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ABSTRACT: A series of linear covalent assemblies of
dendrimers with conjugated backbones were synthesized by
means of an iterative divergent and convergent method in
which copper-catalyzed acetylene−azide cycloaddition reac-
tions were used to form flexible linkages. UV−vis and
fluorescence spectra indicate that dendrimeric assemblies
have a strong propensity to adopt folded conformations in
which conjugated backbones adopt planar conformations. The
folded conformation is stabilized by strong attractive van der
Waals and dipole−dipole interactions between the dendrimers.

Systematic integration of dendrimers is attractive for the
construction of precisely designed nanoscale molecular

devices.1 Recently, we synthesized a shape-persistent assembly
by using the intermolecular coupling of dendrimers with
conjugated backbones.2 In nature, proteins perform sophisti-
cated biological operations with their ordered three-dimen-
sional structures formed by folding the linear peptide chains
into compact and specific conformations.3 The folded form of
protein is stabilized by van der Waals and dipole−dipole
attractions. It might be possible to fabricate a compact three-
dimensional structure by folding a linear dendrimeric assembly.
Judging from a successful self-assembling production of
periodic arrays with dendrons and dendrimers, it is possible
to form intramolecular contacts between dendrimer units that
provide sufficient van der Waals and dipole−dipole attraction
for stabilization of the folded form.4,5 Although the
intermolecular aggregation of dendrons and polymers with
dendritic side chains has been reported in the solid state, the
intramolecular aggregation in solution is relatively unexplored.
An effective synthetic method for the preparation of a linear
assembly of dendrimers should be developed to test the folding
approach for forming dendrimeric assemblies. Click chemistry
is attractive for this purpose owing to its efficiency and
versatility as required for connecting the dendrimers.2b,6 Here,
we design a powerful iterative divergent/convergent method-
ology to construct a linear assembly of dendrimers with
precisely controlled lengths by using the copper-catalyzed
acetylene−azide cycloaddition (CuAAC) reaction.7 We ob-
tained linear dimers, tetramers, and octamers of the dendrimer
using the proposed method. Spectroscopic investigation of the
conformation of the conjugated chain disclosed that the
assemblies have a strong propensity to adopt folded
conformations as they afford a unique stabilization effect.
The divergent/convergent synthesis based on the CuAAC

reactions shown in Scheme 1 starts from monomer D1 that has
a bromo functional group at one end and a TMS-protected

ethynyl group at the other end (Figure 1). Monomer D1 was
prepared by applying the previously reported convergent
synthetic method for dendrimers with conjugated backbones
(Schemes S1−S3).8 Monomer D1 was divided into two
portions. In one portion, a bromo group was substituted by
an azide group by heating D1 with sodium azide in DMF to
produce D1-AZ in 84% yield. In the other portion, the TMS
protecting group in D1 was removed by treatment with sodium
carbonate in a methanol−dichloromethane solution to afford
D1-EN in 95% yield. The CuAAC reaction of D1-EN and D1-
AZ was carried out at room temperature using copper iodide,
N,N-diisopropylethylamine, and THF as a catalyst, an additive,
and a solvent, respectively, to afford dimer D2 in 56% yield.9

Dimer D2 has identical terminals groups to D1. The
activation processes similar to those described above were
carried out for D2 to form activated dimer D2-EN and D2-AZ
in 92% and 94% yields, respectively. The CuAAC reaction of
D2-EN and D2-AZ produced tetramer D4 in 59% yield.
Tetramer D4 underwent analogous activation and CuAAC
reaction processes to afford octamer D8.

1H NMR spectra of D1, D2, D4, and D8 in 1,1,2,2-
tetrachloroethane-d2 are shown in Figures S1 and S2. Although
D1, D2, D4, and D8 showed broad 1H NMR signals at room
temperature, their well-resolved signals were observed at 130
°C. The formation of the triazole ring in D2 was undoubtedly
confirmed by the isolated singlet signal at 7.47 ppm assignable
to ring protons Hb (Scheme 1). In addition, characteristic
signals for methylene units adjacent to the triazole ring were
observed at 5.15 ppm (Ha) and 4.37 ppm (Hc) for D2. The
corresponding signals were observed for both D4 and D8.
Except for the signals of the linkage units, D2, D4, and D8 are
nearly identical in spectral shape to D1. These results suggest
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that dendrimer units in these assemblies show insignificant
interaction in solution at 130 °C. In the MALDI-TOF MS, well
resolved molecular ion peaks were observed for monomer D1
(MW = 3936), dimer D2 (7762), and tetramer D4 (15 414) at
m/z = 3937, 7763, and 15415, respectively (Figure S3). In
addition, a series of fragment ions generated by the cleavage of
an ether bond in dendritic chains was detected.2 In the case of
octamer D8 (MW = 30 719), a broad peak centered at m/z =
30 608 was observed.
UV−vis absorption spectra of D1, D2, D4, and D8 in

