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Honeycomb-patterned films made by the self-assembly of
polymers have aroused increasing interest because of their
fascinating morphology and potential applications.[1–3]

Although much of the work has focused on linear[1–13] and
star-shaped[1, 4] macromolecules, the use of dendritic polymers,
with their three-dimensional architectures and unique prop-
erties, significantly enlarges the structural diversity and makes
multifunctional self-assembly accessible.[14] The combination
of supramolecular chemistry and nanotechnology has
recently offered an alternative approach to functional self-
assembly. Quantum dots (for example, CdSe)[3] and ful-
lerenes[15] have been mixed with polymers to fabricate
luminescent honeycomb films. However, the dispersibility of
nanomaterials in a polymer matrix is limited, which results in
their random distribution in the organized films. It is quite
difficult to achieve a dispersion of one substance in another
one at a molecular level simply by mixing because of
aggregation. To meet this challenge and explore a new area
of functional self-assembly, we have shifted our attention
from conventional linear macromolecules to hyperbranched
polymers.

Hyperbranched polymers play a very important role in
self-assembly and greatly enrich the range of host materials
and building blocks that can be used in supramolecular
chemistry.[14,16–18] So far, nanofibers,[16] giant vesicles,[17] and
visible tubes[18] have been obtained by the self-assembly of
amphiphilic hyperbranched polymers in a solvent. Intrigu-
ingly, a core–shell amphiphilic dendritic macromolecule can
be regarded as a unimolecular micelle or nanobox[19–21] in
which small guests, such as dyes, quantum dots, and noble
metals, can be loaded.[21–23] This property generates the ability

for the molecular-level dispersion and distribution of one or
even more substances in another one.

Accordingly, multifunctional assembled structures would
be expected to have applications as the junctions of honey-
comb patterned films, in dendritic polymers, and in host–guest
chemistry. Herein, we report that honeycomb-patterned films
with thicknesses ranging from tens of nanometers to micro-
meters can be prepared by the molecular self-assembly of
amphiphilic hyperbranched poly(amidoamine)s (HPA-
MAMs). Moreover, the HPAMAMs can encapsulate dye
molecules to form colorful host–guest supramolecular com-
plexes. Various luminescent honeycomb-patterned films with
tunable emission wavelengths (lem) were prepared by sub-
sequent nonmolecular self-assembly of the complex on
substrates.

An amphiphilic hyperbranched polymer, poly(amido-
amine) modified with palmitoyl chloride (HPAMAM10K-
C16; see the Supporting Information),[23] was chosen as the
first material for the construction of the porous films. The
films were prepared by dropping a solution of the HPA-
MAM10K-C16 in chloroform on to a cleaned substrate (for
example, a silicon wafer, quartz, mica, etc.) and then analyzed
by SEM, AFM, TEM, and optical fluorescence microscopy
(see the Supporting Information). Figure 1a–c shows repre-
sentative SEM images of a HPAMAM10K-C16 film on a
silicon wafer. The film contains highly ordered arrays of

Figure 1. Representative SEM and TEM images of the honeycomb-
patterned films on a silicon wafer. a)–c) SEM images of the film
prepared from HPAMAM10K-C16; the sample was tilted 45o in the
images of (a) and (b). d) TEM image of the film, showing the bottom
ultrathin film at the broken sites. e) and f) SEM images of the CR-
loaded HPAMAM10K-C16 film. The accelerating voltage was 5 kV for
(a) and (b), 20 kV for (c), and 30 kV for (e) and (f). The scale bars are
20 mm (a), 2 mm (b), 5 mm (c), 5 mm (d), 2 mm (e), and 1 mm (f).
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honeycomb-patterned holes with a width of 5–6 mm. There
are about 410 holes in an area of 125 ; 85 mm2 (Figure 1a),
and almost all of them are regular and uniform hexagons
except for five pentagons and two heptagons (< 2 % defects).
The top view of the SEM image shows that each hexagonal
unit resembles a microhoneycomb cell with six double-
layered walls (Figure 1b,c). Two techniques were used in
the SEM measurements to confirm the structure of the walls:
tilting the sample holder and using a high accelerating
voltage. The structure of the double-layer walls can be clearly
seen from the high-magnification SEM image tilted 458
(Figure 1b). The bottom layer of the walls is connected
through an ultrathin film spread on the solid substrate
(Figure 1b, arrow). A protuberance is found on each upper
corner of the hexagons (Figure 1b). When the voltage is
higher than 20 kV, the skeleton of the bottom layer can also
be observed covered by the top layer (Figure 1c). The
structures of the patterned films were also confirmed by
TEM (Figure 1d). The bottom ultrathin film can be clearly
observed at the destroyed sites made by tearing the film off
the substrate (see arrow).

The morphology of the patterned film was also verified by
AFM (Figure 2). The structures of the honeycomb films can
be clearly discerned from the SEM, TEM, and AFM images.
A schematic representation of one honeycomb cell is shown
in Figure 2d.

Interestingly, HPAMAM10K-C16 is highly photolumines-
cent despite the absence of p–p conjugated units (Figure 3).
Colorful hexagonal patterns from the assembled film could be
observed under the fluorescence microscope (Figure 3a). The
patterns are blue and green under excitation wavelengths

(lex) of 330–380 nm (using Nikon filter sets UV-2A) and 450–
490 nm (B-2A filter), respectively. No fluorescence was
observed under excitation at 510–560 nm (G-2A filter).

