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ABSTRACT: Radical polymerization of vinyl monomers (styrene, methyl methacrylate, and vinyl acetate) was
performed in various nanochannels of porous coordination polymers (PCPs), where relationships between the
channel size and polymerization behaviors, such as monomer reactivity, molecular weight, and stereostructure,
were studied. The capability for precise size tuning of nanospaces has afforded the first systematic study of
radical polymerization in microporous channels based on PCPs. In this polymerization system, the polymer-
growing radicals were remarkably stabilized by efficient suppression of termination reactions in the nanochannels,
resulting in living radical polymerizations with relatively narrow molecular weight distributions. A significant
nanochannel effect on the polymer stereoregularity was also seen, leading to a clear increase of isotacticity in the
resulting polymers.

Introduction structures, such as porous organic crystals and zeolites, have
imposed specific size and shape effects of the nanochannels on
the reaction kinetics and selectivity in the solid-state inclusion
polymerization processes because their pore dimensions are quite
similar to the monomer siz&8.32 For example, much work

has been devoted to polymerizations of diene monomers in
channels of organic host compounds such as ureas, cyclotri-
phosphazenes, perhydrotriphenylene, and steroidal compounds,
which have successfully accomplished regiocontrolled and
stereocontrolled polymerizations by efficient through-space
inductions33-42 However, inclusion polymerization of vinyl
monomers in those microporous crystals seems difficult because
the organic hosts exploit only hydrogen-bond or weak van der
yvaals interactions and generally produce narrow channels that

Radical polymerization is the most widely employed process
for obtaining organic polymeric materials, not only in industry
but also in the laboratory because of its versatility in polymer-
izing a variety of monomers? The industrial significance of
radical polymerization is evident in the fact that it accounts for
about 50% of all commercial polymers. To enhance and improve
the properties of the polymeric materials, precision radical
polymerization of vinyl monomers to control tacticity, sequence,
molecular weight, etc. is currently an important tofié;
however, control of the polymer primary structures to fabricate
the desired regularities and topologies is very difficult, which
is ascribed to the fact that the high reactivity of growing radical

species usually causes unfavorable termination and chain transfe o .
often prevent the polymerization of bulky vinyl monomers or

reactions. Recently, living radical polymerization of vinyl collapse during the vinvl polvmerizatioRS In the case of
monomers in solution systems has emerged as an eﬁeCtiveinor F;mic zeoli?es mostyofrihgm have disc;)ntinuous bottleneck
method for precision vinyl polymer synthesis because this 9 ’

polymerization is free from the side reactions resulting from cgir':gglCs;:]l:g;tugeséltha_}_k(?osn%tn?ll(;V\;(ather;]/!gslci rg?gogjrii:té?.;g
the introduction of dormant species and can thus control the P inuously. 1hus, only W microporou :

molecular weights, block copolymer sequences, and starburstCOUId have afforded polymerization of bulky vinyl monomers,

structures of the resulting polymerst? It has also been such as styrene, acrylates, methacrylates, and vinyl esters, within
g 36 ) ) . e
demonstrated that the presence of fluoroalcohols or Lewis acidsthe nanochanneﬁg_. From the. viewpoint of md_ustrlal signifi
in reaction mixtures offers certain advantages for changing the cance and \_/ersatlllty for organic poly_mer ma_terlals, development
tacticity in polymerization of a few specific vinyl monomé#s!8 .Of New microporous matena_lls with designable nanospace
All naturally occurring polymers are produced by enzymatic information, such as channel size, shape, and surface functional-

vsi h lecti oselecti d ch ity, is highly desirable, as this can be applied to a tailor-made
catalysis, where stereoselective, regioselective, and c emo'ponmerization system to obtain preferred polymer structures;
selective polymerizations proceed effectively within regulated

