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A series of novel dendrimers composed of dendritic phenylazomethines (DPAs) were synthesized with several
types of functional cores. The metal assembling to the DPAs is stepwise by the layers, therefore, they can be used
as a scaffold for the precise hybridization between metal ions and organic macromolecules. Because of uniform structure
of the dendrimer, there is no structural dispersion in the macromolecule—metal hybrid of the DPAs. Also, the number of
metal ions loaded in one dendrimer should have no statistical distribution in principle due to the precise metal assem-
bling. A rigid 7r-conjugating backbone structure contributes not only to the stepwise metal assembly, but also to the
solid-state stability under high temperature. Development of this property without any reduction in solubility in organic
media enabled the easy preparation of homogeneous amorphous films in which the metal and macromolecule are pre-
cisely hybridized. As a result, the thin solid of the metal-assembling dendrimer acts as an excellent organic semiconduc-
tor in the hole-transport layer of a light-emitting diode. Metal-assembling DPAs also enhance the electron-transfer re-
action as a protein-like catalyst. The DPA having a cobalt porphyrin core-could catalyze the CO, reduction at an applied
overpotential 1.1V lower than that needed for the catalysis by a model compound of the porphyrin core (CoTPP).
Reversible encapsulation/release of multiple irons is also demonstrated as a mimic of the iron storage protein (Ferritin).
The switching between these two coordinating states can be completely controlled by the redox states of the iron (Fe''/
Fe'l"). The finding of these unique dendritic ligands will afford new insight into molecular design for finely controlled
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macromolecule—metal hybrid materials.

1. Metallo-Dendrimer Complexes

Macromolecule-metal complexes' are defined as molecular-
level hybrids built up with metal complexes and organic poly-
mers. They have been noted in evolution of novel functions
based on synergetic effect between the functionality of each
part (metal and polymer). For example, applications of these
materials for fixation of catalysts,2 functional modified elec-
trodes based on electron®>/ion® conductivity, electron-spin
control,” and amplification of photoelectron conjugating prop-
erties® demonstrate outstanding enhancement. Most of them
are induced by (1) supporter effect, (2) concentration/dilution
effect, (3) environmental effect, (4) conformational effect, and
(5) cooperative/concerted effect by micro domains in the poly-
mers. For maximum use of these domains, a general meth-
odology that can handle the higher-order structure of the hy-
brids is strongly required. All the molecular, hybrid, and high-
er-order structures of the conventional macromolecule-metal
complexes are however dispersed with statistical distribution,
and impossible to fix themselves into one limited form. Now
many research interest moved to the next stage focusing on
the control of higher-order structures using self-assembling
approach based on amphiphilic molecules® or cross-linked
metal complex'®!! as the unit.

Dendrimers, first reported by Tomalia et al. in 1984,'2 have
a unique macromolecular architecture with highly branched
backbones.'32% Such architecture can be compared to that of
a tree because the branching spreads to the outside from the
focal point (core). While linear or branched polymers cannot
define their structures and coordination in one limited form,
macromolecular ligands based on the dendrimers can be used
as a template for the precise macromolecule-metal hybridiza-
tion because they have a single molecular weight and a sphere-
like structure.>'~>* In general, dendrimers bearing rigid 77-con-
jugating backbones are known to have a dense shell and a
sparse core.”>2¢ The nano-space around the core unit is utiliz-
ed as a molecular-capsule for capturing metal ions,>’~33 clus-
ters,>**2 or other guest molecules.*>** The dendrimers can
manage electron® 7 or energy*®-® transfer between the core
and the periphery due to their unique density-gradated archi-
tecture.

One of the most typical structures of metallo-dendrimers is
similar to that of metallo-proteins® which have a metal com-
plex at the center of poly-peptide chains. They are mimicked
by dendrimers bearing metal complexes as the core unit locat-
ed at center of the molecule (Type A: Fig. 1).%°! Molecules
belonging in this type show a large “environment” effect in
general. In addition, this type of dendrimer complex has one
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Preparation strategies to metallo-dendrimer nano-composites. Synthetic routes enable formation of the stable and mono-

structured metallo-dendrimers, although they are limited in selections of the metallic element and their architecture. Hybridization
routes provide methodology of instant preparation for various metallic cation and nano-particles. They include formation of some
structural isomers in general depending on their hybridization conditions.

limited hybrid structure and conformation, thus the nano-envi-
ronment around the metal center can be regarded to be uni-
ty.9263 The type A dendrimers with a metallo-porphyrin core
in particular are utilized as a mimic of enzymatic reactions
and shape selective catalysis, utilizing the unique reaction
ﬁelds_43,64—66

On the other hand, peripheral terminals are exposed to the
outside, providing the opposite character to the core. Dendri-
mers modified by metal complexes on the peripheral terminals
(Type B: Fig. 1) are usually employed as nano-sized supports
for molecular recognition®”~" or highly reactive catalysts.”!~7®
Due to the dense shell character of the rigid dendrimer, modi-
fied complexes in the type B dendrimers often show a “con-
centration” effect of these functional centers. This type also
has one limited hybrid structure and conformation similar to
that of the “type A” dendrimers.””-’8

