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ABSTRACT: Highly efficient stereoregular polymerizations within template nanospaces using free radical initia-

tors, based on stereocomplexes formed between isotactic and syndiotactic methacrylate polymers are reviewed. Ultra-

thin films composed of double-stranded helical or van der Waals contacted stereocomplex nanostructures were success-

fully prepared by the layer-by-layer assembly method, and fundamental aspects of film preparation were summarized.

Template nanospaces were prepared by the selective solvent extraction of a single component from stereocomplex films

composed of it-poly(methyl methacrylate) and st-poly(methacrylic acid). The resulting porous films with designed

nanospaces were used for template polymerizations. Methacrylate polymers with high iso- and syndiotacticities were

synthesized within nanospaces. Structural information not only of template stereoregularity but also of template chain

length was efficiently transferred to synthesized polymers. [DOI 10.1295/polymj.38.311]
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Template polymerization in regularly structured
enzymatic nanospaces results in the efficient synthesis
of biomacromolecules such as polynucleotides and
proteins.1 Multivalent and non-covalent interactions
composed of hydrogen bonds and van der Waals in-
teractions are frequently utilized for the coordination
of monomer polymerization using biomacromolecule
templates. This approach is attractive and challenging
for the in vitro precision synthesis of synthetic and
biorelated polymers.2–9 Biomacromolecules have 3-
dimensional and higher-order nanostructures which
self-assemble in a given environment. Although mo-
lecularly regulated structures seem to be restricted
to aqueous phase biomacromolecules, similarly regu-
lated nanostructures, which self-assemble in certain
organic solvents, are known to form combinations
of synthetic polymers such as methacrylate poly-
mers,10–19 polyesters,20,21 and poly(amino acid)s.22–24

Stereocomplexes are formed between structurally
well-defined synthetic polymers in certain solvents,
or in films with structural fittings between polymer
chains or between lateral functional groups with
van der Waals contacts. For instance, isotactic (it)
and syndiotactic (st) poly(methyl methacrylate)s
(PMMAs) artificially form double stranded helical
stereocomplexes in polar organic solvents on the basis
of structural fitting with van der Waals interac-
tions,10–14 in which complex it-PMMAs are surround-
ed by twice the length of st-PMMAs.25–28

Researchers are highly interested in the double-
stranded moiety of PMMA stereocomplexes as an ad-
equate assembly system to perform in situ free radical
template syntheses of stereoregular PMMAs in the
presence of a single PMMA.29–38 Although the stoi-
chiometry of the complex is different from that of
nucleic acids, template polymerization is inspired by
template syntheses of polynucleotides and proteins
under mild physiological conditions.1 However, the
structural transcription of templates to polymers syn-
thesized by this polymerization method has thus far
been insufficient. Polymerization has been demon-
strated under restrictive conditions such as low con-
versions, low temperatures, and high molecular
weights of templates.29 Since biological systems syn-
chronously utilize sophisticated nanospaces produced
by proper enzymes as well as template effects, solvat-
ed polymers with random and dynamic conformations
are not suitable polymerization templates. In order to
overcome this problem, we propose herein a free radi-
cal polymerization process within nanospaces fabri-
cated by polymer templates as porous ultrathin films,
based on double stranded or van der Waals contacted
stereocomplexes formed between it-PMMA and st-
poly(methacrylic acid) (st-PMAA).39,40

Our approach for precision template polymerization
is comprised of the following three steps: step 1,
which is the most important step, the fabrication of
ultrathin films composed of stereocomplexes formed
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between it-PMMA and st-PMAA; step 2, the selective
extraction of a single component from films, to fabri-
cate porous films with template nanospaces; step 3,
the free radical polymerization of monomers within
nanospaces and the characterization of selectively
extracted resulting polymers. To fabricate ultrathin
stereocomplex films on surfaces, we applied stereo-
complex formation to layer-by-layer (LbL) assembly,
which is normally used for the fabrication of poly-
electrolyte multilayers through electrostatic polyion
complex formation, as schematically shown in Figure
1.41–50 LbL assembly can be demonstrated by the al-
ternate immersion of substrates into interactive poly-
mer solutions, which fabricates films with a control-
lable nanometer thickness. The concept of LbL as-
sembly means that we can assemble certain polymers
by stabilizing them on a substrate after adsorption due
to polymeric interactions. Thus, this process should be
potentially applicable to the formation of stereoregu-
lar PMMA stereocomplexes.
Although detailed studies of stereocomplex forma-

tion between structurally regular polymers have been
performed,10–14 no research has utilized stereocom-
plex characteristics for the stepwise fabrication of ul-
trathin polymer assemblies on a substrate. The step-
wise stereocomplex assembly on a substrate would
require the structural rearrangement of a pre-adsorbed
polymer, possibly from a random conformation during
the subsequent adsorption process of the second ster-
eoregular PMMA, in order to form regular nanostruc-
tures. In this case, the polymers would have huge ster-
ic requirements during formation. The in-situ assem-
bly of ultrathin stereocomplex films has more general
implications regarding dynamic events involving
polymeric interactions at ultrathin polymer film sur-
faces. In other words, the stereocomplex formation
suggests that a dynamic conformational change in
polymers adsorbed onto a film’s surface is available
for the ultrathin film assembly process. No one knows
whether polymers at the interface can interact with
other polymers exhibiting conformational changes.
Resulting films, with regular structures, might have
potential functions.
In this review, we will demonstrate a highly effi-

cient stereoregular polymerization process using free
radical initiators within template nanospaces, which
can be prepared by the selective extraction of a single
component from structurally regular ultrathin stereo-
complex films composed of it-PMMA and st-PMAA.
Before the preparation of nanospaces, fundamental
aspects of film fabrication based on the LbL assem-
bly method are summarized. In order to quantify the
amount of assembled polymers on surfaces to a nano-
gram level, we used a 9-MHz quartz-crystal micro-
balance (QCM) as a substrate. QCM frequency de-
creases (��F) were converted to the mass of poly-
mers assembled (�m) using Sauerbrey’s equation,51

in conjunction with the analysis of other measure-
ments. The present system will not only lead to ultra-
thin polymer films with novel functions, but may also
serve as a model for studying the novel concept of
polymeric interactions at interfacial regions.

FUNDAMENTAL ASPECTS OF STEREO-
COMPLEX ASSEMBLY ON SURFACES

Quantitative Analysis of Assembly between It- and St-
PMMAs
For the first fundamental combination, we selected

the assembly of it- and st-PMMAs.52 Stereocomplex
formation between it- and st-PMMAs in organic solu-
tions is known to be dependent on solvent species.
Herein, we selected acetonitrile, acetone, and DMF,
which are known to be strong complexing solvents.12

Figure 2 shows the dependence of frequency shifts on
assembly steps, when the QCM was alternately im-
mersed in it-PMMA (Mn 20750, Mw=Mn 1.26, mm:
mr:rr ¼ 97:2:1) and st-PMMA (Mn 22700, Mw=Mn

