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ABSTRACT: A norbornene-functional styrene was synthesized and copolymerized with styrene, and
monomer reactivity ratios were calculated in a controlled radical copolymerization. Polylactide-b-poly
(norbornenylethylstyrene-s-styrene) (PLA-b-P(N-S)) block polymers were produced by a reversible
addition-fragmentation chain transfer polymerization technique using a PLA-based macro chain transfer
agent and fully characterized using conventional techniques. Blends composed of this block copolymer,
dicyclopentadiene (DCPD), and a metathesis catalyst were waxy materials that formed ordered structures
containing cylindrical PLA nanodomains in a composite DCPD/P(N-S) matrix. These composite materials
were pressed in a channel die to align the cylindrical domains and were cured by a ring-opening metathesis
mechanism at elevated temperatures. Removal of the PLA from the resultingmonoliths bymild basic etching
resulted in nanoporous monoliths with cylindrical channels. The nanoporous materials were characterized
by small-angle X-ray scattering, scanning electron microscopy, and N2 adsorption experiments. The
nanoporous monoliths were thermally stable up to about 130 �C and exhibited remarkable mechanical
strength that was comparable to pure polyDCPD.

Introduction

The concept of utilizing self-assembled block copolymer pre-
cursors to produce nanoporous structures by selective etching of
a sacrificial component has been widely explored in both thin
films and monoliths.1,2 In addition to the utility of nanoporous
polymers for templating other nanostructures,3 applications
of such materials as separation membranes4 and antireflection
coatings5 have been reported. Polylactide (PLA) is a particularly
attractive sacrificial block because of the straightforward synth-
esis of various PLA-containing block copolymers and the
susceptibility of PLA to hydrolytic degradation under relatively
mild conditions. For example, we have demonstrated that nano-
porous polystyrene (PS) monoliths can be prepared from various
self-assembled PLA-containing block polymers.6,7 However,
limited thermal stability, intrinsic brittleness, and poor solvent
resistance of nanoporous PS has been limiting in template
synthesis8 and separation membrane applications.4

Several approaches have been taken to combat the thermal
instability of such nanoporous materials. Wolf et al. prepared
nanoporous polycyclohexylethylene (PCHE) monoliths from
ordered PCHE-b-PLA copolymers, which exhibited improved
thermal stability to about 140 �C;9 nanoporous PS collapses
around 100 �C.6 Another approach by Hawker and coworkers
involved the thermolysis of benzocyclobutane-modified (BCB)
PS-containing block copolymer thin films with polymethyl-
methacrylate (PMMA) or PLA as a degradable block resulting
in enhanced thermal stability in nanoporous thin films.10 Like-
wise, cross-linkingdouble bonds inordered polydimethylsiloxane
(PDMS)-b-polyisoprene (PI)11 or PDMS-b-polybutadiene (PB)12

block copolymers having PDMS as a degradable block has been
reported to yield good solvent resistance and thermal stability in

the resulting monoliths. Additionally, Zhou et al. reported the
PI cross-linking using S2Cl2 in a bicontinuous microemulsion of
PS/PS-PI/PI, and after solvent extraction of PS, the resultant
nanoporous monoliths were thermally stable to 160 �C. Tensile
tests on these monoliths indicated an elongation at break of 2%
with a tensile strength of 50 MPa; the relative brittleness of
nanoporous monoliths was attributed to extensive cross-linking
of the polyisoprene phase.13

Whereas improvements in the thermal stability have been
achieved, most nanoporous materials templated from ordered
block copolymers still suffer from poormechanical performance.
In 2006, Uehara et al. demonstrated that nanoporous semicrys-
talline polyethylene (PE) membranes derived from a PE-PS
block copolymer could be prepared.14 These materials were
particularly tough, and this work was a breakthrough in the
development of new nanoporous membranes for separation
applications.

Polydicyclopentadiene (polyDCPD) synthesized by ring-open-
ing metathesis polymerization (ROMP) exhibits both a high
modulus and a high tensile strength and is therefore an attractive
candidate for the matrix material in nanoporous materials
derived from block copolymers.15 In a recent communication,
we reported the production of tough 3D continuous nanoporous
membranes using PLA-b-poly(norbornenylethylstyrene-styr-
ene) (P(N-S)) via polymerization-induced phase separation
(PIPS) during the ROMP of DCPD. Those materials exhibited
appealing features for membrane applications: high thermal
stability and excellent mechanical properties.16 In this article,
we (i) fully address the synthesis and characterization of the
monomer p-norbornenylethylstyrene (N) and derived PLA-b-
P(N-s-S) block copolymers, (ii) explore the kinetics of the
reversible addition-fragmentation chain transfer (RAFT) copo-
lymerization of styrene and N, and (iii) prepare ordered cross-
linked nanoporous monoliths using blends of these PLA-b-P(N-
s-S) block copolymers with DCPD and a metathesis catalyst
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(as shown schematically in Figure 1). Such nanoporous mono-
liths with aligned cylindrical pores were thermally robust and
mechanically strong and exhibited exceptional solvent resistance.
This new method for preparing nanoporous polymers will
significantly broaden their applicability.

