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We found that triphenylmethylium tetrafluoroborate
(TPMþBF4

�) could be coordinated to the imine group of den-
dritic phenylazomethine (DPA) in stepwise radial fashion, which
allows for control of the number and position of TPM and metals
incorporated into the dendrimers. Organic–metal hybrid assem-
bly was also achieved.

Dendrimers1 are highly branched organic macromolecules
which have a single molecular weight. They have been noted
as a possible building block for fabricating new nanomaterials.
These dendrimers contain nanosized space in the center into
which functional substances can be incorporated to give capsules
which can be used as metal catalysts,2 drug delivery systems,3

etc. Many researchers have investigated incorporation via coor-
dinate bonds, ionic bonds, or hydrophobic interactions, but it has
been difficult to incorporate organic molecules quantitatively
into the dendrimer because a random statistical distribution is
obtained. We reported precise assembly of metal ions on dendrit-
ic phenylazomethine (DPA, Chart 1a),4 which is connected to
novel electronic materials.5 In contrast to metal-ions assembly,
the incorporation of organic species allows for application of
the resulting species in the formation of new nanomaterials,
taking advantage of the flexibility and functionality of these
materials.

In this study, the organic species used was triphenylmeth-
ylium (TPMþ, Chart 1b), which contains a central carbocation
stabilized by delocalization over three phenyl rings. We found
that TPMþ could be coordinated to the imine group of DPA in
stepwise radial fashion, which allows for control of the number
and position of TPMþ incorporated into a dendrimer.

It has been reported that triphenylmethylium (TPM) carbo-
cation can coordinate to a pyridine nitrogen atom.6 This com-
plexation behavior was observed by carrying out a titration in
which triphenylmethylium tetrafluoroborate (TPMþBF4

�) was
added to the imine sites of 4th generation DPA (DPAGX,
designed as GX, where X is the generation number), which has

30 imine sites (Chart 1a), using UV–vis spectroscopy to monitor
the progress of the reaction until on equimolar amount of TPMþ

had been added. It was observed that the absorption around
445 nm increased while the absorption around 310 nm attributed
to imine decreased (Figure 1a). This behavior matches that of
metal ions such as, FeCl3

7 or SnCl2
4 undergoing complexation

with imine sites. A Job plot showed DPAG0 (Chart S1a12) forms
a 1:1 complex with TPMþBF4

� (Figure S1).12 The disappear-
ance of yellow color (�max ¼ 405 and 435 nm) attributed to
TPM carbocation by adding DPAG0 also supported the com-
plexation (Figure S2).12

Stepwise radial complexation based on the electron gradi-
ent, which was explained by ca. 100 times difference between
the complexation constants of neighboring DPA layers.8

Stepwise radial complexation of TPMþBF4
� on DPAG4

(Scheme 1) was confirmed by UV–vis spectroscopy. An isosbes-
tic point appears when one compound is quantitatively trans-
formed into another by complexation.12 Four changes in the po-
sition of the isosbestic points were observed during addition of
TPMþBF4

� to DPAG4, which indicated that four different com-
plexations are successively formed upon TPMþBF4

� addition
(Figure 1a). These shifts are very similar to those observed dur-
ing complexation of metal ions. The spectra of DPAG4 changed
gradually with an isosbestic point at 371 nm observed up to the
addition of 2 equivalents of TPMþBF4

� (Figure 1b), but shifted
to 368 nm between 3 and 6 equivalents (Figure 1c). During the
addition of 7–14 equivalents, an isosbestic point appeared at
364 nm (Figure 1d), which moved to 359 nm (Figure 1e) during
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Chart 1. Structure of (a) 4th generation DPA (DPAG4) and (b) triphenyl-
methylium tetrafluoroborate (TPMBF4).

Figure 1. (a) UV–vis spectra of DPAG4 complexed with 0–30 equiva-
lents of TPMBF4 and isosbestic points during the addition of 0–2 equiva-
lents (b), 3–6 equivalents (c), 7–14 equivalents (d), and of 15–30 equiva-
lents (e) of TPMBF4.

Scheme 1. Schematic representation of the stepwise complexation of
DPAG4 with TPMBF4.
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addition of 15–30 equivalents. The number of equivalents of
TPMþBF4

� required to induce a shift was commensurate with
the number of imine sites present in each generation layer of
DPAG4. Similar stepwise complexation was observed for
DPAG2 and DPAG3 (Figure S3).12 For DPAG2, two isosbestic
points appeared at 343 and 360 nm when adding 0–2 and 3–6
equivalents of TPMBF4, respectively. In case of DPAG3, three
isosbestic points centred at 373, 361, and 355 nm appeared when
adding 0–2, 3–6, and 7–14 equivalents of TPMBF4, respectively.

