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Block copolymers1 containing an etchable block have been
widely explored since well-defined nanoporous materials can

be obtained by removal of the sacrificial component from micro-
phase-separated structures.2 Pore size and morphology are
dictated by the molecular weight and composition of the block
copolymer. Such nanoporous materials have been demonstrated
to be useful as nanofiltration membranes,3,4 antireflection coatings,5

and nanotemplates for the synthesis of other nanomaterials.6

One example of a block that can be readily etched by mild
basic hydrolysis is polylactide (PLA).7 By combining PLA with a
variety of other blocks, an assortment of nanoporous structures
have been prepared.7,8

Although nanoporous materials based on block copolymers
offer great chemical tunability, limitations in thermal stability,
mechanical performance, and solvent resistance can thwart even
broader applications.8b Cross-linking has been used to enhance
the thermal and chemical stability of block copolymer materials
and provides improved mechanical performance. For example,
UV irradiation of thin films of the etchable polystyrene-b-poly-
(methyl methacrylate) (PS-b-PMMA) has been shown to cross-
link polystyrene matrix,9 and γ-irradiation has been used to
cross-link double bonds in the polybutadiene-b-poly(methyl
methacrylate) (PB-b-PMMA) system.10 Thermal cross-linking
has also been demonstrated for PS-based block copolymers
containing pendent groups such as benzocyclobutane (BCB)11

and for PB-12 or polyisoprene (PI)-based block copolymers13

with thermal radical initiators. External reagents such as ozone,14a

S2Cl2,
14b and 1,4-iodobutane14c have also been explored for specific

cross-linking schemes. In a similar approach, addition polymeriza-
tion of another monomer in the presence of the block copolymer
has been used to formnanostructured thermosets, where one of the
blocks contains reactive groups that participate in cross-linking.8

Controlled incorporation of highly reactive groups into block
copolymers and use of efficient and site-specific cross-linking re-
actions under mild conditions will expand the utility nanoporous
materials. To this end, we have explored the alcohol/isocyanate
reaction to form cross-linked block copolymers as precursors to
robust nanoporous materials. This reaction has two key advan-
tages: it is highly efficient and it has no side products. Though the
feasibility of postmodification15 and cross-linking16 of function-
alized polymers through reactions with isocyanates for prepara-
tion of polymeric nanomaterials has been only recently suggested,
the reaction has been utilized in the industrial production of
polyurethanes for decades, and a variety of multifunctional
alcohols and isocyanates are readily accessible. Also hydroxyl-
containing vinyl monomers such as 2-hydroxyethylmethacrylate
(HEMA) and 2-hydroxyethylacrylate (HEA) are commercially
available and can be incorporated into a polymer backbone
through controlled copolymerization strategies.17,18

From the view ofmorphology control, cross-linking kinetically
traps the self-assembled structure and can compete with ordering
of phase-separated domains. Thus control of the cross-linking
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ABSTRACT: Polylactide-b-poly(styrene-co-2-hydroxyethylmethacrylate) (PLA-
b-P(S-co-HEMA)) and polylactide-b-poly(styrene-co-2-hydroxyethylacrylate)
(PLA-b-P(S-co-HEA)) were synthesized by combination of ring-opening
polymerization and reversible addition�fragmentation chain transfer poly-
merization. 1H nuclear magnetic resonance spectroscopy and size exclusion
chromatography data indicated that the polymerizations were controlled and
that hydroxyl groups were successfully incorporated into the block polymers.
The polymers were reacted with 4,40-methylenebis(phenyl isocyanate)
(MDI) to form the corresponding cross-linked materials. The materials were annealed at 150 �C to complete the coupling re-
action. Robust nanoporousmaterials were obtained from the cross-linked polymers by treatment with aqueous base to hydrolyze the
PLA phase. Small-angle X-ray scattering study combined with scanning electron microscopy showed that MDI-cross-linked PLA-b-
P(S-co-HEMA)/PLA-b-P(S-co-HEA) can adopt lamellar, hexagonally perforated lamellar, and hexagonally packed cylindrical
morphologies after annealing. In particular, the HPL morphology was found to evolve from lamellae due to increase in volume
fraction of PS phase as MDI reacted with hydroxyl groups. The reaction also kinetically trapped the morphology by cross-linking.
Bicontinuous morphologies were also observed when dibutyltin dilaurate was added to accelerate reaction between the polymer
and MDI.
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rate may also provide a means to obtain varied morphologies from
a single precursor.8 Moreover, metastable phases only observed
during phase transitions could possibly be trapped using cross-
linking strategies.

