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Fine-controlled metal-organic hybridization is strongly desired for advanced nano-materials. Dendrimers are
highly branched organic macromolecules with successive layers or “generations” of branch units surrounding a central
core. Metal-organic hybrid versions have also been produced by trapping metal ions or metal clusters within the voids of
dendrimers. Here, we report a technique to form a dendritic organic structure, which includes various metals, with fine
control over the number and location of the metal salts through a radial stepwise complexation. FeCls, GaCls, VCls, and
SnCl, were decorated on a phenylazomethine dendrimer with 4th generations at the first, second, third, and forth layers,
respectively. These stepwise complexation and heterometal assembling were also supported by TEM observation, 3’ Fe
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Mossbauer spectroscopy, XPS measurement, and NMR spectroscopy.

Recently, with the development of nanotechnology, fine-
controlled metal-organic hybridization is strongly desired for
advanced nano-materials. For instance, in the research of metal
complexes, a catalyst system in which the metal is precisely
arranged has been examined. One of the ultimate shapes for
this system is a protein in which the number and location of
metal ions are precisely controlled.!

The use of dendrimers* has attracted much attention for
catalyst® and cluster synthesis.® Dendrimers have a single mo-
lecular weight and three-dimensional spreading structure, in
which the density of the branches increases radially outward.
Due to these structural properties,*’ dendrimers are expected
to be useful as templates for the generation of clusters with nar-
row dispersity or fine-controlled macromolecular complexes.

The present authors have reported the stepwise complexa-
tion of dendritic polyphenylazomethine (DPA, Fig. 1) with
Sn®? and Fe!®!! jons by exploiting the basicity gradient of
the constituent imines. It has been demonstrated that, through
stepwise radial complexation, it is possible to control the posi-
tion of complexation and the order of release in the molecule’
and the complexation order can be controlled by the substitu-
ents chosen for the core phenyl.'?

Based on this stepwise complexation, several kinds of metal
ions might be decorated on the molecules with their number
and location precisely controlled. The precise control of several
kinds of metals on the molecules is expected to have novel
effects on the catalysis system and synthesis of the heterometal
clusters.

We now report the stepwise complexation of DPA with
GaCl; and VCls. Further, we demonstrate the selective layer-
ing of 2—4 kinds of metals on DPA.

Results and Discussion

Stepwise Complexation of DPA with GaCl; and VCls.
The stepwise complexation of DPA with SnCl, and FeCl; was
confirmed based on the shift in the isosbestic points during
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Fig. 1. (a) Dendritic polyphenylazomethine G4 (DPA G4).
(b) Schematic representation of stepwise complexation of
DPA G4 with metal salts.

UV-vis titration and layer-selective reduction.®-!” In the in-
vestigation of other metal salts that complexed with DPAs,
GaCls, and VCl; were identified for further analysis.

The titrations of DPA G4 with metals were investigated by
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Fig. 2. (a) UV-vis titration of DPA G4 (5.0 x 1075 M,
acetonitrile/chloroform = 1:1) with GaCl (5.0 x 1073 M,
acetonitrile) showing the detailed spectra around the

isosbestic points (inset). (b) Schematic representation of
stepwise complexation of DPA G4 with GaCls.

UV-vis spectroscopy. In the case of GaCl; (Fig. 2), the color
of the DPA solution (5.0 x 107°M, acetonitrile/chloro-
form = 1:1) changed with the addition of GaCl; (5.0 x
1073 M, acetonitrile) based on the complexation of imine
and metal. With the addition of 0-2 equiv of GaCls, the isos-
bestic point was identified at 370 nm. However, the isosbestic
points shifted to lower values with further addition of GaCl; to
366 nm at 2-6 equiv, 364 nm at 614 equiv, and 362 nm at 14—
30 equiv. The observation of four discrete isosbestic points
suggests that four different types of complexation occurred
in this process. This behavior is similar to that for SnCl, and
FeCl3.%-1° The equivalent amounts for each step were 2, 4, 8,
and 16, corresponding to the number of each layer of imine
sites. This demonstrates that GaCl; can complex with DPA
in the same stepwise fashion as SnCl, and FeCls. This step-
wise complexation was also observed for DPA G2 and G3
(Fig. S1), where two and three isosbestic points were observed
during the titration, respectively.