1.26, mm:mr:rr ¼ 0:11:89) solutions in three solvents
at a PMMA concentration of 1.7mgmL�1 for 15min
immersion times at ambient temperature. It is clear
that acetonitrile was the best solvent for PMMA
assembly in large amounts, as shown in Figure 2a.
When the QCM was immersed in it- or st-solution
alone for a much longer time, the frequency shift satu-
rated to a level obtained during the first step of the
assembly process. This observation suggests that the
stereocomplex of stereoregular PMMAs was produced
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Figure 1. Schematic representation of LbL assembly of polyelectrolyte multilayers.
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on the QCM. In the initial two steps, larger frequency
shifts were observed, possibly due to the direct influ-
ence of the QCM gold substrate on the assembly
amount. The frequency shift after a 20-step assembly
was �416Hz with an experimental error of �5%. The
shift corresponded to an adsorption of 362 ng, and
the film thickness was estimated to be 9.7 nm, assum-
ing a density for solid PMMA (1.188 g cm�3). The
estimated thickness was consistent with the thickness
that was obtained by scratching the assembly on a
QCM substrate using an AFM tip (9:7� 0:3 nm).
When the assembly was demonstrated without drying,
the total frequency shift was not affected, indicating
that the drying process is not essential for the stepwise
assembly.
All of the solvents used in these experiments are

known to promote complex formation in solutions.12

Significantly, the amount of complex formed in DMF
solution is almost the same as that formed in acetoni-
trile; although the formation in acetone was not stud-
ied under the same conditions. Accordingly, assembly
on a QCM substrate is not related directly to the com-
plex formation behavior in solutions. It is difficult to
explain why we observed different behaviors between
substrate surfaces and within solutions. A possible
reason is derived from the solubility of PMMA in
the above solvents, because the present assembly is
based on physical adsorption of PMMAs onto a sub-
strate. In general, both the solubility and the nature
of the substrate affect polymer adsorption on surfaces.
Studies have indicated that poor solubility and strong
interaction with substrate surfaces promote polymer
adsorption.53 Herein, the substrate remained the same,
and the solvent was changed. Acetonitrile was the

poorest solvent for PMMA,54 when compared to other
solvents. The poor solubility of PMMA in acetonitrile
promoted assembly on the substrate, followed by the
stepwise formation of stereocomplexes on substrate
surfaces. The present data suggest that solvent selec-
tion is a key factor in the stepwise assembly of stereo-
regular PMMAs. A system using acetonitrile solutions
was used in the following characterization of stereo-
complex films.
The amount of PMMA adsorbed by each assembly

step was analyzed using the QCM method. Research-
ers have experimentally and theoretically studied the
length ratio between assembled it- and st-PMMA in
mixed solutions, and have estimated it to be 1:2,25–28

indicating that the amount of the stereocomplex form-
ed between it- and st-PMMAs should be 1:2, due to
the same chemical structure. In the case of the aceto-
nitrile solvent, the mean ratio was obtained from it-
PMMA to st-PMMA because stereocomplex forma-
tion seemed to occur during this step (see below).
The mean ratio was determined as 2:0� 0:4 from
QCM measurements. The previous value is signifi-
cantly consistent with values obtained in solution.25–28

This observation strongly suggests that it- and st-
PMMAs assembled on substrates by stereocomplex
formation similar to what was observed in solution.
In addition, frequency shifts of physically adsorbed
it- and st-PMMAs on a QCM were �71 and �23Hz,
respectively, and the ratio did not approach 2. It is
noted that we ignored the initial two steps in the esti-
mation of the st/it ratio because of the relatively larg-
er assembling amount.
Further details of the stepwise frequency shift

shown in Figure 2a were evaluated by performing
assembly in a system that started with st-PMMA.
In aforementioned assemblies, we started from it-
PMMA. For a detailed analysis, the st/it ratio was cal-
culated both from the it-PMMA to st-PMMA step and
from the st-PMMA to it-PMMA step. Mass ratios in
Figure 2a were 2:0� 0:4 and 1:8� 0:8, respectively.
The former ratio was around 2 with a small experi-
mental error as mentioned above, while the latter
was close to 2, but had a larger experimental error.
The aforementioned difference suggests that the ster-
eocomplex formed during the step from it-PMMA
to st-PMMA. When assembly was started with st-
PMMA, ratios were 2:0� 0:3 and 2:3� 1:0, respec-
tively, which were similar to values obtained when
starting with it-PMMA, suggesting that the stereo-
complex was formed at the st-PMMA immersion step.
The frequency shift at each assembly step was ana-

lyzed in acetonitrile solutions at 4 �C. A stepwise fre-
quency shift was also observed. However, the amount
of it- and st-PMMAs assembled at each step was three
and two times greater than that assembled at ambient
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temperature, respectively. The assembly mass ratio
was 1:4� 0:6, which is smaller than that observed
at ambient temperature. It is well known that it- and
st-PMMAs self-associate depending on solvent spe-
cies.12 In fact, when the PMMA solution was kept at
4 �C for a few weeks, a precipitate was observed.
The larger assembly amount might be caused by pre-
cipitation on the surface. In addition, it- or st-PMMA
may have difficulty rearranging into the complex, pos-
sibly due to a lower molecular mobility at the lower
temperature. The stereocomplex might be formed in
an interfacial region between it- and st-PMMA films,
and may result in a structurally sandwiched assembly
as the temperature changes. In fact, static contact an-
gles of it- and st-steps were 63:4� 0:4 and 73:3� 0:3
degrees, respectively, which were consistent with val-
ues for each homogeneous film (see below). Temper-
atures as well as solvents affect the stepwise stereo-
complex assembly of stereoregular PMMAs on a sub-
strate. As a consequence, PMMAs were assembled at
ambient temperature.

Structural Analysis of Assembled Films
Static contact angles on the air side of film surfaces

of it- and st-PMMA are significantly different from
each other due to the selective accumulation of func-
tional groups at surfaces.55 This characteristic is use-
ful for monitoring the stepwise stereocomplex assem-
bly of stereoregular PMMAs on substrates. In this
section, static contact angles from ultrathin film sur-
faces that were prepared by the stepwise assembly
of it- and st-PMMAs from acetonitrile solutions were
analyzed.
Figure 3 shows the dependence of the static contact

angle, together with the frequency shift, on assembly

steps when the QCM was alternately immersed into
acetonitrile solutions of it- and st-PMMAs. The
contact angle changed with the step number, thereby
suggesting the stepwise assembly of stereoregular
PMMAs on the substrate. Furthermore, the contact an-
gle at an odd or even step, which corresponds to it- or
st-PMMA assembly, was almost the same value with-
in experimental error, indicating the same molecular
composition or conformation at the film surface. The
mean contact angle at odd it-PMMA assembly steps
was 63:3� 0:3 degrees. This value was comparable
to 63:0� 0:3 degrees, the angle of the adsorbed bulk
it-PMMA film on the bare QCM substrate (in this
case, �F ¼ �71Hz). These are reasonable contact
angle values compared to values for bulk films pre-
viously reported by Tretinnkov,55 although the it-
PMMA used in the present study had a higher isotac-
ticity than reported polymers. The contact angle of the
adsorbed it-PMMA was consistent with that of its cast
film. Note that the contact angle of a bare gold surface
of a QCM is 44� 1 degrees in air. Accordingly, it
may be considered that the surface of the it-PMMA
step was completely covered by it-PMMA molecules
alone. If the hypothesized structure of the stereocom-
plex25–28 was assumed, it-PMMA will be buried in the
helical structure of st-PMMA and the contact angle
should change accordingly. Therefore, it-PMMA must
be physically adsorbed onto the surface of the previ-
ously formed PMMA complex. It is significant that
the it-PMMA layer was not replaced by st-PMMA
in the complex film even after 1 h, although replace-
ment may preferably have occurred in order to mini-
mize the interfacial free energy (the static contact
angle of the st-PMMA film is greater than that of
the it-PMMA,55 as also described below). These ob-
servations possibly indicate that the inner st-PMMA
has a stable structure and is fixed by stereocomplex
formation with inner it-PMMA, and never replaced
the film surface.
On the other hand, the mean value at even st-

PMMA assembly steps was 71:2� 0:4 degrees, which
was slightly smaller than a previously reported value
of the st-PMMA film surface,55 and smaller than that
(73:2� 0:8 degrees) of a physically adsorbed st-
PMMA film on a QCM (��F ¼ 23Hz) within exper-
imental error. This observation is quite meaningful,
because the contact angle of the st-PMMA step is pos-
sibly the real contact angle of the PMMA stereocom-
plex surface. Although the contact angle of the com-
pleted stereocomplex formed on the PMMA film
surface has not been previously reported, the contact
angle may be slightly smaller than that for the st-
PMMA layer because the more hydrophilic ester
group in st-PMMA than other groups in PMMA
should point outwards in the molecular structure of
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the stereocomplex.27 Note that st-PMMA on film sur-
faces usually tends to direct alkyl main chains in air,
in order to minimize the interfacial free energy.55

