranched polymers, Polymer brushes,
Hybrid nanoparticles
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Abbreviations

DB degree of branching

gg contraction factor

y comonomer ratio=[monomer],/[inimer],

o Mark-Houwink exponent

GPC gel permeation chromatography
MALS  multi-angle light scattering

UNICAL universal calibration

NMR nuclear magnetic resonance

MW molecular weight

MWD  molecular weight distribution

SCVP  self-condensing vinyl polymerization
SCVCP  self-condensing vinyl copolymerization
t-BuA  tert-butyl acrylate

Pt-BuA  poly(tert-butyl acrylate)

MMA  methyl methacrylate

PMMA poly(methyl methacrylate)

PAA poly(acrylic acid)

ATRP  atom transfer radical polymerization

GTP group transfer polymerization
1
Introduction

In the past decade, the field of arborescent polymers (dendrimers, hyper-
branched, and highly branched polymers) has been well established with a large
variety of synthetic approaches, fundamental studies on structure and proper-
ties of these unique materials, and possible applications [1-4]. Dendrimers are
monodisperse molecules with well-defined, perfectly branched architectures,
made in a multi-step organic synthesis. In contrast, hyperbranched polymers
are made in a one-pot polymerization, making them promising candidates for
industrial applications where ultimate perfection in structural uniformity is less
needed. However, they are less regular in structure and their degree of branch-
ing (DB) typically does not exceed 50% of that of dendrimers.



Hyperbranched (Meth)acrylates in Solution, Melt, and Grafted From Surfaces 3

As early as 1952, Flory [5, 6] pointed out that the polycondensation of
AB_-type monomers will result in soluble “highly branched” polymers and he
calculated the molecular weight distribution (MWD) and its averages using a
statistical derivation. Ill-defined branched polycondensates were reported even
earlier [7, 8].In 1972, Baker et al. reported the polycondensation of polyhydrox-
ymonocarboxylic acids, (OH),R-COOH, where n is an integer from two to six
[9].In 1982, Kricheldorf et al. [10] published the cocondensation of AB and AB,
monomers to form branched polyesters. However, only after Kim and Webster
published the synthesis of pure “hyperbranched” polyarylenes from an AB,
monomer in 1988 [11-13], this class of polymers became a topic of intensive
research by many groups. A multitude of hyperbranched polymers synthesized
via polycondensation of AB, monomers have been reported, and many reviews
have been published [1, 2, 14-16].

The interest in hyperbranched polymers arises from the fact that they com-
bine some features of dendrimers, for example, an increasing number of end
groups and a compact structure in solution, with the ease of preparation of lin-
ear polymers by means of a one-pot reaction. However, the polydispersities are
usually high and their structures are less regular than those of dendrimers.
Another important advantage is the extension of the concept of hyperbranched
polymers towards vinyl monomers and chain growth processes, which opens
unexpected possibilities.

Several strategies for the preparation of hyperbranched polymers are current-
ly employed. The polymerization reactions are classified into three categories [1,
4, 17]: (1) step-growth polycondensation of AB, monomers; (2) chain-growth
self-condensing vinyl polymerization (SCVP) of AB* initiator-monomers
(“inimers”); (3) chain-growth self-condensing ring-opening polymerization of

Table 1. Classification of different types of monomers for synthesis of hyperbranched polymers

0OSiMe, OH

B
Step growth A"< cloc HOOC
AB, B

OSiMe, OH

Self-condensing vinyl polymerization

o}
— @)
\ N a \)J\O/\/ YLBr
o]
Chain growth

AB* T
Self-condensing ring-opening polymerization

o
o OH OH 4
Ov A ¥ UL
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cyclic inimers. Table 1 compares the step-growth and chain-growth methods.
The most common method is the polycondensation of AB, monomers. Howev-
er, vinyl monomers cannot be polymerized by that approach. The recent discov-
ery of SCVP made it possible to use vinyl monomers for a convenient, one-pot
synthesis of hyperbranched vinyl polymers [18-25]. By copolymerizing AB*
inimers with conventional monomers, the SCVP technique was extended to self-
condensing vinyl copolymerization (SCVCP), leading to highly branched
copolymers where the degree of branching (DB) is controlled by the como-
nomer ratio [26-31]. By using these techniques, a variety of hyperbranched
polymers can be synthesized. The scope of this review will cover hyperbranched
(meth)acrylates that have been made using SCV(C)P.

2
Synthesis

2.1
Self-Condensing Vinyl Polymerization (SCVP)

In attempts to synthesize w-styrylpolyisobutylene using m-/p-(chloromethyl)-
styrene as an initiator and aluminum alkyls/H,0 as co-initiators, Kennedy and
Frisch [32] found significantly less than 100% of vinyl groups in the product.
They concluded that copolymerization of the vinyl group of the “initiator” with
isobutylene occurred as a “deleterious side reaction”. In a similar experiment,
Nuyken et al. [33] observed the formation of soluble polymers with much high-
er than calculated molecular weights (MWs) and broad MWD and attributed
this to the formation of branched copolymers. On the other hand, attempted
copolymerizations of isobutylene with p-(chloromethyl)styrene or p-(chloro-
methyl)-a-methylstyrene initiated with boron trifluoride or EtAICl, were re-
ported earlier [34, 35]. All these results indicate that p-(chloromethyl)styrene
acts both as a cationic initiator and as a monomer. In 1991, Hazer [36, 37] poly-
merized macromonomers which carried an azo function at the other terminus
and named them “macroinimers”.

However, it was Fréchet et al. who recognized the importance of initiator-
monomers (later called “inimers”) to synthesize hyperbranched polymers from
vinyl monomers and in 1995 they named the process “self-condensing vinyl
polymerization” (SCVP) [18]. Initiator-monomers (later called “inimers” [38,
39]) have the general structure AB*, where the double bond is designated A and
B* is a group capable of being activated to initiate the polymerization of vinyl
groups. Scheme 1 shows initial steps in SCVP. In order to initiate the polymer-
ization, the B* group is activated. Upon activation of a B* group, the polymer-
ization starts by addition of the B* group to the double bond of another inimer,
resulting in the formation of the dimer, Ab—-A*B*. The asterisk indicates that a
structural group can add monomer; it can be either in its active or dormant
form. Lowercase letters indicate that the group has been consumed and can no
longer participate in the polymerization. The resulting dimer has two active
sites, A* (propagating) and B* (initiating), for possible chain growth besides the
vinyl group. Addition of a third monomer unit at either site results in the for-
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Scheme 1. Initial steps in SCVP and SCVCP. Capital letters indicate vinyl groups (A and M) and
active centers (A*, B*, M*), lowercase letters stand for reacted ones (a, b, m)

mation of the trimer which can now grow in three directions. Also, oligomers
(i.e., two dimers) or polymers can react with each other, similar (but mechanis-
tically different) to a polycondensation. The polymerization can also be initiat-
ed by a mono- of multifunctional initiator, leading to better control of MWD and
DB, especially when the inimer is added slowly [40].

AB* inimers used for SCV(C)P are listed in Fig. 1. A variety of acrylate-type
inimers have been reported, including 1, 2 [23-25], 3 [41],4 [42], 5 [43], 6 [44],7
[45], and 8 [46]. In general, Cu-based atom transfer radical polymerization
(ATRP) was employed for SCVP of these acrylate-type inimers with an acrylate
(A) and a bromoester group (B*) capable of initiating ATRP. For example, it
was demonstrated that the polymerization of the inimer 1 catalyzed by CuBr/
4,4’-di-tert-butyl-2,2’-bipyridine at 50°C provided a hyperbranched polymer
(DB=0.49) [23, 24]. In addition, kinetics and mechanism of chain growth for
SCVP of the inimer 1 and evaluation of the DB of the resulting polymers were
investigated. The significant influence of solubility of the deactivator and of
the polymerization temperature, which are closely related to the concentration
of Cu(II), on the topology of the resulting polymers has been also reported
[25]. However, methacrylate-type inimers 9 and 10 as well as the acrylate-type
inimer 2 could not be successfully polymerized by such Cu-based ATRP despite
variations in ligand and temperature [47]. It was speculated that the tertiary
radical sites generated from methacrylate moieties (A) and/or the 2-bro-
moisobutyryloxy moieties (B*) coupled rapidly, forming an excess amount
of deactivating Cu(II) species and prevented polymerization. For the prepara-
tion of hyperbranched methacrylates, Cu-based ATRP with addition of zero-
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Fig.1. AB* vinyl inimers (initiator-monomers) used for SCVP and SCVCP

valent copper for 9 [47], Ni-based controlled radical polymerization for 9 [48],
Cu-based ATRP for 11 [49], group transfer polymerization (GTP) for 12
[20, 50], and photo-initiated radical polymerization for 13 [51] have all been
employed.

For SCVP of styrenic inimers, the mechanism includes cationic (14 [18], 19
[29]), atom transfer radical (15 [22, 27]), nitroxide-mediated radical (16 [21]),
anionic (20 [19]), photo-initiated radical (17 [2], 18 [52-55]), and ruthenium-
catalyzed coordinative (21 [56]) polymerization systems. Another example in-
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Fig. 1 (continued)

volves vinyl ether-type inimers 22 and 23 which undergo cationic polymeriza-
tion in the presence of a Lewis acid activator, such as zinc chloride [26, 57, 58].
Self-condensing anionic and cationic ring-opening polymerizations have been
also reported [4, 59] (see examples in Table 1).

Note that polymerization of compounds 13,17, and 18 is based on a dithio-
carbamate radical formed by UV radiation and the methylmalodinitrile radical
formed by decomposition of an azo group. These fragments act as reversible ter-
minating/transfer agents, but not as initiators. Hence, these compounds cannot
be regarded as initiator-monomers, but the mechanism is analogous to SCVP.
There are also several accounts of preparing branched polymers from
(meth)acrylate derivatives [60-63], in which polymerization systems can be
regarded as SCVP analogs.
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In an ideal SCVP process, living polymerization systems are preferred in
order to avoid crosslinking reactions and gelation caused by chain transfer
or recombination reactions. In addition to cationic, anionic, group-transfer,
and transition-metal-catalyzed polymerizations, controlled radical polymeri-
zation processes are most frequently employed. These include atom transfer
radical polymerization (ATRP) [64-67], nitroxide-mediated radical polymer-
ization [68], and reversible addition-fragmentation chain transfer polymeriza-
tion (RAFT) [69]. Similar to cationic and group transfer polymerization,
these systems are based on establishing a rapid dynamic equilibration bet-
ween a minute amount of growing free radicals and a large majority of dor-
mant species; however, they are more tolerant of functional groups and im-
purities.

2.2
Self-Condensing Vinyl Copolymerization (SCVCP)

Self-condensing vinyl copolymerization (SCVCP) of AB* inimers with conven-
tional monomers (M) leads to highly branched polymers, allowing control of
MWD and DB [26-31]. The copolymerization method is a facile approach to
obtain functional branched polymers, because different types of functional
groups can be incorporated into a polymer, depending on the chemical nature
of the comonomer. In addition, the chain architecture can be modified easily by
a suitable choice of the comonomer ratio in the feed. Because the number of lin-
ear units is higher, the DB of the copolymers is lower than that of SCVP
homopolymers. However, the effect on solution properties like intrinsic viscos-
ity and radius of gyration should be less than proportional, because branched
polymers above a limiting molecular weight are self-similar objects. Therefore,
the copolymerization is an economic approach to obtain highly branched poly-
mers, especially when aiming at controlling rheology.

SCVCP can be initiated by two ways (Scheme 1): (i) by addition of the active
B* group in an AB* inimer to the vinyl group A of another AB* inimer forming
a dimer with two active sites, A* and B¥, and (ii) by addition of a B* group to the
vinyl group of monomer M forming a dimer with one active site, M*. Both the
initiating B* group and the newly created propagating centers A* and M* can
react with any vinyl group in the system. Thus, we have three different types of
active centers, A*, B*, and M* in the dimers, which can react with double bonds
A (inimer and macromolecules; each macromolecule contains strictly one dou-
ble bond) and M (monomer).

Several approaches have been reported for the synthesis of hyperbranched
(meth)acrylates via SCVCP. Highly branched PMMA was synthesized by SCVCP
of MMA with the inimer 12 having a methacrylate group (A) and a silylketene
acetal group (B*), capable of initiating GTP [28]. Highly branched poly(tert-
butyl methacrylate) was also obtained by SCVCP of the inimer 12 with fert-butyl
methacrylate, which is a precursor of branched poly(methacrylic acids). A series
of hyperbranched acrylates with different DBs and MW's have been synthesized
by SCVCP of the acrylate-type inimer 1 with -BuA via ATRP [31]. SCVCP of the
inimer 1 with methyl acrylate was also reported [30].
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In an alternate way, highly branched Pt-BuA has been obtained by SCVP via
ATRP of macroinimer 8 which is a heterotelechelic P-BuA possessing both an
initiating and a polymerizable moiety [46].

3
Molecular Parameters of Hyperbranched Polymers Obtained by SCVP
and SCVCP

A series of theoretical studies of the SCV(C)P have been reported [38,40,70-74],
which give valuable information on the kinetics, the molecular weights, the
MWD, and the DB of the polymers obtained. Table 2 summarizes the calculated
MWD and DB of hyperbranched polymers obtained by SCVP and SCVCP under
various conditions. All calculations were conducted, assuming an ideal case, no
cyclization (i.e., intramolecular reaction of the vinyl group with an active cen-
ter), no excluded volume effects (i.e., rate constants are independent of the loca-
tion of the active center or vinyl group in the macromolecule), and no side reac-
tions (e.g., transfer or termination).

3.1
Molecular Weight Distribution (MWD)

Our theoretical studies [38] showed that the hyperbranched polymers generat-
ed from an SCVP possess a very wide MWD which depends on the reactivity
ratio of propagating and initiating groups, r=k,/kg. For r=1, the polydispersity
index M,/M,=P,, where P, is the number-average degree of polymerization.
This value is similar to that obtained in the polycondensation of AB, monomers
(M,/M,=P,/2) [5]. This can be explained by the fact that large molecules have a
higher probability of reacting with vinyl groups than smaller ones since they
have more active centers. In fact, even at high conversion there is still a consid-

Table 2. Molecular parameters of polymers obtained by self-condensing vinyl polymerization
and copolymerization

SCVP of AB* Copolymerization of AB*+M
Polymerization DB=1/2 . DB=2/(y+1) (y>>1)
without initiator M,/M,=1+DP, M,/M,=1+DP/(y+1)
[38,70] [73,74]
Polymerization with DB=1/2 DB=2/(y+1) (y>>1)
multifunctional M,/M, =1+ DP,/f? M,/M,=1+DP,/(y+1)f?
initiator (batch) [40] [72]
Polymerization DB=2/3 DB=2/(y+1) (y>>1)
with multifunctional M,/M,=1+1/f M,/M, =1+1/f
initiator (semi-batch) [71] [72]

DB degree of branching; finitiator functionality; y [M,]/[AB*]y; Semi-batch = slow monomer
addition.
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erable amount of inimer left (in reality this fraction is smaller because of the
higher accessibility of active centers compared to larger molecules). The poly-
dispersity index increases for r>1 and decreases for r<1. SCVP follows the
Carothers equation, that is, the degree of polymerization is inversely propor-
tional to the fraction of unreacted vinyl groups, P,=1/(1-x). However, in reality
the degree of polymerization is limited by cyclization reactions which transform
vinyl groups into active centers.

A way to narrow the MWD and to approach the structure of dendrimers is the
addition of a small fraction of a f-functional initiator, Gp to inimers [40, 71]. In
this process the obtainable degree of polymerization is limited by the ratio of
inimer to initiator. It can be conducted in two ways: (i) inimer molecules can be
added so slowly to the initiator solution that they can only react with the initia-
tor molecules or with the already formed macromolecules, but not with each oth-
er (semi-batch process). Thus, each macromolecule generated in such a process
will contain one initiator core but no vinyl group. Then, the polydispersity index
is quite low and decreases with f: M, /M, =1+1/f. (ii) Alternatively, initiator and
monomer molecules can be mixed instantaneously (batch process). Here, the
normal SCVP process and the process shown above compete and both kinds of
macromolecules will be formed. For this process the polydispersity index also
decreases with £, but is higher than for the semi-batch process, M, /M, =P, /f%.

There have been a few approaches to calculate the effect of cyclization on the
MWD [75-77]. Since each cyclization event generates a new multifunctional ini-
tiator, it becomes clear that cyclization is expected to narrow the MWD.

For SCVCP, the PDI is decreased in proportion to the comonomer ratio,
y=[M]y/[1]p: M,/M,=1+P,/(y+1) for y>>1 [73]. The addition of a multifunction-
al initiator again affects the polydispersity index [72]. In the batch process it
decreases with initiator functionality as M,/M,=P,/(y+1)f, similar to homo-
SCVP. The effect is even more pronounced for the semi-batch process where the
concentration of the inimer and the comonomer is kept infinitesimally low and
M, /M, =1+1/f. This result is identical to the value obtained in homo-SCVP, that is,
addition of comonomer does not decrease polydispersity any further.

3.2
Degree of Branching (DB)

The degree of branching can be regarded as the ratio of branched units in the
polymer to those in a perfect dendrimer. Thus, the limiting values are DB=0 for
linear polymers and DB=1 for a perfect dendrimer. Various definitions of DB
have been given. If we do not take into account the vinyl group or initiator unit
(the “core unit”), the DB is defined as

B (number of branched units) + (number of terminal units) -1

(1

(total number of units) -1

Here, one unit has been subtracted from the numerator and the denominator to
take into account that even a linear polymer has one initiating and one terminal
unit.
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From the topology of branched systems with trifunctional branchpoints, for
any given molecule the number of branched units is equal to the number of ter-
minal unit minus one. Thus, Eq. 1 can be further simplified to

2 X (number of branched units)
DB = 2)
(total number of units) - 1

Alternatively, the fraction branchpoints can be defined as

T = number of branched units 3)
(total number of units) — (number of monomers)

The DB obtainable in SCVP is DB=0.465 for r=k,/kz=1 and reaches its maxi-
mum, DB=0.5, for r=2.6 [70, 78]. This value is identical to that obtained in AB,
polycondensation when both B functions have the same reactivity [70,78]. Thus,
hyperbranched polymers prepared by bulk polycondensation or polymeriza-
tion contain at least 50% linear units, making this approach less efficient than
the synthesis of dendrimers.

The presence of a polyinitiator has a small effect only in batch mode, where-
as the polymer obtained in a semi-batch process is more strongly branched
(DB=2/3 as compared to DB=0.465 without initiator) [40]. A similar result was
found by Hanselmann et al. for AB, monomers in the presence of a core-form-
ing molecule [79].

For SCVCP in general, DB strongly depends on the comonomer ratio
(y=[monomer],/[inimer],) [73,74]. In the ideal case, when all rate constants are
equal, for y>>1, the final value of DB decreases with y as DB=2/(y+1) which is
four times higher than the value expected from dilution of inimer molecules by
monomers. For low values of (y<1), DB even exceeds the values for a homo-
SCVP; a maximum of DB=0.5 is reached at y=0.6. Depending on the reactivity
ratios, the structure of polymer obtained can change from “macroinimers”
when the monomer M is much more reactive than the vinyl groups of inimer or
polymer molecules to “hyperstars” in the opposite limiting case.

Theoretical calculations were also conducted on the influence of f-functional
initiators on DB in SCVCP [72]. In the semi-batch system, DB is only slightly
affected by the presence of polyinitiator and is mostly governed by the
comonomer content. The calculations are also applied to polymerizations from
surface-bound initiators (see later).

3.3
Experimental Evaluation of DB

Hyperbranched polymers are generally composed of branched (dendritic), lin-
ear, and terminal units. In contrast to AB, systems, there are two different types
of linear units in SCVP: one resembles a repeat unit of a polycondensate
(~~~A*-b~~~) and one a monomer unit of a vinyl polymer (~~~a(B*)~~~).
The DB of the hyperbranched acrylates obtained by SCV(C)P of the acrylate-
type inimer 1 can be determined by '"H NMR spectroscopy [23, 31]. Figure 2a
shows the respective '"H NMR spectrum of a hyperbranched polymer obtained
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Fig.2. 'H NMR spectra of the polymers obtained by SCVP of the acrylate-type inimer 1 (a),

and by copolymerizations of the inimer 1 and ¢-BuA: y=[t-BuA]y/[1],=0.5 (b), y=1.1 (c).
(Reproduced with permission from [31]. Copyright 2002 American Chemical Society.)

by a homo-SCVP of the inimer 1. The large doublet at 1.85 ppm, region 2, is
assigned to CH; of the 2-bromopropionyloxy group, B* (corresponding to an
end group), while the broad peak at 1.0-1.3 ppm, region 3, is assigned to b, which
is formed by activation of the B* and subsequent addition of monomer. The
determinations of the proportion of B*, the reactivity ratio of A* and B* groups,
r=ky/kg, and the DB can be performed by evaluation of these peaks [23, 24, 70].
The proportions of b and B* can be calculated from these peaks: b=(signal at
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1.0-1.3 ppm)/(sum of signals at 1.0-1.3 ppm and signals at 1.75 ppm); B*=1-b.
The reactivity ratio of A* and B* groups, r=k,/kg, was determined from Eq. (4)
[24]:

r=kylky = (x + B*- 1)/[-In(B*) + B* - 1] (4)

where x is the conversion of double bonds.

Figure 2 (b, c) shows 'H NMR spectra of the branched Pt-BuA obtained by
SCVCP of the inimer 1 with ¢-BuA. The broad peak of region 1 corresponds to
the protons of the ethylene linkage and the protons which are geminal to
bromine in either A*, B*, or M*, all of which are derived from the inimer 1. The
later protons correspond to the end groups. Although B* in the inimer 1 is con-
sumed during the copolymerization, for every B* consumed one A* or M* is
formed and consequently, original B*=B*.;+A*+M*. Hence, the sum of protons
of the ethylene linkage and geminal to bromine is proportional to the fraction of
the inimer 1 in the copolymer but independent of the DB. The peak at
1.3-1.4 ppm, region 4, is assigned to the tert-butyl group of Pt-BuA segment. The
comonomer composition calculated from the ratio of these peaks is in good
agreement with the comonomer composition in the feed which corresponds to
the y=[t-BuA]y/[inimer 1], value. For the copolymer obtained by SCVCP, these
peaks at 1.85 ppm (region 2, which is assigned to B*) and at 1.0-1.3 ppm
(region 3, which is assigned to b) should be related to the DB and the
comonomer composition. For example, the proportion of b calculated by the
equation, b=(region 3)/(region 2+region 3), was 0.62 in the case of copolymer-
ization at y=1.1. For equal reactivity of active sites, the DB determined by NMR,
DBy, at full conversion is given as [28]

v el
DByyr = 2 1- (5)
y+1 y+1

According to the theory of SCVCP, the comonomer ratio, y, can be directly relat-
ed to the DB [73]. Assuming equal reactivity of all active sites, the DB obtained
from the theory, DBy,.,, at full conversion can be represented as

2(1 - e WD) (y+ e rt )
DBtheo = YZ (6)
(y+1)

From these approaches, DByz=0.42 and DB,.,=0.49 can be obtained at y=1.1
(b=0.62), respectively. Note that these values represent a rough estimate, as they
are calculated based on the assumption of equal rate constants for copolymer-
ization. For low yvalues (y=0.5), the DB (DBy;z=0.48) even exceeds the value for
poly(inimer 1) (DByyz=0.43) obtained by a homo-SCVP. This is an accordance
with theoretical prediction that a maximum of DB=0.5 is reached at y=0.6 [73].
The effect can be explained by the addition of monomer molecules to in-chain
active centers (i.e., in linear segments), leading to very short branches. For
2.52y>0.5, DByyr decreases with y, as predicted by calculations.

Although NMR experiments afford a conclusive measurement of the degree
of branching for lower y values, the low concentration of branchpoints in the
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copolymer does not permit the determination of the DB directly by the spectro-
scopic method, because of low intensities of the peaks. However, for the case of
high comonomer ratios, y >1, the relation between DBy, and y becomes very
simple and does not depend on the reactivity ratios of the various active centers.
It is represented as DBy,.,=2/(y+1). In the case of y=25, theory predicts
DBy,.,=0.077. We calculated a fraction of branched units fz;=DBy,.,/2=0.038, that
is,which corresponds to 38 branching points in 1,000 monomer units or an aver-
age of 25 monomer units between branch points. Note that the dependencies are
more complex and the DB may be higher or lower, depending upon the systems,
when the reactivities of the various active centers are not equal and comonomer
ratios are low.

The direct determination of DB for hyperbranched methacrylates obtained by
SCVP of 9 and 10 via ATRP was reported to be impossible due to overlapping sig-
nals in the 'H NMR spectra [47]. However, DB of some hyperbranched methacry-
lates could be determined by NMR. In order to experimentally determine DB,
copolymers of 12 and MMA-dg made by GTP and terminated with protons were
analyzed by 'H NMR spectroscopy [28]. In the corresponding copolymers, linear
monomer units, m, are “invisible” and therefore the protons in A*, B¥, and M*
centers could be detected even at high comonomer ratios. In this system, the
chemical structure of B centers is different from that of A* and M* centers. To
estimate the proton chemical shifts, model compounds were analyzed by 'H NMR
spectroscopy. The 'H NMR spectra of the copolymers show two distinct signals
at 2.39 and 2.26 ppm. According to the reference spectra, the former signal group
can be attributed to the sum b=A*+M* of protonated A* and M* centers, where-
as the later signal is due to the protonated B* center. The DB determined by this
approach, DBy, agrees qualitatively with the theoretical predictions.

Often in hyperbranched polymers obtained via SCVP, it is not possible to
determine the DB directly via NMR analysis. Therefore, other methods, for
example, viscosity measurements and light-scattering methods have to be used
to confirm the compact structure of a hyperbranched polymer. Such character-
izations of hyperbranched (meth)acrylates will be discussed in the next section.

4
Solution Properties

4.1
In Organic Solvent

The hyperbranched structures lead to characteristic properties, such as a rela-
tively compact shape, and absence of entanglements, in pronounced contrast to
linear polymer chains. Furthermore, low viscosity in bulk and solution is gener-
ally observed. Such phenomena strongly depend on MW and DB. The determi-
nation of the MW of branched polymers is complicated by fact that the hydro-
dynamic volume for a given MW differs significantly from that of a linear sam-
ple. Therefore, the use of a calibration curve generated by the use of linear stan-
dards in SEC leads to erroneous results. This problem can be overcome by the
use of mass-sensitive on-line detectors such as a multi-angle light-scattering
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photometer (MALS) [80, 81] or a viscosity detector using the universal calibra-
tion (UNICAL) principle [82, 83].

Relationships between dilute solution viscosity and MW have been deter-
mined for many hyperbranched systems and the Mark-Houwink constant typ-
ically varies between 0.5 and 0.2, depending on the DB. In contrast, the exponent
is typically in the region of 0.6-0.8 for linear homopolymers in a good solvent
with a random coil conformation. The contraction factors [84], §=<R,*>,cned/
<R¢>jinears & =[Nlbranched/ [Miinears are another way of expressing the compact
structure of branched polymers. Experimentally, g is computed from the intrin-
sic viscosity ratio at constant MW. The contraction factor can be expressed as the
averaged value over the MWD or as a continuous fraction of MW.

Highly branched PMMA synthesized by SCVCP of MMA with the inimer 12
via GTP was characterized by GPC using universal calibration and MALS [28].
The corresponding Mark-Houwink plots, log[n] versus logM, and contraction
factor, g'=[1lvranched! [ Miinear> @8 @ function of logM are presented in Fig. 3 for dif-
ferent comonomer ratio y=[MMA],/[12],. For M>10% the viscosity of the
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Fig.3. Mark-Houwink plot (a) and contraction factors (b), g =[nlyranched! [ 1incar @s @ function
of the molecular weight for the copolymerization of the methacrylate-type inimer 12 with
MMA under different comonomer ratios, y=[MMA]y/[12],=1.2 (+), 5.2 (0), 9.8 (V), 26 (A),
46.8 (0),86.5 (), respectively. The intrinsic viscosities of PMMA (—) are given for comparison.
(Reproduced with permission from [28]. Copyright 2001 American Chemical Society.)
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Fig. 4. Dependence of the Mark-Houwink exponent, &, on comonomer ratio, y=[MMA],/
[12],, for the copolymerization of the inimer 12 with MMA. Linear PMMA (O): a=0.68.
(Reproduced with permission from [28]. Copyright 2001 American Chemical Society.)

branched polymer is significantly less than that of linear PMMA. The g'value
decreases with increasing MW for all polymers, which indicates a highly com-
pact structure in solution. Figure 4 shows the influence of the comonomer ratio,
y, on the Mark-Houwink exponent, a. Even a small amount of the inimer 12
considerably lowers a,leading to a more compact structure in solution than lin-
ear PMMA. At a comonomer ratio of y=26 (corresponding to only 4% inimer),
a is approximately 50% of the value of linear PMMA.

Characterization of the branched P¢-BuAs obtained by SCVCP of t-BuA with
the acrylate-type inimer 1 via ATRP was conducted by GPC, GPC/viscosity,
GPC/MALS, and NMR analysis [31]. It was demonstrated that DB, the composi-
tion, MW, and MWD could be adjusted by an appropriate choice of the catalyst
system, the comonomer composition in the feed, and the polymerization condi-
tions. The viscosities of the branched P¢-BuAs in THF are significantly lower
than those of linear P-BuA and decrease with increasing DB which, in turn, is
determined by the comonomer feed ratio, y=[tBuA]y/[1],. The Mark-Houwink
exponents are significantly lower (a= 0.38-0.47) compared to that for linear P¢-
BuA (a=0.80). Even at y=100 (corresponding to only 1% inimer), the a value is
only 50-60% of the value of linear P#-BuA. The contraction factors decrease with
increasing MW. The nature of the ligand and polymerization temperature affect
the MWs, viscosities, and Mark-Houwink exponents (Fig. 5). The phenomena
may be attributed to the Cu(I)/Cu(II) ratio, which is related closely to the equi-
librium between the active and dormant species in the system. While the
comonomer-to-catalyst ratio, p=([t-BuA]y+[1],)/[CuBr],, has a slight influence
only on these parameters.

Another investigation involved the SCVP of a “macroinimer 8” via ATRP [46].
GPC/viscosity measurements indicated that the intrinsic viscosity of the
branched polymer is less than 40% of that of the linear one at highest MW area
(Fig. 6). A significantly lower value for the Mark-Houwink exponent (a=0.47
compared to a=0.80 for linear Pt-BuA) was also observed, indicating the com-
pact nature of the branched macromolecules.
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Fig. 5. Mark-Houwink plots (a) and RI signals (b) for polymers obtained by SCVCP of
t-BuA with the inimer 1; CuBr/PMDETA at 60°C (O) and 100°C (A); CuBr/Bipy at 60°C (@)
and 100°C (A). The viscosity result for a linear P#-BuA (—) is given for comparison. (Repro-
duced with permission from [31]. Copyright 2001 American Chemical Society.)

Hyperbranched poly(ethyl methacrylate)s prepared by the photo-initiated
radical polymerization of the inimer 13 were characterized by GPC with a light-
scattering detector [51]. The hydrodynamic volume (R;,) and radius of gyration
(Rg) of the resulting hyperbranched polymers were determined by DLS and
SAXS, respectively. The ratios of R,/Ry, are in the range of 0.75-0.84, which are
comparable to the value of hard spheres (0.775) and significantly lower than that
of the linear unperturbed polymer coils (1.25-1.37). The compact nature of the
hyperbranched poly(ethyl methacrylate)s is demonstrated by solution properties
which are different from those of the linear analogs.

Experimental data on the solution properties and melt rheology of highly
branched structures are scarcely found in the literature. This might be because
of the structural nonuniformity of hyperbranched polymers, which makes it dif-
ficult to obtain reliable data. Because of the purely statistical nature of the poly-
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Fig. 6. Mark-Houwink plots (M) and contraction factors (A) of branched Pt-BuA (a=0.47)
obtained by SCVP of the macroinimer 8. (@) linear P¢-BuA (a=0.80). (Reproduced with per-
mission from [46]. Copyright 2000 WILEY-VCH.)

merization process, hyperbranched copolymers exhibit rather broad distribu-
tions of the MW and of the branchpoints in the polymer. At this point, it should
be stressed that the latter nonuniformity is not reflected by the DB, because this
parameter deals only with the number but not with the location of the branch-
points in a polymer. Consequently, two macromolecules exhibiting an equal DB
value could differ in their architectures [85, 86]. Recently, several attempts have
been conducted to avoid the inherent nonuniformities. A promising way is to
fractionate hyperbranched polymers obtained by polymerization and charac-
terize the fractionated products, respectively, which may give more useful infor-
mation on the architectures.

Jackson et al. [87] investigated the properties of dilute solutions by compar-
ing the intrinsic viscosity and radius of gyration of fractionated and unfrac-
tionated moderately branched PMMAs prepared by free-radical copolymeriza-
tion of MMA with ethylene glycol dimethacrylate using multi-detector GPC. The
authors found the z-average radius of gyration of these polymers to be insensi-
tive to branching and detected some evidence for increased polydispersity after
GPC separation at higher MWs.

The solution properties of a highly branched PMMA prepared by the SCVCP
of the inimer 12 with MMA (y=25) via GTP were investigated in detail [88]. To
overcome the drawback of a broad MWD, preparative size-exclusion chro-
matography was employed in order to fractionate the branched polymer into a
number of samples with low MWD (M, /M,<1.4, Fig. 7b). These fractions were
characterized using multi-detector SEC with on-line viscosity and light-scatter-
ing detection. Using the fractionated samples, the UNICAL and MALS calibra-
tion curves were established, which are in good agreement with the results of the
unfractionated feed sample. As can be seen in Fig. 8a, for all of the fractionated
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Fig.7. a Mark-Houwink plot of highly branched PMMA obtained by SCVCP of MMA with the
inimer 12. (-)RI signal; (OJ) intrinsic viscosity of feed, (¢) intrinsic viscosity of linear PMMA;
(O) contraction factor, g. b Separation of feed polymer into fractions by preparative SEC. (-)
RI signal of fractions; (- - -) accumulated RI signals; (+++--- ) Rl signal of feed polymer. (Repro-
duced with permission from [88]. Copyright 2001 American Chemical Society.)

samples, the Mark-Houwink curves are nearly identical. To crosscheck the
results, a Mark-Houwink plot was constructed from the average intrinsic vis-
cosities, [n], of each fraction and the viscosity-average molecular weight, M,
(Fig. 8b). A linear fit of the data in Fig. 8b results in a slope of @=0.402%0.017,
which is in excellent agreement with the value determined in Fig. 7a. Hence, the
hyperbranched polymer was fractionated using preparative SEC. No differences
in solution properties could be detected between the SEC slices of the feed poly-
mer and the average values of the different fractions, indicating that the separa-
tion is attributable only to differences in hydrodynamic volume and not to poly-
mer structure or MW alone.
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4.2
In Aqueous Solution

Branched polyelectrolytes have become of special interest because of their
industrial importance and scientifically interesting properties. Poly(ethyl-
eneimine), which is important in various industrial applications, can provide an
excellent example: branched and linear polyelectrolytes have quite different
properties due to both their different topographies and structures [89-91]. As
another practical point, branched polyelectrolytes can act as precursor or frag-
ments of polyelectrolyte gels. A variety of theoretical approaches have been
reported on the investigations of branched polyelectrolytes [92-97]. However,
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Scheme 2. General route to branched poly(acrylic acid) via SCVCP, followed by hydrolysis

the correlation of the topology and the properties of branched polyelectrolytes
have not been studied very much experimentally, because of difficulties in the
synthesis of well-defined branched polymers with ionic or ionizable groups.
One challenge in this field is, therefore, to produce randomly or regularly
branched polyelectrolytes which are suitable for various applications as well
as for quantitative analysis of the relation between the properties and the
architectures.

The synthesis of randomly branched PAA was conducted by SCVCP of t-BuA
with the acrylate-type inimer 1 via ATRP, followed by hydrolysis of the tert-butyl
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Fig. 9. Potentiometric titration curves for branched PAAs obtained by SCVCP of t-BuA with
the inimer 1, followed by hydrolysis: y=100 (O), 10 (A), 2.5 (CJ, W) in aqueous solutions. The
filled symbols (M) indicate the region where PAA was insoluble in water. (Reproduced with
permission from [31]. Copyright 2001 American Chemical Society.)

1,4

1,0
0,8 1
0,6 1 o

|Og <Rh>z

0,4 -
0,2 - ©

0,0 T . .
4,5 5,0 55

|°g Mw,calc.

Fig. 10. Dependence of z-average hydrodynamic radius <R;,>, on weight-average molecular
weight (M, . ) of the branched PAAs obtained by SCVCP of t-BuA with the inimer 1: pH=3
(O) and pH=10 (). Linear PAAs (-A-) at pH=6-8 used as a reference are derived from [137].
(Reproduced with permission from [31]. Copyright 2001 American Chemical Society.)

groups (Scheme 2) [31]. The water solubility of the branched PAAs decreases
with increasing DB and decreasing pH. Potentiometric titration curves (Fig. 9)
suggest that the apparent pK, values (taken as the pH at 50% ionization) of the
branched PAAs with a comonomer ratio y=10 and 100 are comparable to the
corresponding value for linear PAA homopolymer of pK,,,.=5.8 [98]. The
branched PAA at y=2.5 become insoluble at pH<4.7. For the PAAs with higher
DB (y<1.5), solubility is only obtained at pH>8, suggesting that these polymers
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are soluble in water only at a high degree of ionization. However, for low
comonomer ratios it has to be taken into account that a large fraction of the
polymer (i.e., the linking inimer groups) is in fact non-ionic in nature. Aqueous-
phase GPC and dynamic light scattering confirm the compact structure of the
randomly branched PAAs. The comparison of the hydrodynamic radius of the
branched PAAs and linear ones (obtained from dynamic light scattering, Fig. 10)
as a function of M,, suggested that highly compact structures of the polyelec-
trolytes can be obtained due to their branched architectures. Studies at different
pH indicate that a marked stretching of the branched chains takes place when
going from a virtually uncharged to a highly charged stage.

Highly branched poly(methacrylic acid) was synthesized by SCVCP of tert-
butyl methacrylate with the inimer 12 via GTP, followed by hydrolysis [28].
Acid-catalyzed hydrolysis of the tert-butyl groups and neutralization with
NaOH produced a water-soluble, highly branched poly(sodium methacrylate).

5
Melt Properties

The viscoelastic or rheological behavior of polymer melts, which is governed by
the size of the macromolecules and their topology, is strongly related to their
industrial applications. For melts of linear monodisperse chains, the viscoelas-
tic spectra provide information about both segmental and chain relaxation
times, which, through known scaling dependences, allow for a determination of
the macromolecular sizes of test samples. The situation is more complicated for
macromolecules with non-linear topologies for which the scaling dependences
are different and in many cases not well known or tested. Systems in which both
the sizes and the topologies of molecules are not precisely known and can vary
in an undefined way seem to be especially difficult. This seems to be the case for
the broad distribution of sizes of highly branched, but poorly defined, molecu-
lar topologies.

Eight fractions of the highly branched PMMA prepared by the SCVCP of the
inimer 12 with MMA (y=25) via GTP were characterized by viscoelastic spec-
troscopy [88]. Figure 11a shows the characteristics of the viscoelastic properties
determined for a single fraction of the branched polymer. As for the linear
chains, two relaxations can be distinguished here, but they are much less dis-
tinctly separated from each other and both have a considerably broader distrib-
ution of relaxation times. Nevertheless, four frequency ranges can also be rec-
ognized here in the behavior of both the moduli and the viscosity. The flow
regime at low frequencies, @< 1/1,, is clearly seen and allows for a determina-
tion of . The segmental and polymer relaxation times were determined as the
intersection point of G’and G” at high frequencies and as the intersection point
of linear extrapolations of logG” and logG” versus log @ in the distinctly seen
terminal-flow range at low frequencies, respectively. The results for the eight
fractions are shown in Fig. 11b as a function of M,, determined by means of
SEC-UNICAL. This allows one to notice that there is a considerable difference in
the segmental mobility between linear and branched polymers. It is also reflect-
ed in the glass transition temperatures which are lower by 30-40 K for the
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Fig.11. a Storage and loss moduli, G’ (M) and G” (O), respectively, and melt viscosity (- - -) of
a fraction of highly branched PMMA (M,,=96,000) as a function of shear frequency at a refe-
rence temperature of 130°C. b Dependences of the chain, 7. (®), and segmental, 7, (M), relaxa-
tion times on the MW for all fractions; the corresponding relaxation times of the feed poly-
mer, 7. (O) and 1, (O), are included for reference. Corresponding dependences for linear
PMMA are shown by dashed and solid lines. (Reproduced with permission from [88]. Copyright
2001 American Chemical Society.)
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Fig. 12. Molecular weight dependences of the normalized chain relaxation time, 7./, for line-
ar polymers (), branched fractions (@), and branched feed polymer (+). (Reproduced with
permission from [88]. Copyright 2001 American Chemical Society.)

branched polymers as compared to the linear ones. This effect can be attributed
to a much higher concentration of chain ends in the melts of the branched poly-
mers with respect to the melts of linear chains having the same MWs. To sepa-
rate this effect from the macromolecular relaxation rates, the ratio /7, is con-
sidered further.

The MW dependences of the normalized chain relaxation times in melts of
linear and branched samples are compared in Fig. 12. Both can be represented
by scaling power laws, but with remarkably different scaling exponents. For the
melts of linear chains, the exponent 3.39 is observed close to the typical value of
3.4 for such systems. In contrast, for the fractions of the branched polymer, the
exponent is considerably lower (2.61). It is interesting to note that the value of
the normalized chain relaxation time for the feed polymer with the broad MWD
fits nicely into the data for the fractions with narrow MWDs. This seems to indi-
cate that conclusions can also be drawn from a series of hyperbranched poly-
mers with broad MWDs.

Some information concerning the intramolecular relaxation of the hyper-
branched polymers can be obtained from an analysis of the viscoelastic charac-
teristics within the range between the segmental and the terminal relaxation
times. In contrast to the behavior of melts with linear chains, in the case of
hyperbranched polymers, the range between the distinguished local and termi-
nal relaxations can be characterized by the values of G and G” changing nearly
in parallel and by the viscosity variation having a frequency with a considerably
different exponent a,. This can be considered as an indication of the extremely
broad spectrum of internal relaxations in these macromolecules. To illustrate
this effect, the frequency dependences of the complex viscosities for both linear
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and hyperbranched polymer melts are compared in Fig. 13. The exponents
determined for the longest linear chains and for the fraction of hyperbranched
polymers with the highest molecular mass are indicated in the figure. The value
of a,¢=—0.54 obtained for the hyperbranched melt strongly resembles the behav-
ior of the microgels [99] and near-critical gels [100,101] with a scaling exponent
of a,,=-0.5.

Owing to the lack of chain entanglement that act as physical cross-links in
linear chains, hyperbranched polymers are usually not very tough materials.
When compared with a linear polymer of the same MW, the additional chain
ends in the branched polymers act to decrease the glass transition temperature
(Ty), while the restriction in mobility caused by the branch points act to decrease
T,. The influence of the branched architectures on T, has been investigated
using both theoretical and practical approaches. Recently, chain-end free vol-
ume theory was extended to study T, as a function of conversion in hyper-

branched polymers [102]. T, is found tg have a nonlinear inverse relationship to
the MW for polymers obtained by SCVP. During the monomer conversion
process, T, decreases with the increase in MW in the low conversion range, then
levels off in the high conversion range. Experimental T, values of hyperbranched
acrylates obtained by SCVP of the inimer 1 [23], 3 [41], and highly branched

PMMA obtained by SCVCP of the inimer 12 with MMA [88] have been reported.

6
Surface-Grafted Hyperbranched Polymers

Highly branched polymers play an increasingly important role in interface and
surface sciences, since their distinctive chemical and physical properties can be
used advantageously as functional surfaces and as interfacial materials. Due to
their highly compact and globular shape, as well as their monodispersity, for
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example, dendrimers attached to flat surfaces [103-106] are useful for many
applications, such as data storage or nanolithography systems. A highly
branched poly(acrylic acid) film attached to a flat gold surface has been suc-
cessfully applied to a number of technical applications including corrosion inhi-
bition, chemical sensing, cellular engineering, and micrometer-scale patterning,
due to an extremely high density of functional groups at the surface [107]. The
surface chemistry and interfacial properties of hyperbranched polymers have
also become fields of growing interest [2, 108-115].

Figure 14 summarizes hyperbranched, branched, and linear polymers graft-
ed on surfaces. Depending upon the substrates, it can be divided into 3D, 2D, and
1D hybrids, which correspond to products grafted on spherical particles, planar
surfaces, and linear polymers, respectively. Previously, synthesis of dendrimers
and hyperbranched polymers grafted onto surfaces has been mainly conducted
by “grafting to” techniques [103-106, 115]. A series of repeated “grafting from”
steps have also been employed [107, 116, 117]. However, both approaches have
the disadvantage that many tedious synthetic steps are necessary to reach the
defined surface structures. Dendrimers grafted on a linear polymer chain (1D)
have also been synthesized [118-120].

In recent years, much attention has been paid to the use of controlled/ living
polymerizations from flat and spherical surfaces [121, 122], because this allows
better control over the MW and MWD of the target polymer. By using these tech-
niques, a high grafting density and a controlled film thickness can be obtained,
as such brushes consist of end-grafted, strictly linear chains of the same length
and the chains are forced to stretch away from the flat surface. Several research
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groups have recently reported the application of controlled/living polymeriza-
tion systems to the synthesis of organic/inorganic hybrids involving gold [123,
124] and silica [125-129] nanoparticles. These techniques have also been suc-
cessfully applied to the preparation of the linear polymers grafted on a linear
polymer chain with high density, resulting in the cylindrical polymer brushes
[118,130-133].

6.1
Hyperbranched Polymers Grafted from Planar Surfaces

Recently, we demonstrated a novel synthetic concept for preparing hyper-
branched (meth)acrylates on a planar surface in which a silicon wafer grafted
with an initiator layer composed of an a-bromoester fragment was used
for SCVP via ATRP [48]. Scheme 3 shows the reaction mechanism. Because
both the AB* inimer and the functionalized silicon wafer have groups capable
of initiating the polymerization of vinyl groups, the chain growth can be start-
ed from both the B* initiators immobilized on the silicon wafer and a B* group
in the inimer. Both of the activated B* can add to the double bond, A, to form
the ungrafted or grafted dimer with a new propagating center, A*. Further
addition of AB* inimer or dimer to A* and B* centers results in hyper-
branched polymers. The one-step self-condensing ATRP from the surface can
be regarded as a novel and convenient approach towards the preparation of
smart interfaces.

