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This paper describes the development of a new concept in supra-
molecular assembly of existing functional polypeptides to form
diblock-like molecular clusters through complementary hydrogen-
bonding interactions, providing a potential route toward design and
fabrication of block copolymer-like supramolecular materials.

The design of supramolecular polymers utilizing well-defined
hydrogen-bonding interactions has received intensive attention and
the desire to use functional small-molecule building blocks through
non-covalent interactions of functional molecules has led to the
advent of supramolecular materials chemistry.! This area of science is
primarily focused on the design of functional units capable of
ordering into multi-leveled structures by the static self-assembly
process.? Multiple hydrogen bonding interactions used in supramo-
lecular systems are moderately strong and highly directional. These
supramolecules possess desirable properties such as thermo-revers-
ibility and responsiveness to external stimuli including pH, solvent
polarity, temperature, and concentration®**® and also improved
thermal and mechanical stabilities as compared with single-hydrogen-
bonding systems.?

Polyhedral oligomeric silsesquioxane (POSS) with a general
structure of (RSiO3p)s shows several important features, including
the cubic siloxane cage and the distribution of the eight pendant arms
from the cube in a three dimensional arrangement. POSS derivatives
comprise a family of molecularly precise, near-isotropic molecules
that have diameters ranging from 1 to 3 nm, depending on the
number of silicon atoms in the central cage and the nature of its
peripheral substituent group.* Over the past decade, POSS mole-
cules have attracted considerable interest as “self-healing” high-
temperature nanocomposites and space-survivable coatings,'*'* low-
k dielectric materials,” and as templates for the preparation of
nanostructural materials such as liquid crystalline polymers,' cata-
lysts,"” dendrimers,'® and multi-arm star polymers.'*>!

Polypeptides are biological macromolecules that are composed of
amino acids. A typical polypeptide is composed of different amino
acids in different proportion and combination. The conformational
studies of model polypeptides are important for making steps toward
the biological characteristic of more complex proteins.”? Generally, the
secondary structure of peptide chains plays a crucial role in the
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formation of the well-defined tertiary structure of proteins.”® The
knowledge of the primary structure of the peptide chains is also critical
for many biochemical and biophysical studies. The a-helix to coil
transition in polypeptides with the thermodynamic driving forces was
described by Schellman®? almost 50 years ago. From a synthetic
point of view, the most well-known example is poly(y-benzyl-L-
glutamate) (PBLG) that has been employed as a model rigid-rod
polymer?*?” in bulk and solution states,? providing its unique behavior
such as thermotropic liquid crystalline ordering,?* thermo-reversible
gelation,* ezc. In addition, the synthesized PBLG has both a-helix
and B-sheet secondary structures stabilized by intra- and inter-
molecular hydrogen bonds,*® which is the most studied secondary
motif due to its high frequency in natural proteins.

In our previous study, we combined the well-defined macromo-
lecular architectures of polyhedral oligomeric silsesquioxane (POSS)
and PBLG to generate polymeric building blocks having distinct 3-D
shapes for the self-assembly of supramolecular structures.®*
Furthermore, we also reported that the hydrogen bonding interac-
tions of POSS-based supramolecular macromers can be used in an
orthogonal fashion to expand their application in proton exchange
membranes.®>* There remain many aspects of forming block
copolymer-like clusters transferred from binding and recognition
events in fundamental research into non-covalent systems. In this
study, we devised a strategy of synthesizing an aminophenyl func-
tional initiator containing a uracil (U) unit and then converted it
through a ring-opening polymerization (ROP) to a well-defined
polymer (U-PBLG). We prepared a POSS macromer containing
multi-functional diamidopyridine units (MD-POSS) through a click
reaction of propargyl-functional POSS with azide modified dia-
midopyridine compounds. The U-PBLG is expected to interact with
its complementary MD-POSS to form self-assembly ordered struc-
tures of the complementary uracil-diaminopyridine (U-DAP) pair-
ing. In addition, the periodic spacing of fabricated secondary
cholesteric nano-lamellar morphology can also be controlled by
varying the mixing ratio of U-PBLG/MD-POSS blends to tailor the
surface activity of the nanolamellae for specific requirements and
applications. Herein, we investigated these blends including peptide
conformations and functional interactions.

