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ABSTRACT: Dendritic polyphenylazomethines (DPAs) with a regularly branched structure and a single molecular

weight were synthesized using the convergent method. DPA derivatives having tris(thienylphenyl)amine and tetraphenyl-

porphyrin as the core (TPA-DPAs and Por-DPAs) and aniline-capped DPAs were obtained during the dehydration of

the DPA dendrons with tris(4-aminothienylphenyl)amine, tetra(4-aminophenyl)porphyrin, and aniline, respectively. We

exploited the more efficient synthetic method of DPAs, and successfully obtained the fifth generation of DPA (DPA

G5). Stepwise radial complexation with SnCl2 in DPAs, TPA-DPAs, Por-DPAs, and aniline-capped DPAs, was found

as stepwise shifts of the isosbestic point during the UV–vis spectroscopic observation. This complexation behavior was

supported by the shell-selective reduction of the imines. Using the shell-selective reduction method and the terminal-

modification method of the DPAs, the core and terminals of DPAs were functionalized by a ferrocene unit(s), respec-

tively. FeCl3 molecules were also complexed with the imines of the DPAs in a stepwise fashion. Encapsulation/releas-

ing of Fe ions in DPA was electrochemically controlled due to the different complexation ability of Fe(II) and Fe(III)

ions with the imines. TPA-DPAs were applied as hole-transporting materials in EL devices. Their efficiency was found

to be enhanced when complexing with SnCl2. [DOI 10.1295/polymj.36.577]
KEY WORDS Dendrimer / Phenylazomethine / Stepwise Complexation / Electron Gradients /

Nano-materials / Drug Delivery / Electro-luminescence Devices /

Biological reactions such as photosynthesis1–4 in
plants or respiration5,6 in animals are based on highly
efficient electron or ion transfer of which the direc-
tion, amount, and rate are controlled in the metal-con-
taining proteins. Such efficient transfers are caused by
the definite configuration of metal ions in the proteins.
Macromolecules containing metal species such as
polymer–metal complexes can be regarded as a mimic
of the metal-containing proteins, and actually, a num-
ber of nature-mimetic materials based on various
combinations of polymers with metal species have
been reported up to now.7–9 However, most of these
hybrid materials consist of only simple mixtures of or-
ganic polymers with metal species, because there are
no methods for the control of the number and location
of metal species in polymer materials. In addition, the
recent development of nano-science and nano-tech-
nology needs novel nano-materials with clear struc-
tures in order to amplify their functions. In other
words, the creation of novel macromolecules with
fine-controlled metal-assembling properties are very
important in the significant fields of electronics and
life-science as materials of artificial enzymes, eco-cat-
alysts, fuel cells, and drugs. We herein demonstrate
the fine-control of the number and position of metal
ions in polymer materials based on the gradients in
electronic density generated inside the polymers.
In general, polymers have a linear structure and a

distribution in their molecular weight. On the other
hand, Tomalia et al. first reported ‘‘dendrimers’’ as
regular-branched macromolecules in 1984.10–12 Since
then, their unique tree-like topological structures have
fascinated many scientists.13–19 The synthetic methods
of the dendrimers are roughly divided into a divergent
synthesis, in which the dendrimers are constructed
from the core unit toward the terminals in a stepwise
fashion, a convergent one, in which the dendrimers
are synthesized from the terminal units toward the
core. Especially, the convergent synthesis is superior
to the divergent one with respect to producing homo-
geneous dendrimers having a single molecular weight
and a single structure. The number of branchings from
the core in dendrimers is called ‘‘generations’’ or
‘‘shells’’. High generations of dendrimers have crowd-
ed terminals and a spacious core, and the entire shape
of the dendrimers is close to a sphere. The nano-space
inside the dendrimers causes various unique functions
such as light-harvesting, selective molecular conver-
sion, and drug delivery.20–26 On the other hand, mod-
ification of the many terminals of the dendrimers can
easily change their properties such as solubility. These
properties of dendrimers will become useful in many
fields such as medicine, electronics, energy, and mi-
cro-machines.
Dendrimers having many coordination sites are also

interesting as the polymer part of the polymer–metal
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hybrid materials. Many hybrid materials consisting of
dendrimers with metal salts or metal clusters have been
reported and applied as catalysts or electrochemical
sensors.27–30 However, precise control of metal species
inside dendrimers has not yet been realized until now
in spite of high homogeneity of the dendrimers.