Self-condensing ATRP of the acrylate-type inimer 1 was found to yield poly-
mer films with a high DB and with a characteristic surface topography. Tapping
mode scanning force microscopy (SFM) and X-ray photoelectron spectroscopy
(XPS) were used to investigate the surface topography and chemical composi-
tion of the grafted hyperbranched polymers. Typical results are shown in Fig. 15.
The size and density of the nanoscale protrusions obtained on the surface and
the film thickness were observed to depend on the polymerization conditions,
such as the ratio [1]:[catalyst],. Similar results were obtained by SCVP of the
methacrylate-type inimer 9. In this way, we have been able to create novel sur-
face architectures in which the characteristic nanoprotrusions with different
densities and sizes are composed of hyperbranched polymers tethered directly
to the surface.

The chain architecture and chemical structure could be modified by SCVCP
leading to a facile, one-pot synthesis of surface-grafted branched polymers. The
copolymerization gave an intermediate surface topography and film thickness
between the polymer protrusions obtained from SCVP of an AB* inimer and the
polymer brushes obtained by ATRP of a conventional monomer. The difference
in the Br content at the surface between hyperbranched, branched, and linear
polymers was confirmed by XPS, suggesting the feasibility to control the surface
chemical functionality. The principal result of the works is a demonstration of
utility of the surface-initiated SCVP via ATRP to prepare surface-grafted hyper-
branched and branched polymers with characteristic architecture and topo-

graphy.
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Fig. 15. Schematic representation of the synthesis of hyperbranched, branched, and linear
polymers grafted from functionalized silicon wafers; SFM images and XPS spectra of the sur-
face-grafted polymers. (Reproduced with permission from [48]. Copyright 2001 American Che-

mical Society.)
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6.2
Hyperbranched Polymers Grafted from Spherical Particles

Synthesis of hyperbranched polymer-silica hybrid nanoparticles was conducted
by SCVP via ATRP from silica surfaces [134]. ATRP initiators were covalently
linked to the surface of silica particles, followed by SCVP of the inimer 1
(Scheme 4). Well-defined polymer chains were grown from the surface to yield
hybrid nanoparticles comprising silica cores and hyperbranched polymer shells
with multifunctional bromoester end groups. Such surface multifunctionality is
ideally independent of the surface curvature of the core particle and the layer
thickness of the polymer shell, which could not be achieved by linear polymers.
SCVCP of the inimer 1 and ¢-BuA from the functionalized silica nanoparticles
created branched Pt-BuA-silica nanoparticles. The functionality of the end
groups on the surface, and the chemical composition as well as the structure of
the branched polymers grafted on the silica nanoparticles could be controlled
by composition in the feed during the SCVCP, as confirmed by elemental analy-
sis and FTIR measurement. Field-emission scanning electron microscopy (FE-
SEM, Fig. 16), transmission electron microscopy (TEM), scanning force
microscopy (SFM), and dynamic light scattering (DLS) measurements indicate
that the hybrid nanoparticles comprising the silica core and the hyperbranched
polymer shell exist as isolated and aggregated forms. Novel hybrid nanopar-
ticles with branched polyelectrolytes, poly(acrylic acid) (PAA)-silica, were
obtained after hydrolysis of linear segments of the branched P#-BuA.

Surface-active initiator (B*) AB" inimer 1 End group H

SCVCP

Scheme 4. Synthetic routes for a silica particle with hyperbranched polymer shell (a) and
branched polyelectrolyte shell (b)
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Fig. 16. Representative FE-SEM images of the branched Pz-BuA-silica hybrid nanoparticles
obtained by SCVCP of t-BuA with the inimer 1 at y=6.1 (a, b) and y=1.1(c, d). (Reproduced
with permission from [134]. Copyright 2001 American Chemical Society.)

6.3
Theoretical Considerations

The calculated MW of polymers formed in SCVP without initiators (convention-
al SCVP in bulk or solution) is broader than that obtained from SCVP in the pres-
ence of f~functional initiators [40, 71].The presence of multifunctional initiators
leads to a considerable narrowing of the polydispersity index, which decreases
with increasing initiator functionality, f. Thus, the MW and MWD of the ungraft-
ed polymer obtained in solution might be different from those of the grafted
polymer produced by a surface-initiated SCVP. On the other hand, the effect of f-
functional initiators on the DB was calculated to be negligible under batch con-
ditions used here (inimers and initiators grafted on the surface are mixed instan-
taneously) [40]. This indicates that the DB does not depend on whether polymer
is formed in solution or on a surface. Therefore, it is reasonable to suppose that
SCVP of inimer 1 with functionalized silica particles (or silicon wafers) provides
surface-grafted poly(acrylate) with a highly branched structure, even if the cor-
relation of the molecular parameters of the soluble polymers with the polymers
grafted on the surface is not confirmed experimentally.
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Major drawbacks of hyperbranched polymers are the lack of controlling MW
and broad MWD. Hence, a challenging goal in this field is the development of
general AB* polymerization methods that achieve control over DB and narrow
MWD. Very few examples of the controlled approach to hyperbranched poly-
mers have been reported. Frey et al. reported the controlled chain-growth-type
of approach to hyperbranched polymers based on the anionic ring-opening self-
condensing polymerization of glycidol, which is another AB* monomer [4, 59].
The MWD of the resulting polyglycerols were reported to be in the range of
M, /M, =1.1-1.3.0n the other hand, Bharathi and Moore recently reported a new
hyperbranched procedure (one-step AB,-type polycondensation) which takes
place on an insoluble solid support, providing polymers with low polydisper-
sity and controlled MW [135, 136]. Recently, a series of hyperbranched
(meth)acrylates were synthesized by SCVP of the inimers 7 [45] and 11 [49] in
the presence of a tetrafunctional ATRP initiator capped with bromoester frag-
ment, which was used as the core-forming molecule. A decrease of the polydis-
persity was observed by the addition of the tetrafunctional initiator.

7
Summary and Perspective

In this review, we have described the synthesis of hyperbranched (meth)acry-
lates. We have shown that the solution and melt properties are considerably dif-
ferent from their linear analogs, due to their compact, nonentangled structure.
SCV(C)P has become a valuable tool in synthesis of hyperbranched polymers
from vinyl monomers. Theoretical investigations help to obtain information on
the molecular parameters of the resulting hyperbranched polymers which often
could not be obtained experimentally. Studies on the solution and melt proper-
ties help one to understand the relationship between the properties and molec-
ular parameters (DB, MW, distribution of branching points), which are extreme-
ly valuable from both industrial and scientific viewpoints.

A challenging goal in this field, particularly from the synthetic point of view,
is the development of general AB* polymerization methods that achieve control
over DB and narrow MWDs. Experimental results and theoretical studies men-
tioned above suggest that the SCV(C)P from surfaces, which are functionalized
with monolayers of initiators, permit a controlled polymerization, resulting
structural characteristics (molecular weight averages, DB) of hyperbranched
polymers. In particular, it is expected that the use of polyfunctional initiators
with a different number of initiator functionality, copolymerization, and slow
monomer addition techniques lead to control the molecular parameters.

Owing to multi-functionality, physical properties such as solubility and the
glass transition temperature and chemical functionality the hyperbranched
(meth)acrylates can be controlled by the chemical modification of the function-
al groups. The modifications of the chain architecture and chemical structure by
SCV(C)P of inimers and functional monomers, which may lead to a facile, one-
pot synthesis of novel functionalized hyperbranched polymers, is another
attractive feature of the process. The procedure can be regarded as a convenient
approach toward the preparation of the chemically sensitive interfaces.
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The one-step SCV(C)P from the surfaces was used for the development of
new hyperbranched polymer-inorganic 2D and 3D hybrid materials. Because
these hyperbranched polymers contain a high density of functional groups, they
are suitable for a number of technological applications including corrosion inhi-
bition, chemical sensing, cellular engineering, or catalysis. Furthermore, the 3D
hybrids with various functional groups, such as carboxylic acid groups, can be
used as fundamental buildings blocks for the synthesis of macromolecular clus-
ters with a higher order of complexity. Thus, a well-controlled synthesis for these
materials is considered to lead the creation of an entirely new category of mate-
rials that are controllable on nanoscopic scale and have chemically sensitive
interfaces.
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1
Introduction

Recently, increasing attention has been focused on the functionalization of den-
drimers, which are regularly hyper-branched macromolecules with well-defined
nanostructures [1]. A number of interesting dendrimers with functional organ-
ic groups have been reported [2]. On the other hand, incorporation of metallic
species into dendritic molecules has enabled access to highly ordered materials
with attractive magnetic, electronic, and photo-optical properties as well as
characteristic reactivity [3]. Balzani’s group [4] and Newkome et al. [5] inde-
pendently initiated such studies by using polypyridine Ru complexes in the early
1990s. Organometallic dendrimers offer several advantages for tailoring den-
dritic molecules with desirable functionalities due to not only the availability of
a wide variety of organic compounds that coordinate to many kinds of metal
atoms but also the flexibility of the coordination modes between metal atoms
and organic ligands. The appropriate choice of organometallic complexes for the
core and the building block allows us to design a novel dendritic molecule in
which the number and position of the metallic species are precisely controlled,
and specific applications such as catalysts, multi-redox system, and molecular
sensors are realized [6].

From the view point of structural feature, organometallic dendrimers can be
classified into two categories. One has metallic species at specific positions of
the dendritic molecules, and the other has metallic species in every generation.
Each of them is further classified into two types, as shown in Fig. 1. The former
consists of (A) core type (Fig. 1A) and (B) surface type (Fig. 1B) dendrimers,
both of which have been often applied to dendritic catalysts. The latter consists
of (C) the side chain type (Fig. 1C), in which the skeleton of dendritic molecules
is composed of organic units and metallic species are incorporated as structur-
al auxiliaries, and (D) the main chain type (Fig. 1D), in which metallic species
are used as a member of repeating units. Most of the organometallic dendrimers
that have been reported so far belong to types A, B, or C because those den-
drimers can be prepared by multi-step successive organic reactions, which are
similar to those used for organic dendrimers, and a single organometallic reac-
tion. In contrast, type D organometallic dendrimers have to be built up by multi-
step successive organometallic reactions and therefore the reactions character-
istic of organometallic complexes can be utilized for the preparation of such
dendrimers. However, organometallic complexes suitable for use as repeating
units of dendrimers are rare due to their low stability relative to organic and
inorganic molecules. Type D dendrimer is a fascinating molecule not only as a
synthetic target but also as a novel nano-sized material.

Some reviews on organometallic dendrimers have already appeared [6]. How-
ever, those review articles mainly focus on types A, B,and C organometallic den-
drimers. In this review we summarize recent developments in the synthesis of
type D organometallic dendrimers, including our contributions to this young
and rapidly growing field. Although illustration of the primary structure is
attempted for as many organometallic dendrimers as possible, for some mole-
cules only one of the dendritic wedges around the core is shown and the other
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(A) Core type (B) Surface type

@: Metallic species

(C) Side chain type (D) Main chain type

Fig. 1A-D. Classification of organometallic dendrimers by position of metal atoms

dendritic wedges are drawn using a sector with DW, because the full two-dimen-
sional representation is fairly difficult for the higher generation dendrimers due
to page space.

2
Dendrimers Based on Alkyl-Metal Complexes

In 1994, Achar and Puddephatt reported the first example of an organometallic
dendrimer that involves metallic species in every generation [7]. Their synthetic
strategy of alkylplatinum dendrimers was based on reactions characteristic of
organometallic complexes, and is shown as follows: (1) oxidative addition of ben-
zyl bromide to PtMe,(bpy) (bpy=2,2’-bipyridyl) generating benzylplatinum(IV)
species; and (2) ligand exchange reaction of [PtMe,(u-SMe,)], with bpy to give
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Scheme 1. Synthesis of alkylplatinum dendrons 5 and 6

PtMe,(bpy) complexes. Thus, they prepared organoplatinum dendrons from
PtMe,(4,4’-Bu’,bpy) (1) by repeating the reaction with 4,4’-di(bromomethyl)-
2,2’-bipyridine (2) followed by the reaction with [PtMe,(1-SMe,)], (4) to give
the first-generation dendron (5) (Scheme 1). Although the second-generation
dendron (6) containing seven atoms of Pt in the molecule could be prepared,
further growth of alkylplatinum dendrons was unsuccessful due to a decrease in
the reactivity at the focal point. Treatment of the first- and second-generation
dendrons with 1,2,4,5-tetra(bromomethyl)benzene resulted in the formation of
the first- and second-generation dendrimers [8]. The second-generation den-
drimer 7, shown in Fig. 2, contains 28 Pt atoms in the molecule. A similar
organoplatinum dendrimer modified by ferrocenyl groups at its periphery was
also prepared by using PtMe,[4,4’-(FcCH=CH),bpy] as the starting material [9].
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Fig.2. Second generation alkylplatinum dendrimer 7

A divergent route for the synthesis of organoplatinum dendrimers has been
developed by using a bis(bpy) compound as the building block [10]. Although
a first-generation dendrimer was prepared by the reaction of a trinuclear
platinum complex with the bis(bpy) compound followed by treatment with
[PtMe,(u-SMe,)],, further growth was prevented due to low solubility of the
resulting dendrimer. However, mixed-metal organometallic dendrimer (8) was
prepared by treatment with [PdMe,(p-SMe,)], instead of [PtMe,(u-SMe,)],

(Fig. 3).

Me 0]
7N _ /T
=N N /
/Pd\
Me Me

Fig.3. Mix-metal dendrimer 8
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3
Dendritic Sphere Based on Aryl-Metal Complexes

3.1
Hyper-Branched Polymers Based on Aryl-Metal Complexes

Reinhoudt and coworkers studied the synthesis of hyper-branched polymers
composed of organopalladium complexes with an SCS pincer ligand [11].
Removal of acetonitrile ligands on palladium led to the self-assembly of dinu-
clear palladium complex (9) to give hyper-branched polymer (10), which was
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Scheme 2. Self-assembly of dinuclear palladium complex 9
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easily converted into the starting material by the addition of small amounts of
acetonitrile (Scheme 2). Observation of the self-assembled sample by means of
AFM and TEM revealed that the hyper-branched sphere is about 200 nm in
diameter on average. The size of the hyper-branched polymer could be con-
trolled by the substituents on the pincer ligand and the counter anion [12].
Larger substituents and/or counter anion tended to produce smaller assemblies.

3.2
Dendrimers Based on Aryl-Metal Complexes

Reinhoudt and coworkers reported the divergent synthesis of arylpalladium
dendrimers, in which the assembly of the organopalladium building block
was controlled by chloride ligands that prevent the coordination of cyano
groups (Scheme 3) [13]. Treatment of trinuclear palladium complex (12),
which is regarded as a zero generation dendrimer, with AgBF,, followed by the
addition of 3 equiv. of building block (11) produced the first-generation den-
drimer (13) in a good yield. Repetition of the above procedure gave den-
drimers up to the third generation (14). An organopalladium building block
possessing a 4-pyridyl group at the focal point was also prepared and was suc-
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Scheme 3. Divergent synthesis of arylpalladium dendrimers
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Fig.4. Arylpalladium dendrimer 18 with porphyrin nuclei

cessfully applied to the synthesis of dendrimers by both divergent and conver-
gent methods [14].

Organopalladium dendrons (15) equipped with barbituric acid residue were
assembled around 2,4,6-triaminotriazine derivative (16) in a [3+3] fashion by
hydrogen bonding to give dendrimers up to the third generation (17) (Scheme 4)
[15]. Organopalladium dendrimer (18) having porphyrin nuclei at the center
and/or periphery was also prepared by a convergent method (Fig. 4) [16]. How-
ever, no interaction between organopalladium moieties and porphyrin nuclei
was observed. Organopalladium dendrimers containing hydrophobic dendrons
at the periphery were also prepared [17].

4
Dendritic Sphere Based on Alkynyl-Metal Complexes

The alkynyl-metal (metal-acetylide) complex is one of the best building blocks
for organometallic dendrimers, since it has some advantages compared to other
organometallic complexes [18]. Most of the metal-acetylide complexes are ther-
mally robust and stable, even when exposed to air and moisture. Metal-acetylide
complexes are fairly accessible in high yields by well-established synthetic metho-
dology [19]. These features are essential to the construction of dendrimers.
Metal-acetylide complexes have been used as a unit of organometallic poly-
mers that have metallic species in the main chain [20]. Representative examples
are metal-poly(yne) polymers (19) of group 10 metals depicted in Scheme 5.
These polymers are easily prepared from M(PR;),Cl, (M=Pt, Pd) and dialkynyl
compounds catalyzed by Cu(I) salts in amine. Recently, this synthetic method
was successfully applied to the construction of metal-acetylide dendrimers.
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Scheme 5. Synthesis of transition metal-poly(yne) polymers 19

Metal-acetylide complexes including metal-poly(yne) polymers often show
unique properties [21-23]. Thus, metal-acetylide dendrimers are of interest
because amplification of the functionality due to metal-acetylide units based on
three-dimensional assembly with a regular dendritic structure is expected.

4.1
Hyper-Branched Polymers Based on Alkynyl-Metal Complexes

Lewis and coworkers were the first to report on the preparation of hyper-
branched platinum-acetylide polymers [24]. The reaction of Pt(PBus),Cl, with
triethynylbenzene in a 3:2 molar ratio gave polymer 20 that is insoluble in com-
mon organic solvents. Although the structure was not fully established, the poly-
mer was proposed to have a highly cross-linked structure. When large amounts
of p-diethynylbenzene were added to the reaction mixture (triethynylbenzene:
p-diethynylbenzene=1:50), the resulting polymer 21 was fairly soluble in organ-
ic solvents due to the small number of branching units (Scheme 6).

H
V4
P{PBuUg),Cl, + H-= _cux
amine
AN
H

Scheme 6. Syntheses of hyper-branched platinum-acetylide polymers 20 and 21
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Scheme 7. Self-polycondensation of AB, type platinum-acetylide monomer

On the other hand, self-polycondensation of AB, type monomer 22 produced
soluble polymer 23 (M,,=16,000, M, /M,=1.28) [25] (Scheme 7). Concentration
of the monomer showed little influence on the molecular weight of the resulting
polymers. 'H and *'P NMR spectra suggested that the polymer has a hyper-
branched sphere partially involving a cyclic structure.

4.2
Approaches to the Synthesis of Platinum-Acetylide Dendrimers
Without Protecting Groups

When metal-acetylide complexes of palladium and platinum are prepared from
the reaction of M(PR;),Cl, (M=Pt, Pd) with terminal acetylene catalyzed by
CuX, the number of alkynyl groups on the metal can be controlled by the molar
ratio of the starting materials [19a, 20]. The reaction using equimolar amounts
of terminal acetylene relative to M(PR;),Cl, produced a monoethynyl complex
M(PR;),(C=CR")Cl selectively, whereas the reaction with 2 equiv. of terminal
acetylene gave a diethynyl derivative M(PR;),(C=CR’),. In general, the M-C
bonds of platinum-acetylide complexes are much more stable than those of pal-
ladium analogues. Cleavage of Pt-C bonds takes place in the presence of a
CuX catalyst at approximately 100 °C, but not at room temperature. In contrast,
Pd-C bonds are easily cleaved in the presence of the CuX catalyst even at room
temperature. Thus, the first preparation of metal-acetylide dendrimers was real-
ized by using platinum-acetylide complexes with non-protected terminal acety-
lene [26].

Trinuclear platinum-acetylide complex (24), which is a building block for the
construction of dendrimers, was prepared from the reaction of triethynylme-
sitylene with 3.3 equiv. of Pt(PBu;),Cl, in a good yield. Although the reaction
of triethynylmesitylene with excess amounts of complex 24 produced the first
generation dendrimer 25 having nine Pt atoms in the molecule (Scheme 8),
separation of the resulting dendrimer from the unreacted trinuclear platinum-
acetylide was very difficult. However, the first-generation dendrimer 26 was suc-
cessfully isolated by alumina column chromatography after the introduction of
phenylethynyl groups at the periphery by subsequent treatment of the reaction
mixture with phenylacetylene.

When the preparation of the second-generation dendrimer was attempted by
reacting trinuclear platinum-acetylide complex (27) (Fig. 5), which is also a first
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Scheme 9. Syntheses of second-generation platinum-acetylide dendrimer 28

generation dendrimer having six ethynyl groups, with excess amounts of trinu-
clear platinum-acetylide complex 24, a complex mixture of various molecular
sizes was produced. However, modification of the synthetic procedure for the
first-generation dendrimer resulted in the formation of the second generation
dendrimer (Scheme 9). Thus, the first-generation dendrimer generated in situ
was treated with excess amounts of triethynylmesitylene, followed by the reac-
tion with excess amounts of Pt(PBu;),(C=CPh)Cl to give the second-genera-
tion dendrimer selectively. Isolation of the second-generation dendrimer was
achieved by repetitive alumina column chromatography with much effort.
Therefore, the preparation of higher generation dendrimers by this methodo-
logy is very difficult.

Stang and coworkers also reported the synthesis of platinum-acetylide den-
drimers using 1,3,5-triethynylbenzene as the bridging ligand [27]. Their strategy
was very similar to the above, and they prepared dendrimers up to the second
generation.

4.3
Convergent Synthesis of Platinum-Acetylide Dendrimers

Recently, an efficient convergent synthesis of platinum-acetylide dendrimers
has been reported [28]. The methodology involves the use of two kinds of trial-
kylsilyl protecting groups, trimethylsilyl and tri(isopropyl)silyl, of the terminal
acetylene for the synthesis of platinum-acetylide dendrimers. In dendrimer
synthesis, purification of the building blocks is very important for isolating
pure samples of dendritic molecules up to high generations. To purify low mol-
ecular weight products by recrystallization, platinum complexes possessing
PEt; ligands were used as starting materials for the synthesis of the desired
dendrimers.
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Scheme 10. Convergent synthesis of first-generation platinum-acetylide dendrimer 31

The synthetic route for the first-generation dendrimer is illustrated in
Scheme 10. Taking advantage of the difference in reactivity between aryl iodide
and bromide, one triisopropylsilylethynyl group and two trimethylsilylethynyl
groups were introduced by the successive reaction of 1-bromo-3,5-diiodoben-
zene with triisopropylsilylacetylene and trimethylsilylacetylene in the presence
of Pd-Cu catalyst [29]. After selective removal of the trimethylsilyl groups
by treatment with K,CO;, platinum-acetylide moieties were attached to the
ethynyl groups. Finally, triisopropylsilyl group was removed by reacting with
tetrabutylammonium fluoride (TBAF) to give the first-generation dendron (29)
quantitatively.

The reaction of the first-generation dendron 29 with the core, which is a trin-
uclear platinum complex (30) bridged by 1,3,5-triethynylmesitylene, in a molar
ratio of 3:1 resulted in the formation of the first-generation dendrimer (31).
Since the reaction proceeded quantitatively and no side products were observed,
the first-generation dendrimer was easily isolated by alumina column chro-
matography.

The first-generation dendron 29 was grown up to the second- and third-gen-
eration dendrons 33 and 34 by the successive reaction with dinuclear platinum
complex 32 followed by treatment with TBAF for desilylation (Scheme 11). Reac-
tions of the second- and third-generation dendrons 33 and 34 with the core
30 gave the second- and third-generation dendrimers, respectively. Although
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Fig.6. Tetranuclear platinum-acetylide complex 35 used as the core for convergent synthesis

the fourth-generation dendron was successfully prepared, similar reaction of
the fourth-generation dendron with the core led to the formation of not only the
fourth-generation dendrimer but also defective dendrimers, which could not be
separated. The dendrimers were fully characterized by NMR spectroscopy, while
no molecular ion peaks could be observed in the mass spectrometry including
MALDI-TOF MAS. In particular, signals due to the three methyl groups at the
core and methoxy groups at the periphery provided valuable information for the
characterization by 'H NMR. Thus, the integral ratios of these signals were in
good agreement with the expected structure of each dendrimer.

When tetranuclear platinum complex (35) bridged by tetra(4-ethynylphenyl)-
methane was used as the core (Fig. 6), dendrimers having more platinum atoms
than those prepared from trinuclear platinum core 30 in the molecule were
obtained up to the third generation. GPC analysis of these dendrimers revealed
that the dendrimers with a tetraplatinum core have a similar molecular size to
those with the triplatinum core 30.

The development of the convergent route enabled us to design new platinum-
acetylide dendrimers with functional organic groups at the core. Since it is well
known that halide ligands on transition metal atoms are reversibly substituted
by pyridine derivatives, the introduction of a 4-pyridyl group at a focal point of
dendrons will give dendrimers, the morphology of which may be controlled by
chemical stimuli. Treatment of trinuclear palladium complex 36 with the first-
and second-generation dendrons 37 and 38 in the presence of NaBAr, (Ar=3,5-
(CF;),C¢H3) resulted in complete ligand exchange and produced the first- and
second-generation dendrimers 39 and 40 in quantitative yields (Scheme 12)
[30]. However, a similar ligand exchange reaction did not take place in the reac-
tion with the third-generation dendrons at all. The first- and second-generation
dendrimers 39 and 40 quantitatively dissociated to the palladium core 36 and
the first- and second-generation dendrons 37 and 38, respectively. Quantitative
formation of dendrimers and dissociation into the core and dendrons were
repeated up to three times by successive treatment of NaBAr, and Bu,NCI,
respectively. Although there are a few examples on the control of dendrimer
morphology based on their photochemistry in the literature [31], this is the first
example of control by using chemical stimuli.
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Fig.7. Third-generation platinum-acetylide dendrimer 41 with a porphyrin core

Recently, platinum-acetylide dendrimers having a porphyrin core were also
prepared by a convergent method up to the third generation 41 (Fig. 7) [32].
Dendrimers with a porphyrin core are promising molecules, because porphyrin
is a representative functional organic molecule and the local environment often
affects its functionalities. Some of the dendrimers exhibit interesting properties
due to the encapsulation of a porphyrin core in the interior of dendritic struc-
tures [33]. Dendrimer 41 and its derivatives showed a Soret band at about
Amax=435 nm, and the ¢ value decreased with an increase in generation number.
Energy transfer from platinum-acetylide dendrons to the porphyrin core was
observed in these dendrimers. Fluorescence from the porphyrin core decreased
appreciably as the generation number of dendrimers increased with a change of
the spectra. These results suggest that the electronic properties of the porphyrin
nucleus are influenced by the platinum-acetylide sphere of the dendrons.
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4.4
Divergent Synthesis of Platinum-Acetylide Dendrimers

A divergent approach to the synthesis of platinum-acetylide dendrimers was
also developed [34]. The building block for divergent synthesis is the mononu-
clear platinum-acetylide complex (42), which has been prepared from 1-bromo-
3,5-diiodobenzene by a manner similar to that used for convergent synthesis,
and the trimethylsilyl and triisopropylsilyl groups have been effectively em-
ployed as protecting groups of the terminal acetylene. Triethynylmesitylene, of
which the methyl groups are very important for the characterization of the
resulting dendrimers, was chosen as the core.

The reaction of triethynylmesitylene with 3 equiv. of the building block in the
presence of CuCl catalyst in diethylamine resulted in the quantitative formation
of the first-generation dendrimer (43). After the removal of the triisopropylsilyl
groups by treatment with Bu,NF, the dendrimer with terminal acetylenes was
grown up to the second generation (44) by reacting with 6 equiv. of the building
block, and further to the third-generation dendrimer (45) in a similar manner
(Scheme 13). However, in the preparation of the fourth generation dendrimer, a
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Scheme 13. Divergent synthesis of platinum-acetylide dendrimers
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structural defect was detected by 'H NMR, which showed signals due to unre-
acted terminal acetylenes. Based on the signal of the methyl groups at the core,
it was found that 25% of the product has one unreacted terminal acetylene on
average, though 75% of the product has the expected structure. However, this
problem was resolved by using 25 mol% excess of the building block in the reac-
tion. After purification by column chromatography, the resulting dendrimer
was easily isolated by reprecipitation and the unreacted building block was
recovered quantitatively. Disappearance of the signal assignable to the terminal
acetylenes in the 'H NMR clearly showed that the reaction proceeded complete-
ly to give the desired fourth-generation dendrimer. It is very important for char-
acterization of the dendrimers that the number of unreacted terminal acetylene
is estimated by 'H NMR in every generation since all dendrimers have three
methyl groups at the core regardless of the generation number. Successive reac-
tions led to the formation of up to the sixth-generation dendrimer (46) with no
significant amounts of structural defects (Fig. 8). The sixth-generation den-
drimer 46 has 189 Pt atoms in the molecule, and its molecular weight is as high
as 139,750. This is the largest organometallic dendrimer reported to date.
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Fig.8. Sixth generation platinum-acetylide dendrimer 46

4.5
Synthesis of Ruthenium-Acetylide Dendrimers

Humphrey and coworkers reported the synthesis of ruthenium-acetylide den-
drimers by a convergent method (Scheme 14). In their initial study, the first-gen-
eration dendrimer (49) was prepared from triruthenium complex (48) and the
first-generation dendron (47) by using trimethylsilyl groups for protection of
the terminal acetylene [35]. Recently, they developed a conventional route to the
synthesis of ruthenium-acetylide dendrimers without having to use protecting
groups [36]. Even if 1,3,5-triethynylbenzene was treated with excess amounts of
cis-Ru(dppm),Cl,, dinuclear ruthenium-acetylide complex (50) was selectively
obtained due to the steric repulsion between the ruthenium moieties [37]. Com-
plex 50 is an archetypal building block for ruthenium-acetylide dendrimers,
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Scheme 14. Convergent synthesis of first-generation ruthenium-acetylide dendrimer 49

and has been applied to the synthesis of the first-generation dendrimers (51)
(Scheme 15).

The first-generation dendrimer 51 was directly observed by transmission
electron microscopy (TEM). The TEM image showed that the dimensions of
individual molecules are about 50 A, which is consistent with the calculated one
[36]. Third-order NLO measurements showed a significant enhancement of two-
photon absorption upon proceeding from the constituent molecules to the den-
dritic complex [35].
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Scheme 15. Rapid convergent approach of the synthesis of first-generation ruthenium-acety-
lide dendrimer 51

5
Concluding Remarks

The unique features of dendrimer architecture and the rich chemistry of organo-
transition metal complexes have been combined in organometallic dendrimers
that have potential for a wide range of applications. As evident from this review,
dendrimers composed of organometallic building blocks have evolved recently
following the development of organometallic dendrimers with metallic species
at the core or periphery. A new family of organometallic dendrimers is expected
to be developed through the design of the building blocks, considering the struc-
tural features of the organometallic complexes and the topological features of the
dendrimers. The intramolecular interaction among metallic species in such den-
dritic molecules may provide a good opportunity for the synthesis of novel func-
tional materials. However, the instability of organometallic complexes remains
to be a barrier for the purification and characterization of the resulting den-
drimer. Thus, the development and technical improvement of purification and
characterization methods are crucial for the future chemistry of organometallic
dendrimers that are expected to have more complicated structures. Since
organometallic complexes have opened many new ways in supramolecular
chemistry, organometallic dendrimers will play a very important role in not only
organometallic chemistry and polymer science but also material science.
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Dendrimer chemistry has taught us that these molecules create a nano-sized closed space that,
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Abbreviations and Symbols

2HPor porphyrin free base

CPO(s) cyclic porphyrin oligomer(s)

GPC gel permeation chromatography
HSAB hard and soft acid and base theory

MALDI-TOF MASS matrix-assisted laser desorption/ionization time-of-flight
mass spectroscopy

MgPor magnesium porphyrin

NMR nuclear magnetic resonance

Pd,(dba), tris(dibenzylideneacetone)dipalladium(0)
QE quantum efficiency

Ryvalue valuerate of flow value for chromatography
Ru'l(CO)Por ruthenium porphyrins

STM scanning tunneling microscopy

VPO vapor pressure osmometry

ZnPor zinc porphyrin

1

What Dendrimer Chemistry has Taught Us

1.1
Achievements of Dendrimer Science and Another Novel Science Based
on the Dendrimer Concept

The chemistry and physics of dendritic compounds started a decade ago [1-5].
Today, this science of uniquely shaped molecules, namely, dendrite-shaped mol-
ecules, is one of the most exciting topics of contemporary interdisciplinary
research. The dendrimers and their related molecules have been investigated
widely not only from the viewpoints of synthetic, physical, and material
chemistries but also from that of mathematics. Accompanying the development
of the science in this decade, research interest has shifted from the mere challenge
of preparing molecules with unique shapes, via their excited state chemistries
involving inter- and/or intramolecular photo-induced electron and/or energy
transfer, to the nanoscience.

In this decade, all chemistry research fields have adopted and/or applied the
dendrimers and/or dendrimer methodologies. The table of contents of this
series, Topics in Current Chemistry: Dendrimers Volumes I-I1V, clearly indicates
this situation [1-4], that is, the concept of dendritic compounds has already
been introduced in host-guest and/or supramolecular chemistry (Vol.1/Chap. 2,
Vol. II/Chaps. 3,4, Vol. IV/Chap. 3), chiral chemistry (Vol. I/Chap. 4), electro-
chemistry (Vol. I/Chap. 6, Vol. III/Chap. 3), heteroatom and/or organometallic
chemistries (Vol.I/Chap. 3, Vol. II/Chaps. 2,5, and Vol. IV/Chap. 4), and carbohy-
drate chemistry (Vol. IV/Chap. 6), as well as applied in the field of medicine
(Vol. II/Chap. 6) and nanoscience (Vol. III/Chap. 4). The dendrimer methodolo-
gy is expected to be used in future novel science as a conventional chemistry
concept.
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What research objectives should dendrimer chemistry therefore target as the
second stage of this science? The answer is the progress of macromolecular
chemistry while maintaining the dendrimer concept, even if we do not use mol-
ecules with the dendritic shape.

1.1.1
Wouldn't it be Possible for Another Novel Science Based on Dendrimer Science to Evolve?

During this decade, what has dendrimer chemistry taught us? Dendrimers exhibit
various functions. Generally, most of the properties of materials are governed by
their electrons and resultant molecular orbital interactions; however, several
functions of dendrimers, such as their energy-harvesting property [6], are diffi-
cult to understand from simple molecular orbital interactions. These functions
are, presumably, attributable to the three-dimensional spherical shape of the
molecule, usually constructed by the covalent bonds of such typical elements as
carbon, nitrogen, and oxygen. The molecules create a nano-sized closed space
that, presumably, is the origin of the specific properties of the dendrimers. This
hypothesis leads to another molecular design that the nano-sized closed space
created inside the molecule may exhibit specific physical properties.

Based on the working hypothesis described above, the author focuses on the
chemistry of cyclic porphyrin oligomers (CPOs). As described in the next sec-
tion, porphyrin is a multi-functional compound and the nano-sized closed
space created by these molecules should therefore be of interest to chemists.

1.2
Basic Properties of Metalloporphyrins

Porphyrin 1 is the parent system of the naturally occurring chlorophyll 2 and/or
the industrially useful phthalocyanine 3 (Fig. 1) [7, 8]. Porphyrins play important
roles in the field of biology, for example, in the light-harvesting process of green
plants, in the photo-induced charge separation at the photosynthesis reaction cen-
ter, as oxygen carriers, and as redox mediators. Reflecting these versatile functions,
these molecules have been called the “pigments of life”. In the field of material sci-
ence, this expanded m-electron system is frequently used as a component molecule
for molecule-based conductors [9], magnets [10], and light-emitting devices [11].

Porphyrin consists four pyrroles and each pyrrole is connected by a methyne
carbon; therefore, the m-electrons of porphyrin are delocalized over the mole-
cule. The eighteen m-electrons of the molecule obey the Hiickel rule and there-
fore contribute to the aromaticity. This delocalization changes the nitrogen
atoms of pyrrole into amine-type nitrogens with a hydrogen atom and imine-
type nitrogen atoms, similar to pyridine’s nitrogen. The two hydrogen atoms
connected to the former amine-type nitrogens are weak acids; therefore, chelate
complexes are formed in the presence of metal salts and/or complexes, M™X
(M=metal ion, X=counter anions). Porphyrin is formally a doubly charged lig-
and. Hence, the porphyrin ligand produces a neutral molecule with a divalent
metal cation, such as Co?*, Ni**, Cu?*, Zn**, etc. These metalloporphyrins behave
as pseudo-covalently bonded molecules that can be subjected to chromatogra-
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Fig.1. Structures of porphyrin 1, chlorophyll 2, and phthalocyanine 3. In the presence of met-
al salts M™*X (M=metal, X=counter anion, n=oxidation state or number of counter anions),
porphyrins produce chelate complexes. Some metal chelates of the porphyrins, such as ZnPor,
form further coordination bonds with other ligands such as pyridines

phy or vacuum sublimation purifications. Today, most elements form the corre-
sponding metallocomplexes with porphyrin ligands and therefore, porphyrin
acts as a “perfect ligand”. Acid treatment of the complexes leads to demetalation
reactions. The ability of the acid to remove the incorporated metal varies
depending on the metal, for example, nickel porphyrin requires concentrated
sulfuric acid and the pH of water is sufficiently strong to remove calcium from
the corresponding metal complexes (vide infra).

The distance between the diagonal nitrogen atoms is approximately 4 A [12].
The distortion induced by the incorporated metal is negligible and planar four-
coordinated metallocomplexes are produced. Therefore, the metal-nitrogen dis-
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tances of the metalloporphyrins are approximately 2 A, and this ligand provides
a similar coordination environment to the elements incorporated. Several in-
corporated metals require further axial ligation to produce pyramidal five-
coordinated complexes, octahedral six-coordinated complexes, etc. (Fig. 1). For
example, copper porphyrins (Cu''Pors) require no axial ligand; however, zinc
porphyrins (Zn''Pors) produce pyramidal five-coordinate complexes with one
pyridine-like ligand, and furthermore, magnesium porphyrin requires two axial
ligands. Trivalent metals, such as Al**, Ga*', and In**, form pseudo-covalent
bonds with anions such as halogens and five-coordinated complexes. The nature
of the axial coordination phenomena is dependent on the metal and is difficult
to discuss comprehensively.

As described before, the 7-electrons of porphyrin are delocalized over the
molecule and the energy levels of the HOMO and the LUMO are high and low,
respectively. The resultant narrow intramolecular HOMO-LUMO gap causes
absorption of the entire region of visible light. Usually, porphyrins are red to
purple and phthalocyanines are blue to green. Furthermore, the long lifetime of
their excited states is applicable to the construction of photo-induced electron
and/or energy transfer systems.

1.3
Research Objectives of Cyclic Porphyrin Oligomers in the Context of Dendrimer Chemistry

Thousands of cyclic-shaped molecules are known. Why then must we focus on
the cyclic porphyrin oligomers (CPOs) in the context of dendrimer chemistry?
Are there any specific properties and functions associated with CPOs?

The most popular and important motivation for investigating CPOs is the
mechanistic studies on the light-harvesting process in photosynthesis and the
creation of novel photon-electron conversion devices aiming at artificial photo-
synthesis [13, 14]. The first stage of the photosynthesis is the light-harvesting
process, and the combined photo-excited energy is used for charge separation
and the subsequent chemical reaction that produces oxygen. The three-dimen-
sional structures of the protein participating in the light-harvesting process are
revealed by single-crystal diffraction studies and the resolution of the structure
is increasing yearly [14]. Surprisingly, 27 porphyrins make up the ring in the
protein. However, the reason why nature adopted the ring shape for the light-
harvesting system is still unclear. Many methodologies are considered to reveal
this perfect biological machine.

Many methodologies exist to elucidate the functions of complicated biologi-
cal systems including photosynthesis. The direct observation of the phenomena
using high-performance research facilities is one of the strategies. However, syn-
thetic chemists adopt the method of design, synthesis, and evaluation of model
compounds that serve as the essence of biological systems. They systematically
design, prepare, and evaluate a series of model compounds by changing the
structure little by little.

To reveal the light-harvesting process, synthetic studies on cyclic porphyrin
oligomers, designed based on the information of the protein structure, are con-
sidered. Nature adopted the cyclic alignment of chlorophyll. Is the closed cyclic
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architecture needed for the efficient light harvest? For this query, we design a
cyclic oligomer and a linear chain oligomer, both containing an identical num-
ber of porphyrins. Does the number of chlorophylls affect the efficiency of the
light-harvesting process? For this query, we design a series of cyclic porphyrin
oligomers constructed from two, three, four, or more porphyrins. A variety of
CPOs are expected to be designed, synthesized, and evaluated to clarify the fac-
tors governing the light-harvesting process.

The second motivation of this research field is molecular recognition and
enzyme reaction using the nano-sized space produced by CPOs [15]. The chem-
istry of crown ethers is the most representative example; however, the shape of
the nano-sized space used in this chemistry is a “line” of ethylene glycol units.
Calix-aromatic compounds form the space created by the planes of the substitut-
ed aromatic compounds. Porphyrin, a rigid and large square-shaped m-system of
10-A length per side, is larger than benzene and acts as a panel [12]. Furthermore,
porphyrin has important specific properties, namely, chelation of metals, further
ligation with the incorporated metal, light absorption, long excited state lifetime,
and porphyrin-centered and metal-centered redox reactions, and these proper-
ties are difficult to obtain from other m-electron systems. By using the nano-sized
space constructed by this multi-functional molecular panel, novel chemistry is
expected, which exceeds the previous host-guest chemistry.

Porphyrin is a multi-detectable molecule, that is, a number of its properties
are detectable by many physical methods. Not only the most popular nuclear
magnetic resonance and light absorption and emission spectroscopic methods,
but also the electron spin resonance method for paramagnetic metallopor-
phyrins and Méssbauer spectroscopy for iron and tin porphyrins are frequent-
ly used to estimate the electronic structure of porphyrins. By using these multi-
detectable properties of the porphyrins of CPOs, a novel physical phenomenon
is expected to be found. In particular, the topology of the cyclic shape is an ide-
al one-dimensional state of the materials used in quantum physics [16]. The con-
cept of aromaticity found in fullerenes, spherical aromaticity, will be revised
using m-conjugated CPOs [17].

2
Synthetic Methodologies of CPOs

In this chapter, some experimental tips on the synthetic studies of CPOs are
reviewed. Because this class of materials has specific properties associated with
the large size of molecules, several special methodologies should be dealt with,
which are applicable to the dendrimers.

2.1
High-Dilution and Template Methods

The synthesis of cyclic compounds is a “battle” for the yield. The general syn-
thetic strategies of CPOs are illustrated in Fig. 2. The first one involves one-pot
synthesis using a porphyrin unit (method A), and the second one is the ring-
closing reaction of the chain-shaped PO (method B) [11].
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Fig.2. Synthetic strategies, method A and method B, of cyclic porphyrin oligomers. Black and
white circles indicate the reaction points and the resultant linkage moieties, respectively

The advantage of method A is that starting materials, such as B and C, are eas-
ily available. The disadvantage includes the difficulty of controlling the compo-
sition (n) of the products. Furthermore, the isolation of the desired CPOs from
by-products of similar structure is difficult to carry out. The merit of method B
is that the desired CPO is obtained selectively under the high-dilution condition.
The disadvantage is that the preparation of D requires many synthetic steps.
Although both methods are employed, the desired CPO is difficult to isolate as a
major product with a high yield. In most cases, structurally unidentified poly-
meric products contaminate the reaction.

The high-dilution and template methods are frequently used in the synthesis
of cyclic compounds with the aim of increasing the yield. The former method is
carried out at substrate concentrations lower than 1 mM [18-20]. This reaction
condition decreases the contact of the substrate molecules in the solution. The
linear intermediate produced prefers the intramolecular cyclization reaction
rather than the intermolecular reaction. Therefore, this reaction condition is
useful for the intramolecular reaction, method B (Fig. 2).

The latter method, the template method, involves a reaction to produce a
transition state similar to the desired product using a template. The template
should have a shape similar to the space of the product. The template interacts
with the substrate by forming noncovalent bonds such as coordination bonds
(Fig. 3). The representative and most successful examples are found in crown
ether chemistry. In the chemistry, alkali metals act as templates to create a
crown-ether-like transition state with an ethylene glycol substrate by using
metal-oxygen coordination bonds.
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Fig.3a,b. Template cyclization reactions of a crown ethers and b CPOs. The coordination bonds
are illustrated by black arrows.In the crown ether synthesis, ethylene glycols coordinate toward
the metal acting as the template (normal template reaction); however, the template coordinates
to the incorporated metals of porphyrin in CPO synthesis (inverse-template reaction)

Is a similar method applicable to CPO synthesis? As described above (Fig. 1),
some metalloporphyrins require axial ligand(s). For example, zinc porphyrin
(ZnPor), magnesium porphyrin (MgPor), and ruthenium porphyrin (Ru"(CO)
Por) require one (for ZnPor and Ru''(CO)Por) or two (for MgPor) ligands. By
using these properties, the existence of a template matching the shape of the
space may produce the designed CPO selectively [21]. This method has the
inverse-template effect, that is, the ligand acts as a template and the template
coordinates to the substrate (i.e., metalloporphyrins): in contrast, the alkali
metal acts as a template and the substrates (i.e., ethylene glycols) coordinate to
the template in crown ether chemistry.

To select the metal to be incorporated into the substrate porphyrin unit, the
following basic properties of metalloporphyrins should be considered. The sta-
bility constant of MgPor is too small to achieve the usual oligomeric reactions
and purification by silica gel chromatography. The starting material (Ru;(CO),,)
for Ru''(CO)Por is expensive and the yield of the corresponding metalation reac-
tion is low. Furthermore, the removal of ruthenium is difficult, and it is likewise
difficult to remove the template from the obtained ruthenium CPOs. Therefore,
ZnPor is frequently used as a substrate in this template reaction, because of the
low prices of zinc sources (zinc acetate and/or zinc chloride), the high yield in
the metalation reaction, the sufficient chemical stability of the ZnPor under con-



An Adventure in Macromolecular Chemistry Based on the Achievements of Dendrimer Science 73

Me0,C CO,Me
N
‘ X
o
CuCl, TMEDA
. NN
I
| SN N/ | N CH.Cl,
N~ ~N
Me0,¢ COMe
1 2

Fig.4. Yields of CPOs 3 and 4 using inverse-template reactions (%).

Metal (M) Template 2 3 (%) 4 (%)
Zn** Present 55 6
Zn** Absent 34 23
Ru(CO)** Present 32 -

Synthesis of CPOs, 3 and 4, using inverse-template reaction. The substituents are omitted for
clarity

densation and purification conditions, and the ease of the demetalation reaction
for future transmetalations (Fig. 4).