Syntheses and molecular recognition properties of MD—
POSS and U-PBLG

A new nanoparticle MD-POSS was synthesized through a click
reaction between propargyl-functional POSS with azide modified
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DAP compounds as a hydrogen bonding segment (Scheme 1). MD—
POSS was recovered in high yield (83%) after direct filtration and
washed with cold diethyl ether. Its molecular weight (M, = 6853 g
mol~") matches well as a POSS derivative containing ten DAP groups
which is consistent with the structure of the molecule presented in the
ESIt. Subsequently, U-PBLG was synthesized via ring opening
polymerization using y-benzyl-L-glutamate as a monomer and uracil-
initiator(9), with the resulting U-PBLG exhibiting acceptable PDI
(1.21), and ca. 30 repeat units, as determined by GPC and '"H NMR
(see ESI¥). To further understand secondary structures of U-PBLG
between o-helix and B-sheet conformations, it seems likely that the
presence of a terminal uracil moiety induces only o-helical confor-
mation in U-PBLG.?® (Detailed conformational analyses are
described in ESIf.)

Molecular recognition is an interesting phenomenon that can
result in various morphological changes.?” The U-PBLG forms
complexes with MD-POSS through complementary U-DAP
hydrogen bonding and has the capabilities for forming well-ordered
structures through bottom-up assembly of U-PBLG/MD-POSS
complexes and the assembly behavior of these complexes was
investigated using '"H NMR titration and circular dichroism (CD)
spectra. The U-PBLG/MD-POSS mixture was dissolved in CDCl3
at 25 °C to calculate the association constant (K,) of the U-DAP
complex where the chemical shift of the amide proton of uracil in the
complex U-PBLG/MD-POSS was monitored to give a value of K,
of 114.07 M™' from Benesi-Hildebrand plots (Fig. S8%). This
observed K, value is significantly lower than the theoretical value of
800 M'(Fig. 1A),*® implying that only a fraction of the MD-POSS
can complex with U-PBLG because the uracil group located at the
polymer chain end results in lower probabilities of collisions between
DAP and U groups. Therefore, we speculate that the observed low K,
is due to a higher fraction of the DAP-DAP interaction and thus
dilutes the influence of the strong DAP-U interaction. To further
investigate the self-assembly behavior, CD spectra were measured
using various blend ratios of U-PBLG/MD-POSS in THF at 25 °C
(Fig. 1B). The incorporation of MD-POSS into U-PBLG led to
a red shift from 222 nm to 232 nm, whereas control octaisobutyl-
POSS/U-PBLG remained unchanged without wavelength shift. This
observation indicates that the red-shifts of U55D and U73D are due
to the aggregation®” and the DAP-U complex forms highly stable
hydrogen-bonded complexes in THF-. It is worthy to note that strong
hydrogen-bond-induced helical aggregations of synthetic poly-
peptides are quite rare, although its DAP-U complex is not
completely extended. Both '"H NMR and CD spectra indicate that
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Scheme 1 Synthesis of MD-POSS and U-PBLG.
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Fig. 1 (A) K, values of hydrogen bonding pairs between uracil-DAP
and DAP-DAP functional groups. (B) CD spectra of (a) MD-POSS/U-
PBLG and (b) OIB-POSS/U-PBLG blends in THF. (C) DSC of (a) MD-
POSS, (b) U19D, (c) U37D, (d) US5D, (e) U73D, (f) U91D and (g)
U-PBLG. (D) WAXS of MD-POSS/U-PBLG blends (a) U-PBLG, (b)
U91D, (c) U73D, (d) U55D, (e) U37D, (f) U19D and (g) MD-POSS.

the U-PBLG/MD-POSS interaction occurs through strong cooper-
ative hydrogen bonding between U-PBLG and MD-POSS, resulting
in highly special conformational changes in the solution state even
though the structural incompatibilities are present between the POSS
and polypeptide nanoclusters.