Herein we describe the synthesis of hydroxyl-containing reac-
tive block polymers and the formation of urethane cross-linked
nanoporous polymers as schematically illustrated in Figure 1. We
prepared and utilized reactive block polymers by incorporating
hydroxyl groups into the PS block of a PS�PLA block copolymer
backbone through a copolymerization scheme. The feasibility of
the alcohol�isocyanate reaction for cross-linking of the block
copolymer nanostructure was demonstrated by the reaction of the
reactive block polymer with 4,40-methylenebis(phenyl isocyanate)
(MDI). Depending on the fraction of PLA and cross-linking
reaction rate, different nanostructures were observed. Hydrolysis
of the PLA block resulted in cross-linked nanoporous materials
that retained the parent morphology.

’RESULTS AND DISCUSSION

The synthesis of polylactide-b-poly(styrene-co-2-hydro-
xyethylmethacrylate) (PLA-b-P(S-co-HEMA)) and polylactide-
b-poly(styrene-co-2-hydroxyethylacrylate) (PLA-b-P(S-co-HEA))
is depicted in Scheme 1. Hydroxyl-terminated PLA was prepared
by aluminum catalyzed ring-opening polymerization of D,L-lactide.
Then S-1-dodecyl-S0-(R,R0-dimethyl-R00-acetic acid) trithiocarbo-
nate (CTA),19 a carboxylic acid-containing chain transfer agent
for reversible addition�fragmentation chain transfer (RAFT)
polymerization,18 was coupled with the hydroxyl end via an acid
chloride intermediate. The resulting PLA�CTA was character-
ized by SEC and 1H NMR spectroscopy to confirm complete
functionalization (see Figures S1 and S2 in the Supporting
Information). This CTA was chosen because it can be readily
introduced at the end of the PLA chain and is effective for the

preparation of various PLA-containing block polymers with
narrow molecular weight distributions.20

Synthesis of PLA-b-P(S-co-HEMA). SEC analysis of synthe-
sized PLA-b-P(S-co-HEMA) gave a narrow and unimodal mo-
lecular weight distribution and no trace of PLA-CTA (Figure S3a),
indicating successful incorporation of PLA-CTA in the RAFT
polymerization process. 1H NMR spectra of the polymers were
consistent with copolymerization of styrene andHEMA(Figure S3b).
From the NMR spectrum, the number-average molecular weight
(Mn,NMR) and the mole fraction of HEMA (xHEMA) were
calculated (see Supporting Information). PLA-b-P(S-co-HEMA)
samples with controlled Mn, xHEMA, and narrow molecular
weight distributions (PDI values ∼1.2) were obtained.
Reactivity ratios for styrene and HEMA in free radical poly-

merizations (bulk, 60 �C) have been determined as rSt = 0.332
and rHEMA = 0.856.21 On the basis of this and other RAFT co-
polymerization studies,22 we expected HEMA would be selec-
tively incorporated in the earlier stages of the RAFT copolym-
erization. Indeed, RAFT copolymerization of styrene andHEMA
has been reported to produce polymers with higher HEMA
incorporation than the feed at low conversion (<25%).23,24

Starting with 11 mol % HEMA after 43.5 h, the conversion of
HEMA (41%) was higher than that of styrene (27%) to yield the
xHEMA = 0.17 copolymer with Mn,PLA,NMR = 23 kDa and
Mn,P(S‑co‑HEMA),NMR = 47 kDa (32 wt % of PLA). Copolymer-
ization of styrene and HEMA in the presence of CTA under
similar conditions yielded P(S-co-HEMA) with 17 mol % of
HEMA, suggesting that reactivity ratio of styrene andHEMAwas
not significantly impacted by the presence of PLA. SEC analysis
of this polymer (versus polystyrene standards) gave Mn,SEC =
74 kDa and PDI = 1.21. This PLA-b-P(S-co-HEMA) was used in
the following experiments.
Formation of Cross-Linked Nanoporous Polymer. Reac-

tion of PLA-b-P(S-co-HEMA) with MDI was conducted at room
temperature in dry dichloromethane, a good solvent for both
blocks. A mixture that was stoichiometrically balanced between
isocyanate groups and hydroxyl groups was used (the mass
percentage of MDI relative to the block polymer was 12%). A
yellow, translucent, and insoluble film was obtained after slow
evaporation of solvent overnight at room temperature. The FT-IR
spectrum of the film showed a strong absorption at 2268 cm�1

(νas(NCO)) (Figure S4)
25 consistent with unreacted isocyanate.