SYNTHESIS OF DENDRITIC POLYPHENYL-
AZOMETHINE (DPA)

The Convergent Synthesis
As novel dendrimers having a �-conjugated back-

bone and many coordination sites, we synthesized den-
dritic polyphenylazomethines (DPAs) by the conver-
gent method via dehydration of aromatic amines with
aromatic ketones in the presence of TiCl4.

31–33 The
fourth generation DPA (DPA G4) has 2, 4, 8, and 16
imines in the order of the 1st, 2nd, 3rd, and 4th shells,
respectively (total 30 imines). In the convergent syn-
thesis, it is relatively easy to induce a functional group
to the core of the dendrimers. We synthesized DPA de-
rivatives with phenyl (DPA G1-4), trithienylphenyla-
mine (TPA-DPA G1-4),34 or tetraphenylporphyrin
(Por-DPA G1-4)35 as the core. TPA-DPAs are synthe-
sized during the dehydration of amino-terminated tris-
(thienylphenyl)amine with DPA dendrons in the pres-
ence of titanium(IV) tetrachloride and DABCO. Simi-

larly, a series of dendrimers with a porphyrin core
(Por-DPAs) were synthesized by dehydration using
TiCl4 from meso-tetrakis(4-aminophenyl)porphyrin
and the corresponding DPA dendron. The porphyrin
core was metalled with CoCl2 in dehydrated THF.
Aniline-capped DPA G1-4 was also obtained via dehy-
dration of aniline with the DPA dendrons. TPA-DPA
G4, Por-DPA G4, and the aniline-capped DPA G4
have 3, 6, 12, 24 imines, 4, 8, 16, 32 imines, and 1,
2, 4, 8 imines in the order of the 1st, 2nd, 3rd, 4th
shells, respectively. The DPA derivatives were con-
firmed by TOF-MS, NMR, and IR.

An Efficient Synthetic Method
Recently, we succeeded in synthesizing DPA G4

over 100 times more efficiently than using the conven-
tional one (Scheme 1).36 Byproducts are formed when
using the conventional method because of undesirable
dehydration of a carbonyl group from the dendron
with amino groups of the monomer. On the other
hand, methylenedianiline (1) is used in the novel
method as a monomer instead of diaminobenzophe-
none. The pre-dendron G2, which does not have car-
bonyl groups, was obtained via dehydration of one
equivalent of 1 with two equivalents of benzophe-
none. Side-reactions do not proceed in this reaction,
because the pre-dendron G2 does not have any reac-

Figure 1. Dendritic polyphenylazomethine (DPA) derivatives having various cores.
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tive carbonyl groups. The DPA dendron G2 was syn-
thesized by oxygenation of the pre-dendron G2 in the
presence of KMnO4. Similarly, the pre-dendrons G3
and G4 were obtained by dehydration of one equiva-
lent of 1 with two equivalents of DPA dendrons G2
and G3, respectively, and DPA dendrons G3 and G4
were synthesized by oxygenation of the obtained
pre-dendrons G3 and G4, respectively. In order to pre-
vent the formation of byproducts, an excessive
amount of the ketone monomers is used in the conven-
tional reaction. On the other hand, there is no need to
use such a large amount of the ketone monomer in this
novel method. In addition, isolation and purification
of the products became much easier in the novel meth-
od, because of no byproducts. Though it is difficult to
synthesize over fourth generation DPAs when using
the conventional method, we succeeded in being the
first to synthesize the fifth generation DPA (DPA
G5) using this synthetic method.