Further, in the case of VCl; (Fig. 3), the isosbestic point
shifted by 4 points (367 nm at 0-2 equiv, 362 nm at 2-6 equiv,
359 nm at 6-14 equiv, 358 nm at 14-30 equiv). The agreement
of the equivalent amounts for each step and the number of each
layer of imine sites shows a stepwise radial complexation
from the inner to outer layers. These were also observed
for DPA G2 (Fig. S2). Moreover, the Job-plot!3-13 was exam-
ined for GaCl; with imine on DPA GO (Fig. S3). The maxi-
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Fig. 3. (a) UV-vis titration of DPA G4 (5.0 x 107°M,

acetonitrile/chloroform = 1:1) with VCl3 (5.0 x 1073 M,
acetonitrile) showing the detailed spectra around the
isosbestic points (inset). (b) Schematic representation of
stepwise complexation of DPA G4 with VCls.

mum value in the Job plot appeared at a mole fraction of 0.5
indicating the formation of a 1:1 complex. This result supports
quantitative complexation under titration conditions.

The complexation abilities of four metal salts, that is, FeClj,
GaCls, VCls, and SnCl,, were evaluated in a 1:1 acetonitrile/
tetrahydrofuran'® solution of DPA G1 using curve-fitting of a
theoretical simulation for the titration!” (Fig. 4). The results
indicated that the order of complexation ability was as follows:
FeCl; > GaCl; > VCl; > SnCl,. FeCl; showed the largest
equilibrium constant for the complexation (K) between metal
salt and imine, which was determined to be 10° M~!. SnCl,
showed the smallest one (K = 10> M~1). The difference in K
was found to be an important factor in heterometal assembly.

Heterometal Assembling on DPA. The above results
demonstrate the stepwise radial complexation of DPA with
GaCl; and VCl;. The complexation ability decreased in the
order FeCl; > GaCly > VCl; > SnCl,. As an extension of
the previous work on the assembly of a single metal salt on
DPA, the assembly of two kinds of metals was attempted.

DPA undergoes stepwise complexation with metals by com-
plexing with imines sequentially from the inner layer to the
outer layer following the gradients of electric charge densi-
ty.8-10 The coordination of different metal salts will occur in
a sequence determined by the coordination constants between
the metal salts and the imine layers. First, layer-selective het-
erometal assembly'®2?° on DPAs was examined in this study
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with a combination of FeCl; and SnCl,, which have different
coordination constants (Kpecis = 10° M1, Kenerp = 10 M™1).

We first performed the UV-vis titration by the addition of
FeCl; followed by SnCl, using DPA G4 (5.0 x 10~° M, aceto-
nitrile/chloroform = 1:1, Fig. 5).10 After adding 6 equiv of
FeCls, the isosbestic points were observed at 371 nm for 0-2
equiv of FeCl; and 369 nm for 2-6 equiv of FeCls, which cor-
respond to the complexation of 1-2 layers. After adding SnCl,,
the isosbestic points shifted to 364 nm for 0-8 equiv of SnCl,
and to 363 nm for 8-24 equiv of SnCl,, which correspond to
the complexation of 3—4 layers (Figs. 5a and 5b-(2)). Similar-
ly, adding 2 equiv of FeCl; followed by 28 equiv of SnCl,, the
isosbestic points shifted an equivalent amount for each step,
corresponding to the number of 2—4 layers of imine sites for
SnCl, (Fig. 5b-(1), Fig. S4). Adding FeCl; to the third layer
followed by SnCl,, the isosbestic point shifted one point dur-
ing addition of SnCl,, which means SnCl, accumulated on the
fourth layer (Fig. 5b-(3), Fig. S4). These results indicate that
SnCl, accumulated on the outer layer and did not exchange
with FeCl; at complex sites (Fig. 5 and Fig. S4). Another
combination of metals was examined and similar results were
obtained (Fig. S5 and Table 1).

However, in case of the addition of SnCl, followed by
FeCls, the shift in the isosbestic points was different from
the case of FeCl; followed by SnCl, (Fig. 6). If the metal salts
were assembled according to the order of addition of the metal
salts, FeCl; would be present in the third layer, and the isos-
bestic point during the addition of FeCl; would not change.
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Fig. 4. Titration curves of DPA G1 (5.0 x 107> M, tetra-
hydrofuran/acetonitrile = 1:1) complexed with FeCls,
GaCl;s, VCl3, and SnCl,. Optical difference at the band
attributed to the complexation during the titration was nor-
malized as AA.2° The complexation abilities of four metal
salts were derived by curve-fitting a theoretical simulation
to the titration.
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But, adding 6 equiv of SnCl, to the second layer, followed
by 6 equiv of FeCls, the isosbestic points during addition of
FeCl; were observed at 361 nm for 0-2 equiv of FeCl; and
359 nm for 2-6 equiv of FeCl;. The clear change in the isos-
bestic point therefore indicates that the heterometal complex-
ation is not governed by the order of addition of the metals.
Equivalent values for each isosbestic point during FeCl; were
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Fig. 5. (a) Heterometal assembly of DPA G4 (5.0 x 107°
M, acetonitrile/chloroform = 1:1) by the addition of 6
equiv of FeCl; followed by 24 equiv of SnCl,. Detailed
spectra of the isosbestic points are inset. These spectra
correspond to the schematic representation of the pattern
(1). The other spectra which correspond to the schematic
representation of the pattern (2) and (3) are shown in
Fig. S4. (b) Schematic representation of heterometal
assembly on DPA G4 by the addition of FeCl; followed
by SnCl,.