Results and Discussion

Material Synthesis and Characterization Monomer Synth-
esis and Characterization. 5-Bromomethyl norbornene
(mainly the endo isomer) was treated with magnesium in
THF to form the corresponding Grignard reagent. In the
presence of Li2CuCl4, this norbornenylmethyl magnesium
bromide was coupled to vinylbenzyl chloride at -78 �C to
produce the monomer N (Figure 2). The 13C NMR and 1H
NMR spectra of purified N (Figures S1 and S2 in the
Supporting Information) indicate a product of high purity
that is consistent with the structure depicted in Figure 2.
Infrared spectroscopy, gas chromatography-mass spectro-
metry, and elemental analysis were corroborative. (See the
Experimental Section.)

This new norbornene-containing styrene is amenable to
anionic polymerization, which has been widely employed as
a robust technique for synthesizing numerous functional
styrene monomers.17 Using sec-BuLi as the initiator and
a monomer-to-initiator ratio of 40, we synthesized poly
(norbornenylethylstyrene) (PN) and isolated it in near
quantitative yield. A number-average molecular weight of
6.7 kg mol-1 and a narrow polydispersity index (PDI) of
1.04 were determined by size exclusion chromatography
(SEC) analysis based on PS standards. The 1H NMR
spectrum of this product confirmed complete retention
of norbornene groups throughout the polymerization
(Figure S1 in the Supporting Information). The glass-transi-
tion temperature (Tg) of the resulting PN was 81 �C by
differential scanning calorimetry (DSC). By the use of
anionic polymerization, followed by sequential addition of
another monomer or end-capping reaction with ethylene
oxide,18 various norbornene-functional block copolymers
can be potentially produced.

Controlled Free Radical Copolymerization of N and Styrene.
We also explored the copolymerization of N and styrene
following a RAFT scheme using a trithiocarbonate as the
chain transfer agent.19 (See the Experimental Section.) We
carried out copolymerizations at various feed compositions
to low conversion and analyzed the resultant copolymers by
1H NMR spectroscopy to determine the relative amounts
of incorporated N and styrene. The overall monomer
conversions were determined to be lower than 6 wt % on
the basis of the mass of recovered polymers and molecular
weight determination through NMR analysis. Specifically,
copolymerization reactions were carried out under two

different conditions: (1) bulk reaction under positive argon
pressure and (2) solution reaction in toluene under reduced
pressure. The mole fraction of N incorporated in the
copolymer (FN) as a function of mole fraction of N in the
feed ( fN) is shown in Figure 3. We fit these data using
the copolymerization equation (eq 1), where rN and rS are
the reactivity ratios for N and styrene (S), respectively, and
determine rN=0.72 and rS=0.97 (bulk), and rN=0.56 and
rS = 0.94 (solution). The fact that rN is somewhat greater
than rS is consistent with the bulky norbornene substituent
in N. The related radical copolymerization of the bulky
p-n-decylstyrene styrene and styrene showed both reactivity
ratios close to 1.20

FN ¼ fNðrN fN þ 1-fNÞ
fNðrN fN þ 1-fNÞ þ ð1-fNÞðrSð1-fNÞ þ fNÞ ð1Þ

PLA-b-P(N-S) BlockCopolymers.With knowledge of the
copolymerization kinetics of N and styrene, we prepared
block copolymers employing a PLA-functional RAFT chain
transfer agent (PLA-TC) thatwas previously reported.7a The
synthetic scheme for PLA-b-P(N-s-S) copolymers is shown
in Figure 4, and characterization of these block copolymers
is summarized in Table 1.

SEC traces of the copolymers listed in Table 1 showed that
theseproducts exhibitednarrowmolecularweight distributions
(Figures S3-S4 in the Supporting Information). However, a
shoulder with twice the molecular weight of the main peak was
apparent with increasing concentrations of N in the feed but
became less prevalent at lower reaction temperatures, as in
NSL(0.31). Additionally, no shoulder was observed in NSL(0)
(i.e., no incorporation of N), so the high-molecular-weight
peak in the SEC data was attributed to minor radical coupling

Figure 1. Chemical structure of cross-linking components and scheme
illustrating fabrication of cross-linked nanoporous monoliths by me-
tathesis reaction.