dichloromethane at 20 °C are compared in Figure 2. In
addition to the absorption of benzyl ether chains (285 nm),
monomer D1 also showed a π−π* absorption band owing to
phenylene-ethynylene (PE) units (λmax = 407 nm).8 The

spectral shape of the π−π* band of PE units is almost similar to
that reported for PE oligomers with identical length in
solution.10 On the other hand, assemblies D2, D4, and D8
showed completely different spectral shapes. PE units in D2
showed a narrow absorption band at λmax = 423 nm, besides
showing a broad absorption band at λmax = 396 nm. While there
are negligible differences in the location of absorption maxima
between D2, D4, and D8, molar absorptivity increases linearly
with the number of dendrimer units. Similar spectra were
observed in toluene and DMF. Surprisingly, the observed
shapes of the absorption band for PE units in D2, D4, and D8
in solution are similar to those reported for an amorphous spin-
cast film of PE polymers and randomly oriented aggregates of
PE oligomers and polymers in solution.10 Bunz and co-workers

Scheme 1. Iterative Convergent/Divergent Synthesis of Octamer D8

Figure 1. Chemical structure of D1.

Figure 2. Absorption spectra of D1 (blue), D2 (green), D4 (orange),
and D8 (red) measured in CH2Cl2 at 20 °C.
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have established that a narrow absorption band in the longer-
wavelength region appears because of the planarization of PE
chains.11 These results indicate that PE chains in D2, D4, and
D8 adopt planar conformation and that they randomly
aggregate in solution. The absorption spectra of D2 show
negligible concentration dependency at 20 °C when the
concentration in dichloromethane varies from 2.72 × 10−6 M
to 2.72 × 10−7 M (Figure S4). The negligible concentration
dependency was also observed for both D4 and D8 as shown in
Figure S4. These results suggest that the observed spectral
feature arises mainly because of the intramolecular mechanism
(vide infra).
The fluorescence spectra of D2, D4, and D8 in degassed

dichloromethane further support the aggregation of their PE
unit assemblies (Figure 3). The excitation of PE units in D1 at

395 nm resulted in the appearance of a structured band (λEM‑max
= 425 nm, λEM = 450 nm (shoulder)) with a comparatively
small Stokes shift. These observations are in accordance with
those reported for nonaggregated PE oligomers with identical
repeat units.10 On the other hand, D2 showed broad
fluorescence bands at the longer-wavelength region (λEM‑max =
439 and 489 nm). These emission bands can be reasonably
assigned to excimer-like interchain excited states of PE
oligomers.10,11 Because the diluted solution was used for the
fluorescence measurement, the formation of intramolecular
excimer-like states is proposed. A similar spectral feature was
observed for both D4 (λEM‑max = 442 and 486 nm) and D8
(λEM‑max = 441 and 491 nm).
To gain mechanistic insight into the observed difference of

the absorption spectra, the temperature dependency of the
absorption spectra of D1, D2, D4, and D8 was investigated in
1,1,2,2-tetrachloroethane by varying the temperature from −10
to 90 °C. The observed spectral changes of both D1 and D8 are
summarized in Figure 4. The corresponding data for D2 and
D4 are shown in Figure S5. Octamer D8 has a broad
absorption band with λmax = 399 nm at 90 °C. The spectrum is
similar to that observed for D1 at 90 °C, indicating a negligible
intramolecular interaction among dendrimer units in D8 at 90
°C. When the temperature was lowered to −10 °C, a narrow
band was observed at the longer-wavelength region (λmax = 427
nm at −10 °C). The thermochromic changes for D2 and D4
were similar to those observed for D8, whereas D1 showed a
significantly different thermochromic behavior. Lowering the
temperature of the D1 solution resulted in a progressive red
shift of the π−π* absorption band of PE units from λmax = 399
nm at 90 °C to λmax = 412 nm at −10 °C. A shaped absorption

band with weak intensity newly appeared in the longer-
wavelength region. Monomer D1 showed a moderate change in
its thermochromics compared to that shown by D2, D4, and
D8.
We propose the following mechanism for the observed