The dendritic backbones, which can be compared to branch-
es in a tree, are important for characterization of the dendrimer
properties such as electrochemical response’®~% or photo-reac-
tivity,3”-%7 although the backbones do not usually play a cen-
tral role as the functional center. Modification of the back-
bones by metal ions should result in drastic changes in the en-
tire conformation, in the environment around the core and in
the electronic properties of the dendrimers. This could be re-
garded as a result of the environment, conformation, and con-
certed effect. Such modification could be done in two ways:
(Type C) preparation of metal complexes incorporated as the
building units,>*%% and (Type D) complexation of metal ions
to dendrimer ligands.?’-3* The former way provides a com-

pletely defined structure of the organometallic hybrids, but
has the limitation that available structures and applications
are few. The latter way can be applied to various metallic el-
ements not only in static complexes, but also in dynamic coor-
dination systems such as metal cluster synthesis.***" Howev-
er, the hybrid structure of metals and dendrimers in substance
cannot be defined to one limited form until all the coordination
sites in the dendrimer were filled by metal ions (Scheme 1).
Because the environment for each generation (layer) of the
dendrimer is not the same, the complexes in each generation
are chemically different. This means a loss of structural unity
in the metal-dendrimer hybrid. In addition, even the number of
loaded metal ions in dendrimer molecules should have a stat-
istical dispersity. When metal clusters were synthesized using
normal dendrimer ligands, one should find some dispersity in
the cluster size.

An advantage to use the dendrimer architecture for the
macromolecule-metal hybridization is that the micro domain
around each metal center is tunable in topological molecular
design. They contribute not only to the intramolecular-level
control, but also to the extended mesophase structure as a
building unit. The fact recently attracts much attention because
it should become a powerful tool to build a hierarchical struc-
ture across nanometer and micrometer scales. Needless to say,
the metallo-dendrimer would be positioned to a unit cell for
macromolecule-metal hybrid composites. The most important
feature of this procedure is almost complete independence
between the designing of each phase in molecular unit (func-
tional center), local domain (dendrimer), and extended struc-
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Scheme 1. Schematic representation of building strategies to a type D metal-dendrimer hybrid. A metallo-dendrimer prepared from
complexation of a dendritic ligand in general involves many half-coordinating isomers until the full complexation (upside path). If
the coordination are controlled in order to bind the metal ion to core-side ligands prior to the terminals, the isomer would not

appear (downside path).

ture (molecular assembly). To establish the entire process, a
universal way to decorate various metallic elements finely to
the dendrimer is a key process. This account mainly focuses
on this point on the basis of a unique multi-coordinating den-
drimer in which metal complexes finely recognize the site to
coordinate.

2. Basic Theory of Multi-Coordination Systems

If there were macromolecular ligands that can assemble
metal ions with a finely controlled stepwise process, the result-
ing metal assembly should have much smaller dispersity than
one that results from random coordination system. As a typical
example, we assume a model system in which coordination
sites are arranged to form a dendritic chain. The number of
the coordination sites is doubled by stepping the generations
(max 4th generation) in the dendrimer model. The coordina-
tion sites in the same generation are placed in the same coor-
dination environment due to their topological character, while
the environment in different generations is not identical. Here,
we define four individual coordination reactions and their con-
stants (K,—Kq), which correspond to each generation (layer) in
the dendrimer model.

Core: A+ M= AM (K, = [AM]/[A][M],
[A]p = [dendrimer]). (1a)
B +M = BM (K, = [BM]/[B][M],
[B]y = 2[dendrimer]). (1b)
C+M=CM (K, = [CM]/[C][M],
[C]y = 4[dendrimer]). (1c)

Terminal: D+ M = DM (K4 = [DM]/[D][M],

[D]p = 8[dendrimer]). (1d)

As shown in a previous paper,'% the concentration profiles
of all free ligands ([A]-[D]) and metal ion ([M]) after reaching
equilibrium can be calculated for given initial concentrations
of the dendrimer ([dendrimer];) and metal ions ([M]y). The
profiles of the coordinated ligands against the added metal
ion are shown in Fig. 2. If all the coordination constants were
identical (Case 1: K, = Kp = K. = Kq = 10°mol~' L), the
metal ions would be equally distributed to all ligands (A, B,
C, and D) at any molar amount of addition. In this case, the
number of metals in one dendrimer molecule would have a
statistical distribution until the coordination sites are complete-
ly filled by added metal ions. For example, the metal ions are
equally distributed to each layer depending on the number of
coordination sites in each layer on the midway (5 molar
amounts) to the full complexation (Table 1). In contrast, the
coordination profiles were changed by down slope of the coor-
dination constants (Case 2: K, = 10K, = 100K, = 1000K4 =
107 mol~' L). At the initial point of the addition, the distribu-
tion priority to the core-side layer is higher than that to the
outer layer, and then the prior coordination site is gradually
moved to the outer layer. If 5 molar amounts of metal ion were
added to the dendrimer, 89% (4.46/5) of added metal ion is
distributed to the inner three layers. The behavior became
striking when a larger gradation of the constants are assumed
(Case 3: K, = 10°Ky, = 10°K. = 10°K4 = 10" mol~'L). In
this case, the added metal ions clearly distinguish the sites to
which they should coordinate. At the initial stage (0 < [M]o/
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Fig. 2. (A) A model of multi-coordination equilibrium sys-
tem based on a four layered dendrimer. Definition of four
independent equilibria enables calculations of the entire
complexation status for given coordination constants. (B)
Calculated profiles of the number of metal complexation
in each layer versus the added equivalent ratio of the metal
ion for three different situation. Assumed concentration of
the dendrimer is 2 x 10° mol~' L and the number of coor-
dination sites in each layer is 1, 2, 4, and 8.

