
Polymer-Helix Assemblies
DOI: 10.1002/anie.200903932

Nano-to-Macroscale Poly(methyl methacrylate) Stereocomplex
Assemblies**
Tor Kit Goh, Jing Fung Tan, Stefanie Nina Guntari, Kotaro Satoh, Anton Blencowe,
Masami Kamigaito,* and Greg Guanghua Qiao*

Nature has a specific and predefined approach to the
assembly of natural macromolecules that render functionality,
uniqueness, and form to all living matter. An elegant example
is the helix, which is the native form of DNA[1] and some
protein sequences.[2] Some synthetic polymers have also been
found to adopt single-strand helical conformations; poly(iso-
cyanates), poly(triphenylmethyl methacrylates), and poly-
(acetylenes) are well-known examples.[3] Perhaps the most
interesting synthetic helix is the poly(methyl methacrylate)
(PMMA) stereocomplex, which is a triple-stranded helical
supramolecule.[4–6] Multiple-strand artificial helices are rare,
which is understandable if one considers that no specific
interactions, such as p–p stacking or hydrogen bonding, are
used to induce helix formation.

There are limited examples of the use of PMMA stereo-
complexes (SCs) as an assembly mode for ultrathin films,[7,8]

inclusion complexes,[9] nanoparticles, and nanonetworks,[10] as
well as fibers[11] and dialysis membranes.[12] Nevertheless,
PMMA SCs display interesting characteristics, such as
stereospecific polymerization-templating capabilities[8] and
helix-sense stereocomplexation,[9] as well as molecular-
weight[13] and peptide-motif recognition.[14] These are remark-
able characteristics if one considers that PMMA is a common
commodity polymer. In the abovementioned examples,
PMMA samples with high stereoregularity are used. This

material is typically synthesized by living anionic polymeri-
zation; stereospecific PMMA synthesized from controlled/
living radical polymerization has not been used previously in
stereocomplexation studies. In this study, we utilized a novel
syndiotactic (st-)PMMA star polymer synthesized by stereo-
specific living radical polymerization (SLRP)[15] and inves-
tigated its stereocomplexation behavior with linear isotactic
(it-)PMMA. The macromolecular assembly of various nano-
to-macroscale structures from a single pair of complementary
polymers through helix formation has not been reported
previously.

It has been demonstrated previously that st-PMMA does
not require a high level (> 90 %) of syndiotacticity for
stereocomplexation to occur, whereas the tacticity of the it-
PMMA species is more crucial.[6] Therefore, the core cross-
linked star (CCS) polymers were synthesized by SLRP, which
can provide st-PMMA with triad syndiotacticity (rr) values of
up to 80%.[16] The CCS polymer was synthesized by the two-
step arms-first method.[17] First, MMA was polymerized by
using the initiator 1 in the presence of the Ru catalyst 2 and
tri-n-butylamine; the bulky cumyl fluoroalcohol 3 was used as
the solvent (Scheme 1). The living nature of the polymeri-

zation was observed (see Figure S1 in the Supporting
Information), as well as high conversions (> 95 %) without
the loss of catalyst activity or the living nature of the polymer.
The formation of the highly syndiotactic st-PMMA 4 was
confirmed by 13C NMR spectroscopic analysis (see Figure S1
in the Supporting Information; mm/mr/rr 1:22:78).

Secondly, the alkyl chloride chain ends of st-PMMA 4
were linked together with ethylene glycol dimethacrylate
(EGDMA) in the presence of the Ru catalyst 6 and tri-n-
butylamine to yield the stereospecific CCS polymer 5

Scheme 1. Simultaneous control of molecular weight and tacticity by
ruthenium-catalyzed stereospecific living radical polymerization
(SLRP).
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(Figure 1a). This globular, covalently bound star polymer
contains multiple arms, which are capable of stereocomplex-
ation. The EGDMA-conversion profile as well as molecular-
weight and polydispersity evolution with respect to reaction
time are shown in Figure 1b,c. The highly living nature of 4
was demonstrated by its near-quantitative conversion into the
CCS polymer 5. GPC–MALLS RI analysis revealed that the
yield of 5 was greater than 95% (Mn = 218 kDa, Mw/Mn =