Table 1. Isosbestic Points during the Titration of DPA G4 with Two Metals (FeCls, GaCls, and SnCl,)

2Fe — 6Fe — 14Fe — 2Fe — 6Fe — 14Fe — 2Ga — 6Ga — 14Ga —

28Ga 24Ga 16Ga 28Sn 24Sn 16Sn 28Sn 24Sn 16Sn

/nm /nm /nm /nm /nm /nm /nm /nm /nm
Ist (2 equiv) 370.5(Fe) 370.5(Fe) 371(Fe) 371(Fe) 371(Fe) 370.5(Fe) 370(Ga) 370(Ga) 370(Ga)
2nd (4 equiv) 368(Ga) 369(Fe) 369(Fe) 366.5(Sn) 369(Fe) 369(Fe) 366(Sn) 366(Ga) 366(Ga)
3rd (8 equiv) 365.5(Ga) 368(Ga) 366(Fe)  364(Sn) 364(Sn)  366(Fe) 365(Sn)  364(Sn)  364(Ga)
4th (16 equiv) 363.5(Ga) 365.5(Ga) 370(Ga) 363.5(Sn) 363(Sn) 363(Sn) 363(Sn)  363(Sn)  362(Sn)
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Fig. 6. (a) Heterometal assembly of DPA G4 (5.0 x 107°
M, acetonitrile/chloroform = 1:1) by the addition of 6
equiv of SnCl, followed by 6 equiv of FeCl; and 2 equiv
of SnCl,. Detailed spectra of the isosbestic points are in-
set. (b) Schematic representation of heterometal assembly
on DPA G4 by the addition of SnCl, followed by FeCl;.

2 and 4, which correspond to the number of first and second
layers of imine sites (Fig. 6); therefore SnCl, on the first and
second layer moved to the third layer with the addition of
FeCl;. We also examined the pattern of SnCl, followed by
GaCls, and a similar result was obtained (Fig. S6).

Moreover, we examined the accumulation of two kinds of
metals on the same layer. Upon adding FeCl; followed by
SnCl, to the same layer, two isosbestic points were observed,
one derived from FeCls and the other from SnCl, (Fig. 7 and
Fig. S7). A similar pattern occurred even if the combination of
metal salts was changed (Fig. S8). Therefore, different isos-
bestic points appeared when different metal salts were mixed
in the same DPA layer.

On the other hand, adding 8 equiv of SnCl, followed by 6
equiv of FeCl; to the same layer, two isosbestic points were
observed at 360 nm for 0-2 equiv of FeCl; and 362 nm for
2-6 equiv of FeCls. This indicates that FeCl; drives out SnCl,
on both the first layer and the second layer (Fig. 8). In addi-
tion, the location and type of metals was confirmed in the
UV-vis spectra, because two isosbestic points were observed
when two metals filled in the layer.

We used UV-vis spectroscopy to confirm that the complex
reaches the same final state regardless of the order of addition.
We investigated the final states of the complexes incorporating
6 equiv of FeCl; and 8 equiv of SnCl, in DPA G4 (5.0 x 1076
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Fig. 7. (a) Heterometal assembly of DPA G4 (5.0 x 10~¢
M, acetonitrile/chloroform = 1:1) by the addition of 10
equiv of FeCls followed by 4 equiv of SnCl,. Detailed
spectra of the isosbestic points are inset. The other patterns
are shown in Fig. S7. (b) Schematic representation of
heterometal assembly on the same layer of DPA G4 with
the addition of FeCl; followed by SnCl,.