[dendrimer]y < 1), most of the metal ions were assembled to
the core-side layer (A). After the filling of layer A, the coordi-
nation site moved to the next layer (B) until that layer was filled

ACCOUNTS

Table 1. Number of Metals Distributed to Each Layer of
the Dendrimers Assumed in Fig. 2 upon the Quantitative
Addition of 5 Molar Amounts

Layer Ligands® 1 2 3
A 1 (1) 1.00 0.99 0.33
B 2(2) 1.98 1.76 0.66
C 4(2) 1.90 1.68 1.33
D 8 (0) 0.07 0.54 2.66

a) Values in the parentheses are the number of metals distrib-
uted to each layer if the ideal stepwise coordination was
occurred from the core side.

(1 < [M]p/[dendrimer]y < 3). Again it moved to layer C (3 <
[M]y/[dendrimer]y < 7) and finally to D (7 < [M]y/[dendri-
mer]y < 15). The coordination process was completely step-
wise; therefore, most metal ions (99%) would be trapped with-
in the inner three layers if 5 molar amounts of the free metal
ions were added to the dendrimer (Table 1). The dendrimer
model assumed in case 3 can distribute metal ions to core-side
layers with higher priority. This should result in the mono-dis-
persity of the number of metal ions distributed to each dendri-
mer molecule in principle, because the statistical factor be-
comes negligible at each section of the molar ratio between
the dendrimer and the metal ion.

3. Fine-Controlled Metal Assembling in DPAs
(Dendritic Phenylazomethines)

As shown in the previous section, the complexation ran-
domness within the dendritic architecture should be removed
if the constants of the metal assembling could be gradated
by layers. A design strategy for such an unusual system is
to utilize the unique dense shell property of rigid dendri-
mers.>>?° All dendrimers reported as ligands for multi-metal
ion assemblies have flexible backbones composed of single
covalent (0) bonds. However, they are not suitable for pre-
cise metal assembly because their conformational changes
and back-folding with thermal vibrations would prevent the
precise discrimination of the coordination sites.?! We reported
some dendritic ligands which have fully aromatic 77-conjugat-
ing backbones.'?"12 The dendritic phenylazomethines (DPAs)
shown in Fig. 3 behave as unique dendritic ligands, in which
various metal ions were assembled to the imine nitrogen
(C=N) from the core-side layer in an orderly fashion.

An example of the stepwise complexation about the sim-
plest DPA (Ph-DPA G4) with SnCl, is explained below.!®
SnCl, acts as a Lewis acid and forms a 1:1 complex with each
imine (C=N) in the Ph-DPA G4. This is confirmed by the
model compound (Ph-DPA G1) bearing only one imine unit.
Because the complexation accompanies a significant change
in the 77— transition energy, it can be monitored by mea-
surements of the UV—vis absorption spectra upon the addition
of SnCl,. The spectral change saturating up to the addition of
1 molar amount of SnCl, means a 1:1 complexation between
the phenylazomethine unit and SnCl,. It can also be deter-
mined by the Job titration method, showing the maximum ab-
sorption change at the 1:1 mixing ratio. A similar UV-vis titra-
tion was also applied to the Ph-DPA G4 bearing 15 imines
within one dendrimer (Fig. 4). This material showed a signifi-
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Fig. 3. Structures of DPAs having various core units.

cant change in the UV-vis absorption on the addition of SnCl,.
The spectrum of Ph-DPA G4 gradually changed with an iso-
sbestic point at 371nm up to the addition of 1 equimolar
amount versus the molar concentration of the dendrimer. The
isosbestic point then shifted upon the further addition of SnCl,,
and appeared at 368 nm between 1 and 3 equimolar amounts.
During the addition of SnCl, from 3 to 7 equimolar amounts,
the isosbestic point appeared at 363 nm, and finally it moved to

360 nm with the addition of more than 7 equimolar amounts.
Overall, the isosbestic point shifted about 11 nm from 371 to
360 nm.

These results observed during the titration strongly suggest
a stepwise process of multiple coordination reactions. If the
entire coordination proceeded simultaneously, only one iso-
sbestic point should be observed during the titration because
the spectral change would appear as an average of all the reac-
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of SnCl, to Ph-DPA G4. (B) Enlargements of the isosbes-
tic points appeared successively with displayed equimolar
amounts of SnCl,.

tions. In this system, four different isosbestic points appeared
in turns starting from each section at 0, 1, 3, and 7 equimolar
amount additions; and continued until the next section (finish-
ed at 15 molar amounts). In addition, the number of equimolar
amounts between each section (1, 2, 4, and 8) completely
agreed with the number of imines in each layer of the Ph-
DPA G4. The coordination profiles about each layer should
be those shown in Fig. 2.