After heating the film to 150 �C for 5 h, we observed a significant
reduction in intensity of the νas(NCO) absorption. Further heating
did not lead to significant changes in the IR spectrum. The same

Figure 1. Cross-linked nanoporous polymers by the reaction of hydro-
xyl-containing block polymers and isocyanates.

Scheme 1. Synthesis of PLA-b-P(S-co-HEMA) and
PLA-b-P(S-co-HEA)
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experiment using a thin film cast on a NaCl plate showed 13% of
isocyanates reacted after 18 h at room temperature, and the
conversion reached 99% after heating at 150 �C for 5 h (Figure S5).
Films of pure PLA-b-P(S-co-HEMA) after casting from dichlor-

omethane at room temperature gave small-angle X-ray scattering
(SAXS) scattering profiles consistent with a hexagonally packed
cylindrical morphology with a principal domain spacing of 39 nm
(Figure 2a). After annealing of the pure PLA-b-P(S-co-HEMA)
sample at 150 �C for 5 h, the principal peak shifted to a smaller
wave vector and broadened to some extent (Figure 2b). The
resulting film was insoluble in dichloromethane indicating PLA-
b-P(S-co-HEMA) underwent cross-linking reaction during anneal-
ing.We suggest that hydroxyl groups in the PSmatrix reacted with
the PLA blocks and eventually cross-linked the film by transester-
ification reactions with PLA.26 The hydroxyl groups in PLA-b-P-
(S-co-HEMA) were end-capped with phenyl isocyanate to form the
non-cross-linked analogue and processed following the same pro-
tocol as above. After annealing, the hexagonally packed cylindrical
morphology of the hydroxyl-end-capped PLA-b-P(S-co-HEMA)
was preserved and the film remained soluble in dichloromethane
(Figure 2c). No particular change in the SEC trace before and after
annealing was observed in the phenyl isocyanate-capped case.

Differential scanning calorimetry data for the polymers based on
PLA-b-P(S-co-HEMA) was consistent with the SAXS data (Figure
S6). When cast from dichloromethane solution, PLA-b-P(S-co-
HEMA) phase separation was indicated by appearance of two Tgs
corresponding to PLA (52 �C) and P(S-co-HEMA) (92 �C). After
annealing at 150 �C for 5 h, Tg of P(S-co-HEMA) decreased by
12 �C and the transition enthalpy of PLA significantly decreased.
This supports partial mixing of two phases by transesterification of
PLA with hydroxyl groups in P(S-co-HEMA).26 When hydroxyl
groups of the polymer were end-capped with phenyl isocyanate,
both Tgs of PLA and hydroxyl-end-capped P(S-co-HEMA) re-
mained unchanged after annealing, supporting that the hydroxyl
groups induce transesterification of PLA.
Figure 2d,e show small-angleX-ray scattering (SAXS) scattering

patterns of the films of PLA-b-P(S-co-HEMA) cross-linked with
MDI before and after annealing. The film adopted hexagonally
packed cylindrical morphology with a domain spacing of 38 nm,
which was virtually identical to pure PLA-b-P(S-co-HEMA); this
morphology was unaffected by annealing at 150 �C for 5 h. This is
consistentwith the preferential reaction of the isocyanate groups in
MDI with the hydroxyl groups in the PS block and thus fixing the
morphology adopted prior to annealing.
A cross-linked nanoporous polymer was obtained from the

MDI cross-linked sample of PLA-b-P(S-co-HEMA) bymild basic
hydrolysis of PLA. The amount of mass loss (29%) was identical
to weight fraction of PLA (29%) in the composite sample. FT-IR
analysis of the sample post etching showed no trace of νas(CO)
stretching (1755 cm�1) corresponding to PLA (Figure S4).8b

Stability of the ester and urethane bonds in PS matrix was
confirmed by observation of an IR absorption at 1732 cm�1 that
was attributed to overlapping of νas(CO) stretching in esters
from the HEMA27 and amide I band in the urethanes.28 SAXS
patterns of the etched sample gave strong scattering intensities
due to the increased electron density contrast after removal of
PLA and exhibited the same principal spacing and hexagonal
symmetry as the precursor (Figure 2f).
Field-emission scanning electron microscope (FE-SEM) images

of etched material revealed that hexagonally packed cylindrical
pores uniformly span the sample (Figure 3). Cylindrical pores were
well organized in each domain and the pore size was uniform all
over the material. After accounting for the Pt coating thickness, the
pore diameter and center-to-center distances were 25( 2 nm and
42( 2 nm, respectively. Assuming that density of the cross-linked
phase is identical to PS, these values are consistent with values
calculated from the SAXS data of 24 and 38 nm, respectively.
Dibutyltin dilaurate (DBTDL) is a well-known catalyst