M, acetonitrile/chloroform = 1:1) with these three patterns:
[6FeCl; — 8SnCl,], [6SnCl, — 6FeCl; — 2SnCl,], and
[8SnCl, — 6FeCl3]. The resulting spectra were in agreement
(Amax = 397nm, € = 2.5 x 10° dm’> mol~! cm™!) (Fig. 9). In
addition, the spectra agreed for the combination of 6 equiv
of GaCl; and 8 equiv of SnCl,, (Fig. S9). For heterometal
assembly in DPA using FeCl; and SnCl,, regardless of the
order of addition of the metals, FeCl; complexed in the interior
layer of DPA G4, whereas SnCl, complexed in the exterior
layer. This result indicates that the complex reaches a thermo-
dynamically stable condition regardless of the order of addi-
tion. This result can be attributed to the difference in K be-
tween FeCl; and SnCl,, where the metal with the larger K
complexes with the inner layer imines, and the metal with the
smaller K coordinates with the outer layer imines.

Based on this principle, heterometal assembly with FeCls,
GaCl;, VCls, and SnCl, was carried out. As the titration was
carried out in the order of complexation ability, four shifts in
isosbestic points (371 nm — 368 nm — 356 nm — 364 nm)
were observed (Fig. 10). This indicates that the complexation
is in a stepwise radial fashion, because the added metal equiva-
lents, 2, 4, 8, and 16 corresponded to the number of complex-
ation sites in each layer of DPA (Fig. 10). Various patterns of
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Fig. 8. (a) Heterometal assembly of DPA G4 (5.0 x 107°
M, acetonitrile/chloroform = 1:1) by the addition of 8
equiv of SnCl, followed by 6 equiv of FeCl;. Detailed
spectra of the isosbestic points are inset. (b) Schematic
representation of heterometal assembly of DPA G4 by
the addition of SnCl, followed by FeCls.

Fig. 9. Schematics of the addition of the metal salts in the
following order: [6FeCl; — 8SnCly; Apax = 397 nm,
£=2.5x%x10°dm? mol~' cm~! (based on the concentra-
tion of DPA G4 (5.0 x 107% M, acetonitrile/chloroform =
1:D)], [8SnCl, — 6FeCls; Amax = 397 nm, € = 2.5 x 10°
dm?*mol~'em™!] and [6SnCl, — 6FeCl; — 2SnCly;
Amax = 397nm, € = 2.5 x 10° dm?> mol~! cm™!].

metals were examined (Table 2). We succeeded in developing
a method of heterometal assembly incorporating different
metal salts in each of four layers. From these results, hetero-
metal assembling on DPA appears to be governed by the com-
plexation ability of metal salts, with the stronger coordinating
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Fig. 10. (a) UV-vis titration of DPA G4 (5.0 x 107°M,
acetonitrile/chloroform = 1:1) with FeCls, GaCls, VCls,
and SnCl,. (b) Schematic representation of heterometal
assembly of DPA G4 by FeCl;, GaCls, VCl3, and SnCl,.

Table 2. Isosbestic Points during the Titration of DPA G4
with Three Different Metals (FeCl;, GaCls, and SnCl,)

RN Fe, Fe, Fe, Ga, Fe, Ga,
Ga, Sn Ga, Sn Sn, Sn
3—>4

/nm /nm /nm

Ist (2 equiv) 370(Fe) 370.5(Fe) 370(Fe)
2nd (4 equiv) 366.5(Fe) 366.0(Ga) 365.5(Ga)
3rd (8 equiv) 364.5(Ga) 364.5(Ga) 364.0(Sn)
4th (16 equiv) 363.5(Sn) 363.5(Sn) 362.5(Sn)

metal in the inner layer and the weaker coordinating metal in
the outer layer.

TEM Observation of Dendrimer Metal Assemblies.
Since TEM can observe only metal assemblies, it is a useful
technique for studying our heterometal dendrimer assemblies.
Since metals are assembled stepwise from the interior of a den-
drimer, the assembly areas should be different depending on
the number of metals assembled. Generally in TEM observa-
tion, organic substances are dyed with RuOy4 vapor to intensify
the visual contrast. However, tin and some other metals assem-
bled in an organic substance are observable without dyeing or
by dyeing for a very short time. We began with the TEM
observation of DPA G4 assembled with 14 equiv FeCls
((FeCl3)14@DPA G4) and 14 equiv FeCl; and 16 equiv SnCl,
((FeCl3)14(SnCly) 16 @DPA G4) (Fig. 11).3° We measured the
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Fig. 11. TEM observation of dendrimer metal assemblies.
(a) (FeCl3);4@DPA G4 was dyed for a short time,
and the metal assembly was observed. (b) (FeCls)4-
(SnCly);6@DPA G4 was dyed for a short time, and the
metal assembly was observed.

