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Control of nanostructure formation by a diblock-type supramacromolecule via biocomplementary hydrogen bonding
has been achieved. Two different homopolymers, poly(4-trimethylsilylstyrene) and poly(styrene-d8), that are end-
decorated with complementary oligonucleotides, i.e., thymidine phosphates and deoxyadenosine phosphates, were
prepared by using the phosphoramidite method and blended successively. Association behavior in a blend solution
was examined with NMR, and a cast bulk film obtained from the solution has been confirmed to show a nanophase-
separated structure by transmission electron microscopy and X-ray scattering. Suppression of this nanostructure
formation of a block-type supramacromolecule was also attained by adding a smaller agent as an inhibitor.

Introduction

Structures of block copolymers have been studied for four
decades focused on their nanophase-separated structures since
they could be utilized as highly functional materials, and many
research achievements have been attained in a variety of basic1-5

and applied6-11 studies. Recently, in macromolecular science,
many researchers are interested in introducing noncovalent
bonding to connect the same polymer species or different
species.12-18 There are excellent works such as supramolecular
polymer networks from polymers terminated with 2-ureido-4-
pyrimidone including quadruple hydrogen bonding19-20 and
supramolecular conjugates as the result of self-assembling of
multicomponent materials with metal-to-ligand coordination21,22

or multiple complementary hydrogen bonding.23-25 Particularly,
studies on intermolecular association by using complementary
hydrogen bonding interaction from DNA or nucleobase units
have attracted a lot of attention.25-33

A diblock-type supramacromolecule can be formulated by
combining end-decorated chemically different macromolecules
as schematically shown in Figure 1a, and if nucleotide units
are used for the proposed end-functional groups, the diblock-
type supramacromolecule can form a nanophase-separated
structure and be decomposed into parent polymers by exposure
under a certain external field such as shear flow or temperature.
Moreover the associated molecule can be dissociated by
inserting inhibitors for hydrogen bonding, which is also il-
lustrated in Figure 1a. Realization of association-dissociation
control can lead to very useful functions where advanced
polymeric complex materials with nanoscale periodicity could
be produced.

We have developed the efficient synthetic method of
oligonucleotides-terminated polymers applying the DNA syn-
thesis called the phosphoramidite method.34 We should obtain
a diblock-type supramacromolecule if two different polymers
with complementary oligonucleotides are successfully prepared.
In this communication, we report on preparation of two different
homopolymers end-decorated with complementary oligonucleo-

tides and the successful formation of a diblock-type supramac-
romolecule from blend solution via hydrogen bonding and a
nanophase-separated structure in bulk. The dissociation behavior
of a block-type supramacromolecule into component polymers
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Figure 1. (a) Schematic illustrations for formation of a diblock-type
supramacromolecule via hydrogen bonding (nanophase separation)
and dissociation of the supramacromolecule by adding an inhibitory
agent (macrophase separation). (b) Chemical structures of polymers
end-decorated with oligonucleotides used in this study and schematic
illustrations of complex formation. The left polymer is PTMSS-T3,
whereas the right one is PSd8-A3, where the styrene unit is perdeu-
terated.
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was examined in solution and in bulk by adding a small
molecule as an inhibitor.

Experimental Section

The two types of polymers used in this study are poly(4-
trimethylsilylstyrene) abbreviated to PTMSS (Mn ) 11 000,Mw/Mn )
1.03) and poly(styrene-d8) called PSd8 (Mn ) 10 000,Mw/Mn ) 1.03).
Both polymers were synthesized via living anionic polymerizations,
and a hydroxyl group was introduced on one end of each polymer.1H
NMR measurements were performed on each step of synthesis by using
Varian Unity Inova 500 MHz to confirm the molecular structures.
Deuterated polystyrene was used instead of the hydrogenated one on
purpose to analyze the1H NMR spectrum effectively.34 The selected
three nucleotide units were each introduced sequentially on the ends
of these polymers, that is, three thymidine phosphates for PTMSS and
three 2′-deoxyadenosine phosphates for PSd8, using the previously
developed phosphoramidite method. The principle reactions of this
method are known to be mild but efficient and capable of incorporating
multiple nucleotides (see the Supporting Information). Figure 1b shows
chemical structures of polymers we aimed to prepare, and the obtained
polymers were coded as PTMSS-T3 and PSd8-A3.