Therefore, it is concluded that the surface composition
of the ultrathin PMMA film was altered by the step-
wise assembly of stereoregular PMMAs, possibly by
the physical adsorption of it-PMMA without stereo-
complex formation at it-PMMA steps and by the ster-
eocomplex formation at st-PMMA steps on surfaces.
The assembly mechanism was also supported by the
aforementioned QCM quantitative results of ratios
between assembled PMMAs.
Infrared spectroscopy is a powerful tool for

analyzing stereocomplex formation of stereoregular
PMMAs, as previously reported by other research-
ers.12,56–60 When a film of a nm-order thickness is an-
alyzed, the reflection absorption spectrum (RAS) is a
powerful tool because it can detect the weaker absorp-
tion by ultrathin films. The absorption band of main-
chain CH2-rocking vibrations at around 840–860
cm�1 in addition to C=O-stretching vibrations at
around 1700–1800 cm�1 is available for evaluating
stereocomplex formation.12 Herein, we measured the
RAS of assembled PMMA films in order to analyze
the formation, as shown in Figure 4. PMMAs were
20-step assembled from acetonitrile-water mixed solu-
tions (10/1.5, v/v), resulting in greater assembled
amounts.52 The main peak in CH2-rocking absorption
for the assembly was at approximately 860 cm�1, to-
gether with a shoulder peak at approximately 840
cm�1. Peak positions were significantly different from
those of cast films of it- and st-PMMAs, thereby sug-
gesting stereocomplex formation between it- and st-
PMMAs on the substrate. It was previously reported

that the absorption band at 860 cm�1 is observed when
st-PMMA associates. However, acetonitrile is not a
good solvent for self-association.12 The absorption
band at 860 cm�1 for the self-association was also a
shoulder peak appearing together with a main peak
at 840 cm�1. On the other hand, CH2-rocking absorp-
tion bands for the present assembled films were differ-
ent from those of the cast film obtained from the
mixed solution. In the cast film, the main peak was
at 840 cm�1 and complex formation was not suffi-
ciently promoted. Furthermore, C=O-stretching vi-
bration bands for assembled films were shifted and
the absorption peak was observed at a higher wave-
number compared to those of cast films. The band rep-
resenting skeletal stretching vibrations observed at
758 cm�1 might also be assigned to that of the stereo-
complex. The previous observations strongly suggest
that the stepwise assembly of stereoregular PMMAs
is based on stereocomplex formation on surfaces.
Atomic force microscopy (AFM) is useful for the

analysis of the surface topology of films. Herein, we
analyzed PMMA assembled film surfaces that were
prepared on the QCM from acetonitrile. Prior to the
AFM analysis, the surface of a bare QCM gold surface
was analyzed to investigate the roughness of the sub-
strate. Figure 5a shows the AFM image of a bare
QCM surface. The surface domain-like structure of
the sputtered gold film on an electrode was observed.
The mean diameter and height of the domain was
analyzed to be 150� 60 and 5� 2 nm, respectively,
and the mean roughness (Ra) was 1.8 nm. On the other
hand, Figures 5b shows the AFM image of a 20-step
assembled PMMA film that was prepared from aceto-
nitrile solutions on the QCM. It is significant that
the image showed a domain-like structure that was
different from those on a bare QCM electrode. The
mean diameter and height of the domain was 60� 10
and 11� 2 nm, respectively, and the Ra was 4.3 nm,
which was more than three times greater than that
of the bare QCM, but was nonetheless relatively
smooth. The heights were smaller than the mean film
thickness. It was therefore found that the PMMA
assembled film showed a domain-like and smooth
surface structure on the gold QCM substrate.

Assembly Mechanism of Stereocomplex Films
We have to discuss how the stereocomplex of ster-

eoregular PMMAs forms on surfaces. On the basis of
quantitative QCM and contact angle results, the ster-
eocomplex appears to form during the assembly step
from it-PMMA to st-PMMA, thereby resulting in an
st-/it-PMMA mass ratio of 2. In this case, the physical
adsorption of it-PMMA onto the assembly is reasona-
ble if we consider that it adsorbs onto surfaces of sta-
bly formed stereocomplex assemblies as a result of
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poor-solvent driven physisorption.53 In fact, the
amount of it-PMMA adsorbed increased upon the ad-
dition of water as a poor solvent, so that the assembled
amount of it- and st-PMMAs increased.52 However,
this does not explain why excess or lower amounts
of st-PMMA do not adsorb onto the it-PMMA layer.
In other words, why does the amount of st-PMMA re-
sult in the observed complex stoichiometry? A possi-

ble explanation is as follows. Less than one-third of
the st-PMMA physically adsorbed onto a bare QCM
surface than that observed with it-PMMA. Moreover,
when the physical adsorption of each PMMA onto
spin-coated atactic PMMA was analyzed, the amount
of st-PMMA adsorbed was similarly smaller than that
adsorbed by it-PMMA. These observations suggest
that st-PMMA has a lower property for physical ad-
sorption. Accordingly, st-PMMA can assemble onto
it-PMMA on the film surface specifically by forming
a strongly interactive stereocomplex. This must be
the reason why excess or lower amounts of st-PMMA
do not adsorb onto it-PMMA surfaces. It is significant
that the stereocomplex assembly occurs during the
step from it-PMMA to st-PMMA. If we recall the dou-
ble stranded helical structure, in which it-PMMA is
surrounded by twice the length or mass of st-PMMA,
it-PMMA may have difficulty penetrating into physi-
cally adsorbed st-PMMA to form the complex. Both
the physical adsorptive nature of the stereoregular
PMMAs and the double stranded structure seem to
strongly affect the stepwise stereocomplex assembly
onto surfaces. As a consequence, we concluded that
assembly occurred during the step from physically
adsorbed it-PMMA to st-PMMA with a molecular
rearrangement that was initialized by the penetration
of st-PMMA into the it-PMMA layer. The assembly
mechanism of stereocomplex films is schematically
shown in Figure 6.

Application to Other Stereocomplexes
Syndiotactic methacrylate polymers in double

stranded helical stereocomplex do not necessarily
need to be made with PMMA, because methyl ester
groups of st-PMMA are oriented toward the outside
of stereocomplexes. Therefore, combinations of it-
PMMA and other st-poly(alkyl methacrylate)s also
form similar stereocomplexes.15,16 It is necessary to
analyze the fabrication of stereocomplex films with
st-polymers that have bulky side chains, to confirm
the stepwise stereocomplex assembly on surfaces. In

physisorption stereocomplex
fomation

QCM substrate

PMMA assembled

it-PMMA step st-PMMA step

Figure 6. Schematic representation of the PMMA stereocomplex assembly on surfaces. Reprinted with permission from T. Serizawa

et al., J. Am. Chem. Soc., 122, 1891 (2000).52 # 2000, American Chemical Society.
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Figure 5. AFM images of (a) a bare QCM electrode and (b)

the 20-step assembled film of it- and st-PMMAs at a concentration

of 1.7mgmL�1 from acetonitrile. Reprinted with permission from

T. Serizawa et al., J. Am. Chem. Soc., 122, 1891 (2000).52 #
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this section, we analyzed the stepwise assembly of
it-PMMA with st-poly(ethyl methacrylate) (PEMA)
and st-poly(propyl methacrylate) (PPMA) on surfaces
from acetonitrile solutions.61 The QCM substrate was
also used to quantify the amount of assembled poly-
mers to a the nano-gram level, and to facilitate the
analysis of static contact angles.
Figure 7 shows the dependence of frequency shifts

on assembly steps when the QCM was alternately
immersed in combinations between it-PMMA (Mn