. . such a system is nanoinformation transcription polymerization
and well-organized molecular-scale spaces. Inspired by the(NITP)

elegant operations in these biological events, many synthetic i . i .
chemists have focused their research interests on polymer ! N€ designand construction of metalrganic crystal archi-
synthesis in confined and designed nanospaces to attain preciskEctures have been widely studied, and a variety of frameworks
structural controls of artificial polymef§:-28 In particular, have emerged via self-assembly proces#ésin particular,
microporous materials (pore size2 nm) with regular channel polymeric coord|nat|on_frameworks with microporous regula_r
channel structures, which are regarded as porous coordination
_ o polymers (PCPs), are currently receiving considerable attention
Sbéhz%‘_"@gg_ﬁf’ggz?o”d'”g should be addressed. E-mail: kitagawa@ i view of their possible functions in sorption, separation, and
T Kyoto University. guest alignmen®-5° Control of molecular reaction and trans-

*PRESTO, JST. formation within the confined environments utilizing the regular
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nanochannels of PCPs is also an important topic in this area, preparation of [Cu(1,4-naphthalenedicarboxylate)ted], (1c)
prompting vigorous efforts in the development of PCPs for and [Cu,(9,10-anthracenedicarboxylateyed], (1d). These porous
applications in heterogeneous catalysis, asymmetric reaction,compounds were newly synthesized according to a reported
and ship-in-bottle synthes?: ¢ Although there are increasing  preparation method fdra and1b.%* The X-ray powder diffraction
demands for PCP materials with such catalytic and molecular (XRPD) patterns of the obtainekt and1d are almost identical to
conversion functions, systematic studies demonstrating how thethose of the corresponding zinc analog@esnd2d,°>°showing

PCP porous frameworks affect substrate reactivity and selectivity that the framework structures o€ and1d are quite similar to those
have been very limited so far. One of the most advantageous®' 2¢ @nd2d, respectively. _
features of PCPs is their designable channel structures; the_ Polymerization in Nanochannels of PCPsin a Pyrex reaction
channel size, shape, and surface functionality can be systemati-tUbe’ a dried host compound (200 mg) was prepared by evacuation

- o . (0.08 kPa) at 130C for 5 h. Subsequently, this was immersed in
cally tuned by changing the organic ligands and metal ions, vinyl monomer liquid (0.5 mL) with AIBN (3 mg) at room

approximating molecular dimensions from 4 to 20 A-.Th's temperature for 0.5 h to incorporate the monomer and the radical
significance should be of key importance for the creation of jnitiator into the nanochannels. After excess monomer external to
unique nanospaces that can achieve NiTRecently, our initial the host crystals was completely removed by controlled evacuation
researches revealed that application of a few PCPs to fields of(0.1-2.0 kPa) at room temperature for 1 h, the reaction tube was
radical vinyl polymerizations results in the achievement of living filled with nitrogen and was then heated to perform the polymer-
radicals and topotactic chain growth of multivinyl mono- ization. After the polymerization, the composite was stirred in a
mers82.83 To establish an NITP system based on PCPs, it is 0.05 M aqueous solution (15 mL)_ (_)f ethylenediaminetetraacetic acid
crucial to study detailed nanospace effects of the PCP nanochanfOr 9-5 h for complete decomposition of the host porous framework.
nels on the vinyl polymerization kinetics and the resulting The resultant solid was dissolved in CHCGhen the solution was

| truct n thi d trat dical poured into a large amount of MeOH othexane. The collected
polymer structures. In this paper, we cdemonstrate radica polymer product was dried under reduced pressure at room
polymerization of common vinyl monomers, such as styrene gmperature.

(St), methyl methacrylate (MMA), and vinyl acetate (VAc), in Saponification of Poly(vinyl acetate) (PVAc).Saponification
nanochannels of host PCP compounds,(I§ited}, (ted = of PVAc to convert poly(vinyl alcohol) (PVA) was performed
triethylenediamine], M = Ci#*; 2, M = Zn?") whose channel  according to a reported meth&The saponification rate was 100%,
size can be systematically controlled from 4.3 to 10.8 A by determined by3C NMR measurement.