sizes of the metal assemblies in (FeCl3);4@DPA G4 and
estimated their average diameter to be 2.0nm, and that in
(FeCl3)14(SnCl,)16 @DPA G4 to be 2.4 nm. As the number of
metals increased, the assembly areas expanded. The size of the
metal assembly in (FeCls);4s@DPA G4 matched that in
(SnCly);4@DPA G4, which we have reported earlier.>° This
size covers the metal assemblies up to the third layer inside
the dendrimer and suggests that the 14 metals are assembled
in the first through the third layers from the center of the den-
drimer, and not randomly over the four layers. On the other
hand, the size of the metal assembly in (FeCls);4(SnCl,),c @
DPA G4 was 0.4nm larger than that in (FeCls);4@DPA G4,
which suggests that some tin filled the fourth layer.?!

Next, we dyed (FeCls);4 @DPA G4 and (FeCl3);4(SnCl,) ;¢ @
DPA G4 for about 15 min and observed the sizes of the whole
dendrimer molecules (Fig. S10). We estimated the sizes to be
2.5nm for the (FeClz);4@DPA G4 molecule and 2.7 nm for
(FeCl3)14(SnCl,) ;s @DPA G4. These values are larger than
the metal areas and the sizes of assemblies in (FeCl;3);4 @DPA
G4 and (FeCl3)4(SnCl,);s @DPA G4 are correct.®?

As a result of the above, we have shown that the size of the
metal-coordinated sections as well as the molecules created in-
creases as a result of metal assembly in dendrimers, even when
different kinds of metals are assembled. This fact suggests that
the metals complex stepwise from the inside of the dendrimer.

5’Fe Mossbauer Spectra of DPA Complexes. In order
to clarify the precise structure of the heterometal assembly,
we measured Mdssbauer spectra of ’Fe (Fig. 12). To obtain
(*’FeCl3), @DPA G4, we formed a complex of >’FeCl; and
DPA G4, brought it into a state of equilibrium, and then
precipitated it into hexane. Figure 12 shows the Mossbauer
spectra of the powdered solids that we obtained by treating
(*’FeCl3), @DPA G4, (*’FeCl3)s@DPA G4, and (*’FeCls),-
(SnCly)s @DPA G4 in a similar way. (In Fig. S11, the spectra
were normalized with respect to intensity.) (FeCl;), @DPA G4
shows a spectrum different from that of FeCl; alone (IS =
0.436, QS = 0 at RT).?? This is due to the complex formation
of FeCl; with imine. The (FeCls), @DPA G4 spectra shows no
temperature dependence (Fig. S12). In addition, the IS and QS
values indicate the high-spin state of Fe.?3

A single doublet-fitting was used with the spectrum of
(FeCl;), @DPA G4 (IS = 0.30, QS = 0.80) and indicates the
existence of a single component, Fe. On the other hand, for
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Fig. 12. °’Fe Mbssbauer spectra of: (a) (FeCl;), @DPA
G4 (IS = 0.30, QS = 0.80), (b) (FeCl3),(SnCl,)s @DPA
G4 (IS = 0.30, QS = 0.80), and (c) (FeCl3)s @DPA G4
(IS = 0.30, QS = 0.80, IS = 0.34, QS = 0.85). (FeCls),
@DPA G4 and (FeCls),(SnCl,); @DPA G4 exhibit very
similar spectra, which indicates that the Fe environments
are similar. On the other hand, the peak for (FeCls)s@
DPA G4 is flat (see Fig. S15), indicating that it is a mix
of two components.

(FeCl3)s@DPA G4, a two-doublet fitting was needed (IS =
0.30, QS = 0.80, IS = 0.34, QS = 0.85). These results sug-
gest that Fe is attached only to the core of (FeCls), @DPA
G4. Results for (FeCls)¢ @DPA indicate the existence of a
component coordinated in the first layer and another compo-
nent in the second layer. This conclusion is also supported
by the fact that two-component fitting was certainly possible
in the analysis of the spectrum of (FeCls)s @DPA G4 based
on the parameters for (FeCls), @DPA G4, with a 1:2 ratio
between the two components.

(FeCl3),(SnCl,), @DPA G4 exhibits a spectrum very simi-
lar to that of (FeCl3), @DPA G4. (FeCl;),(SnCl,), @DPA G4
is also a single doublet, and we were able to fit it by using pa-
rameters from (FeCl3), @DPA G4. This result shows that the
environment for the Fe is the same as that in (FeCl;), @DPA
G4 and indicates that the Fe in (FeCl3),(SnCl,), @DPA G4
is not randomly placed, but attached to the core.