20750, Mw=Mn 1.26, mm:mr:rr ¼ 97:2:1) and st-
PMMA (Mn 22700, Mw=Mn 1.26, mm:mr:rr ¼ 0:11:
89), st-PEMA (Mn 21340, Mw=Mn 1.11, mm:mr:rr ¼
1:8:91), or st-PPMA (Mn 23800, Mw=Mn 1.09, mm:
mr:rr ¼ 2:7:91) solutions for 15min at ambient tem-
perature at a concentration of 1:7� 10�2 unitM. Fre-
quencies decreased with increasing assembly steps
in all cases, thus indicating a stepwise polymer depo-
sition possibly based on stereocomplex formation. In
the initial two steps, larger frequency shifts were ob-
served, due to the direct influence of the gold QCM
substrate on the assembly process. When we im-
mersed the QCM in an it- or st-polymer solution alone
for a much longer time, the frequency shift saturated
at a level obtained in a single step of the assembly
process. The previous observations also suggest ster-
eocomplex formation between stereoregular polymers
on surfaces. Frequency shifts after a 20-step assembly
between it-PMMA and st-PMMA, st-PEMA, or st-
PPMA were �416, �239, and �402Hz, respectively.
Film thickness was estimated from frequency decreas-
es to be 9.7, 5.5, and 9.3 nm, respectively, assuming a
density for solid PMMA (1.188 g cm�3). These values
were consistent with those obtained by scratching as-

semblies with an AFM tip (9:7� 0:3, 5:4� 0:5, and
9:4� 0:6 nm, respectively). It is difficult to reasona-
bly explain why the assembled amount was lowest
with the combination of it-PMMA and st-PEMA.
Herein, the same it-PMMA was utilized for all assem-
blies. The stepwise assembly was generated by com-
plex formation of the st-polymers with the physically
adsorbed it-PMMA (see below). From these observa-
tions, the physical adsorptive property of it-PMMA on
the complex surface prepared from it-PMMA and st-
PEMA seems to be the smallest.
In the quantitative QCM analysis, the possibility of

stereocomplex formation on QCM surfaces was dem-
onstrated. In each stereocomplex, the stoichiometry
(length ratio) between it-PMMA and st-polymers of
methacrylates is significant, because other research
groups have experimentally and theoretically studied
the ratio between stereoregular PMMAs in mixed
solutions, and have estimated it to be 1:2 (it-PMMA:
st-PMMA, length:length).25–28 It is possible to discuss
similar stereocomplex formations between it-PMMA
and st-poly(alkyl methacrylate)s. In the case of the
present assemblies, mean length ratios (st-/it-poly-
mers) determined from QCM analyses were 2:0� 0:4,
1:8� 0:5, and 2:5� 0:5, respectively, which were
estimated from the it-PMMA to st-poly(alkyl meth-
acrylate) step, except for the initial two steps, and
which suggested stereocomplex formation.
We also analyzed static contact angles for monitor-

ing the stepwise assembly of the stereoregular poly-
mers on the substrate. Figure 8 shows the dependence
of angles on each assembly step. The angle alternately
changed with each step, indicating a stepwise assem-

0

100

200

300

400

500

0 5 10 15 20

Assembly step

- 
F

re
q

u
en

cy
 s

h
if

t 
/ H

z a

b

c

Figure 7. Frequency shift of QCM with a stepwise assembly

from acetonitrile solutions at a concentration of 1:7� 10�2 unitM

composed of (a) it-PMMA and st-PMMA, (b) it-PMMA and st-

PEMA, (c) it-PMMA and st-PPMA (Mn 23800). Open and closed

symbols show it-PMMA and st-polymer steps, respectively. Re-

printed with permission from K.-I. Hamada et al., Langmuir, 17,

5513 (2001).61 # 2001, American Chemical Society.

Assembly step

C
o

n
ta

ct
 A

n
g

le
 / 

d
eg

re
e

62

66

70

74

78

6 7 8 9 10 11

a

b

c

Figure 8. The static contact angle of the film assembled from

acetonitrile solutions at a concentration of 1:7� 10�2 unitM of (a)

it-PMMA and st-PMMA, (b) it-PMMA and st-PEMA, (c) it-

PMMA and st-PPMA. Open and closed symbols show it-PMMA

and st-polymer steps, respectively. Reprinted with permission

from K.-I. Hamada et al., Langmuir, 17, 5513 (2001).61 #

2001, American Chemical Society.

Stereoregular Polymerization within Template Nanospaces

Polym. J., Vol. 38, No. 4, 2006 317



bly on surfaces. Mean angles at odd it-PMMA steps
using water droplets were 63:3� 0:3, 63:7� 0:5,
and 63:0� 0:3 degrees for the it-PMMA assembly
with st-PMMA, st-PEMA, and st-PPMA, respectively.
These values were essentially the same within exper-
imental error, and were consistent with 63:0� 0:3
degrees, which is the angle of a bulk it-PMMA film.
Therefore, we concluded the surface following im-
mersion in it-PMMA to be completely covered by
homogeneous it-PMMA.
On the other hand, mean angles at even st-poly-

(alkyl methacrylate) steps were 71:2� 0:4, 75:7�
0:5, and 78:0� 0:6 degrees, respectively, which dif-
fered from one another. These values were slightly
smaller than 73:2� 0:8, 78:7� 0:7, and 80:3� 0:6
degrees, which represent angles for bulk st-PMMA,
st-PEMA, and st-PPMA films, respectively. The
aforementioned observations suggest that stereocom-
plex formation occurrs at each even step, although
the ideal contact angle of the stereocomplex surface
has not been reported. It is significant that the angle
for the present assemblies increased with increasing
st-polymer alkyl chain lengths. It is noted that alkyl
ester groups of st-poly(alkyl methacrylate)s point out-
ward in assembled structures of double-stranded ster-
eocomplexes, as Challa et al. reported.27 Our obser-
vations support stereocomplex formation between it-
PMMA and st-poly(alkyl methacrylate)s on surfaces.
It was concluded that the surface composition of each
ultrathin film was altered by the stepwise assembly,
possibly due to the physical adsorption of it-PMMA
and by stereocomplex formation between it-PMMA
and st-poly(alkyl methacrylate)s on surfaces. Infrared
spectra and AFM analyses also supported the stepwise
stereocomplex assembly (data not shown).
As a consequence, we found that it-PMMA and st-

poly(alkyl methacrylate)s also assembled on surfaces
from acetonitrile solutions by the same assembly
mechanism as that of stereoregular PMMAs. Further-
more, stereocomplexes formed between racemic crys-
tals formed between D- and L-poly(lactide)s (the de-
tails are not described here) were also applicable to
film formation.62,63 It is therefore conceivable that
there are generalizations in the stepwise preparation
of ultrathin polymer films that use stereocomplex for-
mations on surfaces.

STEREOREGULAR POLYMERIZATION
IN POROUS TEMPLATE NANOSPACES

Stereocomplex Assembly of It-PMMA and St-poly-
(methacrylic acid)
A stereocomplex is formed not only between it- and

st-poly(alkyl methacrylate)s.10–16 but also between it-
PMMA and st-poly(methacrylic acid) (PMAA).17,18

Solvent selection for the latter polymer is a significant
factor in stepwise assembly, because it-PMMA can
dissolve in organic solvents, and st-PMAA in aqueous
phases. If solvation of polymers at film surfaces af-
fects stepwise stereocomplex formations, the complex
assembly of polymers solubilized in different solvents
can be used to manipulate stereocomplex film forma-
tion. In addition, the stepwise assembly of polymers
includes various applications such as additional sur-
face modification of the assembly through a carboxyl
group of st-PMAA, and solvent extraction of one
component based on differential solubility. The ex-
tracted film will thus have a porous structure, which
can be utilized as a host film against stereoregular
polymers of methacrylates64 and as nanospaces for
stereoregular template polymerization.39,40 In this sec-
tion, the stepwise assembly of it-PMMA and st-
PMAA based on stereocomplex formation on surfaces
was analyzed by the QCM technique on the basis of
static contact angle analyses, RAS, and AFM observa-
tions.65