changing the bridging dicarboxylate ligands L (Scheme 1). The = Measurements.XRPD data were collected on a Rigaku RINT
main purpose of our approach here is to understand general2000 Ultima diffractometer with Cu & radiation. Thermogravi-
relationships between the space size and space effects on theetric analysis (TGA) was carried out from room temperature to
polymerization, such as monomer reactivity, molecular weight, 500°C at 10°C min~* with a Rigaku Instrument Thermo plus TG

and stereostructure. 8120 in a nitrogen atmosphere. The amounts of monomers adsorbed
) ] in the hostsl and2 without AIBN were calculated from the weight
Experimental Section loss up to 200°C. We compared the values of weight loss

Materials. All reagents and chemicals were obtained from corresponding to adsorbed monomers in PCPs before and after the
commercial sources. Z;Azobis(isobutyronitrile) (AIBN) was polymerization to determine the monomer conversion. Electron spin
recrystallized from a methanol (MeOH) solution, and vinyl resonance (ESR) spectra were recorded on a JEOL JES-RE
monomers were purified by vacuum distillation prior to use. The spectrometer in quartz capillaries of 4 mm internal diamétdr.
host PCP compounds [gl)sted], (1a, L = biphenyl-4,4- and 13C NMR spectra were obtained with a JEOL A-500 spec-
dicarboxylate;1b, L = terephthalated? [Zny(L) ted], (2b, L = trometer operated at 500 MHz, and solid-st&teNMR spectra
terephtalate2c, L = 1,4-naphthalenedicarboxylated, L = 9,10- were measured by a Varian Chemagnetics CMX-300 spectrometer
anthracenedicarboxylat&}%¢ and a discrete copper(ll) complex at 45.8 MHz. For the determination of molecular weights of
[Cux(benzoate)3-picoline)] (3)¢7 were prepared by previously  polystyrene (PSt) samples, gel permeation chromatography (GPC)
described methods. was carried out at 50C on a TOSOH 8020 (TSK-gek-4000
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Figure 1. Nanochannel structures of (ap, (b) 2c, and (c)2d displayed by stick models (Zn, pink; O, red; N, blue; C, gray). Hydrogen atoms and
disordering atoms in the phenylene planes are omitted for clarity.

Table 1. Polymerization of Styrene (St) in Nanochannels of 1 and 2 at 7UC for 48 h

adsorbed
host monomer amount conversion tacticity®
(pore size [&]) (number/unit celh (%) Mn (Myw/My)P mm:mr:rr (m)

1a(10.8x 10.8) 3.1 81 14 000 (3.3) 19:40:41 (39)
1b(7.5x 7.5) 25 71 54 600 (1.6) 19:42:39 (40)
1c(5.7x 5.7) 2.2 58 10100 (1.6) 19:40:41 (39)
1d (4.8 x 4.3) 1.6 0

2b (7.5x 7.5) 25 71 56 200 (1.7) 16:43:41 (38)
2c(5.7x 5.7) 2.1 56 11100 (1.5) 17:42:41 (38)
2d (4.8 x 4.3) 1.6 0

bulk polymerizatiof 37 600 (4.7) 16:42:42 (37)

aDetermined by TGAP Obtained by GPC calibrated by PSt standafd3etermined by*3C NMR measurement in 1,1,2,2,-tetrachloroethénat 100
°C. 9Bulk polymerization was carried out under a comparable condition to those employed in PCPs.

column; exclusion limit= 1 x 107 particle size= 10um; 0.8 cm compared with those ofb and 2b (pore size= 7.5 x 7.5

i.d. x 30 cm) with DMF as an eluent after calibration with PSt ~ A2) 6465 The nanochannels dfc and2c with 1,4-naphthalene-
standards. The GPC measurements of poly(methyl methacrylate)dicarboxy|ate ligand became narrower (pore siz6.7 x 5.7
(PMMA) and PVAc were performed in CHEht 40°C on three  &2) pecause of steric hindrance of the inclined naphthalene
linear-type polystyrene gel columns (Shodex K-805L; exclusion ety (Figure 1§5 This inclination is associated with repulsion