that accelerates alcohol�isocyanate reactions by activation of
isocyanates.29 To test the impact of catalysis, 0.01 and 0.001
equiv of DBTDL relative to hydroxyl groups were added in the
PLA-b-P(S-co-HEMA) + MDI system to accelerate formation of
urethane bonds. The influence of the catalyst was determined
qualitatively by evaluating the gel time for a solution of PLA-b-
P(S-co-HEMA) and MDI at room temperature. With no catalyst
the gel time was estimated to be about 1 day. The same solution
with 0.001 equiv of DBTDL became a gel after 20 min, and the
solution with 0.01 equiv of DBTDL gelled after 8 min. This
indicates that cross-linking occurs much faster when DBTDL is
present. The SAXS patterns obtained after consuming all possi-
ble isocyanates by drying and annealing at 150 �C for 5 h showed
only one broad principal scattering peak for the catalyzed
samples (Figure 4b,c), which is consistent with a microphase
separated but disorganized structure. Also, the shift of the

Figure 2. SAXS patterns of polymer films consisting of PLA-b-P(S-co-
HEMA). (a, b) Pure PLA-b-P(S-co-HEMA) (a) after evaporation of
solvent and (b) after annealing at 150 �C. (c) Phenyl isocyanate capped
PLA-b-P(S-co-HEMA) after annealing at 150 �C for 5 h. (d�f) PLA-b-
P(S-co-HEMA) cross-linked with MDI (d) after evaporation of solvent,
(e) after annealing at 150 �C for 5 h, and (f) after etching PLA by basic
hydrolysis. Arrows show higher-order peak positions that were calcu-
lated for hexagonal symmetry based on the primary peak position.
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principal peaks toward higher q as compared to the uncatalyzed
sample was apparent with increasing concentration of DBTDL.
The smaller apparent spacing is likely the result of kinetically
trapping a nonequilibrium state, which would restrict mobility of
chains and prevent pure domain formation. The exact extent of
cross-linking needed for kinetic trapping is not clear at this time.
Etching of the PLA-b-P(S-co-HEMA) + MDI cross-linked

sample prepared using 0.01 equiv of DBTDL showed 27% of

mass loss consistent with the PLA content. Figure 5 shows SEM
images of the fractured sample revealing holes percolating into the
fibrous matrix, supporting formation of bicontinuous porous ma-
terial. The average diameter of pores was about 15 nm and had a
broader distribution compared to cross-linked nanoporous polymer
without DBTDL. This is consistent with the broad principal SAXS
scattering toward shifted toward higher q (Figure S7c).
However, PLA-b-P(S-co-HEMA) + MDI cross-linked with

0.001 equiv of DBTDL showed much less mass loss (3%) than
weight fraction of PLA (29%) inconsistent with continuous PLA
domains. SEM images of the fractured sample also revealed a
disordered morphology lacking continuous pores (Figure S8).
Unlike our previous work,8c the structures formed in this cross-
linking strategy are quite sensitive to the cross-linking reaction rate.
DSC thermograms of the cross-linked polymers are shown

in Supporting Information (Figure S9). When PLA-b-P(S-co-
HEMA) was cross-linked with MDI, an increase in Tg of P(S-co-
HEMA) block from 123 to 139 �C was observed after annealing
at 150 �C for 5 h. It was attributed to formation of more urethane
bonds during annealing producing more branching points
and limited segmental motion.30 After etching, theTg of PLAwas
not observed supporting that all the PLA was hydrolyzed, in
agreement with FT-IR, SAXS, and weight loss evidence. How-
ever, an exothermic transition near temperature of Tg of cross-
linked P(S-co-HEMA) was observed in the first heating cycle
(shown as a dotted line in Figure S9a). This suggests collapse of
nanopores as reported previously.7,8When 0.01 equiv of DBTDL
was added to accelerate the reaction rate, identical trends were
observed including an increase in Tg of P(S-co-HEMA) block
after annealing, disappearance of Tg of PLA after etching, and
collapse of nanopores at high temperature. However, when 0.001
equiv of DBTDL was added, the cross-linked polymer showed

Figure 4. SAXS patterns of (a) PLA-b-P(S-co-HEMA) cross-linked
withMDI after annealing [same data as in Figure 2e], (b) PLA-b-P(S-co-
HEMA) cross-linked withMDI in the presence of 0.001 equiv of DBTDL
after annealing at 150 �C for 5 h, and (c) PLA-b-P(S-co-HEMA) cross-
linked with MDI in the presence of 0.01 equiv of DBTDL after annealing
at 150 �C for 5 h.