To observe the structures in bulk, polymer thin films were obtained
from chloroform solutions on Teflon Petri dishes by casting them at
room temperature for 1 day under the similar initial preparation
condition for NMR studies. Bulk structures of samples were observed
by transmission electron microscopy (TEM) by using H-800 of Hitachi
for an ultrathin section without staining and also by a small-angle X-ray
scattering (SAXS) apparatus, Rigaku Nano Viewer.

Results and Discussion

Molecular structural analysis was performed by1H NMR as
shown in Figure 2, panels a and b. The multiple peaks for imide
protons (-CONHCO-) in PTMSS-T3 are found at 8.9-9.8
ppm as shown with a broken box in Figure 2a (details of analysis
and more data are in the Supporting Information). The blend
solution of PTMSS-T3 and PSd8-A3 in the molar ratio of 1:1 in
chloroform-d1 (32 mg/30 mg in CDCl3 of 1.3 g) was prepared
by simply weighting each polymer powder and then dissolving
into the solvent. Association behavior of polymers in solution
was also observed by using1H NMR. In Figure 2c, the broader
peak of imide protons in PTMSS-T3 shifted and located at 10.2-
11.0 ppm as the result of conjugation, referring to the original
location of the peaks at 8.9-9.8 ppm in Figure 2a. From these
experiments, it has been clearly found that hydrogen bonding
generated between PTMSS-T3 and PSd8-A3.

Figure 3a is a TEM image for the blend film showing the
lamellar-like two-phase structure whose domain size is roughly
estimated to be about 20 nm. The darker phase represents
PTMSS due to comparatively high electron density from silicon
atoms, whereas the brighter phase represents PSd8 and oligo-
nucleotides. Figure 3b is fast Fourier transform data obtained
from the TEM image using an application software, ImageJ. It
displays a diffused circle at around 0.3 nm-1 in terms ofq ()4π
sin θ/λ), suggesting poor orientation of microdomains in the
structure.

The structures of the cast film of the blend, together with
two homopolymers, PTMSS-T3 and PSd8-A3, were also observed
by SAXS. Figure 4a compares circularly averaged one-
dimensional SAXS images from film edges for PTMSS-T3,
PSd8-A3, and the blend. The top two scattering patterns for end-
decorated homopolymers in Figure 4a show only one scattering
peak, their positions are 0.73 nm-1 for PTMSS-T3 and 0.60
nm-1 for PSd8-A3. These peaks are associated with correlation

hole peaks for end-decorated polymers,35 and their two-
dimensional patterns are shown in Figure 4, panles b and c. On
the other hand, the blend clearly shows two scattering peaks,
which are located at 0.27 and 0.66 nm-1, and the two-
dimensional pattern is shown in Figure 4d. The appearance of
the scattering peak at lowerq indicates the formation of a large
structure, whose repeating distance is determined to be 23 nm
from theq value at the peak maximum, i.e., 0.27 nm-1. This
size is quite consistent with the result from TEM observation
and is much larger than the size of a phase-separated structure,
11 nm, for a bulk polystyrene with the molecular weight of 1.3
× 104 having five nucleotides on one chain end in bulk.34

Therefore, a diblock-type supramacromolecule has been formed

Figure 2. 1H NMR charts: (a) PTMSS-T3, (b) PSd8-A3, (c) the blend
of two end-decorated homopolymers, and (d) the blend of PTMSS-
T3/PSd8-A3/DMTr-T with mole ratio of 1/1/5. Three boxes drawn with
broken lines at (a), (c), and (d) are showing the peaks of imide protons
(-CONHCO-) for thymine in PTMSS-T3, whereas a box drawn with
a solid line in (d) is for imide proton in DMTr-T.

Figure 3. (a) TEM image for the blend of two end-decorated
homopolymers. The darker phase is for PTMSS polymer, while the
brighter phase is for PSd8 and oligonucleotides. (b) A FFT image from
a TEM image by using ImageJ. Horizontal and vertical axes are
scattering vectors, q ()4π sin θ/λ).
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from two parent end-decorated homopolymers via biocomple-
mentary hydrogen bonding and this leads to forming a nanophase-
separated structure in bulk. The scattering peak at higherq is
broad compared with the one at lowerq, and its location is in
the middle of the peaks for PTMSS-T3 and PSd8-A3. This may
due to the coexistence of two different phases from two free
homopolymers in the blend.