The coupling reaction of 1 (M=Zn) affords CPO 3 (M=Zn) in 55% vyield in
the presence of template 2; however, the absence of 2 decreases the yield to 34%
[22]. With the increase of yield of 3, template 2 induces the selectivity of the re-
action: the yield of the by-product (cyclic dimer 4 (M=Zn)) was changed from
23% (with no template) to 6% (in the presence of template). A similar CPO for-
mation reaction was reported for the corresponding ruthenium porphyrins (3,
M=Ru(CO)), in which the stability constant of the Ru-N coordination bond is
102 larger than that of the Zn-N coordination bond [23]. Although the transition
state of the CPO produced by the ruthenium-based substrate is expected to be
more stable than that produced by ZnPor, the yield of 3 (M=Ru(CO)) is only
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Fig.5. Mixed cyclization reaction using two kinds of porphyrins. The introduced substituents
of 7 and 8 are omitted for clarity and the structures of 9-13 are roughly drawn
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32%. As described above, the removal of the template from the obtained ruthe-
nium CPO 3 was unsuccessful. To obtain larger or smaller CPOs, another tem-
plate design is required [24], the same as crown ether chemistry in which a series
of alkali metals (Li*, Na*, K", etc.) produce crown ethers of different sizes.

These inverse-template reactions proceed using more than two kinds of
metalloporphyrin units (Fig. 5). Webb and Sanders reported the stepwise
cyclization reaction using a 2:1:1 mixture of ZnPor 5, Ru'!(CO)Por 6, and tem-
plate 2. Acyclic intermediate 7 gave CPO 8 containing two kinds of metals,
zinc and ruthenium (46%, in two steps) [25]. The significance of this chemistry
is as follows: first, the fine molecular design methodology is established, because
each linkage moiety is selectable by stepwise synthesis. Compared to the num-
ber of acetylene moieties of CPO 3, that of CPO 8 has two acetylenes less. This
linkage manner produces a small nano-sized space that is perfect for enzymat-
ic reaction (vide infra), compared to that produced by 3; second, different kinds
of metals can be incorporated into one CPO. Previously, porphyrin oligomers
incorporating different metals were prepared under strictly limited reaction
conditions and the yields were low [26]. As described in the following section,
the creation of intramolecular energy transfer systems is one of the important
research objectives of CPO chemistry. Such a phenomenon is usually observed
in porphyrin oligomers containing porphyrin free base (2HPor) and ZnPor moi-
ety, that is, the excited energy of ZnPor is transferred to the ground state of
2HPor, thereby intramolecularly producing the excited state of 2HPor. To
achieve the synthesis of such heterometalated porphyrin oligomers, an under-
standing of the stability constant of metalloporphyrin is needed.

The qualitative stability constants of metalloporphyrins are summarized in
Table 1. The metals classified in class I produce the most stable metalloporphyrins
and the demetalation reaction does not proceed smoothly even under concen-
trated sulfuric acid condition. The incorporated metals classified in classes II and
III are removed using mild acids such as hydrochloric acid. Calcium classified in
class V is removed by (the pH of ) water. The mixed cyclization reactions afford the
heterometalated CPO, and the acid treatment of the CPO obtained produces the
CPO containing 2HPor moiety. Further treatment of the metal salt classified in a
class lower than that of the unremoved metal(s), which is classified in a class high-
er in Table 1, produces another heterometalated CPO. Representative examples
are summarized in Fig. 5 [25]. The initial cyclization reaction is carried out by
using Ru'(CO)Por 6, the metal of which is classified in class I, and ZnPor 5, clas-

Table 1. Demetallation reaction conditions for metalloporphyrins based on the qualitative
stability constant

Condition Example
Class I Not completely demetallated by conc. H,SO, Pd**, Pt**, Ru?**, Sn**
Class II conc. H,SO, Ga’*, Co?*, Ni?*, Cu**
Class III conc. HCI Zn**
Class IV Glacial acetic acid Mg**

ClassV Water Ca?t, Ba?*
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sified in class III. After the isolation of CPO 8 containing one ruthenium atom and
two zinc atoms in one molecule, trifluoroacetic acid treatment removes only zinc
metals and template 2 to produce another CPO 9. Further treatment with metal
salts of tin, magnesium, and nickel forms other heterometalated CPOs 10-12,
respectively. Treatment with zinc salt regenerates the ruthenium-zinc-containing
CPO 13; however, 13 does not contain the template molecule.

2.2
Chemical Reactions Used for Cyclization Reactions

The chemical reactions frequently used to form CPOs are summarized in this
section (Fig. 6). Because of the low yields of CPOs, activated and selective reac-
tions are preferred.

Because the Glaser coupling reaction, that is, the oxidative coupling reaction
of hydrogen-terminated acetylene groups in the presence of copper(I) salt, pro-
ceeds smoothly under mild reaction conditions, it is frequently used in CPO
chemistry as a key reaction (Fig. 6a). However, the most popular reaction condi-
tions, such as pyridine/CucCl, are difficult to apply in the inverse-template reac-
tion using a pyridine-based template such as 2. The coordination of the large
excess of pyridine used masks the template. Sanders and co-workers reported
that the revised reaction conditions (CuCl/TMEDA/CH,Cl,) maximize the effect
of the pyridine-based template [22].

Recently, great progress has been made in the aryl-coupling reactions using
low-valence transition-metal catalysis. The revised novel conditions allow
nearly quantitatively yields, and the reactions are widely applied in CPO chem-
istry (Fig. 6b). One of the linkage moieties formed, the diarylethene group
(Ar-C=C-Ar), is known to transfer photo-excited energy through the group by
the through-bond-type electron-transfer process. Lindsey and co-workers used
Pd,(dba),/AsPh; conditions in the synthetic studies of intramolecular energy
transfer systems mimicking the natural light-harvesting system. They designed
the ZnPor-2HPor energy-transfer system, and for this purpose, any copper
insertion reaction should be avoided at the 2HPor moiety by the copper catalyst
usually used in this aryl coupling reaction to give the desired 14 [20]. As an
extension of the reactions described above (Fig. 6a,b), the organometallic
method was also reported, affording stable CPOs [24].

In this review, CPOs constructed by covalent bonds are mainly focused on;
however, stable coordination bonds comparable to the stability of the covalent
bonds have potential for future enhanced molecular design of novel CPOs. One
representative is the bond between pyridine-type nitrogen and metal, which
is widely used in supramolecular chemistry, that is, the cyclic supramolecular for-
mation reaction between pyridine-substituted porphyrin and metal salts (Fig. 6d)
[27,28]. Palladium salts are frequently used as the metal salts. From the viewpoint
of the hard and soft acid and base theory (HSAB), this N-Pd coordination bond
is a well-balanced combination, because the bonds between nitrogen and other
group X metals, N-Ni and Ni-Pt coordination bonds, are too weak and too strong
to obtain the desired CPOs, respectively. For the former, the supramolecular
architectures tend to dissociate into pieces in the solution state, and for the latter,
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structurally unidentified polymeric products are formed and it is difficult to
obtain the most thermodynamically stable single product. In contrast, the N-Pd
bond has moderate stability and is believed to produce equilibrium between the
coordinated species and the components. The repeated rearrangements and alter-
nations of the bonds gradually produce the most thermodynamically stable
supramolecular architecture stabilized by the cooperative multibonds. Therefore,
the CPO constructed by twelve Pd-N bonds was isolated in a surprisingly high
yield, >95%. Based on these strategies, N-Re coordination bonds are also used. A
square-shaped cyclic tetramer was isolated in 86% yield from the pyridine-sub-
stituted porphyrin and Re*(CO);Cl (Fig. 6e) [29, 30]. The most interesting prop-
erty of these coordination bonds is that they introduce a right angle into the
architecture. By using these bonds, novel molecular designs are expected.

The yields of the CPOs tend to be inversely proportional to the size of the ring.
Although the connection manners are different, square-shaped cyclic tetramer
14 was isolated in 7% yield [20], whereas the smaller square 15 was obtained in
22% yield [19] (Fig. 7).
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2.3
Purification

Although we choose neither method A nor B, difficulties in the purification
and/or isolation of CPOs are unavoidable. The component porphyrin unit with
polar substituents such as an ester group produces further polar products in
oligomerization reactions. The polarities of the products are proportional to
the degrees of oligomerization caused by the increase in the number of func-
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Fig. 8. GPC separation of square-shaped cyclic oligomer 15 from trimer 16 and structurally
unidentified polymeric compounds

tional groups. In such cases, adsorption chromatography, such as silica gel chro-
matography, is useful. For example, cyclic trimer 3 has twelve ester groups and
dimer 4 holds only eight ester groups, both of which are produced from the
ZnPor unit having four ester groups by trimerization and dimerization reac-
tions, respectively (Fig. 4). Therefore, the separation of 3 from 4 is achieved by
silica gel chromatography using chloroform as the elute (R values of 4 and 3
are 0.11 and 0.13, respectively) [22, 31]. Because the purification and/or separa-
tion are easy, this reaction is convenient and affords a series of CPOs by one-pot
synthesis.

However, because most of the CPOs contain nonpolar substituents, isolation
of the desired CPO is difficult using adsorption chromatography techniques. In
this regard, gel permeation chromatography (GPC) is useful. The gel contains
small holes that can retain organic molecules. Molecules larger than the size of
the hole pass through the gel. The retention time and/or volume of small mole-
cules are longer/larger than those of large molecules. The maximum size of mol-
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ecules separable by the GPC gel is determined as the exclusion size associated
with the size of the hole. A variety of GPC gels are commercially available for
open column chromatography as well as for high-performance liquid chro-
matography (HPLC). The author’s research group usually uses BIO-BEANS S-X1
(Bio-Rad Co., Ltd.) gel for open column chromatography, because relatively
large amounts of samples are purified. Figure 8 shows an example of our purifi-
cation experiment of square-shaped cyclic oligomer 15 (molecular weight 3,159)
from the by-product, cyclic trimer 16 (molecular weight 2,369) [19].

2.4
Characterization of CPOs

The characterization of the CPOs obtained also presents many difficulties. In
the synthetic studies of conventional organic chemistry, NMR spectroscopy is
the most popular and powerful analytical tool. However, the slow motion of
oligomeric porphyrins in solution terminates the magnetic relaxation process.
Therefore, the line widths of the resonance peaks broaden and the resultant few
pieces of information prevent the characterization of CPOs [32]. A similar peak
broadening is also observed upon the aggregation of CPOs associated with -7
interactions. The characterization of square-shaped CPO 15 was performed by
NMR under high dilution conditions, as dilute as possible to detect the signals
[19]. Some oligomeric porphyrins with similar molecular weights show well-
resolved resonance peaks, particularly rod- and/or wire-shaped oligomers, indi-
cating that these molecules have relaxation processes associated with the rota-
tion along the axis of the rod or wire. In marked contrast, sheet-shaped mole-
cules, such as 17, tend to broaden the resonance peaks [32].

Considering these situations, the observation of molecular weights, particu-
larly by matrix-assisted laser desorption/ionization time-of-flight mass spec-
troscopy (MALDI-TOF MASS), is essential [33]. The operation is simple and
enables us to observe the molecular ion peaks of CPOs with molecular weights
exceeding 10,000. The quality of the measurement is strongly dependent on the
choice of the matrix. Therefore, the search for the best matrix for each CPO
should be pursued.

However, because of the high price, MALDI-TOF mass spectrometers have
not come into wide use. Vapor pressure osmometry (VPO), an old and tradi-
tional method for estimating molecular weight, is useful in the field of CPO
chemistry. The experimental error of this measurement is approximately 10%;
however, the obtained data are sufficiently useful to estimate the number of por-
phyrins in a molecule.

The large size of CPOs allows their direct observation. For this purpose, scan-
ning tunneling microscopy (STM) is the best method [32, 34]. Electron micro-
scopic analysis is used for phthalocyanine 3 and its derivatives; however, most of
the porphyrin derivatives are decomposed by electron beam irradiation.
Presently, although only a limited number of researchers are able to perform
atomic-scale resolution measurement, this powerful analytical method is
expected to be used widely in the future. The author reported a summary of STM
studies on porphyrins elsewhere [34].
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3
Function of Cyclic Porphyrin Oligomers

CPOs are best characterized by the following three features: 1) axial coordina-
tion to the incorporated metals, 2) specific nano-sized space created by rigid
porphyrin panels, and 3) specific (photo-induced) redox reactions associated
with the porphyrin’s m-electron system. In this chapter, some examples are
reviewed based on these properties.

3.1
Reactions

3.1.1
Acceleration of Chemical Reactions

Attempts to realize enzymatic reactions have been reported over the past four
decades in the context of host-guest chemistry, presently a well-established
research field. In the field of CPOs, much attention has been paid to identical
research objectives. The host-guest chemistry based on CPOs holds a special
position, because specific selectivity and reactivity will be achieved using the
coordination-bond-forming reactions between the substrate and the incorpo-
rated metals in the porphyrins, as well as the redox reaction associated with the
porphyrin’s m-electron system.

Sanders and his co-workers reported two enzymatic reactions using CPO 3
described above (Fig. 9). In the reactions, three zinc metals are incorporated
into each porphyrin. The first reaction is the acylation reaction of pyridyl
alcohol 18 using N-acetylimidazole (19) [35] to afford 20. In the presence of 3,
the reaction is accelerated 16 times compared to the reaction without 3. The
replacement of 3 with 4 (M=Zn) gave no significant acceleration of the reac-
tion; therefore, the enzymatic reaction proceeds through a supramolecular

0
Be
oH o o] Me
[ + Me [\\/N \ t
N . N
18 19 20

Fig. 9. Enzymatic acylation reaction of 18 and 19. Structure 21 is proposed as the reaction
intermediate
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intermediate, such as 21. The rigidity of catalyst 3, that is, the stability of the
nano-sized space produced by the three porphyrins, affects the enzymatic
reaction. The reductive product of 3, that is, the porphyrin trimer connected
by -CH,CH,CH,CH,- groups, accelerates the reaction by only five times.

3.1.2
Regioselectivity

The second example is the Diels-Alder reaction of 22 and 23 (Fig. 10) [36]. Usu-
ally, this reaction affords the endo-adduct 24, the kinetically controlled product;
however, the reversibility of the reaction produces the by-product, exo-adduct
25, the thermodynamically controlled product. In the presence of CPOs 3 or 8
(M=Zn), the ratio of exo- to endo-adducts changes. The small nano-sized space
produced by 8 affords endo-adduct 24 in 100% yield; in contrast, the large nano-
sized space produced by 3 gives exo-adduct 25 in 100% yield. Catalysts 3 and 8
supply the perfect nano-sized spaces that best match the transition states for the
exo- and endo-products. In other words, the formation of the coordination
bonds of 22 and 23 with the zinc atoms of the catalyst produces the transition
states to give the exo- and endo-products. The acyclic catalyst with a structure
similar to that of 3 or 8 gives a mixture of 24 and 25, indicating that the rigid
nano-sized space is needed for the regioselective reaction.

Fig. 10. Enzymatic regioselective Diels-Alder reaction of 22 and 23. The catalyst with a small
nano-sized space selectively produces endo-adduct, 24, and the other catalyst with a large
space produces exo-adduct 25
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3.2
Energy Transfer Systems

As described previously, the first stage of photosynthesis is the energy transfer.
To elucidate the detailed mechanism of this complicated biological process,
artificial porphyrin oligomers containing ZnPor and 2HPor moieties are fre-
quently used as models, in which the energy is transferred from ZnPor to
2HPor. This energy transfer process is easily detectable from emission spectra
as a single fluorescence from the 2HPor moiety. By using this ZnPor-2HPor sys-
tem, several intramolecular energy transfer molecules are prepared. For exam-
ple, Lindsey and co-workers designed, prepared, and evaluated cyclic tetramer
14 [20]. In the selective excitation of the ZnPor moieties of 14 by irradiation
at 550 nm, which is the characteristic absorption of ZnPor, the excitation
energy was transferred to the 2HPor moiety with 99.5% quantum efficiency
(QE) by a through-bond mechanism. They discussed that this QE value is a
significant increase from that of the 2HPor-ZnPor dimer having the identical
linkage, 99.0%. One of the main reasons is that 14 has two energy transfer path-
ways, that is, the ZnPor moieties of 14 have two adjacent 2HPors. Presently,
systematic synthetic studies that would enable discussions of the relation-
ships between the QE and the cyclic molecular alignment of the chromophore
are lacking.

Considering the situations described above, a theoretical study of the struc-
ture-dependent energy transfer efficiency was reported by Lindsey and co-
workers [36]. They designed four kinds of porphyrin decamers using nine
ZnPors and 2HPor (Fig. 11a-d). Type a mimics the alignment of the natural sys-
tem that contains the cyclic molecular alignment. Type b is a structural analog
of type a, and type d is designed based on dendrimer compounds. The energy
transfer efficiency from ZnPors to 2HPor was theoretically estimated, and the
QE of the natural type (a) was found to be 76%. This value is in marked contrast

3 Gy

() (© (d)
QE =76% QE =84% QE =91% QE = 98%

@ : Zine Porphyrin
@ : Porphyrin Free Base

Fig.11a-d. Designed porphyrin decamers. Theoretically obtained quantum efficiencies for the
energy transfer (QE, %) are shown
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to that of type c previously designed by the authors, 91%. The dendrite-type
alignment, type d, showed the highest QE of 98%. Experiments on these are
expected.

4
Conclusion

The maturity of dendrimer chemistry has led to confusion among researchers,
because there are no specific research objectives in this field. It may be a good
idea to design and synthesize a novel macromolecule, a non-dendrite-shaped
molecule, keeping the concept of the dendrimer in mind. The nano-sized closed
space inside the molecule is one of the key concepts for novel macromolecular
chemistry.
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Fullerodendrimers: Fullerene-Containing
Macromolecules with Intriguing Properties
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Fullerenes possess electronic and photophysical properties which make them natural candi-
dates for the preparation of functional dendrimers. The attachment of a controlled number of
dendrons on a Cq, core provides a compact insulating layer around the carbon sphere, and the
triplet lifetimes of the Cy, chromophore can be used to evaluate its degree of isolation from
external contacts. The fullerene core can also act as a terminal energy receptor in dendrimer-
based light-harvesting systems. When a fullerodendrimer is further functionalized with a
suitable electron donor, it may exhibit the essential features of a multicomponent artificial
photosynthetic system in which photo-induced energy transfer from the antenna to the Cy,
core is followed by electron transfer. On the other hand, the preparation of dendrons with
peripheral Cy, subunits or containing a Cg, sphere at each branching unit has been achieved.
These fullerodendrons are not only interesting building blocks for the synthesis of monodis-
perse fullerene-rich macromolecules with intriguing properties, but they are also amphiphilic
compounds capable of forming stable Langmuir films at the air-water interface.
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1
Introduction

In light of their unique molecular structure, dendrimers have attracted increas-
ing attention in the past decade, and the design of functional dendrimers is an
area with unlimited possibilities for fundamental new discoveries and practical
applications [1]. Of the various electro- and photoactive chromophores utilized
for dendrimer chemistry, Cq, appears to be a versatile building block and at pre-
sent a growing interest is developing in fullerene-functionalized dendrimers,
that is, fullerodendrimers [2]. In particular, the unusual chemical and physical
properties of fullerene derivatives [3] make fullerodendrimers attractive candi-
dates for a variety of interesting features in supramolecular chemistry and mate-
rials science. In a recent review article, Hirsch and Vostrowski showed that Cy,
itself is a convenient core for dendrimer chemistry [4]. The functionalization of
Cgo with a controlled number of dendrons dramatically improves the solubility
of the fullerenes [5-8]. Furthermore, variable degrees of addition within the
fullerene core, especially from mono- up to hexaadducts, are possible and its
almost spherical shape leads to globular systems even with low-generation den-
drons [9-11]. The authors also highlighted specific advantages brought about
the encapsulation of a fullerene moiety in the middle of a dendritic structure for
the preparation of thin ordered films [12] or in the design of liquid crystalline
derivatives [13-18].In the present paper, the use of the fullerene sphere as a pho-
toactive core unit will be emphasized. In particular, we will show that the special
photophysical properties of Cy4 can be used to evidence dendritic shielding
effects. On the other hand, a fullerene core can act as a terminal energy receptor
in dendrimer-based light-harvesting systems. Following the description of den-
drimers with a Cg, core, the synthesis of dendrons with peripheral Cy, subunits
or containing a Cg, sphere at each branching unit will be described. These
fullerodendrons are not only versatile building blocks for the preparation of
monodisperse fullerene-rich macromolecules with intriguing properties, but
they are also amphiphilic compounds capable of forming stable Langmuir films
at the air-water interface.

2
Dendrimers with a Photoactive Fullerene Core

2.1
A Fullerene Core to Probe Dendritic Shielding Effects

The ability of a dendritic shell to encapsulate a functional core moiety and to
create a specific site-isolated microenvironment capable of affecting the mole-
cular properties has been intensively explored in recent years [19]. A variety of
experimental techniques have been employed to evidence the shielding of the
core moiety and to ascertain the effect of the dendritic shell [19, 20]. Den-
drimers with a fullerene core appear to be appealing candidates to evidence
such effects resulting from the presence of the surrounding dendritic branches.
Effectively, the lifetime of the first triplet excited state of fullerene derivatives
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Fig.1. Fullerodendrimers 1-4

is sensitive to the solvent [21]. Therefore, lifetime measurements in different
solvents could be used to evaluate the degree of isolation of the central Cq
moiety from external contacts. With this idea in mind, we have prepared ful-
lerodendrimers 1-8 (Figs. 1 and 2). In the design of these compounds, it was
decided to attach poly(aryl ether) dendritic branches terminated with peri-
pheral triethyleneglycol chains to obtain derivatives soluble in a wide range of
solvents [21,22]. The synthetic approach to prepare compounds 1-4 relies upon
the 1,3-dipolar cycloaddition of the dendritic azomethine ylides generated
in situ from the corresponding aldehydes and N-methylglycine. This metho-
dology has proven to be a powerful procedure for the functionalization of Cg,
due to its versatility and the ready availability of the starting materials [23].
Thus, reaction of the dendritic aldehydes with N-methylglycine and Cg in
refluxing toluene gave the corresponding fulleropyrrolidines 1-4 in 38-44%
isolated yield after column chromatography on silica gel followed by gel per-
meation chromatography.

Dendrimers 5-8 were obtained by taking advantage of the versatile regiose-
lective reaction developed in the group of Diederich [24], which led to macro-
cyclic bis-adducts of C¢, by a cyclization reaction at the C sphere with bis-mal-
onate derivatives in a double Bingel cyclopropanation [25]. Reaction of the den-
dritic malonates with Cg, I,, and 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) in
toluene at room temperature afforded the corresponding cyclization products
5-8 (Fig.2). The relative position of the two cyclopropane rings in 5-8 on the Cg,
core was determined based on the molecular symmetry deduced from the 'H
and *CNMR spectra (Cs) as well as on their UV/Vis spectra. It is well established
that the absorption spectra of Cy, bis-adducts are highly dependent on the addi-
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Fig.2. Fullerodendrimers 5-8

tion pattern and characteristic for each regioisomers [24]. The UV/Vis spectra
of 5-8 show all the characteristic features seen for previously reported analo-
gous cis-2 bis-adducts [8]. In addition, it must also be added that 1,3-phenylene
bis(methylene)-tethered bis-malonates produce regioselectively the cis-2 addi-

tion pattern at Cq, [26-30].

The photophysical properties of 1-8 have been studied in different solvents
(PhMe, CH,Cl,, and CH;CN). The lifetimes of the lowest triplet excited states are

summarized in Table 1.
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Table 1. Lifetime of the first triplet excited state of 1-8 in air-equilibrated solutions determined
by transient absorption at room temperature [31]

Compound 7(ns) in toluene 7(ns) in CH,Cl, 7(ns) in CH;CN
1 279 598 n/a*

2 304 643 330

3 318 732 412

4 374 827 605

5 288 611 314

6 317 742 380

7 448 873 581

8 877 1,103 1,068

2 Not soluble in this solvent.

For both series of dendrimers interesting trends can be obtained from the
analysis of triplet lifetimes in air-equilibrated solutions (Table 1) [21]. A steady
increase of lifetimes is found by increasing the dendrimer size in all solvents,
suggesting that the dendritic wedges are able to shield, at least partially, the
tullerene core from external contacts with the solvent and from quenchers such
as molecular oxygen. For compounds 1-4, the increase is particularly marked in
polar CH;CN, where a better shielding of the fullerene chromophore is expect-
ed as a consequence of a tighter contact between the strongly nonpolar fullerene
unit and the external dendritic wedges; in this case a 45% lifetime prolongation
is found in passing from 2 to 4 (23% and 28% only for PhCH; and CH,Cl,,
respectively). It must be emphasized that the triplet lifetimes of 4 in the three
solvents are rather different from each other, probably reflecting specific sol-
vent-fullerene interactions that affect excited state deactivation rates. This sug-
gests that, albeit a dendritic effect is evidenced, even the largest wedge is not able
to provide a complete shielding of the central fulleropyrrolidine core in 4 [21].
The latter hypothesis was confirmed by computational studies. As shown in
Fig. 3, the calculated structure of 4 revealed that the dendritic shell is unable
to completely cover the fullerene core (it must be noted that the calculations
have been performed in the absence of solvent, our aim being only to estimate
the possible degree of isolation). In contrast, the triplet lifetimes of 8 [31] in
the three solvents tend to a similar value suggesting that the fullerene core is in
a similar environment whatever the nature of the solvent is. In other words the
Cgo unit is, to a large extent, not surrounded by solvent molecules but substan-
tially buried in the middle of the dendritic structure which is capable of creat-
ing a specific site-isolated microenvironment around the fullerene moiety. The
latter hypothesis is quite reasonable based on the calculated structure of 8
(Fig. 3) showing that the dendritic branches are able to fully cover the central
fullerene core.

The dendritic effect evidenced for 1-8 might be useful to optimize the optical
limiting properties characteristic of fullerene derivatives. Effectively, the intensi-
ty dependant absorption of fullerenes originates from larger absorption cross
sections of excited states compared to that of the ground state [32], therefore the
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Fig.3. Calculated structure of fullerodendrimers 4 (left) and 8 (right)

increased triplet lifetime observed for the largest fullerodendrimers may allow for
an effective limitation on a longer time scale. For practical applications, the use of
solid devices is largely preferred to solutions and inclusion of fullerene derivatives
in sol-gel glasses has shown interesting perspectives [33]. However, faster de-exci-
tation dynamics and reduced triplet yields are typically observed for fullerene-
doped sol-gel glasses when compared to solutions [34]. These observations are
mainly explained by two factors: (i) perturbation of the molecular energy levels
due to the interactions with the sol-gel matrix and (ii) interactions between
neighboring fullerene spheres due to aggregation [34]. Therefore, the encapsula-
tion of the Cg, core evidenced by the photophysical studies for both series of
fullerodendrimers might also be useful to prevent such undesirable effects. The
incorporation of fullerodendrimers 1-8 in sol-gel glasses has been easily
achieved by soaking mesoporous silica glasses with a solution of 1-8 [21]. For the
largest compounds, the resulting samples only contain well-dispersed fulleroden-
drimer molecules. Preliminary measurements on the resulting doped samples
have revealed efficient optical limiting properties [21]. For example, the optical
transmission as a function of the fluence of the laser pulses is shown in Fig. 4 for
a sol-gel sample containing compound 4. The transmission remains nearly con-
stant for fluences lower than 5 mJ cm=2 When the intensity increases above this
threshold, the effect of induced absorption appears, and the transmission dimin-
ishes rapidly, thus showing the potential of these materials for optical limiting
applications. Further studies are underway to determine the influence of the den-
dritic branches on the optical limiting behavior of these composite materials.
Fullerodendrimers also allow an evaluation of the accessibility of the Cq, core
unit by studying bimolecular deactivation of its excited states by external
quenchers. Recently Ito, Komatsu, and co-workers have used this approach to
investigate a series of fullerodendrimers (9-11) in which Fréchet-type dendrons
have been connected to a fullerene moiety via an acetylene linker (Fig. 5) [35].
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Fig. 4. Transmission versus incident fluence at 532 nm of a sol-gel sample containing den-
drimer 4

Both energy and electron transfer quenchers have been employed to show that
the quenching rates of the fullerene triplet state are decreased as a function of
the size of the dendrimer shell [36]. These results further demonstrate that
fullerene is an excellent functional group to probe the accessibility of a den-
drimer core by external molecules.

2.2
Light-Harvesting Dendrimers with a Fullerene Core

The synthesis and the study of dendrimer-based light-harvesting structures
have attracted increased attention in recent years [37].In such systems, an array
of peripheral chromophores is able to transfer the collected energy to the cen-
tral core of the dendrimer thus mimicking the natural light-harvesting complex
in which antenna molecules collect sunlight and channel the absorbed energy to
a single reaction center [37]. The Cg, sphere is an attractive functional core for
the preparation of light-harvesting dendrimers. Effectively, its first singlet and
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Fig.5. Fullerodendrimers 9-11
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triplet excited states are relatively low in energy and photo-induced energy
transfer events have been evidenced in fullerene-based dyads [38].In particular,
photophysical investigations of some fulleropyrrolidine derivatives substituted
with oligophenylenevinylene (OPV) moieties revealed a very efficient singlet—
singlet OPV—Cg, photo-induced energy transfer [39, 40]. Based on this obser-
vation, dendrimers 12-14 comprising a fullerene core and peripheral OPV sub-
units (Fig. 6) have been prepared [41].

The photophysical properties of fullerodendrimers 12-14 have been investi-
gated in CH,Cl, solutions. Upon excitation at the OPV band maximum, dramat-
ic quenching of OPV fluorescence is observed for all fullerodendrimers. This is
attributed to an OPV—Cg, singlet-singlet energy-transfer process [41]. At 394 nm
(corresponding to OPV band maxima) the molar absorptivities () of these
fullerodendrimers are 95,800 for 12, 134,800 for 13, and 255,100 M~! cm™! for 14.
Since the € of the ubiquitous N-methyl-fulleropyrrolidine at 394 nm is only 7,600
a remarkable light-harvesting capability of the peripheral units relative to the
central core is evidenced along the series.

More recently, we have succeeded in the preparation of the next genera-
tion compound 15 (Fig. 7) for which the molar absorptivity is approximately
450,000 M! cm™.. The photophysical properties of 15 have not been yet investi-
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96 J.-E Nierengarten

Fig.8. Fullerodendrimers 16-17

gated in detail; however, preliminary measurements in CH,Cl, have revealed a
strong quenching of the OPV fluorescence upon excitation at the OPV band
maximum suggesting that the dendritic wedge is still capable of channeling the
absorbed energy to the fullerene core.

Related compounds have been reported by Martin, Guldi, and co-workers
[42]. The end-capping of the dendritic moiety with dibutylaniline units yielded
the multicomponent photoactive systems 16 and 17 in which the dendritic
wedge plays the dual role of antenna, capable of channeling the absorbed ener-
gy to the fullerene core,and electron-donating unit (Fig. 8). Photophysical inves-
tigations in benzonitrile solutions have shown for both compounds that, upon
photoexcitation, efficient and fast energy transfer takes place from the initially
excited antenna moiety to the fullerene core. This process populates the lowest
fullerene singlet excited state which is able to promote electron transfer from the
dendritic unit to the fullerene core. For 16 and 17, relative to 12-14, the charge-
separated state is significantly lower in energy than the fullerene singlet, as a
result of the increased donating ability of the terminal dialkylaniline units [43].
Therefore, the electron transfer is thermodynamically possible in 16 or 17 after
the initial energy transfer event.

Langa and co-workers have prepared fullerodendrimers 18 and 19 in which the
phenylenevinylene dendritic wedge is connected to a pyrazolino [60] fullerene
core rather than to a fulleropyrrolidine one as for 12-17 (Fig. 9) [44]. Preliminary
photophysical investigations suggest that the efficient energy transfer from the
excited antenna moiety to the pyrazolino[60]fullerene core is followed by an elec-
tron transfer involving the fullerene moiety and the pyrazoline N atom.

Methanofullerene 20 with phenylacetylene dendrimer addends has also been
reported [45] (Fig. 10). The UV absorption of fullerodendrimer 20 is particular-
ly strong and is mainly attributed to transitions located on the two dendritic
branches of the molecule. The photophysical investigations revealed that the
large poly(aryl)acetylene branches act as photon antennae [46].
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Fig.10. Fullerodendrimer 20

3
Fullerene-Functionalized Dendrons

All the fullerene-containing dendrimers reported to date have been prepared
with a C4, core but never with fullerene units at their surface or with Cy, spheres
in the dendritic branches. We have recently started a research program on
the synthesis of dendrons substituted with fullerene moieties. These fulleroden-
drons are interesting building blocks for the preparation of monodisperse
fullerene-rich macromolecules. In addition, they are also amphiphilic com-
pounds capable of forming stable Langmuir films at the air-water interface.
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3.1
Dendrons with Peripheral Fullerene Units

We have developed an efficient convergent preparation of highly soluble den-
dritic branches with fullerene subunits at the periphery and a carboxylic acid
function at the focal point [47]. The dendrons 21-23 were prepared as depicted
in Figs. 11 and 12. N,N’-Dicyclohexylcarbodiimide (DCC)-mediated esterifica-
tion of 25 with diol 24 in CH,Cl, gave bis-malonate 26 in 83% yield. Reaction of
bis-malonate 26 with C, I,, and DBU in toluene at room temperature gave the
C,-symmetric cis-2 bis-adduct 27 in 59% yield. Selective cleavage of the t-butyl
ester moiety with CF;CO,H in CH,CI, gave 21 in a quantitative yield. The prepa-
ration is thus easily carried out on a multi-gram scale [30]. Reaction of 21 with
diol 24 under esterification conditions using DCC, 1-hydroxybenzotriazole
(BtOH), and 4-dimethylaminopyridine (DMAP) led to the t-butyl-protected
second-generation dendron 28 in 90% yield. Subsequent treatment with
CF;CO,H in CH,Cl, afforded 22 in high yield (99%).

Esterification of 22 with diol 24 (DCC/DMAP/BtOH) gave 29 in 84% yield
(Fig. 12) and subsequent hydrolysis of the t-butyl ester group under acidic con-
ditions afforded the third-generation carboxylic acid 23. All of the spectroscopic

Oy OH j:Ozt-Bu
o o)

O
CO,t-Bu J{)\
ZO 0z
25
—_—

[eNge} 0.0

i 0] O
HO OH O
24

27Z= C8H17, R ={Bu

21Z=CgH17,R=H<—

2872= CsH17, R =t-Bu

222=CBH17,R=H<—

Fig. 11. Synthesis of fullerodendrons 21 and 22. Reagents and conditions: (i) DCC, DMAP,
CH,Cl,, 0 °C to room temperature (83%); (ii) C4p, DBU, I,, toluene, room temperature (59%);
(iii) CF;CO,H, CH,Cl,, room temperature (99%); (iv) 24, DCC, DMAP, BtOH, CH,Cl,, 0 °C to
room temperature (90%); (v) CF;CO,H, CH,Cl,, room temperature (99%)
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22

29 Z = CgHy7, R = -Bu

(ii)

23Z=CgHy7, R=H =——-

Fig. 12. Synthesis of fullerodendron 23. Reagents and conditions: (i) 24, DCC, DMAP, BtOH,
CH,Cl,, 0 °C to room temperature (90%); (ii) CF;CO,H, CH,Cl,, room temperature (99%)

studies and elemental analysis results were consistent with the proposed molec-
ular structures assigned to the dendrons of each generation.

Dendrons 21-23 are easily prepared on a multi-gram scale and are highly sol-
uble in common organic solvents thanks to the presence of the four long alkyl
chains per peripheral fullerene unit. Therefore, they appear to be good candi-
dates for the preparation of fullerene-rich macromolecules, for example, as
shown by their attachment to a phenanthroline diol derivative and the prepara-
tion of the corresponding copper(I) complexes (see below).

3.2
Dendrons Containing a C,, Sphere at Each Branching Unit

The preparation of fullerodendrons with a C4, group at each branching units
was carried out by a convergent approach using successive esterification and
deprotection steps [48]. The preparation of the key building block 33 is depict-
ed in Fig. 13. This diol containing one t-butyl ester function appears to be the
branching unit for the construction of the fullerodendrons. DCC-mediated
esterification of 30 with #-butyl 2-hydroxyacetate in CH,Cl, yielded malonate 31,
which after treatment with Cy, I,,and DBU in toluene at room temperature gave
methanofullerene 32 in 30% yield. The choice of the appropriate protecting
group for the two alcohol groups in 32 was the key to this synthesis. Effectively,
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Fig. 13. Preparation of the branching unit 33. Reagents and conditions: (i) t-Butyl 2-hydroxy-
acetate, DCC, DMAP, BtOH, CH,Cl,, 0 °C to room temperature (91%); (ii) C4y, DBU, I,, toluene,
room temperature (30%); (iii) DDQ, H,0, CH,Cl,, room temperature (84%)

the deprotection conditions must not be acidic to preserve the t-butyl ester moi-
ety and may not be basic to preserve the other ester functions. The PMB pro-
tecting groups in 32 could be removed with 2,3-dichloro-5,6-dicyanoben-
zoquinone (DDQ) in CH,Cl, containing a small amount of water at room tem-
perature. Under these neutral conditions, all the ester functions remained un-
changed and compound 33 was thus obtained in a good yield (84%).

Fullerene derivative 34 substituted with two long alkyl chains (solubilizing
groups) and a carboxylic function was used as peripheral subunit for the con-
structions of the dendrons (Fig. 14).

Esterification of acid 34 with diol 33 under conditions using DCC, BtOH, and
DMAP afforded the ¢-butyl-protected fullerodendron 35 in 70% yield. Selective
hydrolysis of the ¢-butyl ester under acidic conditions afforded acid 36 in 98%
yield. Subsequent reaction of 36 with the branching unit 33 in the presence of
DCC, BtOH, and DMAP afforded fullerodendron 37, which after treatment with
CF;CO,H gave 38. The 'H and '*C NMR, IR, UV/Vis, and elemental analysis data
were consistent with the proposed molecular structures assigned to the fullero-
dendrons of each generation. The electrochemical properties of fulleroden-
drons 35 and 37 have also been investigated [49]. Compound 35 shows the char-
acteristic behavior previously reported for methanofullerenes [50]. Effectively,
up to three one-electron reduction steps are seen and no oxidation could be ob-
served at potentials below +1 V versus Fc/Fc*. The reduction potentials (-1.05,
-1.41, and -1.85 V versus Fc/Fc*) are also quite similar. This seems to indicate
that the three methanofullerene units in 35 behave as independent redox cen-
ters. By CV, fullerodendron 37 behaves like compound 35 and a simultaneous
reduction of the seven methanofullerene independent redox centers has been
observed. Whereas the FAB-MS spectra of methanofullerene 34 showed the
expected molecular ion peak, no characteristic peaks could be observed for the
fullerodendrons 35-38. In fact, due to condensation reactions resulting probably
from fullerene-fullerene interactions under the high energy of the FAB gun or
due to fullerene aggregation in the matrix, the FAB-MS analysis yields only frag-
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35272= CgH17, R =tBu
(ii)

362208H17,R:H -————

37Z2= C8H17, R =t-Bu

382208H17,R:H R S

Fig. 14. Synthesis of fullerodendrons 36 and 38. Reagents and conditions: (i) 33, DCC, DMAP,
BtOH, CH,Cl,, 0 °C to room temperature (70%); (ii) CF;CO,H, CH,Cl,, room temperature
(98%); (iii) 33, DCC, DMAP, BtOH, CH,Cl,, 0 °C to room temperature (37%); (iv) CF;CO,H,
CH,Cl,, room temperature (80%)

mentations. The mass spectrometric characterization of 35-38 was, however,
possible by using an approach based on their redox properties. Radical anions
(negative mode) can be generated during the electrospray (ES) process owing to
the ability of the ES source to behave like an electrolysis cell [49]. For example,
the ES mass spectrum obtained in the negative mode with fullerodendron 35
shows the peak at m/z 1226.3 corresponding to the radical tri-anion (calculated
mlz 1,225.95). The mass spectrum obtained with 37 under similar conditions
displays the peak corresponding to the radical hepta-anion at m/z 1,209.6 (cal-
culated m/z 1,209.55). The MS analysis of the reduced species have not only con-
firmed the structures of 35-38, but also show that all the methanofullerene sub-
units in the fullerodendrons of highest generation behave as independent redox
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412 =CygHzs R= £-Bu
(i)
427=CyHy, R=H

40 Z = CygH33

Fig. 15. Synthesis of fullerodendron 42. Reagents and conditions: (i) DCC, DMAP, BtOH,
CH,Cl,, 0 °C to room temperature (65%); (ii) CF;CO,H, CH,Cl,, room temperature (96%)

centers as deduced from their electrochemical behavior. This ionization strategy
of uncharged fullerene derivatives appears to be very efficient and offers new
perspectives in the characterization of complex fullerene-containing molecular
architectures.

We have developed an efficient synthetic route allowing the preparation of
fullerene-functionalized dendrons containing a C4, sphere at each branching
unit. However, the solubility of compounds 36 and 38 is low in common organic
solvent. Therefore, the attachment of these dendrons on a core for the prepara-
tion of fullerene-rich macromolecules appears difficult. This prompted us to
design new dendritic branches containing an increased number of solubilizing
groups [51]. The synthesis of this fullerodendron is depicted in Fig. 15.

Reaction of acid 40 with 39 under esterification conditions using DCC, DMAP,
and BtOH afforded 41 in 65% yield. Finally, selective cleavage of the ¢-butyl ester
moiety with CF;CO,H in CH,Cl, gave fullerodendron 42 in 96% yield. Thanks to
the presence of the four hexadecyloxy substituents per peripheral fullerene sub-
units, compound 42 is highly soluble in common organic solvents such as
CH,Cl,, CHC;, toluene, or THE. Therefore, this dendron appears to be an inter-
esting building block for the functionalization of a core moiety.
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3.3
Incorporation into Langmuir and Langmuir-Blodgett Films

A growing attention is currently devoted to large dendritic structures for appli-
cations in nanotechnology and materials science [52]. In this respect, the incor-
poration of such compounds into thin ordered films appears as an important
issue and one of the most widely pursued approaches towards structurally
ordered dendrimer assemblies has been the preparation of Langmuir films at
the air-water interface [52]. As a part of this research, incorporation of the
amphiphilic fullerodendrimers 21-23 into Langmuir films has been investigat-
ed [53]. Compounds 21-23 form good quality Langmuir films at the air-water
interface and the isotherms taken at 20 °C are depicted in Fig. 16. Dendrons 21
and 23 can withstand pressures up to [[=20 mN m™, the collapse of the films
being indicated by the rounding of the curve, while the film prepared with 22
begins to collapse around 30 mN m~!'. The molecular areas for 21-23 extrapolat-
ed at zero pressure are 1407 A2, 310+15 A2 and 560+30 A2, respectively. They
are in the expected 1:2:4 proportion given the structure of the dendrimers and
are in good agreement with the values estimated by molecular modeling. Com-
pound 42 is also able to form Langmuir films at the air-water interface and the
general shape of the isotherm is similar to the one obtained with 23.

We also succeeded in forming Langmuir-Blodgett (LB) films by transferring
monolayers of 21-23 and 42 onto solid substrates. However, due to the difference
in size between the hydrophobic and hydrophilic groups, the Langmuir films of
the largest derivatives are not sufficiently stable to withstand the pressure over
long period of time. Therefore, the preparation of multilayered films was found
to be difficult. In order to stabilize the films, it was decided to functionalize
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Fig.16. Pressure-area isotherms for 21, 22, and 23 at 20°C
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Fig.17. Amphiphilic fullerodendrimer 43

fullerodendron 42 with a large polar head group. A Fréchet-type dendron func-
tionalized with peripheral ethyleneglycol chains was attached to the focal point
of compound 42 leading to the diblock globular dendrimer 43 (Fig. 17) [51].

The peripheral substitution with hydrophobic chains on one hemisphere and
hydrophilic groups on the other provides the perfect hydrophobic/hydrophilic
balance allowing the formation of stable Langmuir films. In addition, a perfect
reversibility has been observed in successive compression/decompression
cycles (Fig. 18).

Transfer experiments of the Langmuir films onto solid substrates and the
preparation of LB films were investigated for 43. The deposition of films of 43
occurred regularly on quartz slides or silicon wafers with a transfer ratio of
1+0.05. The diblock structure of dendrimer 43 also appeared crucial for efficient
transfers of the Langmuir films in order to obtain well-ordered multilayered LB
films. Effectively, the transfer of the Langmuir films of the dendrimer 42 with the
small polar head group was found to be difficult with a transfer ratio of about
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Fig. 18. Four successive compression/expansion cycles with a monolayer of 43 showing the
perfect reversibility of the process

0.5-0.7. The structural quality of mono- and multi-layered films of 42 and 43 was
investigated by grazing incidence X-ray diffraction. The quality of the LB films
made with 42 was not too good and only allowed an estimation of their thickness,
the roughness being always in the 3 A range. Monolayers of 42 were about 20 A
thick and the average value of the layer thickness was found to be somewhat
smaller than expected for the multilayer films (approximately 18 A). This small-
er value is probably the result of a partial interpenetrating of the successive layers
within the film. For LB films of 43, the presence of low-angle Kiessig fringes in the
grazing X-ray patterns indicates that the overall quality of the films is good. The
best fit of the grazing X-ray pattern obtained for a monomolecular film gives a
thickness of 36+1 A and a roughness of about 2 A. For the multilayer films, the
average layer thickness was found to be about 36 A, indicating no or little inter-
penetration of successive layers. The excellent quality of the LB films prepared
with 43 is also deduced from the plot of their UV/Vis absorbance as a function of
the layer number: a straight line is obtained, indicating an efficient stacking of
the layers. It is worth stressing the quality of the stacking and, as a consequence,
the quality of the multilayered films obtained with such a megamolecule.

The peripheral substitution of a globular dendrimer with hydrophobic chains
on one hemisphere and hydrophilic groups on the other provides the perfect
hydrophobic/hydrophilic balance allowing the formation of stable Langmuir
films. On the one hand, this approach shows some of the fundamental architec-
tural requirements for obtaining stable films with amphiphilic dendrimers. On
the other hand, functional groups not well adapted for the preparation of Lang-
muir and LB films such as fullerenes can be attached into the branching shell of
the dendritic structure and, thus, efficiently incorporated in thin ordered films.
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4
Fullerene-Rich Dendrimers

Fullerodendrons 21-23 have been used for the construction of new dendrimers
with a bis(1,10-phenanthroline) copper(I) core [54]. The preparation of the first-
generation complex is depicted in Fig. 19. Diol 44 was allowed to react with den-
dron 21 under DCC-mediated esterification conditions to give the correspond-
ing ligand L1. The copper(I) complex (L1),Cu was then obtained by treatment
with Cu(CH;CN), - BF,. The highest generation complexes (L2),Cu and (L3),Cu
depicted in Fig. 20 have been prepared from diol 44 and the corresponding
fullerodendron following a similar route.