We also investigated the possible effects of the substrate,
humidity, temperature, concentration, solvents, and polymer
species on the morphology of the resulting films. Similar
morphologies were observed for films formed on other
surfaces (for example, quartz, glass, mica, and gold). At
25 8C, the honeycomb films can be prepared with the relative
humidity (RH) ranging from 30% to 72 % (see the Support-
ing Information). Honeycomb-patterned films were success-
fully obtained over a wide concentration range (0.05–2 gL�1

of HPAMAM10K-C16 in CHCl3). The more concentrated the
solution is, the thicker and deeper are the walls of the cells
(see the Supporting Information). Amazingly, the depth of
the cells can vary over two to three orders of magnitude for
the same micrometer-scale cell dimension by adjusting the
polymer concentration. The depth is approximately only
65 nm at 0.05 gL�1, but increases to 1400 nm at 2 gL�1. The
films formed from a solution of HPAMAM10K-16C in
CH2Cl2 or CS2 also show a porous morphology, but the
holes are less regular (see the Supporting Information). No
porous structures were detected when cosolvents of chloro-
form and toluene were used (see the Supporting Informa-
tion). Similar honeycomb films (see the Supporting Informa-

Figure 2. AFM images of the film prepared from HPAMAM10K-C16 on
a silicon wafer: a) top view, b) surface plot, c) section analysis of
image (a). d) Schematic representation of one honeycomb cell of the
film. According to the section analysis, the bottom layer of the wall
has a height of about 200 nm (green line, the lower peaks) and the
upper layer a height of about 1200 nm (green line, the upper peaks);
the upper surface of the walls is arc-shaped and the peaks (the
protuberances of corners) are higher than the valleys by about 200 nm
(see the red line).

Figure 3. Optical fluorescence microscope images of the film prepared
from: a) HPAMAM10K-C16 on a silicon wafer, b) FSS-loaded HPA-
MAM10K-C16 on quartz, and c) CR-loaded HPAMAM10K-C16 on
quartz. d) Schematic illustration of dye-loaded HPAMAM10K-C16.
e) Fluorescence spectra of HPAMAM10K-C16 (line 1: lex=360 nm,
line 2: lex=460 nm), FSS-loaded HPAMAM10K-C16 (line 3:
lex=360 nm, line 4: lex=480 nm), and PB-loaded HPAMAM10 K-C16
in chloroform (line 5: lex=350 nm, line 6: lex=520 nm). I : intensity of
fluorescence emission. The light filter used in the optical fluorescence
microscopy is UV-2A (a), B-2A (b), and G-2A (c), and the magnifica-
tion is I400.
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tion) can be readily fabricated from three other amphiphilic
HPAMAMs (see the Supporting Information) with different
molecular weights. All of these investigations demonstrate
the wide generality and high reproducibility of our findings.

Furthermore, we studied the self-assembly behavior of the
dye-loaded HPAMAMs on substrates.[23] Four kinds of dyes
(fluorescein sodium (FSS), phloxine B (PB), rose Bengal
(RB), and Congo red (CR)) were loaded (Figure 3d and see
the Supporting Information). Similar honeycomb-patterned
films were obtained and confirmed by SEM (Figure 1e,f),
AFM (see the Supporting Information), and fluorescence
microscopy measurements (Figure 3b,c). The images
obtained using UV-2A, B-2A, and G-2A filters as well as
the fluorescence spectra revealed that these films emitted a
different fluorescence from the neat HPAMAM10K-C16
film. Under the G-2A filter, for example, red hexagonal

patterns were observed for the CR-loaded (Figure 3c) and
FSS-loaded HPAMAM10K-C16, while yellow patterns were
evident for PB-loaded or RB-loaded HPAMAM10K-C16. It
is noteworthy that the pattern color and emission band for the
same dye-loaded HPAMAM10K-C16 can also be tuned by
changing the filters or excitation wavelength (Figure 3 e).

Figure 4 presents a schematic explanation as to how the
ordered porous films form. At first, the polymer solution is
dropped and spread on the substrate homogeneously (Fig-
ure 4a). As the solvent evaporates, the surrounding water
vapor forms small droplets and deposits on the surface of the
solution. The presence of the water droplets changes the
characteristics of the solvent dramatically: inducing a phase
inversion and aggregation of the hydrophobic shell of the
core–shell amphiphilic unimolecular micelles (Figure 4 b).
The condensation of the polymer solution forces the macro-
molecules to move closer together to form aggregates
(Figure 4c), thereby forming walls and pores. The organized
film is initially formed suddenly on evaporation of the
chloroform, and further regulated and fixed by the slow
evaporation of the residual water droplets and the tiny
amount of chloroform remaining (Figure 4d). Concomitantly,
the condensation of the unimolecular micelles leads to
shrinkage and cracking of the walls as a result of the stress,
thereby forming walls with two or more layers (Figure 2a,d).
The organization process was monitored on-line by using an
optical microscope (see the Supporting Information), which
enabled the above assembly mechanism to be proposed.

In conclusion, fluorescent honeycomb-patterned films of
amphiphilic hyperbranched poly(amidoamine)s were success-
fully prepared with high reproducibility on various substrates
in a wide range of humidities. The thickness of the patterned
films can be altered from the nanometer to the micrometer
scale simply by changing the polymer concentration. A
supramolecular complex self-assembly strategy for the facile
fabrication of multifunctional thin films with ordered micro-
porous patterns has been presented and validated by experi-
ments. This strategy greatly enlarges the diversity of struc-
tures that can be assembled, opens up a straightforward route
to the functionalization of self-assembly structures, and paves
the way to nonmolecular self-assembly of several substances
which allows one substance to disperse molecularly in another
one. The details and applications of the assembled films are in
progress and will be reported later.
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