Figure 2. Synthesis of p-norbornenylethylstyrene (N) via the Grignard
reaction and resulting polymer p-norbornenylethyl styrene (PN) by
anionic polymerization.

Figure 3. Mole fraction ofN in the copolymer (FN) as a function of the
mole fraction ofN in the feed ( fN) for theRAFT copolymerization ofN
and S. The filled circles are for the bulk copolymerization (condition 1),
and the open circles are for solution polymerization (condition 2). The
solid (condition 1) and dashed (condition 2) lines are nonlinear fits of
the data according to eq 1.
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reaction of pendant norbornene groups. A related example
illustrated that in aRAFTpolymerization using a norbornene-
containing initiator, coupling reaction from norbornene
groups increased with reaction time.23 DSC analysis of these
copolymers showed twoglass-transition temperatures (Tg): one
corresponding to the PLA block at 52 �C and the other one
corresponding to the P(N-S) block that varied with the N
content in the P(N-S) block (Figure S5 in the Supporting
Information), which is consistent with microphase segregation
of PLA and P(N-S). A statistical (near random) distribution of
pendant norbornene groups on PS backbone is expected,
although compositional drift in the batch copolymerizations
would lead to P(N-S) blocks with somewhat nonuniform
composition distribution along the backbone. Overall, we
were capable of producing well-defined norbornene-functional
PLA-based copolymerswith tailored contents ofNandvolume
fractions of PLA.

Small-Angle X-ray Scattering Analysis of PLA-b-P(N-s-S)
copolymers. We characterized the morphologies of the
above PLA-b-P(N-S) copolymers using small-angle X-ray
scattering (SAXS) (summarized in Table 1). The principal
scattering peak observed corroborates microphase separa-
tion between the P(N-S) and PLA blocks, and higher order
reflections infer long-range order. For instance, NSL(1)
exhibited a cylindrical morphology (Figure S6 in the
Supporting Information). We extracted the Flory-Huggins
(F-H) interaction parameter, χ, in these block copolymers
with different norbornene compositions on the basis of the
temperature dependence of the lamellar or cylindrical do-
main spacing in the strong-segregation regime ( χN > 100)
(eqs 2 and 3).24 Although eqs 2 and 3 were derived for the
strong-segregation regime, they have been used in the
previous work to provide a reasonable estimation of χ
for ordered lamellar and cylindrical block copolymers
at moderate segregation strengths (25 < Nχ < 85).25

Dlam ¼ 1:10aN2=3χeff
1=6 ð2Þ

Dcyl ¼ 1:12f 1=6ð1 þ f 1=2Þ2=3aN2=3χeff
1=6 ð3Þ

a ¼ fPLA

a2PLA
þ fPNS

a2PNS

 !-0:5

ð4Þ

For simplicity, we used the actual degree of polymeriza-
tion for the number of statistical repeating units, N, in eqs 2
and 3 even though there would be some quantitative

difference between these two values. The average statistical
segment length, a, for the block copolymer was calculated
using statistical segment lengths for PLA (aPLA) and PS (aPS)
of 1.02 and 0.71 nm, respectively, on the basis of the segment
volume of 185 Å3, assuming that aP(N-S) was identical to that
of PS.6b fPLA is the volume fraction of PLA, and fP(N-S) is the
volume fraction of P(N-S) block. On the basis of SAXS
measurements, we obtained the F-Hparameter between the
P(N-S) and PLA blocks, χeff, by evaluating the principal
domain spacing dependence on temperature (Figure S7 in
the Supporting Information) using PLA-P(N-S) in entries 3,
4, and 6 of Table 1 with cylindrical morphologies and that
in entry 8 with a lamellar morphology. In the previous
work,6 SAXS analysis of PS-b-PLA copolymers indicated
χPS/PLA = 96.6/T - 0.091; herein, we calculated χPS/PLA=
99.1/T - 0.111 for NSL(0) using eq 2. For NSL(1) having a
cylindrical morphology, we were able to obtain χPN/PLA=
199.1/T - 0.174 using eq 3. The incorporation of hydro-
phobic pendant norbornene groups led to an approximately
two-fold increase in segregation strength compared with
PS-PLA. Furthermore, the segregation strength between
PLA and P(N-S) blocks can be tailored by the level of
N incorporation. The group contributions to solubility
parameter (Hoy values),26 δ(PLA) = 20 and δ(PN) =
16.4 MPa1/2, give rise to a calculated χPN/PLA of 181/T using
a reference volume of 185 Å3, which is in reasonable agree-
ment with the SAXS results.