The results described above demonstrate that the FeCls
complex forms stepwise from the center, and that the hetero
assembly consists of precisely located Fe and Sn atoms.

X-ray Photoelectron Spectra of Dendrimer Complexes.
In XPS observation of a metal complex, the more intense the
electron donation from the ligand, the lower the eV at which
the metal ion’s spectrum peak is observed.>* When the position
of the metal located in the DPA changes, the spectra also
changes corresponding to the difference in the electric charge
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Fig. 13. Gazg3p XPS spectra of (GaCl;),@DPA G4
(20.75eV), (GaCl3)s@DPA G4 (20.90eV), (GaCly);4 @
DPA G4 (21.05eV), and (GaCls);@DPA G4 (21.15
eV). As GaCl; increased, the spectral peaks shifted to a
higher electronvolts.

density. Due to its detection sensitivity, GaCl3;[Ga(3d3/,)] was
the metal of choice, and its assemblies were produced in DPA
(Fig. 13). The UV-vis spectrum of GaCls changes stepwise.
Based on this change, we synthesized (GaClz), @DPA G4,
(GaCl3)s@DPA G4, (GaCls);4@DPA G4, and (GaClz);@
DPA G4 and conducted XPS measurements on the assemblies.

The top peak in the spectrum of Ga(3d3,,) shifted upwards
from 20.75 to 20.90, 21.05, and 21.15eV as the metal assem-
bly increased from 2 to 6, 14, and 30, respectively. Simulations
were performed on how the assembly takes place and how the
spectrum changes (Fig. S13). If the metals assemble randomly
in the different layers of imine sites, the spectrum shows no
change even when the number of metals assembled increases.
Only when different layers of imine sites have different elec-
tron-donating properties and the metals assemble stepwise
from the inside do the peaks shift to higher energy. Since
this agrees with our experimental results, it is evident that the
metal assembly had some regularity. The spectral peak shifted
towards higher energy as the assembly increased, which indi-
cates a decrease in average electric charge density of the metal
captured into the dendrimer. In more specific terms, this fact
indicates that as metals add, they firstly assembled in the inner
layer of imines, where the charge density is high, followed
by assembly into the outer layer where the charge density
is lower. We observed similar shifts in peaks in the XPS spec-
tra of (SnCl,),@DPA G4 [Fig. S14 for (SnCl,), @DPA G4
(487.10eV), (SnCl,)s @DPA G4 (487.25¢eV), (SnCl,)14 @DPA
G4 (487.30eV), and (SnCly)30@DPA G4 (487.35eV)]. These
results also prove that the metals form a complex from the
inner layer.

NMR Spectroscopy. BF; assembled stepwise in DPA G4
in four layers, beginning with the innermost one. Figure S15
shows the UV-vis titrations. We estimated K to be equal to
or larger than that of FeCl; (K > 103M™!, Figs. S16-S19).
We measured the '°F NMR spectrum of BF; introduced into
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Fig. 14. (a) Chart showing the relationship between the
chemical shift of the fluorine peak in the ?’FNMR spec-
trum and the quantity of BF; added (indicated as #). Also
shown is the relationship in the case of adding SnCl,
to (BF3), @DPA G4, with the vertical axis denoting the
chemical shift and the horizontal axis the quantity of
SnCl, added (indicated as @®). Similarly, a relationship
is also shown for the case of adding SnCl, after adding
two equivalent amounts of BF; to (SnCl,), @DPA G4
(indicated as A). (b) Schematic representation of adding

SnCl, to (BF;), @DPA G4 and 2 equivalent amounts of
BF; to (SnCl,), @DPA G4.

the DPA.2 At NMR concentrations, a complex formed more
than 99% of the time.

Spectra were collected at room temperature. We added the
BF; solution dropwise (0.25 equiv for each drop) into the
DPA G4 solution (acetonitrile/chloroform = 1:1, 1.0 x 1074
M) and measured the NMR spectra with trifluoroacetic acid
as an external standard (—76.5 ppm).

With BF; alone, the peak appears at —150.5 ppm. With 0.25
equivalents of BF; added to the DPA G4 solution, the peak
appeared at —152.7 ppm, because of its coordination on the
imine. This coordination to the imine suggests that the electric
charge density of F increases. With more BF; added, the peak
shifted to a higher chemical shift (Fig. 14, —152.7 to —151.5
ppm). During the titration from O to 14 equivalent amounts,
up to the third layer, we observed only one peak. Though we
saw no peak reflecting each of the layers, we think that this is
because the coordination kinetics and the time scale of the
NMR measurement are comparable, and averaged peaks were
observed as expected. What is important here is that since BF;
was almost completely incorporated into the complex, no shift
in the F peak would have been seen if the chemical environ-
ment within the dendrimer had been consistent throughout or
if BF; had been randomly placed (Fig. S20). The shift in the
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F peak take place because the F atoms exists in different envi-
ronments and are regularly assembled. The peak shifted up-
field with addition of BF;, suggesting that the electron density
of F increases (more shielding). We propose that, since the
electron density of the imine is lower in the outer layers, the
downfield F peak shift (less shielding) indicates more BFj; is
coordinated in the outer layers. This result suggests the exis-
tence of an electron gradient of nitrogen from the inner to the
outer layers.