The '"H NMR spectra provide good evidence for the formation of (L1-3),Cu.
Effectively, the methylene group directly attached to the phenanthroline core
observed at about 3.2 ppm in the ligands is shifted to around 2.6 ppm in the
corresponding complexes. This particular behavior is highly specific of such
copper(I) complexes and is the result of the ring-current effect of one phenan-
throline subunit on the 2,9-substituents of the second one in the complex. Fur-
thermore, the FAB-MS confirmed the structure of (L1),Cu with signals at
mlz 7,872.7 and 3,967.6 corresponding to [M-BF, ]* (calculated m/z 7,872.6)
and [M-L1-BF,]* (calculated m/z 3,968.1), respectively. In the FAB-MS spectra
of (L2),Cu, only the peak corresponding to [M-L2-BF,|* could be observed at
m/lz 7,908.1 (calculated m/z 7,908.5). In the FAB-MS of (L3),Cu, no characteris-
tic peak could be observed. Due to the presence of the 64 surrounding long alkyl
chains, (L3),Cu aggregates strongly and high energy is required for dissociation

i) (i)
—_—

L1Z= Can (L1:lgCl.l Z= CaHﬁv

Fig. 19. Preparation of fullerodendrimer (L1),Cu. Reagents and conditions: (i) 21, DCC,
DMAP, BtOH, CH,Cl,, 0 °C to room temperature (75%); (ii) Cu(CH;CN),BF,, CH;CN, CH,Cl,,
room temperature (56%)
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Fig.20. Fullerodendrimers (L1),Cu and (L1),Cu
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during FAB-MS analysis. Therefore, fragmentation occurs, especially on the
fragile benzylic ester functions; furthermore the molecular mass of (L3),Cu is
quite high (31,601.8). Nevertheless, the NMR and UV/Vis data obtained for
(L3),Cu and comparison with (L1-2),Cu provide very good evidence for the
proposed structure.

For the two largest fullerodendrimers, the central copper(I) core appears in-
accessible to external contacts as shown by molecular modeling and confirmed
by electrochemical investigations [55]. Effectively, Gross and co-workers have
shown that the bulky fullerodendrons around the Cu center prevent its approach
on the electrode surface and its oxidation could no longer be observed. Further-
more, due to the high number of fullerene subunits in (L3),Cu, a strong shield-
ing effect is observed and only a small part of the incident light is available to
the central core relative to the periphery. Photophysical studies carried out by
Armaroli and co-workers revealed that the small portion of light energy able to
reach the central Cu(I) complex is returned to the external fullerenes by energy
transfer [55]. Therefore, one can conclude that the central core is buried in a
dendritic black box.

5
Conclusions

Owing to their special photophysical properties, fullerene derivatives are good
candidates for evidencing dendritic effects. In particular, we have shown that the
triplet lifetimes of a C4, core can be used to evaluate its degree of isolation from
external contacts. In addition, the protective effect observed for fulleroden-
drimers 4 and 8 might be useful for optical limiting applications. On the other
hand, the fullerene core can act as a terminal energy receptor in dendrimer-
based light-harvesting systems. When the fullerodendrimer is further function-
alized with a suitable electron donor, it may exhibit the essential features of an
artificial photosynthetic system where an initial photo-induced energy transfer
from the antenna to the Cy, core can be followed by electron transfer. Cg, is not
only an interesting functional core for dendrimer chemistry, but it can also be
incorporated either at the periphery or within the dendritic structure. Efficient
synthetic methodologies have been developed for the preparation of dendrons
with peripheral Cq, subunits or containing a C4, sphere at each branching unit.
Some of these fullerodendrons are amphiphilic compounds capable of forming
Langmuir films. However, due to the difference in size between the hydrophobic
and hydrophilic groups, the preparation of multilayered films was found to be
difficult. In contrast, the functionalization of the fullerodendrimer with a den-
dritic polar head group afforded a globular diblock dendrimer with a perfect
hydrophobic/hydrophilic balance allowing the formation of stable Langmuir
films which can be readily transferred onto solid substrates, yielding high qual-
ity LB films. Incorporation of fullerenes into well-ordered structures can be
easily achieved and such fullerodendrons appear to be promising compounds
for materials science applications. It has also been shown that these fulleroden-
drons are versatile building blocks for the preparation of fullerene-rich macro-
molecules with intriguing properties. Particularly, a dendritic black box effect
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has been observed. The electrochemical and photophysical studies of the den-
drimers with a bis(1,10-phenanthroline)Cu(I) core and fullerene 7w chromophores
at the periphery have shown that the surrounding fullerene-functionalized den-
dritic branches are able to isolate the central Cu(I) complex. In the future, due to
the high number of C4, subunits, such fullerodendrons could also be useful as
antennas for light harvesting when attached to a suitable functional group able
to act as a terminal receptor of the excitation energy. This could be achieved if
the lowest excited state of the central core is lower in energy than that of the sur-
rounding fullerene spheres.
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The synthesis, properties, and potential applications of rotaxane dendrimers, dendritic mole-
cules containing rotaxane-like mechanical bonds to link their components are described.
Rotaxane dendrimers are classified into three types depending on where rotaxane-like fea-
tures are introduced - Type I, II, and III rotaxane dendrimers which incorporate rotaxane-like
features at the core, termini, and branches, respectively. Several different types of macrocycles
are employed as the ring component in the templated synthesis of rotaxane dendrimers. In the
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1
Introduction

The chemistry of dendrimers, a class of highly branched molecules that com-
bine the properties of polymers as well as small discrete molecules, is blossom-
ing into an exciting field of research [1-6]. During the past two decades, a wide
variety of dendrimers with different cores, branches, and end groups have been
synthesized and applied in different areas including drug-delivery, catalysis,
light energy harvesting, sensors, etc. Concurrently with this, another fascinating
development in chemistry has been the efficient synthesis of mechanically inter-
locked molecules such as rotaxanes and catenanes, which have also attracted
considerable attention not only due to their aesthetic appeal but also their
potential applications such as molecular machines [7-9].
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Scheme 1. Schematic representations of a [2]rotaxane, a [2]pseudorotaxane, and one-, two-,
and three-dimensional polyrotaxanes
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Rotaxanes are a class of compounds that consist of linear and cyclic species
bound together in a threaded structure by mechanical bonds (Scheme 1). In the
simplest rotaxanes, [2]rotaxanes, a ring (wheel) is threaded on a rod (axle) hav-
ing two bulky stoppers at the ends, which prevent dethreading. Without stop-
pers, the ring and rod components can dissociate; such a supermolecule is called
a [2]pseudorotaxane. One-dimensional (1D) polyrotaxanes contain many rings
threaded on along rod. This idea can be extended into two and three dimensions
to define 2D and 3D polyrotaxanes [10,11]. Rotaxane dendrimers can be broadly
defined as the dendritic molecules containing rotaxane-like mechanical bonds
to link their components. Combining many attractive features of conventional
dendrimers with properties that result from the mechanical bonds, they are not
only structurally appealing but also hold great promise for applications in many
areas including materials science. In this review, we will describe the synthesis,
properties, and potential applications of rotaxane dendrimers.

11
Classification of Rotaxane Dendrimers

Since dendrimers contain three distinct structural parts, the core, end-groups,
and branching units connecting core and periphery, rotaxane dendrimers can
be classified into three types depending on where rotaxane-like features are
introduced - Type I, IT and III rotaxane dendrimers which incorporate rotax-
ane like features at the core, termini and branches, respectively (Table 1 and
Scheme 2). Type I rotaxane dendrimers may be called rotaxane-core den-
drimers. Depending on where dendron units are attached, Type I rotaxane den-
drimers can be further classified into I-A,I-B and I-C in which dendron units are
attached to rod, ring, and both ring and rod components, respectively. Type II
pseudorotaxane dendrimers which incorporate pseudorotaxane-like features at
the periphery can be further classified as Type II-A and Type II-B depending on
whether the terminal units of the dendrimers serve as rod components or ring

Table 1. Classification of rotaxane dendrimers

Typel Dendrimers with a rotaxane core

TypeI-A: Rotaxane dendrimers with dendron units attached to the rod component

Type I-B:  Rotaxane dendrimers with dendron units attached to the ring component

TypeI-C:  Rotaxane dendrimers with dendron units attached to both the ring and rod
components

Type II Dendrimers with (pseudo)rotaxane-decorated periphery

Type II-A:  (Pseudo)rotaxane-terminated dendrimers with covalently-attached rod
components at the periphery

Type II-B:  (Pseudo)rotaxane-terminated dendrimers with covalently-attached ring
components at the periphery

Type III Dendritic polyrotaxanes

Type III-A: Dendritic polyrotaxanes incorporating ring components on the branches
Type III-B: Dendritic polyrotaxanes incorporating ring components at the branching points
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Scheme 2. Classification of rotaxane dendrimers: Type I, II and III rotaxane dendrimers incor-
porating rotaxane-like features at the core, termini, and branches, respectively

components, respectively. Type III rotaxane dendrimers may be viewed as den-
dritic polyrotaxanes in which rotaxane building units grow like a dendrimer.
Depending on whether ring components are located on the branches or at the
branching points, Type III rotaxane dendrimers are further classified as III-A
and III-B, respectively (Scheme 2). This review will focus mainly on the synthe-
sis of rotaxane dendrimers according to the above classification. Throughout the
review, generations of dendrons or dendrimers will be designated by G-n (n=0,
1,2,3,4,and 5).



Rotaxane Dendrimers 115

1.2
Templated Synthesis of Rotaxane Dendrimers

Template effects have been used in rotaxane synthesis to direct threading of the
axle through the wheel. Since macrocyclic compounds such as cyclodextrins,
crown ethers, cyclophanes, and cucurbiturils form stable complexes with specific
guest molecules, they have been widely used in the templated synthesis of rotax-
anes as ring (wheel) components. Here, we briefly discuss macrocycles used in
the synthesis of rotaxane dendrimers and their important features.

Crown ether type macrocyclic polyethers have been extensively used in the
synthesis of interlocked molecules such as catenanes and rotaxanes by Stoddart
and others. The characteristic chemistry of crown ethers involves complexation
of the ether oxygens with various ionic species. Depending on which ion is tar-
geted, selectivity for certain metal cations over others is achieved by manipulat-
ing the size of the cavity within the macrocyclic compound, the choices among
the heteroatoms or groups and their relative sequence. These receptors form
fairly stable inclusion complexes utilizing several noncovalent interactions.
For example, in nonprotic organic media the crown ether bis-p-phenylene-34-
crown-10 (BPP34C10) can form 1:1 complexes with bipyridinium ions (K,=
~10°M!) mainly by the charge-transfer interaction between the m-electron-defi-
cient bipyridinium unit and the m-electron-rich aromatic rings [12]. A deep red
color builds up in the reaction mixture which signifies considerable charge-
transfer interaction between the host and the guest. Bis-dibenzo[24]crown-8
(DB24C8) can form 1:1 complexes with the secondary ammonium ions by the
hydrogen bonding (K,=10°-10* M) [13]. The crown ether oxygen atoms bind
the guest using multiple hydrogen bonds with the amine as well as with one of
the methylene hydrogen atoms. An additional m-m stacking interaction arises in
case of the dibenzylammonium complex between a phenyl group in the cation
and a catechol group of the crown.

Another class of host molecules extensively studied in host-guest chemistry
is cyclophanes, a term originally applied to compounds having two p-phenylene
groups held face to face by - [CH,],, - bridges. It now designates compounds
having cyclic systems consisting of ring(s) or ring system(s) having the maximum
number of noncumulative double bonds connected by saturated and/or unsatu-
rated chains. Most cyclophanes employ the recognition strategy of substrate-
induced organization of the conformation [14]. Suitable hydrophilic functions
appended to the ring can lead to water-soluble cyclophanes, which can form
inclusion complexes stable in aqueous media. For example, water-soluble cyclo-
phanes, in which ether groups and methylene units link benzene or naphtha-
lene, can form inclusion complexes with naphthalene-2,7-diol, 6-(p-toluidi-
no)naphthalene-2-sulfonate and steroids in aqueous media. The major driving
force of the host-guest complexation is hydrophobic and m-m interactions. The
association constants vary in the range 10-10* M~! depending on both the cav-
ity size of the cyclophanes and the size of guests.

Macrocyclic isophthalamides (the tetralactam macrocycles) have been used
as a host to build rotaxanes and catenanes by Vogtle and others [15]. Structurally
analogous to cyclophanes, their initial usage as a synthetic receptor was for
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recognition of p-benzoquinone. Recognition sites include hydrogen bonds and
a variety of m-m interactions. A key feature of the macrocyclic isophthalamides
is the selective stabilization of the quinone radical anion over the parent neutral
quinone. The macrocycles bind anions such as chloride, bromide, or phenolate
in nonpolar media through hydrogen bonding [16]. The tetralactam-phenolate
anion complex (K,~3x10*> M) has been employed as a “wheeled” nucleophile.
Thus the phenolate ion while still inside the macrocycle can react with bromide
compounds. Such a reaction has been incorporated in a rotaxane synthesis,
where once reacted, the complex becomes a stopper for the rotaxane.

One of the most widely used hosts in the study of host-guest chemistry as well
as in the synthesis of rotaxanes is cyclodextrins (CDs) [17]. The most common
cyclodextrins contain six, seven and eight glucopyranose rings («-CD, $-CD, and
y-CD, respectively). Having a rigid, bucket-shaped structure with a hydrophobic
cavity, they can bind a wide range of rod-like guest molecules in the cavity. Most
of the host-guest complexes of cyclodextrins are studied in aqueous media. Fre-
quently, this complexation is used as a means to solubilize the hydrophobic
guests in water. Depending on the nature of the guest, the association constants
vary over a wide range. For example, the association constants of f-CD with phe-
nolphthalein, ferrocene, admantane, sodium cholate, and 2-naphthalenesul-
fonate vary in the range of 10°-10° M~!. For the inclusion complexes of low bind-
ing affinity to form in an appreciable concentration in solution often it is prac-
tice to use an excess amount of the host. The ability to form stable host-guest
complexes with a very wide range of guest species in aqueous solutions makes
these readily available molecules one of the most attractive building blocks in
the synthesis of rotaxanes and polyrotaxanes [18].

Cucurbituril (CB[6]), a macrocyclic cavitand comprising six glycoluril units,
has a cavity accessible through two identical carbonyl-fringed portals [19]. The
hydrophobic cavity, whose size is almost comparable to that of a-CD, provides
a potential site for inclusion of hydrocarbon molecules. Unlike CDs, however,
the polar carbonyl groups at the portals allow CB[6] to bind cationic species
through charge-dipole and hydrogen bonding interactions. For example, proto-
nated aminoalkanes, particularly diaminoalkanes form exceptionally stable
inclusion complexes with CB[6] (K=10°-107) [20]. CB[6] also forms a stable
inclusion complex with 1,6-di(pyridinium)hexane (log K=4.40: K=2.5x10* at
25°C [21]). This ability to form very stable inclusion complex makes CB[6]
attractive as a building block for construction of interlocked molecules, in par-
ticular rotaxanes and polyrotaxanes [22]. Larger cucurbituril homologues,
cucurbit[n]uril (CB[n], n=7 and 8) containing seven and eight glycoluril units,
respectively, were synthesized recently [23] and their inclusion behavior was
studied [24-30]. The driving force for inclusion is similar to that in CB[6], but
the larger cavities of CB[7] and CB[8] allow them to bind larger guest molecules.
For example, CB[7] forms a stable 1:1 inclusion complex (K>10°) with methyl
viologen (dimethylbipyridinium ions) [24, 27]. Moreover, CB[8] can accommo-
date two guest molecules to form ternary complexes. For example, CB[8] can form
a stable 1:1:1 complex with methylviologen and 2,6-dihydroxynaphthalene, [24]
which is driven by charge-transfer interaction between the electron-deficient
and electron-rich guest molecules inside the hydrophobic cavity of CB [8].
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As enumerated above, the macrocycle as a ring (wheel) component can form
an inclusion complex with a suitable ligand as an axle utilizing mostly
hydrophobic, hydrogen bonding, electrostatic, and charge-transfer interactions.
Often, stable pseudorotaxanes do not result from these interactions, particular-
ly when only one such interaction is available for complexation. Frequently, in
such cases of low host-guest interaction strength, a large excess of the macrocy-
cle is used to stabilize the complex in solution. Yet, low binding affinity between
the macrocycle and ligand can be utilized in the template-directed synthesis of
rotaxane dendrimers if multiple interactions are achievable. Rotaxane den-
drimers stable even in aqueous medium can result from the synergistic effect of
multiple interactions. Conversely, if the intrinsic binding affinity between the
macrocycle and the guest is very high, such as that between cucurbituril and
akyldiammonium ions, stable pseudorotaxanes can result from stoichiometric
mixtures, and hence an easy access to the rotaxane dendrimers can be realized.

A stable pseudorotaxane resulting from the cooperative effect of weak multi-
ple interactions or from a strong host-guest interaction does not necessarily
always mean that the resulting rotaxane dendrimer can be established in solu-
tion. A great variety of other factors, such as the nature of binding among the
pseudorotaxane units, the sizes of the host and the guest, steric congestion with
successive dendrimer generations, solvent, pH of solution, temperature, etc., are
as crucial. In the following section we shall illustrate the importance of these fac-
tors operating in tandem while discussing the synthesis of the rotaxane den-
drimers of diverse kinds.

2
Dendrimers with a Rotaxane Core: Type | Rotaxane Dendrimers

2.1
Rotaxane Dendrimers Bearing Dendron Stoppers: Type I-A

Type I-A rotaxane dendrimers are the dendrimers having a core comprising a
ring and a rod, to the end of which dendrons are attached. Here, the dendrons
act as the stoppers to prevent dethreading of the ring. This type of rotaxane den-
drimer was first synthesized by Stoddart and coworkers by threading followed
by capping [31]. They incorporate a crown ether type macrocycle as the ring
component(s), bipyridinium derivatives as the rod components and Fréchet-
type dendrons as the stopper. Reaction of bipyridine with Fréchet-type dendron
wedges [G-3]-Br in the presence of four equiv of 1 in DMF under high pressure
conditions at 25°C afforded the [2]rotaxane-core dendrimer 2 in 27% yield
(Fig. 1). By increasing the number of bipyridinium recognition sites incorporat-
ed within the dumbbell-shaped components, higher order rotaxanes can be self-
assembled using the same synthetic procedure. Reaction of bis(bipyridinium)-
p-xylene with the stopper [G-3]-Br in the presence of eight equiv of 1 in DMF
under similar conditions affords the [2]rotaxane-core dendrimer 3 and
[3]rotaxane-core dendrimer in 23% and 5% yields, respectively. Because of the
hydrophobic dendritic moiety, these [n]rotaxane-core dendrimers are soluble in
a wide range of organic solvents, despite the polycationic natures of their bipyri-
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Fig.1. Rotaxane dendrimers from crown ether type macrocycle ring, bipyridinium derivatives
rod component and Fréchet-type dendron stoppers

dinium-based backbones. In all cases, they can be purified by column chro-
matography employing relatively low polar eluants. In 3, shuttling of the macro-
cycle between the two different bipyridinium sites on the rod is observed. The
rate of shuttling increases with the polarity of the medium: on going from chlo-
roform to acetone the rate const increases from 200 to 33,000 times per second.
The dramatic solvent dependence of the rate of this process is a result of con-
formational changes induced by varying the solvent polarity.

Vogtle and coworkers have synthesized a wide variety of mechanically inter-
locked molecules incorporating isophthalamide macrocycles as a “wheel” (ring)
component. Recently, they developed a new procedure for the templated synthe-
sis of rotaxanes based on the complexation of intermediate anionic stopper
building block by neutral macrocyclic isophthalamides and their subsequent
reaction with electrophilic stoppers to produce rotaxanes with phenyl ether
“axles” [32]. They applied this method to the construction of several different
types of rotaxane dendrimers [33-35]. A series of rotaxane dendrimers (type I-
A) bearing dendron stoppers were synthesized [33]. Reaction of modified
Fréchet’s dendrons 4 containing a phenol functionality at the focal point with
dendritic bromides 5 in the presence of macrocyclic isophthalamide 6 and K,CO;
produces [2]rotaxane-core dendrimers 7 having dendritic stoppers of different
sizes (Fig. 2). The phenolate stoppers complexed to the macrocycle can act as
“wheeled” nucleophiles and react through the “wheel” with centerpieces such as
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Fig. 2. Rotaxane dendrimers from isophthalamide [2]rotaxane-core and Fréchet-type den-
dron stoppers

dendritic bromides to yield the [2]rotaxane-core dendrimers. Thus, the macro-
cycle not only acts as a receptor for anions, but also orients the guest appropri-
ately for threading the “axle” through the “wheel”. All of these dendritic rotax-
anes are indefinitely stable at room temperature, but deslipping of the “wheel”
occurs at elevated temperatures. The deslipping experiment allowed them to
estimate the “dynamic spatial demand” of the dendritic stoppers and rank them
accordingly. For example, the third generation Fréchet dendritic stopper is
bulkier than the fert-butyl-substituted trityl stopper, which is in turn bulkier
that the second generation dendritic stopper.

Cucurbit[6]uril (CB[6]) or cucurbit[7]uril (CB[7]) form stable inclusion com-
plexes with 1,6-di(pyridinium)hexane (log K=4.40 at 25 °C for CB[6]) [21]. Taking
advantage of the fact, Kim and coworkers [36] synthesized Type I-A rotaxane
dendrimers 10 incorporating CB[6] or CB[7] as a “bead” and Fréchet dendrons
as stoppers (Fig. 3). Reaction of [2]pseudorotaxane 9-A, which comprises a CB[6]
bead threaded on 1,6-di(bipyridinium)hexane, with three equiv of Fréchet den-
drons (G-1-G-3) 8 in DMSO affords [2]rotaxane-core dendrimers 10-A in 75-88%
yield. Similarly, [2]Rotaxane-core dendrimers 10-B incorporating CB[7] can
also be synthesized utilizing CB[7]-based [2]pseudorotaxane (9-B) as a starting
material. The molecular bead CB[6] in 10-A resides on the hexamethylene site of
the “rod” component regardless of the generation of the dendritic stoppers
whereas the larger molecular bead CB[7] in 10-B occupies partially the hexam-
ethylene site and partially the bipyridinium site as judged by 'H NMR spec-
troscopy. The occupancy of the two different sites varies depending on the gen-
eration of the dendritic stoppers. On going from G-1 to G-3, the occupation of
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Fig.3. Rotaxane dendrimers incorporating cucurbituril threaded on 1,6-di(bipyridinium)hex-
ane with Fréchet dendrons as stoppers

the hexamethylene site steadily decreases from 94% to 33%. This behavior may
be due to the change in polarity of the local medium affected by the dendritic
stoppers. Both bead (CB[6] or CB[7]) and dendritic stoppers of 8 are also expect-
ed to influence the photochemical and electrochemical properties of the redox-
active bipyridinium unit at the core of the rotaxane dendrimers.

2.2
Rotaxane Dendrimers with Dendron Units Attached to the Ring: Type I-B

Dendrimers containing a macrocycle at the core may serve as a ring component to
form a rotaxane or pseudorotaxane, which are classified as Type 1-B pseudo-
rotaxane dendrimers. Diederich et al. reported a series of dendrimers containing a
cyclophane at the core, which were named dendrophanes (dendrimer-cyclophanes)
[37-41]. The cyclophane cavity is accessible to appropriate substrates even at high
dendritic generation. In aqueous solution, the dendrophanes 11G-n bind naphtha-
lene-2,7-diol or 6-(p-Toluidino)naphthalene-2-sulfonate (TNS) (Fig. 4) [37, 38]
to form 1:1 host guest complexes 12G-n, which may be considered Type 1-B
pseudorotaxane dendrimers. The binding constants for the dendrophanes are
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Fig.4. Dendrophanes at the core, bind naphthalene-2,7-diol or 6-(p-toluidino)naphthalene-2-
sulfonate to form [2]pseudorotaxane dendrimers

similar to those for non-dendritic cyclophane. However, the complexation rates for
the formers are significantly lower than that for the latter. A titration study using
TNS as a fluorescent probe shows a blue-shift of the emission maximum with
increasing dendritic generation indicating that the microenvironment around the
cavity becomes more apolar with increasing degree of branching.

Extending this work, Diederich et al. used dendrophanes 13 as building blocks
for the assembly of new supramolecular architectures in aqueous solution (Fig.5)
[41].Type I-B [3]pseudorotaxane dendrimer 15 was obtained by 2:1 complexa-
tion of the dendrophanes and molecular rods 14 consisting of rigid oligo(pheny-
lacetylene) spacers with terminal steroid units. NMR study confirms that the
steroid unit of the rod is included in the cyclophane cavities and the rigid rod
effectively bridges the two dendrophanes involved in complexation. Apolar
bonding interactions and hydrophobic desolvation provide the driving force for
formation of these complexes. In addition, ion-pair interactions also play a role
due to the anionic nature of the dendritic end groups and cationic nature of the
rods. Diederich et al. further investigated the effects of the rod length and den-
dron generation on the complex formation. With the shorter rod 14a (n=1) both
13G-0 and 13G-1 form 2:1 complexes, but 13G-2 forms only a 1:1 complex. For
13G-0 the threading of two cyclophane rings through 14a occurs with nearly
identical binding constants, whereas for 13G-1 the second threading is thermo-
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Fig.5. [3]Pseudorotaxane dendrimers from complexation of the dendrophanes and molecu-
lar rod with rigid oligo(phenylacetylene) spacers and terminal steroid units

dynamically less favored. On the other hand, with the longer rod 14b (n=2),both
13G-1 and 13G-2 are threaded onto both terminal steroids leading to a 2:1 com-
plex. However, the first and second binding constants of 13G-1 to 14b are almost
the same whereas in the case of 13G-2, the second threading is much less favor-
able than the first one probably due to the repulsion between the negatively
charged dendritic shells. Given that two rods 14a and 14b are rigid and possess
steroid-steroid distances of 41 and 55 A, respectively, the extensions of the den-
drophane shells in these [3]pseudorotaxane dendrimers can be estimated.
Newkome et al. also reported self-assembly of Type 1-B pseudorotaxane den-
drimers using water-soluble dendritic B-CD 16G-n (n=1, 2) of first and second
generation as a ring component [42]. Addition of dendritic f-CD 16G-1 to a
moderately basic aqueous solution of phenolphthalein results in the formation
of Type I-B [2]pseudorotaxane dendrimer 17 (Fig. 6), as indicated by disappear-
ance of the deep purple color of phenolphthalein. The driving forces for the
complex formation include hydrophobic effects, van der Waals interactions
and hydrogen bonding. Upon addition of adamantaneamine, which is known to
bind very strongly to B-CD to form a 1:1 inclusion complex (stability constant
~10* M), to the solution, the deep purple color of phenolphthalein is regener-
ated, which illustrates that adamantaneamine displaces the indicator from
[2]pseudorotaxane dendrimer 17 to produce new [2]pseudorotaxane dendrimer
18. From these results, they concluded that the dendritic CDs 16G-1 and 16G-2
retain their binding sites and can incorporate, on the basis of molecular recog-
nition, hydrophobic guests in basic aqueous media. In other words, the dendritic
shell does not prevent recognition in the binding cavity. However, there are no
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quantitative binding studies and the effect of the dendritic shell on binding
strength or host-guest exchange kinetics. [3]Pseudorotaxane dendrimer 19 has
also been assembled by forming a 2:1 complex between the dendritic 3-CD 16G-
2 and the bis(adamantane ester) of tetraethylene glycol (Fig. 6). In this case, no
effect of the dendritic branching on the assembly process was reported.

Gibson et al. reported the self-assembly of Type I-B [4]pseudorotaxane den-
drimers by threading dendrons with a macrocycle at the focal point onto a triply
branched molecular rod [43-45]. The tritopic ligand 21, which contains an
ammonium unit on each arm, is completely insoluble in CDCl;, but becomes sol-
uble upon addition of Fréchet-type dendrons with a crown ether at the focal
point (20G-n, n=1, 2, and 3) to form [4]pseudorotaxane dendrimers 22G-n
(Fig. 7). '"H NMR spectroscopy and MALDI-TOF mass spectrometry confirmed
the formation of 1:3 complexes between 21 and 20G-n. The time required to
reach equilibrium depends on the generation number of the dendrons: ~36 h for
20G-1,~48 h for 20G-2, and ~72 h for 20G-3. The slow formation of [4]pseudoro-
taxane dendrimer for 20G-3 is presumably due to the poor solubility of 21 in
CDCl; and the steric hindrance experienced by neighboring dendron units in
the 1:3 complex. Because these pseudorotaxanes lack one blocking group along
the rod component, the threading and dethreading equilibrium is subject to
environmental conditions such as the polarity of solvents and the generation
of dendrons. A molecular modeling study of the [4]pseudorotaxanes indicates
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that these dendritic structures range from 8-12 nm in diameter. These results
demonstrate the feasibility of using this self-assembly protocol for the produc-
tion of larger and more complex, nano-scale dendritic structures.

2.3
Rotaxane Dendrimers with Dendron Units Attached to Both the Ring and Rod: Type I-C

Only one example of Type I-C rotaxane dendrimers, which contain dendron
units attached to both wheel and axle, is available in the literature. Vogtle et al.
[34] synthesized such dendro[2]rotaxanes by attaching a dendron to the sul-
fonamide groups in the wheel and axle components. Reaction of rotaxane 23
with Fréchet-type dendritic bromides 5G-n produces the dendro[2]rotaxanes
24G-n (Fig. 8). Both 23 and 24G-n are cycloenantiomerically chiral [2]rotaxanes
[34]. The separation of the racemic mixture of these dendrimers was achieved
by HPLC on chiral stationary phases. The cycloenantiomerically chiral den-
dro[2]rotaxanes containing G-0 and G-1 dendrons can be resolved by chiral
HPLC, but the one with G-2 dendrons is eluted as a single peak. The chiroptical
properties of the dendro[2]rotaxanes are also dependent on the generation
number of the dendrons. Similarly, reaction of a [2]catenane containing a sul-
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Fig.8. A rotaxane dendrimer with dendron units attached to both wheel and axle

fonamide group in both of its macrocycles with Fréchet-type dendritic bro-
mides produces dendro[2]catenanes, which are topologically chiral [2]cate-
nanes [34].

3
Dendrimers with Pseudorotaxane-Decorated Periphery:
Type Il Rotaxane Dendrimers

As described earlier, Type II pseudorotaxane dendrimers have pseudorotaxane-
like features at the periphery of dendrimers. Depending on whether the terminal
units of the dendrimers serve as rod components or ring components, they can
be further classified as Type II-A and Type II-B pseudorotaxane dendrimers,
respectively.

3.1
(Pseudo)rotaxane-Terminated Dendrimers with Covalently-Attached Rod Components
at the Periphery: Type II-A

Several examples this type of pseudorotaxane-terminated dendrimers are avail-
able in the literature, most of which exploit the host-guest interactions between
B-CD and aromatic guests. Since ferrocene is a good substrate for inclusion
complexation by 3-CD (K,=~1230 M), ferrocenyl-functionalized polypropy-
limine (PPI) dendrimers 25 containing up to 16 (G-3) ferrocene units on their
surfaces were synthesized [46] and their host-guest chemistry with 3-CD was
investigated using 'H-NMR spectroscopy and electrochemistry (Fig. 9) [47].
Although the solubility of the dendrimers in aqueous media is very low, it is
greatly enhanced in the presence of B-CD. This is rationalized by the formation
of B-CD-ferrocene inclusion complexes on the surface of the dendrimers 25 to
generate the pseudorotaxane-terminated dendrimers 26. Although the com-
plexation equilibria in these systems are very complicated, all the ferrocene
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Fig. 9. Pseudorotaxane-terminated dendrimers: ferrocenyl-functionalized polypropylimine
dendrimers terminated with $-CD

residues in dendrimers 25G-1 and 25G-2 are accessible for inclusion complexa-
tion by -CD to generate pseudorotaxane-terminated dendrimers 26G-1 and
26G-2. However, not all the ferrocene residues in dendrimers 25G-3 are accessi-
ble for inclusion complexation by f-CD presumably due to the substantial steric
congestion on the surface of dendrimer for the higher generation dendrimer.
The addition of sodium 2-naphthalenesulfonate to a solution containing den-
drimer 26G-2 results in regeneration of 25G-2 as the 2-naphthalenesulfonate
anion, a better substrate for inclusion complexation by B-CD, displaces the fer-
rocene subunits from the CD cavities. Here, the dendrimers serve as a template
to organize B-CD in the periphery of the dendrimers, giving rise to large
supramolecular assemblies, which is classified as pseudorotaxane-terminated
dendrimers. Furthermore, the redox-active ferrocene end groups offer a rever-
sible electrochemical mechanism to break up these supramolecular species as
the binding affinity constant of the 3-CD/ferrocene complex is strongly dimin-
ished by ferrocene oxidation.

As an extension of this work, Kaifer et al. prepared a series of PPI dendrimers
(G-1-G-4) functionalized with cobaltocenium at the periphery [48] and studied
their electrochemical behavior and binding interactions with f-CD. While the
positively charged cobaltocenium-terminated dendrimer 27G-1 is not com-
plexed by B-CD in aqueous media, electrochemical reduction of the dendrimer
in the presence of excess f-CD triggers the formation of a multisite inclusion
complex with this host to provide pseudorotaxane-terminated dendrimer
28G-1 (Fig. 10). Similar electrochemical and binding behavior toward -CD was
observed for the G-2 and G-3 dendrimers. However, the resulting multisite inclu-



Rotaxane Dendrimers 127

sf‘““n (NO‘ +e g“ﬂbh“i o : =
@z () = @rg

27G-n 28G-n
Gn G1 G2 G3 G4
n 4 8 16 32
. @T HN + d4e
N —_—
../v‘-u -—
0 &:é :’ ﬁ; E . _ 4e
27G-1 28G-1

Fig.10. Pseudorotaxane-terminated dendrimers generated by electrochemical reduction

sion complexes were not fully characterized; e.g. exact host-guest binding stoi-
chiometry was not established. Nevertheless, this work illustrates the formation
of large supramolecular assemblies triggered by “electrochemical activation” of
the guest.

Meijer et al. reported adamantyl-terminated PPI dendrimers 29G-n (n=1-5)
containing from 4 (G-1) to 64 (G-5) adamantane units on their surfaces [49]. Since
adamantane forms a very stable inclusion complex (association constant 10°-10°)
with 3-CD in aqueous solution, Reinhoudt and coworkers [50] investigated the
interactions between B-CD and the adamantyl-terminated PPI dendrimers
(Fig. 11). Here again, these adamantyl-terminated PPI dendrimers are insoluble
in water but readily dissolve in the presence of 3-CD through strong non-cova-
lent interactions between the 3-CD and adamantyl groups to generate the pseu-
dorotaxane-terminated dendrimers 30G-n. The formation of the pseudorotax-
ane-terminated dendrimer is most effective at pH=2, because at this pH there is
complete protonation of the tertiary amino groups present in the dendritic
cores, which causes the dendrimers to adopt a stretched conformation. The pseu-
dorotaxane-terminated dendrimers remain in solution at pH <7, but precipitate
under basic conditions, except for G-1, which remains in solution. The binding
stoichiometry between CD and the dendrimers was determined by '"H-NMR. All
the terminal adamatyl units are complexed by B-CD except for G-5 wherein
about 40 3-CD instead of 64 were complexed, presumably due to steric conges-
tion. The ability of the pseudorotaxane-terminated dendrimers (G-1 to G-5) as
a host was studied by fluorescence spectroscopy using the fluorescent probe 8-
anilinonaphthalene-1-sulfonate (ANS) as a guest for the supramolecular den-
dritic host system. The shielding of ANS from the quenching water molecules by
the dendrimers becomes more efficient with increasing dendrimer generation.

These f-CD/adamantyl pseudorotaxane-terminated dendrimers can be used
as nanoreactors in the preparation of gold and platinum nanoparticles in water
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Fig. 11. Pseudorotaxane-terminated dendrimers from the adamantyl-terminated polypropyl-
imine dendrimers and 3-CD

[51]. These particles are formed by the reduction of aurate or platinate anions
in the presence of 30G-4 (32 3-CD) and 30G-5 (40 3-CD). The lower generation
assemblies (up to 30G-3) do not provide stable nanoparticles. TEM images of the
freshly prepared solutions confirmed the formation of nm-sized gold and plat-
inum colloids stabilized by the 30G-4 (32 3-CD) and 30G-5 (40 $-CD) assem-
blies. The sizes of the Pt colloids (d=2.0%0.5 and 2.1£0.5 nm for 30G-4 (32 3-CD)
and 30G-5 (40 B-CD), respectively) are slightly larger than for the Au colloids
(d=1.6%0.7 and 1.7£0.9 nm for 30G-4 (32 B-CD) and 30G-5 (40 B-CD), respec-
tively). The dispersity of the Au and Pt particles is significantly lower than that
of most of the earlier reported dendrimer-stabilized nanoparticles. For both
metals, the difference in particle size of the colloids stabilized by 30G-4 (32 B-
CD) and 30G-5(40 B-CD) is not significant. These Au and Pt nanoparticles are
stable for 12 days at room temperature in daylight, and for a week at 4 °C in the
dark. The dense shell of adamantyl-B-CD complexes provides a kinetic barrier
for nanoparticle escape thus increasing their lifetime.

Reinhoudt et al. also reported water-soluble pseudorotaxane-terminated den-
drimers possessing a radio-active metal core for radiotherapeutical applications
[52]. First, Fréchet-type dendritic wedge [G-n]-amide-thiols 31G-n are synthe-
sized via a convergent growth strategy, i.e., starting from the adamantane peri-
phery and working inward toward what is to become the amide-thiol ligand
part. Two different convergent routes were used to produce the desired pseu-
dorotaxane-terminated dendrimers (Fig. 12). In the first route, two dendritic
wedge [G-n]-amide-thiols containing adamantane units are complexed with
ReO(PPh;),Cl; in organic solvents to produce adamantane-terminated den-
drimers 32G-n which are then complexed with $-CD to form pseudorotaxane-
terminated dendrimers 34G-n. In the second route, two dendritic wedge [G-n]-
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Fig.12. Convergent routes to pseudorotaxane-terminated dendrimers with a metal complex at
the cores and B-CD at the periphery

amide-thiols containing adamantane units are complexed with 3-CD to pro-
vide the dendritic pseudorotaxanes 33G-n, followed by complexation with
ReO(PPh;),Cl; in water to produce the pseudorotaxane-terminated dendrimers
34G-n. The second route produces the desired products in far better yields than
the first. Unfortunately, both methods fail to give [G-3] pseudorotaxane-termi-
nated dendrimer presumably because the focal point is too sterically hindered
for the ligand to undergo Re complex formation. Most importantly, complexa-
tion of the terminal adamantly groups by 3-CD makes these dendrimers soluble
in water (solubility,9.6,0.4 and 0.2 mM for 34G-0, 34G-1 and 34G-2, respectively)
and facilitate the formation of the Re complex.

Taking advantage of the fact that protonated diaminobutane forms very
stable complexes with cucurbituril (CB[6]) with a formation constant much
greater than 10° Kim et al. reported CB[6]-based pseudorotaxane-terminated
dendrimers [53]. They synthesized diaminobutane-functionalized PPI den-
drimers 35 (G1-G5) and corresponding pseudorotaxane-terminated dendrimers
36 (Fig. 13) by threading CB[6] onto the terminal diaminobutane units. NMR
spectroscopy reveals all the termini to be occupied by CB[6] beads even in G-5,
which contains 64 beads threaded at the periphery of the dendrimers with a
molecular weight of ~94,500. However, they failed to obtain the exact mass of the
dendrimers by ESI mass spectrometry except G-1 due to their high number of
charges and molecular weights. Upon threading molecular “beads”, the large
terminal pseudorotaxane units form a rigid shell at the exterior of the dendrimers
as demonstrated by molecular dynamic simulation and 'H NMR spin-lattice (T;)
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Fig.13. Pseudorotaxane-terminated dendrimers from diaminobutane-functionalized poly-
propylimine dendrimers and CB[6]

relaxation measurements. According to a molecular dynamics study, the overall
size of the G-3 dendrimer increases from 40~41 A to 44~49 A upon threading of
CB[6]. An atomic force microscopy image of the G-5 dendrimer on a mica sur-
face reveals a flattened sphere with a diameter of ~15 nm and a height of ~1 nm.
Upon treatment with a base all or a part of the molecular beads of these den-
drimers are dethreaded. This reversible threading and dethreading of molecular
beads at the termini may provide them with a mechanism for reversible encap-
sulation and release of guest molecules, which may find useful applications
including drug delivery.

Nakamura and Kim carried out DNA binding studies of pseudorotaxanes
comprising CB[6] and polyamines [54], which showed CB[6] to modulate the DNA
binding ability of polyamines. Encouraged by these results, Park and Kim inves-
tigated the potential utility of these novel dendrimers as gene carriers because
the polycationic pseudorotaxane-terminated dendrimers 36 contain a large
number of surface amines, which allow them to bind polyanionic DNA. Gene
transfer mediated by 36 was investigated with two kinds of cell lines (293 cells
and Vero 76 cells) [55]. Transfection efficiencies (TE) were dependent on the cell
type, 300 times higher in 293 cells than in Vero 76 cells for 36G-5.It is well known
that 293 cells are very susceptible to transfection. The transfection efficiency of
36 increases with increasing dendrimer generation. The best transfection effi-
ciency is only one order of magnitude lower than that of polyethylenimine
(PEI), which is one of the most efficient gene carriers reported up till now. These
results indicate that this type of pseudorotaxane-terminated dendrimer may be
useful as a gene delivery vector.
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3.2
(Pseudo)rotaxane-Terminated Dendrimers with Covalently-Attached Ring Components
at the Periphery: Type 1I-B

Although a number of examples of Type II-A pseudorotaxane dendrimers are
known, only one example of Type II-B pseudorotaxane dendrimer has been
reported. Gibson and co-workers synthesized pseudorotaxane-terminated den-
drimers utilizing dendrimers functionalized with crown ether at the periphery
[56]. Crown ether-terminated PPI dendrimers 38G-n (n=1, 2, and 3), in which
the basic polyamine interior is fully protonated, form complexes with dibenzy-
lammonium ion 37 in organic solvent to produce pseudorotaxane-terminated
dendrimers 39G-n (Fig. 14). The formation of the pseudorotaxane-terminated
dendrimers was studied by "H-NMR spectroscopy. The binding is cooperative
with a Hill coefficient of 2.1 for all generations. This positive cooperativity may
be due to the favorable -1 interactions between the aromatic rings of neigh-
boring bound guest molecules. Another possibility is that the polarity of the
dendritic host increases upon complexation, creating an environment more
receptive to the next charged guest. The reversibility of the process has been
demonstrated. The addition of DABCO to a solution containing protonated 38G-
3 and 37 immediately leads to deprotonation and subsequent decomplexation of
guest. The same releasing mechanism has been used for designing molecular
machines by Stoddart et al. [13].
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Fig.14. Rotaxane dendrimers from crown ether-terminated polypropylimine dendrimer com-
plexation with dibenzylammonium ion



132 J.W. Lee - K. Kim

4
Dendritic Polyrotaxanes: Type Ill Rotaxane Dendrimers

As described earlier, we classify dendritic polyrotaxanes in which rotaxane
building units grow like a dendrimer, as Type III rotaxane dendrimers. Depend-
ing on whether ring components are located on the branches or at the branching
points, Type III rotaxane dendrimers are further classified as III-A and III-B,
respectively.

4.1
Dendritic Polyrotaxanes Incorporating Ring Components on the Branches: Type llI-A

The first study towards building dendritic polyrotaxanes was reported in 1995
by Stoddart et al. [57]. A branched [4]rotaxane, which can be considered as a
G-1 dendritic rotaxane, was successfully synthesized by self-assembly (by a slip-
page mechanism) between the triply-branched tris(bipyridinium)derivative
40 and bis-p-phenylene-34-crown-10 (BPP34C10) 1 (Fig. 15). Treatment of 1 (2
equiv) with 40 at 50°C in acetonitrile for 10 days affords [4]rotaxane 41 (6%)
along with [2]rotaxane (46%) and [3]rotaxane (26%). When 15 equiv of 1 is used
under identical conditions, the [4]rotaxane is obtained in 22% yield together with
a [2]rotaxane (19%) and a [3]rotaxane (41%). Interestingly, even when a large
excess of macrocycle 1 is employed, the major product is not the fully-occupied
[4]rotaxane 41, but rather the [3]rotaxane. The reason for this result may be a
consequence of the steric crowding around the central core, which inhibits the
slipping on of the third macrocycle. In principle, this approach can be extended
to higher generations, but the synthesis of higher generation dendritic rotax-
anes has not been reported.
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Fig. 15. A branched [4]rotaxane from self-assembly of the triply-branched tris(bipyridini-
um)derivative and bis-p-phenylene-34-crown-10
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Fig.16. Coupling triply-branched amine and pseudorotaxane furnishes pseudorotaxane con-
taining CB[6] beads threaded on the dendritic framework

Kim et al. synthesized similar dendritic pseudorotaxanes as shown in Fig. 16
[58]. Reaction of triply-branched amine 42 with pseudorotaxane 43 incorporat-
ing CB[6] threaded on a string with a carboxylic acid terminus in DMF in
the presence of EDC produces branched [4]pseudorotaxane 44, which is a G-1
dendritic pseudorotaxane. Coupling between 42 and pseudorotaxane dendritic
wedge 45 under similar conditions yields G-2 dendritic pseudorotaxane 46,
which contains 9 beads threaded on a dendritic framework ([10]pseudorotax-
ane). These dendritic pseudorotaxanes have been characterized by NMR spec-
troscopy, but further characterization remains to be done.

More recently, Kim et al. synthesized dendritic [n]pseudorotaxane based on
the stable charge-transfer complex formation inside cucurbit[8]uril (CB[8])
(Fig. 17) [59]. Reaction of triply branched molecule 47 containing an electron
deficient bipyridinium unit on each branch, and three equiv of CB[8] forms
branched [4]pseudorotaxane 48 which has been characterized by NMR and
ESI mass spectrometry. Addition of three equivalents of electron-rich dihydrox-
ynaphthalene 49 produces branched [4]rotaxane 50, which is stabilized by
charge-transfer interactions between the bipyridinium unit and dihydroxy-
naphthalene inside CB[8]. No dethreading of CB[8] is observed in solution.
Reaction of [4]pseudorotaxane 48 with three equiv of triply branched mole-
cule 51 having an electron donor unit on one arm and CB[6] threaded on a
diaminobutane unit on each of two remaining arms produced dendritic
[10]pseudorotaxane 52 which may be considered to be a second generation den-
dritic pseudorotaxane.