1.56, arm number: 30; Figure 1d). Therefore, further purifi-
cation of the CCS polymer 5 was not required. The synthetic
efficiency of the formation of the CCS polymer 5 is a
significant improvement on the previously described syn-
thesis of stereospecific star polymers by an anionic-polymer-
ization strategy.[18] The complementary, highly isotactic linear
PMMA 7 was obtained by living anionic polymerization
(Mn = 10.4 kDa, Mw/Mn = 1.13, mm/mr/rr 93:3:4; see Fig-
ure S2 in the Supporting Information).[19] The it-PMMA 7
was prepared by anionic rather than living radical polymer-
ization, because no synthetic route to highly isotactic (mm>

90%) polymers on the basis of the latter method has yet been
developed.

The st-PMMA CCS polymer 5 and linear it-PMMA 7 are
soluble individually in acetonitrile/water (9:1), and stereo-
complexation occurs between the complementary PMMA
species when combined (see Figure S3.1 in the Supporting
Information). Therefore, the assembly of different SC mor-
phologies could be induced by mixing 5 and 7 in different
ratios in ACN/H2O (9:1)[10] at room temperature (Figure 2).
Discrete SC CCS polymers 8 were obtained when the st-
PMMA CCS polymer 5 was mixed with a large excess of
linear it-PMMA 7. When the conventional ratio for stereo-
complexation (it/st(arms) 1:2) was used at low polymer
concentrations (< 2 mgmL�1), larger SC assemblies were

obtained; as the it-PMMA inner helix is longer than the st-
PMMA outer helix, it could link multiple st-PMMA CCS
polymers together to form SC CCS clusters 9. At high
polymer concentrations (100 mg mL�1), the mixing of 5 and 7
(it/st(arms) 1:2) led to the formation of a SC macrogel 10.

The SC morphologies were formed by mixing the
solutions of 5 and 7 in ACN/H2O at room temperature for
50 h. Typically, turbid solutions formed after several hours,
and the settling of particles occurred, which indicated poor
solvation and aggregation of the PMMA SCs under these
conditions (see Figure S3.1 in the Supporting Information).
Aggregate formation was reversed by dilution to below the
critical aggregation concentration to give stable SC morphol-
ogies 8 and 9 (see Figure S3.2 in the Supporting Information),
as confirmed by the dilution of samples for dynamic light
scattering (DLS) until stable particle-size distributions were
observed. Aggregation can be excluded as a driving force for
the formation of these stable SC morphologies, since differ-
ential scanning calorimetry (DSC) of the mixing products of 5
and 7 confirmed that they were PMMA stereocomplexes, as
indicated by a characteristic melting point at 148 8C (see
Figure S4 in the Supporting Information).[10] The dilute
solutions of 8 and 9 were then cast onto grids for analysis by
transmission electron microscopy (TEM). Size data from
number-average DLS and TEM analysis are shown in
Figure 3. (see Figures S5 and S6 of the Supporting Informa-
tion for the intensity-, number-, and volume-average DLS
traces for 5, 8, and 9, as well as additional TEM images and
size-distribution histograms (sample set > 50).)

The st-PMMA CCS polymer 5 has a hydrodynamic
diameter (Dh) of 15 nm; TEM analysis gave a mean solid-
state diameter (Ds) of 23 nm with a standard deviation (s) of
1.8 nm. The narrow distribution of sizes results from the

Figure 1. a) Synthesis of the st-PMMA CCS polymer 5 at 80 8C in toluene; [EGDMA]= 100 mm, [4] = 10 mm, [6] = 2 mm, [nBu3N] = 40 mm.
b) EGDMA conversion during core cross-linking (measured by 1H NMR spectroscopy). Inset: Yield of the CCS polymer 5, as determined by
integration of the peak area in GPC–MALLS RI traces. c) Evolution of Mn and Mw/Mn for the CCS polymer 5 with respect to reaction time. Arrows
indicate the appropriate y axis. d) The formation of the CCS polymer 5 was monitored by GPC–MALLS RI analysis of kinetic samples; a high star
yield (95%) was observed after 336 h. GPC=gel permeation chromatography, MALLS= multiangle laser light scattering, RI= refractive index.
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moderate polydispersity of 5 (Mw/Mn = 1.56). The hydro-
dynamic diameter of the CCS polymer 5 was, however,
smaller than its solid-state diameter. It was initially expected
that Ds would be similar to Dh for the CCS polymer 5 because
of low “molecular softness”[20] (i.e. a low arm degree of
polymerization (DP) and high arm numbers). We propose
two explanations for this observation. First, DLS analysis can
underestimate the hydrodynamic diameter of star polymers as
a result of the decreased density of the polymeric arms on