A similar stepwise radial complexation was observed for the
DPA derivatives (Fig. 3). When SnCl, was added to the solu-
tion of these dendrimers, four isosbestic points were succes-
sively observed in the spectra. In PPh-DPA G4 bearing two
dendrons (Fig. 3), each shift occurred with the repeated addi-
tions of 2, 4, 8, and 16 equimolar amounts of SnCl,.'%31%4 On
the other hand, TPA-DPA G4 bearing three dendrons (Fig. 3)
showed distinct shifts with the repeated additions of 3, 6,
12, and 24 equimolar amounts,'% while Por-DPA G4'%° and
Cyc-DPA G4'Y7 (Fig. 3) bearing four dendrons showed the
distinct shifts with 4, 8, 16, and 32 equimolar amounts of ad-
dition. In each dendrimer, the equimolar amounts of SnCl,
added to the solution needed to shift the isosbestic point also
agreed with the number of imines in the 1st to 4th shells. These
results support the conclusion that the complexation in the
DPA derivatives proceeds from the core-side imines to the
terminal ones, as shown in Scheme 2. The stepwise reaction
is also evidenced by several methods (transmission electron
microscope, electrochemical measurement of coordinating
iron complexes, and product analysis on metal assisting reduc-
tion of imines).'0+108

From a kinetic standpoint, complexation of the terminal
imines in the dendrimer is expected to occur first. However,
the results suggest that, on the time scale of our observations,
the process is thermodynamically controlled. As a possible ex-
planation of the stepwise complexation, we propose two mech-

(K, = 10°K, = 10*K. = 10°K4 = 10" mol~' L). Normal
line corresponds to stepwise system in which the coordi-
nation constants in each layer is gradated by 10 times dif-
ference (K, = 10K, = 100K, = 1000K; = 103 mol~' L).
Dotted line corresponds to the equally coordinating system
in which all the coordination sites have the same constants
(K, =Ky, =K. = Kg = 10°mol~' L).

anisms. One is a steric factor based on the dense shell architec-
ture of the dendrimer. It is possible that the coordination to the
outer layers is prevented due to the clouded environment.
However, this mechanism is insufficient to explain all results,
because the steric factor generally decreases the coordination
constant. Another explanation is that the basicity gradient of
the imines from layer to layer is caused by an electronic effect.
This is demonstrated by the effect of substitutions on the core
versus the coordination behavior. For example, F4PPh-DPA
G3 in which the p-phenylene core is substituted by four elec-
tron-withdrawing fluoro groups showed different changes in
the isosbestic point from the analogue without fluoro groups
(PPh-DPA G3).192104 Although the usual behavior (shifts of
the isosbestic point upon the repeated addition of 2, 4, and 8
molar amounts of SnCl,) was observed for PPh-DPA G3,
the isosbestic point during the titration of F4PPh-DPA G3
was shifted upon the addition of 4, 8, and 2 molar amounts
of SnCl,. This indicates that SnCl, initially coordinates to four
imines in the second shell (intermediate), then coordinates to
the eight imines in the third shell (terminal), and finally coor-
dinates to two imines in the first shell (core) as shown in
Scheme 3. In the DPA derivatives, it is likely that a native
basicity gradient is formed due to the electron-donating effect
from the outer imine units, and that this gradient is variable
by attaching electron-withdrawing groups.

4. Simulations of the Isosbestic Point

For the quantitative evaluation of the complexation, we
have to know how much of a difference between neighboring
coordination constants (K¢) is required for the stepwise shift in
the isosbestic point. To estimate the profile of the isosbestic
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point, we use the theoretical concentration profile again. A
UV-vis absorption coefficient (€) is generally written as a
function of the wavenumber with a Gaussian expression. The
function of the wavelength (A1) is given by:

—8(1/A° — 1//1)2}

T 2

gEAd)=¢° exp{
where A° is the wavelength at the absorption maximum, £° is
the absorption coefficient at A = A°, and § is the thermal vi-
bration parameter of the chromophore. The observed absorb-
ance (A) should be the sum of these functions, therefore, we
assigned one function to each phenylazomethine unit in every
layer (either complex and free base). For ease of calculation,

the parameters of these absorptions (£° and §) were set to
the same value for each chromophore. The absorbance change
(AA) involved in the small addition of the metal ion (A[M]y)
is then given by:

—8(1/A% — 1//1)2}

AAQL) = €° |:A[N] exp{
2 iy

—8(1/ A%, — 1/2)?
(/I;CM /)”’ 3)
T

+ A[NM] exp{

as the sum of each component (N = A, B, C, and D, meaning
the coordination sites in each layer) using the calculated value
of the concentration profiles (Fig. 2). Based on the definition,
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(A) Association constants of proton (TFA) to imine sites in each layer of the phenylazomethine dendrimers (Ph-DPA Gn:

n =1, 2,3, and 4) obtained by fitting of simulation results into the experiment (titration). All experimental value were obtained in
chloroform/acetonitrile (v/v = 1/1) solution. (B) These values in parentheses are calculated Mulliken’s charge population on
imine nitrogen in each layer of Ph-DPA G4. The electron negativity of imines closer to the core is higher than that of the outer
imines. The DFT calculation using STO3G was done with Gaussian 03 software (rev. C.02).!%*

the isosbestic points were calculated as a A solution of the
equation [AA(A) = 0]. The simulated profiles of the isosbestic
point for the assumed A° values are shown in Fig. 5. When the
coordination constants (K¢) for each layer are the same value
(Case 1), the isosbestic point was fixed for every molar amount
of the added metal ion. In contrast, the isosbestic point shows a
stepwise change during the addition if the K¢ values were set
to Case 3, where each K¢ for the layers were gradated by a 100
times difference. If the difference in K¢ is smaller (Case 2), the
change in the isosbestic point becomes continuous.