A polyrotaxane with a dendrimer-like structure is known [60]. Based on the
observation that 3-CD and sodium deoxycholate (NaDC) 54 forms a 2:1 host
guest complex in water, Tato et al. constructed hyperbranched polyrotaxanes
55 by slowly reacting triply branched receptor 53 containing B-CD and NaDC
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Fig. 17. Dendritic [4]pseudorotaxanes and [10]pseudorotaxanes based on the stable charge-
transfer complex formation in CB[8] cavity

Fig. 18. Hyperbranched polyrotaxanes incorporating $-CD

54 in a 2:1 molar ratio (Fig. 18). Investigation of the precipitate formed from
the solution after 2-3 months by scanning electron microscopy and confocal
laser scanning microscopy revealed fractal structures of the self-assembled
supramolecular species. Several different types of fractal structures are ob-
served which may arise from different complexation stoichiometries for each
[-CD trimer unit.
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4.2
Dendritic Polyrotaxanes Incorporating Ring Components at Branching Points: Type IlI-B

Novel dendrimers in which mechanical bonds replace covalent bonds for branch-
ing connections have been reported recently. Vogtle et al. [35] proposed two
strategies, a convergent and a divergent approach, towards dendritic rotaxanes
with mechanical branching units (Fig.19). In the divergent approach (Fig. 19a),
two of wheel A, each containing a reactive functional group, react with a suitable
axle in the presence of macrocycle B to form the rotaxane of generation zero C.
To obtain a stable rotaxane C, the outer two macrocycles must be large enough to
prevent dethreading. In the second reaction, the available coordination sites of
the two outer wheels are used to trap two more “macrocycle-stoppered” axles.
This leads to the rotaxane assembly of generation one D. Continuing this strategy,
the formation of higher generations should be possible. If non-cyclic, sterically
demanding stoppers are used in the last reaction step, the dendritic oligorotax-
ane of second generation E is formed and then further growth towards higher
generations is no longer possible. In the convergent strategy shown in Fig. 19b,
the synthesis starts with a protected wheel to produce rotaxane F. After removing
the protective group, rotaxane F reacts in the presence of wheel G to form the
rotaxane assembly of first generation H. If the central wheel carries a functional
group, it can react further to form the assembly of second generation J.

Using the divergent approach, Vogtle et al. [35] attempted to synthesize G1
dendrimer of this type but failed. Reaction of the phenolic ‘stopper wheel’ 56
with 1,4-bis(bromomethyl)benzene 57 as an axle in the presence of wheel 58
produces rotaxane 59 in 57% yield (Fig. 20a). Unfortunately, attempts to synthe-
size higher generation rotaxanes in the next step failed. They therefore switched
to the convergent strategy. The phenolic ‘stopper rotaxane’ 60, synthesized by the
‘anion template method’, was used as the building unit F in Fig. 19b to form
rotaxane-branched dendrimers (Fig. 20b). Rotaxane 60 reacts with 57 in the
presence of 58 in chloroform with a base to produce the first generation rotax-
ane-branched dendrimer 61 in 39% yield. In principle, higher generation den-
dritic rotaxanes can be synthesized using this strategy but the next coupling
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Fig.19. (a) Divergent and (b) convergent synthesis of dendritic polyrotaxanes with mechani-
cal branching units
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Fig.20. Toward dendritic polyrotaxanes with mechanical branching units
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reactions would be more difficult to achieve due to large steric hindrance
between the bulky rotaxane components.

Very recently, Stoddart et al. reported a dendrimer possessing rotaxane-like
mechanical branching [61], which contains two identical covalently linked bis-
dendrons and a core unit fused to two polyether macrocycles that encircle the
two bis-dendrons (Fig. 21). They used the approach of “threading-followed-by-
stoppering” and then “stopper exchange”. The bis[2]rotaxane 62 carrying four
benzylic triphenylphosphonium stoppers, was prepared in 37% yield by com-
plex formation (threading) between a pseudorotaxane bis-macrocycles and the
bis-(bromomethyl)-substituted dibenzylammonium derivative followed by
stoppering using excess of triphenylphosphine. The stopper exchange of the
bis[2]-rotaxane 62 was conducted by a Wittig reaction. Reaction of 62 with the
dendron-aldehyde 63 followed by reduction of the resulting olefinic bond to give
the bis[2]rotaxane-branched dendrimer 64 in 75% yield. In principle, this strat-
egy can be extended to dendrimers with mechanical branching points at more
than one generation but the actual synthesis may not be easily achieved.

5
Summary and Outlook

In this review, we tried to cover all the supramolecular species that may be clas-
sified as rotaxane dendrimers. We classified them by their structures — where in
dendrimer rotaxane-like features are introduced. Several different types of macro-
cycles have been employed as a ring component in the templated synthesis of
rotaxane dendrimers. While the synthesis of Type I and II rotaxanes dendrimers
is relatively straightforward, that of well-defined Type III rotaxane dendrimers,
particularly those of second and higher generations, is still challenging.

In the synthesis of rotaxane dendrimers, several aspects should be carefully
considered. To achieve a rotaxane dendrimer of well-defined structure and of
high generation, use of a pseudorotaxane unit with high stability is a prerequi-
site that entails a careful choice of the macrocycle and the guest. The synthesis
of rotaxane dendrimers using low-stability pseudorotaxane building blocks
often leads to a number of complex problems. The rotaxane dendrimers in such
cases are either unstable in solution or isolated in low yields. Sometimes a mix-
ture of dendrimers of different generations may result, posing considerable dif-
ficulty in their separation and characterization. Especially, the complex stoichio-
metries in pseudorotaxane-terminated dendrimers (Type II-A) formed from
hosts and guest-functionalized dendrimers are influenced by the intrinsic bind-
ing affinity between host and guest. For example, for a ferrocene-terminated
poly(propylimine) dendrimer, it is not possible to cap all the terminal ferrocene
groups by -CD, unless a large excess of B-CD is used, due to relatively weak
binding affinity of the host and the guest. However, well-defined assemblies of
pseudorotaxane-terminated dendrimers are achievable with as many as 64
CB[6] beads for a G-5 dendrimer through the high binding affinity of CB[6] for
the diaminoalkane strings on the periphery.

In addition to this, the subtle importance of several other factors warrants
due consideration. For example, in making a choice of the proper host attention
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should be paid to the space limitations that many arms of the dendrimer can
impose. Steric congestions can severely limit the formation of higher generation
of rotaxane dendrimers. For dendrimers to be stable in solution, additional fac-
tors such as solvent, the pH of solution, temperature, etc. turn out to be evenly
important.

The properties of these rotaxane dendrimers are quite different from those of
the individual rotaxanes or dendrimers and often a blend of both. In view of the
versatile characteristics that a dendron or dendrimer can manifest, several new
properties can be imparted to the rotaxanes. For example, the solubility of rotax-
anes in organic solvents as well as in water can be significantly improved when
large dendrimer units are appended enhancing the prospects of their use as
molecular machines. The dendritic units can also influence the photo/electro-
chemical properties of the rotaxanes. Employing photo-receptive dendron
units, photochemically driven molecular machines may be developed, where the
dendrons act as antenna for photo-harvesting [62].

Also, from the dendrimer point of view, the introduction of mechanical bonds
to dendrimers has an enormous potential to alter the properties of dendrimers
in a controlled way. For example, in the synthesis of a Type II rotaxane den-
drimers, the wheel components are introduced to the terminal groups of the
dendrimers. This can improve the solubility of dendrimer in organic and/or
aqueous media due to the formation of complexes soluble in such solvents.

In particular, rotaxane dendrimers capable of reversible binding of ring and
rod components, such as Type II, pseudorotaxane-terminated dendrimers, can
be reversibly controlled by external stimuli, such as the solvent composition,
temperature, and pH, to change their structure and properties. This has pro-
found implications in diverse applications, for instance in the controlled drug
release. A trapped guest molecule within a closed dendrimeric host system can
be unleashed in a controlled manner by manipulating these external factors. In
the type III-B rotaxane dendrimers, external stimuli can result in perturbations
of the interlocked mechanical bonds. This behavior can be gainfully exploited to
construct controlled molecular machines.

There has been quite a revolution in rotaxane dendrimers with the discovery
of many interesting molecules. Nevertheless, it is only a modest beginning and
many challenges pertaining to their synthesis and applications lie ahead. For
example, efficient synthesis of well-defined Type III rotaxane dendrimers, par-
ticularly those of second and higher generations, remains to be achieved.
Although a number of applications such as molecular nanoreactors, drug deliv-
ery, and gene delivery have been proposed or studied, many other applications
are still to be explored.
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1
Introduction

In nature, biological organisms produce polymer-inorganic hybrid materials
such as bone, teeth, diatoms, and shells. These hybrids have superior mechanical
properties as compared to synthetic hybrids. For example, the abalone shell, a
composite of calcium carbonate with a few percent of the organic component
(Fig.1), is 3000 times more fracture resistant than a single crystal of the pure
mineral [1]. The core of the organic template is composed of a layer of B-chitin
layered between “silk-like” glycine- and alanine-rich proteins. The outer surfaces
of the template are coated with hydrophilic acidic macromolecules. Natural
inorganic-organic hybrid materials are formed through mineralization of inor-
ganic materials on self-assembled organic materials. Biopolymers and low-mol-
ecular-weight organic molecules are organized to nanostructures and used as
flame-works for specifically oriented shaped inorganic crystals such as calcium
carbonate, hydroxyapatite, iron oxide, and silica. These processes use aqueous
solution at temperature below 100 °C. Moreover, no toxic intermediates are pro-
duced in these systems. Therefore, the processes and materials that control such
crystal growth are of great interest to materials scientists who seek to make com-
posite materials and crystalline forms analogous to those produced by nature.
In these mineralized tissues, crystal morphology, size, and orientation are
determined by local conditions and, in particular, the presence of “matrix” pro-
teins or other macromolecules [2]. Morphological control can also be accom-
plished by adsorption of soluble additives onto specific faces of growing crys-
tals, altering the relative growth rates of the different crystallographic faces and
leading to different crystal habits. These processes take place usually at an
organic-inorganic interface, the organic portion providing the initial structural
information for the inorganic part to nucleate on and grow outwards in the
desired manner. Most researcher’s interest lies in understanding how organized
inorganic materials with complex morphological form can be produced by bio-
mineralization processes, and how such complexity can be reproducibly synthe-
sized in biomimetic systems. Due to the complexity of the natural biomineral-
ization systems, mineralization research has been studied on model organic
interfaces. Several excellent review papers have already been devoted to biomin-
eralization, usually focusing mainly on inorganic materials by biomimetic pro-
cesses [3-7]. Recently, several organic and polymer research scientists have
been interested in the research area of biomineralization [8, 9]. Various types of

biopolymers

hydrophilic aspartic acid-rich proteins

silk fibroin

B-chitin

Fig. 1. Schematic illustration of nacre of abalone shell
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organic matrices as a structural template for crystallization of inorganic mate-
rials should be easily designed and synthesized. Current significant develop-
ment of so-called “supramolecular chemistry” also provided a highly ordered
template for biomineralization.

Calcium carbonate makes up an attractive model mineral for studies in the
laboratory, since its crystals are easily characterized and the morphology of
CaCOj; has been the subject of control in biomineralization processes. The pre-
cipitation of calcium carbonate in aqueous solution is also of great interest for
industrial and technological applications. The particular interest in this system
is due to the polymorphism of calcium carbonate, which has three anhydrous
crystalline forms, i.e., vaterite, aragonite, and calcite in order of decreasing solu-
bility and increasing stability. The three polymorphs have markedly different
physicochemical characteristics, and it is often found that less stable forms are
stabilized kinetically. Vaterite transforms into the thermodynamically most
stable calcite via a solvent-mediated process [10]. Organizations of calcium car-
bonate crystals in biological systems in the three polymorphs, calcite, vaterite,
and aragonite, are well known illustrations of the biomineralization processes.
Calcite and aragonite are widespread in marine organisms, and vaterite, mono-
hydrocalcite, and amorphous calcium carbonate are formed and stabilized by
some organisms [11]. The manner in which organisms control polymorph for-
mation is not well understood.

2
Overview of Calcium Carbonate Crystallization by Synthetic Substrates

An in vitro study of biomineralization provides useful information for design of
organic templates. Falini and co-workers assembled in vitro a complex contain-
ing the major matrix components present in a mollusk shell, namely B-chitin,
silk-fibroin-like protein, and water-soluble acidic macromolecules [12]. When
this assemblage was placed in a saturated solution of calcium carbonate, multi-
crystalline spherulites formed within the complex. They extracted aspartic-
acid-rich glycoproteins from an aragonitic mollusk shell layer or a calcitic layer.
These were aragonite if the added macromolecules were from an aragonitic shell
layer, or calcite if they were derived from a calcitic shell layer. In the absence of
the acidic glycoproteins, no mineral formed within the complex. Since the high-
dimensional structures of these proteins were unknown, detail mechanism of
the effect of nucleation at molecular level remains unknown. Even though, these
in vitro study motivate us to design artificial templates for controlled nucleation
of minerals.

Model systems, in which low-molecular-weight organic additives are used to
study the effect of molecular properties such as charge and functionality on
inorganic crystallization, are providing insights into the possible mechanisms
operating in biology. These additives were chosen to mimic the active protein
ligands. The influence of organic molecules on the nucleation and crystal growth
of calcium carbonate has been studied by a number of authors [13-17]. Because
the proteins that have been found to be associated with biominerals are usually
highly acidic macromolecules, simple water-soluble polyelectrolytes, such as the
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sodium salts of poly(aspartic acid) and poly(glutamic acid), were examined for
the model of biomineralization in aqueous solution. Studies of inorganic crys-
tallization in the presence of soluble polymers, modeled on biogenic proteins,
have shown that selectivity for certain crystal faces appears to be highly depen-
dent on the secondary structure of the macromolecules. For example, poly-L-
asparatate, with a predominantly B-sheet conformation, produces more argonite
than poly-L-glutamate, which has a random conformation [18]. Crystallization
of CaCO; in the presence of various synthetic non-peptide polymers has been
investigated as a model of biomineralization [8, 9].

3
Dendrimers

For synthetic linear polymers, it has been difficult to assign unambiguously
structure-function relationship in the context of their activity in crystallization
assays, since they mostly occur in random-coil conformation. Dendrimers are
monodisperse macromolecules with a regular and highly branched three-
dimensional architecture. As shown in Fig. 2, the starburst structures are disk-
like shapes in the early generations, whereas the surface branch cell becomes
substantially more rigid and the structures are spheres [19]. Due to unique and
well-defined secondary structures of the dendrimers, the starburst dendrimers
should be a good candidate for studying inorganic crystallization. The interac-
tion of the negative surface of dendrimers with metal ions has been extensively
examined [20]. Dendrimers were used as templates for formation of metal
nanoparticles [20-22]. It was found that stable gold nanoparticles with diame-
ters less than 1 nm are prepared in the presence of the later generation den-
drimers, and the dendrimer concentrations required for obtaining stable gold
nanoparticles are extremely low compared to those of other linear polymers.
The following sections show recent research on crystal nucleation and growth of
calcium carbonate by a carboxylic acid derivative of hyperbranched polypheny-
lene polymer, poly(amidoamine) (PAMAM) dendrimers with carboxylate groups
at the external surface, and poly(propyleneimine) dendrimers modified with
long aliphatic chains.

3.1
Hyperbranched Polymers

A carboxylate derivative of a fully aromatic, water-soluble, hyperbranched
polyphenylene is considered as a “unimolecular micelle” due to its ability to
complex and solubilize non-polar guest molecules [23]. The carboxylic acid
derivative of hyperbranched polyphenylene polymer (HBP) (M,=5750-7077,
M,=3810-3910) consists of 40-60 phenyl units that branch outward from a cen-
tral point forming a roughly spherical molecule with carboxylates on the outer
surface. The free acid form of HBP was suspended in distilled water and dis-
solved by adding a minimum quantity of NaOH. The solution was adjusted to
pH 6.2 with aqueous HCI. Calcium carbonate crystals were growth from super-
saturated calcium hydrogencarbonate solution at room temperature. HBP gave
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Carboxylic acid derivative of hyperbranched
polyphenylene polymer (HBP)

oriented nucleation owing to partial segregation of the macromolecule at the
air/water interface [13]. HBP exhibited distinct surface activity at the air/water
interface. The polymer has a roughly spherical shape and is relatively rigid. When
segregated at the air/water interface, the molecules appeared to promote calcite
nucleation in a similar manner to previous crystallization experiments carried
out under compressed monolayers of stearic acid [24].

3.2
Anionic Dendrimers

Poly(amidoamine) (PAMAM) dendrimers with carboxylate groups at the exter-
nal surface termed half-generation or G=n.5 dendrimers have been proposed
as mimics of anionic micelles or proteins [25]. Later than 4-generation of the
PAMAM dendrimers are nearly spherical in shape according to molecular sim-
ulations [26]. The half-generations PAMAM dendrimers using various photo-
physical probes indicate a structural surface transition in the dendrimer
appearance on going from generation 3.5 to 4.5 [27]. The morphology of the
early generation (0.5-3.5) dendrimers is an open structure, and the internal ter-
tiary amines and amide groups are available for bonding. The later generations
have more spheroidal and close-packed surface structures. Recently, crystalliza-
tion of CaCOj; in the presence of anionic PAMAM dendrimers has been exten-
sively studied [28-30].

3.2.1
Crystallization of CaC0O; with the Anionic PAMAM Dendrimers by the Double Jet Method

The precipitation of CaCO; in the presence and the absence of the PAMAM den-
drimer (G=1.5) was carried out in a double jet reactor [31] to prevent heteroge-
neous nucleation at the glass walls as shown in Fig. 3. The two reactants (CaCl,
and Na,CO;) are injected via capillaries into the reaction vessel under vigorous
stirring to prevent heterogeneous nucleation at the glass wall. The two capillary
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N2
CaClo/water

(NH4)2COg/water

Fig. 3. The experimental set-up of a double jet reactor for the precipitation of calcium car-
bonate

ends are joined together so that a high local reactant concentration and thus
extreme supersaturation is achieved at the moment when the two reactants leave
the capillaries, which provides an immediate nucleation of CaCO;. The nuclei
are then immediately transported to regions of lower CaCO; concentration and
can grow further. The CaCO; crystal formation occurring after excess addition
of reactants was easily observed as a sudden increase in the turbidity of the solu-
tion. The main idea behind this technique, which was set up for the controlled
precipitation of silver halides in the photographic industry, is to maintain a
rapid nucleation of a constant particle number in the beginning of the experi-
ment to enable growth of monodispersed particles. A crystallization of CaCO; in
the presence of the PAMAM dendrimers with carboxylate groups at the external
surface resulted in the formation of spherical vaterite crystals (Fig. 4a), whereas
rhombohedral calcite crystal was formed without the additive (Fig. 4b) [28,29].
In the presence of the dendrimers, further washing of the vaterite crystal with
water did not change the crystal morphology.

The yields of the crystalline products in the presence of the G1.5 and G3.5
dendrimers were 61 and 30%, respectively. Due to the complexation of the den-
drimer with calcium ions in aqueous solutions, the saturated concentration of
calcium ions in the presence of the G1.5 and G3.5 PAMAM dendrimers were 1.3
and 2.8 times higher than that in the absence of the additive. This result indicates
that the higher generation of the dendrimer acts as an inhibitor for crystal for-
mation. The inner cores of the PAMAM dendrimers are hydrophilic and poten-
tially open to small hydrophilic molecules, since interior nitrogen moieties serve
as complexation sites. The amount of calcium ions on the anionic starburst den-
drimers is considerably higher for the higher generations than for the lower gen-
erations.

The precipitation of CaCOj; in the presence of a Na-salt of poly(acrylic acid)
(PAA) (M,=5100) was also carried out under the same condition described
above. In the presence of the Na-salt of poly(acrylic acid) (PAA), the formation
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Fig.4a,b. Scanning electron micrographs of the crystalline products: a in the presence of PAMA
dendrimer (G=1.5); b in the absence of PAMA dendrimer (G=1.5) (reproduced from [28]

of crystalline CaCO; was prevented. The crystalline CaCO; was hardly collected
after incubation at 25 °C under N, for four days. This indicates that PAA acts as
an inhibitor for crystal formation.

Vaterite transforms easily and irreversibly into thermodynamically more sta-
ble forms when in contact with water. The complete phase transformation into
the thermodynamically stable calcite occurs within 80 h, usually much faster
under the conditions described above [31]. It is well known that vaterite trans-
forms into stable calcite via a solvent-mediated process [32]. Under the precipi-
tation condition, the extreme supersaturation is achieved at the moment and
provides an immediate nucleation of CaCO;, which is not affect by the organic
additives. If the Ca-O bonds of the polymer ligand are easily dissociated by
water, the polymer is thought not to be occluded in the CaCOj; crystal. Then the
solvent-mediated vaterite-calcite transformation might be performed. Strong
Ca-0 bonds are thus required to control the polymorph of CaCO;. In the pres-
ence of the dendrimers, the vaterite crystal with incubation in water for one
week did not change the crystal morphology, which indicates that the vaterite
surface was stabilized by the carboxylate-terminated PAMAM dendrimer to pre-
vent phase transformation to calcite in an aqueous solution.

The complexes of anionic starburst dendrimers with calcium ions are consid-
erably stronger for higher generations than for lower generations. The particle
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sizes of the spherical vaterite crystals obtained in the presence of the PAMAM
dendrimers were depended on the generation numbers and concentration of the
PAMAM dendrimers [29]. As the generation number of the PAMAM dendrimer
increased from GI.5 to G3.5, the particle size of the spherical vaterite was
decreased from 5.5+1.1 to 2.3£0.7 um. Further increase in the generation number
to G4.5, the particle size was not changed (2.3+0.8 pm). At the lower concentra-
tion of the G1.5 PAMAM dendrimer corresponding to 0.13 mmol/l of -COONa,
the particle size of the vaterite crystals was 5.6+1.4 pm. As the concentration of
—-COONa increased from 0.26 to 8.33 mmol/l, the particle sizes of the spherical
vaterite were reduced from 5.5+1.1 to 2.5+0.6 pm. In the case of the G3.5 PAMAM
dendrimer, the concentration of -COONa increased from 0.13 to 0.26 mmol/l, the
particle size also decreased from 5.8+1.8 to 2.3£1.8 um. With further increase of
the concentration to 8.33 mmol/l, the particle size decreased to 1.5£0.6 pm. The
particle sizes by the lower generation (G1.5) were larger than that by the higher
generation (G3.5) at any concentration of the PAMAM dendrimers.

The spherical vaterite crystals were aggregates of vaterite nanoparticles with
diameters of 10 to 30 nm [31]. Formation of the vaterite particles involves two
processes, i.e., the nucleation of vaterite nanocrystals and the aggregation of the
nanocrystals. The nanoparticle surface might be covered with the PAMAM den-
drimer. Complexation ability of the higher generation of the PAMAM den-
drimer is stronger than that of the lower generation of the PAMAM dendrimer
[25]. Aggregation of the nanoparticles in the presence of the higher generation
of the G3.5 PAMAM dendrimer might be prevented compared to that in the
presence of the lower generation of the G1.5 PAMAM dendrimer.

Vaterite is thermodynamically most unstable in the three crystal structures.
Vaterite, however, is expected to be used in various purposes, because it has
some features such as high specific surface area, high solubility, high dispersion,
and small specific gravity compared with the other two crystal systems. Spheri-
cal vaterite crystals have already been reported in the presence of divalent cations
[33], a surfactant [bis(2-ethylhexyl)sodium sulfate (AOT)] [32], poly(styrene-
sulfonate) [34], poly(vinylalcohol) [13], and double-hydrophilic block copoly-
mers [31]. The control of the particle size of spherical vaterite should be impor-
tant for application as pigments, fillers and dentifrice.

3.2.2
Crystallization of CaCO; with the Anionic PAMAM Dendrimers by Carbonate
Diffusion Method

Crystallization of CaCOj; is highly dependent on nucleation condition. The pre-
cipitation of CaCO; in the absence or the presence of the G4.5 PAMAM den-
drimer was carried out by a “carbonate diffusion method” similar to the method
described by Addadi et al. [35]. A solution of the dendrimer with calcium chlo-
ride in 200 ml of distilled water was adjusted to pH 8.5 with aqueous NHj, and
then placed in a closed desiccator containing crushed ammonium carbonate
(Fig. 5). Carbon dioxide was introduced to the solution via vapor diffusion. The
critical point of the appearance in the turbidity of the solution was observed at
around 5 min. These solutions were kept at 30 °C under N, for one day. The crys-
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N
(NH4)5CO5

Fig.5. The experimental set-up of a carbonate diffusion method for the precipitation of calci-
um carbonate

talline CaCO; was collected and washed with water several times to remove con-
taminated dendrimers that were not involved in the crystal. Formation of the
crystalline CaCOj at different feed ratio of the G4.5 PAMAM dendrimer to calci-
um ions was studied with the constant concentration of calcium ions at
0.1 mol/L. The results are summarized in Table 1. At the low concentration of the
G4.5 PAMAM dendrimer (runs 2 and 3), calcite was predominantly formed.
However, as the concentration of -COONa increased to 5.3 mmol/], vaterite for-
mation strongly appeared. Further increase of the concentration of -COONa to
10.6 mmol/l also formed vaterite. Although calcite was predominantly formed at
the concentration of the G4.5 PAMAM dendrimer corresponding to 2.65 mmol/l
of ~-COONa (run 3), the crystal phase of the obtained CaCOj; at the higher con-
centration of the G4.5 PAMAM dendrimer at 5.3 mmol/l consisted entirely of
vaterite (98% by IR). These results indicate that the presence of the dendrimer
affected polymorphs of CaCOj; crystallization.

The precipitation of CaCOj in the absence of any additives was carried out
under the same nucleation condition (run 1 in Table 1). The crystal phase of the
obtained CaCO; was a mixture of calcite and vaterite by IR. The vaterite content

Table 1. The precipitation of CaCO; in the absence and the presence of the G4.5 PAMAM den-
drimer (adapted from [30]

Run [-COONa] [Ca?] [-COONa]/  Polymorphs?® Vaterite content?
(mmol/l) (mol/1) [Ca?*] (%)

1 0 0.1 0 Calcite+Vaterite 56

2 0.53 0.1 0.0053 Calcite>>Vaterite 15

3 2.65 0.1 0.027 Calcite 0

4 5.3 0.1 0.053 Vaterite>>>Calcite 98

5 10.6 0.1 0.11 Vaterite>>>Calcite 93

6 0 0.05 0 Calcite+Vaterite 70

7 0.53 0.05 0.011 Calcite 0

8 1.33 0.05 0.027 Calcite>>>Vaterite 13

9 2.65 0.05 0.053 Vaterite>>>Calcite 89
10 5.3 0.05 0.11 Vaterite>>>Calcite 93

2 Polymorphism and the fraction of vaterite were characterized by FTIR.
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was slightly higher than the calcite content. However, calcite was predominantly
formed at the low concentration of the G4.5 PAMAM dendrimer corresponding
to 0.53 and 2.65 mmol/l of -COONa (runs 2 and 3). Due to the complexation of
the PAMAM dendrimer with calcium ions in aqueous solutions, crystallization
of calcium carbonate in the presence of the dendrimer is inhibited compared
with that in the absence of the additive with constant concentration of calcium
ions [29]. The interior nitrogen moieties of the dendrimers serve as complexa-
tion sites. According to the literature, relatively high supersaturations in high pH
values favor the precipitation of vaterite [36]. The presence of the dendrimer
might decreased the concentration of free calcium ions which were not bound
to the dendrimer, resulting in the higher calcite contents compared with that in
the absence of the dendrimer.

SEM observations showed that the most crystals obtained in the absence and
the low concentration of the G4.5 PAMAM dendrimer were rhombohedral. In the
high concentration of the G4.5 PAMAM dendrimer, the vaterite products were
spherical. Each shape of CaCO; is a typical morphology for each polymorph. The
particle sizes of the spherical vaterite particles obtained in the presence of the
PAMAM dendrimer were depended on the concentration of the dendrimer. As
the concentration of ~-COONa increased from 5.3 to 10.6 mmol/l, the particle
sizes of the spherical vaterite particles were reduced from 8.7£1.0 to 5.243.0 um.

The results of the precipitation of CaCOj; in the absence and the presence of
the G4.5 PAMAM dendrimer at a lower concentration of calcium ion (0.05 mol/1)
are also summarized in Table 1. Although the vaterite content was higher than
the calcite content in the absence of the dendrimer, calcite was predominantly
formed at the concentration of the G4.5 PAMAM dendrimer corresponding to
0.53 and 1.33 mmol/l of ~-COONa. As the concentration of -COONa increased to
2.65 mmol/l, vaterite formation was strongly induced. At the higher concentra-
tion of calcium ions (0.1 mol/l), the critical point of the morphology change
from calcite to vaterite was observed as the concentration of -COONa increased
from 2.65 to 5.3 mmol/l. These results indicate that the feed ratio of -COONa
and Ca?" is a key factor for inducing vaterite formation.

The precipitations of CaCO; in the presence of the G1.5, G3.5, and G4.5
PAMAM dendrimers were carried out with constant -COONa unit and calcium
ions of 0.1 mol/l. Although vaterite was predominantly formed by the G4.5 den-
drimer, relatively high amount of calcite was observed in the case of the G3.5 and
G1.5 dendrimers (Table 2). These results suggest that the G4.5 dendrimer effec-

Table 2. The precipitation of CaCO;in the presence of the G1.5, G3.5,and G4.5 PAMAM den-
drimers (Adapted from [30])

Run Generation [-COONa] [Ca?*] [Ca?*]/ Polymorphs? Vaterite
(mmol/l) (mol/1) [-COONa] content? (%)
1 1.5 5.3 0.1 0.053 Vaterite>Calcite 77
3.5 5.3 0.1 0.053 Vaterite+Calcite 48
3 4.5 5.3 0.1 0.053 Vaterite>>>Calcite 98

2 Polymorphism and the fraction of vaterite were characterized by FTIR.
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tively induces vaterite formation compared with the earlier generation of the
dendrimers. When precipitation of CaCOj; in the presence of the G1.5,G3.5,and
G4.5 PAMAM dendrimers was carried out by the double jet method as described
above, in all cases stable vaterite particles were obtained, in contrast to the pre-
sent results. Under the previous precipitation condition, the extreme supersatu-
ration is achieved at the moment and provides an immediate nucleation of
CaCO;, which is not affected by the organic additives. The nuclei are then imme-
diately transported to regions of lower CaCO; concentration and can grow fur-
ther. The spherical vaterite crystals were stabilized by the anionic PAMAM den-
drimers in aqueous solution for more than seven days. Vaterite transforms eas-
ily and irreversibly into thermodynamically more stable forms when in contact
with water. These results suggested that the surface of the vaterite particles in the
previous case was stabilized by the dendrimers to avoid water contact. On the
other hand, the vaterite particles obtained by the carbonate diffusion method
were transformed to calcite when the solution was incubated for four days.
Although the dendrimer content in the vaterite particle was 7.27 wt% as deter-
mined by elemental analysis, these results indicate that the vaterite surface was
not effectively stabilized by the PAMAM dendrimer. Under the present precipi-
tation condition, the dendrimers can play a role in initiating the nucleation of
vaterite. Alternatively, the vaterite growth could be explained by a kinetic inhi-
bition of the calcite nuclei by the dendrimers.

The protonation behavior of the three generations of the PAMAM den-
drimers in 1.0 mol/l KCl is presented in Fig. 6. For the early generation den-
drimers, the rather pronounced difference in dissociation constant between car-
boxylic groups and amines yields two distinct steps in their titration curves.
Only around pH 4 is the carboxylic groups involved in protonation [37]. The
titration curves of the G3.5 and G4.5 dendrimers shifted downward in the high
pH region, in which the present crystallization took place, compared with that of
the G1.5 dendrimer, suggesting that the deprotonation of the ammonium groups
of the later generation is easier than that of the early generation by electrostatic
repulsions between neighboring amine groups due to their close-packed struc-
tures. This indicates that the tertiary amine groups of the later generation can
act as effective bonding sites for cations compared with those of the early gen-
eration in the high pH region. Although the amide groups also coordinate with
calcium ions, the presence of the internal ammonium groups in the early gener-
ation might inhibits the complexation with cations. In the same ~-COONa con-
centration, the amount of calcium ions entrapped in the PAMAM dendrimer was
higher in the G3.5 dendrimer than that in the G1.5 dendrimer. The titration
curve of the G4.5 dendrimer shows no distinct step corresponding to the proto-
nation of the carboxylic groups, suggesting electrostatic repulsions between
neighboring carboxylic groups due to the close-packed surface structure.

The titration curves of the dendrimers in the presence of calcium ions are
also shown in Fig. 6. In the presence of calcium ions, the titration curve of the
G1.5 dendrimer shifted downward, suggesting chelate formation. Both titration
curves of the G3.5 dendrimers in the absence and presence of calcium ions are
the same, especially in the high pH region. The protonation of the G4.5 den-
drimer, however, was promoted in the presence of calcium ions. These results
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Fig.6. Potentiometric titrations of the G1.5,G3.5,and G4.5 PAMAM dendrimers in the absence
(open symbols) and the presence (close symbols) of calcium ions in 1.0 mol/l KCI solution with

0.01 mol/l HCI solution. The ~-COONa unit of the PAMAM dendrimers was constant at
3.0x1072 mmol (adapted from [30]

indicate that coordination between the divalent cations and the coordination
sites of the G4.5 dendrimer was weaker than that with the univalent cations due
to reduced flexibility of the structure compared with the early generations. The
present mineralization results showed a transition in polymorphous change of
CaCO; occurring between G3.5 and G4.5. Although the calcite content increased
with increasing the generation from 1.5 to 3.5, the G4.5 dendrimer effectively
induced vaterite formation. Complexation properties of the G4.5 dendrimers
due to the stereochemical factor would be a major role for the vaterite mineral-
ization.

3.3
Ordered Supramolecular Assemblies of Dendrimers

The use of ordered supramolecular assemblies, such as micelles, monolayers,
vesicles, inverted micelles, and lyotropic liquid crystalline systems, allows for the
controlled nucleation of inorganic materials on molecular templates with well-
defined structure and surface chemistry. Poly(propyleneimine) dendrimers
modified with long aliphatic chains are a new class of amphiphiles which display
a variety of aggregation states due to their conformational flexibility [38]. In the
presence of octadecylamine, poly(propyleneimine) dendrimers modified with
long alkyl chains self-assemble to form remarkably rigid and well-defined
aggregates. When the aggregate dispersion was injected into a supersaturated
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solution of calcium carbonate, the aggregates stabilized the normally unstable
amorphous calcium carbonate [39]. Over the course of four days a discrete pop-
ulation of rhombohedral calcite crystals was also identified, alongside large iso-
lated amorphous calcium carbonate particles. This process might affect the
gradual release of the aggregates. Although amorphous calcium carbonate has
been observed as a short-lived intermediate in the presence of various scale pre-
vention agents, only biological systems allow the coexistence of amorphous and
crystalline calcium carbonate for extended periods of time. Stabilization of the
amorphous phase against transformation to the thermodynamically stable form
results in the formation of a unique inorganic-organic hybrid material.

The geometry and surface chemistry of the dendrimer assemblies can be var-
ied through the addition of surfactants. These dendrimer/surfactant aggregates
can be tuned to template the formation of the different phases of calcium
carbonate [40]. In combination with hexadecyltrimethylammonium bromide
(CTAB), small spherical aggregates were formed that induce the formation of
vaterite. Over a period of five days, the vaterite was transformed into calcite. The
use of the negatively charged surfactant, sodium dodecylsulfonate (SDS), result-
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ed in growth retardation of dendrimer/surfactant aggregates into giant spheri-
cals with diameters of 1-20 pm. Eventually these particles become overgrowth
by rhombohedral calcite.

3.4
Anionic Dendrimer for Calcium Carbonate Thin Films Formation

Anin vitro precipitation of calcium carbonate in the form of a thin film has been
of considerable interest. Ceramic films are also in demand as active and passive
components in microelectronic circuits as capacitors, memories, and insulating
or passivating layers. Conventional ceramic processing, which involves high-
temperature sintering, cannot be used for ceramic coatings on plastics. With
biomimetic processing, high-quality, oriented, and patterned ceramic films can
be deposited on plastics and other materials at temperature below 100 °C. Bio-
mimetic film-formation can produce materials of both industrial and scientific
interest. The solution nucleation and growth of thin films of iron hydroxides
onto sulfonated polystyrene substrates and sulfonated self-assembling mono-
layers attached to oxidized silicon was achieved [41]. Biomimetic processing of
inorganic thin films except CaCOj; has already been reviewed [42, 43].

Several factors could influence mineral nucleation and crystal growth on a
polymer film, such as the degree of saturation of a supersaturated solution and
the surface charges on a polymer film. It is very crucial for successful biomimet-
ic synthesis that only heterogeneous nucleation is promoted on the polymer film
and that homogeneous nucleation is suppressed in the mother liquid. One key
factor for successfully mimicking biomineralization to coat a dense ceramic film
on organic polymer substrates is to increase the density of charges or polarity
on the substrate surface. Poly(acrylic acid) (PAA) proved to be an effective addi-
tive, promoting calcium carbonate heterogeneous nucleation on chitosan-film
surfaces and suppressing homogeneous nucleation in solution [44]. In the pres-
ence of poly(acrylic acid), calcium carbonate crystals heterogeneously nucleat-
ed and grew only on the chitosan-film surface and covered the whole film. In the
absence of PAA, homogeneous nucleation occurred in the supersaturated calci-
um carbonate solution. Gower and Tirrell reported that a highly birefringent
CaCOs; film formed in streaks and patches on the glass substrate by addition of
poly(asparatate) [45]. Kato and Amamiya have independently introduced a
series of CaCOj thin film formation on organic substrates [46]. Thin film states
of CaCO; crystals have been obtained as organic/inorganic composites with chi-
tosan that acts as a solid matrix in the presence of poly(acrylic acid) or poly(glu-
tamic acid) as a soluble additive. The template/inhibition strategy for the syn-
thesis of CaCO; thin film has been also employed independently by Groves’s
group [47, 48]. They reported the synthesis of macroscopic and continuous
calcium carbonate thin films at a porphyrin template/subphase interface by
employing poly(acrylic acid) as a soluble inhibitor to mimic the cooperative
promotion-inhibition in biogenic thin film production.

Anionic poly(amidoamine) (PAMAM) dendrimer was selected as a model of
the soluble acidic-rich proteins to prepare CaCOj; film on a poly(ethylenimine)
film [49]. The CaCOs/poly(ethylenimine) composite film was obtained in the
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presence of anionic PAMAM dendrimer (G=3.5), whereas the formation of com-
posite film was not observed without PAMAM dendrimer or with PAMAM den-
drimer of lower generation (G=1.5). PAMAM dendrimer with calcium ion was
adsorbed on the poly(ethylenimine) surface through an insoluble polymer com-
plex. In the absence of PAMAM dendrimer, poly(ethylenimine) was dissolved in
an aqueous phase. The complexes of anionic dendrimers with calcium ions are
considerably stronger for the higher generations than the lower generations. The
amount of calcium ions entrapped in the internal coordination site of PAMAM
dendrimer with higher generation might be higher than that with lower gener-
ation. Higher generation of PAMAM dendrimer (G=3.5) inhibits the crystalli-
zation of CaCO; in the solution. The adsorption of PAMAM dendrimer on
poly(ethylenimine) film caused high local concentration of calcium ion.

4
Crystallization of CaC0; with Metal Nanoparticles
as Spherical Templates

The discovery that thiols of long chain organic molecules bind strongly and
specifically to metal (usually mercury, silver, or gold) surfaces forming ordered
monolayers, the self-assembled monolayers (SAM), has yielded an interesting
class of molecular assemblies that permit the production of highly specific
interfaces spread over relatively large areas. The SAM surfaces can be modified
through the organic functionality at the end of the molecule, usually the o func-
tionality on a long-chain thiol. The chemistry of the thiol SAM on the metal sur-
faces has been extended to metal colloids. Tremel and his co-workers used p-
mercaptophenol-protected gold colloids as templates for the growth of inorgan-
ic crystallization [50]. Going from flat surfaces to colloids in solution introduces
some interesting new aspects. First, the crystallization is carried out heteroge-
neously (at an interface) in a homogeneous solution. Second, the templating
substrate is changed from two-dimensional to the curved two-dimensional.
When the crystallization experiments were carried out in the presence of p-mer-
captophenol-protected gold colloids by the carbonate diffusion method, the ini-
tial deep-pink solutions of protected gold colloids turned completely colorless
at the end of the crystallization. This observation indicates that the precipitation
of CaCO; in some way resulted in an entrapment of the colloids. Comparing flat
templates, they observed significant differences in the nature of the crystalliza-
tion products. An important issue in using a small, round template is that the
crystals mutually frustrate the growth of one another in the direction tangential
to the growing spherical.

Spherical vaterite crystals were obtained with 4-mercaptobenzoic acid pro-
tected gold nanoparticles as the nucleation template by the carbonate diffusion
method [51]. The crystallization of calcium carbonate in the absence of the 4-
MBA capped gold nanoparticles resulted in calcite crystals. This indicates that
the polymorphs of CaCO; were controlled by the acid-terminated gold nanopar-
ticles. This result indicates that the rigid carboxylic acid structures can play a
role in initiating the nucleation of vaterite as in the case of the G4.5 PAMAM
dendrimer described above.
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5
Conclusions

Over the past decade, considerable work has been carried out on mineralization
of calcium carbonate in the presence of various low-molecular-weight organic
molecules and polymers as templates and additives. These interesting efforts
have led to fundamental developments in areas relating to the biomineralization
process. However, there still remain many unknowns as to how natural organ-
isms produce inorganic-organic hybrid materials. Since most synthetic poly-
mers are not monodisperse molecules with random-coil conformations, the use
of dendrimers allows one to assign structure-function relationships in crystal-
lization assays. Although the template mechanism of the dendrimers still seems
to be of a complex nature because simultaneous CaCO; nucleation and interac-
tion with the polymer can be expected, the stereochemical factor is important
for the affinity of the templates to manipulate the polymorph of CaCOs.I expect
that the continuous cooperation of organic and polymer chemists with inor-
ganic and biochemists, which is desirable to clarify the biomineralization
process, will lead to the next industrial revolution.
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Luminescent dendrimers are currently attracting much attention since coupling lumines-
cence and dendrimer research topics can lead to valuable new functions. Indeed, lumines-
cence is a valuable tool to monitor both basic properties and possible applications (sensors,
displays, lasers), and dendrimers are macromolecular compounds exhibiting a well-defined
chemical structure with the possibility of containing selected chemical units in predeter-
mined sites and of encapsulating ions or neutral molecules in their internal dynamic cavities.
In this paper we will review recent advances in this field focusing our attention on their prop-
erties in fluid solution related to light harvesting, changing the “color” of light, sensing with
signal amplification, quenching and sensitization processes, shielding effects, elucidation of
dendritic structures and superstructures, and investigation of dendrimer rotation in solution.
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1
Introduction

Luminescence can be defined as the emission of light (intended in the broader
sense of ultraviolet, visible, or near infrared radiation) by electronic excited
states of atoms or molecules. Luminescence is an important phenomenon from
a basic viewpoint (e.g., for monitoring excited state behavior) [1] as well as for
applications (lasers, displays, sensors, etc.) [2, 3].

Dendrimers are complex but well-defined chemical compounds, with a tree-
like structure, a high degree of order, and the possibility of containing selected
chemical units in predetermined sites of their structure [4]. Dendrimer chemistry
is a rapidly expanding field for both basic and applicative reasons [5]. From a
topological viewpoint, dendrimers contain three different regions: core, branches,
and surface. Luminescent units can be incorporated in different regions of a den-
dritic structure and can also be noncovalently hosted in the cavities of a den-
drimer or associated at the dendrimer surface as schematically shown in Fig. 1 [6].

Fig. 1a-i. Schematic illustration of the possible location of photoactive units, represented by
circles, covalently linked (types a-g) or associated (types h-i) to a dendrimer
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Coupling luminescence with dendrimer chemistry can lead to systems capa-
ble of performing very interesting functions [7-10]. In this paper we will review
recent advances in the field of luminescent dendrimers in fluid solution related
to (i) light harvesting, (ii) changing the “color” of light, (iii) sensing with signal
amplification, (iv) quenching and sensitization processes, (v) shielding effects,
(vi) elucidation of dendritic structures and superstructures, and (vii) investiga-
tion of dendrimer rotation in solution. For space reasons, we will illustrate each
selected topic with a few examples, and we will only mention topics which are
currently the object of extensive studies, such as dendrimer fluorescence at the
single-molecule level.

2
Some Basic Aspects of Luminescence

Before reviewing recent advances in the field of luminescent dendrimers, it is
worthwhile recalling a few elemental principles of electronic spectroscopy.
Interested readers are referred to several books and reviews for detailed discus-
sions [2,11,12].

Figure 2 shows a schematic energy level diagram for a generic molecule. In
most cases the ground state of a molecule is a singlet state (S,), and the excited
states are either singlets (S,, S,, etc.) or triplets (T}, T, etc.). In principle, transi-
tions between states with the same spin value are allowed, whereas those
between states of different spin are forbidden. Therefore, the electronic absorp-
tion bands observed in the UV-visible spectrum of molecules usually corre-
spond to S;—$,, transitions. Excited states are unstable species that undergo fast
deactivation by intrinsic (first-order kinetics) processes. When a molecule is
excited to upper singlet excited states, it usually undergoes a fast and 100%
efficient radiationless deactivation (internal conversion, ic) to the lowest excited
singlet, S,. Such an excited state undergoes deactivation via three competing

100% efficiency

Sp -

Fig.2. Schematic energy level diagram for a generic molecule
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processes: nonradiative decay to the ground state (internal conversion, rate con-
stant k;.); radiative decay to the ground state (fluorescence, k;); conversion to the
lowest triplet state T, (intersystem crossing, k;). In turn, T, can undergo deac-
tivation via nonradiative (intersystem crossing, k’;,.) or radiative (phosphores-
cence, k,,) decay to the ground state S,. When the molecule contains heavy
atoms, the formally forbidden intersystem crossing and phosphorescence
processes become faster. The lifetime (1) of an excited state, that is, the time
needed to reduce the excited state concentration by 2.718, is given by the recip-
rocal of the summation of the deactivation rate constants:

T(Sl) =1/ (kic + kﬂ + kisc) (1)
T(Tl) =1/ (k,isc + kph) (2)

The orders of magnitude of 1(S,) and 1(T,) are approximately 10°-107 s and
107°-10° s, respectively.

The quantum yield of fluorescence (ratio between the number of photons
emitted by S, and the number of absorbed photons) and phosphorescence (ratio
between the number of photons emitted by T, and the number of absorbed pho-
tons) can range between 0 and 1 and are given by the following expressions:

g = kn/ (kic + kg + kigo) (3)
D@ pn = kpn / [(Kise + kpn) (Kic + g + ki) (4)

Deactivation of an excited state can occur not only by the abovementioned
intrinsic (first-order) decay channels, but also by interaction with other species
(called “quenchers”) following second-order kinetics. The two most important
types of interactions are those leading to energy [Eq. (5)] or electron transfer
[Egs. (6) and (7)] (*A and *B stand for excited molecules) [1]:

*A+B—>A+*B (5)
*A+B—> A"+ B- (6)
*A+B—A +B* 7)

In both cases, the luminescence of the species A is quenched, but in the case of
energy transfer the luminescence of species A is replaced by the luminescence of
species B (sensitization process).