FINE-CONTROLLED METAL-ASSEMBLING
IN DPA

Stepwise Radial Complexation
Many metal ions can be assembled inside the DPA

molecule by the strong coordination ability of the
imines in DPAs. The 30 equivalents of SnCl2 should
be included in the fourth generation DPA (DPA G4),
which has 30 imine sites, because SnCl2 is complexed
with an imine at the ratio of 1:1. Complexation of DPA
G4 with SnCl2 was confirmed as a shift in the absorp-
tion based on �–�� transition of imines in the UV–vis
spectra. During the complexation of DPA G4 with
SnCl2, four shifts in the isosbestic point were observed
in the spectra.37–40 If SnCl2 molecules are complexed
with the imines in DPAs at random, the isosbestic
point is not shifted during the titration of SnCl2. How-
ever, the isosbestic point was observed at 375, 364,
360, and 355 nm during the addition of 0–2, 3–6, 7–
14, and 15–30 equivalents of SnCl2 to the dichlorome-
thane/acetonitrile solution of DPA G4, respectively.
These shifts show that the complexation proceeds in
four steps. The amounts of the added SnCl2 in each
step, i.e., 2, 4, 8, and 16 equivalents, agree with the
number of imines in the 1st to 4th shells. This result
shows that SnCl2 molecules are assembled from the
core to the terminals of DPA G4 in a stepwise fashion.
A similar complexation behavior was observed in the
DPA derivatives (Scheme 2). When adding SnCl2 in
the solution of these dendrimers, four shifts were ob-

Scheme 1. Synthesis of DPA G5 using an improved method.
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served in the spectra. In TPA-DPA G4 (Scheme 2b),
the shifts occur after the addition of 3, 6, 12, and 24
equivalents of SnCl2. In Por-DPA (Scheme 2c), the
shifts occur after the addition of 4, 8, 16, and 32 equiv-
alents. In the aniline-capped DPAG4 (Scheme 2d), the
shifts occur after the addition of 1, 2, 4, and 8 equiva-
lents. In each dendrimer, the amounts of SnCl2 added
to the solution agree with the number of imines in the
1st to 4th shells. These results support that the com-
plexation in DPA derivatives proceeds from the core
imines to the terminal ones. The basicity of the inner
imines is enhanced by the electron-releasing effect of
the outer imines, and the stepwise complexation is
caused by the different basicity of the imines between
the shells. This complexation behavior means that the
number and the position of the metal ions in the den-
drimers are controllable.

Coordination Constants
The stepwise complexation behavior in DPAs sug-

gests that the basicity of the inner imines is higher
than that of the more peripheral imines. The different
basicity of the imines between the shells in DPAs is
supported by the comparison of their coordination
constants. We determined the coordination constant

of four kinds of imines in the aniline-capped DPA
G4 with trifluoroacetic acid based on the calculation
of the concentration profiles using the multi-equilibri-
um. The shifts of the isosbestic points and the absorb-
ance of the absorption attributed to the complexed
imines during the titration were simulated, and the re-
sult supported the idea that SnCl2 molecules are incor-
porated inside the dendron in the order of 1st (one
imine), 2nd (two imines), 3rd (four imines), and 4th
(eight imines) shells. The coordination constants of
the imines in the 1st to 4th shell of the aniline-capped
DPA G4 were estimated to be K1 ¼ 1:5� 107mol�1

L, K2 ¼ 3:0� 105 mol�1 L, K3 ¼ 1:4� 104mol�1 L,
and K4 ¼ 1:2� 103 mol�1 L, respectively (Figure 2).
This result clearly shows that the basicity of the inner
imines is enhanced by the electron-releasing effect of
the outer imines and the differences of the coordina-
tion constants among the neighboring shells are over
ten times. Similarly, the coordination constants in
the 1st to 3rd shells of the aniline-capped DPA G3
were K1 ¼ 1:3� 107 mol�1 L, K2 ¼ 2:0� 105mol�1

L, and K3 ¼ 1:0� 103mol�1 L, respectively, and the
constants in the 1st and 2nd shells of the aniline-cap-
ped DPA G2 were K1 ¼ 7:0� 104 mol�1 L, and K2 ¼
9:0� 102 mol�1 L, respectively.