their periphery. Second, star polymers with high-DP arms
undergo a much greater collapse in size in the dry state (Ds<

Dh) than star polymers with low-DP arms because of their
high molecular softness. The latter do not collapse signifi-
cantly (Ds�Dh) because they have low molecular softness.[20]

The occurrence of Ds>Dh was similarly observed by Gurr
et al.[21] and Wooley and co-workers[22] for atactic PMMA
CCS polymers and polyisoprene-block-polyacrylic acid shell-
cross-linked knedel-like nanostructures, respectively (both
star macromolecules had a low arm DP and high arm
numbers). Furthermore, Yashima and co-workers observed
particle expansion (Ds>Dh) for small PMMA–C60 micelles
and particle shrinkage (Ds<Dh) for large PMMA–C60

micelles.[10]

The PMMA SC CCS polymer 8 was observed to have a
Dh value of 34 nm and a mean Ds value of 29 nm (s = 3.9 nm).
The similarity in the sizes of the solvated and solid-state
species is not surprising when the rigidity of the PMMA
stereocomplex is taken into account.[23] We postulate that 8
has stereocomplexed PMMA arms, although segmental
stereocomplexation or stereocomplexation on the star periph-
ery cannot be ruled out without further analysis. However,
molecular-sorting experiments[13] with linear it- and st-PMMA
have shown that the complete inclusion of the inner it-PMMA
helix in the outer st-PMMA helix is highly favored, as the
PMMA SC is the more thermodynamically stable structure.

The PMMA SC CCS cluster 9 had a Dh value of 107 nm
and a mean Ds value of 41 nm (s = 3.9 nm). This large
difference in size is intriguing, as the PMMA SC was expected
to maintain its dimensional integrity, as observed for 8. We
hypothesize that particle shrinkage occurs through collapse of
the linear it-PMMA segments (which are not in their rigid
stereocomplex form as a result of the absence of the outer st-
PMMA helices). In a previous study, we showed that CCS
clusters with linear PMMA segments can undergo large

Figure 2. Stereocomplexation of the st-PMMA CCS polymer 5 with linear it-PMMA 7 at different ratios gave different stereocomplex morphologies.
The SC CCS polymer 8 was obtained when excess it-PMMA was added (it/st(arms) 10:1). Alternatively, the conventional stereocomplexing ratio
(it/st(arms) 1:2) afforded either the SC CCS cluster 9 or the SC gel 10 (at polymer concentrations of 2 or 100 mgmL�1, respectively). Right: The
PMMA SC adopts a triple-stranded helical structure comprising a double-stranded it-PMMA helix within an st-PMMA helix.[4]

Figure 3. a) Number-average DLS distributions and b) TEM images for
the CCS polymer (CCSP) 5 and SC CCS polymers 8 and 9.
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changes in Dh upon alteration of the solvent quality.[24]

Alternatively, although it is less likely, the individual
PMMA SCs could pack (“bundle”) together preferentially
in the solid state[25] to cause a forced collapse of the SC CCS
cluster.

The stereocomplex formation of PMMA can be disrupted
by the solvent or temperature (Figure 4a).[6] The dissolution
of PMMA SCs in a good solvent, such as THF, can effectively
disassemble the stereocomplex; heating of the SC in the
solution used for its stereocomplexation also causes disas-
sembly. When THF was added to the ACN/H2O solution of
the PMMA SC CCS cluster 9, disassembly was observed
almost instantaneously. Partial disassembly was also observed
when the ACN/H2O solution of 9 was heated to 50 8C.
Unfortunately, the DLS did not allow for the disassembly to
be conducted at temperatures above 50 8C, otherwise it is
anticipated that complete disassembly would be observed at
such temperatures.