Self-assembly of U-PBLG/MD-POSS in the bulk
state

Since U-PBLG and MD-POSS are able to form a star-like copol-
ymer structure, the self-assembly of these complexes in the bulk state
was investigated using differential scanning calorimetry (DSC).
Fig. 1C displays DSC traces for various U-PBLG/MD-POSS
complexes. The glass transition temperatures (7,) of pure U-PBLG
and MD-POSS are at 24 °C and 60 °C, respectively. For the U37D
complex, there is one T, at 50 °C, implying that the highly comple-
mentary hydrogen bonding interaction benefits the formation of
a miscible blend. However, further increasing the U-PBLG content
in the U-PBLG/MD-POSS blend (U55D, U73D and U91D) results
in two T,s (Fig. 1C) due to the repulsion between PLBG and POSS
domains facilitated by DAP-U interaction. On the other hand, the
intrinsic nanoscale phase separation is related to the hydrogen
bonding and morphological difference between hydrophilic (PBLG)
and hydrophobic (POSS) segments. Supramolecular interaction
effects on phase separation are intriguing and rarely observed in the
past. This leads us to investigate the microstructures of these
complexes in more detail through WAXS and TEM characterization.

Fig. 1D displays WAXS patterns of U-PBLG/MD-POSS
complexes. U-PBLG shows two amorphous halos with a d-spacing
of 1.2 and 0.4 nm, corresponding to the distances between the plane
of hexagonally packed PBLG rods and helical pitch sizes, respec-
tively.* Surprisingly, these U-PBLG/MD-POSS complexes exhibit
an obvious shift and a slight decrease in signal half-high-width in their
amorphous intensity at high values of ¢ (0.47 nm™"), indicative of
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Fig. 2 TEM images of (A) US5D, (C) U73D and (E) U91D and
enlargements of (B) US5D, (D) U73D and (F) U91D.

specific structures with a relatively regular structure. In addition,
U-PBLG/MD-POSS complexes display strong positions at
1:3":4" corresponding to the distance between the planes of
hexagonally packed PBLG rods. Previous studies indicated that the
short-chain PBLG (DP = 30) in solid state cannot assemble to form
the cholesteric liquid crystalline and ordered large-scale secondary
cholesteric twisting structures.*~* Therefore, the U-DAP interaction
must play a critical role in facilitating the formation of the specific
twisted microstructures.

To directly observe the microstructure of the U-PBLG/MD-
POSS complexes, TEM measurements were carried out (Fig. 2).
TEM results showed the random coil structures for U19D and U37D
(in Fig. S10t), indicative of amorphous morphologies with a well-
dispersed POSS. On the other hand, it also revealed that the highly
complementary hydrogen bonding was present within the U-PBLG/
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Scheme 2 Morphology of MD-POSS/U-PBLG blends.
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Fig.3 Thickness of the MD-POSS versus hydrogen-bonding fraction as
measured by TEM.

MD-POSS complex and resulted in a miscible phase. For the US5D,
U73D and U91D blends, well-ordered lamellar structures can be
observed as shown in Fig. 2. The dark regions correspond to the
U-PBLG phase while the bright regions are attributed to the MD—
POSS phase. In addition, all the complexes possess lamellar struc-
tures with a U-PBLG phase of 10-15 nm. In the case of the US5D
complex, the TEM micrograph shows that the distance between
MD-POSS phases is ca. 40 nm. On the other hand, the U73D and
U91D complexes possess a relatively small distance between MD-—
POSS phases (ca. 20-30 nm). According to the above, the increase in
the fraction of the MD-POSS within the blends leads to change in the
distance between MD-POSS phases due to the assembled MD-
POSS through DAP-DAP interaction (Scheme 2 and Fig. 3).
Through appropriate design of compositions of the U-PBLG/MD-
POSS complexes, the d-spacing of the cholesteric lamella morphology
can be controlled, enabling us to tailor the surface activity of the
nanolamellae for specific requirements and applications.