In previous studies of stereocomplex formation be-
tween it-PMMA and st-PMAA,17,18 1:2-sterocomplex
formation using an 83 vol% ethanol/water mixed sol-
vent was reported. However, the mixed solvent was
unable to dissolve it-PMMA (Mn 20750, Mw=Mn

1.26, mm:mr:rr ¼ 97:1:2) under the same conditions,
possibly due to differences in molecular weights or
tacticities. Furthermore, we have successfully assem-
bled it- and st-polymers of methacrylates using aceto-
nitrile or acetonitrile/water solvents.52,61 Therefore,
acetonitrile and acetonitrile/water mixtures were
utilized as it-PMMA and st-PMAA (Mn 37940, Mw=
Mn 1.77, mm:mr:rr ¼ 1:2:97) solvents, respectively.
Figure 9 shows frequency shifts corresponding to as-
sembled amounts against each assembly step from
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both an it-PMMA acetonitrile solution (0.17mgmL�1,
1:7� 10�2 unitM) and an st-PMAA acetonitrile/water
mixed solution (0.15mgmL�1, 1:7� 10�2 unitM) for
each 15min immersion at 25 �C. An st-PMAA solu-
tion with an acetonitrile content of more than 60
vol% was not prepared due to the poor solubility of
st-PMAA. The frequency decreased with each step
due to the stepwise assembly of polymers, and the as-
sembled amount increased with increasing contents of
acetonitrile. The thickness of the assembly was con-
trollable at each step within the order of a nanometer
scale. The thickness in Figure 9d after the 14-step as-
sembly was estimated to be 48 nm. A stepwise depo-
sition was not observed by the repetitive immersion
in each polymer solution. The inset of Figure 9 shows
the length ratio of st-PMAA and it-PMMA assembled
against the acetonitrile content. The length ratio was
obtained from a mean value of mass ratios at the step
from it-PMMA to st-PMAA. The ratio dramatically
changed between 30 and 40 vol% of acetonitrile in
the st-PMAA solution. Ratios ranged from 1 to 1.5
with less than 30 vol% acetonitrile, while they were
approximately 2 above 40 vol%. Note the former ratio
contains a larger experimental error.
Challa et al.18 analyzed stereocomplex formation

between the present polymers with 1/1 or 2/1 length
stoichiometry (st-PMAA/it-PMMA) depending on the
solvent species, on the basis of solution viscosity
measurements. The 2/1 stoichiometry was observed
using the 83 vol% ethanol/water mixed solvent.
Based on this knowledge, it is reasonable to suggest
that the double-stranded stereocomplex formed above
a 40 vol% acetonitrile content during the stepwise as-
sembly. To form double-strands on film surfaces,
drastic conformational changes in the pre-adsorbed
it-PMMA are necessary, and/or penetration of st-
PMAA into the it-PMMA layer is necessary. These
observations are reasonable if we consider that it-
PMMA on the film surface is slightly swollen by the
acetonitrile contained in the mixed st-PMAA solvent.
The solvation might facilitate the necessary change,
even though it-PMMA does not dissolve in mixed
acetonitrile/water (4/6–6/4, v/v) solvents. It is diffi-
cult to explain the increase in the amount of assem-
bled polymers observed above 30 vol%, as shown in
Figure 9. Although this observation can be explained
by the difference in the amount of it-PMMA physical-
ly adsorbed onto the complex assembly, a further
study of this topic is necessary.
Assemblies prepared from it-PMMA acetonitrile

and st-PMAA acetonitrile/water (4/6, v/v) solutions
were characterized in detail. Figure 10 shows the stat-
ic contact angle with pure water droplets measured in
atmospheric air at ambient temperature at each assem-
bly step. The angle was alternately changed, therefore

confirming the stepwise polymer assembly. The an-
gles were 38:5� 0:4 and 33:5� 0:4 degrees at the
it-PMMA and st-PMAA steps, respectively. Polymer
cast film contact angles were 63:0� 0:3 and 21:5�
0:4 degrees, respectively. The difference in measured
angles between the stepwise assembly and the cast
film may be due to the following reasons. At the it-
PMMA step, the hydrophilic stereocomplex layer
might be partially exposed on the surface, resulting
in a smaller angle than measured on the it-PMMA cast
film. On the other hand, swelling of the st-PMAA cast
film by water molecules may render its angle smaller
than that at the complex surface. In other words, st-
PMAA in the assembly could be less swollen than
in the cast film, possibly due to complex formation.
Figure 11 shows RAS results from the assembled film
and from each cast film. Two carbonyl vibration bands
assigned to it-PMMA (1736 cm�1) and st-PMAA
(1726 cm�1) were observed for the assembled film.
The larger peak for st-PMAA was reliable based on
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quantitative QCM results. Each band in the assembled
film shifted to a higher wavenumber compared to
bands for cast films of it-PMMA (1726 cm�1) and
st-PMAA (1695 cm�1). The aforementioned observa-
tion demonstrates stereocomplex formation according
to previous papers.52,59,61 AFM images of the QCM
substrate and the resulting assembled film were clear-
ly different from that of the QCM surface, indicating
assembly of the polymers (data not shown).
Assembly of it-PMMA and st-PMAA from acetoni-

trile and acetonitrile/water mixed solutions with a
suitable acetonitrile content, respectively, by alternate
immersion of substrates was demonstrated based on
stereocomplex formation. A 2/1 length stoichiometry
(st-PMAA/it-PMMA) in the complex assembly was
observed above a certain acetonitrile content in the
mixed solvent of st-PMAA, suggesting that a dou-
ble-stranded helical complex was prepared; other
characteristics also support complex formation.

Fabrication of Template Nanospaces in Films
The creation of molecular recognition systems with

a suitable chemical design formolecular assemblies is
of great interest.66–70 Most recognition systems target
small molecules. The recognition of synthetic linear
polymers using certain assemblies seems to be rela-
tively difficult due to the lack of a regular conforma-
tion with spatially oriented functional groups. In this
section, we demonstrate a macromolecular recogni-
tion system resulting from the incorporation of st-
polymers of methacrylic acid or methacrylates into
the ultrathin it-PMMA film designed by LbL assembly
on the basis of stereocomplex formation (Figure 12).64

The resulting molecular recognition concept can be

applied to template polymerization in the following
section.
After the stereocomplex assembly of it-PMMA (Mn

20750, Mw=Mn 1.26, mm:mr:rr ¼ 97:1:2) and st-
PMAA (Mn 37940, Mw=Mn 1.26, mm:mr:rr ¼ 1:2:97)
on the QCM surface, the immersion of the assembly in
a 10mM sodium hydroxide aqueous solution for 5min
resulted in a drastic frequency increase, thus indicat-
ing desorption of some of the polymers from the as-
sembly (Figure 13). There was no additional frequen-
cy change with a longer term immersion, in which
several hours had elapsed, thereby suggesting the se-
lective extraction of st-PMAA, which can be readily
dissolved in an aqueous alkaline solution (see follow-
ing IR data). The extracted amount was consistent
with that of st-PMAA assembled on the substrate,
possibly indicating a 100% extraction of st-PMAA.
St-PMAA was successfully extracted from the stereo-
complex film assembled with it-PMMA and st-
PMAA.
Subsequently, st-PMAA was incorporated into the
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Figure 12. Schematic representation of the selective extrac-