Figure 5. FE-SEM images of cross-linked nanoporous polymer from
PLA-b-P(S-co-HEMA) and MDI in the presence of 0.01 equiv of
DBTDL: (a) low magnification; (b) high magnification.

Figure 3. FE-SEM images of cross-linked nanoporous polymer from
PLA-b-P(S-co-HEMA) and MDI showing hexagonally packed cylind-
rical pores: (a) low magnification; (b) high magnification.
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only one Tg at 69 �C after annealing at 150 �C (notice there were
two Tgs corresponding to PLA and cross-linked P(S-co-HEMA)
prior to annealing). This suggests a significant degree of mixing
between PLA and P(S-co-HEMA) similar to that observed in case
of annealing pure PLA-b-P(S-co-HEMA). It seems that a number
of unreacted hydroxyl groups were still present prior to annealing
when 0.001 equiv of DBTDL was used, and DBTDL preferen-
tially catalyzed transesterification of PLA with the hydroxyl
groups over urethane formation at 150 �C, compromising the
microphase-separated structure.31

PLA-b-P(S-co-HEMA)s with different weight fractions of PLA
(wPLA) were synthesized to access different morphologies. Their
compositions are summarized in Table 1 (see Figure S10 for SEC
traces). Following the method described above, the polymers
were reacted withMDI and annealed at 150 �C for 5 h. Then PLA
was etched to form cross-linked nanoporous polymers. The
resulting materials were subjected to SEM imaging (Figure 6).
When wPLA = 41%, a lamellar morphology was observed that
might collapse during etching PLA. Interestingly, at wPLA = 39%,
some protruding dots developed on the surface of PS lamellae.
These protruded dots were further arranged into hexagonal fashion
to form what we tentatively assign to a hexagonally perforated
lamellar (HPL) morphology at wPLA = 35%. At wPLA = 33%,

hexagonally packed cylinders and perforated lamellar morphologies
seem to coexist. Only hexagonally packed cylinders appeared
with the composition of wPLA = 31%. SAXS patterns of the
polymers after annealing and after etching are shown in Figure 7.
When wPLA = 41%, lamellae collapsed during etching and the
scattering peak was essentially absent after annealing. However,
development of HPL morphology stabilized the layers by in-
troducing pillars between them so the scattering patterns were
preserved after etching partially when wPLA = 39 and 37%. At
wPLA = 35 and 33%, the patterns after annealing could be
assigned to a lamellar morphology, but a peak corresponding
to 31/2q* emerged, suggesting development of hexagonal order-
ing. After etching PLA, the SAXS pattern was more defined
and hexagonal ordering was apparent by the presence of broad
peaks at 31/2q* and 71/2q*. Unfortunately, alignment of micro-
domains could not be performed since the sample was cross-
linked. The 2D SAXS patterns were therefore isotropic, and thus
definitive assignment of HPL structure based on the scattering
was not possible. At wPLA = 31%, the pattern corresponded to
hexagonally packed cylinders consistent with SEM data. Inter-
estingly, SAXS patterns of putative HPL structure at wPLA = 35%
and the hexagonally packed cylindrical morphology at wPLA =
31% could be distinguished based on the scattering intensity
difference between 2q* and 31/2q*, where 2q* wasmore intense in
case of HPL.
The HPL phase assigned to the sample with wPLA = 35% with

has been known as a metastable phase observed during the
transition between phases.32�34 A magnified SEM image of
the nanoporous cross-linked polymer obtained from PLA-b-
P(S-co-HEMA) with wPLA = 35% confirms HPL morphology
revealing staggered stacking of hexagonally perforated PS pillars
in successive layers (Figure 8a). Stacking at the domain bound-
aries is shown in Figure 8b. We speculate that selective incor-
poration of MDI in PS matrix via the reaction with hydroxyl
groups would increase volume fraction of PS and induce phase

Table 1. Composition of PLA-b-P(S-co-HEMA)s

wPLA
(%)

Mn,PLA,NMR

(�10�3)

Mn,P(S‑co‑HEMA),NMR

(�10�3)

xHEMA

(%)

Mn,SEC

(�10�3) PDI

41 20 28 19 50 1.19

39 20 30 18 54 1.18

37 20 33 19 55 1.19

35 20 36 18 57 1.18

33 20 39 18 56 1.21

31 20 42 19 57 1.26

Figure 6. FE-SEM images of cross-linked nanoporous polymers from
PLA-b-P(S-co-HEMA) and MDI with different weight fraction of PLA
(wPLA) in the block polymer: (a) 41%, (b) 39%, (c) 37%, (d) 35%,
(e) 33%, and (f) 31%. Scale bars represent 100 nm.