The results shown in the simulation demonstrate that the co-
ordination constants (K¢) in the DPA experiments should have
a considerable difference when the constants of neighboring
layers are separated by more than two orders of magnitude.

5. Basicity of the Imine Units in DPAs

A driving force that discriminates between the complexa-
tions to each layer is considered to include a combination of
the steric and basicity factors. To reveal the basicity gradient
within the DPA structure, we evaluated the protonation of
Ph-DPA Gr (n = 1, 2, 3, and 4) by spectroscopic titration us-
ing trifluoroacetic acid (TFA).!® The data were also recorded
as spectral changes with isosbestic points using the same setup
for the titration with SnCl,. The association constants (K,) of
protons to each imine were characterized by simulation of the
spectral changes. At first, the experimental change in the iso-
sbestic point was fitted by the simulated one, which can be cal-
culated by the method described in the previous section. The
unknown parameters such as A° or § were obtained from
the differential spectra upon the addition of a small portion
of TFA. Because the protonation also proceeds in a stepwise
reaction, we could separately determine the parameters for
each layer of the dendrimers by monitoring each section dur-
ing the titration. The method using the isosbestic point is effi-
cient for determining the difference in the constants between

each layer, but cannot fully characterize the absolute values.
Thus, we have to include the other method using the absorb-
ance change until saturation of the protonation upon the addi-
tion of an excess amount of TFA. The hybrid method was ap-
plied to a series of mono-dendronized Ph-DPA Gn (n =1, 2,
3, and 4) in order to determine all the association constants of
each dendrimer.

As shown in Fig. 6A, obtained values indicate that there is a
gradient in the basicity of the imine sites by the layers. The as-
sociation constant for the core-side one is obviously enhanced;
the basicity proved to be extraordinarily high (log,, Ka &~ 7).
In contrast, these values of the terminal imines are roughly
of the same order (log,y Ka &~ 3) as those of Ph-DPA G1
for all the Ph-DPAs. The unique property of the basicity can
be explained by the gradient of the electron density. Due to
the topology of the dendrimers, each nitrogen terminal of the
imine unit (C=N) is arranged in the core direction. Therefore,
the electron-donating effect due to the outer imine units is am-
plified by increasing the generation number of the dendrimer,
which results in a higher electron density in the core-side shell.
It is also shown as Mulliken (charge) population estimated by
a molecular orbital calculation for Ph-DPA G4 (Fig. 6B). The
averaged electron negativities on the nitrogen atoms for each
layer indicate an enhancement in the electron density for the
inner shells.

The coordination constant (K¢) of Ph-DPA G1 with SnCl,
was determined to be 9.5 x 10*mol~! L in dichloromethane/
acetonitrile. The K¢ value is about 100 times greater than
the association constant (K5) with TFA (proton). On the basis
of this result, the coordination constants of SnCl, with Ph-
DPA G4 for each generation are postulated to be two orders
of magnitude greater than that of TFA. In addition, other metal
ions, such as iron and lanthanides, are applicable to a similar
assembly in the DPAS, and their coordination constants depend
on the Lewis acidity of the metal ions.
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Fig. 7. Flexible dendrimers such as PAMAMs are de-
formed on a plate surface whereas DPAs keep their con-
formation due to the rigidity. This can be compared by
the size observed in TEM image. PAMAMSs showed much
larger diameters than that predicted in solution. A diame-
ter of the PPh-DPA G4 on a surface is much smaller than
that of PAMAMs.

6. Physical Properties of DPAs in a Solid Phase

A PPh-DPA G4 molecule bearing two dendrons was con-
firmed by FE-TEM (field-emission transmission electron
microscopy) as a stained image by RuO,. The observation re-
vealed that the dendrimer has a round shape with a 2.3 + 0.3
nm diameter.'”"92 Tt is noted that such a 2.3nm diameter
is much smaller than that of a reported dendrimer such as
PAMAMs with a similar number of generations.'? In the den-
drimers having a single-bonded backbone, the diameter ob-
served by TEM is much larger than expected, because the flex-
ible backbones of the dendrimers cause deformation of the
molecule on a plate (Fig. 7). In other words, the smaller diam-
eter of a PPh-DPA G4 molecule shows a three-dimensionally
expanded structure without any deformation. However, the
TEM images do not provide information about the height. In
order to reveal the height of the PPh-DPA G4 on a plate sur-
face, AFM (atomic force microscope) observations are per-
formed in the non-contact mode. The PPh-DPA G4 molecules
are observed by AFM to be regularly assembled in a multi-lay-
ered packing structure on a graphite surface only by simple
solvent casting. A lattice pattern is observed in the image and
the cross section clearly shows alignment of the spherical mo-
lecules in a multilayer. The height of the PPh-DPA G4 mole-
cule is estimated from the cross section to be at least 2.0 &= 0.1
nm. Interestingly, PPh-DPA G4 molecules are assembled
without deformation of the molecule on a plate because of the
conformational rigidity.