Besides energy and electron transfers between distinct molecules, such
processes can take place between components contained in the same supramol-
ecular structure [Egs. (8-10)] [13]:

*A—B—>A—*B (8)
*A— B — A*—B" )

*A—B — A—B* (10)
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The occurrence of energy transfer requires electronic interactions and therefore
its rate decreases with increasing distance. Depending on the interaction mech-
anism, the distance dependence may follow a 1/7° (resonance (Forster) mecha-
nism) or e (exchange (Dexter) mechanisms) [1].In both cases, energy transfer
is favored by overlap between the emission spectrum of the donor and the
absorption spectrum of the acceptor.

Excited state electron transfer also needs electronic interaction between the
two partners and obeys the same rules as electron transfer between ground state
molecules (Marcus equation and related quantum mechanical elaborations
[14]), taking into account that the excited state energy can be used, to a first
approximation, as an extra free energy contribution for the occurrence of both
oxidation and reduction processes [8].

Because of their proximity, the various functional groups of a dendrimer may
easily interact with one another. Interaction can also occur between dendrimer
units and molecules hosted in the dendritic cavities or associated to the den-
drimer surface.

3
Dendrimers Containing Luminescent Metal Complexes

3.1
Metal Complexes as Cores

Dendrimer 1%+ is a classical example of a dendrimer containing a luminescent
metal complex core. In this dendrimer the 2,2’-bipyridine (bpy) ligands of the
[Ru(bpy);]**-type core carry branches containing 1,2-dimethoxybenzene- and
2-naphthyl-type chromophoric units [15].

In the [Ru(bpy);]** metal complex, the lowest excited state is a metal-to-lig-
and charge-transfer triplet, "MLCT, which, because of the presence of the heavy
metal atom, is populated with unitary efficiency from the upper lying excited
state. The *MLCT excited state emits a relatively strong phosphorescence
(Amax=610 nm). In fact, all three types of chromophoric groups present in the
dendrimer, namely, [Ru(bpy);]**, dimethoxybenzene, and naphthalene, are
potentially luminescent species. In the dendrimer, however, the fluorescence of
the dimethoxybenzene- and naphthyl-type units is almost completely quenched
in acetonitrile solution, with concomitant sensitization of the [Ru(bpy);]**
phosphorescence. These results show that very efficient energy transfer process-
es take place converting the very short lived (nanosecond time scale) UV fluo-
rescence of the aromatic units of the wedges to the relatively long lived (micro-
second time scale) orange phosphorescence of the metal-based dendritic core.
This dendrimer is therefore an excellent example of a light-harvesting antenna
system as well as of a species capable of changing the color of the incident light.
It should also be noted that in aerated solution the phosphorescence intensity of
the dendritic core is more than twice as intense as that of the [Ru(bpy);]** par-
ent compound because the dendrimer branches protect the Ru(bpy)-based core
from dioxygen quenching [16].
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OO 1"

The [Ru(bpy);]?** core has more recently been used to construct first-genera-
tion dendrimers 2** containing coumarin-450 chromophoric groups.

In acetonitrile solution, energy transfer from the excited coumarin units to
the [Ru(bpy);]** core, whose excited state is again protected from dioxygen
quenching, takes place with almost unitary efficiency, so that the absorbance
of near UV light leads again to the characteristic orange emission of the
core [17]. When two first- or second-generation 1,3,5-phenylene-based den-
drons are appended to the 3 and 8 positions of the phenanthroline ligand of
the [Ru(bpy),(phen)]** complex (phen=1,10-phenanthroline), excitation in the
phenylene dendrons is followed by a very efficient (>98%) energy transfer to the
Ru(II)-based moiety [18].

Self-assembly of functionalized carboxylate-core dendrons around Er’t,
Tb**, or Eu’" ions leads to the formation of dendrimers [19]. Experiments car-
ried out in toluene solution showed that UV excitation of the chromophoric
groups contained in the branches caused the sensitized emission of the lan-
thanide ion, presumably by an energy transfer Forster mechanism. The much
lower sensitization effect found for Eu** compared with Tb** was ascribed to a
weaker spectral overlap, but it could be related to the fact that Eu** can quench
the donor excited state by electron transfer [20].
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22+

3.2
Metal Complexes in Each Branching Center

Polypyridine ligands have been extensively used to build up luminescent
polynuclear complexes with dendritic structures [6, 21, 22]. Dendrimers con-
taining Ru(II) and, less frequently, Os(II) polypyridine complexes have been
carefully investigated from the photophysical viewpoint. As mentioned above,
the lowest excited state in these complexes is a metal-to-ligand charge-transfer
triplet,MLCT.In dendrimers, the small but not negligible electronic interaction
between nearby units is sufficient to cause a very fast energy transfer that leads
to the quenching of the potentially luminescent units with higher energy *MLCT
levels and the sensitization of the luminescence of the units with lower energy
SMLCT levels. Recent studies on dinuclear model compounds have suggested
that energy transfer between nearby units occurs within 200 fs, probably from
nonthermalized excited states [23].

The energy of the °MLCT excited state of each unit depends on the metal and
ligands in a predictable way and a modular synthetic strategy [6, 24] allows a
high degree of synthetic control in terms of the nature and position of metal
centers, bridging ligands, and terminal ligands. Such synthetic control translates
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into control of the direction of energy flow within the dendritic array [6, 9]. On
increasing nuclearity, however, a unidirectional gradient (center-to-periphery
or vice versa) for energy transfer cannot be obtained with only two types of met-
als [Ru(II) and Os(II)] and ligands (bpy and 2,3-dpp).

An extension of this kind of antennae is a first-generation heterometallic den-
drimer with appended organic chromophores like pyrenyl units [25, 26]. In the
tetranuclear species consisting of an Os(II)-based core surrounded by three
Ru(II)-based moieties and six pyrenyl units in the periphery, 100% efficient ener-
gy transfer is observed to the Os(II) core regardless of the light-absorbing unit.

4
Dendrimers Based on Fluorescent Organic Chromophores

A classical example of dendrimer containing fluorescent organic chromophores
is 3.In this dendrimer, an energy gradient from the peripheral units to the pery-
lene core allows energy transfer to occur with a high rate (1.9x10" s7!) and large
efficiency (approximately 98%) [27].
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Dendrimers with a polyphenyl core around a central biphenyl unit decorated
at the rim with peryleneimide chromophores have been investigated both in
bulk and at the single-molecule level in order to understand their time and
space-resolved behavior [28]. The results obtained have shown that the confor-
mational distribution plays an important role in the dynamics of the photo-
physical processes. Energy transfer in a series of shape-persistent polypheny-
lene dendrimers substituted with peryleneimide and terryleneimide chro-
mophoric units (4-7) has been investigated in toluene solution [29].

Energy hopping among the peryleneimide chromophores, revealed by aniso-
tropy decay times [30], occurs with a rate constant of 4.6x10° s™!. When three
peryleneimide and one terryleneimide chromophores are attached to the den-
drimer rim, energy transfer from the former to the latter units takes place with
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efficiency >95%. All the observed energy transfer processes can be interpreted
on the basis of the Forster mechanism. Polyphenylene dendrimers with a pery-
lene diimide as a luminescent core have also been investigated [31]. In a den-
drimer consisting of a terrylenediimide core and four appended peryleneimide
units the antenna effect has been studied at the single-molecule level [32].

Very interesting antenna systems have been constructed by functionalizing
the chain ends of a poly(arylether) convergent dendritic backbone with cou-
marin-2 (A,,=435 nm) and its focal point with coumarin-343 (A.,,=490 nm)
[33]: dendrimer 8 represents the fourth generation.
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In these dye-functionalized dendrimers, light absorbed by the numerous
peripheral coumarin-2 units is funneled to the coumarin-343 core with remark-
ably high efficiency (toluene solution: 98% for the first three generations; 93%
for compound 8). Given the large transition moments and the good overlap
between donor emission and acceptor absorption, energy transfer takes place by
Forster mechanism [34].

Oligo(p-phenylenevinylene) (OPV) units are increasingly used to obtain
photoactive dendrimers and polymers [35]. In poly(propylene amine) den-
drimers (POPAM) substituted at the periphery with OPV units, interchromo-
phoric interactions are sufficiently strong in 2-methyltetrahydrofuran to induce
delocalization of the excitation over more than one chromophoric group [36],
which is a phenomenon observed in natural light-harvesting complexes [37].In
OPV-terminated dendritic wedges functionalized with Cq; in the focal point, the
excited OPV moieties transfer energy to the fullerene core by Forster-type sin-
glet-singlet energy transfer in dichloromethane solution [38].

A luminescent unit extensively used to functionalize dendrimers is the so-
called dansyl (5-dimethylamino-1-naphthalenesulphonamido group). Den-
drimers (up to the third generation, compound 9) containing a single dansyl
unit attached “off center” [39] show that this fluorescent unit, which is very sen-
sitive to environment polarity, is progressively shielded from interaction with
water molecules as the dendrimer generation increases.

The emission maximum moves to the blue (from 547 nm for the first genera-
tion to 535 nm for the third generation); the emission quantum yields and life-
times become larger ($=0.044 and 0.086, =4.90 and 7.94 ns for the first and the
third generation, respectively). This behavior demonstrates that the dendritic
environment surrounding the dansyl moiety is less polar than water. Anisotropy
decays are monoexponential within the dendritic family, indicating no indepen-
dent movement of the dansyl residue within the dendritic framework, and the
corresponding lifetimes monotonically increase with dendrimer generation,
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showing a concomitant growth of dendrimer volume. Another proof of core iso-
lation is given by the decreasing association constants between dansyl and g-
cyclodextrin from the dansyl model compound up to the second-generation
dendrimer and the evidence of no binding at all for the third-generation one. On
the other hand, in the case of anti-dansyl antibody, steady-state fluorescence
anisotropy and emission measurements demonstrate an association even with
the third-generation dendrimer, but with a K, value 30-fold lower than for a dan-
syl model compound. Therefore, while association between a nonselective host
(B-cyclodextrin) and dansyl group can be completely prevented by dendritic
arms, a selective host (anti-dansyl antibody) can complex the dansyl core of
each dendrimer to some degree, although its molecular mass is much higher
than for the former host. This result suggests that the dendrimer conformation
can be altered to allow access to the core, if the binding affinity is great enough.
Phenylacetylene dendrons have been connected to a (S)-1,1"-bi-2-naphthol core
obtaining three generations of optically pure dendrimers (10-12) [40].
Luminescence experiments in dichloromethane solution indicated that the
fluorescence of the phenylacetylene branches is quenched, whereas intense
emission is observed from the binaphthol core. This antenna effect represents
the first example of efficient (>99%) energy migration in an optically pure den-
drimer. The fluorescence quantum yield increases slightly with increasing gen-
eration; the values of 0.30, 0.32, and 0.40 were obtained, respectively, for 10-12.
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This increase was ascribed to diminished molecular flexibility on increasing
dendrimer size.

The optically pure dendrimers containing a 1,1’-bi-2-naphthol core discussed
above (10-12) can be used also as enantioselective fluorescent sensors of amino
alcohols [41-43]. Both enantiomers of the chiral alcohols 2-amino-3-methyl-1-
butanol, 2-amino-4-methyl-1-pentanol (in dichloromethane), and 2-amino-3-
phenyl-1-propanol (in benzene/hexane) were found to quench the fluorescence
emission of the S enantiomer of dendrimers 10-12. The Stern-Volmer quench-
ing constants increase with increasing dendrimer generation, so that higher
generation dendrimers can be more sensitive fluorescent sensors, giving rise
to a “signal amplification” effect. In the quenching of the S dendrimers, the
Stern-Volmer quenching constants of each S alcohol, Ky (S), was always greater
than that of the enantiomeric R alcohol, Kgy(R). A ratio Kgy(S)/Ksy(R) greater
than 1 indicates that enantioselective quenching is taking place (the maximum
Kgy(S)/Kgy(R) ratio observed was 1.27). Moreover, in the case of 12, the fluores-
cence lifetime of the dendrimer does not change on addition of the quencher.
This indicates that quenching occurs by a static mechanism, presumably via a
ground-state hydrogen bond formed between the hydroxyl groups of the den-
drimer core and the amino alcohol.

Chiral dendrimers based on oligonaphthyl cores and Fréchet-type poly(aryl
ether) dendrons have been investigated [44]. The absolute configuration of
these dendrimers remains the same as that of their chiral cores. Both the nature
of the core and the generation play a role in determining the fluorescence quan-
tum yield.

Poly(aryl ether) branches of generation 1 to 3 have been appended to a pho-
totautomerizable quinoline core to investigate the effect of dendritic architec-
ture on the excited state intramolecular proton transfer [45]. The changes
observed in the absorption and emission spectra on increasing dendrimer gen-
eration indicate that the dendritic branches affect the planarity of the core and
therefore the efficiency of the excited state intramolecular proton transfer and
of the related fluorescence processes.
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5
Dendrimers Containing Porphyrins

Porphyrins have extensively been used to construct light-harvesting antenna
arrays based on covalent bonds [46] as well as on self assembly [47]. Much atten-
tion has been focused on light-harvesting antenna dendrimers comprising a
porphyrin core and properly chosen dendrons. Morphology-dependent anten-
na properties have been reported [48] for a series of dendrimers consisting of a
free-base porphyrin core bearing different numbers (1-4) of poly(benzylether)
dendrons at the meso position of the central porphyrin (13-17).

In dichloromethane solutions, excitation of the chromophoric groups of the
dendrons causes singlet-singlet energy transfer processes that lead to the exci-
tation of the porphyrin core. It was found that the dendrimer 17, which has a
spherical morphology, exhibits a much higher energy transfer quantum yield
(0.8) than the partially substituted species 13-16 (quantum yield <0.32). Fluo-
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rescence polarization studies on 17 showed that the excitation energy migrates
very efficiently over the dendrons within the excited state lifetime, so that the
four dendrons can be viewed as a single, large chromophore surrounding the
energy trap. Temperature-dependent effects suggested that increased flexibility
and conformational freedom were responsible for the decreased energy transfer
efficiency on decreasing the number of dendrons. Only the highly crowded den-
drimer 17 retained a constant level of energy transfer, even at high temperatures.
It was also postulated that cooperativity between dendrons, which decreases
with increasing conformational mobility, is necessary for efficient energy trans-
fer [48]. Such behavior would mimic that of natural photosynthetic systems,
where energy migration within “wheels” of chromophoric groups results in an
efficient energy transfer to the reaction center [37]. More recently, the morphol-
ogy effect was investigated by using much larger porphyrin dendrimers consist-
ing of a free-base porphyrin core, P, with up to four appended dendrons, each
containing seven zinc porphyrin units (compound 18) [49].

R
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The presence of poly(benzylether) dendritic wedges at the periphery makes
such dendrimers soluble in common organic solvents. The experiments per-
formed in tetrahydrofuran showed that in the star-shaped dendrimer 18, ener-
gy transfer from the excited singlet states of dendrons to the focal core takes
place with rate constant of 1.0x10° s™! and 71% efficiency, whereas in the coni-
cally shaped dendrimer containing a single dendron substituent the energy
transfer rate constant was 10 times smaller and the efficiency was 19%. This
result shows that morphology has indeed a noticeable effect on the energy trans-
fer rate. Excitation of 18 at 544 nm with polarized light resulted in a highly depo-
larized fluorescence from the Zn porphyrin units (fluorescence anisotropy fac-
tor 0.03, to be compared with 0.19 of a monomeric reference compound), indi-
cating an efficient energy migration among the Zn porphyrin units before ener-
gy transfer to the free-base core. In the case of the conically shaped compound
containing a single dendron substituent, the fluorescence anisotropy factor
was much higher (0.10). These results suggest a cooperation of the four den-
drons of 18 in facilitating the energy migration among the Zn porphyrin units.
Clearly, 18, which incorporates 28 light-absorbing Zn porphyrin units into a
dendritic scaffold with an energy-accepting core, mimics several aspects of the
natural light-harvesting system. Fast dynamics of energy migration have also
been observed for multiporphyrin functionalized poly(propylene amine) den-
drimers [50].

When a porphyrin core is linked to four 1,3,5-phenylene-based dendrons
(compounds 19-22), energy transfer from the excited dendrons to the por-

19 R=D'
20 R=D?
21 R=D3
22 R=D*
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phyrin core takes place in dichloromethane solution and depends on the den-
dron structure [51,52].

In particular, the energy transfer efficiencies are 0.66, 0.98, 0.74, and 0.42 for
the dendrimers 19-22, respectively. Such higher efficiency, compared with the
aryl ether dendrimers described above, has been ascribed to energy transfer
through the cross conjugation of 1,3,5-phenylene based dendrons and to a larger
spectral overlap. Indeed, dendrimer 22 which contains ether bonds shows a
lower energy transfer efficiency compared to dendrimer 20 that is completely
cross conjugated, suggesting the presence of a through-bond (Dexter) contribu-
tion to the energy transfer processes in 20.

Electrostatic assembly of negatively and positively charged dendritic por-
phyrins has been investigated by means of energy transfer measurements [53].
The compounds used were made of zinc and free-base porphyrin cores sur-
rounded by second-generation Fréchet-type dendrons functionalized at the
periphery with ammonium and carboxylate units, respectively. The energy
transfer rate constant was found to be 3.0x10? s7!, in satisfactory agreement
(Forster mechanism) with the expected core-to-core distance in the assembly of
the positively and negatively charged dendrimers.

A poly(r-lysine) dendrimer 23 which carries 16 free-base porphyrins in one
hemisphere and 16 Zn porphyrins in the other has been synthesized and stud-
ied in dimethylformamide solution [54]. In such a dendrimer, energy transfer
from the Zn porphyrins to the free-base units can occur with 43% efficiency.
When the 32 free base and zinc porphyrins were placed in a scrambled fashion,
the efficiency of energy transfer was estimated to be 83% [55]. Very efficient
(98%) energy transfer from Zn to free-base porphyrins was also observed in a
rigid, snowflake-shaped structure in which three Zn porphyrin units alternate
with three free-base porphyrin units [56].

An interesting example of core shielding is represented by Pd porphyrins sur-
rounded by polyglutamic dendrons up to the fourth generation (24-26) [57].In

16
16

23
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deaerated solutions they show a strong phosphorescence at 692 nm and single
exponential decays in the range of 400-600 ps. In the presence of dioxygen a
quenching process has been observed. In particular, while in air-equilibrated
dimethylformamide solutions the quenching rate constants are independent of
the size and hydrophobicity of the dendrimer periphery, in air-equilibrated
water solutions an increase in the dendrimer size causes a large decrease in the
quenching rate constant. This peculiar behavior can easily be rationalized tak-
ing into account that in dipolar aprotic media, such as dimethylformamide, den-
dritic branches terminated by either carboxylic acid (24) or ester groups (25, 26)
are neutral and adopt a rather unfolded conformation, so that dioxygen access
is not hindered. On the other hand, in water solutions, hydrophobic interactions
lead the dendritic shell to shrink around the core. Therefore, upon increasing
dendrimer generation, the Pd porphyrin is encapsulated by a more densely
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packed cage, partly preventing dioxygen quenching. The same family of poly-
glutamic dendrimers (up to the third generation) containing carboxylate groups
at the periphery and a free-base porphyrin core, instead of the Pd porphyrin,
shows strong changes of the absorption and emission properties of the por-
phyrin core upon protonation in water solution [58]. The pK value correspond-
ing to the first protonation gradually shifts towards alkaline pH values upon
increasing generation. Indeed, a growing stabilization of the central positive
charge is brought about by the increasing negative charge on the dendrimer
periphery. Therefore, an electrostatic core shielding effect is active as long as
dendritic branches are deprotonated. These dendrimers may find useful appli-
cations as pH sensors in biological systems because of (i) a pK value close to 7
for the first protonation, (ii) unlimited water solubility, (iii) high emission
quantum yield, and (iv) impermeability through biological membranes. A
very recent study [59] compares the shielding ability towards dioxygen quench-
ing of the phosphorescent Pd porphyrin core present in dendrimer 24 by
three different types of dendrons, namely Fréchet poly(aryl ether)s, New-
kome poly(ether amide)s, and polyglutamates. The changes of the dioxygen
quenching constants are rather insignificant in dimethylformamide and
tetrahydrofuran upon changing both the dendron type and the generation.
However, in water solution the Fréchet dendrons are the most efficient in core
shielding. In particular, a strong decline in quenching rate has been observed
upon increasing the generation: a 24-fold decrease takes place between genera-
tion 0 and 2, while addition of the next dendritic layer does not bring about any
significant change.

The effect of core shielding of a porphyrin moiety by peripheral dendrons
has been carefully investigated on two series of Zn-phthalocyanine-cored
dendrimers with aryl-ether branches [60]. Generation 0, 1, and 2 (dendrimer
27) species, terminated with ester groups, are soluble in organic solvents,
while the species terminated with carboxylate units (e.g., 28) are soluble in
water.

Photo-induced electron transfer quenching of the fluorescent core of the
ester-terminated dendrimers was investigated using anthraquinone as electron
acceptor. The quenching occurs through a dynamic mechanism, and the rate
of the electron transfer process decreases with growing dendrimer size. The
fluorescence of the core of the water-soluble series was quenched with anion-
ic (picrate anion), and cationic electron acceptors (5,10,15,20-tetrakis(1-
methyl-4-pyridyl)porphyrin). With the picrate quencher, a sharp decrease of
the bimolecular electron transfer rate constant is observed on increasing den-
drimer generation; 28 was virtually unquenched. This behavior was ascribed
to the highly negative dendrimer surface that electrostatically repels the
picrate anion. In contrast, using the cationic quencher, the electrostatic interac-
tion with the dendrimer results in a very efficient quenching through a static
mechanism.

Alternatively, the quencher can be directly connected to the dendrimer struc-
ture. The photophysical behavior of generation 1,2 (compound 29), and 3 den-
drimers containing a free-base porphyrin core and 12, 36, and 108 peripheral
anthraquinone units, respectively, was studied in chloroform and dimethylac-
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etamide solution [61].In all cases the core fluorescence is quenched by intramol-
ecular electron transfer to the peripheral anthraquinone units; the most efficient
quenching was observed for generation 1 and 2 species. Time-resolved fluores-
cence experiments revealed a complex decay behavior, requiring a three-expo-
nential fit. This complexity was attributed to the flexibility of the dendritic
framework, which gives rise to different conformers exhibiting different por-
phyrin-anthraquinone distances. The measured electron transfer rate constants
indicate that the through-space (Forster) mechanism is operative in these
quenching processes.

A comparison between two families of dendrimers containing poly(aryl
ether) dendrons and either a Zn porphyrin (GnPZn) or a tetraphenylporphyrin
(GnTPPH,) core up to the fourth generation (30 and 31) shows that the core
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structure influences the hydrodynamic properties [62]. Fluorescence quantum
yields and lifetimes in dimethylformamide and tetrahydrofuran solutions do
not change upon increasing generation within a dendrimer family, suggesting
little influence of the dendrons on the radiative and nonradiative processes of
the porphyrin core. The anisotropy decays can be fitted by a single exponential
function for all generations with a limiting value close to that of model por-
phyrin compounds. The intrinsic viscosity, obtained by fluorescence depolar-
ization measurements, shows a maximum for the GnPZn family corresponding
to the third generation, while that of the GnTPPH, family linearly increases with
generation. The additional phenyl group in the GnTPPH, family increases the
distance between dendrons, thus minimizing steric hindrance, compared to the
GnPZn family, in which the dendrons are directly linked to the porphyrin core.
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As a result, the branches in the GnTPPH, family are more flexible, thus causing
a decrease in the hydrodynamic volume compared to the theoretical fully
extended structure in the gas phase.

That dendrimers are unique when compared with other architectures is con-
firmed by an investigation on porphyrin core dendrimers and their isomeric
linear analogues [63]. The isomers displayed dramatically different hydrody-
namic properties, crystallinity, and solubility characteristics when compared to
those of their dendritic analogues, and photophysical studies showed that ener-
gy transfer from the poly(benzylether) backbone to the core was more efficient
in the dendrimer because of the shorter distance between the donor units and
the acceptor core.
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6
Dendrimers Containing Fullerene

Fullerene (Cq) is a very interesting molecule [64]. It has low-lying singlet and
triplet excited states and it can be easily reduced in successive, reversible, one-
electron processes. Its lowest singlet excited state exhibits fluorescence with a
maximum around 720 nm, and its lowest triplet excited state is an excellent sen-
sitizer for singlet oxygen formation. Investigations on dendrimers containing
fullerene units are rapidly growing [65].

In a recent study, poly(aryl ether) dendritic branches terminated with trieth-
yleneglycol chains were attached to C4, [66]: dendrimer 32 represents the fourth
generation. The photophysical properties of these fullerodendrimers have been
systematically investigated in three solvents, namely toluene, dichloromethane,
and acetonitrile. On increasing dendrimer generation, it has been found that in
each solvent (i) the maximum of the fullerene fluorescence band is red-shifted
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and (ii) the fluorescence lifetime increases slightly. These effects are attributed
to changes in the dendrimer solvation environment. In air-equilibrated solu-
tions, the triplet lifetime increases with increasing dendrimer generation in each
solvent, showing that the dendrimer branches offer a shielding effect towards
encounters with external molecules like dioxygen. In deaerated solution, the
triplet lifetime decreases with increasing solvent polarity and increases slightly
on increasing dendrimer generation.

In another recent study, the fullerene unit was connected via an acetylene
bond with poly(aryl ether) dendritic branches from the second to the fourth
generation (compound 33) [67]. The photophysical properties and the quench-
ing by energy transfer (quenchers: dioxygen and f-carotene) and electron trans-
fer (quenchers: three different amines) were investigated. In this case, the life-
times of the singlet and triplet excited states are essentially independent of
dendrimer generation, but the rate constants of the intermolecular processes
(triplet-triplet annihilation, triplet energy transfer, triplet electron transfer)
decrease with increasing dendrimer generation. For the largest dendrimer, elec-
tron transfer takes place over a long distance because of the steric hindrance
caused by the dendron groups and the resulting fullerene anion is stabilized.



182 V. Balzani et al.

7
Host-Guest Systems

Animportant property of dendrimers is the presence of internal cavities in which
ions or neutral molecules can be hosted [68]. Such a property can potentially be
exploited for a variety of purposes, which include catalysis and drug delivery.

Energy transfer from the numerous chromophoric units of a suitable den-
drimer to an appropriate guest may be exploited to construct systems for chang-
ing the color of the incident light and for light harvesting. An advantage shown
by such host-guest systems compared with dendrimers with a luminescent core
is that the wavelength of the sensitized emission can be tuned by changing the
guest hosted in the same dendrimer.

Dendrimers of the poly(propylene amine) family functionalized with fluo-
rescent dansyl units at the periphery have been used as hosts for fluorescent dye
molecules [69]. Each dendrimer nD, where the generation number n goes from
1 to 5, comprises 2"*! (i.e., 64 for 5D) dansyl functions in the periphery and
(2"*1-2) (i.e., 62 for 5D) tertiary amine units in the interior. Compound 34 rep-
resents the fourth generation dendrimer 4D. These dendrimers show intense
absorption bands in the near UV spectral region (A,,=252 and 339 nm;
Emax=12,000 and 3,900 L mol™! cm, respectively, for each dansyl unit) and
a strong fluorescence band in the visible region (A,,,,=500 nm; &,,=0.46,
=16 ns). In dichloromethane solution, the nD dendrimers extract eosin from
aqueous solutions with the maximum number of eosin molecules hosted in the
dendrimers increasing with increasing dendrimer generation, up to a maximum
of 12 for the 5D dendrimer. The fluorescence of the peripheral dansyl units of
the dendrimers is completely quenched via energy transfer (Forster mecha-
nism) by the hosted eosin molecule, whose fluorescence (A,,=555 nm) is,
accordingly, sensitized. The behavior of fluorescein and rose bengal is qualita-
tively similar to that of eosin, whereas naphthofluorescein is not extracted.
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Quantitative analysis of the results obtained has shown that a single eosin guest
is sufficient to completely quench the fluorescence of any excited dansyl unit of
the hosting dendrimer. Fluorescence lifetime measurements indicated that the
dye molecules can occupy two different sites (or two families of substantially
different sites) in the interior of the dendritic structure.

Dendrimer 35, consists of a hexaamine core surrounded by 8 dansyl-, 24
dimethoxybenzene-, and 32 naphthalene-type units [70]. In dichloromethane
solution, 35 exhibits the characteristic absorption bands of the component units
and a strong dansyl-type fluorescence. Energy transfer from the peripheral
dimethoxybenzene and naphthalene units to the fluorescent dansyl units occur
with >90% efficiency. When the dendrimer hosts a molecule of the fluorescent
eosin dye (35>eo0sin), the dansyl fluorescence, in its turn, is quenched and sen-
sitization of the fluorescence of the eosin guest can be observed. Quantitative
measurements showed that the encapsulated eosin molecule collects electronic
energy from all the 64 chromophoric units of the dendrimer with an efficiency
>80%. Both intramolecular (i.e., within dendrimer) and intermolecular (i.e.,
dendrimer host—eosin guest) energy transfer processes occur very efficiently
by a Forster-type mechanism because of the strong overlap between the emis-
sion and absorption spectra of the relevant donor/acceptor units.
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Dye molecules can also be hosted into poly(propylene amine) dendrimers
peripherally modified with OPV units [71]. In these systems, energy transfer
from the OPV fluorescent units (1,,,,=492 nm) to the enclosed dye molecules is
not efficient in solution (40% efficiency at maximal loading), but is very efficient
in spin-coated films of dendrimer/dye assemblies.

Dendritic hosts can be used in aqueous solution to encapsulate water-soluble
fluorescent probes. Changes in the photophysical properties of these encapsu-
lated probes are useful to understand the properties of the microenvironment
created by the dendritic interior. For example, adamantyl-terminated poly(pro-
pylene amine) dendrimers from the first to the fifth generation (36 represents
the third generation) can be dissolved in water at pH<7 in the presence of S-
cyclodextrin because of encapsulation of the hydrophobic adamantyl residue
inside the B-cyclodextrin cavity and the presence of protonated tertiary amine
units inside the dendrimer [72]. Under these experimental conditions, 8-anili-
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36

nonaphthalnene-1-sulfonate (ANS) is taken up into dendrimers of generations
2-5 because of electrostatic and acid-base interactions. Dye emission intensity
is increased because dendrimers (particularly those of high generation) shield
the probe from water, preventing quenching by OH groups.

In another example, 5-(dimethylamino)-1-naphthalenesulfonic acid (DNS)
is encapsulated in a sixth generation amine-terminated poly(amido amine)
(PAMAM) dendrimer in water solution [73]. Below pH 5.5, DNS is protonated and
cannot be encapsulated by the host, while at pH>10, encapsulation efficiency is
low because of the presence in the dendrimer of very few protonated primary
amine units to which DNS can bind. Between pH 10 and 8, DNS emission intensi-
ty increases and its emission maximum is progressively blue-shifted. This obser-
vation demonstrates that the dendritic microenvironment polarity (always lower
than that of bulk water) decreases and that the probe is sampling more densely
packed binding sites with decreasing pH, because of structural rearrangement
(backfolding of end groups) upon protonation of internal amine units.

Dendrimers containing a polar surface and an apolar interior can work as
hosts of hydrophobic fluorescent probes in aqueous environment. In particular,
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much attention has been devoted to the interaction of dendrimers with pyrene
in water solution, studying the polarity of the dendritic microenvironment,
the hosting ability of the dendrimers as a function of pH and generation, and
the aggregation between dendrimers and cationic or anionic surfactants. In-
deed, pyrene is a highly fluorescent molecule, very sensitive to solvent polarity:
the ratio of the first to the third band (I,/I;) of its vibrational structured emis-
sion spectrum increases as the environment polarity increases. Moreover, its
emission can be quenched by an electron transfer mechanism involving ter-
tiary amine units and an excimer emission is easily observed, thus demon-
strating the presence of more than one pyrene molecule inside the same den-
drimer host.

Particularly noteworthy are the investigations on the interaction of amine-
terminated PAMAM [74] and POPAM dendrimers [75, 76] with pyrene. In the
former case, the authors concluded that (i) the amount of solubilized pyrene
increases with increasing dendrimer generation; (ii) concomitantly, the water
content inside the dendritic environment decreases, as demonstrated by the
decrease in the I,/I; ratio; (iii) pyrene fluorescence is statically quenched by
internal tertiary amine units of the dendrimer, thus demonstrating the forma-
tion of a host-guest system; (iv) excimer emission is observed even at very low
concentration ([pyrene]/[dendrimer]<10-%), where, according to a Poisson dis-
tribution, most of the dendrimers must contain only one fluorescent probe. In
the case of POPAM dendrimers, similar results have been obtained [76] and the
influence of pH on the recognition process has been investigated [75]. In partic-
ular, at pH 9 pyrene is encapsulated in the internal microcavities of the den-
drimers since it cannot interact with the protonated amine shell. On the other
hand, lowering the pH causes the release of pyrene into the water solution, as
shown by an increase in fluorescence intensity (no quenching mechanism takes
place in the bulk solution) and in the value of the I,/I; ratio. This behavior is due
to the protonation of all the amine units of the dendrimers, which leads to the
formation of a polar interior. Therefore, this host-guest system can be con-
trolled by pH stimuli. It should be noted that, even in the case of a fifth-genera-
tion dendrimer, the maximum host/guest ratio is 0.029, that is, one pyrene every
35 dendrimer molecules.

A recent example of photo-induced electron transfer involving a guest inside
a dendrimer and an external quencher is offered by Zn(II)-mesoporphyrin
coordinated to a-helical peptide-terminated PAMAM dendrimers in the pres-
ence of MV?* or naphthalene sulfonate (NS-) [77]. The fluorescence quenching
of Zn(II)-mesoporphyrin by either MV?* or NS-, as well as the rate of MV?** pho-
toreduction [78], increases with dendrimer generation. However, the quenching
mechanisms are different: static in the case of NS~ and dynamic in the case of
MV?*, as demonstrated by the values of the excited state lifetimes. Indeed, for
methylviologen, quencher association to the dendrimer is prevented by electro-
static repulsion between the arginine peptide positive shell and the positively
charged MV?*. This system has also been used as photosensitizer for photo-
induced hydrogen evolution in the presence of triethanolamine as electron
donor, MV?* as electron carrier, and hydrogenase as hydrogen evolution cata-
lyst [79]. The hydrogen evolution is more efficient in the presence of the den-
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Fig.3a,b. Schematic representation of (a) conventional fluorescent sensor and (b) fluorescent
sensor with signal amplification. Open rhombi indicate coordination sites and black rhombi
indicate metal ions. The curved arrows represent quenching processes. In the case of a den-
drimer, the absorbed photon excites a single fluorophore component, which is quenched by
the metal ion regardless of its position

dritic photosensitizer than in the case of an «a-helix bundle structure and
Zn(ITI)-mesoporphyrin alone.

It has been demonstrated that dendrimers can be used also as fluorescent
sensors for metal ions. Poly(propylene amine) dendrimers functionalized with
dansyl units at the periphery like 34 can coordinate metal ions by the aliphatic
amine units contained in the interior of the dendrimer [80]. The advantage of a
dendrimer for this kind of application is related to the fact that a single analyte
can interact with a great number of fluorescent units, which results in signal
amplification. For example, when a Co?* ion enters dendrimer 34, the fluores-
cence of all the 32 dansyl units is quenched with a 32-fold increase in sensitivity
with respect to a normal dansyl sensor. This concept is illustrated in Fig. 3.

Dendrimer 37 is quite interesting since it contains 18 amide groups in the
interior, which are known to strongly coordinate lanthanide ions, and 24 chro-
mophoric dansyl units in the periphery, which, as mentioned above, show
intense absorption bands in the near UV spectral region and an intense fluores-
cence band in the visible region [81, 82]. Addition of lanthanide ions to acetoni-
trile/dichloromethane (5:1 v/v) solutions of dendrimer 37 causes a quenching of
the fluorescence of the dansyl units. At low metal ion concentration, each den-
drimer can host not more than one metal ion and, when the encapsulated metal
ion is Nd** or Eu’*, the fluorescence of all the 24 dansyl units is quenched with
unitary efficiency. Quenching by Nd** occurs by Forster-type energy transfer
from the fluorescent excited state of the dansyl units to a manifold of Nd** ener-
gy levels and is accompanied by the sensitized emission in the near infrared
region (A,,,=1,064 nm) of the lanthanide ion. Quenching by Eu®* is not accom-
panied by any sensitized emission, since it occurs by electron transfer owing to
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the low reduction potential of Eu*". In rigid matrix at 77 K, however, where elec-
tron transfer is disfavored, the quenching of the dansyl unit by Eu** takes place
by energy transfer, as demonstrated by the presence of the sensitized Eu** emis-
sion [82].
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Remarkable concentration of the photon energy absorbed by aromatic dendritic scaffolds
toward the focal point (i.e., antenna effects) is one of the most distinct features of the dendritic
macromolecules. Poly(benzyl ether) dendron is used as effective antennas in various lumi-
nescence systems. For example, organic photosensitive moieties (azo linkage, porphyrin),
poly(phenyleneethynylene), metal cations (Tb**, Eu**, Ru?*), and semiconductor nanocrystals
(CdSe) are surrounded by the dendrons. “Energy funnels” are designed using poly(pheny-
lacetylene) dendrimer and a multiporphyrin array arranged in a dendritic scaffold to demon-
strate effective photon energy harvesting toward the focal point. The importance of symmetric
structure for the antenna effect has been revealed both in the whole shape of the macromole-
cule and the dendritic repeating unit. Luminescence applications are discussed (e.g., temper-
ature-responding gel, fluoroimmunoassay reagent).
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Abbreviations

PBE  poly(benzyl ether)

DMSO dimethyl sulfoxide

FIA  fluoroimmunoassay

IR infrared

PPhE poly(phenyleneethynylene)
THF  tetrahydrofuran

TOPO trioctylphosphine oxide

1
Introduction

Remarkable concentration of the photon energy absorbed by aromatic dendritic
scaffold toward the focal point (herein called “antenna effects”) is one of the
most distinct features of the dendritic macromolecules. Poly(benzyl ether)
(PBE) dendron [1] has been studied most extensively as an efficient antenna
dendron. Careful studies have revealed the crucial role of the symmetric den-
dritic structure for the antenna effect.

The wedge-like skeletons of dendrons have inspired synthetic chemists to
construct energy funnels which collect and concentrate photon energy effec-
tively. This intuition partly came from the idea of mimicking of the natural light-
harvesting systems. Another driving idea is the “shell” or “insulator” role of den-
drons (i.e., site-isolation effect). The luminescence species located at the focal
point can be engulfed within dendrimers; this isolates the luminescence species
from the outside environment, which may otherwise be harmful for the lumi-
nescence, for example, by energy quenching via molecular collision or/and small
coordinating molecules (e.g., water). The idea of site-isolation itself is a topo-
logical matter, having no relation with the antenna effect (an energy-related
matter); however, the discovery of antenna effects followed the former. A simple
but important benefit of the “shell” dendron should be stressed here: the disso-
lution of the luminescence species in desired media (e.g., solvents or resins) is
indispensable to the development of practical applications.

2
Antenna Effects

2.1
Antenna Effect Towards an Organic Photosensitive Moiety at the Focal Point

Organic luminescence systems (macromolecules) consisting of covalent bonds
have been reported. The two dendron subunits connected by an azo linkage
illustrated in Fig. 1 showed unusual IR sensitivity [2, 3]. The focal azo linkage
undergoes cis-trans isomerization at particular wavelengths of IR (1597 cm™'=
6,262 nm, corresponding to the aromatic absorption) and ultraviolet irradia-
tion. Only the dendron subunits larger than 3rd-generation allowed the IR-in-
duced reaction. IR radiation induces relatively low-frequency molecular vibra-
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Fig. 1. Two poly(benzyl ether) dendron subunits connected by an azo linkage

tions. However, with the exception of hydrogen bond reorganization, the vibra-
tion energy is usually consumed rapidly through molecular collisions rather
than inducing photochemical changes. Therefore the large dendrons are thought
to insulate against molecular collisions, allowing the absorbed IR energy to
induce the azo isomerization. Multiphoton intramolecular energy transfer was
proposed as the mechanism of the unusual photoreaction. Precise measurement
of the IR absorption behavior estimated the number of IR photons absorbed by
a 4th-generation dendron subunit as only 10-3 (photons s7!) [4]. The multipho-
ton energy was thought to be absorbed not simultaneously but sequentially, and
long-term intramolecular energy storage was anticipated [5].

The antenna effect of the poly(benzyl ether) dendrimers remarkably depends
on the whole macromolecular shape (i.e., the symmetry of the dendron sub-
units). A series of porphyrin-cored dendrimers were synthesized with different
numbers of 4th-generation dendron subunits at the meso-positions of the por-
phyrin core [6]. The symmetrical morphology bearing four dendron subunits
(a spherical morphology) allowed higher energy transfer quantum yield
(80.3%) than the asymmetrical morphology bearing three dendron subunits
(10.1-31.6%). Fluorescence depolarization studies indicated that the excitation
energy migrates very efficiently in the symmetrical morphology through the
dendritic array of 3,5-dioxybenzyl building units within the lifetime of the ex-
cited state.

The morphological dependence of the antenna effect was quantitatively stud-
ied by the comparison of the three focal isomers of benzene-cored 4th-genera-
tion dendrimers [7]. The energy of the photon absorbed by the dendron sub-
units must be dissipated either through radiative (luminescence) or nonradia-
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tive (thermal) relaxation processes. After excitation by UV light (244 nm), both
relaxation processes were strictly measured for the o-, m-, and p-isomers in
CH,Cl, solution, using fluorescent and thermal lens spectroscopies. Only the
p-isomer (i.e., the only symmetrical isomer) showed exceptionally long-term
storage of the excitation energy (of the order of 100 ms) within the dendritic
entity. The fluorescence decay times of the three isomers were 1.7 ns, which
revealed that the anomalous properties of dendrimers did not originate in long-
lived electronic excitation states, but in long-term storage of internal energy.
To explain this phenomenon, a nonlinear conjugated oscillator model of Fer-
mi-Pasta-Ulam theory was invoked.

2.2
Design of Energy Funnels

A pioneering study was the synthesis of poly(phenylacetylene) dendrimers
[8-11]. The researchers constructed “energy funnels” by the molecular design
of conjugated dendrimers; the shorter the conjugation length, the higher the
energy level of the conjugation unit. Therefore, the molecular design imposed an
energy gradient across the conjugation length of the acetylene units from the
periphery (the highest energy) to the focal point (the lowest energy) of the den-
drimer molecule (Fig.2). Spectral [12] and computational [13] studies were also
conducted to examine the energy gradient molecular design.

A large multiporphyrin array arranged in a dendritic scaffold (Fig. 3) was
designed to demonstrate an energy funnel as a mimic of the bacterial light-har-
vesting antenna complex [14]. The macromolecule consists of four dendritic
wedges of a zinc porphyrin heptamer (energy-donating units) anchored by a

Fig. 2. A poly(phenylacetylene) dendrimer with an energy gradient across the conjugation
length of the acetylene units from the periphery to the focal point
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Fig.3. A large multiporphyrin array arranged in a dendritic scaffold

focal free-base porphyrin (energy receptor). Second-generation PBE dendrons
were attached to make the macromolecule soluble in common organic solvents.
Fluorescence studies of the macromolecule led to an important conclusion, that
is, an efficient migration of excitation energy takes place through the dendritic
zinc porphyrin array before transfer to the focal free-base porphyrin. The zinc
porphyrin units are thought to mutually cooperate to facilitate long-range energy
migration and transfer. Each zinc porphyrin unit is separated by a benzyl ether
dendron moiety, where mi-electronic conjugation is discontinued by the CH,-O-
linkage. Thus, the dendritic location of the zinc porphyrin units within the
macromolecule should be crucial for the energy migration and transfer, even in
the absence of m-electronic conjugation. The importance of the symmetry of
dendritic structure again appeared in this different chemical system.
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2.3
Dendron-Grafted Conjugated Linear Polymers

Another remarkable aspect of the antenna effect of PBE dendrons has been
demonstrated in the study of blue-luminescent poly(phenyleneethynylene)
(PPhE), bearing the dendrons as the repeating side groups (Fig. 4) [15-17]. A
series of the PPhE dendrimers were successfully synthesized by a transition-
metal complex-catalyzed polymerization of a bis-ethynyl monomer bearing two
dendrons and 1,4-diiodobenzene. The rod-like polymer grafted with the 3rd-
generation PBE dendron emitted blue luminescence from the main chain when
the PBE dendron was excited by UV light, indicating the energy transfer from
the PBE dendron side chain to the PPhE main chain. The emission quantum
yield appeared almost quantitatively (0.97). An important observation is that the
grafting PBE dendrons smaller than 2nd-generation did not give the blue lumi-
nescence from the PPhE main chain, suggesting the contribution of the site iso-
lation of the larger dendrons. Spin-coated films of the PPhE dendrimers were
studied as well [18].

HCO™ o 0 OCHj,
R Db B
IS 210 o -ocH,

H3CO Oj@/\ JiE)L O\Qroc;H3
HsCO QA bOKj CcH
H3CO“© d UOCH33

H3CO O Z}
ol 0 T
OCH
HCO H388H3
OCHs;  H3CO

Fig. 4. A blue-luminescent poly(phenyleneethynylene) bearing 3rd-generation poly(benzyl
ether) dendron as the repeating side groups
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2.4
Dendrimer-Metal Cation Complexes

Self-assembly of aromatic dendron subunits has been tried by the design of
coordination to multivalent metal cations (i.e., metal-cored dendrimer com-
plexes). Several metal-cored dendrimer complexes have successfully exhibited
luminescence by antenna effects.

Trivalent lanthanide cations (Tb*" and Eu’*) were coordinated by the PBE
dendrons bearing focal carboxylate group, exhibiting remarkable luminescence
from the lanthanide cation core by UV irradiation [19]. The luminescence of
the lanthanide-cored dendrimer complexes was attributed to the transfer of the
photon energy absorbed by the dendron subunits. The mechanism was sup-
ported by the coincidence between the excitation spectrum of the whole com-
plex and the absorption spectrum of the dendron subunits. A remarkable obser-
vation both in solution and in the bulk state was that the intensity of the lumi-
nescence increased with increasing dendron generation. The maximum lumines-
cence occurred by the excitation around 290 nm, corresponding to the absorp-
tion of monosubstituted benzene ring. Therefore, the absorption of photons by
the phenyl terminals located at the farthest position in the dendron subunits
worked as the major origin of the luminescence at the metal core, even through
the largest 4th-generation dendron. The contribution of site isolation by the
larger dendron subunits for the enhanced luminescence of the lanthanide core
was also indicated by the bulk-state experiment [19].