The complexation of DPA with TPMþBF4
� was observed

using 1HNMR and 13CNMR spectra (Figure S4).12 Complexa-
tion of DPAG0 with TPMþBF4

� was observed. The carbon peak
of imine site (C1, DPAG0) shifted from 167 to 179 ppm on ad-
dition of an equimolar amount of TPMþBF4

� (Figure S4B).12

This is probably because of the drop in � electron density of
the imine site due to the complexation. After complexation, a
new peak appeared at 81 ppm, this was identified as the quater-
nary carbon of TPM coordinated to the nitrogen of imine (C2),
which correspond to the neutralization of the TPM carbocation
by a DPA imine. The number of peaks for the complex was equal
to the sum of the peaks of DPAG0 and TPMþ. Comparison of
the 1HNMR spectra of DPAG0 with those of DPAG0 after
addition of an equimolar amount of TPMþBF4

� shown that
all the peaks of the DPAG0 shifted down field due to the elec-
tron-withdrawing effect of TPMþBF4

� (Figure S4A).12

In terms of molecular size, TPMþBF4
� is larger than both

FeCl3 and SnCl2, but it can form an assembly with DPA because
the DPA skeleton is rigid and has enough space to incorporate
molecules. The percentage free volume (Vfree) in the DPAG4
was determined to be 74% based on van der Waals volume
(VVW) which was calculated using Edward’s increments and
the hydrodynamic volume (Vh) which was calculated using the
hydrodynamics radius (Figure S5).9,12 Thus, it is larger than a
Fréchet type dendrimer. It was estimated that upon coordination
of 30 equiv of TPMþ and BF4

� to DPAG4 free space would
reduce to about 30%. It was previously reported that the free
space of Fréchet type G4 dendrimer was 21%.10 Thus, 30 equiv
of TPMþ and BF4

� can be incorporated into DPAG4.
Organic–metal hybrid assembly can be achieved by taking

advantage of the difference in the complexation constant to
DPA imines, K (KFe > 108 M�1, KTPM ¼ 5� 106 M�1, and
KSn ¼ 104 M�1). In the previous study, we reported that hetero-
metal assembling on DPA appears to be governed by the com-
plexation ability of metal salts, with stronger coordinating metal
in the inner layer and the weaker coordinating metals in the outer
layer.11 The complexation abilities of three acids, that is, FeCl3,
TPMBF4, and SnCl2, were compared by the normalized titration
curve of DPAG1 in THF/CH3CN = 1:1 solution (Figure S6).12

The complexation ability for TPMþBF4
� was smaller than that

of FeCl3, but larger than that of SnCl2. The results confirmed that
the order of complexation ability was as follows: FeCl3 >
TPMBF4 > SnCl2.

We demonstrated UV–vis titration by the addition of FeCl3
followed by TPMBF4 using DPAG4 (Scheme 2, Figure S7,12 and
Table S112). After adding 14 equiv of FeCl3, the isosbestic points
were observed at 372 nm for 0–2 equiv of FeCl3, 370 nm for 3–6
equiv, and 366 nm for 7–14 equiv, which correspond to the com-
plexation of 1st–3rd layers. After adding TPMBF4, the isosbestic
points shifted to 362 nm for 0–16 equiv of TPMBF4, which cor-
responded to the complexation of 4th layers. It confirmed that

the inner layer of DPAG4 was complexed with FeCl3, followed
by the outer layer with TPMþBF4

�.
We also performed the addition of TPMBF4 followed by

SnCl2 (Scheme 2, Figure S8, and Table S1).12 After adding 14
equiv of TPMBF4, the isosbestic points were observed at
371 nm for 0–2 equiv of TPMBF4, 369 nm for 3–6 equiv, and
363 nm for 7–14 equiv, which correspond to the complexation
of 1st–3rd layers. After that, the isosbestic points shifted to
360 nm for the following 0–16 equiv of SnCl2, which means
the complexation of 4th layers. These unique complexations
expand the variation of precise metal assembly based on the
complexation constants of different species.

It was found that TPMþBF4
� could be precisely assembled

in DPA. This is a novel method which allows control of the num-
ber and location of organic molecules incorporated into dendri-
mers. By expanding the range of molecules that can be assem-
bled in DPA to include organic molecules as well as metal ions,
we have taken a step toward the design of novel nanomaterials.
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