The SC gel 10 was obtained by mixing 5 and 7 at an it/
st(arms) ratio of 1:2 and a concentration of 100 mg mL�1. At
this high concentration, a continuous macroscopic network
held together exclusively by helical SCs was formed. This
mode of gel formation facilitated the temperature-induced
assembly and disassembly of 10. Heating of the SC gel 10 to
90 8C resulted in complete disassembly and the formation of a
solution of polymers 5 and 7 (Figure 2b). When this solution
was cooled to room temperature, it became cloudy (ca.

30 min), and a macroscopic gel formed (ca. 1 h). The
reversibility of this process was demonstrated by the repeti-
tion of this cycle without a change in behavior. Although the
SC gel 10 was strong enough to support its own weight,
physical handling caused breakage, which is unsurprising, as
the gel is only held together by van der Waals forces.

Linear PMMA SCs form gels as a result of the physical
aggregation and bundling of SC helices, but the gels can be
dispersed readily through minor dilution (see Figure S7 in the
Supporting Information).[26] The SC gel 10 is unique in that it
is held together by the CCS polymer 5, which serves as a locus
for multiple cross-linking. This feature also makes 10 distinct
from SC networks formed by PMMA micelles[10] because the
cores of the CCS polymer 5 are covalently cross-linked and
hence stable against temperature, solvents, and concentration
effects. Furthermore, one study suggested that covalently
stabilized star SCs are more stable (in the melt) than
analogous linear SCs.[27]

Noting this advantage, we investigated the fabrication of
PMMA SC microwires 11. The SC gel 10 was heated to 90 8C
to afford a free-flowing solution, which was drawn up into a
microliter syringe and allowed to cool to room temperature.
After 30 minutes, a viscous white solution was extruded from
the syringe onto a glass slide submerged in ACN/H2O (9:1).
The resulting SC microwire 11 (Figure 5a) was kept in

Figure 4. a) Disassembly of the PMMA SC 9 can be induced by the
addition of a good solvent (e.g. THF) or by heating. b) Similarly, the
PMMA SC gel 10 can be switched between solution and solid states by
heating/cooling.

Figure 5. a) The PMMA microwire 11 was extruded as a solution in
ACN/H2O (9:1) from a microliter syringe onto a glass slide. b) The
dried microwires broke apart lengthwise as a result of the large
shrinkage of the SC network, but nevertheless maintained their shape.
c,d) Optical-microscope images (2 � ) of the microwires. e) Profilome-
ter contours for 11 (locations shown in (b): left-hand position: top;
middle position: middle; right-hand position: bottom). The results
indicate that the cylindrical shape of the wire persisted after drying.
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solution at room temperature for a further 50 hours to
facilitate complete stereocomplexation. Microwires of several
centimeters in length were obtained by this method. They
were observed to be shape-persistent in solution with no
visible dissolution (see Figure S8 in the Supporting Informa-
tion). However, the lengthwise breakage of 11 into shorter
segments occurred after the ACN/H2O solvent mixture had
completely evaporated (Figure 5b). This breakage is caused
by the large shrinkage of the stereocomplexed structure as the
solvents evaporate; the weak van der Waals forces that bind
the PMMA helices cannot maintain the structural integrity of
11. Such a large decrease in size was also observed for the SC
CCS cluster 9 in its dry state relative to its size in solution
(Figure 3). Nevertheless, the dried microwires could be
observed with an optical microscope, and their diameter
was determined to be approximately 100 mm (Figure 5 c,d).
Furthermore, the dried microwires were shape-persistent, and
their profiles could be measured with a profilometer (Fig-
ure 5e). The profilometer contours for microwire 11 indicated
that its width and height were approximately 137 and 97 mm,
respectively. The fabrication of PMMA SC microwires clearly
demonstrates the utility of st-PMMA CCS polymers for the
formation of stereocomplex networks that can be tailored and
shaped as required. In contrast, linear PMMA SC gels cannot
form such a wide assortment of assemblies.