Figure 7. SAXS patterns of PLA-b-P(S-co-HEMA)s cross-linked with
MDI (a) after annealing at 150 �C for 5 h and (b) after etching PLA.
Arrows show higher-order peak positions that were calculated for
hexagonal symmetry based on the primary peak position.
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transition into more PS-rich phases. A similar transition from
cylindrical to hexagonal cylinders inside the lamellar morphology
by preferential incorporation of cross-linkers in the minority
block has been reported.35

Time-dependent annealing of PLA-b-P(S-co-HEMA) with
wPLA = 35% + MDI showed that modulation of lamellae began
even at room temperature before annealing, evidenced by SEM
after etching the polymer (Figure S11a). Well-ordered HPL ap-
peared after 4 h of annealing, but longer annealing did not change
the structure presumably due to high degree of cross-linking. This
is consistent to the significant consumption of isocyanate after
annealing for 4 h indicated by FT-IR (Figure S12). These data
suggest initial cross-linking in the lamellae allows modulation only
within the lamellar morphology during annealing. Since annealing
also accelerates cross-linking reaction, further transition fromHPL
into more stable phases seems to be prohibited. Time-dependent
SAXS patterns also indicated strong development of HPL after
annealing for 1 h and not change much afterward (Figure S13).
PLA-b-P(S-co-HEA). Another PS-b-PLA based reactive block

polymer, PLA-b-P(S-co-HEA), was investigated by copolymeri-
zation of styrene and 2-hydroxyethyl acrylate. Compared to PLA-
b-P(S-co-HEMA), PLA-b-P(S-co-HEA) was expected to possess
more homogeneous distribution of hydroxyl groups indicated by
close reactivity ratios of styrene and HEA (rSt = 0.38, rHEA =
0.34).36 PLA-b-P(S-co-HEA) was synthesized following the
established condition for PLA-b-P(S-co-HEMA), and well-defined
reactive block polymer with similar compositions was obtained
with PDI ∼ 1.2. PLA-b-P(S-co-HEA)s used for the study are
shown in Table 2 (see Figure S14 for SEC and 1HNMR analyses).
Following the fabrication procedure described above, PLA-b-

P(S-co-HEA) was also cross-linked with MDI in dichloromethane
solution at room temperature, annealed at 150 �C, and etched in
basic solution. SEM images of the polymers confirmed that PLA-b-
P(S-co-HEA) also generated morphologies including lamellae,
HPL, and hexagonally packed cylinders according to the weight
fraction of PLA, similar to PLA-b-P(S-co-HEMA) (Figure 9).

From Figure 9d showing a magnified image of HPL morphology,
center-to-center distance of layers was determined to be 33 (
3 nm and that of cylinders in-plane was 36( 2 nm, giving the ratio
of 1.1. It is consistent to the previous reports of HPL that have
shown relationship between the in-plane spacing (d0) and the layer
spacing (d*) is d0 ∼ 1.1d*.32b,c,33d,33e,34f SAXS patterns of the
polymers also showed the same trend with PLA-b-P(S-co-HEMA)
and supported the assignment (Figure 10).
It was also possible to obtain bicontinuous porous structure

from PLA-b-P(S-co-HEA) +MDI system by addition of DBTDL.
PLA-b-P(S-co-HEA) with wPLA = 38% was used for the experi-
ment. Appearance of one broad scattering peak and shift toward

Figure 8. FE-SEM images of cross-linked nanoporous polymers from
PLA-b-P(S-co-HEMA) with wPLA = 35% + MDI.

Table 2. Composition of PLA-b-P(S-co-HEA)s

wPLA
(%)

Mn,PLA,NMR

(�10�3)

Mn,P(S‑co‑HEA),NMR

(�10�3)

xHEA
(%)

Mn,SEC

(�10�3) PDI

44 23 29 14 62 1.19

38 20 33 12 57 1.22

32 20 41 15 59 1.26

Figure 9. FE-SEM images of cross-linked nanoporous polymers from
PLA-b-P(S-co-HEA) and MDI with different weight fraction of PLA
(wPLA) in the block polymer: (a) 44%, (b) 32%, (c) 38%, and (d)
magnified image of (c) showing hexagonally perforated lamellar pores.