tion of st-PMAA from the LbL assembly of it-PMMA and st-

PMAA on the basis of stereocomplex formation, and the subse-

quent incorporation of st-polymers of methacrylic acid or meth-

acrylates. Reprinted with permission from T. Serizawa et al.,

Angew. Chem., Int. Ed., 42, 1118 (2003).64 # 2003, Wiley-VCH.
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resulting it-PMMA film from the solution (0.017
unitM) with a complexing efficiency of approximately
80% (Figure 13). The efficiency was calculated as
the percent incorporation of st-PMAA against the film
it-PMMA, assuming that the complex was formed
with an ideal stoichiometry (2/1 length ratio of st-
PMAA/it-PMMA). The incorporation saturated over
time. The extraction from the stereocomplex assembly
was significantly repeated at least three times, and the
subsequent incorporation of st-PMAA was also ob-
served with the same complexing efficiency at the
same concentration. This extraction-incorporation
process could be repeated several times. Incorporation
with the same efficiency suggests that the process was
governed by a certain incorporation constant. The
Langmuirian plot of the complexing efficiency show-
ed a linear relationship (coefficient of variation; R2 ¼
0:998), as shown in the inset of Figure 13. The appa-
rent incorporation constant was analyzed to be 5:4�
104 M�1. This is the first time an affinity constant
for the stereocomplex was estimated by structural fit-
ting with van der Waals interactions. The maximum
complexing efficiency was estimated to be 113%.
The maximum efficiency was more than 100%. St-
PMAA, which is partially incorporated into the host
film, might be present on the film surface. In fact,
the efficiency persisted even after a 110 �C thermal
treatment of the film, although the glass transition
temperature of the it-PMMA film was approximately
90 �C.71 The aformentioned observation suggests that
a structurally stable film was prepared using the pres-
ent method. Furthermore, constants for st-PMAA with
a smaller Mn of 14400 and 4650 were 1:5� 104 M�1

and 7:0� 103 M�1, suggesting that the constant
increased with increasing molecular weight. Atactic
PMAA was not incorporated into the porous it-
PMMA film, indicating that the above incorporation
occurred by complementary stereocomplex formation.
RAS in carbonyl vibration band regions were utiliz-

ed for the detection of complex formation and to ob-
tain conformational information (Figure 14). There
were two peaks for the assembled film at 1737 and
1725 cm�1, which were assigned to it-PMMA and
st-PMAA, respectively (Figure 14a). Only a single
peak was observed at 1739 cm�1 after extraction using
an alkaline solution (Figure 14b), meaning that a sin-
gle polymer component was completely extracted
from the assembled film. The peak position was al-
most the same at the higher wavenumber for the film,
suggesting that st-PMAA was successfully extracted
from the assembled film; the conformation (or micro
environment) of it-PMMA remained after the extrac-
tion. The two peaks were also observed after immer-
sion into an st-PMAA solution (Figure 14c), thereby
resulting in a recovery of the complex assembly. It

is significant that the peak intensity corresponding to
st-PMAA was smaller than that for the assembled
film, which is reasonable because the complexing ef-
ficiency was smaller and around 80% at the incorpo-
rating st-PMAA concentration as shown in the QCM
analysis.
Film surface topologies and thickness on QCM sub-

strates were directly analyzed by AFM (original im-
ages not shown). The Ra of the surface of assembled
films was 2.6 nm (1.8 nm for QCM). The thickness es-
timated by scratching with the AFM cantilever was
43:6� 4:3 nm. The roughness after the extraction of
st-PMAA was 3.2 nm, which was slightly rougher
than before, indicating a molecular-level extraction
at the surface. However, it is surprising that the thick-
ness was 44:1� 3:8 nm, which was not changed by
the extraction. The previous observation strongly sug-
gests that an it-PMMA film with a macromolecularly
porous structure was obtained. It is however difficult
to reasonably explain why the porous it-PMMA film
is not compressed. The terminals of it-PMMA, which
do not correlate with the stereocomplex, might sup-
port the 3-dimensional film structure even after the ex-
traction of a single st-PMAA component. The rough-
ness recurred with the incorporation of st-PMAA
(2.6 nm), and the thickness was the same (42:9� 4:6
nm), thus suggesting a reversible change in only the
surface topography.
The structurally regular porous it-PMMA film,

which was prepared by the selective extraction of st-
PMAA from the LbL assembled film composed of
it-PMMA and st-PMAA, was utilized as a host for
the incorporation of other st-poly(alkyl methacrylate)s
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(Figure 15). St-poly(alkyl methacrylate)s similarly
form a stereocomplex with it-PMMA.15,16 If the ster-
eocomplex is rapidly formed in the film, the host it-
PMMA film will not dissolve in an acetonitrile phase.
When a conventionally spin-coated it-PMMA film on
the QCM substrate was immersed in polymer solu-
tions of acetonitrile, only desorption of it-PMMA
was observed. Since it-PMMA can dissolve in aceto-
nitrile, the stereocomplex did not form on/in the film.
On the other hand, incorporation into the designed
porous it-PMMA film was observed depending on
the lateral chain length of the st-polymers. Complex
efficiencies for st-PMMA (Mn 22700, Mw=Mn 1.26,
mm:mr:rr ¼ 0:11:89), st-poly(ethyl methacrylate)
(PEMA) (Mn 21340, Mw=Mn 1.11, mm:mr:rr ¼ 1:8:
91), and st-poly(propyl methacrylate) (PPMA) (Mn

23800, Mw=Mn 1.09, mm:mr:rr ¼ 2:7:91) at the same
concentration that used in st-PMAA incorporation
were 43, 8, and 6%, respectively. These values signif-
icantly decreased with increasing alkyl chain lengths.
Since the it-PMMA film was designed using a tem-
plate st-PMAA, a pore structure fitting to st-PMAA
should be conserved in the film. Therefore, there must
be steric hindrance associated with the incorpora-
tion of st-polymers of other alkyl methacrylates. St-
PMMA was incorporated into the host with moderate
efficiency, indicating that there may be a small differ-
ence between the proton and methyl groups as side
chains for st-PMAA and st-PMMA, respectively. Note
that the it-PMMA film did not dissolve even when the
complexing efficiency was small for st-PEMA and st-
PPMA, suggesting that the slight incorporation of the
st-polymers possibly onto the film surface suppressed
dissolution in an acetonitrile solvent.
As a consequence, it has been demonstrated that the

selective extraction of st-PMAA in an aqueous alka-
line solution from an LbL assembled stereocomplex
film composed of it-PMMA and st-PMAA provides
ultrathin it-PMMA films with macromolecularly
porous and regulated conformations. The extraction
and the subsequent incorporation of st-PMAA using
suitable solvents were reversible. The porous it-
PMMA film incorporated st-poly(alkyl methacrylate)s
with a shorter alkyl side chain. This is the first report
of the selective extraction of a single component in
LbL assembled films in order to realize molecular rec-
ognition, and porous films can be utilized as polymer-
ization templates.

Polymerization within Template Nanospaces Using a
Double Stranded Assembly
Designed porous films fabricated by the selective

solvent extraction of a single polymer component
from ultrathin stereocomplex films composed of it-
PMMA and st-PMAA were used as template nanospa-
ces for polymerization.39 LbL assembly of these poly-
mers successfully led to the fabrication of ultrathin
double stranded stereocomplex films with expected
stoichiometries, as described above. St-PMAA was
selectively extracted from assembled films in aqueous
solutions of sodium hydroxide, followed by the fabri-
cation of porous it-PMMA films. We applied the po-
rous it-PMMA films for template syntheses of st-
PMAAs, as schematically shown in Figure 16.
Polymerizations from MAAs (1.7mgmL�1) in po-

rous it-PMMA (Mn 20750, Mw=Mn 1.2, mm:mr:rr ¼
97:2:1) films (mean thickness, 44 nm) at 40 �C in the
presence of the free radical initiator, 2,20-azobis-
(N,N-dimethyleneisobutyramidine)dihydrochloride
(VA-044) (5.0mgmL�1) (½monomer�=½initiator� ¼
20=1, mol/mol) in 10mL acetonitrile/water (4/6,
v/v) were preliminarily analyzed by immersing the
QCM substrate coated with porous films. After 2 h
polymerization periods in both solution and film,
PMAAs synthesized were incorporated into porous
films at an 80% fill rate (where, 100% indicates that
st-PMAA extracted is equal to incorporated PMAAs).
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Figure 15. The time dependence of the complexing efficiency

for the incorporation of st-PMAA (a), st-PMMA (b), st-PEMA (c),

and st-PPMA (d) in the designed it-PMMA film at a concentration

of 0.017 unitM at 25 �C. The LbL assembly and the selective

extraction were similarly demonstrated in Figure 13. Reprinted

with permission from T. Serizawa et al., Angew. Chem., Int.