Self-Assembly of PLA-b-P(N-S)/DCPD Composites and
Fabrication of Nanoporous Monoliths. Self-Assembly of
PLA-b-P(N-S) and DCPD. In addition to the study of the
bulk morphology of block copolymers, self-assembly of
block copolymers with a selective solvent has capturedmuch
attention.27 For instance, PS-b-PI (15-13 kg mol-1) in a
PS-selective solvent diethyl phthalate can adopt various
morphologies, such as spheres, cylinders, and lamellae
depending on the composition of the solvent.27a Using a
selective solvent that can cross-link with the solvent-philic
block, we anticipated improvements in not only thermal and
mechanical properties of the composites but also the ability

Table 1. Summary of PLA-b-P(N-S) Synthesized by RAFT Polymerization

entry polymera Mn (SEC) (kg mol-1) PDI Mn (NMR) (kg mol-1)b fPLA (%)c Tg (PNS) (�C)
N molar ratio

morphology at 140 �C
feed polymer

0 PLATC 13.7 1.09 10.6
1 NSL(0.11) 23.1 1.27 23.6 39.4 90 0.10 0.11 C + L
2 NSL(0.23) 23.6 1.26 23.0 40.5 86 0.24 0.23 C + L
3 NSL(0.44) 23.2 1.37 23.0 40.5 82 0.41 0.44 C
4 NSL(0.67) 22.4 1.34 22.4 41.7 79 0.65 0.67 C
5 NSL(0.46) 19.9 1.17 19.2 49.3 78 0.41 0.46 L
6 NSL(1) 21.4 1.19 21.4 43.8 76 1.00 1.000 C
7 NSL(0.31) 21.3 1.20 21.2 44.3 83 0.32 0.31 L
8 NSL(0) 21.4 1.17 21.3 44.0 90 0 0 L

aEntries 1-5 were synthesized fromPLATC, styrene, andN at 120 �C for 4 h via thermal initiation (Experimental Section), whereas entries 6-8 were
prepared in toluene for 20 h at 70 �C initiated by 2,2’-azodiisobutyronitrile. ForNSL(x), NSL represents the PLA-b-P(N-S) copolymer and x denotes the
molar ratio of N in the P(N-S) block. bFrom the NMR analysis, molecular weight of the TC was included in all Mn calculations, and in entry 0, Mn

(PLAOH) = 10.3 kg mol-1. cTo calculate the PLA volume fraction, the TC group was included as a part of the PNS block, and fPLA was based on
densities of polymers at 140 �C: F(PS) = 0.97 g cm-3,21F(PLA) = 1.154 g cm-3,22 and assuming F(PN) = F(PS).

Figure 4. Synthetic scheme of PLA-b-P(N-S) copolymers.
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to tailor the blend morphology. For the purposes of cross-
linking P(N-S) with DCPD using metathesis reactions, the
self-assembly ofDCPDand PLA-b-P(N-S)mixturesmust be
addressed. A waxy solid composed of NSL(0.11) (entry 1
in Table 1) and DCPD at a mass ratio of 2:1 was prepared.
(See the Experimental Section.) DSC analysis of this waxy
solid (Figure S8 in the Supporting Information) indicated
clear shift ofTg to lower temperatures in both PLA and PNS
domains compared with NSL(0.11). Using the Fox equa-
tion,28 we determined two independent variables: a hypothe-
tical Tg of DCPD and fraction of DCPD in both PLA and
P(N-S) domains. We concluded that DCPD was distributed
in the PLAandP(N-S) domains at a ratio of 1 to 4,which is in
agreement with the anticipated distribution based on the
structural similarity between P(N-S) and DCPD.

NSL(0.46) adopts a lamellar morphology (entry 5 in
Table 1) and was chosen to study the morphology of
assembled PLA-b-P(N-S)/DCPD mixtures and for subse-
quent cross-linking reactions. PLA-b-P(N-S)/DCPD blends
with different PLA volume factions were prepared using the
procedure described in the Experimental Section. The blend
composition was determined by 1HNMR spectroscopy. For
SAXS analysis, the waxy solid was sandwiched between
Kapton films in a rubber O-ring, assuming that DCPD
evaporation below 100 �C was negligible during experiment.
Awide region of the cylindrical morphology is evident over a
range of temperatures in Figure 5; the introduction ofDCPD
in the P(N-S) phase drives the phase transition from lamellae
to hexagonally packed cylinders, which is the targeted phase
for our subsequent cross-linking studies. The 1D SAXS
profiles of a NSL(0.46)/DCPD blend ( fPLA= 30% by
volume) that adopts a cylindrical morphology are shown in
Figure S9 in the Supporting Information.