The energy level of the excitation states between the lanthanide core and
the dendron subunits should match for effective luminescence. In fact Tb** is
the best illuminator to date matching with the carboxylate PBE dendrons,
whereas Eu®* illuminates less and other lanthanides (e.g., Dy**, Tm**) do not
at all. Isomerism at the focal aromatic ring has been revealed to influence the
intensity of the lanthanide core as well. The 3,4-dioxybenzoate moiety turned
out to be the best focal building block for the Tb** core [20,21], whereas the 2,4-
dioxybenzoate moiety was the best for the Eu®* core [22]. Indeed, the 3rd-gener-
ation Tb*-cored dendrimer complex bearing a focal 3,4-dioxybenzoate moiety
illuminated stronger than the 4th-generation one bearing a focal 3,5-dioxyben-
zoate moiety.

In the context of the isomerism within the dendron structure, the 3,5-dioxy-
benzyl repeating unit of the PBE dendron proved to be the best isomeric struc-
ture [23]. Other isomeric repeating units (3,4- and 2,5-dioxybenzyl) apparently
decreased the antenna effect. Thus, the remarkable antenna effects of the PBE
dendrons in various systems are most probably attributed to the fortunate sym-
metrical 3,5-dioxybenzyl units spread amongst the dendritic skeleton. One
more important aspect is that the electronic character of the individual aromatic
building units (variable by the isomerism) seems to influence the energy trans-
fer behavior of the whole PBE dendron, even though all the aromatic units are
separated from each other by the nonconjugating -CH,-O-linkages.

Poly(ether ketone) dendrons [24] have been observed to show an antenna
effect toward lanthanide cations, especially for Eu**. Two focal coordination
forms were examined, namely carboxylate [25] and 1,3-diketonate [26]. The use
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of the poly(ether ketone) dendrons instead of the PBE dendrons is practically
advantageous for the following two reasons: a common UV source (365-nm
mercury lamp) can be used as the excitation light and improved miscibility
in the commercial transparent resins such like poly(methyl methacrylate) is
observed. The two advantages come from the ketone moiety, which makes the
m-conjugation longer (absorbing longer wavelength) and increases the dipole
moment of the repeating unit.

PBE dendrimers with a cyclic polyamine core at the focal point have been
synthesized to form transition-metal complexes [27]. Tb** complexes exhibited
luminescence by the excitation of the dendrons.

PBE dendrons bearing a focal bipyridine moiety have been demonstrated to
coordinate to Ru?* cations, exhibiting luminescence from the metal cation core
by the excitation of the dendron subunits [28-30]. The terminal peripheral unit
was examined (e.g., phenyl, naphthyl, 4-t-butylphenyl) to control the lumines-
cence. The Ru**-cored dendrimer complexes are thought to be photo/redox-
active, and photophysical properties, electrochemical behavior, and excited-
state electron-transfer reactions are reported.

A supramolecular assembly of macromolecules bearing antenna dendron has
been reported. Pyrazole-anchored PBE dendrons were synthesized to examine
the coordination behavior to transition-metal cations (Cu, Au, Ag) [31]. Self-
assembled metallacycles were found. The Cu-metallacycle further formed lumi-
nescent fibers about 1 pm in diameter. The luminescence (605 nm) occurred by
the excitation of the dendron (280 nm) and the excitation spectrum was coinci-
dent with the absorption spectrum of the dendron, suggesting the antenna
effect. Interestingly, the luminescence of the Cu-metallacycle fiber disappeared
when the fiber was dissociated into the individual metallacycles in C,H,.

25
Dendrimer Coordinating to Nanocrystals at the Focal Point

PBE dendrons coordinate to the surface of II-VI semiconductor nanocrystals
(e.g., CdSe [33] and CdSe/ZnS core/shell structure [34, 35]) to modulate the
photoluminescence of the nanocrystals [32]. Trioctylphosphine oxide (TOPO)-
capped II-VI semiconductor nanocrystals of several-nanometers diameter have
been synthesized by a pyrolysis reaction of organometallics in TOPO [33-35].
The capping ligand (TOPO) can be replaced by stronger ligands such as thiol
compounds [36], suggesting that dendrons bearing sulfur atom(s) at the focal
point replace TOPO as well.

A 1st-generation dendrimer having a thiocyanuric acid moiety at the focal
point was synthesized as a directly replacing ligand. A simple mixing treatment
of the TOPO-capped CdSe nanocrystal with the thiocyanuric acid-cored den-
drimer in toluene gave a change in excitation spectra of the CdSe luminescence.
The excitation spectra of the CdSe nanocrystal before and after the mixing treat-
ment, measured at the same concentration in toluene (emissions at 552 nm),
were compared. Coincidence in the longer wavelength region (>390 nm) between
the two spectra indicated the preserved electronic states (i.e., band structure) of
the CdSe nanocrystal, whereas an enhancement in the shorter wavelength re-
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gion (280-390 nm) was obvious after the mixing treatment. The shorter wave-
length region involves the absorption band of the dendrimer, suggesting energy
transfer from the dendrimer toward the CdSe nanocrystal.

3
Applications

Two practical advantages of luminescence species engulfed in antenna den-
drimer scaffolds are apparent, namely their miscibility with organic media (sol-
vents or/and resins) and their ability to form thin films. For example the lan-
thanide-cored dendrimer complexes described in this chapter can be regarded
as organic-soluble inorganic luminescers.

The PBE dendron has a glass transition at about 40 °C and is soluble in vari-
ous organic solvents (e.g., THF acetone, toluene). It is therefore a moldable, ther-
moplastic, film-forming material. This practical feature is maintained for the
lanthanide-cored dendrimer complexes. The complexes are partially miscible
with poly(methyl methacrylate), affording transparent luminescence composi-
tions by mixing in solvent.

The PPhE bearing the PBE dendron as the repeating side chains is also solu-
ble in THF, whereas the rigid main chain itself does not dissolve in any solvent.
The blue-luminescence dendron-grafted rigid polymer forms thin films by spin
coating [18].

Vinylphenyl-terminated PBE dendrons were prepared as polymerizable den-
drons from 4-vinylbenzyl chloride [37]. The vinylphenyl-terminated PBE den-
drons are useful to make the lanthanide-cored dendrimer complexes polymer-
izable. The 1st-generation Tb**-cored dendrimer complex bearing the vinyl-
phenyl terminal on the dendron subunits (Fig. 5) was copolymerized with N-iso-
propylacrylamide in the presence of methylene bis-acrylamide (as crosslinker)
in DMSO to give a green-luminescence transparent gel. The DMSO gel was con-

O
e
00C
Tb3+

O
OOCOO “00C

o
& 9

Fig.5. A 1st-generation Tb**-cored dendrimer complex bearing polymerizable vinylphenyl
groups on the dendron subunits
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Fig.6. A europium complex used in practical fluoroimmunoassay

verted into hydrogel by solvent exchange with excess water. The hydrogel still
exhibited a bright green luminescence when irradiated by UV. The brightness of
the luminescence was remarkable even with a little incorporation of the Tb3*-
cored complex (less than 1 mol%) in the gel. The DMSO molecule might prevent
the well-known quenching of the lanthanide’s fluorescence by hydration. One
more interesting feature of the Tb**-incorporated hydrogel is the phase transi-
tion around 33 °C, which is characteristic for the N-isopropylacrylamide hydro-
gel. When the Tb3*-incorporated hydrogel was heated over 33 °C, the gel became
opaque. The opacity was reversible and disappeared on cooling. The gel phase
transition occurs in milliseconds; thus, the Tb**-incorporated hydrogel can be
considered as a quick switching luminescer modulated by temperature.

The Tb**-cored dendrimer complex bearing the vinylphenyl terminal on the
dendron subunits was copolymerized with styrene or/and methyl methacrylate
to give green-luminescence latex particles, useful as fluoroimmunoassay (FIA)
latex reagent [38]. FIA latex particle is about 500 nm in diameter, bearing anti-
bodies on the surface, which binds selectively with cooperative antigens. A con-
ventional luminescence species used for FIA is, for example, a europium com-
plex bearing naphthyl groups (Fig. 6).

The red-luminescence (612 nm) europium complex is an excellent luminescer
in commercial use; however, the green-luminescence Tb**-cored dendrimer
complex enables a simultaneous assay at another wavelength (545 nm). The latex
formation was carried out by mini-emulsion radical polymerization of the
monomers dissolving the Tb**-cored dendrimer complexes. The polymeriza-

Fig.7. A demonstration of fluoroimmunoassay. Green circles (Tb-cored dendrimer complex)
and red circles (conventional Eu complex) corresponds to different assays
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tion afforded stable emulsions, milky-white under visible light but illuminating
in green under UV irradiation. The 2nd-generation Tb**-cored dendrimer com-
plex with the 3,4-dioxybenzoate focal moiety gave a UV-luminescent latex emul-
sion sufficiently bright for practical use. The Tb**-incorporated latex can attach
desired antibody on the surface to allow practical FIA (Fig.7). The unique aque-
ous latex emulsions might find various bulk applications such as coatings. The
stability of the luminescence should be improved for tougher applications.

4
Conclusion

The antenna effect, the remarkably large photosensitization, of aromatic dendrons
is one of the distinct features of strictly symmetrical dendritic hyperbranching.
Not only the electronic character of dendrons for the efficient absorption and
transfer of photon energy, but also the site-isolation (topological) ability of the
dendritic hyperbranching is important for the whole antenna effects. The excel-
lent solubility of aromatic dendrons (e.g., PBE dendron) is a practical advantage
of the antenna systems, enabling unique polymeric composition materials. Fur-
ther improvement in the stability of the luminescence under various practical
conditions (e.g., long-time irradiation, heat, water, oxygen) is a key to enlarge
their field of application.
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1
Introduction

The widespread use of fluorescent dye in optical and optoelectronic applications
has generated a renewed interest in the excitation and decay processes of various
dyes. Emission from a dye-containing media is a classic process that can be altered
significantly by the application under intensive optical excitation, resulting in
stimulated emission. The stimulated emission yields a coherent optical gain.
Amplified spontaneous emission and laser emission from organic high gain
media are of particular interest because they can be applied to many applications.

From basic science, such as physics and spectroscopy, to medicine and indus-
try, the dye laser has been shown to be an extremely flexible and useful tool.
Indeed, it has been estimated that some 10,000 scientific articles have been pub-
lished that mention dye lasers in their titles or abstract. Demonstration of light
amplification from organic gain media rapidly followed the introduction of mir-
rorless lasers to fabricate miniature light sources in optical devices [1]. This
growing interest can be attributed to the fact that fluorescent materials, includ-
ing dye-doped polymer and conducting polymer, can become high-gain media
to feedback the light in the simple forms such as films and fibers [2-9]. The per-
formance of mirrorless lasers, which use a potentially inexpensive and easily
interchangeable solid gain medium and do not require the use of a solvent or
complex optical setup, has generated significant interest in their technology for
a number of military and medical applications.

Polymers and supermolecules modified using electron push-pull chro-
mophores are also of particular interest for nonlinear optics (NLO) [10-15].
NLO material has attracted much interest over the past 20 years and has been
widely applied in various field (telecommunications, optical data storage, in-
formation processing, microfabrication, etc.). Chemists have developed ways to
introduce NLO chromophores into many type of polymers, such as linear poly-
mers, cross-linked polymers, and branched polymers, and have demonstrated
their performance in NLO applications.

Dendritic macromolecules, called dendrimers, are a new category of hyper-
structured material and have recently been introduced into optical and opto-
electric applications [16-22]. Their long branching chains and the high degree
of control over their molecular weight make it possible to create three-dimen-
sional structures that are roughly spherical or globular. In optical and optoelec-
tronic applications, functional chromophores can be placed at branches, cores,
and the ends of the dendrimers to control their optical properties. For instance,
the passivation of an active core with dendritic branches achieves the site-isola-
tion effect, while the intermolecular coupling between branches enhances the
performance of nonlinear optical activities.

Dendrimers, a relatively new class of macromolecules, differ from traditional
linear, cross-linked, and branched polymers. The conventional way of introduc-
ing an active moiety into polymers is to link it chemically into the polymeric
backbone or a polymer branch. This synthetic approach results in a topologically
complex material. Therefore, a significant effort has to be devoted to improve the
structural complexities and functions of the polymers.
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The recent development of structurally controlled dendrimers has led to the
development of a wide range of new functional macromolecules. These den-
drimers were first applied in the fields of chemistry, including catalysis, phar-
macology, and materials science [23-26]. More recently there have been several
reports of dendrimers having electroactive, photoactive, and recognition ele-
ments [27-34]. Important applications in photonics have recently been exploited,
though the number of reports is still limited.

We have found that dendrimers can be used to encapsulate active moieties,
thereby preventing them from interacting. This passivation effect limits inter-
molecular interactions such as self-aggregation and molecular clustering. We
also found that dendrimers can be made dipolar. This asymmetry in molecular
orientation enables dendrimers to be used in NLO. In this chapter we describe
our application of dendrimers to lasers and NLO.

2
Core-Shell Structured Dendrimers

In terms of quantum efficiency, organic laser-dye typically shows a large fluo-
rescent yield, ranging from about 0.6 to near the optimum 1.0. In spite of this
large yield, the dye concentration in both solutions and solids must be kept low
to achieve highly efficient spontaneous emission. At higher concentrations,
energy transfers in clustered molecules almost completely suppress the fluores-
cence. This is in contrast with the general tendency of photonic-active molecules
having a m-electron-conjugated structure, which often self-aggregates to form
complex structures. In these structures, fluorescence is often suppressed due
to the intermolecular energy transfer. Therefore, a dye concentration of less
than 10~ mol/l is generally used in optical applications such as organic laser
devices [35].

Optical excitation can be used to alter significantly the radiative action from
a high-gain medium containing small particles, such as dendrimers. However,
two problems remain to be solved: self-aggregation and self-quenching, both
of which can occur at higher concentrations of dye in solutions and solids. To
overcome them, we prepared the dendrimer illustrated in Fig. 1. We used a rho-
damine B (RdB) chromophore as the core unit. The coupling reaction of the den-
dritic aryl ether blocks with the chromophore unit resulted in an RdB-core den-
drimer. It has a mono-dispersed molecular weight, which we characterized by
matrix-assisted laser-desorption-ionization time-of-flight (MALDI-TOF) mass
spectroscopy and size exclusion chromatography (SEC). The MALDI-TOF mass
spectrum showed a signal peak at m/z=9266, which is in good agreement with
the expected molecular weight of 9264. The SEC measurement revealed a narrow
peak, from which the purity was determined to be 99.0%.

The absorption and fluorescence spectra of a neat film made of RdB-den-
drimer are shown in Fig. 2. The absorption spectrum in visible-wavelength
region was similar to that obtained from a solution of RdB with a concentration
less than 0.1 mmol/l. Interpretation of the fluorescence in terms of the Frank-
Condon mechanism indicated that the core RdB chromophore behaved with a
site-isolation effect and had little interaction with the neighboring chro-
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Fig.2. Absorption (solid line) and fluorescence (bold line) spectra of Rd/dendrimer film. Inset
is absorption spectra of the bared rhodamine B film

mophores. The absorption and fluorescence properties of a cast film of the RdB
differed from those of the RdB-dendrimer. Its broad absorption spectrum (inset
of Fig. 2) was due to molecular aggregation. Aggregation can also occur in solu-
tions with higher concentrated level of the RdB [36, 37]; it results from weak
intermolecular bonding involving dipole-dipole and other forces. As a result, the
fluorescence in dimers or higher aggregates is nearly completely suppressed.
This unwelcome alteration in dye dynamics is connected to the reduced lifetime
of organic dyes with an aggregated form. Using time-resolved fluorescence
decay measurement, we found that the RdB-dendrimer films exhibit an excited-
state lifetime of 2.8 ns. This decay constant is identical to the lifetime of RdB
chromophores in low concentration solutions [38]. Therefore, using RdB-den-
drimers in optical gain media is advantageous.

In principle, other laser-dye molecules can replace the RdB unit depending on
the desired application wavelength range, and the dendrimer shell can be mod-
ified to control solubility in the target host materials. However, a practical limi-
tation on the use of dendrimers is their time-consuming synthesis; significant
effort has gone into improving their structural complexities and functionality
through repetitive step-by-step reactions. We have been investigating the quick
preparation of a dye-doped dendrimer (guest/host) system, and have used it to
demonstrate amplified spontaneous emission (ASE) and laser emission. The
dye-doping of dendrimers is possible due to the unique property of dendrimers
that enables them to be used in molecular encapsulation [39, 40]. Several kinds
of dendrimers and hyper-branched polymers can now be purchased as chemi-
cal reagents. Starburst PAMAM dendrimers are constructed of repeating tert-
amine and amide branching units, and their molecular weights ranging from
517 to 934,720. DAB-Am, another kind of dendritic macromolecule, is construct-
ed of branching propyleneimine units. These dendrimers have been demon-
strated to encapsulate smaller molecules. To enable the use of dendrimers as a



210 S.Yokoyama et al.

o O (?:)O\B/ 00 ogo OHOH
HO. 2 S 0
HO veo Sooo OQ/QO ofo OH
HO- 4 0° <0 ©55 %o 0 ﬁoS\OH
Ho 0960 $o %% [Cj) 0% o
Ho— 0 \—c}oj o 20 Omoj\/%iii
Ho- & R 0 o ¢ L
g © o o Lo~F0™~-OH
HO o“v\.o)QL 3 ) 0.0 & OH
Ho}o ° 9% o/[o V/Pkorvoo{o o Q\/‘“O‘LOH
)O R 0 g% © 0 &0 ©
}OQ/\O 0_6 guo { OH
OZ °Ton
HO} OO OH
HO o'(\Jb> O Of ) 0 C?‘\/\"O-COH
HO Om [¢} 070O Ny o"lg) g O(O 5 < 80_(OH
0~y Of © Q 7(; © o‘“\wo o° S
HO]’ )’ 010 o(od‘\%of HoCy, ~CHs
) 0  OH
HO'TO jSO’}) 700 © N —on
HO o] 0T
o) 0 Q
o3 076 OH
HO~', S0 oo”c\) 9% ] 3° )
HOHo 0o © OSO o O/\ OSO KLC‘)O {;_\'C)H 0
00 o 5 0%0 (/\OH X CN
HO L™ P O "/ oH HeC CN
o on (‘;1\0H on "

Fig.3. Molecular structure of polyester dendrimer and DCM

host for laser-dyes, we have been investigating the development of electronically
inert, i.e., neutral, dendrimers lacking the amine-base associated with the two
commercial families of amine-containing dendrimers.

We chose the polyester dendrimer, illustrated in Fig. 3, because it can be syn-
thesized using a previously reported method [41]. We slightly modified the
reported method in order to produce rapidly high-molecular weight dendrimers
of high purity with no means of purification other than solvent extraction and
precipitation. Using MALDI-TOF mass spectroscopy, we confirmed its purity
and determined its exact molecular weight (10,686). For the laser-dye we used
4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyrane (DCM).
DCM has been widely used in dye-laser devices, and its conversion efficiency is
as high as that of Rd B derivatives. DCM-doped dendrimers can be obtained by
simply mixing DCM and dendrimers in a methanol solution. The DCM concen-
tration was varied between 1.0 and 9.0 mmol/l in a 20 wt% dendrimer methanol
solution. These concentrations are much higher than the highest concentration
of pure DCM in methanol, about 1.0 mmol/l.

As shown in Fig. 4, the fluorescent intensity increased with the DCM concen-
tration. This means that the fluorescence efficiency remains constant at high
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Fig.4. Fluorescence intensity as a function of the concentration of DCM-dendrimer mixture

concentrations. Although the concentration was much higher than that of pure
DCM in methanol at the saturated level, the absorption spectra were similar to
the absorption spectrum of pure DCM. However, the fluorescence intensity of a
pure DCM solution saturates at higher concentrations. The dendrimer is thus a
good host for DCM, limiting cluster formation and intermolecular energy trans-
fer, and promising high optical gain.

3
Stimulated Emission and Laser Emission from Dendrimer Media

Optically active media can take one of three forms; gas, liquid, or solid. In each
form, it is the density of emitters in the excited state that determines the optical
gain. Under optical excitation, dye molecules undergo transition from the ground
state to the excited state, and then emit the light. There are two competing
processes, which are spontaneous emission and stimulated emission. During
spontaneous emission, the dye molecules emit incoherent photons, while, stim-
ulated emission is the process which results in coherent optical gain. The rate of
stimulated emission is proportional to three factors: the number density in the
excited state, the propagation time of photons in a cavity, and the emission
cross-section. Therefore, use of high-concentrated dye-doped media increases
the population density and gain.

In this section, we describe a simple laser setup using a high-gain medium
consisting of DCM-encapsulated dendrimers in a methanol solution. The results
can be applied to a solid-state laser medium [42], described in the next section.
In that case, we used RdB-dendrimer in the waveguide gain medium [43].

Figure 5 shows the dependence of the total emission intensity on the excita-
tion intensity and its spectral width obtained from DCM-encapsulated den-
drimers. A nitrogen laser (wavelength of 337 nm, pulse duration of 4 ns, and
repetition rate of 10 Hz) was used as the excitation source. A cylindrical lens
focused the excitation beam onto a stripe 200 um wide on a quartz cuvette
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(2.0 mm optical length) containing a DCM-dendrimer solution (DCM concen-
tration of 4.0 mmol/l). This optical setup, as shown in Fig. 6, could function as a
very simple laser, in which both ASE and laser emission are induced along with
gain guiding. We collected the emissions guided along the excitation from the
side of the cuvette by using a round lens and spectrally analyzed them using a
spectrometer and a charge-coupled device. From relatively low excitation inten-
sities up to 1.0 pJ/pulse, the emission intensity grew exponentially with the exci-
tation intensity (inset in Fig. 5a), and the emission spectra gradually narrowed
from about 76 to 40 nm (Fig. 5b). These responses are attributed to the ASE mod-
el along with the gain guiding, which is described by I,.=f(e*-¥-1), where I, is
emission intensity, f§ is a constant that depend on the excitation geometry, L is
the excitation stripe length,and yand a are the optical gain and loss coefficients,
respectively [44]. Since y is linearly related to excitation intensity (I) in the sim-
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Fig.6. Laser emission spectrum from DCM/dendrimer solution in cuvette. Inset schematical-
ly illustrates experimental setup

ple approximation, In(I,) I for the ASE model is in agreement with the fitted
experimental results (Fig. 5a insert).

When the excitation intensity was increased, the emission spectrum col-
lapsed into multiple narrow lines as shown in Fig. 6. A clear threshold behavior
in the emission-vs-excitation intensity plot and a second decrease in the
linewidth at a higher excitation intensity indicated the onset of laser action
(Fig. 5a,b). The strongly modulated laser spectrum with numerous evenly spaced
peaks clearly indicated resonant modes. The laser beam was highly polarized in
the longitudinal direction with a large polarization ratio (>150). Above the
threshold, the total emission intensity increased much more rapidly with the
excitation intensity. Similar lasing action was observed for the DCM-dendrimer
solutions with DCM concentrations higher that 2.5 mmol/l. More importantly,
the excitation energy required to reach the lasing threshold was reduced by
increasing the concentration of DCM, as shown in Fig. 7. However, laser emis-
sion did not appear in a pure DCM solution with the same optical setup. With a
pure DCM solution, a higher gain with a longer optical length, i.e., a larger
cuvette, and higher excitation energy was required to achieve lasing action. By
encapsulating DCM, dendrimers are thus a good host for producing a homoge-
neous high-gain media; using them increased the media concentration up to
9.0 mmol/l. A continuous decrease in the threshold intensity indicates that the
gain for lasing should be much larger that the loss. The loss effect, for example
that caused by scattering and self-quenching, was limited in a homogeneous
DCM-dendrimer solution.
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4
Solid-State Application of Dendrimer Laser

Lasing action can be simply described as the result of optical feedback created
when the gain under excitation exceeds the loss in an optical cavity. The gain of
the light propagation in the cavity is proportional to the propagation length, as
are the scattering losses causes by light escaping from the cavity. Recently there
have been reports that pointed out that strong optical scattering could trap the
light waves within a gain medium long enough to cause light feedback [45-47].
Such a self-formed cavity would create a random laser, which has been described
as a laser not requiring a regular cavity structure.

The random laser is a simple optical system in which the strong optical scat-
tering in the random medium forms an optical recurrent path. Recent reports on
random lasers have described the emission of laser light by metal-oxide poly-
crystalline and micrometer-sized particles [46]. Because of its structural sim-
plicity and small size, the single random laser is a promising miniature light
source for optical devices, such as waveguides and optical switches.

For optical application of small particles, such as dendrimers, we have been
investigating the lasing properties of the optical waveguides containing den-
drimers and have observed supernarrowed laser emission without resonator
mirrors. In these studies we postulated that the aggregated dendrimers in the
host waveguide are responsible for the light scattering and lasing actions.

The waveguide material we used was prepared by mixing polymethylmetha-
crylate (PMMA) and RdB-dendrimers (Fig. 1) in cyclohexanone at various ratios
(1-20 wt%). The solution was then spun onto a quartz substrate, which had been
cut into 5-mm-wide rectangular shapes. The film thickness was about 0.7 pm so
as to support a single waveguide mode at the emission wavelength of the den-
drimer. A frequency-doubled Nd:YAG pulsed laser (wavelength of 532 nm, pulse
duration of 3 ns, and repetition rate of 10 Hz) was used as an excitation source.
The excitation beam was focused into a 0.1-mm-wide and 2.4-mm-long stripe
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Fig. 8a—f. Evolution of emission spectra from waveguides with increasing excitation intensity
for films with: a-c 2 wt%; d-f 10 wt% Rd/dendrimer content. The intensity increased for each
spectrum from the bottom as follows: 1.7, 2.1, and 4.0 mJ/cm?

through a cylindrical lens. The amplified emission guided along the stripe was
collected with an objective lens and used to analyze the spectra.

Figure 8 shows the measured evolution of emission spectra from waveguides
containing RdB-dendrimer with 2 or 10 wt% concentrations. At low excitation
intensities, the emission spectra had a single broad peak for both concentra-
tions. With the 10 wt% concentration, as the excitation intensity was increased,
a narrow emission peak suddenly emerged and grew rapidly in intensity. The
line width of the emission was less than 0.7 nm. Such a supernarrowing in emis-
sion spectra cannot be explained in terms of ordinary ASE, in which the spec-
trum gradually narrows as the excitation intensity in increased. In contrast,
with the 2 wt% concentration, the waveguide exhibited normal ASE during exci-
tation. Therefore, the observed lasing action apparently depended on the con-
centration of RdB-dendrimers. Moreover, the RdB-doped PMMA waveguide,
which did not contain dendrimers, showed ASE-type spectral narrowing.
Dendrimers evidently play an important role in optical feedback increasing the
laser gain.

To clarify the optical feedback mechanism, we assumed that the multiple scat-
tering effect might cause recurrent optical loops inside the waveguide, which
then become self-formed cavities. Multiple scattering by dendrimers was veri-
fied by measuring the propagation loss of a waveguide, where the optical scat-
tering loss increased 3 dB/cm for the waveguide with a 10 wt% dendrimer con-
centration. This scattering loss is presumably due to the formation of dendrimer
aggregates in the PMMA matrix at high concentration. At higher concentration
of dendrimer than 10wt% in the waveguide, the laser emission intensity was
smaller than that for a waveguide with a 10 wt% concentration. This indicates
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that the dendrimer/PMMA system achieves a suitable balance between gain and
loss for fine turning the laser emission.

The optical feedback process in the random laser is different from that in
mirrorless micrometer-size lasers having well-defined resonators such as
fibers, rings, photonic crystals, and meso-structured materials [48, 49]. For
organic and polymeric materials, there has been controversy as to whether it
is an ASE or a laser action process [50, 51]. Previously reported spectral nar-
rowing in random media containing a laser-dye solution and micro-particles
was limited to several nanometers of wavelength, but feedback lasing modes
were missing. More recently reported results for organic random media indi-
cated that the transition from ASE to lasing depends on the degree of scatter-
ing intensity [52]. In dendrimer-doped waveguides, moderate scattering,
which may induce appropriate propagation losses, enabled emission with a
supernarrowed spectral feature. Since the emission is directional and mono-
chromatic along the waveguide axis, high-power monochromatic emission
can be produced by further amplification in a mirrorless laser system with
dendrimers [53].

5
Cone-Shaped Dipolar Dendrimers for Nonlinear Optical Application

The synthesis of dendrimers by using step-by-step reactions can be described
as an “organic chemist’s approach” to hyper-structured materials. It provides
greater structural control than the ordinary approach using linear polymer syn-
thesis. The ability to place precisely functional groups throughout the structure
to modify selectively the focal point, branches, and chain end promises novel
functions with wide applications. As a result of the organic chemist’s chal-
lenge, various potential applications in molecular electronics and photonics
have recently been reported for dendrimers. Nevertheless, there are still very few
reports on their potential application to nonlinear optics.

In contrast to linear-shaped polymers, a widely branching chain of den-
drimer results in a three-dimensional structure that is roughly spherical or glob-
ular. However, there have been reports describing a dendritic molecule having
an electronically dipolar structure, which is essential for NLO activity such as
second harmonic generation (SHG). In this section, we describe our experimen-
tal approach to the design and synthesis of dipolar dendrimers for NLO appli-
cation and their molecular structure. The dendrimers we synthesized consisted
of three distinct chemical units: the main NLO functional branch unit, the
aliphatic functionality at the end, and the focal unit (Fig. 9) [54, 55]. The NLO
unit is a chromophore with high molecular hyperpolarizability, H-azobenzene
or nitro-azobenzene, having a m-electronic structure coupled with electron
donor and acceptor groups. Since the electron-withdrawing effect of the car-
boxyl group is weak, a nitro group was introduced into the azobenzene at an
ortho position to optimize the second order susceptibility of the chromophore.
Theoretically estimated structures and electronic properties supported some
views. First, H- and nitro-azobenzenes have a rod-shaped structure with domi-
nant dipole moments parallel to the molecular axis (Fig. 10). Second, the calcu-
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Fig.9. Repeating structure of azobenzene dendrimers. G1 (n=1), G2 (n=3), G3 (n=7), and G5
(n=15). Right structure is G4 nitro-azobenzene dendrimer

lated molecular hyperpolarizability of the nitro-azobenzene is higher that that
of H-azobenzene (Table 1).

An important goal of this study is to characterize the noncentrosymmetric
arrangement of the azobenzene branches in dendrimers and the effect of these
dendrimers on macroscopic second-order susceptibility. The NLO activity of the
dendrimers can be characterized by their molecular hyperpolarizability. The
hyper-Rayleigh scattering (HRS) method is a reliable way of measuring the mol-

Table 1. Dipole moments, charge transfers, and molecular hyperpolarizabilities for azoben-
zene chromophores, calculated using CNDO/S method®

) Total  Au*/DP (OS) Boecs
b'e y A
H azobenzene 8.28 2.07 1.66 8.70 4.80° 9.74* 3.48¢ 15.0
(0.903) (0.028) (0.045)
NO, azobenzene 7.00 0.55 -4.61 8.41 7.79? 12.073 10.63° 24.7

(0.674)  (0.268)  (0.123)

 Molecular structures for CNDO/S calculations were optimized using HP/3-21G shown in Fig. 1.
> Dominant charge transfers at some selected states and their oscillator strength.
¢ B(E-30 esu).
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COOH COOH

Fig. 10. Theoretically optimized structures of H-azobenzene and nitro-azobenzene by ab
initio HP/3-21G calculations. The arrows indicate dipole moments

ecular hyperpolarizability of NLO chromophores as is the more commonly
used electric field-induced second-harmonic generation method [56-60]. The
main advantage of the HRS method over other NLO measurement methods
is that it does not need an external electric field, and is carried in a solution.
Therefore, the HRS can be used to characterize NLO polymers, particularly
their molecular arrangement and geometric properties at the macroscopic level
[61,62].

The UV-visible spectra of the H- and nitro-azobenzene dendrimers in chlo-
roform solution showed strong absorption bands within the visible region
due to the m-m* transitions of azobenzene chromophores (Table 2). Because of
the stronger delocalization of m-electrons in nitro-azobenzene, the maximum
absorption band is at a longer wavelength compared with that for H-azoben-
zene. There was little spectral shift of the absorption maximum for dendrimers
with different numbers of azobenzene units, indicating that dendrimers did not
form any special intermolecular aggregates.

Table 2. Linear and nonlinear optical properties of azobenzene dendrimers

Compound n, NO, azobenzene H azobenzene

Aamax ﬁ Oa ncF Aumax ﬁ Oa ncF
Gl 1 455 150 (1.0) 423 63 (1.0
G2 3 458 500 3.33 427 280 4.49
G3 7 460 1430 9.53 428 740 11.7
G4 15 460 3010 20.1 428 1740 27.7

2 Absorption spectra and HRS were measured in chloroform solution.
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Fig. 11. Nonlinear scattering spectra for chloroform solution of nitro-azobenzene dendrimer
(curve a) and neat chloroform solution (curve b). Inset is absorption spectrum of sample

In our HRS measurements, two incident photons at the fundamental fre-
quency, @, with a wavelength of 1064 nm generated a photon at the second har-
monic frequency, 2w, with a wavelength of 532 nm. The HRS spectrum from a
sample solution showed an intense HRS signal at 532 nm (Fig. 11). The signal
intensity level at other wavelengths was identical to that measured for the neat
chloroform solution. Therefore, only the second-harmonic scattering light
caused the detected signal, and there was little contribution from the two-pho-
ton induced fluorescence.

In the HRS measurements, the theoretically expected quadratic dependence
of the HRS signal on the incident intensity, I,,,=G<B*>I*,, was always observed,
as shown in Fig. 12, where G is the scattering geometry and instrumental factor
and <B> is the average macroscopic second-order susceptibility. Depolarization
measurement with the analyzer perpendicular or parallel to the laser polariza-
tion gave the ratio of I, to I, The HRS intensity ratio of I ,./1,,,,, is identi-
cal to the tensor component ratio of ./, [63]. Depolarized measurement
resulted in a ratio of <f?,,>/<[?,,,>=4.5-4.9 for all dendrimers. The order of
<P...>1<p,,> on a macroscopic scale is theoretically 5.0 for a linear conjugat-
ed molecule with one dominant f component, while it is smaller for macromol-
ecules depending on the correlation length. The experimentally obtained
<P,..>1<B..,> was that expected for chromophores with a linear conjugated
backbone and, more importantly, for dendrimers that can be modeled as a thin
rod, where each of the chromophore units was arranged noncentrosymmetri-
cally to be dipolar rather than have a spread molecular arrangement. This struc-
tural peculiarity is in contrast with the general tendency of dendritic macro-
molecules to be spherical or globular with spreading branches [62]. Other stud-
ies have shown that <, >/<f,,.> is small for molecules having high symme-
try or spherically fictionalized dendrimers.
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6
Large Enhancement of Molecular Hyperpolarizabilities
in Dipolar Dendrimers

To estimate the molecular hyperpolarizability of dendrimers, we used the mol-
ecular cluster, or assembly model, in which the effective molecular hyperpolar-
izability of the molecular system is summed over the contributions of each chro-
mophore. The molecular hyperpolarizabilities of the dendrimers and chro-
mophores in the HRS measurement are expressed as Bueudgrimer="c/Pchromophore
where 7. is the number of chromophore units, and fis the local field factor due
to the screening electric field generated by neighboring molecules. Using the
known value of $=-0.49x10-3° esu for chloroform [64], the molecular hyperpo-
larizabilities of dendrimers were calculated as summarized in Table 2. In our
experiments, the static hyperpolarizabilities, ), estimated using a two-level
model expression [65], were compared to remove the effects of the electronic
resonance from the hyperpolarizability. The values of 3, for dendrimers having
nitro-azobenzene units were higher that those for dendrimers having H-
azobenzene units. Both 3, and enhancement factor n F increased with the num-
ber of chromophore units in the dendrimers. This increase was due to the
macroscopic structural properties of the dendrimers, as discussed in the mea-
surement of <, >/<[,.,>: they had a noncentrosymmetric chromophore ori-
entation. In such a molecular structure, each chromophore unit coherently con-
tributes to the SHG. An enhancement of f, for each chromophore was clearly
evident for the highly branched dendrimers. On passing from dendrimer G1 to
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G2, to G3, and to G4, the effective enhancement was 10%, 36%, and 35% larger
than the value estimated by the simple addition of monomeric S, values. The
enhancement included the local field effect due to the screening electric field
generated by neighboring molecules. Assuming the chromophore-solvent effect
on the second-order susceptibility is independent of the number of chro-
mophore units in the dendrimers, f enhancement can be attributed to the inter-
molecular dipole-dipole interaction of the chromophore units. Hence, such an
intermolecular coupling for the f enhancement should be more effective with
the dendrimers composed of the NLO chromophore, whose dipole moment and
the charge transfer are unidirectional parallel to the molecular axis.

The HRS measurement indicated that dendrimers having H-azobenzene
branches also had large  enhancements. The enhancement was more effective
than that observed for dendrimers having nitro-azobenzene units. The effective
enhancements were found to be 50%, 67%, and 85% for dendrimers G2, G3,and
G4, respectively. These large enhancements are attributed to the electronic
structure of H-azobenzene: it has a dipole moment parallel to the molecular axis
and only for a unidirectional charge transfer. Nitro-azobenzene also had a large
By, while it had a tilting dipole moment relative to the molecular axis and some
nonzero components of charge transfer. These electronic properties of the
azobenzenes clearly explain the experimental finding that  enhancement is
more effective with the dendrimers composed of H-azobenzene units than those
composed of nitro-azobenzene unit.

7
Theoretical Description of Intermolecular Electronics in Dendrimers

Large molecular hyperpolarizabilities for azobenzene dendrimers were experi-
mentally shown to be due to the cone-shaped arrangements in which all the
chromophore units are organized noncentrosymmetrically. Such arrangements
might be possible after molecular dynamics calculation, as shown in Fig. 13. To
clarify the origin of the electrical interactions between azobenzene branches, we
carried out ab initio molecular orbital calculations using four model species
(Fig.14): H-azobenzene monomer (M, as shown in Fig. 10); H-azobenzene dimer
in which a pair of monomers are linked in a head-to-tail configuration (BD); two
monomers in which each monomer has a linear orientation (LD); and two
monomers in which each monomer has a parallel orientation (PD) [66, 67]. All
the calculations discussed here were performed at the Hartree-Fock level of the
theory with a 6-31G* basis set, using the GAUSSIAN98 program package. The
GAMESS program package was used to calculate analytically some tensors of
molecular second hyperpolarizability. To stabilize the structure of the models,
we first obtain the geometries of M, BD, and PD. The geometry of LD was opti-
mized by artificial modulation of the optimized geometry of BD.

The geometrically optimized model of BD had a roughly linear conformation.
This spontaneous ordering was unexpected given the general orientation of
dipolar molecules. Azobenzenes that have permanent dipoles parallel to the
molecular axis would intuitively be expected to tend to pair with their dipole
oriented in the opposite direction. The linear geometry is probably due to the
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Fig. 13a-d. Energy-minimized conformation geometry of azobenzene dendrimers after mol-
ecular dynamics calculations: a G1; b G2; ¢ G3; d G4
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Fig. 14. Optimized structures of covalently bonded linear dimer (BD), non-bonded dimer
(LD), and parallel dimer (PD)
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Table 3. Calculated hyperpolarizabilities (10-*° esu) and dipole moments (D)

ﬁ tot ﬁ zxx ﬁzyy ﬁ zzz I3 ﬁ totSUM
M 34.7 -2.1 -0.4 37.1 5.10 -
BD 75.5 12.6 -0.2 63.1 8.89 -
LD 75.1 12.8 -0.3 62.6 9.16 61.2
PD 57.6 -1.8 -2.2 61.6 9.41 69.2

steric hindrance effect caused by the interaction of one azobenzene unit with
another azobenzene unit, resulting from the strain caused by bending the linear
geometries of the covalently bonded dimers. We can thus attribute the noncen-
trosymmetric arrangement of the azobenzene dendrimers to the stable linear
geometry of the azobenzene branching chains.

Table 3 summarizes the calculated molecular hyperpolarizabilities, their ten-
sors, and dipole moments. The tensor sum of total molecular hyperpolarizabil-
ity, B for the BD dimer was more than twice that for the monomer. This indi-
cates that the hyperpolarizability is increased by interaction between monomer
units. Based on the orbital energy calculations, the difference in orbital energies
between the 1w and m* levels for BD was in good agreement with the difference
for the monomer unit. This agreement indicates that the non-conjugated linking
of azobenzene units does not influence the m-m* transition energy of the indi-
vidual monomers. This is supported by the experimental results. The absorption
maximum of the azobenzene dendrimers due to the m-m* transition did not
strongly depend on the difference in the number of azobenzene units between
different-sized dendrimers. Therefore, both the calculated and experimentally
measured results indicate that azobenzene dendrimers not only exhibit large
second-order nonlinear optical susceptibility but also suppress the undesirable
bathochromic shift in the optical absorption maximum.

The calculation of S, for the LD model also indicated an enhancement effect
of molecular hyperpolarizability. The value of S, for the LD model was in good
agreement with that for the BD one, indicating that the total molecular hyper-
polarizability is barely affected by the covalent bonding between azobenzene
monomers. We also found that the ab initio values of §,,, for the LD model were
larger than the ones obtained from the sum of the hyperpolarizability tensors of
the individual monomers. In contrast, the ab initio value of §,,, for the LD mod-
el nearly coincided with the f,,, value obtained from the sum of the hyperpo-
larizability tensors of the individual monomers. These results indicate that the
enhancement of the molecular hyperpolarizability by the head-to-tail arrange-
ment of the monomers stems from the enhancement of its zzz component.

The PD model has two monomers in a parallel orientation, which are geo-
metrically optimized by initially using a side-by-side arrangement. We found
that a parallel dimer geometry, in which the two monomers are parallel and in a
slightly staggered arrangement, is relatively stable. The stabilized energy of the
parallel mode relative to that of the monomer was -2.2 kcal/mol, indicating that
the interaction between monomers arranged in rows contributes to the stabi-
lization of the parallel orientation despite the repulsive dipole-dipole interac-
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tion. Therefore, the interaction between the monomeric units, except for the
dipole-dipole interaction, should contribute to the formation of a cone-shaped
configuration of azobenzene dendrimers. The value of B, for the PD model was
found to be larger than that for the monomer; however, there was no enhance-
ment effect in this dimer orientation. The calculated S, value for the PD model
was smaller than that obtained from the sum of the molecular hyperpolariz-
ability, B,,S"™, of the monomers. This result indicates that the two monomers
contribute to the total molecular hyperpolarizability coherently because of the
parallel orientation; however, molecular interaction due to the electrostatic
force reduces their hyperpolarizability.

8
Conclusion

From the viewpoints of organic and polymeric materials for optical and opto-
electronic applications, many kinds of molecular systems have been demon-
strated. It is apparent that constructing nanoscale building blocks, in which the
chemistry and physics are well organized, is important for targeted applications.
In this review, we described the structural and functional versatility exhibited by
dendrimers. Optically active units or building blocks can be introduced into the
chain end, branch, or core of a dendrimer to construct a precise molecular struc-
ture. Although great efforts are not necessary to obtained high-performance
dendrimers in optical and nonlinear optical applications, the activities in these
applications become much more effective than previous organics and polymers.
The novel responses to be gained by using in dendrimers will open up new
directions in optical and optoelectronic applications.
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List of Abbreviations

DEAE  Diethylaminoethyl
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1
Introduction

Gene transfer into eukaryotic cells, which is also called transfection of cells,
has become an important tool in modern molecular biology. Transfection of
eukaryotic cells allows biochemical characterization and mutational analysis of
specific genes, investigation of gene expression on cell growth, analysis of gene
regulatory elements, and overexpression of specific proteins for purification.

Cells can be stably and transiently transfected. Stable transfection means the
integration of the transfected gene into the genome of the transfected cell,
whereas transient transfection means maintenance of the transfected nucleic
acid for a restricted time. Stable integration of a transfected gene into the
genome is a rare event, which occurs during transient transfection. The differ-
ence between stable and transient transfection is the selection of stably trans-
fected cells in a large pool of transiently transfected cells. During the last 35
years a large number of different gene transfer technologies have been devel-
oped. Since 1993 polyamidoamine (PAMAM) dendrimers have also been used
for transfection experiments [1]. This review gives an overview of the use of
PAMAM dendrimers in gene transfer experiments.

2
Gene Transfer into Eukaryotic Cells

2.1
Overview

Different kinds of nucleic acids can be used for transfection experiments, includ-
ing plasmid DNA, small DNA oligonucleotides consisting of only approximately
10-100 nucleotides, and RNA. In this review we want to focus on plasmid DNA
that is most commonly used. Plasmids are DNA vectors which allow for propaga-
tion and amplification in bacteria like, e.g., E. coli. The sequence of plasmids can
be easily modified. Most plasmids used in gene transfer experiments have sever-
al common features including sequences coding for the gene to be expressed, a
eukaryotic promoter sequence, and one or more reporter genes. Reporter genes
allow for monitoring of the efficiency of transfection and analysis of connected
promoter sequences and can also encode eukaryotic antibiotic-resistance genes,
allowing selection of stably transfected cells using the relevant antibiotic.

The size of plasmids used for transfection can vary considerably, but most
plasmids are 4,000 to 10,000 base pairs in size. Despite their differences all plas-
mids face the same barriers when transfected. Transfected DNA has to cross the
cell membrane or the endosomal membrane, it has to be transported into the
nucleus, and it has to be protected against cellular nucleases and degradation
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inside the cell. Therefore, gene transfer into eukaryotic cells is difficult and
requires specialized technologies. Early approaches to transfection of eukaryotic
cells were based on the use of diethylaminoethyl (DEAE)-dextran and calcium
phosphate. Later, methods were developed in which DNA was introduced directly
into the cell by electroporation or microinjection. Later still, cationic lipids and
viral vectors have been developed for gene transfer. These techniques are dis-
cussed below.

2.2
Classical Transfection Technologies

Classical gene transfer methods still in use today are diethylaminoethyl (DEAE)-
dextran and calcium phosphate precipitation, electroporation, and microinjec-
tion. Introduced in 1965, DEAE-dextran transfection is one of the oldest gene
transfer techniques [2]. It is based on the interaction of positive charges on the
DEAE-dextran molecule with the negatively charged backbone of nucleic acids.
The DNA-DEAE-dextran complexes appear to adsorb onto cell surfaces and be
taken up by endocytosis.