Ed., 42, 1118 (2003).64 # 2003, Wiley-VCH.
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Attenuated total reflection (ATR) spectra in carbonyl
vibration bands demonstrated the emergence of a
newly observed peak at 1725 cm�1 corresponding to
PMAA in addition to the original peak of template it-
PMMA at 1737 cm�1. Peak positions are significantly
consistent with those for the stereocomplex film,64

thus indicating st-specific polymerization of PMAA
along template it-PMMAs in the porous film.
In order to characterize the PMAA synthesized, po-

rous it-PMMA films were prepared on silica colloids
with greater surface areas (10 g, mean diameter: 1.6
mm). 1.5 g MAA was similarly polymerized in 500
mL solvent in the presence of coated silica. Polymer-
ized PMAAs were extracted in an aqueous 10mM
sodium hydroxide solution. Approximately 0.2 g of
PMAA was recovered, and yields were analyzed to be
13%. PMAAs were methylated using diazomethane
to obtain PMMAs, and characterized by 1H NMR.
Figure 17 shows an NMR trace for the PMMA pre-
pared using template it-PMMAs (Mn 20750, Mw=Mn

1.2, mm:mr:rr ¼ 97:2:1). Chemical shifts for �-meth-
yl groups at 1–1.5 ppm, which can be used as signals
for analyzing tacticity, were almost single peaks at
1.2 ppm, thereby indicating that >96% syndiotactic
PMAA had been prepared. Since PMAAs simultane-
ously prepared in bulk solution did not show a high
syndiotacticity (mm:mr:rr ¼ 8:69:23), and since st-
specific polymerization did not proceed using conven-
tional non-porous it-PMMA films, structural informa-
tion from template it-PMMAs were successfully trans-
ferred to st-PMAA on the basis of a pre-memorized
double stranded assembly.
Molecular weights of synthesized st-PMMAs were

analyzed by size exclusion chromatography (SEC) us-

ing a THF solvent. SEC charts are shown in Figure 18.
Mn of st-PMMAs were approximately twice those of
template it-PMMAs in all cases. It is surprising that
the mass ratio was potentially consistent with the sto-
ichiometry of double stranded 1:2 (it:st) stereocom-
plexes.19–22 Molecular weights of PMMAs simultane-
ously prepared in solution (Mn 2300, Mw=Mn 4.0)
were obviously independent of template it-PMMAs.
The aforementioned observations strongly suggest
that structural information from polymer chain length
templates, which were derived from the double strand-
ed stereocomplex, were successfully transferred to
synthesized polymers. Although st-PMAAs with Mn

of approximately 40000 (rr > 95%, Mw=Mn < 2:0)
were commonly utilized for nanospace creation, Mn

of st-PMMAs polymerized were clearly dependent
on Mn of template it-PMMAs. Furthermore, changes
in MAA/initiator molar ratios did not affect the mo-
lecular weight of st-PMMAs, supporting template
synthesis in porous films. Template it-PMMAs regu-
lated molecular weights as well as tacticities. Molecu-
lar weight distributions of polymerized st-PMMAs
were narrow, and reached 1.5 in some case. The
molecular weight distribution is characteristic of this
system, and is better than following st-specific poly-
merizations with PMAAs using 1:1 stereocomplex
assemblies40 (see below).
Porous template films were reusable for further

polymerizations with reproducibility lasting at least
three times after the selective extraction of polymer-
ized st-PMAAs. A pot polymerization in the presence
of mixed silica coated with template it-PMMAs with
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Figure 17. Typical 1H NMR spectrum of st-PMMA (mm:mr:

rr ¼ 0:2:98) methylated from st-PMAAs polymerized in porous

it-PMMA template films. Reprinted with permission from T.

Serizawa et al., Macromolecules, 38, 6759 (2005).39 # 2005,

American Chemical Society.
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Figure 18. SEC charts of st-PMMAs polymerized in porous

template films from it-PMMAs with various molecular weights.

Reprinted with permission from T. Serizawa et al., Macromole-

cules, 38, 6759 (2005).39 # 2005, American Chemical Society.
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different Mn (Mw=Mn)(11000 (1.5), 22800 (1.2), and
68900 (1.5)) resulted in the synthesis of st-PMMA
mixtures with respective Mn of 19000, 37900, and
121500, as shown in Figure 19. The observations indi-
cate that pot polymerizations prepare mixtures of ster-
eoregular methacrylate polymers with various molec-
ular weights, which can be readily separated by
chromatographic methods. This type of stereoregular
polymerization has never been realized with conven-
tional polymerizations, and is characteristic to the
present system.
The detailed polymerization mechanism is un-

known. Since SEC curves with single and narrow
peak widths shifted to higher molecular weights (orig-
inal data not shown), a living radical (rather than free
radical) polymerization might proceed within porous
it-PMMA films. In other words, radical terminals of
growing st-PMAA chains might stably exist in films
during polymerization. On the other hand, affinity
constants for double stranded stereocomplexes ana-
lyzed by using st-PMMAs with various molecular
weights against porous it-PMMA films following
methods described in a previous paper64 were maxi-
mal, when molecular weights of st-PMAAs were
twice those of it-PMMAs (data not shown). These ob-
servations suggest that zippers-likely formed one-to-
one stereocomplex double strands are thermodynami-
cally stable in the films. During polymerization, grow-
ing st-PMAAs might shuttle on template it-PMMAs
until the formation of stable double strands is com-
pleted, which might be the reason for the efficient
transferring of molecular weights. Termination in
films is an important factor that needs to be discussed.
Since molecular weights of st-PMAAs polymerized
were controlled by those of it-PMMA templates after

suitable polymerization times (2 h), radical terminals
should ‘‘live’’ until polymerization ends. An influx
of oxygen by opening the reaction media seemed to
stop the polymerization. The interpretation is reason-
able, because a SEC curve following polymerization
for longer times (3 h) became bimodal, thereby sug-
gesting that radicals were still ‘‘alive’’ after 2 h of
polymerization.
Unfortunately, assembled it-PMMAs could not be

extracted using conventional organic solvents such
as chloroform and toluene, possibly reflecting a differ-
ence in both polymers during the double stranded ster-
eocomplex. Since it-PMMAs are surrounded by st-
PMAAs using van der Waals contacts between re-
spective esters and �-methyl groups,27 dissociation
seems to be difficult. Furthermore, since carboxyl
groups of st-PMAAs point out of double strands, car-
boxyl anions in alkaline solutions might cause electro-
static repulsions between strands, thus resulting in the
easy extraction of st-PMAAs. The present double
stranded stereocomplex system was suitable for st-
specific polymerization.
In conclusion, a highly st-specific template poly-

merization of PMAA along with template it-PMMA
chains in porous films was demonstrated on the
basis of double stranded stereocomplexes. Molecular
weights of st-PMAAs were controlled by template
it-PMMAs following the stereocomplex stoichiome-
try, and molecular weight distributions were narrow.
We confirmed that structural transcription of template
polymers to polymers synthesized could be realized
using structurally regular ultrathin porous films com-
posed of template polymers. The solid-phase polymer-
ization in ultrathin template films with regular nano-
spaces using interactive polymers potentiates novel
methodologies for precision polymerization.