Nanoporous Monoliths from PLA-b-P(N-S)/DCPD. To
produce nanoporous monoliths, a NSL(0.46)/DCPD blend
with a PLA volume fraction of around 30% was prepared.
The incorporation of a metathesis catalyst to the blend
resulted in gelation within minutes at room temperature
before removal of the cosolvent used for sample preparation.
This problem was overcome by the addition of PPh3 to atte-
nuate the catalyst reactivity.29

In a NSL(0.46)/DCPD blend containing 0.25 wt % of the
first generation Grubbs catalyst and 0.75 wt% PPh3, the

1H

NMR spectrum indicated a negligible cross-linking reaction
in the resultant waxy orange solid before curing. Less than
5 wt % residual CH2Cl2 was in the blend, and the DCPD
content before cross-linking was 60 wt % relative to the
copolymer. We expected a cylindrical morphology given the
calculated weight fraction of PLA ( fPLA) of 33.5 wt% in this
composite (corresponding PLA volume fraction of PLA of
29% at room temperature, see Figure 5). The waxy solid was
pressed using a homemade channel die6b at 60 �C (to facil-
itate processing) within 5 min of its preparation to align the
PLA cylinders in the flow direction. Finally, the blend
was cured in a small tube under argon at 70 �C for 12 h
and at 110 �C for 3 h. After cross-linking, slight mass loss of
the blend was apparent because of DCPD evaporation.
SAXS analysis indicated that the initial cylindrical morphol-
ogy was maintained during and after cross-linking.

After degradation of PLA (Experimental Section), IR
spectra (Figure S10 in the Supporting Information) showed
the disappearance of the resonance at 1750 cm-1 corre-
sponding to CdO stretching, which indicated nearly com-
plete removal of the PLA phase in the cross-linked
monoliths. The monoliths lost about 35 wt % of their mass
following PLA degradation, which is slightly higher than the
mass fraction of PLA in the composite. The 2D SAXS data
(Figure 6) of the cross-linked samples showed two broad
reflections consistent with cylinder orientation in the flow
direction. The degree of alignment in nanoporous monoliths
was characterized by the second-order orientation factor,F2,
of 0.8.6b After PLA removal, the scattering intensity in the
monoliths exhibited a 27-fold increase, which was consistent
with the anticipated increase in electron density contrast for
a nanoporous sample.16 The slight shift of the primary peak
(q*) after PLA removal to a higher value indicated the slight
decrease in the domain size, whichwas likely attributed to the
slight shrinkage of the cross-linked matrix following PLA
hydrolysis. The domain spacing from SAXS of 21.1 nm gave
a PLA domain size (pore size) of about 13.8 nm on the basis
of the pore volume fraction of 29%.

Figure 7 andFigure S11 in the Supporting Information are
typical SEM images for fractured surfaces of monoliths in
two directions: parallel to and normal to the cylinder axis,
confirming a structure with an array of hexagonally packed
cylindrical pores. The pore diameter determined from the
SEM image is 11 ( 2 nm (accounting for 1 nm Pt coating).
The averaged domain spacing was about 21 ( 2 nm, which
is consistent with the SAXS analysis. In N2 adsorption
experiments, the Brunauer-Emmett-Teller (BET) analysis

Figure 5. Partial morphology map for NSL(0.46)/DCPD blends at
different temperatures from SAXS experiments. Filled circles denote
cylindricalmorphology, and open circles and squares represent lamellar
and unidentified morphologies, respectively. The volume fraction of
PLA was calculated assuming that densities of PLA and the matrix
phase are 1.25422 and 1.0 g/cm3 at room temperature.

Figure 6. SAXS profiles of cross-linkedmonoliths before (bottom) and
after PLA removal (top). Higher order peaks relative to the primary
peak located at

√
3,
√
4,
√
7, and

√
9 indicate a cylindrical morphology.
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shows a type IV isotherm and gave a specific surface area of
132 m2 g-1. Analysis of the desorption data gave an
average pore diameter of 9 nm and a peak width at half
height of 3 nm (Figure 8). Barrett-Joyner-Halenda (BJH)
analysis gave an average pore diameter of 12.5 nm, which is
in agreement with SEMdata.30 The pore diameter calculated
from the SAXS data (13.8 nm) was somewhat higher than
that determined by both SEM and N2 adsorption analysis.
We suspect this was due to inaccuracies in the estimated
density of poly(DCPD)/PS matrix.