Conclusions

In summary, U-PBLG/MD-POSS complexes were prepared
exhibiting ordered cholesteric lamellar structures. The d-spacing
between MD-POSS phases can be controlled by varying the
component ratio of the complexes, which has rarely been observed
previously. This U-PBLG/MD-POSS supramolecular system is the
first organic/inorganic supermolecule possessing diblock copolymer-
like morphological properties as a result of complementary interac-
tions and provides a potential route toward design and fabrication of
block copolymer-like supramolecular materials.

Acknowledgements

We thank Prof. Kung-Hwa Wei’s research group for their help with
the TEM experiment. This study was supported financially by the
National Science Council, Taiwan (contract no. NSC 99-2120-M-
009-008).

References

1J. A. A. W. Elemans, A. E. Rowan and R. J. M. Nolte, J. Mater.
Chem., 2003, 13, 2661-2670.
2 G. M. Whitesides and B. Grzybowski, Science, 2002, 295, 2418-2421.

This journal is © The Royal Society of Chemistry 2012

Soft Matter, 2012, 8, 3747-3750 | 3749


http://dx.doi.org/10.1039/c2sm00035k

Published on 24 February 2012. Downloaded by National Chiao Tung University on 28/04/2014 23:26:11.

View Article Online

3 A. W. Bosman, L. Brunsveld, B. J. B. Folmer, R. P. Sijbesma and
E. W. Meijer, Macromol. Symp., 2003, 201, 143-154.

4 M. J. Krische and J.-M. Lehn, Struct. Bonding, 2000, 96, 3-29.

5 R. P. Sijbesma and E. W. Meijer, Curr. Opin. Colloid Interface Sci.,

1999, 4, 24-32.

6 H. Xu, S. W. Kuo, J. S. Lee and F. C. Chang, Macromolecules, 2002,
35, 8788-8793.

7 G. Z. Li, L. C. Wang, H. L. Ni and C. U. Pittman, Jr, J. Inorg.
Organomet. Polym., 2001, 11, 123-154.

8 S. H. Phillips, T. S. Haddad and S. J. Tomczak, Curr. Opin. Colloid
Interface Sci., 2004, 8, 21-29.

9 M. Joshi and B. S. Butola, J. Macromol. Sci., Part C, 2004, C44, 389—
410.

10 J. E. Mark, Acc. Chem. Res., 2004, 37, 946-953.

11 K. Pielichowaski, J. Niuguna, B. Janowski and J. Pielichowski, Adv.
Polym. Sci., 2006, 201, 225-296.

12 P. D. Lickiss and F. Rataboul, Adv. Organomet. Chem., 2008, 57, 1—
116.

13 R. 1. Gonzalez, S. H. Phillips and G. B. Hoflund, J. Spacecr. Rockets,
2000, 37, 463-467.

14 G. B. Hoflund, R. I. Gonzalez and S. H. Phillips, J. Adhes. Sci.
Technol., 2001, 15, 1199-1211.

15 N. P. Hacker, MRS Bull., 1997, 22, 33-38.

16 R. M. Laine, C. Zhang, A. Sellinger and L. Viculis, Appl. Organomet.
Chem., 1998, 12, 715-723.

17 F.J. Feher, D. A. Newman and J. F. Walzer, J. Am. Chem. Soc., 1989,
111, 1741-1748.

18 R. Duchateau, H. C. L. Abbenhuis, R. A. van Santen, A. Meetsma,
S. K.-H. Thiele and M. F. H. van Tol, Organometallics, 1998, 17,
5663-5673.

19 L. Ropartz, D. F. Foster, R. E. Morris, A. M. Z. Slawin and
D. J. Cole-Hamilton, J. Chem. Soc., Dalton Trans., 2002, 1997-2008.

20 C. Mengel, W. H. Meyer and G. Wegner, Macromol. Chem. Phys.,
2001, 202, 1138-1149.

21 D. B. Cordes, P. D. Lickiss and F. Rataboul, Chem. Rev., 2010, 110,
2081-2173.

22 A. Gitsas, G. Floudas, M. Mondeshki, H. W. Spiess, T. Aliferis,
H. Tatrou and N. Hadjichristidis, Macromolecules, 2008, 41, 8072—
8080.