Scheme 2. Stepwise radial complexation in DPA derivatives.
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Control of the Number and Location of Metal Ions in
DPAs
The order of complexation among the shells in the

DPAs permits control by the introduction of electro-
withdrawing or -releasing groups to the core or termi-
nals of the DPA, because the complexation order
obeys the gradients of basicity of the imines among
the shells. DPAs derivatives having fluorine as an
electron-withdrawing group at the core (DPA-F G1-
3) were synthesized via dehydration of tetrafluoro-
1,4-phenylenediamine with DPA dendrons. Introduc-
tion of fluorine to the core in DPAs strongly reduced
the basicity of the core imines. The coordination con-
stant of an imine in DPA-F G1 (logK ¼ 2:9, in 1:1 di-
chloromethane:acetonitrile solution) was much small-
er than that of DPA G1 (logK ¼ 5:0). During the
complexation of DPA-F G2 with SnCl2, two shifts
in the isosbestic point appeared on adding 0–4 and

5–6 equivalents of SnCl2 in the UV–vis spectra. This
result shows that the imines present in the 2nd shell
were complexed first and then those present in the
1st shell, whose basicity was lowered by the elec-
tron-withdrawing group. On adding SnCl2 to DPA-F
G3, three shifts of the isosbestic point appeared upon
adding 0–4, 5–12, and 13–14 equivalents of SnCl2.
That is, the imines present in the 2nd shell were com-
plexed first, then those present in the 3rd shell, and fi-
nally those present in the 1st shell (Scheme 3).

MODIFICATION AT THE CORE AND
TERMINALS OF DPA

An imine is reduced to a secondary amine by a re-
ductant such as NaBH4. This reduction is accelerated
in the presence of protic acids or Lewis acids. Based
on the different rate of reduction, the complex of
DPA G2 with two equivalents of SnCl2 was selective-
ly reduced to DPA G2 having two amines at the 1st
shell in the presence of NaBH4. Similarly, the reduc-
tion of DPA G4 complexed with two equivalents of
SnCl2 in the presence of NaBH4 gave DPA G2 having
two amines at the core. The ‘‘shell-selective reduc-
tion’’ supports the stepwise radial complexation that
the two equivalents of SnCl2 are coordinated to the
two imines at the 1st shell of DPAs. In addition, the
amine units of the DPAs formed using the shell-selec-
tive reduction method can be functionalized by vari-
ous carboxylic acids. For example, DPA derivatives
having a ferrocene unit at the core were synthesized
by the dehydration of DPA having two amines at
the core with ferroceneacetic acid (Figure 3a).
In general, dendrimers synthesized via the conver-

gent method have inactive terminals. Therefore, it is
difficult to modify the terminals of the obtained den-

Figure 2. Complexation constants of trifluoroacetic acid with

each shell’s imines in aniline-capped DPAs.

Scheme 3. Stepwise complexation behavior in DPA-F G3.
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drimers. We found that the amino groups of the tetra-
methyl-substituted diaminobenzophenone do not react
with the carbonyl group of benzophenone at all under
the synthetic conditions in the imine formation reac-
tion. Based on this substrate specificity in this reac-
tion, the dehydration of tetramethyl-substituted diami-
nobenzophenone with diaminobenzophenone selec-
tively gave the DPA dendrons G2 and G3 having four
and eight amino groups at the terminals, respectively.
DPA G3 derivatives having eight amino groups at the
terminals obtained via this synthetic method was easi-
ly ferrocene-modified at the terminals (Figure 3b).

SWITCHING OF ENCAPSULATION/RELEASING
OF IRON IONS IN DPA

Iron shows interesting properties such as magnet-
ism,41,42 redox chemistry,43,44 and catalysis45,46 and
is also one of the essential elements of our body. Iron
storage proteins called ferritins exists in the liver.47

The encapsulation and release of iron ions in the fer-
ritin is controlled by the oxidation states of iron in the
protein shell. We succeeded in controlling the ‘‘encap-
sulation/release’’ of iron ions in the DPAs through the
redox switching driven by the Fe2þ/Fe3þ couple. This
ferritin-like switching behavior of iron ions in DPAs
should prove to be useful for creating a drug delivery
system.
The imines in the DPAs act as strong coordination

sites with the Fe(III) ions. The complexation of FeCl3
with Ph2C=NPh (DPA G0) was observed by means of
UV–vis spectroscopy. During the titration with FeCl3,
the solution of DPA G0 that has one imine group
changes from transparent to yellow. A Job plot in
chloroform/acetonitrile (1/1) solvent shows a maxi-
mum at a 0.5mol fraction of DPA G0, i.e., DPA G0
is equimolar with FeCl3. This result supports the idea
that the imine forms a 1:1 imine/FeCl3 complex. The
coordination constant, K, was determined to be ca.