limit =5 x 10%; particle size=10m; 0.8 cm i.d.x 30 cm) that etween the naphthalene ring and O atoms in the carboxylate
were connected to a Jasco PU-980 precision pump, a Jasco RI-936) p p 9 y
refractive index detector, and a Jasco UV-970-tis detector ~ 9roup:” In the cases olld and 2d, the large anthracene unit

set at 256 nm. The columns were calibrated against standard PMMAfilled the channels, resulting in nonporous structures along the
samples. The absolute weight-average molecular weldh) 6f c-axes; however, narrow two-dimensional channels with cross-
PVAc prepared inlb was determined by multiangle laser light —sections of 4.8< 4.3 A2 were still observed along the- and
scattering (MALLS) coupled with GPC in DMF containing 10 mM  b-axes®® Thus, in this experiment, we could prepare PCPs with
LiBr at 40 °C on a Dawn E instrument (Wyatt Technology;-6a  precisely size-controlled nanochannels by changing the dicar-
As laser/ = 690 nm). The refractive index incremenn(dc) was  hoxylate ligands inl and 2, approximately the dimensions of
measured in DMF at 48C on an Optilab DSP refractometer (Wyatt vinyl monomers. The pore dimensionsl&nd2 are consistent

Technology;A = 690 nm,c < 8.0 mg/mL). To investigate the . :
branching structure of PVAc, a conventional GPC measurement with those evaluated by gas adsorption stuffes:

of PVAc prepared irlb was performed under the same conditions, ~ Polymerization of Conjugated Monomers.Radical poly-
where the columns used were calibrated against standard PSimerizations of conjugated vinyl monomers such as St (molecular

samples. size= 6.8 x 4.4 A) and MMA (molecular size= 5.9 x 4.1 A)
) ) were performed in the nanochannelslaind2 at 70°C. From
Results and Discussion TGA, the adsorption amount of monomers was found to

Preparation of Host PCPs.We have prepared host PCP decrease as the size of the nanochannels narrowed, and the
compoundd and?2 by the solvothermal reaction of metal ions, similar values of the monomer adsorptioriliand corresponding
ted, and dicarboxylate ligands, where two-dimensional layered 2 were also observed (Tables 1 and 2). XRPD measurements
structures based on paddle-wheel units are linked with ted as aof the host compounds during the polymerizations indicated that

pillar ligand (Scheme 1%%6 The crystal structures df and the channel structures of PCPs were maintained upon the
correspondin@ are almost the sanfé; 66 as shown by XRPD  monomers’ inclusion and their reaction (Figure 2). In the XRPD
analysis, and revealed three channels alongiH®, andc-axes. profiles, changes in the relative peak intensities and slight shifts

In all the crystals, one-dimensional aromatic nanochannels areof peak positions were detected after the introduction of
formed along the-axes and small apertures (approximately 4 monomers or their polymerizations in the host nanochannels,
A) that are too narrow to polymerize vinyl monomers are also which clearly represented the effective encapsulations of the
found along thea- and b-axes (Scheme 1 and Figure 1). The monomers or polymers in the nanochannels of P&H%53.66
use of biphenyl-4,/4dicarboxylate gave a hodia with larger We examined solid-statéH NMR measurements to study
nanochannels along theaxis (pore size= 10.8 x 10.8 A?) detailed motional behaviors of monomers adsorbed in the
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Table 2. Polymerization of Methyl Methacrylate (MMA) in Nanochannels of 1 and 2 at 70°C for 7 h

adsorbed
host monomer amount conversion tacticity®

(pore size [&]) (number/unit celp (%)2 My (Mw/Mp)P mm:mr:rr (m)
1a(10.8x 10.8) 3.2 76 93 000 (4.8) 6:38:56 (25)
1b(7.5x 7.5) 2.6 74 73100 (2.0) 8:40:52 (28)
1c(5.7x 5.7) 2.3 58 30600 (2.4) 10:43:47 (31)
1d (4.8 x 4.3) 1.8 0
2b(7.5x 7.5) 2.7 76 69 100 (2.4) 8:40:52 (28)
2¢(5.7x 5.7) 2.3 60 29500 (2.4) 9:41:50 (30)
2d (4.8 x 4.3) 1.8 0
bulk polymerizatiof 56 100 (6.4) 5:35:60 (22)

aDetermined by TGAP Obtained by GPC calibrated by PMMA standaréiBetermined by*H NMR measurement in nitrobenzedeat 110°C. 9 Bulk
polymerization was carried out under a comparable condition to those employed in PCPs.