23 H. A. Klok and S. Lecommandoux, Adv. Mater., 2001, 13, 1217-
1229.

24 J. A. Schellman, C. R. Trav. Lab. Carlisberg, Ser. Chim., 1955, 29, 230—
260.

25 J. A. Schellman, J. Phys. Chem., 1958, 62, 1485-1494.

26 A. G. Walton and J. Blackwell, Biopolymers, Academic Press, New
York, 1973.

27 H. Block, Poly(vy-benzyl-r-glutamate) and Other Glutamic Acid
Containing Polymers, Gordon and BreachScience Publishers, New
York, 1983.

28 P. Papadopoulous, G. Floudas, H. A. Klok, I. Schnell and T. Pakula,
Biomacromolecules, 2004, 5, 81-91.

29 P. J. Flory, Proc. R. Soc. London, Ser. A, 1956, 234, 73-89.

30 C. Robinson and J. C. Ward, Nature, 1957, 180, 1183-1184.

31 S. M. Yu, V. P. Conticello, G. Zhang, C. Kayser, M. J. Fournier,
T. L. Mason and D. A. Tirrell, Nature, 1997, 389, 167-170.

32 K. Tohyama and W. G. Miller, Nature, 1981, 289, 813-814.

33 R. J. Mart, R. D. Osborne, M. M. Stevens and R. V. Ulijn, Soft
Matter, 2006, 2, 822-835.

34 S. W. Kuo, H. F. Lee, W. J. Huang, K. U. Jeong and F. C. Chang,
Macromolecules, 2009, 42, 1619-1626.

35 C.C.Cheng, Y.C. Yenand F. C. Chang, Macromol. Rapid Commun.,
2011, 32, 927-932.

36 C. C. Cheng, Y. C. Yen, F. H. Ko, C. W. Chu, S. K. Fan and
F. C. Chang, J. Mater. Chem., 2012, 22, 731-734.

37 W. H. Binder and R. Zirbs, Adv. Polym. Sci., 2007, 207, 1-78.

38 A.J. Wilson, Soft Matter, 2007, 3, 409-425.

39 W. L. Mattice, R. W. McCord and P. M. Shippery, Biopolymers,
1979, 18, 723-730.

40 E. A. Minicha, A. P. Nowakb, T. J. Demingb and D. J. Pochana,
Polymer, 2004, 45, 1951-1957.

41 E. T. Samulski, in Liquid Crystalline Order in Polymers, ed. A.
Blumstein, Academic Press, New York, 1978, pp. 167-190.

42 H. Toriumi, K. Yahagi, I. Uematsu and Y. Uematsu, Mol. Cryst. Lig.
Cryst., 1983, 94, 267-284.

43 S. Lecommandoux, M.-F. Achard, J. F. Langenwalter and
H.-A. Klok, Macromolecules, 2001, 34, 9100-9111.

44 G. Floudas, P. Papadopoulous, H.-A. Klok, G. W. M. Vandermeulen
and J. Rodriguez-Hernandez, Macromolecules, 2003, 36, 3673-3683.

3750 | Soft Matter, 2012, 8, 3747-3750

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c2sm00035k

	Block-copolymer-like supramolecules confined in nanolamellaeElectronic supplementary information (ESI) available. See DOI: 10.1039/c2sm00035k
	Block-copolymer-like supramolecules confined in nanolamellaeElectronic supplementary information (ESI) available. See DOI: 10.1039/c2sm00035k
	Block-copolymer-like supramolecules confined in nanolamellaeElectronic supplementary information (ESI) available. See DOI: 10.1039/c2sm00035k
	Block-copolymer-like supramolecules confined in nanolamellaeElectronic supplementary information (ESI) available. See DOI: 10.1039/c2sm00035k
	Block-copolymer-like supramolecules confined in nanolamellaeElectronic supplementary information (ESI) available. See DOI: 10.1039/c2sm00035k