108 M�1, which is 100 times greater than that of
SnCl2, by curve-fitting a theoretical simulation to
the experimental data.
DPA G4 having 30 imine groups should assemble

30 FeCl3 molecules, because the imine group quanti-
tatively complexes FeCl3. During the addition of
FeCl3, the color of the chloroform/acetonitrile solu-
tion of DPA G4 changed from yellow to orange due
to the complexation. Using UV–vis spectroscopy to
monitor the titration until 30 equivalents of FeCl3
had been added, the absorption at 410 nm increased
without the isosbestic points. However, when sub-
tracting the absorbance of FeCl3 possessing absorp-
tions at 310 and 360 nm from the spectra, we observed
a decrease at the �–�� absorption of the imine bonds
at 335 nm and four changes in the position of the iso-
sbestic point, indicating that the complexation pro-
ceeds not randomly, but stepwise. These four shifts
in the isosbestic points are similar to the complexation
with SnCl2. The number of added equivalents of
FeCl3 that induced the shifts in the isosbestic points
is in good agreement with the number of imine sites
for each generation of DPA G4. This means that the
complexing process with FeCl3 proceeds in a stepwise
fashion from the core imines to the terminal imines of
DPA G4, similar to that with SnCl2.
The redox behavior in DPA G4 complexed with 30

equivalents of FeCl3 was observed by spectroelectro-
chemical measurements. When the applied potential
was changed from þ0:5V to �0:5V vs. Ag/Agþ to
reduce of Fe(III) salt to Fe(II) one, the absorption
band attributed to the complex around 410 nm de-
creased, and then the spectra agreed with that of the
DPA G4 without metals. FeCl2 is not coordinated to
DPA G0 due to the weak Lewis acidity (K = ca.
0.8M�1). These results indicate that Fe ions are re-
leased from DPA G4 because of the drastic decrease
in the coordination constants attributed to the reduc-
tion of Fe(III) to Fe(II) (Scheme 4). It is reasonable

Figure 3. DPA derivatives having ferrocene unit(s) at the (a) core and (b) terminals.
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to find a reversible assembly of Fe ions through elec-
trochemical oxidation, which allows the electrochem-
ical switching of the encapsulation/release of Fe ions
in the dendrimer like the iron storage protein, ferritin.
The result shows one of the steps to create a novel in-
telligent drug delivery system using highly organized
material.

ELECTROLUMINESCENCE DEVICES
USING DPA

Triarylamines play an important role as a hole-
transport material in electronic devices such as organ-
ic light-emitting diodes (OLEDs) and photo cells.48

However, their monomeric molecules49–51 do not ex-
hibit a high hole-transport efficiency because of their
crystallinity, low mobile ability, or low thermal stabil-
ity. Convenient solution processing has been also de-
sired as the preparation of these devices with a large
area. Dendritic macromolecules having a sphere-like
and rigid structure makes it easy to prepare a homoge-
neous film by casting. To make the dendric 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.52 We synthesized TPA-DPA G1-4 as novel den-
drimers with an arylamine as the core. TPA-DPAs are
applicable as a hole-transport material in an EL de-
vice, using metal-assembling properties in which the
metal acts as a mediator of the hole transfer.
The triarylamine unit at the core of the TPA-DPAs

shows a redox wave of the N/Nþ� couple at 0.5V vs.