a) T g)' L L polymeric materials in the presence of henzoate)3-
f\ picoline)] (3) as a discrete copper(ll) complex. In contrast, our
PVAc in host radical polymerization system within the frameworks of poly-
_JM VA in host meric copper(ll) complexe$a—c has yielded PSt and PMMA

in high conversions, which is probably because the copper(ll)

PMMA in host ions are embedded in highly crystalline three-dimensional solid

MMA in host frameworks of1 without exposure on the pore surfaces. In
PSt in host addition, the polymerizations of St in the channels of zinc hosts
Stin host 2 provide similar results to those from the systems using the
\ A only host ‘ N corresponding copper hostswith the same pore sizes (Table
5 10 15 20 5 10 15 20 1). Polymerization results of MMA obtained using and
201° 2010° corresponding® are also quite similar, as shown in Table 2.
Figure 2. XRPD patterns of (allb and (b)2b during the polymeri-  These experimental facts explain that the inclusion polymeriza-

zation of vinyl monomers. tions of St and MMA are independent of the constituent metal

ions in the PCP frameworks.

A strong correlation between the pore size of the PCPs and
a) polymer yield is clearly seen, where the conversions for

polymerizations of St and MMA decrease as the size of the
b) nanochannels narrows (Tables 1 and 2). A detailed study on
the pore size dependence of the polymerizations in PCPs by
o) [agi changing the reaction time shows that the yields of polymeriza-
tions saturate earlier in the larger pores of PCPs (Figure 4). On

the other hand, molecular weights of the resulting polymers are

9. I R R independent of the reaction time in these systems, and high
19010050 0 50 -100 150 molecular weight polymers are obtained even in the early stage

Figure 3. Solid-state? NMR spectra of Stk adsorbed in the of the polymerizations (Figure.S). These experimental results
nanochhanels of (a0a, (b) 1b, (c) 1c, and (d)1d at 70°C. strongly suggest that the pore size effect of PCPs on the polymer

yield is predominantly dependent on the initiation step of the
nanochannels. The solid-state NMR technique has been widelyPolymerizations rather than their propagation step. The lower
used for direct observation of mobility of guest molecules in conversions observed in the systems using narrower pores would
various adsorberft& 7t and is applicable to PCPs as well, even be ascribed to low initiation efficiency in such narrow, restricted
though the host frameworks contain paramagnetic spé&fds.  hanochannels. No polymeric product was obtained during the
Molecular dynamics studies on the molecules bearing a benzend?0lymerizations in the nanochannelslaf and2d, which can

moiety by?H NMR measurements are also well establisiet? also be explain_ed by the frozen mobility of the monomers tightly
Figure 3 shows?H NMR spectra of Sty adsorbed in the ~ €ncapsulated in the narrowest chanii@F:°2
nanochannels df at 70°C. From the peak patterns of 84-in Since thermal spontaneous polymerization of St in the bulk