BF; has the largest complexation constant of all the metals
that gradually form a complex with DPA. Therefore, BF; re-
mained in the inner layers even after mixing with another
metal. Despite the addition of a heterometal, the chemical shift
remains the same. We added some Sn after adding 2 equiva-
lents of BF3 and then observed the chemical shift. We found
the chemical shift remained the same, regardless of the
quantity of Sn added (Fig. 14). Similarly, we found that the
chemical shift was the same for (SnCl,), @DPA G4 with 2
equivalent amounts of BF; added and after adding SnCl, to the
mixture (Fig. 14). These results also suggest that in the assem-
blies of heterometals, BF; assembles in the inner layers and
SnCl, in the outer layers. In other words, the assembly struc-
ture is metals with a higher K in the inner layers and metals
with a lower K in the outer layers.

Conclusion

We demonstrated the stepwise complexation of GaCl; and
VCl; on DPA by the shifts of isosbestic points of UV-vis spec-
tra. Further, we developed a method of precise heterometal
assembly, which makes use of these different complexation
abilities (FeCls > GaCl; > VCl; > SnCl,). The stepwise com-
plexation and heterometal assembling were also supported
by TEM, *"Fe Méssbauer spectroscopy, XPS measurements,
and NMR spectroscopy. These methods may be used to gene-
rate new materials and could be applied to many fields, such as
catalysts and electronics.

Experimental

Materials. DPAs were prepared according to the reported
method.?%?” Dehydrated chloroform and tin(II) chloride were pur-
chased from Wako Pure Chemical industries (Japan), dehydrated
acetonitrile and BF;-OEt, were purchased from Kanto Kagaku
(Japan), iron(Ill) chloride was purchased from Merck, and gal-
lium(IIl) chloride and vanadium(IIl) chloride were purchased
from Sigma-Aldrich. ’Fe was purchased from TANGO OVER-
SEAS (Japan) and 3"FeCl; was prepared according to the litera-
ture method.?®

General Method.  UV-vis spectra were measured using
Shimadzu UV-3150, UV-3100PC, and UV-2400PC spectrophoto-
meters. The 3'Fe Mossbauer spectra were measured using a
Topologic systems model 222 constant-acceleration spectrometer
with a 3’Co/Rh source in the transmission mode. The measure-
ments at low temperature were performed with a closed-cycle he-
lium refrigerator (Daikin). The XPS measurements were performed
using a JEOL JPS-9000MC spectrometer with a Mg Ko radiation.
The TEM images were obtained using a TECNAI F20 field-emis-
sion electron microscope operated at 200kV. The NMR spectra
were measured using a JEOL JNM-A400 spectrometer.

UV-Vis Titration. Solutions of DPA G4 (acetonitrile/chloro-
form = 1:1, 5.0 x 107°M), FeCl; (acetonitrile, 5.0 x 1073 M),

Heterometal Assembly in Dendritic Polyphenylazomethines

GaCl; (acetonitrile, 5.0 x 1073M), SnCl, (acetonitrile, 5.0 x
10~ M), and VCl; (acetonitrile, 5.0 x 1073 M) were prepared
in volumetric flasks under nitrogen. To a quartz cell was added
3.0mL of the DPA G4 solution, followed by the addition of
3 uL of metal salt solution (i.e., 1 equivalent for DPA G4). The
UV-vis spectra were measured until agreement was obtained with
the one immediately before. Measurements were repeated after
each addition of 3 uL of metal salt solution to achieve UV-vis
titration. In the case of FeCls, the absorbance of FeCly; was
subtracted.'®