In previously reported nanoporous PS monoliths, an
exothermic peak in the initial heating trace of the DSC
analysis corresponded to the collapse of nanopores above
the Tg of PS (100 �C).6b In the polyDCPD composite
monoliths described here, no detectable thermal transition
appeared in the DSC thermogram up to 130 �C (Figure S12
in the Supporting Information). Furthermore, the nanopor-
ous structurewas preserved after heating to 130 �Caccording
to SEM. However, substantial pore collapse was evident
after annealing the nanoporous monoliths at 150 �C for 1 h,
presumably due to the softening of the polyDCPD-contain-
ing matrix.15 The solvent resistibility of these monoliths was
examined by immersion in THF, where the THF-swollen
monoliths were soaked in methanol, allowing for plasticiza-
tion of the polyDCPD-containing matrix before drying, and
SEM analysis confirms preservation of the nanoporous
structure (Figure S13c in the Supporting Information).
SAXS analysis of nanoporousmonoliths after the aforemen-
tioned thermal (130 �C) and solvent treatments gave
comparable scattering intensities that are typical for
untreated nanoporous samples that also consistent with
preservation of porosity.

The mechanical properties of the composite nanoporous
monoliths were evaluated by tensile testing with extension
parallel to the channel direction (Figure 9). The average
tensile strength of resulting cross-linked samples (ca.
90 MPa) was higher than pure cross-linked polyDCPD
plastics (55 MPa), which was likely attributed to higher
cross-linking density by incorporation of the reactive
P(N-S) blocks. For the nanoporous samples, the average
elongation at break was about 10%, and the average tensile
strength was about 50 MPa, which is significantly improved
in comparison with un-cross-linked nanoporous PS that was
too brittle to be appropriately loaded in the same test.

Conclusions

In conclusion, a new norbornene-functional styrene monomer
was prepared, and the synthesis of PLA-b-P(N-S) block copoly-
mers containing tailored norbornene functionality was demon-
strated. DSC and SAXS analysis of these materials confirmed
that these block polymers adopted morphologies consistent
with their compositions. We demonstrated the fabrication of
cylindrically nanoporous monoliths via metathesis cross-linking
in a preassembled reactive blend containing DCPD templated by
block copolymers, which have excellent thermal and mechanical
stability and solvent resistance. This approach shows the utility of
metathesis chemistry to generate robust nanoporous materials,
which are potentially favorable for catalyst supports and other
applications.

Figure 7. SEM images of cross-linked nanoporousmonoliths fractured
in two directions: (a) normal to the channel axis and (b) parallel to the
channel axis. Samples were cryofractured and coated with 1 nm Pt via
direct sputtering to prevent charging.

Figure 8. Nitrogen adsorption (solid) and desorption (open) isother-
mal curves of the nanoporous monoliths. Inset: pore size distribution
calculated from the desorption process.

Figure 9. Tensile testing of cross-linked monoliths before (solid) and
after (open) PLA degradation.
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Experimental Section

Materials. Unless specifically noted, all chemicals were pur-
chased from Aldrich and used without further purification.
Styrene was passed through basic alumina and then distilled
over calcium hydride under reduced pressure. Degassed toluene
(HPLC grade) was purified by passage through a home-built
solvent purification system equipped with activated alumina
and a supported copper catalyst to remove traces of protic
impurities; THF (HPLC grade) was degassed under nitrogen
and passed through a home-built solvent purification system
equipped with activated alumina.31 Radical inhibitors in
4-chloromethylstyrene were removed by passage through a
short basic alumina column. D,L-lactide was recrystallized
from ethyl acetate and dried under vacuum at room tempera-
ture. S-1-Dodecyl-S0-(R,R0-dimethyl-R0 0-acetic acid) trithiocar-
bonate (CTA) was prepared using a reported procedure.32