Linear poly-phenylazomethine compounds are known to
have stability against heat decomposition.''” However, they
are nearly insoluble in most organic and inorganic solvents.
Thus, their fundamental properties are still unknown, and they
are not applied in practical use. The dendritic phenylazometh-
ines (DPAs) are unexpectedly soluble in most organic solvents
and also have a resistive property against heat decomposition.
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Table 2. 10% Weight-Decreasing (74.10%) and Glass-Tran-
sition Temperatures (7,) of Phenylazomethine Dendrimers

Dendrimer Ty-10%/°C T,/°C
PPh-DPA G1 ~400 50
PPh-DPA G2 514 148
PPh-DPA G3 511 174
PPh-DPA G4 521 188
Por-DPA G1 531 —
Por-DPA G2 528 —
Por-DPA G3 523 195
Por-DPA G4 531 201

a) No clear phase transition was observed.

Q0

endothermic heat flow —

GO
0 Q.

| T T T T | T T T T | T T T T |
100 150 200 250
Temperature (°C)

Fig. 8. A heat flow curve obtained by a differential scan-
ning calorimetry (DSC) measurement of Por-DPA G4
during the heating process at the scan rate of 40°C min~!.
The curve clearly shows a glass transition at 201 °C. It
should correspond to the transition between the packing

and moving state of the dendrimer solid.

The 10wt %-decreasing temperatures (74.104,) of PPh-DPA
Gn (n =2, 3, and 4) are higher than 500°C (Table 2).!'! This
property is based on the 77-conjugating backbone of the DPAs,
which is chemically stable. It is noteworthy that the tempera-
ture is higher than those of the linear poly-phenylazomethines.
This result should be related to the high density of the molecu-
lar unit in the backbones of the dendrimers. This is not an ex-
ception and is also observed with Por-DPA Gn (n =1, 2, 3,
and 4).

While Ty.19g does not show a clear dependence with the
number of generations in the dendrimers, the glass-transi-
tion temperature (1) obviously increased with the number
(Table 2).!'"" Amorphous solids of PPh-DPA G4 or Por-DPA
G4 have an exceptionally high 7, (201°C) relative to that of
aromatic poly-ether dendrimers.''?> This means that the pack-
ing structure of the DPAs, which was observed by AFM, is
very stable due to their rigid backbones (Fig. 8). Such a good
thermostability is almost equal to those of engineering plastics.
Due to their high solubility, DPAs have potential applications
for easy preparation of thermostable polymer films by spin
casting or ink jet methods. This should be an advantage in
solid-state electronic devices such as organic light-emitting
diodes (OLEDs), photo diodes, and field effect transistors
(FET).
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7. Applications

7.1 Organic Light-Emitting Diodes. Triarylamines play
an important role as a hole-transport material in electronic de-
vices such as organic light-emitting diodes (OLEDs) and photo
cells.!1311* However, their monomeric molecules do not ex-
hibit a high hole-transport efficiency because of their crystal-
linity, low mobile ability, or low thermal stability. Convenient
solution processing has also been desired for the preparation of
these devices with a large area. Dendritic macromolecules hav-
ing a sphere-like and rigid structure make them easy to prepare
as a homogeneous film by solvent casting. To make the den-
dritic molecule act as an efficient hole-transport compound, a
novel charge-transport system needs to be constructed through
the dendron shell between the hole-transport core.

TPA-DPA Gn (n = 1, 2, 3, and 4) are applicable as a hole-
transport material in an electro-luminescence (EL) device,
using the metal-assembling properties in which the metal acts
as a mediator of the hole transfer.!®

The OLEDs were fabricated; we employed the TPA-DPA
Gn (n =1, 2, 3, and 4) or their complexes with SnCl, as the
hole-transport materials and tris(8-hydroxyquinoline)alumi-
num (Alq) as the luminance layer (Fig. 9). The fine-controlled
metal complex with one SnCl, in the TPA-DPAs acts as a
hole-transport material, whereas the TPA-DPAs without the

10°
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s
o 102
2
& 101 CzD G3
g 10 M (100 nm)
E CzD G3-SnCl2
3 10 A (00 nm)
A CzD G3-SnCl2
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¢ PEDOT:PSS
102 (100 nm)
0 20 25

\Voltage (V)

(Left) A carbazole dendrimer with metal collecting site. (Right) The OLED property using CzD G3 as a hole-transport

metal complex do not show this property. The OLED cell com-
posed of the metal complex with TPA-DPA G4 shows ca.
1200 cd m~2 of luminescence at 10 V. As a result, the EL per-
formances of the devices using the TPA-DPA metal complexes
are drastically increased (20 times) by the metal complexation.

The synergetic effect obtained by adding the metal ion is not
a special case of TPA-DPA G4 with SnCl,. In order to im-
prove the EL performance, carbazole dendrimers (CzDs) with
metal collecting sites were also employed as novel hole-trans-
port materials.!'> The carbazole dendrons in the CzDs act as a
more efficient hole-transport moiety than those of the phenyl-
azomethine units. For the two-layer OLEDs, films of the den-
drimer complexes (CzD) with Eu(OTf); (europium tris(trifluo-
romethanesulfonate)) were then employed as the hole-trans-
port layer. The low driving voltage and enhanced efficiency
were followed by the simple assembling of the metal ions.
For the G3 dendrimer of the CzDs, the turn-on voltage was re-
duced from 4.3 to 3.7V and the maximum luminescence was
enhanced from 786.4 to 932 cd m™2 by only complexing with
Eu(OTf);3. Also, the current performance of the CzD G3 com-
plex was over three times greater (181.4mAcm™2) for the
same forward driving voltage (10 V) compared to the uncom-
plexed device (53.6mA cm~2) (Fig. 10). By inserting a thin
CsF layer between the anode and electron-transport layer
(Alq), a significant improvement in the cell performance was
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obtained based on the enhancements of the electron injection
from the Al electrode. For the G3 dendrimer, the maximum lu-
minescence was enhanced from 3717 to 6718 cd m~2 by apply-
ing a lower voltage and only by complexation with Eu(OTf);
under non-optimized conditions. These results indicate that the
dendrimer complexes act as an excellent hole-transport mate-
rial for practical use.