thermochromism in D1, D2, D4, and D8. The resemblance
among the PE absorption bands of D1, D2, D4, and D8 at 90
°C suggests that the PE units of the dendrimers do not have
any significant preference for a particular conformation and
each dendrimer unit behaves independently in solution. As the
temperature decreases, the population of conformers with
relatively planar conjugated chains increases owing to the van
der Waals and dipole−dipole interaction between dendritic side
chains in each dendrimer unit.5,12 This intradendrimer
mechanism seems to be responsible for the origin of the
thermochromism of monomer D1. The moderate temperature
dependency of D1 absorption suggests that van der Waals and
dipole−dipole interactions between dendritic branches provide
a limited driving force for the transformation of twisted
conformers to planar conformers (Figure 5a,b). Intense

absorption bands at ca. 430 nm for D2, D4, and D8 indicate
a much higher population of planar conformers at low
temperatures compared to that observed for D1. The well-
established retrostructural analysis for the self-organization of
the Percec-type dendrons suggests that dendrons with small
solid angles adopt wedge-shaped conformations and self-
assemble into columnar structures.4 The analogous self-
assembling process probably takes place in D2, D4, and D8.
As the temperature decreases, the dendrimers prefer a planar
conformation and the population of the folded assembly
increases (Figure 5c,d). The additional strong driving force for
the planarization of PE chains is most likely afforded by van der

Figure 3. Fluorescence spectra of D1 (blue), D2 (green), D4
(orange), and D8 (red) measured in CH2Cl2 at rt (λEX = 395 nm).
Fluorescence intensities are showed after normalizing the absorbance
at excitation wavelength.

Figure 4. Variable-temperature UV−vis absorption spectra of (a) D8
and (b) D1 in CHCl2CHCl2.

Figure 5. Computational model (PM3 and MMFF) of representative
(a) nonplanar and (b) planar conformers of D1 and (c) folded and (d)
extended conformers of D8. Carbon, hydrogen, oxygen, and nitrogen
atoms are gray, white, red, and blue, respectively.
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Waals and dipole−dipole interactions between dendrimer units.
As the assemblies are folded, dendrimer units are forced to
adopt a planar structure. The more planar conformer furnishes
stronger van der Waals and dipole−dipole attractions owing to
the larger contact area. The PE units in the folded assemblies
are locked into a planar conformation.
Dynamic light scattering (DLS) of D8 in 1,1,2,2-tetrachloro-

ethane (1.0 × 10−4 M) was measured at 20 and 60 °C to
investigate the thermal effect on the higher-order structure of
the linear assembly of dendrimers. The DLS data showed that
the average particle sizes at 20 and 60 °C were about 11 and
360 nm, respectively (Figure S6). The approximate size of D8
is estimated by PM3 and MMFF (Merck molecular force field)
calculations as 50 nm × 4 nm × 4 nm and 4 nm × 4 nm × 5
nm for the fully extended and folded structure, respectively
(Figure 5c,d).13 With systematic error in a particle size in DLS
data taken into consideration, the results are quantitatively
consistent in the above thermochromic mechanism. Since a
relatively high concentration of D8 is used for the DLS
measurement to maintain sufficient intensity of the scattered
light, the effect of the intramolecular aggregation on the
observed results cannot be ruled out.
In conclusion, we designed a folding approach for fabricating

a dendrimeric assembly. Dendrimers were connected with
flexible linkers by the iterative convergent and divergent
method based on the CuAAC reaction. These assemblies adopt
surprisingly stable folded structures in organic solvents.
Notably, 1,1,2,2-tetrachloroethane is the best solvent for
monitoring the thermally induced unfolding process. A partial
unfolding was observed in toluene at 90 °C. It is surprising that
the entropically unstable folded form is stabilized by relatively
weak van der Waals and dipole−dipole interactions. In contrast,
aggregation of the dialkyl substituted PE oligomer or polymer
was observed in poor solvent or in the solid state.11 These
results suggest the presence of considerably strong attractive
interactions between dendrimeric units. The large contact area
of the planar dendrimer probably produces strong attractive van
der Waals and dipole−dipole interactions. PE chains in the
folded assembly are forced to adopt a planar conformation.
Planar PE chains are reported as a superior molecular wire for
both energy and charge transfers.14 Thus, the PE network in
the folded assembly is a promising scaffold for the construction
of molecular devices.
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