Ag/Agþ in the cyclic voltammogram. Based on the
shell-effect in TPA-DPAs, the redox wave became
broadened with an increase in the generation. The
broad waves are caused not by the decrease in the dif-
fusion coefficient but by the electrontransfer rate, be-
cause the diffusion coefficients calculated using the
hydrodynamic radius have the same order of G1 and
G4 that were determined to be 4:92� 106 and 2:24�
106 cm2 s�1, respectively. An increase in the distance
between the electrode and the core with an increase of
the generation results in a decrease in the electron-
transfer rate. This suggests that the shell-effect of
the dendrimer is occurring. On the other hand, TPA-
DPA G4 associated with one equivalent of SnCl2 on
the electrode shows a reversible redox wave at
0.5V, which suggests that SnCl2 promotes the media-
tion of the electron transfer in the dendrimer.
Organic light-emitting diodes (OLEDs) were fabri-

cated, which used the TPA-DPA G1-4 and the TPA-
DPA G1-4 complexed with SnCl2 as the hole-trans-
port materials and tris(8-hydroxyquinoline)aluminum
(Alq) as the luminance layer (Figure 4). The precisely
controlled TPA-DPAs with one SnCl2 versus the
imine bonds act as an excellent hole-transport materi-
al, even though TPA-DPAs without metal ions do not
show EL activity. The EL performances of the devices
using the TPA-DPA–metal complexes are drastically
increased (ca. 20 times) by metal complexation. The
current versus the applied bias voltage is lower, and
the efficiency becomes higher by the complexation.
Only one SnCl2 plays an important role as a hole-car-
rier through the dendron shell and enhances the hole-

Scheme 4. Electrochemical control of encapsulation/releasing of iron ions in DPAs.
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transport ability of TPA-DPA. The increasing efficien-
cy of OLED in the generation is based on the proces-
sibility of the dendrimer. As compared to the genera-
tion, TPA-DPA G3 shows the best luminance
intensity in its dendrimers.

CONCLUDING REMARKS

Precise control of the number and position of metal
ions in the polymer materials is essential for the devel-
opment of organic–metallic hybrid nano-materials.
We exploited dendritic polyphenylazomethines
(DPAs) as novel �-cojugated polymer ligands with a
single molecular weight and a clearly-defined struc-
ture, and we first realized the precise metal-assem-
bling in DPAs based on the unique stepwise complex-
ation behavior. DPAs were synthesized by the
convergent method via dehydration of aromatic ke-
tones with aromatic amines in the presence of TiCl4.
Using the DPA dendrons, various DPA derivatives
having tris(thienylphenyl)amine and tetraphenylpor-
phyrin as the core, or aniline-capped DPAs were also
synthesized. The fifth generation DPA (DPA G5) was
obtained via more efficient synthetic method than the
conventional one. The stepwise complexation was ob-
served in DPAs as stepwise shifts of the isosbestic
point in the UV–vis spectra. DPA G4 has 2, 4, 8,
and 16 imine groups in the 1st, 2nd, 3rd and 4th shells,
respectively (total, 30 imine groups). DPA G4 can
trap 30 equivalents of SnCl2 molecules, because the
imine group is complexed with SnCl2 at a ratio of
1:1. During addition of 30 equivalents of SnCl2 to
DPA G4, four shifts in the isosbestic point were ob-
served in the UV–vis spectra; the amount of SnCl2
added in each step is in agreement with the number
of the imine groups in each shell of DPA G4. This re-
sult shows that the complexation of the imine groups
in DPA G4 with SnCl2 occurs stepwise in the order of
the 1st, 2nd, 3rd, and 4th shells. The stepwise com-
plexation is caused by the different basicity of the
imine groups between the shells. The gradients in
the basicity were controlled by the introduction of
electron-withdrawing groups to the core of the dendri-

mers; the core imines were complexed last in DPAs
having a 2,3,5,6-tetrafluoro-core due to the low basic-
ity of the core imines. The stepwise complexation was
supported by a novel shell-selective reduction (SSR)
method for imines. The shell-selective reduction of
imines is useful not only to support the unique com-
plexation behavior, but to modify the core of DPAs
with a ferrocene unit. Using the improved synthetic
method of DPAs, the terminals of DPAs were func-
tionalized by ferrocene units. Electrochemical switch-
ing during encapsulation/releasing of Fe ions in DPA
was successful based on the significant difference in
the coordination constants between the Fe(II) and
Fe(III) ions with the imines. DPAs also work as
hole-transporting materials in EL devices, and their
efficiency was enhanced by the addition of SnCl2.
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