General Characterization. All NMR spectra were recorded
on a Varian VI-300 spectrometer using deuterated chloroform
(Cambridge). SEC data were collected using a Hewlett-Packard
1100 series liquid chromatograph equipped with Jordi polydi-
vinylbenzene columns with pore sizes of 10 000, 1000, and 500 Å
as well as a Hewlett-Packard 1047A refractive index detector.
THF was used as the mobile phase at 40 �C with a flow rate of
1 mL/min. The SEC instrument was calibrated with PS stan-
dards (Polymer Laboratories). DSC analyses were performed
on a TA Q1000 instrument using a scan rate of 20 �C/min, and
glass-transition temperatures were recorded from the second
heating trace. Mass spectrometry (MS) was performed on a
Finnigan MAT 95 instrument with the sample introduced by a
Hewlett-Packard Series II model 5890 gas chromatograph
(GC). SAXS profiles were recorded on a 230 cm custom-built
beamline at the University of Minnesota. Cu KR X-rays (λ =
1.542 Å) were generated through a Rigaku RU-200BVH rotat-
ing anode fitted with a 0.2 � 2 mm2 microfocus cathode and
Franksmirror optics. The samplewas equilibrated under helium
purge for 5 min at each temperature before collection. Two-
dimensional diffraction patterns were recorded using a Siemens
area detector and were corrected for detector response before
analysis. The 2D images were azimuthally integrated to a 1D
plot of intensity versus q, where q = 4π/λ sin(θ/2) and θ and λ
are the scattering angle and X-ray wavelength, respectively.
SEM images were obtained on a Hitachi S-900 FE-SEM instru-
ment using a 3.0 kV accelerating voltage. Prior to SEManalysis,
fractured monoliths were coated with a 1.0 nm thick Pt layer via
direct Pt sputtering. Fourier transform infrared (FT-IR) spec-
trometry was conducted on a Nicolet Magna-IR spectrometer
550, and the liquid sample was placed between NaCl plates,
whereas solid samples were grounded with KBr and subse-
quently pressed into transparent thin films. The N2 adsorption
experiment was performed on a Micromeritics ASAP 2000
instrument, and samples were degassed under high vacuum
overnight at 60 �C. Tensile tests of monolithic bars (10 � 2 �
1 mm3) were carried out on a Rheometric Scientific MINIMAT
instrument at room temperature, operating at a crosshead speed
of 2 mm/min with a load cell of 1000 N.

Synthesis of p-Norbornenylethyl Styrene. 5-Bromome-
thyl norbornene was prepared following a literature
procedure.33 Norbornenylethyl styrene (N) was prepared using
a modified route:34 5-bromomethyl norbornene (4.42 g,
23.5 mmol) was added dropwise to magnesium powders
(0.65 g, 27 mmol) in anhydrous THF (25 mL) and reacted at
40 �C for 16 h. The as-formed Grignard reagent in THF was
isolated from the excess magnesium and was added dropwise
to a solution of 4-chloromethylstyrene (3.04 g, 20 mmol) in
anhydrousTHF (15mL)withLi2CuCl4 solution (3mL, 0.1M in
THF) at-78 �C under argon. The reaction solution was kept at
-78 �C for 6 h and then warmed to room temperature. The
solution was quenched with saturated aqueous NH4Cl and
extracted with diethyl ether twice. The combined ether phase

was washed with saturated Na2CO3 aqueous solution and brine
and dried over MgSO4. After the removal of MgSO4, the
concentration under reduced pressure yielded a pale-yellow
oil. Purification of this crude product by column chromatogra-
phy (silica, hexanes) afforded a colorless oil (3 g). 1H NMR
spectrum of N (majority: the endo isomer), δ: 7.35(d, 2H,
J = 10.4 Hz, ArH), 7.15 (d, 2H, J = 10.1 Hz, ArH),
6.72 (t, 1H, J= 17.4, 10.6 Hz,-CHdCH2), 6.06-6.19 (m, 2H,
-CHdCH-), 5.73 (1H, d, J=17.7,-CHdCH2), 5.21 (d, 1 H,
J=10.8,-CHdCH2), 2.81 (d, 2H, J=10.8,-CH-CHdCH-
CH-), 2.61 (t, 2H, J= 8.0 Hz, Ar-CH2-), 1.99-2.08 (m, 1H,
-CH-CH2-CH2-Ar), 1.89 (m, 1H,-CH-CH2(exo)-CH-),
1.36-1.50 (m, 3H, -CH-CH2-CH- and -CH2-CH2-Ar),
1.24 (d, 1H, J = 8.4 Hz, -CH-CH2-CH-), 0.57 (m, 1H,
-CH-CH2(endo)-CH-). 13C NMR of endo-N (75 MHz):
142.9, 137.2, 136.8, 135.1, 132.4, 128.6, 126.2, 112.9, 49.7,
45.4, 42.7, 38.4, 36.7, 35.0, 32.5. MS: 224.2 (M+),
66 (C5H6+), 117.1 (C2H3-Ph-CH+), 158.1 (C2H3-Ph-
CH2CH2CHdCH2+). FT-IR (cm-1): (stretching) CdC, 1630,
1610; ArH, 1570, 1510, 1450;-C-H, 2870, 2970;dC-H, 3060,
3080; (vibrating of dC-H) the vinyl group, 990, 904;
p-substituted benzene, 830; norbornene, 717. Elemental analy-
sis: C 90.70% and H 9.16% (found); C 91.01% and H 8.99%
(calculated).