laand1b, the St molecules had near isotropic motions in the State commonly occurs at 7C,’® we carried out the polym-
relatively large channels. On the other hand, the spectrum of erization of St without AIBN in the channel dfo as a control
St-dg in 1c showed a broader line shape with shoulder peaks, experiment. However, this experiment showed a decreased
indicating that the mobility of St in the slow motion regime conversion of St (approximately 10%), indicating the importance
becomes dominant. The extremely broad signal obtained from of the radical initiator residing inside the nanochannel to proceed
Stdg in 1d is explained by the highly restricted mobility St  the polymerization in our system.
experienced irld compared with those ida—c. From these From the viewpoint of molecular weight control, the small
experiments, we could understand that the mobility of the polydispersities M./My) of the polymers prepared in PCPs
encapsulated St monomer strongly depended on the pore size&ompared with those of corresponding bulk-synthesized poly-
of the PCPs. mers is of great significance. The molecular weight distributions
Tables 1 and 2 summarize the polymerization results (conver- of PSt and PMMA were found to become narrower with a
sion, molecular weight, and tacticity) of St and MMA in the decrease in the host channel size, and eventually a value for
nanochannels of the PCP hosts, respectively. In general, copperM/M, of 1.5 was attained in the polymerization of St using
(1) compounds act as inhibitors for radical polymerizatids,  2c. To understand this unique phenomenon, we examined ESR
and thus polymerizations of St and MMA never produce measurements of propagating radicals in nonmagnetic Bbsts
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conversion (%) of the polymerization.
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during the polymerizations. In the ESR spectra, intense signalsdyads was achieved by usiig compared with that obtained
assigned to the propagating radical of both PSt and PMMA were from the bulk polymerization system (Figure 6). From the
observed and the maximum radical concentrations of PSt andstructural modeling study, it was seen that an isotactic polymer

PMMA in 2b reached 2.6 and 0.48 mmol Ky respectively, requires narrower conformational diameter (thickness) than the
which are much higher than those detected in conventional corresponding syndiotactic polymé&r.Because there is no

solution radical polymerizations (I6-10"5 mmol kg™?). It specific interaction between the adsorbed monomers and the
should also be noted that, after the polymerization of S&tin pore walls, effective through-space interactions by the nanochan-

the ESR signal for the propagating radical still appears for 3 nels of the PCPs successfully induced the polymerizations with
weeks, even at 78C. In our polymerization system, PCPs with less stereo-bulky isotactic units in our polymerization systems.
small pore sizes can significantly stabilize the propagating Stereocontrolled radical polymerization of vinyl monomers is
radicals by efficient suppression of termination reactions in the still very difficult; therefore, several research groups have
nanochannel®:527"realizing living radical polymerizations with  intensively studied how to control the tacticities of vinyl
small M,,/M,, values. polymers during solution radical polymerization by the addition
An important nanochannel effect on the polymer stereoregu- of fluoroalcohols or Lewis acids to the reaction metfia?8 In
larity (tacticity) is also observed in our polymerization system, these systems, hydrogen bonding or coordinative interaction of
leading to an increase in isotacticity in the resulting polymers. the solvents or the additives with the polar groups in the
In particular, the tacticity of PMMA strongly depends on the monomers and/or the growing species would cause stereospe-
pore size of the PCPs; eventually an increase of 9% in mesocific chain growth; however, this method can only be applied
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Table 3. Polymerization of Vinyl Acetate (VAc) in Nanochannels of 1 and 2 at 60C for 48 h

adsorbed
host monomer amount conversion tacticity®

(pore size [&)) (number/unit celp (%)2 My (Mw/Mp)P mm:mr:rr (m)
1a(10.8x 10.8) 5.3 49 48000 (2.4) 22:49:29 (47)
1b(7.5x 7.5) 3.3 a7 41500 (1.7) 29:50:21 (54)
1c(5.7x 5.7) 2.7 0
1d (4.8 x 4.3) 1.9 0
2b(7.5x 7.5) 34 66 36 000 (2.0) 30:49:21 (55)
2¢(5.7x 5.7) 2.6 0
2d (4.8 x 4.3) 1.8 0
bulk polymerizatiof nd® 22:50:28 (47)

aDetermined by TGAP Obtained by GPC calibrated by PMMA standaréiBetermined by*C NMR measurement in DMS@s at 100°C after conversion
to poly(vinyl alcohol) by saponificatiorfl Bulk polymerization was carried out under a comparable condition to those employed in PBsobtained
polymer had high-molecular weight portions over the exclusion liivi;, &5 000 000) of the GPC column with extremely wide polydisperdifi/(, >
20).