Polymerization within Template Nanospaces Using
van der Waals Contact Assembly
In the case of the double-stranded 1:2 stereocom-

plex film composed of respective it-PMMA and st-
PMAA, st-PMAA was selectively extracted from the
film in an aqueous alkaline solution, resulting in a
macromolecularly porous it-PMMA film.64 Then, this
porous film was used for st-specific polymerization of
PMAA.39 However, it-PMMA was not extracted from
the film, indicating that a versatile host composed of
it- or st-polymers for template polymerization cannot
be fabricated by using the assembled film. In this sec-
tion, we focused on the formation of a stereocomplex
between it-PMMA and st-PMAA with a 1:1 length
stoichiometry.17,18 LbL assembly of polymers under
suitable conditions produced a stereocomplex film
with a 1:1 stoichiometry, and the subsequent selective
extraction of a single polymer component successfully
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Figure 19. SEC chart of a pot polymerized st-PMMAs in

porous template films from it-PMMAs with Mn of 11000,

22800, and 68900. Reprinted with permission from T. Serizawa

et al., Macromolecules, 38, 6759 (2005).39 # 2005, American

Chemical Society.
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produced porous st-PMAA or it-PMMA films, of
which nanospaces could be utilized in stereoregular
template polymerization of it-PMMA and st-PMAA,
respectively.40 The present template polymerization
method is schematically represented in Figure 20.
To obtain an assembly with a 1:1 stoichiometry,

DMF and DMF/water (2/3, v/v) were selected as
solvents for it-PMMA and st-PMAA, respectively.
Solvents were determined by a detailed assembly
analysis, following methods in a previous study.18

LbL assembly in both solutions produced a film with
the objective stoichiometry of 1:0� 0:2 (st/it-length
ratio). The thickness and the Ra for 6 cycles [(it-
PMMA/st-PMAA)6] were analyzed to be 20:1� 0:3
and 3.2 nm on the QCM substrate, respectively.
Considering the assembly amount analyzed (4:1�
0:1mg cm�2), the mean density of the film was esti-
mated to be 1.0 g cm�3. The immersion of the assem-
bled film in both chloroform and a 10mM sodium
hydroxide aqueous solution resulted in the desorption
of approximately half of the polymers. The amount
desorbed was consistent with the amount of each
polymer totally assembled, thereby suggesting that
it-PMMA and st-PMAA were selectively extracted
from the film. ATR spectra in the carbonyl vibration
region supported the selective disappearance of peaks
at 1731 and 1717 cm�1, corresponding to it-PMMA
and st-PMAA, respectively. The thickness after the
extraction of it-PMMA and st-PMAA was 18:3� 2:8
and 19:4� 2:8 nm, respectively. Values were consis-
tent with the initial thickness of the film within exper-
imental error. In addition, the Ra was 2.1 and 2.8 nm,
respectively, and was slightly smoother than before.
These observations indicate that a porous film com-

posed of st-PMAA or it-PMMA suitable for template
polymerization was successfully prepared by the se-
lective solvent extraction. It is also difficult to explain
why films were not compressed by the extraction.
Polymer terminals as well as some segments that did
not join the complex might support the film structure,
as described in the double-stranded system.64

For template polymerization, the QCM substrate
coated with the porous st-PMAA film was immersed
in a 10mL DMF solution of MMA (1.7mgmL�1)
for 3 h at 70 �C in the presence of a free radical ini-
tiator, 2,20-azobisisobutyronitrile (5mgmL�1). After
rinsing with DMF, approximately 90% of the it-
PMMA previously extracted was recovered. ATR
spectrum of the obtained film showed the same band
peaks as those observed for the stereocomplex film,
possibly suggesting that it-PMMA was prepared, and
that it formed a stereocomplex with st-PMAA in the
film. In order to analyze the stereoregularity and the
molecular weight of the PMMA, the porous film was
prepared on silica particles (10 g, mean diameter:
1.6 mm). Then, MMA was polymerized in DMF, and
the PMMA was characterized by extraction using
chloroform. Approximately 0.4 g PMMA was ob-
tained from feeding 1.5 g MMA/500mL DMF, which
yielded approximately 25% under these polymer-
ization conditions. A 1H NMR chart of the PMMA
clearly demonstrated the it-specific polymerization of
MMA in the porous st-PMAA film (Figure 21a), indi-
cating that an it-specific template polymerization was
achieved on the basis of stereocomplex formation
with the st-PMAA. SEC curves potentially demon-
strate the control of molecular weights within a
narrow distribution (Figure 21b). Isotacticities were
greater than 92% in all cases. The Mn of the host
st-PMAA controlled the Mn of the it-PMMA, and
was almost the same. These observations are surpris-
ing because polymerization conditions, such as con-
centrations of monomers and initiators, were the same
in all polymerizations except for the molecular weight
of the template st-PMAA. Properties of template poly-
mers corresponding to a 1:1 complex assembly were
clearly transferred to synthesized PMMAs. The mo-
lecular weight distribution was also small, compared
to conventional free radical polymerization systems.
PMMA recovered from supernatants showed no ster-
eoregularity (mm:mr:rr ¼ 21:68:11) and a different
molecular weight with a larger distribution (Mn 4670,
Mw=Mn 4.9). As a consequence, the control of the
stereoregularity and of the molecular weight of it-
PMMA was realized by the template polymerization
method using porous template films.
The porous film of it-PMMA was similarly pre-

pared from the 1:1 complex film to polymerize st-
PMAA. Silica particles coated with the porous it-

Stereocomplex film Porous film 
Template

polymerization

(                      )

Selective
extraction

(Monomer, Free radical)

Figure 20. Schematic representation of template polymeriza-

tion using ultrathin porous films. LbL assembly prepares the ultra-

thin film of a stereocomplex comprised of it-PMMA and st-

PMAA. Two polymer chains are drawn by rigid helical rods,

and should be partially distorted and entangled in the film. There

must be a disordered region of the stereocomplex. A single com-

ponent is selectively extracted from the film, resulting in the prep-

aration of the porous film with regular nanospaces. Then, the po-

rous film is used as a reaction mold for free radical template

polymerization of MMA or MAA, followed by the regeneration

of the stereocomplex film. Reprinted with permission from T.

Serizawa et al., Nature, 429, 52 (2004).40 # 2004, Nature Pub-

lishing Group.
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PMMA film were used for free radical polymerization
of MAA in DMF/water (2/3, v/v) in the presence of a
water-soluble free radical initiator, VA-044 for 2 h at
40 �C. St-PMAA was successfully prepared by using
the template it-PMMA film, and the molecular weight
of the host it-PMMA similarly regulated that of the st-
PMAA. These observations indicate an alternative uti-
lization of porous films for template polymerization.
Note that conventionally prepared films did not realize
the above template polymerization. Template poly-
merization of the combination between it-PMMA
and st-PMAA in the solution only demonstrated the
acceleration of polymerization rates, since the associ-
ation is relatively weaker than that of stereoregular
PMMAs.37 Accordingly, the potential of the present

porous films was confirmed.
If we speculate about the mechanism for template

polymerization, two contradictory polymerization
processes may be anticipated: (i) polymerization oc-
curring after the sufficient coordination of monomers
with templates38 and (ii) a stepwise polymerization
with incorporation (or slow diffusion) of monomers
into porous films. The QCM measurement did not
show the sorption of monomers into films, and did
not support the former mechanism. Time-dependent
SEC curves of it-PMMA prepared by st-PMAA hosts
were obtained. Curves with single, narrow peak
widths shifted to higher molecular weights, supporting
the latter mechanism which is similar to living radical
polymerization rather than conventional free radical
polymerization. Curves were bimodal after 4 h, fol-
lowed by the binding of terminal radicals in the film.
Since the polymerization of MMA after 3 h was stop-
ped by exposing the reaction media in air, radical ter-
minals, which had been present in films, seemed to
react with oxygen. A similar mechanism for st-PMAA
polymerization was also supported.
In conclusion, porous template polymer films pro-

vided a reaction mold for the stereoregular polymer-
ization of methacrylates. It- and st-polymers of meth-
acrylates with high stereoregularity and with a narrow
molecular weight distribution were successfully pre-
pared by using a 1:1 stereocomplex assembly. Since
particles coated with ultrathin template films are read-
ily handled and reusable, large-scale syntheses of ster-
eoregular polymers may be anticipated in the near
future. Easier syntheses for stereoregular polymers
potentiate novel applications in technological and
biomedical fields.
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