Job Plot of DPA G0 Imine and GaCl;. A Job plot of the
reaction between GaCl; and DPA GO was done. F(x) = Abs./
(Coo + Caaciz) — (Eco — EGaci3)x — Egacz, x = Cgo/(Cgo +
Cgaci3); mole fraction of DPA GO. Solutions of DPA GO (aceto-
nitrile/chloroform = 1:1, 2.5 x 107*M™") and GaCl; (acetoni-
trile/chloroform = 1:1, 2.5 x 107*M~!) were prepared in volu-
metric flasks, the latter under nitrogen. To a quartz cell was added
2.0mL of the DPA GO solution followed by the sequential addi-
tion of 0.2mL aliquots of the GaCl; solution up to a total of 2.2
mL to obtained solutions mixed in various proportions. The UV—
vis spectra were recorded between each step. The same operation
was also performed by the addition of DPA GO solution to the
GaClj; solution. The plot shows a maximum at 0.5 mole fraction
of DPA GO, which means that the imine forms a 1:1 complex with
GaCls. The value of K, which was found by curve-fitting a theo-
retical simulation to the experimental data was more than 108 M~!
(in acetonitrile/chloroform).

Titration of DPA G1 with Metals in Acetonitrile/Tetra-
hydrofuran = 1:1 Solvent. Solutions of DPA G1 (aceto-
nitrile/tetrahydrofuran = 1:1, 5.0 x 107> M), FeCl; (acetonitrile,
1.0 x 1072 M), GaCls (acetonitrile, 1.0 x 1072 M), SnCl, (aceto-
nitrile, 1.0 x 1072 M), and VCl; (acetonitrile, 1.0 x 10~2 M) were
prepared in volumetric flasks under nitrogen. To a quartz cell was
added 3.0 mL of the DPA G4 solution, followed by the addition of
3 uL of metal salt solution (i.e., 0.2 equivalent for DPA G1). The
measurement of the spectra and the addition of the metal salt solu-
tion continued until the spectral change stopped.

XPS Measurements of DPA Complexes. To a 1 mL solution
of DPA G4 (acetonitrile/chloroform = 1:1, 5 x 1074 M), 2, 6, 14,
or 30 equiv GaClj; solution (acetonitrile, 2.0 x 1072 M) was add-
ed. This GaCl;@DPA G4 solution (10 uL) was then applied to
the Au plates (7 x 7 mm?) and dried in vacuo. The samples were
characterized by the Ga(3d) peak. The Au(3f;,,) peak was used as
an internal standard (83.8eV).

TEM Observation of DPA Complexes. TEM samples were
prepared by applying 1.5 uL of the solution of (FeCls);4@DPA
G4 or (FeCl3)14(SnCl,) 6 @DPA G4 (chloroform, 1 x 107> M) to
two carbon-coated TEM grids and dried in vacuo. One plate was
treated by RuO4 vapor for 1 min and the other was treated for
15 min. The TEM images were obtained at 200kV and the size
distribution of particles was determined by counting about 100
particles.

57Fe Mossbauer Spetra. All samples were prepared using
5TFeCl;. The samples of (FeCl3), @DPA G4, (FeCls),(SnCl,),
@DPA G4, and (FeCl3)s @DPA G4 were prepared by reprecipita-
tion from hexane. A typical preparation of (FeCls), @DPA G4 was
as follows. 7.0 mg of >’FeCl; (7.0 mg, 43.5 umol) was dissolved in
(1.0mL) and 0.128 mL of this solution was added to the solution
of DPA G4 (15mg, 2.75 umol, chloroform:acetonitrile = 1:1, 3
mL). This Fe-DPA complex solution was poured into 300 mL
of hexane with sonication, and the precipitate was collected by
membrane filtration. The samples were dried in vacuo and wrap-
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ped in aluminum foil to perform the measurements. RT data for
(FeCl3), @DPA G4 were also collected. The spectra were ana-
lyzed by fitting a Lorentzian line shape using MOSSWINN ver-
sion 3 software.

I9FNMR Spectra. Spectra were collected at room tempera-
ture. We adjusted the BF; solution by diluting BF;-OEt, with
acetonitrile. We added this solution dropwise (0.25 equiv for each
drop) into a DPA solution (acetonitrile/chloroform = 1:1, 1.0 x
10~* M) and measured the NMR spectra with trifluoroacetic acid
as an external standard (—76.5 ppm). Similarly, we added SnCl,
solution dropwise into a (BF3;), @DPA solution and measured
the NMR specra. The case of adding SnCl, after adding two
equivalent amounts of BF3 to (SnCl,), @DPA G4 was examined
in the same way.
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(Nos. 19205020 and 178146) from the Ministry of Education,
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Supporting Information

UV-vis titration, Job-plot, TEM images, 3’Fe Mossbauer spec-
tra, XPS spectra, and ’FNMR chart. This material is available
free of charge on the Web at: http://www.csj.jp/journals/bcsj/.
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