to monomers with the carbonyl group, and it is still uncertain
whether steric or electronic interaction works on the stereo- .
structures. Although an organic host compound (cyclophos- —_~PVAcpreparedin b

. L = Bulk synthesized PVAc
phazene) could affect the polymer stereoregularlity during the Y
inclusion polymerization of vinyl monomers, no relationship
between the channel size and the polymer stereostructures was
observed because of the lack of capability for tuning the pore
sizes3® In our polymerization system we could systematically
study the nanochannel size effect on the tacticity of the vinyl

polymers, showing that controlled increase of isotacticity became (R T T T w )104 10°
ossible in the polymerizations utilizing the size-tunable pores _. i . .
gf PCPs poly 9 P Figure 7. GPC profiles of PVAc prepared idb and in the bulk

o . ) condition. The profile of the bulk synthesized PVAc is extremely broad
Polymerization of Nonconjugated Monomer.In spite of (Mw/My > 10) containing high molecular weight portions over the

the useful practical application of poly(vinyl acetate) (PVAc) exclusion limit (4, > 5000 000) of the GPC column.
as a precursor of poly(vinyl alcohol) (PVA), VAc (molecular

size= 5.5 x 4.0 A?) is known to be polymerized only via a kl\h")"’l o
radical mechanism. Unlike St and MMA, the propagating radical on mr "
of PVAc shows intractably high reactivity and less stability mm JM IL
because of the lack of a conjuga.ted substituent in thfa VAC Bulk synthesized PVA A
monomer. Thus, unfavorable chain transfer and termination
reactions are particularly observed in the polymerization process PVA obtained from 1a
of VAc, and the controlled radical polymerization of VAc has A ALL JJ.L
been considerably difficult to achieve. PVA obtained from 1b

Radical polymerization of VAc was carried out in the PVA obtained from 2b i) IM |[|
nanochannels ofl and 2 at 60 °C for 48 h. From XRPD : . — L= : :

: 69 68 67 66 65 64 63
measurements, no framework transformation of the PCPs was (Ppm)

observe_d during the polymerizations of VAc in thesg na_nochan- Figure 8. *C NMR spectra of PVA converted from PVAc by
nels (Figure 2). The results for the VAc polymerization are saponification in DMSQds at 100°C.

summarized in Table 3. Compared with the polymerizations of

St and MMA, the polymer yields in this VAc system were gated nature of the propagating radical, achievement of such a
relatively low; in particular, no trace of polymeric product was narrow molecular weight distribution of PVAc has still been
observed in the polymerizations utilizing even the nanochannels limited, except for a few controlled living radical polymerization

of 1c and 2c, although the monomer size of VAc is smaller systemg0.80-86 We also performed a GPC/MALLS measure-
than those of St and MMA. Addition of 10 times the amount ment of PVAc isolated fromb to determine the absolute value

of AIBN to the reaction system was also ineffective in producing of the molecular weight, obtaining an,, of 95 500. This value
PVAc. This inhibited conversion of VAc in the nanochannels s fairly consistent with that obtained from a conventional GPC
can be ascribed to its low reactivity toward carbon radicals, measurement using the same column calibrated against standard
where the reactivity of VAc with cyanopropyl radical generated PSt (v, = 88 100), which clearly supports the less-branching
from AIBN is 40 and 22 times as low as those of St and MMA, |inear structure of PVAc due to the constrained chain growth
respectively, at 60C.”° These facts thus suggest that the AIBN in the narrow one-dimensional nanocharfiel.

radical scarcely attacks VAc to initiate polymerization in such After conversion of the obtained PVAc to PVA by saponi-

narrow channels as those b€ and 2c. fication, 13C NMR measurements were conducted to determine
The GPC measurements of PVAc obtained from the nanochan-the polymer stereoregularlity (Figure 8), where the stereoregu-
nels (Figure 7) showed smdil,/M, values (e.g.Mu/M, of larlity of PVAc does not change by this treatméh8imilar to