Kinetics Study in Copolymerization. Condition 1: CTA
(3.5 mg) and styrene and N (in total 0.5 mL at different ratios)
were placed in a 10 mL reactor and sealed under Ar pressure
after three freeze-pump-thaw cycles. Condition 2: CTA
(3.5 mg), dry toluene (0.5 mL), and styrene and N (in total
0.5 mL at different ratios) were placed in a 10 mL reactor and
sealed under vacuum after three freeze-pump-thaw cycles.
Under these conditions, styrene vaporization during polymer-
ization that resulted in increasing fN could be ignored.
Polymerization reactions were conducted at 120 �C for 1 to
2 h, where the reaction time was increased with decreasing
N concentrations in feed. The final monomer conversion was
between 3 and 6 wt% on the basis of the recovered polymers by
precipitation in methanol and molecular weight by NMR
spectroscopy. Molar ratios in feed were calculated using
F(styrene) and F(N) = 0.9 g mL-1 at 25 �C, whereas molar
ratios in the polymer were calculated from the NMR spectra.

Synthesis of PLA-b-P(N-S) and PLA-b-PN. PLA-attached
chain transfer agent (PLATC) was synthesized according to
an established procedure.7a PLATC (0.2 g, 0.019 mmol, Mn =
10.6 kg/mol, PDI = 1.09) and monomer N and styrene (total
volume of 1.0mL, except for entry 5 in Table 1with total volume
of 0.8 mL) at different ratios were mixed in an air-free flask,
followed by three freeze-pump cycles, sealed under vacuum,
and finally reacted at 120 ( 1 �C for 4 h. Besides the bulk
condition, three polymerization reactions were carried out in
toluene as follows: PLATC (0.2 g, 0.019 mmol), N and styrene
(1.0 mL), and AIBN (0.35 mg, 0.002 mmol) were dissolved in
toluene (1.0 mL) in an air-free flask, followed by three freeze-
pump-thaw cycles, and reacted at 70 �C for 20 h. Resultant
copolymers were recovered through precipitation in methanol,
followed by dissolution in CH2Cl2 and reprecipitation in pen-
tane and finally dried under vacuum. The overall monomer
conversionwas between 20 and 30wt%determined usingNMR
analysis. 1H NMR spectrum of PLA-b-P(N-s-S), δ: 6.2-7.2
(b, ArH), 5.9-6.2 (b, -CHdCH-), 5.1-5.3 (b, -C(O)-CH-
(CH3)-O-), 2.8 (b, -CH-CHdCH-CH-), 2.55 (b,
Ar-CH2-), 2.0 (b, -CH-CH2-CH2-Ar), 1.86 (b,
-CH-CH2(exo)-CH-), 1.39 (b, -CH-CH2-CH- and
-CH2-CH2-Ar), 1.25 (d, -CH-CH2-CH-), 0.55 (b,
-CH-CH2(endo)-CH-).

General Procedure for Preparing Cross-Linked Nanoporous
Monoliths. PLA-b-P(N-S) (0.2 g) and DCPD (0.1 to 0.2 g) were
predissolved in CH2Cl2 (1.5 mL), and most CH2Cl2 and part of
DCPD were removed under reduced pressure for some time
between 10 to 30min. Precise composition in the resultant blend
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was determined through NMR analysis. For the cross-linking
procedure, the first generation Grubbs catalyst (0.9 mg) with
PPh3 (2.7 mg) dissolved in CH2Cl2 (0.2 mL) was added to a
homogeneous copolymer (0.2 g)/DCPD (0.16 g) solution and
stirred for 20 s. Most CH2Cl2 and part of DCPD were removed
under vacuum for about 20 min to a desired blend composition
(e.g., fPLA = 29% by volume). Next, the waxy mixture was
pressed into a thin film at room temperature between twoTeflon
films, carefully peeled off Teflon by soaking in liquid N2, and
then hot-pressed through a homemade channel die at 70 �C to
form long rectangular bars. (Cylindrical PLA domains were
aligned in the flow direction.) The aligned samples were placed
in a sealed pressure vessel under positive argon pressure and
cured at 70 �C for 12 h and annealed at 110 �C for 3 h. The cross-
linked monoliths were dried under vacuum overnight before
analysis. Finally, we etched the PLA phase in these cross-linked
samples by placing monolithic samples in NaOH solution
(a 4:6 (v/v) mixture of methanol and water) for 7 days at 70 �C
in an oil bath. Resulting nanoporous monoliths were subse-
quently rinsed with water and MeOH and dried under vacuum
at 60 �C for 2 days before further analysis.
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