Figure 10. SAXS patterns of PLA-b-P(S-co-HEA)s cross-linked with
MDI (a) after annealing at 150 �C for 5 h and (b) after etching PLA.
Arrows show higher-order peak positions that were calculated for
hexagonal symmetry based on the primary peak position.
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high q region upon addition of DBTDLwas consistent with PLA-
b-P(S-co-HEMA) case (Figure 11). SEM images of etched samples
also confirmed that they possessed bicontinuous porous struc-
ture (Figure 12). DSC thermograms of cross-linked polymers
showed two Tgs supporting phase separation regardless of the
amount of DBTDL. After etching PLA, disappearance of Tg of

PLA and exothermic transition corresponding to pore collapse
was also observed (Figure S15).
PLA-b-P(S-co-HEA) cross-linked withMDI in the presence of

DBTDL retained phase separation regardless of the amount of
DBTDL, compared to PLA-b-P(S-co-HEMA) case where the
cross-linked film lost phase separation when 0.001 equiv of
DBTDL was used. The difference in the distribution of hydroxyl
groups between two polymers was attributed to the PLA-b-P-
(S-co-HEA) having more homogeneously distributed hydroxyl
groups and more chances to cross-link in the PS domain rather
than to transesterify PLA.

’CONCLUSION

Controlled synthesis of two hydroxyl-containing reactive
block polymers PLA-b-P(S-co-HEMA) and PLA-b-P(S-co-HEA)
was achieved by combination of ring-opening polymerization
and RAFT polymerization. When the polymer was cross-linked
withMDI through urethane bond formation and PLAwas etched
out, well-defined cross-linked nanoporous polymers with dif-
ferent morphologies including lamellae, hexagonally packed
cylinders, and HPL were obtained. The HPL morphology was
obtained by increase in volume fraction of PS phase as MDI
reacted with hydroxyl groups, and it was stable because of cross-
linking. This demonstrates possibility of morphology control/
locking by cross-linking. Also, it was possible to obtain bicontin-
uous morphology by tuning the reaction rate by use of DBTDL.
The successful use of urethane bonds for cross-linked nanopor-
ous materials suggests that the class of materials that can be made
is significantly expanded by employing other types of reactions
used for synthesis of step-growth polymers such as polyamides
and polyesters.

’EXPERIMENTAL DETAILS

Materials. Unless specifically noted, all chemicals were purchased
from Sigma-Aldrich (St. Louis, MO). Benzyl alcohol (anhydrous,
99.8%), triethylaluminum solution (1.0 M in hexanes), 1,4-dioxane
(anhydrous, 99.8%), phenyl isocyanate (g98%), 4,40-methylenebis-
(phenyl isocyanate) (MDI) (98%), and dibutyltin dilaurate (DBTDL)
(95%) were used without further purification. Azobisisobutyronitrile
(AIBN) (98%) was recrystallized from methanol and dried in vacuo
overnight. Styrene (g99%) and 2-hydroxyethyl methacrylate (HEMA)
(97%) were passed through a basic alumina column prior to use.
2-Hydroxyethyl acrylate (HEA) (g97%) was purchased from Fluka
and passed through a basic alumina column. D,L-Lactide (99%) pur-
chased from Purac was recrystallized from toluene and stored under aN2

atmosphere. All bulk solvents were purchased from Mallinckrodt
(Hazelwood, MO) and used as received unless otherwise specified.
Dichloromethane (HPLC grade) was purified on an MBraun solvent
purification system. S-1-Dodecyl-S0-(R,R0-dimethyl-R00-acetic acid)
trithiocarbonate (CTA) was prepared using a reported procedure.19

Hydroxyl-terminated polylactide (PLA-OH) and trithiocarbonate end-
capped PLA (PLA-CTA) were prepared by following procedures
reported elsewhere.20

Characterization. 1H nuclear magnetic resonance (NMR) spec-
troscopy was conducted using a Varian Inova 500 MHz instrument
spectrometer with the residual solvent signal as an internal reference.
Size exclusion chromatography (SEC) was performed in chloroform
at 35 �C on a Hewlett-Packard 1100 series liquid chromatograph
(Palo Alto, CA) equipped with three PLgel 5 μm Mixed-C columns in
series with molecular weight range 400�400 000 g mol�1. A Hewlett-
Packard 1047A refractive index detector was employed. The molecular

Figure 11. Synchrotron SAXS patterns of (a) PLA-b-P(S-co-HEA)with
wPLA = 38% cross-linked with MDI after annealing [same data as in
Figure 10a, middle], (b) PLA-b-P(S-co-HEA) with wPLA = 38% cross-
linked with MDI in the presence of 0.001 equiv of DBTDL after
annealing, and (c) PLA-b-P(S-co-HEA) with wPLA = 38% cross-linked
with MDI in the presence of 0.01 equiv of DBTDL after annealing.