PVAc prepared inlb was 1.7), while PVAc prepared under the cases of PSt and PMMA, the ratio of isotactic units in the
the bulk conditions showed an extremely large polydispersity polymer structure clearly increases when the VAc monomer is
(Mw/M, > 20) of the molecular weight caused by its hyper- polymerized in the nanochannelstd and2b. In the previous

branched structure derived from various side reactions (chainreports, the only possible way to change the tacticity of PVAc
transfer and termination reactions). Because of the nonconju-was addition of fluoroalcohols to the reaction media, which leads



Macromolecules, Vol. 41, No. 1, 2008

to an increment of the syndiotactic units induced by the
hydrogen-bonding interaction between the alcohols and ¥At.
No method for increasing the isotactic units of PVAc has been
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(14) Isobe, Y.; Fujioka, D.; Habaue, S.; Okamoto,JY Am. Chem. Soc
2001, 123 7180-7181.

(15) Lutz, J.-F.; Neugebauer, D.; Matyjaszewski, X.Am. Chem. Soc
2003 125, 6986-6993.

reported so far. Therefore, the development of polymerizations (16) Lutz, J.-F.; Jakubowski, W.; Matyjaszewski, Klacromol. Rapid

in PCP nanochannels to produce a linearly extended PVAc not

only with a narrow distribution of molecular weights but also
with an increase of the isotactic unit is of considerable interest.

Conclusions
In this work, we performed radical polymerizations of vinyl

Commun 2004 25, 486-492.

(17) Wan, D.; Satoh, K.; Kamigaito, M.; Okamoto, ¥lacromolecules
2005 38, 10397-10405.

(18) Hirano, T.; Ishii, S.; Kitajima, H.; Seno, M.; Sato, J..Polym. Sci.,
Part A: Polym. Chem2005 43, 50-62.

(19) Paleos, C. M.Polymerization in Organized MediaGordon &
Breach: New York, 1992.

(20) Wu, C.-G.; Bein, TSciencel994 266, 1013-1015.

monomers in size-tunable nanochannels of PCPs and demon<21) Moller, K.; Bein, T.Chem. Mater 1998 10, 2950-2963.

strated the significant effects of the channel size on the yield,

(22) Kageyama, K.; Tamazawa, J.; Aida, Sciencel999 285 2113—
5

molecular vyglght, and s.terec.)regulamy of the resulting pplymers. (23) Tajima, K.: Aida, T.Chem. Commur200Q 2399-2412.
The capability for precise size tuning of nanospaces is one of (24) cardin, D. JAdv. Mater. 2002 14, 553-563.
the most powerful advantages of PCPs, leading to the first (25) Sozzani, P.; Bracco, S.; Comotti, A.; Simonutti, R.; Valsesia, P.;

systematic study of radical polymerization in microporous

channels based on PCPs. From the viewpoint of polymerization,

Sakamoto, Y.; Terasaki, QNat. Mater 2006 5, 545-551.
(26) Kobayashi, S.; Uyama, H.; Kimura, Shem. Re. 2001, 101, 3793~
3818.

the narrow polydispersities of the obtained polymers as well as (27) Serizawa, T.; Hamada, K.-I.; Akashi, Mature 2004 429, 52—55.

controlled increments of isotactic units in this polymerization
system are noteworthy; these controls in polymer primary
structures are very difficult in conventional bulk and solution

(28) Akagi, K.; Piao, G.; Kaneko, S.; Sakamaki, K.; Shirakawa, H.; Kyotani,
M. Sciencel998 282, 1683-1686.

(29) Miyata, M. InComprehensie Supramolecular Chemistri/ol. 10;
Reinhoudt, D., Ed.; Pergamon: Oxford, U.K., 1996; pp 5582.

polymerizations. We believe that our polymerization system can (30) Farina, M.; Di Silvestro, G.; Sozzani, P. @omprehensie Supramo-

provide a new aspect of controlled radical polymerizations and
is fundamentally important for the understanding of the role of
pore size and geometry in attaining NITP.
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