Comparing the results from TEM and SAXS observations,
the peak at 0.27 nm-1 must be the first-order diffraction for the
nanophase-separated domain structure. In general, the lamellar
structure gives integer-number order peaks in a SAXS profile.
They should appear at 0.54 nm-1 for the second and 0.81 nm-1

for the third but located at the shoulder range of the large peak
above-mentioned. In addition, the orientation of lamellae is poor
so that the intensity of the higher order peaks was weakened.
Thus, the higher order peaks were considered to be buried by
the correlation hole peaks.

Inhibition for the formation of a block-type supramacromol-
ecule by adding an inhibitor was also examined. In Figure 2d,
a 1H NMR chart for a solution of the blend composed of three
components, that is, PTMSS-T3, PSd8-A3, and DMTr-T (5′-O-
(4,4′-dimethoxytrityl)thymidine, transgenomic) are shown. The
mole ratio of PTMSS-T3/PSd8-A3/DMTr-T in the blend is 1/1/5
(32/30/7.5 mg in CDCl3 of 1.3 g). From this figure, we have
found that imide protons in PTMSS-T3 were shifted upfield from
10.2 to 11.0 ppm in Figure 2c to 9.8-10.6 ppm by adding 5
equiv of DMTr-T (more data in the Supporting Information).
This result suggests that formation of hydrogen bonding between
PTMSS-T3 and PSd8-A3 was partially suppressed in solution
by adding DMTr-T. To observe the structure of the blend from
three components in bulk, a thin film of the blend in the mole
ratio of 1/1/5 was also prepared from a chloroform solution by
casting. The bottom scattering profile in Figure 4a is a one-
dimensional SAXS pattern from the film edge of the three-
component blend, whose two-dimensional SAXS pattern is also
shown in Figure 4e. The scattering peak at lowerq disappeared
in Figure 4a, and only one scattering peak at higherq exists
similar to the case of two homopolymers on the top and the
second, though the peak broadened considerably. This result
suggests that PTMSS-T3 and PSd8-A3 were prevented from
forming a diblock-type supramacromolecule by adding a large
excess amount of DMTr-T as an inhibitor since this small
molecule has an ability to form the association structure with
PSd8-A3 preferencially owing to higher mobility (association
behavior between PSd8-A3 and DMTr-T in the Supporting
Information). This must be the reason for the disappearance of
the peak at lowerq. The peak broadening is quite natural
because the most intensified position of the scattering peak for
PTMSS-T3 and that for an aggregate of PSd8-A3 and DMTr-T
are comparatively different, and these two peaks form a new
broad peak.

In conclusion, we have demonstrated preparation of a block-
type supramacromolecule via biocomplementary hydrogen
bonding by blending two different homopolymers end-decorated
with oligonucleotides. The association behavior in solution was
examined and confirmed by NMR, and a nanophase-separated
structure in bulk was observed by SAXS and TEM. Suppression
of the formation of a block-type supramacromolecule in solution
and in bulk was also investigated by using a low molecular
weight inhibitor, where a nanophase-separated structure was not
formed preferentially. Association-dissociation behavior of the
present blend system caused by biocomplementary hydrogen
bonding and the control of nanostructure formation is very
interesting for basic and also applied fields and this research
field will extend widely soon.
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Supporting Information Available. Details of syntheses,
characterizations, and morphological observations for oligo-
nucleotides-terminated polymers themselves and the blend.

Figure 4. SAXS results for homopolymers and blends. (a) One-
dimensional SAXS profiles. The horizontal axis expresses scattering
vector, q ()4π sin θ/λ), whereas the vertical one shows diffracted
intensities in logarithmic scale. The top curve is for PTMSS-T3 (T3),
the second one for PSd8-A3 (A3), the third one for the blend of two
polymers (T3/A3), and the bottom one for the blend of three
components (T3/A3/DMTr-T). Panels b-e are two-dimensional SAXS
patterns: (b) PTMSS-T3, (c) PSd8-A3, (d) the blend of two end-
decorated homopolymers, (e) PTMSS-T3/PSd8-A3/DMTr-T blend with
mole ratio of 1/1/5. Horizontal and vertical axes are scattering vectors,
q.
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Those materials are available free of charge via the Internet at
http://pubs.acs.org.
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