Figure 12. FE-SEM images of cross-linked nanoporous polymer from
PLA-b-P(S-co-HEA) with wPLA = 38% and MDI in the presence of (a)
0.001 equiv of DBTDL and (b) 0.01 equiv of DBTDL. Scale bars
represent 40 nm.
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weights of the polymers were calculated relative to linear polystyrene
standards from Varian, Inc. (Palo Alto, CA). Fourier transform infrared
(FT-IR) spectra were obtained on a Nicolet Magna-IR spectrometer
550 using the KBr pellet technique or a thin film cast on a NaCl plate.
Synchrotron small-angle X-ray scattering (SAXS) experiments were
performed at the Advanced Photon Source (APS) at Argonne National
Laboratories at Sector 5-ID-D beamline. The beamline is maintained by the
Dow�Northwestern�Dupont Collaborative Access Team (DND-CAT).
The source produces X-rays with a wavelength of 0.84 Å. Scattering
intensity was monitored by a Mar 165 mm diameter CCD detector with
a resolution of 2048� 2048. The two-dimensional scattering patterns were
azimuthally integrated to afford one-dimensional profiles presented as
spatial frequency (q) versus scattered intensity. Scanning electron micro-
scope (SEM) images were obtained on a Hitachi S-4900 FE-SEM instru-
ment using a 3�5 kV accelerating voltage. Prior to SEM analysis, cryo-
fractured monoliths were coated with a ca. 1 nm thick platinum layer via
direct platinum sputtering using aVCR ion beam sputter coater. Differential
scanning calorimetry (DSC) study was conducted on a TA Q1000
instrument using a scan rate of 10 �C/min under an inert atmosphere.
Synthesis of PLA-b-P(S-co-HEMA)/PLA-b-P(S-co-HEA).

Synthesis of PLA-b-P(S-co-HEMA) is illustrated. PLA-CTA (0.573 g,
24.9 μmol), styrene (3.555 g, 34.1 mmol), HEMA (0.528 g, 4.06 mmol),
AIBN (0.059 g, 3.91 μmol (as a 1.1 wt % benzene solution)), and 1,4-
dioxane (0.6 mL) were placed in a Schlenk flask. The flask was degassed
by three freeze�pump�thaw cycles and placed in a preset oil bath
at 60 �C for 43.5 h. After cooling to room temperature, the solution
was diluted with dichloromethane and precipitated into methanol (ca.
400 mL). The precipitate was filtered and dried in vacuo to give the
desired copolymer (1.448 g, 31%). Mn (NMR) 7.02 � 104. Mn (SEC)
7.35 � 104. Polydispersity index (PDI): 1.21.

PLA-b-P(S-co-HEA)s were synthesized using the same condition
described above using HEA instead of HEMA.
End-Capping Hydroxyl Groups with Phenyl Isocyanate.

PLA-b-P(S-co-HEMA) or PLA-b-P(S-co-HEA) (0.2 g) was dissolved in
dry dichloromethane (10 mL), and DBTDL (0.05 equiv relative to
hydroxyl groups, 1% v/v solution in dichloromethane) was added and
stirred. To the solution, phenyl isocyanate (5 equiv relative to hydroxyl
groups, 4% v/v solution in dichloromethane) was added and stirred at
room temperature overnight. The reaction mixture was filtered and
precipitated into methanol (ca. 100 mL) to produce end-capped polymer
with quantitative yield. 1H NMR spectra of the hydroxyl-end-capped
polymers in DMSO-d6 showed additional peaks at 9.7 and 7.5 ppmwhich
correspond to carbamate and phenyl protons, confirming that phenyl
carbamate had formed.
General Procedure for Fabrication of Cross-Linked Nano-

porous Polymer. PLA-b-P(S-co-HEMA) or PLA-b-P(S-co-HEA) (0.2 g)
was dissolved in dichloromethane (1 mL) and transferred into a poly-
propylene vial. 4,4-Methylenebis(phenyl isocyanate) (0.5 equiv relative
to hydroxyl groups, 20 wt % solution in dichloromethane) was added
into the vial and thoroughly mixed. The solution was allowed to
evaporate under a N2 atmosphere overnight. The resulting film was
dried in a vacuum oven, annealed at 150 �C for 5 h, and etched in 0.5 M
NaOH solution (H2O/methanol = 6/4) at 70 �C for 3 days. Etched
pieces were thoroughly washed with deionized water and methanol
and dried under N2 purging. In case of using DBTDL to accelerate
reaction, DBTDL solution in dichloromethane was added prior to add
MDI. Using the same protocol, films of PLA-b-P(S-co-HEMA), PLA-
b-P(S-co-HEA), and hydroxyl-end-capped polymers were fabricated
without addition of MDI.
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