In summary, we have described the near-quantitative
synthesis of the st-PMMA CCS polymer 5 by SLRP. This
polymer and the complementary linear it-PMMA 7 were
utilized in the assembly, through helix formation, of a
fascinating array of SC morphologies that ranged from SC
CCS polymers of less than 50 nm in diameter to micron-sized
SC microwires and macrogels.
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Schneider, Adv. Colloid Interface Sci. 1987, 27, 81 – 150; b) K.
te Nijenhuis, Adv. Polym. Sci. 1997, 130, 67 – 81.

[7] a) T. Serizawa, K. Hamada, T. Kitayama, N. Fujimoto, K.
Hatada, M. Akashi, J. Am. Chem. Soc. 2000, 122, 1891 – 1899;
b) T. Serizawa, K. Hamada, T. Kitayama, K. Katsukawa, K.
Hatada, M. Akashi, Langmuir 2000, 16, 7112 – 7115; c) K.
Hamada, T. Serizawa, T. Kitayama, N. Fujimoto, K. Hatada,
M. Akashi, Langmuir 2001, 17, 5513 – 5519.

[8] T. Serizawa, K. Hamada, M. Akashi, Nature 2004, 429, 52 – 55.
[9] a) T. Kawauchi, A. Kitaura, J. Kumaki, H. Kusanagi, E. Yashima,

J. Am. Chem. Soc. 2008, 130, 11889 – 11891; b) T. Kawauchi, J.
Kumaki, A. Kitaura, K. Okoshi, H. Kusanagi, K. Kobayashi, T.
Sugai, H. Shinohara, E. Yashima, Angew. Chem. 2008, 120, 525 –
529; Angew. Chem. Int. Ed. 2008, 47, 515 – 519.

[10] T. Kawauchi, J. Kumaki, E. Yashima, J. Am. Chem. Soc. 2006,
128, 10560 – 10567.

[11] M. Crne, J. O. Park, M. Srinivasarao, Macromolecules 2009, 42,
4353 – 4355.

[12] a) H. Sugaya, Y. Sakai, Contrib. Nephrol. 1998, 125, 1 – 8; b) T.
Takeyama, Y. Sakai, Contrib. Nephrol. 1998, 125, 9 – 25.

[13] J. Kumaki, T. Kawauchi, K. Ute, T. Kitayama, E. Yashima, J. Am.
Chem. Soc. 2008, 130, 6373 – 6380.

[14] a) T. Serizawa, T. Sawada, H. Matsuno, T. Matsubara, T. Sato, J.
Am. Chem. Soc. 2005, 127, 13780 – 13781; b) T. Serizawa, T.
Sawada, T. Kitayama, Angew. Chem. 2007, 119, 737 – 740;
Angew. Chem. Int. Ed. 2007, 46, 723 – 726.

[15] For reviews on SLRP, see: a) M. Kamigaito, K. Satoh, Macro-
molecules 2008, 41, 269 – 276; b) M. Kamigaito, K. Satoh, J.
Polym. Sci. Part A 2006, 44, 6147 – 6158.

[16] T. Shibata, K. Satoh, M. Kamigaito, Y. Okamoto, J. Polym. Sci.
Part A 2006, 44, 3609 – 3615.

[17] For reviews on CCS polymers, see: a) A. Blencowe, J. F. Tan,
T. K. Goh, G. G. Qiao, Polymer 2009, 50, 5 – 32; b) H. Gao, K.
Matyjaszewski, Prog. Polym. Sci. 2009, 34, 317 – 350.

[18] K. Hatada, T. Kitayama, N. Fujimoto, T. Fukuoka, O. Nakagawa,
T. Nishiura, J. Macromol. Sci. Pure Appl. Chem. 2002, 39, 801 –
814.

[19] K. Hatada, K. Ute, K. Tanaka, T. Kitayama, Y. Okamoto, Polym.
J. 1985, 17, 977 – 980.

[20] Rheological experiments indicated that CCS polymers with a
low number of arms and high-DP arms (i.e. high molecular
softness) were more deformable than CCS polymers with a high
number of arms and low-DP arms (low molecular softness). The
latter had shape persistence resembling that of hard-sphere
nanoparticles: T. K. Goh, K. D. Coventry, A. Blencowe, G. G.
Qiao, Polymer 2008, 49, 5095 – 5104.