7.2 Multi-Electron Transfer Catalyst. The conversions of
small molecules such as O,, N, or CO,, are important reac-
tions because they are fundamental resources for the produc-
tions of various organic compounds.'!® In addition, they also
take very important roles in the energy-circulation system of
nature. These conversions (reduction and oxidation) generally
involve very large activation energy values because of the mul-
ti-electron transfer (m-ET) processes. Natural catalysts, which
exist as enzymes at photosynthetic or breath reaction centers,
can accelerate these m-ET reactions by a precisely assembled
poly-metallic structure as a multi-redox system. Because DPAs
can define their metal-assembling structure around the core
(catalytic center), they are expected to act as a mono-structured
m-ET catalysts assembling multiple metal complexes.

Our previous study revealed that lanthanide metal ions
(La*™ = Y3+, Tb*F, Er*t, and Nd>*) assembling DPAs with
a cobalt porphyrin core act as an efficient catalyst for the
CO; electrochemical reduction with a very low overpoten-
tial.!% Cobalt tetraphenylporphyrin (CoTPP), which is a model
of the core unit, is known to catalyze the reduction.''”-!'8 How-

) A e-
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o 18V < .
% CO2* ~
g o o
< é ° coz
©
£ 07V <
8 % o o © CO, HCOOH, etc...
g ) o

ne-

Cco(lly

----- under Argon
I CoPor-DPA G2
1

= under CO2

-2.2 -1.8 -1.4 -1.0 -0.6 -0.2
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Fig. 11. (A) Catalytic CO, reduction by Tb(OTf); assem-
bling CoPor-DPA G2 with much lower applied overpo-
tential than CoTPP. (B) Cyclic voltammograms of CoTPP
and CoPor-DPA G2 in the presence or absence of CO,.
The cathodic current increase with CO, corresponds to
the catalytic reduction of CO, mediated by the redox cou-
ple of cobalt porphyrins.
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ever, the required electrode potential for the electrochemical
reduction is in the highly negative region because the reaction
needs to produce unstable radical species of CO,. Actually, a
cathodic current response by the CO, reduction was observed
at the potential of the Co(0) formation (—1.8 V vs NHE) in the
cyclic voltammogram of CoTPP with dissolved CO, (Fig. 11).
The theoretical redox potential of the CO, multi-electron
reduction is in a much more positive region than that observed.
The activation energy via the CO, anion radical results in a
very large overpotential for the electrochemical reduction. In
contrast, the metal-assembling DPA with a cobalt porphyrin
core showed a catalytic response toward the CO, reduction
at the potential of the Co(I) formation (—0.7V vs NHE).
The observed reduction potential is 1.3 V higher than the the-
oretical standard potential via the CO, radical anion (—1.97V
vs NHE), so that it cannot be explained by single-electron
transfer processes.

The result is easier to understand as an m-ET reaction.
Phenylazomethine complexes with Tb** can act as an electron
mediator to the cobalt porphyrin core. In addition, the micro-
environment around the porphyrin core remains acidic by
coordinating Lewis acids. It should facilitate the m-ET reduc-
tion, which does not produce the intermediate radical species
(Fig. 11).11°

The electron-exchange kinetics between the core and metal
complexes should be very fast in order to accelerate the m-ET
process. In the DPA complex, the timescale of the electron
transfer might be much faster than nanoseconds. This can be
confirmed by a fluorescence quenching experiment of the zinc
porphyrin core in Por-DPA Gn (n =1, 2, 3, and 4).'?° Even
upon the equimolar addition of SnCl, or FeCls, the fluores-
cence of the zinc porphyrin core is effectively quenched
(Fig. 12), demonstrating that the electron transfer takes place
within a much shorter timescale than the lifetime of the zinc
porphyrin singlet-excited state (*2ns). Four-electron reduc-
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Fig. 12. Fluorescence spectra upon the addition of FeCls to
(A) ZnPor-DPA G2 or (B) ZnTPP-Ph-DPA G2 mixture
(1/4). An effective quenching was observed only in the
case of ZnPor-DPA G2, which indicate an ultra-fast intra-
molecular electron transfer within the metal-assembling
structure.
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Fig. 13. PPh-DPA G4 and Ferritin as iron storage molecules. A comparison of their structures and properties.

tion of O, is also promoted by the multi-nuclear cobalt porphy-
rin complex, in which an intramolecular electron transfer pro-
ceeds within pico-seconds.'?! The ET kinetics of the metal-
assembling dendrimer system is nearly equal and could be
related to the m-ET catalytic reduction.