The calcium phosphate method was first used in 1973 to introduce aden-
ovirus DNA into mammalian cells [3]. DNA-Calcium-phosphate complexes are
formed by mixing DNA in a phosphate buffer with calcium chloride. These com-
plexes adhere to the cell membrane and enter the cytoplasm by endocytosis.
Disadvantages of DEAE-dextran and calcium phosphate transfection are a cer-
tain level of cytotoxicity, a complicated transfection procedure, and the fact that
not all cell types can be transfected using these methods.

Electroporation is based on the use of high voltage pulses to introduce DNA
into cultured cells and was first established by Wong and Neumann using fibrob-
lasts [4, 5]. Cells are subjected to a short high-voltage pulse that causes the mem-
brane potential of the cells to break down. As a result, pores are formed through
which macromolecules such as plasmid DNA can enter. The main drawback of
electroporation is the high cell mortality. Microinjection, where DNA is injected
into the cell nucleus using very fine needles, is useful for studying individual cul-
tured cells. However, it is a highly skilled and laborious procedure, in which only
a relative low number of cells can be transfected.

Although still in use, these techniques have been largely superceded by more
modern methods that are presented below.

2.3
Viral Vectors and Liposomal Reagents

Viruses are infectious particles formed by nucleic acid, proteins, and in some
cases lipids. As viruses (for example, retro- and adenoviruses) transfer viral
genes into cells with high efficiency, modified forms are sometimes used as vec-
tors for gene transfer. However, procedures using virus-based vectors are often
significantly more complicated and time-consuming than other transfection
methods. In addition, viral vectors are potentially hazardous, and biological
safety issues need to be considered carefully. Therefore, techniques that combine
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some features of viral particles with the safety and simplicity of synthetic
reagents have been developed. One such technique for gene transfer is the use of
liposome technology.

The use of liposomes as transfection reagents was first described in 1987 by
Felgner and coworkers [6]. Liposomes consist of cationic lipids organized into
lipid bilayer structures. Complexing of DNA with lipid is based on the interaction
of the positively charged head groups of the cationic lipids with the negatively
charged phosphate groups of the nucleic acid. The assembled complexes bind to
cell surfaces and are taken into the cell via endocytosis. In most cases liposomes
give higher transfection efficiencies than the calcium phosphate or DEAE dex-
tran precipitation methods. However, some liposomes show cytotoxic effects.

3
PAMAM Dendrimers

Transfection using PAMAM dendrimers (from the Greek: dendron, tree) offers
an alternative to the methods described above. PAMAM dendrimers are highly
branched spherical polymeric molecules that carry positively charged surface
groups that allow them to bind to the negatively charged phosphate backbone of
the DNA, forming a tight complex. This complex binds to the cell surface and is
incorporated by unspecific endocytosis. It has been shown that gene transfer
technologies based on PAMAM dendrimers allow efficient transfection of many
different cell types and cell lines [1,7,8]. The focus of this review is the structure
and synthesis of PAMAM dendrimers, and their use in gene transfer experi-
ments. We will start with the structure of PAMAM dendrimers.

3.1
Structure of PAMAM Dendrimers and Activated PAMAM Dendrimers

Polyamidoamine dendrimers are highly branched spherical polymers. They
consist of a multifunctional amine as core molecule from which branches radi-
ate which again branch out and terminate at amino groups. The terminal amino
groups provide the positive charge for the interaction with the DNA phosphate
backbone. The dendrimer’s branched structure is formed by alternating addi-
tion of methylacrylate and ethylendiamine to the growing branches. The result-
ing PAMAM dendrimers contain alternating amido and amine bonds and can be
described as built up by layers of ‘shells’ called generations (Fig. 1). After gener-
ation four, steric factors cause PAMAM dendrimers to become spherical. The
terminal amine groups give PAMAM dendrimers a net positive charge at physi-
ological pH (pH 7-8), where both protonated and unprotonated amine groups
are present. PAMAM dendrimers, which give good results in gene transfer
experiments, typically are of generation six or seven. They have a diameter of
6-10 nm and a molecular mass of 30-50 kDa.

Newly synthesized PAMAM dendrimers have a defined size and shape and can
be used in gene transfer experiments, but the efficiency of transfection can be
greatly increased by a process called activation of the dendrimer. In activation,
some of the tertiary amines are removed, resulting in a molecule with a higher
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Nonactivated Dendrimer Activated Dendrimer e,

Fig. 1. Non-activated and activated PAMAM-dendrimers. Schematic diagram of a non-acti-
vated (left) and activated dendrimer (middle). The right panel shows a magnification of the
dendrimer branches

degree of flexibility (Fig. 1). Activated dendrimers yield a transfection efficiency
two to three orders of magnitude higher than non-activated dendrimers [9].

3.2
Synthesis and Activation of PAMAM Dendrimers

PAMAM dendrimers are synthesized in a multistep process. Starting from a
multifunctional amine (for example ammonia, ethylenediamine, or tris(2-amino-
ethyl)amine) repeated Michael addition of methylacrylate and reaction of the
product with ethylenediamine leads to dendrimers of different generation num-
bers [1, 9]. Two methylacrylate monomers are added to each bifunctional ethyl-
enediamine generating a branch at each cycle. Unreacted ethylenediamine has
to be completely removed at each step to prevent the initiation of additional
dendrimers of lower generation number. Excess methylacrylate has also to be
removed. Bridging between two branches of the same or of two different den-
drimers by ethylenediamine can also be a problem, and has to be avoided by
choosing appropriate reaction conditions.

PAMAM dendrimers are activated by solubilization in an appropriate solvo-
lytic solvent and heating for a defined period of time. Some of the amide bonds
from the inner part of the dendrimer molecule are randomly hydrolyzed, remov-
ing some of the branches (Fig. 1). Carboxyl groups are formed at the cleavage
sites, and the molecular mass of the molecule is reduced by 20-25%. The result-
ing population of dendrimers has slight differences in molecular mass and
structure, but the dendrimer’s overall size and shape do not change following
activation.

3.3
Activated Dendrimers as Transfection Reagents

PAMAM dendrimers have the following characteristics which are important for
their use as transfection reagents. They bind and form complexes with nucleic
acids, allow transfer of the DNA-dendrimer complex into the cytoplasm of the
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Fig. 2. Model of a toroid-like complex between plasmid DNA and dendrimers. Dendrimer
molecules (spheres) are located both inside and outside the coiled DNA molecules, and more
than one plasmid DNA molecule can be present in one toroid-like complex. The left part of the
graphic shows the most probable situation; the dendrimers on the outside of the complex are
not shown in the remainder of the graphic in order to give a better view of the inner part of
the complex. The diameter of such a complex is approximately 50 to 100 nm

cell, and enable release of DNA from the DNA-dendrimer complex. PAMAM
dendrimers therefore provide a vehicle for transport of DNA into the cell allow-
ing, for example, for expression of genes encoded on a plasmid.

Both activated and non-activated PAMAM dendrimers assemble DNA into
compact structures through the electrostatic interaction of negatively charged
phosphate groups of nucleic acids and positively charged terminal amino groups
of the dendrimers (Fig. 2). However, in cultured eukaryotic cells, the transfection
efficiency of activated dendrimers is 2-3 orders of magnitudes higher than that
of non-activated dendrimers [9]. This effect is probably caused by the higher
flexibility of activated PAMAM dendrimers in comparison to the more rigid
structure of non-activated PAMAM dendrimers. It is possible that this higher
flexibility allows activated dendrimers to bind DNA more efficiently and may
also be important for the release of DNA from the endosome inside the cell. A
detailed theory of the mechanism of gene transfer using activated PAMAM
dendrimers has been developed by Francis C. Szoka and coworkers [9] and is
discussed below.

3.4
Theory of Gene Transfer with Activated PAMAM Dendrimers

Activated PAMAM dendrimers interact with DNA to form a DNA-dendrimer
complex with a toroid-like structure (Fig. 2). Such DNA-dendrimer complexes
have diameters of 50-100 nm [10], which means that the DNA molecules are high-
ly condensed in these complexes. A 6-kb plasmid alone, for example, has an ex-
tended structure several hundred nanometers in diameter. In transfection experi-
ments, typically an 8- to 12-fold excess of positive amino groups over negatively
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charged phosphate groups is used. This positive net charge allows interaction of
the transfection complex with negatively charged molecules on the cell surface.
After binding to the cell surface, DNA-dendrimer complexes are probably incor-
porated into the cell by unspecific endocytosis and transported to the endosomes.

The highly condensed complex protects DNA from degradation by endoso-
mal nucleases. In the acidic environment of the endosomes, terminal amino
groups of the dendrimers, which were unprotonated at neutral pH, can become
protonated, buffering the endosomal environment and inhibiting pH-depen-
dent endosomal nucleases [9]. In the model proposed by Tang et al., the buffer-
ing properties of the dendrimer also appear to be important for release of DNA
from the endosome [9]. Activated dendrimers are proposed to have a fully
extended conformation at neutral pH due to electrostatic repulsion between
protonated primary amines at the branch termini. Charge neutralization of
these terminal groups by DNA causes dendrimers to collapse into a compact
form in the DNA-dendrimer complex. In the endosome, protonation of interior
tertiary amines increases the positive charge of the dendrimer. Fewer dendrimer
molecules are required to maintain charge neutralization of the DNA and excess
dendrimers are released from the complex. Once the dendrimers are released
from the complex, they convert into a fully hydrated form and increase in vol-
ume, causing the endosome to swell and lyse, and releasing DNA or DNA-den-
drimer complexes into the cytoplasm. This model would also offer an additional
explanation as to why activated dendrimers allow higher transfection efficien-
cies than non-activated dendrimers: the more rigid structure of non-activated
dendrimers may prevent them from contracting in the DNA-dendrimer com-
plex. In this case no swelling of the endosome would occur, and release of the
DNA into the cytoplasm would be less efficient. The mechanism for transport of
DNA into the nucleus is currently unclear.

3.5
Transfection Procedures

Despite the complexity of the mechanisms underlying gene transfer using
PAMAM dendrimers, the practical procedure used to transfect eukaryotic cells
with the dendrimers is simple. DNA and PAMAM dendrimer are mixed in a suit-
able ratio (depending on cell type and application) to obtain the desired charge
ratio. Serum components, such as proteins, can inhibit efficient DNA-dendrimer
complex formation. Complex formation is therefore performed under serum-
free conditions: in water, a suitable buffer, or serum-free cell culture medium.
The PAMAM dendrimer-DNA complexes are formed within a few minutes at
room temperature and applied to the cells. Depending on the dendrimer and cell
type complexes are either removed from the cells after a few hours incubation or
are left on the cells until analysis of the transfected cells. Time point and method
of analysis of the success and effects of the gene transfer depend on the experi-
mental design. Alternatively, transfected cell populations can be selected for
stably transfected cell clones.
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3.6
Transfection of Eukaryotic Cells

In the last decade numerous cell types and cell lines have been successfully
transfected using activated PAMAM dendrimers. Two activated dendrimer-
based transfection reagents (SuperFect and PolyFect Transfection Reagent,
introduced in 1997 and 2000, respectively) have been developed by the biotech-
nology company QIAGEN. These two activated PAMAM dendrimers differ in
their generation number, their core molecule, and their activation conditions.
Experience with PAMAM dendrimers has increased over the years. Activated
PAMAM dendrimers have been used for the transfection of fibroblasts and
epithelial cells [7], neuronal cell lines [11], T cell lines [8], bone marrow cells
[12], primary aortic smooth muscle cells [13], and mouse embryo fibroblasts
[14]. PAMAM dendrimers have also allowed gene transfer in Plasmodium
falciparum, a parasite of humans [15]. In addition to transfer of plasmids, acti-
vated dendrimers have been used for successful transfection of DNA oligonu-
cleotides [16], recombinant adenoviral vectors [17], and baculovirus in insect
cells [18].

The different parameters that influence the transfection efficiency of a spe-
cific activated PAMAM dendrimer in a specific cell type must be optimized to
achieve best results. Two important aspects of dendrimer structure are genera-
tion number and activation time. The generation number determines the over-
all size of the molecule, which may influence the nature of the DNA-dendrimer
complex [1]. For the interaction of the dendrimer with DNA the flexibility of the
dendrimer molecule plays a crucial role. As discussed above, flexibility is direct-
ly influenced by the activation step during dendrimer synthesis. If the reaction
time is too short, the dendrimer will not be flexible enough for efficient trans-
fection. Conversely, if the activation reaction proceeds for too long, the den-
drimer will lack sufficient charge density to form a complex with DNA and/or
lack sufficient mass to swell and rupture the endosome [9]. As yet, it is not pos-
sible to predict theoretically the transfection characteristics of an activated
PAMAM dendrimer. This means optimal generation number as well as optimal
activation time and conditions have to be determined experimentally. Den-
drimers can also be synthesized using different core moieties. By varying all
these different parameters, a range of activated PAMAM dendrimers with
different chemical properties can be synthesized, enabling the development
of activated PAMAM dendrimers suitable for a broad range of cell types and
applications.

Once the optimal parameters of the dendrimer structure have been defined,
the transfection procedure has to be optimized. This means maximizing the per-
centage of transfected cells and the level of gene expression in each transfected
cell, and minimizing cytotoxic effects. All three factors can be influenced by the
amount of activated dendrimer and DNA used for transfection and the ratio of
dendrimer to DNA. By varying these parameters, gene transfer can be optimized
in terms of efficiency and cytotoxicity. Figure 3 shows results obtained in HeLa
and COS-7 cells with PolyFect Transfection Reagent compared to calcium phos-
phate precipitation, a method widely used for transfection in these cell types.
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Fig.3. Comparison of transfection efficiencies obtained using PolyFect Reagent, a dendrimer-
based transfection reagent, and a calcium phosphate-mediated procedure. COS-7 and HeLa
cells were transfected in six-well plates with a 3-galactosidase expression plasmid using the
appropriate protocol. For the calcium phosphate-mediated transfection, 6 pg of plasmid DNA
was used and the medium was changed after 5 h incubation. Transfections were performed in
triplicate, and transfection efficiency was measured by monitoring the -galactosidase activi-
ty of extracts obtained from the transfected cells. The amount of -galactosidase activity in
the extracts correlates with the transfection efficiency. Cells were harvested 48 h post-trans-
fection

The generation number, activation procedure, and core moiety of PolyFect
Transfection Reagent have been developed specifically for transfection of cer-
tain cell lines, including HeLa and COS-7. Optimized amounts of DNA and den-
drimer delivered transfection efficiencies in both cell lines significantly higher
than those obtained using a standard transfection method.

4
Conclusion and Prospects

Activated PAMAM dendrimers have proven to be a versatile tool for gene trans-
fer in many different applications. Gene transfer technologies will play an
important role in many developing fields of cell biology where research is mov-
ing from widely used, well characterized cell lines, to primary cells, which are
directly obtained from tissue, or even the in vivo situation. Primary cells are usu-
ally more difficult to transfect than continuous cell lines. This is also the case for
some types of continuous cell-like cell lines derived from B or T cells or non-
dividing cells. In vivo application of gene transfer vectors requires even more
sophisticated methods and technologies. Potential toxicity plays an important
role when choosing a transfection technology for use in gene transfer in multi-
cellular organisms or gene therapy. The stability of the transfection complex and
the influence of serum proteins and the extracellular matrix on this complex are
two factors that have to be considered for efficient gene transfer in gene thera-
py. Targeted and specific transfection of distinct cell populations is often desired
in gene therapy. Potentially, this can be achieved by DNA vectors that allow cell-
specific expression of the gene of interest or by a transfection method developed
for the transfection of specific cell types.
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Much work is necessary to solve all the problems in modern applications of
gene transfer. PAMAM dendrimers have already been used successfully in dif-
ferent fields of gene transfer and may provide a basis for the development of
transfection technologies for the applications discussed above. Nevertheless, it
may be necessary to combine activated PAMAM dendrimers with other tech-
nologies to succeed. The advantages of PAMAM dendrimers over other trans-
fection technologies suggest that dendrimers will be one of the technologies
providing solutions to current and future problems in transfection.
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Supramolecular formations of antibodies by their specific molecular recognition to antigens
are investigated. Linear and network supramolecular architectures have been constructed by
using immunoglobulin G (IgG) and divalent or trivalent antigens, respectively. An amplifica-
tion method of the detection signals for the target molecule in the biosensors based on the
surface plasmon resonance (SPR) has been devised using the signal enhancement in the
supramolecular assembly of the antibody with multivalent antigens. Novel dendritic
supramolecular complexes are designed and prepared by using immunoglobulin M (IgM) or
protein A/G as a core and IgGs as branches. One of the “antibody dendrimers”is composed of
proteins with a molecular weight of about 2 million and constructed by non-covalent bonds.
The dendrimer can bind antigens strongly with high specificity. The biosensor technique
based on SPR shows that the antibody dendrimer has the advantage of amplification of detec-
tion signals for antigens.
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Introduction

In biological systems, life processes are led by the unique behavior of macro-
molecules such as proteins and DNAs. Molecular recognition by the macromol-
ecules plays an especially important role, for example, in substrate specificities
of enzyme and antigen—-antibody reactions in human life. Selective recognition
among macromolecules is achieved by non-covalent bonds with a large number
of weak bonding interactions including hydrogen bonds, van der Waals, dipole
and/or electrostatic interactions. We have focused our attention on the functions
and structures of antibodies, because they can recognize larger and more com-
plicated compounds with high specificity and efficiency than enzymes or syn-
thetic host molecules. The immune system can selectively generate antibodies
against virtually any molecule of interest. Antibodies are host proteins produced
in response to the presence of foreign molecules in the body. Recently, with
the advent of cell technology, it has become possible to prepare individual im-
munoglobulins called “monoclonal antibodies” in large amounts and in homo-
geneous form [1]. Monoclonal antibodies have become more and more impor-
tant offering high possibilities as new chemical and tailor-made materials.

The basic structure of all antibody or immunoglobulin (Ig) molecules con-
sists of four protein chains as shown in Fig. 1. The most common immunoglob-
ulin class is IgG. Two identical heavy chains of approximately 50,000 Da and two
identical light chains of about 25,000 Da are cross-linked each other by disulfide
bonds. The molecule adopts a conformation that resembles the letter Y [2, 3].
There are two identical binding sites at the top of Fab fragments of IgG which are
bound by flexible hinges with a single constant stem (Fc). The complementarity-
determining regions in the antigen binding site differ in length and sequence
between different antibodies and are mainly responsible for the specificity
(recognition) and affinity (binding) of the antibodies to their target molecules.
Fc does not bind the antigen, but it has other important biological activities,
including the mediation of responses termed effector functions. Antibodies are
divided into five classes: IgG, IgM, IgA, IgE, and IgD, on the basis of the number
of Y-like units and the type of heavy-chain polypeptide they contain (Fig. 2).
Each type has common characteristic sequences and variable sequences charac-
teristic of antibodies in five types, respectively. IgM (Mw=960,000) has a pen-
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Fig.2a-e. Structures of immunoglobulins. IgG (a), IgD (b), IgE (c), IgA (d), and IgM (e)
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tameric structure of IgG and ten antigen binding sites in a single molecule [4].
The presence of ten antigen binding sites enables IgM to bind tightly to antigens
containing multiple identical epitopes.

Recently, much attention has been directed toward antibodies not only in the
field of biology but also in the field of chemistry because of their unique struc-
tures and functions. Antibodies,immunoglobulins, have been studied as sensors
[5,6],diagnostics [7, 8], DDS [9, 10], catalysts (catalytic antibodies) [11-13],and
components for nanotechnology [14-16]. Antibodies especially have been wide-
ly used as efficient reagents to detect target molecules [17]. Based on the princi-
ple that an antibody reacts with an antigen specifically and by non-covalent
bonds, several procedures have been developed in the immunosorbent assay.
Labeled antibodies or antigens are used for the detection, localization, and
quantification of biological constituents. More recently, an optical technique
based on surface plasmon resonance (SPR) [18-22] or a microgravimetric
quartz-crystal-microbalance (QCM) [23-25] technique has been found to be
useful for measuring and characterizing macromolecular interactions in the
increasingly expanding area of biosensor technology. SPR in particular has
great potential for macromolecular interaction analysis in terms of sensitivity
and signal translation. The use of biosensors based on SPR has made it possible
to determine kinetic parameters in real time and without any labeling of bio-
macromolecules for detection. However, the SPR response reflects a change in
mass concentration at the detector surface as molecules bind or dissociate; the
specific sensing of substrates with low molecular weight is difficult. In such a
case, functional molecules with a high molecular weight such as antibodies have
a great potential for amplification of the response signals expressing molecular
recognition event.

Here, we describe the design and preparation of antibody supramolecular
complexes and their application to a highly sensitive detection method. The
complex formation between antibodies (IgG) and multivalent antigens is inves-
tigated. When an antibody solution is mixed with divalent antigen, a linear or
cyclic supramolecule forms [26-29]. With trivalent antigens, the antibody forms
network structures. These supramolecular formations are utilized for the ampli-
fication of detection signals on the biosensor techniques.

Sensitivity and specificity are required and important in the construction of
excellent detection methods. IgG is generated in a final stage of immunization,
so it is matured and highly selective. IgM has a pentameric structure of IgG and
ten antigen binding sites in a single molecule. It binds large multivalent antigens
strongly (avidity) because of their multivalent structures. However, IgM is the
first class of antibody to appear in the serum after exposure to an antigen; it is
unmatured and less specific for the antigen than IgG. In order to design an anti-
body system with a high specificity and a high affinity, a combination of the
functions of both IgG and IgM seems to be important. We design dendritic anti-
body supramolecules as artificial antibodies.
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2
Experimental Section

2.1
Materials

2.1.1
Anti-Viologen Antibodies

Monoclonal antibodies have been elicited for the viologen derivative, 4,4”-bipyri-
dinium 1-(carboxypentyl)-1’-methyl-dichloride (1) (Fig. 3a). The hapten 1 was
coupled to keyhole limpet hemocyanin (KLH) or bovine serum albumin (BSA)
using carbonyldiimidazole (CDI). KLH-1 and BSA-1 were purified by size exclu-
sion chromatography using Sephadex G-150 and used as an antigen for the
immunization to mice and immunoassay, respectively. Balb/c mice aged 8 weeks
were immunized with KLH-1 emulsified in Freund’s complete adjuvant 6 times
at weekly intervals. Three days after the final injection (boost), spleen cells were
removed and used for the fusion experiments. Spleen cells from a mouse were
fused with the SP 2/0 mouse myeloma cells [30]. The hybridomas secreting anti-
bodies for viologen were detected by enzyme-linked immunosorbent assay
(ELISA). The tissue culture supernatants were added onto the ELISA plate coat-
ed with 0.3 mg mL! BSA-1 and incubated 90 min. The amount of antibody
bound to the antigen was measured using goat anti-mouse immunoglobulins
labeled with alkaline phosphatase. Hybridomas secreting anti-viologen anti-
bodies were cloned two times by limiting dilution. The ascites fluid was har-
vested after 10 days. The monoclonal antibodies were purified by affinity chro-
matography using protein A (Amersham Ampure PA kit). The purity of anti-
bodies was checked by SDS-PAGE electrophoresis (Phast System, Pharmacia
LKB, Uppsala, Sweden). Antibody solutions were stored and treated in 0.1 M
phosphate borate buffer (pH 9.0).

2.1.2
Anti-Porphyrin Antibodies

A monoclonal antibody (IgM) for a cationic porphyrin has been prepared using
[5-(4-carboxyphenyl)-10,15,20-tris-(4-methylpyridyl) |porphine (3MPy1C) as
a hapten [31]. IgG specific for anionic porphyrin, meso-tetrakis(4-carboxy-
phenyl)porphine (TCPP), has been prepared [32, 33]. The cationic porphy-
rin, 3MPy1C has been attached to the IgG via activation of carboxylic acid
in 3MPylC using the condensation agent, carbonyldiimidazole. The IgG-
cationic porphyrin conjugate was purified by column chromatography
using Sephadex G-150 to remove the porphyrins that did not react with the
antibody.
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Fig.3. Haptens and multivalent antigens prepared in this syudy. The viologen derivative, 4,4"-
bipyridinium, 1-(carboxypentyl)-1"-methyl-dichloride (1), divalent antigen 2, and trivalent
antigen 3. Anti-porphyrin antibodies were elicited for [5-(4-carboxyphenyl)-10,15,20-tris-
(4-methylpyridyl) ]porphine (3MPy1C) or meso-tetrakis(4-carboxyphenyl)porphine (TCPP).
meso-Tetrakis(4-methylpyridyl)porphine (TMPyP) was used to investigate the specificity of
the antibody dendrimer for porphyrins
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2.2
Measurements

2.2.1
Competition ELISA

The antibody solution (1.6x108 M) and substrate solutions with various con-
centration from 10~ M to 10~ M were mixed on a BSA-coated plate. The mixed
solution of antibodies and substrates was allowed to stand for 1 day at room
temperature, and then transported to the ELISA plates pre-coated with BSA-
hapten and BSA blocking buffer. Absorbance at 405 nm for the resulting enzy-
matic hydrolysis product (p-nitrophenolate) by alkalinephosphatase of the sec-
ond antibody was recorded on an Immuno-Mini NJ-2300 to determine the
amount of antibody bound to BSA-hapten.

2.2.2
Biosensor Technique

Biospecific interaction analysis (BIA) was performed by using a BIAcore X sys-
tem (BIACORE, Uppsala, Sweden) based on the surface plasmon resonance. One
of the anti-viologen antibodies was immobilized on the sensor chip by activat-
ing carboxymethyl groups on the surface matrix by a mixture of N-hydroxysuc-
cinimide (NHS) and N-ethyl-N"-(dimethylaminopropyl)-carbodiimide (EDC).
The response signal (RU) of the BIAcore apparatus is proportional to the change
in the refractive index at the surface and is generally assumed to be proportion-
al to the mass of substance bound to the chip. Kinetics of association to the
immobilized antibody were studied by measuring the amount of bound sub-
strate as a function of time when a solution containing viologen derivative or
antibody passes over the chip surface. The dissociation kinetics were monitored
by detecting the time-dependence of the mass decrease after the surface was
subsequently washed with buffer.

2.23
AFM Measurement

A total of 2 pL of the antibodies or the antibody-supramolecules (0.5 mg mL~!
in 0.1 M phosphate borate buffer, pH 9.0) solutions was used for the experiment.
These samples were air-dried onto the surface of freshly cleaved HOPG (highly
oriented pyrolytic graphite, 1.2 cmx1.2 cm) substrate. The sample was allowed
to stand for 1 day in a desiccator with CaCl, to dry the sample before it was trans-
ferred into the AFM. The sample surface was observed by contact AFM under
mild conditions such that any damage caused by, for example, the preparation
was minimized [34]. AFM measurements were carried out by using a Si;N, tip
with a radius of approximately 40 nm. All measurements were taken on a multi-
mode Nanoscope IIla (Digital Instruments, Santa Barbara, CA). The line scan
speed was 2 Hz with 512 pixels per line. All scales were calibrated against a stan-
dard sample (5 pmx5 pm grid) and rechecked with graphite.
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3
Supramolecular Formation of Antibodies with Multivalent Antigens

In this study, methyl viologen is selected as one of the target molecules to be
detected. Although viologens are harmful, they are well-known functional mol-
ecules which act as herbicides and electron acceptors. Methyl viologen has been
suggested as a potential etiologic factor in Parkinson’s disease because of the
structural similarity to the known dopaminergic neurotoxicant, 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine [35, 36]. Anti-viologen antibodies [37-40]
may be expected to be useful not only as a highly sensitive reagent of viologens
but also as a functional material to control the electron transfer from electron
donors to viologens. It is important to use the anti-viologen antibodies for the
sensitive and specific detection of viologens by the SPR biosensor because
methyl viologen is a charged substrate with low molecular weight. However,
the detection of viologens at low concentrations is difficult owing to the low sen-
sitivity (small response) in a common SPR biosensor technique using corre-
sponding antibodies. To improve the sensitivity, it is important to detect methyl
viologen as a large response signal caused by the antibody bindings. A solution
to this problem is thought to be the inhibition of the supramolecular forma-
tion between the anti-viologen antibody and viologen dimer by methyl vio-
logen. We investigated the complex formation of one of the antibodies, 10D5,
with methyl viologen or viologen dimer 2 and trivalent antigen 3 using the SPR
biosensor.

3.1
Supramolecular Formation of Antibodies with Divalent Antigens

The specific binding of the antibody (divalent) and antigen dimer (divalent)
produces the supramolecules such as linear or cyclic antigen-antibody oligo-
mers as shown in Scheme 1 [26, 27]. Stepwise additions of antigen dimer and
antibody to the sensor chip of the biosensor, whose surface is modified with
the antibody, leads to the enhancement of the response signal intensity in SPR
due to the formation of antigen-antibody supramolecules. When methyl violo-
gen is added to the flow cell instead of viologen dimer, the binding sites of the

n-2

Y+ .

. Divalent n-2
Antibody  antigen

Scheme 1. Complex formation of antibodies (IgG) with divalent antigens
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Fig.4. Competition ELISA between antibody 10D5 and viologen dimer 2. A number of antibody
molecules are immobilized on the ELISA plate at lower concentrations of viologen dimer 2

antibody at the end of the supramolecule are occupied by methyl viologen and
cannot bind viologen dimer that acts as a connector of the antibodies in the
supramolecular formation. The addition of methyl viologen may cause a reduc-
tion in the response signal enhancement. In this method, the binding of methyl
viologen to the antibody affects the next growing step in the supramolecular
formation between the antibody and viologen dimer. The amount of methyl
viologen (Mw=257) is expressed as the amount of the antibody (Mw=150,000)
that cannot form the supramolecules between the viologen dimer and the
antibody.

The antibody 10D5 (IgG,) binds hapten 1 with the dissociation constant
K4=2.0x10"7 M. The dissociation constant between antibody 10D5 and methyl
viologen was found to be 2.0x10~7 M. The antibody 10D5 recognizes the bipyri-
dinium moiety with high specificity. Figure 4 shows the result of competition
ELISA between antibody 10D5 and viologen dimer 2. At low concentrations of
viologen dimer, the absorbance of the product of enzymatic reactions is higher
than that in the absence of viologen dimer. It is suggested that a number of anti-
body molecules are immobilized to the ELISA plate in the presence of viologen
dimer. The signal intensity on the SPR biosensor also increased on the addition
of an aqueous solution of antibody 10D5 to the sensor chip on which the violo-
gen dimer-antibody complex was pre-coated. Figure 5 shows the sensorgram of
the repeated injection of the aqueous viologen dimer and antibody solutions.
The signal intensity enhanced by the binding of antibody to the viologen
dimer-antibody complex. The viologen dimer molecule is considered to act as a
connector between antibodies. It is suggested that the phenomena observed in
the ELISA and SPR measurements are ascribable to the higher-order complex
formation between antibodies and viologen dimer.
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Fig. 5a-f. The sensorgram of the repeated injection of the aqueous viologen dimer 2 (a, ¢, e)
and the antibody (b, d, f) solutions. [Viologen dimer 2]=2.0 pM and [antibody]=2.0 uM in
phosphate borate buffer. Injection period 60 s for a-c and 120 s for d-f. A solution of viologen

dimer 2 or the antibody passes over the surface of the sensor chip for 60 or 120 s at a constant
flow rate of 20 pL min~'. The surface of the sensor chip was subsequently washed with buffer

3.2
Applications for Highly-Sensitive Detection Method of Small Molecules
by the Supramolecular Complexes between Antibodies and Multivalent Antigens

We found that the supramolecular formation of antibodies and viologen dimer 2
produces an SPR signal enhancement of the biosensor. The additional binding of
the antibody to the viologen dimer-antibody complex gives a remarkable increase
of signal intensities. On the other hand, the addition of methyl viologen (viologen
monomer) instead of viologen dimer is expected to block the antigen binding sites
and to inhibit the additional antibody binding. A small amount of methyl viologen
can be detected as a decrease of signal enhancement due to the inhibition of the
complex formation between viologen dimer and antibody by methyl viologen,
compared with the signal intensity of complete supramolecular formation bet-
ween the antibody and viologen dimer. Scheme 2 shows the strategy for the ampli-
fication of detection signals for methyl viologen based on the signal enhancement
by the supramolecular formation between the antibody and viologen dimer on the
biosensor technique. This system includes a two-step procedure as follows: (i) the
injection of the aqueous solution of anti-viologen antibody with methyl viologen
to the sensor chip whose surface is modified with the antibody-viologen dimer
complex, and then (ii) the addition of antibody-viologen dimer (1:2) complex to
the previous state. The changes of the signal intensities in the presence of methyl
viologen are compared with that in the absence of methyl viologen.

The amount of antibody immobilized on the sensor chip decreased with
increasing concentration of methyl viologen. To enlarge the difference in the sig-
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Scheme 2. Strategy for the highly sensitive detection of viologen based on the SPR biosensor
technique. Inhibition of the complex formation of the antibody with viologen dimer by methyl
viologen and the signal enhancement due to the supramolecular formation between the anti-
body and viologen dimer. Antibody 10D5 viologen dimer complex is immobilized onto the
surface of the sensor chip. An aqueous solution of antibody 10D5 and a sample including
methyl viologen or that without methyl viologen is injected into the flow cell (i) before the
addition of the complex between antibody 10D5 and viologen dimer 2 (ii). The supramolecu-
lar formation between antibody 10D5 and viologen dimer 2 without methyl viologen (a), and
that in the presence methyl viologen (b) and (c). [Methyl viologen] <[antibody combining
site]: (b) and [methyl viologen] >>[antibody combining site]: (c)

nal intensities in the presence of a small amount of methyl viologen, a solution
of the antibody-viologen dimer complex was added to the previous state ().
Figure 6a shows the differences in the response signal intensities (I;-I) between
the complete supramolecular system in the absence of methyl viologen (I;) and
that in the presence of various concentrations of methyl viologen (I) at each step.
The differences in signal intensities due to the binding of the additional anti-
body (0.9 uM) in the presence of methyl viologen ranging the concentration
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Fig.6a,b. The differences in the response signal intensities between the complete supramole-
cular system in the absence of methyl viologen and that in the presence of various concentra-
tions of methyl viologen at each step. a Changes in the signal intensities by the addition of an
aqueous solution of antibody 10D5 and methyl viologen in the step (i) (left side) and those by
the addition of the solution including the antibody-viologen dimer complex in the step (ii)
(right side). b The relationship between total changes in the signal intensities and the concen-
tration of methyl viologen (logarithm)

from 0.2 to 1.1 pM is slight in the step (i). However, further addition of viologen
dimer 2 and antibody solutions in the step (ii) causes a clear difference in the
response signal intensities in the same concentration range of methyl viologen.
The total changes in the signal intensities were found to have a linear relation-
ship with the logarithm of the concentration of methyl viologen as shown in
Fig. 6b. The sensitivity in this system is 140-fold larger than that in the simple
addition of methyl viologen to the antibody immobilized on the surface of the
sensor chip. It is clear that this system can be utilized for the quantitative detec-
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Fig.7. A proposed structure of the complex of the antibody with the trivalent antigen immo-
bilized on the surface of the sensor chip

tion of methyl viologen. Amplification of methyl viologen sensing processes is
realized by the inhibition of complex formation between the antibody and vio-
logen dimer-antibody complex and signal enhancement due to the supramole-
cular formation of the antibody and viologen dimer.

In the case of trivalent antigen 3, the signal intensities on SPR biosensors
increased by the addition of the antibody in the presence of the trivalent antigen
were twice that in the presence of the divalent antigen. Figure 7 shows the
schematic representation of the complex formation between the antibody and
the trivalent antigen immobilized onto the surface of the sensor chip. AFM
images of the complex obtained from the homogeneous solution of the mixture
also suggested the presence of the network structures.

4
Dendrimers Constructed by IgM and Chemically Modified 1gG

4.1
Preparation of Antibody Dendrimers and their Topological Structures

A novel antibody supramolecule is designed and prepared by using immuno-
globulin M (IgM) as a core and chemically modified IgGs as branches as shown
in Scheme 3. The characteristic binding ability and specificity of IgG were found
to remain during the chemical modification of IgG with 3MPy1C. When IgM for
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Scheme 3. The synthetic route of the complete antibody dendrimers. An ideal structure of the
dendritic supramolecule is shown as G1

3MPy1C is treated with IgG covalently bound cationic porphyrin, IgM binds the
cationic porphyrin attached on the IgG to give a dendritic antibody supramole-
cule “antibody dendrimer” (G1 in Scheme 3). The dendritic supramolecules are
composed of proteins with molecular weight of about 2 million and constructed
from non-covalent bonds. The structural observation of the antibody den-
drimer was carried out by using AFM. At first, an individual antibody molecule,
IgG or IgM, was observed by AFM at room temperature depositing from a solu-
tion onto a freshly cleaved HOPG surface. Figure 8 shows AFM images of the IgG
molecule whose molecular weight is 150,000. Characteristic T or Y shape mole-
cules can be seen [41]. The overall lateral dimension is 40-50 nm as shown A, B,
and C in Fig. 8, which is in good agreement with the expected values [42].
Although these molecules are monoclonal antibodies, each antibody molecular
image is not identical. There are two fragments with the same height and one
fragment with different height with the other two fragments in each molecular
image. Fab fragments and an Fc fragment can be differentiated by comparison
of the height among three fragments. The angles between the Fab fractions of
each immunoglobulin are different. Each antibody molecules takes a somewhat

Fig.8. AFM images of the individual antibody (IgG) molecules
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Fig.9a,b. The molecular images of the monoclonal IgM on a cleaved highly orientated pyrolytic
graphite (HOPG) surface and schematic representation of the images for IgM. A flat penta-
gram (a) and a smaller object with higher center (b)

different shape. This is probably due to the flexibility of its hinge region. Figure 9
shows IgM images. Two kinds of images are evident, although the object is a
single species. The bigger one is a flat pentamer and the smaller one has a high-
er center. The results are consistent with those obtained by the cryo-AFM mea-
surement [43, 44]. The sample surface was observed under conditions such that
any damage caused by scanning the cantilever is minimized and that any non-
specific assembly among antibodies does not occur. Figure 10 shows an AFM
image of the dendrimer. The image of the dendrimer was twice as large as that
of starting IgM. Some branches (IgGs) can be seen outside of the IgM core. Such
an assembled structure was not observed in a chemically modified IgG solution
or an IgM solution alone.

The similar antibody dendrimers are prepared by the other route as shown in
Scheme 4. The building block used as a branch was prepared by the specific

100 nm 100 nm

Fig.10a,b. The AFM images of IgM (a) and the antibody dendrimer (b). A total of 2 pL of solu-
tions of the antibodies (3.0x10~ M) in 0.1 M phosphate borate buffer (pH 9.0) was deposited
onto the surface of highly oriented pyrolytic graphite (HOPG) and air-dried
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Scheme 4. Antibody dendrimers prepared by the combination of IgM with IgG attached hap-
ten to the carbohydrate moiety in the Fc fragment

modification of a hapten to the carbohydrate moiety in the Fc fragment of the
antibody molecule. Site-specific modification of antibody molecule makes it
possible to prepare a homogeneous building block rather than amine coupling
of the hapten to the antibody molecule. The combination of IgM and IgGs
attached hapten to the carbohydrate partleads to the construction of a complete
radial structure that possess antigen binding sites on the surface of the antibody
dendrimer.

4.2
Binding Properties of Antibody Dendrimers for Antigens

The binding property of the antibody dendrimer (G1) with a cationic or anionic
porphyrin was measured by the enzyme-linked immunosorbent assay (ELISA).
Figure 11a shows the binding properties of the IgG, IgM, and G1 with the cation-
ic porphyrin, meso-tetrakis(4-methylpyridyl)porphine (TMPyP). Although IgG
did not bind the cationic porphyrin and IgM bound the cationic porphyrin, the
dendrimer did not bind TMPyP. These results show that the cationic porphyrin
attached to IgG occupies the binding sites of IgM in the dendrimer, thus there
are no free binding sites against TMPyP on IgM. Figure 11b shows the binding
of IgG, IgM, and G1 to TCPP. The IgM used in this study can bind both anionic
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Fig. 11a,b. Binding affinities of IgG, IgM, and the antibody dendrimer (G1) with the cationic
porphyrin (TMPyP) (a) and those with the anionic porphyrin (TCPP) (b) estimated by ELISA
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Fig. 12a,b. The sensorgrams for the binding of the antibody dendrimer (a) or IgG (b) to the
anionic porphyrin immobilized onto the surface of the sensor chip. Phosphate borate buffer
(0.1 M, pH 9.0) was used. TCPP was immobilized via hexamethylenediamine spacer onto the
sensor chip and then a solution of IgG or the dendrimer was injected to the flow cell. After 60 s
from the injection of the antibody solutions, flow cell was filled with buffer



254 H.Yamaguchi - A. Harada

and cationic porphyrins, due to the low specificity of IgM against porphyrins.
Both IgM and IgG bound TCPP, while G1 bound TCPP more efficiently than IgM
or IgG. The increase in affinity of G1 for the anionic porphyrin indicates that
many IgG molecules attach to the surface of the IgM molecule.

The biosensor technique based on surface plasmon resonance (SPR) [19]
shows that the antibody dendrimer allows an advantageous amplification of the
detection signals for antigens. A solution of G1 was added to the sensor chip on
which TCPP was pre-coated by the coupling with hexamethylenediamine as a
spacer. The total concentration of the antibody was fixed at 0.2 mg mL™' (0.1 mg
of IgM+0.1 mg of chemically modified IgG in 1 ml buffer for G1). The sensor-
gram for the binding of the antibody dendrimer to TCPP was compared with
that of IgG to TCPP as shown in Fig. 12. The signal intensity increased by the
injection of the antibody dendrimer was sufficiently larger than that of simple
addition of IgG. Taking into account the change of the binding property of the
antibody dendrimer for porphyrins with the increase in the amount of bound
antibody to the anionic porphyrin on the SPR biosensor, the antibody den-
drimer has many IgG molecules successively bound to IgM molecule.

5
Other Methods for the Construction of Antibody Dendrimers

Antibody dendrimers were prepared by using proteins with high affinity for the
Fc fragment in IgG as a core and IgG as a branch. In this procedure, an IgM-like
complex can be constructed without any modification of IgG. Staphylococcal
protein A or streptococcal protein G were examined as a core component of the
antibody dendrimer. Protein A or G plays an important role in molecular biolo-
gy owing to its specific interaction with the Fc portion of immunoglobulins.
Many immunological methods have been developed and refined using these
proteins as a reagent, including immunoprecipitation techniques and double
sandwich immunoassays. In addition, solid-phase protein A or G has been wide-
ly used as a carrier in affinity chromatography for the purification of antibod-
ies. The protein A molecule consists of four highly homogeneous Fc-binding
domains. Therefore, protein A is thought to be a suitable component of the core
of the dendrimer. The antibody dendrimer of protein A with IgG was prepared
according to Scheme 5. The first generation of the dendrimer was prepared by
the addition of mouse IgG molecules to protein A. The second-generation den-
drimer was prepared by using goat IgG specific for Fc of the mouse IgG antibody
developed in goat and mouse IgG specific for the target molecule. Each den-
drimer was applied for the detection of the antigens on SPR biosensors. The sig-
nal intensities of the binding of the antigen immobilized on the surface of the
sensor chip increased in proportion to the number of the generation of the den-
drimer as shown in Fig. 13.

The immobilization of the hyperbranched spherical structures onto physical
transducers greatly increases the binding capacity of the surface and leads to
enhanced sensitivity and extended linearity of biosensors. Nucleic acid den-
drimers were prepared and their amplification properties for the detection of
DNA were examined using mass-sensitive transducers [45, 46]. Antibodies
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Scheme 5. Preparation of the dendritic supramolecules with protein A as a core and IgGs as
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Fig. 13a-e. The increase of the signal intensities by the addition of the dendritic complexes
composed of IgGs and protein A. The hapten was immobilized to the surface of the SPR sen-
sor chip. The increase of the signal intensities on the complex formation of hapten with the
antibodies were monitored. The addition of mouse IgG specific for hapten (Abl) (a), the com-
plex of the Ab1 with protein A (b), one to one complex of Ab1 with anti-mouse IgG (Fc) anti-
body (Ab2) (c), two to one complex of Abl with Ab2 (d), and two to one complex of Ab1 with
Ab2 in the presence of protein A (e)
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Scheme 6. A highly sensitive detection method using an antibody specific for IgG (Fc) and gold
nanoparticle

attached to the surface of gold nanoparticles were used for the organization and
patterning of inorganic nanoparticles into two- and three-dimensional func-
tional structures [47]. These materials have a potential as chemical, optical, mag-
netic, and electronic devices with useful properties. Taking account the advan-
tage of these materials, we propose a novel highly sensitive detection method of
a multivalent target molecule as shown in Scheme 6. The combination of SPR
biosensor technique and enzyme-linked immunosorbent assay is utilized for
the detection of a small amount of target molecule. Anti-IgG (Fc) antibodies
attached to the surface of gold nanoparticles can bind the antibody (IgG) bound
to the target molecule immobilized onto the surface of the sensor chip and the
antibodies labeled with enzymes. The detection signals are expressed as a color
of the enzymatic reaction products and also as an enhancement of the SPR.

6
Conclusions

An enhancement of SPR signal intensity was observed by the addition of the
antibody to the divalent antigen-antibody complex immobilized onto the sur-
face of the sensor chip, indicating the formation of linear supramolecules. An
amplification method of the detection signals for a target molecule has been
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devised by using the signal enhancement in the supramolecular assembly of
anti-viologen antibodies and divalent antigens. Target substrate added to the
flow cell of SPR can be detected quantitatively by monitoring the total amount
of the antibody bound to the surface of the sensor chip. The sensitivity of this
system was found to be two orders larger than that of the simple addition of tar-
get substrate to the antibody immobilized on the surface of the sensor chip. This
method can be potentially applied to many compounds with a highly sensitivi-
ty and specificity by using corresponding antibodies and dimers of the target
molecule (divalent antigen). A trivalent antigen formed a dendritic network
structure and enhanced the response signal intensities on the SPR biosensor.

New antibody dendrimers were designed and prepared by the combination of
IgG and IgM, that is, using IgM as a core and IgG as branches. Many binding sites
of IgG were arranged radially on the surface of one object; the resulting artificial
antibodies bound antigens more selectively than IgM and more strongly than
IgG. The characteristic features of the antibody dendrimer are: (i) they are com-
posed of proteins, (ii) have a large size with molecular weight of about 2 million,
(iii) are constructed from non-covalent bonds, and (iv) bind antigen strongly
with high specificity. The antibody dendrimer will be used as functionalized
materials for sensitive detection of many kinds of chemicals, for diagnosis, and
for drug delivery systems. The other antibody dendrimers are prepared by the
specific modification of a hapten to the carbohydrate of antibody molecules.
Antibody dendrimers consisting of protein A or G and IgG are also prepared.
They are found to be useful as a functional material for the amplification of
detection signals of target molecules in SPR sensors.
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