[21] P. A. Gurr, G. G. Qiao, D. H. Solomon, S. E. Harton, R. J.
Spontak, Macromolecules 2003, 36, 5650 – 5654.

[22] H. Huang, E. E. Remsen, T. Kowalewski, K. L. Wooley, J. Am.
Chem. Soc. 1999, 121, 3805 – 3806.

[23] N. Fazel, A. Br�let, J.-M. Guenet, Macromolecules 1994, 27,
3836 – 3842.

[24] T. K. Goh, A. P. Sulistio, A. Blencowe, J. Johnson, G. G. Qiao,
Macromolecules 2007, 40, 7819 – 7826.

[25] R. Buter, Y. Y. Tan, G. Challa, J. Polym. Sci. Part A 1973, 11,
2975 – 2989.

[26] An SC gel was formed from 4 and 7 (it/st 1:2) in the same way as
the SC gel 10 was formed but could be dispersed readily by
minor dilution with an ACN/H2O mixture.

[27] T. Biela, A. Duda, S. Penczek, Macromolecules 2006, 39, 3710 –
3713.

Angewandte
Chemie

8711Angew. Chem. Int. Ed. 2009, 48, 8707 –8711 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1038/171737a0
http://dx.doi.org/10.1073/pnas.37.4.205
http://dx.doi.org/10.1073/pnas.37.4.205
http://dx.doi.org/10.1021/ar800091w
http://dx.doi.org/10.1021/cr990126i
http://dx.doi.org/10.1002/ange.200700455
http://dx.doi.org/10.1002/anie.200700455
http://dx.doi.org/10.1002/anie.200700455
http://dx.doi.org/10.1021/ja01540a068
http://dx.doi.org/10.1038/206358a0
http://dx.doi.org/10.1021/ma00198a025
http://dx.doi.org/10.1021/ma00198a025
http://dx.doi.org/10.1021/ja9913535
http://dx.doi.org/10.1021/la000241k
http://dx.doi.org/10.1021/la0101898
http://dx.doi.org/10.1038/nature02525
http://dx.doi.org/10.1021/ja8048805
http://dx.doi.org/10.1002/ange.200703655
http://dx.doi.org/10.1002/ange.200703655
http://dx.doi.org/10.1002/anie.200703655
http://dx.doi.org/10.1021/ja063252u
http://dx.doi.org/10.1021/ja063252u
http://dx.doi.org/10.1021/ma9005395
http://dx.doi.org/10.1021/ma9005395
http://dx.doi.org/10.1159/000059945
http://dx.doi.org/10.1159/000059946
http://dx.doi.org/10.1021/ja077861t
http://dx.doi.org/10.1021/ja077861t
http://dx.doi.org/10.1021/ja054402o
http://dx.doi.org/10.1021/ja054402o
http://dx.doi.org/10.1002/ange.200603212
http://dx.doi.org/10.1002/anie.200603212
http://dx.doi.org/10.1021/ma071499l
http://dx.doi.org/10.1021/ma071499l
http://dx.doi.org/10.1002/pola.21688
http://dx.doi.org/10.1002/pola.21688
http://dx.doi.org/10.1002/pola.21469
http://dx.doi.org/10.1002/pola.21469
http://dx.doi.org/10.1016/j.polymer.2008.09.049
http://dx.doi.org/10.1016/j.progpolymsci.2009.01.001
http://dx.doi.org/10.1295/polymj.17.977
http://dx.doi.org/10.1295/polymj.17.977
http://dx.doi.org/10.1016/j.polymer.2008.09.030
http://dx.doi.org/10.1021/ma030122m
http://dx.doi.org/10.1021/ja983610w
http://dx.doi.org/10.1021/ja983610w
http://dx.doi.org/10.1021/ma00092a024
http://dx.doi.org/10.1021/ma00092a024
http://dx.doi.org/10.1021/ma070996z
http://dx.doi.org/10.1021/ma060264r
http://dx.doi.org/10.1021/ma060264r
http://www.angewandte.org