7.3 Reversible Encapsulation and Release of Iron in
DPAs. Iron is the most abundant metallic element and their
complexes (heme iron or non-heme iron—sulfur cluster) in met-
alloproteins are indispensable for biological functions such as
oxygen transport, catalysis, and redox mediation in enzymes.>
The element is managed by'?>!23 as an iron storage protein.
The reversible encapsulation and release of irons in Ferritin
are controlled by the oxidation states of the iron ion. We suc-
cessfully demonstrated that the ferritin-like reversible encapsu-
lation in the DPA shell is switched by the redox states of the
iron ion (Fe>* /Fe’+).108

Because of the strong Lewis acidity, FeCl; effectively coor-
dinates to the metal-assembling sites in the DPAs. The com-
plexation of FeCl; with Ph-DPA G1 was clearly observed
using UV-vis spectroscopy as well as the complexation of
SnCl,. Their coordination also takes place as a 1:1 equilibrium
reaction, although the coordination constant (K¢) is about
108 mol~' L, which is 100 times greater than that of SnCl,.
The value was also estimated by the UV-vis titration and by
the Job plot method.

PPh-DPA G4, which can take 30 equimolars of SnCl, also
assembles 30 FeCl; molecules in the dendrimer shell (Fig. 13).
The complexation accompanies UV-vis spectral changes
through the complexation, thus the coordination process can
also be analyzed by a method similar to that for SnCl,. Due
to the intrinsic absorption of FeCl; around 350 nm, no crossing
point was observed in the raw spectral change upon the addi-
tion of FeCls. For a precise analysis of these spectra, virtual
absorption spectra, in which the added FeCl; absorption was
subtracted from the raw data, were examined. The subtracted
spectra have a virtual isosbestic point, which displayed four
wavelength in turn during the addition similar to SnCl,. The
numbers of the equivalents ratio required to shift the isosbestic
point were also matched with the number of imine sites in each

layer. Therefore, this is evidence for a stepwise reaction sim-
ilar to that observed in the SnCl, coordination.

A redox driven reversible encapsulation/release switching
was examined by spectroelectrochemical measurements. A
quasi-reversible redox wave of (Fel/Fe') was observed at
—0.2V vs Ag/Ag™. When the applied electrode potential was
set to —0.5V where the Fe'" was reduced to Fe!', the absorp-
tion band at 410 nm decreased with an increase around 300 nm
(Fig. 14A). The spectral change was identical with the oppo-
site change observed during the complexation of FeCl; to
PPh-DPA G4. The low coordination constant of FeCl, to
the imine unit (ca. 0.8 mol~! L to Ph-DPA G1) adequately ex-
plains the decomplexation of iron from PPh-DPA G4 through
the electrochemical reduction of Fe™ to Fe'l. The conversion
between each state is completely reversible (Fig. 14B). This
means that the encapsulation and release of iron can be con-
trolled by the electrochemical potential switching (Fig. 14C).
The determination of the reversible assembly of multiple irons
into one dendrimer is related to the function of the iron storage
protein (Ferritin). This result shows one of the steps to create a
novel drug delivery system using highly organized materials.

8. Concluding Remarks

The discovery of some unique complexation behavior in 7-
conjugating dendritic ligands provided a new methodology to
construct well-defended nanostructure in one macromolecule—
metal hybrid. The stoichiometric analysis using UV-vis ab-
sorption measurements enabled the quantitative evaluation of
the coordination behavior. This molecule in principle enables
the easy preparation of a mono-dispersed metal assembly in a
macromolecule. Furthermore, the second structure of the den-
drimer (molecular packing) in the amorphous solid is also sta-
ble and well-organized. We have extended these molecules and
targeted the research at various applications that could not be
obtained using conventional macromolecular ligands. An ex-
cellent property of these dendrimers as a hole-transport layer
in an OLED cell suggests the potential use for decreasing the
energy losses based on the uncertainness in a microscopic hy-
brid structure and the molecular ordering in the solid phase.
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(A) is the UV-vis spectral change during the electrochemical oxidation and reduction. (B) is a time-profile of the absorption
change at 400 nm. (C) illustrates schematic representation of the reversible encapsulation/release cycle.

It is noteworthy that the performance of an LED cell could be
drastically improved only by the addition of a few equivalents
of SnCl,. This fact is demonstrated by the effective doping of
the hole-transporting material without any aggregation and
phase separation. The synergetic enhancement of chemical
functions by the metal assembling is also available in a homo-
geneous solution. Metal-assembling DPAs having a cobalt por-
phyrin core could catalyze CO, reduction with a 1.1V lower
overpotential than that needed for the catalysis by a model of
the core (CoTPP). The CO,; reduction facilitated by the metal
assembly is explained by acceleration of the multi-electron
transfer process by concentrating metal ions around the porphy-
rin core. Very fast electron transfer (ET) on a pico-second time-
scale is expected for the intramolecular ET in the dendrimer ar-
chitecture. A similar mechanism is also known as inter-protein
ET mediated by metal complexes held by a protein matrix. A
reversible encapsulation/release of multiple iron complexes
is also demonstrated as a mimic of the iron storage protein
(Ferritin). Switching between the two states can be completely
controlled by the redox states of the iron (Fe!'/Fe!™).

The number of metal ions in one dendrimer is mono-dis-
persed in principle, so that it will be applied to not only storage
or a transporter, but also to metal cluster synthesis as a molec-
ular flask, in which the number of metals is finely controlled.
These materials still have great possibilities because the com-
bination patterns of metal ions and dendrimer frameworks are
many.
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